Chapter 5
Polymer Gradient Surfaces for Biomedical
Applications

Paul M. Reynolds and Nikolaj Gadegaard

5.1 Introduction

5.1.1 Background

Biological systems interact with artificial polymeric materials in a complex, multi-
stage, and iterative process of sensing and response [1]. The biological response at
the cellular level to polymeric substrates has been studied at great length. However,
this is often done on individual samples with a homogeneous feature. This results
in experiments which are limited only to samples that the investigator can imagine
— leaving potentially interesting samples or sample combinations hidden from use.
Subtle variations in surface properties can have a drastic impact on cell response,
and therefore a considered and careful approach must be employed in surface de-
sign and fabrication. Following the example set by combinatorial chemistry and
high-throughput screening (HTS) applied to drug discovery by the pharmaceutical
industry in the 1990s, [2] researchers are increasingly turning to similar methodolo-
gies in biomaterial design [3—10]. This involves creating high content samples for
exploring the full sample space, usually taking the form of a highly multiplexed
array platform, or a continuous variation of a single material property as a gradi-
ent. Creating such dense sample formats presents a series of unique challenges in
both their fabrication and implementation. In the case of surface modification for
biomedical applications, platforms must be created which offer broad variations in
surface properties, and they must also be designed in such a way as to allow mean-
ingful interpretation of often complex responses.

Gradients seem to offer the ideal solution in terms of manufacture and sample
variation. Gradients may be fabricated in 2D or 3D, however whilst 3D studies are
generally considered to be more representative of the in vivo architecture of most
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Fig. 5.1 Cells sense their environment through three main ‘columns’ of sensing: chemical,
mechanical, and topographical. a Chemical gradients range from a simple change in surface
energy, to surface modification with proteins, functional molecules, or peptides. b Mechanical
gradients are a modulation of a mechanical property such as the Young’s modulus of a substrate.
¢ Topographical gradients present a variation of surface structure, which have been shown to be a
powerful manipulator of biological response. d, e, f These gradients of surface properties can be
combined into linear d orthogonal e or radial gradients f which elicit the interplay between two
material factors in a biological response

biological systems, they present problems in terms of fabrication, data acquisition,
and data analysis. For this reason, studies investigating cellular response to en-
gineered surface cues are predominantly carried out in 2D in vitro systems. The
use of semiconductor fabrication techniques, which have consistently increased in
resolution since their inception [11] has allowed 2D surface patterning at length
scales which now approach that of single molecules, and surpassed that of the single
cell many years ago [12]. Chemical, mechanical, and topographical features of a
polymeric surface have all been shown to be capable of independently affecting
cell behaviour and response to an engineered surface [1]. Gradients of each surface
property can be fabricated independently or orthogonally to one another to create
multiplexed parameter variations on a single substrate, Fig. 5.1.

Ease of fabrication, data analysis, and interpretation makes the use of linear
gradients most favourable. Single properties may be varied in a single direction,
Fig. 5.1a—c, or multiple may be varied in opposite directions to create a bidirec-
tional linear gradient, Fig. 5.1d. Orthogonal variation of two parameters serves to
create as many possible combinations of two surface parameters as possible. Radial
gradients have surface properties which change continuously from a central point
outwards, and are most often used when fabrication makes use of diffusion-based
processes from a single point source [4, 13]. These gradients are least favourable
due to the difficulties associated with mapping cell response to corresponding sur-
face properties.

5.1.2 Gradient and Array Platforms

The distinction between gradient and array formats as HTS methods is an important
one. A gradient is a continuous variation of a feature, such as structural dimension
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or surface chemistry. This feature changes ‘continuously’ from one value to another,
however its resolution is essentially defined by its nature—a gradient of chemistry
may only change spatially in so much as its molecular structure allows. Arrays,
however, are discrete variations in a surface parameter, separated or congruent on
a single sample. These areas may be completely isolated from one another, or may
exist on a single substrate and used in an open environment. Essentially, then, based
on the property in question, an array might have a fine enough resolution so as to of-
fer a working resolution which is comparable with a continuous gradient.(Fig. 5.2)

The key difference in understanding their use and implementation is that cells
or molecules are free to move along or adsorb across a gradient platform, with cell
motility yielding further information about how they interact with the surface. In an
array platform, this is not possible—as cells or biomolecules interact with sample
conditions which are isolated from each other, or at least separated spatially. There
are benefits to each of these methods, and the impact of gradient or array formats
should be carefully considered. Whether a continuous gradient or a microarray plat-
form should be used must be taken into consideration, with Hook et al. suggesting
that gradients are most useful in optimisation of surface properties, whereas micro-
array platforms are preferable in the discovery of new cell-material interactions[5].
Nonetheless, gradients represent a significant improvement on discrete material
tests for screening the relative change in properties such as adsorption of nanopar-
ticles or proteins, and cell behaviour itself.

The continuous nature of gradients can present a problem in experimental de-
sign, in that artefacts such as cell migration along the gradient and cell—cell commu-
nication across it are a unique part of the biological response. Instead some groups
choose to prioritise the use of microarray platforms as these provide distinct varia-
tions in material properties and therefore produce data which is easier to interpret.
These difficulties are offset by advantages such as a lower cell number and culture
media usage—reduced biological variation between conditions and reduced sample
material usage—these are significant advantages when working with rare or prob-
lematic biological specimens/materials.

5.1.3 Cell-Surface Interactions

Polymer surfaces can broadly be divided into three groups, based on their apparent
mode of action, Fig. 5.1. They may provide topographical cues via their micro-
and nanoscale architecture. Surfaces may also provide chemical cues which may
comprise biomolecules directly tethered to the surface, or a tuned wettability which
modulates protein adsorption. Finally, their mechanical properties such as stiffness
and rigidity can direct biological activity. Here, we will present a series of emerging
fabrication techniques which allow the creation of high content gradient platforms
for all three classifications, including combinations of the three.

Preparing and characterising individual samples with different properties is a
time consuming and costly approach to finding polymer materials which are fit for
purpose. Including multiple conditions on a single sample, in the form of either
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Fig. 5.2 a Graphical understanding of the literature. Collated data from 25 papers with at least 50
citations which use structured polymer microtopographies [14—24] or nanotopographies [25—38]
to drive cellular response. We have chosen to focus only on structures produced by common semi-
conductor fabrication techniques, so as to simplify data comparison—as each study was conducted
with certain feature dimensions in terms of feature height and lateral dimensions. Commonly, each
paper is represented by one or two single points due to the limitations of fabricating individual,
homogeneous samples. Alongside these datapoints, we have included work from our lab (nanopil-
lar array [39] and dual microgradient array [40]) which seeks to more fully explore the sample
space by using gradients of topographical features. Continuous variation of nanopillar height was
used to investigate the differential response of fibroblast and endothelial cells to the surface, blue
[39]. Furthermore, we have demonstrated the use of dual topographical gradients—variation of
microgroove depth, with orthogonally varied microgroove pitch, green [40]. This demonstrates the
ability of gradient platforms to more fully cover the sample space, rather than limiting results to a
small subset of individually fabricated samples

arrays or continuous gradients, can greatly expedite the characterisation of biologi-
cal response to it. High-content libraries of topographical motifs have been dem-
onstrated as powerful tools for the discovery of optimal surface topographies, with
a single 22 cm chip containing 2176 distinct geometric patterns generated algo-
rithmically by combining three primitive shapes, fabricated by photolithography,
and applied to the analysis of human mesenchymal stromal cells to these geometric
combinations [41]. Simon and Gibson compiled an excellent review on combina-
torial approaches to biomaterial design including both array and gradient formats
[3]. Numerous other review articles are available for further reading [4—10]. Gen-
zer et al. present a compilation of 24 innovative gradient fabrication methodolo-
gies, covering a broad range of functionalization methods for both polymeric and
inorganic substrates. [4] Inorganic substrates such as silicon are often used as a
substrate, which is functionalized with bioactive molecules. Whilst incompatible
with direct applications in biological systems, the use of such substrates enables
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Fig. 5.3 Continuously varied surface parameters must be discretised for analysis. Cell culture
studies have a theoretical maximum resolution of the spread of a single cell along the gradient axis.
Whilst modern scanning stage microscopes and automated image analysis software makes this
possible, the most common approach in the literature is to divide linear or 2D gradients into sub-
units of size L/n, where L is the total gradient length and n is the number of subunits. This yields an
inherent variation in a single subunit, which is often presented as a uniform value in the literature,
masking underlying variation in surface properties and therefore cell response. A square imaging
array, captured with a camera which has a rectangular field of view will also be disproportionately
loaded in each datapoint with variation in one axis versus the other. Both linear gradients, a, and
multidimensional gradients, b, must be divided into subunits for image analysis

the screening of biological response to a variation in functionalization, which may
then be translated onto compatible bulk materials [42]. In fact, the use of thin film
polymer coatings alleviates the need for bulk materials to be fully compatible with
prospective applications.

Besides discussing the three cues listed above, we will also address how such
gradient substrates are evaluated. Commonly, they are simply discretised and anal-
ysed in a similar fashion to arrayed samples or platforms. In this respect, the use of
gradients may seem counterproductive, if high resolution variations in surface pa-
rameters are simply reduced to single instance of a parameter, Fig. 5.3. The strength
of parameter gradients lies in the fact that a spatially discretised gradient may in-
clude surface parameters which may not have been included in a spatially discre-
tised array. In addition, fabrication of a wide range of surface parameters in a single
process may be faster and more reliable than fabrication of individual samples.
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Despite increasing resolution of surface characterisation techniques allowing a
finer determination of the variation of a given property along a gradient, the litera-
ture does little to address the methodologies used to segment biological results on
gradients. The default spatial unit of measurement is frequently found to simply be
the width of an image frame, for example images captured at x10 magnification are
commonly 800-1000 pm in width. These images become individual datapoints,
when in reality they contain an intrinsic variation across them, depending on the
spatial rate of change of the underlying gradient. This results in a quantisation of the
gradient in a semi-arbitrary fashion, and is particularly inflexible to tolerances in the
imaging method. For example, using a motorised stage to capture congruent images
across a linear or 2D gradient relies strongly on accurately aligning the substrate
and ensuring uniformity in imaging locations across samples.

The location of controls in investigations making use of gradient surfaces also
merits some consideration. A surface gradient may occupy a given sample space,
with blank control regions surrounding it. Our work on gradients of nanopillar
height has shown differences in cell phenotype on flat regions which are adjacent
to tall nanopillars versus short nanopillars [39]. Local migratory behaviours and
cell—cell interactions influence cell response at these adjacent regions, as can be
seen in Fig. 5.10 as an increase in cell number adjacent to one end of the linear
gradient. Such effects, most prominent when comparing flat regions to a section of
the gradient, must be considered as also having an influence on the patterned re-
gions themselves. This can lead to situations whereupon scale up of a region of the
gradient, after identifying it as driving a positive cellular response, a homogeneous
sample covered in the same pattern does not elicit the same response. This inher-
ent tendency for cross talk between cells on gradient platforms must be considered
when interpreting results. Expansion of individual gradient points into larger homo-
geneous areas may not produce the same biological response, perhaps indicating
that the complex gradient environment has a strong effect on the experiment.

5.1.4 Gradient Fabrication

In most cases, uniformity and homogeneity represent the gold standard in sample
fabrication for biomedical engineering studies. Variability between experimental
materials is recognised as a source of irreproducible results, slowing and distorting
studies of cell-material interactions. As a result, there has been a vast deal of effort
invested in ensuring that sample fabrication schemes are consistent and reproduc-
ible. This has meant that until relatively recently, there was little work available on
the controlled fabrication of nonuniform gradient substrates. There has, however,
been a recent increase in the reporting of new methods for the fabrication of gra-
dient surfaces—encompassing chemical, topographical, and mechanical modifica-
tions of a range of materials [5, 43, 44]. Such samples are viable alternative to
groups of individual samples as they can provide a more complete variation in a
property, such as hydrophobicity. Conducting a full experiment on a single sample
also reduces problems associated with biological variability between large numbers
of samples.(Fig. 5.4)
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Fig. 5.4 Polymer gradient fabrication techniques. a Sample immersion and removal from a solu-
tion of monomer, solvent, or etchant—creating a gradient based on retraction rate. b Plasma poly-
merisation excited by RF glow discharge under a diffusion mask, yielding a decrease in monomer
concentration into the channel which translates into a variation in deposited film thickness or
chemical composition. Plasma polymer gradients may be used in their deposited state, b, as wet-
tability gradients [45, 46], or they may be used as sacrificial masks in a dry etching process to
transfer a gradient of etch depth into a substrate. ¢ [39, 40] Monomers with reactive groups such as
carboxyl [47] or amine groups may be functionalised after deposition with biomolecules such as
proteins or short chain peptides [48]. d. e Polymer microspheres annealed on a temperature gradi-
ent have a continuously varying crystallinity across the sample [49-51]. f Greyscale lithography
or localised UV irradiation can be used to deliver a gradient of light across a photoactive substrate
[42, 52]. g Microfluidic mixing devices allow precise mixing of monomer solutions or suspensions
of biomolecules into gradients on a surface [53—57].

Polymer gradients may be classified in terms of properties such as their mode
of interaction with a biological system, their dimensionality, and their range (either
steep or shallow). An overview of fabrication methods are presented below in
Table 5.1.

5.2 Chemical Gradients

Chemical modification or tuning of a surface may take two forms; either guiding
the way in which proteins and biomolecules interact and adsorb on the surface, or
directly tethering biomolecules to the surface so as to present an artificially engi-
neered interface. Ultimately, both methods affect cell response by the same means,
whereby interrogation of the surface properties by a cell is changed. Density, type,
and structure of adsorbed proteins have all been shown to influence cell behaviour
and can be prepared by various methods. Plasma treatment of polymer surfaces—
either the modification of a bulk polymer surface, or deposition of a polymer film,
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Table 5.1 An overview of fabrication methods for gradients of surface chemistry, topography, and
mechanical properties

Fabrication Gradient type | Length scale | Speed Ref
method

Chemical Plasma polymeri- | Wettability/sur- | Up to 20 mm | Moderate | [47, 58—61]
sation under a face functional-
diffusion mask ization
Microfluidic Surface func- 10 um to Slow [53-57]
mixing of com- | tionalization 1 mm
ponent solutions
Substrate move- | Wettability/sur- | Up to 10 mm | Fast [62—64]
ment through a face function-
vessel alisation

Topographical | Direct write Micro or nano | Up to 10 mm | Slow [18]
lithography
Grey scale Micropatterning | Up to 10 mm | Fast [42, 52]
lithography
Annealing on Surface rough- | Up to 10 mm | Moderate | [50, 65]
a temperature ness/feature
gradient depth

Plasma polymer | Feature depth | Up to 10 mm | Moderate | [39, 40]
thickness gradi-
ent, used as
sacrificial etch
masks

Mechanical Curing under UV | Elastic Upto 10 mm | Moderate | [66, 67]
or thermal gradi- | modulus
ents, multilayer

lithography
Microfluidic Elastic 10 umto 1 Slow [53]
mixing modulus mm

has been used extensively to tune the biological response of a surface. Cell adhesion
to polymer surfaces may be enhanced or inhibited by glow discharge treatment
through tuning of the water contact angle (WCA)—with a WCA of 70° appearing
to be the optimal value for cell adhesion. Beyond modification of the surface energy
many methods have been reported to create continuous variations in chemistry on
a surface, with varying levels of complexity. As most existing chemical modifica-
tions are done in a homogeneous manner across a surface, adapting these methods
to spatially vary the chemical modification is essential. This can be done by physi-
cally moving the sample through a solution [62—64], intricate mixing of reagents
on a sample using microfluidics [53—57], annealing or curing a surface coating on a
temperature gradient [51, 65], or plasma polymer deposition using either knife edge
electrodes or through a series of apertures [68].
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5.2.1 Werttability Gradients

Deposition of plasma polymer films through a diffusion mask can be used to tune
the density of functional groups on a surface or to vary the hydrophobicity of a sur-
face [46, 48, 59, 69]. By limiting the concentration of the monomer across the sam-
ple by covering the area, deposition rates can be varied along the diffusion mask.
These films yield a conformal, pinhole free coating which can then be processed to
covalently link biomolecules to its surface. Alternatively, the surface may be physi-
cally masked with a barrier held in close proximity, which is then gradually moved
away, yielding a variation of plasma exposure time. Whilst this method has a more
involved setup due to the requirement of building a mechanically actuated barrier
inside a radio frequency discharge chamber, it is more flexible than deposition by
diffusion gradient, as the rate and manner of movement can be tailored to produce
various gradients. Such a mechanical barrier can readily be constructed from e.g.
LEGO parts [70;Fig. 5.5].

Plasma polymer films are especially attractive due to the variety and scope for
uses after the initial outlay on construction of the necessary processing equipment.
Reaction chambers themselves are fairly simple to construct, generally consisting
of a vacuum chamber, some means of exciting a plasma, for example copper band
electrodes or parallel plate electrodes along with a radio frequency generator, and a
monomer inlet with flow control [71-73]. Various monomers are available for de-
position by plasma polymerisation, including hexane, acrylic acid, and allylamine
among others [74—78]. Deposition of these polymers creates thin film coatings with
unique properties for biomedical applications. Plasma polymerisation techniques
are particularly amenable to the creation of gradients, with the use of a simple dif-
fusion mask as shown in Fig. 5.6.

mask
’””/””/II”””/”””””,,,,,,,,
ppHex N [0.04 mm
Z,ass B A

0000000 cee
I I I I I I I I % % I

2 1 0 1 2 3 4 5 6 7 8mm

Fig. 5.5 Schematic of the experimental setup used to prepare a shallow diffusion gradient. The
hexane plasma diffuses under the mask from the left-hand side onto a plasma polymerised allyl-
amine coated glass slide while all the other edges are sealed. Representative images of the water
contact angle (WCA) droplets used for the WCA analysis are inset. (Figure adapted from [59],
with permission from Elsevier)
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Fig. 5.6 Water contact angle (WCA) along the steep (square) and shallow (triangle) gradients
averaged over 15 measurements. The WCA decreases when going from ppHex (/eff) to ppAAm
(right). The masked area starts at 0 mm and proceeds to the right of the graph (positive values).
In the gradient zone the data was fitted with a sigmoidal curve. Error bars represent the standard
deviation between 15 measurements from three gradients. (Figure adapted from [59], with permis-
sion from Elsevier)

The range and profile of plasma polymer gradients may be tuned by the proxim-
ity of the mask depicted in Fig. 5.6 to the sample surface. The larger the gap through
which the monomer gas can diffuse, the shallower and longer the resultant gradi-
ent. Zelzer et al. deposited a gradient of plasma polymerised hexane (ppHex) over
a uniform film of plasma polymerised allylamine (ppAAm), Fig. 5.7. By varying
the spacing between the diffusion mask and the substrate they were able to create
both steep and shallow gradients of surface energy, which they used to assess the
impact of surface wettability on cell adhesion, spreading, and proliferation. Surface
roughness of the plasma polymer film was measured by atomic force microscope
(AFM) across the gradient, changing from an root-mean-squared (rms) roughness
of 0.37-0.38 nm, reinforcing that changes in cell behaviour were in response to
surface wettability rather than any topographical cue.(Fig. 5.7)

5.2.2 Biomolecular Gradients

Density of cell binding ligands and other biomolecules on the surface also play a
critical role in cell behaviour, and gradients can be created by various methods.
Adsorption of extra cellular matrix (ECM) proteins to a predefined gradient or the
direct coupling of ligand binding motifs such as RGD peptides have been demon-
strated. The ability to control gradients and density of ligand binding motifs rep-
resents a powerful tool in creating ‘artificial’ ECM environments to control cell
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Fig. 5.7 Average cell density across a gradient of wettability. Plasma polymerised allylamine
deposited under a diffusion mask has a varied water contact angle over 3 mm. Clear differences
in cell morphology can be seen across this gradient in brightfield imaging, top. The lower figure
shows cell response over time, at 1 (red), 2 (black), and 3 (green) days, highlighting the variation
in cell density as the hydrophilicity of the surface is continuously varied. (Figure adapted from
[59], with permission from Elsevier)

behaviour [42, 79]. Furthermore, microfluidic approaches have also been used to
create gradients of common extracellular matrix proteins, for the investigation of
cell migration [54, 80; Fig. 5.8].

Both steep and shallow short range chemical gradients may be fabricated by
diffusive processes in microfluidic channels, Fig. 5.7, based on the relative con-
centration of monomer solutions [55]. Parallel channels containing varying con-
centrations create a stepped gradient at the inlets, which diffuses to form a smooth
gradient over a distance of 20 mm. These parallel flows are formed in a gradient
generator channel arrangement, which can create a modulated mix of any two input
monomer solutions. The gradient profile is dependent of tuning the flow rate of
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Fig. 5.8 Chemical gradients (a)
can be produced using micro-

fluidic platforms. Hydrogels
with a semi continuous varia-
tion in composition between
two monomers across a
channel, adapted from [55],
with permission from The
American Chemical Society

Gradient Generator

outiet X

both monomer solutions—fast monomer flow does not provide sufficient time for a
complete diffusion gradient to form, whereas slow monomer flow results in truncat-
ing of the gradient range due to excess diffusive mixing. Hydrogel networks with a
variation in adhesive ligands (e.g., RGDS) tethered throughout were fabricated by
this method. The authors also demonstrated gradients of crosslinking density and
hydrogel thickness fabricated through this method. Gradients of adhesive ligands
fabricated by this method demonstrated spatial variation of endothelial cell attach-
ment across a 900 um gradient. Specific ECM protein gradients spanning 500 pm
have been created on microstructured substrates [80], whilst similar gradient hy-
drogels were fabricated by mould casting and photocuring, increasing the gradient
dimensions to over 6 cm [81].

Besides surface bound biomolecular gradients, soluble chemical factor gra-
dients have also been created in polymeric microfluidic devices [82]. Mosadegh
et al. developed a microfluidic device which generates several chemical gradient
conditions on a single platform in flow free microchambers. Polydimethylsiloxane
(PDMS) membranes allow the diffusion of chemical gradients whilst protecting
cells from shear forces associated with other soluble gradient platforms presented
in the literature. There is little or no consideration given to the initial seeding of



5 Polymer Gradient Surfaces for Biomedical Applications 105

cells on gradient platforms by the literature, with this study being a rare exception.
Taking care to ensure a homogeneous distribution, either upon seeding cells on a
surface gradient, or applying a chemical gradient to the culture environment, is of
paramount importance. The majority of experiments conducted on gradients use
metrics which depend on uniform initial cell seeding. Cell attachment, chemotaxis,
durotaxis, migratory behaviours, and morphological characteristics are all heavily
influenced by local cell density. It is possible that uneven initial application of cells
may distort results, with certain areas of the gradient appearing to enhance cell at-
tachment and proliferation when in fact they were simply seeded with more cells in
the first instance. The use of short range or steep gradients mitigates this risk some-
what, however long range gradients over a few millimetres in length are vulnerable
to inhomogeneous cell seeding across the entire gradient area.

5.3 Topographical Gradients

Micro- and nanoscale surface structuring can be used to modify cell behaviour at an
interface. Contact guidance, the phenomena in which cells conform to topographi-
cal features, can be used to drive cell morphology into a given shape. Polarisations
of the cell body, as well as restriction of cell area to a defined size have been exten-
sively demonstrated by differing methods [83]. In order to better understand the im-
pact of geometric cues in cell behaviour, continuous gradient assays are being used
to screen cellular response across the full parameter space. The questions raised
surrounding the topographical control of cell behaviour have driven the develop-
ment of new fabrication techniques to create gradients of feature size, pitch, and
depth. Etching of plasma polymer films deposited under a diffusion mask [39, 40]
and annealing of nanoimprinted gratings on a temperature gradient [51, 84] have
been used to create gradients in feature height on a surface and subsequently assess
the impact of feature height on cellular contact guidance and migratory behaviours.
Greyscale lithography, which varies the intensity of exposure to create varied depth
profiles in a photoresist can be used to create topographical gradients, however
such methods are sensitive to changes in processing conditions [85]. Direct spatial
positioning of a ultraviolet (UV) source provides more reproducible and tuneable
control of depth profiles in a photocurable polymer, however this comes at the cost
of lateral resolution [86].

5.3.1 Micro- and Nanopatterned Surfaces

Fabrication of micro- and nanoscale topographies for biomedical engineering bor-
rows a host of techniques from the semiconductor industry, which has driven in-
creasing resolution in lithographic techniques down to the nanometre over the past
decades. This has delivered biomedical engineers a toolbox of surface patterning
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techniques, along with some new methods developed specifically to address bio-
logical questions. Patterns are generally defined by either direct write (e.g., electron
beam lithography (EBL)) or mask based photolithographic approaches. These cre-
ate topographical features which drive cell behaviour through contact guidance, or
spatial distribution of biomolecules or ECM proteins to precisely control cell adhe-
sion to the substrate [22, 26, 87—93].

Micro- and nanogrooves have been shown to direct cellular alignment to a poly-
meric substrate [24, 94, 95], with various gradient platforms being developed mak-
ing use of capillary force lithography [18], direct write patterning [15], and plasma
polymer deposition [40]. Evidence of cell migration and response to the underlying
gradient topography has been demonstrated in the directional migration of fibro-
blasts along anisotropic grooved substrates [18]. Ultraviolet assisted capillary force
lithography was used to create a mould with ridges which were 1 pm in width and
400 nm tall, upon which poly(urethane acrylate) (PUA) films were cast. The spac-
ing between ridges was increased in 100 nm increments across the pattern, creat-
ing a linear gradient of pitch. Cell shape and motility was studied at five positions
across the gradient, which was relatively steep with average groove width changing
from 2.6 to 8.6 pm across a 500 um pattern, with an absolute variation in groove
width across the pattern from 1 to 9.1 um. These five analysis positions therefore
incorporate a substantial range of groove widths into a single datapoint. Cell polari-
sation and elongation are more pronounced on narrower grooves. Cell migration
speeds were optimal at intermediate ridge widths, with cells appearing to migrate
towards these intermediate regions from both narrow and wide areas. This indicates
that individual cells were capable of sensing and responding to small variations of
topographical dimensions underneath them. Sun et al. demonstrated a depth gradi-
ent in both groove and ridge polarity, fabricated in polystyrene (PS), polymethyl-
methacrylate (PMMA), and dimethacrylate (DMA) to separate the effects of surface
chemistry and topography on cell alignment [96]. This study found that surface
topography had a more prominent impact on cell alignment than surface chemistry
for the two materials examined.

Plasma polymerisation has predominantly found use in the creation of chemical
coatings and gradients, which may also be functionalized with biomolecules to tune
cellular response to a surface. Our group has developed several new applications in
micro- and nanofabrication processes, including direct patterning of ppHex films by
EBL [97] and use of ppHex as an etch mask for reactive ion etching (RIE) processes
[39, 40]. Gradients of plasma polymer thickness, generated by deposition under a
diffusion mask (Fig. 5.4c), were deposited across prefabricated etch masks for both
nanopillar and microgroove arrays. Upon etching in an RIE process, the variation in
film thickness across the etch mask results in a greater etch depth at the thinnest end of
the ppHex gradient. Etch rates and material selectivities may be tuned to create a shal-
low or steep variation in feature height in the prefabricated pattern.(Figs. 5.9, 5.10)

Nanospun fibre meshes represent a bridging between 2D and 3D synthetic en-
vironments. Ramalingam et al demonstrated a method of creating a gradient of
composition in the final fibre mesh across centimetre length scales [98]. This new
technique is applicable to any electrospun polymer, and may be used as either a
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Fig. 5.9 a—i Microscopy images showing clear morphological changes in response to three dis-
tinct regions of the dual topography gradient after 72 h, for the three cell types screened. Cer-
tain combinations of groove depth and pitch elicit a cell specific response in the fibroblast type
hTERT cells when compared to the response of the endothelial (LE2) and epithelial (MDCK)
cells. Pseudo-coloured heat maps show the cell coverage over the full 10x 10 mm topography,
constructed by scanning and averaging six Coomassie stained samples. A clear ‘hot spot’ can be
seen for the epithelial and endothelial cell types. Scale bar: 50 pm. (Figure adapted from [40], with
permission from John Wiley and Sons)

screening tool to determine ideal blend compositions for a given purpose, or to gen-
erate tissue engineering scaffolds for interfacial tissues such as cartilage.

Predominantly, gradients have been fabricated for use to investigate a single cell
type, protein or nanoparticle behaviour on a single surface—with homogeneous
chemical, topographical, and mechanical properties. For example, fibroblast cells
adhere and proliferate rapidly on short polymer phase separated nanotopographies,
however this effect is reduced as the nanostructure height increases from 13 to
95 nm to the point where the effect of the topography is reversed [99, 100]. These
topographical effects on cell behaviour are not one and the same for all cell types,
or geometrical arrangements of nanofeatures of the same length scale. Comparison
of the behaviour of fibroblast cells with that of endothelial cells on the same nano-
structured array showed an opposite response for each cell type [31].

Our group has increased the information gained from a single experiment by
culturing two cell types simultaneously on a nanotopographical gradient, so as to
assess the interplay and competition between different cell types and the relative
impact of a continuous variation of nanopillar height, Fig. 5.7. As nanopillar height
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Fig. 5.10 Cellular alignment on the dual gradient topography as a fraction of the total number of
cells. a hTERT fibroblast type cells exhibit a high degree of alignment to the groove axis where the
distance between grooves is lower, and if the grooves are over 500 nm deep. Cells were considered
to have aligned to the topography if the major axis of an elliptical fit to their shape lay within+15°
of the groove axis. b LE2 epithelial type cells show some level of alignment at narrower groove
pitches, presumably driven by contact inhibition, however, the higher rate of fibroblast alignment
is clear. Sixteen percent of cells on the nonstructured region around the topography fell within this
alignment range as expected (30° acceptance over 180°). The groove pitch increases in 0.5 pm
steps from 8 to 100 pm, while groove depth increases from under 10 nm to over 1 um. (Figure
adapted from [40], with permission from John Wiley and Sons)

increases from <10 to 250 nm, the ratio of each cell type in the coculture varies—
indicating a cell type specific impact of the nanotopography on cell behaviour. An
enrichment of LE2 endothelial cells is evident, whilst hTERT fibroblast cells are
simultaneously depleted as the gradient changes from a flat surface to 100 nm tall
pillars [39]. A concurrent reduction in total cell number at extreme heights indicates
that whilst nanopillar arrays may enrich endothelial populations, there is an upper
limit at which their effect becomes detrimental. This reinforces the effectiveness of
gradient platforms in optimisation of surfaces which have already been identified as
driving the desired biological response.(Fig. 5.11)

5.3.2 Surface Roughness

Whilst sophisticated micro- and nanolithographic techniques have been used to
drive cellular behaviour at polymeric surfaces, less precise methods have also been
successfully demonstrated as being capable of driving cell behaviour. A continuous
gradient of surface roughness in cast epoxy resins revealed higher cell densities on
partly roughened surfaces over flat or very rough surfaces—demonstrating the abil-
ity of gradient platforms to optimise surface properties [101; Fig. 5.12].

Gradients of surface roughness have also been created in various polymers
by applying a temperature gradient across the sample. Poly L lactic acid (PLLA)
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Fig. 5.11 Response of fibroblast ("'TERT-BJ1) and endothelial (LE2) cells in coculture to a gra-
dient of nanopillar height is shown. The ratio of endothelial/fibroblast cells after 96 h culture
was calculated by a direct labelling of the subpopulations with CellTracker probes and b apply-
ing machine learning to cell morphology and nucleus data to predict cell type; greyscale back-
ground gradient represents increasing pillar height from left to right with dashed line indicating the
nanopillar-flat boundary. Statistically, each datapoint was compared to the ‘baseline’ flat region,
*p<0.01, **p<0.001. Images c—e show cellular response at various points across the nanogradi-
ent sample f From this analysis, we can suggest that a nanopillar height in excess of 75 nm is suf-
ficient to induce a statistically significant change in the ratio of endothelial/fibroblast cells on the
nanopattern, however as pillar height increases the average number of cells per frame was found to
fall. (Figure adapted from [39], with permission of The American Chemical Society)

crystallinity was continuously varied across a sample by an underlying gradient
of annealing temperature [50]. This created a surface roughness gradient with rms
roughness values ranging from 0.5 to 13 nm. The total gradient length is not speci-
fied, however the method of annealing on a temperature gradient appears to pro-
duce a step change in surface roughness rather than a continuously varying gradi-
ent, Fig. 5.11c. Alternatively, gradients of surface roughness yielding a gradient of
wettability have been achieved by coating a surface in PS polymer nanospheres,
then applying a temperature gradient from ambient to above the glass transition
temperature of PS [51]. In doing so, the polymer nanospheres experience higher
temperatures in one direction, which results in a variation of melting and reflow
across the sample. Spheres which are not exposed to any heat remain spherical,
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Fig. 5.12 Montage of representative images of PLLA morphology from AFM data (a field of
view in each image is 20 nm), and corresponding cell count from fluorescent microscopy (b, field
of view in each image is 1500 mm). Modification of PLLA crystallinity across a millimetre scale
by annealing on a temperature gradient yields a continuum of variation in the nanoscale structure
of the surface, a. MCT3T3-E1 pre-osteoblast cell adhesion was inhibited at increasing levels of
roughness. Graph ¢ shows average measured roughness as a function of library position. Graph d
plots average cell number as a function of library position after culturing for 1 (blue), 3 (red), and
5 (green) days. Initial cell attachment is consistent across the gradient substrate, with cell density
increasing differentially on areas with lower surface roughness over prolonged culture times. (Fig-
ure adapted from [50], with permission from Elsevier)

creating prominent features in the surface. With increasing temperature across the
sample, the spheres melt and reflow into less defined structures—creating a long
range gradient of surface roughness. Still more control can be achieved: rather than
simply annealing polymers on a temperature gradient to create a change in topog-
raphy, methods utilising stress relaxation in a partially cross linked visco-elastic
thin film have been demonstrated [49]. This method employs a combination of soft
lithography and differential heating to imprint a uniform structure with nonuniform
thermal cross linking of the substrate polymer film. Upon demoulding of the stamp,
the temperature dependent stress induced in the film results in a variation in feature
amplitude across the pattern.
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5.4 Mechanical Gradients

5.4.1 Rigidity Gradients

The mechanical properties of a material signal the stiffness of the local environ-
ment to adherent cells, and have been shown to drive differentiation [102], migra-
tion [103, 104], and apoptosis [105]. Local variations in stiffness exist within the
tissues of the body, and form a key migratory signal for so called durotaxis along a
gradient of stiffness [106]. Stiffness of the local environment plays a key role in cell
behaviour, and gradients of substrate rigidity have been created in both PDMS and
hydrogel materials with stiffness gradients from ‘soft’ to ‘hard” with compressive
moduli ranging from kilopascals to megapascals respectively. This enables studies
which span a biologically relevant stiffness gradient, from soft tissues such as the
brain with an elastic modulus of approximately 10 kPa, to hard tissues which ap-
proach the MPa range such as collagenous bone [102]. Chatterjee et al. showed 3D
encapsulation of cells in a poly(ethylene glycol) dimethacrylate (PEGDM) hydro-
gel with a varied compressive modulus from 10 to 300 kPa, which they achieved
through modified monomer concentration across the sample [81]. Osteoblasts cul-
tured within the hydrogel exhibited differentiation lineage commitment which was
determined by the stiffness of their local environment—depositing calcified matrix
in regions of higher stiffness.

Greyscale lithography was used to create radial gradients of compliance in pho-
tocurable polyacrylamide gels. These gradients were relatively shallow, transition-
ing from a Young’s modulus of 11 kPa in the centre to 2.5 kPa at the edge over a
radius of 9 mm [85]. The authors demonstrated that vascular smooth muscle cell
motility is influenced by the underlying substrate stiffness, with cells migrating
from soft to stiff regions of the substrate and eventually accumulating on stiff re-
gions of the substrate. In fact, cell spreading, polarisation, and motility were all
found to increase on gels with uniform stiffness values—whereas cell durotaxis was
found to be independent of local stiffness values, and driven by the magnitude of
the gradient from soft to stiff [66]. This work demonstrates that minor fluctuations
in substrate stiffness can have a drastic impact on cell response, and highlight that
any mechanical heterogeneity in supposedly homogeneous surfaces can impact cell
behaviour.

Gradients of elasticity are present in physiological contexts such as in muscle,
but can also result from pathological conditions. Vincent et al. utilised multiple tech-
niques to generate stiffness gradients in polyacrylamide gels of with shallow and
steep rates of change, corresponding to both physiological and pathological states
respectively [107, 108]. Steep polymer gradients designed to mimic pathological
states had lateral rate of change of between 10 and 40 Pa/um, for example a myo-
cardial infarction establishes gradients of approximately 8.5 Pa/um [108]. Shallow
gradients had a lateral rate of change of approximately 1 Pa/um. Step changes in
stiffness were also included in the study in the form of 100 pm wide strips of stiff
polymer, interspersed with 500 pm wide strips of soft polymer.(Fig. 5.13)
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Fig. 5.13 a Gradients generated using a radially symmetric mask and a solution containing 10 %
acrylamide, 0.3 % bis-acrylamide, and 0.5 % irgacure as the initiator. n =4 gels b Gradients pro-
duced with the same polymer solution (10% acrylamide, 0.1 % bis-acrylamide) but using pho-
tomasks where the opacity gradient was scaled to 25%, 50 %, or 200% of the distance used in
Fig. 5.1 bii, n =1. ¢ Two different gradients made with the same photomask but different polymer
solutions. Closed squares: 10% acrylamide and 0.3 % bis-acrylamide, open squares: 10% acryl-
amide, 0.1% bis-acrylamide, n =1. Insets a—¢ Photomask images used for gradient fabrication
with indicated photomask gradient distance relative to the photomask in Fig. 5.1 bii. (Adapted
from [108], reproduced with permission from John Wiley and Sons)

5.5 Combinatorial Gradient Platforms

As cellular response to an engineered surface is complex, and depends on the syn-
ergistic effects of multiple properties, creating combined gradients in a single plat-
form can speed up discovery. Combined gradients also allow the relative impact and
importance of two distinct surface properties to be investigated at once, as depicted
in Fig. 5.3b. Orthogonally positioned gradients of topography and chemistry have
been demonstrated in the investigation of multiple surface properties.

Deposition of two allylamine plasma polymer gradients positioned orthogonally,
using different polymerisation parameters, were used to create a dual gradient of
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Fig. 5.14 A dual gradient of
topography and chemistry.
Microgroove pitch increases
in one direction, whilst
wettability increases in the
perpendicular direction.
(Reproduced from [16], with
permission from John Wiley
and Sons)

—eeep
Topoegraphical Gradient

amine functionality on a polypropylene membrane [109]. Wettability was assessed
by WCA measurements, showing a range across the sample of 33-96°. Fibroblast
cells showed extensive elongation and polarisation at a local WCA of 64.5+9.3°,
with cell proliferation increasing dramatically as the WCA fell to 25.4°. Further
to their functionality as wetabillity gradients, the high density of amine functional
groups present in allylamine plasma polymers makes attachment of biomolecules to
create more complex gradients possible [110].

Alignment of fibroblast cells to a microgroove substrate with an orthogonally
deposited gradient of surface wettability allowed the relative impact of the two
distinct cues to be investigated by [16]. Cell coverage and relative alignment to the
grooves was analysed after a period of 3 days culture, showing cell alignment to
narrow microgrooves was independent of the local WFA.

Dual chemical gradients have been demonstrated in poly(2-hydroxyethyl meth-
acrylate) (PHEMA) which resists the surface adhesion of ECM proteins such as
fibronectin [111]. Orthogonal gradients of PHEMA molecular weight and grafting
density resulted in a variation of dry thickness across the substrate, and qualitative
changes in fibroblast adhesion and morphology.(Fig. 5.14)

Gradients of ECM protein concentration have been superimposed over prefabri-
cated topographical structures in PMMA by a microfluidic approach [80]. Comelles
et al. report steep fibronectin concentration gradients of 0.5 pmol-cm 2-mm™! which
are 40 times higher than previously reported gradients on PMMA substrates [112].
This study used homogeneous topographical patterns, however topographical gra-
dients would also be applicable to this method as used in Fig. 5.15. These gradients
of fibronectin molecules, and therefore gradients of adhesive ligand density, effec-
tively control cell adhesion processes—yielding differential cell adhesion and focal
contact formation dependent on gradient slope and absolute density.

5.6 Gradient Characterisation

Characterisation of gradients represents a further challenge in effectively apply-
ing them to biomedical applications. Many metrology and analysis techniques
are currently configured for larger, homogencous sample areas and are therefore
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Fig. 5.15 Cell morphology and orientation on orthogonal gradient samples. a Typical cell mor-
phology on flat and grooved surfaces at day three. The corresponding WCA range for the three
images is approximately between 55° and 58°. Scale bar: 100 um. F-actin fibres in the cytoskel-
eton were stained using FITC-labelled phalloidin; the nuclei were stained with propidium iodide.
b Cell alignment on surfaces with orthogonal gradients after 1, 2, and 3 days culture. Cells with an
orientation angle less than 10° were defined as aligned, whereas cells with 0° and 90° were classed
as being parallel and perpendicular to the groove, respectively. Cell orientations were classified in
nine intervals of 10° each, i.e., 0°~10°, 10°-20°, etc. For randomly oriented cells, approximately
11 % of the whole population was oriented within each one of nine orientation intervals. Data is
average of 3 repeats for each image. Each square graph (grooved area) and rectangular graph (flat
area) represents 10 x 10 mm and 10 x 1 mm areas, respectively. The flat and grooved areas are
from the same sample. (Adapted from [16], with permission from John Wiley and Sons)

unsuitable for use in a situation where parameters continuously vary spatially. To
that end, picolitre volume WCA analysis, Time-of-Flight Secondary lon Mass Spec-
trometry (ToF-SIMS), and optical techniques have been developed to fully charac-
terise gradient surfaces [52]. Mangindaan et al. presented a comprehensive analysis
of wettability gradients produced on polypropylene under a diffusion mask in SF
plasma [113]. Here, they fabricated a surface with a wide ranging wettability gradi-
ent (115° WCA over 10 mm) and fully characterised the plasma-polymer interac-
tions, creating a mathematical model which enables the prediction of wettability
based on etch mask design.(Fig. 5.16)

The development of new fabrication methodologies has understandably driven
the development of new characterisation methodologies to better determine and
quantify the exact properties of these unique surface modifications with sufficient
resolution and sensitivity. Analysis of surface energy by measuring the WCA has
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Fig. 5.16 Spatial analysis of chemical gradients by XPS. O/C and N/C ratios as a function of
position along an amine-acid chemical gradient, /eft. This shows a changing surface concentration
of amine and acid chemistry in opposite directions on the surface. Cls region of a trifluoroetha-
nol derivatised octadiene-acrylic acid chemical gradient, right. The reactivity of the surface has
been spatially controlled. (Figure adapted from [114], reproduced with permission from The Royal
Society of Chemistry)

been refined from microliter volumes on single homogeneous samples through to
picolitre volume measurements using automated fluid dispensing and motorised
sample stages. This yields millimetre resolution across gradients of surface energy.
[59, 70, 84, 115] Chemical composition of the surface may also be analysed using
classical techniques such as X-ray photoelectron spectroscopy (XPS) and secondary
ion mass spectrometry, where placement and control of the excitation source may
be scanned across the gradient surface to yield a readout of its changing properties
[114, 116]. Whittle et al. achieved 0.5 mm resolution in XPS analysis of the chemi-
cal composition of plasma polymer gradients on glass substrates, including analysis
after derivatisation of the deposited chemical groups. Characterisation resolution, in
this case, is still limited by the spot size of the XPS tool used, and a continuously
varying surface will have inherent differences across a 500 um analysis region. Cells
themselves are often approximately 10-30 pm in size, therefore increased resolution
in gradient characterisation is imperative if cell response is to be attributed to a given
surface parameter. Other techniques offer increased resolution, such as Fourier trans-
form infrared spectroscopy (FTIR) [117, 118] for chemical gradients or AFM for
topographical gradients. Increased resolution, however, increases the burden of ac-
quiring large measurement datasets of slowly changing parameters over a large area.

5.7 Conclusions and Outlook

Gradient platforms represent an effective method of generating a wide range of
properties on a single substrate. These allow for the systematic investigation of
cellular response to given values or combinations of surface properties. Included
in such continuous gradients are more possible values between the initial and final
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value, ensuring that the full parameter space is explored, rather than simply one or
two possibilities. It is this potential to uncover optimal parameters that has driven
the increasing use of gradient platforms in biomaterials research over the past de-
cade. This growing interest has seen the development of over 30 novel techniques
for the fabrication of polymeric gradient materials, with new approaches continuing
to emerge.

Key to harnessing these powerful and information rich platforms will be simi-
lar advances in both characterisation and analysis. As parameters such as surface
chemistry are varied continuously over millimetre scale gradients, many surface
characterisation techniques cannot capture the fine spatial variation. Techniques
such as XPS and WCA measurements have been refined to increase their lateral
resolution through motorised stages, smaller spot/drop sizes respectively and auto-
mated data acquisition.

Analysis of cell culture experiments on gradient platforms has, however, lagged
behind developments of new fabrication and characterisation techniques. We have
attempted to take a high content approach, using automated software to screen and
characterise cell response based on morphological characteristics [39]. There are
significant opportunities to refine the analysis of cell response to gradient substrates
beyond simply capturing microscopy data at various points on the gradient. Bring-
ing the full toolset used to interpret cellular response to homogeneous samples
across to gradient platforms represents the next step in harnessing the true power of
gradient platforms to screen and optimise cellular response.
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