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ABSTRACT
Hydrogels restrict protein transport to different extents, with nanoporous synthetic polymer networks providing far less protein
permeability compared to microporous biopolymer networks. To evaluate whether reduced permeability was a driving factor in
reduced cell viability in synthetic hydrogels, we compared poly(ethylene glycol) vinyl sulfone (PEG-VS) hydrogels with Matrigel
to quantify the influences of modulus, transport, and confinement on encapsulated cells. We observed extensive reductions in
cell viability when encapsulated in PEG-VS gels compared toMatrigel. In transwell experiments that decouple hydrogel-restricted
serum from cell-gel adhesion, serum restriction reduced cell viability, matching the cell viability observed in 3D cultures. Our
unique combination of 2D and 3D hydrogel-based cell cultures provides a framework for investigating the intersecting effects of
the cell microenvironment’s properties on cell viability. This work demonstrates that biomaterial-restricted protein transport is a
critical design consideration when using synthetic 3D cell culture hydrogels.
1 Introduction

By capturing some of the physical and biochemical properties
of a cell’s native extracellular matrix, hydrogel biomaterials
provide key signals to gel-encapsulated cells [1]. Biopolymer-
based hydrogels provide adhesive and structural cues comparable
to native tissue, whereas synthetic polymer-based hydrogels can
decouple network structure from cell adhesion and degradability
[2]. The modularity of multi-arm poly(ethylene glycol) (PEG)-
based hydrogels provides a unique opportunity to precisely
modify a cell’s 3D microenvironment [3, 4].

In 3D synthetic hydrogels, solute transport and modulus are
usually inversely coupled [2, 5–7]. Therefore, precise character-
ization is needed to evaluate whether encapsulated cells are
responding to the modulus of the gel or gel-restricted molecular
transport when the network structure is altered [5]. Further
© 2026 Wiley-VCH GmbH
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confounding this story, some argue that confinement can alter
cell behavior via mechanisms distinct from adhesion-dependent
mechanosensing pathways. Early growth response protein 1
(EGR1) responds to stiffness differences in 3D encapsulation
and not to the presence of integrin-binding sites, suppressing
neurogenesis in stiffer substrates [8]. Critically, these competing
influences on encapsulated cells suggest a need for more careful
assessment of cell-environment interactions in 3D synthetic
hydrogels. Restricted solute transport and cell confinement may
explain why cells that proliferate to a greater extent on stiffer 2D
substrates proliferate more slowly in stiffer 3D hydrogels [9].

Here, we used PEG-vinyl sulfone hydrogels to encapsulate cells
in 3D microenvironments to specifically probe this question.
We present here a new method of transport assessment, using
hydrogels as membranes to restrict cell access to serum pro-
teins, thereby independently tuning mechanical cues and solute
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FIGURE 1 Delayed gelation facilitates peptide and cell homogeneity in PEG-VS hydrogels. (a,b) Fluorescent peptide distribution in PEG-MAL
hydrogels (a) and (b) PEG-VS hydrogels. Insets show hydrogel shape. (c) 20 kDa FITC-dextran diffusivity in peptide-containing and no-peptide regions
of a PEG-MAL hydrogel (n = 6) compared to free solution diffusivity (n = 3). The line represents the mean, and symbols are individual values. Statistical
significance was determined by one-way ANOVAwith Tukey’s multiple comparison test: ****p< 0.0001, ns, not significant. Peptide regions were located
via a rhodamine-tagged peptide. (d,e) Gelation times for 8-arm, 20 kDa and 4-arm, 20 kDa PEG-VS hydrogel formulations determined by the Winter-
Chambon criterion. (f–i) HCC-1954 cell distribution xz-projections in PEG-VS gels, PEG-MAL gels, and Matrigel. Full gel formulations in Table ST1.
transport. Integrin-binding and protease-degradable peptides
were incorporated at varying concentrations, using structural
hydrogel design to mitigate changes to hydrogel physical prop-
erties. These intersecting culture conditions revealed the sub-
stantial contributions of hydrogel-restricted solute transport and
cellular confinement on cell viability in 3D synthetic hydrogels.

2 Results

2.1 Homogeneous and Tunable PEG-VS
Hydrogels for 3D Cell Encapsulation

PEG hydrogels that use a maleimide terminal group (PEG-Mal)
support protease-cleavable crosslinking and the incorporation
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of integrin-binding peptides to facilitate cell adhesion and
migration through otherwise non-adhesive and nanoporous envi-
ronments [10–12]. However, the well-documented kinetics of the
maleimide-thiol reaction in aqueous environments require non-
physiological or cytotoxic conditions to delay gelation enough to
encapsulate cells in a homogeneous fashion [13, 14].

PEG-vinyl sulfone (PEG-VS) hydrogels form gels more slowly
than PEG-Mal hydrogels, producing amore homogeneous hydro-
gel in both peptide and cell distributions. We confirmed this
difference with fluorescently tagged peptides, which were het-
erogeneously distributed in PEG-Mal hydrogels (Figure 1a) and
homogeneously distributed in PEG-VS hydrogels (Figure 1b).
Furthermore, fluorescence recovery after photobleaching (FRAP)
Advanced Materials, 2026



FIGURE 2 Gelation depends on network structure parameters,
solution pH, and peptides. (a) The effects of pre-gel components on
solution pH at concentrations used to make a 10% 4A20K PEG-VS
hydrogel with 2 mm RGD and 25% degradable crosslinks. The dotted
line represents the equivalent pH for the initial solution and the solution
with pre-gel components. (b) Gelation pH for gels containing different
peptide combinations. The dotted line represents the apparent pH cutoff
for gelation. (c) Gelation pH values for varying peptides incorporated in
gels using a pH 7.8 initial HEPES solution. Dotted lines separate groups
of formulations. Full gel formulations in Table ST1.
experiments on 20 kDa FITC-dextran diffusion within the PEG-
Mal hydrogels revealed a significant difference between the
diffusion coefficients of the dextran in solution and in the high-
peptide areas of the hydrogels, but no significant difference
between solution and the no-peptide areas of the hydrogel
(Figure 1c). These differences indicate that the no-peptide areas
are in a liquid state. We attribute heterogeneous gelation to the
rapid reaction of PEG-Mal and thiols at the surfaceswhere the two
precursor solutions first came into contact, resulting in a poorly
mixed, heterogeneous gel.

PEG-VS hydrogels prepared using 50 mm HEPES solution at
pH 7.4 gelled in eight to 40 min (Figure 1d,e). Due to the
slowed gelation of PEG-VS hydrogels, encapsulated cells were
distributed throughout the gels, whereas cells were trapped at
the top or bottom of the PEG-Mal gels (Figure 1f–i). Together,
these results indicate that PEG-VS hydrogels can homogeneously
encapsulate cells in a structurally homogeneous 3D environment
under physiological conditions.

2.2 pH is the Primary Determinant of PEG-VS
GelationWith Complex Peptide Mixtures

To demonstrate the tunability of the PEG-VS hydrogels, we
broadly investigated gelation conditions that supported the incor-
poration of integrin-binding and protease-cleavable peptides.
275 unique PEG-VS hydrogel formulations were attempted, and
182 formulations produced swellable gels. Because incorporat-
ing peptides caused gelation failure in a concentration- and
pH-dependent manner (Gelation Table ST1), we assessed the
contributions of gel precursor solutions to final pH. PEG-VS
and PEG-dithiol negligibly affected the solution pH, but peptides
greatly reduced pH (Figure 2a). We countered their pH reduction
by increasing the initial pH of the HEPES solution (Figure 2b).
Regardless of peptide presence, final solution pH values below
7.1 reliably failed gelation, indicating that the peptide-dependent
gelation failures were due to decreasing the pH to the point
that the vinyl sulfone-thiol reaction was unfavorable [15]. Even
with varying peptide combinations, an initial solution pH of 7.8
consistently supported gelation and a final pH near 7.4, suitable
for cell culture (Figure 2c).

2.3 Adhesion and Degradation Drive Early
Viability for Encapsulated Cells

Because cells are sensitive to the stiffness of their local microen-
vironment [16], we characterized the shear moduli of PEG-VS
hydrogel formulations andMatrigel. We designed hydrogels with
equivalent network structure parameters [2] such that stoichio-
metrically unsaturated and peptide-containing hydrogels had
equivalent shearmoduli (Figure 3a,b). 4-arm, 10 kDa (4A10K) and
8-arm, 20 kDa (8A20K) PEG-VS gels were much stiffer than their
PEG-Mal counterparts due to increased network homogeneity
[10, 11]. 4-arm, 20 kDa (4A20K) PEG-VS gels were comparable to
the Matrigel moduli.

HCC-1954 breast cancer cells grew exponentially (measured
by ATP activity assay) when encapsulated in Matrigel over
7 days and rapidly died within PEG-VS gels (Figure 3c). We
Advanced Materials, 2026
initially hypothesized that the difference in cell growth was
due to a low concentration of integrin-binding sites in the
PEG gel, particularly in comparison to Matrigel [17]. Because
further increasing the RGD concentration in 4A20K gels caused
gelation to fail, half-crosslinked 8A20K (8A20K-HX) gels were
synthesized to support RGD incorporation up to 10 mm without
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FIGURE 3 Cell-gel adhesion supports short-term survival in encapsulation. (a,b) Shear moduli of multi-arm PEG hydrogels and Matrigel (a, n
= 4, b, n = 9). Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test: ****p < 0.0001, ns, not significant.
(c) HCC-1954 ATP activity when encapsulated in Matrigel or a 4A20K PEG hydrogel (n = 4). (d) HCC-1954 ATP activity on 2D PEG hydrogel substrates
with varying RGD concentrations (n = 3). (e) Cell ATP activity when encapsulated in hydrogels with combinations of RGD concentration and protease
degradability (n = 2). (f–h) Structure-dependent gel swelling (f) and moduli (g), and swelling contributes to (h) RGD dilution. All values represent the
mean± s.d. Full gel formulations in Table ST1.
affecting network structure. For 4A20K gels that were made
with 2 mm RGD, swelling to equilibrium diluted the final RGD
concentrations experienced by cells to 0.3 mm (Figure 3f,h).
For 8A20K-HX gels prepared with 10 mm RGD, the swelling
was diluted to 2.3 mm at equilibrium. The need for the higher
RGD concentration is consistent with prior reports that 2–4 mm
RGD is needed for cell viability [18, 19]. Although increasing
initial RGD concentration to 10 mm increased cell adhesion and
growth over 3 days on 2D gel substrates to levels comparable
to tissue culture polystyrene (TCPS; Figure 3d), cells were
still unable to grow over 7 days in 3D encapsulation culture
(Figure 3e).

We then hypothesized that the cells in 3D were growth-limited
by their largely non-degradable environment. We therefore
increased the degradable fraction of crosslinks, yielding gels with
equivalent swelling and moduli at different degradable fractions
(Figure 3f,g). However, increasing the fraction of protease-
degradable crosslinks from 25% to 75% still did not increase
growth over 7 days (Figure 3e). The combination of 10 mm RGD
and 75% degradability yielded an increase in ATP activity on
day 3, but still did not support growth from day 3 to day 7.
Noting that others have achieved cell growth in 100% protease-
degradable, low-polymer concentration PEG-VS hydrogels [20],
we chose instead to continue investigating whether sustained cell
growth can be achieved in a hydrogel that is not fully degradable,
as this would keep degradability an independently controllable
design parameter.
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2.4 Solute Transport Regulates Survival of Cells
Encapsulated in Nanoporous Synthetic Hydrogels

To specifically determine whether transport limitations were
responsible for the lack of cell viability at these extended time
points, we devised an approach to separate the effects of modulus
and crosslinking from transport restriction (Figure 4a). We
first cultured cells on a hydrogel substrate, providing adhesion
signaling, and/or separated from serum by a gel-coated transwell
to regulate solute transport. Serum-containing and serum-free
media onTCPSprovided positive andnegative controls for serum-
dependent cell growth. Serum-free culture reduced the growth
of both HCC-1954 breast cancer cells and HS-5 bone marrow
stromal fibroblasts (Figure 4b,d). HCC-1954s were more sensitive
to serum deprivation than HS-5s, with a net decrease in HCC-
1954 ATP activity over 7 days in the serum-free conditions. These
serum-dependent growth trends were maintained in transwell
experiments. Cells in the transwell-only condition grew slowly
despite the reduced serum concentration. 1x serum within the
transwell yielded an average serum concentration across the tran-
swell equal to 20% of full-serum media. In a supplemental study,
5x serum in the transwell matched serum-containing culture
growth (Figure S1b). Hydrogel-restricted serum yielded the same
no-growth trend observed in serum-free culture (even with 5x
serum). The hydrogel coatings in this experiment were 20 µL in
volume, yielding a coating in the 24-well plate transwells less than
1 mm thick. All serum transport conditions were repeated with a
10 mMRGD gel substrate below the cells to evaluate whether cell
Advanced Materials, 2026



FIGURE 4 Hydrogel-restricted serum access regulates cell ATP activity. (a) Schematic summary of 2D cell-gel adhesion and transport conditions
used in b-e. b-e, Cell ATP activity for HCC-1954s (b,c) and HS-5s (d,e) on TCPS (b,d) and on a 10 mm RGD gel substrate (c,e). (f,g) High serum (20% vs
10%) and high glucose (4.5 g/L vs 2 g/L) media were tested for cells in 8A20K-HX gels (f) and on TCPS (g). (h–k) Protein transport (h,i) and fluorescent
solute transport (j,k) were independently measured through transwells with varying gel coatings. n = 2 for all experiments. In bar charts (b–g), values
represent the mean± s.d. with symbols for individual results. In release plots (h–k), symbols represent mean± s.d. and the lines represent the best fit of
a one-phase association model. Full gel formulations in Table ST1.
-gel adhesion affected serum dependence. The serum-dependent
trends were repeated with reduced total ATP activity on all
gel substrates (Figure 4c,e), attributed to reduced cell growth
capability on a soft gel substrate with specific cell adhesion
sites compared to broadly adhesive TCPS. Together, these results
indicate that HCC-1954s are more sensitive to serum deprivation
than HS-5s, but serum transport restriction by hydrogels deprives
cells of serum proteins that support cell growth.

To promote gradient-driven transport into hydrogels, we
increased the concentrations of serum and glucose in the media.
For gel-encapsulated HCC-1954s, the combination of increased
serum and glucose increased the ATP from day 1 to day 7
(Figure 4f). While the change does not indicate substantial cell
growth, it was a marked improvement from the outright cell
death by day 7 in all other PEG-VS encapsulation cases. On
Advanced Materials, 2026
2D TCPS, the high-serum, high-glucose formulation slightly
reduced cell growth (Figure 4g). Although the reason for this is
unclear (it may be associated with cell maladaptation to large
changes in media components [21]), it further distinguishes the
improved growth in the case of 3D encapsulation.

Characterization of solute transport through transwells and gel-
coated transwells indicates that small solutes pass through the
PEG gels, but larger solutes do not (Figure 4h–k; Figure S2).
Solute transport through Matrigel is comparable to transport
through uncoated transwells, therefore providing a plausible
explanation for why cells readily grow within Matrigel but not
PEG gels. Together, these results indicate that cell growth is
highly sensitive to solute transport, and reduced cell viability
in 3D PEG gel encapsulation might be due to restricted solute
transport.
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2.5 Cell Confinement in PEG Gels Restricts
Growth Across Cell Types

On 2D surfaces, cells sense and respond to modulus using
traction forces. However, in 3D nanoporous matrices, increases
in modulus also allow for compressive force. This added cue of
compression or confinement can mean that cells are sensitive to
far smaller ranges ofmoduli in 3D compared to 2Dwhen integrin-
binding concentrations are comparable [8]. Thismechanosensing
in 3D appears to be more cortical actin- than microtubule-
dependent. Signaling from total confinement reduces cell growth
[8].With ourmodular hydrogels, we investigated the contribution
of confinement to cell viability in 3D encapsulation culture. In
addition toATP assays, live/dead-stained cells in 3D cultureswere
counted at days 1, 3, and 7 (Figure 5a–d). Acrossmultiple cell types
(HCC-1954s, HS-5s, MDA-MB-231 breast cancer cells, and NIH-
3T3 mouse fibroblasts), live cells consistently decreased, dead
cells increased, and total cells remained nearly unchanged over
7 days.

To determine which physical property was the primary driver
for the observed growth restriction, we postulated that cells
toward the top surface of the hydrogels, with a shorter diffusion
distance to serum- and glucose-rich media, would grow more
than cells in other regions if solute transport was the primary
factor. Conversely, cells within one cell diameter from the TCPS
surface would experience a relatively stiff environment and grow
more if stiffness were the primary factor. However, the trends for
live and total cell counts in each region over time were consistent
with the overall values (Figure 5e; Figure S3a), suggesting that
confinement may be a primary environmental regulator of cell
viability in 3D PEG-VS hydrogels. This secondary data analysis
is presented as a supporting argument that warrants further
validation and mechanistic investigation.

The live cell counting results diverge from the ATP activity assay
results (Figure 5f), which show increases in ATP on day 3 for
HCC-1954s, MDA-MB-231s, and HS-5s. These bulk assays may
suggest that, despite many cells dying, the remaining cells have
increased their ATP production. It could also be a methodolog-
ical error arising from growing cells forming clusters that are
indistinguishable as individual cells in the live/dead assay and
3D Imaris reconstruction used to count the cells. Notably, the
divergence was not observed in 2D cultures, regardless of serum
and transwell conditions (Figure S4). Furthermore, the number
of HCC-1954 cells alive in 3D on day 7 was higher in the high-
glucose, high-serummedia than in the other media compositions
(Figure S5h), which is a consistent trend with the ATP results.
These data suggest that solute transport restriction remains a
contributor to cell viability in 3D encapsulation, but it may be
secondary to confinement.

Cell motility in the PEG-VS gels was nearly completely restricted,
irrespective of both polymer weight percent and concentration of
protease-degradable crosslinks, further promoting confinement
as a driver of cell phenotype in these synthetic environments
(Figure 5g,h). Cells in PEG-VS gels had significantly lower
displacements and path straightness than Matrigel, suggesting
an inability to degrade their surroundings and migrate. This was
true even in 6% polymer volume fraction PEG-VS hydrogels,
suggesting these gels were still above a network density threshold
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restricting cell movement (Figure S6 further characterizes cells
encapsulated in 6% PEG-VS hydrogels). Although the switch from
25% degradability to 75% was critical for improving short-term
cell ATP activity (Figure 3e), the negligible effect on cell motility
indicates that the molecular network of a PEG hydrogel may
be too densely interconnected for MMP-mediated degradation
to enable cell motility, at least for the combinations of polymer
volume fractions and degradable crosslink fractions studied here
[22, 23]. This could be because the mesh radius of the partially
degraded PEG network is still orders of magnitude smaller than
the radius of a cell, even when each protease-cleavable peptide
is cleaved within a 75% degradable gel. This would mean that
even if each protease-cleavable crosslink is cleaved, cells would
be unable to move through the hydrogel due to the remaining
non-degradable crosslinks. This interpretation is supported by
the fact that 8A20K-HX gels with 75% degradable crosslinks did
not fully dissolve after 5 days of incubation in a 0.01x trypsin
solution (Figure S7j). Values approaching 100% degradabilitymay
be more impactful on cell viability than the change from 25% to
75% degradable.

3 Discussion

We present a new method to evaluate the independent roles of
modulus, transport, and confinement on viability in 3D synthetic
PEG gels. As predicted by the Swollen Polymer Network model
[7, 24–26], homogeneous nanoporous hydrogels dramatically
restricted the transport of serum proteins, which are critical
for cell metabolism [27]. By using a hydrogel-coated transwell
separating cells from serum, we demonstrated that the serum
restriction due to a thin PEG-VS hydrogel is sufficient to stop pro-
liferation inHCC-1954 breast cancer cells. The serumdependence
in 2D is strongly implicated as a contributing factor to limited cell
proliferation in 3D. This approach, using combinations of a cell-
adhesive hydrogel substrate and a protein-restricting hydrogel,
provides an avenue for independently evaluating the competing
physical signals a cell receives in 3D synthetic hydrogels.Whereas
large solute transport clearly plays a governing role in the
viability of cells in 3D PEG hydrogels, experiments focused on
the mechanical properties of hydrogels have largely driven the
collective understanding of cell responses to 3D encapsulation
culture [16, 28]. This work aimed to highlight this overlooked
physical factor in cell-gel interactions.

Given that PEG-Mal gels have been used by us and others to
successfully encapsulate cells at higher PVFs, we initially com-
pared using PEG-Mal hydrogels, photoinitiated PEG-norbornene
hydrogels (Figure S8) [29–32], PEG-methylsulfone [33], and
triethanolamine-catalyzed PEG-VS gelation [34, 35], but none
were suitable for our goals. The PEG-Mal kinetics formed het-
erogeneous gels, PEG-methylsulfone was prohibitively challeng-
ing to synthesize, and the photoinitiation and triethanolamine
approaches introduced cytotoxic radicals. However, each of these
gelation approaches provides specific advantages and remains
suitable for other applications, such as when cells can be seeded
onto gel substrates or pre-formed microgel aggregates [36].

Prior reports of cell encapsulation in HEPES-catalyzed PEG-VS
hydrogels used 8-arm, 20 kDa PEG-VS at approximately 50%
crosslinking in solutions of 10x PBS and 1 M HEPES at pH
Advanced Materials, 2026



FIGURE 5 Confinement contributes to restricted cell growth and motility in PEG gels. (a–d) Counts of live, dead, and total cells in PEG-VS gels
over 7 days. Cell types are HS-5 (a), NIH-3T3 (b), HCC-1954 (c), and MDA-MB-231 (d). (e) Vertically binned HCC-1954 cell distributions of live and total
cells. (f) ATP activity of the four cell lines over time. (g,h) Displacement (g) and path straightness (h) of HCC-1954 cells in varying PEG gels andMatrigel
over 3 days. For (a–f) n = 2. For g,h, n = 44–70. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test:
****p < 0.0001, ns, not significant. Values represent the mean± s.d. with symbols for individual results. Full gel formulations in Table ST1.
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7.8 or 8.2 [20, 37]. The highly buffered solutions may be what
enabled them to form gels at 3–7 wt.% macromer, whereas our
formulations were unable to gel below 6% v/v. Cells were able
to rapidly grow and even escape their hydrogel formulations,
which weremade with 100% protease-degradable crosslinks. This
contrasts with our consistent cell death, suggesting that our
partially degradable, highly crosslinked gels excessively confine
encapsulated cells, and crosslinking degradability near 100%
may be necessary for cell growth in PEG-VS hydrogels [22].
Critically, gel degradation increases the frequency of chain-end
defects, simultaneously changing stiffness, swelling, and solute
transport (Figure S7) [7]. We found methods for characterizing
the effects of gel degradation underreported, so protocols for
measuring gel degradation over time and associated changes to
stiffness and transport are presented in the supplementary mate-
rials. Intentional design for hydrogel degradation is an impor-
tant consideration for current and future hydrogel applications
[38–40]. A study using 3–5 wt.% 8A20K PEG-norbornene found
that endothelial cells were unable to grow above 4 wt.% or
45% crosslinking with degradable crosslinks or in the 3%, 35%-
crosslinked condition with non-degradable crosslinks [41]. These
data corroborate our conclusion that cell proliferation is limited
by confinement in 3D PEG gels with relatively high polymer
concentrations and a substantial fraction of nondegradable
crosslinks.

The portals of a well-crosslinked PEG-VS hydrogel, even at
a stoichiometric crosslinking ratio of 50% for the 8A20K-HX
formulations, have radii on the order of 10 nm [5, 24]. This mesh
radius is far less than what would be found in a heterogeneously
crosslinked PEG-MAL hydrogel, or a PEG-VS hydrogel with the
polymer concentration below the polymer overlap concentration,
which would also form a heterogeneous gel. Matrigel’s network
structure, which includes heterogeneous crosslinking and more
rigid, fiber-like protein structures, has portal radii on the order
of 10 mm. These spacings are dependent on the hydrated state
of the materials and cannot be accurately assessed using typical
microscopy techniques [42], but they can be inferred from solute
and cell transport through the materials. The nanometer-scale
portal size of PEG-VS hydrogels supports greatly restricted trans-
port of nanometer-scale proteins but presents an impassable wall
to micrometer-scale cells. In principle, even at 75% degradable
crosslinks, a cell would not be able to degrade a PEG-VS network
enough to reliably create a cell-sized space formovement through
the network, especially at rates comparable to Matrigel, which
is inherently cell-permissible as well as cell-degradable. This
difference in network scaling supports our earlier argument that a
PEG-VS hydrogel would likely have to be nearly 100% degradable
and/or formulated heterogeneously below the polymer crossover
concentration to enable encapsulated cell motility. Further exper-
imental design and characterization using these principles could
identify whether specific solute diffusion coefficients and/or
degradable crosslink fractions could predict cell viability and
motility. The scope of this work was to define the overlapping
environmental limitations to cell culture in PEG-VS hydrogels.

Because we were specifically interested in the role of transport,
modulus, and confinement on cell viability, we limited our
phenotypic assays to ATP activity and the Live/Dead assay kit.We
acknowledge that these methods provide limited biomolecular
insight into cell behaviors, so this study presents a preliminary
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application of these cell-environment control methods. However,
our approach, which emphasizes solute transport effects, could
be extended to mechanisms of cell death, senescence, and even
motility, as we present in Figure 5 [9]. Existing biomolecular tools
used to probe cell characteristics, such as the live fluorescent
reporter of cell cycle phase FUCCI [43], can synergize with
transport-controlled culture [44]. Further studies could identify
molecular targets for how solute transport and confinement each
contribute to encapsulated cell behaviors, leading to routes to
overcome these barriers to cell viability in synthetic hydrogels.
Evaluating specific cell interactions with bioactive peptides in
hydrogels with controlled physical properties is a growing area
of study, and the hydrogels developed here further support those
investigations [4, 10, 45].

4 Methods

All reagents and solvents were purchased from MilliporeSigma
unless otherwise specified and used without further purifica-
tion. All components containing PEG were purchased through
JenKem. All peptides were purchased from GenScript.

4.1 PEG-VS Hydrogel Gelation

PEG-vinyl sulfone (PEG-VS) hydrogel gelation was adapted from
prior protocols and optimized using the modular hydrogel design
calculator developed for this study [10–12, 37]. The modular
hydrogel design calculator is available in the DOI links in
the Supplemental Materials. Based on the desired volume and
structural parameters of the desired gel, the modular hydrogel
calculator provides a reproducible step-by-step recipe for creating
a target gel formulation, including changes to the structure
of the main multi-arm PEG macromolecule (number of arms
and molecular weight), the length of the crosslinking PEG-
dithiol, the initial polymer volume fraction, the crosslinking
stoichiometric ratio, and the incorporation of integrin-binding
and crosslinking peptides or peptide cocktails as desired. Each
PEG-VS hydrogel formulation tested for this study, including
those that failed to gel, is recorded in the gelation spreadsheet
(linked in the Supplemental Materials). For a typical gelation,
four-arm, 20 kDa PEG-VS was dissolved in 50 mM HEPES
at pH 7.8 and then mixed with the integrin-binding peptide
GRGDSPCG, also suspended in 50 mm pH 7.8 HEPES. At
the same time, 1.5 kDa PEG-dithiol was mixed with protease-
cleavable dithiol peptide GCRDGPQGIWGQDRCG, both in
HEPES. These two mixed solutions were combined to yield
the final gelation solution, resulting in an RGD concentration
of 2 mm, a total polymer volume fraction of 10%, 25% of the
crosslinking being protease-cleavable, and stoichiometric equiva-
lence between total thiols and vinyl sulfone groups available. Gels
were typically formed in 10 or 20 µL volumeswithin 24-well plates
and completed gelationwithin 40min either at room temperature
or 37◦C.

4.2 PEG-Maleimide Hydrogel Gelation

PEG-maleimide (PEG-Mal) hydrogels were made as previ-
ously described with structural modifications to compare their
Advanced Materials, 2026



properties to PEG-vinyl sulfone hydrogels [10–12]. Briefly, multi-
arm PEG-Mal (typically four-arm, 20 kDa) was dissolved in PBS
(concentrations 0.1–10X, pH 6–8 for varying experiments) and
mixed with a solution of PEG-dithiol (typically 1 kDa, Jenkem,
USA) in PBS at stoichiometric maleimide-thiol ratios to form a
gel within a minute of mixing. Alternatively, PEG-dithiols were
partially substituted by the dithiol-terminated protease-cleavable
peptide sequence GCRDGPQGIWGQDRCG, and/or the thiol-
terminated integrin-binding peptide GRGDSPCG was added
to the PEG-Mal precursor solution at defined concentrations.
Adjustments were made to crosslinking stoichiometry to negate
competition between integrin-binding peptides and crosslinking
components for maleimide groups.

4.3 PEG-Norbornene Hydrogel Gelation

PEG-Norbornene hydrogels made using 8-arm, 20 kDa PEG-
norbornene precursor macromers and 1.0 kDa PEG-dithiol as
crosslinkers in a 1xPBS solution. Initial gelation studies explored
LAP concentrations of 0.1, 1, and 10 mm, a 365 nm mercury lamp
UV source or a 405 nm LED (light intensities held at 3 mW/cm2),
exposure times of 10 s, 1, or 10min, and polymer volume fractions
of 2%, 5%, and 10%, all at stoichiometric crosslinking.

4.4 Matrigel Gelation

Matrigel (Corning) at as-purchased concentrations of 8–
10 mg/mL was gelled without dilution by incubating 10 or 20 µL
volumes at 37◦C for 30 min.

4.5 Gelation Characterization andMicro-pH
Measurements

Gelation was evaluated by adding 1 mL of PBS to a 20 µL gel
in a 24-well plate well after 40 min of gelation unless otherwise
specified. If there was no visibly intact gel after the PBS was
removed or if most of the gel was removed, the gelation failed.
To evaluate gelation pH conditions, the pH of gel precursor
solutions wasmeasured using a fiber optic pH probe (pH-1 micro,
PreSens Precision Sensing). A volume-weighted average of the
final precursor solutions was used to estimate the pH of the gel
since the fragile pH probes were not intended to pierce a gel.

4.6 Rheological Gelation Time Characterization

Gelation times, storagemoduli (G′), and tan(δ) of gel components
were determined on a Kinexus Pro parallel plate rheometer
(Netzsch). Immediately before rheological measurements, gel
precursor solutions were pipetted into a 1.5 mm microcentrifuge
tube and vortexed for 5 s. Measurements were run on a 20 mm
plate with a 1 mm gap at 0.1% strain. Measurements were
taken at 0.1 and 1 rad s−1. The gel point was defined using
the Winter-Chambon criterion, for which the time of gelation
is defined as the point at which the storage modulus becomes
frequency-independent at small frequencies [46, 47]. Rheolog-
ical experiments were analyzed using IRIS Rheo-Hub (IRIS
Development) [48].
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Initial hydrogel shear modulus measurements were made using
a contact adhesion tester (CAT) developed by the Crosby lab
at the University of Massachusetts [49]. Briefly, a 4 mm glass
hemispherical probe was indented up to 20% of the gel’s initial
height into an equilibrium-swollen 20 µL hydrogel hemisphere
on a glass slide. Force was measured via deflection of a calibrated
cantilever supporting the glass probe. The force-displacement
relationship was interpreted using the Hertz model as previously
described to yield a characteristic shear modulus for the hydrogel
[5, 50].

Later, hydrogel shear modulus measurements were made using
a dynamic mechanical analyzer (DMA; TA Discovery DMA850)
at Tufts University. A flat metal surface was used to compress
equilibrium-swollen 20 µL gels on plastic coverslips up to 20%,
and the force-displacement relationship was also interpreted
using the Hertz model [50].

4.8 Solute Transport Measurements

Fluorescence recovery after photobleaching (FRAP) was used as
previously described as an initial characterization of the solute
transport capacity of individual hydrogel formulations [24, 26].
Specifically, 20 µL hydrogels were synthesized and then swollen
in a 10 µmsolution of a specific fluorescent solute in 1x phosphate-
buffered saline (PBS). After 24 h of gel incubation with the
solute, FRAP experiments were performed on the hydrogels
using a Nikon A1R18 confocal scanning microscope (Nikon,
UMass Light Microscopy Core Facility). Three samples were
prepared for each pairing of gel formulation and solute, and each
sample was used for three FRAP experiments. The fluorescent
solutes used were fluorescein sodium salt, 20 kDa FITC-dextran,
70 kDa FITC-dextran, and 150 kDa FITC-dextran. FRAP analysis
was performed as previously described using a high-throughput
FRAP analysis script in MATLAB (Mathworks).

Transwell transport experiments were performed to assess solute
transport through gels in a format comparable to cell encapsula-
tion. Gels of either 100 or 20 µL were formed within transwell
inserts (cellQART 24-Well Cell Culture Insert PET, 0.4 µm,
Clear, Sterlitech), and the transwells were placed within wells
containing PBS. A solution of PBS and the solute of interest
(fluorescein, 20, 70, or 150 kDa FITC-dextran, bovine serum
albumin (BSA), or FBS) was then placed within the transwell.
Solute release into the outer well was observed over 7 days. An
empty transwell was used as a control condition showing rapid
transport. For fluorescent solutes, fluorescence in the wells with
transwells removed was measured at each time point. For BSA
and FBS, samples were taken from the lower wells and assessed
for protein content using a microBCA assay (Thermo Fisher).

4.9 Degradation and Swelling

Hydrogel swelling was measured using mass-based measure-
ments. We have previously demonstrated that mass-based
swelling ratios for hydrogelswithwell-defined polymer chemistry
are comparable to volumetric swelling ratios [6]. The masses of
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coverslips were measured, and 20 µL of hydrogels were formed
on coverslips. Initial masses were measured after gelation was
complete, and then the gels were swelled for 24 h in PBS. Swollen
masses were measured, and the reported mass reference ratio is
the swollen gel mass divided by the initial gel mass.

Swelling-based degradation studies were performed by taking
swollen gels of known masses and incubating them in dilute
trypsin (0.01x) or collagenase (0.001 mg/mL) solutions for up to 5
days, replacing the solution daily. Samples were carefully dried of
excess solution each day and measured to track changes in mass
over time.

Accelerated degradation experiments used 0.1x trypsin for 24 h,
and resulting mass swelling or changes in mechanical or solute
transport properties were measured as described above.

4.10 Cell Culture

Cells from the HCC-1954 breast cancer cell line (ATCC) were
expanded on tissue culture polystyrene (TCPS) in RPMI 1640
(Gibco) medium with L-glutamate, 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin supplemented. Serum-free
conditions used RPMI 1640 medium with L-glutamate and 1%
pen/strep. HCC-1954 cells were used for experiments at passages
3–10. Generally, cells were lifted via trypsin treatment between
passages and for aliquoting into experimental conditions.

The NIH-3T3 mouse fibroblast cell line (passage 5–12, ATCC),
the human triple negative breast cancer MDA-MB-231 cell line
(passage 30–40, ATCC), and the human bone marrow fibroblast-
like HS-5 cell line (passage 3–10, ATCC) were each expanded in
Dulbecco’s minimum essential media (DMEM, Gibco) with 10
FBS and 1% pen/strep. Serum-free conditions used DMEM with
1% pen/strep.

4.11 2D Cell Culture Variant Conditions

For 2D cell culture experiments, cells were cultured in 24-well
plates either directly on TCPS or on a thin, 20 µL layer of
hydrogel. Media was either serum-containing, serum-free, or
1 mL of serum-free and a transwell with 200 µL of 10% serum-
containing medium. Transwells were used with or without a
20 µL gel layer covering the bottommembrane. Cells were seeded
at 5,000 cells/well for 2D culture experiments.

4.12 3D Cell Encapsulation

For 3D cell encapsulation experiments, 2 000 cells were encap-
sulated in 10 µL of gel and cultured in serum-containing or
serum-free media after 40 min of gelation time in the incubator.
For initial cell distribution experiments that do not use live/dead
stains, cells were cultured for 24 h, then fixed, permeabilized, and
stained with DAPI using standard protocols.

4.13 Cell ATP Activity and Viability

To assess cell ATP activity and viability, live cellswere first imaged
using the fluorescent live/dead kit (calcein-AM and ethidium
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homodimer-1, Thermo Fisher) on a Zeiss Axiovert widefield
fluorescence microscope for 2D and 3D cultures and on a Zeiss
Axiovert spinning disc confocal microscope for 3D cultures.
Cells were stained for microscopy following the manufacturer’s
protocols. Following microscopy, cell ATP activity was assessed
using the CellTiter-Glo 2.0 assay (Promega), following the man-
ufacturer’s protocols [51]. Luminescence was read using a BioTek
Synergy H1 plate reader (Agilent).

4.14 Fluorescent Peptide Incorporation and
Imaging

Fluorescent peptides were generated by reacting a fluorescent
probe (fluorescein 5-isothiocyanate or rhodamine B isothio-
cyanate) with the terminal groups of the peptides. Fluorescent
peptides were incorporated into hydrogels using the approach
described above for gelation. Fluorescent gels were imaged after
swelling using a Nikon A1R18 confocal scanning microscope
(Nikon, UMass Light Microscopy Core Facility).

4.15 Image Analysis and Quantification

Cellmicroscopy imageswere analyzed using Zeiss Zen and Imaris
(Oxford Instruments). For 3D images, maximum orthogonal xz
and xy projections were produced in Zen. Cell distributions,
counting, and motility were analyzed using the spots and van-
tage tools in Imaris. Final figures were made using GraphPad
Prism.

4.16 Statistical Analysis

All statistical analysis was performed in GraphPad Prism using
one-way ANOVA with Tukey’s multiple comparisons test. Statis-
tical significance comparisons were only assessed for groups with
n ≥ 3.

All cell activity, viability, and total cell count experiments were
performed with n = 2 per group and were assessed for trends
with respect to time and not for statistically significant differences
between groups due to the low number of replicates. The quality
of the results was cross-validated between the live/dead staining
and the ATP assays to support robust conclusions despite the
low replicate numbers (Figures S4 and S5). The low replicate
numbers were chosen to reduce experimental costs while investi-
gating several competing conditions within single experiments,
therefore minimizing temporal and biological contributions to
variability. Specifically, 24-well plates (selected for substantial cell
counts per well and 24-well transwell inserts to be consistent
with transwell transport experiments), which used outer wells
as PBS-containing humidity buffers to minimize edge effects,
yielded 8 usable wells per experiment. To compare four groups in
a plate, two wells were used per group. Further replications were
limited by the costs of materials, including the transwells, gel
components, and stain and assay components. Trends observed
using this approach are expected to be precisely reproducible, as
can be observed in consistent values for control groups across
multiple experiments (e.g., Figure 4b,g; Figure S1b,c control
conditions).
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4.17 Detailed Protocols and Data Repository

All protocols for experiments in this study and related raw and
processed data are available online via Figshare at the DOIs listed
in the Supplemental Materials.
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