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Michael-type addition reactions are widely used to polymerize biocompatible hydrogels. The thiol-
maleimide modality achieves the highest macromer coupling efficiency of the reported Michael-type
pairs, but the resulting hydrogel networks are heterogeneous because polymerization is faster than the
individual components can be manually mixed. The reactivity of the thiol dictates the overall reaction
speed, which can be slowed in organic solvents and acidic buffers. Since these modifications also reduce
the biocompatibility of resulting hydrogels, we investigated a series of biocompatible buffers and
crosslinkers to decelerate gelation while maintaining high cell viability. We found that lowering the poly-
mer weight percentage (wt%), buffer concentration, and pH slowed gelation kinetics, but crosslinking
with an electronegative peptide was optimal for both kinetics and cell viability. Including a high glucose
medium supplement in the polymer solvent buffer improved the viability of the cells being encapsulated
without impacting gelation time. Slowing the speed of polymerization resulted in more uniform hydro-
gels, both in terms of visual inspection and the diffusion of small molecules through the network.
However, reactions that were too slow resulted in non-uniform particle dispersion due to settling, thus
there is a trade-off in hydrogel network uniformity versus cell distribution in the hydrogels when using
these networks in cell applications.
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Statement of Significance

The polymer network of thiol-maleimide hydrogels assembles faster than individual components can be
uniformly mixed due to their fast gelation kinetics. The lack of homogeneity can result in variable cell-
based assay results, resulting in batch-to-batch variability and limiting their use in predictive screening
assays. Although these hydrogels are incredibly useful in tissue engineering, this network heterogeneity
is a known problem in the field. We screened a variety of possible techniques to slow down the reaction
speed and improve the homogeneity of these hydrogels, without sacrificing the viability and distribution
of encapsulated cells. As others have reported, an electronegative crosslinker was the most effective tech-
nique to slow the reaction, but the chemical modification required is technically challenging. Of interest
to a broad community, we screened buffer type, strength, and crosslinker electronegativity to find an
optimal reaction speed that allows for high cell viability and small molecule diffusion, without allowing
cells to settle during gelation, allowing application of these materials to the drug screening industry and
tissue engineering community.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction son, hydrogels offer new opportunities in regenerative medicine
and tissue engineering to study and regulate cell behavior and
function [2]. For example, the biophysical and biochemical
properties of hydrogels can guide cell migration and promote pro-
liferation in vitro [3,4]. The ability to guide cell behavior also allows

hydrogels to be used therapeutically to restore function and

The high water content and bulk elasticity provided by hydro-
gels mimic the physical properties of many tissues [1]. For this rea-
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structure to damaged organs [5,6]. Here we focus on a class of
synthetic, biocompatible hydrogels, which can be modified with
cell-attachment and -degradable motifs to provide bio-
functionality [2,7].
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Polyethylene glycol (PEG) is one of the most commonly used
macromers for tissue engineering, because it is hydrophilic, has
low non-specific adsorption of proteins, and is not degradable
by mammalian enzymes [8]. PEG is easy to chemically function-
alize because the basic structure is capped with hydroxyl end
groups, enabling a variety of chemical reactions, such as pho-
topolymerization, Michael addition, and click chemistry, for
hydrogel polymerization [9]. Of particular interest to us is the
thiol-ene chemistry, which is commonly used to form PEG
hydrogels because thiols react with numerous alkene groups
under many conditions [8,10,11]. Additionally, biologically active
peptides are easily incorporated into hydrogel matrices via the
thiol in the amino acid cysteine. The Michael-type addition reac-
tion is advantageous for cell encapsulation because thiols and
alkenes crosslink under physiological conditions, with no by-
products, and no need for free radical initiating chemicals
[12,13].

The maleimide functional group is the most efficient base-
catalyzed Michael-type acceptor, avoiding toxic chemicals and/
or light-mediated crosslinking that can both limit cell viability
[8]. The high reaction efficiency results in gels with broader stiff-
ness ranges compared to other functional groups, but it also
causes the polymer network to assemble faster than individual
components can be uniformly mixed [8,14], resulting in hetero-
geneous networks. In tissue engineering, this gives the advantage
of forming hydrogels in situ almost immediately [15]; however,
this leads to non-uniform ligand densities and crosslinking gradi-
ents [14,16], which can confound results when linking cell
behaviors to stiffness cues. Although mostly overlooked by the
field, two key studies have begun to address the kinetics of these
Michael-type addition reactions, with the goal of finding new
ways to control or slow the crosslinking speed of these networks
to achieve more uniform gels [13,14]. Their main suggestion is to
change the pKa of the thiol, or change the buffer/solvent condi-
tions to interfere with thiolate formation, all of which slow the
reaction [14,17-19]. Lowering the pH and changing buffer condi-
tions are easy to implement and can slow the gelation kinetics,
but knowledge of the pH range tolerated by different cells is
rather limited.

We attempt to resolve this by reporting a broad range of buffers
that are both appropriate for cell culture and reduce the speed of
the thiol-maleimide reaction in a PEG system. We measured the
polymerization rate as a function of macromer concentration, buf-
fer pH and strength, the presence of an external catalytic base, and
the pKa of the Michael-type donor. The kinetics of the thiol-
maleimide reaction are significantly slowed, to different degrees,
using each of these approaches. Increasing the thiol pKa by incor-
porating a negatively charged amino acid (particularly glutamate)
in the peptide crosslinker was optimal for maintaining cell viability
and decreasing the reaction speed. However, these crosslinkers do
need to be synthesized, which adds an additional level of cost,
time, and complexity to the hydrogel synthesis process. Using
0.1x phosphate-buffered saline (PBS) at low pH, while supple-
menting the reaction buffer with high glucose medium, also slo-
wed the reaction while maintaining cell viability. Though this
reduction in gelation kinetics was not as significant as the effect
with electronegative crosslinkers, it is significantly cheaper and
more applicable to a broad range of crosslinkers. While slowing
the reaction improved user handling, we also found that too slow
of a reaction, particularly with the glutamate functionalized
crosslinkers, led to non-uniform bead distribution, highlighting
the tradeoff between the different approaches. Overall, slowing
the crosslinking reaction speed, while maintaining high cell viabil-
ity, improves the users’ ability to form PEG hydrogels and increases
its applications in tissue engineering and as bench-top hypothesis
test-beds.

2. Materials and methods
2.1. Buffer preparation

Buffer solutions were prepared in nanopure water as follows.
10x PBS contained 1370 mM NacCl, 27 mM KCl, 80 mM Na,HPO,,
and 20 mM KH,PO, (Thermo Fisher Scientificc Waltham, MA).
10x Citrate buffer contained 100 mM sodium citrate dihydrate
(Sigma-Aldrich, St. Louis, MO), 1370 mM NaCl, and 27 mM KCl
(Thermo). Dulbecco’s Modified Eagle Medium (DMEM) supplement
was added at 13.4 g/L and Rosewell Park Memorial Institute (RPMI)
supplement was added at 10.4 g/L, according to manufacturer’s
instructions. 2 mM triethanolamine (TEOA) was prepared in 1x
PBS at pH 7.4. The pH was measured using an Orion Star A111
pH meter (Thermo) and adjusted with 1M NaOH or HCI after the
addition of all chemicals and/or supplements.

2.2. Formation of 3D hydrogels

Hydrogels were prepared with a 4-arm PEG-maleimide (P4M,
Average Mn 20 kDa, >95% purity, JenKem, Plano, TX) crosslinked
with one of the following dithiol terminated macromers: PEG-

dithiol (PDT, Mn 1000, >95% purity, Sigma-Aldrich), CRG (GCRGI-
PESLRAGGRC), CRE (GCREIPESLRAGERC), or CRD with a number of
different peptide sequences (GCRDIPESLRAGDRCG, GCRDPQGIWG

QDRCG, GCRDVPLSLYSGDRCG, GCRDGPLGLWARDRCG) [20,21].
P4M was dissolved in the stated buffer and mixed with PDT at a
molar ratio of 1:1 thiol to maleimide in a 10 pL total volume. Unless
stated, all hydrogels were made at a concentration of 10 wt%.
Gelation time was recorded as the initial point of polymer mixing
to the time where no further mixing could be done by hand with a
pipet. To do this, a timer that can record tenths of seconds was
started when the two polymers where first mixed and stopped when
the hydrogel no longer allowed for continuous pipetting, as demon-
strated in Supplemental Video 1. All gelation points were normal-
ized to an internal control 10 wt% hydrogel in 1x PBS pH 7.0,
which was added as a control in each experiment to help eliminate
batch-to-batch and user-to-user bias in the time measurements
between experiments.

2.3. Peptide synthesis

Peptides were synthesized on a CEM’s Liberty Blue automated
solid phase peptide synthesizer (CEM, Matthews, NC) using Fmoc
protected amino acids (Iris Biotech GMBH, Germany). Peptide
was cleaved from the resin by sparging nitrogen gas in trifluo-
roacetic acid (triisopropylsilane: water: 2,2’'-(Ethylenedioxy)dietha
nethiol 92.5:2.5:2.5:2.5% by volume, Sigma-Aldrich) for 3 h at 25
°C in a 100 mL reaction vessel (ChemGlass). Resin was filtered,
and the peptide was precipitated using —80 °C diethyl-ether
(Thermo). Molecular weight was validated using a MicroFlex
MALDI-TOF  (Bruker, Billerica, MA) in a o-cyano-4-
hydroxycinnamic acid matrix. Peptides were purified to >95% on
a VYDAC reversed-phase c18 column attached to a Waters 2487
dual A Absorbance Detector and 1525 binary HPLC pump (Waters,
Milford, MA). The following peptides were synthesized: GCRGI-
PESLRAGGRC, GCREIPESLRAGERC, GCRDVPLSLYSGDRCG,
GCRDGPLGLWARDRCG, and the following sequences were pur-
chased from GenScript (Piscataway, NJ) at >95% purity: GCRDI-
PESLRAGDRCG, GCRDPQGIWGQDRCG.

2.4. Fiberoptic pH microsensor

Monitoring pH of PEG scaffolds was adapted from a previous
protocol [22]. The needle-type pH microsensors (PreSens, Ger-
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many) were calibrated to the pH of the polymer buffer solvent in
accordance to the manufacturer’s instructions. The probe was
placed in the appropriate buffer for 30 min before measurements
were made. The sensor was fully immersed into either precursor
hydrogel solutions or a 20 uL hydrogel, that had been polymerized
30 min prior, at 25 °C. Measurements made at intervals of 5 s for a
duration of 1 min were averaged for a final pH value.

2.5. Hydrogel mechanical characterization

Indentation testing was performed on 10 pL hydrogels after
gelation and swelling in PBS for 48 h in a custom-built instrument
previously described [1,23]. Here, we brought a 0.75 mm cylindri-
cal flat steel probe in contact with the top of the sample, which
kept the sample height (h) to contact radius (a) between 0.5 < a/
h < 2. A maximum force of 2mN was applied to hydrogels at a fixed
displacement rate (20 pm/s). Material compliance was analyzed
using a correction ratio between the contact radius and the sample
height to account for the dimensional confinement, as previously
described [24].

2.6. LIVE/DEAD stain for cell viability

All cell lines were cultured at 37 °C and 5% CO,. Cell culture sup-
plies were purchased from Thermo with the exception of bovine
insulin (Sigma-Aldrich). The cell lines LNCaP, PC-3, and SKOV-3,
were cultured in RPMI medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/ streptomycin (Pen/Strep).
OVCAR-3 cells were cultured in RPMI with 20% FBS, 1% Pen/Strep,
and 0.01 mg/mL bovine insulin. MDA-MB-231, BT549, and SkBr3
breast cancer cells were cultured in DMEM with 10% FBS and 1%
Pen/Strep. Cells were encapsulated at 3.0 x 10° cells/mL in hydro-
gels where the polymers were suspended in 1x PBS or 1x citrate
with and without DMEM supplemented in the buffer solution,
see methods above. Post-hydrogel encapsulation cells were cul-
tured in their designated medium RPMI or DMEM. Cell viability
was determined using a LIVE/DEAD stain 2 h post-encapsulation.
Fluorescent images were taken on a Zeiss Cell Observer SD (Carl
Zeiss, Oberkochen, Germany) using a 20x objective or on a Zeiss
Axio Observer Z1 microscope using a 10x objective. Analysis of live
and dead cell count was manually performed with Image] (NIH).
For studies done on TCPS, cells were seeded at 2.0 x 10> cells/mL
in 1x PBS with and without a media supplement of RPMI or DMEM
in the buffer solution. The media supplement was chosen based on
the cell line being cultured (LNCap, PC-3, SKOV-3 in RPMI and
MDA-MB-231, BT549, and SkBr3 in DMEM). Cell viability was
determined using LIVE/DEAD stain 2 h post-seeding. Fluorescent
images were taken on a Zeiss Cell Observer SD (Carl Zeiss, Oberko-
chen, Germany) using a 10x objective. Analysis of live and dead
cell count was manually performed with Image] (NIH).

2.7. Thiol quantification

The Measure-iT thiol kit was used to quantify unreacted thiols
(ThermoFisher). Di-functional peptides or PEG dithiol were reacted
with PEG-maleimide in 10 pL volumes for 10 min before reacting
with 100 pL of the Measure-iT thiol working solution. Hydrogels
were reduced by incubation in sodium borohydride (NaBHy,
Sigma-Aldrich) in water at a molar ratio of 4:1 NaBH4 to thiol for
4 h. Subsequently, hydrogels were reacted with 100 pL of the
Measure-iT thiol working solution. All hydrogel conditions were
read at an excitation of 494 nm and emission of 517 nm within
5 min of the reaction.

2.8. Bead dispersion and image analysis

Submicron-sized fluorescent particles (Blue 0.5 pm Fluoro-Max,
Thermo) were embedded within the hydrogel. The appropriate
amount of beads for a 1 g/L suspension in the hydrogel are pel-
leted, the supernatant removed, and then resuspended in the bulk
polymer macromere suspension. Hydrogels are formed on a glass
bottom well-plate (no. 1.5 coverslip glass; In Vitro Scientific, Sun-
nyvale, CA) that was plasma treated and subsequently thiol-
silanized with 2 v/v% (3-mercaptopropyl)trimethoxysilane
(Thermo) in 95% ethanol (pH 5). Hydrogels were suspended in
1x PBS at pH 7.4 and allowed to swell overnight. Fluorescent
images were taken on a Zeiss Cell Observer SD (Carl Zeiss) using
a 40x oil immersion objective. Analysis of bead density was man-
ually performed in Image].

2.9. Small molecule diffusion

Bulk diffusion of Rhodamine 6G (R6G) (Stokes’ radius 0.76 nm,
Sigma-Aldrich) in hydrogels was measured by encapsulating 0.1
g/L R6G in the hydrogel and sampling the supernatant at 5-
minute intervals for 2 h. The samples were analyzed on a fluores-
cent plate reader at an excitation/emission of 526/555 nm. The dif-
fusion coefficient of R6G was calculated using the modified Fick’s
law for solute release behavior of swelling systems

Mi Z[Det]%
Mipe — 162

where M; is the concentration of released solute at time i, My is
the solute concentration at infinite time, D, is the effective diffu-
sion, t is time, and ¢ is half of the hydrogel thickness. The mass bal-
ance to calculate M; is

M;=GCV + Z Ci 1V,

where C; is the released solute concentration of the solute at
time i, V is the volume of the bulk solution, and V; is the volume
of the sample [25].

2.10. Statistical analysis

Data are reported as the mean + standard deviation. Signifi-
cance analyses were performed using GraphPad Prism 7.0 soft-
ware. Hierarchical clustering analysis was performed using the
MATLAB Bioinformatics toolbox R2015b (Mathworks, Natick, MA)
on the mean of the cell viability quantified for each condition.
Euclidean distance and average linkage were used to generate
the dendrogram. Unless otherwise noted, statistical significance
was determined using a two-tailed t-test and p-values <0.05 were
considered significant, where p < 0.05 is denoted with *, <0.01 with
", <0.001 with ", and <0.0001 with """

3. Results and discussion
3.1. Weak bases sufficiently catalyze the thiol-maleimide reaction

With the goal of creating PEG-based hydrogels via the thiol-
maleimide Michael addition with homogeneous networks, we
explored several alternatives to slow down this typically very fast
reaction. Triethanolamine (TEOA) is a strong base commonly used
to increase thiolate formation under physiological pH [8,17]. We
hypothesized a weaker base would decrease the gelation speed
by reducing the accumulation of thiolate groups. We coupled thio-
late groups across the double bond of the maleimide in the pres-
ence of bases of differing catalytic strength, while simultaneously
varying the overall polymer wt% (Fig. 1a). The hydrogen phosphate
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Fig. 1. A weak base catalyzes the thiol-maleimide reaction. a) Schematic of the Michael-type addition reaction for a 4-arm PEG-maleimide (P4M) and linear PEG-dithiol (PDT)
hydrogel. Thiolates catalyzed by a base initiate the reaction with a nucleophilic addition onto the alkene group in the maleimide, forming a stable bond and assembling the
polymeric network. Image of a resulting 10 pL 20 wt% hydrogel made in PBS at pH 7.4 (right, scale 5 mm). b) Fold change in hydrogel gelation time in two buffers at pH 7.4:
PBS (blue) and 2 mM TEOA in PBS (red). The dashed line marks the internal control. c) Young's modulus and d) pH for the hydrogel and precursors versus polymer wt%. The
lines connect data from the same condition and do not represent a model fit. Error bars represent the SD, N > 3. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

in PBS (pH 7.4) sufficiently catalyzed the hydrogel formation reac-
tion without TEOA (Fig. 1b). The material bulk modulus and the
percentage of unreacted thiols also did not change significantly;
suggesting the mechanism of gelation is conserved (Fig. 1b and c,
Supplementary Fig. S1). Interestingly, the reaction speed was not
dramatically different between PBS and TEOA. TEOA increases
the speed of thiolate formation, which could correlate with poly-
merization speed. Since an increase in polymerization speed was
not observed, we suggest that in PBS the thiolate formation is
already in excess.

Decreasing the overall polymer wt% slowed gelation time
(Fig. 1b). This result happened even though the pH of the precursor
solutions decreased with increasing polymer wt%, which should
lower the ability of the thiol to react (Fig. 1d). This indicates that
lower concentrations of reactive groups slows gelation more effec-
tively than the small pH change observed [18]. However, even at
low polymer wt% and in a weaker base, hydrogels polymerized
within 5 s, which is comparable to the speeds others have reported
[14]. This is still faster than most users, or automated systems,
could uniformly mix the precursor solutions, and the resulting
hydrogels are visibly wrinkled (Fig. 1a). Tuning substrate stiffness
is also important for many biological studies, making it necessary
to find approaches that reduce the hydrogel reaction kinetics
across a range of polymer and crosslinker wt%.

3.2. The pKa of the Michael-type donor regulates the speed of the thiol-
maleimide reaction

Our ability to form these hydrogels without the TEOA catalyst
led us to explore whether even weaker bases and buffer capacity
could support the thiol-maleimide reaction. Buffering capacity
depends on the strength of the conjugate pair formed at a given
pH. While others have mainly modulated the pH to slow this

reaction, we compared the effect of both the pH and the strength
of the conjugate base. At pH values between 5.8 and 7.2, the con-
jugate base is hydrogen phosphate ion in PBS, and at pH between
5.8 and 6.4 is mono-hydrogen citrate ion in citrate (Fig. 2a). The
thiol-maleimide reaction is reliant on the thiol pKa, because the
thiol/thiolate equilibrium is modulated by buffer pH, as described
by the Henderson-Hasselbalch relationship [14,17,18]. We
explored pHs between 5.8 and 10 because this is the range where
physiological reactions occur [26]. Reducing the strength of the
conjugate base when switching from PBS to citrate decreased gela-
tion speed, but changing the solution pH had a stronger effect
(Fig. 2b). As expected, more basic pHs increased the reaction speed,
while acidic pHs slowed the reaction.

The pH was stable between the precursor polymer solutions
and post-gelation, which is important for cell encapsulation (Sup-
plemental Fig. 1. 2a and b). Additionally, changing the buffer did
not significantly change the hydrogel bulk modulus (Fig. 2c). At
the lowest pH tested, a dilute PBS buffer (0.1x) dramatically
increased the gelation time without changing hydrogel pH or mod-
ulus (Fig. 2d and e, Supplemental Fig. 1c). This result could be
because at pH 6.0, hydrogen phosphate equilibrium favors the for-
mation of its conjugate acid in the 0.1 x PBS to maintain a constant
pH (Supplemental Fig. 2c), thereby reducing thiolate formation.
This was only observed with PBS, because a pH of 6.0 is closer to
the pKa of citrate (6.4) than of PBS (7.2).

3.3. High glucose medium maintains cell viability in acidic gel
polymerization buffers

Although a pH of 6 is within the physiological range for many
biochemical reactions, we were worried this condition would
decrease cell viability. In previous work, people have used fibrob-
lasts to screen the impact of changing hydrogel conditions on cell
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viability [14]. However, fibroblasts are largely insensitive to drastic
changes in pH and serum, likely because their role in wound heal-
ing exposes them to a variety of environmental conditions [27].
Thus, we used the MDA-MB-231 and the SkBr3 breast cancer cell
lines because they have been used in high-throughput drug screen-
ing [28,29], a potential application for these materials, and it is
unknown how sensitive they are to external buffer changes. We
focused on the conditions that most effectively reduced the reac-
tion speed: PBS and citrate at low pH. Buffers were tested at pH
6.0 in the presence or absence of the high glucose supplement
medium, DMEM, and cell viability was compared to encapsulation
in PBS at pH 7 or culturing cells on tissue culture polystyrene
(TCPS) (Fig. 2f and g).

Across all tested buffer conditions, the MDA-MB-231 cells were
nearly 100% viable 2 h post-encapsulation (Fig. 2f). The SkBr3 cells
were very sensitive to the encapsulation conditions, but their via-
bility increased when the buffer solution was mixed with DMEM
(Fig. 4g). The addition of the DMEM did not influence the gelation
time of these hydrogels (Supplemental Fig. 2d). Since acidic envi-
ronments have been shown to stimulate tumor invasion [30], we
postulated that pH might explain the insensitivity to buffer

changes observed in the metastatic MDA-MB-231 cells and the
pH sensitivity in the minimally tumorigenic SkBr3 cells. Yet, when
we looked at the sensitivity of these cells to pH changes in buffers
when seeded on TCPS and in the hydrogels (Supplemental Fig. 3),
we found no correlation in their pH-sensitivity on plastic versus
in the hydrogels (Supplemental Fig. 4a and b). Thus, we propose
that certain cells are more sensitive to the stress of hydrogel
encapsulation, but understanding the relative impact of individual
stressors is outside the scope of this particular study. Despite the
source of the stress, we found that adding the medium supplement
DMEM to the buffer universally promoted high cell viability (Sup-
plemental Fig. 3 and 4c and d).

3.4. Electronegative crosslinkers effectively slow gelation speed while
maintaining high cell viability

Others have used negatively charged amino acids near the thiol
to slow the reaction kinetics by increasing the thiol pKa through
electrostatic interactions [14,19]. Though a large number of pep-
tides have been shown to be susceptible to degradation by cells,
only one of these sequences has been used to study the kinetics
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of polymer network formation [14]. We explored a panel of peptide
sequences that have been shown to be sensitive to cell-secreted
enzymes and have been included in hydrogels to facilitate cell
degradability and outgrowth [20,31]. We hypothesized that the
different amino acid sequence combinations would also change
the polymerization rate. Though all of these peptides had a nega-
tively charged aspartate near the thiol, we only observed a drastic
change to gelation speed with the IPESLRAG sequence, which can
be degraded by the proteases matrix metalloproteinase-2 and plas-
min (Fig. 3a) [32]. This peptide contains a glutamate in the degrad-
able sequence, and glutamates have been shown to reduce the
speed of this reaction better than aspartates [14].

We then decided to modify the cap (the amino acid adjacent to
the reactive cysteine) to include either a glutamate or glycine,
instead of an aspartate. None of these amino acid substitutions
altered the final bulk hydrogel modulus, and including a glutamate
adjacent to the thiol was the most effective way to slow the reac-
tion (Fig. 3a—c), consistent with work done by others [14]. These
amino acid substitutions in the crosslinker lowered the precursor
solution to a pH of ~5.8 (Fig. 3d), so we thought it possible that
the pH changes were responsible for the gelation time differences

observed. However, manual adjustments to this pH only increased
the gelation time by ~6-fold (Fig. 2b), and therefore could not have
accounted for this extent of slowing (Fig. 3d shows 40-100 fold
changes). As shown here, and by others [14,19], modulating the
pKa of the thiol via electronegative crosslinkers is the most effec-
tive way to slow gelation. However, this is the first thorough char-
acterization of a panel of degradable peptides to modulate the
thiol-maleimide reaction speed. Lastly, we wanted to ensure that
cells were viable under these reaction conditions and found that
viability for both the MDA-MB-231 and SkBr3 cell lines in the
hydrogel crosslinked with the electronegative peptide remained
above 80% (Fig. 3e and f).

3.5. Hydrogel uniformity impacts diffusion and particle distribution

We next sought to explore how the speed of gelation could
impact the implementation of thiol-maleimide hydrogels into
applications that would require large amounts of consistently
formed hydrogels, such as high throughput screening. We chose
four conditions that had varying speeds of gelation: 1x PBS at
pH 7.0, 0.1x PBS at pH 6.0, and crosslinked with a CRE or CRG
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cap near the thiol at pH 7.4 (polymerization conditions listed from
fasted to slowest gelation times). Though the bulk stiffness of these
materials is not different (Fig. 2c,e, Fig. 3c), it is clear from visual
inspection that slower reaction speeds create more uniform mate-
rials (Fig. 4a). We were not able to detect any significant mechan-
ical heterogeneity using a micron-sized probe for indentation,
suggesting that a more sensitive technique, such as AFM, could
be employed to characterize these features. The number of unre-
acted thiols remained constant, and <5%, across these reaction con-
ditions (Fig. 4b). Even when hydrogels were reduced to expose free
thiols, the percent of free thiols still remained below 5%, suggesting
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that the majority of bonds were from the maleimide-thiol reaction
(Supplemental Fig. 1b). Thus, the number of possible crosslinks
does not influence this heterogeneity. Others have also reported
these observable gel wrinkles, which they attributed to local differ-
ences in crosslinking [14], and our data shows that these densities
do not influence the total number of thiols that react in these
materials.

One potential consequence of polymer density gradients is a
non-uniform distribution of cells during encapsulation. We
explored this by encapsulating fluorescent beads into hydrogels
formed under varying conditions. We quantified the bead density
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in images acquired throughout the bulk of the gel (bottom, near
objective = 0 um, and top = 100 um). Forming hydrogels in 0.1x
PBS at pH 6.0 resulted in the most uniform particle distribution
(Fig. 4c and d). The fastest polymerization conditions (1x PBS at
pH 7.0) had the largest amount of variability in bead distribution,
indicating that the reaction formed too quickly and resulted in
massive gel polymerization heterogeneities (Fig. 4d). Conversely,
hydrogels formed slowly with the electronegative peptide
crosslinkers had a higher bead density near the bottom of the
hydrogel than the top, likely because gelation was too slow and
the beads settled before the network was fully formed. Overall, this
indicates that the optimal gelation needed to achieve uniform par-
ticle distribution and minimally heterogeneous gels is approxi-
mately 30, and is achieved with the low ionic strength buffer at
slightly acidic pH.

Though the polymer densities did not change the number of thi-
ols reacted or the bulk modulus of the final hydrogel, we specu-
lated that it would influence the diffusion of small molecules.
Diffusion of R6G, a molecule with a molecular weight comparable
to many drugs of interest for cancer applications and regenerative
medicine, was significantly faster through hydrogels formed with
visible heterogeneities (Fig. 4e). It is well established that mole-
cules diffuse faster in less dense polymer networks, so we attribute
this to the areas of un-polymerized network, resulting in local void
spaces where the drug can immediately diffuse out [33,34]. Most
diffusion studies through hydrogels focus on the controlled release
of molecules for in vivo therapeutic applications, and we highlight
here that the speed at which the hydrogel is formed changes this
parameter. Additionally, this could limit the use of these materials
in drug screening applications, because non-uniform gradients of
drugs will be presented to cells in some areas. However, while
the slower conditions had less variable diffusion, the distribution
of large particles was heterogeneous (Fig. 4c), so both these factors
must be taken into account when optimizing gelation speed for a
specific application of interest.

Finally, we quantified how these differences in the hydrogel
reaction conditions impacted cell viability for cell lines that we
have previously used for drug screening applications with this
hydrogel platform [28]. We measured the viability of three breast
cancer (MDA-MB-231, SkBr3, and BT549), two prostate (PC3 and
LnCap), and one ovarian cancer cell line (OVCAR-3 and SKOV-3)
across these same gelation conditions (Fig. 4f, Supplemental
Fig. 3). Certain cell lines were particularly sensitive to the reaction
conditions (LnCap, SkBr3, and OVCAR-3), but we did not observe a
consistent sensitivity across any cancer type. Somewhat surprising
to us, the most sensitive cell lines (LnCap and SkBr3) were least
viable in opposing conditions. The LnCap cells were only modestly
viable when encapsulated in hydrogels with the electronegative
crosslinkers, and the SkBr3s were the least viable in 0.1x pH 6 buf-
fer. Although it is possible that these reaction conditions would not
change the long-term response of cells to the hydrogel, such as
proliferation, motility, etc., this is a critical consideration for
groups that want to use a single gel platform to compare across
many cell types. Cell proliferation is sensitive to starting cell num-
bers, and this is not consistent across the gelation conditions and
cell lines studied here. We recommend that groups using this
hydrogel system consider the optimal gelation time, coupled with
cell sensitivity to hydrogel polymerization conditions for their
application of interest.

4. Conclusion
The PEG-maleimide hydrogel is very attractive in tissue engi-

neering and regenerative medicine because of its high crosslinking
efficiency, biocompatibility, and ability to functionalize with

bio-active peptide groups. A major drawback of this system is that
the fast gelation speed can result in documented crosslinking
heterogeneities. We compared how catalytic buffer strength, pH,
and electronegative crosslinkers controlled the thiol-maleimide
reaction while retaining high cell viability without changing final
bulk modulus. Certain cell lines were sensitive to the reaction
conditions, and medium supplementation preserved cell viability,
an important consideration for users encapsulating cells. We also
confirmed the results of others that coupling a glutamate near
the cysteine of the peptide crosslinker slowed the thiol-
maleimide reaction by 90-fold. We add that reducing the pH and
ionic strength of the buffer was the most efficient way to slow
the reaction without chemical modifications to the crosslinker.
These adaptations influenced the uniformity of particle dispersion
and small molecule diffusion through the matrix. Overall, although
the slowest reaction speeds led to the most uniform hydrogels, the
reaction speeds were too slow to ensure that particles did not set-
tle during gelation. Therefore, we suggest that users consider these
factors when creating thiol-maleimide hydrogels more consis-
tently and simultaneously amenable to applications of interest.
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