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Preface

VER the last quarter century we have seen the field of biorelated poly-

mers for medical applications undergo a dramatic transition from the
pragmatic and/or serendipic approach to applying basic research principles.
Specifically, we have seen the development of many new polymeric materi-
als for intended applications and solutions to problems related to those ap-
plications. The development during this time has been dynamic with the
consistent emergence of new findings. Consequently, one can anticipate a
literal explosion of new clinical products and applications that will be de-
rived from this multidisciplinary field in the next millenium.

The basis of this book is to expose the reader to the important areas of syn-
thetic biorelated polymers systems and the potential impact they will have in
the 21st Century. Consequently, we deliberated over the appropriate areas to
be covered in this book, what value these would provide, and who could
benefit. The chapters are written to emphasize the chemical and physical
properties of several unique polymer systems and the many stages involved
in their physiological adaptations to achieve an intended utilization. The im-
portance of multidisciplinary knowledge and skills are unprecedented since
the field encompasses chemistry, materials science, engineering, biochem-
istry, biophysics, pharmacology, physiology, and clinical studies.

There are 22 chapters in the book and they cover the most important
aspects of polymers as drugs, prodrugs, drug delivery systems, and in situ
prostheses. The major features promulgated are synthesis, derivatization,
degradation, characterization, application, and evaluation techniques as
well as new biodegradable materials, assemblies, hydrogels, telechelic
polymers, derivatized polysaccharides, micro- and nanoparticles, mimetic
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protein networks, and interpenetrating polymers. Polymer drug design for
enhanced physiological drug distribution, drug targeting, time-controlled
release, and sensor-responsive release are also presented. In addition,
accounts are given on in situ probes, microparticle diagnostic agents, and
sensor devises.

We wish to thank the contributors to this publication who are outstand-
ing representatives of the multidisciplinary sciences necessary to so fruit-
fully accomplish the work that has been so elegantly described.

©2001 CRC Press LLC



CHAPTER 1

Semitelechelic Poly[N-(2-hydroxypropyl)-
methacrylamide] for Biomedical
Applications

ZHENG-RONG LU!
PAVLA KOPECKOVA'
JINDRICH KOPECEK!

INTRODUCTION

EMITELECHELIC (ST) polymers are low molecular weight (M,, < 20,000)

linear macromolecules having a reactive functional group at one end of
the polymer chain and one terminal end. The single functional groupis able to
conjugate or graft the macromolecules to other molecular species or surfaces.
The modification of therapeutic proteins or biomedical surfaces with the syn-
thetic polymers improves their properties. For example, the covalent attach-
ment of macromolecules to therapeutic proteins results in an increase of their
resistance to proteolysis, reduction of their antigenicity, and prolongation of
intravascular half-life [1-3]. The modification of enzymes with synthetic
polymers permits their use as catalysts of organic reactions in organic sol-
vents due to increased stability [4,5]. Modification of biomedical surfaces
may reduce their biorecognizability and/or prevent protein adsorption [6,7].
Due to the multifunctionality of proteins or surfaces, the polymers containing
multifunctional groups may lead to cross-linking or loop formation; semi-
telechelic polymers seem to be the macromolecules of choice. The ST poly-
mers permit one point attachment and avoid the cross-linking of the sub-
strates caused by multipoint attachment. The water-soluble ST polymers can
also be conjugated to hydrophobic anticancer drugs to form more soluble,
more easily formulated, and deliverable drugs [8].

Departments of Pharmaceutics and Pharmaceutical Chemistry/CCCD, and of
Bioengineering, University of Utah, Salt Lake City, UT, 84112, USA.
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Methoxy poly(ethyleneglycol) (mPEG) was the most frequently used
semitelechelic polymer for over 2 decades. It has been successfully used for
the modification of various proteins, biomedical surfaces and hydrophobic
anticancer drugs (for reviews see References [3,9,10]. Recently, a number
of new semitelechelic (ST) polymers, such as ST-poly(N-isopropylacry-
lamide) (ST-PNIPAAM) [11-15], ST-poly(4-acryloylmorpholine) (ST-
PAcM) [16], ST-poly(N-vinylpyrrolidone) (ST-PVP) [17], and ST-poly[/N-
(2-hydroxypropyl)methacrylamide] (ST-PHPMA) [18-21] have been
prepared and shown to be effective in the modification of proteins or bio-
medical surfaces.

H{CHF?HJHR H{CHZ—?H};R H-{CHg—Cr‘H-L—R H-[CHZ—%E‘;:R
c=0 c=0

=0
° | 7
N I\IJH rleH
E j fﬂ (M
o) HC' CHy CHOH
R = reactive functional group CHs
ST-PVP ST-PAcM ST-PNIPAAM ST-PHPMA

HPMA copolymers are water-soluble biocompatible polymers, widely
used in anticancer drug delivery (reviewed in Reference [22]). HPMA
copolymers containing reactive groups at side-chain termini were previ-
ously used for the modification of trypsin [23], chymotrypsin [23,24], and
acetylcholinesterase [25]. The modification dramatically increased the
acetylcholinesterase survival in the blood stream of mice and the thermosta-
bility of modified enzymes when compared to the native proteins. However,
the modification involved multipoint attachment of the copolymers to the
substrates, which may cause crosslinking. To modify proteins or biomedical
surfaces by one point attachment, semitelechelic polymers should be used.

SYNTHESIS OF SEMITELECHELIC HPMA POLYMERS

Semitelechelic HPMA polymers were synthesized by free radical poly-
merization of HPMA using 2,2'-azobis(isobutyronitrile) (AIBN) as the ini-
tiator and alkyl mercaptans as chain transfer agents. Alkyl mercaptans with
different functional groups, namely, 2-mercaptoethylamine, 3-mercapto-
propionic acid, 3-mercaptopropionic hydrazide, and methyl 3-mercapto-
propionate, were used as the chain transfer agents; ST HPMA polymers
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Scheme 1 Synthesis of ST-PHPMA polymers [20].

with amino, carboxy, hydrazo, and methyl ester end groups, respectively,
were prepared (Scheme 1) [20]. The functional end groups of the ST HPMA
polymers can be transformed to other active functional groups. For example,
ST-PHPMA-COOCH; was transformed to ST-PHPMA-CONHNH, by the
reaction with an excess of hydrazine [20]. Semitelechelic polymers with
N-hydroxysuccinimide (HOSu) ester end groups ST-PHPMA-COOSu were
synthesized by esterification of ST-PHPMA-COOH with a large excess of
N-hydroxysuccinimide with dicyclohexyl carbodiimide (DCC) as coupling
agent. The ST-PHPMA-COOSu will react with amino groups on proteins
and on biomedical surfaces. The molecular weight of the ST-PHPMA after
polymer analogous esterification did not change, confirming the assumption
that the secondary OH groups of the HPMA monomer were not reactive
under the experimental conditions used [20].

The free radical polymerization of HPMA in the presence of mercaptans
involves two different initiation mechanisms (Scheme 2) [26]. One is the
initiation by RS’ radicals from chain transfer agent; the other appears to be
the direct initiation by the primary isobutyronitrile (IBN) radicals formed by
the decomposition of AIBN [27]. The RS" are formed by either the free rad-
ical transfer reaction of alkyl mercaptans with the IBN radicals or the chain
transfer reaction of an active polymer chain with the mercaptans. The initia-
tion by the RS" radicals produces the ST polymers with a functional group at
one end of the polymer chain. The initiation by IBN radicals leads to non-
functional polymer chains with an IBN end group. The presence of the poly-
mers with IBN end groups effects the purity and the functionality of ST
polymers. As expected, the production of nonfunctionalized polymer chains
is affected by reaction conditions. The polymerization is mainly terminated
by chain transfer reaction with the mercaptans, but other termination mech-
anisms, such as disproportionation and recombination, take place depend-
ing on the reaction conditions [26].
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Initiation: | _— 2R’

. M  RSH )
RM —R - RH + RS

Rl So + M —_— R'SM
Propagation: RM*® + nM —> RMu+
RSM + nM —> R'SMj

Termination. RSMp + RSH —> RSM,H + R'S*
{2R'SM;, ——— RSM;H +  R'SMy(minus H)

l—» R'SM2,SR}

RM, + RSH ——> RMH + R'S®
{2RM, ——> RM,H + RMq(minus H)

RSM; + RM; ———>  R'SMzR}

Scheme 2 The mechanism of the chain transfer free radical polymerization of HPMA in the pres-
ence of alkyl mercaptans [26].

The concentrations of both chain transfer agent and initiator are important
for the polymerization when the concentration of HPMA is constant. The
molecular weight of the ST HPMA polymers was regulated by the concen-
tration ratio of mercaptan (S) to HPMA (M), according to the Mayo equa-
tion, 1DP,nqy = 1/DP, , + C[S1/[M] [27]. DP (cnqy and DP,, , are the num-
ber average degrees of the polymerization in the presence and in the absence
of the chain transfer agents S, C; is the chain transfer constant; C; = k,/k,,,
where k, is the rate constant for chain transfer and k,, is the rate constant for
propagation. Figure 1 shows the dependence of the molecular weight of the
ST PHPMA polymers on the concentration ratio of mercaptans to HPMA.
High [S]/[M] produces ST HPMA polymers with low molecular weight and
higher purity, and vice versa. The concentration ratio of AIBN to HPMA
does not have a significant effect on the chain length of the polymers in the
presence of chain transfer agents but has an impact on the purity of the ST
HPMA polymers. A low [AIBN]/[HPMA] ratio produces ST HPMA poly-
mers with high purity, i.e., a smaller content of polymers with IBN end
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Figure 1 The effect of concentration ratio of mercaptans (M, 2-mercaptoethylamine; 4, methyl
3-mercaptopropionate; A, 3-mercaptopropionic acid; @, 3-mercaptopropionic hydrazide) to
HPMA on the weight average molecular weight (SEC) of ST HPMA polymers (data from Refer-
ence [20]).

groups, and a narrower molecular weight distribution [26]. The dependence
of the relative content of nonfunctional macromolecules on the concentra-
tions of both mercaptan and initiator suggested that there might be a compe-
tition between the initiation by IBN radicals and the free radical transfer re-
action of the radicals with mercaptans.

The efficiency of the alkyl mercaptans also has an influence on the chain
transfer polymerization. The chain transfer constants of 2-mercaptoethy-
lamine, 3-mercaptopropionic acid, methyl 3-mercaptopropionate, and 3-
mercaptopropionic hydrazide are 0.08, 0.34, 0.38, and 0.8, respectively
[20]. This is reflected in the molecular weights obtained, the lower the Cg
the higher the molecular weight of the ST-PHPMA at a constant
[S/[HPMA] ratio. 2-Mercaptoethylamine produced higher molecular
weight polymers at the same [S]/[HPMA] ratio compared with the other
mercaptans (Figure 1). The efficiency of chain transfer agent also affects
the production of polymer chains with IBN end groups. At identical
[SI/[HPMA] ratios, the most efficient chain transfer agent, 3-mercaptopro-
pionic hydrazide, produces fewer polymer chains with IBN end groups
compared to the other mercaptans [19].

By analysis of the ST HPMA polymers by MALDI-TOF MS in the (more
sensitive) refectron mode it was possible to recognize macromolecules with
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small mass differences formed by different termination mechanisms. For
example, ST HPMA polymer chains with a mass difference of 2 Da, formed
by disproportionation termination were observed in the mass spectra. As
expected, the polymerization was mainly terminated by chain transfer reac-
tion, and only a very small amount of active polymer chains terminated by
disproportionation. The polymerization can be terminated by recombina-
tion when the concentration of mercaptan was very low; in fact, macromol-
ecules terminated by recombination were found in the MALDI-TOF mass
spectrum of a ST-polymer produced at a very low molar ratio of mercaptan
to HPMA [26].

Because some of the macromolecules were initiated by the primary rad-
icals to form macromolecules with initiator end groups, the functionality
of ST HPMA polymers could be improved by using an initiator containing
the same functional group as the chain transfer agent.

CHARACTERIZATION OF SEMITELECHELIC HPMA POLYMERS

Several different methods were used to characterize the ST HPMA poly-
mers. The average molecular weights of the ST polymers were determined
by size exclusion chromatography (SEC). The functional end groups of ST
HPMA polymers were determined by different chemical assays based on
the properties of the end groups. The amino groups in ST-PHPMA-NH,
were determined by ninhydrin and trinitrobenzene sulfonic acid (TNBS)
assays. The carboxyl groups of ST-PHPMA-COOH were determined by
titration. The methyl ester groups in ST-PHPMA-COOCH; were deter-
mined by proton NMR and by hydrolysis with excess KOH followed by
titration of the remaining KOH with HCI. The hydrazo end groups in ST-
PHPMA-COONHNH, were determined by the TNBS assay [20].

The polymers were also characterized by MALDI-TOF MS [28]. This
new technique can accurately determine the molecular weight of a protein
and a polymer chain and provide important information on the structure of
repeating units and end-group compositions of synthetic polymers [29,30].
In contrast, the conventional SEC can only provide the molecular weight
distribution; in addition, calibration standards with similar structures are
required for the calculation of the average molecular weights. Currently,
mass spectrometry is able to measure the mass of a macromolecule up to
10° Da. For synthetic polymers, however, the new technique could not pro-
vide accurate molecular weight distribution data for the polymers with a
broad polydispersity (PD). The method underestimated peaks correspon-
ding to higher masses, resulting in lower values of the average molecular
weights compared with SEC. Consequently, the average molecular weights
of the ST HPMA polymers (PD > 1.1) calculated from the mass spectra
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were lower than those determined by SEC. However, the average molecu-
lar weights determined by MALDI-TOF MS for the narrow dispersed
polymers showed good agreement with those obtained by SEC. For exam-
ple, there was a good agreement between the average molecular weights of
fractionated ST-PHPMA (PD < 1.1) determined by the MALDI-TOF MS
and the SEC, respectively. The average molecular weights of ST-PHPMA
fractions (PD < 1.1) obtained from the MS were only slightly lower than
those from SEC, and the difference between two methods was less than 7%
[20]. The mass spectrometry is a fast, precise method to determine the mo-
lecular weight of protein—polymer conjugates; it is difficult to obtain suit-
able standards for the calibration of SEC to characterize such conjugates.
Although the MALDI-TOF MS has a limitation to determine the aver-
age molecular weight of synthetic polymers with high polydispersity, the
accurate determination of the molecular weight of individual macromole-
cules provides important information on the chemical structure of the end
groups and the composition of individual polymer chains of semitelechelic
polymers. Shown in Figure 2 is a MALDI-TOF mass spectrum of a ST-
PHPMA with COOCHj; end groups. Two main peak series corresponding
to macromolecules with different end groups in the polymer sample can be
identified. The mass increment between peaks with identical end groups
was 143.2, the mass of a HPMA monomer unit. Peak series a) at m/z =
n X 1432 + 23(Na") + 68.1 + 1.0 [n is the number of monomer units;

20000
20000
a3
=
H
15000 o
“
=
2 100007 (] e e
&) 1500 1600 1700 1800 1900
Mass (m/z)
5000
0
T T T T T 1 T T
1000 2000 3000 4000 5000 6000 7000 8000
Mass (m/z)

Figure 2 MALDI-TOF mass spectrum of a ST-PHPMA-COOCHj;. Peak series a represent poly-
mer chains with initiator (IBN) end groups; peak series b represent polymer chains with methyl
ester end groups.

©2001 CRC Press LLC



mass of the initiator residue (CH3),[CN]C (IBN) is 68.1] corresponds to
polymer chains initiated by IBN radicals and terminated by proton transfer
from methyl 3-mercaptopropionate (MMP). The peak series b) at m/z =
n X 143.2 + 23(Na") + 120.2 (molar mass of methyl mercaptopropionate
= 120.2 Da) represents the semitelechelic polymer chains H-(HPMA),-
SCH,CH,COOCH; initiated by the radical formed from MMP (R’S") and
terminated by proton transfer from MMP. The MALDI-TOF mass spectra
of ST HPMA polymers clearly showed the presence of polymer chains
formed by the direct initiation with primary IBN radicals. Consequently,
the polymer chains with IBN end groups were found in the mass spectra of
almost all the ST HPMA polymers. As discussed above, the relative peak
intensity (reflecting the relative content) of the polymer chains with IBN
end groups in the mass spectra of the ST HPMA polymers varied with the
reaction conditions and the chain transfer constant of particular mercaptan.

MODIFICATION OF PROTEINS WITH SEMITELECHELIC
HPMA POLYMERS

The modification of therapeutic proteins with synthetic polymers is one
of the methods to enhance their pharmacological activity. Synthetic poly-
mers can be conjugated to proteins by reacting the active functional groups
of the polymers with the functional groups of the protein, such as amino,
carboxyl, hydroxyl, and sulthydryl groups. The most frequently used
method is the modification of the amino groups of the proteins containing
synthetic polymers with active ester groups. There are also reports on the
modification of the hydroxyl [10] and sulfthydryl [31] groups of the proteins.
Carboxyl group modification is not frequently used [10,32], although the
carboxyl group is a common group in proteins. Here, we focus the discus-
sion on the modification of the amino and carboxyl groups of the proteins.

o-Chymotrypsin (CT) was used as the model protein to evaluate the con-
sequences of its modification with the ST HPMA polymers. There are 17
carboxyl groups and 17 amino groups in a-chymotrypsin. The amino and
carboxyl groups of the protein were modified with ST-PHPMA-COOSu and
ST-PHPMA-CONHNH,, respectively. The amino-directed modification of
CT was performed by directly reacting the protein with excess ST-PHPMA-
COOSu at neutral pH (7.0-7.5) and 4°C in 20 mM in CaCl, aqueous solu-
tion. The carboxyl group-directed modification with polymers containing
hydrazo was performed by reacting the protein with an excess of ST-
PHPMA-CONHNH, at pH 4.5-5.0 in the presence of 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride (EDC). At the acidic pH
used, the amino groups (pK, = 6.8-8.0 for a-amino, 10.4-11.1 for e-amino
of lysine) on proteins are deactivated due to protonation. However, the hy-
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drazo groups (pK, = 3.0) remain active to react with the carboxyl groups of
the same proteins in the presence of a coupling agent (EDC). The pH of the
reaction mixture during both modifications may change, and dilute NaOH
or HCl should be added to maintain suitable pH [20].

The conjugates were characterized by MALDI-TOF mass spectrometry,
and the mass spectrum of a carboxyl-modified CT conjugate is shown as
an example (Figure 3). The mass spectrum showed a broad peak for the
conjugate because of the random conjugation of different molecular
weight macromolecules to the enzyme. Nevertheless, the molecular
weights of the conjugates can be calculated from the molecular weight dis-
tribution in the corresponding mass spectrum. The modification of CT with
narrow fractions of ST HPMA polymers produced conjugates possessing a
uniform structure compared with those prepared from unfractionated semi-
telechelic macromolecules [20].

The conjugation degree or the number of polymer chains on each protein
molecule depends on the molecular weight of the polymers and on the con-
jugation conditions. Lower molecular weight polymers produced conju-
gates with a higher conjugation degree. This is probably due to a smaller
hydrodynamic volume resulting in a lower steric exclusion effect. A higher
concentration ratio of ST-PHPMA to CT gave conjugates with a higher
conjugation degree when same molecular weight polymers were used for
the conjugation. When the polymer enzyme molar ratio was low in the car-
boxyl-directed modification, a much larger excess of coupling agent was
necessary to achieve a relatively high conjugation degree [20].
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Figure 3 The MALDI-TOF mass spectrum of the chymotrypsin conjugate with a ST-PHPMA-
NHNH, fraction (M,, = 1,400). The peaks 1, 2, and 3 are the double-charged, single-charged con-
jugate, and single-charged double conjugate aggregate, respectively.
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It seems that a maximum of about 10 ST-PHPMA chains can be attached
to 1 CT molecule. The conjugation degree was lower than that of the chy-
motrypsin conjugates with PEG-SC (succinimidyl carbonate of mPEG; up
to 14 chains per one CT molecule) [20,33]. This might be attributed to the
solution structure difference between the two polymers. PHPMA has a ran-
dom coil structure in aqueous solution, whereas PEG possesses a more ex-
tended one. The coiled PHPMA may cover more of the enzyme surface, and
the steric effect may prevent more PHPMA macromolecules from attaching
to the enzyme.

The chemistry of the modification was important for the biological activ-
ity of the protein—polymer conjugate. Listed in Table 1 are the Michealis-
Menten kinetic constants of the enzymatically catalyzed cleavage of Z-Gly-
Leu-Phe-NAp (Z, benzyloxycarbonyl; NAp, p-nitroanilide) by the CT
conjugates and the native enzyme. The carboxyl group modified conjugates
I and IT showed a lower activity than native CT [20]. The amino group mod-
ified conjugates III, IV, V, and VI showed higher reactivities than native CT,
similarly to literature data [21,32]. This indicates that the modification mode
of the protein affects the activity of the conjugates. Similar results have been
also reported by other research groups. Sakane and Pardridge [33] have
shown that carboxyl-directed pegylation of brain-derived neurotrophic fac-
tor preserved the biological activity of the conjugate, whereas the amino
group-directed modification did not. Pettit et al. [34] have shown that amino
group-directed pegylation of interleukin-15 alters the biological activity of
the conjugate. How the modifcation mode affects the biological activity of
the conjugates is not clear; nevertheless, modification of proteins with syn-
thetic polymers definitely alters the conformation of the protein, and the

TABLE 1. Enzymatic Activity of the ST HPMA Polymer Modified
Chymotrypsin in the Cleavage of Z-Gly-Leu-Phe-NAp.

Bond Conjugate  Conjugate Keat/

Conjugate Mode? M,° M,P Np°® KyM~'S™
Native 2,140
Chymotrypsin

1 P-NHNHCO-E 32,300 32,500 3 1,070

1l P-NHNHCO-E 46,600 47,800 8 1,100

1 P-CONH-E 40,900 41,700 6 (5.8) 4,200

v P-CONH-E 44,900 46,600 3.6 (3.7) 4,400

Vv P-CONH-E 49,400 51,000 6.5 (7.3) 4,200

Vi P-CONH-E 36,100 37,800 4.3 (4.3) 4,000

4P represents polymer, and E the enzyme.

®Determined by MALDI-TOF MS.

°The number of polymer chains attached to each enzyme molecule; the data in the parentheses were ob-
tained from TNBS assay (data from Reference [20]).
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charge character of protein may be also changed due to the modification. In
the case of CT, it is known that a carboxyl group of an aspartic acid is in-
volved in the active site of chymotrypsin [35]. The conjugation of some of
the carboxyl groups might be the cause for the decrease in the activity of the
carboxyl group-modified chymotrypsin conjugates. It appears that the con-
jugation degree and the molecular weight of the polymers did not have a pro-
nounced effect on the activity of chymotrypsin-ST HPMA conjugates to-
ward Z-Gly-Leu-Phe-NAp.

For high molecular weight substrates, for example, PHPMA-Gly-Leu-
Phe-NAp, there was not much difference in the activity of both carboxyl
group modified conjugates and the amino group modified conjugates. The
activity of all the conjugates mentioned above exhibited lower activity than
CT. In this case, the steric hindrance of the polymer chains of the polymer
substrate and the conjugates dominates and makes the formation of enzyme
substrate more difficult, resulting lower activity of the conjugates [20].

MODIFICATION OF BIOMEDICAL SURFACES
WITH SEMITELECHELIC HPMA POLYMERS

Semitelechelic HPMA polymers also effectively modify biomedical sur-
faces. ST-PHPMA-NH, of different molecular weights was used to modify
the surface of nanospheres based on a copolymer of methyl methacrylate,
maleic anhydride, and methacrylic acid [18]. The polymer chains were co-
valently attached to the surface; the efficiency of the polymer binding to
the surface and the thickness of the coating layer depended on the molecu-
lar weight of the polymers. High molecular weight polymers gave thicker
coatings but relatively low efficiency of binding. However, the thickness of
the ST PHPMA layer was less compared with commonly used PEG based
on the molecular weight. This was attributed to the fact that PEG has an ex-
tended conformation in water. However, the random coiled PHPMA chain
may cover more surface space similar to modified proteins; the occupied
area per PHPMA molecule is around 150 A% [18].

The modification of biomedical surfaces with ST HPMA polymers de-
creased the biorecognizability of surfaces. The surface modification reduced
the protein adsorption to the nanospheres compared with the unmodified
nanospheres. The thickness of the coating layer and/or the molecular weight
of polymers also affected the protein adsorption; consequently, a thicker coat-
ing resulted in lower protein adsorption [18]. The protein repulsion of the
modified surface may be caused by the change of the surface energy [36] and
surface charge after the modification. The modified nanospheres had an in-
creased intravascular half-life after intravenous administration to rats, and
the intravascular half-life increased with the increase of the molecular weight
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of STPHPMA. The accumulation of the modified nanospheres in the liver de-
creased in a molecular weight—dependent manner. The higher the molecular
weight of the polymers, the lower the accumulation of the modified nano-
spheres in the liver. The molecular weight dependence of the biorecognition
seems to indicate the influence of the hydrodynamic thickness of the coating
layer on the process of opsonization and capture by Kupffer cells of the liver
and macrophages of the spleen [18].

The modification of the nanospheres with ST HPMA polymers signifi-
cantly changed the surface structure and property of the nanospheres,
which resulted in substantial changes in the biorecognizability and biodis-
tribution of the nanospheres. The biocompatibility of HPMA polymers
bodes well for the future application of ST PHPMA in the modification of
biomedical surfaces.

CONJUGATION WITH HYDROPHOBIC ANTICANCER DRUGS

HPMA copolymers are well-known carriers for anticancer drugs; two
HPMA copolymer-adriamycin conjugates are now in clinical trials [37].
The ST HPMA polymers are also promising in the modification of anti-
cancer drugs. Usually, the anticancer drugs are hydrophobic organic com-
pounds; their poor aqueous solubility diminishes their bioavailability and
therapeutic efficacy. Their conjugation to biocompatible water-soluble
polymers can increase their water solubility and thereby improve the ther-
apeutic index. For example, taxol, a poorly soluble anticancer drug, has
been conjugated to one end of PEG via an ester bond to increase its water
solubility [8,39]. The ester bond between the polymer and the drug can be
hydrolyzed to release the drug in vivo. The water-soluble ST HPMA poly-
mers can also be used for the conjugation of anticancer drugs via the func-
tional end groups. The conjugation of anticancer drugs to ST HPMA poly-
mer not only provides good solubility and a controlled drug release mode
but has the potential to overcome multidrug resistance [39]. Compared to
PEG, the ST HPMA polymers have the advantage that different functional
groups may be introduced to the polymers during the synthesis.

CONCLUSIONS

The functional semitelechelic HPMA polymers can be readily prepared
by free radical polymerization in the presence of functional mercaptans.
The functional groups and chain length of the ST polymers can be con-
trolled by the choice of a particular mercaptan and the reaction condi-
tions. ST HPMA polymers can be used for the modification of proteins
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and biomedical surfaces by one-point attachment. The activity of the
modified a-chymotrypsin was changed based on the chemistry of the
modification. The modification of the surface of nanospheres increased
their intravascular half-life in rats and reduced their biorecognizability.
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CHAPTER 2

Thermoresponsive Polymeric Micelles
for Double Targeted Drug Delivery

J. E. CHUNG!
TERUO OKANO!

INTRODUCTION

IPAAm in aqueous solution is well known to exhibit a reversible ther-

moresponsive phase transition at 32°C [1]. This transition temperature
is a lower critical solution temperature (LCST). PIPAAm is water soluble
and hydrophilic, showing an extended chain conformation below its LCST,
and undergoes a phase transition to an insoluble and hydrophobic aggre-
gate above the LCST. This phase transition occurs with in a narrow tem-
perature window and is reversible with reversing temperature changes.
When the phase transition occurs by heating through its LCST, negative
entropy dominates the otherwise exothermic enthalpy of the hydrogen
bonds formed between the polymer polar groups and water molecules—
the initial driving force for dissolution. Increased entropy results from
release of water molecules oriented around nonpolar polymer regions
forming a clathrate-like structure [2,3]. Thermal destruction of the spe-
cific water orientations around hydrophobic polymer regions facilitates
polymer—polymer association by hydrophobic interactions, resulting in
polymer precipitation. Increasing temperature promotes the release of
water molecules from the water clusters surrounding the hydrophobic
isopropyl groups. Polymer mobility must be the greatest at polymer
chain ends. Dehydration will be initiated at these ends, rapidly triggering a
polymer phase transition by their hydrophobic contribution acting as nu-
clei to accelerate further polymer dehydration. Indeed, single-point grafted

"Institute of Biomedical Engineering, Tokyo Women’s Medical University, Kawada-
cho 8-1, Shinjuku-ku, Tokyo 162-8666 Japan.
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linear PIPAAm has shown faster phase transition phenomena due to its high
polymer end mobility over relatively immobile PIPAAm chains attached to
a surface with random multipoint crosslinks along the chain [4,5]. Also for
PIPAAm hydrogels, freely mobile ends of combtype grafted PIPAAm gels
lead to dramatically increased de-swelling rates above the LCST compared
to conventional, random crosslinked gels in which both ends of PIPAAm
chains were relatively immobile [6,7]. This observation strongly suggests
that the PIPAAm phase transition is initiated at the ends of a polymer chain
due to their high mobility. Exploiting the high chain end mobility will lead
to more effective control of the thermoresponsive properties of modified
PIPAAm compared to statistically modified PIPAAm.

We have constructed thermoresponsive systems utillizing semitelechelic
PIPAAm chains with freely mobile ends, synthesized by telomerization
using telogens as a following reaction [6]: nM + HS-X — H-(M)n-S-X.

Telomerization was effective to regulate quantitative incorporation of
functional groups to one end of PIPAAm chains [7,8]. Molecular weight of
the semitelechilic PIPAAm determined from GPC data was in good agree-
ment with that determined by the end-group assay. This indicates that each
macromolecule carries one amino or carboxyl end group.

We have utilized thermoresponsive properties of PIPAAm and its gels as
on—off switches for drug release [6,7], chromatography systems [9-11], and
attachment/detachment of cells [12—14] (Scheme 1). Hydrophobic chains of
collapsed PIPAAm above its LCST interact with cells and proteins. Al-
though below the LCST, PIPAAms are highly hydrated flexible chains and
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Scheme 1 Thermoresponsive systems constructed using semitelechelic poly(N-isopropylacrylamide).
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do not readily interact. We have already reported thermoresponsive surfaces
grafted with PIPAAm chains for novel hydrophobic liquid chromatography
matrices modulating separation and solute—surface partitioning by tempera-
ture control [9-11]. We have also reported that poly(styrene) surfaces
grafted with PIPAAm chains become a hydrophilic/hydrophobic switchable
surface. This surface can control cell attachment and detachment by thermal
modulation without any cell damage [12—14]. Cells attach and proliferate
normally when cultured on hydrophobic PIPAAm surfaces above the LCST.
Upon cooling these cultures below the LCST, viable cells spontaneously
detach from hydrating PIPAAm grafted surfaces as a result of decreased in-
teractions between cells and the PIPAAm surface. Utilization of PIPAAm
thermoresponse allows construction of new materials systems that re-
versibly modulate interactions with cells, including aspects of cellular mor-
phology and cellular metabolic functions.

Several types of drug carriers such as microspheres, liposomes, and
polymer have been investigated to achieve targetable drug delivery, espe-
cially for anticancer drugs. However, nonselective scavenging of such
carriers by the reticuloendothelial system (RES) is a serious problem even
when monoclonal antibodies are used to carry the drug [15,16].

A-B—type block copolymers of PIPAAm containing a hydrophobic seg-
ment exhibit thermoresponsive soluble/insoluble changes and can form core-
shell structured polymeric micelles. Polymeric micellar structures comprising
hydrophilic outer shell of soluble PIPAAm segments as annuli surrounding
hydrophobic aggregated inner core microdomains hydrophobic segments in
aqueous solution below the LCST (Scheme 2). The hydrophobic inner core of
the micelle can contain hydrophobic drugs, whereas the PIPAAm outer shell
plays an important role in the aqueous solubilization and temperature re-
sponse. The hydrophilic outer shell that prevents interaction of the inner core
with biocomponents and other micelles can be suddenly switched to a dehy-
drated, hydrophobic state at a specific tissue site by local heating above the
LCST. Therefore, utilizing preferable characteristics of thermoresponsive
polymeric micelles as a drug carrier system improves targeting efficacy ac-
cording to both effect of passive targeting and temperature modulation by
local heating.

We have shown that polymeric micelles constructed of block copolymers
of poly(ethylene oxide) (PEG) and poly(L-asparate) containing the anti-
cancer drug (adriamycin, ADR) selectively accumulate at solid tumor sites
by a passive targeting mechanism. This is likely due to the hydrophilicity of
the outer PEG chains and micellar size (<100 nm) that allow selective tissue
interactions [17,18]. Polymeric micelle size ranges are tailored during poly-
mer synthesis steps. Carefully selection of block polymer chemistry and
block lengths can produce micelles that inhibit nonselective scavenging by
the reticuloendothelial system (RES) and can be utilized as targetable drug

©2001 CRC Press LLC



PIPAAm W hydrophobic segment

soluble in organic solvent
(water insoluble)

[G]
@ ® ldmg

l dialysis

outer shell
(low uptake of RES, thermoresponse)

polymer solution
in
an organic solvent

hydrophobic inner core
(high capacity of solublizing
hydrophobic drug)

thermo-responsive polymeric micelles
as drug carriers

micelle formation

Scheme 2 Thermoresponsive polymeric micelle structures and functions.
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carriers to enhance permeability and retention (EPR) effects at tumor tissues
[19,20]. From this perspective, thermoresponsive micelles comprising block
copolymers of PIPAAm and a hydrophobic segment are able not only to uti-
lize spatial specificity (site targeting) in a passive manner due to the highly
hydrated outer shell surrounding the hydrophobic core loaded with drugs
and their size but also to increase their spatial specificity in combination with
a physical targeting mechanism achieved by introducing a thermoresponsive
polymer segment. Weinstein and coworkers studied thermosensitive lipo-
somes to achieve temperature modulated, targeted drug delivery [21]. How-
ever, the conventional liposome formulations have only limited value in vivo
due to nonselective scavenging by the RES and slow response to the temper-
ature changes [21,22]. In addition, drug release from liposome carriers was
not clearly defined only when liposome carriers were heated due to liposome
unstability, even though the drug release was enhanced upon heating. Clear
and sensitive thermoresponse of PIPAAm opens up opportunities to con-
struct effective drug delivery system in conjunction with localized hyperther-
mia. Delivery to a specific site can be enhanced by local heating/cooling
procedures, inducing changes in the physical properties of polymeric mi-
celles. Therefore, thermoresponse of PIPAAm is expected to accomplish
multiple functions for a double-targeting system in both passive and stimuli-
responsive manners, enhancing vascular transport and drug release, and/or
embolization induced by local tissue temperature changes. Selective accu-
mulation of micelles at malignant tissue sites could be increased by micellar
adsorption to cells mediated by hydrophobic interactions between polymeric
micelles and cells. Simultaneously, this strategy can also achieve temporal
drug delivery control: drug is released and expresses its bioactivity only for a
period defined by local heating and cooling.

The thermoresponsive character of micellar structures constructed by
self-assembly of the modified PIPAAm chains is not always consistent
with that of PIPAAm, especially with regard to its LCST and the thermal
response transition rates. The thermoresponsive properties and structures
of the assembled supramolecular micellar architecture depend upon the
molecular structure of a single modified PIPAAm chain that is the building
block of the supramolecular assembly. We have reported that thermo-
response and structures of molecular assemblies formed from alkyl-
terminated PIPAAms depended on the alkyl group hydrophobicity [23].
Moreover, high chain end mobility led to more effective control of the ther-
moresponsive properties of hydrophobically modified PIPAAm as well as
subsequent induced phase separation into hydrophilic and hydrophobic
microdomains compared to statistically modified PIPAAm [24], that is, a
design of the molecular architecture of modified PIPAAm directly results
in desired supramolecular architecture of thermoresponsive micellar struc-
tures formed by self-assembly of the modified PIPAAms. In order to design
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and facilitate a reversibly thermoresponsive micelle for a drug delivery
system, we have exploited a polymer micelle formation mechanism with
structural stability and temperature response based on intra- or intermolec-
ular hydrophilic/hydrophobic interactions and a block copolymer molecu-
lar architecture [23-27].

PREPARATION OF THERMORESPONSIVE POLYMERIC MICELLES
(SCHEME 3)

SYNTHESIS OF A-B BLOCK COPOLYMERS OF PIPAAm WITH VARIOUS
HYDROPHOBIC SEGMENTS

Amino-, hydroxyl-, and carboxyl-semitelechilic PIPAAm (PIPAAm-NH,,
PIPAAm-OH, PIPAAmM-COOH) were synthesized by telomerization using
2-aminoethanethiol hydrochloride (AESH-HCI), 2-mercaptoethanol (ME),
and 3-mercaptopropionic acid (MPA) as telogens, respectively [6-8]. N-
Isopropylacrylamide (IPAAm), a telogen and benzoyl peroxide were
dissolved in DMF. This solution was repeatedly degassed under reduced
pressure in freeze—thaw cycles and sealed in an ampule. Polymerization was
carried out at 70°C and stopped by freezing after 4 h. After evaporating most
of the DMF, polymers were precipitated into an excess of diethyl ether; the
polymer was reprecitated twice more and dried in vacuo. An excess of tri-
ethylamine (TEA) was added dropwise to the polymer solution of PIPAAm-
NH,-HCI in THF at room temperature in order to convert the hydrochloride
end group to the free PIPAAm-NH,. The polymer was precipitated in an ex-
cess of diethyl ether, reprecipitation was carried out twice more and dried in
vacuo. The dried polymers were dissolved in MeOH and dialyzed against
MeOH through a dialysis membrane (Spectra/Por® CE, MWCO = 500) at
4°C for 3 days. After evaporation of MeOH, the product was dissolved in
water and lyophilized. Semitelechilic PIPAAm molecular weight was de-
termined by gel permeation chromatography [GPC, TOSOH, SC-8020,
poly(styrene) standard] in DMF containing LiBr (20 mM; elution rate:
1 mL/min) at 40°C. Terminal groups were titrated by nonaqueous potentio-
metric titration [28].

Carboxyl terminated PSt (PSt-COOH) and carboxyl-terminated PBMA
(PBMA-COOH) were also prepared by radical polymerization using 3-
mercaptopropionic acid (MPA) as a chain transfer agent and purified by
precipitation in a large excess of MeOH [24,25]. The polymer product was
obtained as a white powder by lyophilization.

Stearoyl-terminated PIPAAms (PIPAAm-C,gH35) was obtained by the
reaction of the primary amino end group of PIPAAm-NH, with a large ex-
cess of acyl chlorides [23]. A block copolymer of PIPAAm and
poly(styrene) (PIPAAm-PSt) was obtained by a condensation reaction
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1. Preparation of Alkyl-terminated PIPAAm
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3. Preparation of PIPAAm-PBMA
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Scheme 3 Preparation of thermoresponsive polymeric micelles.
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between the terminal carboxylic end group of semitelechilic PSt-COOH
(M,, 4,700) and the primary amino group of semitelechilic PIPAAm-NH,
(42,000) [25]. Block copolymers of PIPAAm-PBMA were obtained by re-
actions of PIPAAm hydroxyl groups with activated terminal groups of
PBMA [27]. The PIPAAm-PSt and PIPAAm-PBMA showed different sol-
ubility properties from either PIPAAm or the hydrophobic homopolymers.
Water at 30°C diethyl is a good solvent for PIPAAm and diethylether for
the hydrophobic homopolymers, respectively. However, the block copoly-
mer product was insoluble in both of these solvents. Titrations confirmed
that almost 100% of the terminal groups of PIPAAm chains reacted with
either stearoyl chloride, PSt-COOH, or PBMA-COOH. PIPAAm-PLA
block copolymer was obtained by ring opening polymerization of DL-
lactide using the terminal hydroxy group of PIPAAm with tin(Il)2-ethyl-
hexanoate as a catalyst. Control of the PLA block chain length was achieved
by changing the amount of DL-lactide monomer in the reaction mixture.

MICELLE FORMATION FROM PIPAAm BLOCK COPOLYMERS

Micelle solutions of PIPAAm-C,gH35 was prepared by direct dissolution of
the polymer in cold water (4°C) due to its good water solubility [23]. Each so-
lution of PIPAAm-PSt, PIPAAm-PBMA, and PIPAAm-PLA was prepared
by dissolving each copolymer in DMF, N-ethylacetamide, and DMAc, re-
spectively. The solutions were put into a dialysis bag (MWCO = 13,000)
and dialyzed against distilled water at 10°C, 20°C, and 4°C, respectively, for
24 hours. The micelles were purified with ultrafiltration membrane of
200,000 molecular weight cut off at 4°C. The aqueous solution was
lyophilized to leave a white powder of micelles.

THERMORESPONSIVE STRUCTURAL CHANGES
OF POLYMERIC MICELLES

Core-Shell Micellar Structure Formation

In general, incorporation of hydrophobic groups into PIPAAm chains
decreases the LCST [29-31]. Hydrophobic groups alter the hydrophilic/
hydrophobic balance in PIPAAm, promoting a PIPAAm phase transition at
the LCST, water clusters around the hydrophobic segments are excluded
from the hydrophobically aggregated inner core. The resulting isolated hy-
drophobic micellar core does not directly interfere with outer shell PIPAAm
chain dynamics in aqueous media. The PIPAAm chains of the micellar outer
shell therefore remain as mobile linear chains in this core-shell micellar
structure. As a result, the thermoresponsive properties of PIPAAm in the
outer PIPAAm chains of this structure are unaltered [23-27,32].
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Micellar solutions of PIPAAm-C,gH;5 with a stearoyl group at a terminal
position as well as other terminally modified PIPAAm show nearly the
same LCST and the same phase transition rate as for freely mobile, linear
PIPAAm chains irrespective of the attached highly hydrophobic end groups.
In contrast, random copolymers of IPAAm and stearyl methacrylate
(PIPAAm/SMA)) exhibited an LCST shifted to lower temperature propor-
tionally to hydrophobic SMA mole fraction, even above their CMC values.
Moreover, phase transition behavior of PIPAAm/SMA) was considerably
less sensitive to temperature changes compared to terminally modified
PIPAAm. The LCST shifted toward lower temperatures demonstrates in-
complete phase-separated microdomains, that is, parts of the hydropho-
bic comonomer segments are exposed to the aqueous media and, simul-
taneously, parts of the outer shell PIPAAm chains are mixed in the inner
core. Hydrophobic aggregation of the comonomers entangles parts of
the PIPAAm main chain in the inner core. Simultaneously, hydrophobic
aggregates remain partially exposed to water. Moreover, PIPAAm chains
surrounding hydrophobic aggregates are immobile, hydrated loops without
a freely mobile end since PIPAAm chains incorporate random hydrophobic
sequences that aggregate. Such a structure slows down the phase transition
rate of PIPAAm [4,5]. Therefore, hydrophobic group location on a PIPAAm
copolymer influences the thermoresponsive properties of a polymeric mi-
celle [24]. Terminal modification of PIPAAm appears to be essential in the
design strategy to fabricate polymeric micelles as stable carriers that main-
tain similar thermoresponses as linear PIPAAm in their outer shells.

A choice of the terminal hydrophobic segment length of the linearly
modified PIPAAm is also important to facilitate both formation of clearly
phase-separated, core-shell micellar structures and preservation of the
core-shell structures during thermoresponsive structural changes by
heating through the LCST. The influence of intramolecular hydrophobic/
hydrophilic balance for the core-shell micellar structure formation and
structural changes upon heating have been researched using alkyl-termi-
nated PIPAAms with various alkyl chain length (—-C; ~ —C;g) [23]. Core-
shell micellar structures of PIPAAm-C,,H,; and PIPAAm-C,3H;5, with a
considerably long hydrophobic alkyl chain at a terminal position, isolated
the hydrophobic inner core from the aqueous media and does not influenced
the LCST of the PIPAAm outer shell. For C;—Cg terminated PIPAAm sam-
ples incorporated with relatively short hydrophobic alkyl chains, the LCST
observed was reduced with increasing terminal alkyl chain length. It is ex-
pected that polymer chains aggregate to form a more stable structure by
isolating the hydrophobic segments from the aqueous media as much as
possible even though the hydrophobic affinity is weak. However, in the case
of C3—Cy terminated PIPAAm, the hydrophobic alkyl chain association is
loose but remains in contact with water. When LCSTs for single unimers,
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determined by DLS measurements at a fixed angle (90°), were compared
with the LCSTs for each micelle measured by absorbance above the CMC
the LCSTs of C;—Cg terminated PIPAAms were consistent with the LCSTs
above the CMC, which were reduced with increasing alkyl chain length
[23]. By contrast, the LCSTs of C;, and C;g-terminated PIPAAm unimers
were much lower than their micellar LCSTs, similar to PIPAAm.

Polymeric micelles with selected chemistries and molecular architecture
of block copolymers, such as PIPAAm-C,3H;s, PIPAAm-PSt, PIPAAm-
PBMA, and PIPAAm-PLA micelles, showed the same LCST and the same
thermoreponsive phase transition kinetics as those for PIPAAm irrespec-
tive of the hydrophobic segment incorporation. This confirms two points:
(a) that hydroxyl groups or amino goups of PIPAAm termini completely
react with the hydrophobic segment end groups and (b) that the block
copolymers form core-shell micellar structures with hydrophobic inner
cores completely isolated from the aqueous phase.

The hydrophobic inner core formation of the polymeric micelle aqueous
solutions was also characterized by fluorescence spectroscopy using
pyrene and 1,3-bis(1-pyrenyl) propane (PC5P) as fluorescence probes. The
fluorescence spectrum of pyrene at the low concentration possesses a Vi-
brational band structure that exhibits a strong sensitivity to the polarity of
the pyrene environment [33]. The ratio ({,/15) of the intensity of the first
band (/,) to that of the third band (/5) was monitored as a function of each
polymeric micelle concentration [34]. As the concentrations of polymeric
micelles, such as PIPAAm-C,3Hz5, PIPAAm-PSt, PIPAAm-PBMA, and
PIPAAm-PLA, increase a large decrease in I,/I; was observed. This indi-
cates partitioning of the hydrophobic probe into a hydrophobic environment.
From these plots, it is possible to estimate a concentration corresponding
to the onset of hydrophobic aggregation of the hydrophobic segments.
This concentration determined from the midpoints of the plots for /,/I;
changes was rather low, providing evidence for the facile formation of sta-
ble micelles. The values were 80, 10, 20, and 10 mg/L for PIPAAm-
C,sHss, PIPAAm-PSt, PIPAAm-PBMA, and PIPAAm-PLA, respectively.
This property is necessary for their use in aqueous milieu such as body flu-
ids. Short alkyl (C3—Cg)-terminated PIPAAm solutions showed only small
decreases in polarity. These small polarity changes indicate that pyrene is
partitioning into the polymer-rich phase and not into a clearly separated
alkyl chain phase distinct from PIPAAm. Hydrophobic driving forces for
the intermolecular aggregation of shorter alkyl terminal groups appears too
weak when balanced with the hydrophilicity of their highly hydrated
PIPAAm main chain.

PC;P is a sensitive probe for local viscosity measurement by forming an
intramolecular excimer [35,36]. The extent of excimer emission depends
upon the rate of conformational change of the chain linking the two
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pyrenyl groups, leading to a stable “sandwich” conformation between ex-
cited and unexcited aromatic moieties [37]. This motion is impeded by
local viscosity. As a consequence, the excimer to monomer emission inten-
sity ratio (//I) provides a measure of the microviscosity of the PC;P local
environment. Shown in Figure 1 are representative emission spectra for

Monomer

«——C18
-C12

Fluorescence Intensity (arbitrary unit)
N
|

Excimer

350 400 450 500 550 600
Wavelength (nm)

Figure 1 Representative emission spectra for PC;P in alkyl-terminated PIPAAm aqueous solutions
above the CMC (20,000 mg/L). A, = 333 nm, [PC;P] =2.2 x 107" M, 20°C (Reference [23], p- 37).
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PC;P in alkyl-terminated PIPAAm solutions above their CMC. The
monomer emission for alkyl-terminated PIPAAm solutions showed a sig-
nificant dependence on the incorporated alkyl chain length because the
PC;P probes were more soluble in the hydrophobic microdomain with in-
creasing alkyl chain length. Excimer emission was essentially unaf-
fected by alkyl chain length above Cq. This shows that the motion of PC;P
is suppressed by the microviscosity created by hydrophobic alkyl chain ag-
gregation. According to the ratios (Iz/I,) of PC;P dissolved in solutions of
alkyl-terminated PIPAAms, values for C;, and C,g polymer solutions were
markedly lower than the other samples. The values were 0.128 and 0.127
for PIPAAm-C,H,; and PIPAAm-C,3H;s, respectively. These results indi-
cate that Cy, and Cg polymers formed hydrophobic microdomains that
were relatively rigid, allowing for poor intramolecular PC;P motions. The
emission ratios (/g/I,;) for PC5P in the PIPAAm-PSt and PIPAAm-PBMA
polymeric micelle solutions showed a high viscosity (Iz/I); = 0.068 and
0.044, respectively) for the micelle inner core, implying stability for a con-
centrated drug payload.

Reversible Structural Change Responding to Temperature Change

Polymeric micelles with a stable core-shell micellar structure such as
PIPAAmM-C,gH;s, PIPAAm-PSt, PIPAAm-PBMA, and PIPAAm-PLA mi-
celles solutions showed nearly constant sizes and unimodal distributions
below their LCST due to the hydrophilic PIPAAm outer shell. Micelles
had an almost identical average diameter with unimodal distribution be-
fore and after a heating/cooling cycle through their LCST even though
these solutions showed a polydispersed and increased average size near
the LCST as a sign of intermicellar aggregation. This indicates that inter-
micellar aggregates formed upon heating redisperse to the initial micellar
structures upon cooling below the LCST. However, random copolymer
solutions of PIPAAm/SMA) with increased micellar sizes did not show
reversibility through the same heating/recooling cycles. Short alkyl chain
terminated PIPAAm solutions such as PIPAAm-C¢H,; and PIPAAm-
CgH;;5 also showed similar phenomena, perhaps because the hydrophobic
segments exposed to the aqueous media due to weak hydrophobic aggre-
gation forces in shorter alkyl-terminated PIPAAms enhanced hydrophobic
aggregation and entanglement above the LCST, which would disturb re-
hydration of PIPAAm chains below the LCST [23]. As described above,
POIPAAmM/SMA) forms relatively incompletely phase separated hy-
drophobic microdomains remaining exposed to aqueous media. The ar-
chitectural difference between this and the PIPAAm-C,3H;s micelle
would explain the thermal irreversibility in the same way as for the short
alkyl chain terminated PIPAAms.
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PIPAAm-C,3H;5 and PIPAAm-PBMA micelle solutions (Figure 2)
show increasing polarity of the pyrene environment with increasing tem-
perature through the LCST; however, the solutions showed a reduced but
constant micropolarity below the LCST. PIPAAm solutions [Figure 2(a)]
showed an abrupt decrease in polarity when temperature was raised
through its LCST, indicating transfer of pyrene into the precipitated
polymer-rich phase [23]. On the other hand, PIPAAm-CgH;5; and
PIPAAm-PBMA micelle solutions showed lower polarity than that for
PIPA Am solutions over the entire temperature region due to the presence
of hydrophobic micellar cores. Aggregation of collapsed PIPAAm outer
shells could induce micelle structural deformation, which would increase
the pyrene microenvironment polarity observed by the increase in pyrene
polarity above the LCST. If so, then structural deformations that allows
this change in pyrene partitioning turns to the initial micelle structure with
increasing rehydration of the PIPAAm chains below the LCST. A small
hysteresis around the LCST has been observed due to the delayed hydra-
tion of the PIPAAm chains upon cooling [23,27]. The clear reversibility of
the structural changes supports the contention that the micelles do not un-
dergo a serious structural change in their inner core regions such as de-
struction or fusion in the thermal cycle through the LCST, although the
polymer core-shell micellar structure can sensitively undergo conforma-
tional changes upon heating through the LCST.

Shown in Figure 3 are representative emission spectra for PC;P in
PIPAAm, PIPAAmM-C,gH;s and PIPAAm-PBMA solutions above their
CMC as a function of temperature. PIPAAm solutions show a continuous
reduction in Iz/I,, with increasing temperature still below the LCST, since
hydrophobic polymer-rich phases solubilizing PC;P probes begin to stiffen
as the polymer chains dehydrate [Figure 3(a)]. However, the I/I,, values
discontinuously decrease with temperature increase through the LCST, im-
plying a phase transition in PIPAAm chains. Above the LCST, it remains
essentially unaffected by any further temperature increase. This suggests
that the motion of PC;P is suppressed by the microviscosity created by the
contracted hydrophobic polymer chain aggregation. On the other hand, the
I/1), ratios for PC;P dissolved in PIPAAm-C,3Hs5 and PIPAAm-PBMA
micellar solutions are markedly lower than those for PIPAAm solutions
over the entire temperature region due to the highly compact cores of ag-
gregated PBMA chains [Figure 3(b)]. Interestingly, the micelle solutions
showed increases in I/I, as the temperature increase through the LCST, ir-
respective of the PIPAAm phase transition. This is evidence that a decrease
in rigidity of the inner micellar cores occurs above the LCST. Therefore,
conformational changes by aggregated and collapsed outer shell PIPAAm
chains might induce some deformation of the inner core structure, resulting
in both a micropolarity increase and microrigidity decrease. These results
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Figure 2 Plot of the ratio of intensities (/;/15) of the vibrational bands in the pyrene fluorescence spectrum as a function of temperature for PIPAAm (a),
PIPAAm-C,gH;5 and PIPAAM-PBMA (b), A,, = 340 nm, [pyrene] = 1.6 x 107" M, 1°C/min, [polymer] = 5,000 mg/L.
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Figure 3 Plot of the (Iz/I,) ratio intensities of the vibrational bands in the PC;P fluorescence spectrum as a function of temperature for PIPAAm (a), PI-
PAAm-C gH;5 and PIPAAmM-PBMA (b), A,, = 333 nm, [PC5P] = 2.2 x 1077 M, 1°C/min, [polymer] = 20,000 mg/L.
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indicate the potential for these polymeric micelle structural changes to se-
lectively modulate drug release from the inner cores upon heating in a man-
ner distinct from that of PIPAAm gels.

To activate drug delivery using a thermoresponsive polymeric micelle
system for both temporal and spatial selectivity, the hydrophobic aggrega-
tion forces that form these structures must be strong enough to form stable
micelles as well as load hydrophobic drugs. Simultaneously, this structure
must allow reversible structural changes upon heating to selectively initi-
ate drug release. In particular, the inner core structural changes induced
by the outer shell structural changes above the LCST facilitate drug re-
lease enhancement by selection of inner core polymer chains with rela-
tively lower Tg than the outer shell LCST.

ON-OFF SWITCHABLE DRUG RELEASE FROM THERMORESPONSIVE
POLYMERIC MICELLES

ADRIAMYCIN (ADR) INCORPORATION INTO PIPAAM-PBMA MICELLES

PIPAAm-PBMA block copolymers form a micellar structures by self-
association of the hydrophobic PBMA segments in water, a good solvent
for PIPAAm chains below the LCST but a nonsolvent for the PBMA
chains. This amphiphilic system produces stable and monodispersed mi-
celles from polymer/N-ethylacetamide (good solvent for the both poly-
mer blocks) solutions dialyzed against water. Hydrophobic drugs can
be physically incorporated into the inner micelle cores with PBMA
chains by hydrophobic interactions between the hydrophobic segments
and drugs.

PIPAAm-PBMA micelle formation and drug loading resulting from
solvent exchange during dialysis was significantly affected by interaction
of the solvents with both polymers and drugs, solvent exchange speed,
and solution temperature. With the gradual decrease in organic solvent
composition during dialysis, a spontaneous hydrophobic association of
PBMA segments both with themselves and with hydrophobic drugs is a
driving force for micelle formation and drug loading into micelle cores.
Therefore, drug choice and degree of drug loading are defined by the in-
teractions of drugs with both the polymer hydrophobic segments and solvent.
Polymeric micelles loaded with the highest drug concentration possible
were formed simultaneously without precipitation by optimizing the hy-
drophobic interactions among the polymer, the drug, and the solvent.
Control of the optimum loading/aggregation conditions should provide
information critical to generalize the optimum drug loading conditions in
polymeric micelles.
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Optimum hydrophobic interactions to form PIPAAm-PBMA micelles
containing ADR was regulated by modulating hydrophilic/hydrophobic
block lengths of the polymer, concentration of both the polymer and ADR in
the dialysis bag, triethylamine (TEA), and the dialysis temperature. PIPAAm
(My, = 6,100)-PBMA (My, = 8,900) was most successful for most micelle
formation and drug (ADR) loading (9.6 wt.%) with N-ethylacetamide as
the solvent for both the polymers and ADR and other selected conditions.
The polymer-ADR solution of N,N-dimethylformaldehyde or dimethylsul-
foxide precipitated during dialysis against water. A Spectra/Por dialysis
membrane with a pore size of M,,CO = 12,000-14,000 provided optimum
solvent exchange rates for micelle formation of this PIPAAm-PBMA/ADR
combination. The micelle-ADR product was a transparent red solution at ca.
20°C (dialysis temperature) with highly hydrated PIPAAm segments in
water. Other higher or lower dialysis temperatures than 20°C led to precipi-
tation. Optimum dialysis temperature was defined by PIPAAm hydration de-
gree balanced with hydrophobic aggregation forces for micelle formation as
well as solvent diffusion rates of unloaded drugs.

To remove the hydrochloride from ADR.HC1 1.3 a molar equivalent of
TEA was added to the ADR solution dropwise prior to mixing with a poly-
mer solution. A larger amount of TEA addition resulted in precipitation
during dialysis, whereas adding less TEA failed to improve ADR loading
due to weak hydrophobic interactions. In addition, higher polymer concen-
trations and higher ratios of ADR/polymer in the dialysis solution in-
creased ADR loading. However, a polymer concentration higher than
1.3 wt.% and a ratio of ADR/polymer higher than 1.1 led to precipitation.
Supernatants of the solutions including precipitates showed large aggre-
gate size distributions (diameter > 500 nm) and also showed high drug
loading. ADR loaded into PIPAAm-PBMA micelles under selected opti-
mum conditions exhibited monodispersed size distribution.

THERMORESPONSIVE ADR RELEASE FORM POLYMERIC MICELLES

ADR release profiles from polymeric micelles in water showed drastic
changes with temperature alterations through the LCST (Figure 4). ADR
release was accelerated upon heating through the LCST, whereas ADR re-
lease was suppressed below the LCST. Temperature-accelerated ADR re-
lease was consistent with a temperature-induced structural change of the
polymeric micelle [Figures 2 and 3(b)]. ADR release from polymer mi-
celles is switched thermally on/off in response to reversible structural
changes of micelles modulated by temperature changes through the LCST
(Figure 5). ADR release begins upon heating above the LCST and halted
simply by cooling below the LCST; ADR is released once again upon an-
other heating cycle.
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Figure 4 Drug (ADR) release from thermoresponsive PIPAAm-PBMA micelles containing
ADR [27].

CYTOTOXICITY OF POLYMERIC MICELLES MODULATED
BY TEMPERATURE CHANGES

Shown in Figure 6 is in vitro cytotoxic activity of PIPAAm-PBMA mi-
celles loaded with ADR or micelles without ADR at 29°C (below the LCST)
and at 37°C (above the LCST) compared with that of free ADR. In vitro cy-
totoxic activity was measured using bovine aorta endothelial cells. Bovine
aortic endothelial cells were obtained as previously reported using dispase
for cell dissociation from freshly harvested bovine aorta [13]. The cells
plated at a density of 3 X 10* cells/well, were exposed with free ADR or mi-
celles loaded with ADR at below and above the LCST for 5 days. In order to
assay cytotoxicity of the free ADR or micelles loaded with ADR, culture
medium was replaced with 10% FBS-supplemented phenol red-free
DMEM containing 10% alamar Blue, a dye that is subject to reduction by
cytochrome c activity and changes the color from blue to red [38]. After
4-hour incubation, reduction of the dye was estimated by absorbance at 560
and 600 nm. PIPAAm-PBMA polymeric micelles loaded with ADR showed
higher cytotoxic activity than that of free ADR at 37°C (above the LCST)
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Figure 5 On—off switched drug (ADR) release from PIPAAm-PBMA micelles containing ADR
responding temperature changes.

while exhibiting lower cytotoxic activity than that of free ADR at 29°C
(below the LCST). The blank micelles showed no cytotoxicity both below
and above the LCST. Cytotoxicity is well correlated with micelle structural
changes (Figure 2) and ADR release (Figure 4) selectively initiated by heat-
ing through the LCST. These results show that ADR cytotoxicity against
endothelial cells can be reversibly switched using ADR-loaded PIPAAm-
PBMA micelle carriers combined with culture temperature modulation.
Higher cell cytotoxicity by polymeric micelles-ADR over that seen for the
same amount of free ADR in culture suggests different routes for drug
uptake action by cells caused by the carrier properties. Cells treated by mi-
celles-ADR are observed to be red and have visible aggregates surround-
ing the cells. Such a phenomenon was observed only for cells treated by
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Figure 6 In vitro cytotoxicity of free ADR (0.1 ug/mL) and thermoresponsive PIPAAm-PBMA
micelles containing ADR (0.1 png/mL) against bovine aorta endothelial cells at 29°C (below the
LCST) and 37°C (above the LCST). Incubation time: 4 days.

micelles-ADR. We previously reported that hydrophobic PIPAAm chains,
which collapse above their LCST, actively interact with cells, whereas hy-
drated PIPAAm chains below the LCST do not [12-14]. These micelles have
been shown to undergo both physical property changes from hydrophilic to
hydrophobic as well as structural changes, switching on drug release upon
heating through the LCST. Enhanced interaction between the polymeric mi-
celles and cells above the LCST may provide higher drug uptake by the cells
through a more effective route. This has been the focus in this current re-
search. Observed results indicate that thermoresponsive polymeric micelles
can express specific drug toxicity elicited by local heating. This results from
changes in the physical properties of the polymeric micelles, inducing drug
release and/or enhanced adsorption to cells mediated by hydrophobic inter-
actions between cells and polymeric micelles (Scheme 4).
Thermoresponsive polymeric micelles with PIPAAm block copolymers
can be expected to combine passive spatial targeting specificity with a
stimuli-responsive targeting mechanism. We have developed LCSTs of
PIPAAm chains with preservation of the thermoresponsive properties such
as a phase transition rate by copolymerization with hydrophobic or hy-
drophilic comonomers into PIPAAm main chains. Micellar outer shell
chains with the LCSTs adjusted between body temperature and hyper-
thermic temperature can play a dual role in micelle stabilization at a body
temperature due to their hydrophilicity and initiation of drug release by hy-
perthermia resulting from outer shell structural deformation. Simultane-
ously, micelle interactions with cells could be enhanced at heated sites due
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Scheme 4 Drug action mechanisms of thermoresponsive polymeric micelles.

to thermal changes in the outer shell structure, namely, the micelle-drug
system is expected to deliver drug in a body only when or where heated by
hyperthermia. Reversible and sensitive thermorespo