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Stem cells hold enormous potential for application in regenerative medicine and tissue
engineering.[1=31 It is hoped that the controlled expansion and differentiation of stem cells
may allow physicians and scientists to augment, replace, or reconstruct damaged or diseased
tissues and organs. While much progress has been achieved in stem cell research, additional
improvements are needed to maximize their utility. Since cells typically discern and react to
multiple cues rather than to a single signal, optimization of differentiation conditions can
prove challenging. To address this problem, we have developed an integrated high-
throughput (HT) polymer synthesis and rapid material/protein/cell-interaction assays to
accelerate the optimization of the stem-cell microenvironment. Herein, an array of 496
different biomaterials was synthesized and studied to examine the attachment of human
embryonic-body (hEB) cells, partially differentiated human embryonic stem (hES) cells. An
optimized laser scanning cytometry system was developed to allow for rapid quantification
of cell-material interaction. Additionally, fibronectin (Fn) adsorption on the polymer array
was quantified. Analysis of the relationship between cell attachment and Fn adsorption
indicated a significant difference in the cell adhesion activities between the adsorbed Fn on
the polymer array, and we hypothesize that this difference can, in part, be explained by the
capacity of the polymers to induce different conformations of the adsorbed Fn.[®] Finally,
representative biological properties identified within the polymer array have been
reproduced in large-scale polymeric films, and their effects on cell-behavior validated.

Previously, acrylate-based biomaterial arrays were developed for HT investigation of stem
cell/materials interactions. These were fabricated using a robotic stage modified with a long-
wave UV source.l”8] In this study, 22 acrylate monomers were chosen to maximize the
diversity of their hydrophobicity/hydrophilicity and crosslinking density. They were
subsequently divided into 16 major constituent monomers and 6 minor constituent
monomers. As shown in Figure 1a, the major monomers were named numerically, and the
minor monomers were named in alphabetic order. The arrays were prepared by the
copolymerization of each one of 16 major monomers with each one of 6 minor monomers at
6 different ratios (100:0, 90:10, 85:15, 80:20, 75:25, 70:30 (v/v)). In this way, arrays with 16
+ 16 x 6 x 5 = 496 different combinations were created, primarily composed of the major
monomer (70-100%), and to a lesser extent with the minor monomers (0-30%). These
monomers were robotically deposited in triplicate on a layer of poly(hydroxyl ethyl
methacrylate) (poly(HEMA))-covered conventional glass slides (75 mm x 25 mm). The
systematic variation of the ratio between major and minor monomers permits a global
understanding of the effects of each major/minor monomer on the cellular response.

To generate polymer arrays with large diversity, monomers with a wide range of
hydrophobicity/hydrophilicity were selected as major monomers. One way to quantify these
properties is through analysis of the logarithm of the partition coefficient (log A). For
reference, the log P values for hydrophilic methanol and hydrophobic hexamethylbenezene
are —0.82 and 4.61, respectively. In this study, the log P values differ from —0.03 (monomer
6) to 3.74 (monomer 14).[1 It is important to note that the crosslink densities vary
significantly within the array, which can affect the mechanical properties.[19.111 Minor
monomers were chosen with diverse chemical structures (Fig. 1a, A—F). For example, minor
monomer A has a PEO side chain that was anticipated to reduce the cell attachment, while
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minor monomer F was thought to increase the cell attachment, since it has a benzene ring
structure that could increase the hydrophobicity of the materials.[12:13]

hES cells have the potential to differentiate into nearly every cell in the body.[14] In vitro
differentiation is often initiated by the formation of embryonic bodies (EBs), and is believed
to recapitulate early stages of primitive streak development and its derivative germ layers,
mesoderm and endoderm.[15:16] Cell adhesion is essential for many complicated cellular
activities, such as proliferation and differentiation. To better understand the effects of
material composition on cell adhesion, the polymer arrays described here were used as
substrates to examine hEB cells attachment.

To initiate the differentiation, hES cells were allowed to form embryonic bodies (EBs) for
eight days, and were then trypsinized and cultured on polymer arrays for 16 h to test their
initial attachment. An incubation time of 16 h was chosen because it allowed good cell
attachment and spreading, and is significantly shorter than the doubling time of HESCs (36
h).[27] The cells were then fixed and stained for DNA/nucleus with SYTO 24, a fluorescent
DNA-binding dye.

One bottleneck in the analytics of cellular microarrays is the lack of automated, quantitative
data acquisition and analysis methods. In particular, the position of each spot in the polymer
array has to be identified and coordinated with their chemical composition, so that the
cellular response can be correlated with the materials properties. Here, we developed an
automated cell analytical system based on laser scanning cytometry.[18.191 Two protocols
were developed —with low and high resolutions. In the low-resolution scan, the distinct
optical-scattering property of polymer spots permitted us to locate the spacial locations of
the polymer spots, and then the index of each spot allowed us to identify its chemical
composition (Supporting Information Fig. 1). During the high-resolution scan, only the
polymer spots were scanned, and the intensities of fluorescently labeled cellular markers on
the polymer spots enabled a quantitative measurement of cellular behavior. Equipped with
three different lasers, as many as eight different cellular markers could be labeled and
quantified in a high-throughput manner. Notably, the throughput of the laser scanning
cytometer allows the quantification of an entire polymer array composed of 576 x 3 =1728
different polymers within 15 h. The methodology developed here is flexible enough to apply
to other cellular microarray formats (see methods).

In this study, the number of cells on each polymer spot was quantified as the metric for cell
attachment. A collage of the merged images of the cell attachment on the entire array has
been shown in the Supporting Information, and Figure 1d shows three representative images
of varying cell attachment in the polymer spots. To quantitatively assess the capacity of each
major monomer to influence the cell adhesion, the number of cells on polymer spots
composed of 100% major monomers was quantified and ranked in Table 1. The major
monomers were then categorized into three different groups: high adhesion (60-100 cells/
spot), intermediate adhesion (40-60 cells/spot), and low adhesion (10-40 cells/spot).

To better understand the effects of major and minor monomers, the number of cells on each
polymer spot was mapped against their major monomer in the x-axis and minor monomer in
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the y~axis (Fig. 2a). The first row of the Figure 2a shows cell attachment on the
homopolymers of the 16 major monomers. Ranking (the amount of cellular attachment) was
used to define the position of each major monomer in the x-axis.

In a similar way, the position of each minor monomer in the y~axis is defined by its support
for cellular attachment. Importantly, a range in the hEB cell attachment can be seen in the
diagonal between bottom left to top right in Figure 2a, which can be attributed to a general
relationship between the hEB cell attachment and the chemical composition of the
polymeric materials. Simply put, the capacity of the copolymers to influence the cell
attachment usually depends on both the major and minor monomers. In general, an enhanced
cell attachment can be obtained by adding a “high-adhesion” minor monomer to a “low-
adhesion” major monomer, while a decreased cell attachment can be achieved by adding a
“low-adhesion” minor monomer to a “high-adhesion” major monomer. For example, a four-
fold improvement (from ~15 to ~60 cells/spot) was found with the addition of 30% minor
monomer F to the major monomer 3, one of the “lowest-adhesion” major monomers. The
cell attachment on the homopolymer 8 can be reduced by 50% (from =100 to ~50 cells/spot)
with the addition of the 30% minor monomer A. By choosing the proper combination of the
major and minor monomers, we are able to control the cell attachment on the polymeric
materials. The capacity to precisely control the hEB cell adhesion may prove useful in the
optimization of material supports for growth, propagation, and differentiation of hES cells.

After materials come in contact with serum-containing medium, serum proteins can adsorb
onto the materials’ surfaces. This adsorbed protein layer plays an important role in the
cellular response.[20:21] To control batch-to-batch variation in protein adsorption, a Fn-
conditioning step was used to precoat the polymer array in this study.[8:22-25] To understand
the effect of the polymer composition on Fn adsorption, fluorescently labeled Fn was
adsorbed onto the polymer array, and the difference between the fluorescence intensity
before and after Fn adsorption from each polymer spot was quantified in Figure 2b[26.27]
(Supporting Information Fig. 3). Similar to the Figure 2a, the capacities of the major/minor
monomers to influence Fn adsorption have been ranked, and the ranking was used to
determine the position of each major/minor monomer in the x- and y~axis, respectively. The
gradient in the diagonal direction from bottom left to top right clearly showed both major
and minor monomer composition can have large effects on Fn adsorption, and that the
certain combinations of the major and minor monomer can be used to control the amount of
Fn adsorbed on a polymer spot. In general, a lesser amount of Fn has been found adsorbed
on the “low-adhesion” monomers, such as 3, while a greater amount of Fn has been found
on the “high-adhesion” monomers, such as 8. Compared to the hompolymers (the top row),
minor monomer A has been found to reduce the Fn adsorption while the minor monomers B,
D, and F can improve Fn adsorption. This correlates with the capacity of the monomers to
modulate hEB cell attachment, and supports the conclusion that the adsorbed Fn plays a role
in determining hEB cell attachment.

In an effort to understand the effect of adsorbed Fn on hEB cell attachment, the number of
EB cells attached on each polymer spot was plotted against the amount of adsorbed Fn, and
the results were further grouped according to their major monomers. (Fig. 2c) The
relationship between cell adhesion and Fn adsorption on the substrate has been previously
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studied. For example, Keselowsky and coworkers studied the relationship between cell
adhesion and Fn surface density on surfaces with a variety of properties.8] For all substrates
they examined, cell adhesion increased with Fn surface density in a sigmoidal fashion. In
other words, saturated cell adhesion was found at high Fn surface density, a transition region
of intermediate cell adhesion at intermediate Fn surface concentrations, and a background
level of cell adhesion at low Fn surface coverage. The cell number versus Fn adsorption
grouped by major monomer can be fit as part of a sigmoid curve in all cases (Fig. 2c), and
the detailed fitting process can be found in the Supporting Information. Saturated cell
attachment is observed on the “high-adhesion” major monomers, such as 4, 8, 13, 14, and
15, while a lower level of cell attachment can be found on “low-adhesion” spots containing
monomers such as 3 and 16. For the “intermediate monomers”, such as 2 and 11, an
incremental cell attachment was observed with the increase of Fn density, until a saturated
cell attachment was reached.

The Fn density for the saturated cell attachment (Frsy, defined as the value at which the cell
number reaches a plateau) can be used to examine the cell-adhesion activity of the adsorbed
Fn, and represents an inverse of the cell-adhesion activity.[8] Notably, A7 is characteristic
for each major monomer, and it reflects the difference in the ability of each major monomer
to modulate cell-adhesion activity of the adsorbed Fn. The semi-quantitative analysis of
Fnigt in Figure 2c¢ is summarized in Table 2. It reveals a lower Frgy; for high-cell-adhesion
monomers (Frgt < 0.2) and a higher Fngy; for the low-cell-adhesion ones (Fri,: > 0.3). The
difference in the Fngy reflects that the high-cell-adhesion major monomers tend to induce
“active” Fn, while the low-cell-adhesion monomers tend to induce “inactive” Fn. Notably,
the most “active” Fn was found for major monomer 4 (Fnsa < 0.05), while the most
“inactive” Fn was found for major monomer 3 (Fngy > 0.4).

The difference in Frig,: showed in the Figure 2¢ and Table 2 indicates that the diversity of the
polymer array can not only generate a wide range of different amounts of adsorbed Fn, but is
also capable of inducing adsorbed Fn to present different activities. Importantly, both the
amount and the activities of the adsorbed Fn can affect cell attachment. For example, the
capacities of ethylene oxide and propylene oxide moieties to reduce cell attachment have
often been ascribed to their abilities to resist protein adsorption; the data presented here
indicated the decreased cell attachment can also be attributed to a “deactivated” state of the
adsorbed Fn, for example, monomer 3 and 16 in Figure 2c. We also hypothesize that the
difference in Fn adhesion activities observed here could be attributed to the conformational
change moderated by the materials.[6:24] It is important to note that it would be ideal to
perform cell-adhesion experiments in a serum-free medium in order to avoid the possible
exchange between serum proteins and preadsorbed Fn. However, serum-containing media
are usually essential to maintain the normal function of cells, and have been widely used to
investigate the interactions between adsorbed proteins and cells.[6:24.28] |n addition, it is
possible for serum protein to replace the preadsorbed Fn during a prolonged cell culture.
However, our data and the existing literature showed the preadsorbed Fn is critical for the
initial attachment of cells.[6:24.28]

To investigate whether the same range of hEB cell attachment can be reproduced on
polymeric films, four 1 cm x 1 cm polymeric films were prepared from two “high-adhesion”
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monomers (4,13), one “intermediate-adhesion” monomer (2), and one “low-adhesion”
monomer (3) on poly(HEMA)-coated glass slides. Phase-contrast images of cell attachment
on the polymeric films are shown in Figure 3a. The linear correlation (/2 =0.87) between
the cell densities on the polymeric films and polymer spots (Fig. 3b) indicated that
controllable cell attachment found on the polymer spots can be reproduced in the large scale
films. Similar biological properties of the large films and microscale spots strongly indicate
that potential “hit” properties identified via HTscreening could be reproduced in an
industrially applicable scale. It is also important to note that the poly(HEMA) layer seems
critically important to the scale up. Large films prepared on the acrylate silane instead of
poly(HEMA) failed to recapitulate the biological properties found in the microarray format
(data not shown).

In summary, new analytical methods for high throughput analysis of cell-materials
interaction have been developed. A diverse set of 496 arrayed materials have been designed
and prepared with 16 major monomers and 6 minor monomers. Combining high throughput
polymer synthesis and rapid quantification of material/protein/cell interactions, we have
shown that it is possible to quickly map out the interactions among hEB cell attachment, Fn
adsorption, and the chemical structures of the substrates. Both the major and minor
monomers have been shown to affect Fn adsorption and hEB cell attachment, and certain
combinations of major and minor monomers can lead to a controllable Fn adsorption and
hEB cell attachment. Further analysis revealed that the chemical diversity created here can
generate a diverse collection of materials with varying amounts of adsorbed Fn and cell
adhesion. Controllable hEB cell attachment was shown to be reproducible on four polymer
films with three distinct cell-attachment capacities, and the biological properties of the
scaled up films were found to be similar to their microscale counterparts. We believe that the
integrated high-throughput synthesis and rapid quantification of materials/protein/cell
interactions may accelerate the development of biomaterials for various applications, such as
materials-directed stem cell differentiations.

Experimental

Combinatorial Array Preparation

Polymers were printed in a humid Ar atmosphere on epoxy monolayer-coated glass slides
(Xenopore XENO-SLIDE E, Hawthorne, NJ) that were first dip-coated in 4 vol% pHEMA
(pPHEMA =poly(hydroxyethyl methacrylate)), using modifications of robotic fluid-handling
technology as described previously. Spots were polymerized via 10 s exposure to long-wave
UV light, and dried at <50 mTorr (1 Torr =133.32 Pa) for at least seven days. The chips are
sterilized for 30 min for each side, and then washed with PBS twice for 15 min to remove
the residue monomer or solvent. After that, the chips were coated with 25 pg mL™1 Fn
(Sigma) for 1 h, and then washed with PBS and medium before cell seeding.

hESC Culture and EB Formation

Undifferentiated hESCs (H13, WiCell, Wisconsin) were grown on an inactivated mouse
embryonic fibroblast (MEF) feeder layer, as previously described. To induce the formation
of EBs, undifferentiated hESCs were treated with 1 mg mL1 type-1V collagenase for 40
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min, and then transferred (2:1) to low-attachment plates (10 cm, Ref:3262, Corning)
containing 10 mL of differentiation medium [80% knockout-DMEM, supplemented with
20% fetal bovine serum (FBS, Hyclone), 0.5% L-glutamine, 0.2% S-mercaptoethanol, and
1% nonessential amino acids (all from Invitrogen)]. EBs were cultured for eight days at
37 °C and 5% CO,, in a humidified atmosphere, with changes of media every two days.

Protein Labeling and Adsorption

Human fibronectin (1 mg mL™1) was prepared in a 0.1 M sodium carbonate buffer (pH 9).
Rhodamine B isothiocyanate was dissolved in Dimethyl sulfoxide (1 mg mL™1), and 50 uL
added to the Fn solution. This Fn-Rhodamine B solution was incubated for 8 h at 4 °C.
Ammonium chloride was then added to a final concentration of 50 mM, and incubated for a
further 2 h at 4 °C. The unbound Rhodamine ITC was then removed by dialysis.

A polymer microarray was incubated in a 0.03 mg mL™1 solution of the Fn-Rhodamine B
for 2 h at 37 °C, after which it was removed and rinsed with fresh PBS. A Genepix 4000B
scanner (laser wavelength 532 nm) was used to measure the fluorescence of the polymer
spots before and after immersion. The intensity before immersion was then subtracted from
the intensity after to account for background fluorescence of the polymers. The intensities
were then normalized by dividing all values by the maximum intensity.

Immunohistochemsitry

Chips were washed with PBS, fixed with Accustain (Sigma) solution for 30 min,
permeabilized with 1% Triton X-100 in PBS for 10 min, and then stained with Cyto 24
(invetrogen) for 1 h. The chips were washed with PBS and water to remove the salts, and air
dried. The chips were imaged with iCys laser-scanning Cytometry.

Polymer Film

The polymerization solution was prepared by mixing 3 mL monomer with 40 mg 2,2-
dimethoxy-2-phenyl-acetophenone dissolved in 1 mL DMF. 0.2 pL polymerization solution
was spread into a 1 cm x 1 cm liquid thin film on the poly(HEMA)-coated glass slide, and
polymerized via 6 min exposure to long-wave UV light in a humid Ar atmosphere, and dried
at <50 mTorr (1 Torr =133.32 Pa) for at least seven days.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Biomaterial array design: a) monomers used for array synthesis, b) 36 different
combinations for the major monomer 1 with all six different minor monomers, c)
photograph showing one polymer microarray in triplicate with eight polymer spots, to show

dimension and separation. d) Merged images from fluorescence and scattered channel

Page 9

collected from iCys cytometry of three representative cell attachments (high, intermediate,

low) on the polymer spots. The scale bar in the figure is 100 um. €) Reproduced cell

attachment on large-scale polymer films; the scale bar in the figure is 200 pm.
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a) Map of the relationship between cell attachment and polymer composition. Cell number
per spot was grouped into four catagories 1-29, 30-59, 60-89, and 90-119 per spot. Cell
numbers are mapped as a function of polymer composition. b) A map of the relationship
between Fn adsorption and polymer composition, the major monomer 5, 6, 7, and 10 are
excluded due to autofluorescence from the polymer spots. c) hEB cell attachment as a
function of the Fn adsorption on the polymer array; the data has been grouped according to

their major monomers.
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a). Phase-contrast images of cell attachments on four different homopolymer films 2, 3, 4,
13; the scale bar in the figure is 200 um. b) Cell density on the microscale polymer spots as a

function of cell density on the polymer films
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