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ABSTRACT

Bile acids are biological compounds in the body that have interest-
ing properties and have been used to make special chemical
structures in molecular recognition. Various polymers have been
synthesized from bile acids. The materials should preserve some
of the properties of bile acids, such as biocompatibility, high
stability of the steroid nucleus, reactivity of the side groups, optical
activity and self-assembling capacity. The synthesis and applica-
tions proposed for such polymers are discussed.

Introduction

Bile acids are natural compounds that are synthesized
from cholesterol in the liver, stored in the gall bladder,
and released in the small intestine for the digestion of fats
and lipids. They return to the liver by absorption through
the ileum membrane. This enterohepatic circulation of the
bile acids is rigorously maintained in the human body and
is the key for biological processes, such as emulsification
and membrane transport of cholesterol, vitamins, retinol,
B-caroten, etc.'?

All bile acids possess a steroid skeleton known for its
rigidity (Figure 1). In contrast to the cholestane steroids
(trans isomers), bile acids belong to the coprostane family,
where the cis connection between ring A and ring B
imparts a curvature to the steroid skeleton, making
possible the formation of a cavity.® The two faces of the
cavity have very different properties, with an a face where
several hydroxyl groups are directed convergently to the
concavity, forming the hydrophilic part together with the
carboxylic side chain, and a completely hydrophobic
face where three methyl groups are present. Because of
this facial amphiphilicity, bile acids form micelles and
other supramolecular structures in a stepwise manner.
The organization is induced by the back-to-back hydro-
phobic interactions, but hydrogen bonds also play an
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FIGURE 1. Chemical structure of bile acids.

important role.*®> The biological activity of bile acids is
mainly based on their surfactant properties in their salt
form. They can form mixed micelles with water-insoluble
compounds. Bile acids also possess several chiral centers.
Their carboxylic and hydroxyl groups can be easily modi-
fied, for which the chemistry has been thoroughly stud-
ied.36 Therefore, bile acids are molecules of choice for
many applications.

The natural enterohepatic circulation of the bile acids
has been considered useful in the synthesis of new
prodrugs with liver-specific drug targeting or with im-
proved intestinal absorption for peptides and hydrophilic
drugs.” Amino derivatives of bile acids obtained by the
modification of carboxylic side chain or replacement of
OH groups with amine moieties were found useful for
binding inorganic ions,® for enantioselective recognition
of amino acid derivatives,® or as DNA receptors.1°-*2 Unlike
the more rigid cholestanes, such as cholesterol and its
derivatives, the cis A/B junction of coprostanes allows ring
A of bile acids to bend inward and produce a concave
curvature where all of the OH groups line on the inside
of the molecules. Modification of the OH groups at
positions 3 and 12 with pyrene-1-carbonyl chloride pro-
duced “molecular tweezers” capable of forming complexes
with aromatic guests through 77— interactions.’® Recently,
bile acid dimers were used in the design of molecular
architecture as enzyme models that can catalyze reactions
by an enzyme-like mechanism! or as “molecular umbrel-
las” in which two bile acid molecules attached to an active
agent can protect the agent from the environment.56
Cyclic dimers and oligomers called cyclocholates (without
spacers) and cholaphanes (with spacers) were proposed
as enzyme mimics or for molecular recognition.t’~20

The interesting properties of bile acids and their
derivatives have prompted researchers to use these com-
pounds in the design of new polymeric materials. These
polymers could preserve some properties of bile acids,
such as facial amphiphilicity, chirality, capacity of self-
assembling, and high chemical stability of the steroid
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nucleus combined with the reactivity of the side groups,
and could impart new properties by the higher molecular
weights. We have used bile acids in the synthesis of new
hydrogels or degradable polymers in an effort to make new
polymers with improved biocompatibility for potential
biomedical applications.

We will review the synthesis of these new polymeric
materials based on bile acids as well as the properties and
applications of the materials. In addition to the proposed
biomedical uses, other applications such as chromato-
graphic supports and photoresists, will be also discussed.

Polymerization of Monomers Containing Bile
Acids

Bile acids can be chemically modified on their hydroxyl
groups or carboxylic side chain to introduce functional
groups capable of free radical polymerization or poly-
condensation. These polymers are designed as new
materials with good mechanical properties or with a high
degree of water uptake (hydrogels), and some can be
degraded under physiological conditions.

Radical Polymerization of Acrylic Monomers. Mono-
mers in which a polymerizable group (usually a meth-
acryloyl group) is attached to the position C3 of a bile acid,
directly or via a spacer, have been synthesized.?*~?° Cholic
acid was often conveniently selected,?'=28 but lithocholic
acid,?* or deoxycholic acid®® were also used. The higher
reactivity of OH at position C3 allowed it to react easily
with methacryloyl chloride without the protection of the
other OH groups at positions C7 and C12. Esterification
with less hindered acid chlorides, for instance, 4-(11-
methacryloyloxy-undecyloxy)cynamoyl chloride, provided
a mixture of isomers modified at C3 and C7 or C12.% In
the last case, the selective acylation of the C3 OH group
could be achieved by Mitsunobu reaction, with 4-(11-
methacryloyloxy-undecyloxy)cynamic acid as a reagent,
in the presence of azodicarboxydiethylester and triphenyl-
phosphine.?? The reaction proceeded with the inversion
of the configuration at C3. In all cases, the carboxylic
groups at position C24 needed protection to avoid side
reactions and to improve the solubility of the products in
organic solvents. The protection was achieved by esteri-
fication with methanol,?23-27 2-trimethylsilylethanol,? or
tert-butyl alcohol,® depending on the application for
which the polymeric material was intended. The bond at
position C3 can be in either o or 5 configuration, depend-
ing on the derivatization procedure.?2242°

Methacrylate esters and methacrylamides of bile acids
could easily undergo homopolymerization and copolym-
erization. The general chemical structure of the polymers
is shown in Figure 2.

The properties of homopolymers depend on the con-
figuration at C3 and the nature of the spacer group (X).
Thus, the homopolymers obtained from 34-methacryla-
mides and 3$-methacrylates of cholic acid had higher
degrees of conversion, higher molecular weights, narrower
molecular weight distributions, and better solubilities than
the 3o homopolymers.?®2* The higher reactivity of 33
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FIGURE 2. General chemical structure of homo- and copolymers
obtained by radical polymerization of 3-methacryloyl derivatives of
bile acids. The bond at position 3 can be in a- or S-configuration.
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monomers was attributed to their stereochemistry. Mo-
lecular modeling and X-ray crystallography showed that
the rigid steroid skeleton is in a linear position with
methacryloyl moiety in the case of 38 monomers but
forms a sharp angle in the case of 3c. monomers.?430
Consequently, the propagation of the polymer chain can
proceed more easily for the less sterically hindered 3f
monomers. Therefore, stereochemically controlled pro-
cedures for preparing pure 3f3-methacrylate and 3f-
methacrylamide of cholic acid have been successfully
developed.?* Even though the 8 configuration favors the
polymerization, Zhu and co-workers succeeded in poly-
merizing o monomers to polymers of relatively high
molecular weights in high yields. However, failure of such
a polymerization was reported by others.?®

Copolymerization of the methacrylic monomers con-
taining bile acids has also been successfully performed.
The copolymerization ratios were determined for the pair
3p3-(methacryloyloxy) cholic acid methyl ester and styrene
(rp = 0.80, r; = 0.91). In most cases, the chemical
composition of the copolymers with acrylic or vinylic
monomers, as determined by *H NMR or solid state *C
NMR analysis, was very close to the ratio of the comono-
mers in the copolymerization mixture. %26 This was
considered to be an indication of a similar reactivity of
the comonomers. DSC analysis of the copolymers indi-
cated the presence of a single T, value located between
the Ty’s of the corresponding homolpolymers, 22628 show-
ing that the copolymers were random.

The hydrophilicity of the homopolymers depends on
the nature of the X group (NH > 0),? the configuration
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at the C3 (348-polymers were more hydrophilic than their
3a-analogues),® and the form of the COOH group (ester,
free acid, or salt). The homopolymers with free carboxylic
groups were obtained by selective hydrolysis of the
protecting ester group, and their water uptake was twice
that determined before hydrolysis.?* The hydrophilicity of
the bile acid-containing polymers can be significantly
improved either by introducing more polar comonomers,
such as methacrylic acid (MAA) or hydroxyethyl meth-
acrylate (HEMA), or by using a more flexible and hydro-
philic spacer, as in the case of polymers where X was
ethylene glycol or its oligomers (structure 1k).?” The water
uptake of these polymers increased with the increasing
length of the polar spacer, and for n = 6, it reached 50
and 90 wt % before and after ester group hydrolysis,
respectively.

Copolymerization of 3a-[methacryloyloxy(oligoethoxy)]-
cholic acid methyl esters with N-isopropylacrylamide
(NIPAM) led to copolymers with both thermosensitive and
pH-sensitive properties (structure 1m).8 In comparison
with NIPAM homopolymer, the lower critical solution
temperature (LCST) of copolymers decreased with the
increasing content of the cholic acid-containing monomer
and increased with the increasing length of the hydrophilic
spacer and increasing pH (in the case of polymers with
free carboxylic groups). These polymers formed self-
aggregates below LCST as a result of the hydrophobic
interactions among pendant steroid moieties.

Ahlheim and co-workers have investigated the pos-
sibility to obtain polymers with organized structures
(vesicles, micelles) as those formed by bile acids them-
selves.?? The monomers with carboxyl groups as a sodium
salt could form organized structures, but the type of the
structure was dependent on the flexibility of the monomer.
In the absence of a spacer between the methacryloyl
moiety and the bile acid nucleus, the monomers were too
rigid to form vesicles, but they formed micelles. Monomers
with an 11-undecyl cinnamoyl spacer formed vesicles.
However, the polymers obtained from these organized
monomers displayed a very low degree of ordered struc-
tures.?

In addition to the methacrylic monomers and the
corresponding polymers with the structure I, some other
bile acid-based monomers have been synthesized in order
to obtain polymers with special properties. For instance,
cholic and deoxycholic acids were introduced as pendant
groups of norbornene moieties, and the monomers were
copolymerized with maleic anhydride to prepare new
photoresists. Polymers (structure Il, Figure 3) had a
molecular weight of ~3500, a good thermal stability (Tq4
about 255 °C), and an excellent transmittance at 193
nm'32,33

There have been only two attempts to obtain polymers
from monomers in which the bile acid is attached through
its carboxyl group to a polymerizable double bond. Cholic
acid was coupled to a (meth)acryloyl group via a spacer.34%
The obtained monomers were copolymerized with differ-
ent N-alkyl acrylamides, with or without a cross-linker
(structure 111, Figure 4). Polymers with the structure Illa

I

FIGURE 3. Chemical structure of copolymers based on norbornyl
deivatives of bile acids. R® = tert-butyl.

X R. Ry m/n/p Ref.

IlIa | O-(CHy)s | H, methyl, HorR, 1/10/2 34
ethyl, isopropy!

IIIb | NH-(CHy); | Isopropyl H 1/99-7/93 | 35

p=0

FIGURE 4. Chemical structure of polymers obtained from C24
derivatives of bile acids.

were designed as imprinting materials. Therefore, the
removal rate of the pendant bile acid by aminolysis with
aqueous N,N-dimethylethylenediamine was found to be
dependent on the type of alkylacrylamide comonomer
used.3* Polymers with the structure I11b displayed ther-
mosensitive properties. Their LCST values decreased with
increasing content of bile acid-bearing monomers.3

Polycondensation of Bile Acids. The first attempt to
perform bile acid polycondensation was reported by
Ahlheim and Hallensleben,*® who used p-toluenesulfonic
acid as a catalyst and high reaction temperatures. Under
these conditions, they obtained branched polymers from
bile acids containing more than one hydroxyl group
(deoxycholic and cholic acids). The resulting polymers had
low molecular weights and low solubility in organic
solvents.

Linear polycondensation of bile acids, without branch-
ing or cross-linking (structure IV, Figure 5) has been
achieved either with an enzyme (lipase) as a catalyst®” or
by the use of a combination of a coupling reagent (N,N-
diisopropylcarbodiimide) and a catalyst (1:1 complex of
N,N-(dimethylamino)pyridine and p-toluenesulfonic acid)
at room temperature.®® In the last case, poly(lithocholic
acid) and poly(deoxycholic acid) with relatively high
molecular weights (20—60 kD) were obtained, but poly-
(cholic acid) had an M, of only 2.3 kD. The polymers had
a good thermal stability and displayed a partial crystal-
linity (15—30%, depending on the type of bile acid used);
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v

FIGURE 5. Chemical structure of polymers obtained by polycon-
densation of bile acids.

however, these polymers had a very rigid structure and
reduced solubility in common organic solvents.

Another example of polycondensation is the polyan-
hydride prepared by Gouin et al. from dimers of bile acids
obtained by linking the C3—OH groups via alkylene diester
or diether spacers.*#° The dimers of lithocholic acid were
used in preparation of homo- or copolyanhydrides with
the structure V (Figure 6).*' The polyanhydrides had a
molecular weight of ~18 kD, and their T, values decreased
from 85 °C for homopolymer to 13 °C for copolymer
containing 90% of sebacic acid. The degradation studies
performed on pellets immersed in phosphate buffer of pH
7.4 showed near zero-order kinetics profiles for the erosion
of the polymer matrix without bulk degradation. To
accelerate the degradation of the polymers, smaller diac-
ids, such as sebacic acid, were used as comonomers. The
rate of degradation can be varied by adjusting the
comonomer content. It increased with increasing content
of the more hydrophilic component, sebacic acid.*

Chemical Attachment of Bile Acids to
Polymers

Polymers bearing reactive groups such as OH or NH, were
chemically modified with bile acids, mainly through the
COOH groups at position C24 (Figure 7). Modification of
the OH groups of polymers was performed with the help
of coupling reagents, such as carbodiimides* or carbon-
yldiimidazol.** Coupling of the bile acid to the NH, groups
of polymers was realized also in the presence of carbo-
diimides*~%° or by using activated esters of bile acid, for
instance, 24-hydroxysuccinimide esters.5! Coupling pro-
cedures specific to other polymer supports have also been
used, as described below.

Many modified polymers are hydrophilic, and the aim
of such a modification was the synthesis of new am-
phiphilic polymers capable of self-aggregation as a result
of the hydrophobic interactions between bile acid moi-
eties. According to the position of the reactive groups

H,C

Q

8l I

C{HClC 4+ 0=
0 o} o}

n

v

O

along the polymer backbone, one can obtain polymers
with pendant bile acid moieties or polymers end-capped
with bile acids.

Polymers with Bile Acid Moieties as Pendants. Bile
acids have been covalently attached to polymers contain-
ing reactive groups, such as polysaccharides (dextran,*
aminohexylamino agarose,* chitosan,* partially N-de-
sulfated heparin®), proteins (bovine serum albumin,
BSA%), and poly(p-aminomethylstyrene).#”*® The degree
of substitution depended on the application foreseen for
the modified polymers and was rather low (5—15 mol %)
if the polymers should be water-soluble. In the last case,
the obtained amphiphilic polymers can self-aggregate.
Self-aggregation in water solutions has been investigated
for chitosan,*® dextran,® or heparin® modified with cholic
or deoxycholic acids. These hydrophobically modified
polysaccharides aggregated in water solutions and formed
nanoparticles with a mean diameter of 20—200 nm, but
the properties of the aggregates were different for the
various polymeric supports.

The critical aggregation concentration (CAC) of chito-
san modified with deoxycholic acid (structure VId) was
0.01—0.05 mg/mL, depending on the degree of substitu-
tion with bile acid. The aggregates were very compact
(fluorescence anisotropy, r ~ 0.3, where r is proportional
to the viscosity inside the aggregates) and had a mean
diameter of 160—180 nm.*®> The same qualitative behavior
has been noted for water solutions of dextran modified
with cholic or deoxycholic acid (structure Vla).>® However,
the quantitative data were different. The CACs (0.2—0.4
mg/mL) were 1 order of magnitude higher than for
chitosan derivatives and the compactness (or viscosity)
(r ~ 0.12) of the aggregates was lower. The difference can
be assigned to the higher hydrophilicity and flexibility of
dextran backbone, but can also be the result of different
experimental conditions used for the analysis. In the case
of a water solution of dextran derivatives, the study was
extended over a large range of polymer concentrations
(0.001—2 wt %). Fluorescence measurements correlated
with dynamic and static light scattering studies showed
that the aggregates were formed over the whole concen-
tration range, but the size and shape of the aggregates
were strongly dependent on the polymer concentration.
Below the CAC, the polymers formed large and loose
aggregates (average diameter, 150—200 nm) built from 10
to 20 polymer chains connected by weak intermolecular
hydrophobic interactions. They were swollen by water,
which was a good solvent (the second virial coefficient
was positive). Above the CAC, the polymer coils became

CH,
CH; ~
H;C I

o—¢—+ caﬁgﬁ:—o““

O

FIGURE 6. Chemical structure of polyanhydrides obtained from a dimer of lithocholic acid and sebacic acid.
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FIGURE 7. Structure of polymers obtained by chemical modification
of polymers with bile acids via their C24-COOH group.

more compact, and this transition was accompanied by
both the disruption of intermolecular associations and the
change in the quality of the solvent (the second virial
coefficient became negative). In the concentrated solu-
tions (above 1 mg/mL), the aggregates included only 2—3
polymer chains, and they were very small in size (20 nm
in diameter).53

The amino groups of lysine moieties in bovine serum
albumin (BSA) have been modified with deoxycholic acid,
and the modified polymer was cross-linked with 1,8-
diaminooctane to obtain microparticles with a mean
diameter of 20 um.* The modified BSA microparticles
showed a lower swelling in water and a higher sorption
of hydrophobic compounds in comparison with the
unmodified protein.

Cross-linked polystyrene beads were used as polymeric
supports for the binding of different bile acids*’#85* in an
effort to prepare new synthetic receptors for combinatorial
chemistry. Bile acids were bound to the polymeric support
through their carboxylic groups. The difference in the
reactivity of the OH groups was used for attaching
different peptides. Chenodeoxycholic acid was bound to
poly(p-aminomethylstyrene) (structure VIh), and then the
OH groups at positions C3 and C7 were modified in a
stepwise manner with different sequences of tripeptides.*’
In another attempt, the carboxyl group of chenodeoxy-
cholic acid was reduced to an OH group, and after that,
the OH groups at positions 3 and 7 were modified to
obtain a precursor for a tetrapeptide mimic. This bile acid
derivative was bound through the OH group at position
24 to the polystyrene beads via a dihydropyran acid labile
spacer,® yielding a polymer with the structure VII (Figure
8). After the desired modifications at the functionalities

Vil

FIGURE 8. Chemical structure of polystyrene resin modified with
an amino acid derivative of chenodeoxycholic acid. p represents

the crosslinked polystyrene bead.

R' Ar R’ X Ref.
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VIIIb H NH(CH,);S 57

Q H, Ar

H CH,

ViIle C/@ /@
H, cH, |Cl a

FIGURE 9. Structure of chromatographic supports obtained by
binding of bile acid derivatives to silica gel.

NH(CH,:S | 57

at positions 3 and 7, the bile acid skeleton was cleaved
from the resin and purified.>

The chirality of bile acids has been used for the
synthesis of new chiral chromatographic stationary phases.
The cholic and deoxycholic acid derivatives containing
different aryl groups at positions C3 or C12 and an allyl
moiety at C24 were bound to a silica gel support in the
presence of trialkoxysilanes. The polymers with the struc-
ture VIII (Figure 9) were obtained. A variety of chiral
supports were prepared by varying the type and number
of the aryl substituents.56:5"

Polymers End-Capped with Bile Acids. Polymers hav-
ing reactive end groups, such as poly(ethylene glycol)
(PEG), have been chemically modified with bile acids
(Figure 10). One of the first reports dealt with binding of
ursodeoxycholic acid (3a,74-dihydroxy-53-cholan-24-oic
acid) to both ends of PEG, in an attempt to prepare
polymeric prodrugs for treatment of gallbladder diseases.*®
The authors proved that the OH groups of bile acid
remained unmodified.

End amino-group containing PEGs were chemically
modified with deoxycholic or cholic acid at only one chain
end, the other end being a methoxy group (IXb) or a sugar
moiety (I1Xc). The resulting amphiphilic polymers were
water-soluble and formed self-aggregates in water solu-
tions. The CACs were 0.04—0.05 mg/mL,**52 much lower
than the critical micellar concentration (CMC) of the
corresponding bile salts. The aggregates had a spherical
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FIGURE 10. Chemical structure of poly(ethylene glycol) end-capped
with bile acids.

form and a size of 120—180 nm in water (determined by
dynamic light scattering) and 10—30 nm in dry form, as
determined by transmission electron microscopy.>? A PEG
modified with 3 deoxycholic acid molecules at one end
formed smaller aggregates (~95 nm in water) at lower CAC
(0.007—0.01 mg/mL).%8

Finally, an amino-terminated poly(N-isopropylacryl-
amide) (PNIPAM) was end-capped with cholic acid, and
a polymer with a molecular weight of 8 000 displayed a
temperature sensitivity similar to that of unmodified
PNIPAM (LCST about 31.5 °C) and formed self-aggregates
with a CAC of 0.089 mg/mL, again much lower than the
CMC of sodium cholate.>

Applications of Bile Acid-Containing Polymers

Biomedical Applications. Polymers prepared from natural
compounds, such as bile acids, can be used for biological
purposes as a result of their biocompatibility and non-
toxicity. Their amphiphilicity can be exploited for entrap-
ping and delivery of both hydrophilic and hydrophobic
bioactive compounds.

Drug Delivery Systems. Polymers prepared from bile
acids were tested as potential drug delivery systems, either
in the form of physical mixtures with the drug, or as drug—
polymer conjugates. Chitosan and heparin modified with
bile acids (structures VId and Vle), which can form
nanoparticles in water, were proposed as colloidal delivery
systems of drugs.>%° These systems have the advantage
of a longer circulation time, because they are not taken
up by the reticuloendothelial system. In vitro experiments
with a system obtained from chitosan modified with
deoxycholic acid (VId) and a very hydrophobic cytostatic
drug, adriamycin (ADR), have shown that the loading of
ADR in chitosan self-aggregated nanoparticles was very
efficient, and the drug was physically entrapped in the
hydrophobic core of the nanoparticles. The in vitro drug
release in PBS solutions at pH 7.2 was very slow.°

Cross-linked BSA microparticles with pendant deoxy-
cholic acid moieties (structure VIg) were tested as con-
trolled-release systems for indomethacin.*® The in vitro
release experiments indicated initial zero-order release
kinetics that lasted a longer time than in the case of
unmodified BSA, but after ~100 h, the release rate
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decreased. On the contrary, polyanhydrides with structure
V showed a near-zero-order profile of erosion rate for a
very long period (100 days), and the release of a model
compound, such as p-nitroaniline had also a quasi-zero-
order rate and was almost parallel to the erosion profile.
The findings suggest that these polyanhydrides can be
used as implants from which the active drug can be
released at a constant rate over a long period of time,
avoiding the saw-tooth patterns of conventional admin-
istration or the first-burst pattern of other matrix systems
undergoing bulk erosion.*

The systems presented above can release the drug by
diffusion or erosion mechanisms. The ursodeoxycholic
acid—PEG conjugates (structure IXa) can release the drug
by a stepwise hydrolysis of the ester bond connecting the
drug to the polymer. After the oral administration of one
of these conjugates to human volunteers, it was found that
the half-life of the drug in the blood was longer, and the
concentration in the blood was more constant than after
administration of an equivalent dose of free drugs.*® This
indicates that the ursodeoxycholic acid—PEG conjugate
might have a better therapeutic efficacy than the free drug.

New Receptors for Combinatorial Chemistry. Combi-
natorial synthesis is an important tool in medicinal
chemistry in the search for new bioactive compounds. Bile
acids have been used as new nonpeptide scaffolds that
can enlarge the library of the compounds. The polymers
with structure VIh were modified with peptide sequences
at positions 3 and 7 and were tested as receptors for opioid
peptides*” or for enkephalin.*® The tests allowed the
accumulation of data about the precise peptide structures,
imparting their selectivity for the chosen substrate. In
another approach, the design of the bile acid-containing
polymer with structure VIII included the bile acid moiety
into the active peptide substrate. It was assumed that the
compact hydrophobic surface of bile acid could have
beneficial effects on the pharmacokinetics of these pep-
tides.>

Separation Techniques. Polymers containing bile acids
are quite appropriate for different separation techniques
as a result of their amphiphilic character and the presence
of chiral centers.

Affinity chromatography performed on the columns
filled with aminohexylamino sepharose modified with
deoxycholic acid (structure VIf) allowed the separation of
high-purity albumin from human plasma.** The same
polymer proved to be useful in the isolation of receptor/
carrier proteins involved in the enterohepatic transport
of bile acids.

The binding of bile acid derivatives to silica gels
provided chiral stationary phases with improved column
lifetime, more reproducible chromatography, and good
enantiomer separation.5¢5” The cholic acid-based chro-
matographic support with structure Vllla had a great
enantioselectivity for binaphthyl racemic mixtures.>® The
efficacy of the stationary phase obtained by binding
deoxycholic acid derivatives with different aryl substitu-
ents at positions C3 and C12 (structure VIlIc) was de-
pendent on the relative positions of the substituents.
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When these substituents were in “matched positions”, the
bile acid acted as a biselector system and was able to
separate racemic mixtures of both z-donor and zr-acceptor
analytes.%’

Photoresist Materials at 193 nm. Photoresist materials
are radiation-sensitive polymers that can help to yield
positive or negative images on semiconductors and other
surfaces at resolutions of micro- or even nanometer scales.
Shorter-wavelength laser sources at 193 and 157 nm allow
higher resolution and higher density of storage capacities,
but also require the use of nonaromatic compounds.

Bile acids have an alicyclic structure transparent at 193
nm, a high C/H ratio for etching resistance,* and hydro-
philic groups (COOH, OH), ensuring adhesion to a sub-
strate. The introduction of bile acids as pendant groups
of acrylic monomers (structure 1f)?° or norbornyl mono-
mers (structure 1V)32% has yielded polymers with good
dry-etching resistance, good transmittance at 193 nm, and
good lithographic performances. All of this indicates that
derivatives of bile acids are among the best potential
materials for 193 nm photoresists, and with some modi-
fications, they can be designed also for 157 nm photore-
sists.

Conclusions

Recent research shows that bile acids are interesting and
useful starting materials in the preparation of different
polymers for various applications. The study of their
physicochemical properties and their interactions with
bioactive compounds helps in the understanding of many
biological processes. Their natural origin, amphiphilic and
acid—base properties, and ease of chemical modification
ensure the versatility of their uses, especially in the
biomedical and pharmaceutical fields, including con-
trolled drug delivery, stimuli-responsive systems, liquid
crystals, or dental filling and bone-repair materials.

References

(1) The Bile Acids. Chemistry, Physiology and Metabolism; Nair, P.
P., Kritchevsky, D., Eds.; Plenum Press: New York, 1973; Vol. 2.

(2) Steroids and Bile Acids; Danilson, H., Sjovall, J., Eds.; Elsevier:
Amsterdam, 1985.

(3) Li, Y.; Dias, J. R. Dimeric and Oligomeric Steroids. Chem. Rev.

1997, 97, 283—304.

Zakrzewska, J.; Markovic, V.; Vucelic, D.; Feigin, L.; Dembo, A.;

Mogilevsky, L. Investigation of Aggregation Behavior of Bile Salts

by Small-Angle X-ray Scattering. J. Phys. Chem. 1990, 94, 5078—

5081.

(5) Venkatesan, P.; Cheng, Y.; Kahne, D. Hydrogen Bonding in Micelle
Formation. J. Am. Chem. Soc. 1994, 116, 6955—6956.

(6) Barry, J. F.; Davis, A. P.; Perez-Payan, M. N.; Elsegood, M. R. J,;
Jackson, R. F. W.; Genari, C.; Piarulli, U.; Gude, M. A. Trifunctional
Steriod-Based Scaffold for Combinatorial Chemistry. Tetrahedron
Lett. 1999, 40, 2849—-2852. (b) Coleman, J. P.; Kirby, L. C.; Klein,
R. A. Synthesis and Characterization of Novel Analogues of
Conjugated Bile Acids Containing Reversed Amide Bonds. J. Lipid
Res. 1995, 36, 901—910. (c) Fini, A.; Fazio, G.; Roda, A.; Bellini, A.
M.; Mencini, E.; Guarnieri, M. Basic Cholan Derivatives. XI:
Comparison between Acid and Basic Derivatives. J. Pharm. Sci.
1992, 81, 726—730. (d) Wess, G.; Kramer, W.; Bartman, W,;
Enhsen, A.; Glombik, H.; Mullner, S.; Bock, K.; Dries, A.; Kleine,
H.; Schmitt, W. Modified Bile Acids: Preparation of 70,12a-
Dihydroxy-34- and 7a,12a-Dihydroxy-3a-(2-Hydroxyethoxy)-54-
Cholanic Acids and their Biological Activity. Tetrahedron Lett.
1992, 33, 195-198.

4

=

(7) Kramer, W.; Wess, G.; Enhsen, A.; Falk, E.; Hoffmann, A.; Neck-
ermann, G.; Schubert, G.; Urman, M. Modified Bile Acids as
Carriers for Peptides and Drugs. J. Controlled Release 1997, 43,
17-30.

Davis, A. P.; Perry, J. J.; Williams, R. P. Anion Recognition by

Tripodal Receptors Derived from Cholic Acid. J. Am. Chem. Soc.

1997, 119, 1793—-1794.

Davis, A. P.; Lawless, L. J. Steroidal Guanidinium Receptors for

the Enantioselective Recognition of N-acyl a-Amino acids. Chem.

Commun. 1999, 9—-10.

(10) Hsieh, H.-P.; Muller, J. G.; Burrows, C. J. Structural Effects in Novel

Steroidal Polyamine—DNA Binding. J. Am. Chem. Soc. 1994, 116,

12077-12078.

Hsieh, H.-P.; Muller, J. G.; Burrows, C J. Synthesis and DNA

Binding Properties of C3-, C12- and C24-Substituted Amino-

Steroids Derived from Bile Acids. Bioorg. Med. Chem. 1995, 3,

823-838.

(12) Walker, S.; Sofia, M. J.; Axelrod, H. R. Chemistry and Cellular
Aspects of Cationic Facial Amphiphiles. Adv. Drug Delivery Rev.
1998, 30, 61—-71.

(13) D’Souza, L. J.; Maitra, U. Design, Synthesis and Evaluation of Bile

Acid-Based Molecular Tweezers. J. Org. Chem. 1996, 61, 9494—

9502.

McKenna, J.; McKenna, J. M.; Thornthwaite, D. W. Bis-steroids

as Potential Enzyme Models: Perylene Solubilisation and Dye

Spectral Changes with Aqueous Solutions of Some Derivatives

of Conessine and Cholic Acid. J. Chem. Soc., Chem. Comm. 1977,

809—-811.

(15) Janout, V.; Lanier, M.; Regen, S. L. Molecular Umbrellas. J. Am.

Chem. Soc. 1996, 118, 1573—1574.

Shawaphun, S.; Janout, V.; Regen, S. L. Chemical Evidence for

Transbilayer Movement of Molecular Umbrellas. J. Am. Chem.

Soc. 1999, 121, 5860—5864.

(17) Kolehmainen, E.; Tamminen, J.; Lappalainen, K.; Torkkel, T.;
Seppéala, R. Substituted Methyl 53-Cholate-24-oates; Part Il
Synthesis of a Novel Cholaphane from Ethylene Glycol Diester
of Lithocholic Acid by Cyclization with Terephthalic Acid. Syn-
thesis 1996, 1082—1084.

(18) Gao, H.; Dias, J. R. Synthesis of Cyclocholates and Derivatives.

Synth. Commun. 1997, 27, 757—776.

Albert, D.; Feigel, M. A Steroidal Cyclopeptide, Synthesis and

Shape of the Cavity. Tetrahedron Lett. 1994, 35, 565—568.

(20) Pandey, P. S.; Singh, R. B. Synthesis of a Head to Head

Cholaphane. Tetrahedron Lett. 1997, 38, 5045—5046.

Ahlheim, M.; Hallensleben, M. L.; Wurm, H. Bile Acids Bound to

Polymers. Polym. Bull. 1986, 15, 497—501.

(22) Ahlheim, M.; Hallensleben, M. L. Radikalisch polymerisierbare
Gallensauren in Monoschichten, Mizellen und Vesikeln. Makro-
mol. Chem. 1992, 193, 779—797.

(23) Denike, J. K.; Zhu, X. X. Preparation of New Polymers from Bile
Acid Derivatives. Macromol. Rapid Commun. 1994, 15, 459—465.

(24) Zhang, Y. H.; Zhu, X. X. Polymers Made from Cholic Acid
Derivatives: Selected Properties. Macromol. Chem. Phys. 1996,
197, 3473—3482.

(25) Zhu, X. X.; Moskova, M.; Denike, J. K. Preparation and Charac-
terization of Copolymers of New Monomers from Bile Acid
Derivatives with Methacrylic Monomers and Selective Hydrolysis
of Homopolymers. Polymer 1996, 37, 493—498.

(26) Zhang, Y. H.; Akram, M.; Liu, H. Y.; Zhu, X. X. Characterization of
New Copolymers Made from Methacrylate and Methacrylamide
Derivatives of Cholic Acid. Macromol. Chem. Phys. 1998, 199,
1399-1704.

(27) Benrebouh, A.; Zhang, Y. H.; Zhu, X. X. Hydrophilic Polymethacry-

lates Containing Cholic Acid-Ethylene Glycol Derivatives as

Pendant Groups. Macromol. Rapid Commun. 2000, 21, 685—690.

Benrebouh, A.; Avoce, D.; Zhu, X. X. Thermo- and pH-Sensitive

Polymers Containing Cholic Acid Derivatives. Polymer 2001, 42,

4031-4038.

(29) Aoai, T.; Sato, K.; Kodama, K.; Kawabe, Y.; Nakao, H.; Yagihara,
M. Design and Synthesis of New Alicyclic Acrylate Polymer with
Androstane Moiety for 193 nm Resist. J. Photopolym. Sci.
Technol. 1999, 12, 477—486.

(30) Akram, M.; Denike, J. K.; Bélanger-Gariépy, F.; Zhu, X. X. Methyl
7a,120-Dihydroxy-3a-Methacryloylamino-54-Cholan-24-oate. Acta
Cryst. 1996, C52, 2905—2907.

(31) Denike, J. K.; Moskova, M.; Zhu, X. X. Stereoselective Synthesis
of 34-Bile Acid Derivatives from 3o-Analogue. Chem. Phys. Lipids
1995, 77, 261—-267.

(32) Kim, J. B.; Lee, B. W.; Kang, J. S.; Seo, D. C.; Roh, C. H. Poly-
(tert-Butyl-3a-(5-Norbornene-2-Carbonyloxy)-7a,12a-Dihydroxy-
5p-Cholan-24-oate-co-Maleic Anhydride) for a 193 nm Photoresist.
Polymer 1999, 40, 7423—7426.

@

-

©

-

(11

—

(14

=

(16

=

(19

~

(21

—

(28

=

VOL. 35, NO. 7, 2002 / ACCOUNTS OF CHEMICAL RESEARCH 545



(33

34

(3%)

Polymeric Materials Containing Bile Acids Zhu and Nichifor

Kim, J. B,; Lee, B. W.; Yun, H. J.; Kwon, Y. G. 193-nm Photoresists
Based on Norbornene Copolymers with Derivatives of Bile Acid.
Chem. Lett. 2000, 414—415.

Idziak, I.; Gravel, D.; Zhu, X. X. Polymer-Catalyzed Aminolysis of
Covalently Imprinted Cholic Acid Derivative. Tetrahedron Lett.
1999, 40, 9167—-9170.

Liu, H.; Avoce, D.; Song, Z.; Zhu, X. X. N-Isopropylacrylamide
Copolymers with Acrylamide and Methacrylamide Derivatives of
Cholic Acid: Synthesis and Characterization. Macromol. Rapid
Commun. 2001, 22, 675—680.

(36) Ahlheim, M.; Hallensleben, M. L. Kondensationpolymerisation von

@7

(38)

(39)

(40)

(41)

(42)

(43)

(44

(45)

(46)

47

Gallensauren. Makromol. Chem., Rapid Commun. 1988, 9, 299—
302.

Noll, O.; Ritter, H. Enzyme in Polymer Chemistry, 9. Polymerizable
Oligoesters from Cholic Acid via Lipase Catalyzed Condensation
Reaction. Macromol. Rapid Commun. 1996, 17, 553—557.
Zuluaga, F.; Valderruten, N. E.; Wagener, K. B. The Ambient
Temperature Synthesis and Characterization of Bile Acid Poly-
mers. Polym. Bull. 1999, 42, 41—46.

Gouin, S.; Zhu, X. X. Synthesis of 3a- and 3p-Dimers from
Selected Bile Acids. Steroids 1996, 61, 664—669.

Gouin, S.; Zhu, X. X. Fluorescence and NMR Studies of the Effect
of a Bile Acid Dimer on the Micellization of Bile Salts. Langmuir
1998, 14, 4025—4029.

Gouin, S;; Zhu, X. X.; Lehnert, S. New Polyanhydrides Made from
a Bile Acid Dimer and Sebacic Acid: Synthesis, Characterization
and Degradation. Macromolecules 2000, 33, 5379—5383.
Nichifor, M.; Carpov, A. Bile Acids Covalently Bound to Polysac-
charides. 1. Esters of Bile Acids with Dextran. Eur. Polym. J. 1999,
35, 2125-2129.

Ghedini, N.; Ferruti, P.; Andrisano, V.; Cesaroni, M. R.; Scapini,
G. Oligomeric Deivatives of 3a, 73-Dihydroxy-545-Cholan-24-oic
Acid (Ursodeoxycholic Acid). Synth. Commun. 1983, 13, 701—
706.

Pattinson, N.; Collins, D.; Campbell, B. Covalent Coupling of Cholic
Acid to Aminohexylamino-Sepharose 4B and its Use in Affinity
Chromatography of Serum Albumin. J. Chromatogr. 1980, 187,
409-412.

Lee, K. Y.; Jo, W. H.; Kwon, I. C.; Kim, Y. H.; Jeong, S. Y. Structural
Determination and Interior Polarity of Self-Aggregates Prepared
from Deoxycholic Acid-modified Chitosan in Water. Macromol-
ecules 1998, 31, 378—383.

Orienti, |.; Gianasi, E.; Aiedeh, K.; Zecchi, V. Micropatrticles of BSA
Substituted with Deoxycholic acid and Triethylene Glycol Glut-
arate. Correlations Between the Physico-Chemical Properties of
the Matrix and the Release Kinetics. J. Pharm. Belg. 1996, 51,
125-130.

Boyce, R.; Li, G.; Nestler, H. P.; Suenaga, T.; Still, W. C. Peptidos-
teroidal Receptors for Opioid Peptides. Sequence-Selective Bind-
ing Using a Synthetic Receptor Library. J. Am. Chem. Soc. 1994,
116, 7955—7956.

546 ACCOUNTS OF CHEMICAL RESEARCH [ VOL. 35, NO. 7, 2002

(48)

(49)

(50)

(51)

(52)

(53

~

(54)

(55)

(56

=

(87)

(58)

(59)

Cheng, Y.; Suenaga, T.; Still, W. C. Sequence-Selective Peptide
Binding with a Peptido-A, B-trans-steroidal Receptor Selected
from an Encoded Combinatorial Receptor Library. J. Am Chem.
Soc. 1996, 118, 1813—1814.

Kim, I. S.; Kim, S. H.; Cho, C. S. Preparation of Polymeric
Nanoparticles Composed of Cholic Acid and Poly(ethylene glycol)
End-Capped with a Sugar Moiety. Macromol. Rapid Commun.
2000, 21, 1272—1275.

Kim, I. S.; Jeong, Y. |.; Kim, S. H. Thermo-sensitive Self-assambled
Micelles Prepared by Cholic Acid and Poly(N-isopropylacryla-
mide). Arch. Pharm. Res. 2000, 23, 87—89.

Diancourt, F.; Braud, C.; Vert, M. Chemical Modification of
Heparin. Il. Hydrophobization of Partially N-Desulfated Heparin.
J. Bioact. Biocompat. Polym. 1996, 11, 203-218.

Kim, C., Lee, S. C.; Kang, S. W. Synthesis and the Micellar
Characteristics of Poly(ethylene oxide)-Deoxycholic Acid Conju-
gates. Langmuir 2000, 16, 4792—4797.

Nichifor, M.; Lopes, A.; Carpov, A.; Melo, E. Aggregation in Water
of Dextran Hydrophobically Modified with Bile Acids. Macromol-
ecules 1999, 32, 7078—7085.

Wess, G.; Bock, K.; Kleine, H.; Kurz, M.; Guba, W.; Hemmerle, H.;
Lopez-Calle, E.; Baringhaus, K. H.; Glombik, H.; Enhsen, A,
Kramer, W. The Design and Synthesis of a Scaffold for Combi-
natorial Chemistry Based on Bile Acid. Angew. Chem., Int. Ed.
Engl. 1996, 35, 2222—-2224.

Thompson, L. A,; Ellman, J. A. Straightforward and General
Method for Coupling Alcohols to Solid Supports. Tetrahedron
Lett. 1994, 35, 9333—9335.

Vaton-Chanvrier, L.; Peulon, V.; Combret, Y.; Combret, J. C.
Synthesis, Characterization and Enantioselectivity of Cholic Acid-
Bonded Phases for High Performance Liquid Chromatography.
Chromatographia 1997, 46, 613—622.

luliano, A.; Salvadori, P.; Felix, G. Synthesis of a New Family of
Four Deoxycholic Acid Derived Chiral Stationary Phases and their
Evaluation in the HPLC Resolution of Racemic Compounds.
Tetrahedron: Asymmetry 1999, 10, 3353—3364.

Huh, K. M.; Lee, K. Y.; Kwon, I. C.; Kim, Y. H.; Kim, C.; Jeong, S.
Y. Synthesis of Triarmed poly(ethylene oxide)-Deoxycholic Acid
Conjugate and its Micellar Characteristics. Langmuir 2000, 16,
10566—10568.

Lee, K. Y.; Kim, J.-H.; Kwon, I. C.; Jeong, S. Y. Self-aggregates of
Deoxycholic Acid-Modified Chitosan as a Novel Carrier of Adria-
mycin. Colloid Polym. Sci. 2000, 278, 1216—1219.

AR0101180



