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ABSTRACT

Bioactive signals play many important roles on cell function and behavior. In most biological studies,
soluble biochemical cues such as growth factors or cytokines are added directly into the media to
maintain and/or manipulate cell activities in vitro. However, these methods cannot accurately mimic
certain in vivo biological signaling motifs, which are often immobilized to extracellular matrix and also
display spatial gradients that are critical for tissue morphology. Besides biochemical cues, biophysical
properties such as substrate stiffness can influence cell behavior but is not easy to manipulate under
conventional cell culturing practices. Recent development in photocrosslinkable hydrogels provides new
tools that allow precise control of spatial biochemical and biophysical cues for biological applications, but
doing so requires a comprehensive study on various hydrogel photochemistry kinetics to allow thorough
photocrosslink reaction while maintain protein bioactivities at the same time. In this paper, we studied
several photochemistry reactions and evaluate key photochemical parameters, such as photoinitiators
and ultra-violet (UV) exposure times, to understand their unique contributions to undesired protein
damage and cell death. Our data illustrates the retention of protein function and minimize of cell health
during photoreactions requires careful selection of photoinitiator type and concentration, and UV
exposure times. We also developed a robust method based on thiol-norbornene chemistry for inde-
pendent control of hydrogel stiffness and spatial bioactive patterns. Overall, we highlight a class of
bioactive hydrogels to stiffness control and site specific immobilized bioactive proteins/peptides for the
study of cellular behavior such as cellular attraction, repulsion and stem cell fate.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

majority of in vitro cell studies rely on tissue culture plastic (TCP) as
a culture substrate and soluble biochemical cues for regulating cell

The development of bioactive materials is vital for introducing
new methods to study and manipulate cell behavior. Currently, the
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activities. These methods, however, are unable to accurately display
certain signaling motifs found in vivo environments, including
immobilized growth factors, cell-cell ligand-receptor interactions,
and spatially localized signaling. Furthermore, biophysical cues
such as tissue stiffness have important roles in cell phenotype
[1-3], whereas TCP does not provide physiologically relevant
stiffness. To overcome these challenges, bioactive materials are
excellent candidates for mimicking tissue stiffness, immobilizing
biomolecules, and creating spatially specific biochemical patterns.
Specifically tailored hydrogels have been previously successful in
influencing cell morphology [4], cell function [5,6] as well as stem
cell fate [3].
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Hydrogels are commonly used as cell scaffolds due to their
biophysical and biochemical commonalities with the extracellular
matrix (ECM) [7,8]. Natural polymers, such as collagen or fibrin-
ogen, are common choices for scaffolds as they are biocompatible
and found in many tissues of the body, but they lack the easily
targeted chemical moieties for bioconjugation purposes. Synthetic
hydrogels are advantageous for the manipulation of both stiffness
and bioactive molecule attachment. In particular, polyethylene
glycol (PEG) is a biologically inert synthetic polymer commonly
utilized as a blank slate for cell scaffolds [9,10]. Photo-
polymerization can be used for PEG hydrogel formation and bio-
conjugation [10]. Photochemistry requires a photoinitiator and
ultra-violet (UV) light exposure to initiate and propagate the re-
action. When photoinitiators are introduced to UV light, chemical
bonds break to form radicals. Theses radicals are critical for the
reaction initiation but can also negatively affect proteins or cells
that are present [11]. Two common photoinitiators used in bio-
related PEG crosslinking include 2-dimethoxy-2-
phenylacetophenone (DMPA) and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [12,13]. Specifically, DMPA
has been often used in combination with acrylate PEG chemistry
[10,12]. LAP has recently reported in studies utilizing thiol-ene re-
actions [13].

Additionally, there are different photo-reactive chemistries
employed for PEG hydrogel synthesis. Acrylate hydrogels entail
PEG-diacrylate (PEGDA) monomers undergoing acrylate-acrylate
chain growth polymerization resulting in randomly crosslinked
networks [12,13]. Another approach is thiol-ene based chemistry
[14,15]. Differently, thiol-ene reactions create uniform crosslinks
via step growth polymerization and therefore require two re-
actants: PEG-dithiol monomers and multi-arm PEG containing an
“ene” carbon double bond functional group. Thiol-ene, also known
as click reactions, can be employed with a variety of “ene” func-
tional groups. Moreover, these functional groups exhibit different
reaction kinetics [16] and therefore offer several choices depend on
the specific requirement of the applications.

In this study, we investigated how photoinitiator type and
concentration influences these photochemistry kinetics, retention
of protein bioactivity, and cell viability across a range of UV expo-
sure times. Additionally, we explore both acrylate and thiol-ene
PEG hydrogel substrates for stiffness manipulation and surface
protein patterning. Finally, we created bioactive hydrogels with
vascular endothelial growth factor (VEGF) and ephrinB2 demon-
strating its impact on endothelial cell (EC) behavior.

2. Material and methods
2.1. Photoinitiator stock solutions

DMPA (Sigma Aldrich) was dissolved at a concentration of
300 mg/mL in N-Vinylpyrrolidone (NVP, Sigma Aldrich). The LAP
was synthesized according to [13]. LAP stock solution was made at a
25 mg/mL in phosphate buffered saline solution. Solutions were
passed through 0.22 um filer for sterilization. Stock solutions were
protected from the light with aluminum foil and stored at 4 °C.

2.2. Thiol-ene reaction kinetics

A free thiol colorimetric detection assay, Ellman's Reagent
(Thermo Sci.), was used to measure thiol-ene reaction kinetics. In
short, the peptide, Arginine-Glycine-Aspartic acid (RGD), was pur-
chased with an additional cysteine residue at the terminus to
provide a free thiol for bioconjugation (RGDC, American Peptide).
Reduced peptide aliquots were stored in —20 °C to maintain free
thiols over time (Supplemental Fig. S1). RGDC was allowed to react

with an 8-arm PEG norbornene (JenKem Tech, 20 KDa) at a one to
eight molar ratio of norbornene to thiol. The reaction was measured
with Ellman's assay after various UV light wavelengths (365 nm or
390 nm) and exposure times, ranging from 10 to 60 s. The amount
of free thiols present was calculated and analyzed as inversely
proportional to the percentage of reaction that has occurred. Thiol-
ene kinetics are reported as a time course and free thiols present
are compared to the amount of thiols measured prior to the reac-
tion starts.

2.3. Lysozyme bioactivity assay

To evaluate the bioactivity of proteins after photoreactions, an
assay was developed using lysozyme as a model protein. In short,
lysozyme (Sigma Aldrich) was exposed to different photoinitiator
concentrations and UV light times. For a negative control, lysozyme
was boiled for 10 min at 90 °C. Untreated lysozyme served as a
positive control. Next, treated lysozyme solutions (1 mg/ml) were
added to an overnight E. coli culture and incubated for 4 h at room
temperature. Solutions were centrifuged and the supernatant was
collected for analysis. Bradford assay (Bio-Rad) was used to mea-
sure bacteria lysate collected from each treatment group. As ex-
pected, the supernatant collected from incubated boiled lysozyme
measured no additional protein in the solution; on the other hand,
untreated lysozyme measured high concentrations of proteins from
the successfully lysed bacteria. Bioactivity is reported as a per-
centage calculated from the positive control of the assay.

2.4. Cell culture and hydrogel seeding

Mouse embryonic stem cells (mESC) were cultured in 37 °C in
5% CO, maintained on 0.1% gelatin coated dishes with ESGRO
complete defined serum-free medium (Stem Cell Technologies)
with a selective GSK3beta inhibiter. Media was replaced every two
days and routinely passaged. For hydrogel seeding, mESCs were
added at a cell density of 200,000 cells/cm? to various stiffness
acrylate hydrogels. Human umbilical cord venous endothelial cells
(HUVECs, Lonza) were cultured in 37 °C in 5% CO; on 0.1% gelatin
coated dishes with Endothelial Cell Growth Medium-2 (EGM-2,
Lonza). Media is replaced every two days and passaged regularly.
HUVECs were seeded onto patterned hydrogels at a cell density of
70,000 cells/cm?. HUVECs seeded onto VEGF immobilized hydro-
gels were cultured with EGM-2 without growth factors.

2.5. Cell viability measurement

To investigate the health of cells that were present during a
photoreaction, a photoinitiator was introduced to a cell suspension
of HUVECs and exposed to UV light for a specific amount of time.
After treatment, HUVECs were seeded into a 96 well plate. After 4 h,
cell viability was evaluated using live (calcein AM) dead (ethidium
homodimer-1) staining following kit instructions (Thermo Fisher
Scientific). As a positive control, HUVECs with no photoinitiator or
UV exposure were also seeded and imaged. Additionally, solvent
NVP, used in DMPA but not LAP stock solution, was tested to
determine its contribution to cell viability (Supplemental Fig. S2).
Images were analyzed with Image] software to calculate percent
cell viability.

2.6. PEG-diacrylate and thiol-ene hydrogel synthesis

Acrylate-acrylate hydrogels were synthesized using poly-
ethylene glycol diacrylate monomers (PEGDA, Laysan Bio, 3.4 kDa).
Thiol-ene hydrogels were synthesized by a reaction between PEG-
dithiol (Laysan Bio, 3.4 kDa) and 8-arm PEG norbornene (JenKem
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Tech, 20 KDa) at an eight to one molar ratio. Precursor solutions
were created at a 10% weight/volume in phosphate buffer saline
(PBS) with 2 mM of LAP, unless otherwise stated. Gel solutions were
passed through a 0.22 um filer for sterilization. Additionally,
fibronectin (60 pg/ml) was added into the precursor solution to
improve cell attachment to the hydrogel. After thoroughly mixed,
solutions were pipetted into a 0.5 mm thick mold and exposed to
UV light (365 nm, 3.4 mW/cm?) for 2 min, unless otherwise stated.
Biopsy punches were used to cut hydrogels into appropriate sized
samples and placed into well plates for imaging or cell seeding.

2.7. Hydrogel rheological measurements

Rheology was used to determine the storage modulus of
different PEG hydrogels compositions. Acrylate PEG hydrogels were
photopolymerized with 11.7 mM of DMPA and UV for two min. 8-
arm norbornene PEG hydrogels were each mixed with PEG-
dithiol at a 1:8 M ratio with 2 mM of LAP and exposed to UV
light for two min. Each hydrogel sample (8 mm diameter, 0.5 mm
thickness) was placed into the AR-G2 rheometer (TA Instruments).
The parallel plate geometry (8 mm diameter) was lowered until
making contact with the surface of the gel (0.5 mm gap distance).
Time sweeps were performed at 0.1% strain and 0.1 Hz frequency at
37 °C. Independent hydrogel samples were run as replicates for
each composition.

2.8. Protein immobilization and patterning

PEG hydrogel surfaces were modified with thiolated-proteins or
peptides via thiol-ene reactions. To introduce thiol group to the
protein, proteins were reacted with 2-iminothiolane HCl (Traut's
Reagent, Thermo Scientific) following the manufacturer's protocol.
NHS-ester fluorescent tags (Dylight488 or Dylight594, Invitrogen)
were also reacted with proteins/peptides for pattern visualization.
Acrylate-acrylate and thiol-ene PEG hydrogels were photo-
polymerized, using the method described in the previous section.
Next, reduced thiolated proteins or peptides were evenly pipetted
across the surface of the hydrogel. For patterning, a photomask was
placed directly onto the hydrogel surface. Hydrogels underwent a
second round of UV exposure, for 30 s, unless otherwise stated.
Hydrogels were placed into well plates for imaging or cell seeding.
All hydrogels were washed in phosphate buffer saline (PBS) over-
night prior to imaging or cell seeding.

3. Results and discussion
3.1. Thiol-ene reaction kinetics

To select an appropriate functional group for PEG thiol-ene re-
actions, we explored different “ene” functionalized PEG monomers
(Fig. 1a) and observed their reaction kinetics with a thiolated
peptide, RGDC (Fig. 1b). Comprising exactly one thiol, RGDC was
reacted with a 1:1 functional group of norbornene, maleimide or
acrylate functionalized PEG (Fig. 1a). Our results indicated that
thiol-norbornene has the quickest reaction speed and best reaction
completeness: all thiols were reacted in less than 1 min (~30 s) of
UV exposure (Fig. 1c). In comparison, thiol-acrylate reaction is
significantly slower: 50% of the thiol is still un-reacted even after
4 min of UV exposure. Thiol-maleimide reaction speed is fast in the
beginning but less efficient afterwards with 40% of thiol remains
unchanged during the 1—4 min UV exposure time. Moreover, we
observed an exponential decay relationship between unreacted
free thiols and UV exposure within 30 s (Fig. 1d). Moving forward,
thiol-ene reactions were carried out with norbornene functional
PEG, as the monomer provides fast and efficient reactions,

important features when working with cell encapsulation and/or
protein conjugation.

Next, we evaluated photoinitiator type, concentration and UV
wavelength contributions to the efficiency of norbornene thiol-ene
reactions. LAP initiation resulted in fast reaction kinetics across a
range of molar concentrations, with the lowest successful con-
centration of 0.5 mM (Fig. 1e). On the other hand, DMPA initiated
reactions showed slower kinetics and only converted about half of
the free thiols after 1 min of UV exposure (Fig. 1f). Furthermore,
increases in DMPA concentration failed to increase efficiency.

Next, we tested different UV wavelengths, 365 nm and 390 nm,
to examine if either provided better kinetics for each photoinitiator.
LAP was able to initiate the reaction similarly using either UV
wavelength (Fig. 1g). On the other hand, DMPA was able to initiate
the reaction when exposed to 365 nm wavelength but not 390 nm
(Fig. 1h). These results illustrate LAP is an excellent photoinitiator
for thiol-ene based photochemistries; LAP reactions require shorter
UV times and minimal LAP concentrations. DMPA initiated re-
actions are not appropriate for thiol-ene reactions when speed or
high efficiency is desired.

3.2. Photochemistry parameters effect protein bioactivity and cell
viability

To examine how photochemistry parameters effect protein
bioactivity, we evaluated LAP and DMPA and observed the detri-
mental effects on lysozyme functions. Comparing the photo-
initiators at the same molar concentration, DMPA provided higher
activity across all UV times tested. At 4 min of UV light, LAP
decreased protein activity to about 40%, whereas DMPA showed no
degradation of lysozyme function (Fig. 2a). Additionally, we noticed
the concentration of LAP drastically influenced protein function;
however, changes in DMPA concentration did not (Fig. 2b). For
example, LAP at concentrations greater than 2 mM saw a large
reduction in protein function at 30 s of UV exposure, and prolonged
UV exposure continued to damage lysozyme (Fig. 2c). Whereas
DMPA at different concentrations resulted in varied but overall high
bioactivity across tested UV exposure (Fig. 2d). Overall, these re-
sults suggest DMPA is a superior photoinitiator for maintaining
bioactivity of proteins for high photoinitiator concentrations and
long UV exposure times. LAP is still a viable photoinitiator choice
for bioconjugation purposes but has a significantly smaller working
range in both molar concentration and UV exposure time.

To validate how photochemistry parameters effect cell viability,
we employed live dead staining on HUVECs after different treat-
ments of photoinitiators and UV exposures. As a general trend, we
observed that cell viability decreases with increases in photo-
initiator concentration and/or UV exposure times. At the same
molar concentration, LAP provided a higher percentage of live cells
at 1 min and 2 min of UV exposure compared to DMPA (Fig. 3a). LAP
concentrations tested coupled with 1 min of UV exposure all
retained high percentage of viability, but prolonged UV exposure
drastically diminished percent of live cells (Fig. 3b). On the other
hand, DMPA treatment groups experienced potency with changes
in photoinitiator concentration but not as sensitive to UV exposure
times (Fig. 3¢). In particular, concentrations of 2 mM, 11.7 mM, and
23.4 mM of DMPA with 1 min UV resulted in 80%, 40%, and less than
10% cell viability, respectively (Fig. 3c). In summary, the presence of
LAP or DMPA with exposure to UV light can negatively affect the
health of cells. When performing photochemistry in the presence of
cells, such as for cell encapsulation protocols, UV exposure is an
important parameter to minimize when initiating the reaction with
LAP whereas photoinitiator concentration is critical to minimize
when using DMPA.

In summary, both types of photoinitiators can be successfully
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Fig. 1. Reaction Kkinetics of thiol-ene photo-reactions. (a) Tested PEG functional end “ene” groups for thiol-ene reactions, norbornene, maleimide and acrylate. Dashed circles
indicate “ene” reaction moiety. (b) RGDC peptide as the thiol functional for thiol-ene reactions. Dashed circle indicates thiol moiety. (¢) Reaction kinetics of different end group PEGs
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(e,f) Norbornene—thiol reactions with different LAP or DMPA concentrations. (g,h) Norbornene-thiol reaction UV wavelengths of 365 nm or 390 nm wavelengths for LAP and DMPA

photoinitiators.

employed for bioactive conjugations or cell encapsulation; how-
ever, there are limitations in the concentration and UV exposure
times for both. The specific combinations of photoinitiator, con-
centration, and UV exposure required for successful retention of
protein bioactivity and/or cell viability are depicted in Fig. 4.:2 mM
LAP with 1-2 min UV or 2 mM DMPA with 1 min UV gives both
excellent cell viability and protein bioactivity. Furthermore, Table 1
summarizes the different applications for photoinitiators LAP and
DMPA.

3.3. Stiffness of acrylate and thiol-ene hydrogels

To begin comparing acrylate and thiol-ene hydrogels as cell
culture substrates, we observed their mechanical properties. First,
acrylate and thiol-ene hydrogels were synthesized via their
respective reaction protocols (Fig. 5a). We modulated PEG reactant
concentration within the precursor solution and measured the

resulting hydrogel stiffness. Acrylate hydrogels were able to ach-
ieve different magnitudes of stiffness, ranging from 1 kPa to 100 kPa
by altering the weight per volume solutions from 5 to 20% PEGDA
(3.4 kDa), respectively (Fig. 5b). Thiol-ene hydrogels, however,
exhibited a much smaller range in stiffness. Specifically, 8-arm
norbornene PEG monomers (20 kDa) reacted with dithiol PEG
monomers (3.4 kDa) at 5%, 10% and 20% concentrations resulted in
hydrogel stiffness all less than 5 kPa (Fig. 5c). It is evident that
acrylate hydrogels, without altering PEG monomer's molecular
weight, can provide a wide range of stiffness. On the other hand,
thiol-ene hydrogels are limited and only fine tuning stiffness
properties can be established by modulating the PEG monomer
concentration alone. To expand thiol-ene hydrogel stiffness range
to different magnitude, it is expected that molecular weight of the
PEG reactants needs to be manipulated.

Next, we evaluated UV exposure time effects on hydrogel stiff-
ness. We noticed both acrylate and thiol-ene hydrogels were able to
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create a gel around 1 min of UV exposure. Importantly, we found
more UV exposure to acrylate hydrogels would continue to increase
the stiffness (Fig. 5d). In contrast, thiol-ene hydrogels revealed no
increase in stiffness with prolonged UV exposure (Fig. 5e). This data
illustrates acrylate reactions are incomplete at 1 min of UV and will
continue to react with additional UV exposure. Thiol-ene reactions,
on the other hand, are completed at 1 min of UV and no further
crosslinking occurs with additional exposure. This data further
confirms reaction properties observed in kinetic reaction studies
(Fig. 1), discussed in the previous section. Overall, both systems
provide stiffness ranges that can successfully mimic a variety of
tissues stiffness.

Modulation of substrate stiffness is one of the approaches to
control cell behaviors such as morphology, migration, and certain
stem cell fates [3,17,18]. As an example, we illustrate acrylate
hydrogels at different stiffness can affect how differentiating stem
cells attach and grow overtime (Fig. 5f—h). We observed mESCs
differentiate on a soft hydrogel (5%PEG, 1 KPa) as a monolayer
(Fig. 5f) whereas mESCs on a stiff hydrogel (20%PEG, 100 kPa)
resulted in cell aggregates (Fig. 5h). Additionally, acrylate and
norbornene hydrogels can be used to encapsulate cells in 3D
(Supplemental Fig. S3) Different dimensionality cultures are
commonly found in stem cell differentiation approaches. We
illustrate that we can create different growth environments
through simple manipulation of the precursor gel solution.

3.4. Surface patterning of acrylate and thiol-ene hydrogels

Both acrylate and thiol-ene PEG hydrogels are capable of spatial
conjugation of thiolated proteins to their surface via thiol-ene

reactions. In short, to pattern protein on acrylate gel, thiol modified
proteins are spread across the hydrogel's surface evenly, a photo-
mask is placed directly onto the surface and the gel is exposed to a
second round of UV light. Unreacted proteins are washed away and
patterned fluorescently tagged proteins can be observed using
fluorescence microscopy.

Thiol-ene hydrogels require a more complex method for surface
protein patterning (Fig. 6). As most norbornene groups are fully
reacted due to the high efficiency of thiol-norbornene reaction
during hydrogel forming process, this leaves very little free nor-
bornene groups available for additional surface patterning with
thiol-proteins. We have developed a protocol for robust surface
bioconjugation on PEG-norbornene hydrogels. First, PEG-dithiol, 8-
arm norbornene PEG, a photoinitiator, and an extracellular protein
(e.g. fibronectin, laminin) are mixed and exposed to UV light
(Fig. 6a). 8-arm norbornene PEG is the limiting reactant to provide
complete crosslinking throughout the gel. From experimental
values, we found that a molar ratio of 1:8 (8-arm norbornene PEG
to PEG-dithiol) or higher allows for complete surface thiol satura-
tion, suggesting a completed hydrogel network throughout
(Fig. 6b). Next, a small volume of multi-arm norbornene PEG is
spread onto the surface of the hydrogel and the gel is exposed to a
second round of UV light (Fig. 6¢). This will replace the saturated
thiol surface with copious norbornene functional groups for tar-
geted bioconjugation. After this step, thiolated proteins are spread
across the surface evenly, a photomask is placed directly onto the
surface and the gel is exposed to another round of UV light (Fig. 6d).
As previously discussed, the additional rounds of UV exposure will
not alter the underlying stiffness of the thiol-ene hydrogel. Finally,
unreacted proteins are washed away and the immobilized protein
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pattern remains (Fig. 6e).

To evaluate how patterning parameters contribute to the suc-
cess of surface bioconjugation, we tested three key features for both
hydrogel chemistries. First, we observed how UV exposure time of
the protein pattern changes the amount of immobilized protein for
both thiol-ene hydrogels and acrylate hydrogels. For both hydrogel
systems, we found that increased UV exposure to the pattern
resulted in more peptides conjugated to the surface, as expected
(Fig. 7a). Specifically, pattern intensities increases with increased
UV exposure (Fig. 7a). This property is of interest when looking to
develop continuous protein gradients using UV light. Next, we
investigated how UV exposure for hydrogel formation prior to
patterning can affect the protein pattern. Here, we observed acry-
late hydrogels had a significant loss of conjugated molecules when
UV exposure times were greater than 2 min (Fig. 7b). In contrast,
thiol-ene hydrogels depicted strong conjugated patterns indepen-
dent of prior UV exposure times (Fig. 7b). This data highlights a key
feature of our developed thiol-ene hydrogel platform compared to
the acrylate system. That is, thiol-ene protocol relies solely on
complete reactions for each synthesis step and therefore additional
UV exposure does not effect the substrate's bioconjugation
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Fig. 4. Selecting photoreaction parameters for high cell viability and/or protein
bioactivity. LAP (black) or DMPA (blue) photoinitiators at different concentrations and
UV exposure times. Top right region parameters that can achieve both high cell
viability (>705%) and bioactivity (>70%).

potential. However, acrylate hydrogels depends on residual acrylate
groups remaining after an incomplete reaction of the hydrogel's
network. Therefore, the more complete the hydrogel reaction is as
time goes by, the less acrylate groups are available for bio-
conjugation on the surface and, thus, the amount of protein
patterning is decreased. Finally, we tested how the concentration of
thiolated molecules would influence the protein patterning
strength. With both hydrogel systems, we noticed greater surface
conjugation generated at higher peptide concentrations (Fig. 7c).
Both acrylate and thiol-ene hydrogels were successful sub-
strates for creating immobilized protein patterns. Acrylate hydro-
gels require specific UV exposure times and therefore this platform
is somewhat limited in its potential. Thiol-ene hydrogels, on the
other hand, prove to have greater flexibility in its protocol param-
eters and shows promise for more complex bioactive systems.

3.5. Applications of bioactive hydrogel patterning

To highlight the potential of bioactive hydrogel patterns, we
patterned VEGF onto PEG acrylate hydrogels. VEGF is a critical
biochemical cue for angiogenesis and an important factor for
in vitro culture of ECs. Additionally, VEGF is typically in ECM
sequestration [19]. Therefore, to mimic this immobilized display of
VEGF, we created VEGF patterned hydrogels and cultured HUVECs
on these bioactive gels. We monitored EC response to the VEGF
pattern over two days (Fig. 8). At first, ECs uniformly occupied the
hydrogel's surface at initial cell seeding (Fig. 8a), but overtime
HUVECs migrated towards the immobilized VEGF. After two days of
culture, majority of ECs were observed on the VEGF pattern
(Fig. 8b—c). VEGF patterned hydrogels remain bioactive for over
two weeks when stored in 4 °C (Supplemental Fig. S4).

To illustrate another application for bioactive patterns, we
developed a method for creating a continuous gradient. To achieve
a gradient pattern, we modulated the UV exposure across the
hydrogel's surface by using a programmable moving stage (Fig. 9a).
At most, the hydrogel was exposed to 30 s of UV light and the
opposite side received no UV exposure. This technique resulted in a
continuous gradient (Fig. 9b—c). In this example, we patterned
ephrinB2-Fc to study ephrinB2-EphB4 signaling in ECs. In general,
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Table 1
Summary of photoinitiators and their usage.
LAP DMPA
Hydrogel/Bioconjugation Reactions Thiol-ene Acrylate
Acrylate
UV Wavelengths 365 nm 365 nm
390 nm

Cell Encapsulation (HUVECs)

Bioactive Retention

Cell Encapsulation (>70%) and Bioactive Retention (>70%)

2 mM; 1min. UV (>95%)
2 mM; 2min. UV (>80%)
8.5 mM; 1min. UV (>95%)
2 mM; 1min. UV (>75%)
2 mM; 2min. UV (>75%)

2 mM; 1min. UV (>70%)

2 mM; 1min. UV (>95%)
2 mM; 2min. UV (>95%)
12.75 mM; 1min. UV (>80%)
12.75 mM; 2min. UV (>80%)
2 mM; 1min. UV 2 mM; 1min. UV

2 mM; 2min. UV

ephrins are membrane bound ligands that require cell-cell multi-
valent contact with membrane-bound Eph receptors for protein
signaling. In the vascular system, ephrinB2 is uniquely express on
arterial ECs and its receptor, EphB4, is express on vein ECs [20]. The
signaling between ephrinB2 and EphB4 is known to play an
important role in arterial venous vessel patterning [21]. To mimic
this cell-cell signaling, immobilized gradient of ephrinB2-Fc was
seeded with vein ECs (HUVECs), which express the EphB4 receptor.
Shortly after cell seeding, HUVECs were attached uniformly across

the hydrogel surface (Fig. 9d). Unlike VEGF pattern, overtime we
observed HUVECs migrate away from immobilized ephrinB2-Fc.
HUVECs on gradient ephrinB2 hydrogels at one, two and four days
of culture (Fig. 9e—g). The ephrinB2 signal repels EphB4 expressing
cells, suggesting this cell-cell signaling plays a role in the formation
of arterial venous territory separations in vivo. These findings are
supportive of others finding regarding ephrinB2-EphB4 signaling in
the developing of arterial venous networks [21]. In summary, we
were able to manipulate HUVECs to attract or repel in response to

Norbornene-Thiol Step Reaction

0 O’V?)/b
0 Q/L DWO}?K’ o b
_CH 8 £ oA + HS SH >
HzC%\ﬂ’{o 0 ? IQ{K of™© 1/ V{‘/\Ot\/ +UV and Initiator
0 n > o
PEG-diacrylate +UV and Initiator Multi-Arm PEG-Norbornene PEG-dithiol
b c
120000 ~ 6000 ~
100000 - 5000 A
__ 80000 - __ 4000 A
g g
2 60000 - ~— 3000 -
© [0}
40000 - 2000 A
20000 - 1000 A
0 4 T T T 1 0 T T T T 1
0% 5% 10% 15% 20% 25% 0% 5% 10% 15% 20% 25%
PEG DA (w/v%) 8 arm PEG N-SH (w/v%)
d e
40000 3000
_ 35000 — 2000 '_._-/!\i
9.“1 30000 55
© 25000 © 1000
20000 -t T T T T 1 0 T T T T 1
Y 2 4 6 8 10 0 2 4 6 8 10

UV Exposure (min)

UV Exposure (min)
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acrylate hydrogels with fibronectin over three days in vascular differentiation media.
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Fig. 7. Protein patterns on acrylate and thiol-ene hydrogels. (a-c) RGDC patterned on PEG diacrylate (top row) or 8 arm norbornene-thiol hydrogel (bottom row). (a) Pattern UV
exposure for 10, 30 or 60 s. (b) Hydrogel UV exposure for 2, 3 or 4 min (c) RGDC concentrations of 2.2, 1.1 or 0.5 mM. Scale bars represent 200 pm.
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Fig. 8. VEGF patterns attract HUVECs. (a-c) HUVEC-RFP (red) seeded onto VEGF (green) patterned hydrogel images represent (a) 2 h (b) 8 h and (c) 24 h after cell seeding. Scale bar
represents 500 pm.

different bioactive molecules and different spatial patterns. These 4. Conclusion

examples add growing body of research illustrating the potential of

ways to immobilize bioactive molecules to mimicry and study In this study, we investigated the role of photoinitiators and UV
in vivo signaling that including sequestered growth factors [22—28], exposure with respect to acrylate and thiol-ene reaction kinetics,
and cell-cell mimicry [12,29] and multivalent signals [30,31]. protein bioactivity, and cell viability. These parameters were
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Fig. 9. EphrinB2-Fc gradient repel HUVECs. (a) Continuous gradient set up with programmable moving stage. (b,c) EphrinB2-Fc (red) gradient fluorescent image and associated
greyscale values. (d-g) HUVECs-GFP (green) respond to gradient from (d) 1 h, (e) 1 day, (f) 2 days, and (g) 4 days post seeding. Scale bars represent 500 pm.

studied with the goal to develop a hydrogel system capable of
bioactive conjugation, spatial patterning, cell encapsulation, and
any combinations thereof. Our results highlight the photoinitiator
type, concentration, and UV exposure times are important for
different applications. We also evaluated acrylate and thiol-ene
hydrogel systems for independently controlling substrate stiffness
and surface protein patterning. Without changing monomer size,
acrylate hydrogels can create large stiffness ranges with ease just by
varying the hydrogel concentration, but needs carefully monitoring
of the UV strength and time as the acrylate gel continues to change
its stiffness with additional UV exposure. On the other hand, thiol-
norbornene hydrogels demonstrate smaller stiffness ranges with
regards to PEG-norbornene concentration and achieving large
stiffness range requires modulating the molecular weight of PEG-
norbornene monomer. Both hydrogel chemistries can be used for
surface patterning and protein/peptide of interest, while PEG-
norbornene has better independent control of stiffness and sur-
face patterns. Moving forward, our developed patterning protocol
for thiol-ene hydrogels illustrates parameter flexibility, better in-
dependent control of stiffness and surface patterning, and therefore
is a superior candidate for more complex, multi-protein protein
patterning. Overall, bioactive hydrogels have potential in extensive
biological applications.
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