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Abstract

Synthetic polymer microarray technology holds remarkable promise to rapidly identify suitable
biomaterials for stem cell and tissue engineering applications. However, most of previous
microarrayed synthetic polymers do not possess biological ligands (e.g., peptides) to directly
engage cell surface receptors. Here, we report the development of peptide-functionalized hydrogel
microarrays based on light-assisted copolymerization of poly(ethylene glycol) diacrylates
(PEGDA) and methacrylated-peptides. Using solid-phase peptide/organic synthesis, we developed
an efficient route to synthesize methacrylated-peptides. In parallel, we identified PEG hydrogels
that effectively inhibit non-specific cell adhesion by using PEGDA-700 (M. W. = 700) as a
monomer. The combined use of these chemistries enables the development of a powerful platform
to prepare peptide-functionalized PEG hydrogel microarrays. Additionally, we identified a linker
composed of 4 glycines to ensure sufficient exposure of the peptide moieties from hydrogel
surfaces. Further, we used this system to directly compare cell adhesion abilities of several related
RGD peptides: RGD, RGDS, RGDSG and RGDSP. Finally, we combined the peptide-
functionalized hydrogel technology with bioinformatics to construct a library composed of 12
different RGD peptides, including 6 unexplored RGD peptides, to develop culture substrates for
hiPSC-derived cardiomyocytes (hiPSC-CMs), a cell type known for poor adhesion to synthetic
substrates. 2 out of 6 unexplored RGD peptides showed substantial activities to support hiPSC-
CMs. Among them, PMQKMARGDOVFESP from laminin p4 subunit was found to support the
highest adhesion and sarcomere formation of hiPSC-CMs. With bioinformatics, the peptide-
functionalized hydrogel microarrays accelerate the discovery of novel biological ligands to
develop biomaterials for stem cell and tissue engineering applications.
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1. Introduction

Polymer array technology has emerged as a powerful tool for the rapid identification of
suitable materials for a variety of stem cell and tissue engineering applications [1-7]. To
fabricate synthetic polymer microarrays, photopolymerization of (meth)-acrylates has been
extensively utilized [4, 8-14]. This is due to their high polymerization rate, as well as the
high solubility of (meth)-acrylates in high boiling point organic solvents (e.g., DMF). While
this strategy allows for the preparation of synthetic polymers with diversified properties,
these polymers usually do not contain biological ligands to directly interact with cell surface
receptors (e.g., integrin and growth factor receptors) [7, 15]. The biological functions of
these polymers usually depend upon the serum/extracellular matrix (ECM) proteins
adsorbed on their surface from pre-conditioning solution and/or cell culture media [5, 10].

To develop substrates capable of interacting with (stem) cell surface receptors in a defined
manner, a popular approach is to use functional fragments of ECM proteins (e.g., RGD-
peptides) to functionalize the substrates [16—18]. In particular, self-assembled monolayer
(SAM) technology has received significant attention as it allows for versatile peptide
functionalization strategies [19]. To this end, Kiessling and coworkers prepared thiolated
peptides and spotted them onto gold-coated glass slides to prepare peptide-functionalized
SAM microarrays [17, 20, 21]. Alternatively, Kilian and coworkers have taken advantage of
recent advances in “click” chemistry [22]. They synthesized the alkyne group functionalized
peptides and robotically spotted them with azide-terminated alkanethiolate to prepare
peptide microarrays. Another approach to prepare peptide-functionalized SAM microarrays
has been developed by Murphy and coworkers [18]. They leveraged the carbodiimide
catalyzed conjugation reactions between the n-terminal primary amine of peptides and
carboxylic acid terminated SAMs to prepare peptide microarrays [19, 23].
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In addition to the SAM microarrays, the fabrication of peptide-functionalized hydrogel
microarrays has been explored. Unlike with SAMs, hydrogels allow for the easy modulation
of the physical properties (e.g., elasticity) of substrates, which has been shown to have
controlling effects on (stem) cells [24-26]. For example, Engler and coworkers have shown
to influence the differentiation of human mesenchymal stem cells (hMSCs) through the
fabrication of hydrogels that closely replicate in vivotissue elasticity [27]. Their results
demonstrated that the gels with stiffness similar to muscle elasticity led to myogenic
differentiation, while the gels similar to calcified bone led to osteogenic differentiation. To
combine the advantages of hydrogels and high-throughput microarray technology, the
peptide functionalized hydrogel microarray has been explored. To this end, Hawker and
coworkers have developed a versatile synthetic route to prepare peptide-functionalized
hydrogel microarrays using thiol-ene chemistry [28]. Despite this progress, the chemistry
employed to prepare peptide-functionalized hydrogel microarrays usually involves
complicated/inefficient methods of synthesis, limiting their widespread application. We
reasoned that through the combination of photopolymerization of (meth)-acrylates and solid-
phase peptide/organic synthesis, we could provide a robust approach for the fabrication of
peptide-functionalized hydrogel microarrays for numerous stem cell and tissue engineering
applications. To the best of our knowledge, no previous researchers have attempted the
combined application of these existing chemistries for the methods outlined in this research
[18, 28].

Here, we described the development of a platform technology based on light-assisted co-
polymerization of poly(ethylene glycol) diacrylates (PEGDA) and methacrylated-peptides to
fabricate peptide-functionalized hydrogel microarrays. To this end, we leveraged the high
efficiency of solid-phase peptide synthesis and isocyanation chemistry to develop a robust
synthetic route for preparing methacrylated-peptides. Due to their high solubility in DMF
and high miscibility with low molecular PEGDA, methacrylated-peptides can be effectively
incorporated into PEG hydrogels in a ratiometric and homogenous manner. In addition,
several parameters were optimized, including the length of the linker between methacrylate
functional groups and cell-binding peptide moieties to ensure high accessibility of the
peptide functional groups to the cell-surface receptors. The effectiveness of the microarray
technology was validated through direct comparison of cell adhesion abilities of highly
related RGD peptides: RGD, RGDS, RGDSG and RGDSP. To apply the peptide-
functionalized hydrogel technology, we constructed a library composed of 12 different RGD
peptides to develop synthetic culture substrates for human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs), a cell type known for poor adhesion to synthetic
substrates [29]. While 6 of the 12 peptides were found through reported literature,
bioinformatic screening of ECM proteins led to the identification of 6 unexplored RGD
peptides. Notably, 2 out of 6 unexplored RGD peptides showed substantial affinity to hiPSC-
CMs. One of them, PMQKMARGDVFESP from laminin 4 subunit, was found to have the
highest affinity to hiPSC-CMs. With the support of bioinformatic screening, peptide-
functionalized hydrogel microarrays are shown here to be a promising strategy to rapidly
identify novel biological ligands for the development of functional biomaterials for stem cell
and tissue engineering applications.
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2. Material and methods

2.1 Materials and instruments

All chemicals used for this study were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise stated. Microarray spotting pins (946MP9B) were purchased from Arrayit
Corporation (Sunnyvale, CA). A custom designed microarrayer was assembled and
produced by BioDot (Irvine, CA). The liquid chromatography-mass spectrometer (LC-MS)
system used is Thermo Fisher LCQ Fleet™ lon Trap Mass Spectrometer.

2.2 Bioinformatics-assisted ECM protein screening

Bioinformatics-assisted ECM protein screening for highly conserved sequences was
performed using the following database: UniProt database, which is supported by European
Bioinformatics Institute (EMBI-EBI), the SIB Swiss Institute of Bioinformatics, and the
Protein Information Resource (PIR). The specific sequence of each ECM protein/ECM
protein subunit was collected from mammalian species, including human, mouse, rat,
chimpanzee, horse, sheep, rabbit, bovine, guinea pig, cat and dog. The protein alignment
was achieved by using the tool of Clustal Omega [30-32] from EMBL-EBI. The algorithm
is described by J. Séding [33]. The highly conserved sequences among different species
have been selected out as demonstrated in Figure S4.

2.3 Monomer preparation and array fabrication

Synthesis and characterization of methacrylated peptides—Peptides used in this
work were synthesized by solid phase peptide synthesis (SPPS). The SPPS was conducted
using the standard procedure described in Novabiochem peptide synthesis manual. To
prepare methyacrylated peptides, 2-isocyanatoethyl methacrylate (3 equivalent (eq)
dissolved in DMF) was used to react with the terminal amine group of the peptide chain (1
eq) before they were cleaved from the resin. This solid-phase isocyanation chemistry was
first reported by Lee Ayres et. al. [34]. All the methacrylated peptides prepared in this study
were purified by using a Combiflash® purification system (RediSep Rf) in Reversed Phase
format using C18 Columns (Teledyne Isco, Lincoln, NE) running a solvent gradient from
100% H50 to 100% acetonitrile in 15~20 minutes. The peptides were eluted from the
column at approximately 70% acetonitrile/30% H,O. The purified peptides were
subsequently characterized by LC-MS.

Microarray Fabrication—Methacrylated peptides were dissolved in DMF at pre-
designated ratios and mixed with PEGDA (containing 1% DMPA as initiator) (DMF
solution of methacrylated peptide: PEGDA = 1:1 (v/v)) and then transferred into a 384 well
plate for microarray fabrication. The microarrays were printed in a humid Ar-atmosphere on
epoxy monolayer-coated glass slides (Xenopore XENOSLIDE E, Hawthorne, NJ) that were
first dip-coated in 4 v/v% poly(hydroxyethyl methacrylate) (i.e., poly(HEMA)) using a
customized microarrayer (Biodot). Spots were polymerized via 10 s exposure to long wave
UV using a XX-15L UV bench lamp (365 nm) (UVP LLC, Upland, CA), dried at <50 mtorr
for at least 7 days. Before use, the chips were sterilized by UV for 30 min for each side, and
then washed with PBS twice for 15 min to remove residual monomer or solvent. Additional
information to prepare the microarrays for different applications is provided below.
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PEGDA selection—Three commercially available PEGDA (M. W. = 250, 575, 700) were
selected and mixed at the designated ratios to produce the hydrogel microarrays (Figure S2).
To determine their abilities to inhibit unspecific cell adhesion, human adipose-derived stem
cells (hADSCs) were seeded on the array and cultured for 12 hours. They were then fixed
and stained with DAPI (1:1000 in DPBS) for cell number counting and phalloidin (1:200 in
DPBS) for F-actin to estimate cell spreading.

The effects of glycine linker length and the comparison of RGD, RGDS,
RGDSG and RGDSP peptides—The methacrylated peptides used in these experiments
are shown in Figure 5A and 6A. PEGDA and methacrylated peptides were mixed at varied
peptide concentrations (i.e., 0.5, 1, 3, 6, 9, 12 and 15 mM) to prepare microarrayed
hydrogels with different peptide concentrations. hADSCs were seeded onto the array and
cultured for 12 hours. They were then fixed and stained with DAPI (1:1000 in DPBS) for
cell number counting and phalloidin (1:200 in DPBS) for F-actin to estimate cell spreading.

Screening RGD peptides for hiPSC-CM adhesion and quantification of
sarcomere formation—The methacrylate peptides used in this experiment are shown in
Figure 7B. PEGDA and methacrylated peptides were mixed at one fixed peptide
concentration (15 mM) to prepare microarrayed hydrogels with a constant peptide
concentration. hiPSC-CMs (human induced pluripotent stem cell-derived cardiomyocytes
from Cellular Dynamics International, Madison, W1, USA) were seeded onto the microarray
and cultured for 3 days to facilitate the formation of sarcomere structures. hiPSC-CMs were
stained with DAPI to approximate cell number and phalloidin for F-actin to estimate cell
spreading. Sarcomere structure was examined by using immunofluorecence microscopy.

Briefly, hiPSC-CMs on the microarray were fixed with 4% PFA solution and blocked by
10% goat serum. After incubated with mouse anti-alpha sarcomeric actinin antibody
(Abcam, Cambridge, UK) and rabbit anti-troponin I antibody (Santa Cruz, Dallas, TX) at a
dilution ratio of 1: 200 in PBS (with 0.1% Triton-100X) at room temperature for 1 hr, the
microarrays were stained with the secondary antibodies (Alexa-488 goat anti-mouse 1gG and
Alexa-647 goat anti-rabbit 1gG) at a dilution ratio of 1:200 in PBS (with 0.1% Triton-100X).
Subsequently, the microarrays are stained with DAPI (1:1000 in DPBS) for nuclear
counting. The fluorescently stained microarrays were imaged with a TCS SP5 AOBS laser
scanning confocal microscope (Leica Microsystems, Inc., Exton, PA). Z-stacked Images
collected from the microarray were analyzed by using the ImageJ (National Institutes of
Health) for semi-quantitative analysis of the expression level of alpha sarcomeric actinin of
hiPSC-CMs on the microarrays. The sarcomeric actinin expression level of hiPSC-CMs on
each hydrogel spot was determined by the total fluorescence intensities of sarcomeric actinin
staining divided by the total cell number on the hydrogel spot, which was then normalized to
the blank PEG-700 hydrogel spots. The fluorescence intensities of sarcomeric actinin
staining on each hydrogel spot were obtained by taking the sum of the green (sarcomeric
actinin staining) pixels (i.e., fluorescence area coverage) through the total thickness of the Z-
stacked images [35].

Acta Biomater. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiaetal. Page 6

2.4 Cell culture

hADSC culture—hADSCs (Lonza, Basel, Switzerland) were used to study cell attachment
for the hydrogel array. The cells were cultured in low glucose Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 1% penicillin-streptomycin, 1% glutamine and
1% antimycin (Gibco Life Technologies, Grand Island, NY). At >80% confluency, cells
were detached using trypLE Express (Gibco Life Technologies) and passaged. All
experiments were conducted using passage 5 (P5) hADSCs. The cells were seeded along
with culture media onto the hydrogel microarrays. After 12 hours culture, the cells were
fixed and stained to examine the cell attachments on each spot. hADSCs were stained with
DAPI (1:1000 in DPBS) in order to approximate cell number. Cell spreading was visualized
using phalloidin (1:200 in DPBS) staining.

hiPSC-CMs culture—hiPSC-derived cardiomyocytes (iCell Cardiomyocytes, Cellular
Dynamics International, Madison, W1, USA) were cultured according to the manufacturer's
protocol. Briefly, hiPSC-derived cardiomyocytes were plated on 0.1% gelatin coated 6-well
plates in iCell Cardiomyocytes Plating Medium (Cellular Dynamics International) at a
density of about 3 x 10° to 4.0 x 10 cells/well and incubated at 37 °C in 5% CO, for 4
days. Two days after plating, the plating medium was removed and replaced with 4 mL of
iCell Cardiomyocytes Maintenance Medium (Cellular Dynamics International). After 4 days
of monolayer pre-culture, cells were detached using trypLE Express (Gibco Life
Technologies, Grand Island, NY) and seeded along with culture media on the hydrogel
microarrays. Cells were culture for 3 days to allow the hiPSC-CMs to develop sarcomere
structures. hiPSC-CMs were stained with DAPI (1:1000 in DPBS) to approximate cell
attachment number and phalloidin (1:200 in DPBS) for F-actin to estimate cell spreading.
Sarcomere structures were visualized using sarcomere actinin and troponin-1 staining as
described above.

2.5 Statistical analysis

The results were shown in the mean + standard derivation (SD) and analyzed using
Sigmaplot and Excel statistical software.

3. Results and discussion

Figure 1 shows a general strategy for the fabrication of peptide-functionalized PEG
microarrays for stem cell and tissue engineering applications. To fabricate the microarrays,
nanoliters of PEGDA and methacrylated-peptides have been robotically deposited onto
poly(HEMA) coated glass slides and photo-polymerized in situ. This approach is chosen due
to the high polymerization rate of photopolymerization [36] and the high solubility of
methacrylated-peptides in DMF [37]. In addition, peptide-functionalized PEG hydrogels
have been extensively employed in stem cell and tissue engineering applications [38-40].
This makes it possible to quickly translate the screening results into design principles for the
improved fabrication of 2D culture substrates and 3D scaffolds.

Figure 2 demonstrates a general procedure to prepare methacrylated-peptides. After solid-
phase peptide synthesis, 2-isocyanatoethyl methacrylate was used to react with the terminal
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amine of the peptides in order to conjugate methacrylate groups [34]. As the conjugation
reaction step was right after peptide synthesis on the solid-phase, this route allows for the
preparation of methacrylated-peptides from virtually any peptides. Further, this solid-phase
conjugation reaction has been proven very effective and efficient. The synthesis of
methacrylated GGGGRGDSP (i.e., MethG4 RGDSP) peptide is provided as an example
(Figure S1A and S1B).

To provide a low cell adhesion background for peptide screening, PEGDA of different
molecular weights were screened to generate the non-fouling PEG hydrogel substrates. To
this end, three commercially available low molecular weight PEGDA: PEGDA-250
(molecular weight, M. W. = 250), PEGDA-575 (M. W. = 575), PEGDA-700 (M. W. = 700),
have been used to fabricate an 8 x 8 microarray to screen for formulations that can resist
non-specific cell adhesion. After seeding human adipose-derived stem cells (hRADSCs) onto
the hydrogel microarray, every spot composed of PEGDA-250 showed extensive cell
adhesion. While the spots made by PEGDA-575 were right at the threshold to resist cell
attachment (only 1 or 2 cells/spot), no cell attachment was recorded for those made of
PEGDA-700 (Figure S2). The differences in cell adhesion can be attributed to the ethylene
glycol chain length of the PEGDA, as the longer ethyl glycol chain provides significantly
enhanced chain flexibility to resist protein adsorption and cell adhesion [41, 42]. Since the
spots prepared from the PEGDA-700 showed high resistance to non-specific cell adhesion,
PEGDA-700 was selected to co-polymerize with methacrylated-peptides to prepare peptide-
functionalized PEG hydrogel microarrays.

To confirm the effective incorporation of methacrylated-peptides and the homogenous
distribution of the peptide moieties within the PEG hydrogels, we synthesized fluorescently
labeled methacrylated-peptides (i.e., MethGD(coumarin)GG RGDSP) as shown in Figure 3
and prepared fluorescently-labeled-peptide functionalized PEG hydrogels (Figure 3A-C,
S1C). Figure 3B shows a linear relationship between the concentration of the
MethGD(coumarin)GGRGDSP in the printing solution and fluorescence intensity of the
hydrogel spots. This clearly indicates peptide concentration within each spot is determined
by methacrylated-peptide concentration in the printing solution. Notably, Figure 3C also
shows a homogenous distribution of peptides within the hydrogels. The ability to control
peptide concentration, as well as their homogeneous distribution within hydrogel spots,
allows us to develop peptide-functionalized hydrogel to direct (stem) cells.

To validate the functions of the peptide moieties on the hydrogels, we synthesized a
methacrylated-peptide containing a cell adhesive moiety (G4/RGDSP) and its scrambled
sequence (G4RDGSP) (Figure S1A, D). The methacrylated-peptides were then co-
polymerized with PEGDA-700 to prepare PEG hydrogel spots functionalized with cell
adhesive RGD peptides or the scrambled RDG peptide. As shown in the Figure 4, PEG
hydrogels modified with a high concentration of (15 mM) RGD-peptide were able to
effectively promote adhesion of hADSCs (Figure 4, right), while no cell adhesion was found
on the scrambled peptide (RDG) functionalized PEG hydrogels (Figure 4, middle) [43].
These results indicate the function of peptides is retained during the microarray fabrication
process.
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The length of the linker between peptide moiety and hydrogel surface has been shown to
significantly influence peptide activities and further affect cell behavior [44]. While there is
one ethylene glycol group between methacrylate and the cell-binding peptide moiety, it may
not be sufficient to ensure the exposure of the peptides on the hydrogel surface for cell
recognition. Enlightened by the idea of using a 4-glycine linker to extend the RGD peptide
from hydrogel surface [45, 46], we designed and synthesized methacrylated-RGDSP-
peptides with no glycine linker (Meth RGDSP), 2 glycine linker (MethG, RGDSP), 4 glycine
linker (MethG4RGDSP) and 6 glycine linker (MethGgRGDSP), as listed in Figure 5A. The
microarrays composed with these peptides have been fabricated and hADSCs were seeded
onto the array. Sigmoidal relationships between the number of attached cells and peptide
concentration were found for all of these RGD peptides (Figure 5B) [10]. Given the
sigmoidal relationship, small changes in peptide concentration can result in large shifts in
cell attachment numbers at lower peptide concentrations. To reduce variation in the high
throughput analysis, the saturated (maximum) number of attached cells has been used to
examine the effects of changing glycine linker length (Figure 5C). MethG4RGDSP and
MethGgRGDSP showed similar saturation numbers for attached cells (Figures 5B and 5C).
They are about one-fold higher than the saturation number of attached cells of MethRGDSP
and MethG, RGDSP. These results indicate that longer linkers improved the exposure of the
peptides on the hydrogel surface. Also, the similar cell attachment between MethG4RGDSP
and MethGg RGDSP suggested that 4 glycine provides sufficient length as a linker between
the methacrylate and peptide components for our system. Therefore, further experiments
were performed using peptides modified with the four-glycine linker.

RGD peptides have been widely used to improve cell adhesion by immobilizing them onto
the surface of 2D substrates and 3D scaffolds [45-47]. In the literature, a series of
sequentially similar RGD peptides have been utilized, such as RGD, RGDS, RGDSG and
RDGSP [48-50]. Although it is well acknowledged that the amino acid(s) surrounding the
key tri-peptides (RGD) can significantly influence the binding interactions between RGD
peptides and integrin [51], little research has been done directly comparing the cell adhesion
ability of RGD, RGDS, RGDSG and RGDSP [23]. Our peptide-functionalized PEG
hydrogel system can allow for a direct comparison of cell adhesion ability of these RGD
peptides. To this end, we fabricated a hydrogel microarray composed of RGD, RGDS,
RGDSG and RGDSP (Figure 6A) with different concentrations (0.5mM-15mM). The
analyses were conducted after seeding the hADSCs onto the fabricated microarray. Again, a
sigmoidal relationship was identified between the number of attached cells and peptide
concentration for each of the RGD peptides (Figure 6B). RGDSP showed at least a one-fold
increase in the saturated number of attached cells when compared with RGD, RGDS and
RGDSG, while RGD, RGDS, and RGDSG showed similar saturation numbers for cell
attachment (Figure 6C). The improved cell adhesion of RGDSP peptides can be attributed to
the rigid structure of proline (P), which can reduce the flexibility of the peptide chain and
increase its affinity towards corresponding integrin subunits [51, 52].

While the use of saturated cell binding criterion allows for reduced variation during high
throughput synthesis and analysis, changes in the sub-threshold peptide concentrations can
lead to different cell functions, including differentiation, and provides an effective means to
manipulate stem cells [53-57]. Here, as a functional indicator, the extent of cell spreading
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was observed to parallel the shifts in the cell attachment at different peptide concentrations,
shown with RGDSG (0.5mM-15mM) in Figure S3. Specifically, less spreading was
observed at low peptide concentrations (0.5 and 1mM), consistent with previous literature
suggesting the ligand density is able to influence (stem) cell morphology [53, 55, 58]. In this
manuscript, we focused on high-density peptides due to the current lack of high affinity
ligands for biomaterials development [59-61].

The newly developed peptide-functionalized hydrogel microarray will allow us to rapidly
identify novel peptides to functionalize biomaterials for numerous stem cell and tissue
engineering applications. To this end, we used this technology to screen adhesion peptides
for human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). While
hiPSC-CMs hold remarkable promise as a cell source to treat cardiovascular diseases [62—
65], they have been reported as having poor adhesion on synthetic substrates [66]. hiPSC-
CMs express integrin a3, as, ag, a7, ay, B1 and B [66]. Given the high affinity of RGD
peptides to integrin ayPs [51] [67], we reasoned that RGD peptide functionalization can
improve the binding affinity of PEG hydrogel substrates to hiPSC-CMs. To rapidly identify
RGD peptide candidates with the potential of high affinity to hiPSC-CMs, we utilized an
online bioinformatics tool (UniProtKB database) to screen and align the whole sequence of
fibronectin, vitronectin and laminin through multiple species. We selected 12 different RGD
peptides (Figure 7B) to construct a PEG hydrogel microarray functionalized with these
peptides. The candidates include: 1) 6 RGD peptides that have been reported to improve cell
adhesion, such as those selected from laminin-a1 [68], laminin-a5 [69], fibronectin [70] and
vitronectin [71], and 2) 6 RGD peptides that have not been studied, but have been shown to
be highly conserved sequences among the different mammalian species (Figure S4). The
highly conserved RGD sequences among different mammalian species indicate their
importance for certain fundamental functions (e.g. cell adhesion/integrin binding). One RGD
peptide (PQVTRGOVFTMP) from vitronectin, has been included in the microarrays as a
control as they were shown to support adhesion of hiPSC-CMs [71].

hiPSC-CMs were seeded onto the RGD peptides functionalized PEG hydrogel microarrays
to examine the abilities of different RGD peptides for the enhanced cell adhesion. The cell
adhesion response varied among the hydrogels: ~50% of RGD peptides could not support
adhesion of hiPSC-CMs (Figure 7A-a, 7A-b, Figure S5 top), some RGD peptides (e.g.,
PQVTRGDVFTMP and SETQRGDVFVP) support moderate cell adhesion (Figure 7A-c,
Figure S5 middle), and PMQKMARGDOVFESP (laminin 4 chain) showed the greatest ability
to promote hiPSC-CM adhesion and sarcomere formation, a critical step for cardiomyocytes
maturation (Figure 7A-d and Figure S5 bottom). The screening results have been validated
with 18 replicates. It is worthwhile to note 2 out of 6 unexplored RGD peptides
(PMQKMRGDVFSP, DAVKQLQAAERGDA) have shown substantial activities to support
hiPSC-CM adhesion. This supports our hypothesis that highly conserved RGD peptide
sequences among different species indicate their importance in functions (e.g., cell adhesion/
integrin binding). This highlights the power of the combination of the microarray technology
we developed here and the bioinformatics tool we utilized to rapidly identify novel
biological ligands for the development of functional biomaterials for stem cell and tissue
engineering applications. To the best of our knowledge, the highest cell adhesive peptide
identified in this study, PMQKMARGDOVFESP from laminin B4 subunit, has not been
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recognized as being a cell-adhesive peptide. Our current research includes the utilization of
this novel RGD peptide from laminin p4 subunit to prepare 3D scaffolds for cardiac tissue
engineering applications. Notably, the RGD peptide from vitronectin (PQVTRGOVFTMP)
showed moderate binding affinity for hiPSC-CMs (Figure 7C, D), which could explain a
previous report that hiPSC-CMs detach from synthetic substrates during the cardiac
differentiation process [66].

We also examined the effects of the peptide sequences on sarcomere formation of hiPSC-
CMs using sarcomeric actinin staining (Figure 7A, E), as sarcomeres are structural and
functional units for cardiomyocytes contractions. The trend of alpha sarcomeric actinin
expression per cell was found similar to that of cell adhesion (i.e., the affinities of peptide
ligands). This can be attributed to that the high affinity peptide ligands can provide sufficient
support for cardiomyocyte contractions and facilitate sarcomere formation. Consistent with
the cell adhesion results, the RGD peptide from laminin B4 subunit supported hiPSC-CMs
with the highest sarcomeric actinin expression. With the assistance from confocal
microscope, the detailed sarcomere structures were revealed (Figure S6). This data suggests
the RGD peptide from laminin 4 subunit can effectively support hiPSC-CM attachment,
spreading and contractile structure development. These results are in agreement with a
recent report that showed integrin binding is essential for hiPSC-CM maturation [72].

4. Conclusion

Recent advances in stem cell and tissue engineering strategies highlight an unmet need to
rapidly identify suitable biomaterials for cell-specific applications. Here we developed a
peptide-functionalized PEG hydrogel microarray based on light-assisted, co-polymerizations
between poly(ethylene glycol) diacrylates (PEGDA) and methacrylated-peptides. By
leveraging solid-phase peptide/organic synthesis, methacrylate-peptides can be synthesized
from virtually any peptide sequences. When combined with a cell-adhesion resistant
hydrogel derived from PEGDA-700, we have developed a framework for fabricating
peptide-functionalized hydrogel microarrays. In addition, we demonstrated the homogenous
distribution of peptides within the hydrogels, and identified a linker composed of 4 glycines
that can ensure sufficient exposure for the peptide moieties on the hydrogel surface. Further,
we used this system to directly compare the cell adhesion abilities of several highly related
RGD peptides, RGD, RGDS, RGDSG and RGDSP. Lastly, we combined peptide-
functionalized microarray technology with bioinformatics to identify novel biological
ligands with high affinity to hiPSC-CMs, a cell type known for poor adhesion to synthetic
substrates. Among 6 unexplored RGD peptides, 2 peptides showed substantial affinity to
hiPSC-CMs. PMQKMARGDVFESP from laminin B4 subunit, a peptide that had not previously
been recognized as being cell adhesive, was found to have the highest affinity to hiPSC-CMs
and the most developed sarcomere structures.

The technology we developed here can allow for the rapid identification of biological
ligands for stem cell and tissue engineering application. As peptide-functionalized PEG
hydrogels are widely used in stem cell and tissue engineering applications, the screening
results could be quickly translated to 2D substrates and 3D scaffold fabrication. Although
PEGDA-700 was used to fabricate hydrogel to resist non-specific cell adhesion in this study,
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clearly, PEGDA-700 can be replaced with another non-fouling hydrogel-precursors (e.g.,
PEGDA 3400, methacrylated hyaluronic acids) to vary the bulk properties (e.g., stiffness) of
the hydrogel substrates. Our next step is to fabricate hydrogel microarrays that can cover the
entire physiological/pathological range of stiffnesses. The ability to rapidly screen the
combined effects of biological ligands and mechanical properties on (stem) cells can
dramatically accelerate the advancement of the fundamental understanding of the interaction
(stem) cell activity and biomaterials. This would further contribute to the development of
biomaterial genomics through Big Data analytics [4, 5].

Finally, the peptide-functionalized hydrogel microarrays developed here can find many
applications in biomedical-related fields beyond stem cell and tissue engineering. For
instance, Morgan and coworkers have utilized synthetic polymer microarrays to identify
materials able to resist the adhesion of bacteria for medical devices applications [73]. We
can envision that peptide-functionalized hydrogel microarrays will be used to develop anti-
infectious substrates, given the wide application of the peptides and hydrogels for designing
anti-infectious materials [74, 75].
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Statement of Significance

In this manuscript, we described the development of a robust approach to prepare
peptide-functionalized synthetic hydrogel microarrays. Combined with bioinformatics,
this technology enables us to rapidly identify novel biological ligands for the
development of the next generation of functional biomaterials for stem cell and tissue
engineering applications.
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Figure 1.
Schematic representation of fabrication of peptide-functionalized PEG hydrogel

microarrays. A. The printing solutions composed of PEGDA monomer and various
methacrylated peptides were prepared in a 384-well plate. B. The printing solutions were
placed onto poly(HEMA) coated microscope slides with a customized microarrayer and
polymerized by UV under Argon protection to prepare peptide-functionalized PEG hydrogel
spots. Eight hydrogel spots in a microarray were shown to present the dimension of the
hydrogel spots and the distance between the hydrogel spots. C. High throughput analysis of
cellular activities after cell seeding onto the microarray.
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Figure 2.

The methacrylated peptides are prepared by conjugating 2-isocyanatoethyl methacrylate
with the terminal amine of the peptides on the solid-phase.
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Figure 3.
Validation of peptide concentration and its homogenous distribution within the hydrogel

spots. A. Chemical structure and molecular weight of fluorescently labeled
MethGD(coumarin)GGRGDSP peptides. B. The linear relationship between the peptide
concentration and average intensity of each pixel on the fluorescent pictures of the spots. C.
Fluorescent pictures of spots with MethGD(coumarin)GGRGDSP of various concentrations
(varying from 1 to 15 mM).
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PEG-700 + RDG PEG-700 + RGD

Figure 4.
Functional validation of the peptide moieties on the hydrogels. The representative

fluorescent images of blank PEGDA-700 hydrogels (left), RDGSP functionalized
PEGDA-700 hydrogels (middle) and RGDSP functionalized PEGDA-700 hydrogels (right)
after hADSC seeding (blue: DAPI, green: phalloidin, scale bar = 100 pm).

Acta Biomater. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jiaetal. Page 21

: . n B
Peptide used for linker selection
MethREDEE MethG,RGDSP

MethRGDSP w] RE-0764 R=0.7053
MethG,RGDSP
MethG,RGDSP
MethG,RGDSP 3 —— W

MetthRDGSP (COI’TU'OI) onceniration (M) Concentration (mM)

Blank PEGDA-700 (COI"ItI'Ol) MethG,RGDSP %» ‘ “ MethG;RGDSP

R’=0.9676 s R'=0.9298
/7
/
/

H

8

Cell Number per Spot
8
\
e
\
\
L
\
\
1
|
1
|
|
—
Cell Number per Spot
8 3
\
\
1
|
[
|
|
|

g

8

8

a
&
~

AT

0 2 4 6 8 10 12 14 16
Concentration (mM)

Cell Number per Spot
~
Cell Number per Spot

100

8
" et
N
-

0 2 4 6 8 10 12 14 16
Concentration (mM)

MethG,RDGSP (control) PEGDA-700 (control)
80 { R?=0.9942 80

Cell Number per Spot
Cell Number per Spot

T S

0 2 4 & 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Concentration (mM) Concentration (mM)

Saturated number of attached
hADSCs on hydrogel spots

Figure 5.
Selection of a suitable linker to ensure the exposure of peptide moieties on PEG hydrogel

surface. A. A list of peptides used for the linker selection: RGDSP peptides fused with
zero/two/four/six glycine linker, RDGSP and no peptide functionalization (blank
PEGDA-700 hydrogel) have been employed as controls. B. Effects of peptide concentration
on the average number of the attached hADSCs on the hydrogel spots and the sigmoidal
curve-fits. C. Effects of glycine linker length on the saturated number of attached hADSCs
on the hydrogel spots. All values are mean + SD. Asterisk denotes significant difference
between blank PEGDA-700 hydrogels, MethG4RDGSP and Meth RGDSP, MethG, RGDSP.
Double asterisk denotes significant difference between Meth RGDSP, MethG, RGDSP and
MethG4RGDSP, MethGg RGDSP.
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Figure 6.
The activities of various short RGD peptides for hADSCs attachment. A. A list of peptides

used in this experiment. B. Effects of peptide concentration on the average number of
attached hADSCs on the hydrogel spots and the sigmoidal curve-fits. C. The saturated
number of attached hADSCs on the hydrogel spots functionalized with different short RGD
peptides. All values are mean + SD. Asterisk denotes significant difference between blank
PEGDA-700 hydrogel, MethG4RDGSP and MethG4RGD, MethG4RGDS, MethG4RGDSG.
Double asterisk denotes significant difference between MethG4RGD, MethG4RGDS,
MethG4RGDSG and MethG4RGDSP.
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Figure 7.
hiPSC-CM adhesion and sarcomere formation on hydrogel microarrays. A. The

representative pictures of hiPSC-CMs on PEG hydrogel spots functionalized with different
RGD peptides (blue: DAPI; green: sarcomere actinin; red: Troponin-1, scale bar = 50 pm): a.
PEG hydrogel spots functionalized with RGD peptides that could not support adhesion of
hiPSC-CMs. b. PEG hydrogel spots functionalized with peptides that can support minimal
cell adhesion. c. PEG hydrogel spots functionalized with peptides that can moderately
support cell adhesion d. PEG hydrogel spots functionalized with RGD peptides that can
effectively promote hiPSC-CM adhesion and sarcomere formation, a critical step for
cardiomyocyte maturation. B. A list of RGD peptides used in this experiment and their
molecular origin. C. The average number of attached hiPSC-CMs on the hydrogel spots
functionalized with RGD peptides from laminin p4 chain, RGD peptides from Vn and two
controls (i.e., blank PEGDA-700 hydrogel and RDGSP peptide functionalized hydrogel). All
values are mean £ SD. Asterisk denotes significant difference between RGD peptide from
laminin p4 chain, RGD peptide from Vn and two control groups. Double asterisk denotes
significant difference between laminin 4 RGD peptides and Vn RGD peptide. D. The
average number of attached hiPSC-CMs on PEG hydrogel spots functionalized with all
different RGD sequences. Asterisk denotes significant difference between the “active” RGD
peptides and “inactive” RGD peptides plus two control groups. Double asterisk denotes
significant difference between laminin 4 RGD peptides, RGDSP and other RGD peptides
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from ECM proteins. Peptides labeled with asterisk were identified through bioinformatics
screening. E. The sarcomere actinin expressions of hiPSC-CMs (pixels per cell) cultured on
the hydrogel spots. Asterisk denotes significant difference between RGD peptide from
laminin B4 chain and RGD peptides from Vn, Fn, a5-2, a4. Peptides labeled with asterisk
were identified through bioinformatics screening.
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