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Abstract

Polymers are ubiquitous components of products manufactured for medical and pharmaceutical applications. Widely used
commodity polymers were the first polymers to be utilised in biomedical applications. These polymers were not developed
with biocompatibility established at the onset and many speciality polymers have been developed in recent years to begin to
meet the multifaceted demands for medical development, the optimisation of structure–property correlations and ultimately,
clinical use. In the broader area of materials research, combinatorial or high throughput strategies used for drug development
are recognised to have potential for discovery and process development. Much of the application of combinatorial chemistry
in drugs research has been dependent on the use of polymeric reagents, substrates and supports. The chemistry of the
reactions on polymers in solid and liquid phases have also played a major role in combinatorial drugs research. There is
considerable interest in combinatorial materials research and this review outlines how this research may be applied for
biomedical polymer development.  2001 Elsevier Science B.V. All rights reserved.
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1. Drugs and materials be met during development. Combinatorial chemistry
for drugs research has focused on single compounds

Modification and redesign of some combinatorial as targets. It has been possible to generate quantifi-
strategies has occurred due to the differences be- able descriptors resulting in the generation of in-
tween drug candidates and functional materials. creasingly rational diversity that can be used for
Typically drugs are structurally defined molecules discovery and optimisation. In contrast, the prop-
with, in principle, a similar set of criteria that must erties of functional materials (i.e. polymers,

ceramics, metals; hybrid systems such as inorganic
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derives from composition and morphology that span [10]. These materials have tended to be inorganic
statistical distributions [1–4]. This results in complex and solid state materials. Such materials are fun-
interactions within the bulk and surface structures of damentally different from biomedical polymers.
materials where theory and predictive models are However, the practise of combinatorial strategies
still far from complete. from drugs research and materials research illustrates

Generally polymers are produced from monomers how some of these strategies can potentially be
in a polymerisation reaction where all the bond employed in biomedical polymer development.
forming reactions are conducted in one reaction. This Combinatorial efforts tend to be based on the
leads to molecular weight variation and polymer integration of library synthesis and high throughput
molecular weights are expressed in terms of aver- screening, both activities being conducted on small
ages. Structural variation is also prevalent in func- scale and by automated processes [3]. Analogous to
tional polymers and it is generally not possible to the computational methods being used in genomics,
know exactly the structure of each polymer mole- the analysis of data and the use of automation are
cule. Nonetheless, like any drug, biomedical poly- important in combinatorial materials research [4].
mers must meet strict regulatory requirements to gain Modelling and combinatorial mathematics [2] are
approval for clinical use. Biological targets and being employed to sample combinations of parame-
applications are being identified where functional ters in a particular set of materials. Such activities
biomedical polymers are increasingly being de- may have relevance for property prediction [11].
veloped so their broad profile of materials, physico- Library synthesis by a variety of deposition tech-
chemical and biological properties together must nologies (e.g. vapour, electrochemical, sputtering,
display elements of specificity that is usually associ- pulsed laser ablation) have been used to prepare
ated with drugs [5–7]. Many critical issues relating libraries of these materials [1–4]. Photolithography
to toxicology (both acute and cumulative), metabolic and masking techniques are useful to prepare spatial-
fate and immune response, apply to both drugs and ly distinct materials of known composition and
biomedical polymers research. At the preclinical processes. Another preparative technique is to use
stage, development of functional biomedical poly- component gradients to give a continuous spread in
mers can be thought as an activity similar to what composition by thin film approaches.
medicinal chemists do to develop new drugs with the For biomedical polymers, synthesis is best accom-
added burden that a wide range of polymer prop- plished in solution where individual polymers are
erties must be optimally matched to the medical made in parallel. Each polymer is prepared in a
application [8]. Development of degradable polymers separate solution. This allows for discrete polymers
has additional levels of complexity because struc- to be synthesised [12]. Ink jet methodology can
ture–property correlations will change with time. operate with nanoliter amounts of reagent solutions
Also, the range of drug delivery applications reliant and may be potentially important for generating large
on functional polymers requires that development of numbers of polymers on small scale [4]. Novel
the ‘delivery system’ cannot be disassociated from approaches for library synthesis of polymers will
the development of the therapeutic agent itself [9]. continue to emerge [13,14].

One element for the advent of combinatorial
strategies in drugs research was biological assay

2. Elements of the combinatorial process methodology during preclinical studies was steadily
being developed to screen a greater number com-

Interest in combinatorial strategies for materials pounds than could be prepared by chemists in a
development has been due to the economics of serial manner. In materials research, conventional
industrial research (i.e. reduced cycle times) [1] and techniques needed for screening in a library format
issues of innovation (i.e. increased possibility for have required some modification to be useful. Non-
serendipitous discoveries) [3]. Candidate materials destructive optical imaging techniques have been
which have been examined include high temperature developed [4] for interrogating bulk /surface charac-
superconductors, catalysts and magnetic materials teristics [15]. In the case of biomedical polymers,
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relevant techniques for screening physicochemical material, (2) excipient or (3) soluble molecule [9].
properties include high throughput protein crystalli- Applications for each of these categories include:
sation [16], MALDI-TOF [17] and electrospray
ionisation mass spectrometry [4], parallel • material (e.g. site specific drug delivery; continu-
calorimetry, rapid gel permeation chromatography ous and prolonged drug delivery; tissue /organ
and capillary electrophoresis [18]. improvement, substitution or regeneration; ortho-

Screening strategies can differ where both trends paedic fixation; dental restoration; ophthalmic
and spikes (i.e. the hits) may be delineated [1–4,19]. devices; packaging)
Initial screening of a material library screening • excipient (e.g. gels, binders, emulsifiers, viscous
typically provides information about trends. Iteration oils, coatings, diluents, stabilisers and carrier
is necessary to optimise relevant correlations. Histo- particles)
grammes that display a small number of active • molecule (e.g. physiologically soluble drug or
compounds or materials with the sought activity are protein–polymer conjugates; polyvalent ligands;
a familiar aspect of combinatorial chemistry in drug sequestering agents; non-viral vectors; stimuli
research. In biomaterials research, trends are also responsive agents; aggregating reagents for nano/
critical because if a new polymer system emerges to macro particle fabrication)
meet an application endpoint, then it would be
important to be able to use close compositional or The properties that require optimisation between
processed analogues for other applications. A set of ‘material’ and ‘molecule’ applications are more
trends that may be important in biomedical research clearly differentiated. ‘Excipient’ and hybrid systems
is to produce a library of candidate polymers that (A) (e.g. gel networks, PEGylated liposomes and surface
share a set of common properties (e.g. degradation functionalised solids) require optimisation of prop-
mechanism) while (B) displaying an incremental erties that may not be as clearly defined. In the
variation over a wide range for other properties context of drug delivery, application dependent
(glass transition temperature). This combination of polymer properties are critical to favourably alter
property variation may be important to optimise pharmacokinetics to optimise efficacy. For example,
complex biological properties in addition to all the in polymeric devices, polymer–drug (e.g. protein)
other necessary physicochemical and materials prop- interactions during storage, upon hydration and
erties than require optimisation. This approach to during polymer degradation [20,21] will be critical
combinatorial development may be a more accurate for maintaining drug efficacy [7,8,22].
reflection of how in nature, structure and function are Chemical structure and molecular weight charac-
matched. For example all proteins share (A) many teristics of the polymer will influence structure–
similar properties (e.g. they are polyamides, water property correlations for all these applications. In
soluble) while at the same time (B) other properties ‘material’ applications, both processing and implant
incrementally over a wide range (e.g. substrate history will undoubtedly influence polymer prop-
selectivity, receptor binding, turnover) [12]. erties that define performance. A biomedical poly-

meric material must be prepared, blended (or formu-
lated) and fabricated into a device that is matched to
a specific application. Optimised biological, thermal,

3. Summary of design criteria for biomedical mechanical, and physicochemical properties are re-
polymers quired. To avoid long term polymer accumulation

and device removal after the therapeutic requirement
Biocompatibility issues are of primary importance has been met, degradable polymers continue to be

for biomedical polymer development. While many developed. Optimisation of structure–property corre-
applications encompass the broad fields of drug lations in respect to the biological profile and
delivery and tissue replacement [8], different design performance that are expected to change with time
criteria and polymer properties are required that are due to degradation processes is a crucial area of
dependent on whether a polymer is utilised as a (1) research. A degradable polymer must be processible,
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survive sterilisation procedures and exhibit a satis- 4. Combinatorial biomedical polymer research
factory shelf life. Hydrolytic degradation of bio-
medical polymers in vivo is either (1) a bulk process Biomedical polymers that possess inherent bio-
or (2) a surface erosion process, and possibly a logical activity have long been investigated (for
combination of the two processes. The rates and example Refs. [34,35] and references cited in Ref.
mechanisms of hydrolytic mechanisms in vivo that [36]). Polyvalent interactions between multiple pro-
lead to polymer degradation are a function of (i) the teins and ligands are prevalent in biological systems
chemical structure of the polymer, (ii) processing (e.g. adhesion of influenza virus) and can involve
history, (iii) thermal properties, (iv) final fabricated interactions that occur at cell surfaces (e.g. clustered
device, (v) ultimate biological application, (vi) en- membrane bound receptors) [27,37,38]. Multiple
capsulated excipients or loaded drugs, (vii) crys- simultaneous interactions of a macromolecular con-
talline regions which will typically degrade more struct may potentially have unique collective prop-
slowly potentially producing insoluble particles that erties that differ from properties displayed by the
can have harmful long term toxic effects and (viii) separate individual components of the construct
autocatalytic processes. Although a major challenge interacting monovalently [39]. Several examples
is to develop materials and their associated devices exist where synthetic polymers or polysaccharides
to elicit specific cellular responses, the interfacial have been used to present a polyvalent substrate
surface properties of the polymer are also important designed to interact with more than one protein
for establishing biocompatibility and minimising the target (note references in Ref. [40]) and combin-
foreign body response. Surface texture, chemical atorial approaches have been examined [41–45].
functional spatial relationships and final processed Polymers with active ester groups at each repeat unit
geometry (e.g. dimensions and resolution of surface have been used as precursors to generate libraries of
patterns) are critical considerations for biomedical candidate copolyacrylamides with conjugated
device development. There has been intense interest asialoside pendent groups and that were screened for
to address the complex challenges in biomedical inhibition of agglutination of erythrocytes induced by
polymers research (for example Refs. [6–8,23–26]). influenza virus [46,47]. Other combinatorial ap-

Utilisation of soluble polymers to exploit their proaches using polymeric precursors were focused
properties as ‘molecules’ in medical applications that on the development of enzyme [48,49] and receptor
are dependent on parental administration will in- [50,51] mimics [10,52]. While these combinatorial
creasingly require uniform structure in respect to methods involve the reactions of small molecules
molecular weight distribution and structural homo- with polymers to generate a complex, although
geneity. This is analogous to proteins which are a probably not random [48,49], mixture of polymeric
class of biopolymers with defined structural charac- molecules of varied molecular weight, enhanced
teristics. They have a distinct number and order of activities were observed for polymeric products that
amino acids that make up the protein backbone that were derived from distinct stoichiometries of pre-
define solution structure and biological function. cursor small molecules. In an effort to minimise
Optimisation of the desired biological interactions of structural heterogeneity in respect to molecular
soluble biomedical polymers with tissues, cells and weight variation, narrow molecular weight polymeric
viruses may depend on optimal structure–property precursors have been prepared [53]. Some of these
correlations and require defined polyvalent interac- evolving approaches have also involved the develop-
tions [27]. Circulation times and cellular uptake ment of novel drugs that are dimeric–multimeric
phenomena will depend on the solution structure and rather than polymeric in nature to minimise structural
hydrodynamic radius of soluble conjugates [28–32]. heterogeneity (for example [54–59]). Use of poly-
Applications for soluble or semi-soluble polymers acrylamide and agarose gels as a means to present
that are based on oral administration may be more bioactive molecules to study cellular interactions
tolerant of structure [33]. Nonetheless, the more may have potential for combinatorial evaluation [8].
structurally defined a soluble polymer and its con- And combinatorial approaches have also been used
structs, the more able it will be to maximise efficacy. to examine molecularly imprinted polymers [60,61],
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sensors [62] and patterned or functionalised surfaces chemistry and establishing biocompatibility had been
[6,63–65] where polyvalent interactions may be conducted with these polymers before a combin-
critical for optimising performance. atorial library was produced [24,70,71]. To find

Pseudo-poly(amino acids) [66,67] are being de- application relevant hits within these trends it is
veloped as degradable polymeric materials for drug necessary to screen for specific biological profiles if
delivery and orthopaedic applications. These strictly the material is to be used in tissue engineering. If a
alternating polymers have hydrolytic bonds (e.g. drug delivery device is being developed, formula-
ester, carbonate, iminocarbonate) in the polymer tions that are then processed into the desired device
mainchain leading to polymer degradation in vivo. A must then be evaluated.
combinatorial approach to study a class of tyrosine Research to systematise formulation technology
derived pseudo-poly(amino acid) was based on using with copolymeric excipients [72–75] and nanoscopic
two monomer sets for a total of 22 monomers to particles [76] have been examined by combinatorial
gave a library 112 of A–B strictly alternating approaches. Using computational methods many
polymers obtained by parallel synthesis [12,19]. excipients that are generally recognised as safe have
Each set of monomers were prepared with defined been evaluated to determine a multitude of trends
but different, structure variations resulting in the that can be matched to the physicochemical prop-
polymer library possessing similar structural features erties of the pharmacologically active compounds. A
(orthogonal homologation) that were not simply doxorubicin formulation using a combination of two
additive. A multitude of structure–property correla- pluronics has shown this formulation may have
tions and trends were established [19,68,69]. Several broader efficacy than current clinical formulations of
important properties (e.g. degradation mechanism, doxorubicin [77].
processibility, biocompatibility) were shared by the
library polymers while a set of other properties
incrementally varied over a wide range (glass transi- 5. Conclusion
tion temperature, air–water contact angle, relaxation
properties, cellular response and mechanical prop- Combinatorial strategies have been an intensive
erties). This work demonstrated that biomedical area of research since the early 1990’s. While early
polymer libraries can be used (a) to increase in examples demonstrated many elements that parallel
unique relationships the number of candidate poly- synthesis can provide libraries of compounds or
mers for medical applications, (b) to incrementally materials, recent work demonstrates that the integra-
modulate specific polymer properties over a wide tion of synthesis, characterisation, and computational
range while keeping other defined properties un- methodology is necessary to generate information
changed (this makes it possible to use similar that can be used iteratively to optimise correlates.
polymers over a wide application range) and (c) the Combinatorial strategies do not replace the necessity
potential to systematise the study of structure–prop- for the intellectual insight of the scientist that is
erty correlations. This juxtaposition of trends allows require to apply chemical, biological and physical
for novel selection criteria. For example several processes to prepare and characterise libraries. Nor
polymers in the library had a glass transition tem- can combinatorial strategies replace the imagination
perature in the range of 35–378C while displaying a of the scientist to generate new hypotheses leading to
wide range of air–water contact angles. These trends the development of biomedical polymers to meet
may also allow for a library to be designed and future medical needs.
characterised with a relatively small number of
polymers as a basis to predict the properties of many
other related polymers that have not been prepared References
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