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Orthogonal click reactions enable the synthesis of ECM-mimetic
PEG hydrogels without multi-arm precursors

Faraz Jivan®, Natalia Fabela®, Zachary Davis® and Daniel L. Alge®*

Click chemistry reactions have become an important tool for synthesizing user-defined hydrogels consisting of
poly(ethylene glycol) (PEG) and bioactive peptides for tissue engineering. However, because click crosslinking proceeds via
a step-growth mechanism, multi-arm telechelic precursors are required, which has some disadvantages. Here, we report
for the first time that this requirement can be circumvented to create PEG-peptide hydrogels solely from linear precursors
through the use of two orthogonal click reactions, the thiol-maleimide Michael addition and thiol-norbornene click
reaction. The rapid kinetics of both click reactions allowed for quick formation of norbornene-functionalized PEG-peptide
block copolymers via Michael addition, which were subsequently photocrosslinked into hydrogels with a dithiol linker.
Characterization and in vitro testing demonstrated that the hydrogels have highly tunable physicochemical properties and
excellent cytocompatiiblity. In addition, stoichiometric control over the crosslinking reaction can be leveraged to leave
unreacted norbornene groups in the hydrogel for subsequent hydrogel functionalization via bioorthogonal inverse-
electron demand Diels-Alder click reactions with s-tetrazines. After selectively capping norbornene groups in a user-
defined region with cysteine, this feature was leveraged for protein patterning. Collectively, these results demonstrate
that our novel chemical strategy is a simple and versatile approach to the development of hydrogels for tissue engineering

that could be

1. Introduction

Hydrogels are crosslinked hydrophilic polymer networks
that are considered to be the most tissue-like class of
biomaterials, which has led to high interest in their use for
tissue engineering.l'3 Common crosslinking strategies to
fabricate hydrogels include physical crosslinking through
polymer chain entanglements or electrostatic interactions, and
crosslinking between functional Within
chemical crosslinking, chain growth polymerization through

chemical groups.
rapid propagation of a radical center is widely used with
acrylate-containing polymers. However, this approach lacks
control and reaction specificity due to the potential for chain
transfer events, which can damage proteins and cells.”®
Alternatively, step growth polymerization between two
distinct complementary chemical groups allows for more
predictable crosslinking and is amenable to a wide range of
chemical handles.” ® Click chemistry is widely appreciated as a
tool for controlling the step-growth crosslinking of hydrogels.
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useful for a

variety of applications.

The efficiency, functional group selectivity, and mild nature of
click-type reactions makes them particularly well suited for
hydrogels being synthesized in the presence of fragile cells or
biologics.g'12

There has been considerable innovation in the synthesis of
extracellular (ECM)-mimetic hydrogels by click
chemistry from both naturally-occurring and synthetic
polymers. Hyaluronic acid and gelatin, both natural polymers

matrix

which already contain cellular binding domains, have been
chemically modified along their respective polymer backbones
to incorporate click functional groups for pendant peptide or
ECM protein functionalization and to provide numerous
crosslinking sites that can be used to independently tune
hydrogel mechanical properties.13'18 Synthetic hydrogels based
on poly(ethylene glycol) (PEG) have widely been used in tissue
engineering because of their hydrophilicity, tunable tissue-like
elasticity, and bio-inertness. PEG hydrogels are also considered
to be a “blank slate” platform that can be easily modified with
peptides and proteins for drug delivery and cell
encapsulation.19 Notably, the use of photo-initiated thiol-ene
click reactions,4' 20,21 9nd Michael addition reactions such as
the thiol-vinyl sulfone?” 2 and thiol-maleimide reactions,m'27
have become increasingly important in the synthesis of
complex, matrices. Additionally,
advances have been made in using biorthogonal, initiator-free
click reactions such as oxime Iigation,zs' 2 strain promoted
azide-alkyne cIick,30' 31 and tetrazine-norbornene click
reactions®” for facile incorporation of bioactive ECM-

user-controlled hydrogel

33
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mimetic peptides for cell attachment, cellular degradation or
directed differentiation.

Due to the step-growth nature of click cross-linking
reactions, the synthesis of ECM mimetic PEG-peptide
hydrogels with these chemical strategies requires the use of
multi-arm, telechelic PEG precursors. These macromers are
synthesized by living ring-opening polymerization of ethylene
oxide using multi-functional alcohol cores like
pentaerythritol.34 While they are widely used in hydrogel
fabrication, there are important drawbacks. For example,
steric hindrance of the growing polymer chain and impurities
such as water can lead to lower extents of polymerization,
unpredictable molecular weights and fewer arms than desired.
Achieving quantitative functionalization of the end groups with
clickable functional handles is also challenging compared to
linear PEG precursors and often requires a large excess of
functional reagent, which can be costly. Even post-synthesis,
the analytical method for determining functionalization,
nuclear magnetic resonance spectroscopy (NMR), can provide
an incomplete picture of the chemical structure, because of
the large discrepancy between the ratio of end group
hydrogens compared to hydrogens in the polymer backbone.*
These drawbacks are important because they can adversely
affect hydrogel properties. Reaction stoichiometry is critical in
step-growth reactions and click crosslinking, and variability in
the functionality of precursors can reduce the number of sites
for conjugation, alter crosslinking density, and result in
heterogeneous networks or non-idealities within the polymer
structure.®® ¥’ Additionally, the fact that PEG can only be
functionalized on the chain ends means that conjugation of
bioactive molecules takes away potential crosslinking sites,
thereby limiting the amount that can be added.

To circumvent these challenges, the objective of this work
was to develop an alternative strategy for synthesizing ECM-
mimetic hydrogels that utilizes only linear precursors.
Specifically, we sought to synthesize PEG-peptide block co-
polymers (BCPs) via step-growth polymerization of PEG-di-
maleimide with di-cysteine peptides. To render these BCPs
crosslinkable, we installed norbornene groups on one of the
peptides. Since norbornene is an electron-rich alkene, it will
not participate in Michael addition reactions but can readily
participate in radical initiated thiol-ene reactions as well as
inverse electron demand Diels-Alder reactions with s-
tetrazines. Here, we demonstrate the ability to tune BCP

hydrogel mechanical properties and utilize this versatile
platform for cell encapsulation and bioactive protein
patterning.

2. Experimental
Materials

PEG di-maleimide (5,000 g/mol) and PEG di-thiol (3,400 g/mol)
were purchased from Laysan Bio Inc. Rink amide MBHA resin
(100-200 mesh) was purchased from Novabiochem. Fmoc
protected amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexauorophosphate (HBTU), and N-

2 | J. Mater. Chem. B, 2018, 00, 1-3

methyl-pyroliddinone (NMP) were purchased from Chem-
Impex International Inc. Triethanolamine (TEOA), diisopropyl
ethylamine (DIEA), deuterium oxide (D,0), 5,5 -dithio-bis-(2-
nitrobenzoic acid) (DTNB or Ellman’s reagent), phenol,
piperidine, triisopropylsilane (TIS), trifluoroacetic acid (TFA)
reagent grade and HPLC grade were purchased from Sigma
Aldrich. L-cysteine, 5-norbornene 2-carboxcylic acid was
purchased from Alfa Aesar. Dichloromethane (DCM), HPLC
grade water and acetonitrile (ACN) were purchased from
Thermo Fisher Scientific. Dulbecco’s Modified Eagle Medium
(DMEM) was purchased from Corning. Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals. Penicillin
streptomyosin (Pen Strep) was purchased from Lonza. Calcein-
AM and ethidium homodimer-1 were purchased from Life
Technologies.

Synthetic Procedures

Synthesis of Peptide Sequences.

General. Peptide synthesis was performed on Rink amide resin
with a microwave assisted peptide synthesizer (CEM
DiscoverBio) using standard Fmoc solid phase peptide
synthesis and HBTU activation with DIEA (0.5 M) in NMP.*®
Coupling reactions were generally performed for 6 min at 75
°C, except for cysteine (C) and arginine (R) which were coupled
for 6 min at 50 °C, and 25 min at room temperature then 5 min
at 75 °C, respectively. Fmoc protecting groups were
deprotected with piperidine (20%) in NMP for 5 min at 75 °C.
The peptide was cleaved by treatment with 90:5:2.5:2.5
(TFA:phenol:TIS:water) for 2 hrs at room temperature followed
by precipitation in cold diethyl ether. Crude peptide was
purified by reverse-phase high performance liquid
chromatography (HPLC, Thermo Scientific UltiMate 3000 with
Agilent Technologies C18 column, ACN in water with 0.01%
TFA) and lyophilized (Supporting Information, Figure S1).
Purified product was analyzed via matrix assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) to verify peptide composition (Supporting
Information, Figure S2). Peptides were dissolved in PBS and
absorbance measurements at 205 nm and 280 nm (Thermo
Scientific Nanodrop One) were taken to calculate the stock
concentrations.> MALDI-TOF MS: KCGPQGIAGQCK [M+H]
1188.513 (expected), 1189 (found); CGRGDSGC [M+H]
753.242 (expected), 752.9 (found).

CGK(NB)GC. Norbornene-containing peptide was synthesized
as described above, but with slight variation. A lysine residue
with a 4-methyltrityl (Mtt) side protecting group (Fmoc-L-
lysine(Mtt)-OH) was used during synthesis instead of the
traditional lysine residue (Fmoc-L-lysine). After coupling the
K(Mtt) residue, the Mtt protecting group was removed by
addition of 1.8% TFA in DCM (9 washes, 3 min each at room
temperature). The resin was then washed with DCM followed
by NMP. Subsequently, 5-norbornene 2-carboxcylic acid was
coupled to the free amine group by HBTU coupling (4:4:1
norbornene acid:HBTU:resin) and DIEA (0.5 M) in NMP. The
Fmoc protecting group on the lysine residue was then

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 PEG-Peptide Block Co-Polymer Assembly via Michael Addition. Cartoon representation depicting the assembly process of PEG and peptide subunits into random
block-co polymer chains via thiol-maleimide Michael addition of PEG-di-maleimide and di-cysteine containing peptides initiated by triethanolamine. The concentration of
each component used to synthesize the block co-polymer chains is shown in Table 1. The subscripts “a —c” correspond to the number of repeat units within the block co-

polymer (c = 15b = 3a).

removed using standard deprotection, and peptide synthesis
was completed normally, as described above. MALDI-TOF MS:
[M+H] = 586 (expected), 586.396 (found).

Synthesis of PEG-Peptide Block Co-Polymer (BCP) Chains.

To prepare the PEG-peptide BCP precursor solution, PEG-di-
maleimide was polymerized with di-thiol containing peptide
sequences of interest via a Michael addition reaction (Table 1).
A large batch (5 mL) of BCP precursor was prepared from
lyophilized PEG and peptides. Briefly, linear bifunctional PEG-
maleimide (PEG-Mal, 10.5 wt. %), MMP-degradable di-thiol
containing peptide KCGPQGIAGQCK (5 mM), cell-adhesive
peptide CGRGDSGC (1 mM), and short peptide with a pendant
norbornene group CGK(NB)GC (15 mM), were mixed with
TEOA in PBS (1 mM, pH 7-9). The polymer mixture was allowed
to polymerize for 30 minutes at room temperature to form
PEG-peptide BCP (Figure 1).

Synthesis of BCP Hydrogels.

PEG-peptide BCP precursor solutions were subsequently
crosslinked via thiol-ene click chemistry. Briefly, block co-
polymers were combined with a PEG-di-thiol crosslinker

Table 1 Concentration of Components for BCP Chain Formation

Working Working
Components Concentration of Concentration of

Components Click Groups
PEG-Mal 21 mM 42 mM MAL
KCGPQGIAGQCK 5mM 10 mM SH
CGRGDSGC 1mM 2 mM SH

30 mM SH and

CGK(NB)GC 15 mM 15 mM NB

This journal is © The Royal Society of Chemistry 2018

([thiol]:[norbornene] ratio of 1:1) and lithium acylphosphinate
photoinitiator (LAP, 2 mM), synthesized as previously
described.*® Varying dilutions of this BCP pre-polymer solution
were prepared in PBS to result in different crosslinking (XL)
densities (1:1 = high XL, 1:2 = medium XL, and 1:3 = low XL)
(Table 2). Pre-polymer solutions (50 pL) were added to 6 mm
syringe-tip molds and photopolymerization was achieved using
UV light (Omnicure S2000 with a 365 nm filter) at 10 mW/cm2
for 5 minutes.

Methods

Chemical analysis of PEG-Peptide BCP.

Thiol conversion during BCP polymerization was monitored via
Ellman’s Assay to determine the extent of the Michael addition
polymerization. BCP samples and negative control samples
containing PEG-NB instead of PEG-Mal were prepared (n = 3).
Samples (10 uL) were taken at various time points (15, 30, 45,
and 60 min) and incubated with Ellman’s reagent (0.125
mg/mL in PBS, 100 pL). Absorbance measurements at 405 nm
were taken, compared to a standard curve of L-cysteine (0 - 2
mM), and thiol concentrations were normalized to negative
control sample at 0 minutes. Various sample dilutions were
tested to ensure that all measurements taken were within the
assay range.

'H NMR Characterization.

'H NMR characterization of the BCP precursor and gels was
performed to compare spectra after Michael addition and
thiol-ene photopolymerization, respectively. Briefly, BCP
Michael addition was performed as previously described and
separately a non-gelling photopolymerization BCP reaction
with LAP (2 mM) and L-cysteine (15 mM) was performed to
consume norbornenes. Samples were frozen at -80 °C and

J. Mater. Chem. B, 2018, 00, 1-3 | 3
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Table 2 Concentration of Components for BCP Gels

Components Working Concentration of Click Groups
High XL Med XL Low XL

BCP 12 mM NB 6 mM NB 4 mM NB

PEG-di-thiol 12 mM SH 6 mM SH 4 mM SH

lyophilized for 2 days. Lyophilized products (10 mg) were
dissolved in D,0, tested using an Inova NMR Spectrometer
(500 MHz, 64 scans) and analysed via MestReNova NMR
software (Mestralab Research S.L.).

Swelling Ratios of BCP Gels.

Hydrogel samples were immersed in 2 mL of PBS for 48 hours
to reach equilibrium. Swelling ratios of BCP gels were obtained
by measuring the mass of dehydrated gels (Wg) and gels
swollen in PBS for 2 days (W;). The formula for calculating
swelling ratio is shown below:

Swelling Ratio = (W, — W)/ (Wy)

Rheology of BCP Gels.

To characterize mechanical properties of BCP gels, amplitude
time sweep rheology was performed to measure gelation point
and storage modulus. To monitor hydrogel gelation, hydrogels
were monitored during  crosslinking via in  situ
photopolymerization rheology. Briefly, pre-polymer solution
(50 pL) was added on a peltier rheometer plate (Anton Paar
Physica MCR 301) and the 7-mm parallel plate tool was
lowered to the measuring position (0.5 mm). A time sweep
was performed within the linear viscoelastic regime (1% strain,
1 rad/sec) for 6 minutes with the Omnicure UV-365 nm light
source turned on at 30 seconds and photopolymerization
occurring for 5 minutes. Storage (G’) and loss moduli (G”) were
monitored during the time sweep and the gelation point was
determined at the time of crossover between the storage and
loss moduli (n = 3).

To measure the mechanical properties at equilibrium swelling,
BCP gels made in 6 mm syringe-tip molds were swelled in PBS
(2 mL) for 2 days before performing amplitude time sweep
rheology (1% strain, 1 rad/sec). Amplitude sweeps were
performed for 5 minutes and storage moduli were averaged to
determine the average storage modulus (n = 3).

Enzymatic Degradation of BCP Gels.

To study enzymatic degradation of hydrogels, mass loss of
hydrogels incubated in collagenase solution was measured
over time. Briefly, pre-swollen hydrogels were first weighed
before being placed in 1.5 mL microtubes with collagenase-B
solution (1 mg/mL, 1 mL). Microtubes were incubated in a 37
°C water bath to activate enzyme. Gels were removed, dried,
and weighed at various time points until complete degradation

4 | J. Mater. Chem. B, 2018, 00, 1-3

was observed. Percent remaining mass was calculated at the
various time points by normalizing the measured weight to the
initial starting gel weight (n =3).

Cell Viability within BCP Matrices.

To evaluate cytocompatability of the block co-polymer
matrices, NIH 3T3 cells were encapsulated and their viability
was assessed after 1 and 5 days of culture. Briefly, 3T3 cells
(4.0 x 10* cells/gel) were added to the high XL, BCP solution
during photopolymerization (10 mW/cmz, 3 min). Gels were
cultured in standard DMEM media (DMEM, low glucose, 10%
FBS, 1% Pen Strep) for the assigned time at 37 °C, 5% CO,. Gels
were washed with PBS and incubated for 30 min at room
temperature with Live/Dead staining solution (2 uM Calcein
AM and 4 uM Ethidium homodimer-1 in PBS). Gels were
imaged using confocal fluorescent microscopy (Olympus
FV1000) and cell viability as well as cell area were quantified
using FlJI software (NIH). Fluorescent z-projections are shown
for 50 slices (500 um). For cell area, z-stack projections were
manually thresholded to highlight cells and cell size was
quantified using FlJI’s “Analyze Particles” plugin (50 — 1000
um2 pixel size, 0 — 1 circularity). A lower limit of 50 um2
(average fibroblast cell area) was set to ensure that
measurements were representative of cells fully captured
within the z-stack, and an upper limit of 1000 um2 was set to
exclude cell aggregates.

Protein Patterning on BCP Gels.

BCP precursor solution crosslinked as previously
described, but off-stoichiometry ([thiol]:[norbornene] ratio of
0.5:1) to leave residual norbornene groups for protein
patterning. Subsequently, the BCP gel was immersed in a
solution of L-cysteine (20 mM) and LAP (2 mM) and irradiated
with UV light (10 mW/cm?, 5 min) through a photomask in
order to consume norbornene groups on one half of the gel
and then rinsed in PBS. Protein conjugation to the remaining
norbornene groups was then achieved using bio-orthogonal
tetrazine-norbornene click chemistry. First, Texas Red
ovalbumin in PBS (1.5 mg/mL) was incubated with tetrazine-N-
hydroxy-succinimydl ester (Tz NHS ester, 10 equiv.,
synthesized as previously described*” **) for 1 hr at room
temperature to vyield tetrazine-functionalized Texas Red
ovalbumin (Tz-Tx Red Ovalbumin). Tz-Tx Red Ovalbumin (1
mg/mL) was then pipetted on top of the photopatterned BCP
gel and allowed to incubate for 1 hr at room temperature to
react with free norbornene groups in the unexposed
(previously shielded) side of the gel. The BCP gel was then
washed in PBS to remove unconjugated protein and imaged
via fluorescence microscopy (Zeiss Axio Vert.Al).

was

Statistical Analysis.
For statistical analysis, a standard, unpaired t-test was
performed for the Ellman’s assay and cell studies (p < 0.05). A
one-way ANOVA with multiple comparison using Tukey’s
method was performed for mechanical characterization (p <

0.05).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Characterization of Michael Addition vs. Thiol-ene Reactions. Ellman’s assay
shows rapid thiol conversion for the thiol-maleimide reaction (reaction seen
above) and minimal conversion for thiol-ene reaction. BCP percent thiol
conversion was statistically significant compared to PEG-NB thiol conversion for all
time points (p < 0.05, n = 3).

3. Results and Discussion

Chemical Characterization of PEG-Peptide Block Co-Polymer (BCP)
Precursor and Gel. BCP precursor solution was first formed by
thiol-maleimide Michael addition of PEG-di-maleimide and di-
thiol peptides. Ellman’s assay was used to monitor thiol
conversion during Michael addition assembly of BCP chains.
Absorbance results for the BCP precursor solution
demonstrated complete thiol conversion after 15 minutes of
reaction time. Although we did not characterize molecular
weight, assuming greater than 99% conversion, we expect a
degree of polymerization of 100 based on Carothers’ equation
for a stoichiometrically step-growth
polymerization.43 Based on the relative ratios of components
within the block co-polymer outlined in Table 1, the number
average molecular weight would be approximately 287 kDa,
and there would be an average of 35 norbornene groups per
polymer chain. These estimates agree with the results of Miller
et. al. who demonstrated high conversion of their PEG-peptide
polymers via thiol-acrylate Michael addition with high
molecular weight products (majority of species greater than

balanced

A

BCP Precursor BCP Gel

R 0 A PR
A PEG-di-thiol

LAP
_—
UV-365 nm
10 mWicm?

3 min

rials Chemistry:

Paper

500 kDa).44 Importantly, minimal thiol conversion was
observed even after 60 minutes when PEG-NB was substituted
for PEG-MAL (Figure 2). This result was expected since
norbornene is an electron-rich alkene and should not
participate in the Michael addition reaction. The partial thiol
conversion in the PEG-NB solution can be attributed to di-
sulfide formation of the cysteine-containing peptides.

Next, because we aimed to leverage pendant norbornenes for
hydrogel crosslinking (Figure 3a), we characterized the BCP
assembly by "H NMR to verify the presence of alkene related
hydrogens from the norbornene groups. The results showed
the characteristic norbornene peaks (5.9 — 6.3 ppm) were still
present after the thiol-maleimide Michael addition but
disappeared after adding a thiol source (L-cysteine) and
performing thiol-ene photopolymerization (Figure 3b). Finally,
we performed thiol-ene photopolymerization with a PEG-di-
thiol crosslinker and used the vial tilt method to confirm that
the BCP was capable of hydrogel formation (Figure 3b).

Characterization of BCP Hydrogel Mechanical Properties,
Swelling, and Degradability.

After demonstrating photopolymerization of BCP chains with
PEG-di-thiol and LAP, hydrogel networks were mechanically
characterized via time sweep rheology to understand BCP
hydrogel properties. First, in situ photopolymerization
rheology demonstrated rapid gelation with all gel formulations
exhibiting similar gel points occurring 10 seconds after
photoinitiation (Supporting Information, Figure S3) and
reaching a stable peak modulus after 3 - 4 min of UV-light
exposure (Figure 4a). Storage modulus of pre-equilibrated BCP
hydrogels decreased with increasing dilutions of BCP pre-
polymer solution. Hydrogels made with the high XL
formulation exhibited a storage modulus of 1036 Pa + 43 Pa,
while medium and low XL gels exhibited a storage modulus of
284 Pa + 9 Pa and 75 Pa * 4 Pa, respectively (Figure 4b).
Additionally, swelling ratios inversely correlated with storage
moduli as expected. High XL gels had a swelling ratio of 21.99 +
0.92 while medium and low XL gels had swelling ratios of 33.49
+ 1.21 and 42.45 * 1.58, respectively (Figure 4c). Peptide-
containing hydrogels were also degraded via enzymatic
degradation by collagenase-B. High XL BCP gels required 4.5

'BCP Precursor

64 63 62 61 60 59 58 57 56
Chemical Shift (ppm)

Fig. 3 BCP Gelation via Thiol-Ene Photopolymerization. (A) Schematic showing crosslinking of BCP chains through thiol-ene photopolymerization with

poly(ethylene glycol)-di-thiol (PEG-di-thiol) . BCP precursor network on the left shows BCP chains that are overlapping but not crosslinked. (B) Tilt test

images and corresponding *H NMR spectra show the uncrosslinked BCP precursor solution still containing the pendant norbornene groups after the thiol-

maleimide reaction, while the BCP gel is crosslinked and does not contain norbornene groups after thiol-ene photopolymerization.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Mechanical Characterization of BCP Gels. (A) In situ rheology showing gelation kinetics of BCP gelation at low, medium, and high crosslinking formulations. Results
are averaged values over multiple runs (n = 3). (B) Storage modulus of pre-equilibrated hydrogels show a trend of decreasing modulus with lower crosslinking density, as

expected. Averaged modulus values are all statistically significant with respect to each other (p < 0.05, n = 3). (C) Swelling ratios of hydrogels show the expected inverse

correlation to the storage modulus data, with swelling ratios increasing with lower crosslinking density. Averaged swelling ratios are statistically significant with respect to

each other (p < 0.05, n = 3). (D) Degradation of hydrogels in collagenase-B shows increased degradation time with higher crosslinking density.
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Fig. 5 Cell Encapsulation within BCP Gels. (A) Z-projection of confocal images of
live/dead stained, encapsulated 3T3 fibroblasts at 1 day and (B) 5 days. The inset
image shows a magnified area to better visualize cell area and spreading. (C)
Analysis of live-dead images (n = 3) shows good cell viability with no difference
between days 1 and 5. (D) Box and whisker plot of cell areas calculated from live-
dead images (n = 3) shows a greater median and interquartile range at day 5
compared to day 1. Additionally, the average cell area is statistically different
between days 1 and 5 (p < 0.05).

days to degrade completely, whereas medium and low XL gels

6 | J. Mater. Chem. B, 2018, 00, 1-3

degraded by 5 and 1.5 hours, respectively (Figure 4d). Taken
together, these results demonstrate that BCP gels can be
rapidly fabricated via photopolymerization, tuned over a range
of tissue-like stiffness, and are susceptible to enzymatic
degradation.

Cell Viability within BCP Hydrogels.

To demonstrate the ability of BCP gels to be cytocompatible
and a platform for in vitro 3-D cell encapsulation, NIH 3T3
fibroblasts encapsulated within the gels during
photopolymerization. Cell viability was then assessed by
Live/Dead staining with calcein AM and ethidium homodimer.
Analysis of confocal fluorescent images showed 78% + 9% cell
viability after 24 hours and 85% + 12% at 5 days, possibly due
to cell proliferation (Figure 5). These results were expected
given the well-established cytocompatibility of the thiol-
norbornene photopolymerization reaction.” ® Cell area was
also quantified from confocal images and showed that average
cell area statistically increased from 103 to 135 umz from day 1
to day 5, respectively (p < 0.05). Additionally, the median and
interquartile range for day 5 was larger than day 1 (119 vs. 89,
and 80 vs. 55, respectively), indicating that in general the
measured cell areas were overall larger on day 5 than day 1.
These results were also expected given previous observations
of larger cell size and spreading in enzymatically degradable

were

This journal is © The Royal Society of Chemistry 2018
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protein. The fluorescent image on the right shows the resulting protein patterning with Tz-Texas Red ovalbumin on the BCP hydrogel.
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PEG matrices over time.

Also, while cell density appears to
decrease between 1 day and 5 days, it was noted that BCP gels
swelled considerably during culture. This could be a result of
cells actively degrading the enzymatically-degradable peptide
within the BCP backbone, which would cause the gels to swell
in media. Despite this, BCP gels showed good
cytocompatability, cell viability, and an increase in cell area

throughout the bulk of the matrix.

Protein Patterning on BCP Hydrogels.

Spatial arrangement of proteins whether discretely or in
gradients is of high interest for directing cellular behaviors
including attachment, proliferation and differentiation.”™*°
Photolithographic techniques coupled with single or multi-
photon light sources offer the ability to easily achieve spatial
control in 3-D with a great degree of precision, making them
widely useful for patterning of bulk hydrogels. Typically,
peptide and protein-based patterning is performed by
phototethering31’ 32, 3053 of photoum:agings“'56 reactions in
order to attach or uncover biological molecules, respectively.
While this allows for a high degree of spatial control, exposing
biologics to UV light and radical species can compromise their
bioactivity, which provides an impetus for developing
alternative strategies. Previous work from our lab has
demonstrated the ability to sequentially perform
reactions, specifically the thiol-ene and tetrazine-norbornene
click reactions, by controlling stoichiometry of reactants.”’
Advantageously, gels can initially be rapidly fabricated using
radical photochemistry, while bioconjugation can be
performed subsequently, without the use of an initiator, to
ensure the bioactivity of sensitive proteins or growth factors.
Here, we wanted to demonstrate that this approach can be
extended to our BCP gels in order to spatially pattern proteins.
After crosslinking BCP chains off-stoichiometry, a photomask
was used to selectively cap norbornene groups in one half of
the hydrogel with L-cysteine, followed by tetrazine conjugation

click
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of ovalbumin to the unexposed half. Fluorescent images
showed selective fluorescent ovalbumin conjugation to only
half of the BCP gel (Figure 6). Here, we still leverage the
control of photopatterning by creating a “negative imprint”
then conjugate protein with a
complimentary and bioorthogonal chemistry.45 In the future,

and subsequently
this approach could be useful for patterning bioactive growth
factors for tissue engineering.

4. Conclusions

In summary, our work demonstrates that orthogonal click
reactions can be leveraged to synthesize multifunctional and
modular PEG-peptide hydrogels can be synthesized from
simple linear precursors. The ability to tune mechanical
properties within tissue-like ranges, the cytocompatability of
the material platform, and the ease of protein attachment
hydrogel platform broadly useful for tissue
engineering applications. While only one BCP precursor
composition was used here, the BCP gels can potentially be

make this

tailored for a desired application by manipulating the
composition of the BCP components, their molecular weights,
or respective working concentrations. Additionally, the ability
to mix-and-match BCP precursors of various compositions adds
to the versatility of these building blocks and complexity that
can be obtained in the resulting BCP gels. In future studies, we
will expand this platform to other synthetic precursors and

peptide sequences and explore patterning bioactive proteins.
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