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In vitro studies of mesenchymal stem cells (MSCs) differentiation have been predominantly performed with non-
physiologically elastic materials. Here we report the effect of different viscoplastic ECM mimics on the osteogenic
engagement of MSCs in 2D. We have developed soft hydrogels, composed of a lactose-modified chitosan, using a
combination of permanent and temporary cross-links. The presence of temporary cross-links has a minor effect
on the shear modulus of the hydrogels, but causes an immediate relaxation (dissipation) of the applied stress.
This material property leads to early osteogenic commitment of MSCs, as evidenced by gene expression of runt-

related transcription factor 2 (RUNX2), type 1 collagen (COL1A1), osteocalcin (OCN), alkaline phosphatase
enzyme activity (ALP) and calcium deposit formation. In contrast, cells cultured on purely elastic hydrogels with
only permanent cross-link begin to differentiate only after a longer period of time, indicating a dissipation-
mediated mechano-sensing in the osteogenic commitment of MSCs.

1. Introduction

Mechanical signals from the extracellular matrix (ECM) surrounding
cells are crucial for their behaviour, by influencing biology, stemness,
tissue development and regeneration or by triggering the onset of
various diseases (Brusatin, Panciera, Gandin, Citron, & Piccolo, 2018;
Discher, Janmey, & Wang, 2005; Discher, Mooney, & Zandstra, 2009;
Dupont et al., 2011; Engler, Sen, Sweeney, & Discher, 2006; Mammoto
& Ingber, 2010; Panciera, Azzolin, Cordenonsi, & Piccolo, 2017; Swift
et al., 2013). Biologically, cells interact with ECMs by pulling through
the actomyosin-based contractility via integrin-based adhesions, and by
pushing through actin and microtubules polymerization (Chaudhuri,
Cooper-White, Janmey, Mooney, & Shenoy, 2020). On the matrix side,
living tissues behave like viscoelastic materials exhibiting a time- and
frequency-dependent response to deformation, dissipating the forces
exerted by cells. Although viscoelasticity has been found to be a nearly
universal property of living tissues, most of our understanding of cell
biology comes from unnatural, purely elastic materials.

The response of cells to the viscous and dissipative properties of the
ECM is an attractive topic nowadays (Cantini, Donnelly, Dalby, &
Salmeron-Sanchez, 2020). In this scenario, 2D polyacrylamide hydro-
gels with constant elastic but varying loss modulus were used to study
cell morphology, proliferation, differentiation potential and migration
(Cameron, Frith, & Cooper-White, 2011; Cameron, Frith, Gomez, Yap, &
Cooper-White, 2014). The entrapment of linear polymer chains in
polyacrylamide gels (semi-interpenetrating networks) was used as an
alternative mechanism to regulate viscous dissipation, affecting cell
phenotype and mechanosensing (Charrier, Pogoda, Wells, & Janmey,
2018). Similarly, alginate hydrogels with adjustable stress relaxation
due to physical cross-linking and different nanoscale architecture have
been developed and used as 2D and 3D networks to study cell spreading,
proliferation, yes-associated protein (YAP) nuclear translocation, oste-
ogenic differentiation of mesenchymal stem cells (MSCs) and cartilage
matrix formation by chondrocytes (Bauer et al., 2017; Chaudhuri et al.,
2015, 2016; Lee, Gu, Mooney, Levenston, & Chaudhuri, 2017).
Recently, chitosan-based viscoelastic hydrogels with different chemical
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compositions and adjustable dissipation energy have been used to study
cell spreading, YAP translocation and focal adhesion assembly (Sacco,
Baj, et al., 2020). In addition, poly(ethylene glycol)-based hydrogels
with viscoelasticity provided by adaptive boronate ester crosslinking or
photoinduced addition-fragmentation chain transfer reaction have been
used to study cell adhesion, morphology, and mechanosensing (Mar-
ozas, Anseth, et al., 2019; Marozas, Cooper-White, et al., 2019).

Materials that exhibit plastic (permanent) deformation when the
applied stress is removed are a subset of viscoelastic materials. Mecha-
nistically, networks consisting of only weak cross-links can be consid-
ered to be viscoplastic, while single or dual networks consisting of a
combination of covalent and weak cross-links may or may not be vis-
coplastic, depending on the molecular architecture (Chaudhuri et al.,
2020). In recent years, viscoplasticity has been found to be important in
the interaction between cells and ECM. Indeed, cells have been found to
foster plastic remodeling of the ECM, by inducing the realignment of
matrix fibers in collagen and fibrin gels (Mohammadi, Arora, Simmons,
Janmey, & McCulloch, 2015; Notbohm, Lesman, Tirrell, & Ravichan-
dran, 2015; Petroll, Cavanagh, & Jester, 2004), through force trans-
mission via the actin/p1-integrin axis, without entailing proteolysis by
matrix metalloproteinases (Nam, Lee, Brownfield, & Chaudhuri, 2016).
Furthermore, recent evidence has shown that viscoplasticity plays a
pivotal role in regulating MSCs spreading and the related expression of
many genes, cancer cells invasion in 3D confining microenvironments in
a protease-independent manner and fibroblast activation in fibrosis
(Grolman, Weinand, & Mooney, 2020; Jia et al., 2021; Wisdom et al.,
2018). Although the viscoplasticity of ECM is recognized as an impor-
tant mechano-controller in guiding cell fate decisions, it is often
underestimated compared to simple viscoelasticity, so basic knowledge
needs to be built to extend the current state of the art.

Here we report a novel viscoplastic, double cross-linked hydrogel
system with adjustable degree of immediate stress dissipation and
investigate the effects of viscoplasticity on osteogenic commitment of
MSCs in 2D culture conditions. The hydrogel consists of a lactose-
modified chitosan (CTL) (Furlani, Sacco, Cok, et al., 2019; Furlani,
Sacco, Scognamiglio, et al., 2019; Pizzolitto et al., 2020; Sacco, Cok,
et al., 2020; Sacco, Furlani, Paoletti, & Donati, 2019) with a combina-
tion of genipin (permanent) and boric acid (temporary) cross-links
(Sacco, Furlani, et al., 2020). While permanent junctions essentially
contribute to the elastic response of the hydrogels under loading, the
rapid binding/unbinding dynamics of temporary cross-links allow to
finely tune the immediate matrix flow with significant relaxation
(dissipation) of stress. We show that this material trait is a crucial
feature that temporally guides stem cells in the commitment toward an
osteogenic phenotype. We provide evidence that the rapid relaxation of
stress, which depends on the amount of temporary cross-links, in this
hydrogel system affects important aspects of MSC biology, such as gene
expression, enzyme production, mineralized matrix deposition and cell
morphology.

2. Materials and methods
2.1. Materials

Hydrochloride form of lactose-modified chitosan, CTL (CAS Registry
Number 2173421.37-7) was kindly provided by BiopoLife s.r.l. (Trieste,
Italy). The chemical composition of CTL was determined by 'H NMR
spectroscopy and resulted: fraction of deacetylated units (Fp) 0.21,
fraction of lactose-modified units (F) 0.63 and fraction of acetylated
units (Fa) 0.16. The calculated molar mass of CTL repeating unit (MW,
w.) resulted 403 g/mol. The physical properties of CTL were determined
by viscometry: the intrinsic viscosity, [n], of CTL was measured at T =
25 °C by means of a CT 1150 Schott Geradte automatic measuring
apparatus and a Schott capillary viscometer (Furlani, Sacco, Cok, et al.,
2019) and resulted 344 mL/g. The molar mass of CTL was estimated to
be at around 800,000 g/mol (Sacco, Furlani, et al., 2020). Genipin

(purity 98%) was from Challenge Bioproducts Co., Ltd. (Taiwan). Boric
acid, phosphate buffered saline (PBS), mannitol, sodium hydroxide,
sodium chloride, magnesium chloride, Triton X-100, Tris buffer, dexa-
methasone, bovine serum albumin (BSA), poly-L-lysine solution, silver
nitrate, sodium thiosulfate, Tween-20, Fast Blue BB Salt Hemi (ZnCl)
salt, Naphtol AS-X phosphate, Oil Red O, hematoxylin, fibronectin from
bovine plasma, AlamarBlue reagent, p-nitrophenylphosphate, formal-
dehyde, Normal Goat Serum, Bradford reagent and TRI Reagent were all
purchased from Sigma-Aldrich (USA). Mesenchymal stem cell growth
medium 2 was from PromoCell. DMEM (Dulbecco’s Modified Eagle’s
Medium), Fetal Bovine Serum (FBS), streptomycin, penicillin and
trypsin were from EuroClone (Italy). r-Ascorbic acid and f-glycer-
ophosphate were form Fluka Biochemika. Hydrochloric acid and
Propan-2-ol were from Carlo Erba (Italy).

2.2. Preparation of dual cross-link hydrogels

CTL solutions were prepared in 1x PBS buffer, pH 7.4 (Furlani,
Sacco, Cok, et al., 2019). Briefly, CTL (150 mg) was solubilized in 3.5 mL
of deionized water, the pH was then adjusted to 7.4 by adding aliquots of
NaOH (1 or 5 M). Finally, 400 pL of 10x PBS and deionized water were
added to have a final volume of 4 mL. The mixture composed of boric
acid (80 mM) and mannitol (160 mM) was prepared in 1x PBS buffer,
pH 7.4. Genipin (15.6 mM) was solubilized in 1x PBS. CTL and boric
acid/mannitol/genipin (gelling mixture) was mixed through a Luer-
Lock syringe system (Supplementary material, Appendix 1, for further
details). In all tests, the final experimental conditions were: [genipin] =
1.56 mM, [CTL] = 3% w/v, [boric acid] = 0-8 mM, [mannitol] = 0-16
mM, respectively. The composition of the three gels is reported in
Table S1 of the Supplementary material section.

2.3. Mechanical characterization

After mixing, the solutions were poured into 6-well plates and
incubated for 24 h at T = 37 °C to allow gelation. The hydrogels were
then cut by means of a disposable 20 mm diameter punch. The height of
each cylinder resulted ~2.5 mm. All rheological tests were performed on
an HAAKE MARS III rheometer (ThermoScientific) using a shagreened
plate-plate apparatus (“HPP20 profiliert”: diameter = 20 mm), at a
reference temperature of 37 °C. To improve thermal control and avoid
water evaporation from the gel, measurements were performed in a
water-saturated environment formed by using a solvent trap containing
a wet cloth. The gap between plates was adjusted by executing a series of
short stress sweep test (frequency, v = 1 Hz; stress, 7, range 1-5 Pa) to
maximize the elastic response. For each sample, creep-compliance (7 =
100 Pa applied for 600 s followed by 7 = 0 Pa for 600 s) and stress-
relaxation (y = 1% applied for 600 s) tests were performed. The me-
chanical spectra (frequency sweep test: 7 = 4 Pa; v = 0.01-100 Hz) were
also recorded by measuring the dependence of the elastic (G') and
viscous (G”) response. The extension of the linear viscoelastic regime
was determined by stress sweep tests carried out using a constant fre-
quency of 1 Hz in the stress range 0.1-1000 Pa.

The Young’s modulus of hydrogels was measured by performing
compression tests using a Universal Testing Machine (Multitest 2.5-i)
coupled with a 100 N load cell. The compression speed was set on 5
mm/min. The Young’s modulus was calculated by measuring the slop of
the stress-strain curve in the range 1-5% of strain.

2.4. Swelling experiments

The structural stability of hydrogels was verified in cell culture
media (high glucose Dulbecco’s Modified Eagle Medium, DMEM) at
37 °C for 21 days. After gelation, small cylinders from original samples
were punched out (diameter = 10 mm, thickness ~ 2.5 mm), weighted
(time zero) and immersed in DMEM (hydrogel/DMEM 1:4 v/v). At
selected time points, the samples were removed from the incubation



medium, blotted to remove the excess of medium using a filter paper and
weighed. The % swelling was calculated as the water uptake with
respect to the initial weight in agreement with the formula

W, — W,
Water uptake (%) = 'TO x 100
o

where W, is the weight of samples at different time intervals and Wy the
dry weight of hydrogels at t = 0. All measurements were performed at
least with n = 10.

2.5. Cell culture

Human mesenchymal stem cells from adipose tissue (hMSC-AT,
PromoCell) were used as cell model for the in vitro experiments. Cells
were cultured in mesenchymal stem cell growth medium supplemented
with 1% penicillin/streptomycin, in a humidified atmosphere of 5% CO2
at T = 37 °C. Cells between passages 2 and 4 were used in all
experiments.

2.6. Plating of cells on 2D hydrogels

Hydrogels with different composition were assembled in sterile
conditions and further sterilized under UV for 20 min after gelling.
Hydrogels were next coated overnight at T = 37 °C with a 20 pg/mL
fibronectin solution in PBS. Cells were retrieved from subconfluent
culture by trypsinization (trypsine/EDTA 1x in PBS solution), counted
and plated to a density of 7000 cells/cm? for viability tests and 15,000
cells/cm? for differentiation studies. After 24 h, the culture medium was
replaced by an osteogenic medium to induce hMSC-AT differentiation,
composed of DMEM high glucose supplemented with 50 pg/mL 1-
ascorbic acid, 10 mM f-glycerophosphate and 0.1 pM dexamethasone
(Chaudhuri et al., 2016). The medium was changed every 3 days.

2.7. Evaluation of stem cells osteogenic differentiation

2.7.1. ALP test

The intracellular ALP activity of hMSCs-AT was measured using the
protocol reported elsewhere (Porrelli, Gruppuso, Vecchies, Marsich, &
Turco, 2021). Additional details in the Appendix 1 of Supplementary
material.

2.7.2. Fast Blue and Von Kossa staining

Cells were probed for alkaline phosphatase by Fast Blue staining after
14 days of culture. Cells were detached from hydrogels by trypsinization
and seeded atop poly-lysine-coated coverslips. Cells were next equili-
brated in alkaline buffer (100 mM Tris-HCl, 100 mM NaCl, 0.1% Tween-
20, 50 mM MgCl,, pH 8.2) for 15 min and stained in 500 pg/mL napthol
AS-MX phosphate and 500 pg/mL Fast Blue BB Salt Hemi (ZnCl) salt in
alkaline buffer for 60 min. Cells were then washed in alkaline buffer and
in PBS. Finally, cells were stained with hematoxylin for 2 min and
washed in deionized water. Data are expressed as the percentage of ALP-
positive cells to total cells. Images were acquired through a Zeiss Axio-
phot microscope (Carl Zeiss, Germany) using a 20x as objective.

Calcium deposits were detected by means of Von Kossa staining
performed on cells atop hydrogels. After 14 days of incubation in oste-
ogenic medium, cells were fixed with formaldehyde 4% v/v in PBS for
10 min and then equilibrated in distilled water. Finally, hydrogels were
incubated with 1% silver nitrate solution and UV light-irradiated for 40
min. Cells were next washed with distilled water and 5% sodium thio-
sulphate solution added for 5 min. At the end of staining, hydrogels were
washed with distilled water. Images were acquired through an Exacta
Optech microscope equipped with a Pentax digital camera using a 4x as
objective.

2.7.3. Gene expression analysis
A detailed description of gene expression analysis is reported in the
Appendix 2 of Supplementary material.

2.8. Morphological analysis

Cells were seeded at a density of 7000 cells/cm? on hydrogels with
different composition and cultured for 14 days. Cells were fixed at days 5
and 14 by formaldehyde 4% v/v in PBS for 10 min at room temperature.
Then, hydrogels were washed 3x with PBS and permeabilized by Triton
X-100 0.2% v/v in PBS for 15 min at room temperature. Next, hydrogels
were washed with PBS and incubated with BSA 4% w/v + Normal Goat
Serum 5% v/v in PBS (blocking solution) for 1 h at T = 37 °C. The
blocking solution was then removed, and the samples washed with PBS.
For the visualization of nuclei, cells were counterstained with Hoechst
(33258) 1:100 in PBS. Finally, hydrogels were washed twice and stored
in PBS. Images were acquired using a Nikon Eclipse Ti-E epifluorescence
Live-imaging microscope using a 20x as objective. The area and diam-
eter of the cells were calculated from the acquired images using Fiji-
ImageJ software.

2.9. Proliferation assay

A detailed description of proliferation assay is reported in the Ap-
pendix 1 of Supplementary material.

2.10. Oil Red O staining

Cells were probed for neutral lipids by Oil Red O staining after 14
days of culture. Cells were detached from hydrogels by trypsinization
and seeded atop poly-lysine-coated coverslips. Cells were next equili-
brated in 60% isopropanol and stained in 1.8 mg/mL Oil Red O in 60%
isopropanol for 30 min. Cells were then washed quickly in isopropanol
60% and in deionized water. Finally, cells were stained with hematox-
ylin for 2 min and washed in deionized water. Images were acquired
through a Zeiss Axiophot microscope (Carl Zeiss, Germany) using a 20 x
as objective.

2.11. Statistical analysis

Statistical analysis and graph elaboration were performed using
GraphPad Prism 9 (GraphPad Software, San Diego, CA). One-way
ANOVA (analysis of variance) followed by Dunnett’s or Tukey’s multi-
ple comparison post hoc tests were performed to evaluate differences
among groups and the control. An unpaired Mann-Whitney two-tailed t-
test was also performed to evaluate significant differences between two
groups. Differences were considered significant for p values < 0.05.

3. Results and discussion
3.1. Temporary/permanent dual cross-linked hydrogels

The first aim of this study was to prepare hydrogel substrates suitable
for 2D cell culture and to investigate the effects of mechanical charac-
teristics on cell behaviour. To achieve this goal, a temporary/permanent
dual cross-linked hydrogel system consisting of a lactose-modified chi-
tosan (CTL) was used (Sacco, Furlani, et al., 2020). Mixtures of boric
acid (i.e. the temporary linker) and genipin (i.e. the permanent linker)
were prepared and rapidly mixed with CTL. Due to the different binding
kinetics of the two cross-linkers, a two-step gelation occurs: (i) an im-
mediate increase in viscosity due to the rapid binding of boric acid to the
diols on the lateral (grafted) lactitol units of CTL (Furlani, Sacco, Cok,
et al.,, 2019); and (ii) a slow strengthening of the network due to the
temperature-assisted binding of genipin to the residual primary amino
groups of CTL at neutral pH (Pizzolitto et al., 2020). The presence of
mannitol in the mixture allows the formation of an immediate
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homogeneous and clear network, avoiding phase separation phenomena
(Furlani, Sacco, Cok, et al., 2019). The resulting hydrogel system is
transient in nature, with boric acid behaving like an (associative) weak
“sticker” that binds and dissociates in a highly dynamic manner. Thus,

b 3000+

Scheme 1. Sketchy representation of the
hypothetical internal network of the hydro-
gel systems investigated in this study. In the
case of exclusively permanent, genipin-
based, cross-links (red dots), the network is
expected to behave like an elastic material
under load with negligible relaxation of the
applied stress. After the introduction of
temporary boric acid cross-links (green
cubes), which are transient in nature, the
hydrogel becomes viscoplastic; the higher
the content of temporary cross-links, the
higher the stress relaxation.

Fig. 1. Combination of permanent and temporary
cross-links modulates the mechanical response of a
lactose-modified chitosan (CTL) hydrogel system. (a)
Sample-case of mechanical spectra with the depen-
dence of storage (G, filled symbols) and loss (G”,
open symbols) moduli from frequency for B0, B2 and
B8. (b) Shear modulus calculated by means of Eq. 3 in
the main text; data are reported as mean + s.d., n = at
least 5 hydrogels analyzed for each experimental
condition. (¢) Loss modulus measured at 1 Hz and (d)
critical strain, y*, obtained from long stress sweep
measurements. In (c) and (d) data are reported as
mean + s.d., n = at least 10 hydrogels analyzed for
each experimental condition. Statistics: Unpaired
Mann-Whitney test; ns, not significant; *, p < 0.05;
xxxx p < 0.0001. (e) Relative variation of the stress
relaxation (6/0.—o) over time; for each sample, three
replicates are reported. (f) Relative variation of the
compliance (J/Ji—o) over time; each curve is the
average of at least 5 replicates. In Supplementary
material the single curves are reported with the s.d.
for each time-point (Fig. S4 in Supplementary mate-
rial section). Color code: BO (black), B2 (blue) and B8
(red).

while the introduction of the same amount of genipin in the hydrogels
contributes to the elastic response of the material through the estab-
lishment of stable covalent bonds, the boric acid modulates the viscous
response when stresses/deformations are applied over time (Scheme 1).
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Fig. 2. Swelling over time of temporary/permanent dual cross-link hydrogels. Swelling (%) for hydrogels with different composition after 21 days of incubation in
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Dunnett’s multiple comparison post hoc test; ns, not significant; **, p < 0.01; ****, p < 0.0001.

3.2. Mechanical response of temporary/permanent dual cross-linked
hydrogels

In the present work, three different hydrogels containing the same
amount of genipin but different amounts of boric acid, ranging from 0
mM to 8 mM, were considered (Table S1 in the Supplementary mate-
rial). For the sake of clarity, the hydrogel samples are termed hereafter
as BO (without boric acid), B2 (2 mM of boric acid) and B8 (8 mM of
boric acid). Fig. 1a shows that the mechanical spectra of the three
samples slightly differ. Experimental data were analyzed using the
generalized Maxwell model, which consists of a sequence of Maxwell
elements (spring and dashpot) connected in parallel with an additional
spring, as previously reported (Turco et al., 2011). The storage and loss
moduli are modelled as a function of pulsation, , using the following
equations (Egs. 1 and 2):

, n (ﬂ,‘(ﬂ)2 n:
G =G+ G—"—iG =" @
; 1+ (ho) i
G = i G.L 2
'+ (o)

with n the number of the Maxwell elements considered, G, ;, and 4; the
spring constant, the dashpot viscosity, and the relaxation time of the ith
Maxwell element, respectively. G, is the additional spring constant.
Three Maxwell elements accurately modelled the experimental data for
B0, B2 and B8, respectively.

This approach allows determining the shear modulus, G, as (Eq. 3):

G=G.+ Y G 3)
1=1

While the purely elastic response in terms of Ge and Young’s modulus
is the same for all three samples (Figs. S1a and S9 in the Supplementary
material section), small differences are observed for the shear modulus G
(Fig. 1b). The addition of boric acid leads to an increase in the elastically
active segments, and hence in the shear modulus, due to the binding to
diols in the side chain of the polysaccharide. However, all hydrogels
considered are soft, with a shear modulus below 3 kPa. Recently, it was
shown that myoblasts activity is not affected by the initial elastic
modulus of the substrate when it is lower than about 12 kPa (Bauer
et al., 2017). Therefore, the differences in G detected for BO, B2 and B8
hydrogels are not expected to substantially influence cell behaviour.

The relaxation times calculated from Egs. 1 and 2 depend on the
composition of the hydrogels. As an example, the introduction of boric

acid progressively reduces 1;, the shortest relaxation time, from
9.5:107% s to 4.7-10 > s (Fig. S1b and Table S2 in Supplementary ma-
terial section), due to the transient cross-links with the diols in the CTL
side chain (Furlani, Sacco, Scognamiglio, et al., 2019). The effect of
boric acid on the elastic components calculated from Egs. 1 and 2 is
more pronounced for the shortest relaxation time, thus determining the
experimental profile of the mechanical spectrum at higher frequency
values (Fig. S2a—c in the Supplementary material section). In this case,
the rate of mechanical stimulation is comparable to or higher than the
binding/unbinding rate of boric acid (Sacco, Furlani, et al., 2020). In
contrast, the effect of the temporary cross-linker at the higher relaxation
time 13, although still present in B8, is much less pronounced.

The contributions to the overall viscosity from the three Maxwell
elements are shown in Fig. S3a—d in the Supplementary material section.
The presence of boric acid increases the viscosity of the first and second
Maxwell elements, corresponding to the fastest and second-fastest
relaxation time. The presence of boric acid thus affects the relative
molecular motions at medium to high frequency due to the rapid binding
and unbinding to the diols of CTL (Sacco, Furlani, et al., 2020). The
effect of boric acid is negligible for the third Maxwell element, i.e. the
one with the longer relaxation times. In this case, the molecular motions
occur on a scale of tens of seconds, which is far too slow to be affected by
the transient binding of boric acid. Overall, the sum of all viscous terms
shows no differences between the samples, as the main contribution in
numerical terms comes from the third Maxwell element (Fig. S3d in the
Supplementary material section).

Long stress sweep analyses strengthen these conclusions. Both the
storage (G”) and the loss modulus (G") are measured at a frequency of 1
Hz, ie. comparable to the relaxation time of the second Maxwell
element, 1. Fig. 1c shows the trend of the loss modulus for BO, B2 and
B8, respectively, which parallels the viscosity of the second Maxwell
element, with the presence of boric acid increasing the viscous response.
However, this trend only holds for the frequency used for the stress
sweep analyses. The presence of boric acid and the temporary cross-links
have no effect on the critical strain (Fig. 1d), i.e. the strain at which the
linear stress-strain relationship is lost (Sacco, Baj, et al., 2020).

An additional comparison of the three different hydrogels was car-
ried out using stress relaxation and creep compliance experiments
(Fig. 1e and f). The stress relaxation curves indicate the presence of
temporary cross-links in the structure of the hydrogels containing boric
acid (Fig. 1e). The BO hydrogel, which contains only permanent cross-
links (genipin), shows limited relaxation of stress over the timeframe
studied, as expected for a highly elastic structure. In contrast, the
presence of boric acid at a concentration of 2 mM (B2) or 8 mM (B8)
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osteogenic medium. Data are reported as mean + s.d., n = 6-8 replicates analyzed for each experimental condition. (f) Representative images of calcium deposits
detected by Von Kossa staining for hydrogels with different degree of plasticity after 14 days of incubation in osteogenic medium,; scale bar is 50 pm. Statistics: One-
Way ANOVA followed by Dunnett’s multiple comparisons test; ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

causes an almost immediate relaxation of the stress; the higher the
amount of boric acid, the more pronounced the immediate drop in stress.
This is ascribed to the transient nature of the boric acid cross-links as the
immediate application of the stress leads to an unzipping of the bound
boric acid. The effect of the boric acid is also evident to some extent in
the creep compliance curves (Fig. 1f). While B2 shows no differences
from BO in this case, a further increase in boric acid content, i.e. with B8,
leads to an increase in strain after 600 s that is statistically different from
the previous samples. However, it is noteworthy that during the creep
recovery step, all hydrogel samples regain almost their original size,
with a final permanent deformation (plasticity) in the range of 8% to 14
%. As might be expected, the dynamic nature of boric acid binding leads
to a rapid unzipping of cross-links when the stress is applied, but an
equally rapid re-binding when it is removed.

Next, we investigated the structural stability of BO, B2 and BS,
respectively. Swelling experiments performed after 21 days of

incubation in cell culture medium show negligible uptake of the medium
for all hydrogels examined (swelling <10%) (Fig. 2a). Taken together,
these results demonstrate a material approach suitable for the devel-
opment of soft viscoplastic hydrogels with varying degrees of immediate
stress relaxation without significant swelling.

3.3. Increased content of temporary cross-links guides the osteogenic
commitment of stem cells

Next, we investigated the influence of the content of temporary
cross-links (boric acid) in the hydrogels on the osteogenic commitment
of human adipose-derived mesenchymal stem cells (hMSC-AT) cultured
under 2D-conditions, with highly elastic hydrogels (i.e. those containing
only genipin without boric acid, BO) as a control. hMSC-AT were chosen
as a model due to their osteogenic potential in terms of extracellular
matrix mineralization, osteocalcin expression and alkaline phosphatase
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Fig. 4. Reduced content of temporary cross-links fosters the spreading of adipose-derived mesenchymal stem cells. (a) Representative images of mesenchymal stem
cells plated atop BO, B2 and B8, respectively, after 5 and 14 days of incubation in osteogenic medium. Zoom-in/inset: yellow, cell area; blue: nucleus; red: cell minor
axis. Scale bars are 70 pm. (b) Cell spreading area and (c) diameter of the minor axis for hydrogels with different composition after 5 days of incubation in osteogenic
medium. Data are reported as mean + s.d., n = 73-94 cells analyzed in (b) and n = 60-77 in (c). Statistics: One-way ANOVA followed by Dunnett’s multiple

comparison post hoc test;

,D < 0.0001. (d) Time-comparison of minor axis diameter of cells on BO hydrogels. Data are reported as violin plots showing the median

of values, n = 76-104 cells analyzed for each experimental condition. Statistics: Unpaired two tailed t-test; **** p < 0.0001.

(ALP) production (Im, Shin, & Lee, 2005). Stem cells were seeded on
fibronectin-coated hydrogels with different amounts of boric acid,
namely BO, B2 and B8, respectively. The cells were then treated with an
osteogenic medium (Chaudhuri et al., 2016; Langenbach & Handschel,
2013).

First, the osteogenic potential of hMSC-AT was investigated by gene
expression analysis. Runt-related transcription factor 2 (RUNX2), an
osteogenic regulator that plays a crucial role in osteoblastic differenti-
ation (Bruderer, Richards, Alini, & Stoddart, 2014), was selected as an
early marker of bone formation. After seven days of cell culture, we
observed a clear dependence of RUNX2 expression on the content of
boric acid in the hydrogel (Fig. 3a), indicating that hMSC-AT are
committed to differentiate with increasing boric acid content. This was
confirmed by quantifying the relative expression of another early oste-
ogenic marker such as type-1 collagen (COL1A1) (Fig. 3b) (Bruderer
et al., 2014).

We also quantified the production of the enzyme ALP over a
fourteen-day period (Fig. 3c). After three days, negligible differences
(and basal production) were observed regardless of hydrogel type,
consistent with an immature osteoprogenitor phenotype (Huang, Yang,
Shao, & Li, 2007). As incubation time increases up to seven days, only B8
hydrogels begin to promote a significant increase in ALP production.

This effect becomes evident after fourteen days of incubation and a clear
dependence of the ALP activity on the composition of the hydrogel be-
comes apparent. While the cells growing on BO show minimal ALP ac-
tivity, the cells growing on B8 exhibit a 20-fold increase of enzymatic
activity. Remarkably, these results were qualitatively confirmed by Fast
Blue staining and the calculation of ALP-positive cells (Fig. 3d).

Next, we examined downstream events such as the expression of the
late osteogenic marker osteocalcin (OCN) and the production of
mineralized matrix. Again, we found that B8 elicited 3-fold higher
relative expression of OCN than BO (Fig. 3e). These observations are
consistent with the production of mineralized matrix (calcium deposits)
by the cells, as detected by Von Kossa staining (Fig. 3f). We also
excluded that stem cells differentiated into other cell phenotypes by
testing for their adipogenic or chondrogenic lineage, by using Oil Red O
staining and quantifying the relative expression of SOX9 (Supplemen-
tary material, Fig. S5) and lipoprotein lipase (LPL) (values below
detection limit). We also ruled out a different proliferation rate of the
cells over the time period studied (Supplementary material, Fig. S6).
Collectively, our results show that hydrogel composition in terms of
temporary cross-links content, and thus immediate dissipation of stress,
is a crucial material trait that controls the osteogenic commitment of
stem cells with negligible impact on proliferation.
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Fig. 5. Immediate stress dissipation due to temporary cross-links accelerates the osteogenic commitment of mesenchymal stem cells. (a) Relative gene expression
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recapitulating what identified in this study. After anchoring on the hydrogel, the mesenchymal stem cells decide whether to start differentiating or spreading
depending on the immediate dissipation of stresses. In dissipative hydrogels containing high amounts of transient cross-links, the cells are committed to early
differentiate with only moderate effects on cell morphology; this is accompanied with the upregulation of osteogenic markers and the mineralization of the matrix. In
contrast, non-dissipative (elastic) hydrogels promote cell spreading, with negligible osteogenic commitment over comparable time periods. Importantly, the oste-
ogenic commitment of mesenchymal stem cells in non-dissipative hydrogels occurs later, suggesting a chronologically dependent triggering of the osteogenic cascade.

It has been previously reported that important changes in viscosity
have a crucial impact on cell biology (Cameron et al., 2011; Charrier
et al., 2018; Nguyen, Sun, Yokota, & Lin, 2021). We have shown here
that the sum of all viscous terms shows no differences between the
samples (Fig. S3d in the Supplementary material). However, the pres-
ence of boric acid increases the viscosity at relatively fast relaxation
times. It is likely that, in our case, the cells perceive this rapid mecha-
notransduction events thereby showing a similar viscosity sensing
(Bennett et al., 2018). This is supported by the fast — on a relative scale —
stress relaxation in the B8 samples (Fig. le), which is known to be an
important regulator of cell activity (Chaudhuri et al., 2016).

The viscoplasticity of the hydrogel is also expected to influence cell
fate in terms of spreading (Grolman et al., 2020). Since the latter has
similarly viscous, complex processes and involves changes in the stress
fibers of the cytoskeleton (Fan et al., 2021), we wondered whether cell
morphology could be related to the degree of stem cell differentiation.
Previous studies have indeed shown that mesenchymal stem cells
become more elongated when differentiating into osteoblasts (Docheva
et al., 2008; Stavenschi & Hoey, 2019). To test this, stem cells were
seeded under subconfluent conditions on the three hydrogels with
different amounts of transient cross-links and their morphology was
examined after five days using bright field microscopy. The analysis of
images revealed that both the cell spreading area and the minor axis
diameter are larger on BO (Fig. 4a—c) where osteogenic commitment is
lower. Thus, it appears that hMSC-AT prefer to remodel components of
the cytoskeleton in purely elastic hydrogels rather than start to differ-
entiate in the early stages of incubation.

Strikingly, the minor axis diameter decreased only in cells plated on
BO while incubation lasted up to fourteen days (Fig. 4d and Supple-
mentary Material, Fig. S7), suggesting a delayed differentiation of
hMSC-AT. To test this evidence, we extended the incubation of hMSC-AT
under osteogenic culture conditions up to twenty-one days. As expected,
we found that the expression of ALP gene do not increase from day 14 to
day 21 in cells seeded on B2 and B8, respectively, consistent with the
typical trend of this marker during osteogenic differentiation (Huang
et al., 2007). In contrast, ALP increases significantly in BO (Fig. 5a). This
result is supported by the simultaneous up-regulation of the relative
expression of RUNX2 (Supplementary material, Fig. S8). From these

observations, it can be concluded that the osteogenic commitment of
hMSC-AT is temporally modulated by the hydrogel type: while hydro-
gels with immediate stress (energy) dissipation promote early commit-
ment of mesenchymal stem cells due to the abundance of transient cross-
links, highly elastic (non-dissipative) hydrogels delay the entire process
(Fig. 5b).

4. Conclusions

It is well known that cells sense the mechanics of the extracellular
matrix around them and respond accordingly (Brusatin et al., 2018;
Discher et al., 2005, 2009; Dupont et al., 2011; Engler et al., 2006;
Mammoto & Ingber, 2010; Panciera et al., 2017; Swift et al., 2013).
Here, our results show a strong correlation between the immediate stress
(energy) dissipation due to rapid unbinding of transient cross-links in
dual cross-link hydrogels and the osteogenic commitment of adipose-
derived mesenchymal stem cells cultured in 2D conditions. We used a
hydrogel system with a mixture of permanent/temporary cross-links,
whose viscoplasticity is adjustable by the dynamics of binding/un-
binding of the temporary cross-linker. By varying the amount of boric
acid, we have produced hydrogels ranging from essentially purely
elastic to dissipative and viscoelastic. By using these materials as 2D-
hydrogel substrates for cell culture, we have shown that the presence
of transient cross-links of the hydrogel can temporally regulate the
osteogenic commitment of mesenchymal stem cells. Cell growth on
hydrogel with immediate stress (energy) dissipation, i.e. higher transient
cross-linker content, is associated with early expression of osteogenic
markers and matrix mineralization. In contrast, the osteogenic
commitment is delayed in cells grown on purely elastic hydrogels. In this
case, cells spread out more widely before starting to differentiate.
Overall, our results show that, in addition to stiffness and viscoelasticity
(Chaudhuri et al., 2016; Steward & Kelly, 2015), the presence of tran-
sient cross-links and the consequent immediate stress dissipation upon
application of stress has a significant impact on the osteogenic
commitment of mesenchymal stem cells and represents an optimal
starting point for future mechanotransduction studies.
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