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Preface

Beyond the tricorder

We currently experience a scientific and technological revolution in the next gen-
eration of analytical and diagnostic devices, which are characterized by their very
small size, ease of use, multi-analytical capacities and speed. A novel terminology,
that was essentially unheard of 10 to 15 years ago, is now populating the jargon of
scientific publications. Expressions like point-of-care (POC), point-of-care testing
(POCT), point-of-test (POT) and point-of-interest//point-of-incidence (POI) are
becoming increasingly familiar and popular among scientists and technologists.

How could one define a true portable diagnostic or analytic system? For a start, it
has to be really small, ideally handheld or even smaller, as in the case of wearable and
implantable sensors. This is not always feasible, but most POC devices nowadays are
fairly miniaturized to the size of a small instrument easily transportable in a suitcase.
Second, it should be robust enough to operate under resource-limited conditions, for
example during travel by sea or air, or at home or in underdeveloped areas, using as
less reagents as feasible (ideally, none at all) and providing a result in the fastest
possible way. Third, they must be easily operated by a lay user, for example an
ordinary person desiring to run a health scan but not having the background of a
physician or a medical lab expert. Finally, multipurpose analytical capabilities and
low cost are frequently listed among the top specifications of a POC device.

Like many other scientific and technological achievements, aspirations and
expectations for an ‘absolute’ portable, all-in-one device have been fuelled by art
and literature. The dominant influence in the field of POCT is righteously attributed
to the sci-fi TV series Star Trek with the introduction, in 1966, of the Tricorder
concept, a handheld gadget able to remotely scan the health status of an individual
(human or alien, let us not forget this detail) and provide a diagnosis within a few
seconds. So strong was the influence of the Tricorder idea that some early
portable devices started were named after it (e.g., the Berkeley Tricorder, capable of
monitoring a wide range of health-related signals and wireless transmitting them).
More critical, however, was the launch, in 2012, of the Qualcomm Tricorder XPrize
Challenge (http://tricorder.xprize.org/), with the aim to stipulate the development of
a portable, user-friendly medical scanner, able to diagnose 13 predetermined
pathological conditions (including stroke, tuberculosis, hepatitis A and pneumonia)
and three other additional ailments to be decided by the individual contesters’ teams.
Although the competition is still running (with the prototypes of the seven finalist
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teams now in the qualification stage), it has been already successful in stirring the
interest for a concerted effort towards the realization of a Tricorder-like device, as
documented by the preliminary participation of 312 groups from 38 countries. Other
similar initiatives have preceded or followed the Tricorder XPrize, including the
Nokia X-Prize Challenge (indicating the anticipated core role of smartphones in
POCT) and the recent European Commission FoodScanner initiative.

In spite of the publicity of these and other initiatives, criticism regarding the
limits of POCT abound. In particular, there is concern whether measuring a limited
set of diagnostic parameters (e.g. vital medical signals such as blood pressure,
temperature and heart rate) or analytical targets (i.e. caloric value and percentage of
protein and fat in food) suffices for the interpretation of the condition of the assayed
sample, this being for example the health status of a patient or the safety and quality
of a ready-to-eat food item. Furthermore, requiring a fast response time, combined
with a simplification of sample preparation (vs the often tedious and lengthy
standard process of sample purification and concentration) in a multidimensional,
multipurpose analytical setting should also require inevitably the sacrifice of part of
the retrievable information. For example, dedicated biosensors often fail to provide
an analytical spectrum of a sample’s composition. Similarly, lateral-flow assays,
such as pregnancy tests, provide only qualitative results based on a cut-off value.
Last, but not least, in order to achieve a minimally invasive diagnostic process,
assays should be preferably done in air samples or using sample irradiation (e.g. by
means of near-infrared spectroscopy) or by using easy-to-obtain biological sam-
ples, such as saliva and urine. Needless to say, such approaches may be ideal for
POCT but bear the risk of retrieving non-representative information from the ori-
ginal target. Therefore, further scientific and technological development is due in
order to allow for current portable devices and principles to reach their full
potential. Fortunately, as it will be demonstrated in detail in the present book, this is
not only feasible but, in several cases, a part of real, day-to-day analytical and
diagnostic practice. Current and emerging systems and technologies surpass by far
the perspective of the mythical Tricorder, having actually obtained the status of
miniaturized multi-analytical platforms, that are directly comparable, in terms of
capacity, to their conventional, bulky counterparts.

A common feature of the majority of portable detection systems is the fact that
they are based on multidimensional (also known as hyphenated) analytical tech-
niques rather than a simple working principle. Even in the latter case, miniatur-
ization of the measuring unit and, often enough, the read-out device requires the
flawless integration of several subcomponents, including the sensing biorecogni-
tion element, the signal transducer, the detection unit data processing interface, data
classification and interpretation and finally the display of results to the end-user. In
other words, the development of a working POC/POT system represents an inter-
disciplinary feat, in which successful integration of various and scientifically dis-
tant subcomponents — from cell biology and biochemistry to advanced optics to
electronics and software engineering — is the indispensable goal.

Portable biosensors and POC systems are the first comprehensive, in-depth
review of this fascinating field. More specifically, the book reflects the convergence
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of several scientific and technological disciplines — from nanotechnology to life
sciences — in the development of fully operational systems, integrating the latest
research results from a vast array of different sectors in such way to guarantee their
flawless compatibility in a single platform.

The book is divided into four parts. Part I (Chapters 1-6) is an in-depth analysis
of the various technologies upon which portable diagnostic devices and biosensors
are built. As a homage to the — very close to the end-user — nature of optical systems,
Chapter 1 (by Avi Rasooly and co-authors) is dedicated to optical detection, as the
prevalent approach for biomedical testing. In addition to reviewing current POCT
technologies, the combination of low-cost portable imaging devices, simple optical
configuration, and new computational and optical signal enhancement techniques is
demonstrated to enable high-sensitivity florescence detection for POCT in resource-
poor settings for various applications, such as the microbial toxins activity analysis
of botulinum neurotoxin A and Shiga toxin 2. Actual examples of novel approaches
for increasing the sensitivity and performance of low-cost devices are given,
including the employment of image stacking-based computational signal enhance-
ment. Chapter 2 (by Andres Martinez and co-authors) is an illustrative display of the
historical evolution of paper-based diagnostic devices. Currently, commercially
available paper-based diagnostic devices (such as dipstick assays and lateral-flow
assays) are analysed as the portable testing paradigm due to their low cost and
simplicity, at the same time presenting a very low entrance barrier, both in terms of
the cost of equipment and the required technical expertise. For example, microPADs
are now being developed to detect a wide range of analytes, including envir-
onmentally concerning substances (e.g. volatile pollutants), defence-associated
compounds (such as explosives), biomarkers and drugs. In addition, directions for
future developments and features of the next generation of paper-based devices are
presented. It follows that Chapter 3 (by Brendan O’Farrell) is an extensive review of
advanced lateral-flow technologies, which represent the most mature and widely
applicable diagnostic commercial biosensors currently in use. They provide unique
advantages to field testing, including the ability to deliver accurate, sensitive and
often quantitative results, in parallel offering a high degree of operability by the end-
user. Different lateral-flow architecture, formats and device designs are presented,
along with their advantages and disadvantages. Performance considerations and
conditions for optimization are described, nicely framed with actual application
cases. Strategic considerations regarding future developments in the market place are
also presented, which call for a broader focus on issues such as the selection of the
right sample handling methods, reader technologies and device design. Chapter 4
(by Robert Rubin and Konstantin Konstantinov) takes us to a further journey into
immunosensor technology, particularly utilizing electrochemical methodology to
measure antibody/antigen interactions. Because electrochemistry is inherently flex-
ible, adaptable, and relatively amenable to low-cost fabrication and miniaturization,
electrochemical immunosensors have particular promise for portable POC/POT
applications. Different types of electrochemical immunosensors (e.g. amperometric,
coulometric and impedimetric) are described, along with performance parameters
such as antibody origin and specificity, assay duration, component reusability and
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the possibility of label-free application. These and other factors as well as desirable
features are considered for the challenging conversion of potential POC electro-
chemical immunosensing devices developed in the laboratory to actual field-based
settings. In Chapter 5 (by Howard Wikle III and Bryan Chin), the fascinating tech-
nological field of magnetoelastic biosensors is presented. In this particular type of
acoustic wave gravimetric sensors resonating platform (resonator), the biorecogni-
tion platform is composed of an amorphous magnetostrictive ferromagnetic alloy,
which displays a strong coupling between the elastic and magnetic fields. Magne-
toelastic biosensors have unique advantages for portable biodetection applications,
due to the wireless design, very high mass sensitivity, low mechanical damping of
the resonator platform and the rapid capture and binding of target species by the
biorecognition layer, leading to very short assay duration (in the range of minutes).
The origin of magnetostriction and magnetoelastic coupling, as well as the fabrica-
tion processes for the magnetoelastic resonator platform and the biorecognition
element are reviewed, together with case applications. Part I concludes with a
review, in Chapter 6 (by Spyridon Kintzios) of cell-based biosensors currently in use
with POC/POT systems. Even though the use of cells as biosensing elements is
generally associated with relatively low cost, high sensitivity and speed of assay and
relative — depending on the target application and sample matrix — resistance to
interfering compounds, the commercialization of cell-based systems is still ham-
pered by the limited cell storability and detection selectivity. This is about to change
with the advent of the so-called designer cells, lying on the border between cells of
natural origin or genetically engineered ones. Two major technologies for con-
structing ‘designer’ cells are presented, namely synthetic gene circuitry and mem-
brane engineering. Moreover, commercial cell-based biosensors are prevalent in
field applications for toxicity testing, having become popular during the last 15 years
as reliable, cost-efficient and high throughput tools for a variety of toxicology tests,
including acute toxicity testing, toxicokinetics, genotoxicity and mutagenicity. A
vital discrimination in the design of a functional cell-based POC/POT system should
be based on the prokaryotic or eukaryotic (in particular mammalian) origin of the
cell, since this is a definite factor for the system’s potential but also its limitations.
This aspect is also assessed, along with a full update of commercial systems.

In Part II, advances in the design and optimization of special components of
biosensor systems and handheld devices are presented. Chapter 7 (by Nikos Cha-
niotakis and George Roussos) deals with nanocomposite materials used, currently
or potentially, in biosensing technology, with the advantage of their high con-
trollability and customizable fabrication, offering an ideal solution to the system
miniaturization process. Miniaturization itself is an engineering challenge, pre-
senting the researcher with a series of problems which are reviewed in this chapter.
A detailed analysis is given of the dramatic changes of a material’s chemical and
physical properties due to size reduction below a critical level. Carbon nano-
composites are especially reviewed in-depth. Miniaturization is also a prerequisite
for the fabrication of implantable biosensors, which undoubtedly represent the
ultimate form of a portable diagnostic system. In Chapter 8, Panagiota Petrou
and her co-authors handle meticulously the topic of monolithically integrated
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optoelectronic biosensors, their operating principle lying at the core of evanescent
field optics, that is the study of the part of the electromagnetic field of the wave-
guided light which decays exponentially in the medium above the sensors surface
(with a depth of tens to hundreds of nanometres), depending on the changes in the
refractive index taking place on the transducer surface, as a result of biorecognition
interactions. Integrated optics technology is one of the most promising solutions
towards the development of truly portable lab-on-a-chip platforms. The different
categories of integrated optical sensors, such as grating-coupled waveguide sen-
sors, microring resonators, photonic crystal waveguides, integrated interferometers,
silicon nanowires and slot waveguides are presented and conceptually analysed,
including examples of applications with performance details. A portable biosensor
or other POC system is meaningless without a suitable, efficient signal-processing
system that reads the measurement signal, providing the user with proper
information or advice in a clear and explicit way. In Chapter 9 (by Constantinos
Yialouris and Konstantinos Ferentinos), techniques concerning the processing of
time-series produced by portable biosensors are presented, including prediction and
pattern recognition. Currently popular and successful computational intelligence
techniques in time-series analysis, such as artificial neural networks, support vector
machines and genetic algorithms, are explained along with case applications.
Moreover, emphasis is given in three techniques that can be used in a final product,
by developing an adequate app for a mobile POC device.

Having covered the technological background, its practical implementation
comes next. In Part III, a wide scope of applications of portable biosensors and
handheld POC devices is presented, ranging from the support of primary healthcare
to food and environmental safety screening. Diverse topics are covered, including
counterterrorism, travel medicine and drug development. Food safety control is
a global daily concern, especially in view of environmental shifts caused by the
climatic change, among other challenges. In Chapter 10, Pratik Banerjee and his
co-authors tackle the integration of nanotechnology in food quality biosensing.
Various groups of nanosensors are reviewed, including optical biosensors, such as
fibre optic sensors, PEBBLE (probes encapsulated by biologically localised
embedding) nanosensors and surface enhanced Raman scattering, as well as che-
mical and biological nanosensors. Exemplary applications include the detection of
bacteria such as Escherichia coli O157:H7, Listeria monocytogenes and Salmo-
nella enteritidis and associated toxins, fungal pathogens and organic biohazards,
such as pesticide residues. Currently, the need for efficient early warning systems
against terrorist attacks is more pressing than ever. The urgency of the availability
of on-site and near real-time bioanalytical procedures for monitoring biowarfare
and/or potential pandemic infectious disease agents is reflected on the emergence
of the application-specific term point-of-incidence (POI). The quiver of available
POI technologies is exhaustively reviewed by Petr Skladal in Chapter 11, from
paper and lateral flow based assays and lab-on-chip/lab-on-disk platforms, to
electrochemical detectors and surface acoustic wave immunosensors. Customized
approaches for a large number of individual detection targets are described
in detail, for example uropathogens, Clostridium difficile, human enteroviruses,
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Ebola, influenza and botulinum neurotoxin type E — to name just a few of the
applications displayed in this chapter. Travellers’ safety is by default a dominant
area for the employment of POCT. In particular, travelling by air or sea excludes
the possibility of rapid access to fully or at least adequately equipped medical
laboratories, hence the need for portable medical screeners — namely, a tricorder-
like device. In Chapter 12 (by Michel Drancourt) POC approaches in so-called
medical deserts (prominently ships and commercial aircrafts) are reviewed in quite
informative manner. The surveillance of travel safety incidences or their prob-
ability requires a strategic prioritization of assessment targets. For example, remote
detection of fever, an otherwise non-specific clinical sign of infection, is critical to
the selection of individuals presenting an increased risk of infectious disease. The
internationally established rules for documenting infection risk during air and sea
travel are detailed, including guidelines by the World Health Organization. Also
suggested in this chapter are actions and measures to be set in arrival points after an
initial confirmation of a positive signal, ultimately utilizing a syndromic POC kit. Not
surprising at all, POCT in veterinary medicine is a rapidly expanding field, surpassing
in terms of different applications even the human medical sector. This phenomenal
development is due both to the economic value of farm animal products, the
expanding pet ownership and the increased risk for human infection presented by
zoonotic disease agents, like influenza A virus subtype (HIN1). Chapter 13 (by
Georgia Moschopoulou) provides a state-of-the-art assessment of portable biosensors
for veterinary use. The review is classified in two major groups, farm animals and
pets (mainly cats and dogs). Key applications include infectious disease (such as
mastitis, influenza, porcine circovirus, classical swine fever virus, rabies and many
others) as well as non-infectious pathological conditions like diabetes mellitus in pets
(a prominent field for use of POC devices such as portable blood glucose meters),
clinical and subclinical ketosis, hyperlactemia and fertility problems.

Finally, Part IV of the book is dedicated to the presentation of commercially
available products, excluding these that have been already mentioned in previous
chapters. In Chapter 14, George Kanakaris and his co-authors provide a literal
gigantic review of 104 POC in-vitro-diagnostics companies and their products, their
technical aspects and references to their clinical performance. The chapter is nicely
complemented with a comprehensive table containing the majority of target bio-
markers currently being the object of POC systems, along with the respective tech-
nologies utilized for each, and the companies offering a relevant product, as well as a
discussion on the common attributes of commercialized point of care systems. With a
detailed presentation of more than 150 applications, this chapter is certainly a definite
source of reference for the description of the state of the art of the biosensor industry.
In Chapter 15 (by Spyridon Kintzios), technologies are reviewed having currently
achieved a technology readiness level value of 7 or higher, therefore being promising
for future commercialization and especially addressing the need for end-user/
consumer-based operation. Emphasis is also given in advances in conceptual
approaches and operating principles (e.g. breath analysis, ultra-miniaturized and
endoscopic biosensors), novel applications of existing commercial portable biosensors
(in particular food safety screeners and wearable sensors) and novel biomarkers. The
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concluding Chapter 16 (by Alexandre Tsoukalis) is a special market case study
regarding the POC infusion systems combined with intelligent patient monitoring.
This is a critical area of modern medical technology that enables the sophisticated
treatment both at hospital setting and at home. The particular features and applicability
of different infusion pumps (e.g. large volumetric pumps, syringe pumps, ambulatory
pumps and home care elastomeric pumps) are reviewed along with an analysis of
problems related to the POC. The design principles of ‘smart’ infusion pumps are
outlined in order to ensure large-scale application without compromising treatment
safety. Last, a novel fully portable smart pump, readily connectable to an internet of
things network is presented as a technological example of future directions in the field
of intelligent POC treatment.

The structure and content of portable biosensors and POC systems is designed
for maximum reception and impact by a broad audience of researchers and experts
in the diagnostic and analytical industry. We envisage that people working in
medical diagnostics, biosensors, environmental and food safety monitoring, elec-
tronics and material engineers, defence/homeland security experts and professors/
post-graduate students in these sectors will benefit greatly by reading this book.

This book would never have been realized without the dedicated efforts of all
contributors, who sacrificed considerable part of their valuable time to deliver their
chapters in due time. It has been both a pleasure and a privilege to work together
with colleagues of the highest calibre in their respective field of expertise. In par-
ticular, I would like to thank Dr Georgia Moschopoulou, my close associate and
also a chapter contributor, for her critical help in editing incoming manuscripts.

Finally, I would like to express my gratitude to the Institution of Engineering
and Technology for entrusting me with this challenging project. The personal
attention and support provided by Jennifer Grace, Assistant Editor, throughout this
demanding, but very rewarding journey, was the key element to the successful
completion of the book at hand.

Spyros Kintzios
Athens, Greece
August 2016
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Chapter 1

Portable optical detectors for point-of-care
diagnostics

Reuven Rasooly’, Hugh Alan Bruck’, Joshua Balsam’
and Avraham Rasooly”

1.1 Introduction

Point-of-care testing (POCT), which is diagnostic testing performed on site, has the
potential to improve healthcare and healthcare delivery. The motivation for POCT is
to bring medical testing conveniently and immediately to the patient. Samples can be
obtained and tested, and results are analyzed immediately at or near the location of
the patient, thus enabling more rapid medical diagnostics and treatment. Early POCT
research included the work of Clark and Lyons in the 1960s, which resulted in the
“enzyme electrode” for glucose measurement using the enzyme glucose oxidase
(GOD) [1]. This work was the first demonstration of a biosensor, as well as the first
glucose monitor. More comprehensive portable POCT technology was developed in
the early 1990s, with a portable simultaneous multiple analyte whole-blood analyzer
for optical monitoring of chemical reactions at nine wavelengths [2]. However, the
most significant advance in POCT technology has been the emergence of modern
consumer handheld devices, such as the smartphone, which enables POCT devices to
be portable, and handheld instruments, such as lab-on-a-chip (LOC), leading to the
proliferation of POCT, especially in resource-poor settings.

1.1.1 Medical applications for POCT

Most basic medical diagnostics performed as POCT including EEG, measuring O,
saturation, blood pressure, heart rate and lung and heart sound, ultrasound, mea-
suring reflex, electromyography, ophthalmoscopy, and others. Many of these tests
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are carried out with simple low-cost devices, such as acoustic stethoscope, reflex
hammer, ophthalmoscope, retinoscope, or otoscope. New consumer electronics
technologies have expanded POCT to diagnostic techniques that can be performed
by medical staff and patients, such as biological assays or microbial analysis, which
had previously been conducted only in a laboratory environment by trained medical
professionals. Although blood glucose testing originated in the 1960s, it is still the
most common POCT application; many new POCT techniques have since been
developed, including blood gas and electrolytes analysis, rapid coagulation testing,
rapid cardiac markers diagnostics, drugs of abuse screening, urine strips testing
(leukocytes, nitrite, urobilinogen, protein, pH, hemoglobin, specific gravity,
ketone, bilirubin, and glucose), skin cancer, food pathogens screening and infec-
tious disease testing, and cholesterol screening. Various test kits, such as the
pregnancy test, HIV salivary assay, urinary tract infection, urine test strip, and fecal
occult blood analysis, have also expanded the use of POCT.

1.1.2  Portable technologies for POCT

In recent years, many cheaper, faster, and more sophisticated POCT devices have
been introduced. Many of these devices are based on consumer electronics tech-
nologies, such as the smartphone or tablet, which are ubiquitous, low-cost devices
with computing capabilities. Portable telecommunication devices are also being
integrated into medical devices of physical measurements to provide new cap-
abilities (e.g., data recording or analysis tools), which enable them to be converted
into telemedicine devices (e.g., smartphone attachment for stethoscope, smart-
phone-based ambulatory blood pressure monitoring, and pocket mobile smartphone
system for the POC submandibular ultrasonography). In addition, the integration of
new technologies, such as microfluidics, lateral flow, and LOC, into physical
measurement devices have enabled the development of highly sensitive, low-cost
biological assays that, in some cases, even outperform “conventional” detection
technologies. In particular, LOC technologies [3] have enabled the performance of
various chemical and biological assays outside of laboratory environments and are
a promising approach for POCT in many settings [4,5]. Several examples of POCT
technologies for biological assays include microchip enzyme-linked immunosor-
bent assay (ELISA)-based detection of ovarian cancer human epididymis protein 4
(HE4) biomarker in urine [6], detection systems for melanoma or skin lesions
[7-9], loop-mediated isothermal amplification genetic testing device [10], acoustic
wave enhanced immunoassay [11], and colorimetric reader [12].

1.1.3  Optical detection and analysis

Optical detection and analysis is probably the most common detection approach
used in biologic research for both clinical and industrial laboratory analyses. Optical
detection is based on one of several optical modalities, including light absorbance,
fluorescence, polarization colorimetry, spectrometry, or luminescence. Several
types of optical detectors used for biodetection employ photodiodes [13-16],
photomultipliers [17-22], or avalanche photodiodes, which are inherently spot
detectors designed to analyze very small areas with exceptionally high sensitivity. In



Portable optical detectors for point-of-care diagnostics 5

contrast to these optical detectors, charge-coupled device (CCD) or complementary
metal-oxide—semiconductor (CMOS) is a relatively simple, low-cost, sensitive
imaging device that can be used for optical analysis of large areas. Such imaging
devices have already been employed in several array assays [23—-26]. Their main
advantage over photodiodes, photomultipliers, or avalanche photodiodes, which
are only capable of “serial” analysis of samples, is that they can be used for
analyzing light from a large enough area that it can cover the entire surface of a
multichannel device, such as a LOC or microarray [27-29], enabling “parallel”
multi-sample analysis. This has made CCD- or CMOS-based detectors an ideal
choice for multichannel detection, enabling a large number of samples to be analyzed
simultaneously.

Many consumer electronics and wireless telecommunications, such as smart-
phones, tablets, webcams, flatbed scanners, and even computer-gaming consoles,
are essentially powerful portable computers with imaging capabilities that can be
easily converted into low-cost, portable optical imaging platforms for POCT. As
many biological assays and clinical tests (e.g., ELISA, microarray analysis, and
DNA sequencing) utilize optical detectors, there are many potential applications,
reagents, and assays for optical detection. Therefore, combining consumer electro-
nics devices possessing optical capabilities with biological assays and clinical test-
ing utilizing optical detection have led to many POCT devices, including a reader
for lateral flow immunochromatographic assays [30], fluorescence detector [31-33],
wide-field fluorescent microscopy [34], capillary array for immunodetection for
Escherichia coli [35], lens-free microscopy [36], or fluorescent imaging cytometry
[37]. Such technologies are especially useful in resource-poor settings [4,5].

1.1.4 Examples for the broader use of optical detection

in medicine
There are several examples in which optical detection has been utilized broadly in
medical applications that are relevant to POCT.

1.1.4.1 Ophthalmology

One example of the utilization of optical detection in POCT for imaging is
ophthalmology, in which a digital retinoscope has been developed by combining
a mobile smartphone camera and a retinoscope [38]. In smartphone retinal
(fundus) diagnostics [39,40], the smartphone-based retinal camera is used as a
portable wide-field imaging device for acquisition, storage, and analysis of fundus
images, which can be directly transmitted from the phone via the wireless tele-
communication system for remote evaluation [41].

1.1.4.2 Endoscopy

One application of microscopy in POCT is endoscopy, in which a low-cost micro-
endoscope based on a fiber-optic, fluorescence digital microscope with subcellular
resolution has been used for the detection of cervical neoplasia [42], gastrointestinal
neoplasia [43], head-and-neck cancer [44], esophageal squamous cell carcinoma
[45], and middle-ear cholesteatoma [46]. In addition to endoscopy, a mobile fiber-
optic sensor has been used for detection of oral and cervical cancer [47].
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1.1.4.3 Flow cytometry

Portable cytometers have many clinical applications for POCT. Recently, optofluidic
fluorescent imaging cytometry on a smartphone with a spatial resolution of ~2 pm
was described [37,48]. While very mobile and versatile, the flow rate of this system is
~1puL min~!, which limits analysis to small volumes. New high flow rate imaging
cytometry for rare cells was recently reported [49-51]. Smartphones have also been
used effectively for microscopy [34,35,37,48,52-56]; however, the cameras in these
phones are often limited in their sampling rates (e.g., many phones are limited for
30 fps) and are less versatile with their optical systems (e.g., inability to change
lenses) than devices such as webcams for flow cytometry applications.

1.1.4.4 Wide-field imaging

Wide-field imaging can be used for many clinical applications, such as cancer
detection, with diagnostics that include the use of smartphones for cervical cancer
visual inspection of the cervix through the application of visual inspection with
acetic acid screening [57], as well as Melanoma [58,59]. However, the accuracy of
such applications has been questionable [60,61].

1.1.5 Smartphone and webcam-based POCT

Smartphones are an exceptional platform for optical detection due to their ubiquity and
sophisticated electronics, which has attracted the development of many new POCT
devices. Practically, all smartphones are equipped with one or more optical imaging
sensors. Newer smartphones are equipped with large CMOS (e.g., 8-12-MP
CMOS) sensors, which enable very high-resolution imaging. An inherent feature of
smartphone-based optical detection is their connectivity, which enables seamless
telemedicine, in which data from LOC assays and other clinical imaging data can
be analyzed globally allowing for clinical expertise to be brought to remote areas
and to low-income countries where such clinical expertise does not exist.

The main applications utilize the imaging capabilities of mobile devices
including digital microscopy and its application for wide-field imaging, endoscopy,
assay analysis and flow cytometry, and macroscopy for biochemical and immu-
nological assays analysis. Examples for such devices include portable ELISA [62]
and a smartphone-based device [63] that enables POCT of laboratory-quality
immunoassays for diagnosis of infectious diseases. Other applications include
wide-field computational imaging of pathology slides using lens-free on-chip
microscopy [64], phone-assisted microarray reader for mutation detection [65],
mobile phone camera for DNA detection [66], detection technologies for rapid
antimicrobial susceptibility test based on single-cell morphological analysis [67],
microfluidic CD4" and CD8" T-lymphocyte counters for point-of-care HIV diag-
nostics using whole blood [68], and paper-based multiplexed transaminase test for
low-cost, point-of-care liver function testing [69].

In addition to smartphones, webcams [49,51,70—73] can also be used for
optical detection. Similar to smartphones, webcams utilize CMOS detectors for
real-time feed of video images into computers. The low cost (often less than $10)
and availability of webcams make them attractive as low-cost optical detectors for



Portable optical detectors for point-of-care diagnostics 7

clinical assays and microscopy applications in resource-poor settings. Unlike the
smartphone cameras that are integrated with the phone, webcams are far more
flexible to install in a diagnostic device, simplifying the device design and fabri-
cation. In addition, the lenses can be easily changed, filters can be added, and they
can also potentially reduce the cost of the device. The use of webcams has been
demonstrated in several medical diagnostic techniques, including fluorescence
plate readers [5,74-76], detectors for LOC [4,27,29,71,72,77], flow cytometer
[49,50], and fluorescence microscopes [78].

However, unlike highly sensitive photomultipliers or avalanche photodiodes,
a fundamental question that needs to be addressed to utilize a webcam or smartphone
for POCT is whether an approach to improving the low sensitivity of the CMOS
webcam can be developed to realize the same sensitivity as significantly more
expensive cooled CCDs for optical detection, which would be suitable for more
expensive laboratory systems currently utilizing photomultipliers. In the following
sections, we will discuss several approaches that have been developed to address this
challenge to enable portable image-based optical detection technologies for POCT.

1.2 Portable CMOS and CCD imaging-based detection
technologies

POCT will involve various biochemical and immunological assays, many of which
are based on optical detection modalities (e.g., densitometry, colorimetry, and
fluorescence). One of the most commonly used immunological assays for medical
diagnostics is the ELISA [79,80]. ELISA was designed as a laboratory test; how-
ever, many portable immunology—based diagnostics devices based on CCD detec-
tion systems combined with LOC [4,24,26,28,74,81-83] have enabled sensitivity
comparable to laboratory ELISA plate readers for many applications, including
microchip ELISA-based detection of ovarian cancer HE4 biomarker in urine [6],
and a portable ELISA detector utilizing a phone camera as a spectrometer for
detection of interleukin-6, a protein used diagnostically for several types of cancer,
and Ara hl, one of the principle peanut allergens [62]. A smartphone dongle
combined with microfluidics was developed for immunodetection of infectious
diseases at point-of-care [84]. A simple CCD-based detector combined with LOC
was developed for immunological detection of microbial toxins, including the
detection of staphylococcal enterotoxins utilizing densitometry [78,85]. The system
was also automated for high-throughput toxin detection [86]. In addition to densi-
tometry-based detection, similar optical configurations have been used for fluor-
escent detection of toxins activity, including botulinum neurotoxin a (BoNT-A)
activity [4,28,29] and analysis of Shiga toxin 2 (Stx2) activity [87].

1.2.1 POCT bioassay for foodborne toxins

Stx, or Shiga toxins, are foodborne toxins that inhibit protein synthesis within target
cells. They are produced by the bacterium Shigella dysenteriae and shigatoxigenic
group of E. coli, which includes serotypes O157:H7, O104:H4, and other enter-
ohemorrhagic E. coli. It is considered one of the main causes of food poisoning.
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A POCT system was developed for label-free fluorescence analysis of Stx2 activity
[87]. An immunoassay can detect the presence of the toxin, but it cannot distinguish
between the active form of the toxin, which poses a threat to life, and the inactive
form, which can bind to antibodies but show no toxicity. The toxin activity cell
assay is based on Stx inhibition of green fluorescent protein (GFP) production in
Vero cells exposed to the toxin. The GFP expression is inhibited by the toxin,
which reduces the light emission measured by the CCD detector. This simple
bioassay does not require cell labeling or complex instrumentation.

1.2.2  Webcam-based fluorescence plate reader for POCT
of foodborne toxins

Plate readers are commonly used optical detectors for immunodetection (e.g.,
ELISA) or chemical assays for multi-analyte detection (e.g., 96-well plates).
Several optical modalities used in plate readers including absorbance, fluorescence,
or luminescence detected using a sensitive optical detector (e.g., photomultipliers).
So the application of low-sensitivity, high-noise imagers for plate readers
requires developing new approaches to improve sensitivity and reduce noise to
acceptable levels to detect faint optical signals. The configuration of a simple
imaging fluorescence plate reader with four modules used in our previous work
for many applications [5,29,70,72,75-77,86—88] is shown schematically in
Figure 1.1(a) and a photo in Figure 1.1(b).

400

w

300 W
=
=
2p
Z
£ 200+ : i
=
Q
o~

100 - B G R

0

T T T T T T T
350 400 450 500 550 600 650 700 750
Wave length (nm)

©

Figure 1.1 Webcam-based fluorescence plate reader. (a) A schematic
configuration of the webcam-based plate reader with the main system
components highlighted in the schematic: (1) a webcam camera
mounted in a homemade acrylic box; (2) interchangeable lens (with a
green band-pass emission filter (3) mounted on the end of the lens),
black acrylic sample chip (4); blue band-pass excitation filter (5);
and multiwavelength LED (6). (b) A photo of a webcam-based plate
reader. (c) The excitation spectra (measured by a spectrometer) of the
multiwavelength LED for the white, W, blue, B, green, G, and red, R
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The main components of the simple CCD detection system are (1) a camera,
(2) lens, (3) emission filter mounted on the end of the lens, (4) assay plate,
(5) excitation filter, and (6) multiwavelength light-emitting diode (LED). An image
of the detector is shown in Figure 1.1(b). In this configuration, the excitation source
is directly in line with the detector, so good quality excitation and emission filters
are essential for blocking excitation light reaching the detector while permitting the
fluorescence emission to be captured. In this setup, to increase sensitivity, a Point
Gray Research Chameleon camera equipped with a C-mount CCTV lens (Pentax
12 mm f71.2) can be used as the photodetector. The advantage of this camera is that
it has a high sensitivity and a range of exposure times. This type of cameras
overcome some of the limitations of conventional low-cost webcams in which the
exposure time is determined automatically on the basis of the light exposure of the
CMOS, and a low-cost 8-bit CMOS is operated at 30 fps in which the framing rate
is fixed at 1/30 s and cannot be controlled by the user. In addition, the typical lens
of many low-cost webcams has a fixed aperture and fixed focal length with just a
variable focus, whereas a more advanced camera enables the use of interchangeable
lenses with better controls and image quality.

1.2.2.1 LED illumination module

For optical detection, illumination is a critical component. A versatile illuminator
has been described in previous work [29], which consists of a multiwavelength
LED illumination box equipped with white and RBG LED illuminating in the red,
green, blue, or white spectra (Figure 1.1(c)). It can excite multiple fluorophores
in excitation ranges of 450-650 nm (red 610-650 nm, green 512-550 nm, and
blue 450—465 nm). This broad wavelength enables the use of many fluorophores
and many imaging applications [5,29,70,72,75-77,86—88], including fluorescent
microscope illumination [78]. The excitation and emission filters are very critical
for image quality. For excitation, a 20-nm band-pass filter with a 486-nm center
wavelength was used (D486/20x ), and for emission, a 50-nm band-pass filter with
a center wavelength of 535 nm (HQ535/50M filters, both from Chroma Technology
Corp., Rockingham, VT) was used.

1.2.2.2 Assay plate

A laminated assay plate for small volumes (~30 uL) can be fabricated as described
in previous work [28,74], using a rigid polymer core (e.g., 3.2-mm black
poly(methyl methacrylate)) with laser-machined wells. The bottom of the sample
wells was laminated with thin polymer (e.g., polycarbonate (PC) film) bonded with
double-side adhesive. The thick core provides rigidity to the plate, and the black
color minimizes optical reflection and crosstalk between the wells.

1.2.3  Fluorescence detection of Stx2 activity

To evaluate Stx2 activity, the inhibition of GFP fluorescence protein synthesis was
measured using the fluorescence detector [87]. In this work [87], transduced Vero
cells with GFP fluorescence construct were cultured for 24 h and treated with
various amounts of Stx (100 ngmL ™" to 0.01 pgmL~"). The cells were imaged by
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Figure 1.2 Shiga toxin (Stx) activity analysis. Vero cells expressing GFP in
response to various concentrations of Stx. The Vero cells were treated
with various amounts of Shiga toxin. The plate was illuminated by a
blue LED equipped with a blue excitation filter, and the plate analyzed
with a CCD detector equipped with a green emission filter in a still
single frame mode. (a) image of a nine-well plate of Stx analysis
with the amount of toxin used: well 3-A control no toxin, well 3-B
0.01 pg mL™", well 3-C 0.1 pg mL™", well 2-A 1 pg mL™", well 2-B
10 pg mL™", 2-C 100 pg mL™", well 1-A 1 ng mL™", well 1-B
10 ng mL™, and well 1-C 100 ng mL™". (b) The corresponding
ImageJ 3D image. (c) Average signal brightness was plotted against
the various Stx concentrations. (d) The same toxin concentrations
were analyzed with a fluorometer

the detector (Figure 1.2(a)), and the signal was quantified using the National
Institutes of Health open-source image processing software ImageJ (Figure 1.2(b)).
In the control with no toxin, there is no signal inhibition, and the signal is high
(Figure 1.2(b) well A3 in). The signal decreases proportionally to the level of toxin
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at the highest level of toxin (100 ng mL’l) shown in Figure 1.2(b) well C1 with the
lowest signal. The average luminous intensity value was plotted against Stx con-
centration (Figure 1.2(c)). There is a high negative correlation between the fluor-
escence intensity signal and the concentration of the toxin. An increase in Stx2
concentration results in decreased GFP fluorescence intensity (R?> = 0.85, p-value
of 0.0037). The samples with the same toxin concentrations were also analyzed
with a commercial fluorometer (Figure 1.2(d)), which indicated a very strong
correlation between CCD measurements and the fluorometer (R> = 0.86, p-value
0f 0.0030). The limit of detection (LOD) of the CCD camera measurement was 0.1
pg of Stx calculated as the mean pixel intensity value represented by a digital
number in three control samples (cells with no toxin) minus three times the stan-
dard deviation of those samples. These data suggest that a simple low-cost CCD-
based detector can be used as a fluorescent detector for cytotoxicity assays [87].

1.2.4  Application of the webcam-based fluorescence plate
reader to other food bone toxins

Similar fluorescent detectors were also used for BoNT-A activity analysis
[4,28,29]. A fluorescence resonance energy transfer assay was used that measures
cleavage of a fluorophore-tagged peptide substrate specific for BONT-A (SNAP-
25) by the toxin light chain with a sensitivity of 0.5 nM, which is the reported
sensitivity of the SNAP-25 in vitro cleavage assays. Similar detectors were also
used for food safety immunological assays in detection of staphylococcal enter-
otoxin B (SEB) using enhanced chemiluminescence [85] with an LOD of
0.01 ngmL~!, which is approximately ten times more sensitive than traditional
ELISA [83], for SEB detection utilizing colorimetric assays [74] or densitometry
detection with a LOD of 0.5 ngmL~! [75].

1.3 Computational enhancement of the sensitivity
of webcam-based detectors

Sensitive optical readers utilize high-cost, high-quality, high-resolution, low-noise,
and sensitive detectors (e.g., photomultipliers, avalanche photodiodes, or cooled
CCDs). The application of low-cost detectors (e.g., ~$10 webcam) is challenging
because of their low sensitivity, low resolution, and high noise. Webcams for plate
readers require improved sensitivity and reduced noise. The computational method
of image stacking [71-73] was used for sensitivity enhancement of digital images
consisting of a large array of pixels containing signals along with random noise and
compression artifacts, which reduce signal detection sensitivity. The quality of the
signal can be measured using the signal-to-noise ratio (SNR).

1.3.1 Image stacking-based computational signal enhancement

In video mode, many images (e.g., 30 fps) of the same object are captured. Image-
stacking software enables calculation of the average value of each pixel of
each frame to generate an “averaged” single image from all the frames. In this
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Figure 1.3 Image-stacking enhancement. (a) A schematic of image stacking for
enhanced imaging (the webcam in video mode captures n individual
frames). In each frame, there is an underlying signal of interest
(marked with white circles) and interfering noise. If many individual
frames are averaged together, the standard deviation of this
background noise is greatly reduced, and its mean value can be
subtracted from each pixel, resulting in an enhanced SNR. (b) A 36-well
plate with six concentrations of fluorescein (rows 1-6) each in six
replicas (columns a—f). The plate was illuminated by a blue LED
equipped with a blue excitation filter, and the plate was measured with
a green emission filter. The signals of the wells were detected by a
CMOS webcam equipped with the original f3.8 5-mm lens operating in
a still single-frame mode. (c) The corresponding ImageJ 3D image.
(d) image stacking enhancement, the same plate was analyzed in
video mode image enhanced by image stacking, the fluorescein
concentrations used: row 1: 500 nM, row 2: 250 nm, row 3: 125 nM,
row 4: 60 nM, row 5: 30 nM, and row 6: control (water). Row 5 column
d (marked with a circle) is a reference point which can be used to orient
the plate. (e) the corresponding 3D image of (d) using ImageJ

“averaged image,” the random noise of each frame will be averaged to zero after
image stacking, whereas the signal present in all frames will be a constant value in
the averaged single image. So, image stacking enables reducing the random noise
and compression artifacts in video images when creating a still “averaged image”
with improved SNR [73].

A schematic of stacking is shown in Figure 1.3(a). In video mode, the webcam
captures 7 individual frames. In each frame, pixels with a signal (marked with
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white circle) and pixels with random noise are captured, and in each individual
frame, the signal and the noise are not distinguishable. In the stacked image con-
taining the average value of each pixel for all frames, the random noise average is
low, whereas the signal is constant with an increasing S/N ratio.

To demonstrate the improved sensitivity, a generic CMOS-based webcam
plate reader equipped with an original 5 mm f3.8 lens was used for fluorescein
(a common dye used in biological assays) samples in the range of 0—1 mgmL™!
analysis. In Figure 1.3(b), an emission from a single frame of a 36-well plate
(rows 1-6 in Figure 1.3(a)) in six replicas (columns a—f) loaded with six con-
centrations of fluorescein (0 uM (i.e., water) to 500 uM) imaged with the webcam
and analyzed with ImageJ software to quantify the intensity of user-specified
areas of the image. While in the still single frame (Figure 1.3(b)), the only signal
is detected in row 1 at 500 uM, and there is no visible signal in the control (water,
row 6) except row 6, column e (marked with a circle), a reference point that
can be used to orient the plate. In a three-dimensional (3D) view from ImageJ
(Figure 1.3(c)), the signal level for each well corresponds to the concentration of
the fluorescein, suggesting that there is no strong signal except from the 500-uM
samples (row 1) with an LOD (calculated on the basis of the control (water, row
6)) of 1000 uM.

Since image stacking was used to improve CMOS sensitivity, the 36-well plate
was also detected by a CMOS webcam, operating in a video mode enhanced by
image stacking (Figure 1.3(d)) with the corresponding ImagelJ image (Figure 1.3(e)).
It indicated a very good signal with a LOD of 60 uM, comparable to a conventional
plate reader.

These results suggest that image stacking enables an increase in sensitivity of
inexpensive (e.g., $10) webcams, and that it may be practical to develop a low-cost
florescence plate reader (e.g., for ~$100) with the sensitivity and capacity to detect
multiple analytes. Such a webcam-based plate reader can be used for telemedicine,
enabling the transfer of data between distant locations to provide medical diag-
nostics and remote sites. The plate reader can also be used for other optical mod-
alities, including absorbance, densitometry, and luminescence.

1.4 Capillary arrays as waveguides for enhancing
the sensitivity of optical detectors

In addition to computational image enhancement through image stacking, the use
of capillaries has enabled an ~100x increase in detection sensitivity [31,33,89] for
image-based detection. In this array, light-wave energy propagating through the
capillary walls interacts directly with and excites fluorophore molecules via eva-
nescent waves (i.e., acts as a “waveguide”), which in turn emit light that can be
detected at the end of the capillary by the imaging detector. These capillary array
waveguides are 3D detection systems (Figure 1.4), in which X columns and Y rows
of capillaries are arrayed in two dimensions and light propagates via the capillary
walls to provide a third Z dimension for illumination along the axes of the capil-
laries oriented normal to the array distribution. Combining computational image
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Figure 1.4 Capillary array fluorescence detection combined with image-stacking
enhancement. (a) Schematic of the capillary array, (b) photo of the
capillary array, (c) capillary array detection of fluorescein. A 36-
capillary array was loaded with six concentrations of fluorescein
(columns 1—6) each in six replicas (rows A—F). The plate was
illuminated by a blue LED equipped with a blue excitation filter, and
the plate was measured with a green emission filter. The signals from
the array were detected by the CMOS Webcam operating in a still
single frame mode. (c) The corresponding 3D image from ImageJ.
(d) The same plate analyzed in video mode and image enhanced by
image stacking (e) with the corresponding 3D image from ImageJ in
(f). The signal-to-noise ratios (SNR) for both modes were plotted
against the various fluorescein concentrations (g). Triangles are data
points for video-captured stacked images, and circles are single image
mode with no stacking. The LOD (the mean plus three times standard
deviation of a control (water)) is marked as a dashed line. The
fluorescein concentrations used were (columns 1-6) 10,000 nM,
1,000 nM, 100 nM, 10 nM, 1 nM and control (water)

enhancement with capillary array waveguide amplification resulted in an ~1,000x
increase in detection sensitivity [89].

1.4.1 Webcam detector with capillary array

A 6x6 array of glass capillaries (Figure 1.4) was used for fluorescence detection.
To orient all 36 capillary channels toward the camera image sensor simultaneously,
two laser machined six-by-six arrays of holes in two 3.2-mm thick plates of black
acrylic were fabricated to hold the capillaries in a parallel configuration. The
capillary array [31,33,89] is shown schematically in Figure 1.4(a) (actual photo
shown in Figure 1.4(b)) was used for fluorescence amplification. The length of the
capillaries used is 32 mm with an inner diameter of 0.8 mm. For the fluorescence
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detection used in this work, the array was placed on the excitation filter
(Figure 1.1(a5)) at the same position used for the plate assay (Figure 1.1(a4)).
The light is emitted by the multiwavelength LED illuminator passed through the
excitation filter, carried through the capillaries to the emission filter mounted on the
end of the lens and captured by a webcam.

1.4.2  Fluorescein detection using capillary array

To further demonstrate the capabilities of the technology, a 36-capillary array was
loaded with six concentrations of fluorescein (Figure 1.4(c), columns 1-6) each in
six replicas (rows A—F). The plate was illuminated by a blue LED, and the signals
were detected by the CMOS Webcam operating in a still single frame mode, the
corresponding ImageJ 3D image shown in Figure 1.4(d). The same array analyzed in
video mode and image enhanced by image stacking (Figure 1.4(e)) with the corre-
sponding ImageJ 3D image are shown in Figure 4(f). The SNRs for both modes were
plotted against the various fluorescein concentrations (Figure 1.4(g)). Triangles are
data points for video-captured stacked images and circles are single image mode
with no stacking. The LOD (the mean plus three times standard deviation of a
control (water)) is marked as a dashed line. The fluorescein concentrations used were
(columns 1-6): 10,000 nM, 1,000 nM, 100 nM, 10 nM, 1 nM and control (water).
The plot in Figure 1.4(g) clearly shows the signal amplification of image stacking.
Image stacking can be combined with capillary array to increase sensitivity.

1.5 Smartphone-based fluorescence detection system
using capillary array

In addition to the multipurpose fluorescence detector, which can be used for plates
and capillary array shown in Figure 1.1, a compact and more mobile fluorescence
detector based on a smartphone was developed [90] (Figure 1.5). For effective
detection using the capillary array, the optical configuration must allow for uniform
measurement between channels from a close distance when using such a capillary
array sensor. This is a challenge due to the parallax inherent in planar imaging of
long parallel capillary tubes with typical lens configurations. To enable effective
detection from a short distance, orthographic projection system that forms parallel
light projection images from the capillaries using an object-space telecentric lens
configuration was developed [90]. This optical configuration results in a sig-
nificantly higher degree of uniformity in measurement between channels, as well as
a significantly reduced focal distance, which enables a more compact sensor.

1.5.1 Smartphone-based capillary array fluorescence detector

In this detection system [90], a low-cost LED flashlight (~$1) equipped with
five white LED and a diffusion panel is used for the illumination system to enable
wide spectra fluorescent excitation in the range of 450—740 nm. The light path
includes mirrors to focus the light on the capillary array (Figure 1.5(a)). The
main elements of the orthographic projection fluorescent sensor are shown in
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Figure 1.5 Configuration of smartphone-based capillary array fluorescence
detector. (a) A schematic of the fluorescent sensor. The main
components are (i) camera phone, (ii) emission filter, (iii) secondary
lens, (iv) alignment fixture, (v) capillary tube array, (vi) excitation
filters and a diffuser, (vii) light path with two mirrors, (viii) LED
flashlight. (b) A photograph of the flashlight based device. (c) The
optics used for the smartphone-based detector imaging with the
capillary array utilizing the orthographic projection configuration.
To demonstrate the effect of orthographic projection optics, a 16-tube
capillary array (12.5 cm in length) imaged with a typical smartphone
camera through a plano-convex lens (4.5 cm diameter, 15 cm focal
length). (c) A schematic of the object-space telecentric optics with
(i) the plano-convex secondary lens and the principal rays imaged by
the lens of (ii) the phone camera that focuses the image onto (iii) the
camera CMOS image sensor. (d) A schematic of the capillary array.
The capillary array was imaged at three different camera-to-lens
distances: (e) distance of 14.5 cm, (f) distance of 30 cm, and (g) 5 cm.
The object-space telecentric condition is satisfied at (c) the ideal
camera-to-lens distance, so that all capillaries of the array appear
parallel. (d) Positioned too far for the camera-to-lens distance,
and (e) positioned too close for the camera-to-lens distance.
Configurations (d) and (e) both result in uneven images of the
capillary array with the center capillaries appearing brighter than
those on the edges during fluorescence measurement

Figure 1.5(a): (i) smartphone, (ii) emission filter, (iii) secondary lens, (iv) align-
ment fixture, (v) capillary tube array, (vi) excitation filters and a diffuser, (vii) light
path with two mirrors, and (viii) LED flashlight. In the configuration shown in
Figure 1.5, two excitation filters (Figure 1.5(a-vi)) are used to reduce the noise
from the white LED. This optical configuration (Figure 1.5(a)) is very compact,
with an optimal optical distance of 32 mm using a secondary lens, as compared to
previous designs (see Figure 1.1) that utilized conventional lens systems (such
as the stock lens that came with the camera). Without a secondary lens, distances as
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large as 140 mm were required between the imaging device and the capillaries to
obtain images with uniform brightness across the capillary array.

1.5.2  Orthographic optical configuration

To image the 3D capillary array, orthographic projection optics using a telecentric
lens to represent the 3D array in two dimensions was developed [90]. The basic
optical configuration of the object-space telecentric optics is shown schematically
in Figure 1.5(¢c), with a plano-convex lens (Figure 1.5(c-1)) and the principal rays
imaged by the lens of a phone camera (Figure 1.5(c-ii)) focusing the image onto the
camera’s CMOS detector (Figure 1.5(c-iii)). The capillary array (Figure 1.5(d)) is
imaged with the added plano-convex lens (4.5-cm diameter, 15-cm focal length) in
three different positions. In Figure 1.5(c), the distance between the capillaries and
the camera lens, which was minimized by proper secondary lens selection, is
32 mm to achieve both focus and uniform capillary illumination. Without a sec-
ondary lens, the minimum distance is 65 mm to achieve focus and approximately
140 mm to achieve uniform capillary measurements. As shown in Figure 1.5(e), at
the ideal camera-to-lens distance in which the focal points of the camera phone lens
and the secondary lens are aligned, the object-space telecentric condition is
achieved, and a parallel projection of the 3D capillary array is seen in Figure 1.5(e).
All the projection lines (i.e., light rays imaged by the telecentric lens) from the 3D
capillary array are orthogonal to the projection plane, resulting in every plane of the
captured image retaining straight lines and parallelism (i.e., an affine transforma-
tion) on the sensor. In Figure 1.1(f), the image is taken with the secondary lens at a
distance too far from the camera, and in Figure 1.1(g) the distance is too close.

1.6 Summary of factors contributing to the sensitivity
of low-cost optical detectors

The smartphone-based detector was used to measure serial dilutions of fluorescein
[90] with an LOD of 1 nM with image stacking and 10 nM without image stacking,
similar to the LOD obtained with a commercial plate reader. Moreover, the capil-
lary array required a sample volume of less than 10 uL, which is an order of
magnitude less than the 100 puL required for the plate reader, whereas the number of
capillaries that can be imaged in the smartphone configuration is lower (only eight)
than regular configuration (Figure 1.5(b)). In previous work [90], we described
some of the factors contributing to improvements in the sensitivity of low-cost
optical detectors. They include:

e The use of video mode combines with image stacking.

e The quality of filters is very critical. Using high-quality narrow-band filters at
the emission/excitation wavelengths will reduce noise and improve detection
sensitivity.

e Although camera phone lenses are not interchangeable, many webcams have
the capability for changing the lens (e.g., we used an f71.2 lens to maximize the
amount of light transmitted to the sensor).
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e Increasing the intensity of the LED illumination (the use of more LEDs) will
increase fluorescent signal.

o The use of low-cost lasers equipped with line generator may increase light
intensity and provide narrow wavelength illumination, making emission filters
unnecessary.

e For single-frame imaging, some webcams allow for long exposure
times (>1 s).

1.7 Conclusions

Optical detection is important for biological analysis in POCT. Examples have
been provided of several low-cost optical technologies that demonstrate the
potential for medical diagnostics utilizing readily available, low-cost consumer
electronics capable of interconnectivity and telemedicine. However, to achieve
high enough sensitivity to detect biological analytes at extremely low concentra-
tions, new computational techniques have to be employed, such as video imaging
mode combined with computational image-stacking algorithms to remove noise
and increase sensitivity by nearly 10-fold, resulting in sensitivities similar to con-
ventional plate readers.

An important element in biological analysis is LOC technologies that have the
capability to perform various assays without the need of dedicated laboratories and
complex equipment or expensive reagents as demonstrated for LOC-ELISA. The
use of readily available polymers, such as acrylic and PC, for LOC-ELISA fabri-
cation is compatible with mass production technologies used in various industries
in low-income countries, as opposed to the specialized manufacturing technologies
need for silicon or polydimethylsiloxane; they can substantially improve access to
medical diagnostic technologies in low-resource settings.

The optical detection technologies described in this manuscript are simpler to
fabricate and utilize lower cost components, which are more readily available in
low-income countries. Since numerous medical diagnostics assays rely on optical
detection, these technologies may enable the performance of many medical diag-
nostics assays in a clinic instead of laboratory environment. These technologies can
be used for numerous biomedical applications, ranging from cardiovascular and
cancer diagnostics to food and water safety. The simplicity and the low cost of the
technologies can facilitate bringing modern health and medicine to low-resource
settings, in which the majority of the world’s population lives and which do not
currently have access to such critical medical diagnostics.
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Chapter 2
Paper-based diagnostic devices

Spencer A. Schultz’, Isabelle C. Noxon’, TylerA Sisley’
and Andres W. Martinez'

2.1 Introduction

Paper, broadly defined as any porous hydrophilic membrane, has served as a
platform for diagnostic assays for millennia. One of the earliest recorded examples
of a paper-based assay comes from c. 77 A.D. when Pliny the Elder, a Roman
naturalist, described a qualitative test for detecting the presence of adulterants in
verdigris using papyrus impregnated with an extract of gallnuts [1,2]. Starting with
simple qualitative colorimetric assays and moving all the way to the current field of
paperfluidics, paper offers several unique advantages as a platform for conducting a
wide variety of diagnostic assays as well as for collecting, storing and transporting
samples. This chapter will provide an overview of existing diagnostic devices made
primarily out of paper and then focus on paper-based microfluidic devices, the next
generation of paper-based diagnostic devices that promises to extend the use of paper
as a material for fabricating diagnostic devices well into the future.

Paper is defined formally as a flexible sheet made from pressed cellulosic fibers
(Figure 2.1) [3]. The process of making paper was developed in China during the Han
Dynasty (206 B.C. to 220 A.D.) [4]. Written records credit Tsai Lun, an official in the
Han Court, with developing the modern form of paper as well as the papermaking
process in 105 A.D. [5]. Although the equipment used for making paper has evolved
over time, the essential steps of the papermaking process have remained unchanged:
first, a dilute suspension of cellulosic fibers is prepared in water; then, the fibers are
deposited onto a screen forming a mat; and, finally, the mat of fibers is pressed and
dried to produce a sheet of paper [5]. The cellulosic fibers used to make paper can
come from many sources, but most diagnostic devices are made with paper produced
from cotton fibers made primarily of cellulose (Figure 2.2(a)) [4]. Many other types
of porous hydrophilic membranes have been developed over time and have been
incorporated into diagnostic devices [3]. Among these, porous membranes made from
nitrocellulose are used most commonly because of their high protein-binding affinity
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Figure 2.1 SEM micrograph (400x) of the surface of Whatman No. 1
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Figure 2.2 Chemical structures of cellulose (a) and nitrocellulose (b)

(Figure 2.2(b)) [3]. An enormous diversity of papers with varying chemical compo-
sition, thickness, and pore size are available, and each has unique characteristics that
could be harnessed for specific applications in paper-based diagnostic devices.
Paper has many inherent characteristics that make it attractive as a platform for
diagnostic assays. Paper is inexpensive and widely available, so scientists across
the globe and throughout history have been able to work with paper and develop
tests that are compatible with paper [2,4,6]. Paper is typically white and provides an
excellent background for assays that produce a colored product or a change in
color. Another attractive characteristic of paper is that it has a large surface-to-
volume ratio, so a small volume of fluid (~1 pL) can typically produce a spot on
paper that is large enough (~0.5 cm in diameter) to be seen with the naked eye. The
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large surface-to-volume ratio of paper also allows for reagents and samples to be
dried and stored on paper-based devices. Paper can even be modified chemically in
order to covalently bond reagents to the fibers [7]. Paper can also serve as the sta-
tionary phase for chromatographic separations of analytes [8]. Paper is disposable—
one simple method for disposing paper-based tests is through incineration. Paper
wicks fluid by capillary action, so fluids will move through a paper-based device
without any external sources of power. And finally, as mentioned previously, paper
can be produced from a wide variety of fibers and with a wide variety of character-
istics (e.g., pore size, wicking speed, protein binding ability), which can be harnessed
for specific applications and can even be combined in a single device to enable
particular capabilities.

2.2 Current paper-based diagnostic devices

One of the best-known examples of a paper-based test is litmus paper, which is used
to determine whether a solution is acidic or basic [7]. Scientific reports dating back to
the nineteenth century describe the use of litmus paper for analyzing samples, and it is
still sold commercially and used routinely by professional scientists and students
[6,9]. In addition to litmus paper, a huge variety of other colorimetric tests have been
developed to detect the presence of analytes on paper, but most of these tests have not
been developed into commercial products [2,10—-12]. Currently, there are two primary
forms of commercially available paper-based diagnostic devices: dipstick assays and
lateral-flow assays (LFAs) [3]. A third form of paper-based devices known as paper-
based arrays are used primarily to collect, store, and transport samples but are also
used in academic research to conduct assays.

2.2.1 Dipstick devices

Dipstick assays are one of the first examples of paper-based diagnostic devices for
clinical use [4]. Dipstick devices comprise one or more small test pads of paper that
have been impregnated with reagents for specific colorimetric assays and that are
adhered to a plastic strip, which serves as a handle for the device (Figure 2.3).
Dipstick assays are performed by quickly immersing the dipstick into the sample to
be tested and then observing the colors that are produced on the test pads. The
colors produced on the test pads can often be compared to a color-coded chart
provided with the dipstick in order to make a semiquantitative determination of the
concentration of the analyte in the sample [3].

The first pH dipstick test strips were patented and commercialized in the
1920s [4]. These devices can be purchased to determine the pH of a solution within
a given range with varying amounts of sensitivity, both of which are determined
by the number of test pads on the dipsticks as well as the specific indicators used on
the test pads [13]. The first dipstick assays for clinical use were developed in the
1950s and were introduced commercially in the 1960s [3]. These initial dipstick
assays were developed to quantify the concentration of glucose in urine by
harnessing enzymatically catalyzed reactions involving glucose oxidase and
horseradish peroxidase [14]. Urinalysis dipstick tests now include as many as ten
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Figure 2.3 Dipstick device for analysis of water [18]

test pads to detect or analyze glucose, bilirubin, ketones, nitrite, urobilinogen,
protein, blood, leukocytes, pH, and specific gravity [3,15,16]. These tests allow for
the diagnosis of a variety of conditions and diseases including kidney disease,
urinary tract infections, carbohydrate metabolism disorders, and liver disease
[4,15,16]. For more sophisticated urinalysis tests, the dipsticks can be analyzed by a
detector that analyzes the color of the test pads in order to improve the accuracy
and precision of the tests [3,17]. Another common application for dipstick tests is
for the analysis of water samples. Dipstick devices for testing drinking water and
swimming pools can be used to quickly determine pH, total hardness, total chlor-
ine, total bromine, free chlorine, total alkalinity, and cyanuric acid levels [18].

The main advantages of dipstick devices are that they are inexpensive, easy to
use and provide immediate results. Dipstick tests are also simple to design and
manufacture. The disadvantages of dipstick assays are that they are typically qua-
litative or semiquantitative, they often have limited sensitivity and selectivity, and
they can only be developed for analytes that can react to produce a color change or be
linked to a reaction that produces a color change [6]. Dipstick assays often also
require a relatively large volume of sample in order to wet the test pads. For these
reasons, dipstick devices are most practical for testing relatively simple samples, such
as urine and water, that are abundant and contain relatively high concentrations of
analytes, such as glucose or chlorine. In order to overcome some of the limitations
with dipstick assays, LFAs were developed to expand the range of analytes that could
be detected as well as the sensitivity and selectivity of the assays.

2.2.2 Lateral-flow devices

As the name suggests, lateral-flow devices rely on the capillary wicking of fluids
across a porous membrane in order to detect an analyte [19]. Lateral-flow devices
are made typically of several different types of paper that are treated with different
reagents and held in contact with each other to create a single fluidic path that
wicks a sample from a sample port to an absorbent pad, which serves as a waste-
collection zone (Figure 2.4) [20]. In a typical LFA, a few drops of sample are
introduced to the sample port, and the sample then wicks across a conjugate pad in
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Figure 2.4 Schematic diagram of a lateral-flow device. Reproduced by
permission of EMD Millipore Corporation. © 2002, 2008 EMD
Millipore Corporation

which it interacts with a labeling reagent—typically an antibody bound to a colored
particle—that binds specifically to the analyte. The labeled analyte then wicks
across a membrane containing a capture reagent—typically a second antibody—
that is immobilized on the device in a narrow test line and that captures selectively
the labeled analyte. This process generates a colored line or band on the device
when the analyte is present. All the other components of the sample as well as any
excess labeling reagent continue to wick along the device into the waste zone. Most
commercial devices also include a control line containing a second capture reagent
on the membrane that binds only to the labeling reagent and serves to confirm that
the capture reagents are working properly [3].

LFAs are widely used in laboratories, hospitals, and in the home where they
can detect conditions such as pregnancy, disease, drug use, contamination, infec-
tion, and organ malfunction [3,21-23]. The first LFAs were developed in the late
1960s and have become a user-friendly, robust, affordable, point-of-care platform
for diagnostics [19]. The first commercial LFAs were developed to detect human
chorionic gonadotropin (hCG); a high level of this biomolecule is a positive indi-
cator for pregnancy [24]. This test was fast (1-3 min), simple to use even for
untrained users, required little user input, used small sample sizes, and was sub-
sequently made commercial by 1988 [24]. The hCG test is now used globally to
detect pregnancy and can be purchased for less than US$ 1 [25].

The three main facets of LFAs are the device or platform, sample preparation,
and the immunochemical reaction. The LFA platform is composed of a sample pad,
a fiberglass conjugate pad for storage of the labeled reagent, a membrane that is
typically nitrocellulose, an absorbent waste pad, and often a small plastic holder
that encases the assembled device (Figure 2.4) [19]. Although nitrocellulose is
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brittle and flammable, it is the membrane used in most LFAs because it is porous,
wicks fluids by capillary action, and its surface has a high affinity for binding
proteins [4,23]. This binding characteristic is essential for the detection of analytes,
as LFAs rely on selective binding and retention of the labeled analyte. Fabrication
of commercial LFAs begins with treatment of the different components. The
sample pad is pretreated, the fiberglass conjugate pad is loaded with the labeled
reagent, and the membrane is printed with test and control lines of capture reagents
and then blocked for nonspecific adsorption [20]. Each component is dried, and the
device is assembled, cut into strips, and placed into cartridges for packaging [26].

The hCG urine test does not require much sample preparation, but there are
many other LFAs that detect biological components from blood plasma or serum
that do require treatment. Often sample preparation includes collection of blood,
treatment with anticoagulants, separation of blood cells from plasma or serum, and
dilution of the sample [19]. These steps are important, but are cumbersome and
time consuming—especially at the point of care in which expensive equipment for
sample treatment is difficult to obtain or not available [27].

The immunochemical reaction is arguably the most important component of
LFAs. There are two main types: immunoassays that rely on antibody—antigen
interactions, and nucleic acid-based assays that rely on nucleic acid aptamers and
target molecule binding or nucleic acid hybridization [19]. These immunochemical
reactions rely heavily on the sensitive and specific interactions that consequently
determine the sensitivity and selectivity of the assay itself [19]. The component of the
immunochemical reaction that allows for visual detection is the colorimetric probe,
which is conjugated to an antibody, protein, or DNA sequence to make the labeling
reagent. The probes are most commonly latex beads, gold nanoparticles, fluorescent
tags, quantum dots, and enzymes. The type of colorimetric probe is determined by
several factors including the type of sample, the analyte, pH, and device storage
conditions. Immunochemical reagents can be synthesized against a myriad of proteins
and biomolecules. The heterogeneity of immunochemical combinations is part of
what makes LFAs such a widely studied and versatile platform [19].

The main advantages of LFAs, as with most other paper-based devices, are that
they are inexpensive and easy to use—the user typically only has to apply a few
drops of sample to the device and then read the resulting colored lines, unless more
sophisticated sample preparation is required [3]. What sets LFAs apart from other
paper-based devices, like dipsticks, is that by harnessing the wicking capabilities
of paper, LFAs perform what is effectively a chromatographic separation of the
analyte from the other components of the sample as well as a concentration of the
analyte along the test line. Both these actions lead to highly sensitive and specific
assays. Some more sophisticated LFAs include a second step in which an ampli-
fication reagent is added to the device in order to enhance the color of the test line
and further improve the sensitivity of the device [3]. Another advantage of LFAs is
that as they rely on immunochemical reactions to detect analytes, the same basic
device design can be used to detect a huge range of analytes by simply changing the
labeling reagent and the capture reagent [19]. On their own, LFAs are typically
qualitative and only provide yes/no results, but more recent LFAs are compatible
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with electronic readers that analyze the intensity of color that develops at the test
line or rely on fluorescent labels in order to make quantitative determinations [3].

2.2.2.1 Vertical-flow devices

Vertical-flow devices rely on the same analyte-detection principles as lateral-flow
devices and can be used to conduct the same types of assays, but, instead of lining
up the different components of the device horizontally as in LFAs, the various
components are stacked vertically. The advantage of stacking the layers vertically
is that the path length for the sample to wick through the device is significantly
reduced; however, these assays typically require multiple steps by the user in order
to be performed correctly [3].

2.2.3  Paper-based arrays

Paper-based arrays are used primarily for the collection, storage, and transportation
of samples. Paper-based arrays typically comprise a card marked with multiple
circular zones that can be filled with liquid samples. The zones are often pretreated
with reagents to improve the stability of the analytes or to disinfect the samples.
Samples, such as blood, can be spotted on the array and dried, and then the array
can be shipped to a central laboratory where the samples can be eluted from the
array and analyzed [28]. This process allows for large numbers of samples to be
collected and stored in a convenient format that does not require refrigeration [29].
The sample collection can also be performed in the field with minimal instru-
mentation [29].

One common application for paper-based arrays is in dried blood spot (DBS)
testing [28]. This technique was developed in the early 1900s but gained wide-
spread use in the 1960s and 1970s when Robert Guthrie used DBS to develop
a technique for the systematic screening of newborns for metabolic diseases [30].
Now known as the Guthrie test, newborns around the world are tested for a series
of metabolic disorders and diseases by collecting their blood from a heal
prick on a DBS card [28]. In fact, DBS can be used to detect a wide range of
analytes and diseases including HIV, dengue, hepatitis, and small molecule drugs
[28,29,31].

An alternative application of paper-based arrays is for the synthesis of libraries of
short peptides or small molecules via a technique known as spot synthesis [32-35].
Once prepared, these arrays can be used to conduct a wide range of assays including
binding assays, enzyme assays, and studies with living organisms [36].

2.3 Paper-based microfluidic devices

In 2007, the Whitesides group at Harvard University published an article describing
the first example of what would become known as paper-based microfluidic devi-
ces or microfluidic paper-based analytical devices (microPADs) (Figure 2.5) [37].
Having contributed a substantial body of work to the field of conventional micro-
fluidic devices, including the development of soft lithography [38,39], George
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Figure 2.5 A paper-based microfluidic device for detecting glucose (left zones)
and protein (right zones)

Whitesides was looking to develop a new class of devices that married the
advantages of lateral-flow and dipstick devices, such as capillary wicking and low
cost, with the advantages of conventional microfluidic devices, such as low
volumes of sample, multiplexing, and controlled sequential steps. The ultimate goal
of the Whitesides group was to develop a new class of ultra-low-cost point-of-care
diagnostic devices that could be deployed to resource-limit settings and improve
access to healthcare to populations around the globe.

Paper was a natural choice as a material for fabricating this new class of
devices for all the same reasons mentioned in the introduction. The main innova-
tion described in the initial publication from the Whitesides group was the devel-
opment of a method to pattern paper into a network of hydrophilic channels and test
zones bounded by hydrophobic barriers [37,40]. The channels could wick samples
and distribute them into the test zones where assays would take place. Although
examples of patterning paper using waxes had been described previously [2,41],
what set the work from the Whitesides group apart was the focus on the develop-
ment of a new class of low cost, very simple to use portable diagnostic devices
[37,42]. This work catalyzed a surge of interest in the development of paper-based
assays and resulted in the establishment of the new field of paperfluidics [3,6,12].

2.3.1 Fabrication of paper-based microfluidic devices

Fabrication of paper-based microfluidic devices involves the patterning of a piece
of paper using hydrophobic inks to define hydrophilic channels and test zones
bounded by hydrophobic barriers [12]. Several methods for patterning paper have
been developed since 2007, each with their own set of advantages and dis-
advantages [6,12]. Although the methods are very diverse in terms of equipment
and inks, they can be classified broadly into two categories: indirect and direct
patterning. In indirect patterning, the first step of the process involves coating the
entire piece of paper with a hydrophobic ink or reagent such as a wax, a polymer, or
a resin. In the second step, the hydrophobic reagent is etched away selectively to
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produce hydrophilic channels. In direct patterning, the hydrophobic ink is printed
directly on the paper in the desired pattern (Figure 2.6).

The first published method for fabricating paper-based microfluidic devices was
an example of indirect patterning and was an adapted form of photolithography [37].
In this approach, the paper is first impregnated with SU-8 photoresist, a negative
photoresist, and dried. The paper is then exposed to UV light through a photomask in
order to cross-link the exposed portions of the photoresist. Finally, the unexposed
portions of the photoresist are dissolved and removed from the paper using a
solvent such as acetone to yield the desired pattern of channels and test zones in
the paper [37,40,42]. Other photopolymers, in addition to SU-8, have also shown to
be useful for patterning paper via indirect patterning [3].

Indirect patterning was also achieved using an inkjet printer [43]. The process
involves first coating a piece of paper with polystyrene to make it hydrophobic. The
polystyrene is then selectively removed from specific areas of the paper by printing
toluene onto the paper using an inkjet printer in the desired pattern. The toluene
washes the polystyrene out of the paper and returns the washed paper to its original
hydrophilic state.

A third example of indirect patterning using plasma treatment involves
impregnating a sheet of paper with alkyl ketene dimer, a reagent used commonly
for sizing paper to make it more hydrophobic [44]. The reagent is then selectively
etched away by placing the paper between two metal stencils and treating it in a
vacuum plasma reactor. The areas of the paper that are exposed to the plasma,
through the metal stencils, are made hydrophilic and the areas of paper that are
protected by the stencil remain hydrophobic.

In direct patterning, hydrophobic agents are applied onto the paper in the
desired pattern. Hydrophobic agents are applied typically through conventional
printing technologies, such as inkjet printing, screen printing, flexographic printing,
and stamping, but could even be applied by hand. Each technique has its own set of
advantages and disadvantages in terms of cost, resolution, throughput, and techni-
cal difficulty. One of the most popular methods of direct patterning is wax printing
[45-47]. In wax printing, a solid-ink printer is used to print wax directly on the
surface of paper in any desired pattern. The printed paper is then heated to reflow
the wax and create hydrophobic barriers within the paper. The entire process can be
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completed in less than 5 min for an entire sheet of paper, and features a small as
1 mm can be patterned reliably [46]. The equipment required for wax printing,
namely the solid-ink printer and the heater (e.g., oven, hotplate, thermal laminator,
heat gun, and iron) can be purchased for less than US$ 1,000, and the process does
not require a clean room or a fume hood, so wax printing can be performed by users
with limited resources or limited experience with fabrication [12]. Another
advantage of wax printing is that there is virtually no production-cost penalty for
making small batches of devices at a time, which makes it well suited for laboratory-
scale prototyping.

In comparing indirect and direct patterning methods, indirect patterning
methods are generally more time consuming as they involve at least two steps, but
often several more. Indirect patterning methods also consume larger quantities of
reagents and solvents as the entire piece of paper is treated and made hydro-
phobic. Direct patterning methods are generally faster, less expensive, and less
technically challenging than indirect methods. One advantage of indirect
patterning, however, is that it tends to allow for higher resolution patterns to be
produced. Specifically in the case of photolithography, the resolution of the
pattern is controlled by the resolution of the exposure to UV light, so smaller
features can be produced using this method compared to wax printing [12]. In one
instance, direct and indirect methods of patterning were combined to pattern paper
with Teflon in order to generate microPADs that were compatible with organic
solvents [48].

A third method of preparing microPADs is via shaping or cutting. In this
approach the desired network of channels and test zones is cut out of a sheet of
paper, either manually or using a laser cutter or cutting plotter [49,50]. This method
is simple to perform and does not require any reagents. The devices fabricated via
cutting usually have to be encased in plastic to protect the paper, provide structural
support to the paper, and facilitate manipulation of the devices [12].

Once the patterning process is complete, devices can be further modified to
add additional capabilities. One common post-patterning step is to encase devices
in plastic using either tape, thermal lamination sheets or toner [49,51,52]. Another
option is to add additional features to the device such as electrodes. Electrodes are
typically printed onto the devices after they are patterned using conductive inks
[53-57]. Devices can also be modified to control the wicking in the device either by
incorporating valves [58], adding reagents or shunts that slow down wicking
[59,60], or adding additional layers of paper or plastic to speed up wicking
[52,57,61]. Finally, multiple layers of patterned paper can be stacked on top of each
other to produce three-dimensional (3D) microPADs (Figure 2.7) [62—65]. The
layers of paper in the 3D device can either be bonded to each other permanently
using permanent adhesives or tapes, or they can be held together temporarily using
a manifold or removable adhesives or tapes.

To complete the fabrication process, reagents for the assay must be applied to
the device. Typically reagents are deposited onto microPADs from solution, and
the solutions are then allowed to dry leaving the reagent behind on the device.
Reagents can be deposited manually using a pipet or capillary tube, or can be
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Figure 2.7 Top view and cross-sectional view of a three-dimensional
microPAD assembled from two layers of patterned paper and
a layer of double-sided tape. Reproduced by permission of The
National Academy of Sciences from Reference 62. © 2008
National Academy of Sciences, USA

deposited using an inkjet printer or liquid-dispensing robot. More recently, a
method for solid deposition of reagents using custom-made pencils was described,
which led to improved shelf life of the reagents on the devices [66].

2.3.2  Applications of paper-based microfluidic devices

Initial research on paper-based microfluidic devices focused primarily on the
development of methods of fabricating devices. The first devices consisted gen-
erally of a sample inlet that directed the sample into one more channels and then
into multiple test zones in which reagents for colorimetric assays were deposited
(Figure 2.5). These initial devices required small volumes of fluid ( <20 uL) and
could perform multiple assays simultaneously from a single sample-addition step
[37,42]. As work with paper-devices expanded, new applications and unique assays
were developed, many of which were enabled by the unique capabilities of
microPADs. This section will highlight four areas of applications for microPADs
that show promise for future diagnostic devices.

Colorimetric assays, assays that result in a color change in response to the
presence of analyte, remain one of the most common types of assays conducted on
microPADs [3]. A wide range of colorimetric assays have developed for micro-
PADs including indicator-based assays, enzymatic assays, sorbent-based assays, as
well as combinations as these approaches such as enzyme-linked immunosorbent
assays (ELISAs) [3]. These assays have been shown to be useful for detecting a
wide range of analytes including ions, small molecules, proteins, and DNA. Con-
current with the development of colorimetric assays on microPADs, several
methods for quantifying the resulting colorimetric signal on the devices were



38  Portable biosensors and point-of-care systems

Hydrophobic S
6 mm
(-CE
ol W
T =
5 mm RE

?

Hydrophilic 5 mm
(a)

(b)

Figure 2.8 Schematic of an electrochemical paper-based microfluidic device
including three electrodes (a), and image of an actual device for
detecting glucose, lactate, and uric acid (b). Adapted with permission
from Reference 53. © 2009 American Chemical Society

developed. One promising approach is the use of digital image colorimetry, in
which a digital image of the results of a colorimetric assay is obtained, and then
the pixel intensity of the color is measured [67,68]. The images could be obtained
using a scanner, a digital camera or, most interestingly in the context of
portable point-of-care diagnostic assays, a camera phone [42]. The results can be
calibrated through either external calibration or standard addition and can typi-
cally produce results with relative errors and relative standard deviations within
ten percent [68].

As an alternative to colorimetric assays, paper-based assays that rely on
electrochemical detection offer many advantages, especially when it comes to
performing quantitative tests [53,55,56]. Electrochemical paper-based assays
have been demonstrated for a wide range of analytes with high accuracy and
precision, and with the ability to detect analytes at femtomolar concentrations
[6,69,70]. The electrodes for electrochemical assays are typically printed directly
on the microPADs (Figure 2.8), and an external reader is used typically to per-
form the assay [6].

A third type of paper-based assays that eliminate the need for sophisticated
external readers are chronometric assays, in which the signal from the assay is the
time that it takes the sample to wick across a channel in a device (Figure 2.9)
[64,71-74]. These assays rely on the unique properties of microPADs to wick fluids
along channels in paper as well as the ability to pattern reagents in multiple layers
of paper and then assemble these layers into a single 3D device. In these devices, a
reagent that creates and impermeable or semi permeable barrier is added to a
channel in the device. The presence of the analyte triggers a chemical reaction that
results in the degradation of the barrier. So, when the analyte is present, the sample
wicks across the channel more quickly than when the analyte is absent. Chrono-
metric assays stand out for their simplicity, sensitivity, and low limits of detection,
which rival traditional ELISA [74].
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In addition to developing specific types of quantitative assays, the paperfluidics
community has devoted considerable effort toward developing devices capable of
performing multiple sequential steps in order to automatically perform multistep
assays, such as ELISAs or enzyme-inhibition assays. For example, a device that
performs a typical lateral-flow immunoassay and then automatically adds an
amplification reagent to enhance the intensity of the test line on the device and
improve the limit of detection of the assay was developed by designing a device
with multiple fluid inlets leading to a single-test zone (Figure 2.10) [50,75,76].
Alternatively, a similar type of assay was achieved by carefully designing a series of
channels that would wick fluid from a single sample inlet and deliver it to a test zone
at different times [77]. The development of fluidic diodes provided a third option for
achieving automated multistep assays on microPADs [78,79]. Finally, paper-based
enzyme-inhibition tests that require incubation of an enzyme with a sample followed
by introduction of the enzyme substrate were automated by using erodible polymeric
bridges, which allowed for the introduction of single-use timed shut-off valves into
microPADs [58].
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2.4 Conclusions

Paper offers several advantages as a platform for conducting simple, point-of-care
diagnostic assays. Current, commercially available paper-based diagnostic devices,
such as dipstick assays and LFAs, will continue to be used widely due to their low
cost and simplicity. A new generation of paper-based devices is currently being
developed and promises to extend those applications of paper for point-of-care
diagnostics.
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The concept of making diagnostic devices out of paper is being adopted by a
growing community of researchers. MicroPADs were first developed as diagnostic
devices for use in developing countries but are now being developed to detect a
wide range of analytes and could be used to monitor air, soil, and water quality;
they could be used as diagnostic devices for animals and plants; they could be used
in home healthcare to diagnose disease or monitor drug levels; and they could be
used by the military and first-responders to assess a person’s health status or detect
toxins, biohazards, or explosives. MicroPADs also have many potential applica-
tions in basic research.

One of the great aspects of paper-based microfluidic devices is that there is a
very low barrier to entry, both in terms of the cost of equipment and the technical
expertise that is required to fabricate devices. A pair of scissors and a paper towel is
all that is really needed to make simple paper-based devices. So, much like open-
source software, we look forward to seeing contributions to this field from all kinds
of scientists from all over the world and seeing where we can go with this simple
yet-powerful technology.
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Chapter 3

Advanced lateral flow technology for
point-of-care and field-based applications

Brendan O’Farrell’

3.1 Introduction

There is a continuum in diagnostic technologies that ranges from methods that require
infrastructure and a centralized approach to testing, to technologies that can be used ina
decentralized testing strategy and that require little to no supporting infrastructure. The
latter categories are often termed “point of care,” “point of contact,” or “point of
need.” Historically, those technologies employed at the point of contact have been
considered to have less diagnostic accuracy than those used in centralized testing
environments, so the use of such tests was assumed to imply a compromise of per-
formance. One major goal of advancing the design of point-of-contact technologies
over the course of the past decade has been to extend the reach of more accurate
technologies to decentralized testing scenarios, in which they can often be of most use.

Lateral flow has generally been considered to be an ideal technology for
application in many point-of-contact testing environments, as it demonstrates many
key attributes including the ability to deliver accurate, sensitive and in many cases
quantitative results, with minimum complexity for the end user and without the
need for expensive or complex infrastructure.

3.1.1 Advantages of lateral-flow assay systems

o Known and mature technology

Relative ease of manufacture—equipment and processes already developed
and available

Easily scalable to high volume production

Stable—shelf lives of 12-24 months often without refrigeration

Ease of use: minimal operator-dependent steps and interpretation

Can handle virtually any appropriately treated liquid or solid sample

Can be integrated with reader systems and information systems

Can have high sensitivity, specificity, and good stability

Relatively low cost and short timeline for development and approval Market
presence and acceptance—minimal education required for users and regulators

'DCN Carlsbad, CA, USA
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Many of today’s testing challenges require performance in point-of-contact tests
that rivals that of much more costly central laboratory methods. The performance
challenges that have limited the application of lateral flow in many highly
demanding applications historically have been sensitivity and reproducibility and
coupled with that, limitations in the ability to multiplex larger numbers of analytes.

However, in many cases the arguments that are used to dismiss the use of
lateral flow in more demanding applications are based on historical design,
development, and production methods and do not reflect the reality of today’s
knowledge at the cutting edge of lateral-flow technology.

3.1.2  The S-curve and lateral flow

As technologies evolve, they go through a familiar evolutionary cycle—an S-curve.
At the start of the cycle, the basis of the technology is laid out, and there are few
users. At a certain inflection point, the number of users of the technology goes
exponential, and the number of applications for which it is applied grows at a rapid
rate. All growth phases end, and that exponential phase levels off, plateaus, and
may decline as the next technology takes off to replace it. S-curves apply to all
technologies—phones, cars, computers, and point-of-contact diagnostic tests.

Today in point-of-contact diagnostic technology markets, we are in the middle
of an S-curve. Many performance issues have been worked out of existing tech-
nologies, and we are reaching the point at which the application of the technology
and what it can do for the user has become the central issue.

The primary technology used in every key point of need, rapid testing envir-
onment is the lateral-flow immunoassay. Lateral-flow tests are inherently simple
devices, applicable in almost any environment from clinic to field, and applied in
every conceivable application. They are used in human diagnostics, veterinary
testing, agricultural testing, bio-terrorism detection, chemical and radiological
threat detection, food safety, and consumer health testing. At an increasing rate,
they are being applied in highly demanding applications such as testing for cancer,
traumatic brain injury, cardiac infarction, kidney disease, and even genetic
abnormalities.

Lateral-flow test technology is reaching the center of the S-curve—the point at
which the curve inverts. At this “flip” in a technology life cycle, user-centered
design takes center stage. Lateral-flow immunoassay technology is being incor-
porated into truly user-friendly designs, incorporating sample collection, and
treatment devices that are minimally invasive and painless and reader systems that
do all the work for the user. Data are being generated, interpreted, securely trans-
mitted, archived, and mined for critical information, then translated to action, all
invisibly to the user. The technology itself is becoming invisible. In the coming
generation of rapid tests, the central technology will not be at issue; we know the
immunoassay technology works. Instead, markets will demand devices that people
will want to use and can use daily, easily and reliably.

There has been a tremendous amount of evolution in lateral flow technologies
in the past decade, to the point at which the lateral-flow test strip sits at the heart of
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much more complex systems that are capable of extremely high performance. This
trend has been driven by a convergence of market and technology forces, including
the drive toward a digital, self-administered, and consumer-based model, coupled
with the ability to readily capture, transmit, interpret, archive, and utilize data in
both professional and consumer environments.

This technological advancement has been coupled with the growth of aware-
ness of the importance of design for use. Users, whether in professional or con-
sumer markets, have grown accustomed to an emphasis on user-centric design in
the products that they handle on a daily basis. As a result, even in relatively mature
testing markets, there has been a renewed emphasis that in order to succeed,
developers and manufacturers must understand the basic premise that the funda-
mental testing technology is not the product.

This principle has been adequately demonstrated in every industry from
automotive to communications over the past century; however, in diagnostics, the
emphasis until recently has purely been on technical specification rather than user-
centric design. That is changing. It is now understood that these testing devices
need to fit into the users’ workflow, be intuitive, easy to use, and in the best
technological sense, be “sticky” to the end user. This requires a shift in mindset for
the designers, developers, and manufacturers of lateral-flow test systems. To create
products that are truly useful in point of contact, or low resource field environments
that retain high performance, it is not possible to approach the development process
in the same way as it has historically been done for lateral flow. For more highly
specified applications involving ease of use, quantification, high sensitivity, and
multiplexing, innovation is required in each of the key components of the lateral-
flow system. In this chapter, the key components of a lateral-flow system will be
discussed and key advances described that facilitate higher performance in field-
based applications in any market space, from veterinary infectious disease testing
to hormone and biomarker testing in animals and equally to human diagnostic,
environmental, and biodefense applications of the technology. Some key principles
of designing these devices for ease of use in field environments using user-centric
design principles will also be discussed.

3.2 Lateral-flow assays from first principles:
key elements of a high performance lateral-flow
assay system

The key elements of a highly performing lateral-flow test system are in Figure 3.1.
Alongside the rational design and development of these system components,
the design and implementation of carefully controlled manufacturing processes is
critical to the ability to produce highly reproducible, quantitative, or multiplexed
systems.
Many of these elements need to be addressed from first principles for best
performance when designing and developing any given test system.
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Figure 3.1 Key elements of high performance lateral-flow test systems

3.2.1 Lateral-flow assay architecture and formats—a brief
introduction

Figure 3.2 shows a typical configuration for a standard lateral-flow assay. Tradi-
tionally designed assays are composed of a variety of materials, each serving one or
more purposes, overlapping onto one another, mounted on a backing card using a
pressure-sensitive adhesive.

The test device consists of several zones, typically constituted by individual
segments of different materials, each of which will be briefly explained here.

When a test is run, a sample is added to the proximal end of the strip, onto a
Sample Application Pad. Here, the sample is treated by means of added pre-
determined reagents to make it compatible with the rest of the test. Liquid-phase
elements of the treated sample (which may be dissolved, suspended, emulsified, or
any other liquidized formats) migrate to the next segment of the test device, the
Conjugate Pad. Here, a detector reagent has been immobilized, typically consisting
of a protein linked passively or covalently to a signal molecule or particle, typically
a colloidal gold, cellulose nanobead, or a colored, fluorescent or paramagnetic
monodisperse latex particle. The signal reagent can also be another reagent,
including nonparticulates (e.g., soluble, directly labeled fluorophores). This label
has been conjugated to one of the specific biological components of the assay,
either an antigen or an antibody, depending on the assay format of the specific test
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Figure 3.2 A typical lateral-flow test strip architecture and procedure

device. The liquid-phase sample remobilizes the dried conjugate material causing it
to incorporate into the liquid-phase sample material, and analyte in the sample
interacts with the conjugate as both migrate into the next section of the test strip,
the Reaction Matrix, or “Membrane.” The reaction matrix is typically a porous
membrane with a hydrophilic, open structure for the purposes of transporting
liquids to the reagent, and control areas, onto which the other specific biological
capture reagents have been immobilized. These are typically proteins, either anti-
body or antigen, which have been laid down in bands or stripes in specific areas of
the membrane in which they serve to capture the components of the liquid-phase
sample, the analyte and conjugate, as they migrate past, through or over the capture
lines. Excess liquid-phase materials (sample and reagents) continue to migrate
across the strip, past the capture lines, and are entrapped in a Wick or absorbent pad.
Test results are developed on the reaction matrix and are represented as the pre-
sence of absence of indicia (typically continuous lines) of captured conjugate which
are read either by eye or using a reader device.

Assay formats can be either sandwich (direct) or competitive (competitive
inhibition) in nature and can accommodate qualitative, semiquantitative, or in
certain specific cases, fully quantitative assays.
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Direct assay formats are typically used when testing for larger analytes with
multiple antigenic sites, such as larger hormones like human chorionic gonado-
tropin (hCG) or antibodies to infectious agents. In this case, a positive result is
indicated by the presence of a test line. Some of the conjugated particles will not be
captured at the capture line and will continue to flow toward the second line of
immobilized antibodies, the control line. This control line typically comprises a
species-specific anti-immunoglobulin antibody, specific for the conjugate antibody
on the conjugate.

Competitive assay formats are typically used when performing a test for small
molecules with single antigenic determinants, which cannot bind to two antibodies
simultaneously. In this format, a positive result is indicated by the absence of a test
line on the reaction matrix. Many drugs of abuse or adulterant assays utilize this
format. A control line should still form, irrespective of the result on the test line.
The two formats are illustrated schematically in Figure 3.2(a) and (b).

Careful consideration of design of the key components of a point-of-contact
system is required in order for it ultimately to be effective, whether the application
is in a doctor’s office, a home, a barn, or a battlefield. The key-component tech-
nologies that must be addressed in the rational development of a point-of-contact
diagnostic device for any application are as follows:

Sample collection and handling (e.g., concentration and preparation)
Recognition and signal generation technologies (e.g., antibodies and labels)
Signal transduction and interpretation technologies (e.g., digital readers)
Assay architecture

3.2.2 Device design

3.2.2.1 Sample collection and handling

Traditional lateral-flow formats are capable of providing sufficient sensitivity for
many applications. However, there is a growing demand for high sensitivity
in many applications that make standard approaches to labeling and detection
inadequate. Sample preparation is one major key to improved sensitivity and
overall performance in many instances (Figure 3.3).

It should be remembered that a large element of the appeal of lateral flow and
other point-of-contact testing systems is that they should provide, where possible, a
complete “sample-to-answer” solution in a single step. It is therefore critical to
consider the system as a whole, including the sample, the sampling method, the
sample pretreatment methodology, and the concentration of analyte in the system.
Analyte concentration can be a confounding factor, both when it is too high or too
low for detection. Sample treatment can and must be used to overcome these
related issues. Sampling and pretreatment methods, primarily concentration and the
removal of potential cross reactive agents and reduction of background, are critical
to determining the availability of many analytes for detection in an assay.

Analytical methods are traditionally divided into several steps: sampling,
preliminary operations, measurement, calculation, and evaluation of results. The
first step, sampling, refers to the generation of a representative sample of an
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Figure 3.3 A typical lateral flow device, consisting of strip, cartridge, and
other key components

inhomogeneous object. This lack of homogeneity presents a challenge to the suc-
cess of the analytical method. As applied to highly sensitive rapid diagnostics, it
is not the absolute sensitivity of the system that is the most critical factor, rather
it is the ability to acquire as representative a sample as possible, and that, ulti-
mately, it is the concentration of the analyte that one can detect in the primary
sample that is critical [1].

In addition, in certain circumstances, high concentrations of analyte can be a
confounding factor in an immunoassay. For a test to give accurate results, there
must be an excess of antibodies, both capture and label, relative to the analyte being
detected. If the concentration of analyte exceeds the amount of antibody, the dose
response curve will plateau and, with further increase, may become negatively
sloped, possibly resulting in a false negative (“hooking”). As a result, sample
pretreatment may in some cases be necessary to reduce analyte concentration prior
to the assay, to prevent hook effects.

In any assay system to be deployed in a low infrastructure setting, the sample
collection, treatment, and delivery method must be simple, robust, foolproof, and
ideally an integrated component of the test device. Minimal user-dependent steps
should be required. As a result, careful definition of end-user requirements is a
prerequisite to the development of successful products.

3.2.2.2 Recognition and signal generation

Along with sampling, the recognition and signal generation elements form the
essential components of the analytical device in meeting high performance
demands. These system components are responsible for producing a signal that is
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in some way related to the presence and/or concentration of the analyte to be
detected.

The biological recognition systems of the assay are typically antibody—
antigen-based in immunodiagnostic formats, although some applications call for
other approaches including the use of aptamers, avidin—biotin, or nucleic acid
hybridization, for example. Careful screening and selection of reagents is abso-
lutely critical to performance for these applications. Assay performance will be
affected by antibody characteristics, including specificity and affinity, and also the
binding rate constant and the antibody class. Different characteristics are required
for high performance in a lateral flow system than, for instance, in an Enzyme
Linked Immunosorbent Assay (ELISA), due to the mechanics of the system.

The stability of the detection reagents represents one of the major issues with
the delivery and application of diagnostic tests to the field. Reagents used in many
current lab-based tests are typically liquid and require refrigeration. Even reagents
that have been dried onto solid substrates, which is generally the case with lateral-
flow systems, can have significant sensitivity to high temperatures.

Most commercial diagnostic tests are now developed for storage and use at
25-30 °C; however, many field applications can involve lower or higher ambient
temperatures, which can lead to test degradation especially when taking into
account the possible need for delivery to relatively remote locations without
refrigeration. Thus, temperature stability and prolonged shelf-life of diagnostic kits
are critical factors for improving field-based performance. Efforts to utilize alter-
native binding reagents such as aptamers, which have higher thermal stability that
standard antibodies have met with limited commercial success in lateral-flow sys-
tems; however, this represents an interesting approach that bears further develop-
ment. Antibodies from species such as camels and sharks, which can have
improved thermal stability relative to murine antibodies, have also been evaluated
in certain applications with some success.

The Signal Generation elements involve both the label and the reader or
interpretation method used. Traditional point-of-contact immunoassays were
designed to be qualitative, threshold assays, interpreted by the user without the aid
of a reader. This method of interpretation brings with it issues of subjectivity and
makes it virtually impossible to develop quantitative systems. In clinical and field
environments, there is also the possibility of data loss, mistranscription of patient
information, and user error. Developing assays with integrated reader systems is a
critical feature of many next-generation Point of Care (POC) assay systems and
represents a technical challenge, particularly for field-based diagnostic platforms.

For point-of-care immunoassays, the majority of detection is still done visually
either by eye or using optical readers; however, there is growing use of fluorescent,
chemiluminescent, and magnetic measurement systems. A variety of signal trans-
ducers are used, including fluorophores, either particle bound or direct labeled
and colorimetric—colloidal gold, colored cellulose nanobeads, or colored latex
particles (Table 3.1).

Colloidal gold remains the most commonly used label in lateral flow, due to its
low cost and ease of use. Typically, gold particles used in lateral flow are in the
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Table 3.1 Commonly used visual labels

Visual (colorimetric) labels

Common visual labels
Colloidal gold
Cellulose nanobeads
Latex

Colloidal carbon

Figure 3.4 nanoAct™ Cellulose nanobeads (image courtesy of Asahi Kasei
Corporation)

range of 40-80 nm in diameter. Multiple suppliers are available, including DCN
Diagnostics, and Innova. The quality of the colloid used is critical to the perfor-
mance and stability of the ultimate product, and cost and quality can vary sig-
nificantly among manufacturers so careful selection is critical to success
(Figures 3.4 and 3.5; Table 3.2).

Colored latex particles are also common, although often they will generate less
sensitivity than a gold particle, their benefit being in the multiple colors available
and in the ability to conjugate to them via covalent methods as against the passive
conjugations used for colloidal gold in most cases. Multiple suppliers are available
including Bangs Labs, Merck Estapor, and Thermo Fisher. Typically, particles used
are polystyrene, with diameters of around 100-300 nm (Table 3.3).

A new option in the lateral-flow arena that shows extreme promise in terms of
generating high performance in sensitive and quantitative visual systems is
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Figure 3.5 Ultragold™ Colloidal gold for lateral flow assays (image courtesy

of DCN Diagnostics)

Table 3.2 Colloidal gold attributes for lateral flow

Strengths

Weaknesses

Well characterized handling methods
Well characterized conjugation methods
Relatively high sensitivity

Several good commercial sources of
high quality gold

Lack of color choices

Relatively unstable to pH and salt

Can be difficult to re-suspend when dried
Difficult to scale up and reproduce
production in-house

Generally passive conjugation

Table 3.3 Colored latex attributes for lateral flow

Strengths

Weaknesses

Conjugations can be done using a variety
of techniques and can be well
characterized

Particles are highly uniform and
reproducible

Available from a number of high-quality
commercial sources

Several good commercial sources of
high-quality gold

A variety of detection modalities are
available

More expensive than in-house
produced gold

More difficult to optimize and

stabilize conjugates

Can require higher amounts of antibody
than gold

Less sensitive in visual assays than gold
due to lower color intensity and higher
particle size
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Table 3.4 Cellulose nanobead attributes for lateral flow

Strengths Weaknesses
* Hydrophobic—release well and clear « Can be more expensive on a mass basis than
very well from commonly used pad gold or latex (balanced by a requirement for
materials less mass per test)
* Very high color intensity » Passive particles currently (activated
particles for covalent conjugations in
development)

* Multiple colors available—useful for
multiplexing in visual assays

* Very reproducible and homogeneous
particle size

* Require significantly less antibody in
most applications than gold or latex

* Require significantly less mass of
particles to achieve same or better
sensitivity than other visual labels

NanoAct™, a new, high performance cellulose nanobead label for use in lateral-
flow immunoassays, developed by Asahi Kasei Corporation (Japan).

Cellulose nanobeads, or CNBs for short, are highly stable, deeply colored
particles that have demonstrated improved performance over standard labels in
lateral-flow applications. Sensitivity has been shown to be greater than colloidal
gold, and particle stability is excellent. Assay coefficient of variation (CVs) have
also been demonstrated to be reduced relative to the use of colloidal gold, allowing
for utility in quantitative assays. These particles also have the advantage of being
available in multiple colors, allowing for easy multiplexing. These particles addi-
tionally allow for significant reductions in the amount of binding reagents (up to
90 per cent in certain assays) relative to other labels, and for the reduction in the use
of surfactants in the system, all attributes that lead to higher sensitivity and better
cosmetic results in an assay (Table 3.4).

3.2.2.3 Fluorescence

There are two general approaches to implementing fluorescent labels in lateral
flow—particle-based and direct labeled fluorescence, where fluorophores are
directly linked to the binding reagent (Table 3.5).

When working with particle-based fluorescence, most commonly polystyrene
beads are used, containing Europium (Eu) or dyes that emit in ranges in which there
is minimal background fluorescence either in the plastics or the biological samples
in the system. Dyes such as TideFluor 5 are commonly used. Eu has the advantage
of a huge Stokes shift resulting in an excellent signal/noise ratio, but the dark red
dyes can be very effective as well, emitting in a range at which there is no back-
ground fluorescence in biological samples or most materials used in the assays.
Using these labels developers consistently achieve sensitivities 1-2 log improved
over colloidal gold or colored latex. Care should be taken when selecting dyes with
narrow Stokes shift that the cost of reader optics can be high relative to the cost of
optics for dyes, such as Eu, with broad Stokes shift.
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Table 3.5 Common fluorescent labels used in lateral flow

Common fluorescent labels

* Organic dyes

* Metal-ligand complexes

* Fluorescent proteins

» Semiconductor quantum dots

* Lanthani decomplexes

* Dye-doped polymer nanoparticles
* Fluorescent silica nanoparticles

Traditional approaches to lateral flow involve the dispersion of conjugated
particles onto a fibrous conjugate pad such as glass fiber or polyester. These glass
fibers are hydrophobic materials that are treated with hydrophilizing reagents in
order to make them hydrophilic enough to accept and release the conjugate. The
conjugate is dried in place on the conjugate pads using high temperatures or lyo-
philization, typically stabilized in high concentrations of sugars or polymers.

This process requires multiple steps, each of which inherently contains sources
of variability, which in turn result in variability in the test results. The efficiency of
release from conjugate pads is typically not high and is always highly variable for
particle conjugates. This is a major contributor to the variability seen in many
lateral flow assays, when signal strength is measured. This in turn impedes our
ability to be quantitative. In order to overcome these issues direct labeled, or
nonparticulate fluorescent labels can be used—in other words antibodies are
directly labeled with fluorophores. Because there is no particle involved, there is
less binding of conjugates to the materials in the assay, and release is vastly
improved. So as well as improved sensitivity over visual labels, these systems
generate vastly improved CVs—allowing for better quantification—and may also
have some IP advantages over the use of particulate labels in lateral flow systems
(Table 3.6).

In choosing which label to use in a lateral flow system, it is important to
consider the application; particularly the requirements for sensitivity, reproduci-
bility, stability, complexity (the need for readers), and cost in making the decision.
For low-cost qualitative applications, a high-quality colloidal gold may still be the
best option. For high sensitivity visual systems or for multiplexed assays, CNBs
will be optimal. For quantification and where the application will support a reader,
fluorescence will likely be the best choice for most applications.

3.2.2.4 Reader systems in lateral flow

The signal transduction and analytical processing elements of the assay system

involve the detection of the signal generated by the reagents, translation into a

numerical or alphanumerical output, and delivery of that output to the user.
Traditional point-of-care immunoassays were designed to be qualitative,

threshold assays, interpreted by the user without the aid of a reader. This method of
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Table 3.6 Attributes of fluorescent labels for lateral flow

Strengths Weaknesses

» Conjugations can be performed using a variety of « Requires the use of a reader
techniques and can be well characterized

+ Particles (if used) can be highly reproducible * Can be more difficult to optimize
and uniform and stabilize conjugates
* More sensitive in most cases than visual labels * Sometimes cost

* Very reproducible and homogeneous particle size

* Require significantly less antibody in most
applications than gold or latex

* Require significantly less mass of particles to
achieve same or better sensitivity than other
visual labels

interpretation brings issues of subjectivity into play and makes it virtually impos-
sible to develop quantitative systems. In clinical and field environments, there is
also the possibility of data loss, mistranscription of patient information, and user
error. Developing assays with integrated reader systems is a critical feature of many
next generation POC assay systems. The attributes of the reader system need to be
carefully considered in the context of both regulatory requirements and the ultimate
needs of the end user.

In developing instrumentation for application in the field, the goal is to design
tests and devices that have the appropriate level of complexity required by the
biology of the analysis process and that meet the needs of the user for a wide
variety of other relevant specifications including cost, robustness ease of use, and
connectivity.

Numerous clinical reader technologies exist for use in lateral-flow applications.
These units are ideal for application in many environments, being robust, relatively
low cost, calibrated, high performance units with associated customer service, and
support available. Examples of producers of validatable, portable benchtop units
include Qiagen Lake Constance, Axxin and LRE Medical. Producers of custom
solutions exist, such as Planet Innovation. Producers of phone-based systems include
Cellmic and FIO (Figures 3.6-3.8).

This latter approach is gaining in momentum in certain applications. The use of
smart phone camera capabilities to transform analog test results into digital format
and transmit the data to the cloud for analysis and further use is growing. The
approach enables many potential benefits, including archiving of data, integration
with medical records, or in certain applications linking more social media-driven
uses. These generic approaches to the reading of tests in the field face some chal-
lenges, however, including the following:

e Lack of a coordinated approach with test developers: This can lead to issues of
interpretation. For example, many qualitative tests exhibit high signal strength
variability. This can lead to interpretation issues with digital readers.
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Figure 3.6 DCN fluorescent assay visualizer

Figure 3.7 Qiagen Lake Constance LR3 reader

Coordination with test strip manufacturers to reduce this level of variation in
qualitative test results will be beneficial.

Image quality: Many phone-based reader applications allow for no control over
image quality. Issues related to lighting and focal length may occur. Manu-
facturers may also regularly upgrade or change camera quality or position on
their devices leading to issues of image quality and reproducibility.
Automatic upgrades: The ability of phone manufacturers to upgrade their
systems remotely is a detriment to the ability of test developers to validate this
type of reader and ensure that validation remains relevant.

Potential platform obsolescence: The technology is based on third party plat-
forms in an industry where rapid obsolescence is common.

Regulation: The regulatory pathway for cell phone-driven readers in diagnostic
applications is not completely clear, and their use in medical applications may
carry some risk as a result.
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Figure 3.8 LRE Medical cPOC reader

To conclude in relation to inclusion of reader systems in lateral-flow assays,
the decision whether or not to use one will depend on a variety of technical and
market issues, including

Cost

Need for quantification

Training and experience level of users

Sensitivity requirements and the type of label that is chosen as a result

There are numerous options available, in terms of technology and format,
however very careful consideration should be given to the choice of supplier based
not only on the performance of the reader, but on their ability to manufacture and
deliver a high quality product, on time and on budget, and assist with the doc-
umentation and validation of the reader system based on the ultimate regulatory
requirements for the whole assay system.

3.2.3 User-centered design of devices for field-based
applications

Lateral-flow assays are a relatively old technology, but not enough effort has his-
torically been put into the design and development of assay systems that are based
on well-defined user needs. This concept of user-centric design is common in many
tech industries; however, the diagnostic field has historically focused more on
technical performance than on making devices that are truly “sticky” to users, in
the best sense, meaning they fit users’ workflow needs, lifestyle needs, are easy to
use, mistakes are easy to recover from, and where people focus more on the
experience of using the device than on its technical performance. Technical per-
formance is simply assumed to be adequate for the application.

For a user-centered design and development approach to work, it requires a
deep understanding of the requirements of the end user of the assay system. Often
the specifications that developers receive from clients tend to focus on technical
performance. This is completely understandable; as technologists this is where we
always tend to focus first. However, we have to remember that the test strip is not
the product, and that there are other keys to commercialization. That is why the
development process should allow for more focus on the requirements for
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the actual product, so that commercial needs, as well as technical needs, are met.
The areas of product design in which a user-centric focus can play a critically
important role in decentralized tests include sample preparation and cassette design
for use.

3.2.3.1 Sample preparation devices

Lateral-flow devices often consist of three elements; the strip, the cassette and the
sample collection, and handling device. Appropriate sample collection and pre-
paration is one key to improved sensitivity, reproducibility, user friendliness, and
overall performance in many instances. It should be remembered that a large ele-
ment of the appeal of lateral flow and other point of need assay systems is that they
should provide where possible a complete “sample-to-answer” solution in a single
step. It is therefore critical to consider the system as a whole, including the sample,
the sampling method, the sample pretreatment methodology, and the concentration
of analyte present in the sample matrix.

Sample treatment can come in many forms depending on the sample type; for
example, plasma separation from a fingerstick or venous whole blood, filtration,
and breakup of mucins in saliva or respiratory samples, removal of fats from whole
milk, or changes in pH of urine.

In any assay system to be deployed in a decentralized testing environment, the
sample collection, treatment, and delivery method must be simple, robust, fool-
proof, and ideally an integrated component of the test device. Minimal user-
dependent steps should be required. The creation of solutions that achieve several
or all these steps in an intuitive, user-friendly way is a constant challenge, and the
needs of every assay system are different.

3.2.3.2 Cassette design

In addition, the design of the overall device, which can include both the cassette
and sample handling device and the means for the two components to integrate with
the test, can be a great opportunity to produce a whole range of benefits for your
device, customers, and users. The cassette is a very functional component of the
assay, providing control of sample application, flow rates, flow patterns, and has a
big impact on assay reproducibility (Figure 3.9).

Getting the design of the cassette and other components right can allow us to
influence the user experience in a positive way, making the product attractive and
“sticky” to users. It allows us to do things like improve hand feel, have it fit better
into client workflow, add functionality without complexity, and in general can create
a higher value proposition for the product. With the right design, we can add other
valuable functionality like on-board communication of information through bar codes
or radio frequency identification (RFID) tags and allow us to better integrate the test
to reader systems, facilitating better data collection, interpretation, and storage.

The key in designing these devices is to remember that the strip, the cassette,
the sample handling device, and a reader if included, all have to work together as a
system. Cassettes, for instance, will affect the results in an assay through the con-
trol of flow in the system and will have a huge impact on accuracy and
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Figure 3.9 Example of a duplex assay cassette, designed for use, and
appearance (courtesy DCN Diagnostics)
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Figure 3.10 Illustration of operation of the FABPulous testing device for
cardiac FABP (FABPulous, BV, The Netherlands)

reproducibility. Everything in this system is an engineered part, including the strip
itself, and must work as part of a fully integrated device.

Figure 3.10 is an illustration of some of these principles, in an assay that was
developed for a field-based human diagnostic application, although all of the same
principles apply to a field-based point-of-contact diagnostic assay for any appli-
cation. The assay is for cardiac fatty acid binding protein (FABP) for determination
of myocardial infarction. The device was designed for use in an emergency
environment, quantitatively collects whole blood from a fingerstick, then mates
with a cassette, delivers running buffer, filters out red blood cells, and delivers a
quantitatively diluted sample of plasma to the test, allowing for fast, reproducible
easy determination of cardiac FAPB levels at the point of need. This device
development program illustrates the points that, for best usability and performance,
the entire device had to be designed in parallel, based on a deep understanding of
user needs. The final device meets all of the input requirements of speed, accuracy,



64  Portable biosensors and point-of-care systems

Intraducing the first real advance
in acute kidney injury testing

in more than 60 years,
the NEPHROCHECK™ Test
by Astute Medical.
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Figure 3.11 Image of the Nephrocheck™ system for acute kidney injury
testing from Astute Medical (San Diego)

and ease of use in a high pressure, decentralized testing environment, and created a
lot of additional value for the owners and users of the device.

Another benefit of spending time and effort in the establishment of user
requirements is the ability to design in strong branding and increase the perceived
value of the test, as in the example shown in Figure 3.11.

Finally, it is possible to add a lot of functionality to a cassette for lateral flow
through the addition of on-board buffer storage, making it easy for a user to operate
a test. In this example, a buffer storage container is attached to the cassette after the
addition of the sample, allowing a user to push two buttons to deliver two separate
buffers for dilution of the sample and delivery of a conjugate in sequence, without
the need for additional pipetting steps or separate buffer bottles (Figure 3.12).

Appropriate user-centric design ultimately means adding value to the product
while removing complexity for the user. It does not necessarily mean adding cost or
complexity to the product.

3.2.3.3 Arraying in lateral flow formats

In the point-of-contact rapid diagnostic market, the concept of multiplexing is
becoming increasingly important. Multiplexing is a key element of many diag-
nostic applications now, be it for autoimmune disease, allergy, infectious disease,
or biomarker quantification for any application from biodefense to cancer diag-
nostics, to traumatic brain injury.

The first question asked relative to multiplexing should generally be “Why ...?”
before we try to address “How?”. Traditional approaches to multiplexing can add
a lot of complexity of a development program, and it is important to be clear on not
only the technical requirements of the system from the outset, but also on
the practicalities of reimbursement and utility in the field in the actual testing
environment. Questions of cost, access to intellectual property, manufacturability,
and the ability of proposed manufacturers to actually produce products of high
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Figure 3.12 On-board buffer storage and delivery (image courtesy of DCN
Diagnostics)
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Figure 3.13 Different approaches to design LFAs for multiplex analyte detection

quality and high complexity should all be addressed transparently before devel-
opment begins.

When the determination is made that multiplexing is the right approach for the
application, a limited number of viable technical options exist for successful
development of highly multiplexed lateral flow assays, either qualitative or quan-
titative. Multiplexing in lateral flow can be a technically challenging task, parti-
cularly when any degree of quantification is required.

Lateral-flow sandwich assays can be multiplexed in three ways (Figure 3.13):
(1) multiple strips, one for each analyte within a Cassette, run from a single sample
application; (2) multiple strips, one for each analyte within a Cassette run from
individual sample additions; and (3) a single strip with multiple detection zones in a
Cassette, one for each analyte.

Standard approaches to multiplexing lines in a normal lateral-flow architecture
are limited by the number of lines that can physically fit onto a lateral-flow
membrane of reasonable length as well as the amount of conjugate required in the
system. Kinetics change as flow slows down along the flow path, and any number
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of sources of variability can creep into the system, making quantification challen-
ging. Practically speaking, multiplexing in this way is limited to only a relatively
few lines on a single strip. We can, of course, design devices that will contain
multiple strips and either take multiple samples or physically split a single sample;
however, these devices can become costly and add to the complexity of
manufacture.

One viable alternative is multiplexing by spot arraying in lateral-flow fields.
The patented Symbolics™ process from Symbolics LLC (www.symbolicsdx.com)
allows for the generation of highly reproducible spots in a lateral-flow field. The
fact that each spot develops evenly—independently of any other spot in the flow
field—allows for the creation of arrays of virtually any required density. This
means that it is possible to multiplex analytes, utilize replicates for improved pre-
dictive power, and include internal controls, all of which bring tremendous value to
the assay system.

This arraying power also allows for the generation of intuitive results—letters,
words, and symbols—in place of lines or spots, for use in consumer applications or
other appropriate assays.

The Symbolics process is based on the concept of pixilation of reagents on the
analytical membrane in a fashion that allows for the even development of each
pixel. This appears to be a rather simple concept, similar to dot matrix printing. The
issue in lateral flow, however, is that the formation of one feature in a flow path
causes flow perturbations in the system that prevents the even formation of features
behind it. Or so most people have to date assumed. The key to the pixilation
approach is in the controlled dispensing of the reagent spots for size and pitch (the
center-to-center distance between spots in any axis), factors that must be balanced
for each reagent based on the binding characteristics of the reagents. When well
optimized and controlled, it is possible to position individual spots of the correct
size and pitch in the flow path of a lateral-flow assay in such a way that each
feature develops evenly and, most importantly, does not prevent the development
of the features surrounding it.

Some examples are shown below:

Case 1: developing a true “plus/minus” symbol in a hCG assay
The traditional +/— symbol that is developed in several marketed lateral flow hCG
assays utilizes a pre-printed ink line in one axis (the long axis of the strip), and a
second reagent line printed perpendicular to it, such that if no reaction happens, the
line in the long axis of the test looks like a “+—"" and completion of the test line in
the event of a positive creates a “+” symbol. This necessitates the use of a separate
control line. What is demonstrated here is a true +/— using test and control
reagents, which removes the necessity for a separate control area, reducing the
complexity of the read for the user (Figure 3.14).

In this example, each feature in the flow path develops evenly without dis-
turbing the development of the feature behind it. It is obvious that with this method,
much more complex features can potentially be formed.
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Figure 3.14 Intuitive result generation in lateral flow

Case 2: more complex features: letters and words

Two examples are shown, of the development of letters and words in lateral flow;
one in a sandwich for HIV 1/2 antibody detection, and the second in multiplexed
drugs of abuse assay. In each case, the pixels are used to form easily understood
indicia that are much more intuitive to the end user than the standard line perpen-
dicular to the direction of flow. Note that the binding characteristics of this reagent
allowed for the use of much larger drop sizes at bigger pitches than were optimal
for the hCG reagents in the example above. The flexibility to optimize around the
binding characteristics of each reagent is a key characteristic of the Symbolics
processing technology (Figure 3.15).

Case 3: multiplexed arraying

Multiplexing in lateral-flow formats is generally difficult for a variety of reasons.
Traditional multiplexing involves laying multiple capture lines one after the other
in the direction of flow. This results in the potential for a number of adverse con-
ditions. First, the possibility of line bleed exists, in which conjugate from one line
can bleed across into the next line or can move into the area between lines. In
reader-based systems, these results in a condition in which background does not
return to baseline between lines, resulting in issues of discrimination and sensitiv-
ity. It also increases the potential for nonspecific binding, as conjugates cross
multiple test lines. In addition, real estate is an issue, with most membranes being
25-35 mm in length, only a finite number of lines can physically be striped onto the
membrane with significant enough distance between them to overcome some of the
previously listed issues. Finally, and possibly most importantly when it comes to
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Figure 3.15 Use of letters and words in lateral flow

quantitative multiplexed systems, the flow rate of nitrocellulose decreases relative
to distance from origin in a nonlinear manner. As a result, for a multiplexed assay
with lines formed downstream of the origin of fluid flow, the time spent for the
reaction to reach the last test line can be extended significantly over the time it
takes the first line to form. As a result, the kinetics of the last assay in the flow field
are very different from that of the first (Figure 3.16).

The Symbolics process allows for a number of methods designed to overcome
these issues.

Multiplexing using Symbolics™

The pixilation approach allows for the formation of multiple independent spots that
can form micro-scale patterns to create macro-scale features, as in the approach to
dispensing words or symbols shown above. Alternatively, the pixilation pattern
can produce discrete macro-scale spots to allow for two-dimensional (2-D)
arraying in the flow field. An example of a 2-D array using multiplexed drugs of
abuse reagents is shown below, with a 2x2 array plus control for each shown
(Figure 3.17).

It is a simple step to envisage a lateral-flow assay with discrete control features
on-board that will allow for the generation of more internal controls than is possible
for the current lateral-flow format, including true positive or negative controls, or
even the generation of gradient binding patterns on the strip, which will allow for
different methods of quantification or even calibration for reader systems.
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Figure 3.16 Illustration of the pattern of decreasing flow rate from point of
origin seen in lateral flow, which can impact the ability to multiplex
and be quantitative in standard multi-line architectures

Figure 3.17 Multiplexed arraying in lateral flow
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3.3 Conclusion

Extrapolating the future requirements and direction of the rapid testing markets
based on past performance and trends is difficult. For example, there are shifts
underway in the ways in which products are bought and paid for, in regulation, the
emergence of new and powerful companies from within and outside the traditional
diagnostic marketplace and the appearance of completely new markets and appli-
cations. For all these reasons, it is difficult to predict where the evolution of the
market will take us in the coming 5-10 years, other than to say the trend is positive
in terms of market size and number and type of new applications.

However, from a technology perspective, there is a relatively clear form to the
way lateral flow is evolving. It is likely that the focus on the implementation of
continuous improvements with the aims of better sensitivity, reproducibility,
quantification, and multiplexing capability will continue. The evolution of appli-
cations into areas such as consumer diagnostics will continue to drive the move
toward integrated design features that lead to intuitive use by minimally or
untrained users. Additional applications will also continue to be found. In general
terms, lateral-flow assays are capable of much more than the market has given them
credit for historically, but for highest performance, consideration must be given to
every major component of the test system, and improvements to key assay com-
ponents such as membranes and label technologies are central to potential perfor-
mance improvements. There is a lot of opportunity for generating real value-added
tests in many market spaces: low cost, simple applications or high value more
complex tests but in each case, appropriate attention should be given to the design
and development of the entire system, both from a performance and a user-
experience perspective.

User-centered design, long the touchstone of Steve Jobs and Apple products, is
more than ever making its way into the consciousness of product developers,
marketers, and technologists in diverse fields. In order for a product to be truly
“sticky” to an end user, it needs to be intuitive, easy to use, difficult to make
mistakes with, and—most importantly—the technology on which the device is
predicated needs to disappear into the background of the application. In other
words, the technology must perform well enough and consistently enough that
users never think about whether it will work when we turn it on or how it is doing
what it is doing for us.

When thinking about new products, technologists, product developers, and
marketers alike can’t afford to ignore the context of what is going on in point-of-
contact diagnostic markets. Developing the right product for the right application
will require more than copying what came before. Instead, we need to focus on
much more relevant factors including the following:

Performance
Manufacturability
Quality
User-centric design
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Market desire
Regulation

Intellectual property
Channels to market
Competitive environment

Lateral-flow represents the most mature, broadly applicable diagnostic
immunosensor available on the market today but when a technology matures, the
market expects more from the technology than just performance. Design, devel-
opment, and production standards must change and even the best of the old gen-
eration will give way. Designing the right product for the target market demands
that we have a much broader focus. With adequate focus on the design and
development of the right sample handling methods, assay architecture and device
design, coupled with implementation of the best labels, reader technologies and
manufacturing process technologies, the implementation of lateral flow tests in
numerous new and demanding applications, from infectious disease diagnosis to
biomarker monitoring, is likely to continue unchecked.
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Chapter 4

Point-of-care electrochemical sensors
for antibody detection

Robert L. Rubin’ and Konstantin N. Konstantinov’

4.1 Introduction

Most biosensors are designed to detect biologically and/or clinically important
molecules, and an immunosensor generally refers to a biosensor in which antibody/
antigen interactions are the basis for the detector specificity. By far, the most
common type of immunosensor employs antibodies as a reagent to capture their
cognate antigen, usually in conjunction with a secondary, labeled antibody to a
different epitope on the analyte. Often these antibodies are raised in animals to
produce high-affinity reagents, which can be generated in large quantities in a pure
and monomolecular form using hybridoma technology, or produced by recombi-
nant DNA technology. In contrast, immunosensors in which the antibody is the
analyte of interest require a target antigen as the reagent for capturing the antibody
and may employ a labeled secondary antibody specific to the Fc portion of the
primary antibody to measure the immune complex.

Valuable clinical information can be obtained by measuring blood-borne anti-
bodies because such reactivities can provide a highly sensitive and specific history of
the individual’s exposure to a foreign antigen or to the presence of an inappropriate
immune response to potentially antigenic material such as nonpathogenic environ-
mental antigens, medications, or self-antigens. For assessment of patients, antibody
reactivity is generally measured in licensed clinical laboratories using approved
methods in order to produce information that is clinically relevant. These assays
require appropriate sensitivity and specificity, non-trivial issues because antibodies
are induced or elicited in vivo through processes that are inherently random, resulting
in a wide range of affinities, concentrations, and potentially misleading cross-
reactions, as well as consisting of several immunoglobulin classes of unique biologic
and clinical significance. For these reasons, the commonly accepted criteria for
assessing the quality of immunoassays, such as limit of detection and dynamic range,
may be largely irrelevant to measurement of antibodies in clinical medicine. Rather,
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the protective, diagnostic, or pathogenic significance of a particular antibody activity
as assessed by clinical correlative studies is generally more useful, which can be
quantified by positive and negative predictive value metrics.

Antibody assays are relevant to a wide range of clinical issues, although there
remain large gaps in their availability in clinical laboratories and are rarely offered
for patient or near-patient access. Specific antibody assays are useful for monitor-
ing infectious, autoimmune, inflammatory, immune deficiency, and allergic dis-
eases as well as for spontaneous responses to tumor antigens in cancer diagnosis, to
alloantigens in organ transplantation, and to therapeutic macromolecules. Within
each clinical setting, antibody testing can provide insight into general immune status,
response to treatment, disease stage or presence of hypersensitivity immune reactions.
Large clinical laboratories are the usual setting for antibody assays because of the
general need for substantial instrumentation, infrastructure, and expertise. In these
settings, samples may be processed individually in single or multiplex detection
systems, or multiple samples can be efficiently processed simultaneously.

However, antibody assays performed in centralized clinical laboratories can be
prolonged, labor intensive, and costly, which slows the diagnostic process and may
restrict its use for a large segment of the population. An alternative would be
the availability of testing capability while the patient remains in a clinic or even a
remote or possibly at-home setting. The general advantages, characteristics, and
challenges of point-of-care (POC) testing have been well delineated [1].

4.2 Challenges in antibody measurement by POC technology

POC testing for specific antibody presents some problems unique to this class of
analytes for the following reasons:

1. The analyte (specific antibody) is usually a tiny fraction of the total immu-
noglobulin in the sample. Irrelevant antibody consists of physicochemically
identical macromolecules except for a relatively small antigen-binding site.
For the biosensor to show appropriate specificity, the large excess of irrelevant
immunoglobulin must ignore or be removed from the sensing platform.

2. Related to list item (1), irrelevant antibodies are usually highly heterogeneous.
Often these would include a subset of immunoglobulins, capable of binding any
particular antigen under some conditions. Such a “nonspecific antibody” may
have substantial affinity for the targeted antigen under certain assay conditions
due to its cross- or multi-reactivity or as a consequence of its hydrophobic or
electrostatic interaction with some component of the sensor. Minimizing such
nonspecific interactions by appropriate washing, blocking, antibody dilutions
and diluting solutions, and/or duration of the binding reaction can be difficult
without compromising the sensitivity of the sensor for the antibody of interest.
Since most tests for antibody detection produce continuous outputs (antibody
“titers”), it is generally necessary to assign a positive/negative cut-off value to
eliminate such background antibody binding in the reported results.

3. Human serum antibodies can exist in four major classes or isotypes due
to their different Fc regions while having identical or nearly identical Fab
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(the antigen binding site) regions. Frequently, only one immunoglobulin
class has well-defined clinical significance, but sensors that lack isotype
specificity for the clinically important class of specific antibodies may not be
as useful.

4. By definition specific antibody detection requires recognition of a specific
antigen. The molecular form of the antigen such as its nativeness and purity as
well as the physicochemical basis of its immobilization on solid phase sur-
faces may affect its capacity to capture antibody. These variables can be
unique to the antigen and may require considerable effort to optimize.

4.3 Detection of antibody utilizing electrochemical methodology

Harnessing electrochemical phenomena to measure antibody/antigen interactions
has seen an explosion of applications because of its many advantages over alter-
natives for signal generation. While all electrochemical antibody assays involve
charge transfer between an electrode and a redox active compound in solution or on
a hydrophilic solid phase in an aqueous environment, the design of the electro-
chemical cell determines how the reactive compound is detected [2]. Amperometric
sensors detect current flow as a diffusing electroactive analyte is transiently
captured on the electrode. Coulometric sensors measure the charge between two
electrodes as the electroactive analyte is oxidized or reduced at one of the elec-
trodes. Potentiometric sensors measure voltage generated as the electroactive
analyte accumulates in solution. Impedimetric sensors measure gain or loss of
solution conductivity as the concentration of charge-carrying analyte changes. The
majority of immunosensors for both antigen analytes [3] and antibody analytes
(Table 4.1) employ amperometric detection principles and typically anchor the
capturing agent on or in close proximity to the electrode.

In most sensors the analyte being directly measured is not the antibody; rather a
molecular mediator is employed, whose concentration is proportional to the amount
of antigen-bound antibody. Successful mediators have favorable electrochemical
activity within the design of the electrochemical cell as well as stoichiometric,
physical and/or chemical relationship with the antigen-bound antibody. Commonly,
mediators are products of the transformation of substrates of an enzyme covalently
linked to a detecting antibody, which recognizes the Fc region of the primary
antibody when bound to its cognate antigen. This design allows for greatly
enhanced sensitivity of the immunosensor for two reasons: (1) multiple molecules
of the enzyme-conjugated secondary (detecting) antibody can bind to each primary
antibody/antigen immune complex and (2) the amount and rate of substrate —
electroactive product development generated by each enzyme molecule is limited
only by the enzyme’s catalytic properties, the duration of the reaction and the
concentration of the substrate, although the reaction environment and enzyme
inhibition by product accumulation can result in sub-optimal signal generation.

Measurement of specific antibodies using an enzyme-conjugated secondary
antibody for production of an electroactive mediator has several advantageous fea-
tures. In addition to its potential for high sensitivity as mentioned above, this design



Table 4.1 Electrochemical sensors for specific antibodies

Design characteristics Assay features Method validation®
Specificity Electroactive Antigen Transducer Duration Isotype vs. standard vs. multiple vs. multiple Reference
mediator platform (min) specific + controls®  — controls®
S. japonicum Enzyme substrate Electrode Amperometric 50 No No Rabbit No [4]
S. typhi Enzyme substrate Electrode Amperometric 75 No Agglutination Human No [5]
P. falciparum Enzyme substrate Au-electrode Amperometric 40 Yes Microscopy ~ Human No [10]
DNA, HIV® Methylene blue DNA-elec-  Amperometric 45 No ELISA® No No [11,12]
trode
E. granulosus Enzyme substrate Electrode Amperometric 26 Yes No No No [13]
Gliadin Enzyme substrate Electrode Amperometric 30 Yes SPRY, Human No [14]
ELISA®
Human growth ~ Enzyme substrate Electrode Amperometric <60 Yes SPRY No No [15,16]
hormone
Gliadin; trans- Enzyme substrate Electrode Amperometric >140 Yes ELISA® Human Human [17,18]
glutaminase
Transglutaminase Enzyme substrate Magnetic Amperometric 70 Yes ELISA® Human Human [19]
beads
DNA Enzyme substrate Membrane = Amperometric 20 Yes ELISA® Human Human [20]
Transglutaminase Enzyme substrate Electrode Amperometric >120 Yes ELISA® Human Human [21]

Influenza A virus K ferro/ferri-cyanide Electrode Impedeometric NS’ No ELISA® Avian Avian [22]



Digoxin Ferrocene DNA-
electrode

Transglutaminase Cadmium Electrode

Intracellular Enzyme substrate Membrane
autoantigens

Peptide K ferro/ferri-cyanide Electrode
autoantigen

Bovine herpes None Au strip
virus

p53 cancer K ferro/ferri-cyanide Au nano-
antigen particles

Amperometric

Impedeometric
Amperometric

Impedeometric
Potentiometric

Amperometric

45

>120
20

40

10

60

Yes
Yes

No

No
IF°¢

ELISA®
ELISAS,

SPR¢
No

No

No
Human

Human

Bovine

No

No
Human

Human

Mouse

“Method validation by comparison to a standard or alternative assay and use of positive and negative control serum samples.

PHIV, human immunodeficiency virus.
°ELISA, enzyme-linked immunsorbent assay.
4SPR, surface plasmon resonance.

°IF, immunofluorescence microscopy.

fNS, not stated
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permits detection of class-specific antibodies of particular clinical or experimental
importance. The flexibility of this approach derives from several choices on the type
and concentration of conjugated enzyme and substrate as well as on the duration of
product accumulation, allowing quantitative results in just a few minutes or over a
wide dynamic range. It is adaptable to various portable platforms and electro-
chemical cell constructs with potential for miniaturization and low cost. Combined
with a built-in digital reader, this type of system has the potential to be engineered
into a portable device useable by health care professionals at the POC.

On the other hand, the electrochemical approach for class-specific antibody
measurement involving an enzyme-conjugated secondary antibody and its substrate
has potential drawbacks. Multiple steps — primary antibody incubation, wash,
secondary antibody incubation, wash, substrate addition — can make for an awkward
process if not fully automated. There are several variables to consider that may affect
the output readings such as choice of diluents for the reagents, concentration of
reactants, duration of incubations at each step and volume of washing solution. There
may also be electrochemically active interfering substances in the sample, making
for troublesome electron-transfer pathways. Shelf-life and stable storage conditions
of labile components could be problematic as could the re-use and cleaning of
contaminated surfaces of the non-disposable components. Overall, however, because
electrochemistry is intrinsically flexible and adaptable, is relatively easy to minia-
turize and inexpensive to manufacture the electrode and signal transduction reader,
electrochemical sensors for antibody detection have particular promise for portable,
POC applications.

4.4 Electrochemical biosensors for specific antibody
with potential as POC instruments

Table 4.1 lists examples of electrochemical biosensors for antibodies to targets of
particular interest to inventors of the devices. While most of these reports were
published in the past few years, some go back well over ten years [4,5]. About one-
third of these electrochemical immunosensors detect antibodies to infectious
agents, about one-half to auto(self)-antigens, and several measure antibodies to
non-infectious, foreign agents. Half the methods exploit electroactive mediators
that are products of the action of enzymes, usually alkaline phosphatase or horse-
radish peroxidase, linked to a secondary antibody with specificity for the Fc region
of the primary antibody that defines the sensor specificity. In addition to enhancing
sensitivity, use of a secondary antibody permits the sensor to monitor a selected
antibody isotype of clinical importance or interest (Section 4.3). However, sensors
without isotype specificity capability have the advantage of label-free, reagentless
simplicity, allowing direct measurement of antibody binding to antigen. In most
cases the target antigen is bound directly to the electrode, minimizing the time for
diffusible mediators to undergo oxidation/reduction reactions with the charged
electrode surface. However, this format may place constraints on the amount, form,
and/or orientation of the antigen on the metallic surface.
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Ideally, new assays should include an initial validation using species-relevant
samples and in which the antibody is derived from its natural source, although often
diluted in a solution of designed composition. Validation is most easily done by
comparison to a standard or reference assay in which samples with a wide range of
antibody activities, including multiple non- and low-reactive samples, are tested in
both assays. Many of the biosensors shown in Table 4.1 have not been thoroughly
validated using multiple positive and negative controls, especially using antibody
sources in the actual environment for which the sensor is intended.

The implied or explicit objective of antibody sensors in Table 4.1 is their
potential utility as POC devices. Of particular importance for POC devices is assay
time, which is included in Table 4.1. Assay duration for quantitative antibody
measurement tends to be considerably longer than for antigen-detecting immuno-
sensors, reflecting the heterogeneity and possibly low affinity of naturally-arising
antibodies and the multiple steps in carrying out the assay, including several
washing procedures to remove irrelevant antibody from natural sources. The
average assay duration was about 57 min, varying from 10 min to upwards of 2 h.
While these are considerably shorter than many current tests for antibodies per-
formed in clinical pathology laboratories, antibody assay times for practical POC
devices while the patient remains in the clinic will need to be minimized.

4.5 Perspectives on future development of POC devices
for antibody measurement

Conversion and deployment of potential POC devices developed in research
laboratories to actual field-based settings is challenging and has many hurdles to
overcome [1]. Motivation for the development of POC tests is generally driven by
societal needs for rapid, inexpensive and convenient ways for detecting or mon-
itoring diseases or medical conditions. While technological limitations have up
until recently resulted in a dearth of tests for specific antibodies, even purely qua-
litative POC antibody tests have proven useful. The wide use of line or spot
immunoassays from multiple manufactures for rapid detection of antibodies to
human immunodeficiency virus [6] speaks to the importance of societal, patient,
and health care needs as the principal motivating force for POC assay development.
However, while quantitative information on antibodies is commonly requested by
health care professionals to aid diagnostic decisions, there may be resistance and
obstacles to performing these antibody tests at the POC. With the rapidly evolving
technological advances in electroimmunochemistry, electronics miniaturization
and microfluidics exemplified by the reports in Table 4.1, quantitative measure-
ment of specific antibody could begin to penetrate the barrier to the wide adoption
of testing at the POC.

Transforming laboratory based testing devices to POC instruments should
incorporate multiple desirable features [7]. The optimum technology should pro-
duce quantitative results in less than 30 min, preferably much quicker. While initial
validation of a device can be adequately performed by the laboratory that
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developed the instrument [8], real clinical- or field-based settings in pre-approved
clinical trials may be necessary for tests with high-risk implications [9]. Reasonable
cost for non-disposable components of the instrument and low cost for the indivi-
dual assay-specific materials are paramount. The technological complexity for
performing the test can determine the extent of personnel training and proficiency
oversight required to do the test as determined by regulatory agencies in some
countries [8]. Handling and disposal of biohazardous and chemical fluids and
cleaning of non-disposable components is another possible complication. While
administrative issues such as transfer of results into patient charts and reimburse-
ment requirements need to be addressed for POC testing within health care settings,
generation of quantitative results by electrochemical transducers has the promise to
facilitate direct electronic or wireless transmission of this data.
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Chapter 5
Portable magnetoelastic biosensors
Howard C. Wikle, III' and Bryan A. Chin’

5.1 Introduction

Magnetoelastic (ME) biosensors are a type of acoustic wave (AW) gravimetric
sensor that are constructed from a resonating platform coated with a biorecognition
layer that is specific and selective towards a target species. The resonating platform
(resonator) is typically composed of an amorphous magnetostrictive ferromagnetic
alloy — one that displays a strong coupling between the elastic and magnetic fields
(ME behaviour). Because of the ME coupling, the vibration of ME biosensors may
be actuated and the resonance properties determined by noncontact methods. ME
biosensors do not require on-board power or any wires physically connected to the
sensor to operate. As with all other AW gravimetric sensors, the mass sensitivity
increases as the sensor dimensions decrease. ME biosensors have been fabricated in
which the longest dimension is less than 50 um. Detection times for target species
are on the order of minutes compared with hours for state-of-the-art biomolecular
techniques such as polymerase chain reaction and days for standard micro-
biological culturing protocols. ME biosensors have unique advantages for in situ or
in vivo detection of biological species due to the wireless and passive features, very
high mass sensitivity and low mechanical damping of the resonator platform, and
the rapid capture and binding of target species by the biorecognition layer. ME
biosensors can operate in air or liquids which permits them to be used to detect
pathogens and other adulterants that may have contaminated our foods, pharma-
ceuticals or the environment in which we work and live. These advantages make
ME biosensors a strong candidate technology for point-of-care diagnostic and
detection systems for healthcare, agriculture, environmental monitoring and the
food service industry.

In this chapter, we give an overview of the ME biosensor and the current state
research on this platform. We begin by reviewing the origin of magnetostriction
and ME coupling. This is followed by a review of the fabrication processes for the
ME resonator platform and the biorecognition element. Three common resonant
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frequency measurement techniques are discussed. We close this chapter with some
significant findings that have resulted from this investigation on ME biosensors.

5.1.1 Magnetostriction and magnetoelastic coupling

Magnetostriction is the change in shape of a material due to the ME coupling of the
strain field within a material with an external magnetic field. Magnetostriction
occurs in all pure substances but is only significant for ferromagnetic metals and
their alloys. A ferromagnetic material can be considered to be divided into many
magnetic domains which are regions with uniform magnetization, as shown in
Figure 5.1. Within a magnetic domain, the magnetic moments are aligned along a
particular direction; however, at the domain walls the magnetic moments vary,
caused by the reorientation of the magnetic moments across the interface. In the
demagnetized state, total magnetization is cancelled because of the random orien-
tation of all of the magnetic domains.

Upon application of a low-strength external magnetic field, domains that are
favourably aligned with the external field grow, due to domain wall migration, at the
expense of domains that oppose the field. As the field strength increases, domain
rotation becomes significant in which the magnetic moments in unfavourably aligned
domains rotate from their original direction of magnetization to a preferred direction.
For crystalline materials, the preferred direction lies along a particular crystal-
lographic direction, termed the easy axis and giving rise to magnetocrystalline ani-
sotropy. Amorphous materials, without the long-range order of crystalline materials,
exhibit no magnetocrystalline anisotropy; however, an easy axis still exists, typically
along the longitudinal axis of the thin sheet (amorphous metal alloys are typically
only available as thin sheets <100 um thick). At high field strengths (saturation), the
magnetic moments rotate to align with the external field direction, resulting in a
single magnetic domain.

Magnetostriction typically refers to the strain produced by the longitudinal change
in length of a specimen as a result of the external magnetic field and is defined as
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Figure 5.1 Depiction of the reorientation of magnetic moments and domain
wall migration for a ferromagnetic material in the presence of
an external magnetic field
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where [y is the length of the demagnetized specimen, and Al = [ — [y is the
change in length caused by the magnetic field. Most of the change in length is due
to the rotation of the magnetic domains. Because there are no grain boundaries and
no long-range crystal order or anisotropy in the metallic glasses, domain walls can
migrate with relative ease.

Amorphous ME alloys are characterized by soft magnetic properties including
low coercive field strength H., low hysteresis loss and high permeability.
Figure 5.2 shows the normalized magnetization (M—H) loops of an as-received
Metglas 2826MB ribbon (28 um thick) and an electrochemically deposited
FegoB,g alloy (12 um thick) that were measured with a vibrating sample magnet-
ometer [1]. The H-field was applied parallel to the longitudinal direction of the
ribbon/films. The Metglas ribbon shows no discernible hysteresis in its magneti-
zation curve whereas the FeB alloy shows slight hysteresis. The coercive field
strength H, and squareness (M, /M) were, respectively, 0.05 Oe and 0.0011 for the
ribbon and 9.37 Oe and 0.15 for FeB alloy.

Although the magnetization curves invert as the applied field is reversed, so
that the material becomes magnetized in the opposite direction, the magnetos-
trictive strain begins to increase again. Figure 5.3 shows the magnetostriction as a
function of the applied field for a hysteretic material. The variation of 4 with
H traces out a double loop, called a butterfly loop. A biasing DC magnetic field
(Hpc) is typically used to shift the operation of an AW magnetostrictive sensor to a
quasilinear region of the A-H curve. In applying the Hpc bias field, the sensor will
vibrate at the same frequency as the excitation field and with greater strain
amplitude. An optimum Hpc may be determined in which the amplitude to the
magnetostrictive strain is greatest.

Metglas 2826MB Electrochemical deposited FeB film (12 pm)

Normalized moment
I
o>
) ) )
Normalized moment
f=]
(=]

400 200 0 200 400 600 400 200 0 200 400 600
(a) Applied field H (Oe) (b) Applied field H (Oe)

Figure 5.2 Magnetization loops of amorphous alloys. (a) METGLAS® 2826 MB
alloy ribbon (28 um in thickness), obtained from Honeywell
International; (b) FegyBs film (12 um in thickness) fabricated by
electrochemical deposition. The magnetization loops were measured
with the H-field applied parallel to the surface of the ribbon/film.
M-H hysteresis loops are normalized in order to compare the
magnetization curves of these two materials
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Figure 5.3 Magnetostriction hysteresis loop as a function of an externally
applied magnetic field

Table 5.1 Properties of various magnetostrictive metals and alloys [2—4]

Material Composition T. (K) As (1079 E (GPa)
Nickel 631 -36 210
Cobalt 1,400 -23 209
Terfenol-D Tby 3Dy, 7Fe, 653 1,100 25-35
Metglas 2605SC Feng13ASSi3‘5C2 643 27 100-110
Metglas 2826 MB Fe4oNizgMoyBg 626 12 100-110

The saturation magnetostriction A, measured at magnetic saturation, is typi-
cally on the order of 107> for most ferromagnetic materials and a couple of orders
of magnitude less for other materials as shown in Table 5.1. Materials may exhibit
either positive or negative magnetostriction, expanding or contracting as the
magnetic field increases. One class of magnetostrictive materials exhibit ‘giant
magnetostriction’, over 100 times greater (e.g. Terfenol-D).

5.1.2 Magnetostrictive ribbons

When a magnetostrictive material is subjected to an alternating (excitation) mag-
netic field, a corresponding oscillating shape change occurs in the material. During
vibration, the material stores and transfers energy between potential and kinetic
energy modes. Resonance occurs at particular frequencies in which the material can
easily exchange potential and kinetic energy resulting in greater oscillation
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Figure 5.4 Depiction of free-standing magnetostrictive resonator

amplitude. The natural resonant frequency f,, of a freestanding thin ribbon, as shown
in Figure 5.4 with d < w undergoing longitudinal vibration in its basal plane is [5]

1 E

o= 20 m 5.2)

where E is Young’s modulus of elasticity, p and v are the density and the Poisson’s
ratio of the resonator material, respectively, and L is the length of the resonator.
The term 2/, is the wavelength of the compression wave propagating through the
material and the square root term is the wave speed.

Vibrating structures have been routinely exploited as gravimetric AW sensors
to measure the absorption or deposition of material on the surface of the resonator.
If we let the initial measured frequency be the natural frequency (fy = f,), then for
a small, volumeless, uniformly distributed mass load Am such that Am < my, the
resonant frequency for the thin ribbon can be expressed as

1
= ¢ [+ (@] ey

The resonant frequency will decrease with the addition of a small mass load so that
the resonant frequency shift will be negative in sign, Af = f — fo < 0.
The analytical sensitivity, which is defined as the shift in the resonant
frequency due to the addition of a unit mass load, can be approximated as
& 1A

~—— 5.4
Am 2 my (5.4a)

by taking the first, linear term of the Maclaurin series expansion of the radical in

(5.3). From (5.4a), we can see that the sensitivity is proportional to the resonant

frequency of the ribbon and inversely proportional to its mass. One of the most

effective ways to increase the sensitivity is to reduce the length of the resonator.

This decreases the resonator mass and increases the resonant frequency.
Rearranging (5.4a) to obtain the accumulated mass, we obtain

Am ~ —2my — 5.4b
°% (5.4b)
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Thus, if the mass of the ME resonator and its original resonant frequency are
known, then the mass of an accumulated load on the surface can be quantitatively
determined by simply measuring the resonant frequency and calculating the fre-
quency shift.

Dissipative energy losses (damping) occur during vibration that reduce
the oscillation amplitude and resonant frequency and causing a broadening of
the resonant frequency peak in the amplitude—frequency spectrum. Damping can
arise from various sources, for example viscous, structural or magnetic forces. The
damped resonant frequency f; is given by

fa=A1-8, (5.5

where C is the damping ratio. The O-value, defined as the ratio of the energy stored
in the resonant structure to the total energy loss per oscillation cycle, is related to
the damping ratio by Q = 1/2¢. The Q-value is calculated by dividing the reso-
nant frequency by its 3 dB bandwidth obtained from the amplitude—frequency
spectrum. The O-value reflects the sharpness of the resonant peak and thus a large
QO-value permits greater resolution in determining the resonant frequency and the
minimum detectable change in frequency. It was found that the ME biosensors
exhibit a much higher O-value (>1,000 in air and ~100 in water) than the best
microcantilevers (MCS) [6]. The high O-value of ME biosensors stems from their
longitudinal resonance mode in which only the tiny cross-sectional areas of the two
ends need to push against the surrounding medium. This advantage is more
notable when the sensor is operated in liquid. Therefore, the ME resonator platform
is a good candidate from which high performance biosensors can be developed
since most of the biological analysis are conducted in liquids.

As different types of gravimetric AW sensors operate at different frequencies,
it is necessary to normalize their analytical sensitivities in order to compare the
mass sensitivities. The mass sensitivity S, of a gravimetric AW sensor is defined in
terms of the resonant frequency or the phase velocity [7]. In terms of resonant
frequency, S,, is defined as

1 A
li Y

= — m
fb Am'—0 Am"

S (5.6)
where Am” is the areal density of a uniformly distributed mass. For a ribbon
resonator that accumulates mass on one surface, it can be shown that S, is

1

Sp=—— 5.7
2pd (.7

5.1.3 Magnetostrictive microcantilevers

Another resonator configuration used with magnetostrictive alloys is the magneto-
strictive microcantilevers (MSMC). Unimorph MSMCs have been investigated
where an inactive layer (copper) is plated on one side of a ribbon Metglas 2826MB
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Figure 5.5 Depiction of magnetostrictive microcantilever resonator

magnetostrictive material as shown in Figure 5.5 [6,8,9]. The magnetostrictive layer
lengthens when a magnetic field is applied to the MSMC, causing the cantilever to
bend; in an AC excitation magnetic field, the MSMC will vibrate. The resonant
frequency of the MSMC is

2 d |E
Jn —Zm/— 2 f (5.8)

where 1, are the eigenvalues, E is the effective elastic modulus, and p is the
effective density of the composite beam [10].
The mass sensitivity of the MSMC is
1

Sn =307 (59

Figure 5.6 shows the accumulated mass that was measured using acoustic
resonance by several ME biosensors and a MSMC biosensor along with the
theoretical minimum detectable mass (assuming a minimum measurable relative
frequency change Af/fy = 2 x 107 [11]). A ME biosensor with a length of 384 um
has the theoretical capability of detecting the mass of a single bacteria cell (1 pg).

5.1.4 Comparison to other AW devices

For comparison, the mass sensitivities of several AW devices are shown in
Table 5.2. The mass sensitivity of ME resonators is expected to exceed that of the
top performing MCS since the density of ME materials (7,900 kg m~) is more
than double that of silicon nitride (3,400 kg m~2) which is typically used for MCS.
As mass accumulates on the largest surface (the active area) of the ME ribbon
sensor, the sensitivity can be further increased by reducing the thickness of the
resonator without changing the active surface area.

BAW, bulk AW; DL-MCS, distributed load microcantilever; EL-MCS, end
load microcantilever; FPW (lamb), flexural plate wave; ME, magnetoelastic; SAW,
surface AW; SH-APM, plate mode; TSM (QCM), transverse shear mode (quartz
crystal microbalance).
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Figure 5.6 Accumulated mass measured by several investigators using ME
sensors. Because of the different thicknesses of the ME resonators, the
masses are normalized by the sensor thicknesses. The theoretical
curve is based on a resonator with a I:w:d ratio of 1,000:200:28 and a
relative frequency resolution of 2 x 1077

Table 5.2 Mass sensitivities of acoustic wave devices [11]

Device fo (MHz) S
SAW 112 x —1/pA
TSM (QCM) 6 x —1/pd
SH-APM 104 x—1/pd
FPW (lamb) 2.6 x —1/2pd
BAW 6 x —2/pA
DL-MCS 5-0.02 x—1/pd
EL-MCS 5-0.02 x —1/2pd
ME (1 surface) 2-38 x —1/2pd
(2 surfaces) x—1/pd

5.2 ME biosensors

5.2.1 Commercially available magnetostrictive ribbons

Traditionally, ME resonators have been fabricated by mechanically dicing com-
mercially available amorphous magnetostrictive alloy ribbons such as Metglas
2826MB. These magnetostrictive ribbons are cast using a melt spinning process
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where the molten alloy is sprayed onto a chilled rotating wheel in which cooling
rates reach 10° degree s—'. The rapid quenching freezes the microstructure of the
alloy in its disordered state, suppressing the nucleation of crystalline phases and
forming the amorphous alloy ribbons [12]. By employing this technique, amor-
phous alloy ribbons, typically in width of 10—-100 mm and thickness of 20-30 pum,
are produced. The ME resonators are fabricated from these ribbons.

The basic process of mechanical fabrication of ME resonators from the ME
magnetostrictive ribbons [13—15] is described. The ME ribbons are first polished
using fine-grit, metallographic polishing paper (1,000 and 2,000 um) to reduce the
thickness and to obtain smooth surfaces. The rectangular resonators are then cut
from the polished ribbon using a computer-controlled automatic micro-dicing saw.
Any debris or grease remaining from the dicing process is then removed by
cleaning the diced sensors ultrasonically in acetone for 30 min. The cleaned reso-
nators are then subjected to a thermal anneal in a vacuum oven at 200 °C for 2 h
and oven cooled under a vacuum (>107> Torr). Research has shown that the
annealing process removes residual stresses and improves the morphology and
performance of the sensor platform [16,17]. In order to construct the biosensor, a
chromium layer and then a gold layer are sputtered onto all sides of the resonators.
The layer of chromium is sputtered to improve the adhesion of the gold film to the
substrate. The gold layer improves the sensors’ resistance to corrosion and provides
a ready surface for immobilization of the biorecognition element, such as antibody
or phage.

5.2.2 Microfabrication

Photolithography and physical vapour deposition have been used to fabricate ME
resonators in a micro-scale sizes with uniform, highly repeatable dimensions and
excellent surface quality [17,18]. The microfabricated resonators are made from a
binary alloy of iron and boron with a composition near 80/20 atomic per cent. The
microfabrication process is shown schematically in Figure 5.7 [18]. A silicon

Process
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Figure 5.7 Diagram of the microelectronics fabrication process used to make
micron-scale magnetoelastic resonators
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wafer is used to support the patterning of rectangular shapes of the desired size
using photolithography. The fabrication process begins with a plain silicon wafer
sputter coated with a layer of Cr followed by a layer of Au. Then the wafer is
patterned with the rectangular resonator shapes using a suitable photoresist. A thin
gold film is then deposited onto the substrate. The gold serves as the bottom pro-
tective layer of the resonators. Fe and B sputter targets [19], placed on separate
cathodes, are used to simultaneously deposit the iron—boron alloy onto the wafer.
After the deposition of the Fe-B film, a final gold thin film is sputtered onto the
substrate wafer as the top protective layer for the resonators. The gold layer also
serves as a ready surface for immobilization of the biomolecular recognition ele-
ment. A lift-off process using a solvent wash is then used to remove the resonators
from the wafer. After removal, the resonators are cleaned with acetone.

5.2.3 Biomolecular recognition element

In order to form a biosensor to detect pathogens, a biomolecular recognition ele-
ment is immobilized on the ME resonator surface to capture the target species upon
contact. Pathogen capture results in an increase in mass of the biosensor and a
corresponding decrease in its resonant frequency. Therefore, the presence of a
target pathogen can be detected by monitoring the shift in the resonant frequency of
ME biosensors. For an immunoassay biosensor, the immobilized biorecognition
element captures the target pathogen, determining the specificity of the biosensor;
on the other hand, the sensitivity and the detection limit are determined by the
sensor platform.

To form a functional ME biosensor, a biomolecular recognition element must
be immobilized onto the ME resonator surface to bind the specific target species.
Antibodies have been traditionally used for this purpose [20]. The strengths and
weaknesses of antibody binding are well known. An antibody is a relatively fragile
species and subject to denaturation with consequential loss of sensitivity and other
binding characteristics when exposed to unfavourable environments. Moreover, the
quality of polyclonal antibodies can vary with different animals and production
variables. To be used in biosensors, polyclonal antibodies require affinity pur-
ification and stabilization, which dramatically increase their cost. Monoclonal
antibodies are more standardized and selective, but their application in the field is
hindered by their stability. The use of phage as a substitute for antibodies offers a
stable, reproducible and inexpensive alternative.

Genetically engineered 12600 lytic phage (Figure 5.8), E2 filamentous phage
(Figure 5.9) and JRB7 filamentous phage (Figure 5.10) have been employed as the
biorecognition elements for ME biosensors. Filamentous phages are thread-shaped
bacterial viruses, whose genetic material (single stranded circular DNA) is
enclosed within a tube displaying the outer coat proteins. By modifying the genetic
material, a library of filamentous phages that display numerous copies of peptides
in a repeating fashion on the viral surface can be created. The phage clones dis-
playing peptides highly specific to a target analyte of interest can then be identified
and separated from the library using affinity selection procedures, which have been
described in detail by Petrenko et al. [21-27].
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Figure 5.8 (a) Micrograph of Iytic phages 12600 immobilized on the surface of a
ME biosensor. (b) Morphology and dimension of the lytic phage [28]
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Figure 5.9 Composition of phage and arrangement of major surface proteins on
E2 phage [29]

As a biorecognition element, phage has several key advantages over anti-
bodies. Affinity-selected phages are obtained through a method similar to molecule
synthesis, without requiring the immunization of an animal. Phages can be
produced in large quantities at a relatively low cost. The phage serves as a three-
dimensional support for bioreceptors against the target pathogen. The surface
area density of phage is 300—400m? g~', out of which more than 50% of the
surface and 90% of the mass is composed of peptides that form the active binding
sites [23]. The three-dimensional recognition surface with multiple binding sites
provides strong multivalent interactions with the target pathogens. More sig-
nificantly, the structures of filamentous phage are very robust and resistant to
degradation. Phages have been found to retain their infectivity after exposure to
organic solvents, including 20% isopropanol and 30%-55% ethanol [30,31].
Thermostability studies of phage have shown that recombinant phage are resis-
tant to heat up to 80 °C [27], whereas antibodies are known to lose their activity
at 25 °C in less than 20 days [32-35].

The longevity of the E2 phage-based ME biosensors was studied at different
temperatures. The results (Figure 5.11) showed that the biosensors retained 59%,
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Figure 5.10
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Figure 5.11

20 um

Micrographs of a ME biosensor coated with JRB7 bacteriophage
following exposure to a Bacillus anthracis Sterne strain solution.
Captured spores are visible on the surface of the biosensor, and

phage filaments, are visible in (c) [18]
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Longevity of phage (E2) as biomolecular recognition element.
Antibody loses all binding affinity after five days storage at 65 °C,
whereas E2 phage remains active after 60 days
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45% and 33% of their binding affinity after storage at 25, 45 and 65 °C, respec-
tively, after 62 days [36]. After only five days at 65 °C, the antibody-based sensors
show no ability to bind while the binding affinity of the phage remains better than
the initial binding affinity of the antibodies even after 40 days had elapsed [35].
Due to their excellent chemical resistance and thermal stability, phage can with-
stand harsh environments that are found in the field.

5.3 Measurement techniques

Figure 5.12 shows an embodiment of the operation of ME biosensor. An excitation
coil generates an AC magnetic field that is imposed upon the ME biosensor, gen-
erating longitudinal elastic waves within the sensor. The applied AC magnetic field
can be generated with a Helmholtz coil, a solenoid coil or a flat coil. At resonance,
the mechanical impedance of the resonator is at a minimum so that its vibration
amplitude is greatest. The mechanical vibration that results from the ME coupling
generates a varying magnetic flux that is emitted from the sensor. The varying
magnetic flux will generate an electrical current in a separate pickup coil that can
be measured. Alternatively, the excitation coil may also serve as the pick-up coil.
With a network analyser, the sensor response is measured in the Sy reflected mode.
With an impedance analyser, the excitation coil and the sensor are mutually
inductive coupled so that sensor response affects the electrical impedance of the
excitation coil. In either case, a peak in the measured response signal occurs at the
resonant frequency.

Three different techniques to measure the ME biosensor resonant frequency
are described in more detail: (1) swept frequency, (2) transient response and (3) flat
coil measurement techniques. These differ in the manner in which the AC magnetic
field is applied and the sensor response is measured.

Excitation coil Pick-up coil

\ Biorecognition Target
layer species
Excitation \, ‘ P 7{/‘ Induced
magnetic \ / magnetic
field
& <&
4

field y
& %
_ 7

¢(—— Longitudinal ——>

vibration

ME resonator

Figure 5.12 The principle of operation of ME biosensors. Because of the
strong magnetoelastic coupling between the magnetostrictive
resonator and the applied magnetic field, a longitudinal elastic
wave is generated in the sensor. In turn, the elastic wave causes
the magnetization of the sensor to vary
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5.3.1 Swept frequency measurement technique

The swept frequency measurement technique is the most widely used method of
measuring the resonant frequency of the sensor [13,16,37]. In this technique, an AC
excitation signal is swept over a frequency range that includes the sensor’s resonant
frequency, continuously exciting the sensor vibrations. To obtain a relatively uniform
magnetic field, the length of the coil is at least twice the length of the sensor. Before
measurement, the analyser is calibrated to cancel any ambient electrical noise. A DC
magnetic field is used to provide an initial magnetostrictive strain so that the sensor
operates in the quasilinear region of the A-H curve (Figure 5.3). A network analyser,
impedance analyser or function generator/lock-in amplifier combination can be used
to excite and measure the resonant frequency of the sensor. Figure 5.13(a) shows the
measurement of the resonant peaks of an E2 phage-coated ME biosensor using the
swept frequency technique using a network analyser before and after exposure to
5x 108 CFUmL ' Salmonella typhimurium on a tomato surface. A frequency
change of 6.325 kHz was obtained. The micrograph, taken with a scanning electron
microscope (SEM), shows the bound Sa/monella cells on the surface of the biosensor.

Figure 5.14 shows the resonant frequency shift of a 500 um long E2 phage
coated ME biosensor (measurement sensor) and a control sensor (devoid of phage)
during exposure to increasing concentrations of S. fyphimurium. A measurable
decrease in the resonant frequency was observed when the biosensor was exposed
to a concentration of 50 CFUmL . The resonant frequency continuously decreased
with the introduction of each successive concentration (5 x 10! CFU mL”’ through
5 x 10° CFU mLfl) of Salmonella for a change totalling ~100 kHz in the resonant
frequency. The control sensor showed a very small frequency change due to non-
specific binding.

The swept frequency technique enables an accurate, wireless and almost real-
time detection. However, it requires an optimized DC bias magnetic field to obtain a
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Figure 5.13 (a) Resonant frequency curves before and after exposure to
5 x 10° CFU mL™! Salmonella typhimurium on the surface of a
tomato. (b) SEM micrograph of the sensor surface showing a large
number of bound Salmonella cells [38]
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linear and maximized signal. The resonant frequency of the ME sensors is sensitive
to the DC bias; thus, the bias field needs to be well controlled. Meanwhile, sweeping
across a range of frequencies is relatively time consuming. In practice, the use of a
solenoid coil limits the number of sensors that can be simultaneously monitored.

5.3.2 Transient response measurement technique

A transient response technique has also been used to measure the resonant fre-
quencies of ME sensors. The transient response technique uses a magnetic pulse to
excite the sensors into vibration and then the resonant frequency is determined from
the ring-down decay of the vibration. This is similar to striking a bell and mea-
suring the decay of the sound to determine the bell’s resonant frequency.

Figure 5.15 shows the schematic diagram of the transient response detection
system initially developed by Shen et al. [39-41] and improved by Xie ef al. [42].
A function generator outputs a square wave at a specified repetition rate. The
waveform is amplified and then fed to the primary side of a bridge transformer to
excite the sensor. On the secondary side of the transformer, a pair of coils are
wound in the opposite direction and connected in series to serve as the pick-up coil.
The advantage of this design is that the two secondary coils cancel out the large
transient current when the excitation pulse is applied, as well as ambient noise.
When a ME sensor is placed inside one of the secondary coils, the bridge becomes
unbalanced and an output signal is produced. The output signal is zero when there
is no sensor in the core of the transformer. The ring-down signal is acquired from

Control sensor

4 -
—=5x10 Measurement sensor

—1x10*

Resonance frequency shift (Hz)

sx10' s5x10? 5x10° © sx10® © sx10°
- Water | CFUfml | CFU/ml | CFU/ml, CFU/ml| CFU/ml

0 10 20 30 40 50 60
(a) Time (min)

Figure 5.14  (a) Measurement and control sensors (devoid of phage) during
exposure to increasingly greater concentrations of Salmonella
typhimurium. (b) SEM image of the control sensor surface after the
experiment, showing negligible binding of Salmonella cells. (c) SEM
micrographs of the measurement biosensor at the end of the experiment,
showing a very large number of bound Salmonella cells [1]
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Figure 5.15 Block diagram of the transient response detection system
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Figure 5.16 (a) Transient response ring-down signal of two ME resonators of
different lengths. (b) The resonant frequencies were determined by
performing an FFT on the ring-down signal

the transformer by an oscilloscope and a fast Fourier transform (FFT) is performed
on the signal from which the resonant frequency of the sensor is determined.

The transient response technique does not require a DC bias magnetic field and
provides quicker detection by overcoming the longer times required by frequency
sweeping used in the swept frequency measurement technique. The FFT analysis
can be used to obtain the resonant frequency of the sensor even under conditions of
high noise levels. The transient response method is particularly suited to the reso-
nant frequency measurement of sensors less than 500 um in length due to the
inherent noise cancellation. This technique is also suitable for monitoring multiple
ME biosensors simultaneously. The ring-down response of two ME sensors, of
slightly different lengths, that were placed together in the pick-up coil and excited
simultaneously is shown in Figure 5.16. The measured signal is the superposition of
the two ring-down responses. Following the FFT analysis, two resonance peaks
appear in the frequency spectrum at the resonant frequencies of the sensors.
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Figure 5.17 (a) Frequency shift vs. concentration of Bacillus anthracis Sterne
spores. SEM images of measurement (b) and control (c) sensor
surfaces [42]

The transient response technique was used to measure the capture of Bacillus
anthracis Sterne spores on the surface of 200 um long ME biosensors. Figure 5.17
shows the magnitude of the frequency shifts for 200 um long ME biosensors coated
with JRB7 phage (measurement sensors) and control sensors (devoid of phage). SEM
analysis was used to confirm that the frequency shifts due to spore binding. The slight
increase in the control sensors’ frequency shift was due to nonspecific binding.

Another transient response technique was developed by Zeng et al. in the early
2000s [43,44]. This method applies a few cycles of a sinusoidal pulse with a known
frequency to excite the sensor and then compares the transient response of the sensor
to a threshold value. Each time the transient signal crosses the threshold level, a
threshold-crossing pulse is generated, and the total number of pulses is counted for
each excitation frequency. The frequency of the applied excitation signal is incre-
mented over a range. The digital threshold-crossing pulse count from the sensor
versus the applied pulse frequency is plotted, and the resonant frequency of the sensor
is determined from the peak location on the plot. This method however still requires
DC bias and frequency sweeping to determine the resonant frequency.

5.3.3  Flat coil measurement technique

Flat coils have recently been investigated as an alternative to solenoid coils for
exciting and measuring the resonant frequencies of the ME biosensors [45-47].
With this configuration, any number of ME biosensors may be distributed upon a
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Figure 5.18 Flat coil measurement technique. (a) The flat coil is positioned near
the tomato surface [45], (b) a spiral coil is used to measure the
resonant frequency [46]

surface, allowed to bind with the target pathogen, then their resonant frequencies
measured. In situ measurements may be more easily performed because it is not
necessary to remove the sensors from the surface before measuring the resonant
frequencies. The flat coils may be used to both excite the sensor vibration and
measure the sensor response. Figure 5.18 shows a configuration for measuring ME
biosensor placed upon the surface of a food item. A DC bias field is still used to
bias the sensors. In this configuration, two parallel moveable plates with an array of
strong (large BHy,ax) neodymium permanent magnets, oriented perpendicular to the
plane of the flat coil, are used to generate the DC bias field. The flat coil is brought
near the food item and swept across its surface to measure the resonant frequency
of the ME biosensors.

Real-time, in situ detection of S. typhimurium on the surface of a watermelon
was demonstrated by Chai et al. [46] using the flat-coil measurement technique as
shown in Figure 5.19. Measurement and control sensors were prepared similarly
except that the measurement sensors were coated with the E2 phage biorecognition
element, and the control sensors were not. The watermelon surface was spiked
with three different surface densities of S. typhimurium (1.5 x 10%,1.5 x 10* and
1.5 x 10°CFUmm?) and the measurement and control sensors placed in the
spiked areas. For the measurement sensors, the absolute value of the resonant fre-
quency shift increased as bacteria was captured and bound to the measurement
sensors. The frequency shift saturated in approximately 10 min.

5.4 Additional results

5.4.1 Detection in the presence of masking bacteria

The E2 phage-based ME biosensors show excellent specificity and selectivity
toward S. typhimurium. Lakshmanan et al. [14,36,37] studied the effect of masking
bacteria on the detection of S. typhimurium by the E2 phage-based ME biosensor.
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Figure 5.19 Real-time, in situ detection on a watermelon using a flat coil located
above the surface [47]

The ME biosensors were exposed to S. typhimurium suspensions mixed with high
concentrations of masking agents (microbial populations). Two different masking
mixtures were used in the study: (1) a mixture of S. typhimurium with one
masking bacteria (Escherichia coli) and (2) a mixture of S. typhimurium with two
masking bacteria (E. coli and Listeria monocytogenes). The dilutions of S. typhi-
murium (5 x 10' =5 x 10® CFUmL™") were prepared in such a way that all the
suspensions contained a high concentration (5 x 107 CFU mL’l) of the masking
bacteria. Figure 5.20 shows the comparison of response of the ME biosensors as
they detect S. typhimurium in water, as well as in masking mixtures [48]. The sensi-
tivity of the detection drops slightly at higher concentrations of S. #yphimurium
(10° and greater), but the detection limit remains unchanged at 5 x 10> CFUmL™!.
The biosensor was capable of detecting small amounts of S. typhimurium, even in the
presence of high concentrations of masking bacteria.

5.4.2 Detection in liquid foods

It has been successfully demonstrated that phage-based ME biosensors were able to
directly detect pathogens in liquid food product that can be a complex environment
due to the presence of biomolecules (e.g. proteins, lipids) and other suspended
solids. Figure 5.21 shows the results of E2 phage-based ME biosensor directly
detecting S. typhimurium in liquid foods. The ME biosensors (2 x 0.4 x
0.015mm) coated with E2 phage were exposed to milk, apple juice and water
spiked with increasing concentrations of S. #yphimurium (5 x 101 =5 x
108 CFUmML™") [36,37]. The dose response of the biosensors exposed to spiked
apple juice and water samples was very similar, except at high concentrations.



102 Portable biosensors and point-of-care systems

1,400
| ® S typhimurium only, in water
+E. coli (10°CFU mL™")
1,200 +E. coli (108CFU mL™") + L. monocytogenes (108 CFU mL™")
1 —m=— Control
< 1,000 — l
< |
3800
< i
7600
z
2 1 [
5 4
2 400 - £
e
= i
200 — Y
i / BN
0 - :_//'i/.___-—-—-/./i_i
I
L L

10" 102 10° 10* 105 10° 107 10® 10° 10'°
Concentration (CFU mL ™)

Figure 5.20 Specificity of E2 phage. The E2 phage is tested in solutions with
masking agents of common Escherichia coli (10" CFU mL™") and
Listeria monocytogenes (10 CFU mL™"). The detection limit of
5 x 10° CFU mL™" of the Salmonella ME biosensor is not affected by
the masking agents. This shows the specificity of the E2 phage is
better than 1 in 10° [48]

The resonant frequency shifts obtained for spiked milk samples were lower than
spiked water and spiked apple juice samples. The biosensor’s frequency shift was
calculated by subtracting the final measured frequency from the initial frequency
measured in the liquid food without spiked S. typhimurium. The dose response
was linear over five aliquots of concentrations (5 x 10°—5 x 10’ CFUmL™")
for the three different media. The sensitivity of the ME biosensor was calculated
as the slope of the linear region of the dose response curve (Hz per decade of
concentration change). Based on these results, the sensitivity of biosensors
exposed to spiked water, apple juice and milk was 161, 155 and 118 Hz
decade™!, respectively. The control sensor had a negligible change in reso-
nant frequency in response to even high concentrations of S. fyphimurium. The
control sensor showed a maximum resonant frequency shift of 50 Hz, whereas a
maximum resonant frequency shift of 980 Hz was observed for the ME biosensor.
This significant difference in the measured frequency shifts (control versus
measurement sensor) indicates specific phage-bacteria binging versus negligible,
non-specific binding of bacteria to the bare gold surface. SEM photomicrographs
in Figure 5.21 provide visual verification of bacterial binding to the sensor
surfaces.
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5.5 Outlook

Micron-scale ME biosensors show great promise as portable biosensors due to their
magnetic interrogation and wireless operation. Although most research to date on
ME biosensors has used relative expensive and complicated laboratory instruments
to actuate and measure the resonant frequencies, the physical dimensions and fre-
quencies of interest are well within the scale of the technologies that enable our
consumer electronics and wireless communications. With continued advancement
in this field, we envision that portable systems will allow a large number of ME
biosensors to be deployed and monitored simultaneously and the resonant
frequency changes of any number of sensors identified out of many. This will
provide at least two unique capabilities for ME biosensor operation. First, since ME
biosensors are capable of detecting extremely low concentrations of pathogens,
deploying multiple ME biosensors (hundreds) significantly enhances the prob-
ability of the sensors binding with the target pathogen. The presence of even a few
cells can be detected as long as the sensors bind or capture them. Second, multiple
ME biosensors can simultaneously detect different pathogens in a single sample.
Several groups of multiple ME biosensors can be employed for the detection of
multiple pathogenic species. The different groups of ME biosensors would have
different dimensions and different biological recognition elements immobilized
upon their surfaces so that different groups could be distinguished by their resonant
frequencies and their response to individual target pathogens monitored. The rea-
lization of these capabilities will enable high-throughput, multiplexed detection of
pathogens with ME biosensors.
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Chapter 6
Portable and handheld cell-based biosensors

Spyridon E. Kintzios’

6.1 Introduction

Cell-based biorecognition platforms represent a quantum leap in biosensor design
due to the inherent advantages of high sensitivity and speed of assay, relative
resistance to interference by non-target analytes and low cost. These features are
particularly promising for developing high-throughput systems for screening
pathogens and toxins. On the other hand, cell-based approaches are presenting
scientists and inventors with challenges, mostly associated with the selectivity of
the desired response as well as storability. In spite of these limitations, cellular
biosensors have already established themselves in several applications and com-
mercial systems. The present review is divided into two parts: First, novel
approaches to improving the performance of cell-based sensors are presented.
Second, an overview is provided of systems and assays already in use in toxicity
testing, the most prominent application area for this particular group of biosensors.

6.2 Designer cells: better than nature?

A bold step towards the increase of the selectivity and specificity of cellular bior-
ecognition elements could be the fabrication of entirely novel cell types, lying on
the border between cells of natural origin or genetically engineered ones (albeit in a
“traditional” sense) and more or less synthetic constructs, which bear functional
traits aberrant from the original genetic and biochemical set-up. The development
of these radically new cell types is primarily dependent on the availability of the
so-called synthetic gene circuits. These can be used either as a means to achieve an
improved way to regulate cell physiology and/or even to create novel biochemical
pathways. The development of genetic switches has been boosted by bacteriophage-
derived recombinases, which can bind and cut DNA sequences flanked with specific
recognition sites and perform AND/OR-type logic functions [1-5]. In practical
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Figure 6.1 Schematic representation of a synthetic gene circuit operating as
a pair of logical gates (AND, NOT) in tandem arrangement. R1,
R2 = cellular receptors, PI-P4 = promoters (with the product of
P3 acting as inhibitor to the expression of P4)

terms, such a genetic switch would operate depending on the level of one or more of
the input signals, as shown in Figure 6.1.

The number of customized detection applications based on engineered tran-
scription circuitries is steadily increasing. Weber ef al. [6] were among the first to
report a synthetic mammalian gene circuit that senses the binding of the repressor
of the Mycobacterium tuberculosis ethionamide-producing (ethA4) gene to its spe-
cific operator in human cells, resulting in quantitative reporter gene expression
readout. Since ethionamide is a major factor in the expression of multidrug-
resistance against tuberculosis, this approach could offer the possibility to assess
the specificity, bioavailability and cytotoxicity of a candidate drug in a single, rapid
assay. From a biosensor design perspective, the ultimate goal of synthetic cell
technology is the ability to develop cells able to respond to external stimuli in a
fully controllable way. Quite recently, Saxena et al. [7] reported the design of
a synthetic transgenic and genomic network able to regulate the timely control of
neurogenin 3 (Ngn3), pancreatic and duodenal homeobox 1 (Pdx/) and V-maf
musculoaponeurotic fibrosarcoma oncogene homologue A (MafA4) variants in order
to program human induced pluripotent stem cells-derived pancreatic progenitor
cells into glucose-sensitive insulin-secreting beta-like cells. Even more fascinating
is the perspective of constructing miniaturized cell biosensors able to travel into the
body, detecting chemical changes possibly associated with target diseased areas.
Fundamental work in this direction has been already reported: for example, Kotula
et al. [8] reported the construction of engineered bacteria designed to sense the
presence of the antibiotic tetracycline in the gut. Their approach was based on a
bistable switch for memorizing exposure to anhydrotetracycline (aTc). When aTc is
present, the repression of a promoter (Ptet) by a repressor (TetR) is abolished,
leading to the production of the cro repressor, which in turn allows for the quan-
titative expression of an output lacZ reporter. Another elegant paradigm is the
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Figure 6.2 Working principle of the pH biosensor developed by Auslinder et al.
[3], such as changes of the extracellular proton concentration lead to
the activation of a membrane-bound adenylyl cyclase (AC) coupled to
the human proton-activated cell-surface receptor TDAGS through a
specific G protein (Gs) and constitutively expressed in different
mammalian cell lines. This in turn leads to the conversion of ATP into
the second messenger cyclic AMP (cAMP) and the activation of a
cascade of cAMP-dependent responses

creation of a mammalian cell-based pH sensor [3]. In this case, the human proton-
activated cell-surface receptor TDAGS was coupled to a specific G protein and
constitutively expressed in different mammalian cell lines, such as HEK-293, HeLa
and HT-1080. In response to a reduction of the extracellular pH value, the receptor
construct activated a membrane-bound adenylyl cyclase that converted adenosine
triphosphate (ATP) into the second messenger cyclic AMP (cAMP). This resulted
in a cascade of cAMP-dependent responses (Figure 6.2).

The successful construction of complex synthetic gene circuits can be limited
by the availability of part families characterized by specificity and orthogonality
(i.e. interactions along the chain of logical process circuitry components but with
minimal cross-talk with irrelevant elements). The fulfilment of these requirements
may prove to be quite challenging in scale-up sensing specifications, due to the
large number of design processes involved. Naturally, the more complexly regulator
is a promoter, the greater the variety of control inputs in a single assay will be.
The stability of a synthetic gene circuitry in the host cell is another issue, especially
if its maintenance in cloned generations is desired. Tools for circuitry engineering
may be DNA-, RNA- or protein based [9-16]. Usually, the core of a synthetic gene
circuit will be a transcriptional module comprising a transcription factor protein
which will activate or repress a cognate regulator protein. The most commonly used
tools are summarized in Table 6.1. The application of synthetic gene circuits in the
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Table 6.1 List of some common synthetic gene circuit components

Group Regulator Target Effect
Transcriptional LuxR RNAP holoenzyme Activation
activators
HrpRS (T7RNAP) (RNAP orthogonal
promoters)
TetR Transcription DNA Repression

activator-like
effectors (TALESs)

CRISPR-dCas9 dCas9 Transcription initiation ~ Repression
transcriptional or elongation
regulation

RNA-mediated STARs pT181 Transcription Repression
transcription control Riboswitches termination Activation

Control of protein Toehold switches Translation inhibition Repression
concentration sRNAs Activation

development of novel, highly specific and selective cell-based sensors will be
boosted by parallel progress in the fields of synthetic gene assembly and improved
cell-sensor interface (in which bioelectrical principles may overtake optical ones,
due to greater speed and spatial resolution).

6.3 Cell-based toxicity biosensors

By default, when it comes down to toxicology risk assessment, cells are the bior-
ecognition elements of choice, since they represent the actual targets of any toxic
compound. In spite of the differences between in vitro assay systems and in vivo
approaches, cell-based biosensors are becoming increasingly popular as reliable,
cost-efficient and high-throughput tools for a variety of toxicology tests, including
acute toxicity testing, toxicokinetics, genotoxicity and mutagenicity. An excellent
review on this topic is provided by Banerjee ef al. [17].

In principle, cell-based biosensors utilize the principles of cell-based assays. Until
recently, the overwhelming majority of CBBs for toxicity testing was based on either
prokaryotic or eukaryotic cells engineered with luminescent or fluorescent reporters, in
other words optical detection systems. Several reporters have been used in transfected
bacterial, yeast and mammalian cells, whereas the choice of the optimal reporter is a
determining factor for each cell type x application combination. The use of bacteria
is advantageous in respect of increased specificity (due of cross-talk between screened
analytes and other biochemical pathways), low cost (especially associated with
the facile proliferation of microbial cells) and robustness (cell endurance under storage
conditions, even extreme ones). Jouanneau et al. [18] have recently published a quite
extensive review on this topic. On the other hand, mammalian cells are also attractive as
biorecognition elements, since they constitute a more realistic target of toxic effects, in
fact providing information more immediate to the analyst’s needs [19,20].

A number of widely used commercial toxicity testing kits based on biolumi-
nescent bacteria have been released over the last 20 years, with the most prominent
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one shown in Table 6.2. The wide distribution of these kits as well as the ongoing
development of variants could be ascribed to the availability of an extended range
of photoenzymes with high quantum yield emission efficiency, in particular luci-
ferases which are derived from a plethora of species, including Aliivibrio fischeri,
Photinus pyralis, Pyrophorus plagiophthalamus, Photobacterium phosphoreum,
Metridia longa and Oplophorus gracilirostris [21-23]. Equally important and
broadly utilized is the group of reporters expressing the green fluorescent protein
primary derived from the jellyfish species Aequorea victoria [24]. Further
improvements have been reported regarding miniaturization of read-out devices
and increased control of operational parameters [25]. There exists wide variability
in sensitivity and speed among the reported assays, depending on the analyte
[26,27]. There is also a progress regarding the nature of the luminescent reporters
themselves: For example, a cloned luciferase from the sea shrimp species O. gra-
cilirostris, in combination with the novel imidazopyrazinone substrate furimazine,
has been shown to produce a 150-fold stronger luminescence than that of firefly
luciferase. This luciferase species offers the additional advantage of non-require-
ment of ATP as a substrate for the photochemical reaction. The novel reporter is
commercially available under the name Nanoluc luciferase [28]. There are cur-
rently at least 11 commercially available luciferase species used in biolumines-
cence-mediated detection. Almost half of them use p-luciferin as a substrate,
requiring ATP as a co-substrate. Other luciferases use another type of substrate. In
addition to the aforementioned furimazine (catalysed by Nanoluc), coelenterazine
is another light-emitting substrate-target of various luciferases. It is found in many
aquatic species, including A. victoria and Gaussia princeps [29].

Similarly to bacterial cells, mammalian cell-based biosensors have been built
upon genetically modified cells to express the receptor-like molecule, thus achiev-
ing the desired level of target-specific and selective interaction [30]. The textbook
paradigm is the CANARY® (Cellular Analysis and Notification of Antigen Risks
and Yields) system [31] in which specific antibodies are expressed on the surface of
B cells by stable transfection together with the photoprotein aequorin. Following the
binding of the antibody-specific antigen, an intracellular calcium concentration-
dependent, aequorin-mediated light emission is observed. Equally famous (and
more widely used) is the CALUX® (Chemical Activated Luciferase gene eXpres-
sion) system. As its name implies, it is based on the firefly luciferase (luc) gene, the
expression of which is controlled by human receptors such as aryl hydrocarbon,
oestrogen and androgen receptors, all of them being in turn regulated by endocrine-
disruptors and dioxin-like molecules [32]. For this reason and having a fairly high
sensitivity against oestrogenic compounds, CALUX® has been favourably adopted
by several toxicological laboratories around the world. In yet another approach,
Mandon et al. [33,34] have transfected the mammalian liver cell HepG2 line with
the Drosophila melanogaster stress-induced Asp22 promoter in order to construct a
cell-based screening test against cadmium chloride and the dithiocarbamate fungi-
cide thiram, with detection limits 0.1 and 0.01 uM, respectively. It is possible also to
opt for a more generic approach to developing transfected cells with a broad
responsiveness against xenobiotic compounds. Very recently, Evangelia Flampouri
(personal communication) at the Laboratory of Cell Technology, AUA, constructed
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Table 6.2 Representative commercial toxicology biosensors based on
bioluminescent cells

Commercial name  Manufacturer Reporter system Target analyte(s)/pathogen(s)
Target application(s)
Milliflex® Merck- ATP-dependent Saccharomyces cerevisiae
Rapid Testing Millipore luciferin-luciferase ~ Pseudomonas aeruginosa
system (ALLS) Methylobacterium mesophilicum

Escherichia coli
Burkholderia cepacia
Staphylococcus epidermidis
Ralstonia pickettii
DeltaTox® II Modern Water ALLS (Vibrio A range of 2,700 different
MicroTox®M500 fischeri) simple and complex
chemicals (including
heavy metals, pathogenic
toxins and chlorinated
organic compounds)

Mutatox ™ Modern Water ALLS Mutagenic agents
(Photobacterium
phosphoreum
M169)
Clean-Trace™ 3M ALLS A wide range of pathogenic
microorganisms
EnSURE™ Hygiena ALLS A wide range of pathogenic
SystemSURE Plus™ microorganisms
AquaSnapTM
WaterShot™
MicroSnap™
TOXmini® microLAN ALLS General toxicity
iTOXcontrol® (Vibrio fischeri) Wastewater toxicity
BACTcontrol® Bacterial pollution monitoring
novaLUM II Charm ALLS Allergens
Sciences Water safety screening
A wide range of pathogenic
microorganisms
ToxAlert 10® Merck ALLS A range of ~1,400 different
(Vibrio fischeri) simple and complex
chemicals
(Dioxin-Responsive) BioDetection  Rat (H4IIE) or mouse Dioxins and dioxin-like
DR-CALUX® Systems hepatoma cell lines, compounds

stably transfected
with the luciferase
reporter gene

plasmid
pGudLucl.1
Accupoint® Neogen ALLS A wide range of pathogenic
microorganisms
MVP Icon® BioControl ALLS A wide range of pathogenic

Systems microorganisms
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a cell-based biosensor based on the culture of mammalian cells on the surface of the
biocompatible and conductive polymer poly(3,4-ethylenedioxythiophene) (PEDOT).
Cells were subjected to post-translational modifications silencing transcription factor
Nrf2 in a successful attempt to improve the sensitivity of the biosensor by controlling
the expression of their detoxifying and antioxidant genes.

However, the use of genetically modified cells has a number of series of
considerable limitations, such as

1. Transfected cells express receptor molecules able to interact with particular
substances under determination in an unknown sample. In the majority of cases
(especially when cell types other than B-cells are used, e.g. HEK-293), the
expressed receptors are intracellular. This presents a challenge to the use of the
transfected cells as detectors, due to the following limitations:

i. The target compound must enter the cell, which may be not possible or
may take considerable time (hours to days), necessitating the prior
co-incubation of transfected cells with the sample.

ii. The target compound may be metabolized inside the cell.

iii. The concentration of the target compound that will reach the intracellular
receptors is different from its actual concentration in the sample, due to
diffusion, binding to cellular components etc.

2. Expression of receptors on the cell surface is not always feasible, whereas the
co-expression of a membrane-spanning sequence is usually a requirement. This
limits the scope of receptor-like molecules which can be located on the surface
of genetically transfected cells. On the contrary, not every cell line is amenable
to transfection. In fact, only a limited number of cells lines can be used for this
purpose, e.g. HEK293T or COS7. These cells, while typically used as models,
have limited relevance to physiological systems [35]. Moreover, in most
transfected cell-related applications, it is always required to use an optimized
luminescent reporter, which is not possible always.

Cell transfection is often transient.

4. Cell transfection often results in the over-expression of individual genes, with

the probability of producing a biased cellular phenotype.

w

In spite of these limitations, recent progress in the development of methods to investi-
gate signalling pathways and their phenotypic outputs in living cells is quite remarkable.
For example, the concept of functional selectivity relies on G protein-coupled receptor
(GPCR) ligands able to activate distinct but parallel signalling cascades (biased sig-
nalling) [36]. This approach is well suited for label-free assay techniques, mainly sur-
face plasmon resonance (SPR) spectroscopy, whereas a number of commercial systems
are already available [37]. Depending on the nature of the receptors, the measured
reflectance value may be reduced (e.g. if cell apoptosis takes place) or increased (due to
cell proliferation and/or migration, e.g. following activation of a growth factor receptor)
(Figure 6.3). Naturally, a prerequisite for the success of this methodological approach is
the prior availability of transfected cells stably expressing high levels of the receptor.
In the same sense, it is preferable to establish a homogenous expression of the receptor
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Figure 6.3 Application of SPR spectroscopy to the study of selective interaction
between G protein-coupled receptor and agonistic/antagonistic
ligands (analytes). In the example depicted in the figure, receptor
activation leads to cell apoptosis, thus reducing the cell density on the
reflectance layer and the value of the measured reflectance

in the assayed cell population; otherwise, the percentage of non-transfected cells will
lower respectively the overall response to a ligand. The use of GPCR ligand-mediated
signalling as a biosensor principle has been substantially upgraded by the recent of
custom-triggered luminescent reporters [38], leading to the emergence of commercial
platforms (e.g. GloSensor' ™, Promega) able to deliver responses in a few minutes.

In parallel, cell transfection protocols are being constantly improved. One of
the latest developments in this field is the so-called reverse transfection, which
allows the creation of multiple cell phenotypes based on a single cell line on the
same chip [39]. Newest alternatives to cell transfection also include invasive dye
reagents that measure changes in microbial metabolic activities as a result of redox
reactions, in particular those involving cellular respiration components such as
NADH and NADPH [40,41]. Representative examples of such dyes are potassium
ferricyanide, 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride and
resazurin-based compounds.

An emerging technique in cell-based electrochemical biosensors is the mea-
surement of exocytotic events in response to selective cell-analyte interactions.
Ground work on this topic has been conducted by Simonsson et al. [42], who
developed an artificial secretory cell, containing secretory vehicles having target-
N-ethylmaleimide-sensitive factor attachment protein receptor (t-SNARE) proteins
substituted for target-cholesterol-DNA strands. Exocytosis ensued as a result of the
hybridization of the DNA constructs in a zipper-like fashion to bring about docking
of the artificial secretory vesicles, combined with the addition of Ca®*. Vesicular
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release was measured amperometrically. More recently, Jiang et al. [43] reported
the development of a novel biosensor based on rat basophilic leukaemia cells
(RBL-2H3) transfected with lipidosome/SiO, shell-coated Fe;O, magnetic nano-
particles tagged with fluorescein isothiocyanate, provisionally designated as
cationic magnetic fluorescent nanoparticles (CMFNPs). RBL-2H3 cells express the
FceR receptor, which can selectively bind murine IgE antibodies and trigger a
cascade of exocytotic responses, thus offering a suitable platform for allergen
detection. Therefore, the presence of an allergen in the assayed sample will trigger
the exudation of a percentage of CMFNPs via degranulation, a process which can
be measured by the decrease in cell magnetism and absorption by a magnetic
electrode. A variation of this approach was recently reported by the same research
group [44] in which cell impedance changes were detected using a cell-based
electrochemical assay on a microfluidic chip.

Compared to prokaryotes, kits based on mammalian cells are evolving into more
flexible assay platforms, and frequently utilizing assay principles other than optical.
For example, many cell-based methods are centred on the measurement of bio-
electric properties. A very popular approach is the application of electric impedance
spectroscopy (EIS) on cultured cells and the indirect assessment of toxicity through
the measurement of impedance reduction, as a result of cells dying in response to the
toxic effect. Although EIS has been mainly used for studying the toxicity of che-
mical residues (such as pesticides and hydrocarbons), it has been recently extended
to cover biotoxins, for example mycotoxins such as deoxynivalenol and zearalenone
using human hepatocellular carcinoma BEL-7402 cells as the biosensory elements
[45]. Many commercial cell-based EIS systems are available nowadays, although the
cost of their acquisition is rather considerable. A major advantage of EIS is its
essentially label-free character, as well as its high-throughput capacity. On the
downside, EIS does not represent a significantly faster assay type, since it is neces-
sary to incubate the cells with the sample for at least several hours to (most usually)
a whole day, thus rendering the assay time comparable to conventional in vitro
toxicological protocols. A few reports exist on the electrochemical assessment of
toxicity on mammalian cells. A now established method is the Bioelectric Recog-
nition Assay (BERA), which is based on the measurement of changes of the cell
membrane potential as a result of the cells interaction with bioactive compounds
[46—49]. In the last years, the specificity and selectivity of BERA-based biosensors
have been considerably increased by using membrane-engineered cells with elec-
troinserted antibodies or other receptor-like molecules on their surface as bior-
ecognition elements. This combinatory approach has been used for the detection of
human viruses (hepatitis B and C viruses) [50], plant viruses [51,52], superoxide
[53-55], prions, foot-and-mouth disease virus, blue-tongue virus, pesticide residues
and 2,4,6-trichloroanisole [56,57]. Quite recently, Mavrikou et al. [58] have reported
the development of a novel biosensor for the detection of aflatoxin B1 (AFBI1),
which is based on cyclic voltametric and chronoamperometric measurements on
Vero cells membrane-engineered with anti-AFBI1 antibodies reacting with AFB1
molecules on gold nanoparticle/screen printed electrodes. The biosensor displayed a
high sensitivity (with a detection limit of 0.5 ng mL ™).
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While microorganisms are used as biosensory elements for screening more or
less general toxicants, such as heavy metals and aromatic hydrocarbons, mamma-
lian cells are preferably employed for the detection of specialized agents, including
bacterial and fungal toxins. For example, Banerjee ef al. [59] developed a murine
hybridoma cell-based assay for listeriolysin O produced by the foodborne pathogen
Listeria monocytogenes. The same research group extended the biosensor analy-
tical scope to include several other toxins, including crude toxin preparations from
Bacillus cereus A926, a-haemolysin from Staphylococcus aureus, phospholipase C
from Clostridium perfringens and cytolysin from Stoichactis helianthus with a limit
of detection (LOD) of 10 ng g~' [60]. The only prerequisite was that the assayed
toxins have a cytolytic and/or haemolytic property.

Miniaturized cell microarrays, in particular microarrays of reverse-transfected
cells with plasmid DNA or siRNA spotted on the surface of a substrate, have
opened exciting perspectives in high-throughput pharmacological and toxicological
research (an excellent review on this subject is given by Berthuy et al. [39]).
Doubtless, the development of operational cell microarrays presents the researcher
with more challenges than their gene or protein counterparts.

As with many other classes of biosensor technologies and inventions, toxicity
sensors based on engineered prokaryotic or eukaryotic cells have a long way to go
before they become a part of everyday analytical practice. In fact, even though the
level of technological sophistication increases with every new wave of scientific
publications, it is rather doubtful than more than a handful of reported methods
will ever turn into commercial products. There are many reasons for this [61],
the main culprits being inadequate validation trials with real samples, lack of
cost-efficiency considerations and a low Technology Readiness Level, which
usually does not exceed four, that is too low to get attraction from corporate
developers. Even so, one can only view as positive the fact that a number of
commercial systems have been already in use, some of them for a relatively long
time (e.g. DeltaTox® II, CALUX®) (Table 6.2) [62-66]. The majority of the
products are based on ATP-dependent, luciferase-luciferin associated biolumi-
nescence. Prices for read-out devices range from $1,500 to $5,000, whereas the
consumable kits are fairly economic, usually at $2-$3 per test. The LOD for toxic
chemic compounds and for pathogenic microorganisms can be as low as 0.001 ppm
and 1 CFU mL™", respectively.

The use of mammalian cells in biosensor platforms, in particular those
equipped with optical instrumentation, such as SPR and coupled with immunoassay
and/or microfluidic configurations may provide some specific challenges. For
example, binding kinetics between cells and immobilized antibodies is a complex
due to the presence of the multiple antigens on the cell surface. Also, the control of
cell localization in a microfluidic system is not always optimal. Having this
restriction in mind, Schasfoort ef al. [67] have developed a biosensor based on red
blood cells (RBCs) immobilized via glycophorin antibodies on planar carboxy-
modified gold layer SPR sensor. In this context, they took advantage of the abun-
dance of glycophorin on the membrane of RBCs. In this way, they were able to
build a label-free, reusable (up to 100 times) optical biosensor for RBC typing, an
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approach which could be used modified for other cell types, too, thus providing an
interesting alternative to EIS.

Even simpler approaches can be found with bacteria-based sensors for asses-
sing biochemical oxygen demand. For example, it is possible to measure directly
and rapidly (10 min) the oxygen concentration in a sample, by using an electro-
chemical or optical probe as a result of O, consumption by gel-immobilized bac-
teria [68]. Although this technique has been known for several decades, its
commercial application has been limited by the non-favourable growth of immo-
bilized bacteria causing lack of test reproducibility and consistency over time [69].

Mammalian cell immobilization or encapsulation in an appropriate matrix
remains the easiest and by far the most feasible approach to extend cell viability
and, thereof, the storability of the consumable part of the associated cell-based
biosensor system. The relationship between cellular physiology and the physico-
chemical properties of the immobilization matrix has been established and inves-
tigated in numerous reports (e.g. see Kintzios et al. [70] for the effect of gel shape
on selected biochemical parameters of the immobilized cells). More recently,
Nunes et al. [71] and Miklas et al. [72] developed an advanced biosensor platform
using human pluripotent stem cell-derived cardiomyocytes. Following electric sti-
mulation, 3D aligned cardiac tissues (biowires) with markedly increased myofibril
ultrastructural organization, elevated conduction velocity and improved both elec-
trophysiological and Ca®" handling properties were formed. The advantages of
encapsulated cell-based systems have been demonstrated in very recent studies, as
shown, for example, by Schukur et al. [73] for designer white blood cells immo-
bilized in an alginate-(poly-L-lysine)-alginate gel using a commercial encapsulation
device. Successful encapsulation techniques have been reported with bacteria, as
well: recently, Jouanneau et al. [22] reported the development of a bioluminescent
biosensor for naphthalene screening based on the wild marine bioluminescent
bacterial strain A. (Vibrio) fischeri ATCC®49387™ entrapped in an agarose matrix
within a disposable card. With the advent of bioprinting technology [74], 3D cell
cultures can be constructed with high special precision and using a variety of
materials resembling the cellular microenvironment in vitro. For example, com-
ponents of the extracellular matrix can be combined with synthetic nanomaterials,
such as carbon nanotubules and peptide hydrogels to provide a cell growth sub-
strate with improved biosensing capacities due to its increased conductivity and
controllable porosity [75]. At the same time, advances in 3D printing accuracy have
allowed the reproducible fabrication of immobilized cell arrays with a special
resolution of 50 uM or less [76]. Miniaturization of the actual detector unit, com-
prising the cells and the immobilization matrix, should reduce the unfavourable
effects associated with the limitations in mass transfer as well as matrix erosion
over time, leading to reduced reproducibility of measurements [70,77]. Newest
versions of 3D culture-based biosensor platforms are built upon so-called organoids
comprising cell layers of different origin and type, as well as semi-artificial vascular
networks, thus closely resembling morphological and functional characteristics of
the actual target organ. A recent example is reported by Rennert ef al. [78] with the
development of a liver organoid comprising non-parenchymal cells, endothelial
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cells, tissue macrophages and stellate cells co-cultured with hepatocytes. The orga-
noid was incorporated in a microfluidically perfused biochip (ChipShop, Germany)
equipped with oxygen sensors and compatible with various fluorescence assays.

Further progress in cell encapsulation may arise from the use of novel bio-
materials such as silk proteins [79] and thermoresponsive biodegradable poly-
urethane hydrogels [80]. Advances in immobilization techniques may provide a
solution to the long-standing issue of limited storability of cells as biorecognition
elements in commercial biosensor settings. Currently, the use of cell-based devices
as portable point-of-use analytical tools is limited due to the requirement of special
cell preservation methods and dedicated cell culture infrastructure [20]. This is
particularly the case with mammalian cells, whereas prokaryotes are eligible for a
wider variety of cell storage techniques, for example freeze-drying [81]. Other
approaches towards increasing cell storability include the use of customized culture
media [82] or even the employment of novel cell lines with increased robustness,
such as rainbow trout gill epithelial cells (RTgill-W1) [83,84].
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Chapter 7

Novel nanocomposite materials
for miniaturized biosensor fabrication

G. Roussos’ and N. Chaniotakis’

7.1 Introduction

Since the development of the first biosensor by Clark and Lyons [1], these devices
have come to be one of the most important analytical tools for the detection and
monitoring of chemical and biochemical substances in the biological world.
According to International Union of Pure and Applied Chemistry (IUPAC) [2],
biosensor is 4 device that uses specific biochemical reactions mediated by isolated
enzymes, immunosystems, tissues, organelles or whole cells to detect chemical
compounds usually by electrical, thermal or optical signals. Biosensors provide
analytical data on many biochemical substances. Such data is very valuable as it
can aid significantly in dealing with many human activity scientific issues related
to health, environment, food quality and safety. In general, biosensors are indis-
pensable tools in all areas where direct and selective quantitative chemical or
biochemical analysis and monitoring are required. Their high selectivity, simplicity
in their use, very low detection limits and continuous or online monitoring are
indispensable characteristics that no other analytical methodology can provide [3].
Since the initial appearance of biosensor technology, and due to the fact that their
potential as detection and monitoring devices was very early realized, there is a
great effort on developing reliable biosensing devices. There are indeed a number
of biosensors that have succeeded and are on the market, especially for clinical and
environmental analyses. Despite though, the great scientific effort devoted for more
than 50 years now to a number of analytical and physical issues that prevent their
widespread application and commercial success.

A successful biosensor must possess specific analytical features. It must be
stable under harsh environmental conditions and independent of physical para-
meters such as temperature and stirring. Its response should be rapid, accurate,
linear and reproducible over the required analytical range. The whole device should
be relatively inexpensive to manufacture, portable, user friendly and biocompa-
tible, especially if it is to be used in clinical situations. To this end, it is envisaged
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that nanotechnology can play a vital role in dealing with some of the technical
issues for biosensor fabrication.

Nanotechnology allows modern science to utilize nanomaterials, and their unique
characteristics to face up with problems and optimize application development.
Nanostructures have tunable exceptional chemical and physical properties that are
unique and thus they can improve many of the required analytical and physical
properties of the modern biosensors. Novel nanostructures can be adjusted to the
requirements of each specific biosensor application, which allows the improvement of
a specific problem. There are already successful examples in the literature in which
nanowires [4], nanorods [5], nanoparticles [6], carbon nanotubes (CNTs) [7,8], hybrid
materials [9] and nanocomposites [10,11] have been used in biosensor development.

This chapter deals specifically with the nanocomposite materials that are or
can be used in the biosensing technology, since they are highly controllable and
custom fabricated. We will emphasize particularly the application of nanocompo-
site materials as a solution to miniaturization process. The need of miniature
devices is becoming very important, as they are the main detection and monitoring
components in implantable and point-of-care systems for real-time analysis and
diagnosis. The ability to design biosensors at micro- or nanoscale allows for
medical real-time continuous monitoring of certain vital health-related conditions.

7.2 Principles of biosensors

The art of biochemical sensing is based on two fundamental scientific principles,
that of biochemical recognition, and the transduction. It is a system that from its
early days was able to fuse biochemistry and physics for the development of
bioanalytical devices. In general, a biosensor is an integrated device which is
capable of providing information continuously on concentration and type of analyte
using a biological recognition system. Although the recognition or sensing element
is responsible for probing the test solution for the analyte, it requires a second part
in order to relay this information to the user. For this to be achieved, the sensing
element is placed in close proximity to a transduction element or a transducer.
The transducer, as used in biosensors, is the device that converts the chemical
energy into electrical energy (Figure 7.1).

Since the early stages of biosensor development, there have been two main
transduction methods used, namely electrochemical and optical. When an electro-
chemical transducer is used, the signal is one of the three parameters of Ohm’s law
(V' = Ix R). Thus, we have potentiometric, amperometric, conductometric and
impedometric sensors. When optical transduction is used, the signal obtained is
either radiation intensity decrease (absorption), increase (fluorescence, chemilu-
minescence) or wavelength shift (change of colour).

Nanomaterials and nanocomposites can play a fundamental role in biosensor
development [12—14]. They have high surface-to-volume ratios, unique catalytic
activities and high electron-transfer rates at relatively low overpotentials. These
characteristics make them ideal platforms for the design of electrochemical bio-
sensors. They can be used either as transducers [15] or in other biosensor development
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stages, such as biological element immobilization [16], enzyme stabilization [17,18]
and amplification or mediation components [19].

7.3 Miniaturization of biosensors

The implementation of biosensor systems in specific areas require that the whole
integrated system is of small size. For example, an implantable biosensor must have
some very specific characteristics. To start with, it should not require large amounts
of power, or better yet, can be self-sufficient. It must be implanted for a long
period; a fact that mandates long operational stability and biocompatibility. Finally,
it should be able to self-calibrate if possible. It is well known that the most critical
issues in the application of in vivo biosensor systems are the stability of the
biological sensing element (protein, enzyme, peptide etc.) and the efficient and
facile signal mediation and transduction for improved sensitivity and elimination of
interferences.

When considering miniaturized implantable biosensor requirements, one must
pay attention to the possible causes of the issues, as well as possible solutions to the
problems. The issue of stability is a major one. The operation of a biosensor is
based on the activity of the biological element. In the case when an enzyme is used,
it must be active, with a turnover rate which must remain constant over time, or at
least predictable. Another major barrier in development of electrochemical systems
is the electrical communication between the signal transducer and the sensing
element such as redox proteins or enzymes. For example, the active centre of an
enzyme is usually hidden by its prosthetic groups and the direct electron transfer
(DET) is prohibitively slow resulting in low sensitivity [20]. To achieve direct
electrochemical operation, researchers have turned their attention to the nanoscale
materials. The most efficient procedure for DET is achieved when the sensing
element is closely and efficiently immobilized in nanomaterials. Due to the high
electron conductivity of the nanomaterials used [21], the charge transfer increases
and thus the analytical characteristics of the sensors can be improved [22].
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Figure 7.2 Images of miniaturized electrodes (a), one electrode (b), working
electrode (c), and density of CNTs on electrode surface (d). Adopted,
with permission, from Reference 23

We now have at our disposal nanocomposite materials, which theoretically can
undertake some of the issues raised above, and have already wide used, especially
for the miniaturization process of biosensors. A typical example of miniaturized
biosensors that uses nanocomposite technology it is presented in Figure 7.2.

7.4 Nanocomposite materials

Nanocomposite materials are well-controlled physical mixtures of different materi-
als, in which at least one of them is at its initial shape at dimensions in the nanometre
range (1 nm = 10~? m). Nanocomposite materials are promising alternatives to
simple nanomaterials, since their chemical and physical characteristics can be pre-
cisely control and thus provide unique characteristics. The conductivity, reactive
sites, length-to-diameter ratios, optical characteristics etc. are some of the para-
meters that are easily controlled. They can be adjusted to the requirements of each
specific application and allow for the improvement of a specific biosensor problem.
The control of elemental composition of the material allows them to possess unique
property combinations that are not found in plain neat materials. As new nanoma-
terials are developed, together with the tools to control and characterize the final
nanocomposite become available, new nanocomposites will also be available and
their usefulness will be realized for biosensor and other scientific applications.

The main reason behind the success of nanomaterials in the biosensor
development is the fact that, below a critical size, there are dramatic changes and
effects on its chemical and physical properties. At the nanolevel, the interfacial
interactions become very important, which in turn enhance the chemical properties
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Table 7.1 Critical sizes for rapid changes in properties reported in
nanocomposite systems

Properties Feature size (nm) at which
changes might be expected

Catalytic activity <8

Making hard magnetic materials soft <20

Modifying hardness and plasticity <100

Producing strengthening and toughening <100

Producing electromagnetic phenomena <100

of the materials. For example, the surface-to-volume ratio of nanomaterials is much
larger than that of microstructured ones, and it is crucial to the improvement of
reactivity, stability, strength etc. Some of the properties that are affected by the size
of the nanocomposite materials are listed in Table 7.1.

These effects are very evident in the case of carbon-based nanocomposite
materials. For this reason, we are going to analyze them further.

7.4.1 Application of carbon nanocomposites
in biosensor optimization

Carbon nanostructures are some of the most promising nanomaterials that have been
already used successfully for the development of a variety of biosensors. Carbon
nanofibres (CNFs), CNTs, graphene, fullerenes and carbon dots offer many advan-
tages with their properties, such as large active surface area, chemical stability,
biocompatibility, electrical conductivity and mechanical strength. One of the first
nanomaterials to be used in biosensor development is that of CNTs. CNTs are com-
posed of carbon atoms with an sp® hybridism arranged in hexagons forming a layer of
graphite which in turn folds and produces a cylindrical sheet. Nanotubes are divided
depending on their structure into single-wall nanotubes or multi-wall nanotubes. Side
walls of CNTs are combined at their ends with pentagons and create caps (end caps)
which resemble fullerene hemispheres. As a result both ends of CNTs are closed [24].
They present tensile strength hundred times greater than steel and thermal con-
ductivity much higher than diamond. At the same time, CNTs have electrical con-
ductivity similar to copper with the difference that CNTs can withstand greater
currents (1012 A/cm? as opposed to 106 A/cm? for copper) [25]. CNTs have been
used in biosensor design since early 2000. In these early works, CNTs were used as
immobilization matrix and as a mediator for the development of an amperometric
biosensor with good overall analytical characteristics [7].

Another carbon nanomaterial that can be used for biosensor development is
CNFs. CNFs are cylindrical nanostructures of graphite layers stacked around the
fibre’s axis in different variations giving distinct well-organized structures [25].
This material can be used for stabilization of the sensing element of a biosensor
system, like in the example of Figure 7.3, in which the enzyme glucose oxidase was
immobilized on different CNFs and nanotubes [26].
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Figure 7.3 Schematic picture of the immobilization of the model enzyme GOx on
carbon nanofibres and single-walled carbon nanotubes. Adopted, with
permission, from Reference 26

It has been shown in this work that CNFs are the best matrixes for the
immobilization of proteins and enzymes for biosensor development. CNF-based
glucose biosensors showed higher sensitivity, longer lifetimes and excellent
measurement-to-measurement reproducibility over a prolonged period of time.
The very high surface area of the nanofibres, together with their large number of
active sites, provides the grounds for the adsorption of enzymes. In addition, they
allow for both the DET and increased stabilization of the enzymatic activity.
These CNF materials are thus very promising substrates for the development of a
series of highly stable and novel biosensors [26].

The characteristics on the CNFs can also be combined with other nanostructured
materials for the development of nanocomposites which will possess innovative
characteristics of both materials. Such an example is the work by Vamvakaki et al.
[10] in which biomimetically synthesized silica—-CNF architectures were used in
biosensor design. This Si—~CNF nanocomposite provided two fundamental advan-
tages to the biosensor designed: stability through biosilica encapsulation and elec-
trochemical transduction through the highly conductive CNFs. The unstable enzyme
acetylcholine esterase was encapsulated in a silica/nanofibre nanocomposite archi-
tecture as shown in Figure 7.4, and the corresponding biosensor had both drastically
improved lifetime and good transduction of the electrochemical signal.

Since then, carbon nanocomposite materials have been considerably used for
the fabrication of many electrochemical biosensors with large lifetime by immo-
bilizing the unstable sensing elements in their matrix. Carbon nanostructures are
often combined with conductive polymers, metal nanoparticles or semiconductor
dots with the aim of improving the characteristics of the developed sensors.
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Figure 7.4 Schematic representation of the electrochemical silica/nanofiber-
based biosensor setup. The dashed line represents the shield
provided by the biomimetically synthesized silica nanostructures.
The electron transfer is achieved via the conductive carbon
nanofibres, onto which the active enzyme is immobilized.
Adopted, with permission, from Reference 10

Consequently, different nanomaterials and their nanocomposites have been used in
many applications (Table 7.2).

7.5 Future trends

Nanocomposites are very unique and scientifically interesting materials. In the near
future, they are expected to generate a great scientific and industrial impact based on
the variety of their properties, which are suited for a variety of applications. Although
packaging, coating and automotive sectors are the ones to be the main sectors that
will utilize these new materials, biosensor and in general detection technologies have
also a lot to gain with their use. Of particular, interest to the biosensor sector is
the use of electroconductive polymers, polyelectrolyte-composites and nanofibre-
biomaterial composites. The research of nanocomposites is very interdisciplinary.
Knowledge and tools originating from physics, chemistry, biology, materials
science and engineering are required. For this reason, any new knowledge in this
area will create new science and in particular new materials, with far reaching
technological implications. Basic research activities aiming at examining the
structure-property correlations will lead the development of new screening eva-
luation and synthesis methodologies. The understanding of their interactions at the
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Table 7.2  List of some nanocomposite materials and their main characteristics to
certain applications

Nanocomposite Application Reference

Carbon nanomaterial | Other composite(s)

Chitosan Glucose biosensor [27]
Graphene Chitosan/Au Glucose biosensor [28]
nanoparticles
Chitosan/Pt nanoparticles | Glucose biosensor [29]
Chitosan/Pd nanoparticles | Glucose biosensor [30]
Polyvinylpyrrolidone/ Cholesterol biosensor | [31]
polyaniline
Graphene oxide (GO) | Chitosan/ferrocene Glucose biosensor [32]
Reduced GO Au—Pd alloy nanoparticles | Glucose biosensor [33]
Au nanoparticles Detection of [34]
pesticides
Single-walled carbon Chitosan/graphite Indicator-free DNA [35]
nanotubes hybridization

for monitoring
Hepatitis B virus

Multi-walled carbon Chitosan Lactate biosensor [36]
nanotubes Chitosan/Au—Pt alloy Glucose biosensor for | [37]
nanoparticles human blood and
urine analysis
Poly(o-anisidine) (POAS) | Biosensor [38]
development
Chitosan/DNA DNA biosensor for [23]
pathogenic virus
detection
Chitosan/glutaraldehyde Label-free DNA [39]
biosensor

nanoscale size will aid in improving the interaction between the sensing elements
and the signal transduction, allowing for the development of highly sophisticated
integrated biosensing devices. Healthcare and prognosis based on biosensing
devices built with new nanocomposites are expected to be of high impact in the
improvement of our quality of life in the coming years. As the properties of nanos-
tructured composites are highly complex and environment dependent, significant
effort must be devoted to basic research in this area to provide a better understanding
of the structure—property relationship in nanostructure-based systems. In conclusion,
successful implantable biosensor systems are highly dependent on the advancement
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of nanocomposite materials. Such materials with novel properties and/or improved
performance are still required to meet the emerging demands arising from the need to
have reliable miniature detection and monitoring systems.
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Chapter 8

Monolithically integrated optoelectronic
biosensors for point-of-need applications

Panagiota Petrou’, Eleni Makarona Toannis Raptis’,
Konstantinos Misiakos' and Sotirios Kakabakos

8.1 Introduction

Biosensors emerged approximately 50 years ago, if one considers the electrode
made by Clark and Lyons [1] as the first sensor demonstrated. The research effort
put forward since then resulted in a great variety of transducers as an answer to
demand for compact, low-cost systems that could provide results in short time
preferably for more than one analyte in a single sample with high sensitivity, spe-
cificity and stability. Despite the variations of transduction principles that have
been employed, all of them could be grouped in a few basic categories termed
mass-sensitive, temperature-sensitive, electrochemical and optical.

Another general classification of the various biosensors so far developed lies on
the use or not of labels (label-free sensors) in order to obtain a measurable signal. The
first ones most commonly employing fluorescent substances or nanoparticles usually
demonstrate higher detection sensitivities and in some cases have even succeeded
single-molecule detection [2]. In addition, the availability of different types of labels,
some of which have been developed specifically for a particular sensor category,
renders these sensors more versatile and more easily adaptable to the requirements of
specific applications. Nevertheless, the label-free sensors are gaining ground against
the labelled ones taking advantage of the fast-paced progress of nanotechnology.
Therefore, during the past decade, label-free sensors have also exhibited high sen-
sitivities with the additional advantage of being unburdened of the need for labels,
decreasing thus the cost and time of sample preparation [3].

Optical sensors are considered particularly powerful in terms of detection
sensitivity, especially when label-free detection is pursuit. Moreover, they are
donned with additional advantages over other classes of sensors, such as the
increased potential for miniaturization and incorporation to lab-on-a-chip
systems, multiplexing capabilities, which automatically translate into synchronous
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Figure 8.1 Schematic showing the evanescent field sensing principle. The binding
of analyte by the immobilized onto the waveguide biorecognition
molecule taking place within the evanescent field region results in a
change in the effective refractive index of the transmitted light mode
that is proportional of the number of bound analyte molecules

multi-analyte detection schemes, a great potential for integration with conventional
electronic components, and last but not least electromagnetic immunity. The
detection principle of most optical biosensors relies on evanescent field optics
(Figure 8.1). The evanescent field is part of the electromagnetic field of the
waveguided light and decays exponentially in the medium above the sensors sur-
face with a depth of tens to hundreds of nanometres depending on the constituent
materials and particular geometry of the waveguide. This electromagnetic field is
very sensitive to changes in the refractive index taking place on the transducer
surface. Thus, when a biomolecule that has been immobilized onto the optical
transducer surface interacts with its counterpart molecule, the density/thickness of
the biomolecular adlayer is increased modifying the effective refractive index on
top of the optical transducer. This effective refractive index change in turn affects
the light guiding properties of the transducer and, as a result, leads to modulations
of the output beam in terms of intensity, polarization, phase etc. Due to the fact that
the evanescent field intensity is higher in short distances from the sensor surface
comparable to the thickness of the biolayer formed, real-time monitoring in label-
free mode becomes feasible.

Evanescent-wave-based optical biosensors could acquire different formats and
realized using different materials and technologies. The most popular evanescent-
wave-based optical sensors are surface plasmon resonance (SPR), fibre optic,
photonic crystal, ring resonator and interferometric sensors. SPR sensors are the
most widely used sensors mainly due to the availability of commercial instruments
based on this detection principle. They rely on charges in the reflectivity on a
metallic layer (mostly gold) deposited on a dielectric material layer. A light beam is
guided through a coupling prism on the metal-dielectric interface, and it is totally
reflected at the interface generating an evanescent wave field which penetrates the
metal layer. For a given angle or wavelength of the incident light, the propagation



Monolithically integrated optoelectronic biosensors 143

constant of the evanescent filed matches that of the surface plasmon wave that is
the oscillation of the charge density at the interface of the materials with opposite
signs of dielectric constants. Since this resonant angle depends on the surrounding
medium refractive index, biomolecular reactions that modify the refractive index
on the sensor surface can be monitored and quantified. The SPR biosensors have
been extensively exploited in various applications and have demonstrated really
outstanding performance with detection limits suitable for real-life applications [4].
Nevertheless, SPR devices have relatively large size and their miniaturization is not
a straightforward task.

On the other hand, sensors based on integrated optics can be down-sized more
easily and integrated with extra components, such as fluidic and electrical ones
rendering to the most promising candidates for viable lab-on-chip and point-of-
need applications. Additional advantages of these sensors are the high versatility of
materials and technologies that could be applied for their fabrication, as well as the
ability to detect biomolecules at very low concentrations [5]. With regards to
the materials employed for the fabrication of integrated optics devices silicon, in
the form of Si, SiO,, SisN4 or SiON, and polymers are the most widely used,
combined by standard microfabrication techniques such as ion chemical vapour
deposition, diffusion in glass, photo- and electron-beam lithography, etc. Moreover,
the employment of silicon as a substrate and hence of the well-established semi-
conductor industry fabrication processes provides the means for reliability,
robustness and reduced production cost of the final devices.

Another advantage of integrated optics devices is the ability to create arrays of
sensors with the same operational characteristics suitable for multiplex analyses
through modification of each array element with a different biorecognition mole-
cule. In addition, one can maximize the detection sensitivity by optimizing the
waveguide structure, material and working wavelength. One should not, however,
oversee the fact that despite the inherent performance of the sensor as optical
waveguide and detector of minute refractive index changes, the performance of a
biosensor is by a great degree determined by the functionality of immobilized
biomolecules. Similarly, the fluidic design plays an essential role since it defines
the reaction kinetics, the sample and reagents volume as well as the size and
complexity of the final device.

In the following section, the main categories of integrated optical sensors that
is grating-couplers, interferometers, photonic crystals, microring resonators, slot
waveguides or silicon wires will be discussed. Emphasis will be given to the ana-
lytical performance of these sensors upon their application in clinical diagnostics,
food analysis schemes or environmental monitoring. Finally, the attempts to build
up lab-on-chips or portable devices for application of these sensors at the point-of-
need will be mentioned. The comparison of the various types of sensors will be
performed using the detection sensitivity and in particular the limit of detection
(LOD) as figures of merit. The LOD is referred to the lowest amount of analyte that
the sensor can detect as a signal distinguishable from the measurement noise.
Usually, the LOD is expressed as refractive index units (RIU) or as surface mass
density (g mm™?). It can be also expressed as analyte concentration, although this
value could complicate the comparison between different sensors which have been
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evaluated using different analytes or recognition molecules with different affinity
constants. Therefore, whenever applicable, the first two expressions of LOD are
preferable to be employed as a more objective performance criterion.

8.2 Integrated optical sensors

8.2.1 Grating-coupled waveguide sensors

Grating-coupled waveguide sensors are amongst the first optical transducers exploited
as biosensors [6]. They are based on planar waveguides with periodic patterns on top
of the waveguides, the grating that permits the excitation of a guided mode in the
waveguide by the incident light when the following condition is satisfied:

A
Reft = MyirSina + [ (7) (8.1)

where nq is the effective refractive index of the waveguide, n,;, is the refractive
index of air, a is the angle of the incident light, / is the diffraction order, 1 is
the wavelength and A is the grating period (Figure 8.2). As is obvious by (8.1) the
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Figure 8.2 Optical sensor based on in- and output-grating couplers of two

different configurations: (a) grating with different periods for in and
output and (b) a single grating with a different thickness layer
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incoupling angle depends on the effective refractive index at the waveguide surface
(negr) in the region of the evanescent field. Thus, by monitoring the changes in
the incoupling angle one can monitor biomolecular reactions that affect the
refractive index near the waveguide surface. Similarly, the changes in the out-
coupling angle can be used for biosensing. To achieve coupling, polarized laser
beams are guided at different angles to the gratings. Thus, precise mechanical
movements are required to bring the sensor in alignment with the light source and
the photodetector [7,8]. This requirement is alleviated when the outcoupling angle
is monitored; thus, a simpler set-up can be used and the sensor performance is
improved [9,10].

The first grating coupling set-ups developed during the early 1990s [7—10]
exhibited sensitivities in the range of 10~° RIU employing model binding assay
systems such as IgG/anti-IgG or biotin/streptavidin. A simplified set-up based on
reflection-mode operation that avoided any moving parts provided similar LOD
values in terms of RIU [11], whereas it was used for both competitive immu-
noassays [12] and DNA hybridization experiments [13]. To improve the perfor-
mance of grating coupler sensors, Grego et al. [14] combined waveguides made of
silicon oxynitride (deposited by plasma-enhanced vapour deposition) with colloidal
self-assembly and imprint lithography for the fabrication of gratings. These tech-
nologies led to two-dimensional (2D) grating structures resulting in enhancement
of detection sensitivity by a factor of at least 2 as compared to one-dimensional
(1D) grating sensors [15]. Another group developed a self-referenced sensor by
employing microfluidics to divide the grating into two-halves [16]. The sensor
operated in reflection mode and the responses were collected by a CCD and the
recorded patterns analysed. Another interesting configuration of grating coupler
sensors developed was the so-called wavelength interrogated optical sensor
[17,18]. The device was based on a single-mode waveguide with two gratings, one
to incouple and the other to outcouple the light. The two gratings were designed in
such a way that the in and out coupling angles were different. By keeping fixed the
angle of incident light, it was possible to monitor changes in the refractive index
over the waveguide as a result of biomolecular reactions by scanning the resonance
peak using a tunable laser diode. A multimode fibre was used to collect the emitted
light and guided it to photodiodes. The device was featured with four channels and
self-referencing pads that could allow for multi-analyte determinations (up to 24
different sensing areas). The device was initially evaluated using low molecular
weight analytes, for example biotin, as well as large biomolecules, exhibiting
detection limits of 0.3 pg mm 2 and ability to detect molecules as small as 200 Da.
The analytical capabilities of the device were also exploited for the detection of
sulphonamides, a family of widely used veterinary antibiotics following a compe-
titive immunoassay format [19]; according to that the antigen was covalently
coupled onto the sensor surface which was activated with a photopolymerizable
dextran layer. To improve the detection limit a signal enhancement step was
employed using a secondary antibody. Thus, an antigen concentration as low as
0.5 ng mL™" could be detected. The same principle was employed in a multiplexed
sensor for the simultaneous detection of four different classes of antibiotics (34 in
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total) in milk samples with detection similar to that of the sulphonamides sensor
[20]. The device was further improved to the direction of a lab-on-a-chip for on-site
determinations through redesign of the microfluidics cartridge [21], which was then
applied to the semi-quantitative detection of three families of veterinary antibiotics.
Moreover, by applying a non-competitive immunoassay format, three different
cytokines were simultaneously detected and quantified in cell cultures [22]. The
device was also used to evaluate the hybridization efficiency achieved upon
covalent immobilization of double-stranded oligonucleotides followed by sequen-
tial denaturation [23].

8.2.2 Microring resonators

Ring-resonators are a very popular class of optical transducers due to the high
sensitivity and increased multiplexed analysis potential. In the basic ring-resonator
configuration, the light is coupled through the evanescent field from an input wave-
guide to a circular one and propagates through the loop in the form of whispering-
gallery modes (Figure 8.3). The spectral position of these modes is affected by
changes in the refractive index in the vicinity of the ring and resonance is achieved
according to (8.2) at wavelength A according to the following equation:

A = 2snegs — (8.2)
m

where m is an integer describing the whispering-gallery modes angular momentum,
r is the radius of the ring, and n.g is the effective refractive index. Thus, when a
bioreaction takes place onto the ring surface, the change in the effective refractive
index causes a shift in the resonance spectrum which is then monitored either by
scanning the output spectrum or by measuring the intensity at a fixed wavelength.

A basic difference between ring resonators and straight waveguides is that the
interaction of the waveguided light with the environment is independent of the
waveguide length and is determined by the number of revolutions within the ring,
which is in turn expressed by the resonator quality factor (Q factor). High values of
Q (in the order of 10°) are indicative of low optical losses and long photon life-
times, leading to narrow linewidths and high peak resolution and therefore to high
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Figure 8.3 Basic configuration of microring resonator
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sensitivity. Such Q values can be achieved with resonators of 50-200 um that
correspond to straight waveguides of several centimetres in length. Thus, higher
sensitivities can be achieved with devices of smaller size, facilitating the fabrica-
tion of arrays of resonators in a relatively small surface area. With respect to
resonator configurations so far developed and evaluated as biosensors, these
include planar microring resonators based on microdisks [24-27], microrings
[28-30] or microtoroids [31-34]. Such structures made either of glass [35],
Si,N,—Si0, [36] or polymers [37,38] have been evaluated with respect to detection
of proteins, DNA or bacteria [35]; whereas ring-resonators based on silicon-on-
insulator (SOI) are also widely used [39]. SOI microring resonators with a bulk
refractive index LOD of 10~ RIU [28] have been reported to provide detection
limits around 10 ng mL™" in terms of avidin binding to a biotinylated surface
[28,40]; comparable with that of other label-free sensors. In an advanced version of
the same sensor, an array composed of three series of four rings connected to a
single-input waveguide (one for each series) and each one with individual output
waveguides [41] was fabricated. Each one of the four resonators of a single series
had a distinct circumference ratio and thus, each one had a unique non-overlapping
resonance spectrum. A grating was used to couple the incoming and outgoing light,
whereas the output signal of the twelve resonators was imaged by an infrared
camera. To allow for multiplexed detection, the sensor chip was combined with an
appropriate microfluidic compartment for the delivery of the reagents, while one
resonator was used as reference [40]. The surface mass LOD was calculated to be
3.4 pg mm 2. A different sensor design [29] of two concentric ring structures was
realized to increase the notch depth and the sensing area at the same time. The
sensor was fabricated over a SOI wafer, and the estimated Q was around 5.1 x 10*
resulting in bulk sensitivity of about 683 nm RIU™'. Another research group inte-
grated 32 ring resonators accessed via a bus waveguide; 24 of them, having an
etched window on the surface for sample interaction, were used as sensing reso-
nators, whereas the remaining eight, covered with the cladding layer, were used as
reference in order to compensate for temperature-induced drifts [30]. A micro-
fluidic compartment featuring fluidic ports, channels and reservoirs for fluid
delivery to the 32 sensors and using gaskets to separate the individual sensors
allowed for the simultaneous monitoring of 24 interactions. A bulk refractive index
LOD of 7.6 x 1077 RIU was determined, which corresponded to a mass LOD of
1.5 pg mm 2 [30]. The device was initially evaluated using model binding assays
such as anti-IgG/IgG and biotin/streptavidin reactions as well as real-time multi-
plexed analysis of DNA hybridization reactions [30]. Apart from these proof-
of-concept experiments, the device has applied to detect cytokines at very low
concentrations (<0.1 ng mL ™" in buffer) by immobilizing specific antibodies onto
different sensors [42] and implementing a secondary antibody as signal enhance-
ment step [43]. Moreover, a direct assay was applied for the detection of carci-
noembryonic antigen (CEA) in serum with a detection limit of 25 ng mL ™", which
is close to clinically relevant concentrations [44]. The multiplexed determination of
five protein analytes, namely prostate-specific antigen, a-fetoprotein CEA,
a-tumour necrosis factor, and interleukin-8 (IL-8) was achieved by immobilizing
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six different antibodies (five specific and one non-specific as control), each one in
quadruplicates [45]. Similarly, the multiplexed detection of four different micro-
RNAs using microrings modified with the respective single-strand DNA probes
onto the microring array in about ten minutes and LOD in the sub-nM range was
reported [46].

Comparable sensitivities have been also reported the toroidal-shaped micro-
cavities. These structures exhibit ultrahigh Q factors (approximately 10%) [47,48] and
could be fabricated and integrated into arrays as easily as the planar ring resonators.
The toroids usually have dimensions ranging from 30 to 150 um for the major dia-
meter to 2.5-6 um for the minor diameter, which can be fabricated on silicon wafer
by standard lithography techniques. Such sensors have been evaluated as biosensors
for the detection of cytokines through immobilization of specific antibodies onto
protein G functionalized surface. An LOD of about 5 aM (5 x 10~ '® M) in buffer was
achieved combined with a 12 orders of magnitude wide working range and with the
ability to resolve single-molecule detection [31]. The same group fabricated toroids
on low-loss polymer [32] or polymer-silica hybrid materials [49], which although
have lower Q factors (10°—107) as compared to silicon based toroids, their manu-
facturers claim detection sensitivities comparable to that of other ring resonators.
Nevertheless, these devices have not been yet evaluated as biosensors.

8.2.3  Photonic crystal waveguides

Photonic crystal sensors constitute another class of integrated optical sensors.
A photonic crystal is a nanostructure characterized by a periodicity in the dielectric
constant of the order of a wavelength in one, two or three dimensions (1D, 2D or
three-dimensional (3D) photonic crystals, respectively), which generates photonic
bandgaps in which light cannot propagate in the crystal. By inducing a defect in the
periodic structure one can introduce a ‘defect mode’ within the bandgap. Thus,
when the incident light is in resonance with the defect mode, it can propagate in the
photonic crystal. Moreover, the spectral position of the defect mode is sensitive to
the local variation of the defect or to its surrounding environment, in other words it
can be influenced by the refractive-index changes over the photonic crystal pro-
viding thus the means for monitoring of biomolecular interactions. Thus, by tuning
both the photonic bandgap and the defect mode wavelength through appropriate
design of the nanostructure, one can also tune the response of the device to
refractive index changes and fabricate sensitive biosensors [50]. Another char-
acteristic of the photonic crystal sensors is their compact size resulting from the
strong confinement of the light in the periodic pattern. The most widely used
structures are linear or 2D gratings on which discrete or line defects are introduced
to create the transduction sites (Figure 8.4).

The first photonic crystal biosensors [51-54] were based in a 1D polymer
grating covered with a high refractive index layer of TiO,. The detection of bio-
molecular reactions was based on monitoring the shift of light reflected from the
sensor surface when was probed with perpendicularly incident white light. This
detection principle allowed the individual interrogation of different areas of the
sensor surface without any cross-talk effects, leading thus to highly multiplexed
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detection capability [55]. Moreover, the sensor could be incorporated on the bottom
of microtiter wells or on microarray slides [55], or integrated with microfluidics on
the same substrate, providing for shorter analysis time and higher detection sensi-
tivity as compared to static assays [56]. The particular sensors have been applied in
a wide range of studies [57] including amongst others cell-based assays, cells
attachment to surfaces, protein and virus detection, drug screening and protein—
protein interactions. Moreover, the technology was commercialized by SRU
Biosystems (www.srubiosystems.com).

A lot of work has been devoted to the design and fabrication of 1D and 2D
planar photonic crystal structures. Most of them are based on waveguides with
hole-arrays on which the guided wave is generated by missing holes or defects in
the bulk photonic-crystal structure [58]. Following this concept, 1D SOI photonic-
crystal waveguide consisting of a hexagonal lattice of holes with a single missing
row line defect and point cavities in different arrangements was fabricated [59].
The sensor featured a bulk refractive index LOD of 10~* RIU, a mass sensitivity of
24.7 nm pg ' and an LOD of 500 pg mm 2 for direct adsorption of bovine serum
albumin (BSA) or avidin. Another group prepared a photonic crystal with a length
of 20 um, a lattice constant and hole radius of 390 and 111 nm, respectively, and
used tapered fibres for the in- and outcoupling of transverse electric (TE) -polarized
light [60,61]. Combined with appropriate microfluidic, this sensor provided a mass
LOD of 2.1 pg mm* for an anti-BSA antibody binding to BSA modified sensor
surface [60]; and an LOD in the nM range in DNA hybridization experiments [61].
Taking advantage of the fact that the resonant wavelength can be tuned by chan-
ging the defect cavity spacing, Erickson’s group developed the nanoscale opto-
fluidic sensor array that was based on a microcavity structure evanescently coupled
to an adjacent single-mode silicon waveguide [62]. By adjusting the cavity spacing,
parallel resonator arrays of different Q factors could be realized on a single wave-
guide, which combined with a flow channel, allowed for multiplexed detection with a
bulk refractive index LOD of 7 x 10~> RIU [62]. The sensor was used in proof-of-
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concept hybridization experiments, as well as for the multiplexed determination of
ILs-4, -6, and -8 [63]. Although the sensitivity of this particular sensor was not high,
this is one of the few examples showing biosensing capabilities in a multi-analyte
format. A SOI 2D photonic crystal-based sensor was also fabricated and evaluated
using the biotin—streptavidin interaction and a mass LOD of about 2.5 fg was detected
[64]. Another design of SOI-based sensors involved generation of the defect line
adjacent to the photonic microcavities enables them to operate as a multichannel
sensor [65]. The sensor had a bulk refractive index LOD of approximately 10~ RIU,
whereas for the biosensing experiments the measurements were obtained after drying
the device. Thus, an LOD of 67 nM was determined for an anti-IgG/IgG interaction
[65]. Another research group designed a photonic crystal with a ridge waveguide and
demonstrated its biosensing capabilities through reaction of immobilized biotin-BSA
with anti-biotin antibodies. An LOD of 20 pM was reported, which is translated to a
mass sensitivity of about 4.5 fg [66]. Taking into account the performances reported,
photonic crystal sensors have lower detection sensitivities as compared to other
classes of integrated optical sensors. In order to improve their analytical performance,
the immobilization of biorecognition molecules mainly onto the holes in which the
light confinement is maximum resulting in highest resonant shifts was investigated.
Following this approach, detection of single particles, virus or pathogens has been
demonstrated [67,68].

8.2.4 Integrated interferometers

Interferometric sensors are the most developed class of integrated optical sensors
due to the high detection sensitivity they offer. Three are the main interferometer
configurations that have been employed for biosensing: Mach—Zehnder inter-
ferometer (MZI), Young interferometer (YI), Hartman and bi-modal inter-
ferometers (Figure 8.5).

Integrated MZIs are composed by a waveguide that at some point splits into
two arms — the sensing and the reference arm, which recombine again after a cer-
tain distance across the length of which the biochemical interaction takes place.
The reference arm is usually covered by a cladding layer, whereas the sensing arm
is both properly modified biochemically for detecting specific analytes and exposed
to the analyte solution. Detection is achieved through the interaction of the wave-
guided light with the environment through the evanescent field along the sensing
arm. When a biomolecular reaction takes place on the sensing arm exposed area,
the induced change in the effective refractive index results in a phase difference
between the light propagating in the sensing and the reference arm. Thus, the output
light intensity / and the phase difference A® are modulated in a manner described
by (8.3) and (8.4), respectively:
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Figure 8.5 Schematic presentations of basic configurations of integrated
(a) Mach—Zehnder, (b) Young, (c) Hartman and (d) bi-modal
interferometers

where E is the electric field propagating along the waveguide, n.s is the effective
refractive index, @ is the phase, L is the detection length, 4 is the light wavelength,
and /, and 7 are the light intensity at the input and output, respectively. S and R refer
to the sensing and the reference arm, respectively. From the equations, it is obvious
that (a) by increasing the interaction length the sensitivity can be also increased,
and (b) the output light intensity has a cosine dependency from the phase difference
that leads to higher sensitivities at the quadrature points but is considerably reduced
in the vicinity of the local extrema. Moreover, for interferometers to be employed
as biosensors, there exists a stringent prerequisite: The waveguides should be
monomodal. If multiple modes are employed, due to the fact that each mode has a
different propagation velocity each mode will produce a different output intensity
modulation, and the final signal will appear “scrambled”. Therefore, suitable
photonic design must be performed prior to the fabrication of any interferometric
sensor.

Apart from the sensing arm length, there are two more key parameters that
affect the sensor performance: the geometrical characteristics of the waveguide and
the refractive index difference between the waveguide and the cladding layers —
directly related to the resulting effective refractive indices and hence the sensitivity
of the sensor — according to (8.3) and (8.4). With respect to the materials usually
employed for waveguide fabrication, these include glass, SiO,, Si3Ny, as well as
polymers. A 3D MZI fabricated on fused silica using femtosecond laser writing is
the most recent glass interferometer reported in the literature [69]. Despite its small
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size and high degree of integration, the sensor had a rather moderate sensitivity
in terms of refractive index changes detection (~1.5 x 10~* RIU) and was not
evaluated as biosensor. On the other hand, there is an abundance of MZI biosensors
in which the waveguide is made of silicon nitride and the cladding layer from silica
[70-73]. Silicon-based MZIs could operate through total internal reflection (TIR-
based MZI) [74] or anti-resonant reflecting optical waveguide (ARROW-based
MZI) [75]. The reported TIR-based MZI had a bulk refractive index LOD of
8 x 10~° RIU, which corresponded to a surface sensitivity of around 2 x 10~* nm ™"
[74]. This device was evaluated through DNA hybridization experiments demonstra-
ting an LOD of 0.06 pg mm 2. On the other hand, the ARROW-based MZI developed
by the same group featured a refractive-index detection limit of 2.5 x 10~° RIU, when
evaluated as immunosensor for the detection of the insecticide carbaryl following a
competitive immunoassay format [76].

YIs are also based on waveguides with an integrated Y-junction acting as a
beam splitter, but contrary to MZIs, the two beams do not recombine but are left
instead to interfere in free space, much in the same way as in Young’s famous two-
slit experiment. As a result the output signal consist of an interferogram that can be
onto a CCD camera The change in the effective refractive index on the sensing arm
due to biomolecular reaction induces a phase difference between the two interfer-
ing beams that is directly translated into a spatial shift of the interference fringes as
expressed by the following equation:
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where I}, I, are the light intensities through the two arms, b is the distance between
the two arms, L is the distance between the waveguide end and the readout camera,
and x is the position of the fringe pattern on the camera. The phase difference
Ag between the two arms is given by the same equation (8.4) as in the case of
MZI-based biosensors.

YIs have simpler read-out than MZIs and are less sensitive to temperature and
wavelength drifts. One of the first YIs developed [77,78] was based on a mono-
modal Ta,Os waveguide and had two reaction channels. Two separate beams were
coupled into the sensor via a grating coupler and after propagation in the channels,
the light was coupled out by a second grating and diffracted by a double slit to a
CCD camera. An effective refractive index LOD of 9 x 10~ RIU was achieved
[77]. The device was used to detect serum proteins after modification with anti-
bodies as well as pharmaceutical substances (methotrexate) in serum [79], to
monitor the production of a recombinant in cell lysates [80] and to detect tuber-
culosis-specific antibodies in serum samples from infected patients [81]. Another
research group developed a four-channel integrated YI that allowed independent
measurements in each sensing area, one of which was used as reference [82].
The device was completed with a microfluidic module for minimum sample
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consumption. The refractive index LOD was about 8.5 x 10~ RIU, corresponding
to one of the most low LODs in terms of mass coverage resolution (20 fg mm?)
[83]. In addition, by immobilizing specific antibodies against herpes simplex virus
type 1, detection of about 850 particle mL ™' was achieved in buffer, whereas the
LOD was increased a bit when the analysis was performed in serum [84,85].

Hartman interferometers are based on coupling a linearly polarized light in an
array of interferometers by means of an integrated on the chip grating [86]. The first
sensor was used to detect hormones in serum and blood samples at concentrations as
low as 5 ng mL ™' [87,88]. Another more robust sensor that integrated the laser diode,
the waveguides, the flow cell and the CCD camera provided an LOD of 10~ RIU
and was further evaluated for the detection of avian influenza [89].

A completely different design of interferometers was developed more recently,
the so-called bimodal waveguide [90]. The device consists of a single waveguide
with two different zones; a first one with single-mode behaviour and a second one
supporting two modes (zero- and first-order modes) that propagate at different
velocities depending on the refractive index of the cladding layer. The interference
pattern at the waveguide output changes when the refractive index changes as a
result of a biomolecular interaction. This type of sensor exhibited bulk refractive
sensitivities comparable to those of more standard interferometric configurations
(LOD 2.5 x 1077 RIU [90]). It has been already applied to immunodetection of
thyroid stimulating hormone via an indirect immunoassay demonstrating detection
limit within the clinically relevant range [91], as well as for the immunodetection of
bacteria with LOD of a few bacteria per millilitre [92].

8.2.5 Silicon nanowires, slot waveguides and other
sensor configurations

Silicon nanowires and slot waveguides belong to a new class of sensing devices based
on nanophotonic structures that are characterized by high detection sensitivity (due to
the confinement of the electromagnetic field) and increased miniaturization and inte-
gration potential. Their viability as biosensors, however, remains to be proved since,
up to now, very few devices have been evaluated in real bioanalytical applications.

Silicon photonic nanowires are fabricated by electron-beam lithography and
reactive ion etching on SOI wafers. Due to the high index contrast between the
silicon core and silicon oxide cladding, the waveguides can bend without sig-
nificant optical losses thus allowing realization of very compact structures on small
surface area. The first such sensor developed was an MZI based on SOI photonic
wire waveguides and a folded double spiral millimetre-long resonator [93]. An
updated version of the sensor included reference arms for suppression of wave-
length and temperature drifts [94], integration of a fluidic channel patterned on an
epoxy-based negative photoresist marketed as SU-8 [95] or use of four resonators
for multiplex analyses [96]. The MZI sensor was evaluated using IgG/anti-IgG
antibody reactions with an LOD in terms of surface coverage of about 0.3 pg mm 2
[95]. The resonator was also evaluated using similar reaction and demonstrated an
LOD of about 20 pM or 40 ag in resolvable mass [96].
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Slot waveguides consist of two slabs of high refractive index materials sepa-
rated by a nanometre-scale low refractive index slot region and surrounded by low
refractive index cladding materials [97]. Thus, the light is strongly confined in the
slot region, and a stronger interaction with the sample is expected compared to
more standard rib or planar waveguides. One of the first configurations developed
was a slot-waveguide ring resonator structure [98]. This sensor had a bulk sensi-
tivity of 212 nm RIU™, and a surface coverage LOD of 16 pg mm > when func-
tionalized with an anti-BSA antibody for detection of BSA [99]. An updated
version of this sensor included an array of eight slot-waveguide ring resonators,
integrated microfluidics and alignment with the readout instrumentation for
simultaneous detection [100]. The bulk refractive index LOD was 5 x 10~° RIU,
and a surface mass LOD of 0.9 pg mm > was reported that was significantly lower
than that of the initial sensor. Horizontally slotted ring microdisc resonators were
also exploited as biosensors after modification with biotin groups and probing with
streptavidin demonstrating a moderate LOD in the order of 30 ng mL ™" [25,26].
Slot waveguides were also combined with planar photonic crystals [101]. A bulk
refractive index of 7 x 10~® RIU, which is well below those achieved by conven-
tional waveguide photonic crystals, was achieved; however, the sensor has not been
evaluated as a biosensor. It should be noted that in order to take advantage of the
increased sensitivity of slot waveguides compared to standard ones, optimization of
fluidics and sensor surface biofunctionalization is required to ensure uniform
delivery of the sample and efficient capture of the analyte of interest.

8.3 Monolithically integrated optoelectronic transducers

All the optical sensors mentioned above rely on external optical components either
for the in- or out-coupling of light. Thus, independently of the integration level of
the sensing structure, the final device performance, volume and complexity are by a
great extent defined by the implementation of external components like light
sources and detectors, whereas the coupling of light is achieved mainly by gratings.
Such dependence on external optical components increases considerably the cost,
size and operational complexity of the final biosensing system, rendering it
ill-suited for practical point-of-need applications. The only way out this bottleneck
is the monolithic integration of both the light source and/or the detector on the same
substrate with the integrated waveguide. Preferably, this should be performed fol-
lowing mainstream semiconductor industry fabrication procedures in order to
ensure compatibility with the waveguides fabrication and reliable mass production.

To this direction, a technology developed by Misiakos ef al. [102,103] allowed
the monolithic integration of light-emitting diodes (LEDs), thin silicon nitride
optical waveguides and photodetectors on the same silicon wafer substrate.
A schematic of the monolithically integrated silicon transducer is presented in
Figure 8.6(a). The LEDs are silicon avalanche diodes that emit light when biased
beyond their breakdown point, a phenomenon known since the mid-1950s [104].
Nevertheless, the light intensity is very low when compared to lasers usually
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Figure 8.6 (A) Schematic of the monolithic transducer. (B) The basic steps of
the monolithic optocoupler fabrication: (a) avalanche diode base
formation, (b,c) spacer formation through dioxide deposition and
plasma etching, and (d) self-aligned emitter formation by implantation
through the waveguide nitride film (d)

employed as light sources in integrated sensors and in addition the emitted light is
polychromatic covering all the visible and near infrared (IR) spectrum [103].
Moreover, two other critical issues had to be resolved in order to accomplish the
integration of light source with the waveguide, the bending of the waveguide from
the horizontal direction to the vertical towards both the light source and the detector
and the alignment of the up-going waveguide segment with the integrated LED.
The first issue was resolved by creating appropriate SiO, spacers that allowed the
bending of waveguide towards the LED and detector with minimal optical losses.
In particular, it was found that in order to assure the smooth bending of the
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waveguides, the radius of spacer curvature should be much larger than the wave-
guide thickness. This was an additional reason to use thin waveguides (~100-150
nm); the main reason was the increase of sensitivity due to the increased available
photons in the evanescent field that could interact with the analyte. The creation of
spacers included first the deposition of a thick field oxide onto the silicon substrate
on top of which the silicon nitride waveguide was laid. This oxide layer provided
also enough space between the long horizontal segment of the waveguide and the
silicon substrate to minimize leakage losses. The other critical issue taken into
account in the device fabrication was the alignment of the LED with the waveguide
in order to have the highest possible optical coupling efficiency. To tackle this
issue, the following process was followed for the fabrication of integrated trans-
ducer: (a) the base (N") side of the avalanche junction was formed by phosphorus
implantation in lithographically defined windows in the thermally grown field
oxide, (b) the spacers were created by a 2-um tetracthyl orthosilicate deposition of
Si0,, over the thermal field oxide, followed by lithographic patterning, and ani-
sotropic reactive ion etching in CHF;, to end up with an overall field oxide thick-
ness of 2.5 um, (c) a 150-nm thick nitride film was deposited by low pressure
chemical vapour deposition in a mixture of NH3 and SiH,Cl,, and lithographically
patterned and etched in CHF; anisotropic reactive ion plasma, (d) boron was
implanted through the nitride film to form the avalanche junction by phosphorus
compensation followed by rapid thermal annealing of the boron implant, (e) the
cladding layer was formed by SiO, deposition, and (f) the cladding layer was
etched away from the middle of the waveguide to create the sensing window.
Contact hole and aluminium patterning completed the optocoupler fabrication
process. The four basic steps for the fabrication of the optocoupler are presented in
Figure 8.6(a). The creation of the LED by boron implantation after the waveguide
deposition permitted the self-alignment of the emitting junction to the up-going
segment of the waveguide by careful matching of boron implant energy with the
waveguide thickness. In particular, to get full advantage of the built-in high cou-
pling efficiency, the misalignment of the avalanche diode emitter to the base should
be restricted to less than 1 um.

Using 1,000-um long waveguide and a 10-mA excitation current on the emit-
ter, photocurrents of nearly 800 pA have been obtained; thus, taken into account
that the overall external quantum efficiency of the LED is 2 x 107, a 40 per cent
external optical coupling efficiency between emitter and detector has been
achieved, which is excellent if compared to the coupling efficiencies obtained on
thicker waveguides when integrating compound semiconductor LEDs on silicon by
microbonding techniques [105]. In addition, the small leakage current and capaci-
tance value of the detector enabled the accurate current reading, whereas the
stability of the LED allowed for the application of the monolithic optoelectronic
transducer to various biosensing applications. For this purpose, the transducer was
coupled to appropriately designed fluidic devices [106,107] that allowed either the
simultaneous interrogation of a large number of optocouplers with the sample or
the selective coating of adjacent optocouplers with different capture molecules.
Signal transduction is based on the modulation of the optical coupling efficiency by
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the analyte molecules binding on the recognition biomolecules immobilized on the
waveguide. The potential of the device to perform as a sensitive real-time affinity
sensor was initially tested in single-analyte assay mode using the biotin-streptavidin
model assay [103]. Taking into account that, the spectral response of the LEDs
extends from blue (450 nm) to near infrared (850 nm) with a peak at 600 nm,
colloidal gold nanoparticles were employed as labels due to their strong SPR
absorption in the green-yellow spectral region. Furthermore, the use of gold
nanoparticles provided the ability to increase considerably the detection sensitivity
by silver-plating of the surface bound gold nanoparticles, which resulted in increase
of their volume and of the associated light transmission losses. The LOD achieved
was 3.8 pM in terms of gold-labelled gold nanoparticles, which reached 20 fM after
20 min of silver plating of gold nanoparticles corresponding to a surface density of
0.6 x 10" cm™? indicating the great analytical potential of the proposed sensor.
Moreover, using specially engineered liposomes bearing biotin moieties in their
membrane and fluorescent labels in their core, the detection of single binding
events were demonstrated [108]. The multiplexed real-time detection capabilities
of the device was exemplified through the detection of seven deleterious mutations
in BRCA1 gene related to predisposition to hereditary breast/ovarian cancer using
chips featuring arrays of ten monolithic integrated transducers each one functio-
nalized with mutation-specific oligonucleotides. Detection was based on wave-
guided photons elimination through interaction with fluorescently labelled PCR
products. The sensor was packaged in a compact form and a portable device was
built for fluidic management and signal acquisition [109,110]. The transducer can
also perform label-free detection of biomolecular reactions after engineering of the
optical fibre surface with gold nanoparticles [109] or through creation of a latent
photonic crystal [110]. In the first case, the dominant signal generation mechanism
is SPR of the surface-immobilized metal nanoparticles, whereas in the second one a
grating of recognition biomolecules was created at the waveguide surface through
introduction of 1D pattern of protein-adsorbing and non-adsorbing areas, the latent
photonic crystal thereby formed, was further developed during analyte binding
resulting in additional filtering out of resonant photons.

Although feasible, both label-free approaches lacked the required sensitivity
for application in real sample analysis. Therefore, the integrated waveguide was
patterned as MZI [111,112] and the capability of the transducers developed for
label-free determinations was investigated. Due to the polychromatic nature of the
integrated LED, a new detection concept that of frequency-resolved MZI was
introduced [112]. This new detection principle overcame the phase ambiguity and
signal fading disadvantages of standard single wavelength MZI transducers, since
the phase change is different for each wavelength, and thus, it is easier to deduce
from the full transmission spectrum, the change in the effective refractive index
due to the biomolecular reaction taking place on the sensing arm of the MZI. Two
different transducer configurations were realized. In the first one, termed ‘fully-
integrated’, the sensing and reference arm effective indices are selected so that the
phase difference of the light travelling through them is more or less wavelength
independent in the emission spectral range of the LEDs [113]. This was achieved
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by choosing the right core thicknesses of the two arms. The integrated MZI output
was recorded by an integrated photodetector as photocurrent intensity. In the sec-
ond mode of operation, termed ‘semi-integrated’, the sensing arm was thinned with
respect to the reference, so that the observable phase shifts to be a bell-curved
function of the wavelength [114]. In the semi-integrated case, the output spectrum
is recorded through a spectrophotometer and the spectral shifts over the entire LED
spectrum are monitored in real time. As a result of the appropriate photonic circuit
engineering, the observable spectral shifts were at least two-order of magnitude
larger than those obtained with ring resonators. These large spectral shifts recorded
by the external spectrometer were subjected to discrete Fourier transform (DFT)
analysis, which leads to a dominant peak in the wavenumber domain for each of the
two polarization modes (transverse electric and transverse magnetic or TE and TM,
respectively), and the phase is identified with the argument of the complex DFT
value at the main peak, whereas noise is filtered by ignoring non resonant fre-
quencies in the spectrum. From the fabrication point-of-view, the steps for the LED
and SiO, spacers’ formation were the same as in the original transducer. It should
be noted that an important element of the photonic circuits in both approaches is the
existence of a so-called mode filter introduced prior to the MZI structure of the
waveguide to ensure that the light travelling is monomodal.

From an analytical performance point-of-view, a bulk refractive index LOD
of 5x 107 was calculated for the fully integrated version by assessing its per-
formance with solutions of known refractive indices, whereas its multi-analyte
detection capabilities were demonstrated through the simultaneous detection of
anti-mouse IgG-mouse IgG and biotin—streptavidin binding with LODs of 10 nM
and 1 nM, respectively [114]. For the semi-integrated MZI, bulk refractive index
LODs 7.4 x 1077 and 3.1 x 1077 have been predicted for the TE and TM modes,
respectively, for a device with sensing arm length of 2 mm [115]. These LODs
were translated to 32 and 5 pM, respectively, when the device was applied for
detection of anti-mouse IgG-mouse IgG and biotin—streptavidin binding reactions.
The analytical capabilities of the device were also demonstrated through the detection
of bovine milk in goat milk at levels as low as 0.04 per cent (v/v) and with a dynamic
range that varied between 0.1 and 1.0 per cent (v/v), showing the potential of the
device for application to goat milk adulteration control [116]. Furthermore, the device
was applied for the detection of mycotoxin ochratoxin A in beer samples with a
detection limit of 2.0 ng mL ™" and a dynamic range 4.0-100 ng mL ™", demonstrating
its application potential to another real-life analysis [117].

8.4 Conclusion and outlook

Despite the enormous number of biosensors developed during the past few years, a
very limited number of them managed to attain the excellent performance
demonstrated by integrated optical sensors. In addition, integrated optics techno-
logy seems to be the only viable solution towards the development of truly
portable lab-on-a-chip platforms that could be used for analysis outside a laboratory
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environment. Although few working solutions are already available, due to existing
limitations in the integration of all the components in a small-sized microsystem,
the most recent advances of integrated optical platforms are in the process of
forming a solid basis for viable, truly portable biosensor systems suitable for a wide
spectrum of applications like food and beverage safety, environmental pollution
monitoring or identification and quantification of disease markers during
emergencies at the doctor’s office or whenever and wherever a rapid diagnosis is
needed. This future view is not only supported by the intense research work in the
field, but also from the attested interest shown from both public institutions and
private companies to invest on the development of such devices, due to the
expected imminent impact in our everyday lives. The future remains to be seen, and
it will certainly be exciting sooner than later and full of novel, radical optical
systems that will transform our abilities to safeguard our health and well-being.
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Chapter 9

Time-series processing for portable
biosensors and mobile platforms for
automated pattern recognition

C.P. Yialouris' and K.P. Ferentinos'

9.1 Introduction

A time-series is an ordered by time set of data over a predefined continuous time
interval. Each data item of a time-series represents a measurement that was
obtained within a certain period of time (e.g. a second, a minute, etc.) or it is a value
that results as a statistical value (average, standard deviation, etc.) of a predefined
number of different values obtained within a predefined time slice of the period of
the time-series. Two representative examples are shown in the tables below. The
first one presents a time-series comprising actual measurement values in Table 9.1;
the second one presents a time-series that each item has resulted from average
value of group of four consecutive measurement values in Table 9.2.

Data contained in time-series are often acquired by monitoring various phe-
nomena, such as physical, biological, environmental etc. Information extracted

Table 9.1 Illustration of time-series with actual measurements as values

Seconds 1 2 3 4 5 6 7 8 9 10
Time-series value 0.25 027 029 03 031 032 037 039 04 04

Table 9.2 Illustration of time-series with values resulted from actual

measurements
Seconds 1 2 3
Time-series value 0.25 0.27 0.29

Measurement 0.25 0.25 0.26 0.24 0.28 0.27 0.25 0.28 0.30 0.29 0.29 0.28

Informatics Laboratory, Department of Agricultural Economics and Development, Agricultural
University of Athens, Athens, Greece
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from a time-series processing is mainly used to understand the phenomenon as well
as to predict a future value or to classify the phenomenon monitored. So, the goal of
time-series processing is the interpretation of the phenomenon which produced the
time-series data under processing.

Often, different types of time-series provide a system with different types of
information. By combining the plethora of information, a complicated conclusion
can be drawn. Most time-series are captured using special sensors for monitoring
the phenomenon.

In this chapter, techniques concerning processing of time-series produced by
portable biosensors will be presented. A biosensor can be defined as a ‘compact
analytical device or unit incorporating a biological or biologically derived sensitive
recognition element integrated or associated with a physio-chemical transducer’ [1,2].
There are three main parts of a biosensor: (i) the bio-receptor which is the sensitive
biological element that reacts with a specific type of chemicals or biological
agents, (ii) a transducer that converts the biorecognition reaction into a measurable
signal, and (iii) a signal processing system that reads the measurement signal, pro-
viding the user with proper information or advice.

Advanced requirements of a wide range of current sensing applications demand for
portable biosensors and corresponding mobile platforms instead of large, laboratory-
based devices. The construction of such mobile, portable platforms can be achieved
with the reduction of the cost of the chips and several energy-conservation related
technological advancements of recent years. The sensors and electronics that monitor
the output of such portable systems must be compact and low power, whereas any
existing mechanical interface must be robust to resist vibrations and shocks. Some
years ago restrictions concerning power, size and speed limit the amount of signal
processing available [3]. Although most of the above limitations can be overcome
using powerful small and portable devices mainly on processing power and energy
consumption, measured data analysis methods should be tailor-made and optimized
towards limited computation power and high-energy conservation.

9.2 Time-series analysis

The two basic purposes of time-series analysis are prediction and pattern recogni-
tion. The former concerns prediction of future values of the measured variables
included in the time-series, whereas the latter concerns the classification of time-
series values into specific, predefined patterns. This work focuses on the pattern
recognition task concerning time-series analysis.

A crucial step in time-series analysis for pattern recognition is time-series
representation [4]. Various algorithms for such representation have been proposed,
such as sampling, averaging and exponential smoothing [5—7], symbolic mappings
[8,9] and Fourier transformations [10,11].

Computational intelligence techniques, such as artificial neural networks
(ANNSs), support vector machines (SVMs) and genetic algorithms (GAs), have
become increasingly popular and successful in time-series analysis in recent years,
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mainly because of the development of adequate hardware capable of effectively
simulating such models. ANNs constitute cost-effective methods for achieving
good results with time-series while utilizing meta-heuristic methods [12—14]. They
can also effectively be combined with other methodologies to construct novel
hybrid models, which include combinations of auto regressive integrated moving
average models and ANNSs [15], rough set-back propagation [16], recursive struc-
tured set of multi-layered perceptrons or auto-deterministic networks [17]. On the
other hand, SVMs offer a good alternative to ANNs, improving the generalization
performance while achieving, at specific cases, better overall results, especially
when combined with genetically driven pre-processing [18,19]. Several modified
SVM models have also been developed, such as least-squares SVMs, normal [20]
and recurrent [21], and minimum class variance SVMs [22]. Finally, GAs and
variations of evolutionary programming have been effectively used in order to
utilize time-series segmentation and facilitate effective representation [23-25].

Piecewise linear representation (PLR) models constitute a powerful approach
to time-series segmentation. Based on those models, a time-series of length 7 is
approximated by K straight lines, where K is typically much smaller than n. The
algorithms that perform this type of time-series segmentation use an arbitrary
number of segments, whereas the maximum and average error of all segments is
less than an arbitrary threshold. Several variations of PLR algorithms have been
proposed, towards the enhancement of the resulting representation. Ding et al. [26]
used segment radian errors in order to enhance data compression and time-series
representation. Guerrero et al. [27] tackled the segmentation process as a multi-
objective optimization problem. Along with the obtained final approximation error,
they introduced the number of segments in the final representation as another
quality metric over the final results. Tseng et al. [28] proposed a segmentation
approach which combined the clustering technique, discrete wavelet transformation
and GAs in a process to find the segmentation points for deriving appropriate
patterns. Finally, Glezakos et al. [29] developed an evolutionary computation-
based PLR model using GAs for pre-processing the initial time-series information,
and thus producing fitter secondary data sets used in the supervised training and
testing of ANN and SVM classifiers.

Although there are a lot of approaches in time-series analysis, most of which
may have problems to be implemented in order to install in a mobile device. In the
next section, we will concentrate on three time series processing techniques, which
can be used for the development of a software application that can be used by a
mobile device for pattern recognition.

9.3 Extracting features from time-series created by biosensors
for pattern recognition

In recent years, a significant increase in the application of diagnostic systems
using biosensors is observed. The majority of biosensors are based on the conversion
of a biological function of the biological component (bio-probe) of the biosensor to
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an electrical signal which can be measured by a suitable device. The continuous
measurements of a phenomenon create a time-series. The processing of this time-
series can have two main objectives:

1. To estimate the value of a biological agent, for example the value of glucose in
the human blood or the concentration of a pesticide in fresh fruits. This is a
regression problem.

2. To classify the factor that reacted with the bio-probe, caused the biological
function of the biosensor and created the specific time-series, to a specific
class. This is a classification problem.

The above can be achieved using one or more pattern recognition algorithms and
tools.

9.3.1 Pattern recognition

Pattern recognition is a branch of artificial intelligence and machine learning, which
mainly focuses on the recognition of patterns and regularities in data. A pattern
recognition system is usually trained by examples using a set of data, namely the
training data set. During training, the system is trained to associate inputs with output
patterns. A training data set contains a significant number or records. In classification
problems, the data to be processed are divided into groups called samples, and each
one of them belongs to one of a pre-defined set of possible classes. In regression
problems, each record of the training data set is assigned to a known value.

Once a pattern recognition system is trained, it is able to be used in order for a
given input data to be classified to a member of a known predefined class (classi-
fication), or to be assigned to some value (regression).

There are many classification systems, based on several techniques. One
of the most successful and widely used classification tools is based on ANNs.
ANNs are inspired by the way a biological nervous system works, creating
synapses in order to learn and to be used for future processing. ANNs are char-
acterized by the ability to operate successfully using complicated, imprecise or
even missing data. This ability can be used in classification problems as well as in
regression ones.

In pattern recognition, through the training process, an ANN is configured for
an application of a specific type, such as pattern recognition or data classification.
During training, the network is trained to associate inputs with output patterns,
using specialized training algorithms, like Backpropagation. Once the neural net-
work is trained, it can be used for the identification of unknown samples, meaning
data samples that have not been used during training.

A time-series usually contains a rather large number of values, for example
300 or more. These values cannot constitute inputs to a neural network model,
because the training of networks with such a large number of inputs can be con-
siderably slow and problematic because of the noise that the raw data contain.
Thus, it is necessary that a set of features is extracted from each time-series, and
these features are then used in the training process.
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In the following subsections, three practical techniques are presented for the
extraction of features from time-series, in order to create training data sets to train
ANNSs capable of identifying plant viruses and pesticides in food commodities.

9.3.2 Resampling

For a given time-series, we can apply a smoothing technique, like re-sampling, to
extract the necessary features. The technique is simple. For a given time-series that
contains N values and the re-sampling rate is K, the training set will contain values
from the time-series taken every k time stamps. According to this smoothing
technique, the number of the produced features and also the dimensionality of the
problem are reduced and the number of the input nodes of the neural network is N/K.
The final selection of the number K is depended on the problem and will decide after
some test and trial procedures. This technique was used successfully for the deve-
lopment of a neural for plant virus identification [30].

9.3.3 Fixed segmentation

According to this technique, metadata are created form a time-series to be used to
train a neural network.

The basic idea concerns the division of the time-series into a relative small (k)
number of segments. For each segment, the average and the standard deviation is
computed. The metadata used for the training can contain the following:

The average of all values of the time-series.

The standard deviation of all values of the time-series.

The k average values of each of the k£ segments of the time-series.

The k standard deviation values of each of the & segments of the time-series.
The minimum value of the time-series.

The maximum value of the time-series.

This technique was used in Ferentinos et al. [31], dividing the data samples into four
equal-length segments; thus, each record of the training data set contained 12 items.
The developed neural network was used for the identification of existence of specific
pesticides residues in food commodities.

9.3.4 Feature extraction with genetic algorithms support

In this approach, metadata are created from time-series, to be used for training a
neural network. The creation is based on a GA. GAs are inspired by biology and are
based on the axiom survival of the fittest. GAs adopt terms of evolutionary biology,
such as selection, crossover and mutation, to perform specific functions. The GA
system can create the training data set, train the corresponding neural network,
evaluate it and propose the best architecture of the neural network.

The basic idea of the metadata creation is the following. By randomly
assigning a bit (0 or 1) to each item of the time-series, a record having the same
length with the time-series is created, called chromosome genome. By mapping the
chromosome genome to the time-series, virtual segments are created, according to
0 and 1 bits.
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Based on the above approach, the system can combine

o Re-sampling techniques but with variable re-sampling rate.
e Variable length segmentation to extract different statistical indices.

The above approach has been used for identification of plant viruses using biosensors’
time-series. Full description of the technique is presented in Glezakos et al. [29,32].

9.4 Portable biosensors using Smartphone capabilities

Today mobile devices such as Smartphones and tablets have features such as CPUs with
8 cores, 3+ GB of RAM memory and large data storage capacities with more than
64 GB and fully functional operating systems. These characteristics give mobile devi-
ces capabilities for high-level processing and satisfactory storage. Most of these devices
can be connected to the internet in many ways, such as 4G or WiFi. For example, an
Android app can use various internet protocols such as HTTP (HyperText Transfer
Protocol), HTTPS (HyperText Transfer Protocol Secure), TCP/IP (Transmission
Control Protocol/ Internet Protocol). The Android SDK (Software Development Kit)
provides developers accessibility and use of these communication protocols.

Thus, a mobile device could be used as the transducer of a biosensor device.
Although the development of a classifier, such as a neural network model, would be
developed using a conventional computer, the developed software could be easily
modified to create a suitable mobile app able to run on mobile devices. For the
development of a biosensor data acquisition device, the use of a mobile device is
necessary. Today manufacturers have developed data-specific acquisition devices
having very small dimensions, which can be connected to a mobile device through
the USB (Universal Serial Bus) port or wirelessly, using standard protocols such as
Bluetooth.

We can distinguish three different uses of mobile devices as biosensors.

1. The mobile device works as stand-alone. An app installed in the Smartphone or
tablet has embedded the software for the communication with the data acqui-
sition module and one or more neural networks software for the pattern
recognition process (Figure 9.1).

2. The mobile device works using either the WiFi or 3G/4G communication
facilities for connection with a server in which the neural networks are stored.
The mobile device is responsible for the communication with the data acqui-
sition module. As soon as the measurement is acquired, the user can send the
time-series to the server either by SMS or through a dedicated web application
for uploading the data. The server processes the data and sends the answer to
the user either by SMS or directly through the web application (Figure 9.2).

3. Portable biosensor-based web services. In the basic flow of the process, the
sensor and data logger provide the raw data to the device (Figure 9.3).

(1) In the mobile presentation layer, the mobile application serves as a thin
client for Android/iOS operating systems, by implementing minimal
functionality to the integrated system. Its core role is to prepare the XML
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Figure 9.3 Mobile device as a portable biosensor-based web services

documents and their format, equipped with the raw data of the first layer
and transmit to the back-end for further processing.

(i1) Inthe business logic layer, there is a server-side implementation of the data
analysis algorithms that support the whole process. Furthermore, the server-
side functionality is responsible to transmit the results of the decision-
making process, back to the client (mobile device) and inform the user
about the outcome of the process. It is worthwhile to mention that in the
business logic layer, a web services implementation could be particularly
designed in the scope of the project, in order to provide interoperability and
maintenance of the functionality and system capabilities.

(iii) Finally, the transactions and the results of them, as well as other meta-
data, are stored in the database server for logging, history and retrieval
purposes.

9.5 Conclusion

The use of portable biosensors is drastically increasing during recent years. Mobile
devices, such as Smartphones and tablets, have all the necessary features and cap-
abilities to provide the ideal platforms for the operation of such portable biosensors.
Measured data are of the form of time-series, which need special treatment in order
to be used as input to pattern recognition models, for example ANNSs. Several
methodologies for metadata extraction from time-series are presented and analyzed.
In addition, possible architectures of the uses of mobile devices as mobile biosensors
are presented.
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Chapter 10
Nanosensors in food safety

Preetam Sarkar’, Shubham Subrot Panigmhil,
Emily Roy” and Pratik Banerjee’

10.1 Introduction

10.1.1 Food safety: global public health concern

Food safety is a critical and persistent public health issue. The concerns associated
with food safety are further intensified by improper hygiene, poor food handling
practices, and contaminated food supplies, leading to a financial burden of food-
borne disease (FBD). The FBDs are often linked to consumer illness, which bears
high medical costs and loss of productivity and sales [1,2]. To combat the threat of
FBDs, an increased and comprehensive awareness of food safety is of paramount
importance. The safety of the food enormously influences consumer health. There
are several factors that ensure the safety of processed and packaged food commod-
ities from pathogenic microorganisms, such as Listeria monocytogenes, Escherichia
coli O157:H7, Toxoplasma gondii, Campylobacter jejuni, Salmonella, Staphylo-
coccus aureus, Campylobacter coli, Bacillus cereus, Norovirus, and numerous
others that can deleteriously impact human health [3,4]. Hence considering the roles
that food safety plays in both health and development, relevant actions have been
taken by various agencies in different nations to improve the safety of the food
supplied to the consumers. In the United States, the US Food and Drug Adminis-
tration (FDA) and the United States Department of Agriculture (USDA) are key
agencies providing food safety guidelines, standards, and policies to US entities and
many other nations. The European Food Safety Authority and the Food Standards
Agency in the United Kingdom were authorized to survey the quality and safety of
foods sold in stores. In addition, they are also assigned the responsibility of
performing research in food safety and, therefore, plays crucial roles in uplifting the
food safety scenario in the EU, the UK, and across the globe [5,6].

Various foodborne diseases cause significant morbidity and mortality world-
wide. Historically, efforts to reduce the life-threatening consequences of food
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contamination have been made by innovation in food preservation. Sun drying and
cooking were conceivably the first methods used; later more sophisticated tech-
nologies, such as fermentation and canning, came into existence. In recent times,
advanced technologies in food preservation and packaging have made food safer.
As the global population is increasing, scientists with innovative approaches
towards science and technology are working efficiently to provide the best quality
and safest foods to consumers. In between these approaches, nanotechnology pro-
vides an advanced and powerful platform utilizing unique properties of materials
emerging from nanometric size (1-100 nm) that have the prospect of revolutionizing
agriculture and food sectors, biomedicine, environment safety, energy conservation,
and many other areas [7,8].

10.1.2  Food safety: a challenging field for nanotechnological
innovations

The far-reaching implications of nanotechnology in the twenty-first century confer
substantial impact on health, industry, and the global economy [9]. They possess the
potential to maximize agricultural productivity and food quality through proper man-
agement of processing and packaging within food production facilities [10]. Apart
from the food-related issues, this technology can also be implemented in the areas of
toxic sensing and prevention by exploiting unique properties of nanomaterial. The
integration of nanotechnology in electrochemistry, photosynthesis, and photo-electro-
chemical cells along with other modern technology to address the growing need for
safe and renewable energy resources continues to provide high-impact solutions to
these sectors [11]. Nanotechnology plays a major role in all stages of the food pro-
duction chain starting from the initial agricultural production to food processing in
which food ingredients can be encapsulated within nanomaterials to achieve enhanced
functionality. In addition, nanotechnology has been explored tremendously in food
packaging [12,13]. For example, the food-packaging sector has seen many transfor-
mations in barrier perfection with the advent of various nanoscale fillers, which have
also resulted in reduced effects of accelerating factors due to contamination and spoi-
lage. In addition to packaging, preservation of food materials also holds great potential
in the application of nanotechnology. All these issues are regulated by different seg-
ments of nanotechnology, of which nanosensors often play a crucial role.

There are various factors that affect a country’s economic conditions, of which
agri-business is one of them. In today’s world, many nations encounter pressing
challenges, including environmental issues, such as the build-up of fertilizers and
pesticides, loss of viable use of natural resources, urbanization, and climate change
[14]. The field of nanoscience has the potential to help farmers to maintain their
farms with precise control. Biomass conversion and material science technologies
can be applied to develop proper handling of fertilizers and chemical pesticides.
Through the use of nanomaterial-based nanosensors such as surface plasmon
resonance (SPR) consisting of gold nanoparticle, quantum dots (QDs), and clay
nanotube [15], farmers can detect pests, plant viruses, evidence of drought, and
levels of soil nutrients, to name a few. Nano-encapsulated fertilizers that are
released slowly can be used for the further consumption process and to minimize
environmental pollution [16—18].
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Smart packaging is categorized under an advanced generation of packaging,
which incorporates nanosensors that react to the physical or chemical change in
food samples within the packaging to delay spoilage or contamination. Various
assets, such as mechanical, thermal, and optical features of nanosensor-possessing
nanocomposites, are used to enhance the properties of foodstuffs to extend shelf life
and maintain freshness and quality by regulating the route of unwanted gases and
moisture through the packaging material [19,20]. Nanosensors in the form of an
electronic nose or tongue can also be used for detecting chemicals released during
spoilage of food, by placing them in direct contact with the packaging material so
as to ensure better quality [21,22]. These nanosensors are in the form of “buttons”
placed upon the packaging materials, which help in detecting the change in color.
This technique can also be used to indicate whether or not packaged food is stored
under optimum conditions [20].

Biosensors, which are increasingly integrating nanotechnology tools, is a
portable sensor incorporating molecular recognition elements derived from biological
materials, such as nucleic acid, antibodies, cells, or enzymes with suitable physico-
chemical transducing mechanisms [23]. These biological sensing elements are either
integrated within or associated with transducers, which transform physicochemical
interaction into a decipherable form with the help of a transduction and electro-
mechanical interpretation, depending upon target groups of analytes. A conventional
biosensor consists of three components: bioreceptor, transducer, and detector
[24-26]. The first component, bioreceptor, acts as a prototype for the detection of the
analyte. The second component is the transducer system, which is an interface that
determines the energy that arises with the reaction at the bioreceptor and then
transforms that energy into the detectable electrical output. There are various elements
of the transducer system, mostly optical, electrochemical, thermometric, piezoelectric,
magnetic, and other ones [26-28]. The third component, the detector system, ampli-
fies signals and analyses them in a microprocessor. Data are transformed into
concentration units, which are then transferred to a data storage device [26].

Biosensors can be used to identify a broad array of targets, ranging from protein
molecules to large pathogens [24]. Compared to the traditional methods, biosensors
can provide results more rapidly than other culture-based methods, making them vital
to the lab and real-world applications, promoting robustness, sensitivity, accuracy,
real-time assay, and ease of use. The innovation of sensors is essential to the agro-
food sector, as any incorrect result can lead to an extensive economic loss along with
the loss of consumer confidence [29].

10.2 Nanosensors

The increasing application of sensors in different sectors, including medical diag-
nostics and therapeutics, food, air, and water quality monitoring, is evident. The
word “nanosensors” is an integration of two segments: nano, which suggests a size
range of 10~° unit of the scale, and sensors, which is derived from a Greek word
Sentire meaning to perceive [30]. Broadly, it is a device that ultimately converts a
physical stimulus such as a thermal, luminescent, electric, or magnetic effect into
an electrical signal. Sensitivity, selectivity, resolution, stability, and calibration
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characteristics are some of the crucial parameters to be considered during their
functional operation in any field of the response.

General classification of nanosensors can be done in two major groups. One
group has nanoscale dimensions that are further subgrouped into two types that is
sensors whose three-dimensional properties are in nanometric proportions, like
QDs resembling fluorescent nano-sized semiconductor crystals and thin films of
any metal oxides for gas sensing having one nanoscale dimension. The other group
is of nanoscale measurements but does not have any particular nanoscale dimen-
sions. Further classification of nanosensors can be as active nanosensors that
require a source of energy such as a thermistor (a thermally sensitive resister) and
passive nanosensors that do not require the energy source like a piezoelectric sensor
(a sensor that uses the piezoelectric effect to measure the strain, force and pressure).
Another broad classification can be according to the signal detected in the form of
energy, such as a physical, chemical, or biological effect. Physical nanosensors
comprise mechanical, optical, and electromagnetic nanosensors [31], which are used
for measuring properties such as force, pressure, density, viscosity, absorbance,
fluorescence, luminescence, dielectric constants, and permeability. Although che-
mical nanosensors are meant to identify any foreign chemical particle, concentrations
of certain substances, and pH, biological nanosensors (biosensors) have other
essential purposes.

10.2.1 Optical nanosensors

Optical nanosensors use optical signals to transduce biological or chemical sequences
for analytical purposes of all particles with dimensions less than 1000 nm. They
include the option of measuring in small volume, high specificity, low toxicity, and
other interferences similar to water on the sensors properties. The first optical
nanosensor was based on fluorescein entrapped in a polyacrylamide nanoparticle,
which was used for pH sensing [32]. The fluorescent molecules were composed of at
least one photoactive element and a substrate unit. In the process, a light of particular
wavelength was absorbed, which was followed by the emission of quanta of light
possessing an energy equivalent to the difference between the excited state and the
ground state, also known as luminescence phenomenon. This phenomenon is pre-
ferred for nanoscale chemical analysis and biological or environmental applications
[33]. An optical receptor or a sensing element is integrated into the optical nano-
sensor consisting of an inert matrix for detecting the properties of the assigned
analyte. Currently, fluorescence is the only transduction process due to the high
relative ease of measurement and sensitivity [34].

10.2.1.1 Fiber-optic nanosensors

Optical nanosensors usually consist of a chemically or biologically sensitive layer,
which can either be made up of chemical recognition element or biological
recognition elements covalently attached to the optical transducer (Figure 10.1).
This transduction mechanism holds a very attractive platform for chemical sensing
application, among which minimal invasiveness is the most substantial technique
for cell monitoring [35]. The small size, light weight, exemption to electromagnetic
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interference (also called radiofrequency interference), and easy configuration of
the optical fibers used in the nanosensors are some unique characteristics that
enable sensing of biological and physiological processes in the corresponding
fields. The interaction between the surface of a target analyte and the receptor is
such that a physicochemical perturbation can be converted to a measurable elec-
trical signal that is received by the optical probe, and then the signal is transmitted
to the database. The sensing strategy for fiber optic nanosensors is based upon two
methods; one is a direct method in which intrinsic optical properties of target
analytes are measured. The other is an indirect method in which optically
detectable bioprobes are monitored. It is also classified into two broad categories
that fiber-optic chemical nanosensors and fiber optic biosensors [36].

The first fiber-optic sensor in the field of food science was designed for
detection of E. coli O157:H7 from the complex matrix of assigned food material
[37]. Analyte 2000 is a core type fiber-optic sensor designed by Research Inter-
national (Monroe, WA, USA) and is widely used for the detection of various
pathogens in a sandwich form using fluorophore-labeled antibody including E. coli
O157:H7 [38], L. monocytogenes [39], Salmonella enteritidis [40], and staphylo-
coccal enterotoxin B [41]. A slightly different fluoroimmunoassay utilizing optical
fiber probes consisting of polystyrene was applied to detect E. coli O157:H7 [36].
During food packaging, a sensitive coating of syndiotactic polystyrene, a new
crystalline engineering thermoplastic with a boiling point of 270 °C high heat, and
chemical resistance with good dielectric properties, is used along with the fiber-
optic nanosensors [42]. Furthermore, sol—gel-based fiber-optic nanosensors along
with carbon dioxide, a sensing element that employs dual luminophore internal
referencing, was developed [43]. Sensing of pH remains of great interest even though
cross-sensitivity to ionic strength is the central problem for optical sensors. An
emerging application of pH sensing inside cavities, such as microtiter plates and
micro-bioreactors, can help avoid microbial contamination in foods due to non-
contact measurement. These nanosensors can also be used to detect benzo[a]pyrene
inside a single cell that is found to be in slightly elevated in foods that are cooked
well on the barbecue, particularly in steaks, chicken with skin, and hamburgers [44].

10.2.1.2 Probes encapsulated by biologically localized embedding

PEBBLES is the acronym for “Probes encapsulated by biologically localized
embedding.” It is a spherically optical nano-sized sensor typically ranging in size
between 20 and 200 nm in diameter and transduces biological or chemical events
into a measurable optical signal [45]. Limited analysis has been done using optical
PEBBLE nanosensors; however, it has been used to detect various analytes in food
additives in which Mg>" PEBBLE sensor is one of them. It was designed by
encapsulating a hydrophilic dye (cyanine which has an affinity for water mole-
cules) and a commercial reference dye (Texas red which is a red fluorescent dye
used for staining cell specimen) in polyacrylamide nanoparticle (a white polyamide
related to acrylic acid which possesses a hydrophilic property). This sensor was
designed to determine the role of Mg”" inside human macrophage cells in the
presence of attacking Sal/monella (a Gram-negative rod-shaped bacteria which is a
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major cause for foodborne illness transmitted to individuals through ingestion of
contaminated food of animal origin i.e., meat, poultry, mainly eggs, and milk) [46].

10.2.1.3 Recent developments in optical nanosensors
Surface-enhanced Raman scattering

In contrast to the detection strategy based on refractive index profile, surface-
enhanced Raman scattering (SERS) is a unique vibrational spectroscopic method
that generates vibrational signatures for small molecular analytes to distinguish
between molecules such as structural isomers of fructose and glucose possessing
certain similarities [47]. This was first observed on a silver surface electrode in
1974 [48]. The benefit of using Raman spectroscopy is its ability to display the
molecular structure of a sample by transducing the data in the form of signal. With
the progress being made in the fabrication of metal nanoscale and nanomaterial
surfaces and the advancing technique of Raman scattering, SERS has become a
delicate method, relevant for examining foods, and drugs [49].

SERS can be used for detecting quantitatively by picking an appropriate cali-
bration data set, as its intensity varies between samples due to the substrate division.
Real-time response, low detection limit, and quantitative and qualitative analytical
capabilities are some of the advantages of this mechanism, which makes it applicable
for identification and characterization of bacteria [50], pharmaceuticals [51], and
other molecular species [52].

The pH sensor based on SERS is developed using a silver nanoparticle with a
gold-silica core nanoparticle. The sensor is made up of a 50 to 80 nm diameter of
silver nanoparticles mixed with para-mercaptobenzoic acid, which shows a char-
acteristic SERS spectrum dependent on the pH of the adjoining solution. It is made
sensitive to pH changes in the range between 6.0 and 8.0 [53] and has been
successfully examined for the rapid detection of B. subtilis spore, which is a non-
pathogenic surrogate for B. anthracis [54]. Ideally, the limit of detection (LOD)
should be less than the threshold dose of a pathogen. The sensor was found to have
an LOD of 2.1 x 10~ M (2.6 x 10° spore in 0.2 uL, 0.02 M HNO;) for B. subtilis,
which was found to be less than anthrax infection dose of 10* spore [55]. Con-
ventional Raman spectroscopy based sensors have also been used to examine the
antifungal movement of ZNO nanoparticles against Penicillium expansum and
Botrytis cinerea, as they play a major role in the economic loss during postharvest
handling of fruits [56]. In various food industries, these nanosensors are used to
monitor and detect chemical fungicide that is, thiabendazole (TBZ) against mold
and blight formed on bananas and citrus fruits. With a portable Raman spectro-
meter, the estimated amount of TBZ in a 5 g of citrus sample (peel) is found to be
78 mg kg~ ', which is almost higher than the maximum allowed range of present-
day regulations [57]. Another crucial development has emerged for fungicide
detection at ultralow levels in solutions that is by using a dogbone-shaped gold
nanoparticles in SERS sensors. Nanorods (aspect ratio of 2.19 and length of 38 nm)
were used for the detection of dithiocarbamate fungicide Thiram in acetonitrile-
water solutions in which LOD and limit of quantitation were estimated to be around
11 and 34.4 nM, respectively, which is much below the Environmental Protection
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Agent tolerance value of 16.6 mM. But when dogbone-shaped gold nanoparticles
were used, the LOD value further decreased to 44 nM [58]. Conventional high
performance liquid chromatography (HPLC) analysis techniques can be integrated
with the SERS-based detection system for rapid screening of food sample to
eliminate false results. Along with the SERS mechanism, gold nanoparticles or
nanorods (Figure 10.2) can be used as a nanomaterial for efficient detection of
perchlorate (a food pollutant) at the nanometric level in contaminated water sam-
ples [59]. Silver substrates along with the SERS technique can rapidly screen
L. monocytogenes, E. coli, and Salmonella [60]. Gold substrates have previously
been used as a nanomaterial to detect viruses such as adenovirus, parvovirus, cor-
onavirus, herpesvirus, norovirus, simian rotavirus, and Sendai virus with detection
limit of 100 particles [61]. Application of magnetic nanoparticles in SERS-based
detection of microbes renders a particular advantage. In this approach, first the
magnetic nanoparticles that are covered with capture molecules (such as anti-
bodies) participate in the initial capture and separation of microbes from sample
matrices takes place. This is followed by direct detection of the captured species by
Raman tags attached to the same or different nanoparticles in the same system. An
example of such simultaneous capture and detection of E. coli O157:H7 was shown
by Najafi et al. [62].

Surface plasmon resonance

SPR sensors utilize free electron oscillation at the interface of a metal surface with
dielectric constants of opposite charges during the coupling of excited light of a
specific wavelength. In 1982, this phenomenon was first implemented for gas detec-
tion and in biological sensors [63,64]; since then this technology has been extensively
used for the detection of chemical and biological analytes in a solution [65].

SPR nanosensors consist of an optical system and a transducing medium that
correlates the chemical (or biological) properties with optical outputs along with an
electronic database. In this sensor, the optoelectronic components allow the pro-
cessing of data through the transducing medium. These two components contribute
in determining the capabilities of this sensor, that is, sensor stability, sensitivity,
and resolution, and completely depend on the properties of the optical and trans-
ducing systems [66]. This sensor produces a surface wave that moves parallel to the
dielectric axis and the surface of the metal in between them while producing a field
strength that demonstrates evanescent characteristics. The strength reduces rapidly
as a function of distance from the surface, usually up to several hundred nan-
ometers. When the target analyte is captured by any biorecognition molecule like
antibodies, enzymes, or receptors, a change occurs in the reflection intensity, which
is then converted into the refractive index. Usually, SPR is treated as a label-free
detection system, as it does not require any distinguishing fluorophore or reagents
at the sample preparation phase [67]. However, for the specificity of the target
analyte, biorecognition molecules or antibodies are occasionally predeposited onto
the SPR surface.

This sensor has been used to detect damaged and live cells of L. mono-
cytogenes at 10° cell mL ™" using rabbit antibodies or phage displayed single-chain
fragment variable antibodies on a sensor platform that is covalently restrained [68].
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Detection of Salmonella enterica serovar Typhimurium, at a concentration of
10> CFU mL™! using protein G molecules immobilized with anti-Salmonella
antibodies on the gold surface, was studied [69]. SPR biosensors can also be used
effectively for the detection of Salmonella in milk at 1.25 x 10> CFU mL ™" con-
centration [70], enterotoxins from Staphylococcus [71,72], mycotoxins [73], and
E. coli O157:H7 [74-76].

10.2.1.4 Chemical nanosensors

These nanosensors involve a broad spectrum of transducing processes performed
optically, calorimetrically, gravimetrically, or in various other ways which trans-
form data acquired from chemical analytes (ranging from the concentration of a
single specific component to a mixed component) into a detectable signal. The
chemical selectivity and analytical performance of this nanosensors are dependent
on the transduction process and the coupling of chemical recognition elements with
the physical part of the sensor.

Nanomaterials like nanotubes or nanowires are compatible with the properties
of chemical nanosensors; hence, they are used as sensing components [77]. Elec-
trochemical-based nanosensors possess another standard technique by which
nanomaterial-based chemical sensors with application in food industries can be
extensively compared to colorimetric or fluorimetric methods, whereas the former
approach would be more useful for food matrices as the light absorption and scat-
tering from the various surface of the food can be avoided [78]. These nanosensors
mainly function by binding selective antibodies to conductive nanomaterials like
carbon nanotubes (CNTs) and then applying changes to the material conductivity as
soon as the target analyte binds to the antibodies [79]. Other electrochemical
systems based on nanomaterials includes an immunosensor, which is composed of
a CeO, nanoparticle and chitosan (partially or fully deacetylated chitin) nano-
composite to detect a vital foodborne fungal contaminant that is, ochratoxin-A. It
could also detect staphylococcal enterotoxin B using silicon nanowire transistor
[80] and Cholera-toxin using CNTs [81]. As analytes are not restricted to harmful
substances, a study revealed that CNTs-based electrochemical nanosensor in
microfluidic devices can be used to quantify vitamin content, antioxidant, and
flavor in vanilla beans and apples [82].

Apart from chemical analytes, nanomaterials also aid in the electrochemical
detection of microorganisms. A conductive TiO, nanowire coated with antibodies
has been developed for screening L. monocytogenes. This method was able to
detect about 4.7 x 10> CFU mL ™" of L. monocytogenes pathogen in almost 1 h
without any unusual interference from other foodborne pathogens. Change in
resistance or conductance across the circuits of these nanosensors has also been
done for the detection of Bacillus [83], Salmonella [84,85], E. coli [86,87] as well
as viruses [85].

10.2.2 Biosensors and biological nanosensors

The invention of biosensors has proved to be a promising tool in food safety,
medicine, environmental protection, and many other fields. The safety and quality
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of food have been the main concern for food technologists and environmental
scientists. Biosensors provide a rapid and efficient way to assess safety and quality
of food and related products [88]. Currently, industries need quick and economical
methods that enable development of products of best quality. High selectivity,
specificity, quick response, and cost affordability make biosensors as one of the
most efficient tools available to the food industry. A biosensor is defined as a
device integrated with a biological sensing element of receptor along with one or
more transducers capable of relaying selective or semiquantitative information to
an output device [88]. The integration of a diverse group of cross-disciplinary
expertise, such as biochemistry, physical science, molecular engineering, bio-
technology, and material sciences, enables the possibility of detecting changes at
nanolevel, makes biosensors the most versatile analytical tools ever used. In food
industries, a major area of biosensor use is in the detection of pathogens, pesticides,
and toxins present in various food samples and packaging materials. Traditional
methods of detection of contaminants include physiochemical and biochemical
tests that take days or weeks to yield results. However, the results often lack
sufficient selectivity and sensitivity with a significant investment of money and
time for preparation of samples. Biosensors with all its advantages of selectivity,
sensitivity, simplicity, low cost, and rapid processing time are found to be a great
nondestructive alternative approach. The method implemented in its construction
also allows its usage in determining the composition of raw and processed food
samples and on-line control of fermentation process. Biosensors are expected to
improve the quality of life in upcoming years.

Regarding the conceptual and fundamental mode of operation, there are three
components of a typical biosensor: bioreceptor/biorecognition element, transducer,
and detector. The main sensing elements of biosensors are enzymes, micro-
organisms, antibodies, biocatalysts, antigens, nucleic acids, whole cells, etc. [89].
The organic element acts together selectively with the target analytes (pathogens,
microorganism, pesticides, or toxins), providing the discriminatory power of the
sensors. Speed and selectivity of biorecognition elements are the most important
and crucial aspect of biosensors. Enzymes and antibodies are most widely used
biological recognition elements. The second key component is a transducer, which
converts the response resulting from the chemical interaction between bioanalyte
and bio receptor into an electrical signal. The name itself defines the ability to
convert one form of energy into another as the word “trans” means change and
“ducer” means energy. The transducers may convert biochemical energy into
electrical energy. Some of the interactions are temperature-dependent with heat
output or electrochemical reactions with the electronic output. Some other mode of
signal transduction may include, light output or light absorbance between reactant
and product which are based on the mass of the reactant, absorption or emission of
electromagnetic radiation, mass and micro-viscosity alteration of wave propaga-
tion, etc. [90]. The third component is the detector, which receives electrical energy
and processes it. The detector mainly consists of a microprocessor or other elec-
trical or optical processing tools. In many cases, the signal produced by the trans-
ducer is so weak that it cannot be detected by the processor. In that scenario,
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another component, an amplifier, can also be installed in the detector to amplify the
signal received for further improvements of processing of the signal [91]. The
specificity of the sensor for a specific target analyte is assured by biorecognition
elements; whereas, the accuracy and sensitivity is influenced by the type
of transducer employed. In addition to these separate components, a critical
structural feature of biosensors is governed by the conjugation chemistry to
immobilize the bio receptor on the sensor platform. Proper immobilization
is important to ensure the accuracy and speed of the biosensor. However, the
process is affected by temperature, pH, types of contaminants, and other
physiochemical changes [92].

10.2.3  Nanotechnology-based biosensors

In past decades, with the progress and successes in nanotechnology, most of the
nanomaterials and their properties have been studied extensively paving the way to
their applications for the development of biosensors [93]. The use of diverse groups
of nanomaterials, such as nanoparticles, nanorods, nanotubes, and nanowires, has
enabled faster detection with enhanced reproducibility of the target analytes. The
main advantage of nanomaterials is their dimension. Nanomaterials with their high
surface area allow more efficient and better use of the surface-to-volume ratio as
compared to other materials on a sensor platform. Nano biosensors are biosensors
that use nanomaterials as an integral part of their design.

10.2.3.1 Nanomaterials-based biosensors

Carbon nanotube

Nanotubes are long and narrow tubes that can be assayed onto a strong, stable, and
malleable honeycomb-like structure. Nanotube-based biosensors are popular for
their large surface area and ability to immobilize large numbers of biomolecules.
They usually have a tubular or porous membrane with very active mechanical,
electrical, chemical, and optical properties. Nanotubes can be reinforced into
composite structures with high fracture and thermal stability. Among nanotubes
made out of different materials, CNTs are the most popular and have a wide range
of applications [94,95]. They have applicability in many fields due to their graphite
structure, highly effective surface chemistry, electronic potential, and typical
nanostructure. The CNTs have various applications in biomedicine, food proces-
sing, chemistry, bioanalysis, and biosensing. For example, polymeric CNTs have
good mechanical properties and high electrical conductivities, which makes them
ultrasensitive and effective electrochemical sensor [96]. The interesting properties
of CNTs in electrochemical measurement are their abilities to provide large active
surface area at electrodes of relatively smaller magnitudes. The high rate of elec-
tron transmission and sorption capacity, and with their potential to be used as
effective electrode material for immobilization of substrate on the surface, makes
CNT as one of the most popular materials used in biosensors for detection of
pesticide and food analysis [97]. CNTs can be classified as single CNTs or multi
CNTs. Single CNTs have a single layer of graphite sheet enclosed in a cylindrical
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tube, whereas, multi CNTs consist of an array of single nanotubes nested in
a concentric manner [82,98]. They can be coupled with microchips as a novel
electrochemical material for analysis and detection of food additives, sugars,
flavors, vitamins, and isoflavones. These biosensors have the possibility to
supplement and even replace the old method of pesticide detection through a
simple, fast, and cost-effective method of enzymatic biosensors. Enzymatic bio-
sensors used to screen for carbamate pesticides through the enzymatic inhibition of
acetylcholinesterase and their substrate, acetylcholine. The carbamate inhibits the
catalytic activity through binding to the active stearic site of the enzyme and
blocking the serine residue in the catalytic triad of AChE by phosphorylation or
carbamylation. For detection of carbamate pesticide in food and vegetables, the
core—shell structure of CNTs has a compact layer of polyaniline, and detection
principle is based on immobilization of acetylcholinesterase on it is surface so that
it can be used to quantify methomyl and carbamyl in fruit and vegetable samples
through chronoamperometry [97,99].

Quantum dots

Food contaminants such as, added pesticides, and bacterial toxins (e.g., botulinum
toxin, enterotoxin produced by S. aureus, and E. coli) can be detected by the use of
water-soluble bi-conjugated QDs. The advantage of these aqueous synthesized QDs
includes photo stability for longer periods of time, broad absorption, stability, and a
very specific emission spectrum with very high compatibility. They can be com-
bined with various biomolecules to develop an integrated and hybrid form of
biosensors with the combination of unique optical and magnetic properties having
specific and sensitive detection capability. These characteristics make QDs an
attractive fluorescent probe for quantitative and qualitative analysis [100]. QDs can
be arranged in an assembly for detection of toxin compound (paraoxon) produced by
the organophosphorus insecticide parathion by covering it with layers of chitosan,
organophosphorus hydrolase, and thioglycolic acid. This detection regimen is based
on the principle of inhibition of acetylcholinesterase, resulting in the accumulation of
acetylcholine in cholinergic synapses. The unique ability of QDs makes it an
essential tool for bioanalysis and food safety [101].

Nanofibers

Nanofibers are electrospunfibers with diameters of around 100 nm. These nano-
fibers with large surface-to-volume ratios offer a great prospecting detection
scenario in which high porosity is required. A nanofiber converted into a porous
structure can be a dynamic source for detection in which pore size and shape can
be changed depending upon requirement [102]. Biosensors made from nanofibers
similar to nanofiber mats and arrays have the advantage of an extremely large
surface area, which increases the availability of immobilization sites for bio-
recognition elements in biosensors [103]. In addition to the physical properties,
the chemical characteristics of the sensor can be modified by blending with dif-
ferent polymers, nanocomposites made of organic or inorganic materials, or some
bioactive ingredients. Its novel properties can be utilized for sample preparation
and analyte detection.
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10.2.3.2 Other sensors utilizing nanoscale materials

Electronic nose

An electronic nose is a device that consists of groups of chemical sensors with a high
degree of electivity, sensitivity, and the ability to recognize and analyze simple and
complex odors arising from test samples. Ideally, this sensor can replace human
olfactory system [104]. The versatility of the electronic nose to recognize and dif-
ferentiate between different types of odor with accurate results makes it a very
popular tool in food, clinical, and biomedical industries. Electronic noses can be
defined as “an intelligent system of chemical-array sensors that mimic the human
olfactory system” [105]. The concept of the electronic nose has been introduced in
food for quality inspection, shelf life investigation, freshness evaluation, and process
monitoring [106]. The smaller aspect ratio structures of nanoparticles, nano spheres,
and nanocubes are typically used as a film for sensing element, whereas high aspect
ratio structures can be utilized as a single or in multiple films for fabrication of an
electronic nose [105]. Considerable work has been done to develop these sensors and
tested on food samples including fish, vegetables, meats, cheese, mushroom, wine,
etc. [104,105].

The fabrication of electronic nose devices for detection and discrimination
between food samples and odor consists of an array of broadly tuned sensors which
are treated with odor-sensitive biological or chemical materials [106]. The chemi-
cal sensors that are the key components of the system comprise of inorganic crys-
talline materials like semiconductors, organic materials, polymers, and biologically
derived materials. The sensing element depends on the type of analyte to be
detected. The odor stimulus generates a signal or fingerprint from the sensor array
(Figure 10.3). The signals are then captured by data acquisition system for pro-
cessing through a processor or computer software [107]. The control and data
acquisition system can be integrated into a single device called microcontroller.
Specific signals from known analyte are used to develop a database and a pattern
recognition system is created to enable classification, identification, and quantifi-
cation of the odor based on the data stored in the database [105]. The system is
produced to have long-term usage with repeatability and reproducibility [104]. The
implementation of nanotechnology in its construction offers the advantage of
simple operation, ease of fabrication, low cost, compatibility with microelectronics
processing, and low power consumption.

Electronic noses have several applications in food processing and quality assur-
ance of raw and manufactured food products. The determination of the quality of
harvested fruits and vegetables is an example in which electronic nose system is used.
One of the main concerns of the food industry currently is to monitor and control the
quality variation of fresh harvest fruits and vegetables [ 108]. Electronic noses have the
specificity and precision to differentiate between numerous types of fruits and to cal-
culate the extent of damage (such as spoilage) and the duration of storage [109]. The
measurement is done by aroma transformation, changes in defect caused by skin cuts
or over-ripening, changes in starch or sugar composition, etc. [ 108]. Application of the
electronic nose greatly depends on upon the type of sensor array used and gives an idea
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about the contribution of the sensor array in the analysis of food. Electronic noses
composed of quartz crystal microbalance coated by modified metal porphyrins and
related compounds can be used to understand the level of spoilage in red wine and
pulped tomato [110]. The spoilage in tomato pulp was detected by estimating the
amount of acetic acid present in it. Experiments show that the LOD of an electronic
nose is much lower than that of human sensory perceptions [111]. Therefore, these
devices may yield very sensitive results for fresh produce quality control. In the case of
red wine, spoilage can be detected by an alteration of aroma as a result of mixing with
the air. In this case, a correlation between sensor response with time and expected wine
taste is reported [112] which rendered it as a powerful tool for quick quality assessment
of food products. Moreover, electronic noses can be used as a nondestructive method
for altering the ripening process in fruits through a SnO-based chemical array sensor
and neural pattern recognition system. These systems sense the aromatic volatile
compounds emitted by fruits using the electronic olfactory system, which is capable of
classifying fruits into three different states of ripeness (green, ripe, and over-ripe) with
great accuracy [113,114].

Array sensors

Array-based sensors consisting of nanoparticles for detection of bacterial pathogens
have been developed by different groups to improve microbial diagnostics
[115-117]. In such sensing strategies, array of polymer constructs (such as
nanoparticle-fluorescent polymer) or (poly(para-phenylencethynylene)) with con-
jugated gold-nanoparticles (AuNP) were utilized for bacterial detection [116,117]. In
this sensor, arrays of analyte receptors conjugated with AuNPs are assembled as
“chemical noses” to discriminate and detect analytes based on their unique response
diagrams. The hydrophobic surfaces of bacteria are recognized by arrays consisting
of AuNPs (diameter 1.6 nm) functionalized with the polymer (poly-lysine), following
a complementary electrostatic interactions of AuNPs with live bacteria resulting in
the self-assembly of the arrays with captured bacterial cells [117].

Another “Array Biosensor” prototype was developed at the Naval Research
Laboratory (NRL) and is based on the total internal reflection fluorescence (TIRF)
(Figure 10.4). This biosensor utilizes the sandwich immunoassay format for ana-
lysis and detection [118,119]. In the process of TIRF, fluorophores that are either
attached to or in proximity to the surface of the waveguide are selectively excited
via an evanescent wave. The infiltration depth of the evanescent wave allows
measurement of the binding event on the surface of the waveguide without
significant interference with an excess of fluorophores, particulate, and other
compounds in the bulk fluid. Background contribution from endogenous fluor-
ophores is minimized with the more widespread use of fluorescent dyes, such as
CyS (far red fluorescent cyanine dye having excitation wavelength in between 633
and 647 nm), which are excited at much longer wavelength than naturally occurring
fluorophores [120]. Array biosensors have been utilized to detect and analyze
toxins, large pathogens, and bacteria from food samples [121]. Sandwich and
fluoroimmunoassay have been developed to identify low or high molecular weight
toxins in complex food samples [120]. NRL array biosensor was employed to
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Figure 10.4 Schematic of an array sensor. Physically isolated patterning
technique is used for printing the antibody sample on the waveguide
surface (made up of borosilicate glass slides). Flow cell (with
polydimethylsiloxane in its flow channels capable of molding and
forming 3D structures) is placed perpendicular to the columns
of the recognition antibodies so that assays could be analyzed
independently. A diode laser is directed toward the waveguide and its
excitation light gets coupled in the flow cell (by reflective cladding).
The fluorescence emission from the cell automatically focuses toward
the graded index (GRIN) lens which then passes through the optical
filter onto a Peltier-cooled charge-coupled device (CCD) imaging
array. Data are extracted from the image using appropriate software

interrogate up to 12 different samples for the presence of multiple contaminants
[120]. Among other major applications, the array sensors were utilized for detec-
tion of Shigella and Campylobacter at a very low concentration [118,121]. The
biosensor was also successfully employed in the detection of deoxynivalenol
(DON) (a mycotoxin produced by various Fusarium species), which is a common
contaminant of cereal grains, such as barley, corns, oats, and wheat. The traditional
method uses chromatography for its detection, but the method is time-consuming
and not appropriate for large-scale detection. Hence, the application of the array
biosensor increases the speed and eliminates highly complex method for quantifi-
cation and identification of DON. The analysis does not require any sample clean-up
and sample preconcentration; therefore, it minimizes the cost and time [119].

10.3 Concluding remarks

Nanotechnology has transformed the food safety diagnostics field. It has created
new possibilities to improve the resolution of sample preparation and downstream
by presenting innovative classes of materials with novel properties. The application
of nanoscience and nanosensors goes beyond microbial food safety and provide
various efficient applications to the broader food sector, including detection of crop
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pesticides, food quality, and food packaging. Conventional techniques can be very
inexpensive or deliver quantifiable information; however, they require time to yield
final results for the detection of microbial pathogens or allergens or other food
contaminants. Nanosensors offer a substitute to the traditional methods, allowing
multiple and rapid real-time analysis that are crucial for the detection of con-
taminants in food, especially in perishable items. The key requirements for any
sensors including, sensitivity, speed, and specificity are greatly improved in the
nanosensors owing to the size advantages. Moreover, the flexibility of creating
customizable nanostructures for specific sensing applications is very conducive for
agriculture and food safety applications, as the diagnostic needs in this sector vary
widely depending on the products. Nanosensors provide a technologically
advanced solution to detect food contaminants addressing a critical component of a
complex public health issue of food safety.
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Chapter 11

POC in biowarfare detection and defence
applications: an update

Petr Sklddal’

11.1 Introduction

Detection and identification of dangerous microbial and other biowarfare agents is a
challenging task. This includes the prevention and treatment of infectious diseases
due to possible bioterrorist attacks or other pandemic outbreaks that are current
threats for the society. The most dangerous pathogens were compiled by the Centers
for Disease Control (http://emergency.cdc.gov/agent/agentlist.asp). The list includes
bacteria as Bacillus anthracis (anthrax), Yersinia pestis (plague), Francisella tular-
ensis, Brucella spp., Burkholderia pseudomallei, the parasitic organism Coxiella
burnetii and most dangerous viruses such as Variola major (smallpox), Venezuelan
equine encephalitis virus, filoviruses (Marburg, Ebola) and haemorrhagic fever.
Selected toxins are botulotoxin, ricin and Staphylococcal enterotoxin B. The ‘less
dangerous’ microbial pathogens which might be present at common situations or
seasonally are Mycobacterium tuberculosis, Streptococcus pneumoniae, Neisseria
meningitidis and Legionella, influenza virus A (HIN1), bird influenza virus (HSN1),
Rubella, SARS, enteroviruses and rhinoviruses [1].

The on-site and near real-time bioanalytical procedures, applicable for the
point-of-care (POC), or perhaps more precisely, point-of-incidence, use will be
addressed here. Suitable procedures (polymerase chain reaction, PCR; enzyme-
linked immunosorbent assays, ELISA) and relevant devices become available;
however, slow operation, complicated portability and high running costs limit their
widespread use. The detection of bioagents is further complicated by only minor
differences between dangerous and commonly present microbial species. Numer-
ous types of biosensors are considered as well suited for this purpose [2—6].
The previous demand on detection of bioagents originated mainly from military,
however, civil rescue and security services, protection of public buildings as well as
homeland security represent the main current fields of interest. The increasing
activity of terrorist organisations transforms the potential danger of using biological
warfare agents (BWAs) into a real threat and portable, rapid and simple
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instrumentation based on immunoanalytical and nucleic acid assay principles is
widely supported [7-9].

For bacteria and viruses as bioagents, various types of immunochemical
devices are preferred for the early response and good sensitivity; the capability of
continuous monitoring is also a quite attractive advantage. The detection occurs on
the phenotype level, and no extraction of the genetic material from the bioagent is
required, which is the necessary case for methods based on PCR and general
detection of specific nucleic acid sequences. ELISA as a classic immunoanalytical
format inspired various types of immunosensors. Here, the optical [10] and elec-
trochemical [11] immunosensors will be addressed as the approach combining high
sensitivity, simple construction and portability of the sensing part with the excellent
specificity of antibodies and other affinity-based recognition systems.

11.2 Biodetection technologies

11.2.1 Paper and lateral-flow-based assays

Low-cost assays have broad applications in human health, diagnostics and food
safety inspection, environmental analysis and biodetection. These assays are
attractive for rural areas and developing countries, where financial resources and
high-level laboratories are limited. The assays function on the principle of sponta-
neous capillary flow of the applied sample drop through different zones of a porous
strip (Figure 11.1). The sample first dissolves the tracer — a conjugate of secondary
detection antibody with a label suitable for direct visual evaluation (gold or carbon
nanoparticle, chromophore, fluorophore and enzyme); immunoreaction starts and
the analyte forms immunocomplex with the tracer. Next, it becomes trapped in the
zone of capture antibody — this is the signal generation zone, the evaluated intensity
corresponds to the concentration of analyte. Furthermore, the remaining part of
tracer is bound in the control zone confirming correct function. For user con-
venience, the strip can be embedded in a suitable plastic folder with sample appli-
cation opening and the exposed evaluation zone. The multiplex LF version can be
also based on multicolour silver nanoparticles, and this expands the usefulness; it
was possible to distinguish dengue, yellow fever and Ebola viruses [12].

Paper-based microfluidic devices emerged as fully paper-based and hybrid
platforms [13]. Paper systems for viable pathogenic bacteria detection with the
naked eye employed isothermal amplification of the hlyA mRNA gene marker
from Listeria monocytogenes [14]. The amplicons were applied to the paper-based
platform to perform a visual evaluation using sandwich hybridisation assay.
The products migrated along the platform by capillary action, resulting in the gold
nanoparticles accumulating at the designated area. As little as 0.5 ng mL ™" geno-
mic RNA was detected, corresponding to 20 CFU mL ™" in food samples. However,
assay requires few hours to complete all steps.

11.2.2  Microfluidic and lab-on-chip concepts

Typically, microfluidic chips integrate miniaturised electronics and optical sensing
elements, fluid-handling components and, together with acquisition software,
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Figure 11.1 Immunostrip (lateral flow immunoassay). The strip consists of sample
application zone, in the following tracer zone the immunoreaction
starts — the analyte forms immunocomplex with the secondary
detection antibody (Ab), the labelled complex is bound in the
capture zone by the immobilised primary antibody. The remaining
part of the tracer becomes bound in the control zone verifying
correct function of the strip

provide a portable self-contained device. For example, pre-concentration was
enabled by photo polymerising a thin, nanoporous membrane with a molecular
weight (MW) cut-off of 10 kDa in the sample loading zone of the chip [15];
polymeric gels with larger pores were adjacent to the size exclusion membrane to
perform electrophoretic separation of the antibody—analyte complex and the
unbound excess antibody. Quantification of the bound and unbound forms
employed laser-induced fluorescence detection. With off-chip mixing and no
sample pre-concentration, the limits of detection (LOD) were 300 pM for Staphy-
lococcal enterotoxin B (SEB), 500 pM for Shiga toxin I, and 20 nM for ricin. With
a 10-min on-chip pre-concentration, the LOD for SEB was under 10 pM. Progress
in the lab-on-a-chip (LOC) systems for viral detection was recently reviewed [16].

The integrated microfluidic device for complex physiological matrices such as
blood was fabricated using SlipChip technologies; it integrated four channels
processing independent samples and identifying up to 20 pathogens. Briefly, dilu-
ted blood was directly injected, pathogens were extracted by dielectrophoresis,
retained in an array of grooves and identified by multiplex array PCR in nanolitre
volumes with end-point fluorescence detection [17]. The universality of the
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dielectrophoretic separation of pathogens from physiological fluids was evaluated
with a panel of clinical isolates; Pseudomonas aeruginosa, Staphylococcus aureus
and Escherichia coli O157:H7 were simultaneously identified within 3 h.

The pre-concentration task becomes important when trying to analyse liquid
samples containing microbe levels below thresholds of the assay procedure. A rapid
and portable agarose-based microfluidic device was developed to concentrate bio-
logical fluids [18]. The concentrator consisted of a glass slide covered by an agarose
layer forming a binary tree-shaped microchannel structure, in which pathogens were
concentrated at the end of the microchannel due to the capillary effect and the strong
water permeability of agarose. Escherichia coli (fluorescent strain OP50) demon-
strated 90 per cent recovery efficiency with a million-fold volume reduction from
0.4 mL down to 0.4 nL. For concentration of 1,000 bacterial cells mL ™", approxi-
mately 10 million-fold enrichment in cell density was realised with volume reduc-
tion from 0.1 mL to 1.6 pL. Urine and blood plasma samples were used to validate
the method. In conjugation with fluorescence immunoassay, it was applied to the
concentration and detection of infectious S. aureus in clinical samples.

LOC technology provides the ability to perform biological assays in resource-
poor areas. The concept integrates on the supporting chip various miniaturised
elements performing sample preparation operations typically carried out in analy-
tical laboratories (pre-concentration, extraction, clean-up, dilution, addition of
reagents and mixing); more sophisticated operations may include cell lysis,
extraction of nucleic acids, even PCR. Eventually, the (bio)sensing elements pro-
viding the response signal might be embedded, too.

The ELISA-LOC concept integrated fluid delivery and a miniature 96-well
plate, a simplified non-enzymatic reporter — a gold nanoparticle—antibody conjugate
[19]. For higher visual signal, silver enhancement and carbon nanotubes were used.
The device was tested for detection of SEB using three detection modes, visual,
camera and document scanner; the resulting LODs were 0.5, 0.1 and 0.5 ng mL ™.

The Lab-on-Disk system belongs to rotating CD-ROM like platforms [20]. It
was employed for detection of Bacillus atrophaeus subsp. globigii spores. The
complete assay comprised cellular lysis, PCR amplification, amplicon digestion
and microarray hybridisation on a plastic support. The fluidic robustness and
operating efficiency resulted from optimisation of microfluidic tools enabling
beneficial implementation of capillary valves and accurate control of timing pro-
cedures. Thermoplastic elastomer (TPE) was selected as the material for CD fab-
rication and assembly, allowing both high quality hot-embossing and injection
moulding manufacturing processes; in this way, the gap between proof-of-concept
and final device can be overcome within a reasonably short time. Furthermore, the
low-temperature operations and pressure-free assembly and bonding properties of
TPE material ensured simple and efficient loading and storage of reagents and other
on-board components.

Lithographically fabricated micron-scale forms of cubic retroreflectors served
as reporter labels for use in sensitive immunoassays [21]. Retroreflector cubes as
labels are first mixed with the sample, then the cubes are allowed to settle onto an
immuno-capture surface, followed by inversion for gravity-driven removal of
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non-specifically bound cubes. Cubes bridged to the capture surface by the microbe
are detected using inexpensive low-numerical aperture optics. For model bacterial
and viral pathogens, sensitivity in 10 times diluted human serum was 10* bacterial
cells mL ™" and 10 virus particles mL™".

Conveniently, widespread and cheap personal glucometers are transformed for
other unique purposes, including detection of microbial pathogens. The glucoa-
mylase-quarternised magnetic nanoparticle conjugates were disrupted by the
competitive multivalent interactions with pathogenic bacteria, resulting in the
release of glucoamylase, magnetic separation and catalysed hydrolysis of amylose
into glucose [22]. LOD down to 20 cells mL ™' was achieved.

11.2.3 Electrochemical biosensors

Electrochemical immunosensors combine high sensitivity of electrochemical
methods, simple and miniature construction of the required instrumentation with
excellent specificity of antibodies as recognition elements for biosensing. Electro-
chemical technology is also suitable for measurement of nucleic acids extracted
from the target microbes. The principles of electrochemical immunosensors are
well known [23] and their potential for detection of pathogens was realised as well
[24,25]. The comprehensive review summarising commercially available bio-
sensors focused on pathogens and biothreat agents [26]. Recent advances in this
field were summarised and discussed in reference [11].

Generally, the electrochemical measuring system is highly sensitive and quite
cheap. Progress in electronics allows miniaturising the whole detector to a single-
chip format; the embedded digitally controlled potentiostat LMP91000 (Texas
Instruments) is programmed through serial interface (12C) and consumes minimum
power. Potentiometric techniques can be realised with most digital multimeters.
Even the advanced pulsed, voltammetric and galvanostatic techniques are available
as hand-held instruments from several companies: PalmSens and EmStat from
PalmInstruments, uStat from DropSens, PG581 from Uniscan Instruments,
910 PSTAT mini from Metrohm, as well as other prototypes designed directly in
laboratories. As the measuring element, the screen-printed electrodes (SPE) are
widely applied due to easy and reproducible fabrication at both laboratory and mass
production scales. The low production costs allow single use of the resulting
immunosensors; thus, no complicated regeneration procedures are required. The
measuring formats are either indirect with suitable enzyme labels (horse radish
peroxidase, alkaline phosphatase) generating electrochemically measurable pro-
ducts (Figure 11.2(a)). Simplified direct formats (Figure 11.2(b)) usually employ
electrochemical impedance spectroscopy in which formation of immunocomplex
blocks the sensing surface towards access of a redox probe (e.g. ferricyanide,
ferrocene and ruthenium complexes).

11.2.4 DNA analysis on chips

The need for diagnostic tests focused on nucleic acid was stimulated by the avail-
able information on hereditary genetic diseases following completion of the Human
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Figure 11.2 Concepts of label-based ((a) enzyme label generates product
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capture of the microbe; a blocked access of probe to the surface
helps to indicate formation of the immunocomplex) immunosensor
assays for microbes

Genome Project, presence of new rapidly spreading viral threats (SARS and Ebola
outbreaks) or microorganisms considered for biological warfare [27]. Rapid diag-
noses of specific nucleic acid sequence are required, new strategies have to be
developed, including compact bioanalytical systems as biosensors.

Significant effort was devoted to the miniaturisation of PCR into a
portable or even on-chip systems. An integrated biochip device consisted of
microfluidic mixers, valves, pumps, channels, chambers, heaters and DNA
microarray sensors [28]. Sample preparation (magnetic bead-based cell capture,
cell pre-concentration, purification and lysis), PCR, hybridisation of amplicons
with probes and eventual electrochemical detection were performed in a fully
automated mode. Cavitations based micro-streaming enhanced capture and
accelerated the DNA hybridisation step. Thermally actuated paraffin micro-
valves regulated flows. Electrochemical and thermo-pneumatic pumps on the
chip moved liquid solutions. The device was completely self-contained, thus
eliminating sample contamination and simplifying device operation. Pathogenic
bacteria detection was successfully demonstrated.

The multiplex asymmetric PCR was able to detect several target organisms
simultaneously; however, optimisations of primer concentrations and staggered
additions of primers are required for equal amplification of multiplex genes. To
overcome this shortcoming, a novel method based on multiplex asymmetric PCR
and paper-based nucleic acid diagnostics was proposed [29]. A universal primer
was introduced to break the bottlenecks of poor sensitivity and self-inhibition
among different sets of primers. Amplification using the multiplex asymmetric
PCR boosted the quantity of single-stranded amplicons containing the same
sequence at the 5’ end. In this way, only one gold nanoparticle-based signal probe
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was needed for simultaneous detection of three genes with the naked eye, providing
LOD of 1 ng mL™" of genomic DNA.

A multi-pathogen analysis array was fabricated through immobilizing three
specific polyT-capture probes for rfbE gene (E. coli O157:H7), invA gene
(Salmonella enterica), inlA gene (L. monocytogenes) on the plastic substrates [30].
After PCR amplification, biotin labelling and capture of the target, the biotinylated
target DNA was stained with avidin-peroxidase conjugate and biotinylated anti-
HRP antibody for amplification of the signal through multiple binding cycles; the
pathogens from food samples were detected as colour change with naked eyes.
LODs were around five copies of the target DNA.

Loop-mediated isothermal amplification (LAMP) is alternative to the common
PCR. DNA-paramagnetic silica bead aggregation in a rotating magnetic field
facilitates the quantification of DNA with femtogram sensitivity; an original
aggregation inhibition for the detection of specific sequences was developed [31].
The fragments generated via LAMP are able to passivate the bead surface and
effectively inhibit bead aggregation by longer ‘trigger’ DNA. Aggregation inhibi-
tion served for the detection of bacterial and viral pathogens with sensitivity close
to single copies of the target, successful tests were done for food-borne E. coli
O157:H7 and S. enterica, as well as Rift Valley fever virus, a bioweapon con-
sidered virus of national security concern.

LAMP coupled to the electrochemical measurement (methylene blue as label)
was integrated on a laser etched indium tin oxide multiplex microfluidic chip [32].
Three bacteria — M. tuberculosis, Haemophilus influenza and Klebsiella pneumonia
were detected at LODs equal to 28, 17 and 16 copies mL ™", respectively. The assay
was finished in 45 min.

Integrated electrochemical sensors offer a particularly promising solution to
genetic detection because they do not require optical instrumentation and are
compatible with both integrated circuit and microfluidics. The development of
generally applicable microfluidic electrochemical platforms integrating sample
treatment and amplification (both PCR and LAMP were tested) as well as quanti-
tative and multiplexed detection remains a challenging and not yet completely
solved technical issue. The E-DNA platform for specific nucleic acid sequences
detection employs label-free single-step electrochemical sensors [33]. The elec-
trode-bound redox-reporter-modified DNA ‘probe’ generates a change of current
after undergoing a hybridisation-induced conformational change.

LAMP was also coupled to roll-to-roll ribbon fluid-handling device for elec-
trochemical (osmium complex) real-time bacteria detection, LODs were 30 CFU
mL ™" of E. coli and 200 CFU mL ™" of S. aureus [34]. Strand exchange nucleic acid
circuitry was used to transduce LAMP products into signals readable on an off-the-
shelf glucometer. Combining LAMP method with a thermostable invertase, direct
transduction of Middle-East respiratory syndrome coronavirus and Zaire Ebola
virus (cell lysates and templates) into glucose signals was achieved [35]; sensitivity
was 20100 copies uL~'; an OR gate that coordinated triggering on viral amplicons
further guaranteed fail-safe virus detection.
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11.2.5 Smartphones for analysis

POC devices need to combine adequate sensitivity with low cost of production and
operational simplicity and speed. In this context, smartphones can provide sub-
stantial simplification of design and construction by providing the compact control
microcomputer with suitable communication tools (Bluetooth for local links,
wireless Wi-Fi and digital cellular networks for internet links) and also transduction
option — the camera module. In addition, the internal battery can provide power for
the sensing module, if the requirements are reasonable, and the display serves as
graphic user interface for the control and presentation of results. Recently, also the
options for sending data (e.g. images) to the central server for storage, proper
chemometric treatment and returning back as the ‘simplified’ results, becomes
attractive. A hand-held phone-based colorimetric micro-plate reader used a 3D-
printed opto-mechanical attachment to hold and illuminate a 96-well plate using a
light emitting diode (LED) array. This light is transmitted through each well, col-
lected via 96 optical fibres and images of this fibre-bundle are transmitted to ser-
vers for processing using a machine learning algorithm; results are delivered to the
user within 1 min and visualised on the display [36].

For detection of viruses, a cradle unit with disposable sensing cartridge, a tiny
magnetic stirrer and a few passive optical components was designed [37]. The
detection principle was the ‘Reflective Phantom’, measurement of the intensity of
light reflected by the amorphous fluoropolymer substrate with various antibody
spots. The reflectivity of spots was monitored by the camera using the embedded
flash LED for illumination. Immunoglobulins and antigens used as markers for
hepatitis B and HIV were detected at few ng mL ™', using the rate of increase of the
signal after the addition of the sample in comparison with the subsequent addition
of standard. The D3 (digital diffraction & diagnosis) system used microbeads to
generate unique diffraction patterns, this was acquired by smartphone and pro-
cessed by a remote server. Detection of human papillomavirus (HPV) DNA was
completed in 45 min [38].

The smartphone camera served also as a spectrometer for a label-free photonic
crystal biosensor. A custom cradle provided fixed alignment with optical compo-
nents required for accurate and repeatable measurements of resonant wavelength
shifts [39]. External broadband light passed through entrance pinhole, it was colli-
mated and linearly polarised before passing through the biosensor, which reflects
only a narrow band of wavelengths at resonance. A diffraction grating spreads the
remaining wavelengths over a camera resulting in a high resolution transmission
spectrum. The exchangeable biosensing element was made on a plastic substrate
attached to glass slide. The resonant wavelength was measured with 0.009 nm
accuracy.

Even the acoustic part of smartphones might be useful; lysis of Mycobacterium
marinum and Staphylococcus epidermidis bacteria utilised a portable audio device
coupled with a simple electromagnetic coil [40]. The resulting alternating magnetic
field rotated a magnet in a tube with the sample and glass beads, lysing the bacterial
cells before further processing.
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11.2.6 Surface plasmon resonance based approaches

The surface plasmon resonance (SPR) system as desktop devices exist for nearly
three decades, Biacore variants being most popular among life scientists. Minia-
turised SPR system was once represented by Spreeta. The palm-sized, battery-
operated biodetection based on localised SPR modified the classic construction [41].
The spectrum analyser was replaced by four pulsed light-emitting diodes with
different emission spectra. The reflected light beams from all LEDs were detected
by a single photodiode, in which the composite output was demultiplexed by a
four-channel lock-in amplifier.

Printable multianalyte biochips should enable simultaneous quantitative
detection of multiple biomarkers in POC and resource-limited settings. However,
preserving the functionality of biomolecules during conventional printing remains
challenging. As alternative, plasmonic calligraphy involved a regular ballpoint pen
filled with functionalised gold nanorods as plasmonic ink for creating individual
test domains (sized 5 mm?) on paper. The achieved sensitivity was significantly
better than in the case of bioplasmonic paper fabricated using complete immersion
procedures [42].

Plasmonic microarray coupled with a lens-free computational imaging allowed
multiplexed and high-throughput screening in a compact format (60 g, 7.5 cm tall);
the diffraction patterns of plasmonic nanostructures were uniformly illuminated by
a single LED tuned to the plasmonic mode of the nanoapertures [43]. An iterative
phase retrieval-based image reconstruction method offered digital imaging of a
highly multiplexed array suitable for high-throughput in field settings. A wide
working range from 10° to 10° viral particles mL ™' was achieved with optimised
fluidic system [44].

11.2.7 Bioaerosols

So far, it was expected that microbes are detected in typical clinical samples,
which are based on body liquids. However, when detecting microbes in the form
of bioaerosol, the microorganisms from litres of air need to be concentrated into a
small volume of water for subsequent ‘common’ analysis. This is a typical
situation for misused pathogens as bioweapons; on the other hand, such mon-
itoring becomes very important for hospital settings and even large public spaces
(airports, underground networks, transportation transfer stations). Microbes are
spread as individual cells and spores, in the form of microdroplets, or adsorbed on
dust or other particles [45]. The levels of pathogens which should be reliably
detected are derived from the infectious dose of B. anthracis (around 100 spores)
and the air volume of 1 m® per one person in public space; at the same time, the
natural background of non-pathogenic microbes can achieve up to 17,000
spores m  (general schools) [46]. At such situation, the purely physical detection
should be replaced (or supplemented) by approaches relaying on biospecific
recognition.
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Figure 11.3 Schema of combination of the cyclone air sampler SASS 2300
(left, consisting of air-pumping fan, cyclone unit, liquid sample
container and two peristaltic pumps) with the electrochemical
detector ImmunoSMART (four peristaltic pumps and digitally
controlled potentiostat) for measurements with immunosensors.
The fluidic system consists of two linker elements, the first one is
merging the sample from the cyclone with the buffer path from the
immunodetector; the sample is delayed in the holding coil and
passes through the second linker (mixing with other reagents) to
the flow-through cell containing the immunosensor. The serial
interfaces of both instruments are converted into the TCP-IP
network and routed to the external computer located outside the
chamber. The thick arrow indicates flow of air in the cyclone,
thinner lines corresponds to the fluidics and dashed lines are
communication paths

For capture of microbes, filtration of the analysed air is the simplest option; the
captured microbes are evaluated afterwards. More complex samplers suitable for
near-online monitoring include cyclones, impactors and electrostatic precipitators;
a comprehensive review on such combined devices consisting of the air sampling
and sensing components is available [47]. In our laboratory, the cyclone-based
sampler SASS-2300 (Research International) was successfully used together with
either electrochemical [48] or piezoelectric [49] immunosensors. The integrated air
sampling/electrochemical immunosensing system allows stand-alone remotely
controlled operation (Figure 11.3). This is critical for the testing phase, when
experiments are carried out in aerosol chambers and field trials. In both situations,
the operators are away from the actual measuring place. Similar conditions will
exist also in real application situations.
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Figure 11.4 Testing of the biosensor system for detection of microbes in air. The
main graph shows independent monitoring of viable cells in the air
inside the aerosol chamber (data from slit samplers with rotating
agar plates). The dissemination of Escherichia coli cells and cyclone
sampling intervals are marked. The inserted signal traces from the
immunodetector are the current in time plots corresponding to the
enzyme reaction of peroxidase used as a label. The upper trace
represents control blank signal in the absence of E. coli, the lower
trace indicates positive detection of microbes

Typical result from model air analysis using such system — detection of E. coli
in the bioaerosol generated inside experimental chamber — is shown in Figure 11.4.
The microbe was disseminated in air from water suspension using nebuliser, the
concentration profile (in colony forming units per litre of air) was generated using
an array of sequentially triggered slit samplers with rotating agar plates. The cyclone
was conducting repeated 5-min sampling, the captured microbes were measured
with the sandwich immunosensor based on an SPE. The amperometric responses
for disseminated microbe and control indicated that less than 100 CFU L™ air are
detectable in around 15 min.

Even such complex system can become miniaturised; a microfluidic lab-on-
chip was also coupled to an electrostatic precipitator, in which corona charging and
electrophoretic transport served to capture aerosol droplets onto the chip [50]. The
fabrication of an electrostatic precipitator prototype exhibited collection effi-
ciencies comparable to Biosampler impinger, with the significant advantage of
providing samples that are at least 10 times more concentrated. The device has also
a high potential for POC breath-based diagnostics.
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11.3 Target microbes and other bioagents

The initial symptoms after infection from BWAs are difficult to distinguish from
symptoms of infections associated with rather benign or common biological
organisms. In the last two decades, the expansion of biosensor technologies for
detection and identification of chemical and biological agents started. The fol-
lowing part will summarise the current achievements for detection of different
microbes and toxins in situations corresponding to the POC analysis.

11.3.1 Bacteria

Recent literature is mostly focused on detection of bacterial pathogens associated
with various health problems. The transfer from prototype and laboratory devices
towards extensive and critical evaluations on real patients is clearly evident. The
independent comparison of performance of novel as well as standard assay proce-
dures is highly valuable.

Urinary tract infections (UTIs) are commonly caused by E. coli and other
G-uropathogens. RapidBac — a rapid immunoassay for bacteriuria (Silver Lake
Research Corp.) was compared with standard culture using 966 clean-catch urine
specimens [51]. RapidBac provided a positive or negative result within 20 min, and
it identified as positive 245/285 (sensitivity 86 per cent, specificity 94 per cent)
samples with significant bacteriuria (presence of G-uropathogen or Staphylococcus
saprophyticus) above 1,000 CFU mL~". The sensitivities for G-microbes at 10* and
10° CFU mL ™" were 96 per cent and 99 per cent, respectively. The RapidBac test
may be effective as an aid in POC diagnosis of UTIs in emergency and primary
care settings.

The mariPOC system for rapid detection of respiratory tract infections was
compared with bacterial culture for detecting group A Streptococcus (GAS) in 219
pharyngitis patients and 109 healthy controls [52]. In addition, 42 patient samples
were analysed by qPCR. Of the 219 patient samples, 32 were positive in a GAS
bacterial culture (prevalence, 15 per cent) and 65 (30 per cent) in the mariPOC test.
The amount of GAS in samples, reported positive by the mariPOC test and negative
by culture was, on average, 10-fold less than that of those positive in both methods.
This indicated that the negative results in cultures were due to lower sensitivity.
The qPCR results were positive and in line with the mariPOC results in 43 per cent
of the discordant samples. Two GAS culture-positive samples were negative by the
mariPOC test. In conclusion, the mariPOC antigen test was more sensitive than the
conventional culture for the detection of GAS among symptomatic patients.

Centrifugal microfluidic LabDisk with pre-stored reagents featured fully auto-
mated and integrated DNA extraction, consensus multiplex PCR preamplification
and geometrically multiplexed species-specific real-time PCR [53]. Processing
requires loading of the sample and DNA extraction reagents with minimal hands-on
time of approx. 5 min. Detection sensitivity was very good, LODs were 15 CFU
mL ™" of Staphylococcus warneri, 1,000 CFU mL™" of Streptococcus agalactiae,
25 CFU mL ™" of E. coli and 10 CFU mL ™" of Haemophilus influenzae in serum.
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The time of the complete analysis from was below 4 h. The advantage is easy-to-use
diagnostic platform for relatively rapid (compared to classic culture) and highly
sensitive detection of bacterial pathogens, without long hands-on time and complex
instrumentation.

Microarray-based LOC was able to detect above 1,000 CFU mL~' of
S. pneumoniae in blood samples [54]. All individual working steps as well as the
overall procedure were properly analysed and optimised and a control strategy was
proposed according to recommendations of the US Food and Drug Administration
agency.

Immunochromatographic nitrocellulose test strips with smartphone fluores-
cence readout were used in the detection of foodborne pathogens Salmonella spp.
and E. coli O157 [55]. Silica nanoparticles doped with fluoresceine isothiocyanate
(FITC) and Ru(bpy) were conjugated to antibodies and used in a lateral flow
immunoassay. Fluorescence was read in a smartphone-based fluorimeter light
weight (40 g) optical module, containing LED light source, filters and lens. The
images were processed in the phone and provided results within few minutes,
and LOD was 10° CFU mL ™" without pre-enrichment. The reported LOD appeared
10-times better compared to alternative labels — gold nanoparticles.

Clostridium difficile is the primary cause of antibiotic associated diarrhoea in
humans and is a significant cause of morbidity and mortality, its rapid and accurate
identification in clinical samples such as faeces is a key step in reducing the
devastating impact. A rapid assay based on microwave-accelerated metal-enhanced
fluorescence was capable of detecting the presence of 10 bacteria in unprocessed
human faeces within 40 s [56].

11.3.2 Viruses

Each year, outbreaks of viral infections cause illness, disability, death and economic
loss. As learned from past incidents, the detrimental impact grows exponentially
without effective quarantine. Therefore, rapid on-site detection and analysis are highly
desired. Furthermore, for high-risk areas of viral contamination, close monitoring
should be provided during the potential disease incubation period [16]. The critical
factors in ensuring success of viral diagnostic at POC were reviewed [57] with a focus
on infrastructure and workflow limitations in clinical settings in both the developed
and developing parts of world. Requirements include being low cost, easy-to-use,
accurate and adapted for the intended laboratory and healthcare environment;
furthermore, information that appropriately directs clinical treatment decisions
should be provided. The challenges and implications of linking diagnostics to
clinical decision-making at POC were demonstrated on three examples: respiratory
viruses in the developed world, differential fever diagnosis in the developing
world and HPV detection in resource-limited settings.

The technologies used to produce POC viral diagnostics range from highly
sophisticated to commonly available resources. The laser cutter served to prepare
microchip support using transparency sheet and template for electrodes using
masking paper [58]. After deposition of silver ink and baking, the fluidics was
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completed by a piece of double-sided adhesive. The assay employed streptavidin-
modified magnetic beads for attachment of biotinylated specific antibodies, the
incubation with samples (plasma, saliva) continued for 30 min. After separation
and lysis, the lysate was introduced to the microchip and change of capacitance was
obtained using LCR meter. The working range was from 100 to 10° copies mL ™"
and the system was used for detection of several HIV subtypes, Epstein-Barr virus
and sarcoma-associated herpes virus.

Human enterovirus 71 (EV71) causes hand, foot and mouth disease, which
generally leads to neurological diseases and fatal complications among children. As
the early clinical symptoms are similar to Coxsackie-virus B3 (CVB3) infection, a
robust and sensitive detection method that can be used to distinguish EV71 and
CVB3 is urgently needed for prompting medical treatment. Immunomagnetic
nanobeads and fluorescent semiconductor CdSe quantum dots (QDs) were combined
for simultaneous POC detection of EV71 and CVB3 [59]. The detection of EV71
and CVB3 virions was completed within 45 min with LODs around 1,800 copies
mL ™. Validation on 20 human throat swabs obtained from EV71 or CVB3 positive
cases resulted in 93.3 per cent consistency with those by the real-time PCR method,
demonstrating the potential of this method for clinical quantification of EV71 and
CVB3. The method may also facilitated the prevention and treatment of the diseases.

The progressive spread of the dengue virus and its rising incidence require
rapid diagnosis suitable for developing countries in temperate climates. Recent
advances in bioelectronics, micro- and nanofabrication technologies focused on
POC devices and analytical platforms suited for rapid detection of infections were
reviewed [60]. Starting from the available tests for dengue diagnosis, emerging
rapid micro/nanotechnologies-based tools including label-free, biosensor methods,
microarray and microfluidic platforms were examined.

The R-Biopharm RIDA (R) QUICK immunochromatography assay for nor-
ovirus detection was examined using faecal material from Australian gastroenteritis
incidents. The study involved the analysis of three groups of specimens, including
norovirus open reading frame (ORF) 1 RT-PCR positive specimens, ORF 1 nor-
ovirus negative specimens and specimens containing common gastroenteritis
viruses other than norovirus. The RIDA QUICK (N1402) assay detected norovirus
and had an overall sensitivity of 87 per cent [61].

11.3.2.1 Influenza viruses

Respiratory viruses are responsible for a large proportion of acute, respiratory ill-
ness in adults as well as children and are associated with a huge socio-economic
burden worldwide. Accurate molecular platforms are now able to test for a com-
prehensive range of viruses, can be operated by non-laboratory staff and generate a
result in approximately 1 h. The potential clinical benefits include a reduction in
unnecessary antibiotic use, improved antiviral prescribing for influenza and ratio-
nalisation of isolation facilities [62]. The mariPOC assay allowed automated
detection of eight respiratory viruses:, influenza A and B viruses, syncytial virus,
adenovirus, human metapneumovirus and parainfluenza viruses 1-3 [63]. Positive
results from samples with high viral load were available in 20 min. Sensitivity,
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specificity, positive predictive value and negative predictive values were 85.4 per
cent, 99.2 per cent, 95.9 per cent and 97 per cent, respectively, and 84.6 per cent of
positive results were obtained in 20 min.

11.3.2.2 Ebola

For Ebola virus disease (EVD), reverse transcription PCR technology is currently
the standard; mobile rapid diagnostics were, and still are, not readily available for
immediate and definitive diagnosis, a stunning strategic flaw that needs correcting
worldwide [64]. The lack of laboratory facilities resulted in diagnostic complica-
tions during the West African EV outbreak in 2013 to 2015, thus compromising
outbreak control; 27,748 confirmed, probable and suspected cases were reported by
29 July 2015. Owing to limited laboratory capacity and local transport infra-
structure, the delays from sample collection to test results have often been two days
or more [65]. The review summarised Ebola rapid diagnostic tests approved by the
World Health Organisation and those currently in development. Such rapid diag-
nostic tests could allow early triaging of patients, thereby reducing the transmis-
sion. Despite the lower test accuracy, rapid diagnosis may be beneficial because of
the reduced time spent by uninfected individuals in health-care settings in which
they may be at increased risk of infection; this also frees up hospital beds. Based on
modelling, it was estimated that if such tests had been available throughout the
epidemic, their use in combination with confirmatory PCR might have reduced the
scale of the epidemic by over a third for Sierra Leone.

The diagnostic accuracy of the EV bedside rapid diagnostic antigen test based
on lateral flow assay (RDT, developed in UK Defence Science and Technology
Laboratory) was compared with PCR for diagnosis of suspected cases admitted to
Ebola holding units [66]. One hundred thirty-eight participants were enrolled, EVD
prevalence was 11.5 per cent; all EVD cases were identified by a positive RDT
result giving a sensitivity of 100 per cent; the corresponding specificity was 96.6
per cent. This suggests that RDT could be used as a ‘rule-out’ screening test for
rapid EVD case identification.

Surface acoustic wave (SAW) immunosensors rapidly detected Ebola antigens
from fragmented Ebola viral particles with LOD corresponding to 1.9 x 10*
PFU mL ™", which was below the average level of viraemia detected on the first day
of symptoms by PCR [67]. The SAW system was easily portable and operated on
common AA batteries.

11.3.2.3 Hepatitis viruses

Hepatitis B virus infection is one of the major causes of hepatitis, liver cirrhosis and
liver cancer. Luminescent QD beads in the sandwich immunochromatographic assay
served for detection of hepatitis B virus surface antigen (HBsAg) in serum [68]. The
sensor achieved LOD of 75 pg mL ™', which is much better than that of the routinely
used gold nanoparticle based assay. In addition, the quantitative method developed
showed no false positive results in an analysis of 49 real HBsAg-negative serum
samples and exhibited excellent agreement with a commercial chemiluminescence
immunoassay kit in identifying 47 HBsAg-positive serum samples.
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Hepatitis C virus (HCV) infection has emerged as one of the most significant
causes of chronic liver disease worldwide with an estimated prevalence ranging
from 2.2 to 3.0 per cent. Considering that acute HCV infections are usually
asymptomatic, early diagnosis is rare. Thus, new initiatives are needed to identify
patients with chronic viral hepatitis and to propose controls and antiviral treatments
to avoid the progression. The San Raffacle Scientific Institute in Milan realised a
prevention program using the oral OraQuick HCV rapid antibody test (OraSure
technologies); from January 2011 to April 2014, 29,600 subjects were approached
and 4,507 volunteers agreed to perform this HCV tests [69]. Twenty-seven subjects
(0.6 per cent of the total) turned HCV oral test reactive, confirmed by a conventional
test. All 27 patients were asymptomatic and without a history of HCV symptoms.
The results from this analysis suggest that the promotion of alternative HCV test
screening has not yet been fully developed as a strategy. The recent introduction of
rapid oral HCV antibody test could completely change the HCV diagnosis approach
by facilitating the possibility of testing millions of people worldwide.

11.3.2.4 Human immunodeficiency virus

The need to screen sub-populations for several sexually transmitted and blood-
borne infections including HIV simultaneously with multiplex POC platforms was
considered [70]. This seems to be encouraging and promising approach; many
factors need to be considered before implementation, integration and uptake of
these technologies across global settings. Careful planning and investments in
training health care professionals, improving test and treat algorithms, rapid pro-
tocols on communicating results to providers and timely action will bring about the
desired impact in patient’s lives and public health and social impact.

11.3.3 Toxins

Botulinum neurotoxin type E (BoNT/E) was detected using its protease activity [71].
It cleaves a peptide bond between two specific amino acid residues. The method is
based on a two-step proteolytic cleavage using a target BoNT/E, light chain (BoNT/
E-LC) and supplemented exopeptidase L-leucine-aminopeptidase (LAP). BoNT/
E-LC cleaves a peptide bond between arginine and isoleucine in the IDTQNRQI-
DRI-4-amino-1-naphthol conjugate (oligopeptide-AN) to generate isoleucine-AN.
Subsequently, LAP cleaves a bond between isoleucine and AN to free electroactive
AN species. The AN participates in electrochemical-chemical-chemical (ECC)
redox cycling with [Ru(NH;)s]*", which allows a high signal amplification on
indium tin oxide electrodes. BONT/E-LC could be detected at 2.0 pg mL ™", 0.2 and
3 ng mL~" after 4 h, 2 h and 15 min pre-incubation steps, respectively.

11.3.4 Antimicrobial antibodies

Instead of detecting very low levels of the primary microbes responsible for the
disease, the levels of the corresponding antimicrobe antibodies might be assessed
with sufficient sensitivity prior to any manifestation of clinical symptoms [72].
Lateral flow immunochromatographic assay (LFIA) relied on the gold magnetic
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nanoparticles conjugated with anti-human IgM antibody for the detection of
immunoglobulin M antibodies related to toxoplasmosis, Rubella virus (German
Measles), Cytomegalovirus and Herpes simplex virus infections [73]. The corre-
sponding antigens were immobilised on the LFIA surface. Capture was based on
gold magnetic nanoparticles. Following modification with poly(methacrylic acid),
the gold magnetic nanoparticles conjugated with an anti-human IgM antibody
(u-chain specific) to construct a probe. The LFIA strips were used to assess 41
seropositive and 121 seronegative serum samples, providing 100 per cent sensi-
tivity and specificity as well.

11.4 Conclusion

The progress from recent few years of the immunochemical and nucleic acid sen-
sing devices used or planned for detection of microbial agents in POC situations
was briefly summarised. At present, two types of assays are in focus.

The heterogeneous sandwich immunoassay is robust and reliable, sensitivity is
provided by enzyme or other types of labels generating measurable or directly
visible products. Complications include several incubations and the required
washing steps, though microfluidic and lab-on-chip concepts help to realise such
steps without manual workload. As straightforward alternative, the direct assay
formats employ different strategies how to evaluate capture of the target (microbes
for immunoassays, DNA for nucleic acid sensing) without any label. This area
seems very promising, as novel surface preparation techniques, use of nano-
technologies (nano-particles/wires/tubes) resulted in very sophisticated devices and
assay formats potentially exhibiting excellent analytical parameters.

However, the proof of reliable performance in real life should be addressed
more intensively. The transfer of the detector system from laboratory to the real
world usually demonstrates several more or less significant problems which asso-
ciated together make function of the detector rather unreliable. However, the
experience gained during this phase of testing from purely research approaches to
practical evaluations under unpredictable conditions is invaluable and helps to
correct weak parts of the biosensor.

Finally, the conclusion whether the target bioagent was detected or not, is
presently carried out by the user looking on the measured trace of signals. Such
evaluation and decision-making should be implemented in the control software, and
this might be quite challenging, too. The combination of the analytical devices with
chemometric procedures should provide unambiguous results. It seems that com-
puting capability of smartphones will play a major role; also transfer of measured
data (signals, images) to central servers for database storage, near-real-time eva-
luation and return of result already appeared. All these existing individual approa-
ches integrated together should soon provide really smart POC devices suitable for
automated measurements and early detection of potentially danger microorganisms.
Recent outbreak of the Ebola virus clearly indicated that such technology is urgently
needed and it will be immediately beneficial to patients and other users.
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Chapter 12

POC in travel, marine, and airport
security monitoring

M. Drancourt’

12.1 Introduction

In developed countries, the main situation is that any individual is close enough to a
laboratory platform to get laboratory test results within one hour in order to assist
doctor in providing an accurate diagnosis of the majority of medical syndromes and
situations [1]. However, in both developed and developing countries, part of the
populations may not be in such a favorable situation in the fact that laboratory test
results may not be provided within one hour of consultation. These situations could
be characterized as medical deserts and may result from several situations,
including the geographical distance from a healthcare structure and laboratory; or
even the time distance in some large urban areas in the case of concentrated
laboratory facilities. Plane and boat travels are among these situations in which
individuals may be far from any readily reachable laboratory, leaving them as in a
medical desert. This holds true in particular for febrile syndromes which are pre-
sumed to be because of infection, and this review will focus on infectious diseases.
A large series reviewing in-flight emergencies indicated that infectious diseases
accounted for 2.8 percent of emergencies and no death [2]. In this situation, phy-
sicians present aboard provided almost half of the initial in-flight medical care [2].

Infectious diseases in travelers not only pose questions regarding the immediate
management of the febrile patient, but also for the collectivity in the case of contagious
infection. Therefore, it may be desirable to make a rapid diagnosis of infectious disease
during travel not only to optimize the medical management and prognosis of patients
but also to help preventing the extension of any epidemic by the timely and appropriate
confinement of any patient diagnosed with a contagious infection.

In order to anticipate how modern technologies for medical laboratory and
internet transmission of data may help reducing the medical deserts during travel, it
is useful to briefly review the medical syndromes and situations most frequently
encountered during travel, and then review how point-of-care (POC) laboratories
may help resolving this issue.
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Indeed, POCs have been invented to provide patients and doctors with near-to-
patient, rapid diagnosis of some urgent diseases requiring some rapid medical
decisions regarding the necessity for hospitalization, the necessity for isolating a
contagious patient and the necessity to start a specific medical treatment such as an
appropriate antimicrobial in the case of diagnosed infectious disease [3].

12.2 Remote detection of fever in travelers

Fever is a major, albeit non-specific, clinical sign of infection. Remote detection
fever is therefore of interest to select individuals presenting an increased prob-
ability of infectious disease, who may benefit from rapid diagnosis testing. Indi-
vidual remote devices are commercially available for the monitoring of body
temperature and detection of fever, yet not validated. Nevertheless, these devices
may be connected to a medical platform in order to advice the person to further
consult. Also, several airports and other buildings have been equipped with thermal
camera for an automated, noninvasive detection of fever in order to propose some
travelers a specific medical check-up [4,5]. Fever detection could be achieved by
questionnaire in travelers as well as using thermal camera [4]. Both have been
shown to be correlated with the tympanic temperature and thus useful tools for the
screening of travelers at risk of infection [4,5]. In airports and other buildings with
public, persons detected with fever may be proposed to have a free medical con-
sultation and appropriate POC tests to assist in both rapid medical management and
isolation when appropriate [1,3].

12.3 Documented infections during mass plane traveling

Aboard planes, communicable respiratory tract pathogens and digestive tract
pathogens may challenge the plane personals as well as the airport medical staff.
Although mass transportation has been shown to promote at-destination spread of
influenza and coronavirus epidemics by air-flights but not by cruise ships [6],
Influenza A, including the past HIN1 influenza epidemics, is a potential albeit low
risk for flight travelers [7-9]. These reports highlighted that the potential of in-flight
transmission of HINI Influenza virus was low but not null, with one secondary case
in one investigation [7], a measured risk of about 3.5 percent [8] and an attack rate
of 2.4 percent and 5.2 percent [9]. Significantly, secondary cases were mainly
detected seating within two rows from index cases [7,8] and direct contacts by
speaking with coughing index case were identified as the major situation for trans-
mission [7]. These first observations led WHO to propose limiting contact tracing to
people seated two rows around the index case. This WHO two-row rule has been
further challenged [10,11]. In-flight patients with pulmonary tuberculosis have been
shown to pose few risks to other travelers [12,13]. In fact, risks for in-flight trans-
mission include close contacts with highly spreader during long-flight [14]. There is
no documented report of transmission of pulmonary tuberculosis in an airport.
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It has been observed that many travelers are boarding aircraft when presenting
with traveler’s diarrhea related to rotavirus, toxinogen FEscherichia coli, and
Salmonella spp. [15]. Noroviruses diarrhea is a definite risk for in-flight transmis-
sion [16,17]. It is because it is causing public vomiting and is resistant to many
biocides used for decontamination of aircrafts. Moreover, inappropriate deconta-
mination of an aircraft has been shown to provoke recurrent Norovirus infection
[18,19]. Salmonella spp. enteritis has been reported in connection with in-flight
catering [20]. Such infections have been linked to consumption of fresh foodstuffs,
such as egg products and milk tart [21]. Historical deadly cholera has also been
reported [22].

At last, when no case of in-flight malaria has ever been reported, “airport
malaria” has been reported as limited outbreaks of malaria in connection with
airport in non-endemic countries, due to inadvertent transportation of Plasmodium-
infected mosquitoes [23].

12.4 Documented infections during cruise ship traveling

Contagious infections are a well-recognized health issue during mass cruise and on-
board commercial ships [24]. Indeed, surveying more than 1.5 million person-days
aboard cargo ships found that 21 percent of visits to the infirmary were due to
probable infection, including 68 outbreaks essentially of respiratory tract infections
[25]. During cruises, major outbreaks have been related to diarrhea due to enter-
otoxigenic E. coli [26] and Cyclospora [27], to public vomiting due to Norovirus
[28-30], and to respiratory tract infection due to influenza [31,32] and Legionella
spp. [33]. Accordingly, Influenza outbreaks aboard cruise ships have been reported
to affect 2—7 percent of passengers [6]. Among other limited but health-threatening
infections are Neisseria meningitidis meningitis [34,35], HEV hepatitis [36], and
varicella [37].

12.5 Proposed management of febrile patients in airport
and cruise facilities

A traveler may self-declare sick and febrile because of his own feeling or indication
of any remote device measuring body temperature including airport thermal camera
(Figure 12.1). In flight, the person may contact in-flight personal, and the captain
may directly inform the airport medical team in order to manage rapid care
including POC diagnosis as detailed below. Most companies are using on-ground
telemedical assistance [38]. Alternatively, detection of fever is made into the air-
port by remote thermal camera and the patient will be proposed to wear protective
clothes, mask, and gloves and to benefit a medical advice including POC diagnosis,
following a pathway dedicated to people suspected of contagious infection, includ-
ing dedicated room and disposable instruments in the medical facility (Figure 12.1).
This proposed pattern is enforced by the observation that investigation of potential
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Figure 12.1 Proposed organization of medical management of febrile patients
in the airport

in-flight transmission of contagious pathogen is laborious, once individuals have left
the airport [8].

12.6 Setting-up POC diagnosis in airports
and travel facilities

POC laboratories are now commercially available for the rapid diagnosis of major
pathogens that may challenge the medical management of travelers detected with
fever in the airports and other mass travel facilities. These POC laboratories are
small, smart, and connected laboratories allowing any trained personal to rapidly
perform and interpret tests. The POC laboratory occupies about one square meter
and requires only one electric plug so that it could be easily located in the medical
facility of the airport and even closer to the thermal camera location. It features
confined work station and instrumentation to perform the rapid diagnosis by
immunochromatographic tests and real-time polymerase chain reaction (PCR) tests
[3]. A POC laboratory can be run by a doctor, a nurse, or a laboratory technician.
Alternatively, we assessed the effectiveness of four-hour training for non-health
care personals [39]. Efficiently, POC tests could be grouped into syndromic POC
kits featuring all the recipients and tests to rapidly assess the microbes most fre-
quently encountered as responsible for the syndrome, as well as contagious
pathogens and highly dangerous pathogens. As reported above, the most frequently
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Table 12.1 Proposed syndromic kits to be delivered

at airport POC

Pharyngitis Streptococcus A
Epstein—Barr virus

Enteritis Norovirus
Salmonella spp.

Respiratory Influenza viruses

Tropical fever Plasmodium spp.

Febrile rash Zika virus
Dengue

Chikungunya virus

encountered syndromes in airports and mass travel facilities include tropical fever,
febrile rash, diarrhea, respiratory tract infection, and pharyngitis. We propose that
these four syndromes may be included in the minimal list of clinical syndromes to
be POC-investigated in airports and related facilities. Efficiently, the patient
detected with fever may be proposed a menu of signs and symptoms to tick in order
to determine the syndrome he is suffering and the appropriate POC kit to be
delivered. Samples including urines, stools, throat swab, and blood drop could be
obtained by auto-sampling or collected by the POC personal. POC personal then
manipulates clinical samples into the confined POC laboratory according to one
POC syndromic kit instructions in order to get results within 15-60 min
(Table 12.1). A doctor can then reach medical decisions regarding continuing iso-
lation of a patient with contagious infection, immediate anti-infective treatment,
and hospitalization in the case of a health-threatening infection requiring specific
health care such as intensive cares.

12.7 Perspectives

New technologies will offer opportunities for the remote detection of fever and
additional clinical signs and symptoms in travelers, indicative of potential organ
infection. These medical information may be useful for in-flight and aboard cruise
ship care delivery, or appropriate management of the patient as soon as he is arriving
the airport and cruise facility. There, POC laboratory is a useful piece of the sanitary
network to rapidly confirm the diagnosis, isolate contagious patients, and to assist in
proper anti-infectious treatment prescription. Further, diagnosis data provided by
remote POC laboratory onboard cruise and cargo ships [39] and other remote
locations could be assembled into a surveillance network of infections worldwide.
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Chapter 13
Biosensor applications in veterinary science

Georgia Moschopoulou’

13.1 Introduction

The adoption of biosensor systems in the management of animal care, either at the
farm or home is not new. Sensor approaches have been developed since the early
1990s, in parallel with the emergence of automated processes, such as automated
milking systems in dairy farming aimed to reduce labor requirements and asso-
ciated costs [1,2]. On a different level, customized portable blood glucose meters
(PBGM) for monitoring diabetic pets have been commercially available for more
than 15 years [3,4]. Nowadays, a rapid expansion in the number of point-of-care
(POC) systems for veterinary science is observed, the scope of which exceeds by far
the respective applications for human medicine. In the present chapter, the progress in
this continuously evolving field during the last 5 years is briefly reviewed.

13.2 Biosensors in animal husbandry

13.2.1 Disease surveillance

Particular effort has been invested in the development of either working principles
or even operational systems for the on-site detection of pathogens and/or disease
biomarkers in farm animals. The most prominent case is mastitis, followed by
influenza viruses, bovine herpes virus, various porcine pathogenic viruses, and
noninfectious diseases like ketosis.

13.2.1.1 Mastitis

Mastitis is the infection of the mammary gland, due to a number of bacteria species
including Staphylococcus, Streptococcus, and Corynebacterium species [5—7] and
can be associated with >90 percent of milk production losses [8]. Although the pre-
valence of clinical mastitis is fairly low (in the order of 0.04 percent), a particular
challenge is the detection of subclinical mastitis (the incidence of which can be as
high as 50 percent), since alterations in milk are not visible at this stage [9,10].
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Biosensors for the detection of mastitis are discriminated according to their appli-
cation in-line (i.e., monitoring milk in its continuous flow from the cow) vs on-line
(i.e., monitoring a sample) [2]. The majority of biosensors for mastitis detection are
based on the measurement of milk electrical conductivity (EC), the value of which is
dependent on the extrusion of sodium ions by infected mammary gland cells [11]. EC
mastitis biosensors outperform, by far, other in-line sensors such as the assay of
I-lactate dehydrogenase [12], N-acetyl-b-d-glucosaminidase [13] or on-line sensors
such as color detectors [14]. On the other hand, a popular method to detect mastitis is
somatic cell count (SCC) in milk, which is increased in pathological conditions, due
to the release of polymorphonuclear leukocytes from infected mammary glands [15].
SCC is facilitated by means of DNA gel-staining [16]. As an on-line sensor, SCC
complies very well with the standard California Mastitis Test [17]. EC measurements
can be successfully combined with SCC techniques to increase the efficiency of
mastitis detection, even though the size of the assay time window has been found
to be critical and should not be longer than 48 h, although shorter time windows
(e.g., 24-h long) may be associated with false negative results [2,711]. Alternative,
promising biosensor approaches for mastitis detection, especially at subclinical
level, have also been reported. For example, Tan et al. [18] reported an electro-
chemical immunosensor for the detection of haptoglobin (Hp), a mastitis bio-
marker, at a concentration range of 15-100 mg L™' and a limit of detection of
0.63 mg L™'. A fair correlation with conventional enzyme-linked immunosorbent
assay (ELISA) tests was established, though not at the upper concentration range,
possibly due to interferences involved with the conventional immunoassays. This
approach is apparently closer to POC Hp detection than previously reported optical
biosensor methods, including an surface plasmon resonance (SPR) sensor [19].
More recently, Koop et al. [20] reported a stand-alone, user-friendly, protease-
activity based, fluorescence mastitis test for used with frozen milk samples.
Finally, biosensors may be applied for evaluating the antibiotic resistance of mastitis
causative agents, as reported, for example, by Guntupalli ez al. [21] for the assessment
of the resistance of Staphylococcus aureus strains against methicillin using a quartz
crystal microbalance with dissipation tracking (QCM-D) covered with bacteriophage
12,600 as the biorecognition probe for S. aureus strains, in combination with the
resistance-conferring penicillin-binding protein 2a membrane protein.

13.2.1.2 Porcine circovirus and classical swine fever virus

Porcine circovirus type 2 (PCV2) is a major swine pathogen associated with animal
losses due to post weaning multisystemic wasting syndrome disease [22-24].
Various ELISA-like tests have been developed for the fast and sensitive detection of
the viral antibodies, including colloidal gold immunochromatographic test strips [25].
More recently, an improvement in portable immunoassays for PCV2 has been
reported on the basis of the fusion of PCV2-specific single domain antibodies with
alkaline phosphatase [26], which led to a 5-fold increase of affinity, as documented
both with SPR and an immunocytochemistry assay. In turn, this led to a faster, sim-
pler, and more sensitive (with an limit of detection of 0.05 pg mL~") PCV2 detection
compared to both ELISA and Western blot. The same researchers were able to
increase the sensitivity of the assay by immobilizing the capturing antibodies on
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magnetic nanobeads and using quantum dots for the visualization of the captured
virus particles at concentrations as low as 10° copies mL ™' [27]. In similar fashion, an
SPR immunoassay for the direct detection of PCV2 moieties was reported by
Hu et al. [28], with a theoretical limit of detection of 0.04 pg mL™".

Classical swine fever virus (CSFV) is another swine pathogen associated with
both chronic and acute disease, the symptomatology of the latter being prominently
characterized by hemorrhagic fever [29]. Among the structural proteins of the virus
envelope, the major immunodominant E2 glycoprotein has attracted attention due
to its ability to induce neutralizing antibodies in infected CSFV pigs. In this con-
text, a novel immunoreactive, multi-epitope recombinant protein (GST-BT21) has
been constructed as a means to improve the initiation of protective host-immune
responses. The affinity and specific interaction of GST-BT21 with CSFV-positive
serum has been evaluated with SPR techniques [30]. Surface plasmon resonance
approaches have been previously reported for the detection of CSFV antibodies
using the recombinant gp55 protein as the target antigen [31], with a limit
of detection of 0.01 pg mL™'. Quite recently, Guo er al. [32] reported a
portable impedance/magnetoelastic biosensor for CSFV antibody detection with a
limit of detection of 0.6 pg mL ™" (an in-depth presentation and analysis of mag-
netoelastic biosensor technology is provided in Chapter 5).

13.2.1.3 Influenza viruses

Influenza viruses are the causative agents of potentially devastating respiratory dis-
eases, often characterized by cross-species infection, including humans, pigs, and birds
[33]. An example is avian influenza virus (AIV) H5N1, with a high mortality in
humans, as observed in mini-epidemics in recent years [34]. Impedimetric biosensors
for the direct detection of HSN1 seem to be the current approach of choice for the
development of POC tests for AIV. Pioneering work in this direction has been done by
Wang et al. [35]. A further sophisticated impedimetric immunosensor based on poly-
clonal antibodies was developed by Lum et al. [36] for the relatively rapid (~1 h), direct
detection of HSN1. The sensitivity of the assay, associated with the increase of the
impedance due to antibody—virus binding, was further improved by the co-binding
of chicken red blood cells, which acted as resistors in the system and amplified
considerably the impedance signal. At the same time, however, this approach led to
nonquantitative responses, which presented a limitation of the biosensor, together with
observed cross-reactivity with other influenza virus subtypes. Still, this approach is
promising for the development of a POC test for HSN1. More recently, the same group
reported a significantly improved version of the impedimetric biosensor (assay time
<30 min, zero cross-reactivity with other virus subtypes) by using aptamers as the
biorecognition elements [37]. Equally satisfactory results, using a monoclonal anti-
body were reported for the low-cost impedimetric biosensor developed by Lin ef al.
[38]. Rapid (assay time ~20—30 min) optical biosensor techniques, including SPR and
lateral flow tests based on monoclonal antibodies have been used for the detection of
another influenza subtype, swine-origin influenza A (HIN1) virus [39,40]. Quite
recently, Krishna et al. [41] demonstrated the applicability of a multi-array (64 x) giant
magnetoresistance-based immunoassay, based on magnetic nanoparticles coupled
with monoclonal antibodies, for the detection of HINI.
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13.2.1.4 Other infectious disease agents

Nurul Najian ef al. [42] have recently reported a lateral flow dipstick biosensor for
the detection of pathogenic Leptospira species based on multiplex loop mediated
isothermal amplification (m-LAMP) and using colloidal gold nanoparticles func-
tionalized with anti-FITC antibodies. The biosensor targeted the Leptospira LipL32
gene. Even though the dipstick assay was rapid, the m-LAMP assay was con-
siderably longer (>70 min). A lateral flow assay using gold nanoparticles was also
developed by Toubanaki et al. [43] for nervous necrosis virus, a nodavirus
responsible for a highly lethal marine fish disease known as viral nervous necrosis
or vacuolating encephalopathy and retinopathy. Following RNA extraction and
reverse transcription-polymerase chain reaction amplification from fish samples,
the lateral flow assay was completed within 20 min. The biosensor produced fairly
specific and reproducible results (4 percent coefficient of variation), with an esti-
mated limit of detection of 135 pg of initial total RNA, corresponding to 125 fmol
of target DNA. The use of lateral-flow biosensors in combination with loop-
mediated isothermal amplification is becoming a rather common practice for the
detection of pathogenic viruses in marine organisms [44], not at least due to the
sensor’s suitability for use in quality control screening by aquatic industries irre-
spective of size and capacity.

The Vantix ™ system is a nice example of a rather simple immunopotentio-
metric biosensor that can be used in different veterinary detection applications, based
on electrical charge generation following target antigen—(electrode-immobilized)
antibody binding and reaction with a 3,3',5,5'-tetramethylbenzidine substrate. As
demonstrated in the case of detection of the bovine herpesvirus-1 (BHV-1), the
etiological agent for bovine respiratory disease, the biosensor assay was completed
in ~15 min, much shorter than ELISA (3—19 h) [45]. Quite recently, Tarasov ef al.
[46] reported a biosensor for BHV-1 assay based on the covalent immobilization of
viral glycoprotein gE on the gold surface of an extended gate field-effect transistor
via amine coupling to the carboxyl groups of a self-assembled monolayer of thiol
linker molecules. In this way, the glycoprotein served as a capture antigen for anti-
gE specific antibodies circulating in animals in response to BHV-1 infection. Using
the miniaturized biosensor, the authors were able to complete virus detection in less
than 10 min. Biosensor-assisted screening for BHV-1 can greatly support global
“test and cull” disease eradication programs [47].

Bacterial and protozoan diseases are equally important to viruses for veterinary
medicine, with the additional risk of infecting humans. Therefore, the need for
rapid and portable screening methods is an indisputable priority. Various biosensor
approaches have been reported for protozoa and bacteria detection in animals.
A recent example is presented by Gokce et al. [48], who applied differential pulsed
voltammetry to monitor guanine oxidation as a result of the hybridization of the
target Toxoplasma gondii DNA with the respective capture oligonucleotide probe.
The assay lasted approx. 1 h and a limit of detection of 1.78 mg mL ™' was
observed. Wei et al. [49] developed a simple enzyme-amplified fluorescence
immunoassay method using magnetic particles for the detection of antibodies
against virulent exotoxins of Actinobacillus pleuropneumoniae, the causative agent
of severe swine respiratory disease. The limit of detection (1:10,240 dilution) was
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considerably lower than that of ELISA (1:320), whereas the assay was successfully
tested against several (n = 78) clinical porcine sera samples. A wide series of
different biosensor approaches as well as actual commercial devices and kits are
available for the POC screening of bacteria responsible for urinary tract infections
(UTlIs), mainly gram negative Enterobacteriaceae species and a few gram positive
species, such as Enterococcus faecalis, Staphylococcus saprophyticus, and Acti-
nobaculum schaali [50]. Depending also on the target UTI pathogen (in particular
its endotoxin), biosensor methods are based on a variety of detection principles,
such as magnetoelastic sensing [51], DNA-aptamer impedance sensing [52], and
antibody-based microcantilever sensing [53]. An excellent review of the biosensor
approaches for UTI pathogen detection is given by Kumar et al. [54], whereas a
detailed study on the commercially available biosensor kits is presented by Das
et al. [55] of the same group.

Finally, the work of Bayn et al. [56] for monitoring the infection of bisons by
Brucella species is worth mentioning as an example of noninvasive approach.
The authors used a nanoscale sensor array comprising chemically diverse chemir-
esistors that were based either on gold nanoparticles or single-walled carbon
nanotubes. The array was used for the rapid (15 min) analysis of animal breath
samples and the identification of volatile organic compounds (VOCs) possibly
associated with seropositive individuals. For five VOCs (2-ethyl-1-hexanol, acet-
ophenone, octanal, heptanal, and benzaldehyde), a significantly lower concentration
in seropositive animals was confirmed.

13.2.1.5 Noninfectious disease monitoring

Ketosis, especially subclinical ketosis (SCK), is a common cow disease occurring at
early lactation and characterized by high concentration of ketone bodies in blood [57].
In its extreme version, ketoacidosis can lead to severe metabolic imbalance
and pathological reduction of blood pH value (below 7.3). Although there are
several semiquantitative urine test strips (e.g., Ketolac BHB, KetoStix) with very
good sensitivity and specificity [58] for the indirect measurement of ketosis (more
precisely ketonuria, which is dependent on the concentration of acetoacetate
ketone bodies in urine), these are not sensitive or specific enough to detect SCK
on a routine basis. This is particularly important for cattle, in which the incidence
of SCK (40-60 percent) is much higher than its clinical version (on average 7-8
percent) [59]. Biosensor-assisted determination of representative ketone bodies,
such as B-hydroxybutyrate (3HBA), is a more reliable approach; commercial kits
are available, including the electrochemical Precision Xtra [60] and OptiumXceed
[61] Glucose and Ketone Monitoring Systems (both by Abbott). Recent devel-
opments in the field of SCK-detecting biosensors include a rapid, low-cost
microfluidic optical biosensor with an assay time of just 1 min and a detection
limit of 50 uM SHBA [62]. The working principle of the biosensor was based on
the enzymatic conversion of SHBA to acetoacetate by SHBA dehydrogenase and
the parallel reduction of the enzyme cofactor nicotineamide adenine dinucleotide
(NAD+) to reduced nicotinamide adenine dinucleotide. The latter reacts with the
colorimetric detector water-soluble tetrazolium-1 to produce a formazan dye, which is
the actual assayed compound. The same group has presented an alternative version
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based on the same working principle but having NAD+ pre-conjugated with
fluorescent quantum dots [63], thus achieving an improved detection limit of
35 uM SHBA.

Another area of biosensor application in cattle health assessment is the mon-
itoring of circulating nonesterified fatty acid (NEFA) levels, a reliable marker of
negative energy balance. This condition may lead, among other symptoms, to
severe ketosis and reduced fertility [64]. Major NEFA components in the serum,
such as oleic, palmitic, palmitoleic, linoleic, and linolenic acid, can be determined
with the aid of colorimetric assays, for example, the HR Series NEFA-HR(2) by
Wako Diagnostics [65]. The latter product is based on the acylation of coenzyme
A (CoA) by NEFAs in the presence of added acyl-CoA synthetase. The resulting
acyl-CoA is oxidized by added acyl-CoA oxidase with concomitant synthesis
of hydrogen peroxide. The latter is used by peroxidase in order to achieve the
oxidative condensation of 3-methy-N-ethyl-N(S8-hydroxyethyl)-aniline with
4-aminoantipyrine to form a colored product for colorimetric assay. Quite recently,
Veerapandian et al. [66] reported an electrochemical biosensor for NEFA detec-
tion, based on ruthenium bipyridyl complex-modified grapheme oxide nanosheets
([Ru(bpy);]**-GO) and using lipoxygenase as the specific biorecognition element.
Following this approach, NEFA was determined in linear fashion in the range of
0.1-1 mM (equivalent oleic acid concentration).

13.2.2  Estrus and fertility monitoring

Automated estrus monitoring is an essential element of automated farm manage-
ment [2]. Estrus is indirectly assessed via monitoring cow activity with the help of
attached sensors, such as pedometers and 3D-accelerometers or even cow-to-cow
contact sensors (e.g., HeatWatch) [67]. On the other hand, progesterone (P4)
determination in milk is a far more accurate and specific predictor of estrus and is
thus considered the gold standard. Although readily available commercial proges-
terone biosensors for cattle have not yet been realized, a number of recent devel-
opments in environmental hormone testing are pointing towards this direction. This
is due to the vivid interest by the global community for assessing the endocrine-
disrupting potential of environmental samples. For example, an aptamer-based
impedimetric biosensor was recently reported able to detect progesterone in water
with a detection limit of 0.90 ng mL™~' [68]. An electrochemical microfluidic
immunosensor has also been reported for the detection of P4 in bovine serum
samples with a limit of detection of 0.2 ng mL ™" [69]. Generally, electrochemical
biosensing seems to be the method of choice for hormone detection [70].

13.2.3 Other applications

Gumus et al. [71,72] applied a miniaturized implantable electrochemical sensor to
monitor the levels of uric acid in chickens. The biosensor comprised a Pt/Ir wire
and Ag/AgCl paste, whereas the biorecognition element was uricase immobilized
on a Nafion/cellulose inner membrane. The system was able to assay, in pH-
dependent linear fashion, uric acid concentrations in the range of 0.05-0.6 mM.
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13.3 Biosensors in pet care

13.3.1 Glucose and lactate monitoring

Similarly to humans, diabetes mellitus is a common disease among the two main
pet groups, cats, and dogs, as a result of indoor living, reduced exercise and dietary
excesses. Cats, in particular, demonstrate higher natural blood glucose levels as
documented by the established minimum concentrations in the species-specific
glucose curves (cats: 100—150 mg dL™'; dogs: 80-120 mg dL ") and are frequently
diabetic [4,73]. In any case, the use of PBGM has become a common practice in
veterinary medicine, with a large number of commercial products being available
during the last 20 years. The majority of these meters are directly adapted from
existing devices for human diabetic patients (e.g., Accu-Chek, MediSense Preci-
sion). However, PBGM for pet glucose monitoring are not without their own
challenges: First, measured glucose levels in blood may be erroneously over- (with
concurrent anemia) or underestimated (e.g., in ketotic and/or dehydrated animals).
Second, and more important, is the efficiency of blood sampling from pets: This
should be preferably done by the pet owner at home, thus reducing stressing the
animal by frequently exposing it to the unfamiliar environment of the veterinary
clinic (which can also lead to glucose overestimation — the so-called Somogyi
rebound effect [74]). On the other hand, reliable home-based, routine glucose
monitoring depends on the skill and consistency of the pet owner. Fortunately,
commercial systems (e.g., MicroletVaculance, BayerDiagnostics) have been
developed for obtaining capillary blood by means of lancing devices. These have
been originally manufactured for human use but are very popular in veterinary
practice as they allow easy and relatively painless or at least tolerable blood sam-
pling through the skin [75].

A similar philosophy has been used for developing portable blood lactate
meters: Elevated blood lactate levels are prognostic in several canine pathological
conditions, including tissue hypoxia [76]. A number of electrochemical (ampero-
metric) lactate sensors have been available since the last 20 years (e.g., Lactate Pro
by Arkray, Japan and Lactate Scout by SensLab, Germany). The reliability of these
products has been verified by comparison of their performance with that of estab-
lished lactate determination methods [77].

13.3.2  Screening for infectious disease

Contrary to pathological conditions due to indoor, sedentary lifestyle, pets are
usually at risk of contagious disease from contact with wild animals. In several
cases, like rabies, the disease is not only lethal but can also spread among other
animals and humans; hence, the necessity of POC, rapid screening tests for com-
mon and/or high risk profile infectious disease agents in pets.

There is a number of recent developments in this field. Waner et al. [78]
reported a novel in-clinic point-of-care polymerase chain reaction test for the
detection of Ehrlichiacanis, the causative agent of canine monocyticehrlichiosis in
dogs. Visceral leishmaniasis (VL, kala-azar) is another canine disease caused by
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protozoan parasites of the Leishmania genus. The development of commercial POC
tests for the diagnosis of VL has been greatly facilitated by the construction of the
recombinant antigen rK39, a kinesin-related protein, as the biorecognition element
for disease-specific antibodies in seropositive individuals. Consequently, a number
of user-friendly, rapid (~15 min) dipstick immunoassays based on rK39 have
emerged and are practically used worldwide (e.g., Corixa Corp®, InBiosInc®, and
DiaMed IT®) [79].

Canine parvovirus (CPV) is another dog pathogen, causing highly contagious,
highly lethal enteric disease, the causes of which cannot be easily inferred through
the assessment of symptoms [80]. Recently, a biosensor was developed for the
rapid, POC detection of CPV [81]. The sensor was based on a gold-coated QCM,
on the surface of which anti-CPV monoclonal antibodies were immobilized. The
specificity and sensitivity of the sensor tested with clinical dog fecal samples were
very high (>95 percent).

Finally, and in spite of successful disease eradication projects implemented in
several countries, rabies remains an important disease in a large part of the world,
associated with more than 40,000 new infections per year and a very high mortality
rate (close to 100 percent) if not the affected person is treated immediately [82].
Although a standard rapid test for rabies based on direct fluorescent antibody is in
routine use for more than 40 years [83], research towards the development of more
sensitive and specific systems is going on. For example, Hnaien et al. [84] reported
an impedimetric immunosensor based on the immobilization of specific anti-rabies
polyclonal antibodies onto a functionalized gold microelectrode. The detection
limit of this sensor was 0.5 pg mL~'. More recently, Jeon et al. [85] reported a
colorimetric ELISA-on-a-chip immunosensor able to complete a test for rabies
virus in canine serum within 20-25 min from sample application.

13.4 Conclusion

The remarkable progress in developing biosensors and related POC systems for use
in veterinary medicine is expected to increase in the future. This forecast is based
on (i) the economic value associated with animal products, (ii) the ever-expanding
pet market, (iii) the infection risk for humans by animal diseases, (iv) the easy
transferability and adaptation of existing POC technologies for humans in the
veterinary field, and (v) the identification of novel disease biomarkers, which could
serve as novel targets for advanced portable assay platforms.
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Chapter 14
Commercialized point-of-care technologies

G. P. Kanakaris', C. Sotiropoulos2
and L.G. Alexopoulos’

14.1 Introduction

Point-of-care (PoC) diagnostics have grown to become both academically and
commercially a very challenging but also rewarding field of research, development,
innovation, and commercialization. PoC systems can be found in the ambulance,
the hospital, the clinic, a doctor’s office, a pharmacy, a patient’s home or the
bedside. For all of these settings, there is a growing need for easier, less costly and
more reliable diagnostic solutions for a wide range of diagnostic, prognostic, and
predictive targets. PoC systems aspire to cover that need. The systems and tech-
nologies envisioned by researchers as future PoC in-vitro-diagnostic (IVD) candi-
date solutions are numerous, often very exciting as to their potential impact on
clinical care and have been thoroughly reviewed in literature [1-5]. However, it is
true that the staggering number of proposed technologies for PoC seen in literature
is disproportionate to the ones that are eventually adapted in commercial systems.
This disconnect has been attributed to the fact that academia has for long been
focused at methods that are not easily transferable to industry [6], whereas it is
often the case that a scientific achievement of the field might not present with a
clinical impact that justifies the effort or cost of the implementation. In recent
years, a number of excellent review articles have been published [7-9] regarding
PoC systems commercialization. There are different viewpoints that can be used to
describe this subject, notably market size, state-of-the-art technological applica-
tions or promising research findings with potential impact on commercial IVD
systems. In this work, we shall attempt to review the status of PoC IVD as can be
seen through commercialized applications alone, with a focus on handheld and
small benchtop systems. The specific viewpoint is based on the technological and
diagnostic target decisions of 104 PoC manufacturers that were selected on the
basis of site visits on international trade fairs [10], PoC conferences, and market
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reports [11] for the PoC industry. The selection process for trade fair participation
was the inclusion of any company offering a PoC solution on settings ranging from
clinic to what is referred to as extreme PoC [12]. The scope of the selection is to get
a comprehensive image of the commercialized PoC landscape, while minimizing
bias in the inclusion process. Subsequently, we proceed to categorize the technol-
ogies used by each of these companies. We identify five major groups: (1) lateral-
flow assays, (2) centrifugal microfluidics systems, (3) electrochemical systems,
(4) nucleic acid testing systems, and (5) blood gas analyzers. Those five techno-
logical categories encompass 97 out of 104 companies, whereas 14 systems cannot
be grouped into these categories. The technological groups are not strictly related to
the sensing approach or the fluidic manipulation approach, rather in key design
similarities. However, PoC systems are at the epicenter of a very active research field
with new principles being applied constantly [13,14] that may very well render this
categorization obsolete in the near future. In this sense, this article can be viewed as a
snapshot of the commercial PoC landscape at the time of writing that is sure to
evolve in coming years. Using as a starting point the previously mentioned 104 PoC
firms, this review outlines the most prevalent technologies in the field and provides
some insight on their functions, attributes, and limitations. Furthermore, using the
same starting point, we present a thorough list of biomarkers that are currently the
diagnostic objective of systems reviewed in this work.

14.2 Commercialized point-of-care systems—technology
categorization

See Table 14.1.

14.2.1 Lateral-flow assays

Lateral-flow immunoassays or LFIAs for short, constitute by far the most repre-
sented technology in terms of number or companies as well as diversity of analytes
commercially available for PoC settings. It is indicative that 81 out of the 104
companies reviewed in this work deal partially or exclusively with LFIA and LFIA
readers. Furthermore, 143 out of 173 biomarkers reported here are being detected
also or exclusively using LFIA technology alone, or coupled with a detection
system at various levels of sensitivity, resolution, and multiplexibility. The appar-
ent domination of these capillary-driven disposable tests be can traced into their
inherent merits [6,15], which are compactness, simplicity in both manufacturing
and operation, compatibility with small sample volumes, and affordability. Closely
modeled to ELISA, this technology is not only rapidly growing on its current
capabilities [3,16] but is also emerging as a potential alternative in the league of
quantitative biomarker detection [17]. Still the innate simplicity of traditional LFIA
comes with the cost of incompatibility with automated multistep protocols, detection
limits that are often incompatible with low abundance targets, and the need to
translate ELISA assays into their one-step counterpart for each individual test, which
can pose severe challenges both in porous media design and in reagent selection.



Table 14.1 Main attributes of the discreet technological approaches for PoC systems

Lateral-flow tests Lab-on-a-Disk  Electrochemical Nucleic acid Blood gas and Other
and systems sensing systems detection electrolyte systems
Number of 81 4 10 6 4 15
companies
Number of 143 36 30 12 13 59
biomarkers
Signal Visual, Absorbance, Amperometry, Fluorescence, Amperometry, Physical,
detection colorimetric, fluorescence potentiometry, impedance potentiometry, optical
absorbance, conductimetry, fluorescence
fluorescence impedance
Fluid Capillary Centrifugal/ Capillary/active Capillary/active Active Various
manipulation capillary
Device No device, Benchtop, Pocket size, Pocket size, benchtop Benchtop large Various
size pocket size, small benchtop small small and large
benchtop small
Main Infectious disease, Clinical Glucose, Infectious disease, Blood gas, Clinical
applications cardiac stat biochemistry, coagulation, mutation electrolytes, biochemistry,
testing, pregnancy hematology hematocrit, blood metabolites hematology,
gas, electrolytes, coagulation
cardiac stat testing
Quantitative Usually no, Yes Yes Yes Yes Yes
semiquantitative,
quantitative when
coupled with
detection device
Mutliplexing Multiple test Multiple test Multiple Multiple fluorescent ~ Multiple Yes
lines (limited), chambers electrodes probes, multiple electrodes

multiple strips

electrodes
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14.2.1.1 LFIA principle of operation

The driving force of LFIAs is a capillary flow in porous pads. Figure 14.1 shows
the main components of a typical lateral-flow test format. The strip assembly
comprises four consecutive absorbing pads into which the sample will flow in-line.
There are two main architectures commonly used, the sandwich format and the
competitive inhibition format [18].

The sandwich format is primarily used when the target analyte is a large com-
pound with multiple antigenic sites. In this case, the conjugate pad (Figure 14.1(b))
embeds an air dried or lyophilized solution of a label (typically latex or gold
nanoparticles) [19] conjugated with a recognition antibody or antigen specific to
the target biomarker. The reaction membrane (Figure 14.1(c)) carries the test and
the control line (Figure 14.1(d/e)), which are bound to its matrix. The test line is a
capture antibody or antigen specific to a targeted biomarker epitope. The control
line is usually a species-specific anti-immunoglobulin [20] that will bind the initial
recognition conjugate stored in the conjugate pad. The assay process starts with the
introduction of the sample and often an added buffer solution on the sample pad
(Figure 14.1(a)). Capillary forces drive the sample inside the pad in which a pre-
treatment may take place for pH adjustment, retention of interfering components or
removal of particulates, and cells. Consequently, the assay-ready sample moves on
to the conjugate pad in which the analyte, if present, will bind to the label conjugate
and move on to the reaction membrane. Once the sample reaches the test line, the
analyte/label conjugates complex will bind to the immobilized capture molecules
and accrue, thus forming a visible band. As the sample solution continues to flow
on, excess or unbound conjugates reach the control line and form a second visible
band, that is, an accumulation of immobilized label conjugates to confirm

Figure 14.1 Inside a typical lateral flow test: (a) sample pad, (b) conjugate pad,
(c) reaction membrane, (d) test line, (e) control line, (f) wick pad,
(g) backing strip, and (h) cassette
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successful assay completion. The last pad (Figure 14.1(f)) will gather excess
solution and labels thus clearing the view from unbound label conjugates to the
reaction matrix. Typical tests that utilize the sandwich approach are HIV, human
chorionic gonadotropin (hCG), Dengue immunoglobulin G/immunoglobulin M
(IgG/IgM) and Ag NS1, Troponin I, and many others.

The competitive inhibition format is less common and is primarily used when
the target analyte is a small molecule with a single available antigenic site. In this
case, the test line is drawn with an immobilized antigen that competes for the same
antibody epitope of the label conjugate as the analyte itself. This way, once the
sample reaches the conjugate pad, any present analyte will bind the label conjugate
to epitope depletion, thus preventing the downstream binding that would occur on
the test line. As such, in competitive assays the formation of a test line is negatively
correlated to the presence of the biomarker. The control line does not compete for
the same binding site, so it forms upon successful completion of the assay. In some
cases, the analyte may be incubated with the label conjugate externally prior to strip
usage [21]. A typical test that utilizes competitive inhibition is the detection of
microalbumin in human urine specimens for the diagnosis of renal dysfunction [22].

14.2.1.2 Design, materials, and reagents in LFIA

LFIAs are mostly found in the encased format (Figure 14.1) or the dipstick format,
a usually exposed strip assembly that is dipped inside a sample container. Dipstick
formats are more often used when there is a need for larger sample quantities or a
pretreated sample and may not include all of the pads seen in the previous para-
graph. Encased formats include the serial arrangement of pads that starts with the
sample pad. The sample pad is typically fabricated from cotton linter, glass fiber, or
cellulose [18] strips or sheets and serves the purpose of pretreatment and smooth
and homogeneous transportation of the sample to the conjugate pad. Filtration of
particulates, pH adjustment, and leakage prevention are key design parameters. The
conjugate pad contains the recognition molecule bound on a label. Conjugate pads
are commonly made from glass fibers, polyester, or rayon [6] and are impregnated
or sprayed with the label conjugate solution and eventually dried or lyophilized to
store the reagent. Design parameters here include the reproducible volumetric
priming of the membrane with the reagent and consistent release of conjugates
during use. Attached to the conjugate pad lies the reaction matrix, a long strip of
porous membrane typically made from nitrocellulose onto which the capture and
control molecules are immobilized in discrete lines. This hydrophobic component
by nature needs to be treated with surfactants but at the same time retain the ability
to electrostatically adsorb antibodies [23]. But the most important design parameter
of the reaction matrix is the capillary flow time—the time it takes for a sample to
travel through the membrane laterally, as it directly affects the time available for
antibody—antigen interaction both for capture and recognition molecules. Faster
membranes make for faster tests but put stress both on quantity and association rate
in the reagent selection. Slower membranes allow for slow association rates and
less reagents but increase the waiting time of the user. Connected to the reaction
matrix is the wick, the end station of the sample. The wick is typically made from
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cotton linter or high density cellulose and is used to collect the sample after it goes
over the control line and keep the flow running. All the porous components are
joined together and supported with a plastic backing strip whose purpose is to keep
everything together for easy manufacturing and assembly (Figure 14.1(g)). This final,
processed, and supported strip is placed within a plastic cassette (Figure 14.1(h)) that
exposes only the inlet and the test lines to the user and protects the components from
damage.

Labels are key components in the LFIA industry. Although a variety of dif-
ferent components is proposed in the literature [18,24], the ones applied commer-
cially are colloidal gold nanoparticles, monodisperse latex colored particles, and
fluorescent particles. Gold nanoparticles are low cost, available in a variety of sizes
and present high sensitivity compared to latex. However, the quantification of a
colloidal gold assay is limited, it is a sensitive label to pH and salts, may not be
suitable for multiplex systems, and does not offer control over the orientation of the
bound antibody/antigen or covalent conjugation, rather passive adsorption [16,21].
Latex on the other hand is also cost effective, comes at a variety of colors, is
amenable to a variety of surface chemistries and covalent conjugation of recogni-
tion molecules, but it requires the use of surfactants as it is hydrophobic in its
untreated form, and it generates a weaker signal; thus, it is not as sensitive.
Fluorescent labels are used in device-based LFIAs to further increase sensitivity or
when the goal is quantification and can be organic or quantum dots.

Although all of the above are essential components of an LFIA, antibodies are
in the core of immunoassay technologies [16]. Aside from specificity and affinity,
parameters such as the association rate constant and long-term storage become
critical. Absent a sample incubation step, the performance of recognition element
binding for an antibody with a given association rate constant is directly linked to
the capillary flow time of the porous components. The same applies for the test
line, in which incubation is not an option at all. Slow kinetics will result in unbound
but also bound labels bypassing the test line for this reason. The available binding
time is specified in literature [25] as 1-6 s for the test line and 10-20 s for the
conjugation pad. Both monoclonal and polyclonal antibodies are used in commer-
cial LFIAs, often in combination. Monoclonal Abs ensure consistency among
product batches, are specific, and can achieve higher immobilization surface den-
sities, however they are expensive to develop and produce and may not achieve
high affinities. Polyclonal Abs are inexpensive in comparison and can achieve high
affinities but are less specific and present variability between batches. A third
option that is currently available from reagent vendors are aptamers, single strands
of DNA or RNA that can bind to target molecules, such as proteins and peptides.
Aptamers present great advantages over antibodies [26]: they have increased sta-
bility and tolerance to temperature and pH, they are produced using chemical or
enzymatic synthesis and as such are highly reproducible, they can be more eco-
nomical and they can achieve high specificity and affinity. To the authors’
knowledge, at the time of writing, aptamer technology has not been applied com-
mercially in LFIAs. However, it is the epicenter of a lot of discussion and research
[27], and it is considered by some a good candidate for LFIA applications [26,28].
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14.2.1.3 Aspects of sensitivity and quantification in LFIAs

LFIAs can be described as a really smart way to greatly simplify an ELISA assay
into a low cost, one step, rapid test. There is however a tradeoff to all this inherent
simplicity, and it lies in test sensitivity, quantification of the results, and the
dynamic range of the test. Unlike its multistep counterpart, commercial LFIA
technology is mostly qualitative, giving a yes/no answer to a threshold-related
question. Part of this problem is implicit to the LFIA architecture, and part of it is
user related. LFIA is typically a one-step assay that relies on a homogeneous dis-
tribution and flow of reagents at all phases including reconstitution, mixing, and
binding to the capture molecules. In addition, many parameters such as membrane
speed, capture Abs, label conjugate reagents, and sample quantity are subject to
error due to manufacturing and fabrication tolerances of components and equip-
ment, storage or environmental conditions during use. The test line itself is typi-
cally visible to ~10-um depth [29] exposing less than 1/10th of the bound label
conjugates to the user thus making the test susceptible to errors arising from wet-
ting irregularities and batch to batch variations [23]. The user-related limitation
arises from the fact that even a perfectly correlated signal with an assorted color
chart is susceptible to subjective interpretation, perception of color, visual impair-
ment, and psychological factors. More so, while adding an additional step to the
rapid assay may improve the sensitivity of the test, for example a sample pre-
treatment in a competitive assay or an enzymatic enhancement of the signal gen-
eration, it also makes the test result susceptible to human error and deviations from
the assay protocol. As such, LFIAs have been mostly designated for cases in which
a binary answer will suffice, such as infectious and venereal disease diagnosis.
Independent studies have been conducted to evaluate the performance of LFIAs in
such diagnostic scenarios. HIV rapid testing is considered to be one of the most
successful implementations of lateral-flow technology with performance reaching
that of laboratory testing. For HIV antibody testing, high-sensitivity values are
being reported [30-32] ranging from ~97.5 percent to 100 percent for more than ten
LFIA brands with the lower values being reported for patients taking antiretroviral
medication. Specificity values (percentage of true negatives) are being reported to
be over 99 percent in two of the studies and 86 percent to 100 percent in the third
with an outlier at 75 percent. In a different application [33], four LFIA tests for the
detection of norovirus in fecal samples were evaluated for three virus genogroups.
The results show specificity equal to 100 percent for all manufacturers, but the
sensitivity ranges from 17 percent to 52 percent for the genogroup I, 39 percent to
64 for genogroup II, and 59 percent to 78 percent for genogroup GIL.4 with the
latter being the most common. As such, it was concluded that LFIA alone is not an
acceptable solution if the goal is to rule out this condition. Another diagnostic
target for which LFIAs have been developed is visceral leishmaniasis. A global
comparative evaluation [33] of five different brands showed sensitivity of
92.8-100 percent and specificity of 96—-100 percent for panels performed using
archived samples from the Indian subcontinent. However, these values were sig-
nificantly lower for samples from Brazil and East Africa (sensitivity 61.5-91 percent,
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specificity 36.8-87.2 percent). For noninfectious disease applications, a common
LFIA product marketed by manufacturers is a rapid troponin I test. One study [34]
examines four different LFIA tests for cardiac troponin I and reports positive
predictive values (PPV) reaching 100 percent for three of the tests with negative
predictive values (NPV) ranging from 57.6 percent to 91.6 percent for the same
tests. One test performed differently with NPV over 99 percent and PPV less than
60 percent. Regarding sensitivity, out of the four tests only one gave a positive
result for Tp-I less than 0.5 ng mL~', whereas the rest gave negative results for
Tp-I less than 1.6 ng mL~'. Many other studies exist, both independent and ones
conducted by manufacturers, that demonstrate performance ranging from poor to as
good as lab testing, depending on the diagnostic target, the manufacturer, and the
setting. However, yes/no results cannot fully describe every clinical condition. For
example, quantifying the b-hCG value can assist in ruling out ectopic pregnancy,
whereas quantification of C reactive protein (CRP) can assist in the differential
diagnosis between a viral or microbial infection. For this reason, quantitative LFIA
technologies have been developed.

There are both instrumented and stand-alone methods to render LFIAs
quantitative or semiquantitative. The ones that are frequently seen in commercial
applications are color comparison charts, ladder bar assays, colorimetric strip
readers, and fluorescent systems. Color comparison charts are found in the packa-
ges of urinalysis strips, drug, adulteration, and alcohol test dipsticks, which do not
share the definition of lateral-flow tests. Less commonly this method can be found
in lateral-flow tests for cholesterol (Prima® hometest) [35]. This method is most
susceptible to human error and thus not very frequently used. As such, for bio-
markers such as C-Reactive protein and fecal calprotectin in which screening and
rapid testing is desirable, but clinical intervention may vary depending on the
concentration range, a ladder bar is introduced [36]. This method is based on the
careful deposition of specific concentration and volume of capture Ab on two or
more subsequent test lines. This way, in lower concentrations of the analyte, the
bound conjugate will be depleted before the final test line, so if the test includes
two test lines, only one will become visible. In larger concentrations, the conjugate
will be enough to bind both test lines, and both lines will appear. As lateral flow
tests lack the flexibility of analytical devices in detector adjustments, the dynamic
range of the measurement is often quite limited. As such, ladder assays exist for
various ranges. For example, the diagnostics company Preventis® offers two dif-
ferent versions of a calprotectin rapid test, with cutoffs at 60 and 200 ug g~ ' of
fecal sample, respectively. Another method with multiple bars is the deposition
of reference lines along with the test line (ABON™ CRP). This way, the intensity
of the test line is compared to the intensity of two reference lines (high and low)
in order to evaluate whether the sample concentration is above, below, of between
the two reference concentrations. Many tests based on variations of this
principle are marketed as semi-quantitative tests with one (PreventID® CRP 1/3) or
two reference lines in sandwich or competitive (Cortez Diagnostics Inc. CRP)
formats. However, these noninstrumental approaches could not cover the market
demands for more sensitive, user-independent quantitative tests. For this reason,
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device-based and device-compatible LFIAs as well as LFIA-compatible devices
have been introduced to the market by a number of manufacturers, usually at a low
cost. Among the 81 LFIA rapid test companies examined in this study, 17 produce
some sort of chromatographic imaging device and nine offer a urinalysis strip
reader, whereas companies such as Skannex, Qiagen, Bioscitec, Cellmic, and
Axxin deal exclusively with imaging technologies for LFIAs. The typical strip
reader [37-39] includes a controlled illumination source (light emitting diode
(LED)/Laser diode), a detector that can be a charged coupled device (CCD),
complementary metal-oxide-semiconductor (CMOS), or photodiode, and
suitable optics for colorimetric, fluorescent (Trinity Biotech—Meritas®, Micro-
point ezLabs®), or refractometric (ReaScan®) analysis. The advantages of using
such a system are numerous: Subjective interpretation of the results is replaced with
a machine interpretation of the test line, either numeric or in the yes/no format that
leaves no room for ambiguity. As such, the user-sourced errors are ruled out, and it
becomes possible to acquire quantitative results based on the test line coloration/
intensity. Also, in multi-pixel or scanning schemes, averaging over a nonuniform test
line and white balance/background removal assist in more robust quantifications/
interpretations of the results. Typical detection ranges for colorimetric systems are
0.5-50 and 0.2-20 ng mL~' for Troponin I (Concile® ©100, Humasis HUB-
QUANpro) and typical ranges for fluorescent systems are 50-10,000 ng mL~" for
D-Dimer (Micropoint mLabs®) and 0.012-30 ng mL ™" [40] for Troponin I (Trinity
Biotech—Meritas®, Figure 14.2(d)). Considering that the sensitivity of the plain
immunochromatographic lateral-flow test for Tn-I is usually 1 ng mL™' (Teco
Diagnostics Tnl, PreventID Tnl and many others) and that the diagnostic limit is set at
0.04 ng mL ™" [41], one can see the value of using colorimetric and fluorescent sys-
tems coupled with LFIAs. The downside in using such systems is losing the inherent
simplicity of these stand-alone disposable tests. Analytical devices even at this level
require calibration, standards, and even maintenance, although much less than the
typical clinical analytical instrument. An interesting line of products for the digitiza-
tion of an LFIA result are smartphone-based systems, either devices that actually
embed a smartphone (Skannex Skansmart) or adapters that allow the user’s own
smartphone to be used as an imaging and image processing device for lateral flow
tests (CellMic—HRDR 200). Since most modern smartphones include quality CMOS
sensors and illumination LEDs, they make a good fit for colorimetric applications at
low cost. Cellmic has even introduced a smartphone-compatible multiwavelength
fluorescence reader (CellMic HRDR-300). These solutions remove the need for an
elaborate optical system putting the pressure on the analysis software and making the
technology ideal for e-health applications. However, they do suffer from platform
obsolescence [16] due to the constant evolution of smartphone hardware and software.

14.2.1.4 Multiplex analyses in LFIAs

The need for multiple measurements in a single disposable strip/cartridge is a
constant challenge in PoC systems design. A typical example is the cardiac triple
test (Troponin I, Myoglobin, CK-MB), in which different combinations of even
qualitative (threshold) results indicate different stages of myocardial infraction and
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Figure 14.2 Lateral-flow rapid tests and system: (a) an HIV rapid test,
(b) a multiplex rapid test for Troponin I, Myoglobin, and Creatine
Kinase-MB, (c) a semiquantitative rapid test for CRP-based on
reference lines, (d) Meritas by Trinity Biotech: a device-based LFIA
with fluorescence detection for quantitative testing of Troponin I
and Brain Natriuretic Peptide

cell necrosis. Other examples include the differentiation between influenza types
A or B, malaria types Pf or Pv, and HIV types 1 or 2. In all those cases, detection of
multiple analytes can assist in the identification of the subtype of the disease, the
selection of a suitable treatment, and/or the prognosis of the disease outcome. In
lateral-flow tests, there are two main strategies to detect multiple analytes: The first
method is simply the attachment side by side of two or more strips in a common
cassette. This technique is common in ToRCH rapid combo tests in which new-
borns and pregnant women are screened for Toxoplasmosis, Rubella, Cytomega-
lovirus, and Herpes simplex virus antibodies. This method does not share the
classical definition of multiplex as a number of different samples are introduced to
the same number of different strips resulting in more steps needed by the user and
more samples requested from the patient. However, it does have the advantage
of being as robust and reliable as the individual tests. The second method—that
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is common in cardiac triple, HIV, and influenza multiplex tests—involves the
deposition of multiple test lines and the corresponding detection Abs in a single
strip. The advantage in this “true multiplex” method is that a single drop of sample
can be used for two or more tests, which is compatible with finger-prick sampling,
involves only one step, and does not suffer from sample aliquot variations. The
disadvantage is that just like in multiplex ELISA, nonspecific binding and cross-
reactivity raise the bar for the selection of good quality antibodies [42], whereas all
assays must be compatible with a single selection of membrane, sample pretreat-
ment, and incubation times that are dependent on the positioning of the test lines.
A third strategy, not frequently seen in commercial products, is the implementation
of a single sample pad that feeds multiple strips. Although such a technique
introduces parallelization into the assay, it may not be compatible with conven-
tional LFIA production equipment.

14.2.2  Centrifugal point-of-care systems

Centrifugal PoCs, also known as lab-on-a-disk or LOAD, are a group of analytical
microfluidic systems that share common fluid manipulation techniques based on
the centrifugation of a disk-like consumable microfluidic chip. In these systems,
samples and reagents are transferred and mixed in a network or microfluidic
channels and chambers within a rotating disk to perform diagnostic assays. This
technology is only employed by four out of 104 companies examined here; how-
ever, it is unique in many ways and also quite new in the field of commercial PoC
systems with increasing interest from diagnostics companies [43]. The main benefit
of centrifugal microfluidics is that traditionally troublesome aspects of lab-on-a-
chip such as pumping, aliquoting, bubble formation, plasma/serum extraction, and
peripheral equipment necessities suddenly become a lot easier to tackle with simple
exploits of geometry, spin, and wetting properties of the substrate. More so, LOAD
can be designed in a way that fluid motion is discrete, from one position to another
with no stable intermediate states, which makes it conceptually and operationally
preferable to systems in which everything is continuous and thus in need of care-
fully designed closed loop control. Having strong affiliations with the optical disk
industry, this technology has been commercially applied so far in quantitative PoC
devices for blood chemistry, hematology, and limited immunoassay tests; however,
it possesses an inherent universality and parallelization capabilities that suggest
there is more to come. That being said, these systems are by default hard to min-
iaturize to a handheld level and they are more costly than LFIAs for low-throughput
settings.

14.2.2.1 LOAD principle of operation

LOAD operations rely on four different forces: centrifugal, capillary, Euler, and
Coriolis [44]. Centrifugal force is used to pump fluid outward. Capillary force is
used for the initial sample priming and to move fluid in sufficiently small channels
in which capillary effects are prevalent. Euler force is used to mix components
when inertial forces are large enough. Coriolis force is mostly used experimentally
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Figure 14.3 Operation-specific blocks that are found inside a LOAD disposable:
(a) hydrophobic valving block, (b) aliquoting block with vents,
(c) metering block, (d) siphon structure, and (e) overflow
aliquoting block

in flow direction switching schemes [45]. Aside from these four (pseudo)forces, the
enabling technology for LOAD systems is the local hydrophobic patching of flow
channels that allows on/off valving dependent on rotational speed of the disk.
However, unlike LFIAs, LOAD does not have a single operating sequence adopted
in all systems rather consists of design blocks that perform a specific task and
whose interconnection results in a protocol-specific chip. Figure 14.3 shows the
typical blocks found in a LOAD consumable. Figure 14.3(a) is a simplified example
of hydrophobic valving [46], in which hydrophilic channels Figure 14.3(al) and
(a3) are connected through a smaller and hydrophobically treated section
(Figure 14.3(a2), enclosed in a red circle). Liquid that is initially present in
Figure 14.3(al) will not be able to move to Figure 14.3(a3) when the disk is
motionless because of the contact angle difference at the intersection with the
hydrophobic patch. If the disk starts spinning, the liquid volume will experience a
centrifugal force pushing it against the hydrophobic barrier. Should this centrifugal
force become large enough, the exerted pressure on the fluid front will counter the
superficial force at the air/fluid interface, and the hydrophobic valve will open,
that is it will be wetted allowing the liquid to flow to Figure 14.3(a3). The structures
are often vented so that air pressure buildup will not interfere with pumping.
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Figure 14.3(b) is a method of aliquoting of sample and reagents patented by Gyros
[47], a company that pioneered the field of commercial centrifugal microfluidics. In
Figure 14.3(b), a sample originally stored at Figure 14.3(bl) flows inside the
meander Figure 14.3(b2) by capillary force alone, whereas the disk is stationary.
Hydrophobic patches (encircled sections) allow venting of the channel but are not
wetted by the inflowing liquid. Once the meander has been primed, the disk spins,
outer hydrophobic patches burst, and the liquid gets distributed at the respective
chambers (Figure 14.3(b3)). Figure 14.3(c) shows a metering chamber. At low
rotational speed, sample stored in chamber Figure 14.3(c1) flows outward, filling
chamber Figure 14.3(c2) but stopping at Figure 14.3(c3) due to the hydrophobic
patch. Once Figure 14.3(c2) is full, all excess liquid will flow toward Figure 14.3(c4).
Once Figure 14.3(cl) is empty, the disk is accelerated up to a point when
Figure 14.3(c3) bursts, and the metered liquid flows in chamber Figure 14.3(c5). In
Figure 14.3(d), a siphoning block in depicted. In this arrangement, while the disk is
spinning, fluid within Figure 14.3(d1) will flow due to capillary and centrifugal
force in channel Figure 14.3(d2) until the radial level in Figure 14.3(d1) matches
the radial level in the first turn of Figure 14.3(d2). If the disk stops, then the flow
will continue up to the entrance of Figure 14.3(d3) in which it will stop absent
capillary force. However, as the entrance of Figure 14.3(d3) is outward in com-
parison to the exit of Figure 14.3(d1), upon spinning the disk again, Figure 14.3(d1)
will empty. Figure 14.3(e) is again an aliquoting arrangement used by most com-
mercial LOAD systems. In this block, when the disk is spinning, liquid stored in
Figure 14.3(el) flows outward priming each chamber consequently starting with
Figure 14.3(e2). The last chamber Figure 14.3(e3) is used to gather excess liquid.
Sufficiently large channels or vents are used to allow air to escape. Mixing can be
achieved in chambers of suitable size and shape by abruptly slowing down or
stopping and then reaccelerating the disk. Most systems are designed using varia-
tions and combinations of these blocks along with mixing chambers, sample, and
reagent ports or liquid containing pouches embedded in the disk. Centrifugation
adds the great benefit of plasma/serum separation within the chip so typically these
systems provide sample to result functionality without the need for external
separation steps. The result of the test is acquired using photometric or fluorescence
sensing in detection chambers [48].

14.2.2.2 Design, materials, and reagents in LOAD

Centrifugal microfluidic design, while mostly based on the same operating princi-
ples, are quite diverse. Significantly, each LOAD system researched in this article
employs its own unique and innovative techniques of liquid handling and detection.
LOAD solutions dealing with blood chemistry (Abaxis—Piccolo Xpress [49—54],
Cobas® b 101 [55-58]) typically use a spectrophotometric method of analyte
detection, much like in a standard laboratory clinical analyzer. In this type of
measurement, the sample is diluted within the chip and then mixed with a detection
reagent for analyte quantification. The final fluid absorbs light at specific wave-
lengths in correlation to the concentration of the sample/reagent reaction product.
In order to produce measurable absorbance, the fluid needs to be accumulated in a
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Figure 14.4 Lab-on-a-disk systems and consumables: (a) the disk used in
Samsung LabGeo IB10, (b) the disk used in Abaxis’ Piccolo Xpress,
(c) the system Spinit from Biosurfit, and (d) the system b 101 from
Cobas

cuvette-like chamber measuring a few millimeters in layer thickness, much like in
clinical analyzers. For this reason, these disks are a lot thicker than typical micro-
fluidic structures, embedding chambers, and channels that are well within the
mesoscale. Since in centrifugal systems the fluid handling force acts on the entire
mass of the liquid, larger structures along with microchannels do not pose a pro-
blem. Cobas b 101 (Figure 14.4(d)) takes advantage of this thick design by incor-
porating a lateral sampling port protected by a hinged lid. Upon closing this lid,
buffer/reagent solution is released in the chip and thus the problem of reagent
storage/reconstitution is solved. Similarly, Abaxis (Figure 14.4(b)) stores the
buffer solution in a separate container at the center of the disk that opens by
mechanical interaction when the consumable is inserted in the machine. Biosurfit
(Figure 14.4(c)) with their system Spinit [59-65] uses a different approach that
allows for a thinner design. The incident light is forced to undergo multiple internal
reflections within the detection chamber using a diffractive reflective layer at the
bottom of the chamber. This gold layer traps specific biomarkers using surface
immobilized antibodies. The refractive index of the biomarker layer is measured as
light reflects out of the disk and is used to quantify the bound analyte [66].
A different issue that LOAD designers need to address is that when the disk keeps
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spinning, the radial “gravitational” field keeps fluids secure against a wall. How-
ever, if the disk stops, then capillary forces once again become predominant and in
a half full mixing/detection chamber this can be a problem. For this reason, it is
often a requirement to do detection while the disk is spinning. This can only be
done stroboscopically. Abaxis uses a Xenon arc lamp to counter this problem. The
source is only open for 5 us with a 50-kW radiant power output. The light travels
through the sample and apertures and ends up in a series of dichroic mirrors and
interference filters in which it is broken down into wavelengths and measured by
individual light detectors. This arrangement allows multiple measurements at
1,200 rpm to acquire an average absorption per cuvette in the desired wavelengths.
Biosurfit has patented plain LED source illumination with CCD/CMOS detection
for a 200-um sample layer. This 2D approach, in conjunction with the internal
reflection format and carefully designed apertures, allows simultaneous measure-
ments that correspond to different optical path lengths within the sample. A special
case in the family of commercial LOAD is that of Samsung-Nexus and their sys-
tems LABGEO [67-69] IB10 (Figure 14.4(a)) and PA20. In this format, the disk is
a carrier for up to three LFIA strips, performing fully automated quantitative
immunoassays for cardiac markers from whole blood. It is mentioned in literature
[70] that this system, at least initially, used fluorescence with lanthanides to provide
high sensitivity with inexpensive optics. The typical materials used for centrifugal
disk microfluidics are polycarbonate and polymethyl methacrylate because of their
good optical characteristics, low cost, and compatibility with mass production
methods such as injection molding. The hydrophobic treatment [71-75] can be done
using silane derivatives or polytetrafluoroethylene in spray or plasma deposition,
whereas superhydrophobic treatment is also possible by using surface micropatterning
[76] prior to treatment. Apart from the fluidic aspects of LOAD, a key consideration is
the storage of the reagents within the chip. All four companies investigated here use
dry reagents which are reconstituted during usage of the disks. The drying can be
conventional (e.g. atmospheric or hot air) or by lyophilization when the required
stability cannot be achieved using other methods or when a porous structure of the
pellet or spot is necessary for rapid reconstitution and mixing. Taking into con-
sideration all of the above, one can observe that centrifugal microfluidics constitute a
good canvas for a variety of design approaches and seem to be able to perform in
different types of tests such as immunoassays and clinical chemistry.

14.2.2.3 Aspects of sensitivity and precision in LOAD

Commercialized centrifugal microfluidics, as it has been described in the previous
paragraph, utilize standard and nonstandard optical arrangements to acquire mea-
surements indicative of the quantity or absence of an analyte. A big benefit of this
technology is the inclusion of control spots into the disposables to calibrate the
device and assess the state of the reagents [49,51,52]. These sophisticated systems
clearly do not aim for the rough estimation in an extreme PoC setting [12] rather
aspire to become mobile or benchtop, low cost alternatives to clinical analyzers.
Abaxis offers 26 different clinical chemistry tests in 17 individual disks/panels.
Independent studies [77-80] produced generally favorable results with most
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measurements conforming with laboratory standards. For example, liver function
panel intra-assay precision, linearity, and accuracy have been found to be
acceptable for clinical usage [77,79] with the exception of total bilirubin. Also, lipid
panel results have been found to be within the limits set by the National Cholesterol
Education Program with high-density lipoproteins (HDL) falling out of the limit in
one study [81]. Abaxis reports [82] linear ranges for its assays with a wide dynamic
range but less sensitivity than a clinical analyzer [83], especially for electrolyte panels
[84], although within the limits of diagnostic significance. Cobas offers a lipid panel
and glycated hemoglobin measurement, with independent studies [85-88] for the
latter reporting CVs ranging from less than 3 percent to more than 7 percent. Biosurfit
offers complete blood count and a CRP immunoassay. For the complete blood count
(CBC), the company reports [89] CVs ranging from 4.8 percent for Hematocrit to
13.5 percent for Monocyte differentiation in white blood cell count. For CRP, the
analytical range of the measurement is reported [90] to be 4-180 mg L' with a
coefficient of variation (CV) of 6.6 percent against a standard. Samsung offers
immunoassays for cardiac and cardiac STAT testing, thyroid function, pregnancy, and
procalcitonin measurement. For cardiac triple measurements, Samsung’s LabGeo is
reported [91] to have high sensitivity (0.05-30 ng mL ™" Tpl, 2-60 ng mL ' CK-MB,
30-500 ng mL ™" Myoglobin) with a total CV in the range of 11 percent. It can be
deduced from all of the above that these devices present high sensitivity in most cases
but sometimes lack in repeatability when compared to standard clinical analyzers.
However, their compactness, cost, and ease of use might outweigh these drawbacks
when there is no alternative for an in situ measurement, such as a doctor’s office, an
ambulance, or any other emergency or decentralized setting.

14.2.2.4 Aspects of multiple measurements in LOAD

Centrifugal microfluidics is inherently a multiple measurement technology, since
parallelization and aliquoting are easily accomplished using standard techniques.
These multiple measurements can be used for multiplexing, for real time optics
calibration, for disk and reagent stability assessment, and for control measure-
ments. The disks manufactured by Abaxis and Biosurfit are prime examples of
multiple measurements using a single disk. Panels like CBC, cardiac triple, and
clinical chemistry analytes have already been implemented in centrifugal technol-
ogy systems. However, a multistep protocol, such as ELISA, has yet to be realized
in commercial PoC LOAD systems and is perhaps a natural next step for this
technology that would also presumably have a positive effect on the coefficients of
variation of the devices.

14.2.3  Electrochemical sensing systems

Along with LFIAs, electrochemical sensing systems constitute the most established
and applied technologies for PoC settings. Ten out of 104 companies examined
here deal with purely electrochemical or hybrid technology that may also include
optical detection. In these systems, the presence of an analyte is correlated to an
electrical signal at the electrodes of a disposable strip. With blood glucose
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portable meters being the most prominent of applications, electrochemical sensors
have been embedded into a wide range of commercial PoC systems covering blood
gases, electrolytes, metabolites, and other analytes. Typically in less the size of a
smartphone, these systems are solid state, low cost, highly sensitive, and robust.
These merits, along with the fact that they cover analytical targets incompatible
with LFIAs, have established them in a number of settings, such as home mon-
itoring, and emergency testing for specific biomarkers. However, there are draw-
backs to consider, including limited specificity from the electrochemical activity of
species other than the analyte, limited shelf life, and nonspecific binding [92,93].
Nonetheless, electrochemical sensing systems’ impact can be appreciated when
considering that millions of people rely on them every day to regulate medication
intake of insulin and oral anticoagulants.

14.2.3.1 Electrochemical sensing systems principles of operation

Commercial PoC systems with an embedded electrochemical sensor are quite
diverse in terms of operation and analytical targets. Figure 14.5 shows a simplified
disposable electrode strip similar to the ones used for glucose monitoring. In this
embodiment, the sample, which can be a drop of blood from finger prick, is
metered in a vented sample chamber. A volumetric electrode verifies that the
chamber is full while a working and a reference electrode are used to acquire the
measurement. Electrochemical sensing PoC applications can be subdivided into
different categories as per their recognition element and the method of measure-
ment. In regards to the recognition element, the two main categories are biocata-
lytic and affinity biosensors [92]. In biocatalytic sensors, the recognition element is
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Sample chamber

Spacer
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Working electrode

/

Connector pads’ Volumetric electrode/

Figure 14.5 A simplified design of an electrochemical sensing disposable strip
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an enzyme that catalyzes the formation of an electroactive product when the sample
is introduced to the cell. In affinity biosensors, the recognition molecule is
most commonly an antibody that captures the antigen biomarker whereas a sec-
ondary antibody, labeled with an enzyme, will complete the sandwich format.
This enzyme label is responsible for the formation of the electroactive product in
affinity biosensors. As per the method of measurement, the four main approaches
are amperometry, potentiometry, conductometry, and impedance spectroscopy.
In amperometry [92,93], the analyte and the sensor reagents are involved in
reduction—oxidation reactions at inert metal electrodes. During this process, the
electrode gains electrons from the analyte. This results in a measurable current that
is linearly proportional to the concentration of the analyte. This technique is used
for the quantification of metabolites, such as glucose, cholesterol, and lactate. In
potentiometry, a potential difference described by the Nernst equation is measured
between two electrodes with minimal current drawn. The measurement has a
logarithmic dependence to the analyte concentration. Potentiometry is commonly
used with ion selective electrodes for electrolyte (K", Na~, and Cl~) quantification.
Conductometry is the measurement of the sample’s conductivity that is in turn
related to the concentration of electrolytes. Since red blood cells have insulating
properties due to their lipid bilayer membrane, this method is used for hematocrit
measurements. Impedance spectroscopy is primarily used in affinity biosensors, in
which a sinusoidal excitation signal with varying frequency is used to acquire the
impedance spectrum of the test zone. The measurement is proportional to the
real-time binding activity on the test zone [94].

14.2.3.2 Design, materials, and reagents in electrochemical
sensing systems

PoC devices that embed an electrochemical sensor come in a wide range of foot-
prints and designs, the most common one being pocket size instruments for blood
glucose monitoring. All these systems share in common the use of disposable strip
in which the electrodes and reagents are packed and a device that connects elec-
trically to this strip. The disposable is in most cases a single use strip into which the
sample, most commonly whole blood, is inserted directly into ametering/testing
chamber much like Figure 14.5. However, more elaborate approaches have been
successfully commercialized. Abbot’s i-STAT [95,96] (Figure 14.6(b)) combines
active and passive microfluidic components with electrochemical sensing within a
disposable plastic cartridge to perform a wide range of tests including cardiac tri-
ple, blood gas, coagulation, and electrolytes. Different cartridges utilize potentio-
metry, amperometry, and affinity methods depending on the analyte; however, all
are compatible with a single handheld device containing pumps, actuators, heater,
and all necessary electronics to perform measurements in situ. In a similar
approach, Alere’s Epoc [97] (Figure 14.6(d)) can perform 11 tests including blood
gas, electrolytes, and metabolites in a single disposable cartridge utilizing micro-
fluidics and different sensor technologies. The technological advantage of such
systems is the ability to perform multiplex assays with sample pretreatment and
on-chip calibration. Another notable approach is that of mobile phone integration.
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(d)

Figure 14.6 Electrochemical biosensing systems: (a) typical glucose meter,
(b) i-STAT handheld blood analyzer, Abbott Point of Care Inc.
(¢) Dario’s smartphone compatible glucose meter, and (d) Epoc
PoC system by Alere

Just like in LFIA readers, the smartphone race to provide high quality consumer
goods has provided the technological basis that is compatible with some PoC
specifications [98,99]. For example, Dario [100] (Figure 14.6(c)) offers glucose
meters that utilize the audio jack of smartphones, an I/O port able to both record
and generate signals that can be used for electrochemical sensing. Regarding the
electrode design in electrochemical sensor systems, configurations include the use
of at least two electrodes: a reference electrode and a working electrode, while
commonly an auxiliary electrode is included to function as a source or sink of
electrons. Additional probes can be used for volumetric verification or to com-
pensate for working electrode fouling or nonspecific binding. Electrodes are fab-
ricated using either screen printing or laser ablation patterning on thin layers of
metal made with vapor deposition [101]. Materials include carbon, platinum, gold,
silver, and palladium. In biocatalytic sensors [92], the functionalization of the
electrode is achieved by making sure that the targeted enzyme and the electrode
surface are in contact and that the enzyme remains functional. Methods to achieve
this include entrapment of the enzyme between membranes on the electrode sur-
face, covalent bonding, encapsulation, inclusion in a gel or paste, adsorption, and
biotinylation of the enzyme to form a biotin—avidin complex with the electrode.
The enzymes used depend on the application. Glucose meters use glucose oxidase
along with a redox mediator often in the form of immobilized enzyme in a redox
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polymer [102,103]. For cholesterol, cholesterol esterase and cholesterol oxidase are
used often in combination, whereas for electrolytes ion selective electrodes [104]
are integrated in the strips. Miniaturized Severinghaus and Clark electrodes are
used for CO, and O, measurements, respectively. For prothrombin time (PT/INR)
measurements, human recombinant thromboplastin is commonly used along with
buffer solution and human plasma-extracted coagulation factors for control
purposes.

14.2.3.3 Performance of electrochemical PoC systems

Electrochemical methods are broadly applied in clinic analysis among other rea-
sons because of their increased sensitivity and selectivity. Their implementation in
PoC systems has resulted in a wide range of devices that provided access to mea-
surements typically done in the lab, for example glucose or lipid panels, or replaced
testing principles with solid-state technology, for example PT/INR measurements.
Portable glucose meters have been stringently evaluated as per their performance.
Independent studies [105,106] have reported the accuracy of 43 and 27 commercial
self-monitoring blood glucose (SMBG) systems respectively according to ISO
15197:2003 [107]. This standard stipulates that 95 percent of measurements
below 75 mg dL ' must fall between a +15 mg dL ™' zone from laboratory results,
whereas measurements over 75 mg dL~' must fall between +20 percent from
laboratory results to acquire a CE mark. In these studies, approximately 21 percent
and 41 percent of the product did not perform according to these standards. It is
worth mentioning that the 2013 revision of ISO 15197 sets tighter standards for the
regulation of SMBG systems, notably by requiring that 99 percent of measurements
should fall within the error margin. Interfering factors in SMBG have been widely
investigated [108,109]. Temperature, altitude, certain drugs, such as acet-
aminophen, and substances such as maltose can significantly affect the reliability of
the measurement. In PT/INR monitoring, where once again frequent testing is used
for the regulation of drug dosage, electrochemical systems have partly replaced
classical methods based on magnetic/mechanical principles to detect clotting. With
companies generally abiding by an allowable 0.3 INR (International Normalized
Ratio for prothrombin time) bias in comparison to a reference system, we examine
the coefficients of variation published by manufacturers for their systems. Alere’s
INRatio [110] is reported by the manufacturer to have an 8§ percent CV for normal
and 7.7 percent CV for therapeutic samples in a wide range of 0.7—7.5 INR values.
Siemens, with Xprecia Stride [111], in a similar range of 0.8—7 INR reports CVs
of 5.9 percent for INR < 2, 4.1-4.2 percent for INR ranging from 2 to 4.5, and
3.6 percent for INR > 4.6 up to 8. Cobas with Coaguchek [112] reports a CV of
2.6 percent for venous blood and 3.5 percent for capillary blood for samples with
INR < 4.5. Abbott, with i-STAT [113], reports a CV of 4.7 percent for venous
blood with mean INR = 2.4 and CV of 4.6 percent with mean INR = 2.5. The ISO
standard 17593:2007 defines that for samples with INR < 2 in a reference system,
90 percent of the allowable differences between the PoC and the reference system
must be £0.5 INR. For samples with INR from 2 to 4.5, this becomes £+30 percent
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with an allowable bias of £0.3 INR. For values larger than those, no performance
criteria are set [114].

14.2.4 Nucleic acid testing systems

Nucleic acid testing (NAT), as a diagnostic tool at the PoC, is a rapidly evolving
field with potentially great impact. Out of 104 companies reviewed in this work,
four offer diagnostic tools based on NAT with company provided assays, whereas
two offer general use amplification/detection systems that are claimed to be
directed for PoC applications. In NAT PoC systems, the diagnostic targets are most
commonly (1) DNA/RNA segments of bacteria/viruses or (2) human genetic
material. In the first case, human body fluids such as plasma, sputum, or nasal swab
are tested in an attempt to diagnose an infectious disease and differentiate between
possible subtypes that would alter the therapeutic intervention. In the second case,
the clinical significance lies in the detection of mutations or oncogenes, with the
most widespread application being cancer treatment or prevention. One key
advantage of molecular diagnostic systems lies in their ability to amplify their
target sequence, a trait that is unique in comparison to other diagnostic approaches.
This allows for extremely high sensitivity and specificity even at early disease
stages in which immunological PoC methods fail to report a positive result due to
lack of sufficient analyte. As per the target analytes, nucleic acid methods ulti-
mately look for the most primary pieces of information that describe pathogenesis,
and in this sense they can deliver high quality information to the PoC. These can be
in regard to, for example, the specific subtype of an influenza infection, or a
mutation in a tumor suppressor gene. On the downside, nucleic acid detection
systems can only confirm the presence of a target sequence within the sample,
without providing any information on whether, for example, a microorganism is
alive or dead, or whether there is colonization without disease [115]. In addition,
polymerase chain reaction (PCR), the most widely adopted method employed in
NAT, is a slow process that is hard to implement in PoC and has led to the intro-
duction of alternative amplification strategies [116]. Finally, the nucleic acid test-
ing industry faces tremendous financial pressure from the technological strides of
the whole-genome sequencing technology and is thus limited to scenarios in which
a centralized health structure is not present.

14.2.4.1 NAT principles of operation

Nucleic acid detection presents significant diversity as to the methods applied to
make it compatible with diagnostics [116—119]. This is true for both amplification
and detection of the amplicons. The first step in all these techniques is releasing the
DNA/RNA into a buffer in order to perform amplification. This is most commonly
achieved using chemical or enzymatic agents; however, other methods, such as
sonication and mechanical lysis, have been employed [118]. This step is commonly
followed by purification and removal of particulates. At this point, the analyte, if
present, can be at very low numbers, so it is necessary to amplify, that is multiply
the segments of interest. If the target is a DNA segment, PCR is the most widely
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Figure 14.7 Nucleic acid testing PoC systems: (a) Idylla system from Biocartis,
(b) Genie Il system from Optigene, (c) Q-poc system from Quantum
DX, and (d) Alere-I system from Alere

adopted approach. In PCR, the double DNA helix is denatured at high temperatures
(~98 °C) to allow separation of the two strands. Once this step is complete, the
temperature is lowered to allow chemically synthesized oligonucleotides called
primers to pair with the separated strands on the location of interest. After this, the
enzyme polymerase is used to extend the primer with complementarity to the
preexisting strand in a way that it forms a copy of the previously separated strand,
at least for the length of the sequence of interest. The process is usually repeated for
up to 30-35 times to acquire exponentially increasing number of copies. If the
target is RNA, a variation of this technique is used in which another enzyme,
reverse transcriptase, is first used to create complementary DNA to the RNA
of interest. Biocartis with their system Idylla (Figure 14.7(a)), Quantum DX
(Figure 14.7(c)) with Q-POC, and NanoBiosys all use PCR as their amplification
strategy. Another approach to amplification is loop-mediated isothermal amplifi-
cation, or LAMP [120]. In this method, the temperature is constant at ~65 °C, and
amplification takes place using four to six primers. An enzyme initiates synthesis
by strand displacement and two of the primers form loop structures to facilitate
subsequent rounds of amplification [121]. This technique is used by HiberGene in
their systems HG Swift and by Optigene in Genie (Figure 14.7(b)). A third
approach that is utilized by Alere in their system Alere-i (Figure 14.7(d)) is called
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Nicking Enzyme Amplification Reaction. NEAR employs a nicking enzyme along
with polymerase to exponentially amplify DNA at constant temperature. Both
NEAR and LAMP are faster than PCR and easier to integrate in PoC systems since
no thermocycling is required. Regarding detection, five out of six companies
reviewed here use fluorescence in two or more channels, out of which four use a
real time method, meaning that the amplification and the detection of amplicons are
done simultaneously. Quantum DX uses nanowires with DNA probes whose
impedance changes as DNA sequences hybridize onto their surface. Although not
included in the list of companies reviewed in this article, Cepheid [122] is con-
sidered to pioneer the field of molecular PoC systems. The company has developed
GeneXpert, a range of PoC benchtop devices that use a disposable cartridge to
perform 6-plex real-time PCR for infectious and venereal disease, oncology, and
nosocomial infections.

14.2.4.2 NAT PoC systems performance

NAT systems have the inherent advantage of amplification, which allows for very
high sensitivity. Alere-i is being used to test nasal swab samples for the diagnosis of
influenza A and B. Alere reports [123] sensitivity of 97.9 percent with specificity of
89.2 percent for influenza A against viral culture in a clinical study of 571 patients,
whereas the same values are calculated for influenza B at 92.5 percent and
96.5 percent respectively. Results regarding the limit of detection for this assay
are also presented, with values ranging from 1.88 x 10° TCIDso mL ™" for subtype
A/HINI to 5.55 x 10> TCIDs, mL ™" for subtype B/Yamamata lineage for direct
swab testing. The same device is used for the detection of Streptococcus pyogenes
in throat swab. Alere reports [124] 95.9 percent sensitivity and 94.6 percent from a
clinical study of 481 patients against bacterial culture. The system HG-Swift by
HiberGene is used for the detection of Meningococcus in a variety of samples. The
company reports [125] sensitivity and specificity equal to 100 percent, however
using as a reference a laboratory PCR assay for a total of 137 samples. In addition,
the limit of detection of the assay is claimed to be 1.4 copies uL ™" for whole blood
and 1.9 copies uL~" for respiratory swab. Idylla by Biocartis is used for oncology
assays but also for a respiratory panel to identify influenza virus subtypes and RSV.
The company claims to be able to provide high sensitivity; however, the clinical
trials are ongoing at the time of writing of this paper [126].

14.2.5 Blood gas/electrolyte benchtop systems

Blood gas and electrolyte testing is a requirement in critical care and emergency
room testing to diagnose acute conditions relating among others to respiratory
problems, lung disease, kidney disease, dehydration, or heart condition. In this
sense, centralized testing often needs to be circumvented in order to get stat mea-
surements at the PoC [127]. Various companies have developed benchtop systems
with larger footprint compared to the devices that have been presented so far to
cover the needs of such settings. The specifications of these systems usually include
compatibility with capillary blood which is extremely useful in neonatal care,
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cartridge-based reagents and controls, reliability, operating simplicity, and the
ability to integrate into a broad data management system. These devices are usually
based on electrochemical sensing; however, fluorescent-based systems have been
developed [128]. In this review, four out of 104 companies have developed one or
more blood gas/electrolyte PoC analyzers. Gem 4000 [129] from Instrumentation
Laboratory, Rapid Point 500 [130] from Siemens, Cobas b 123 [131] as well as
Cobas b 221 [132] from Roche, and OPTI CCA-TS2 [128] from OPTIMedical
perform blood gas and electrolyte testing, whereas some also include a metabolic
module, a co-oximetry module, and hemoglobin measurement. Blood gas and
electrolyte analyzers are in general highly automated sophisticated devices that
have become pretty much standard equipment in modern clinical facilities.

14.2.6  Other technologies

14.2.6.1 Physical determination of biomarkers (coagulation)

Apart from electrochemical approaches, coagulation disorders can be diagnosed
and monitored using physical determination relating to the change of viscosity in a
blood sample in the presence of clotting reagents. Accriva diagnostics have
developed a whole-blood microcoagulation system called Hemochron Signature
Elite [133]. In this system, the blood is introduced in a disposable cartridge which
in turn is inserted in a pocket-size PoC device. Using a pumping system embedded
in the device, the sample is mixed with coagulation reagents and forced into a
reciprocating motion within the cartridge. This motion is directly affected by the
formation of clots and is monitored optically within the device [134]. The cessation
of movement marks a clinically important clotting time and is used to provide a
series of measurements, such as PT/INR, activated partial thromboplastin time
(APTT), citrated APTT, and activated clotting time. Similarly, Coagusense has
developed a PT/INR monitoring system called Coag-Sense [135]. In this system, a
rotating spoke wheel is operating inside a mix of sample and recombinant rabbit
thromboplastin. When the sample clots, the clot is caught up in the spokes and
interrupts a beam/sensor couple. Physical methods are promoted by their manu-
facturers on the basis that alternative systems, such as electrochemical sensors, are
affected by the concentration of red blood cells or other substances in the sample.

14.2.6.2 Optical detection systems

Optical detection in clinical testing is probably the most applied technology of all
for the detection of biomarkers [136]. Optical techniques such as fluorescence,
turbidimetry, nephelometry, spectrophotometry, chemiluminescence, and others
are routinely used in clinical settings. In fact, apart from electrochemical systems,
most other automated PoC systems mentioned in this article fall into this sensing
category. However, the viewpoint of this article is the categorization of devices
based on discreet set of design choices that go beyond the sensing or the fluidic
manipulation method alone. In this sense, the single unifying principle of devices
presented in this paragraph is an optical detection system around which the system
is built.
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Immunofluorimetric [137] methods have been employed widely in clinical
testing. Siemens has developed the Stratus CS200 [138] that utilizes immuno-
fluorimetry to perform STAT cardiac tests, notably CK-MB, Tp-I, Myoglobin, and
D-Dimer. This device accepts whole blood in a test tube with anticoagulant. Test
reagents are inserted in individual single-use cartridges. Up to four different car-
tridges can be used each time to create the emergency panel that is deemed most
useful at the time of measurement. The device contains a centrifuge and fluidic
samplers and components to perform the automated assay. This system has a
comparably large footprint and a level of automation complexity that exceeds what
is commonly attributed to PoC systems as they have been described so far. How-
ever, it represents a different category of PoC systems, the ones that are placed
inside a clinic or emergency room to provide fast and reliable information outside
the normal pipeline of biochemical testing. In this sense, such devices are auton-
omous and easy to use, provide lab-quality results, and have low sample to result
times. As such their intended use justifies a higher design sophistication and cost.

Siemens has also developed the DCA Vantage analyzer that uses a colorimetric
method along with a multipoint absorbance measurement from a competitive latex
agglutination assay [139]. The device is used to monitor glycemic control and
detect early kidney disease by measuring a glycated hemoglobin ratio and urine
albumin and creatinine in self-contained immunoassay cartridges. In a similar
approach by Alere with the system Affinion [140], glycated hemoglobin is mea-
sured using a boronate affinity assay. A spectral reflectance method is used to
measure different colors that correlate to the glycated and total hemoglobin in the
sample, and whose ratio is proportional to the required measurement. The same
device with a different cartridge can be used to quantify albumin and creatinine in
human urine. These devices are simple to use, table top systems that are compatible
with finger-prick sample acquisition and are directed toward decentralized dia-
betes/hypertension management.

In a different application, Diagon with Coag S [141,142] use optical turbidi-
metry to quantify cloudiness generated by a reaction between the sample and
recombinant thromboplastin. A disposable cuvette that includes lyophilized
reagents, and a steel ball is introduced with the sample (whole blood) after being
placed in the PoC device in a controlled temperature position. The sphere is moved
using a rotating magnetic field, and clotting is monitored using turbidimetry.

A common application of optical detection is the quantitative determination of
hemoglobin using a disposable chip and a tabletop small footprint device. Alere’s
Hemopoint [143,144] is an example of such systems. In this device, a disposable
microcuvette is primed with finger-prick blood and placed in the system. Reagents
stored in the microcuvette hemolyze the sample. A modified azide methemoglobin
method is utilized, and the colored product which is proportional to the blood
hemoglobin concentration is quantified using an absorption method at 570 nm with
an additional wavelength at 880 nm for turbidity compensation. Alere has also
developed a lipid panel PoC system called Cholestech [145-148]. This device is
used to measure total cholesterol, high-density lipoprotein cholesterol, triglycer-
ides, and glucose in a single-disposable cartridge from finger-prick blood collected
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with a heparin coated capillary tube. The device uses reflectance photometry to
quantify quinoneimine dye produced by a series of reactions [149] for each indi-
vidual analyte.

Of special interest to critical care testing is the measurement of ammonia in
blood in order to assist in the diagnosis of liver disease, kidney failure or a urea
cycle disorder. Menarini diagnostics [150] is one of the companies from this list
that produces a portable ammonia meter. These devices typically utilize a strip into
which ammonium ions are separated from whole blood vertically to react with a
reagent producing a color change. This change is detected using reflectance mea-
surements at an appropriate wavelength typically provided using LED technology.

Finally, in a different application, Diesse has developed Chorus [151,152], a
cartridge-based ELISA benchtop device for a wide range of immunoassay tests
ranging from infectious disease to autoimmunity markers. This system uses self-
contained reagent cartridges and performs full ELISA protocols with washing steps
to acquire results photometrically. A carousel-type design allows for up to 30 dif-
ferent cartridges to be analyzed in one run with integrated fluidic components
handling all protocol steps.

14.3 Commercialized point-of-care systems—biomarkers

Selection of biomarkers/conditions has a great impact on the commercialization
success of a PoC system. On the first part of this work, different technological
approaches applied in commercial PoC systems have been described. This second
part will address the targeted biomarkers of these systems. Although review articles
referenced throughout this work present notable applications of their reviewed
technology, to the best knowledge of the authors, an extended list of the conditions/
biomarkers currently being tested using PoC technology has not been published.
The purpose of the second part of this work is to present a thorough list of bio-
markers that are currently the diagnostic, prognostic or predictive objective of the
systems that have been investigated in this work. Although it would fall outside of
the scope of this review to investigate each biomarker separately, it is the hope of
the authors that this tabulated form of analytes with their respective technologies
could assist researches into identifying technological and diagnostic gaps in PoC
applications.

Table 14.2 includes 173 targets categorized on the basis of their type and the
sample that is used to perform the PoC test. For each target, all relevant tests/
devices from companies investigated in this work are cited and categorized on the
basis of their technology. Companies that deal exclusively with glucose monitor-
ing and pregnancy testing and applications dealing with allergen identification and
veterinary testing have not been included in this table. Hematology panels are
grouped into one entry due to the low number of PoC systems currently per-
forming them. The devices have been categorized on the basis of the first section
of this article. Table 14.3 includes the references to the system presented in
Table 14.2.



Table 14.2 An extended list of conditions/biomarkers tested by PoC technology and the companies investigated here that have
developed relevant systems organized by technology: Lateral-flow immunoassays (LFIA), lab-on-a-disk (LOAD),
electrochemical systems (EC), blood gas (BG), and electrolyte PoC systems and other systems

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Clinical biochemistry
Lipid panel S/P/WB CHOL.: Cholesterol 94,119 121,122 27,32,33 7,10,20
Lipid panel S/P/WB HDL (Direct) 119 121,122 32 7,10,20
Lipid panel S/P/WB LDL 122
Lipid panel S/P/WB TRIG: Triglyceride 94,119 121,122 27,32,33 7,10,20
Lipid panel WB Lipid panel 122 27
(cholesterol,
LDL, HDL,
triglycerides)
Atherosclerosis WB sPLA2-ITIA 57
marker (atherosclerosis)
Cardiac panel S/P/WB BNP: Brain 41,57,72,111 124,125 10,19
natriuretic
peptide
Cardiac panel S/P/'WB CK-MB 40,41,44,47,49,54, 124,125 29 10,19
64,67,69,72,75,
76,88,93,96,
107,111,114
Cardiac panel S/P/WB CK: Creatine 119 121 20
kinase
Cardiac panel S/P/WB h-FABP 57,67,72,76,96
Cardiac panel S/P/'WB Myoglobin 40,41,44,47,49,54, 124,125 29 10,19

64,67,69,72,75,76,
77,88,93,96,107,
111,114

(Continues)
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Table 14.2 (Continued)

Test category Sample Diagnostic LFIA LOAD EC BG Other
type target
Cardiac panel S/P/WB Troponin | 40,41,44,47,49,52, 124,125 29 10,19
53,54,57,64,67,69,
70,72,74,75,76,77,
82,83,88,93,96,99,
107,108,111,114
Liver panel S/P/WB ALT: Alanine 119 121 7,20
aminotransferase
Liver panel S/P/WB AST: Aspartate 119 121 7,20
aminotransferase
Liver panel S/P/WB Gamma GT 7,20
Liver panel S/P/WB ALP: Alkaline 119 121 7,20
phosphatase
Liver panel/anemia S/P/WB LDH: Lactate 121 20
marker/body fluid dehydrogenase
analysis
Liver panel/anemia S/P/WB TBIL: Total 119 121 3,4,5 7,20
marker bilirubin
Liver panel/hemolytic S/P/WB DBIL: Direct 121 7
anemia marker bilirubin
Liver panel/renal S/P/WB ALB: Albumin 42,64 121 7,20
panel/nutritional status
Liver panel/nutritional S/P/WB TP: Total protein 121 7,20
status marker
Liver disease/kidney WB Ammonia 20
failure/Reye syndrome
Renal panel S/P/WB BUN: Blood urea 119 121 29 1,3 7,20

nitrogen
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Renal panel

Renal panel

Gout/kidney disease/
monitoring cancers
treatment marker

Electrolytes/renal
panel/acid-base
balance marker

Electrolytes/renal
panel/acid-base
balance marker

Electrolytes/acid—base
balance marker

Electrolytes/renal
panel/parathyroid
function marker

Electrolytes/renal panel

Electrolytes/renal
panel/parathyroid
function marker

Electrolytes/renal
disorders

Pancreatic function
marker

Pancreatic function
marker

Diabetes disease/
pancreatic function
marker

Diabetes disease marker

Diabetes disease marker

S/P/WB
S/P/WB
S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

S/P/WB

Stool

S/P/WB

S/P/WB
WB

CREA: Creatinine
Cystatine C
UA: Uric acid

K+: Potassium

NA+: Sodium

Cl—: Chloride

Ca: Calcium

iCa: ionized calcium

PHOS: Phpsphorus,
inorganic

Magnesium

AMY: Amylase

Pancreas Elastase 1

Insulin

Fructosamine
Glycated hemoglobin

119
72
119

119

119

60

72

121

121

121

121

121

121

121

121

122

29,35,36

38

29,35

29,35

29,35

35

29

27,32,37

7,13,20
7,20
1,2,3, 7
4,5,6
1,2,3, 7
4,5,6
1,2,3, 7
4,5,6
1,2,3, 7,20
4,5,6
20
20
20
20
7,11,13
(Continues)
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Table 14.2 (Continued)

¥8¢

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Diabetes disease marker  Urine Ketoacidosis 114 36,37
(B-hydroxybutyrate)
Diabetes disease marker  Urine Microalbumin 44,54,69,70,71, 39
72,114
Diabetes disease marker S/P/WB GLU: Glucose 94,119 121 27,29,32, 1,3.4, 7,10,20
33,35,36,37 5,6
Acid-base balance marker S/P/WB LAC: Lactate 121 29,33,35, 1,3.4,
36,37 5,6
Blood gases/acid—base S/P/WB pO2 29,35 1,2,3,
balance marker 45,6
Blood gases/acid—base S/P/WB pCO, 29,35 1,2,3,
balance marker 4,5,6
Blood gases S/P/WB sO, 29 1,2
Blood gases/acid—base S/P/WB tCO,: Total 121
balance marker carbon dioxide
Thyroid function marker  S/P TSH 40,57,64,70,
72,75,77,94
Thyroid function marker  S/P Thyroxine free 57
Sex hormone (female) Urine Luteinizing hormone  40,44,45,47,49,54,
(ovulation) 57,64,67,70,72,73,
74,76,77,80,82,83,
84,85,88,93,94,97,
99,107,114
Sex hormone (female) Urine FSH: Follicle 44,47,54,57,64,67,

stimulating
hormone

70,72,73,80,84,
93,94,99,107
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Sex hormone/pregnancy
marker

Sex hormone
Tumor markers

Tumor markers
Tumor markers
Tumor markers
Tumor markers

Tumor markers
Tumor markers
Tumor markers

Tumor markers
Tumor markers

Metastatic cancer marker
Urinalysis

Urine

S/P
S/P

S/P
S/P
S/P
S/P

Stool
S/P/WB

S/P

Urine
Urine

P
Urine

b-hCG

Testosterone
AFP

CA-125
CA-15-3
CA-19-9
CEA

M2-PK
PSA

PSA

PSA

Urinary bladder
cancer Ag

ctBRAF mutation

Urinalysis strip test

40,44,45,47,48 49,
50,53,54,57,64,67,
69,70,71,72,73,74,
76,77,80,82,83,84,
85,88,92,93,94,96,
97,99,102,104,107,
112,114

40,57

40,47,49,54,57,64,
67,72,73,74,75,76,
77,85,93,99,114

57,72

57

57

40,47,49,54,57,64,
67,72,73,74,75,
76,77,85,93,114

60

40,54,64,67,72,
74,75,76,77.85,
94,96,99

47,49,52,54,72,
73,93,96,114

83

44,57,70,75,104

44,46,53,54,69,71,
72,73,74,75,717,82,
85,93,94,99,107,
114,115

29

38

25

19

(Continues)
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Table 14.2 (Continued)

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Other Urine/WB  Drugs/alcohol/ 44,47,49,54,61,64, 10
adulterants 65,71,72,73,74,75,
77,83,85,88,91,93,
94,98,100,107,116
Hematology
Complete blood WB Hgb: Blood 72,107,119 27,37,39 1,2,5 12
count/anemia marker hemoglobin
Complete blood WB Hct: Hematocrit 123 29,35,37,38 2,34,5
count/anemia marker
Complete blood WB WBC: White blood 123 39
count/inflammation cell count
marker
Complete blood count WB Hematology panels 123,124 8,9
Anemia marker WB Ferritin 64,72,94
Hemolytic anemia marker WB G6PD deficiency 63
Other WB Blood type 55
classification
Coagulation
Hemostasis status/ P/WB INR PT 28,29,30,34 17,18
coagulation disorders
Coagulation disorders P/WB D DIMER 41,42,44,57,64,70, 124 10,19
marker 72,75,76,106,111
Inflammation
Inflammatory marker S/P/WB CRP: C reactive 42,44,51,54,57,64, 121,123 19
protein 70,72,75,97,104
Inflammatory marker S/P Neopterin 57
Inflammatory marker S/P/WB Procalcitonin 47,72
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Inflammatory marker

Inflammatory bowel

disease (IBD) marker

Inflammatory bowel

disease (IBD) marker
Oxidative stress marker

Rheumatoid arthritis
marker

Rheumatoid arthritis
marker

Rheumatoid arthritis/

autoimmune diseases

marker

Tear

Stool

Stool

Urine

S/P/WB

S/P/WB

S

Infections differential diagnosis tests

Bacterial serology tests
Bacterial serology tests

Bacterial serology tests

Bacterial antigen
detection tests
Bacterial antigen
detection tests

Bacterial antigen
detection tests
Bacterial antigen
detection tests
Bacterial antigen
detection tests

S/P/WB

S/P/WB

S/P
Stool

Stool

Stool

Stool

Stool

MMP-9 (dry eye
disease)
Calprotectin

Lactoferrin

Malondialdehyde
(ROS indicator)
Anti-CCP

Anti-MCV

Rheumatoid factor

Borrelia burgdorferi
IgG Ab

B. burgdorferi
IgM Ab

Brucella spp. Abs

Campylobacter
spp. Ag

Vibrio cholerae spp.
(serotypes Ol &
0139) Ag

Clostridium difficile
Ag

Clostridium difficile
Toxin A/B

Clostridium

perfingens Ag

51

57,58,68,
70,78,86

47,68,86,112

114

59

62,70

75,97

72
72,75

73
56,68,86

75,93,96

56,66,68,72,
86,108,112
50,56,68,72,75,
86,108,112
68

14

14

14

14

14

(Continues)
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Table 14.2 (Continued)

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Bacterial antigen Stool E. coli (serotype 47,56,68,
detection tests 0157) Ag 75,86,112
Bacterial serology tests S/P/WB Helicobacter pylori 40,44,45,47,49,52, 14
IgG Ab 53,54,61,64,67,69,
70,71,72,73,74,75,
76,88,92,93,94,99,
102,107,112,114
Bacterial antigen Stool Helicobacter 40,44,47,50,54,56,
detection tests pylori Ag 57,58,61,66,68,69,
70,71,72,73,74,75,
78,85,86,88,93,96,
104,108
Bacterial infection Biopsy Helicobacter pylori 109
marker sample (liquid urease test)
Bacterial antigen Urine Legionella 49,54,56,57,72,73, 14
detection tests pneumophila Ag 75,80,86,93,104,
108,112
Parasite antigen S/P Leishmania spp. 47,54,66,73,
detection tests (Kala-Azar) Ag 75,96,101
Bacterial serology S/P/WB Leptospira spp. 47,48,52,64,
tests 1gG/IgM Abs 75,79,96
Bacterial antigen Stool Listeria 68,86
detection tests monocytogenes Ag
Bacterial antigen WB, CSF, Neisseria 21
detection tests Nasopha- meningitidis
gal swab (serogroups A, B,

C, 29E, W135, X,
Y, Z) Ag
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Bacterial serology tests

Bacterial antigen
detection tests

Bacterial antigen
detection tests

Bacterial serology tests

Bacterial serology tests

Bacterial antigen
detection tests
Bacterial antigen
detection tests

Bacterial antigen
detection tests
Bacterial antigen
detection tests
Bacterial antigen
detection tests

Bacterial antigen
detection tests
Bacterial antigen
detection tests

WB Orientia
tsutsugamushi
IgM Ab

(Stool)/S/P  S. typhi/S. paratyphi
Ag

Stool/S/P S. typhi Ag

S/P/WB S. typhi 1gG/IgM Abs

S/P/WB Rickettsia rickettsii
IgG/IgM Abs
Stool Shigella spp. Ag

Throat swab Streptococcus group A
(S. pyogenes) Ag

Throat swab Streptococcus group B
(S. agalactiae) Ag

Urine Streptococcus group B
(S. agalactiae) Ag

Nasal & Streptococcus group B
Rectal (S. agalactiae) Ag
swab

Urine Streptococcus

pneumoniae Ag

WB Mycobacterium

tuberculosis
IgG Ab

63

47,49,52,53,
64,68,74
44,47,49,54,56,
64,68,73,74,86
44,47,49,53,73,
74,79,93,96
44,49

56,68,86

44,45,47,49,50,54, 26
57,64,68,69,70,71,
72,73,74,75,80,86,
88,92,93,96,102,
103,104,107,112
47,50,64,
69,70,71
44

72 21
57,72,75,

86,108,112
44,49,70,72

14

(Continues)

§2130]0UYI3] 2.4DI-JO-ju10d PIZIDIOIDUIULO))

68¢



Table 14.2 (Continued)

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Bacterial antigen WB Mycobacterium 44,75,85,
detection tests tuberculosis 93,96
IgM/IgG Abs
Bacterial serology tests S/P/WB Mycobacterium 40,52,64, 23
tuberculosis Abs 73,83,88
Bacterial antigen Stool Yersinia 68
detection tests enterocolitica
(serotypes O:3) Ag
Bacterial antigen Vaginal Chlamydia spp. Ag 50,54,64,67,69, 23 14
detection tests swab 71,72,74,77,88,
92,93,96
Parasite antigen WB Plasmodium spp. 40,44,47,48,49,54, 23
detection & serology (malaria Pan) 64,66,67,72,73,74,
tests Ag & Abs 75,79,82,88,93,96,
101,104,112
Parasite antigen WB Plasmodium 40,44,47,48,49,52, 23
detection & serology Salciparum 53,54,63,64,67,72,
tests (malaria Pf) 73,74,75,76,79,82,
Ag & Abs 83,88,93,96,104,
105,112,114
Parasite antigen detection WB Plasmodium vivax 40,44,47,49,52,53, 23

& serology tests

Parasite serology tests S/P

Parasite antigen detection Stool
tests

(malaria Pv) Ag &
Abs

Trypanosoma cruzi Ab

Entamoeba spp. Ag

54,63,64,67,73,74,
75,76,79,82,83,93,
96,105,114
54,64,72,
73,75,96
68,75
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Parasite serology tests

Parasite antigen
detection tests
Parasite antigen
detection tests

Parasite antigen
detection tests

Parasite serology
tests/TORCH

ToRCH panel

Sexual transmitted
diseases (STDs) panel

Sexual transmitted
diseases (STDs) panel

Sexual transmitted
diseases (STDs) panel

Virus antigen detection
tests

Virus antigen detection
tests

S/P/WB Wuchereria
bancrofti, Brugia
malayi or B. timori
IgG/IgM
(Filariasis)

Stool Giardia lamblia Ag

Urine Schistosoma spp.
(mansoni,
Japonicum) Ag

Stool Cryptosporidium
parvum Ag

S/P/WB Toxoplasma gondii
IgG/IgM Abs

S/P/WB ToRCH panel
(TOX, CMV, RUB,
HSV-1,HSV-2) Abs

Vaginal/ Neisseria

throat gonorrhoeae Ag
swab

S/P/WB Treponema pallidum
IgG/IgM/IgA Abs

Vaginal Trichomonas

swab vaginalis Ag
Tear Adenovirus Ag
Stool Adenovirus Ag

47,75

47,50,58,61,68,71,
72,75,86,108,112
73,75,95

50,58,68,75,
86,108,112

47,53,73,
93,96

47,53,64,
73,74,93

47,54,64,73, 23
77,88,93,96

40,44,47,48,49,52,
54,61,67,72,73,74,
76,82,83,85,88,90,
93,96,108,114

45

51

40,47,49,50,54,57,
58,61,64,66,68,72,
74,75,78,80,86,87,
88,93,97,104

14

(Continues)
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Table 14.2 (Continued)

Test category Sample Diagnostic LFIA Other
type target
Virus antigen detection Nasal/ Adenovirus Ag 45,68,86
tests Throat
swab
Virus serology tests Stool Astrovirus Ag 44,68,75,86
Virus serology tests S/P/WB Chikungunya virus 47,49,64,
IgG/IgM Abs 75,79,82
Virus serology S/P/WB Cytomegalovirus 47,53,73, 14
tests/TORCH (CMV) IgG/IgM 93,96
Abs
Virus serology tests S Dobrava—Hantaan 110
virus IgM Ab
Virus serology tests S/P/WB Dengue virus 40,44,47,48,49,52,
IgG/IgM Abs 54,63,64,74,75,79,
82,88,93,96,101,114
Virus antigen detection S/P/WB Dengue virus Ag 40,54,63,75,79,
tests (NS1) 82,93,101
Virus serology tests S/P/WB Ebola virus IgG/IgM 47,91
Abs
Virus antigen detection Stool Enterovirus Ag 68,86
tests (VP1 Peptide)
Virus serology tests S/P Epstein Barr virus 45,54,64,69,71, 14
VCA-IgG/IgM Abs 72,74,75,88,92,
101,102,107,112
Virus serology tests WB Hantavirus IgG/IgM 49,64

Virus serology tests/viral ~S/P
liver disease

Abs
Hepatitis A virus
IgM Ab

53,64,73,
93,96
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Virus serology tests/viral
liver disease

Virus antigen detection
tests/viral liver disease

Virus serology tests/viral
liver disease

Virus serology
tests/ToRCH/sexual
transmitted diseases
(STDs)

Virus antigen detection
tests

Viral infection marker

Virus antigen detection
tests
Virus serology tests

Virus antigen detection
tests

S/P/WB

S/P

S/P/WB

S/P/WB

Nasal Swab

S/P/WB

Stool

S/P/'WB

Stool

Hepatitis C virus Ab
(anti-HCV)

Hepatitis B virus
HBsAg

Hepatitis B virus
panel (HBsAg,
HBsAb, HBeAg,
HBeAb, HBcAb)

HSV 1 IgG/IgM Abs

Influenza A + B
(differentiates) Ag

Myxovirus resistance
A protein
Norovirus Ag

PUUMALA virus
IgM Ab
Rotavirus Ag

40,44,47,52,53,54,
64,67,69,71,72,73,
75,76,79,82,83,
88,91,93,114

40,44,47,48,50,52,
53,54,64,67,69,71,
72,73,74,75,76,82,
85,88,93,96,114

42,47,64,72,73,
75,79,83,104

40,47,73,80,93

40,44,45,47,49,54,
67,68,70,72,74,75,
76,77,78,80,86,88,
91,92,96,97,103,
104,112,114

51

40,47,68,75,
86,87
110

40,44,47,50,54,57,
58,61,64,66,68,72,
74,75,78,80,86,87,
88,93,97,104

25,26

14

14

(Continues)
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Table 14.2 (Continued)

Test category Sample Diagnostic LFIA LOAD EC NAT BG Other
type target
Virus antigen detection Nasal swab RSV virus Ag 45,47,50,57,61,67, 25 14
tests 68,72,75,80,86,
92,103,112
Virus serology S/P/WB Rubella virus 47,73,93 14
tests/TORCH IgG/IgM Abs
Virus serology tests S Tickborne 110
encephalitis virus
IgM Ab
Virus serology tests S/P/WB Zika virus IgG/IgM 49
Abs
Virus serology S/P/WB HSV 2 virus IgG/IgM 47,73 14
tests/ToRCH/sexual Abs
transmitted diseases
(STDs) panel
HIV treatment marker WB HIV (CD4 Cell 48
count for treatment
determination)
Sexual transmitted S/P/WB HIV 1/2 Abs 40,44,47,48,49,

diseases (STDs)/HIV
marker

50,54,64,67,69,
71,72,73,74,75,
76,77,79,82,83,
85,88,90,91,93,
96,101,104,105,
108,114
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Sexual transmitted
diseases (STDs)/HIV
marker

Sexual transmitted
diseases (STDs)/HIV
marker

Fungus antigen detection
tests

Other

Other

Miscellaneous

Gastrointestinal bleeding
marker

Gastrointestinal bleeding
marker

Gastrointestinal bleeding
marker
Other

S/P/WB

S/P/WB

Vaginal
swab
WB

Vaginal
swab

Stool

Stool

Stool

HIV 1/2 Tri-Line Abs

HIV 4th generation

tests (Ag & Abs)

Candida spp. Ag

Clostridium tetani
anti-toxoid Ab
(immunization
status)

Sialidase activity
(bacterial
vaginosis)

Transferrin

Occult blood (Hb)

Occult blood
(Hb/Hp)

Breast milk Creamatocrit

(optical)

40,47,53,64,73,
74,75,79,82,
88,93,96,101

47,75,79,
96,112

50

72,75,94

45

47,68,93

40,45,47,54,57,
58,60,64,67,68,
69,70,71,72,73,
74,75,76,77,84,
85,92,93,94,96,
99,102,104,
107,114
44,61,66,70,
75,86
37

14

16
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Table 14.3 The list of 125 systems/companies investigated in this work. The reference number corresponds to the biomarker list in

Table 14.2

Reference Company/product name Category Reference Company/product name Category
number number

1 Optimedical Blood gas/electrolyte analyzer 64 Amgenix LFIA
2 Cobas-Roche b 121 Blood gas/electrolyte analyzer 65 BioGMS LFIA
3 Cobas-Roche b 221 Blood gas/electrolyte analyzer 66 Apacor LFIA
4 Cobas-Roche b 123 Blood gas/electrolyte analyzer 67 Humasis LFIA
5 Instrumentation Lab Blood gas/electrolyte analyzer 68 Certest Biotech LFIA
6 Siemens RAPIDPoint 500 Blood gas/electrolyte analyzer 69 Futura System LFIA
7 Nexus—Samsung LABGEO PT10  Other—clinical chemistry 70 Preventis LFIA
8 Nexus—Samsung LABGEO HC10  Other—hematology 71 Sanymed Diagnostics LFIA
9 Norma Diagnostica Other—hematology 72 VedaLab LFIA
10 Alere Cholestech Other 73 Atlas Link LFIA
11 Alere Afinion Other—diabetes 74 Dialab LFIA
12 Alere Hemopoint Other—hemoglobin 75 Nal von minden LFIA
13 Siemens DCA Vantage Other—diabetes 76 HBI 21 LFIA
14 DIESSE Other—immunoassays 77 MH Medical LFIA
15 OJ Bio Other 78 Generic Assays LFIA
16 Accumetrics Other—coagulation 79 Jmitra. Co LFIA
17 Coagusense Other—coagulation 80 SAS Scientific LFIA
18 Diagon Other—coagulation 81 Rapigen LFIA
19 Siemens Stratus CS 200 Other 82 BHAT biotech LFIA
20 Menarini Diagnostics Other 83 Intecasi LFIA
21 Hibergene Nucleic acid testing 84 Lobeck LFIA
22 NanoBioSys Nucleic acid testing 85 Victorch LFIA
23 QuantumDX Nucleic acid testing 86 Vidia LFIA
24 Optigene Nucleic acid testing 87 Rimco LFIA
25 BioCartis Nucleic acid testing 88 Prometheus Bio LFIA
26 Alere—Alere i Nucleic acid testing 89 Hemaprompt LFIA
27 BioSys Electrochemical 90 Biolytical LFIA
28 Alere INRatio Electrochemical 91 Orasure LFIA
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Abbott i-stat

Siemens Xprecia Stride
MagellanDX
PTSdiagnostics
Cobas-Roche Accutrend
Cobas-Roche Coagucheck
Alere epoc
NovaBiomedical

EKF Diagnostics

Urit

Hemocue

Nanoentek

Alere Triage
Technoclone

Siemens Urinalysis
Dutch Diagnostics
Sekisui Diagnostics
YD Diagnostics
Biocan Diagnostics
Omega Diagnostics
Lumiquick Diagnostics
Sanyon Diagnostics
RPS Diagnostics
LabCare Diagnostics
Spectrum Diagnostics
Cortez Diagnostics
MTC InVitro

Pro-Lab Diagnostics
Concile

Epitope Diagnostics
Eurodiagnostica
Schebo Biotech
Biomaxima

Orgentech

Accessbio

Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
Electrochemical
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA
LFIA

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

Quidel

Aluxbio
Primahometest

Rapid Medical

Audit Diagnostics
EVL

Drugcheck

Teco Diagnostics

DST Diagnostics
BioRad

Beckman Coulter
Becton Dickinson
Biomerieux

Atomo Diagnostics
Micropointbio

Clarity Diagnostics
IMMCO

AB Analytica

Reagena

Cobas-Roche h 232
Alere Rapid tests
Sugentech

DFI Care

77 Elektronika

Cellmic

Abingdon Health
Skannex

Cobas-Roche Reflotron
Bioscitec
ABAXIS—Piccolo Xpress
Cobas-Roche b101
Biosurfit Spinit
Nexus—Samsung LabGeo IB10
Nexus—Samsung LabGeo PA20

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA

LFIA
LFIA—Devices
LFIA—Devices
LFIA—Devices
LFIA
LFIA—Devices
Lab on a Disk
Lab on a Disk
Lab on a Disk
Lab on a Disk
Lab on a Disk
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298  Portable biosensors and point-of-care systems
14.4 Conclusions

In this review, a total of 104 PoC companies have been reviewed as per their
technology, design, and target analytes/applications. We identified five distinct
technological approaches relating to the PoC design configurations and sensing
decisions. These are (1) lateral-flow tests with or without a reader system, (2)
centrifugal systems (LOAD) with optical sensing, (3) handheld or small benchtop
electrochemical systems, (4) handheld or small benchtop nucleic acid testing sys-
tems, and (5) benchtop blood gas and electrolyte analysis systems. One thing that
immediately becomes evident is that simpler approaches such as standalone LFIA
tests or direct electrochemical strip-based systems greatly outnumber more
sophisticated systems such as lab-on-a-disk or cartridge-based microfluidic devi-
ces, presumably because it is a well-established, accessible technology with off the
shelf-production equipment available for most applications. This is also valid for
the number of analytes being detected by such systems. However, clinical bio-
chemistry and hematology measurements, but also all measurements for which the
objective is high quality quantitative testing in panels, are mostly designated to
more complex systems. It is also evident that from a large pool of fluidic and
sensing methodologies reviewed in literature, only a few seem to make their way
into commercial applications. Centrifugal microfluidics, capillary microfluidics,
and active pump-based systems seem to have become the gold standards when it
comes to reagent and sample handling. Electrochemical sensing is the prominent
detection method for blood gases, electrolytes, and metabolites. Immunochroma-
tography, absorbance, reflectance, and fluorescence are mostly applied for immu-
noassays; however, there are targets for which both methods are used. In addition,
the implementation of user-friendly embellishments (device integrated lancets,
modified protocols to allow sample pretreatment in the device) defines a focus
point of commercial systems that is seldom seen in research efforts: usability might
outweigh technology refinement or even new, groundbreaking principles of
operation. Moreover, it is clear that no single approach is better than all others for
all settings and all applications. Quantitation, detection limits, and repeatability are
important specifications, although it is often the case that an extremely sensitive
system with unprecedented resolution might not justify its development costs when
examined against its impact in clinical practice. In the specific field of immu-
noassays, we identify two trends, the lateral flow technology and the automated
assay in a device approach. In LFIA, it is pretty much established that the vision is a
one-step assay for all applications. As such, efforts are being directed into
improving the antibody performance, the labels, and the instrumented quantifica-
tion methods. In automated device-based immunoassay PoC systems, the efforts
are also directed into assimilating multistep and multiplex lab protocols, with a
successful example being the LOAD. Nucleic acid testing PoC systems are emer-
ging as a highly sensitive and specific method for infectious disease differential
diagnosis with the focus being on reagents, the amplification, and the detection
methodology. The targeted biomarkers of PoC systems are numerous and each has
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its own impact in a wide range of diagnostic settings: 5-hCG, Tp-I/CK-MB/Myo-
globin, fecal occult blood, Helicobacter pylori, influenza A/B, HIV 1/2, Malaria
species, and glucose are the most prominent diagnostic targets of PoC. As a con-
cluding remark, it is the authors’ viewpoint that innovative and applicable ideas in
the field of PoC systems engineering have yet a lot to offer to this field as long as
their implementation is realistic, and their merits outweigh the effort and cost of
their development and production.
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Chapter 15
Consumer diagnostics

Spyridon E. Kintzios’

15.1 Introduction

An extensive overview of the progress in the commercialization of portable
biosensors is given in the present chapter. The survey is focused on these systems and
technologies that are either already incorporated in commercial products or are very
close to be commercialized, being characterized with a Technology Readiness Level
value of 7 or higher. Updated information is provided in the following sectors:
(i) optimization and advances in conceptual approaches and operating principles,
(i1) novel applications of commercial handheld/portable biosensors, and (iii) novel
biomarkers that could be used as targets for emerging biosensor platforms.

15.2 Improvements in working principles/assay concepts

15.2.1 Breath analysis biosensors

Significant research has been focused on the development of point-of-test (POT)
systems for detecting volatile organic compounds (VOCs) in breath. It is self-
explainable that exhaled breath gas analysis is a textbook noninvasive diagnostic
procedure, even more than urine or saliva testing. The development of breath-based
diagnostic systems and devices can be viewed as a natural evolution of the relatively
recent use of animals as selective odor detectors, with applications ranging for early
disease diagnosis (e.g., sensing of cancer or tuberculosis by dogs) to explosives
identification (e.g., mapping of minefields by rats) to customized uses (e.g., truffle
detection by pigs, drug screening by bees) [1-4]. From the approximately 3,000
VOCs identified in human breath, 200 have been associated with chronic disease,
such as cancer and diabetes or even Alzheimer’s disease [5]. Examples of these gas
biomarkers are methanol, ethanol, limonene, acetone, ethylene, ethane, cyclohex-
anone, undecane, toluene, 2-butanone, 2,2-dimethyl-hexanal, and methylated
hydrocarbons [6]. In spite of the superior sensitivity and high-throughput capacity of
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the natural animal olfactory systems (able to detect a few molecules of a target
analyte even tens of kilometers away), there are practical limitations to the everyday
use of animals (including insects) as living biosensors: in particular, the requirement
of extensive training as well as the dependence of the detection response on the
animal’s mood and breed makes the use of animals promising, but currently less
attractive than artificial biosensor constructs.

Several breath biosensors, generically named “bio-sniffers” or “e-noses,” have
been developed [7-12]. Most of them are enzyme-based: For example, Arakawa
et al. [11] developed a system for the direct measurement of ethanol concentration in
breath in relation to the intensity of chemiluminescence resulting from luminol
reaction induced by alcohol oxidase and horseradish peroxidase—luminol-hydrogen
(H,) peroxide system. Using this biosensor, the authors were able to classify breath
samples according to gaseous ethanol from 30 (low level) to 400 ppm (very high
level, probability of acute toxicosis). Kudo et al. [13] developed an optical biosensor
for a nicotinamide adenine dinucleotide (NADH)-dependent formaldehyde deter-
mination. Following a similar approach, Ye ef al. [12] built their acetone bio-sniffer
system upon an NADH-dependent secondary alcohol dehydrogenase immobilized
membrane, which was coupled to a fiber-optic NADH measurement system. The
working range of the biosensor was 20—5,300 ppb. The authors were able to correlate
the elevated acetone concentration in exhaled breath with increased lipolysis due to
the exercise activity of the test subjects. Since lipid metabolism is also associated
with pathological conditions, such as diabetes, an acetone bio-sniffer could probably
be used as a user-friendly, patient-centered self-test. Capuano ef al. [14] presented a
novel biosensor for VOCs as biomarkers for lung cancers based on microarrays of
porphyrin-coated quartz microbalances. Their methodological concept was based on
mimicking, with the use of porphyrin, of cytochrome P450, a naturally occurring
enzyme catalyzing the oxidation of VOCs in the diseased lung and possibly
functioning as a VOC sensor, too. The novel e-nose was able to detect cancer cases
with a high rate of success (93 percent) however could not discriminate between
adenocarcinomas and squamous cancer cells. The success of breath biosensors is
also dependent on the physical properties of the sample and the sampling process:
For example, difference in the temperature between the internal and the external of
the body may reduce the measured concentration of some VOCs due to condensa-
tion. It should be kept in mind that e-nose systems are not always successful, as, for
example, shown in the case of detecting Mycobacterium tuberculosis in sputum
headspace samples [15,16].

An entirely different approach is based on the expression of insect olfactory
receptors in transfected mammalian cell lines, such as HEK293 [17], Sf21 [18], or
Xenopus laevis melanophores [19]. Either the transfected cells or isolated receptors
can be used as biorecognition elements in a variety of biosensor configurations,
based on electrochemical [20-23] or optical working principles [24,25] for real-
time monitoring of VOC distribution, even without sample precollection and con-
centration. Excellent reviews of the biosensory applications of the olfactory system
are given by Sankaran ef al. [26], Du et al. [27], and Wu ef al. [28]. Such systems
may offer superior sensitivity to enzyme-based ones, although they may also suffer
from poor reproducibility due to the unpredictable pattern of cellular response
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against both the target VOCs and other sample components. A major effort to meet
this challenge is the customized development of training of artificial intelligence
software, more commonly artificial neural networks (ANNSs), which can be
employed to automatically recognize, classify, and interpret a response pattern
associated with a given analyte, thus increasing the reliability of the olfactory
biosensor at satisfactory levels, usually >90 percent [29-33]. Employment of tai-
lored ANNSs has proven to be a very powerful toll for cell-based biosensors, as it
will be also shown in following for the FOODSCAN system.

15.2.2 Electrochemical and bioelectrical sensors

Several technological developments have independently contributed to further
miniaturization of electrochemical biosensor systems, in parallel increasing the
sensitivity, selectivity and speed of detection. A few examples will be briefly
presented in following:

Kraus et al. [34] demonstrated an elegant bioelectrical chip design for the POC
detection of anti-hepatitis C virus (anti-HCV) antibodies within just 20 min. The core
of their approach was based on “Single Electrode Redox Cycling,” that is, using
alternating positive and negative potentials for signal detection on a single gold
electrode, thus enhancing current signals up to 40-fold in comparison to simple oxi-
dation. Detection of anti-HCV antibodies was feasible even in a whole-blood sample
volume of just 2 uL.. More recently, Tarasov ef al. [35] developed a low-cost extended-
gate field-effect transistor FET immunosensor for the detection of Bovine Herpes
Virus 1 (BHV-1). The sensor was based on recombinant BHV-1 gE and provided
results much faster than enzyme-linked immunosorbent assay (ELISA) (<10 min vs
19 h) with a limit of detection of <2 x 103, making them a promising tool that would
contribute to the increase of the number of countries that have gained “BHV-1 free
status” through the application of “test and cull” disease eradication programs for
rapid diagnostic applications.

An increasing number of detection applications are based on electrochemical
immunosensors using graphene nanostructures and/or carbon nanotubes (CNTs)
and taking advantage of their large specific surface area and high electrical
conductivity. Examples include assays for cancer biomarkers, such as cancer
embryonic antigen [36], prostate-specific antigen (PSA) [37], and vascular endo-
thelial growth factor [38], but also other disease markers, such as troponin [39] and
cholesterol [40]. Assay times as low as 10 s have been reported using this approach,
along with sub-picogram sensitivities. In spite of these promising features, gra-
phene is still a challenging material for biosensor applications, due to the strong
dependence of its conductivity on the number of active sites exposed and the sur-
face-to-volume ratio, as well as the reduced stability of graphene-like structures in
biological samples [41].

Equally advancing is the field of portable devices able to carry out Electro-
chemical Impedance Spectroscopy (EIS) assays. Until recently, EIS has been used
only for in vitro toxicology and drug efficacy studies, in the context of high
throughput albeit costly and elaborate instrumentation [42,43]. This is bound to
change with the advent of portable EIS devices with dedicated analytical functions.
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For example, Barton et al. [44] developed an impedance immunosensor for digoxin
detection. Anti-digoxin antibodies were immobilized on a conductive polyaniline
thin planar layer electropolymerized on the electrode surface. The limit of dioxin
detection was 0.1 ng mL~'. More recently, Hushegyi et al. [45] reported an
impedimetric glycan-based biosensor for the detection of intact influenza viruses
H3N2 with a very low limit of detection of 5 aM, corresponding to just 13 viral
particles in a sample volume of 1 pL.

Finally, Ebrahimi and Alam [46] reported an electronic bacteria droplet sensor
able to assess cell viability (and thus, bacteria concentration) through the indirect
measurement of evaporation-induced stimulation of bacterial osmoregulation. The
gradual evaporation of the bacteria-containing droplet causes the activation of
osmoregulatory transporters in the bacterial cell membrane, leading to altered
release of water and electrolytes in the surrounding medium, which is reflected on
the measured system conductivity.

15.2.3 Optical biosensors

Photonic crystal slabs (PCSs) are waveguides with a periodic nanostructure in a
high refractive index material. Jahns et al. [47] reported a handheld optical bio-
sensor based on PCSs embedded on a disposable microfluidic chip. In a spatially
multiplexed detection scheme, the binding of different blood biomarkers on the
PCS surface was measured through the intensity change of reflected light.

Optical measurement of magnetic resonance, in particular proton spin reso-
nance, in a miniaturized sensor is another recent development that may lead to
more sensitive and simplified biomarker detection [48].

Joshi et al. [49,50] reported the development of a prototype solid-state loca-
lized surface plasmon resonance sensor based on gold nanoprisms for the label-
free, amplification-less, and ultra-sensitive (at attomolar levels) detection of
microRNAs (miRs) in human plasma in pancreatic cancer patients.

Advances in mobile/smartphone cameras have enabled the miniaturization of
optical analytical systems (a detailed presentation of the merits of cellphone camera-
assisted signal transduction is given in Chapter 1). For example, Connelly et al. [51]
developed a handheld, disposable device (a “paper machine”) that integrates paper
microfluidics, and a multilayer structure allowing a central patterned paper strip to
slide in and out of fluidic path, thus reducing the otherwise many pipetting steps in
order to carry out sample preparation and loop-mediated isothermal amplification.
Analyte detection is done with a mobile camera and a ultraviolet source. Using this
prototype biosensor, the authors were able to detect Escherichia coli by means of
malB gene determination with a limit of detection of just five cells.

15.2.4 DNA nanotechnology-based sensors

Existing DNA-based biosensors are distinguished for their superior selectivity
and, quite often, sensitivity. These features have been proven valuable in several
applications, for example the detection of pathogens in food, such as the aptamer-
based, electrochemical detection of Salmonella sp. reported by Ma et al. [52]. DNA
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nanotechnology represents a springboard to considerably improve the use of DNA as
biorecognition elements, by enabling the construction of DNA static nanostructures
with designed geometry, thus resulting in dynamic DNA-devices with precisely con-
trolled spatiochemical properties [53]. Critical for the implementation of this approach
are the so-called triggers, which are overhangs with custom sequences in DNA or RNA
strands able to initiate branch migration, which in turn would put the corresponding
DNA nanodevice in motion (Figure 15.1). The resulting changes in geometrical con-
figuration can be measured by an appropriate optical or electrical read-out system. The
control of the geometrical changes of the nanodevices can be facilitated by molecular
agents such as adenosine triphosphate or magnesium ions [54].

Prominently placed in the family of DNA nanodevices is the so-called DNA-
origami. This is a rectangular-shaped platform of folded DNA allowing the creation
of nonarbitrary two- and three-dimensional shapes when unfolded [55]. Applica-
tions of the origami technology include the detection of the PSA [56] and lung
cancer-specific miRs [57].

DNAzymes are DNA molecules with catalytic properties. Although known for
more than 20 years [58], they have only recently started to be used in biosensor-
based detection applications. For example, Liu et al. [59] used pistol-like DNA-
zyme (PLDz), an oxidative DNA-cleaving DNAzyme for determining glucose in
saliva and tears. For this purpose, they developed a dual enzyme biosensor oper-
ating in two stages: First, glucose is oxidized by glucose oxidase (GOx) to produce
H, peroxide, which in turn activates PLDz to self-cleave in the presence of Mn2+,
Cu®", and Co®" as cofactors. This truly noninvasive biosensor could be used for
glucose determination at concentrations as low as 5 uM.

Yet another approach was recently reported by Aliberti ez al. [60], who developed
anovel high-sensitive fluorescence detection of small (up to 100 nt) nucleic acids based
on the conjugation of double-strand probes onto polymeric poly(ethylene glycol)
(PEG)-based microgels. It was possible to detect DNA sequences from HIV, HCV, and

() (b)

Figure 15.1 Examples of purpose-designed different geometrical configurations
(a and b) of dynamic DNA devices resulting from shape-
complementary static nanostructures



314 Portable biosensors and point-of-care systems

severe acute respiratory syndrome corona viruses as low as 1.4 fM. The key factor
attributing to the success of this method is enhancement of sensitivity of detection
caused by cyanine Cy5 dye fluorescence emission after confinement of the reacting
parties on the microgel. Another advantageous feature is the use of PEG as a hydro-
philic polymeric background able both to enhance PEG nucleic acid hybridization
compared to other materials and having anti-fouling properties.

15.2.5 Ultraminiaturized and endoscopic biosensors

Eventually, progress in biosensor miniaturization will result into devices so small
that can be easily implanted into the body as a tool for real-time monitoring of the
distribution patterns of various biomarkers and/or drugs. Recent advances in this
field allow for a projection of the realization of such microscopic, yet fully func-
tional systems in the very near future.

A working example is given by Tahirbegi et al. [61] who developed a micro-
metric (8§ mm in diameter) beryllium copper 12x microelectrode array for endo-
scopic measuring of ischemia in the stomach, based on the potentiometric
determination of pH and nitrate ion concentration. Effective insulation of the
microelectrode array from the environment was achieved by covering them with
the biocompatible Epoxy 301-2 resin. Progress in implantable device technology
may further benefit from advances in signal transduction outside the body, for
example, by means of miniature antennas able to transmit and receive data at
relatively long distances (several feet from their location) [62]. Injectable flexible
semiconductor nanoscale electronic scaffolds are able to monitor neural activity
represent another fascinating approach [63,64].

Even more revolutionary is the perspective of fabricating robotic microsensors
with embedded micromotors. There are several reports in the literature revealing
the considerable progress done in this direction. Micomotor designs are based on
various materials, such as multilayered metallic nanowires or microtubules [65,66].
Of particular interest are the so-called Janus micromotors (Figure 15.2), composing
of two parts (“hemispheres”): The frontal part is the sensing one (i.e., a functio-
nalized conductive surface), and the rear part is the actual propulsion unit, usually
made of a metal with catalytic properties in reaction with environmental stimuli
that serve as fuel [67]. For example, motors made of zinc can reduce H, ions (e.g.,
provided by gastric HCI) to gaseous atomic H,, which will provide the momentum
for the microsensor’s motion [68]. Gaseous H, can also be produced by the reaction
of water with metallic alloys, such as Ga/Al or Pt/Mg [69—71]. Even more realistic
is the perspective of developing microsensors guided with the aid of an external
magnetic [72,73] or acoustic field (e.g. high-frequency ultrasound) [74,75].
Undoubtedly, here is a series of engineering challenges that need to be answered
before achieving the practical application of microsensors as a routine diagnostic
tool. Most of them are related to the viscosity and complex composition of biological
fluids, in particular blood. On the other hand, considerations about the possible toxi-
city of microsensors, their components, and/or dedicated fuel (in particular, H,O, at
high concentrations) cannot be easily overlooked.
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Figure 15.2  Schematic representation of the working principle of a Janus
micromotor. The frontal (left “hemisphere”) part is the sensing one
(i.e., an Au surface functionalized with biorecognition elements such
as antibodies or aptamers) and the rear (right “hemisphere”) one is
the propulsion unit, made of a metal with catalytic properties using
as fuel environmental trigger molecules (e.g., hydrogen ions
provided by gastric HCI)

15.3 Recent examples of commercial biosensors

15.3.1 Food safety analysis

A number of systems have emerged in the last few years promising to challenge the
conventional chromatography-based analytical instrumentation for the routine
determination of chemical residues and other additives in foods and drinks. Santo-
nico et al. [76] reported the application of the BIONOTE (BIOsensor-based multi-
sensorial system for mimicking Nose, Tongue, and Eyes) biosensor system for the
simultaneous analysis of the vapor and liquid phase of olive oil samples as a rapid
tool for the high throughput and sensitive screening for adulterants. The biosensor
comprised a dual quartz microbalance (for gas analysis)/electrochemical array (for
liquid analysis). By using BIONOTE, the authors were able not only to deduce the
quality of each sample but also to track its origin (e.g., by establishing individual
response profiles of 12 Italian extra virgin olive oils originating from different
Apulian neighboring olive tree orchards). The application of biosensors to food
authenticity verification process can create considerable added value to food analy-
tics and generate incentives for adopting such novel approaches by the food industry.

Another recent system is FOODSCAN (foodscan.net) (Figure 15.3), a com-
mercial cell-based bioelectric sensor able to detect organophosphate, carbamate,
and pyrethroid pesticide residues in selected food matrices. The working principle
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Figure 15.3 The FOODSCAN system: liquid samples are applied on the
biosensing surface, comprising of arrays of cells on electrodes,
which measure changes in the electrical potential of the cell
membrane in a characteristic, “signature-like’ pattern
corresponding, each time, to the particular target analyte. Pattern
classification is facilitated by a dedicated artificial neural network
software. The entire analytical process is completed in less than
5—6 min

of FOODSCAN is based on the bioelectric recognition assay technology (see also
Chapter 6), which measures characteristic, “signature-like” changes in the elec-
trical potential of cells contained in an electro conductive probe and corresponding
to cellular interactions with bioactive substances, such as pesticides and toxins
[77,78]. In order to achieve a desired level of selectivity and specificity, the
FOODSCAN system is supported by dedicated ANN software, which can classify
the screened residues in one of the three aforementioned groups with an overall
success rate of 83.6 percent [79]. By operating the system, a lay user can test up to
eight food samples simultaneously and get results in 3—5 min.

In addition to FOODSCAN, various versions of electrochemical biosensors
dominate the field of POT for food safety analysis. For example, various ampero-
metric sensors have been developed for the detection of tyramine, a biogenic amine
frequently associated with spoilage of fish and seafood, the most recent system
being based on tyramine/monoamine oxidase immobilized on functionalized CNTs
[80]. Another interesting POT product is the TCA-Safe™ biosensor for the
detection of 2,4,6-tricholoanisole (TCA) in cork and wine. TCA is the product of
fungal cork infection and responsible for the so-called cork taint in wine, which
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seriously deteriorates its taste [81]. Even worse, there are considerations about a
possible carcinogenic effect of the chronic exposure to even very low TCA con-
centrations, hence the necessity of analytical, easy-to-use and high-throughput
methods to detect this substance. Conventionally, TCA determination is either done
chromatographically by means of dedicated LC—MS systems, or empirically, with
the aid of “testers,” that is, people with olfactory senses (either through genetic
predisposition or training) sensitive enough to determine the cut-off concentration
of TCA in a sample (usually set at 1-2 parts per trillion (ppt), depending on the
desired quality standards) [82,83]. Obviously, the second approach is advantageous
over chromatography in terms of capacity (with an expert tester being able to
screen more than 500 cork samples per day) but lacks the quantitative precision
offered by conventional analytical methods. In either case, however, it is necessary
to extract TCA from cork in ethanol, methanol, or water, in a very lengthy (over-
night) process. This process is required also for nonconventional TCA analytical
methods, such as immunoamperometry [84]. This is a serious limitation for the
realization of a POT system for TCA screening, which could help the cork and wine
industry secure a higher level of product quality and minimize the risk of recalls. The
aforementioned TCA-Safe™ biosensor provides a unique solution to this problem,
since it allows for detecting traces of TCA contained in cork detritus instead of
applying the standard extraction protocol. This is possible due to the use of cells
membrane-engineered with anti-TCA antibodies as the biorecognition elements,
according to the method developed by Apostolou ef al. [85] (details of the mem-
brane-engineering process are given in Chapter 6). The TCA-Safe™ comprises a
customized portable potentiometer measuring the engineered cells’ response to the
presence of TCA at concentrations as low as 0.1 ppt within just 3 min, representing a
true reagent less, POT approach to cork and wine quality control.

On a rather different level, portable near-infrared (NIR) spectroscopy-based
biosensors are definitely the current market trend setters. NIR spectroscopy itself has
gained in popularity for food processing industry-related applications thanks to its
noninvasiveness, non-requirement for sample preparation, speed and user-friendliness
[86]. NIR spectra (780 nm—2.5 um), associated with fundamental vibrations of
C—H, N-H, O-H and S-H bonds in organic molecules can serve as a fingerprint of
individual food composition, in particular regarding the food texture and its protein
and fat content, though not providing information on detailed type and structure of
the individual food components. As such, NIR spectroscopy can be very useful for
the rapid and cost-efficient assessment of food freshness and/or adulteration, as
well as the possible presence of allergens, in particular those with well-established
NIR spectral profiles like eggs, and nuts. As a rule, NIR biosensing is facilitated
with the aid of sophisticated interpretative and predictive software, supported by
multivariate statistical models. There are currently a number of notable commercial
portable NIR biosensors used in food quality control. All of them are composed of a
dual system: a handheld NIR spectrometer which is used to scan the food sample
of interest and a read-out device (usually a smartphone with an embedded app).
Due to the inherent limitations of the working principle of the NIR spectroscopy,
these true-to-form POT devices, although very attractive to the lay user, can only be
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employed as “general” food screeners (e.g., by tourists introduced to meals of
doubtful origin or quality of preparation). They cannot be used for the determination
of individual compounds and possible hazards, such as pesticide residues or
mycotoxins. In spite of this limitation, the outlook of the commercial success of
these handheld food sensors is bright, not at least thanks to an excellent marketing
effort over the past two years. Two of the most known products in this category are
TellSpec [87] and SCiO [88]. Even the European Commission has recently launched
the FoodScanner €1 million funding initiative for the development of “an affordable
and noninvasive mobile solution that will enable users to measure and analyze their
food intake,” particularly addressing the needs of people with conditions such as
obesity, allergies, or food intolerance [89]. It remains to be seen if the winning
proposal will be based on a portable NIR spectrometer or another system.

15.3.2 Glucose sensors

Contrary to the standard electrochemical mediator-based approach used in most
commercial glucose biosensors [90], the new generation of POC devices for use by
diabetic patients is based on direct electron transfer (DET) between the electrode
surface and the active site of GOx used as the enzymatic biorecognition element.
A considerable number of reports demonstrate the advantages of this approach,
whereby increases in DET are concomitant with increased sensor sensitivity (to a
limit of detection of almost 1 uM) and range of linear response (for a review, Song
et al. [41]). This can be achieved by increasing the surface coverage of GOx, for
example by integrating polymers with graphene and DET, even though it is ques-
tionable whether GOx retains its normal catalytic activity after adsorption on the
graphene surface. A possible non-enzymatic GOx-based DET mechanism has been
suggested by several authors [91].

15.3.3 Cholesterol sensors

Next to glucose, cholesterol or, more accurately, its pathologically high con-
centration in blood (hypercholesterolemia) is probably the most important health
index, generally used to access the risk associated with unhealthy life style, in
particular the incidence of cerebrovascular disease, although its validity as a bio-
marker is dependent on the individual genetic background [92]. Various approaches
toward the development of cholesterol biosensors have been reported over the last
15 years (for a review, see Reference 93). The majority of them are based on the
enzymatic assay of cholesterol using cholesterol oxidase (ChOx) as the biosensing
element. Common sources for ChOx are microorganisms such as Streptomyces
hygroscopicus and Brevibacterium sterolicum. Some approaches use another
enzyme, cholesterol esterase (ChEt), as the biorecognition element, in combination
with ChOx. ChEt catalyzes the hydrolysis of dietary cholesterol esters, triacylgly-
cerols, and phospholipids via a serine protease mechanism [94]. In either case, the
end product of the catalytic reaction using cholesterol as a substrate is H,O,, which
can be assayed electrochemically, in a similar fashion to glucose detection using
GOx (see above). For this reason, the majority of commercial cholesterol sensors
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utilize the same read-out format with blood sugar meters and are often distributed
by the same companies (e.g., the AccuChek Instant Plus Dual Testing System by
Roche Diagnostics). Modification of the electrode surface, for example using CNTs
[95], layer-by-layer nano thin films of polyallylamine hydrochloride/multi-walled
CNTs/gold nanoparticles/ChOx [96,97] or graphene nanostructures [98], has
contributed to significant increase of the sensitivity (down to 0.02 mM) of the
electrochemical detection of cholesterol, at the same time reducing the interference
by compounds such as uric acid and acetaminophen. Recently, Cinti et al. [99]
reported the construction of a highly sensitive cholesterol biosensor based on
inkjet-printed Prussian blue nanoparticles (PBNPs) on screen-printed electrodes.
On the other hand, systems employing an optical transducer, usually based on the
change of fluorescence of ruthenium-containing dyes interacting with cholesterol
have proven to be less applicable in a commercial sense. Simpler systems are
more successful, for example the EnzyChrom™ (BioAssay Systems) assay kit
that measures the concentration of NADH in direct quantitative relationship to
the cholesterol dehydrogenase catalyzed conversion of cholesterol to cholest-4-
ene-3-one. The same concept, but using a different optical test methodology,
reflectance photometry, is applied as a working principle in another commercial
product, CardioChek® (Polymer Technology Systems). Finally the Cholestech
LDX® Analyzer (Alere), a dual cholesteror + glucose meter, also employs ChOx and
GOx; however, the resulting H>O, is catalyzed by horseradish peroxidase to react
with 4-aminoantipyrine and N-ethyl-N-sulfohydroxypropyl-m-toluidine sodium salt
(TOOS) to form a purple-colored quinoneimine dye proportional to the total choles-
terol, high-density lipoprotein cholesterol, and glucose concentrations of the sample.

15.3.4 Wearable POC systems

By default, a biosensor that can be clad by the end-user represents an ultimate POC
form. In the past few years, wearable sensing devices have attracted considerable
interest as commercial gadgets for real-time, noninvasive monitoring the individual
health and fitness status [100—103]. Designers of wearable systems face two major
challenges: First, the devices should be based on materials flexible enough to fit the
specification of attire or a gear. Second, the scope of biological information that can
be retrieved without invading the body is rather narrow, mainly including physical
assay indices such as respiration and heart rate, skin temperature, blood pressure,
brain activity, and cardiac electric activity. These limitations give electrochemical
and electrophysiological sensors precedence over other assay approaches [104,105].
At the same time, progress in sensitivity and speed of electrochemical biosensors (as
illustrated in previous sections of the present chapter) has allowed for specific ana-
lyte detection in body fluids (such as sweat) locally excreted through the skin,
sometimes in ultra-low volumes (under conditions of low physical activity, non-
acute pathological health status or normal room temperature). These target analytes
may include metabolites that are critical health biomarkers, such as glucose, lactate,
or uric acid [106—111]. In addition to general health/fitness monitoring, wearable
biosensors have found particular application in the assessment of wound healing, for
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example through the determination of hemostasis (measurement of the viscosity of
coagulated blood, as well as assay of thrombin, fibrin, and prostacyclin activities),
electrolyte (e.g., sodium chloride), and uric acid leakage from the wound area and
the measurement of wound-specific biomarkers, such as tumor necrosis factor-alpha
and C-reactive protein [112-114]. Among wearable wound-healing biosensors,
electrochemical pH and or blood leakage sensors embedded in adhesive bandages
probably represent the most promising commercial approach [115,116].

15.3.5 Niche consumer diagnostic POC/POT systems

When coming to new consumer-tailor applications, the sky is literally the limit. A
seemingly endless variety of analytes or conditions are being targeted by an ever-
increasing number of emerging novel diagnostic products. A considerable portion
of POC applications are just dedicated software apps operated on smartphones, that
is they are not based on actual, “hardcore” analytical principles. Some of these
“exotic” niche applications are presented in Table 15.1. Although it is rather
expected that many of these will fail to turn into long-term, self-sustainable com-
mercial items, a few might actually become game-changers in their respective field.
When projecting advances in commercial POC/POT systems, one should not
neglect the ongoing progress in miniaturizing conventional instrumentation. For
example, Nakamura et al. [127] developed a micro-ion extractor for trace anion
determination by ion chromatography—mass spectrometry from a single drop (25 uL)
of whole blood without pretreatment. Piraino et al. [128] reported a multiplexed
microfluidic platform for the rapid and highly sensitive detection of different (three
to four) biomarkers in a single sample of only 5 uL, without the need of any sample
(blood) pretreatment. The speed and simplicity of nucleic acid detection has
been dramatically increased thanks to novel technologies, such as recombinase
polymerase amplification, which has allowed for field-based, rapid (30—60 min)
diagnosis of Ebola using portable instrumentation, including a mobile glovebox
and a Diagnostics-in-a-Suitcase powered by a battery and solar panel [129].
Beyond miniaturization, drastic improvement in the reduction of assay times may
come from innovative techniques for processing a reaction mixture. For example,
Li et al [130] recently introduced the term “cyclic solution draining and
replenishing” to overcome size-associated diffusion limitations in immunoassays.
Contrary to the conventional static incubation and mixing of bulk reaction solution,
their approach is based on its repeated reaction solution draining and replenishing
from/in the measurement cell, thus allowing for assay kinetics irrespective of the
probe size and achieving the shortening of assay times from hours to minutes.
Inevitably, the trend for portable, even handheld multiplexed commercial
analytical and diagnostic instrumentation will only increase in significance and
market share. There are a few testimonials supporting this forecast, such as the
initial breakthrough success of Theranos, a company that pioneered POC testing by
developing and distributing the Edison device, able to run 229 tests on a single drop
of blood. Theranos made its platform available to consumers directly through
pharmacy retailers like Walgreens and CV, but also general stores like Walmart



Table 15.1 Novel/emerging biosensor products/technologies with niche applications for the end-consumer market

Product Target analyte/condition Application Technology Manufacturer Reference
PTS Detect Cotinine Tobacco smoking Colorimetry PTS Diagnostics [117]
assessment
SmokeScreen Cotinine Tobacco smoking Colorimetry GFC Diagnostics [118]
assessment
IsoScreen Isoniazid metabolites Tobacco smoking Colorimetry GFC Diagnostics [118]
assessment
MyDX Total pesticide residues Cannabis quality control Electronic nose CDXLife [119]
Tetrahydrocannabinol (THC) (resistometer)
ResApp Acoustic (cough analysis) lung  Lung disease assessment,  Smartphone App ResAppHealth [120,121]
structure profile in particular childhood
respiratory diseases
SpiroCall/SpiroSmart ~ Acoustic (blow analysis) lung Lung health assessment Smartphone App University of [122]
structure profile Washington
NeuroNet Cognitive test Cognitive assessment Smartphone App Savonix [123]
TrueAllele Combined Probability of Forensic DNA analysis Software App Cybergenetics [124]
Inclusion (CPI) algorithm
Odoreader VOC:s in urine Prostate cancer Gas chromatography  University of [125]
sensor Liverpool
University of the
West of England
- Zika virus RNA Zika CRISP/Ca9 sequence Paper-based Addgene [126]

detector

colorimetry
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Table 15.2 Novel biomarkers with promising application to innovative POC test

development
Biomarker(s) Type Disease/condition Reference
Nav 1.5 sodium channel Protein ~ Breast cancer [133]
Orexin receptor Protein ~ Heart failure [134]
Androgen receptor (AR) Protein  Prostate cancer [135]
chemotherapy resistance
ST2 Protein  Graft rejection [136

—_

Peripheral blood mononuclear cells  Proteins  Major depressive disorder  [137
(PBMC) metabolic profiling

Cyclin-D1 (CCNDI) Gene Lymphoma [138]

Transformation-related protein Gene Cancer [139]
53 (TRP53)

Interferon regulatory factor 4 (/RF4)  Gene Leukemia/Myeloma [140]

Early growth response protein Gene Myeloma [141]
1 (EGRI)

and Target. In essence, Theranos “democratized” diagnostics by introducing a
direct test-to-consumer model. The significance of this fact cannot be diminished
by the recent ruckus regarding the significant interservice variability of the Ther-
anos panel test results [131], which has placed the company under heavy critic by
the medical community [132]. In particular respect of the POC market, further
progress will also depend on the identification of novel and/or reliable disease
biomarkers, which could become targets of innovative assay principles, much in a
similar way to companion diagnostics, where a drug is co-developed with the assay
that measures the drug’s effect on its particular target. A sample of most promising
novel biomarkers is presented in Table 15.2.
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Chapter 16

A market case report: point-of-care infusion
management and intelligent patient monitoring

Alexandre Tsoukalis’

16.1 Infusion and infusion management at point-of-care
today

Infusion, compared to injection, is a longer time medication delivery, from a few
minutes to a week. It can be done by several routes, IV (parenteral), epidural,
subcutaneous, perineural (regional analgesia), intrathecal and enteral. A needle is
delivering the medication to the body in most cases, but in some others a catheter is
transferring the medication deeper in the body to a specific location such as duo-
denum or vein.

Infusion at point-of-care (POC) is meant infusions in hospital setting and also
infusions at home care. General infusion of fluids at both sites in majority is per-
formed by gravity infusion sets (Figure 16.1), and only drugs are infused by LVPs
(large volumetric pumps), syringe pumps very popular in Europe or ambulatory
pumps. In home care, elastomeric pumps are very popular, but their larger market
chemotherapy is lately changing back to ambulatory pumps.

Reported complications are also known for gravity infusions, especially for
parenteral nutrition very popular as gravity delivery in Germany. Complications with
air in line, bad control of flow rate and non-delivery are described in the literature.

16.2 Infusion pump basics

An infusion pump has a pumping mechanism that is a syringe pushed by a plunger
or a peristaltic mechanism with a resilient tube squeezed by fingers or rollers, or an
elastomeric material inflated by the drug and expelled in controlled slow way by a
tubing bottleneck, or many other techniques that have been developed for Bolus
Injectors market, that is for quick less than an hour infusions. A pump has most
cases a battery, a buzzer for alarms, a display and keyboard, and motor with a
resolver for controlling its speed.

"Micrel Medical Devices S.A., Gerakas, Greece.
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Figure 16.1 Gravity infusion set
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Figure 16.2 LVP pump (CareFusion)

Infusion pumps called ‘Bedside’ or LVP (Figures 16.2 and 16.3) by far have
linear peristaltic mechanisms, that is a cam shaft sequentially pushing fingers
against rubber or plastic tubing so drug flows in one direction that of the ‘wave’ of
the fingers. Linear peristaltic achieves 5 per cent accuracy, acceptable in most
infusion cases; the problem is that nominal accuracy is not achievable in practice,
as most types of tubing are deformed after prolonged use and nominal accuracy is
not true at the end of infusion, so it is often that under-infusion is happening by
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Figure 16.3 LVP pump (Baxter)

some percentage. Silicone tubing is accurate in long periods of infusion, but being
more expensive is not preferred material from most pump manufacturers.

Infusion protocols need in simplest form an infusion rate in mL h™", usually
from 0.1 to 1,200 mL h™".

More complex protocols use two of the three parameters (rate, volume to be
infused (VTBI), time) to determine the third one as Rate = VTBI/Time. Most
common is to define Rate and VTBI and get time of infusion, or pump to calculate
Rate from Volume and Time definition.

Rate can be in mL h™" or if a known concentration of drug is used in mg h~" or
meg h™', or if body weight is used in mg kg~' min~', so the pump asks the
patient’s weight to calculate the rate in mL h™".

More complex protocols use ramps for starting and ending the infusion, such as
in parenteral nutrition to allow the body to control its glucose levels without
hyperglycaemia/hypoglycaemia.

Infusion pumps have many alarm functions on any possible infusion or setup
complication and a reporting system to hospital computer systems; they can also get
from e-prescription/electronic medical record the infusion protocols in paper-less
therapy systems. For this, there are Interoperability standards that allow devices like
pumps to talk to therapy systems used by hospital like the ones of EPIC, CERNER
and others and download drug libraries edited by a Hospital Care Area/Point of Care.

LVP pump biggest manufacturers are CareFusion/Becton Dickinson (BD),
BBraun, Baxter, Fresenius and Hospira/Pfizer. All of them have branded safety IT
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Figure 16.5 Elastomeric pumps

systems based on Drug Libraries and bar code scanning with central screen for
multiple pump control.

Most of them have also syringe pumps that are working alone or on a pump-
stack, controlled by an IT safety system and central screen (Figure 16.4). Syringe
pumps are used in Europe much more that in the United States.

Elastomeric pumps are infusion devices that inflate with drug and have a
flow restrictor that allows a specific infusion rate depending on drug viscosity
(Figure 16.5). They have positive pressure so they are safer than gravity infusions
but have not accurate infusion rate. They are disposable, single use and largely
more expensive than an infusion set.
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Figure 16.6  Ambulatory pump (SIMMS DELTEC)

Figure 16.7 Ambulatory pump (Micrel Medical Devices)

Ambulatory infusion pump manufacturers are Deltec/Smiths Medical
(Figure 16.6), Caesarea Medical Electronics Ltd, Israel/CareFusion/BD, Micrel
Medical Devices (Figure 16.7) and Q-Core/Hospira/Pfizer. These pumps have
longer battery autonomy and limited maximum infusion rate to usually 600 mL h™"
compared to 1,200 mL h™! of LVPs. Two of them Micrel and Smiths have inte-
grated drug reservoir compartment for true ambulatory use; the others being mostly
pole mounted. For volumes larger than 200 mL or pre-filled reservoirs, a lockbox is
enclosing drug for analgesia, prohibiting self-administration from patient.
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Figure 16.8 Micrel Medical Devices rucksack

For parenteral nutrition needing litters of nutrition delivery, rucksacks are used
carrying pumps and liquids, so easing transportation (Figure 16.8).

16.3 Infusion ‘smart pumps’

Medication safety is a big concern since deaths from wrong infusion management
are reported, so SR:

Right medication

To right patient

With right protocol

At right time

Through right delivery route

SR safety is being a standard in most developed countries over the world and
so-called smart pumps are having the means to assure medication safety with SR.

To do so, a nurse scans a patient ID and drug reservoir label by bar code
scanner as a bedside personal computer (PC) or pump accessory; the drug is
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recognized by name and concentration from an embedded drug library, from
patient name the pump downloads protocol from Hospital electronic health man-
agement systems, as well as time to infuse and delivery route. Nurse checks that all
5R are OK! and hospital system allows infusion.

16.4 Problems of infusion pumps at point of care

Safety of a single infusion is relatively assured with SR, as scanning of a single drug is
safe. But multiple infusions safety at POC is still to be found, since a nurse under
pressure being in a hurry, can scan an adjacent, different drug than the one connected
to the pump, just because of a mess of upstream tubing from pumps below to reser-
voirs on top makes difficult the connection verification. Medication errors are killing
hundreds of patients in the United States (where official reports exist) and worldwide.
Bar-code scanning and drug libraries have reduced medication errors but have not
eliminated them. This is true especially in piggyback infusions in which pumps, using
a'Y connection upstream and two reservoirs at different height, in which the highest is
only infusing by hydrostatic pressure difference, and infusion rates are different, the
larger volume normally at higher rate than smaller drug volume. Errors are reported
when nurses exchange the height without exchanging infusion rates.

Bedside and most of the times even ambulatory infusion pumps are pole
mounted, and needing mains connection for longer infusions. This makes gravity
infusions a by-far preferred infusion method both at hospital and home care,
besides complications.

All peristaltic pumps have a ‘pulsed’ infusion causing sometimes a reflow, that
is blood aspiration in the infusion catheter, due to momentary negative pressure of
the pumping mechanism. This is caused by the geometry of the last finger when it
disengages and aspirates from the output, whereas the first has just been engaged.
Some proposals have been made and some few pumps have reduced pulse.

Syringe pumps are a pump category with linear not pulsed infusion, since a
screw is pushing a syringe continuously. So they are preferred for drugs with small
half-life in the body that need an accurate even at small time window (small fluc-
tuation) flow. Syringe pumps have another advantage, they have no upstream
tubing, so the drug you see written on the syringe is the one you are infusing, and so
in cases of eight syringe pumps usually used in an operation, errors as described
above for upstream mess, are not happening. But so many pumps are bulky and
take a lot of floor space that is a problem in operating rooms.

16.5 Micrel Medical Devices patented innovation solving
problems at point of care

Micrel Medical Devices has a line of ambulatory infusion pumps, called Rythmic,
with integrated drug lock case, for 100, 200 and 500 mL, associated with an infu-
sion and therapy monitoring system web based, called MicrelCare, so a therapist
can get therapy feedback from any web interface, a unique feature in industry [1].
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Figure 16.9 Micrel Medical Devices miniature LVP handy single finger operation

This feature is very much appreciated at home care in which long distances make
communication more difficult.

So Rythmic pumps as an Internet of Things network are connecting with
Global System for Mobile communications (GSM)/General Packet Radio Service
(data over cellular network carrier) and Wi-Fi to a cloud-based server/data centre
continuously and send infusion status data, but also patient feedback like bolus
button press or answers to questions on the pump, each question set specific for a
therapy. All this information is organized on a web page specific for each therapy, a
page per patient and an alarm monitor for all therapists’ patients. Parenteral and
enteral nutrition daily infusion per liquid type is organized for easy view over a
week, or month; therefore, multiple infusions are shown for a patient as care con-
tinuum. Also pressure in the catheter is recorded and can predict possible catheter
occlusion, to clean it and prevent severe complications. Pain level for palliative
care is recorded and displayed, and questions regarding motor blockage or pain in
peripheral nerve block are shown for corrective therapeutic actions.

Micrel Rythmic pumps have Radio Frequency Identification (RFID) tag
reading capability, so they can recognize a smart drug label on the reservoir loaded
in integrated drug compartment, avoiding medication errors as pump displays drug
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Figure 16.10 Micrel Medical Devices miniature LVP hanging from the spike

name and concentration and adapts accordingly to drug library limits. Pumps also
have location tracking through GSM and Wi-Fi being displayed on Google maps at
which location they are, so patient identification at home is automatic and infusion
protocol is downloaded from Electronic Prescription on MicrelCare through inter-
operability standards from any other system.

A new type of pump (Figure 16.9) is going to be launched by 2018, which uses
a single-use cartridge containing rotary peristaltic pumping mechanism [2], having
a number of advantages.

The mechanism being rotary and all plastic is small and minimal weight, so the
pump practically is a controller with the motor, battery and display, at unbelievable
small size and weight overall, in which cartridge with spike is snap fitted at its
back side. The pump/controller looks like a small TV remote control, size and form
makes it handy to operate with a single finger as shown Figure 16.9. The tech-
nology of the cartridge is so high, and the power consumption is so low that a
battery charge can infuse all liquids needed by a patient for his stay at hospital,
usually less than 7 L.

The weight of the system being so low in the order of 100 g allows it to
be hanged from the spike (Figure 16.10) whose standards need 1.5 kg force to
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disengage from a reservoir tube. Being hanged from an integrated into cartridge
spike, the pump does not need a pole clamp, so nurse caries pump in her pocket and
plugs it directly on the reservoir just as any gravity set and with just one charge
manages all patient’s infusions during his hospital stay.

The safety and usability of the system is unparalleled [3], as the pump can read
bar-codes or RFID labels as a classic bar-code reader being handy as a TV remote
control. So nurse can scan a drug label very close to the spike connection, so there
is very limited possibility of mixed spike/drug association. There is a 100 per cent
safety solution that is described below for piggyback infusions and RFID labeled
reservoirs always read during infusion for single reservoir infusions. The nurse also
scans patient’s ID label, and through its integral Wi-Fi connection it sends the
information to MicrelCare server, from which it receives all 5R to be checked on
the pump, and latest drug library protocol limits. This is a pump with connectivity
checking SR, whereas in today’s systems it is a PC that checks 5R.

The system is best for piggyback infusions, for which safety measures include
label readers associated with flow controllers, so in case a drug reservoir is chan-
ging position from low to high, flow sensor will make pump to change rate for the
actually flowing drug, and pump knows which drug from the label reader on the
connection.

The pump also has a pulseless flow [4], and also high accuracy matching flow
linearity and accuracy of best syringe pumps, even at 1,500 mL h™' rate without
reflow. This allows a single pump in a Hospital do almost all pumping functions,
replacing LVPs, ambulatory pumps, elastomeric pumps and even bolus infusers.

The pump has a small display for more basic functions but internally can
infuse very complex protocols, for this and for multiple pump use, an external
larger display can be used pole mounted, which can programme and monitor many
pumps with easiness.
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