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Abstract

There is a growing interest in materials that can dynamically change properties in the presence of
cells to study mechanobiology. Here, we exploit 365 nm light-mediated [4+4] photodimerization
of anthracene groups to develop cytocompatible PEG-based hydrogels with tailorable initial
moduli that can be further stiffened. A hydrogel formulation that can stiffen from 10 to 50 kPa,
corresponding to the stiffness of the healthy and fibrotic heart, respectively, was prepared. This
system was used to monitor the stiffness-dependent localization of NFAT, a downstream target of
intracellular calcium signaling using a reporter in live cardiac fibroblasts (CFbs). NFAT
translocates to the nucleus of CFbs on stiffening hydrogels within 6 hours, whereas it remains
cytoplasmic when the CFbs are cultured on either 10 or 50 kPa static hydrogels. This finding
demonstrates how dynamic changes in mechanical properties of a material can reveal the kinetics
of mechanoresponsive cell signaling pathways that may otherwise be missed in cells cultured on
static substrates.
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Materials with on-demand tunable properties allow to study changes in cellular behavior in
response to their microenvironments. Anthracene photodimerization enables a simple, but well-
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defined and cytocompatible strategy to stiffen PEG-based hydrogels. Using these hydrogels, we
found that NFAT, a downstream target of calcium signaling, responds to changes in hydrogel
modulus in short timescales (80 min. to <24h.) in cardiac fibroblasts.
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The interactions of cells with their microenvironment are complex and dynamic, and in
many tissues, the extracellular matrix (ECM) undergoes major remodeling after injury or
disease over short and long time scales, respectively. The ECM remodeling often changes
the physical stiffness of the local microenvironment. For example, following a heart attack,
the indentation Young’s modulus of cardiac muscle can change from E’ ~10 kPa to 50 kPa
in just 2 weeks.[] This change in the tissue stiffness can influence the behavior of resident
cells via a process known as mechanotransduction.[?] As one example, cardiac fibroblasts
(CFbs) can respond to increased ECM stiffness and transform from a quiescent phenotype to
an activated myofibroblast.[3] The wound-healing myofibroblast exhibits enhanced secretion
of ECM proteins, such as collagen, that can further stiffen the cardiac tissue, perpetuating
further myofibroblast activation and eventually leading to long-term cardiac fibrosis.[!
While CFbs respond to changes in the tissue modulus, cellular mechanisms involved in
sensing and responding to stiffness remain elusive.

Synthetic hydrogels with tissue-like elastic properties offer an attractive platform to study
stiffness-associated changes in cell behavior /n vitro. While numerous hydrogels have
enabled researchers to study mechanotransduction i vitro,8] there is a growing interest in
materials that not only mimic the modulus of various tissues, but ones that allow mechanical
properties to be changed /n situto simulate the dynamic changes taking place in ECM /n
vivo. To date, a variety of softening hydrogels that rely on photocleavage of crosslinks have
been reported,[8] but reactions that enable hydrogel stiffening are more limited and often
involve exogenous introduction or release of soluble reactive components that need to be
orthogonal and cytocompatible.[’] In one example, radical mediated thiol-ene reaction was
used to stiffen PEG hydrogels upon introduction of a photoinitiator and exposure to light.[6a]
Alternatively, complementary DNA strands and enzymes have also been used to fabricate
stiffening hydrogels;[8] however, these strategies necessitate careful selection of bioactive
molecules that are inert to the cellular pathways of interest. While these collective strategies
have advanced /n vitro cell culture models, there is an unmet need for material chemistries
that would provide simple, one-step strategies for hydrogel stiffening in the presence of cells
while simultaneously achieving a broad range of moduli, such as the large stiffness
transitions that can take place during cardiac fibrosis.

Here, we explore [4+4] photocyclodimerization of anthracenes by irradiation with 365 nm
light as a simple but robust strategy to fabricate on-demand stiffening hydrogels. The
photodimerization reaction does not require exogenous addition of any catalyst or reactive
monomers, and the reaction does not generate any radical species that might damage cells in
a concentration dependent manner. This work uses 365 nm light for the
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photocyclodimerization of anthracenes,[] a wavelength commonly used for many
photoinitiated cell encapsulations, but this can be shifted to >400 nm by incorporating
nucleophilic moieties to the 9-position of anthracene, such as triazoyl groups, 0] or
alternatively by exploiting the [2+2] photocycloaddition of styrylpyrene groups.[11]

Specifically, anthracene functionalized poly(ethylene glycol) (PEG) precursors (PEG-Ant)
were prepared by addition of 9-anthracenecarboxylic acid to 8-arm 20,000 g/mol PEG-NH,
(Figure 1a and Scheme S1). The PEG-Ant was soluble in PBS up to 25 wt%, and hydrogels
were readily achieved upon exposure of dilute PEG-Ant formulations to low intensity and
cytocompatible 365 nm light. /n situ photo-rheology shows that for a 13 wt% PEG-Ant
formulation, the modulus reaches its final plateau (E’max = 98 + 4 kPa) within 15 min. at 10
mW/cm?, and it can be achieved via continuous or stepwise 365 nm light irradiation by
shuttering the light on and off (Figure 1b). By varying the PEG-Ant concentration between
2-13 wt%, hydrogels with a broad range of plateau modulus between 0.1 to 100 kPa were
achieved (Figure 1c¢). Presumably due to the hydrophobicity of the anthracene end groups,
the volumetric swelling ratios of /n situ prepared 4-6 wt% PEG-Ant hydrogels did not
change >10% after equilibration in PBS at 37 °C for 16 h., and the difference between the
E’ max Of the swollen and /n situ prepared gels were comparable (Figure S4). This result
indicates that the cells seeded on PEG-Ant gels will “sense” a comparable modulus to the
values measured by /n siturheology.

Interestingly, Figure 1c shows that E’ o« Of the PEG-Ant hydrogels scaled exponentially
with wt%, which is typically linear for step growth networks prepared using two
complementary functional groups.[!21 One explanation for this trend is the increased
probability of intermolecular photodimerization of anthracene groups over intramolecular
ones with increased polymer concentration owing to decreased interpolymer distance, which
has been previously observed in other one-component step-growth networks.[1] The
presence of intramolecular bonds that did not participate in network formation was more
pronounced when a 4-arm, 20,000 g/mol PEG-Ant was used instead of an 8-arm PEG-Ant
(Figure S5). In the former case, at least 8 wt% of 4-arm PEG-Ant was required to form a
network, and E’ 5« did not exceed 2 kPa even when 20 wt% of PEG-Ant was used.
Therefore, we exclusively focused on the 8-arm PEG-Ant precursors for future experiments.
The one-component nature of the gel formulation also permitted facile photopatterning with
well-defined kinetics, which was demonstrated using a heterobifunctional PEG
functionalized with an anthracene and rhodamine at different ends (Figure S6). This
patterning method could be particularly useful to localize the presentation of bioactive cues
in the presence of cells. Furthermore, the anthracene photodimerization was carried out in
cell culture media (DMEM + 10% FBS) in the presence of -NH,, ~-COOH and —SH groups
and resulted in comparable E’n,x and gel evolution kinetics as hydrogels prepared in PBS
(Figure 1d). This orthogonality allows predictable stiffening of the PEG-Ant hydrogels in a
complex cell culture milieu with minimal side reactions that might influence the final
modulus.

An advantage of using anthracene groups to prepare hydrogels is the ability to measure
directly the functional group conversion kinetics during gel evolution. This was achieved by
monitoring the decrease in the intensity of the anthracene absorption peaks between 346,
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364 and 384 nm as a function of time and light intensity (l) (Figure 2a). The rate of
disappearance of the 384 nm peak followed second order kinetics with an apparent rate
constant (k) of 0.73 — 0.92 M~1.sec =1 at 10 mW/cm?2, which was comparable to typical
click reactions used to prepare hydrogels (Figure 2b).[13] One potential explanation for the
relatively fast kinetics is an aggregation-induced alignment of the hydrophobic anthracene
groups in water, which would be further facilitated by the flexibility of the PEG chains.[14]
When the reaction was carried out in DMF, a good solvent for both anthracene and PEG, the
reaction was significantly slower (k’ = 0.37 M~1.sec™1). Next, we irradiated 5 wt% PEG-Ant
formulations with I, between 2.5-20 mW/cm? and determined that the anthracene
photodimerization followed second order kinetics irrespective of 1, (Figure 2c). Plotting k’
as a function of I, revealed that the reaction is a one-photon process with a rate constant of
0.087 M~1.cm2.mJ~1 (Figure 2d). Figure 2e shows that the anthracene conversion was
linearly proportional to the gel evolution kinetics for 4-6 wt% PEG-Ant hydrogels, but that
the average gel percolation threshold (o, 5,) was reached only after 54% anthracene
conversion. The theoretical prediction for p. 4, of an 8-arm-8-arm system (92 mol%
functionalization of the arms) is 0.16 according to Flory-Stockmayer.[X5] This significant
discrepancy may be due to intramolecular dimerization, which amounted to 60% of the
bonds formed (Equations 4-6, Sl), indicating that on average, 2.8 arms out of 8 participated
in network formation. Thus, determining the kinetics of anthracene conversion and linking it
to gel evolution for a selected PEG-Ant wt% (e. g., a predefined t and 1), enables precise
tunability of initial and final moduli in the presence of the cells.

Upon detailed characterization of the photodimerization reaction, we used PEG-Ant
hydrogels to study the mechanobiology of cardiac fibroblasts (CFbs). First, we screened for
PEG-Ant hydrogels that could be stiffened from 10 to 50 kPa to match the reported moduli
of the healthy and fibrotic rat heart, respectively (Figure 3a).[X] In parallel, 10 and 50 kPa
PEG hydrogels that would not further stiffen were also prepared and irradiated with identical
light dose and used as controls. CFb attachment was promoted by incorporation of 2 mM of
an Ant-functionalized integrin binding sequence (Ant-GRGDS, Scheme S4). Prior to the
cellular experiments, we tested if anthracene groups and dimers could alone promote cell
adhesion without cell adhesion motifs. This could confound mechanobiology studies, as
increased Ant concentration on stiffer substrates would increase the number of cell-adhesion
sites, and therefore would not allow discriminating the role of the stiffness and adhesion
sites on the cellular output. Figure S7a shows that myoblast cells can only adhere to PEG-
Ant hydrogels in the presence of Ant-GRGDS, indicating that hydrophobic anthracene
groups do not act as cell adhesion sites. Furthermore, nuclear localization of Yes-associated
protein (YAP), a key mechanosensor, increases with increased RGD concentration,
indicating that cells sense PEG-Ant hydrogels through integrins (Figure S7b). Myoblasts
were also highly proliferative on PEG-Ant hydrogels as evidenced by the percentage of EdU
* cells (Figure S7c).

Substrate stiffness is known to influence cell morphology in a variety of cell types, including
CFbs.[31 To elucidate whether CFbs would respond to stiffening PEG-Ant hydrogels over the
selected range, we first measured cell area and nuclear roundness up to 5 days post-
stiffening. Figure 3b shows that /n situ stiffening from 10 to 50 kPa resulted in a gradual
increase in cell area from 1000 to 3200 pm?2 and a decrease in nuclear roundness from 0.92
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to 0.73, whereas neither of these cell features changed significantly on the 10 kPa static
hydrogels. It’s well known that on stiff hydrogels, cells tend to become more spread over the
surface of the hydrogel, resulting in an increase in cell area, and the cell and nuclear
morphology becomes more elongated, causing a decrease in nuclear roundness. Collectively,
these results indicate the cytocompatibility of the dimerization/hydrogel stiffening reaction,
and that the CFbs respond to changes in the hydrogel modulus over the selected range.

Increased substrate modulus can activate CFbs and lead to their transformation into
myofibroblasts;[3] however, the pathways that initiate this transformation remain elusive. It
was previously proposed that cardiac cellular mechanotransduction can be mediated via
mechanosensitive calcium channels.[18] A downstream target of intracellular calcium
signaling is Nuclear Factor of Activated T cells (NFAT), which can translocate to the
nucleus from the cytoplasm with increased intracellular calcium levels within minutes,[7]
resulting in the transcription of genes associated with fibroblast activation.[18] Since
mechanosensitive calcium signaling leads to NFAT nuclear localization, we sought to
characterize whether a dynamic increase in matrix modulus alone could lead to NFAT
nuclear localization.

To determine whether NFAT is mechanosensitive in CFbs, cells were transduced with a
GFP-NFAT reporter!29 and cultured on static 10 and 50 kPa as well as 10 — 50 kPa
stiffening hydrogels. For all conditions, CFbs were cultured for 24 h. before irradiation and
in situ measurement of GFP. Figure 4A and B and Supplementary Video 1 show that
stiffening increased NFAT Nuc:Cyto ratio within 80 minutes, whereas it remained
cytoplasmic in CFbs cultured on either 10 or 50 kPa static hydrogels up to 6 h. This result
suggests that a change in microenvironmental modulus promotes nuclear translocation of
NFAT. The initial kinetics of NFAT nuclear localization was comparable to that of a key
mechanosensitive protein, YAP. YAP has been reported to localize in the nucleus within 60
min. upon stiffening of a methacrylated hyaluronic acid (MeHA) hydrogel from E” = 1.75 to
33 kPa in hepatic stellate cells.[29] While YAP Nuc:Cyto ratio is known to scale with the
substrate modulus,[2X] NFAT changes were only observed on a short time scale and in
response to a modulus change. A possible mechanism of this transient NFAT nuclear
localization may first require a change in membrane tension followed by the opening of
mechanosensitive calcium channels. Following the adaptation to the new stiffness, a
feedback loop may inhibit calcium uptake by inhibiting certain channels,[22] leading to
nuclear exit of NFAT.

In conclusion, PEG-Ant hydrogels offer a simple, robust and highly controlled platform to
prepare stiffening hydrogels in the presence of cells. This reaction allowed us to achieve a
broad range of elastic moduli that are comparable to many soft tissues. The temporal control
of dynamic material properties should allow innovative experiments to track real time
cellular responses related to outside-in mechanobiology signaling. The reaction itself is
efficient, proceeds without the addition of any exogenous molecules, and even in the
presence of the complex protein milieu found in cell culture environments. Key results
demonstrate that NFAT nuclear localization is sensitive to changes in substrate modulus in
cardiac fibroblasts over short time scales (e.g., 80 min. to 6 h.), but on longer time scales,
not to the magnitude of the modulus of the microenvironment (e.g., 10 to 50 kPa). This
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finding highlights the usefulness of hydrogels with dynamically tunable properties as a tool
to explore mechanosensitive pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Structure of the 8-arm, 20000 g/mol PEG-Ant used in this study. (B) Gel evolution of 13

wit% PEG-Ant as a function of time either with continuous (-) or stepwise (=) irradiation.
Yellow rectangles represent the periods that the 365 nm light was turned on during stepwise
irradiation. (C) E’max Scales exponentially with wt% in PEG-Ant hydrogels. (D) E’pax Of
5wt% PEG-Ant hydrogels prepared in 10% fetal bovine serum (FBS) was comparable to
those synthesized in PBS, highlighting the bioorthogonality of the anthracene
photodimerization in a complex protein solution. In these experiments, I, = 10 mW/cm?, gap
=100 um, y = 5% and w = 1 rad-s™1 were used.
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Figure 2.

(A) Absorbance spectra of 5 wt% PEG-Ant hydrogels as a function of irradiation time in
PBS, pH 7.4. (B) Anthracene photodimerization follows second order kinetics as 1/[C]
scales linearly with irradiation time for different PEG-Ant formulations. (C) 1/[C] vs time

for 5 wt% PEG-Ant at different Iy. (D) Second orde

r kinetic rate constant (k’) was linearly

proportional to I, indicating that the reaction is a one-photon process. (E) Plotting E’/E’ nax
vs. anthracene conversion shows that the hydrogel percolation point significantly deviates

from the theoretical prediction due to intramolecula

r photodimerization. In these

experiments, 1, = 10 mW/cm? of 365 nm light and a path length of 100 um were used unless

otherwise described.
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(A) Rheology of the PEG-Ant hydrogels used to culture CFbs. For the stiffening hydrogel, g
=5 mW/cm?2 was used to reach 10 kPa, whereas /n situ stiffening was carried out using 10
mW/cm?2. Static hydrogels of 5.5 wt% and 10 wt% PEG-Ant (10 and 50 kPa, respectively),
were prepared using lg =5 mW/cm?2 and t = 15 min. for the cell experiments but were
exposed to g = 10 mW/cm? to control for changes resulting from light exposure. /n situ
stiffening of the anthracene hydrogels from 10 to 50 kPa (B) increased the cell area and
decreased the nuclear roundness within 2-5 days, whereas both remained constant on 10 kPa
static hydrogels. Cell area (top) and nuclear morphology (bottom) were determined using
HCS CellMask Orange Stain (H32713) and DAPI staining, respectively. /n situ stiffening
was carried out at Day 0. Error bars represent the 95% CI and *** indicates p < 0.001 in
one-way ANOVA test. (C) Representative images of CFbs on 10 kPa and stiffening
hydrogels.
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Upon /n situ stiffening from 10 to 50 kPa, NFAT localizes to the nucleus in CFbs. (A)
Representative images of CFbs transduced with a GFP-NFAT adenovirus within the first 5
hours after stiffening. (B) Average NFAT Nuc:Cyto ratio as a function of time within the
first 6 hours in 10, 50 kPa and stiffening hydrogels. **, *** and **** represents p < 0.01,
0.001 and 0.0001 in a t-test comparing the stiffened and 10 kPa hydrogel at each time point
(N =93). (C) Three distinct trends observed in the evolution of NFAT Nuc:Cyto ratio and
(D) their abundance in CFbs cultured on 10, 50 kPa and stiffening PEG-Ant hydrogels. The
quantification is described in the supporting information.
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