Chapter 4
Polymer Microarrays for High Throughput
Biomaterials Discovery

Andrew L. Hook

Abstract High throughput screening has emerged as a powerful technique for
discovering novel medical tools and therapies. This is particularly true for biomate-
rials that are applied to poorly understood biological-material systems. The poly-
mer microarray format has become a key enabling tool for high throughput materials
discovery, whereby hundreds to thousands of unique polymers can be presented on
a single glass slide and screened in parallel for biological interactions of interest.
This approach has successfully been utilized to develop the surface chemistry,
topography, bioactivity, and mechanical properties of biomaterials as well as allow-
ing the development of 3D culture systems. In order to optimize a polymer microar-
ray for a given application the substrate used, the coating on the substrate, and the
material library screened must be carefully selected. Furthermore, development of
suitable biological assays with high throughput readouts is imperative for expand-
ing the applications of polymer microarrays. The biological systems screened on
this format include supporting cell attachment and outgrowth, maturation and
phagocytosis of dendritic cells, materials resistant to microbes, switchable materi-
als, platelet activation, cell sorting, hepatocytes and toxicity models, and cell trans-
fection. Further to the discovery and development of biomaterials, the large datasets
when coupled with modelling techniques can establish structure—function relation-
ships that help elucidate the underlying biological-material interactions. Continued
development of microarray designs and high throughput biological assays compat-
ible with the format will lead to the discovery of new biomaterials that exhibit
unprecedented control over the biological systems they are designed to function in.
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Abbreviations

2D/3D 2/3 Dimensions

AFM Atomic force microscopy

BMDC Bone marrow dendritic cells
ECM Extracellular matrix

FBS Fetal bovine serum

hEB Human embryoid bodies

hES Human embryonic stem cell
hMSC Human mesenchymal stem cell
mES Mouse embryonic stem cell

PEG Poly(ethylene glycol)

pHEMA Poly(hydroxyethyl methacrylate)
PLS Partial least square

SEE Standard error of estimation

SPR Surface plasmon resonance
ToF-SIMS  Time-of-flight secondary ion mass spectrometry
WCA Water contact angle

XPS X-ray photoelectron spectroscopy

4.1 Introduction

Hypothesis led research has been a foundation of scientific endeavour since the
seventeenth century. In some cases the level of understanding is not at a sufficient
level to enable the formulation of pertinent hypotheses to effectively promote a field
of science. In these cases a complementary data-driven approach has emerged,
where the starting point is the accumulation of data that will, in turn, lead to new
ideas [1, 2]. This approach has been applied to drug discovery projects that have
used high throughput methods to screen for novel drugs [3-5]. High throughput
screening has also been applied successfully to genomics [6—11], which has driven
the emergence of the microarray format as a screening tool. On a microarray hun-
dreds to thousands of unique analytes can be displayed on a sample slide in address-
able locations and assessed in parallel. More recently, cell-based microarrays, where
cells themselves are arrayed onto a slide or cells are allowed to interact with the
arrayed analyte, have been developed to explore gene expression in systems where
all the cell machinery is present to ensure correct protein function [12—16]. A num-
ber of studies have applied microarrays to materials, with a focus on the discovery
of novel materials that are ideally suited to a given application. It is this body of
work that this chapter will cover.
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4.2 The Development of a Material Microarray

The concept of a materials array was first reported in 1995 [17], whereupon an array
of solid-state materials was produced by vacuum deposition onto areas selected by
the use of a series of binary masks. A 128-member array was produced from seven
precursor materials and two novel superconducting films, BiSrCaCuO and YBaCuO,
were identified. Typical sample size was 2x2 mm, however, samples as small as
200200 pm were also generated.

Soon after in 1998 the concept of screening a combinatorial library of polymeric
materials was demonstrated [18]. A library of 112 degradable polyarylates was pre-
pared by copolymerizing 14 different diphenols with 8 different aliphatic diacids,
and the water contact angle (WCA), glass transition temperature, mechanical prop-
erties, and fibroblast attachment and proliferation were assessed for each material.
This study demonstrated how screening a combinatorial library of materials could
be used to develop structure—property relationships. Generally cell proliferation
decreased with increasing WCA; however, cell proliferation was unaltered by
changes in surface hydrophobicity for materials where methylene groups in the
polymer backbone were substituted with an oxygen atom. This result suggested that
fibroblast proliferation was sensitive to subtle chemical changes that are not associ-
ated with changes in WCA. The throughput of this study was limited by the sample
format: polymers in the library were spin coated onto glass cover slips and assessed
individually. To circumvent this constraint, the polymer microarray was developed,
allowing hundreds to thousands of unique polymers to be presented on a single
glass slide [19-21]. Typically materials are presented as 300-500 pm diameter
spots, allowing for approximately 2000 materials to be presented simultaneously.
Allowing for replicate measurements, over 600 unique polymer compositions can
be screened in a single assay. A table listing the key advances in the use of material
microarrays for biomaterials discovery are presented in Table 4.1.

4.2.1 Substrate Preparation

A number of factors must be considered when designing a polymer microarray and
applying it to the high throughput discovery of biomaterials [22], which are sum-
marized in Fig. 4.1. This includes the identity of the substrate, the coating on the
substrate, the members of the polymer library, and the biological assay which can
couple with the microarray.

4.2.1.1 Substrate Material

The key substrate requirement is the ease with which it can be applied to the bio-
logical assay and associated high throughput readout. The substrate of choice is a
glass microscope slide due to the range of stage holders, scanners, and microscopes
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Table 4.1 Description of key advances in biomaterial microarray technology, in chronological order

Advancement

Description of study

Reference

Demonstrate a microarray
of materials

Demonstrate screening a
combinatorial library of polymers
for biological performance as an
approach to biomaterials design
Produce a microarray of polymers
for screening cell response.
Demonstrate in situ polymerization
Combinatorial screen

of biological polymers

Demonstration of printing
pre-synthesized polymers
for formation of a materials
microarray

Development of the high
throughput surface characterization
of polymer microarrays

Establish PLS as a method for
modelling a univariate dataset
with multivariate chemical
information

Production of a polymer
microarray using ink-jet printing
Development of a high
throughput 3D culture system

Production of a topographical
array

Application of polymer
microarrays to discover materials
that resist bacterial attachment

Model biological properties of
polymer library from calculated
molecular descriptors

Investigation of the formation

of a combinatorial library of ceramic
materials in an array format

Study of the proliferation of fibroblasts
on a combinatorial library of polymers.

Study of stem cell attachment and
differentiation on a polymeric library

5 ECM proteins were printed

as 32 different combinations to assess
the attachment of rat hepatocytes and
mouse embryonic stem cells (mES)
Study the attachment of stem cells

with polymer materials

Study attachment of human renal
tubular cells

Study chemical and wettability
properties of a polymer microarray
Assessment of the binding of 3 different
proteins to 21 polymer spots using SPRi
AFM screen of a 576 member polymer
microarray, identifying materials

with switchable topographies

Study comparing wettability

with the chemical functionality

of a polymer spot as measured

by ToF-SIMS

Formation of a hydrogel microarray

hMSCs were fixed into microwells
within a PEGDA matrix. The combined
influence of the cell adhesive peptides,
RGDSP and IKVAYV, was assessed

2,176 unique topographical units
derived from circles, isosceles triangles,
and rectangles were produced and used
to study the influence of topography

on the bioactivity of hMSCs

Screen of 370 polyurethanes with two
bacterial strains

Assessment of the attachment of three
bacterial strains to >700 polymers using a
multi-generation-screening methodology
hEB adhesion to a 496-member polymer
library was modelled using a nonlinear
Bayesian neural network model

Xiang et al.
(1995) [17]

Brocchini
et al., (1998) [47]

Anderson
et al. (2004) [19]

Flaim et al.
(2005) [38]

Anderson

et al. (2005) [20]
Tourniaire

et al. (2006) [21]
Urquhart

et al. (2007) [78]
Hook et al.
(2009) [64]
Hook et al.
(2011) [81]

Urquhart
et al. (2008) [79]

Zhang et al.
(2008) [29]
Jongpaiboonkit
et al. (2008)
[76,77]

Unadkat et al.
(2011) [32]

Pernagallo
etal. (2011) [45]
Hook et al.
(2012) [33]

Epaetal.
(2012) [85]
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Base substrate

« Typically glass
* Needs to be compatible
with analysis equiptment

Substrate coating
* Agarose, PEGMA and pHEMA have been used
» Adhesion layer for polymer spots
*» Low-fouling

Polymer library
« |n situ polymerisation or pre-synthesised
= Contact or ink-jet printing
* Design for maximum diversity or
optimisation of composition
* Need to consider number of repeats and
arrangement of those repeats

Biological assay
* Must have a high-throughput readout
* Usually utilises fluorescent marker
» Readout measured on fluorescence scanner
or automated microscope
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Fig. 4.1 The key aspects of polymer microarray design. Schematic depiction of a polymer micro-
array where each colored dot represents a unique polymer. The various aspects of the polymer
microarray that should be considered when designing an array are highlighted

that have been adapted to this format. Furthermore, the slide is transparent, which
allows cells growing on the slide to be easily assessed using light microscopy. The
glass slide is also widely compatible with most cell culture methods, enabling a
diverse range of biological assays to be applied. However, polymer microarrays can
equally be applied to other materials, for example directly onto polystyrene-based
tissue cultureware, which may enable the polymer microarray format to be acces-
sible to a greater number of biological assays.

4.2.1.2 Substrate Coating

The surface chemistry of the underlying substrate plays an important role in the
formation of a microarray as well as the success of subsequent bioassays.
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The substrate coating must be both adherent to the materials printed onto it and
resistant to the attachment of biomolecules and living cells (non-fouling) in order to
optimize the signal-to-noise ratio of any biological assay and prevent cross-talk
from one spot to another. A number of different surface coatings have been devel-
oped with these needs in mind, with emphasis generally placed on using cheap and
robust-coating methodologies. One such example is the dip-coating of a commer-
cially available epoxide functionalized slide into a poly(hydroxyethyl methacrylate)
(pHEMA) solution [19, 20]. Dip-coating is a simple technique that can easily be
achieved in any laboratory, making this modification approach accessible. pHEMA
is an attractive coating as it is able to resist cell attachment as well as providing a
matrix into which printed material can penetrate and physically entangle to improve
the stability of the spots [19]. Agarose is an alternative coating that may be applied
by dip-coating using commercial aminoalkylsilanated slides [21]. Agarose and
pHEMA are intended to prevent cell attachment whilst being nontoxic. Poly(ethylene
glycol) (PEG)-based coatings have also been widely used for producing low-fouling
coatings and are widely used to effectively inhibit biomolecular adsorption [23]. In
order to produce a PEG-modified surface, a methodology has been proposed by the
groups of Griesser, Thissen, and Voelcker in which a PEG layer is reacted with an
amine plasma polymer-coated slide [24-26]. Key to the success of a PEG coating is
the production of a dense, brush-like layer. Polymers arrayed onto this surface can
be covalently attached by modifying the polymer with a cross-linker or incorporat-
ing epoxy groups into the PEG layer. For example, a grafting-to approach was
accomplished by producing a multifunctional coating with both PEG groups, which
provided a low-fouling background, and epoxy groups, which enabled subsequently
spotted biomolecules, synthetic and natural polymers to be covalently linked to the
surface in a suitable manner for subsequent cell attachment assays using HeLa cells
[26]. This is advantageous because the structure of the arrayed material is unaltered;
however, the substrate chemistry becomes limited. In this particular study a plasma
polymer slide-coating approach was used, which is advantageous as it can be
applied to almost any base substrate.

4.2.2 Material Microarray Production

The creation of material arrays requires a combinatorial library of materials to be
generated and positioned at addressable locations on a substrate surface. The library
can be generated prior to the synthesis of the array, for example by printing pre-
synthesized polymers, or by printing monomer solutions that are polymerized in
situ. Once a material has been deposited onto the substrate it needs to adhere to the
surface with sufficient strength and durability that it can resist the biological evalu-
ation process. This may be achieved by physical entanglement, non-covalent or
covalent interactions. A schematic depicting the printing of a polymer microarray is
shown in Fig. 4.2.
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Fig. 4.2 Schematic of the formation of a polymer microarray using contact printing with a quilled
pin. Initially the pin is dipped into a well-containing monomer or polymer solution and then moved
using a robot to the substrate to transfer the solution. The pin can be replaced with an ink-jet noz-
zle. On the right is a fluorescence image of a polymer microarray formed by this method. The fluo-
rescence seen is due to autofluorescence of the resultant polymer spots

4.2.2.1 Microarray Formation

Polymer microarrays are typically formed by either contact or ink-jet printing.
Contact printing involves the use of a robot moving a metallic pin, which is dipped
into a solution and then spotted onto the substrate surface by making contact. The
pin may either be solid or contain a groove analogous to an ink quill, such that the
solution is drawn up into the pin and the spotted material is taken from this reservoir.
The ink quill design has the advantage that more spots can be printed from a single
dip in the solution. Contact printing is attractive for ease of transfer and the absence
of small apertures in the system that can become blocked. The size and shape of the
pin used is the determining factor in the resultant spot size. Contact printing was first
used to produce an acrylate microarray on a pHEMA-coated slide by Anderson et al.
using in situ polymerization [19]. This was achieved in five steps; mixing monomers
at various ratios in a source plate, printing acrylate monomers with an initiator, acti-
vation of initiator upon UV irradiation, polymerization of the monomer, and finally
removal of the solvent. This resulted in stable, covalently cross-linked polymer
spots. By premixing the various monomers at a set ratio, a large polymer library of
576 materials was readily achieved. This approach decreases the time required for
polymer library synthesis and microarray formation by combining these processes
and also allows materials that cannot be printed, such as cross-linked polymers, to
be included in the polymer library. However, the polymer synthesis conditions are
likely to differ when materials are produced on a larger scale.
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An alternative approach is to print a library of pre-synthesized materials [20, 21],
which allows standard polymer characterization techniques such as gel permeation
chromatography, nuclear magnetic resonance, and differential scanning calorimetry
to be utilized without having to extract minute amounts of polymer from the slide.
However, this method is restricted to polymers that can be solvated, and is consider-
ably more laborious for the initial creation of the polymer library.

An alternative to contact-printing is ink-jet printing. In this approach a nozzle is
used to draw up, then eject polymer solution onto the substrate at a defined droplet
volume. The volume of the droplet and the surface energy of the substrate material
and the printed solution determine the resulting spot size. This technique enables
the precise control of the amount of material deposited and avoids contact with the
surface. However, solutions of different viscosities and surface energies cannot eas-
ily be printed under similar conditions, limiting the number of different materials
that can be included in a single printing run. In addition, the small orifices are sus-
ceptible to blockage by dust particles or aggregates of material [27]. This method
can be cost-effective and readily accessible to most laboratories by using modified,
commercially available ink-jet printers [28].

Ink-jet printing was first used to prepare a polymer array from individually
deposited monomer for water soluble acrylamide monomers to form hydrogels
[29]. Three monomers were deposited sequentially onto the same position, with a
solution containing a catalyst to initiate the reaction being printed subsequently.
This drop-in-drop mixing approach required that the solvent, water in this case, did
not evaporate before the mixing was complete. The turbulence induced by the print-
ing procedure resulted in the complete mixing of the monomers within the drops
after 1.5 min. This approach was used to create an array comprising 36 different
materials from six monomers. The polymers produced using the on-slide mixing
methodology must be carefully assessed as they are likely to differ for each mono-
mer, polymerization, and printing system employed.

4.2.2.2 The Design of the Polymer Library

When designing the components of a polymer microarray, careful consideration
must be given to the objective of the experiment. In cases where the aim of an experi-
ment is to generate new data for a poorly understood system the polymer library
should be designed to maximize the diversity of chemical and/or physical properties
represented. This can be achieved by selecting a large number of unique base com-
ponents [30], but can equally be achieved by producing a combinatorial library of
polymers by mixing a smaller number of base components at various ratios [31, 32].
In some cases sufficient understanding of the biological-material interaction can
exist to allow the formulation of a hypothesis that can be tested by the judicious
design of a polymer library [30, 33, 34]. This may include the optimization of a “hit”
formulation identified from a previous screen, or testing a structure—function rela-
tionship. Typically these material libraries include subsets of polymers formed from
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a pair of base components where the composition of each component is varied
systematically and sequentially. This results in material gradients that are formed
from discrete units rather than a continuously changing material. It is prudent to
randomize the position of compositionally similar materials (including replicates) on
an array to avoid the occurrence of pseudo-trends that result from experimental con-
ditions such as the inhomogeneous distribution of cells within a cell culture well.
Gradients are highly useful tools for the optimization of materials, but have limited
applicability to material discovery applications. Hansen et al. [35] combined gradi-
ents and microarrays, forming an array of polymer gradients. This enabled both the
combinatorial screen of polymers and also compositional optimization. Successful
formation of the arrays was assessed by X-ray photoelectron spectroscopy (XPS)
and also through the introduction of a fluorescently tagged monomer, allowing
the gradient to be tracked by fluorescence microscopy. Onto a single glass slide,
24 monomers were printed as 84 pairs to produce 84 polymer gradients. The array of
gradients was used to assess the adhesion of HelLa and K562 cells.

Both design strategies, maximizing diversity or optimizing a composition, are
complementary and can be utilized to employ a multi-generation approach to mate-
rials discovery whereby the first-generation array is designed to screen a large diver-
sity of chemical and/or physical properties and subsequent generations seek to
optimize hit formulations [33, 34].

4.3 Biological Application of Material Microarrays

The final consideration for applying polymer microarrays to the discovery of bio-
materials is the design of a suitable bioassay that is compatible with the high
throughput format. To achieve this, the key requirement is the inclusion of a suitable
readout that can be assessed in an automated fashion. Typically, a fluorescence
marker is used that can be measured using an automated fluorescence microscope or
a fluorescence scanner. Utilizing this general strategy polymer microarrays have
been successfully used to probe a diverse range of biological systems including sup-
porting stem cell outgrowth [19, 31, 32, 36-43], maturation and phagocytosis of
dendritic cells [44], materials resistant to bacteria [30, 33, 45], switchable materials
[34, 43, 46], platelet activation [47], cell sorting [39, 48, 49], hepatocytes and toxic-
ity models [38, 50], human skeletal cell attachment [49, 51], endothelization [52],
giardia lamblia material interactions [53], cell transfection [13, 14, 54], and
Cryptosporidium parvum material interactions [55].

The development of novel biomaterials has focussed on a number of key aspects,
which are depicted schematically in Fig. 4.3. This includes probing cell-material
interactions, including biological recognition of surface-bound biomolecules, the
response of cells to surface chemistry and topography, as well as mechanical prop-
erties of the biomaterial and whether the cell culture system is 2D/3D (2/3 dimen-
sions). The key studies that have explored these aspects are discussed below.
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Fig. 4.3 Key aspects of biomaterials development explored using polymer microarrays. The use
of polymer microarrays to discover novel biomaterials focusses on exploring cell-material interac-
tions. The various aspects of these interactions that have been investigated are highlighted

4.3.1 Synthetic Polymers

In the pioneering study by Anderson et al. [19], a polymer microarray containing 496
unique polymers was produced from 24 monomers to screen for materials that sup-
port human embryonic stem cell (hES) attachment. This work demonstrated the large
number of biological-material interactions that could be investigated in parallel. A
number of different responses of hES cells derived from human embryoid bodies
(hEB) were observed, including cell attachment, no attachment, and directed differ-
entiation. Subsequent work targeted new materials that were able to support the
clonal growth of hES in a xeno-free environment [31]. Stem cells hold enormous
potential for regenerative medicine and tissue-engineering applications as they are
able to differentiate into any cell within the body. However, methods to culture hES
rely on animal products, typically using matrigel as a cell adhesive matrix or a layer
of “feeder” mouse embryonic fibroblast cells. This limits the ability to expand these
cells in vitro for clinical use. To identify xeno-free materials able to support stem cell
attachment and expansion hES were cultured with an array of 496 materials produced
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by mixing 22 monomers at various ratios. Protein readily adsorbs to the surfaces of
materials, thus, in most cell culture conditions the attachment of cells is regulated by
the intermediate adsorbed protein layer [31]. Thus, the microarray was pre-adsorbed
with laminin, fibronectin, fetal bovine serum, and bovine serum albumin to study
how different proteins alter cell attachment. Fetal bovine serum (FBS)-coated materi-
als resulted in the highest level of attachment without initiating cell differentiation, as
determined by the highest number of cells expressing Oct4 (a marker of pluripotent
cells) [56]. The “hit” materials identified typically contained a large number of acry-
late groups suggesting the degree of cross-linking plays a role on cell attachment
although a direct correlation with material hardness was not observed. For subse-
quent scaled-out experiments the FBS pre-adsorption was successfully replaced with
a vitronectin pre-adsorption step and culture was conducted in mTeSR1, a fully
defined medium, resulting in a xeno-free substrate for cell culture. A long-term cell
culture was supported under these conditions for a month (five passages).

Zhang et al. [43] sought to develop a material that would allow stem cells to
detach from a surface upon a reduction in temperature rather than using chemical,
enzymatic or mechanical methods of removal. To achieve this, an array of 609
unique acrylate and acrylamide polymers was prepared composed of various mix-
tures of 18 monomer base units. Initially hits were selected that could support hES
culture up to 7 days. The top 25 polymers were then scaled-up and assessed for their
ability to release attached cells upon a reduction in temperature. The top three poly-
mers that could support hES culture and achieved a thermoresponsive release all
contained the monomers 2-(acryloyloxyethyl) trimethylammonium chloride and
2-(diethylamino)ethyl acrylate. On a copolymer of these two monomers hES were
passaged 20 times utilizing a temperature reduction to release attached cells. Cell
growth was typically slower on this polymer than compared to Matrigel. Cells
grown on the thermoresponsive polymer were positive for Nanog and Oct3/4, which
are markers for pluripotent stem cells.

Polymer microarrays have been applied to a number of other eukaryotic cells, for
example dendritic cells [44]. These cells play a key role in regulating the immune
response, and are targets for vaccine design. These cells are usually sourced as bone
marrow dendritic cells (BMDCs), immature dendritic cells that are highly phago-
cytic, however, the cells are highly susceptible to maturation, preventing them from
capturing antigens by phagocytosis, and are difficult to immobilize as this event can
also cause their maturation. Effective immobilization of BMDCs whilst maintaining
their immature state would enable the presentation of these cells for phenotypic
studies, or allow cell-based assays that would lead to vaccine development. Mant
et al. [44] used polymer microarrays to screen 120 polyurethanes to identify materi-
als for the immobilization of BMDCs labelled with flurorescein, enabling a rapid
fluorescent read-out of cell numbers. Hit polymers, all of which contained
poly(tetramethylene glycol), were spin coated onto glass slides and attached cells
were assessed for their ability to prevent maturation of the BMDCs by antibody
staining for CD11c, a marker for this cell line. The initial BMDC culture was 90 %
pure, and once attached the majority (approximately 70 %) of cells were maintained
as BMDCs. Phagocytosis was also assessed of attached cells and compared with
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cells attached to poly-L-lysine, the traditional cell adhesive polymer coating. Cells
were incubated with 3 pm latex microspheres and the degree of phagocytosis was
assessed by counting the number of microspheres internalized by the cells. The
maximum number of internalized microspheres was 3.6 per cell, compared with 1.3
for cells cultured on poly-L-lysine-coated samples. The authors noted improved
cells attachment correlated with a decreased number of phagocytized microspheres,
suggesting that the two processes share similar signalling pathways and are, thus,
directly in competition.

In another example, Hansen et al. [47] used polymer microarrays to search for a
synthetic polymer that would activate platelets to cause hemostasis to replace costly
naturally derived products including materials based upon fibrin, chitosan, or cel-
lulose. This is towards the goal of improving wound treatment by providing materi-
als that cause the rapid and effective hemostasis of injuries. In this study 291 unique
polyacrylates were incubated with platelet rich plasma for 30 min, after which the
attached platelets were stained with antibodies CD41-FITC, which recognizes
GPIIb a protein present on all platelets [57], and CD62P-PE, which is a marker
specific to activated platelets [58]. In this experiment the binding of platelets to a
material was synonymous with platelet activation. The “hit” polymer showed
a fourfold higher activation compared with collagen. All “hit” polymers contained
a sterically non-hindered tertiary amine, suggesting that surface charge may play a
role in successfully activating platelets.

In addition to studies investigating the attachment and interaction of eukaryotic
cells with polymers, material microarrays have also been used to discover novel
polymers that resist the attachment of prokaryotic cells [30, 33, 45]. Bacterial attach-
ment to biodevices can lead to the formation of biofilms, within which bacteria are
1,000 times more resistant to the host immune system and antibiotics [59]. Biofilms
are estimated to be associated with 80 % of hospital acquired infections [60]. It is,
therefore, of interest to discover new materials that can be used as biodevices to
prevent bacterial attachment, subsequent biofilm formation and hence reduce the
incidence of device-associated infections. Hook et al. [33] screened a library of 496
unique polymers to identify materials that could resist the attachment of Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli. Each of these strains was
transfected with a plasmid encoding for a green fluorescing protein in order to pro-
vide a rapid fluorescent readout of bacterial numbers using a fluorescence scanner.
This study used a multiple generation approach, whereby bacterial attachment was
initially assessed on the first-generation array designed to screen a large chemical
variance, whilst the second-generation array sought to optimize the composition of
“hit” polymers. Using this approach, a new class of materials resistant to bacteria
attachment was discovered. This underlines the importance of high throughput
screening studies, where new material-biological interactions can be uncovered that
would not be predicted from the current understanding. The new class of materials
consisted of a hydrophilic ester group combined with cyclic hydrocarbon pendant
groups to create weak amphiphiles. This is significantly different from the alterna-
tive anti-adhesive materials (PEG and zwitterions) that are highly hydrophilic and
are able to resist bacteria on the basis of exclusion caused by a highly organized
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water layer [61-63]. The weakly amphiphilic polymer was able to reduce coverage
of bacteria by up to 96 % compared with silicone, and significantly, when scaled up
and applied as a coating the anti-adhesive polymer was able to reduce bacteria num-
bers by an order of magnitude in vivo in a mouse model. An exhaustive search of the
polyacrylate combinatorial space was conducted in a subsequent study that again
utilized a multiple generation approach [30]. One hundred and sixteen monomers
were used to produce 1,273 unique materials and in over 10,000 separate assays an
optimal antibacterial polymer was identified with up to 99 % reduction in bacterial
coverage compared with silicone. This study highlighted the efficacy of the new
class of weakly amphiphilic polymers at resisting bacterial attachment.

4.3.2 Biological Polymers

High throughput screens of material—cell interactions are not limited to synthetic
polymers but can equally be applied to biological polymers, and can offer greater
control of cells due to the inherent biological activity of the polymers. These studies
have focussed on cell adhesive molecules such as extracellular matrix (ECM) pro-
teins and cell adhesive-derived biomolecules. Pioneering studies were performed by
Flaim et al. [38]. In this study, collagen I, collagen III, collagen IV, laminin, and
fibronectin were printed as 32 different combinations onto a hydrogel-coated glass
slide to assess the attachment of rat hepatocytes and mouse embryonic stem cells
(mES). After hepatocyte attachment cells were immunostained for albumin as a
marker of liver-specific function. The highest albumin signals were associated with
ECM combinations that contained collagen IV. However, albumin signal did not
correlate with the amount of collagen when hepatocytes were cultured on serially
diluted collagen IV without other ECM components. This result showed that two
ECM components could act synergistically to produce an effect that would not be
predicted if the components were assessed separately [38]. As another example, Fn
and collagen III individually induced a negative effect on hepatocyte function com-
pared to the average response to other ECM components present on the array, how-
ever, when combined with collagen I a positive effect on hepatocyte function was
observed. The occurrence of synergistic effects is a key justification for the use of
combinatorial libraries of polymers for high throughput screens. When applied to
mES, the combination of collagen I and Fn was best able to instigate the differentia-
tion of ES cells to an early hepatic fate, as observed by increased levels of
B-galactosidase. This demonstrated the possibility of screening ES cells with a
materials microarray to identify surfaces that trigger differentiation pathways in a
controlled manner. The stem cell niche was probed further by Gobaa et al. [40] by
printing biomolecules directly onto silicon pillars that were subsequently used as a
microstamp to transfer the biomolecule pattern onto a PEG hydrogel. Simultaneously
the hydrogel was embossed to create microwells that were 35 pm deep and 450 pm
in diameter. Biomolecules were tethered to the bottom of the wells using either a
nonspecific cross-linker or through the interaction of an Fc tag with protein A or G.
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The stiffness of the gel was easily altered by changing the amount of cross-linker,
allowing for both biomolecule composition and material stiffness to be assessed in
parallel. This platform was used to screen an array of 23 candidate proteins with
mouse neural stem cells. This study identified Jagged 1 and DLL4 as the main
inducers of neurosphere growth, consistent with the previous literature.

A further aim of high throughput material screens has been to identify specific
cell-material interactions that can allow certain cell types to be selected from mixed
populations. One specific area of investigation has been the isolation of spermato-
gonia stem cells from primary sources [26, 39, 48, 64]. These cells are pluripotent
[65] and can be used for germ cell transfer technologies, however, little is known of
their cell surface markers that could be used for their isolation from primary sources
and subsequent culture. A microarray was formed from 27 biological factors that
represented a range of potential germ cell-recognition properties. This included
ECM proteins, cell-surface active growth factors, lectins, antibodies against cell
surface proteins, as well as amine-functional synthetic polymers. The microarrays
were incubated with mixed cell populations derived from freshly isolated bovine
testicular tissue. Cells positive for Plzf (a nuclear transcription factor present in type
A spermatogonia [66]) were detected by immunohistochemistry. A vimentin anti-
body was used to identify Sertoli and myoid cell populations [67]. The lectin
Dolichos biflorus was identified to successfully enrich spermatogonia stem cells
from sertoli and myoid cells, whereas the lectins Pisum sativum and Concanavalin
A preferentially attached sertoli and myoid cells over the spermatogonia stem cells,
thus, may be useful to enrich spermatogonia stem cells through negative selection.

4.3.3 Topography

The topography of a surface plays a key role in the attachment and behavior of cells;
contact guidance of cells along grooves has been observed down to nanoscale fea-
tures [68, 69], altering the roughness of prosthetic implants has been a key param-
eter to improve bone-implant contact [70-72], and it has also been demonstrated
that surface roughness can influence the differentiation of preosteoblast cells [73].
Thus, surface topography is a key parameter to be included in biomaterial develop-
ment programs and, as such, high throughput tools for screening surface topography
will be invaluable for furthering the understanding of cell-material interactions.
Unadkat et al. [32] reported on a high throughput platform for screening the
response of cells to various topographic features. Initially, 2,176 unique topographi-
cal units derived from circles, isosceles triangles, and rectangles were designed
using mathematical algorithms that arranged these three base shapes within an
imaginary square. The three base shapes were selected because they allow the inclu-
sion of large smooth areas (circles), angles (triangles), and stretched elements (rect-
angles) within the resultant topographical features. A silicon mould of these patterns
was produced by photolithography and used to emboss poly(lactic acid) films.
These films were used to study the influence of topography on the bioactivity of
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human mesenchymal stem cells (hMSCs). Varying levels of alkaline phosphatase,
which is a marker for early osteogenic differentiation [74], were observed for cells
grown on the varied topographical patterns demonstrating that various topographies
can induce cellular differentiation. Increased cell spreading was accompanied with
osteogenic differentiation.

In another strategy to investigate material topography, Adler et al. [54] produced
an array of pits, either square or circular, using chemical etching through a resist.
Patterns were made with poly(dimethyl siloxane) patterned from a metallic master.
Ten patterns of pits were produced with 16 variations in pit spacing and size, result-
ing in 160 variations in surface topography. This materials array was used to assess
the interaction of topography on the transfection of fibroblast cells. The improved
efficiency of nonviral transfection is an important development to advance gene
medicines. Cells were attached to the patterned substrate and transfection efficien-
cies were assessed after 24 h. Up to 25 % enhancement in transfection efficiency
was observed for cells grown on pitted topographies compared with a flat surface.
Large pits close together offered the greatest improvement, but also produced the
least spread cells.

4.3.4 3D Cell Culture

A key challenge for tissue-engineering applications is translating the 2D in vitro
culture methods into 3D devices in vivo. Towards this goal 3D in vitro culture
methods have been developed [75] that attempt to bridge the gap between in vitro
and in vivo cell culture. Concurrently, 3D arrays have been developed that enable
multiple experimental factors to be explored within 3D matrices in parallel.
Jongpaiboonkit et al. [76] developed an array of 3D culture matrices based upon
a PEG diacrylate background that contained microwells. A liquid-handling system
filled these wells with a hydrogel precursor solution that also contained cells of
varied density. The hydrogels were then UV cured to fix the cells within the 3D
matrix. The entire array could then be placed into a larger multi-well plate for cul-
ture. This system was used to study the interaction of the cell adhesive peptide
RGDSP and growth factor (FGF2) on hMSCs [42]. The viability of cells grown in
the wells was maintained at 82.7 % after 7 days growth with RGDSP and FGF2
compared with 45.5 % without these added components. The array format allowed
for the optimal combination of these biological factors to be determined. The com-
bined influence of the cell adhesive peptides, RGDSP and IKVAV on hMSCs, was
also assessed [77]. After 7 days culture within the 3D matrices, the viability was
improved from 45 % to up to 70 % with the addition of cell adhesive peptides.
However, viability was improved further up to 80 % when both peptides were used.
In a different approach, Fernandes et al. [41] printed mouse EBs in an alginate
gel to produce a 3D cell culture array. Cells remained viable, undifferentiated, and
expanded within the 3D matrix. As a proof-of-concept of the high throughput utility
of this system, a small molecule array containing FGF-4 or reionoic acid was
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stamped onto the 3D cell culture and the small molecules diffused into the cultured
cells. These molecules induced cellular differentiation as evidenced by a drop in
Oct-4 and Nanog expression, markers of pluripotency.

4.3.5 Development of Structure—Function Relationships

A key advantage of high throughput screening methodologies is the discovery of
new materials optimal for a given biological application. Additionally, the large
number of biological-material interactions assessed using polymer microarrays can
be used to develop structure—function relationships that, in turn, allow the design of
biologically functional materials. However, this requires extensive surface charac-
terization of the materials within a library. High throughput measurements of poly-
mer microarrays have been achieved by XPS, time-of-flight secondary ion mass
spectrometry (ToF-SIMS) [78, 79], WCA [80], atomic force microscopy (AFM)
[81], surface plasmon resonance (SPR) [64], and force measurements [82]. The
application of AFM and force measurements to a polymer microarray allows the
mechanical properties of the materials to be included in subsequent structure—func-
tion relationships [31]. “High throughput surface characterization” refers to the
automation of measurements, allowing an instrument to be set up to take measure-
ments from every member of a library with little to no user input. Once material
properties have been measured the challenge remains to correlate these properties
with a biological response. This is particularly difficult because the systems typi-
cally being studied are complex and poorly understood. Simple correlations with
properties that are commonly implicated in cell-material interactions, such as WCA
or roughness, typically do not work. The key step in achieving a correlation between
biological response and a measured surface property has been the use of partial least
square (PLS) regression to correlate a univariate property, such as cell numbers,
with a multivariate dataset, such as the hundreds of secondary ions produced in ToF-
SIMS spectra [83]. This method was initially validated by linking ToF-SIMS spec-
tra with WCA [83], and has been successfully applied to predict the frequency of
colony formation of stem cells from the chemical information represented in ToF-
SIMS spectra [31, 37]. Similarly bacterial attachment was predicted for P. aerugi-
nosa and S. aureus [33]. The successful construction of these models likely results
from the diverse material properties that are represented within ToF-SIMS spectra.
Secondary ions emitted from a surface can be assigned to chemical functionalities
that are associated with surface charge, hydrophobicity, aromatic and cyclic groups,
and material stiffness [31, 33, 34, 79, 83]. However, the PLS models produced have
thus far been restricted to interpolative predictions. A powerful application of this
approach would enable the design of hit materials based upon the models produced.
Limiting this is the extensive surface analysis required to gather the relevant chemi-
cal/physical properties of the materials being studied. Moreover, the number of
materials that can be included is limited to the number of different samples that can
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feasibly be screened. Although this is significantly expanded by the use of polymer
microarrays to the order of hundreds to thousands of materials, this is still small
compared with the infinite number of varied polymer chemistries that are possible.

To overcome this constraint, modelling based upon chemical descriptors rather
than a measured property has been explored [84]. Using this method, materials do
not need to be produced and analyzed, but rather a virtual library of materials can be
created where the size of the library is limited by computational power rather than
experimental requirements. Hook et al. used this approach to predict defects within
polymers from their molecular descriptors using a PLS regression model [84].
Materials were initially screened by ToF-SIMS imaging and light microscopy to
identify defects such as chemical heterogeneity or spreading. A PLS model based
upon the molecular descriptor was successfully able to predict whether a pair of
monomers would produce a defective polymer in 85 % of cases. This study demon-
strated that the molecular descriptors of a polymer and their material properties are
linked, and as such other material properties may be predicted.

This work was expanded by Epa et al. [85], whereby nonlinear Bayesian neural
network models were developed that could predict the adhesion of hEB using only
calculated molecular descriptors. In particular, this work demonstrated substantially
higher predictive power of nonlinear models compared with linear models. An 7>
value from a plot of measured versus predicted values was reported as 0.68 for a
linear model with a standard error estimation (SEE) of 0.163log EB whereas for a
nonlinear model the 7* value was 0.81 with an SEE of 0.108log EB. This suggests
that there is some nonlinearity in the relationship between hEB adhesion and poly-
mer structure [85]. Combining such modelling methods with polymer microarray
screens, and specifically the design of polymer libraries, enables exciting opportuni-
ties to assess a larger material property space than could be accessed by experimen-
tal methods alone.

4.4 Closing Remarks

Polymer microarrays are a key enabling technology for biomaterials discovery. They
have been successfully used to develop the surface chemistry, topography, bioactiv-
ity, and mechanical properties of biomaterials as well as allowing the high throughput
study of 3D matrices. Polymer microarrays have been applied to numerous biological
applications including supporting cell attachment and outgrowth, maturation and
phagocytosis of dendritic cells, materials resistant to microbes, switchable materials,
platelet activation, cell sorting, hepatocytes and toxicity models, and cell transfection.
Additional to the discovery and development of new biomaterials, the large datasets
generated by polymer microarrays can also be used to develop structure—function
relationships and help elucidate underlying biological-material interactions. In par-
ticular, the modelling of the biological response of polymers using calculated molec-
ular descriptors enables the screening of virtual libraries of polymers. This will allow
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a larger set of material properties to be accessed than by experimental methods alone.
Future insight into material—cell interactions and expanded knowledge of currently
ideas-poor fields of material science will be greatly aided by polymer microarrays
and their application to increasingly ambitious biological assays and methods for
presenting materials.
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