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ARTICLE INFO ABSTRACT

Keywords: Human mesenchymal stem cells (hMSCs) have immense wound healing potential due to their inmunomodulatory
Human mesenchymal stem cell behavior. To control this behavior and reduce heterogeneity, researchers look to biomaterials, as matrix stiffness
Immunomodulation

and viscoelasticity have been shown to control hMSC immunomodulation. However, the understanding of the
effects of these biophysical cues on hMSC immunomodulation remains limited; a broad study investigating the
potentially synergistic effects of matrix stiffness and viscoelasticity on hMSC immunomodulation is needed in
order to support future work developing biomaterials for hMSC wound healing applications. We developed
polyacrylamide (PAAm) gels with varying matrix stiffnesses with or without a viscoelastic element and explored
the effects of these on hMSC-matrix interactions and immunomodulatory cytokine expression in both a normal
growth media and an immunomodulatory growth media mimetic of a chronic, non-healing wound. Expression of
IL-10, VEGF, and PGE, were upregulated in immunomodulatory growth media over normal growth media,
demonstrating the synergistic effects of biochemical signaling on hMSC immunomodulatory behavior. In addition,
the addition of a viscoelastic element had both inhibitory and accentuating effects based on the cytokine and
biochemical signaling in the cell culture media. Overall, this study provides a broad perspective on the immu-

Matrix stiffness
Matrix viscoelasticity
Biomaterials

nomodulatory behavior of hMSCs due to stiffness and viscoelasticity.

1. Introduction

Human mesenchymal stem cells (hMSCs) are an attractive cell source
to treat a myriad of human diseases and injuries, as evidenced by their
use in >400 clinical trials to date (clinicaltrials.gov).!™ They possess the
innate capability to differentiate into a variety of adult cell types
including bone, cartilage, and fat, which makes them an excellent
treatment method for bone and cartilage tissue engineering. Perhaps
even more interesting and therapeutically relevant, however, is the fact
that hMSCs also play important immunomodulatory roles in the wound
healing process, such as in stimulating macrophage M1-M2 transition,”
inhibiting T-cell ~activation,>® and stimulating release of
anti-inflammatory cytokines.>® For example, prior literature has
demonstrated that hMSCs modulate the immune response by secreting
proinflammatory cytokines, such as tumor necrosis factor (TNF-a),
interferon-A (IFN-)), interleukin-1o (IL-1a), and IL-1[5.7 When adminis-
tered to an active immune response, hMSCs decrease the secretion of
IFN-A and TNF-a and increase the production of the anti-inflammatory
cytokines IL-4 and IL-10 in the wound.® This immunomodulatory
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potential makes hMSCs particularly useful in the treatment of chronic
non-healing wounds, which are full-thickness lesions that can result in
cellulitis, infective venous eczema, gangrene, hemorrhage, and even
lower-extremity amputations.”'°

However, hMSC therapies have yet to move beyond clinical trials and
enter the market. This is due to several limitations including low
viability, poor engraftment, and the risk of eliciting an immune response
after injection at the site of the wound, which reduces their therapeutic
potential.!' !¢ Additionally, hMSCs tend to have heterogeneous behav-
iors due to variability in donor, age, and tissue source.'”!®

How can we overcome these barriers and enhance the therapeutic
potential of hMSCs for wound healing applications? Previous literature
has demonstrated that hMSCs have a mechanical memory, allowing
hMSCs to recall past physical signals in such a way that allows re-
searchers to “prime” the cells towards specific lineages.'® HMSCs are also
known to be highly mechanosensitive, where their phenotype changes in
response to the physical cues around them.?’?? In particular, matrix
stiffness and viscoelasticity have been demonstrated to have a significant
effect on modulating hMSC fate. In the seminal paper by Engler et al.,
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hMSCs were shown to differentiate according to the stiffness of their
substrate, with hMSCs on soft matrices mimicking the brain undergoing
neurogenesis, hMSCs on stiffer matrices mimicking muscle undergoing
myogenesis, and hMSCs on rigid matrices mimicking bone undergoing
osteogenesis.”> In addition to substrate elasticity, researchers have
looked at the effect of viscoelasticity on hMSC fate, as human tissues are
naturally viscoelastic. Chaudhuri et al. found that cell spreading, prolif-
eration, and osteogenic differentiation were all enhanced on hydrogels
with faster matrix stress relaxation.”** Since these and other discoveries
in the field of hMSC mechanobiology, it has become clear that the
physical properties of the substrate onto which hMSCs are cultured can
provide the physical cues to tune their phenotype, and various bio-
materials have been explored to mimic these physical cues.?®0

However, while the effects of substrate stiffness and viscoelasticity on
hMSC differentiation have been well explored, our understanding of the
mechanisms by which physical cues affect hMSC immunomodulation
remains relatively unknown. Although few studies in the literature have
examined this, some literature exists: both the Seib®! and the Van Vliet
groups>? have shown that stiffness and viscoelasticity influence hMSC
cytokine secretion, with softer profiles®® and more viscoelastic>* sub-
strates leading to enhanced immunomodulatory and angiogenic profiles.
Phuagkhaopong et al. investigated the effect of stress relaxation in silk
hydrogels and found that an elastic hydrogel activated IL-1p signaling,
induced higher glucose and glutamine consumption, and led to higher
lactate secretion in hMSCs.>! Additionally, the Wenzel group has shown
that focal adhesion kinase signaling influences the anti-inflammatory
function of hMSCs in response to shear forces.>* A recent study by the
Shin group suggests possible mechanisms behind the effects of matrix
stiffness on immunomodulation, demonstrating that soft matrices in-
crease clustering of TNF receptors, enhance NF-kB activation and actin
polymerization, and regulate mechanosensitive activation of hMSCs by
TNFo with lipid rafts?°. However, Shin's work studied a single aspect of
hMSC immunomodulation, monocyte production, and chemotaxis, and
investigated only stiffness and not viscoelasticity. Other studies suggest
that 3D culture of hMSCs is more important than matrix stiffness and
viscoelasticity in expressing key immunomodulatory genes.>®

These studies clearly demonstrate the impact that biophysical prop-
erties have on the immunomodulatory potential of hMSCs. However,
there is missing from the literature a comprehensive study that seeks to
demonstrate the synergistic relationship between matrix stiffness and
viscoelasticity on hMSC immunomodulatory behavior for a range of
elastic, storage, and loss moduli. Thus, we seek to investigate the syn-
ergistic effects of substrate stiffness and viscoelasticity on hMSC immu-
nomodulatory behavior using highly tunable polyacrylamide (PAAm)
gels for a range of biophysical properties. PAAm gels, due to their ease of
fabrication and tunability, allow us to precisely mimic the physical
properties of the hMSC microenvironment in 2D. The results of this study
will contribute to the growing body of knowledge in the field of hMSC
mechanobiology, working towards elucidating the mechanisms by which
physical cues affect hMSC immunomodulation.

2. Methods and materials
2.1. Materials

Bone marrow-derived hMSCs (black male aged 38) were purchased
from Lonza (Hopkinton, MA). Penicillin-streptomycin was purchased
from Cytiva (Marlborough, MA). Triton™ X-100, 75 mm glass slides, 60
mm Petri dishes, 1,4-piperazinediethanesulfonic acid (PIPES), potassium
hydroxide (KOH), sodium chloride (NaCl), sucrose, magnesium chloride
hexahydrate, and mouse anti-human vinculin monoclonal antibody were
purchased from Fisher Scientific (Hampton, NH). Rat anti-human inter-
leukin 10 (IL-10) monoclonal antibody was purchased from eBioscience
(San Diego, CA). 35 mm Petri dishes were purchased from Corning
(Corning, NY). Low glucose (1 g/L) Dulbecco's modified eagle medium
with L-glutamine and sodium pyruvate (DMEM), trypsin-EDTA, and fetal

Mechanobiology in Medicine 3 (2025) 100111

bovine serum (FBS) were purchased from Gibco (Grand Island, NY).
Alexa Fluor™ 488 phalloidin, LIVE/DEAD™ cell imaging kit, donkey
anti-rat IgG Alexa Fluor™ 488 secondary antibody, mouse anti-human
interleukin 6 (IL-6) monoclonal antibody, donkey anti-mouse IgG
DyLight™ 594 secondary antibody, mouse anti-human vascular endo-
thelial growth factor (VEGF) monoclonal antibody, goat anti-mouse IgM
DyLight™ 488 secondary antibody, and goat anti-rabbit IgG Alexa
Fluor™ 594 secondary antibody were purchased from Invitrogen (Wal-
tham, MA). Normal goat serum was purchased from MP Biomedicals™
(Irvine, CA). Prostaglandin 2 (PGE;) rabbit anti-human polyclonal anti-
body was purchased from Bioss (Woburn, MA). TWEEN® 20, 4',6-Dia-
midino-2-phenylindole dihydrochloride (DAPI), ammonium persulfate
(APS), 40 % (w/v) acrylamide solution, 2 % (w/v) N,N’-methyl-
enebisacrylamide solution, (3-aminopropyl)triethoxysilane (APES), 25 %
glutaraldehyde in HyO, dichlorodimethylsilane (DCDMS), N,N,N’,N’-
tetramethylethylenediamine (TEMED), 4-(2-Hydroxyethyl)piperazine-
1-ethane sulfonic acid (HEPES), sodium hydroxide (NaOH), Dulbecco's
phosphate-buffered saline (PBS) without calcium or magnesium, sulfo-
succinimidyl6-(4'-azido-2'-nitrophenylamino)hexanoate (sulfo-SAN-
PAH), fibronectin from human plasma, animal-component free
recombinant interferon-gamma (IFN-y), and human recombinant animal-
free tumor necrosis factor-alpha (TNF-a) protein were purchased from
Millipore Sigma (Billerica, MA). Paraformaldehyde was purchased from
Electron Microscopy Sciences (Hatfield, PA). 35 mm Petri dishes with 20
mm No. 1.5 coverglass, uncoated were purchased from MatTek (Ashland,
Ma). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular
Technologies (Tokyo, Japan). All chemicals were of analytical reagent
quality or high-performance liquid chromatography (HPLC) grade. Ul-
trapure water (18.2 MQ cm, Millipore Sigma, Billerica, MA) was used in
all experiments requiring water.

2.2. Fabrication and characterization of PAAm gels

Three PAAm gels with low, medium, and high stiffness (elastic
moduli) were fabricated by polymerizing a branched network of PAAm in
1 x PBS following the protocol by Tse et al.*® The elastic moduli of these
PAAm gels were modified by using different concentrations of acryl-
amide and bis-acrylamide monomers in 1 x PBS, as shown in Table 1.5
Following mixture, the pre-gel monomer solution was filtered and
degassed to remove any contaminants and dissolved gas. Subsequently, 1
% APS and 0.1 % TEMED were added to initiate polymerization. A 600 pl
drop of this initiated pre-gel solution was placed in between an
amino-salinized MatTek dish and a chloro-salinized glass slide and
allowed to polymerize for 30 min. After polymerization, the
chloro-salinized slide was removed, resulting in a thin, flat gel surface
bound to the amino-salinized coverslip on the MatTek dish.

To impart a viscoelastic component to these gels, linear acrylamide
was incorporated during polymerization of the branched PAAm
network.®” Linear acrylamide was fabricated by polymerization of an
acrylamide monomer solution in 1 x PBS with 1 % APS and 0.1 %
TEMED at 37 °C for 1 h. The fabrication of viscoelastic PAAm gels

Table 1
Formulation of PAAm gels.
Low Low Med Med High High
) +) =) ) ) -0
% acrylamide 4.00 4.00 5.00 5.00 5.00 5.00
% bis- 0.06 0.06 0.15 0.15 0.30 0.30
acrylamide
% linear 0.00 4.00 0.00 4.00 0.00 4.00
Acrylamide
Expected 1.16 + 1.16 + 4.47 + 4.47 + 8.73 + 8.73 +
modulus 0.54 0.54 1.19 1.19 0.79 0.79
(kPa)

Abbreviations: high, high stiffness; low, low stiffness; med, medium stiffness; -,
without linear acrylamide; +, with linear acrylamide.
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followed the same protocol as the elastic PAAm gels, with 4 % linear
acrylamide in 1 x PBS added in place of the normal amountof 1 x PBSin
the pre-gel solution (Table 1). Prior to use in cell studies, the PAAm gels
were functionalized with 0.2 mg/mL sulfo-SANPAH in 18.2 MQ MilliQ
water, a heterobifunctional protein cross-linker, and allowed to react
under 365 nm ultraviolet (UV) light for 10 min. After functionalization,
10 pg/mL of fibronectin in 50 mM HEPES was added to the PAAm gel and
incubated overnight at 37 °C in 5 % CO3 at 95 % humidity, resulting in a
fibronectin-coated PAAm gel.

Young's modulus was measured in experimental triplicate using dy-
namic mechanical analysis (DMA, DMA850, TA Instruments, New Castle,
DE) of 15 mm diameter by 3 mm height bulk PAAm gels. To run the
measurements, these gels were placed in between two 15 mm parallel
plates, incubated at 37 °C for 5 min, and compressed at a rate of 0.25
mm/min until breaking.

Shear stress was measured in experimental triplicate using a rheometer
(AR 2000, TA Instruments, New Castle, DE). Bulk PAAm gels were incu-
bated at 37 °C for 5 min until equilibration and exposed to a frequency
sweep from 0.05 to 50 Hz controlled at 2 % strain. The loss modulus, G’,
storage modulus, G”, and tand from the frequency sweep were reported at
1 rad/s, which is a relevant frequency for cell mechanosensing.>®

2.3. Evaluating hMSC immunomodulatory potential

2.3.1. Cell culture

HMSCs were expanded in normal growth medium (low-glucose
DMEM supplemented with 10 % v/v FBS, 1 % v/v penicillin-
streptomycin, and 4 mM L-glutamine) at 37 °C and 5 % CO, to ~85 %
confluence prior to passaging using trypsin. For all experiments,
expanded hMSCs were plated at 5000 cells/cm? on the fibronectin-
coated PAAm gels and incubated in either normal growth medium or
immunomodulatory medium (normal growth medium supplemented
with 20 ng/mL IFN-y and 10 ng/mL TNF-o°>?) and fed every three days.
When the immunomodulatory medium was used, it was used for the
entire culture time from cell seeding to assessment. All cells for experi-
ments were used at passage 4-6.

2.3.2. Cytocompatibility

To visualize cytocompatibility, a LIVE/DEAD™ assay was performed
on hMSC-seeded elastic and viscoelastic PAAm gels in MatTek dishes 1
and 7 days after cell seeding in normal growth medium following the
manufacturer's protocol. This staining solution was added to the cells and
allowed to incubate for 15 min at room temperature (RT) prior to imaging.
Stained cells were imaged on a Ti2E inverted epi-fluorescence microscope
(Nikon, Tokyo, Japan) at 488 nm for calcein AM (live cells) and 594 nm
for ethidium homodimer-1 (dead cells). To quantify cytocompatibility and
cellular metabolic activity, a CCK-8 assay was performed on hMSC-seeded
elastic and viscoelastic PAAm gels in MatTek dishes on days 1, 3, 7, 14,
and 21 after cell seeding in normal growth medium following the man-
ufacturer's protocol. Briefly, after the designated incubation period for
each sample, 100 pL of CCK-8 was added to 1 mL of normal growth media
(1.1 mL total volume per MatTek dish), and the cells were incubated for 2
h at 37 °C. Following incubation, the supernatant was removed from the
cells and 150 pL of this CCK-8/growth media solution was placed in a non-
tissue culture-treated 96-well plate in technical triplicate. 13.6 uL of 0.1 M
HCl was added to each well to preserve sample absorbance. Samples were
measured at 450 nm using a Plate Reader (SpectraMax® i3x, Molecular
Devices, San Jose, CA). Positive controls of protein-coated MatTek dishes
seeded with hMSCs but without PAAm gels and negative controls with no
cells and no PAAm gels (normal growth media with CCK-8 solution only)
were included. The normalized cell viability was calculated using Eq. (1).

(Abs 450nmgpre — AbS 450MMegarive controt)

Cell Viability =
Y (Abs 450m My conpol — Abs 450nMgaive conro)

x 100

Eq. (1)
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2.3.3. Morphology

hMSCs were seeded on elastic or viscoelastic PAAm gels and incu-
bated for 1, 3, 7, 14, and 21 days in either a normal growth medium or
immunomodulatory growth medium. Following incubation, the cells
were fixed with 4 % paraformaldehyde for 15 min, permeabolized with
cytoskeletal buffer for 1 min, and blocked with 10 % normal goat serum
for 30 min. Samples were washed with 0.01 % 1 x PBS-tween three times
each between steps. To visualize focal adhesions, the hMSCs were incu-
bated with 2 pg/ml of a mouse anti-vinculin primary antibody in 1 %
normal goat serum overnight at 4 °C and then incubated with 2 pg/ml of
a donkey anti-mouse IgG DyLight™ 594 secondary antibody in 1 %
normal goat serum for 1 h. The hMSCs were then counterstained with 2
uM DAPI and 1.65 pM phalloidin AF-488 for 5 and 30 min, respectively,
to visualize nuclei and F-actin. The stained hMSCs were imaged on a Ti2E
inverted microscope (Nikon, Tokyo, Japan) at 360 nm for nuclei, 488 nm
for F-actin, and 594 nm for focal adhesions. Images were processed using
FIJI is Just ImageJ to form composite overlaid images of each sample. To
quantify morphological analysis, we investigated cell area, aspect ratio,
circularity, and roundness using ImageJ's shape descriptors function,
where the area is the 2D surface area of the cells in squared pixels, aspect
ratio is defined as the length of the major axis divided by the length of the
minor axis, circularity is defined as how well the overall shape of the
object fits to a perfect circle, with a value of 1.0 indicative of a perfect
circle, and roundness is circularity normalized to the aspect ratio. To
quantify these values, a region of interest was drawn around individual
cells across technical and experimental replicates and the single-cell
values were recorded. Days 14 and 21 were not quantified due to high
confluence. We also quantified vinculin intensity by quantifying the
average pixel intensity of the image, which was normalized per cell and
background signal was subtracted.

2.3.4. Cytokine expression

To evaluate the immunomodulatory potential of the hMSCs on the
PAAm gels, IL-6, IL-10, VEGF, and PGE, were investigated by quantifying
their expression through immunocytochemistry. Briefly, hMSCs were
seeded on the elastic or viscoelastic PAAm gels for 1, 3, 7, 14, and 21 days
in either normal growth medium or immunomodulatory growth me-
dium. Following incubation, the cells were fixed with 4 % para-
formaldehyde for 15 min, permeabolized with 0.25 % triton X-100 for 10
min, and blocked with 10 % normal goat serum for 30 min. Samples were
washed with 0.01 % 1 x PBS-tween three times each between steps. For
each cytokine, the hMSCs were incubated with the corresponding pri-
mary antibody in 1 % normal goat serum overnight at 4 °C and then
incubated with the corresponding secondary antibody in 1 % normal goat
serum for 45 min (Supplementary Table S1 details all primary and sec-
ondary antibody concentrations). The cells were additionally counter-
stained with DAPI for 5 min. The stained hMSCs were imaged on a Ti2E
inverted microscope (Nikon, Tokyo, Japan) at 360 nm for nuclei, 488 nm
for the IL-10 and IL-6 secondary antibodies, and 594 nm for the VEGF and
PGE; secondary antibodies. To quantify cytokine expression, all samples
were measured using the same power intensity and exposure settings,
and all metadata was stored in .nd2 files. Fiji is Just ImageJ was used to
quantify pixel intensity for each cytokine, which was normalized per cell
and background signal was subtracted. Brightness and contrast were not
changed prior to quantifying pixel intensity to allow for direct compar-
isons between samples.

2.4. Statistical analysis

All measurements were performed in a minimum of experimental and
technical triplicate and data is presented as mean + standard deviation
unless otherwise stated. Data was normalized as appropriate and the
standard deviation was calculated using the rules of propagation of un-
certainty. Box plots for Figs. 5-8 demonstrate the range of data, with the
whiskers indicative of the lowest and highest value, the box indicating
the 25th-75th percentiles, the line indicating the median, and the dot
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Table 2
Characterization of PAAm gel properties.
Low () Low (+) Med (-) Med (+) High (-) High (+)
E (kPa) 1.44 +0.11 1.15 + 0.08 4.13 £0.51 4.99 £0.34 8.54 £ 0.55 8.82 £ 0.22
G’ (kPa) 144 + 21.3 233 £ 51.4 299 + 50.1 276 + 73.0 647 + 63.4 479 + 105
G” (kPa) 36.6 £ 11.6 81.0 + 29.1 127 + 40.3 147 + 38.4 220 + 34.6 213 £ 9.56
Tand 0.251 + 0.052 0.373 + 0.209 0.444 + 0.213 0.551 + 0.159 0.341 + 0.055 0.455 + 0.078

Abbreviations: E, Young's modulus; G/, storage modulus; G”, loss modulus; High, high stiffness; low, low stiffness; med, medium stiffness; -, without linear acrylamide;

+, with linear acrylamide.

indicating the mean. Statistical analysis was conducted using one- or two-
way analysis of variance (ANOVA) with Tukey—Kramer post hoc analysis
using GraphPad Prism Version 10.2.3 as appropriate. Data was consid-
ered statistically significant for p < 0.05 (note: *p < 0.05, **p < 0.01,
®kp < 0,001, ****p < 0.0001).

3. Results and discussion
3.1. Polyacrylamide gel fabrication and characterization

Table 2 shows the measured Young's modulus, loss modulus, and
storage modulus values for each gel formulation. Comparing the Young's
modulus values with the values expected (Table 1) yields strong agree-
ment, demonstrating successful gel fabrication. We confirm statistically
significant differences in Young's modulus between low-, medium-, and
high-stiffness gels both with and without a viscoelastic element (p <
0.0001 for low- to med-, p < 0.0001 for low- to high-, and p < 0.0001 for
med- to high-stiffness without a viscoelastic component and p < 0.0001
for low- to med-, p < 0.0001 for low- to high-, and p < 0.0001 for med- to
high-stiffness with a viscoelastic component). In addition, the storage
modulus, which relates to the elastic behaviour of materials, increases
proportionally with the Young's modulus. Meanwhile, stiffness of the gel
does not change between gels with or without a viscoelastic element (p =
0.900 for low-stifness gels, p = 0.089 for medium-stiffness gels, and p =
0.916 for high-stiffness gels). This is as expected, as we do not expect the
addition of the linear acrylamide to significantly affect the overall elas-
ticity of the gels.

The loss modulus, related to the viscous behaviour of materials, was
not found to be statistically significant between non-viscoelastic and
viscoelastic gels for any stiffness, low-, medium-, or high-. This is likely
due to the large standard deviations, which were a result of batch-to-
batch variability in gel fabrication. The lack of statistical significance
continued for Tand, a ratio measurement indicative of elastic:viscous
components with larger Tand suggesting increased viscous components,
values. However, although not statistically significant, trends for the low-
and medium-stiffness gels appear to be increasing from the non-
viscoelastic to viscoelastic PAAm gels. On the contrary, there appears
to be no difference in loss modulus for the high-stiffness gels, although
these similarly have the trend of an increased Tand (albeit not statisti-
cally significant). This may be related to the increased concentration of
bis-acrylamide in the high stiffness gels (Table 1) yielding a higher
chance of the linear acrylamide crosslinking to the acrylamide matrix at
its terminal ends.®® To further investigate potential differences in cross-
linking due to the presence of acrylamide and bis-acrylamide concen-
trations, a very high-stiffness, non-viscoelas tic and viscoelastic PAAm gel
were also made, with an expected Young's modulus of ~19.66 kPa (8 %
acrylamide, 0.26 % bis-acrylamide, data not shown in Table 1). The
measured Young's modulus of these gels was found to be 9.50 + 0.99, and
20.1 + 0.94 kPa for the very high-stiffness, non-viscoelastic and visco-
elastic PAAm gels, respectively. Interestingly, the very high-stiffness gel
did show an increase in Young's modulus when linear acrylamide was
added, suggesting that the addition of the linear acrylamide was
increasing the number of overall crosslinks in the polymer matrix.
Further investigation is needed to dissect this phenomenon. However, as

the focus of this study was on the cell effects and there was a trending
increase in the Tand, we proceeded with these gels. In addition, while the
elastic gels remained optically transparent, the viscoelastic gels became
opaque, with the degree of opaqueness increasing from low- to medium-
to high-stiffness gels (Supplementary Fig. S1).

3.1.1. hMSC-matrix interactions

Prior to investigating the synergistic effects of matrix stiffness and
viscoelasticity on cytokine expression, we first investigated the hMSC-
matrix interactions. As previously mentioned, hMSCs are mechano-
sensitive; thus, variations to hMSC-matrix interactions due to matrix
stiffness and viscoelasticity may be related to variations in cytokine
expression mechanistically.”” We confirmed that the cells remain viable
and proliferative on these gels, with few dead cells present on day 1
(Supplementary Fig. S2).

A) Proliferation Rate in NGM

*ns., *.nisk **n.s., o
R e s
6-
Low (-)
8 = Low (+)
[ o=t
O 4 Med (-)
L Med (+)
Q -~ High ()
5 21 .
3 High (+)
L
oO--r—r-rrrrrrTrrrrrrrrrrr
1 3 7 14 21
Days After Cell Seeding
B) Proliferation Rate in IGM
o : : ,
Low (-)
3 = Low (+)
C
O 4 Med (-)
L Med (+)
(@) -e- High (-)
© 21 YA .
3 High (+)
L
0 rrrrrrrrrrrrrrrrrrrrorTa
1 3 7 14 21

Days After Cell Seeding

Fig. 1. Proliferation rate with time in A) normal growth medium (NGM) and B)
immunomodulatory growth medium (IGM) shown for hMSCs cultured on each
polyacrylamide gel measured using a CCK-8 assay 1, 3, 7, 14, and 21 days after
initial cell seeding. Statistics are shown on Days 3, 7, 14, and 21 and are all
compared to their respective Day 1 time point for each gel type, listed in order
as, low (-), low (+), med (-), med (+), high (-), and high (+). Data was
considered statistically significant for p < 0.05 (Note: *p < 0.05, **p < 0.01,
*¥p < 0.001, ****p < 0.0001).
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In normal growth medium, cells rapidly proliferate on all gel for-
mulations, reaching a 2-fold—4-fold increase in proliferation after 21 days
(Fig. 1A). In this study, we normalized the initial cell count at day 1 for
each gel type to ‘1°, and the rate of proliferation at each time point is
conducted in comparison to a change from this day 1 time point (i.e., a
rate of ‘2’ means 100 % proliferation, or a population doubling). Inter-
estingly, proliferation rate was generally highest on the high-stiffness
gels and lowest on the low-stiffness gels. For non-viscoelastic gels, the

Day Day 3

Medium (+) Low (+) High (-) Medium (-)

High (+)

C

g

Glass
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proliferation rate at days 7 and 14 are statistically significant for high-
stiffness gels in comparison to low- and medium-stiffness gels, while at
day 21, high-stiffness gels are only statistically greater than low-stiffness
gels (Supplementary Fig. S3Aii). Viscoelastic gels, on the other hand,
have a more consistent proliferation rate between gel stiffnesses (Sup-
plementary Fig. S3Aiii). Supplementary Fig. S3Aiv-vi also depicts dif-
ferences at each time point for each stiffness gel independent of the other
stiffness gels, showing that the low- and medium-stiffness gels had high

Day 7 Day 14

Fig. 2. Morphology of hMSCs cultured on each PAAm gel formulation for 1, 3, 7, 14, and 21 days in normal growth medium. A) Non-viscoelastic gels, B) Viscoelastic
gels, and C) Glass. Green = F actin, Blue = nuclei, Red = vinculin, Scale Bar = 200 pm.
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Medium (-)

High (-)

B

S

Low (+)

Medium (+)

Glass

Mechanobiology in Medicine 3 (2025) 100111

Day 21

Fig. 3. Morphology of hMSCs cultured on each PAAm gel formulation for 1, 3, 7, 14, and 21 days in immunomodulatory growth medium. A) Non-viscoelastic gels, B)
Viscoelastic gels, and C) Glass. Green = F actin, Blue = nuclei, Red = vinculin, Scale Bar = 200 pm.

similarity in proliferation rate for viscoelastic and non-viscoelastic gels,
while the high-stiffness, non-viscoelastic gels had statistically significant
proliferation in comparison to viscoelastic gels at days 7, 14, and 21.
The effects of the immunomodulatory media attenuated the effects of
the gel formulation on cell proliferation rate overall. Interestingly, cells
cultured in normal growth media appeared to experience a decline in
overall cell number between days 1 and 3 before rapidly proliferating as
previously described. However, in immunomodulatory media, the
opposite is true, and there is a rapid initial growth from days 1-3 for cells

on all gel conditions before this proliferation tapers and plateaus from
days 7-21 at around 3-fold increase over day 1 (Fig. 1B). We attribute
this to the overall lower number of cells initially on gels in the immu-
nomodulatory media compared to cells initially on gels in the normal
growth media. Further, in comparison to cells in normal growth medium,
where there were significant differences between gel conditions, there
are little-to-no differences between gel stiffnesses for non-viscoelastic
and viscoelastic gels (Supplementary Fig. S3Bi-vi) in immunomodula-
tory media.
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Fig. 4. Morphological analysis of cells in normal growth media vs. immunomodulatory growth media for all gel conditions over time, looking at A) cell area, B) aspect

**p < 0.0001).

As cell shape is known to directly relate to cell behaviour for hMSCs,*!
we also sought to understand the effects of the different gel formulations
in the two media conditions (Figs. 2 and 3 for normal growth media and
immunomodulatory growth media, respectively) on hMSC morphology.
Of note, due to the high opaqueness of the high-stiffness, viscoelastic
gels, it can be challenging to visualize cells with fluorescence due to the
resulting background signal. To aid in viewing the cells, Supplementary
Fig. S4 shows the cells at day 21 cultured on high-stiffness, viscoelastic
gels in normal growth media and immunomodulatory growth media for
all imaging channels.

Prior literature has shown that culture on lower-stiffness, higher-
viscoelasticity gels typically result in smaller hMSCs with more rounded
morphologies, while culture on higher-stiffness, non-viscoelastic gels

ratio, C) circularity, D) roundness, and E) vinculin expression. Data was considered statistically significant for p < 0.05 (Note: *p < 0.05, **p < 0.01, ***p < 0.001,

typically result in larger cells with greater elongations and protrusions.®>

Interestingly, culture in immunomodulatory growth media vs. normal
growth media also had an effect on the overall cellular morphology, and
this effect appeared to dominate over any morphological changes due to
stiffness or viscoelasticity. For example, cell area was found to be smaller
on cells cultured in immunomodulatory growth media at day 1, regard-
less of the gel condition (Fig. 4A). In addition, there are fewer cells on day
1, indicating that many cells did not survive adhesion due to the com-
bined presence of the inflammatory molecules and the gels. It is unlikely
that the lower adhesion is simply due to the inflammatory molecules as
we saw high initial cell adhesion on the control sample. However, this
trend reverses at days 3 and 7, with statistically significant increases in
cell areas for cells cultured in immunomodulatory growth media
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formulations. Matching letters indicate statistical significance of at least p < 0.05.

compared to normal growth media, showing that as the cell recovers
from the inflammatory signals and adjusts to the culture conditions, they
are able to spread and grow. There does not appear to be an effect of gel
type, as this trend occurs for a variety of stiffness gels with and without
viscoelastic elements. Supplementary Fig. S5A, which shows the same
data over time, corroborates this change in cell area over time. However,
the effects of media on aspect ratio was minimal, with only minor dif-
ferences between cells on control gels and low-stiffness, non-viscoelastic
gels at days 3 and 7 (Fig. 4B). Despite the lack of differences between
media formulation, Supplementary Fig. S5B demonstrates that aspect
ratio increases on all gel types with time; interestingly, our general trend
shows a decrease in aspect ratio with increasing stiffness, showing that
although there is an increase in area (cell spreading), there is not an
increase in elongation.

When evaluating circularity and roundness (Fig. 4C,D and Supple-
mentary Fig. S5CD), we additionally see few differences due to media
formulation or gel type; however, for those values that are statistically
significant, circularity is typically increased in immunomodulatory
growth media conditions, suggesting that there are fewer protrusions in
those culture conditions. There is, again, an effect of time, with cells
becoming less circular/round over time, suggesting the formation of
protrusions over time; this effect is not dependent on gel type. Addi-
tionally, there does not appear to be a dependence of viscoelasticity on
morphology, as only few samples were found to be statistically signifi-
cant between non-viscous and viscous gels of the same stiffness, with no
discernible trend in gel stiffness or time point.

After day 7, it is more difficult to distinguish any differences in
overall cell morphology due to the high confluence on all gel

*p < 0.0001). ii) Data is expressed at each time point for all gel

conditions. However, interestingly, in normal growth media, cells on
viscoelastic gels at these higher culture days appear to be more
aggregated, suggesting increased cell-to-cell contact rather than cell-
matrix interactions. To discern if there are any differences in focal
adhesion formation due to media or gel conditions, we also investi-
gated vinculin expression over time (Fig. 4E and Supplementary
Fig. S5E). While there are differences between cells cultured on glass
controls at days 1, 14, and 21 in NGM vs. IGM, there are no additional
differences, demonstrating that media composition does not affect
focal adhesion formation or quantity. In addition, while many gel
conditions show a general trend of increasing vinculin expression over
time, this is only statistically significant for gels on glass. Again, there
is no discernible effects of the viscoelastic element or gel stiffness on
vinculin expression, either.

To summarize, while there are changes to cell area, aspect ratio,
circularity, roundness, and to a limited degree vinculin expression over
time, these changes occur regardless of gel and media condition. Cell area
is predominantly affected by media composition, and the only major
trend due to gel stiffness or viscoelasticity is the overall decrease in
cellular aspect ratio as the gel stiffness increases. To a limited degree,
there is also somewhat of a trend of increasing cell area due to increasing
gel stiffness, though this effect is mostly gone by day 7 where the
confluence is greater. Therefore, while changes in cytokine expression
may be directly related to morphological changes at early time points,
specifically differences in cell area and aspect ratio, it is unlikely that
morphological differences in the cells and differences between cellular
interactions with the different gel conditions are the cause of any cyto-
kine expression differences.
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3.1.2. Effects of matrix stiffness and viscoelasticity on hMSC
immunomodulation

Since hMSCs are known to have immunomodulatory effects across the
entire duration of the wound healing process,*>*3 we sought to investi-
gate a breadth of cytokines that encompasses the roles of hMSCs
throughout wound healing. We investigate the intracellular expression of
these cytokines at time points relevant to the four phases of wound
healing.** In normal wounds, healing begins with the hemostasis phase,
which emphasizes coagulation and recruitment of immunomodulatory
cells. The second phase is the inflammatory phase, which typically takes
1-3 days. This is followed by the proliferation phase, which takes be-
tween 3 and 21 days. The fourth and final phase is the remodelling phase,
which can take up to 1 year. In particular, we focus on expression of: 1.
IL-6, a pro-inflammatory cytokine that we expect to be expressed during
the second phase of wound healing;*® 2. IL-10, an anti-inflammatory
cytokine that we expect to be expressed at the transition from phase
two to three;*® 3. PGEy, a proliferative cytokine that we expect to be
expressed during the third phase;*°® and 4. VEGF, an angiogenic cytokine
that we expect to occur towards the end of the third phase and
throughout the fourth phase.*” Note that for all graphs, intensity per cell
values at or below zero are indicative of no expression beyond baseline
background signal; therefore, we are only interested in values above zero
indicating a positive intracellular expression. In order to facilitate
interpretation of the data, only data for which cytokine expression was
above zero is presented; additionally, statistical significance is only
shown between conditions for which both conditions have positive
cytokine expression above zero. Complete graphs with all data and sta-
tistical analysis can be seen in Supplementary Figs. S6-S9. In addition,

Supplementary Table S2 lists p-values for all statistically-significant
comparisons between conditions in normal growth media vs. immuno-
modulatory growth media.

In normal growth media, IL-6, an inflammatory cytokine, has positive
expression predominantly on low-stiffness, viscoelastic gels; the greatest
magnitude of this expression is at lower time points, although it is not
statistically significant with time (Fig. 5Ai). There is also some expression
at early time points on medium-stiffness, non-viscoelastic gels and some
expression at late time points on high- stiffness, non-viscoelastic gels.
Low-stiffness and high-stiffness gels without viscoelastic components
also have marginal, near-zero, expression at early time points. Despite
the lack of immunomodulatory signals, expression of IL-6 is not entirely
unexpected as these cells had recently been exposed to passaging and
culture on a new environment, supported by the fact that the largest
variability between gels at each time point occurs at day 1 (Fig. 5Aii).
This is particularly interesting when comparing to the morphology data
seen in Figs. 2 and 4, where cell area trends smaller for lower-stiffness
gels, and the magnitude of vinculin expression is also lower overall.
Therefore, due to the limited cell-matrix interactions and the limited cell-
to-cell interactions at these lower time points, the cells are under more
stress,*® likely leading them to express higher levels of the inflammatory
cytokine IL-6.

In immunomodulatory media containing inflammatory signals, the
variation in IL-6 expression over time is less pronounced. Only minimal
IL-6 expression is present in low-stiffness gels with a viscoelastic element
at early time points, with some marginal day 1 expression on other gel
conditions (Fig. 5Bi). There is also a less pronounced difference between
gel types at each time point (Fig. 5Bii). This lack of variability due to
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matrix stiffness and/or viscoelasticity correlates with the lack of
morphological variability (Fig. 4). Notably, although not statistically
significant, the greatest range in IL-6 expression in immunomodulatory
growth media is for the low-stiffness gels with a viscoelastic element,
again consistent with the cell-matrix interactions discussed above.

In comparing the cells in normal growth media vs immunomodulatory
growth media, there are some differences. At day 3, low-stiffness, non-
viscoelastic gels have statistically decreased expression in immunomod-
ulatory growth media. This is the same for cells on medium-stiffness, non-
viscoelastic gels, as well as high-stiffness, non-viscoelastic gels. This trend
continues for high-stiffness, non-viscoelastic gels at days 14 and 21, as
well. At day 14, cells cultured on a glass substrate also demonstrated
statistically decreased IL-6 expression in immunomodulatory growth
media, as well as cells on medium-stiffness, viscoelastic and high-
stiffness, viscoelastic gels. Finally, at day 21, cells on low-stiffness, non-
viscoelastic and medium-stiffness, non-viscoelastic gels also have statis-
tically decreased IL-6 expression in immunomodulatory growth media.

In normal growth media, the greatest IL-10 expression with the least
variability is in high-stiffness, viscoelastic gels at day 3 (Fig. 6Ai). This
effect is in line with the expected expression of an anti-inflammatory
molecule at the transition from the inflammation stage to the prolifera-
tion stage of wound healing. Interestingly, there is IL-10 expression in all
gel conditions between days 1 and 7, with the greatest magnitude of
expression at day 3, although not statistically significant (Fig. 6Aii). This
is particularly interesting when compared to the expression of IL-6 in
normal growth media (Fig. 5A), which had some expression, albeit
minimal, at day 1 for multiple gel conditions, as the IL-10 expression is
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increasing at the same timeline by which IL-6 expression is decreasing,
again in conjunction with the expected timeline of normal wound healing
and the cells recovering from passaging and transitioning to metabolic
proliferation, shown in Fig. 1.

Culture in an immunomodulatory environment, mimetic of a chronic,
non-healing wound wherein the inflammation phase persists, affects this
behaviour. The greatest overall response is in the high-stiffness gels,
though this time in the non-viscoelastic condition (where cell-matrix
interactions dominate), with elevated IL-10 expression at day 21
compared to both days 1 and 7 (Fig. 6Bi). Medium-stiffness, non-visco-
elastic gels, as well as the glass controls (indicative of a very high-
stiffness, non-viscoelastic condition) also have statistically significant
elevated IL-10 expression at day 21 compared to earlier time points.
Further, all gel conditions have a trend of increased IL-10 expression at
day 21, however it is not statistically significant for any other gel con-
ditions. This suggests that increasing stiffness of the matrix from
medium-stiffness to very-high stiffness will eventually encourage the
cultured hMSCs to produce anti-inflammatory cytokines, though
certainly at a delayed timeline compared to culture in normal growth
media. This suggests that increasing the stiffness of the matrix will allow
the effects of the chronic, non-healing wound to be overcome, resulting
in a transition to the proliferative stage. In this case, there is not a syn-
ergistic effect with viscoelasticity, as there is no statistical significance
between gel conditions with and without a viscoelastic element, although
magnitudes of expression are generally increased on gels with a visco-
elastic element this effect was predominant in the gels without a visco-
elastic element (Fig. 6Bii).
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Fig. 8. VEGF expression over time in A) normal growth media and B) immunomodulatory growth media. i) Data is expressed per gel formulation over time. Data was
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formulations. Matching letters indicate statistical significance of at least p < 0.05.

When we compare cells on gels in normal growth media vs immuno-
modulatory growth media, we find that at days 3, 7, and 14, IL-10
expression is statistically decreased in immunomodulatory media for
medium-stiffness, viscoelastic gels. On the other hand, at day 14, cells
cultured on glass, low-stiffness, non-viscoelastic gels, and medium-stiffness,
non-viscoelastic gels have statistically increased IL-10 expression in
immunomodulatory growth media compared to normal growth media; this
effect is continued at day 21 for cells cultured on glass, as well as cells
cultured on high-stiffness, non-viscoelastic gels. When we compare this to
the morphology data that shows larger cell area and decreased aspect ratio
for increasing stiffness gels, this suggests that increasing matrix stiffness,
and thereby increasing cell spreading and cell-matrix interactions (with
increased vinculin at later time points), independent of viscoelasticity,
supports a transition to the proliferative stage in inflammatory conditions.
In fact, given the decrease in IL-10 expression for cells in immunomodula-
tory media on medium-stiffness, viscoelastic gels, it is possible that visco-
elasticity may negatively impact the effects of the matrix stiffness at these
moduli. One interesting note, as well, is that the range of IL-10 expression
values for cells in normal growth media is much larger than those cells in
immunomodulatory media. This variability is not too surprising when we
consider that IL-10, as an anti-inflammatory molecule, is used to stop the
inflammation phase and transition to the proliferation phase. In normal
growth media, where there are no inflammatory signals present, a greater
variation in IL-10 expression would, therefore, not be unexpected.

PGE; expression in normal growth media is maximum again on low-
stiffness, viscoelastic gels, though the effect is not statistically significant
over time due to the large range of data (Fig. 7Ai); however, the greatest
magnitude of expression occurs between days 1 and 7 (Fig. 7Aii). Cells on
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low-stiffness, non-viscoelastic gels, medium-stiffness, non-viscoelastic
gels, and high-stiffness gels with or without viscoelasticity do also have
changes to PGE; expression over time, albeit much lower in magnitude to
the PGE; expression in the low-stiffness, viscoelastic gels. As mentioned,
the greatest expression of PGE, is at early-mid time points, which is
consistent with the increased proliferation rates seen in Fig. 1A.
Culture of the cells in immunomodulatory media somewhat affects the
expression of PGE,. There is a greater variation in PGE; expression for all
gel formulations, with days 1, 7, and 21 having the greatest magnitude of
expression (Fig. 7Bi). Given the static proliferation rate of cells on all gel
formulations beyond day 3 (Fig. 1B), it is likely that the day 1 expression
of PGE; is partially for the hMSCs themselves (autocrine signalling),
whereas expression at the later time points is meant to be immunomod-
ulatory. Indeed, expression of PGE; at these time points is consistent with
the proliferation phase of wound healing. When comparing between gel
formulations, the greatest magnitude of response is seen in the low-
stiffness and medium-stiffness gels, with the PGE; expression somewhat
independent of the incorporation of a viscoelastic element (Fig. 7Bii).
At day 1, expression of PGE; is statistically enhanced in immuno-
modulatory growth media for cells cultured on low-stiffness, non-visco-
elastic gels compared to normal growth media. This trend continues at
day 3. On day 3, expression of PGE; from cells cultured on high-stiffness,
non-viscoelastic gels in immunomodulatory growth media is decreased
compared to normal growth media, a trend which continues at day 7,
supporting the results described previously indicating that lower to
medium-stiffness gels enhance PGE, expression. Day 7 also sees this same
trend for cells on glass and high-stiffness, viscoelastic gels, further sup-
porting this conclusion. Days 14 and 21 continue this decreased



S.J. Olsen et al.

expression of PGE; in immunomodulatory growth media compared to
normal growth media for cells cultured on glass, indicative of a very-high
stiffness condition.

VEGF is a cytokine known to influence angiogenesis. In the normal
wound healing process, this is common in the proliferation phases from
days 3-21 and the remodelling phase from days 21-+.*° In normal growth
media, which would mimic the non-inflammatory conditions present at
these stages in normal wound healing, there does not appear to be any
consistent effects, aside from increased positive expression of VEGF on
days 1-7 as opposed to days 14 and 21 (Fig. 8Ai). This is consistent with
the proliferation phase of the normal wound healing process. In addition,
there is no statistical difference between gel conditions at any time point,
although magnitudes of response do trend larger for lower-stiffness gels,
independent of a viscoelastic element (Fig. 8Aii).

In immunomodulatory media containing inflammatory signals, these
trends appear to reverse. In general, regardless of matrix stiffness and
viscoelasticity, VEGF expression increases over time, with maximum
VEGF expression at days 14 and 21 (Fig. 8Bi). Although chronic, non-
healing wounds are classified by their inability to move beyond the
inflammation phase and heal, it appears that culture of the cells on
varying matrix stiffness and viscoelasticity conditions improves VEGF
expression despite the chronic inflammatory signals. Specifically, at day
7, VEGF expression is maximum for cells on low-stiffness, non-visco-
elastic gels, low-stiffness, viscoelastic gels, and medium-stiffness, non-
viscoelastic gels all compared to glass controls (Fig. 8Bii). At day 14, this
trend continues, with the expression of VEGF on low-stiffness, non-
viscoelastic gels being the greatest. Therefore, culture on lower-stiffness
gels, independent of viscoelasticity, leads to increased VEGF expression
in inflammatory conditions. This effect is particularly interesting when
considering it in regard to IL-10 expression, which is statistically
increased on these gels in immunomodulatory growth media compared
to normal growth media at this same time point. This suggests that the
cells releasing the anti-inflammatory cytokines can modulate the envi-
ronment enough to also promote release of an angiogenic cytokine when
cultured on low-stiffness, non-viscoelastic gels.

Interestingly, VEGF expression is consistently greater on cells
cultured in immunomodulatory growth media compared to normal
growth media. At day 7, this effect is statistically significant for low-
stiffness, viscoelastic gels and medium-stiffness, non-viscoelastic gels.
At day 14, this effect is statistically significant for glass, low-stiffness gels
independent of viscoelasticity, and medium-stiffness, viscoelastic gels. At
day 21, this effect continues for glass and low-stiffness, non-viscoelastic
gels. This suggests that the presence of the inflammatory signals, whether
or not they are being modulated by expression of IL-10, stimulates VEGF
expression, essentially ‘telling’ the cells that healing is needed. In the
normal growth media condition, the cells were never exposed to a
wound-like environment, so they never received the signal that healing
was needed. Even though there was VEGF expression at low time points
in normal growth media, this is further supported by the fact that the
range of VEGF expression at those time points was very large, demon-
strating the large variability in VEGF expression (Fig. 8Aii).

4. Conclusions

Despite the interesting conclusions that suggest the interplay between
matrix stiffness and viscoelasticity effects on hMSC immunomodulatory
behavior, there are several limitations of the study to be considered. First,
this study only considers intracellular expression/production of the cy-
tokines through the use of immunocytochemistry and, as such, does not
evaluate extracellular production or gene expression. In addition, this
study considers normal growth media, mimetic of a non-wound envi-
ronment, and immunomodulatory growth media containing inflamma-
tory signals, mimetic of a chronic, non-healing wound environment. It
would also be interesting to evaluate a third condition, where the hMSCs
are exposed to inflammatory signals for 1-3 days before transitioning to
normal growth media for days 3-21, following the stages of normal
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wound healing. Future studies will consider these effects.

However, regardless of the study's limitations, the conclusions of the
study are rather exciting. There are clear effects of matrix stiffness and
viscoelasticity on cytokine expression, sometimes synergistic and some-
times unilateral, and these effects are further influenced by biochemical
signalling, either attenuating or increasing the response. It is also clear
from this broad study that there is no one stiffness/viscoelasticity com-
bination that is ideal for all immunomodulatory applications. Expression
of the inflammatory cytokine IL-6 is predominant on low-stiffness,
viscoelastic gels. On the other hand, IL-10 expression is most affected
by higher-stiffness gels, with potentially inhibitory effects when visco-
elastic elements are added. PGE; expression is enhanced on low-stiffness
and, to some degree, medium-stiffness gels, with potentially a synergistic
effect of viscoelasticity depending on the biochemical signaling. Finally,
VEGF expression is predominant on lower stiffness gels, somewhat in-
dependent of viscoelasticity. In general, all of these cytokines have
increased expression in immunomodulatory growth media over normal
growth media, demonstrating that the biochemical signalling indicating
a ‘wound’ is necessary for activation of hMSC immunomodulatory ef-
fects. The sole exception is expression of the inflammatory cytokine IL-6,
which is greatest in normal growth media. It is possible that the presence
of the other inflammatory molecules already present in the immuno-
modulatory growth media is sufficient to affect the role of the hMSCs
from informing the surrounding environment of a ‘wound’ to predomi-
nantly focusing on ‘healing’ effects. The results of this study therefore
provide a broad perspective on the immunomodulatory behaviour of
hMSCs and how these are affected by matrix stiffness and viscoelasticity.
In general, most immunomodulatory behaviors of hMSCs are enhanced
on low-stiffness matrices, however this is the most valid in treatment of
wounds following normal wound healing. In chronic, non-healing
wounds that are incapable of escaping the inflammatory state, a high-
stiffness matrix to increase expression of IL-10 may be more valuable.
In addition, viscoelasticity has both inhibitory and accentuating effects,
based on the cytokine. Therefore, future studies may utilize the infor-
mation in this study to select the matrix stiffness/viscoelasticity condi-
tion that is most valuable for their chosen application. In addition, this
study demonstrates that hMSC immunomodulatory behaviour, not just
cell-matrix interactions and differentiation, are invariably affected by
matrix stiffness and viscoelasticity, and the presence of inflammatory
signals in the IGM can have significant effects on changes to cell area; our
current work is focused on understanding the pathways by which matrix
stiffness and viscoelasticity affect these immunomodulatory responses,
whether through mechanotransduction pathways or otherwise.
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