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a  b  s  t  r  a  c  t

Polymeric  bile  acid sequestrants  have  received  increasing  attention  as  therapeutic  agents
for the  treatment  of hypercholesterolemia.  These  materials  are  usually  cationic  hydro-
gels that  selectively  bind  and  remove  bile  acid  molecules  from  the  gastrointestinal  tract,
decreasing  plasma  cholesterol  levels.  Due  to their high  molecular  weight,  the  action  of  bile
acid sequestrants  can  be  limited  to  the  gastrointestinal  tract,  avoiding  systemic  exposure,
which  constitutes  an  advantage  over  conventional  small-molecule  drugs.

Different  polymers,  such  as  vinyl  polymers,  acrylic  polymers  and  allyl  polymers  have
been used  to  prepare  potential  bile  acid  sequestrants  based  on  conventional  polymerization
techniques.  Also,  much  effort  has  been  devoted  to understanding  the  structure–property
relationships  between  these  polymers  and  their  ability  to bind  bile  acid  molecules.
The  efficacy  of  these  polymeric  drugs  can  be  ascribed  to five  major  variables:  (i) the
density  of cationic  charges,  (ii)  the  length  and distribution  of  the  hydrophobic  chains,
(iii)  the  polymer  backbone  flexibility,  (iv)  the  degree  of  cross-linking  and  (v)  the polymer

shape.

This review  summarizes  the  major  synthesis  pathways  that  are  employed  in the  prepa-
ration  of this  type  of polymer  therapeutics  and  the polymer  structural  key  factors  that  are

of  relevance  to  enhanced  therapeutic  efficacy.  Herein,  new  synthesis  approaches,  based  on
“controlled”/living  radical  polymerization  techniques,  are  highlighted.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of polymeric materials in the pharmaceutical
and medical fields have received great attention during
recent years due to their distinctive physico-chemical
characteristics, such as their biocompatibility and their
appropriate mechanical properties. Polymers have been
used for a wide range of applications in the biomedical area,
namely in drug delivery systems, as components of artifi-
cial organs, in the delivery of antibodies and in medical
devices, among others [1].

Recent progresses in this field has led to the develop-
ment of a new class of drugs, namely polymer therapeutics
[2], which can be divided in two major types accord-
ing to the polymer function. These include polymers used
as vehicles for targeted drug delivery and polymers with
intrinsic therapeutic activity [3].  Examples of polymer
therapeutics are polymer–drug combinations (pro-drugs),
polymer–protein conjugates (bioconjugates) and polymers
with sequestration properties [4].  Polymeric drug delivery
systems have been extensively studied and there are many
interesting reviews on this. However, reviews dealing with
polymeric therapeutics are very few and recent [3,5].

The use of polymers as therapeutic agents is of great
interest and offers considerable potential since they
present some advantages in comparison to small molecule
drugs. These advantages include long-term safety pro-
files, lower toxicity, the capacity to recognize and to
bind molecular components and their polyvalence (rais-
ing the possibility of multiple interactions with the disease
species) [3].  Furthermore, the structure of the polymers
can be designed and the polymers functionalized with
many different pendant molecules, leading to materials
with different biological activities than those of conven-
tional drugs. In addition, the action of these polymers can
be limited to the gastrointestinal (GI) tract, since their high
molecular weight prevents their absorption into the sys-
temic circulation [1].  Therefore, polymers can be used to
bind selectively and to remove detrimental molecules from
the GI tract and also to eliminate viruses, toxins and bacte-
ria. These polymers properties constitute an advantage in
treatments in which systemic exposure of the drug is unde-

sirable [6].  Through the manipulation of polymer structure
and the incorporation of appropriate functional groups, it is
possible to develop polymer therapeutics with high selec-
tivity and potency towards specific molecules – polymer
sequestrants [5].  In recent years, different polymer seques-
trants have been developed to bind and to remove species
that cause diseases, such as phosphate ions (renal diseases),
potassium ions (hyperkalemia), iron salts/complexes (iron
overload disorders) and toxins [7],  among others [1,3].
Some of these polymer therapeutics are currently available,
exhibiting and providing healing benefits at acceptable
therapeutic doses [4]. Particular interest is devoted to the
use of this approach to create materials that have the abil-
ity to sequester bile acid molecules, the so-called bile acids
sequestrants (BAS).

BAS have an important application in the control of
the blood cholesterol level, a major cardiovascular dis-
ease (CVD) risk factor, which is a leading cause of death,
an increasing source of morbidity and a major factor in
disability and ill-health, especially in the industrialized
countries [8]. Commonly, cholesterol lowering drugs are
based on statins, cholesterol absorption inhibitors, which
rely on a different treatment strategy than BAS [6,9]. Statins
act directly on the cholesterol conversion process into
bile acids by inhibiting the HMG-CoA reductase (rate-
controlling enzyme in the cholesterol production process),
while cholesterol absorption inhibitors have the ability
to reduce the intestinal absorption of dietary and biliary
cholesterol at the level of the brush border of the intes-
tine. On the other hand, BAS operate in an indirect way by
capturing bile acids in the small intestine, which causes an
organism response that leads to cholesterol consumption
and, ultimately, to the reduction of the blood-cholesterol
level. Due to their mechanism of action, BAS present some
advantages in comparison to other therapies. For instance,
statins therapy (the first line of treatment) is not advised in
pregnant women, nursing mothers and patients with sig-
nificant hepatic dysfunction [1,10].  Moreover, in about 10%
of patients, long-term complications can arise such as liver
dysfunction and musculoskeletal symptoms [10]. These are
the more common reasons for statins discontinuation [1].
Thus, it is of utmost importance that new and more effi-
cient BAS are developed for patients that cannot use statins
or must take high statin doses. However, the presence of
such polymeric therapeutics in the market is very limited
at present.
The aim of this review is to present and to crit-
ically discuss the synthesis routes that are available
for the preparation of BAS with a particular emphasis
on future perspectives in this field, based on advanced
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that can be lost through feces excretion. This loss is com-
pensated for by the synthesis of new bile acids in the liver.
The mixture of bile acids present in the body is very com-
plex since they are commonly conjugated with the amino
Fig. 1. Chemical

olymerization techniques, namely “controlled”/living
adical polymerization (CLRP) techniques.

. Bile acid sequestrants

.1. Bile acids and cholesterol homeostasis

Bile acids are cholesterol based amphiphilic molecules
roduced in the liver. They act as biological surfactants aid-

ng food digestion and absorption of lipids in the GI tract [4].
n addition, bile acids control several metabolic processes
uch as the breakdown of glucose and triglycerides, the pro-
ision of energy triglyceride and principally, the control of
holesterol homeostasis [11].

Cholesterol is excreted from the body through the bile
s free cholesterol or in the form of bile acids, after a
onversion process [12]. Nearly 50% of the cholesterol
atabolism is governed by its conversion into bile acids
11,13]. The first reaction of this process is catalyzed by the
epatic microsomal cholesterol 7�-hydroxylase, leading to
he formation of primary bile acids, (cholic acid and chen-
deoxycholic acid in humans). The second step is based
n the conversion of the primary bile acids into deoxy-
holic acid and lithocholic acid (secondary bile acids), by
he action of intestinal bacteria flora [11,12]. The bile acids
hat are presented in the bile consist largely of 30–40% of
holic acid, 30–40% of chenodeoxycholic acid, 20–25% of
eoxycholic acid and 1–2% of lithocholic acid (Fig. 1) [12].
Bile acids are synthesized in the parenchymal cells
hepatocytes) of the liver and are stored in the gall blad-
er, that releases the bile through the bile duct into the
I lumen, upon ingestion of a meal [6].  Subsequently,
res of bile acids.

the bile acids enter into the intestine lumen to aid food
digestion being, the most part, further reabsorbed by the
distal ileum, returning to the liver via portal circulation, in
a process known as the enterohepatic cycle (Fig. 2) [11]. In
this cycle, there is a small amount (nearly 5%) of bile acids
Fig. 2. Illustration of the enterohepatic cycle.
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acids taurine and glycine, (ratio of taurine/glycine = 1/3)
[14,15].  The pKa of bile acids is between 2 and 5 and so,
under the conditions that prevail in the small intestine
(pH = 7.0–9.0), these molecules are in their ionized form
(also called bile salts) [16].

2.2. Bile acid sequestrants-features and mechanism of
action

Hypercholesteremia is one of the more important risk
factors for coronary heart disease, a health issue that affects
millions of people around the world, especially in the devel-
oped countries. As previously mentioned, BAS can be used
as cholesterol reducing agents without having the prob-
lems associated with the long-term systemic exposure to
statins.

Usually, BAS are cationic polymeric hydrogels that bind
the negatively charged bile acids in the small intestine,
avoiding their reabsorption, and causing fecal bile acid
excretion. This loss of bile acids induces the conversion
of cholesterol into bile within the liver, which promotes
an increase in low density lipoprotein (LDL) receptors and
the increased clearance of low density lipoprotein choles-
terol (LDL-C) from the circulation system [17]. BAS bind bile
acids mainly by electrostatic interactions and hydropho-
bic interactions [4,18].  The chemical structure of bile acids
consists of a hydrophobic core (steroid skeleton) and a
hydrophilic anionic segment. For this reason, an efficient
BAS must have positive charges within its structure and
a maximized hydrophobicity, while maintaining sufficient
hydrophilicity to provide appropriate swelling character-
istics in physiologic environments. Also, an appropriate
density of cationic charges is required to ensure the occur-
rence of electrostatic interactions (the primary interactions
of the binding process) with anionic bile acids [19]. For
this purpose, the use of synthetic methods that result
in the creation of polymers that possess the appropriate
controlled structure, architecture and functionality is of
extreme importance.

Additionally, BAS have shown benefits beyond control-
ling high cholesterol levels. One of the more significant
is the ability to reduce the fasting blood glucose and to
decrease hemoglobin A1c in diabetic patients. Although
the mechanism of action is not completely clear [9], it is
expected that these polymer therapeutics may  also have
a very important role in the treatment of hypercholes-
terolemic patients that present type II diabetes.

2.3. Available, commercial bile acid sequestrants

BAS have been used for about thirty years [17] to
decrease cholesterol blood levels in humans. Scientific
research has led to the development of several products
[20–23], however exhibiting lower clinical efficacy com-
pared to statins. Three examples that are approved by Food
and Drug Administration (FDA) for hypercholesterolemia
treatment and are on the US market are (a) cholestyra-

mine, (b) colestipol and (c) colesevelam [13,24]. Two  other
BAS compositions are commercially available. These are (d)
colextran in Spain and Italy and (e) colestilan (also known
as colestimide) in Japan [25,26] (Table 1 and Fig. 3).
er Science 38 (2013) 445– 461

Cholestyramine and colestipol are two first-generation
products of BAS. In the case of cholestyramine, the binding
capacity towards bile acid molecules was  recognized only
after their commercialization as an anion exchange resin
[18].

Cholestyramine is a cationic hydrogel that is based on
poly(styrene) that is partly cross-linked with divinylben-
zene (2%), giving polymers with molecular weights that
are greater than 106 g/mol and swelling ratios (amount
of water uptake per gram of dry polymer) of approxi-
mately 2.5 g/g [18,27]. This product can be prepared by
the chloromethylation of the polymer, followed by qua-
ternization of the hydrogel with trimethylamine, (4 meq of
cationic groups per gram of dry polymer) [28]. Colestipol
is a condensation polymer produced by the step-growth
polymerization of diethylenetriamine and epichlorohydrin
and is commercialized as its hydrochloride salt (Fig. 3).
Due to the type of functional groups that are present in
the colestipol structure (secondary and tertiary amines),
the efficacy of this BAS is more dependent on the pH of
the medium than is that of cholestyramine, which has a
permanent positively charged quaternary ammonium ion.
However, with regard to the pH of the small intestine, most
of the secondary amines and tertiary amines that have a
pKa value in the range from 9.0 to 10.5 [29] should be ion-
ized. Despite the differences in their molecular structures,
cholestyramine and colestipol present the same order of
clinical efficacies. As an example, the cholestyramine bind-
ing capacity has been reported as being 1.8–2.2 g of sodium
glycocholate per g of dry polymer (see Table 1) [26].
Cholestyramine and colestipol bind and remove prefer-
entially dihydroxy bile acids from the GI tract [17]. Since
the liver produces a mixture of dihydroxy compounds
and trihydroxy compounds and although only the dihy-
droxy compounds are removed significantly, the content
of the trihydroxy acids in the bile acids pool increases over
the time. This fact leads inevitably to a decrease in the
cholestyramine and colestipol efficacies.

In fact, the low binding capacity towards trihydroxy
acids is the main reason for the low efficacy of cholestyra-
mine and colestipol [31]. Adverse effects, that have been
reported to involve these two BAS are related to their
complexation with fat-soluble vitamins, a decrease in the
absorption of some other drugs and to GI distress (e.g., dys-
pepsia, nausea and constipation) [17]. In addition, these
BAS present poor patient compliance and the need to
be administered in high doses; it is necessary to take
16–24 g/day to reduce the cholesterol level by 20% [19]. Part
of this inefficiency is also due to the competition between
the BAS and the active bile acids reuptake transporter sys-
tem of the GI tract [6].  In order to overcome this limitation,
it is necessary to create BAS molecules with a greater bind-
ing strength and affinity towards bile acids.

Colextran, a modified dextran, is an ion exchange resin
that exhibits some efficacy in reducing total cholesterol
blood levels as well as reducing triglyceridemia in patients
presenting with type II and type IV hypercholesterolemia

[18].

The second-generation of BAS, represented by coleseve-
lam hydrochloride and colestilan, was  specifically designed
to have a greater affinity for the binding of bile acids with
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Table 1
Commercially available BAS.

BAS Approval date Brand name Molecular name Binding capacity (g of bile
acid/g of polymer)

Therapeutic
dose (g/day)

Reference

Cholestyramine 1973 (FDA)

Questran® Poly(styrenebenzyltrimethylamoniumchloride)

1.8–2.2 ga 12–24 [17,26]

Efensol®

Prevalite®

Ipocol®

Vasosan®

Quantalan®

Colestipol 1977 (FDA)
Colestid® N′-(2-aminoethyl)-N-[2-(2-

aminoethylamino)ethyl]ethane-1,2-diamine
2-(chloromethyl)oxirane hydrochloride

0.5–0.7 ga 5–30 [17,26]Lestid®

Cholestabyl®

Colextran 1985 (Spain)
Dexide® Diethylaminoethyl-

dextran
hydrochloride

b 2–3 [26]Pulsar®

Rationale®

Colestilan 1999 (Japan) Cholebine® 2-Methylimidazole polymer with
1-chloro-2,3-epoxypropane

2.3 gc

2.4 gd
3 [26,30]

Colesevelam 2000  (FDA)
Welchol® Allylamine polymer with

1-chloro-2,3-epoxypropane,
[6-(allylamino)-hexyl]trimethylammonium
chloride and N-allyldecylamine, hydrochloride.

b 3.8–4.4 [26]
Cholestagel®

a Determined for sodium glycocholate.
b Not available in the literature.
c Determined for sodium cholate in water at 37 ◦C.
d Determined for sodium deoxycholate in water at 37 ◦C.
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holestyr
Fig. 3. Chemical structures of the commercially available BAS: (a) c

fewer side effects [19,32].  Colesevelam was approved by
the FDA in 2000 for the treatment of hypercholesterolemia,
either as a monotherapy, or in combination with statins.
Since then, colesevelam has been approved by the FDA

for treatments, as an adjunct to diet, exercise, and other
antidiabetic drugs, to improve glycemic control in patients
with type II diabetes. Another clinical indication is the
treatment of familial hypercholesterolemia in boys and in
amine; (b) colestipol; (c) colesevelam; (d) colextran; (e) colestilan.

postmenarchal girls, in the age range from 10 to 17 years, as
a monotherapy or in combination with a statin. The chem-
ical structure of colesevelam is substantially different from
those of the first generation BAS since it includes spaced,

long hydrophobic chains, with protonated primary amines,
at the intestine environment pH, that establish electrostatic
interactions with the bile acids molecules and quaternary
amines that stabilize the hydrogel [17,33]. Additionally,
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he cross-linked epichlorohydrin-based structure reduces
he possibility of systemic absorption while decreasing the
nteractions with the GI tract lining. In comparison with
holestyramine and colestipol, colesevelam hydrochloride
xhibits less side effects, these mainly being minimal con-
tipation and GI irritation [34,35] due to its improved water
etaining characteristics that create a soft, gelatinous-like
aterial [33]. Another important feature is related to the

ose decrease to 2–16 g/day [17]. In vivo experiments
using hamsters) have shown that colesevelam is three
imes more efficient than conventional BAS in bile acids
equestration. Due to its structure, colesevelam has affin-
ty to both dihydroxy and trihydroxy bile acids which
nhances the clinical efficacy in long-term treatments [33].

Colestilan is a BAS that has imidazolium salt units,
erived from the cross-linking reaction between poly(2-
ethylimidazole) and epichlorohydrin. Its clinical phar-
acological effects are similar to those exhibited by

holestyramine, at approximately one quarter of the dose
Fig. 3) [30]. In vitro adsorption studies have been used
o demonstrate the superior binding capacity of colesti-
an when compared with cholestyramine, probably related
o the 1.6 times greater ion exchange capacity [30] and a
igher swelling capacity in water, making the binding sites
ore accessible to the bile acids. It has also been shown that

olestilan has a lower rate of adsorption to other drugs than
hat given by cholestyramine [36]. Even though, colesti-
an exhibits a greater affinity for binding bile acids than
holesthyramine, a steric hindrance effect that is due to
he hydroxyl group on the steroid ring, seems to be a seri-
us limiting factor for the adsorption of bile salts by this
olymeric therapeutic molecular system.

Despite the advantages of the second generation of BAS
hat have been identified, such as improved efficacy, better
olerance, reduced side effects and reduced drug interac-
ions, further developments in the BAS synthesis field are
till needed in order to enhance the specificity of the poly-
ers towards bile acid molecules. By this means, it should

e possible to reduce common undesirable side effects
e.g., stomach distress), to enhance the therapeutic effi-
acy of the polymer therapeutics, to reduce the dose and
o improve patient compliance.

. Bile acid sequestrants functional polymers and
ynthesis routes

Over the last decade, different materials have been
ested, both in vivo and in vitro, for their binding of
ile acids molecules. These include dietary fibers, anti-
cids, charcoal and various polymers [37]. Due to their
roperties (e.g., their high molecular weight and their
ultiple functionalities) polymeric materials are the most
idely studied materials for this application. The more

ommon polymeric structures that are used are cationic
ydrogels (with epichlorohydrin as cross-linking agent)
ased on (meth)acrylates, vinyl polymers, allyl polymers,
oly(meth)acrylamides and polyethers. Also used are poly-

ers based on poly(styrene) backbones (as a hydrophobic

egment), containing amine/ammonium pendant groups
as a cationic, hydrophilic segment) (Fig. 4) [1,4,6].  The
ationic groups ensure the occurrence of electrostatic
er Science 38 (2013) 445– 461 451

interactions with the ionized bile acids, the more efficient
being usually based on the ammonium group [14,38]. Other
cationic groups, such as guanidinium have been tested but
have shown poorer results [38]. The polymers hydropho-
bic segments are used to attract the steroid skeleton of
bile acid molecules. The design and synthesis strategies of
BAS are based on these two  types of interactions (electro-
static and hydrophobic), requiring a balance between the
charged groups and the hydrophobic segments in order to
achieve the maximum binding capacity. It is also necessary
to take into account the competing desorbing forces that
are present in the GI tract and the time limiting factor in
binding bile acids (the small intestine transit time for phar-
maceutical dosages is 3 ± 1 h) [14]. Therefore, an efficient
polymeric BAS must exhibit a high binding capacity (num-
ber of binding sites) and a strong binding strength (force
required to separate the bile acids from the BAS) as well
as selectivity towards bile acid molecules [19]. Other key
factors in the design of BAS are polymer backbone flexibil-
ity (needed to provide the appropriate swelling properties)
and the relative position of the cationic groups (needed to
prevent intra-polymeric interactions) [39].

In vitro studies that are related to monitoring bind-
ing mechanisms are usually performed through the use
of isotherms of sorption [18]. BAS polymer samples are
kept in contact with bile acid salts (individual or combi-
nation) solutions at a constant temperature and a constant
pH. In general, the equilibrium concentration of bile acids
is measured by high performance liquid chromatography
(HPLC)-related techniques that allow the rapid separation
and quantification of the compounds [15]. In vivo studies,
normally with hamsters as the animal model, are also used
and can give more realistic results, since it is very difficult to
mimic  intestinal physiological conditions in the laboratory.
The results obtained from the binding experiments are of
extreme importance since they provide relevant informa-
tion with respect to the design of molecular structures that
possess the suitable properties that are needed for them to
be considered as efficient BAS materials.

3.1. Biopolymeric materials

Fibers constitute an important part of the daily diet of
humans, corresponding to polymer-based carbohydrate
materials that are resistant to the digestion process, includ-
ing both soluble fibers and insoluble fibers [41,42]. These
biopolymeric materials have been shown to be capable
of binding bile acid molecules both in in vitro experi-
ments [41–47] and in in vivo experiments [48–50].  The
advantages of its consumption to human health are amply
claimed [51,52]. However, studies in humans have shown
that the extent of cholesterol level reduction that is due
to fiber consumption, can be very limited [53,54]. Recent
studies have been used to prove the ability of several types
of food to bind bile acids, these foods having a binding
capacity that is substantially lower than that of cholestyra-
mine [55–58]. Moreover, the binding activity of dietary

fiber products has also been determined for bile acids that
are in a glycoconjugated form [59]. The enzymatic modifi-
cation of dietary fibers and/or their chemical modification
can lead to an improvement of the binding capacity [60]
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e: (a) po
ed amin
Fig. 4. Chemical structures of representative BAS reported in the literatur
ride)  [40]; (b) N-alkyl-N-methyldiallylammonium salt [19]; (c) quaterniz

as can a simple transformation, such as that brought about
by steam cooking [61,62]. The bile acids binding capacity
of water soluble and of water insoluble dietary fibers can
be predicted by a simplified model that was developed by
Zacherl and co-authors. This model correlates the binding
capacity with the fiber viscosity after digestion [63]. It was
shown that an increased viscosity of the fiber-containing
medium leads to an increase of the binding capacity
towards bile acid molecules. However, this correlation
was not verified when the viscosity of oat fiber-based
slurries was intentionally diminished, showing that the
binding mechanism could also be regulated by other
interactions, such as hydrophobic interactions. Besides
bile acids removal, other effects such as the inhibition of
the intestinal absorption [64] or the increased excretion
[65–67] of cholesterol can be also promoted by these fibers.

Other types of biopolymers, including polysaccharides,
have been used as a starting material to produce BAS due
to their biocompatibility, low toxicity, hydrophilicity [27]
and the presence of hydroxyl groups that can be easily
functionalized. �-Cyclodextrin is an oligosaccharide that
is composed of seven glucose units that are linked in a
cyclic structure and has been reported to have showed
hypolipidemic and hypocholesterolemic effects in animals
[13]. The mechanism of action of these polymers involves
the absorption of lipids and the increase of fecal excre-
tion. Zhu’s research group has synthesized cross-linked,
aminated �-cyclodextrin polymers, with a degree of cross-
linking ranging from 14 to 20% [68]. The hydrophobic
cavity and hydrophilic exterior segments that were avail-
able in the polymer structure were able to facilitate the
binding of the bile acids, by the creation of inclusion com-
plexes. The size of the cavity was found to be an important
parameter since the binding capacity was lower towards
more hydrophilic bile acids (greater content of hydroxyl
groups in the structure), due to steric hindrance. Func-
tionalization of the polymers was achieved by introducing
alkylammonium groups through tosylation, followed by
treatment with trimethylamine. However, the reaction
presented low efficiencies (1 functional group per 5 units
of �-cyclodextrin). The binding capacity of the prepared
materials was evaluated in the presence of bile salts with

their different hydrophobic characters, in a temperature
range of 10–50 ◦C. Despite the low degree of functionaliza-
tion, the authors found that the presence of the quaternary
ammonium groups in the polymer structure enhanced
lystyrene-b-poly(N,N,N-trimethylammoniumethylene acrylamide chlo-
o methylan [14].

their binding capacity, suggesting that electrostatic inter-
actions play an important role in the complexation process.
However, this component becomes of less relevance when
the temperature is increased [68]. Also, an increase in the
degree of cross-linking of the hydrogels led to a decrease
in the binding capacity, since the �-cyclodextrin cavity is
less available for the interactions. The maximum binding
capacity of the functionalized �-cyclodextrin was close to
0.3 mmol/g (mmol  of bile acids per gram of dry polymer).

Dextran hydrogels that were modified with alkylam-
monium groups have been used to study the extent
of correlation between the hydrophobic character of
BAS networks and their binding capacity [27,39,69].  In
the study, dextran spherical particles (molecular weight
of 70 000 g/mol) or linear dextran (molecular weight
of 30 000 g/mol) were cross-linked with epichlorohydrin
and functionalized with N,N-dimethyl-N-alkyl ammonium
chloride groups, with an extent of functionalization of
approximately 20%. This value corresponds to a defined
balance between the repulsive electrostatic forces and the
hydrophobic interactions. The degree of cross-linking was
optimized to afford hydrogels that were able to take up
3–4 g of water, at equilibrium, per gram of dry polymer
[70]. By varying the alkyl chain length, the authors showed
that the binding process could be regulated by different
mechanisms depending on the hydrophobic character of
the BAS network [39]. For alkyl chains that were greater
in length than the equivalent of a C4 chain sequence, the
sequestration of bile acids took place by mixed micelle
formation, with domination of the hydrophobic interac-
tions between the polymer and the steroid skeleton of
the bile acids while, for shorter chain lengths, the bind-
ing process was found to be regulated by the electrostatic
interactions of the ammonium groups. In these hydrogels,
hydrophobic interactions seem to play a very important
role in the bile acids adsorption originating materials
that have a greater binding capacity than that shown by
cholestyramine.

Lee and co-workers, using modified methylans
(polysaccharides whose molecular weight was  greater
than 105 g/mol) [14] prepared mixtures of bile acids in
order to simulate an intestinal environment. They then

measured the binding capacity of these polymers using
HPLC [14]. The polymers exhibited binding capacities
that were greater than those of cholestyramine. However,
these materials presented the same limitation that was



in Polym

e
t
h
i
s

f
e
p
a
w
a
e
[
c
o
t
b
t
r
a
c
b
a
a
c
d
a
c
e
s
a
t

3

s
b
u
s

r
c
(
F
d
p
c
[
w
o
p
a
e
i
t
�
m
(
c
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xhibited by conventional BAS, which is the poor affinity
owards trihydroxy bile acids in comparison to the more
ydrophobic dihydroxy acids. This result emphasizes the

mportance of hydrophobic interactions to the bile acids
equestration process.

Chitosan is a glucosamine-based polymer that is derived
rom the deacetylation of chitin. Chitosan can be consid-
red to be an interesting starting polymer from which to
repare BAS. This biopolymer is not digestible by humans
nd presents good biocompatibility and safety. Chitosan
as first tried in the deacetylated form in animal studies

nd proved to have good hypocholesterolemic action, to an
xtent that was comparable with that of cholestyramine
71–75]. Zhou and co-authors studied several samples of
hitosan with different molecular weights and degrees
f deacetylation in order to establish a possible correla-
ion between the properties of the polymers and their
inding capacity [75]. However, under the experimen-
al conditions used, it was not possible to establish any
elationship that could predict the polymers efficiency
s BAS. In comparison to the cholestyramine binding
apacity, chitosan hydrolysates, having molecular weight
etween 5000 g/mol and 20 000 g/mol [76] and as well
s changes of chitosan structure by quaternization of the
mino groups [77], provided materials with greater effi-
iency. This biopolymer was modified so that it contained
iethylaminoethyl groups in its structure, giving rise to

 material that possessed a greater bile acids absorption
apacity, especially for deoxycholate [78]. Another inter-
sting and successful approach is the use of organic acid
alts of chitosan [79,80].  In this case, the absorption of bile
cids occurs by ionic exchange with the displacement of
he anion of the acid.

.2. Synthetic polymers

In an attempt to design the appropriate polymer
tructure for an efficient BAS and to understand their
inding mechanism with bile acids, many authors have
sed synthetic polymers, with different functionalities and
tructures [40,81,82].

One strategy that is commonly followed for the prepa-
ation of polymeric BAS is that of the modification of
ommercial BAS polymer backbones, such as polyamines
similar structures of colestipol and colesevelam) [69].
iguly and co-workers have reported the synthesis of 61
ifferent poly(alkylamine)-based polymer networks, pre-
ared by the reaction of several (di)amines with dihalo
ompounds or diepoxides, in different solvents/mixtures
83]. The swelling behavior of the resulting hydrogels
as influenced by the polymer stiffness, the polar nature

f the polymer and the degree of cross-linking. A high
olarity (as ammonium salt), great polymer flexibility and

 low degree of cross-linking lead to polymers with an
nhanced swelling capacity. Preliminary in vitro bind-
ng experiments based on methyl cholate were used
o demonstrate that hydrogels formed by diamines and

,�-dibromoalkanes are more efficient than cholestyra-
ine. Considering the main structure of cholestyramine

polystyrene cross-linked with divinylbenzene), Zhang and
olleagues reported a new approach to BAS synthesis. This
er Science 38 (2013) 445– 461 453

was based on the bio-conjugation of the polymer with the
bile acid molecules [82].

Bile acids have either been attached to polymer
backbones or chemically modified in order to pro-
duce polymerizable compounds for different biomedical
applications [84]. Particles of poly(styrene) that were
cross-linked with divinylbenzene, having several diame-
ters, were synthesized with 0–15% of the chloromethylene
groups being quaternized by the aminated derivatives
of cholic acid. The rest were quaternized as ammonium
groups, using triethylamine. Despite the low degree of
functionalization, the authors suggested that the use of bile
acid molecules as part of the polymer structure would lead
to an enhanced binding capacity due to van der Waals inter-
actions and/or hydrogen bonding interactions between the
nearest-neighbors (Fig. 5) [82]. The binding capacity of the
prepared BAS and the rate of release of bile salts were eval-
uated in the presence of sodium taurocholate, by ultraviolet
(UV) spectroscopy. The capacity to bind taurocholate ions
increased as the content of the tertiary amine derivative
of cholic acid in the polymer matrix was  increased. The
kinetics of the taurocholate ions release process indicated
that, besides the film diffusion process, the diffusion of
ions within the polymer matrix (particle diffusion) plays
an important role in the kinetic behavior [82].

As an alternative structure to BAS networks, Cameron
and co-workers prepared new amphiphilic diblock copoly-
mers [40,85]. These polymers contain hydrophobic seg-
ments and hydrophilic segments and can self-assemble in
the presence of selective solvents, creating diverse micel-
lar conformations. Such structures present a great surface
area, which is able to provide a large number of bind-
ing sites for bile acid molecules. Also, the solutions of
these amphiphilic structures, in comparison with those of
the common polymer networks, possess lower viscosities,
which can be seen as an advantage for patient compliance
(less side effects such as constipation). The polymer stud-
ied was based on polystyrene (hydrophobic segment) and
polyacrylamide (hydrophilic segment), functionalized with
trimethylammonium methylene chloride [40]. The size and
morphology of the micelles can be influenced by several
parameters, such as the molecular weight distribution of
the block copolymers, the temperature, the ionic strength
and the pH.

By varying the degree of polymerization of the copoly-
mer  segments, the authors were able to prepare BAS
with different structures such as small spheres (∼20 nm),
large micelles (>100 nm), vesicles and lamellae shapes,
each confirmed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) analyses.
The molecular weight of the polymers was  controlled
using anionic polymerization, which enabled the synthe-
sis of well-defined copolymers, whose polydispersity was
approximately 1.1 [40]. The authors obtained promising
results, as seen in the fact that the micelles exhibited
good stability and an ability to bind sodium glycocholate
in sorption tests. However, the experimental steps that

were involved in the polymerization and purification
of the amphiphilic copolymers required complex and
time-consuming procedures. Another important issue is
the functionalization (amidation) step that needs to be
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Fig. 5. Binding mechanism between bioconjugated based BAS and bile 

references to color in this figure legend, the reader is referred to the web

optimized. The major advantages and disadvantages of
the functionalization (amidation) step were explored: (i)
direct reaction between the ester group and the amine
or with an aluminum amide; (ii) hydrolysis of the ester
groups to form carboxylic acids, followed by conversion
into the corresponding acid chloride and reaction with
an amine and (iii) hydrolysis of the ester groups to form
carboxylic acids, followed by carbodiimide coupling to an
amine [85]. Considering the complexity of the experimen-
tal conditions, the degree of functionalization achieved and
the solubility of the polymers that were produced, together
with issues related to reactivity and steric hindrance, the
carbodiimide coupling route was the pathway that showed
the greatest potential.

The same research group prepared a series of amine-
functionalized polymers, based on polyether backbones, in
different solvents [86]. Poly(epichlorohydrin), with molec-
ular weight of 700 000 g/mol was chemically modified with
different low molecular weight amines, followed by cross-
linking and alkylation to produce amphiphilic hydrogels.
In a similar way, poly(2-chloroethyl vinyl ether) was pro-
duced by cationic polymerization and used as a backbone
to create the final amine-functionalized cationic hydrogel.
The introduction of desired functionalities in the polymers

structure allowed the preparation of BAS with greater bind-
ing capacities towards bile acids compared to those of
the commercially available cholestyramine and colestipol.
However, the synthetic routes used required demanding
lue), proposed by Zhang and co-workers [82]. (For interpretation of the
 of the article.)

experimental conditions, such as either a very high tem-
perature or a very low temperature (e.g., −70 ◦C in cationic
polymerization), long reaction times and the need for care-
ful optimization of the poly(epichlorohydrin) modification
step [86].

Some of the polymer modifications reported so far
require time-consuming and complex experimental steps
[14] and present a low efficiency of functionalization [68].
However, in the proper design of new BAS one must con-
sider not only the final properties of the polymer, but also
the method of synthesis. There is a need to establish rela-
tively simple, but highly efficient and less expensive ways
to prepare these materials. This is a critical issue in the
development of new products that could have commercial
impact and relevance.

An easier and somewhat novel strategy was fol-
lowed by the same authors to synthesize BAS that were
based on ammonium cyclic structures along the poly-
mer  backbone [19]. Such cationic hydrogels were prepared
by cyclopolymerization using N-substituted diallylammo-
nium monomers (modified methyl diallylamine) followed
by reaction with cross-linking monomers. A series of BAS
with distinct hydrophilic properties were obtained by
using different alkyl substituent groups in the methyl dial-

lylamine modification step, as well as several cross-linking
monomers in the final step of the reaction process (Fig. 6).
The performance of these materials was monitored and
evaluated by studying their aqueous swelling properties
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Fig. 6. Representative cross-linkers used in BAS synthesis [19].

nd by the use of in vivo bile acids sequestration tests.
heir strong binding capacity and their enhanced swelling
roperties were attributed to the more flexible hydrogels
hat were based on hydrophilic cross-linkers. Concerning
he hydrophobic interactions, the authors proved that the
AS efficacy is not linearly dependent on the number of
ydrophobic chains [19]. However, an optimum density of
ydrophobic segments is required in order to maximize the
inding capacity of the hydrogels.

Besides the chemical modification of polymer back-
ones, new strategies that are based on molecular

mprinting have been proposed, showing interesting
esults with respect to the preparation of more effective
AS [87–89].  Using this technique, functional monomers
re connected to a polymer backbone in the presence of
emplate molecules. The functional groups or chemical
tructures that are present in the monomer must be able
o interact with the template molecules in order to create a
re-polymerization complex [90]. The type of interactions
covalent or non-covalent interactions) that are established
n the formation of the pre-polymerization complex gives
he main difference between the two different molecu-
ar imprinting techniques, as reported in the literature
Fig. 7). Subsequently, after polymerization in the presence
f a cross-linking monomer and a solvent, the template
olecules are removed from the polymer, leaving specific

avities. This step can occur by chemical cleavage, in the
ase of covalent interaction with the pre-polymerization
omplex, or by solvent extraction via diffusion, when the
emplate molecules are non-covalently bonded to the func-
ional monomer. For this reason, non-covalent systems are
he more widely used, even though their efficacy is less
han that of covalent systems.

Molecular imprinting has been used in other biomedi-
al applications for the preparation of appropriate polymer

tructures, in trying to mimic  natural recognition systems
90,91] and, recently, in hydrogel matrixes for drug deliv-
ry systems. Imprinted hydrogels, with their highly flexible
olymer chains, which were believed to produce less
er Science 38 (2013) 445– 461 455

efficient imprinted materials due to the high mobility of the
created cavities, have been developed showing promising
results [92]. Concerning these features, molecular imprint-
ing could be also attractive for the preparation of BAS.
In addition, the process provides a tailor-made compo-
nent (the desired receptor), it is not expensive and does
not require complex syntheses [93]. The use of bile acids
as template molecules creates artificial recognition cav-
ities in the BAS hydrogel. These could contribute to the
enhancement of the binding forces during the bile acids
sequestration process. This is the key factor to allow-
ing the BAS polymers to compete with the desorbing
forces that are present in the GI tract and preserve, at the
same time, the bile acid molecules that are entrapped in
their matrix.

Huval and co-workers proposed, for the first time, the
synthesis of BAS that would be based on non-covalent
molecular imprinting (Fig. 7) [81]. This strategy was
intended to enhance the BAS binding capacity by creating
complementary binding sites to the carboxyl groups that
are present in bile acids as well as to the shape of the latter.
Different polymer networks based on poly(allylammonium
chloride) cross-linked with epichlorohydrin, were pre-
pared, in the presence of the sodium salt of cholic acid,
as a template (the bile salt that is more abundant in bile
acids mixture). The sequestration capacity of the materials
was tested in both in vitro experiments and in vivo experi-
ments. Cholic acid-imprinted polymer networks showed a
greater binding capacity towards bile acids, in both tests,
in comparison to a control polymer hydrogel without tem-
plate [81]. Moreover, the binding capacity increased with
an increase in the cholic acid template content that was
used in the imprinting, reaching 1.97 mmol/g. These results
show that the molecular imprinting technique could be
useful for the preparation of BAS with enhanced bind-
ing capacity, since all of the polymer networks were
prepared with the same cationic charge density (equiva-
lent electrostatic interactions) and degree of cross-linking.
These additional pieces of evidence to support the bind-
ing mechanism suggest that, besides being influenced by
the electrostatic interactions and the hydrophobic inter-
actions, the binding process can also be influenced by the
shape-selective fitting of steroidal skeletons into comple-
mentary cavities, at least in the initial stage. After an initial
binding of small amounts of the bile acid molecules by the
imprinted BAS, the hydrophobic character of the aggre-
gates increases, leading to stable structures that provide
more affinity towards new bile acids molecules [81]. Sim-
ilar results were obtained by Wang and colleagues [88]
using a hybrid molecular imprinting approach. This hybrid
method joins the major advantage of covalent molecular
imprinting, which is the clear structure of the guest-
binding site, with fast guest binding, that is characteristic of
the non-covalent molecular imprinting method. The poly-
mers were synthesized by covalent molecular imprinting,
while the guest binding occurs by non-covalent interac-
tions, which is characteristic of the non-covalent molecular

imprinting technique [93].

Imprinted polymer networks have been synthesized by
the free radical polymerization of a cholic acid-containing
monomer, followed by cross-linking with ethylene
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cular im
Fig. 7. Polymer mole

glycol dimethacrylate [88]. The cholic acid complementary
cavities were created by polymer hydrolysis (template
cleavage), achieving only 45% of template removal effi-
ciency. This step of chemical cleavage is somehow limiting
since it is not possible to achieve high degrees of hydrolysis
in cross-linked polymers because of steric hindrance fac-
tors [88], which restrict the number of specific interaction
sites that are presented in the imprinted BAS. Neverthe-
less, the imprinted polymer networks that were prepared
exhibited a nearly seven fold greater binding capacity
value towards cholic acid and deoxycholic acid, in compar-
ison to the binding capacity of the control sample (without
the template). Besides the complementary cavities that
were created in the hydrogel matrix, it was assumed that
the entrapped molecules favored the binding process,
since the binding capacity of the hydrogels was greater
than the number of cavity sites. This observation arises
from the co-operative effect of the bile acids molecules,

that have a tendency to self-aggregate in aqueous media
at high concentrations [81]. This result is extremely
important and could provide useful information in further

Fig. 8. Different polymer structures that ca
printing strategies.

BAS developments. In the same work [88], different polar
solvents and non-polar solvents were tested as imprinting
solvent. It was found that this self-aggregating parame-
ter influenced the properties of the final hydrogels and
ultimately influenced their binding capacity, showing that
the use of non-polar solvents was  preferable. Imprinted
materials give better results when their polymerization
takes place in solvents that mimic  the final medium of
the application [94]. BAS are intended to work in aqueous
media, such as the intestine environment. However this
solvent was not tested in the identified study. Water
has some limitations when used in imprinting strategy,
such as it can prevent hydrogen bonding between the
template and the monomer. By this means, the capacity of
recognition of the hydrogels could be compromised.

Despite the good results that were indicated by early
reports on molecular imprinting, recent studies on the
application of this technique to the synthesis of new BAS

have shown that this approach would not be useful in some
circumstances. Yañez and co-workers [89] have reported
a computational modeling study of imprinted polymer

n be produced by CLRP techniques.
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etworks that were based on different functional acrylic
onomers that possessed affinity towards cholic acid, with

 cholic acid/functional monomer molar ratio of 1/4. Sev-
ral monomers that are commonly used in the preparation
f BAS polymers were chosen and their binding energy
ith cholic acid molecules was estimated using computa-

ional modeling. After this screening, the authors selected
hree monomers, each one with a different binding affinity
owards cholic acid, to assess experimentally their results
ith respect to the preparation of BAS imprinted hydrogels

nd their binding capacity towards sodium cholate. The
esults were in agreement with the theoretical predictions
nd suggested that the molecular imprinting technique is
ot so effective for polymers that already present high
ffinity towards the template molecules. It seems that in
AS polymers, this technique can only provide initial affin-

ty towards bile acid molecules, being the main binding
echanism that is regulated by electrostatic interactions

nd hydrophobic interactions. This information is very
elevant since it helps one to rule out some alternative
ossible synthetic approaches to the development of new
AS materials. Another parameter that was studied by
he authors [89] was the influence of the polymer degree
f cross-linking on the binding capacity. The results are
onsistent with the findings of reports presented in the lit-
rature [70], suggesting that there is an optimal degree of
ross-linking that enables the targeted molecules to dif-
use through the polymer matrix and reach the binding
ites, while maintaining the polymer swelling charac-
eristics. The ideal level of cross-linking with respect to

aximizing the BAS efficacy is dependent on the polymer
tructure and on the molecular size of the targeted bile acid
olecules. This study showed that computational model-

ng can be a very helpful tool in the design of new BAS,
ince it enables the screening of potential monomers to
e used, taking into to account their ability to bind bile
cids. This reduces the need to rely on time-consuming
ynthesis procedures and characterization tests in the
earch for new monomers that would be suitable for BAS
reparation.

Despite the recent progress in the synthesis of new BAS,
nly a few products have been able to enter pre-clinical
evelopment stages and subsequent human clinical trials.
ore research is required to create ideal structures that

an be more selective towards bile acid molecules, espe-
ially the more hydrophilic examples as the case of the
rihydroxy bile acids. However, the studies reported in the
iterature provide important information concerning the
ariables that have to be taken into account in BAS design:

Cationic groups: positive charges along the polymer
structure ensure the occurrence of electrostatic inter-
actions, which provide the primary mechanism of the
binding process involving ionized bile acids;
Hydrophobic chain length: longer aliphatic chains ensure
the occurrence of hydrophobic interactions with the

steroid skeletons of bile acids in the binding process;
Degree of cross-linking and polymer backbone flexibil-
ity: lower cross-linking densities and flexible polymer
backbones lead to enhanced swelling properties;
er Science 38 (2013) 445– 461 457

• Polymers shape: the use of appropriate polymer struc-
tures that can complement the bile acids architecture can
favor the binding process.

It is noteworthy that these variables have to be adjusted
on the basis of the nature of the polymers that are used in
the synthesis of BAS.

3.3. New approach towards well-defined bile acid
sequestrants – “controlled”/living radical polymerization

The appearance of methods that allow the control over
polymer structure, architecture, topology, microstructure,
composition and molecular weight, while using feasible
experimental conditions, is an opportunity for the creation
of new BAS materials and provides a basis for design of
effective performance combinations. Nowadays, the main
limitations concerning the use of polymers as effective
therapeutics are based on the lack of control over the
polymer properties due to either limitation of the polymer-
ization methods (e.g., free radical polymerization (FRP))
and/or problems related to the proper functionalization of
the synthesized polymers. In order to prepare reliable and
effective therapeutic products, it is necessary to ensure,
among other aspects, that the materials present homoge-
nous properties. As discussed in Sections 3.1 and 3.2,  the
strategies used for BAS synthesis are mostly based on the
chemical modification of polymers and/or the use of FRP
techniques, which do not allow opportunities for the pre-
cise control of the structural characteristics of the resultant
polymers. However, such control can be achieved by using
advanced polymerization methods, namely CLRP. Due to its
potential in the synthesis of well-defined polymers, CLRP
methods have received huge attention by the scientific
community since the mid-1990s [95]. Different CLRP meth-
ods are available, each having the common characteristic
of providing the possibility of conducting a polymeriza-
tion in which the termination reactions can be neglected
and the resultant polymers present active terminal groups.
The fundamental principles that govern the methods that
are involved in CLRP have been comprehensively cov-
ered in several reviews [96–99].  CLRP can be applied to
a wide range of monomers across diverse functionalities
and offers the possibility to prepare complex polymer
structures, such as stars and comb-like shapes, among oth-
ers (Fig. 8) [99]. In addition, polymers prepared by CLRP
can be easily functionalized with different pendant groups
that can be further modified. The two techniques most
commonly used for the synthesis of these complex struc-
tures are Atom Transfer Radical Polymerization (ATRP) and
Reversible Addition-Fragmentation chain Transfer (RAFT)
[95]. Recently, two  reviews have reported the application
of these techniques to the synthesis of biomaterials, includ-
ing the use of functional cross-linked polymers [100,101].
Polymers prepared by CLRP can present several advan-
tages in comparison with those obtained by conventional
polymerization methods. For instance, star shaped poly-

mers present lower viscosities than hydrogels that have
high molecular weights, which can be a distinct advantage
to many applications. Regarding hydrogels, it is possi-
ble, using CLRP, to obtain polymers with higher swelling
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s: PMAT
no-prop
-b-poly
Fig. 9. Examples of well-defined polymers produced by CLRP technique
poly(2-(dimethylamino)ethyl acrylate) [110]; poly(3-methacryloylami
lamide) (PCBMAA-3) [106]; POE-b-PS – amphiphilic poly(ethylene oxide)

ratios that those achieved using conventional polymeriza-
tion methods and the same amounts of chemical reagents
[95]. Moreover, graft copolymers with a precise number of
branches per branch point and per branch point spacing can
be prepared [95,102]. These features can be useful in help-
ing to give an understanding of correlations between BAS
structures and their mechanism of action, since it makes it
possible to prepare a set of polymer samples that possess
a portfolio of different structures and architectures from
which one can determine and compare the relative efficacy.

It is well known that the design strategy for the creation
of BAS must consider the chemical structure of the bile
acids, their location, their concentration and the quantity

of each that needs to be removed [3]. The use of CLRP
techniques for the preparation of polymeric BAS could
lead to the rational design of effective BAS materials.
Functional polymers with targeted properties, such as
CA poly[methacryloyl tri-(ethylene glycol) cholanoate] [111]; PDMAEA
yl)-(2-carboxy-ethyl)-dimethylammonium (carboxybetaine methacry-
sterene block copolymer [112].

their degree of functionalization, their macromolecular
structure, their molecular weight and molecular weight
distribution, can be prepared using straightforward exper-
imental conditions. More important, living polymers
present active chain-ends that can be further reinitiated,
allowing the preparation of block copolymers with con-
trolled composition (Fig. 8). Polymers that can be used
as common BAS backbones (see Sections 3.1 and 3.2)
have already been synthesized by CLRP techniques. These
include amine/ammonium functionalized poly(styrene)s
[103,104], poly(meth)acrylamides [105,106],  poly(meth)
acrylates [107–110] and polyethers. Polymer structures
options include homopolymers and copolymers with

complex architectures and controlled molecular weight.
The incorporation of cholic acid molecules into polymer
backbones, forming a comb-shaped polymer has also been
reported [111]. Some illustrative examples of polymers
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hat have been prepared by CLRP that could be used in BAS
ormulations are presented in Fig. 9.

CLRP is one of the more studied subjects in recent
acromolecular science and the production of commercial,

ailor-made polymeric materials is already a reality, includ-
ng those for biomedical applications [113]. Many factors
ave contributed to this great achievement, namely the
evelopment of environmentally friendly systems, such
s the use of small amounts of metal catalysts, aqueous
edia and ambient temperature processes [113]. The use

f advanced polymerization methods will most probably
ead to the development of a new generation of this class
f polymer therapeutic materials.

. Summary and outlook

BAS polymers constitute a type of polymer thera-
eutic material that can be applied in the treatment of
ypercholesterolemia and type II diabetes. These materi-
ls interrupt the enterohepatic cycle by binding bile acids
nd remove them from the GI tract, which leads to plasma
holesterol levels decrease. BAS exhibit some important
dvantages over the conventional treatments involving the
se of statins, namely the capacity of being non-absorbed
y the systemic circulation. Currently, there are three avail-
ble polymeric BAS in the US market, being Colesevelam
he most effective one. However, more developments are
eeded in this area, since the commercial products still
xhibit some undesirable side effects. Also, high dosages
re required for effective treatments. This review reports
he different synthetic approaches that are used in the
evelopment of new efficient BAS and the studies related
o structure-binding capacity relationship. The parame-
ers that were found to maximize the efficacy of BAS are
i) density of the cationic charges, in order to maintain
lectrostatic interactions with ionized bile acids, (ii) the
resence of long hydrophobic segments, in order to ensure
ydrophobic interactions with the steroid skeleton of bile
cid molecules, (iii) the importance of polymer backbone
exibility and degree of cross-linking, to provide proper
welling characteristics and (iv) the fact that the polymer
sed can have a shape that is complementary to the shape
f the bile acid molecules. Most of the synthetic routes that
ave been described are based on conventional polymer-

zation techniques, which do not allow the precise control
f the polymer features. However, this limitation could
e overcome by using CLRP techniques, which allow the
ynthesis of “tailor-made” materials. These advanced poly-
erization techniques would lead to the development of

 new generation of BAS. Moreover, it would be possi-
le, for the first time, to establish important correlations
etween different polymer structures (varied systemati-
ally and stringently controlled) and their efficiency, with

 view to the development of tailor-made BAS with their
equired, finely tuned properties.
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