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Abstract

In the field of bone tissue engineering, scaffold materials play a central role in restoring and regenerating the physiological function of
the skeletal system. Mechanical signals in the cellular microenvironment significantly influence cellular behavior, and the selection of
an appropriate scaffold matrix is crucial in guiding precursor cells towards their desired cell fate. The aim of this study is to investigate
the impact of matrix stiffness on osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) and whether matrix
stiffness affects BMSCs osteogenic differentiation in an autophagy-dependent manner. BMSCs were co-cultured with transglutaminase
(TG)-Gelatin (Gel) matrices of varying stiffness, and subsequently, osteogenic markers in each experimental group were evaluated.
Additionally, the levels of autophagy within the cells were quantitatively measured. Furthermore, inhibitor experiments were conducted
to gain deeper insights into potential mechanisms. We observed that within a certain range of stiffness, autophagy levels increased with
the augmentation of matrix stiffness, leading to an elevation in the levels of osteogenesis-related molecules.
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Introduction microenvironment for bone tissue and osteochondral engi-
neering to control cell morphology, proliferation, and dif-
B : X ferentiation. For instance, the 3D bioprinting osteochondral
mor removal, congenital issues, infections, or reconstruc- o en o 10den GelMA-based hydrogel achieved
tive surgical procedures. The restoration of normal phys- high cell density and viability to promote cell adhesion,
iological function in bones is essential for treating human osteogenic differentiation, and bone matrix deposition by
diseases and repairing defects. Tissue engineering scaf- MSCs (Levato ef al., 2014). Mechanical stimuli within
folds aim to cre.ate an aCth.e mlcroeneronment conducive the microenvironment, especially matrix stiffness, signif-
to bone formation, promoting local tissue and cell regen- icantly impact cell behavior. For example, Studies have

eration. ;H;f ext.racellul'ar matrix (ECI\./Z), is a critical lcom- revealed that increased stiffness led to osteogenic differen-
ponent of this microenvironment, providing structural sup- tiation, while decreased stiffness resulted in chondrogenic

port and regulating cellular behavior d.uring vascular and differentiation in mesenchymal cells (MSCs) (Steinmetz et
skeletal development (Shaol etal., 2_022’ Ze“g etal, 2.023)‘ al., 2015). Although the effects of matrix stiffness in the
Hydrogels, as a type of biomaterials, provide a suitable

Bone defects is a common complication in trauma, tu-
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regulation of osteogenic differentiation have been investi-
gated, the mechanism by which matrix stiffness affects os-
teogenic differentiation of bone marrow mesenchymal stem
cells (BMSCs) remains unclear.

Physiologically, bones undergo continuous reabsorp-
tion, formation, and remodeling. Autophagy is an essen-
tial metabolic process in eukaryotic cells and plays a vi-
tal role in bone regeneration. Since mechanical stimula-
tion has the capability to trigger autophagy through spe-
cialized sensors. Autophagy maintains cellular balance by
disassembling and eliminating damaged proteins and or-
ganelles to play a notable part in preosteoblast differen-
tiation, the transformation from osteoblasts to osteocytes,
and the development and operation of osteoclasts (Husain
and Jeffries, 2017; Shapiro et al., 2014; Smith and Wilkin-
son, 2017). Mechanistic study shows that autophagy reg-
ulates osteoblast mineralization, osteoclast differentiation
and chondrocyte differentiation. In osteoblasts, autophagy
deficiency in osteoblasts decreases their mineralizing ca-
pacity and triggers an imbalance between osteoblasts and
osteoclasts resulting in a low bone mass phenotype (Nol-
let et al., 2014). In osteoclasts, proteins essential for au-
tophagy, including Atg5, Atg7, Atg4B, and LC3, are im-
portant for generating the osteoclast ruffled border, the se-
cretory function of osteoclasts, and bone resorption in vitro
and in vivo (DeSelm et al., 2011). Whether matrix stiffness
affects BMSCs osteogenic differentiation in an autophagy-
dependent manner is still unknown.

In this study, we developed a transglutaminase (TG)-
Gel (Gelatin) model with adjustable matrix stiffness. The
impact of substrate stiffness on BMSC osteogenesis was ob-
served through osteogenesis staining and detection of os-
teogenic markers. And the autophagy level of cells in ma-
trix of various stiffness were determined through Monodan-
sylcadaverine (MDC) staining and detection of autophagy
markers. The current hypothesis of this study is that, within
a certain stiffness range in TG-Gel, autophagy increased
along with the increase of substrate stiffness, which leads
to increased levels of osteogenesis-related molecules.

Materials and Methods
Cell Culture and Identification

This study adhered to ethical principles and re-
ceived approval from the Experimental Animal Welfare
Ethics Committee of Nanjing Medical University (IACUC-
2203005) for the protocols employed. BMSCs were ac-
quired from 12-week-old male SD rats sourced from the
Animal Core Facility of Nanjing Medical University. Af-
ter cervical dislocation under anaesthesia (2 % pentobar-
bital sodium, 0.3 mL/100 g ip), the jaw bone of SD rats
was flushed with PBS, and the mandible was cut into 5 mm
bone pieces. Cells were initially seeded at a concentration
of 1 x 109 cells/mL in c-medium (Gibco, Grand Island,
NY, USA) supplemented with 10 % FBS (Gibco) and 1 %
penicillin/streptomycin (Gibco). All cells were kept in in-
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cubator (Thermo Scientific, Waltham, MA, USA) at 37 °C
with 5 % COs. To characterize BMSCs, flow cytometry
was employed to analyze the expression levels of CD34,
CD45, CD73, and CD90. In brief, cells were trypsinized to
create cell suspensions at a concentration of 2 x 107/mL.
Subsequently, these suspensions were incubated with la-
beled antibodies, including CD73 (Clone QA20A48, Bi-
oLegend, San Diego, CA, USA), CD34 (Clone HM34, Bi-
oLegend), CD45 (Clone S18009F, BioLegend), and CD90
(Clone SE10, BioLegend), for a duration of 45 minutes.
Isotype controls were used for each antibody. Finally,
the results were analyzed using BD FACSAriall (BD Bio-
sciences, San Jose, CA, USA).

To trigger adipogenic differentiation, BMSCs were
exposed to an adipogenic-inducing medium (RAXMX-
90031, OriCell, Guangzhou, China) for a duration of
21 days. The confirmation of adipogenic induction was
achieved through oil red O staining.

Fabrication of TG-Gel of Varying Stiffnesses

Gelatin (9000-70-8, Aladdin, Shanghai, China) was
dissolved in distilled water and then autoclaved to create
an 18 % gelatin stock. The sterilized gelatin was divided
into portions and kept at 4 °C until needed. To modulate
the stiffness of the hydrogel-based ECM, the 18 % gelatin
was initially liquefied by heating it in a water bath at a tem-
perature of 60 °C. Gelatin solutions of varying concentra-
tions (2 %, 4 %, 6 %, and 8 %) were prepared by diluting an
18 % gelatin stock in PBS. The higher the gelatin concen-
tration, the greater the matrix stiffness. Transglutaminase
(TG) from Streptomyces mobaraensis was kindly supplied
by Macklin, Shanghai. TG achieved the covalent binding of
the gel’s by e-amino group of lysine and the y-carboxamide
group of glutamine. It’s possible that the initial measure-
ments of stiffness and porosity of the TG-Gel might not ac-
curately reflect the final values observed towards the end of
the study. This discrepancy could arise from the potential
degradation of TG-Gel caused by the enzymatic activities
of collagenase and MMPs over time.

The TG-Gel was formulated by stepwise blending
sterile ingredients (Table 1) such as (a) 2 %, 4 %, 6 %, and 8
% gelatin; (b) rat tail tendon collagen type I; (c) the cell sus-
pension and medium was added; (d) and the TG was added
to a tube and thoroughly mixed; (¢) the mixture was inoc-
ulated in 48-well plates and placed in the incubator (Fig.
lc).

The Young’s modulus of various hydrogels was as-
sessed using a Universal Testing System (R3365, Instron,
Norwood, MA, USA), and the hydrogel stiffness was com-
puted employing the subsequent formula:

K=EA/L

In this equation, K represents stiffness, E denotes
Young’s modulus, A signifies the cross-sectional area, and
L stands for the height of the hydrogel.
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Table 1. Reagent volumes for the setup of hydrogels at
different stiffness.

Proportion
2% 4% 6% 8%
Regent

PBS (nL) 445 390 33.0 28.0
18 % Gelatin (nL) 5.5 11.0  17.0 22.0
Rat tail tendon collagen

1.0 1.0 1.0 1.0
type I (uL)
Cell Suspension (pL) 250 250 250 25.0
TG (uL) 10.0 10.0 10.0 10.0
Total (uL) 86.0 86.0 86.0 86.0

TG, Transglutaminase.

Encapsulation of BMSCs within TG-Gel for 3D
Cultivation

For BMSCs encapsulation, the gelatin was initially
liquefied by heating it in a water bath at a temperature of
60 °C. Then each 50 puL of the gelatin solution (2 %, 4
%, 6 % or 8 %) was mixed with BMSCs at a density of 2
x 106 cells/mL. 10 uL of transglutaminase were added to
crosslink the gelatin, and 1 pL of the rat tail tendon col-
lagen type I was added to promote cell adhesion. TG-Gel
mixture were seeded into a 48-well culture plate. When the
TG-gels had solidified through chemical cross-linking, 500
uL of osteogenic induction medium was added to each well.

Porosity Measurement

The porosity of the produced TG-Gel was determined
using the liquid displacement technique (Guan et al., 2005;
Zhang and Ma, 1999). In short, the TG-Gel was submerged
in a graduated cylinder containing a predetermined volume
(V1) of ethanol for a duration of 5 minutes. Ethanol served
as the displacing solution due to its effective penetration
into the pores without causing any shrinkage or swelling, as
it is a non-solvent for the TG-Gel. The combined volume of
ethanol with the ethanol-soaked hydrogel was noted as V5.
Subsequently, the ethanol-saturated hydrogel was extracted
from the cylinder, and the remaining ethanol volume was
recorded as V3. The porosity of the TG-Gel was quantified
using the formulap = (V1 — V3)/(Va —V3) x 100 %.

Cytotoxicity Assays

Each hydrogel sample had a surface area of 2.09 cm?
(approximately 86 puL each). To prepare a hydrogel extract
solution, TG-Gel were then transferred to centrifuge tubes,
followed by the addition of a-MEM. All TG-Gel with var-
ied stiffness samples were subsequently incubated for 72
hours at 37 °C in darkness. The ratio of the sample’s sur-
face area to the solution volume was roughly 2.39 cm?/mL,
which falls within the suggested range of 0.5-6.0 cm?/mL
as specified by ISO standards (ISO S. Biological evalua-
tions of medical devices. Part 12. Sample preparation and
reference materials 1996; 12).

BMSCs’ viability was assessed using the Cell Count-
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ing Kit-8 (CCK-8) as they were exposed to respective ex-
tract solutions corresponding to each group within 96-well
plates. The cell density was 1 x 10° cells/mL. BMSCs
were cultured in respective extract solutions corresponding
to each group of interest. During this procedure, eluates
were introduced, and the plates were incubated for 2 hours.
Control cells were solely provided with the medium. Fol-
lowing two washes with PBS, cells were placed in 110 pL
of working solution (a mixture of CCK-8 stock solution and
a-medium at a 1:10 ratio) for 2 hours. Afterward, the ab-
sorbance was recorded using a multiplate reader at 450 nm
(Molecular Devices, San Jose, CA, USA).

Transmission Electron Microscopy Analysis

BMSCs were cultured on the surface of hydrogels of
two groups for 7 days, followed by fixation using 3 % glu-
taraldehyde. The control group was treated with regular
complete culture medium, while the other group was treated
with osteogenic induction medium. Samples were subse-
quently post-fixed in a 1 % osmium tetroxide solution for 1
hour. The cells were then embedded in a gold-palladium so-
lution. Ultrathin sections were examined using a transmis-
sion electron microscope (HT7800, Hitachi, Tokyo, Japan).
For each specimen, at least 109 cells were assessed by an
observer who was unaware of the experimental conditions
to determine the quantity of autophagosomes per cell.

Osteogenesis Staining Analysis

Alkaline phosphatase (ALP) serves as an early in-
dicator of osteogenic differentiation and functional matu-
ration. After BMSCs encapsulated within TG-Gel, each
group (2 %, 4 %, 6 %, 8 %) was cultured in osteogenic
induction medium (o-MEM, 10 % FBS, 50 pg/mL VC,
100 nM dexamethasone, 10 mM S-glycerophosphate, 1 %
penicillin/streptomycin) at 37 °C with 5 % CO,, for 7 days.
TG-Gel were washed twice with PBS, then incubated with
500 pL of 0.25 % trypsin for 3 hours to release the cells
from the hydrogel. Subsequently, the cells were fixed with
4 % paraformaldehyde (BL539A, Biosharp, Guangzhou,
China) for 30 minutes, followed by staining according to the
instructions of the BCIP/NBT alkaline phosphatase chro-
mogenic kit (P0321S, Beyotime, Shanghai, China), and im-
ages were captured to analyze early osteogenic differentia-
tion. For quantitative detection of ALP activity in BMSCs,
procedures outlined in the ALP activity assay kit (P0321,
Beyotime) were followed. Absorbance was measured using
a microplate spectrophotometer. Additionally, Pearson cor-
relation analysis was performed using SPSS software (ver-
sion 26.0; IBM, NY, USA) to assess the correlation between
matrix stiffness and ALP levels. Matrix stiffness values and
ALP levels were treated as two variables for analysis, and
the correlation coefficient was calculated.

To assess the extent of calcium deposition as a late
marker of bone formation, Alizarin Red S staining was con-
ducted after osteogenic induction 21 days. The TG-Gel
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construct underwent two PBS washes, followed by fixation
in 4 % paraformaldehyde for 30 minutes. Subsequently, it
was stained with Alizarin Red S (40 mM, pH 4.2) (C0148S,
Beyotime) for 30 minutes. After staining, the sample under-
went two rinses with ddH5O to eliminate any non-specific
precipitates. The presence of positive orange-red staining
signified calcium deposition by the BMSCs. Images were
taken to analyze late-stage osteogenic differentiation.

Monodansylcadaverine (MDC) Staining

MDC can specifically label autophagosomes. Fol-
lowing rinsing with Earle’s balanced salt solution (EBSS)
(C0213, Beyotime), BMSCs within the hydrogel were sub-
jected to EBSS treatment at 37 °C for 40 min in an incuba-
tor. Next, the cells underwent three PBS washes. Then, the
construct was treated with an Autophagy Staining Assay Kit
with MDC (C3018S, Beyotime) at 37 °C for 30 min at dark-
ness. The visualization of MDC-stained vacuoles was de-
termined by inverted microscopy (DMI3000B, Leica, Wet-
zlar, Germany). Optical density, cell counts, and cell ar-
eas were evaluated through ImageJ software (version 1.52;
NIH, Bethesda, MD, USA). The optical density was com-
puted using the formula: average optical density = MDC
fluorescence intensity per cell/cell area.

Immunofluorescence

Following a 7-day incubation period, BMSCs on dif-
ferent TG-Gel substrates were initially fixed using 4 %
paraformaldehyde and subsequently made permeable with
0.5 % Triton X-100 (P0096, Beyotime). Following perme-
abilization, samples were blocked using 5 % sheep serum
(AR009, Boster, Wuhan, China), and immunofluorescence
was conducted using primary antibodies against Runx2
(Abcam, Cambridge, UK) and ATGS (YM3752, Immu
Noway, Newark, CA, USA). Goat anti-rabbit coralite594
conjugate (1:200) (SA00013-4, Proteintech, Chicago, IL,
USA) and goat anti-mouse coralite488 conjugate (1:200)
(SA00013-1, Proteintech) were used as secondary antibod-
ies. DAPI (F6057, Sigma—Aldrich, St. Louis, MO, USA)
was used to stain nuclei. To observe the morphologies of
BMSCs, images were captured by a positive fluorescence
microscope (DM4000, Leica).

Extraction of RNA and Analysis of Gene Expression

The total RNA from BMSCs cultured in the hydrogel
was extracted employing an animal RNA isolation kit with
a spin column (R0026, Beyotime). The reverse transcrip-
tion reaction was performed with a synthesis kit (R233-
01, Vazyme, Nanjing, China) according to the manufac-
turer’s instructions. RT-PCR was conducted using one-step
SYBR Green reagents, following the manufacturer’s in-
structions (11202ES03, Yeasen, Shanghai, China), and em-
ploying the ABI Q7 PCR machine (Applied Biosystems,
Foster City, CA, USA). Target gene expression was normal-
ized with reference to the GAPDH gene through the 2 =24t
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method. The primers for amplification, obtained from San-
gon Biotech, China, are detailed in Table 2.

Western Blot Analysis

To detach the cells from the TG-Gel, 500 pL of
0.25 % trypsin per well was added, and the mixture was
incubated for 8 hours. Protein samples were combined
with SDS-PAGE Sample Loading Buffer (P0015A, Bey-
otime) and then boiled at 100 °C for 5 minutes. Proteins
were separated using SDS-polyacrylamide gels. The pro-
teins were then incubated overnight with antibodies spe-
cific to GAPDH, BMP2, osteocalcin (OCN), RUNX2, LC3,
Beclin-1, and ATG5. Subsequently, the membranes were
exposed to secondary antibodies (Abbkine, Wuhan, China).
Signal detection was carried out using the Tanon5200 sys-
tem (Tannon,Shanghai,China), and quantification was per-
formed using ImageJ software.

Inhibitor Experiments

Starting from Day 2, both the experimental and con-
trol groups received 3-methyladenine (M833793, Macklin,
Shanghai, China) treatments every 48 hours, with the ex-
perimental group receiving 3-methyladenine and the con-
trol group receiving PBS. After a 14-day period, the TG-
Gel was extracted and processed as previously described.
Subsequently, the samples underwent RT-PCR and West-
ern blot to assess expression levels.

Statistical Analysis

Data for all experiments were obtained from 3 inde-
pendent samples, except for stiffness analyses in Fig. 1d
that were performed on 8 independent samples and porosity
analyses in Fig. 1e were performed on 5 independent sam-
ples. All data were expressed as mean + SD. Pearson’s cor-
relation was employed to elucidate the relationship between
matrix stiffness and ALP levels, and the analyses were con-
ducted using SPSS statistical software (version 26.0; IBM,
NY, USA). Rest of the data analysis were performed using
GraphPad Prism V8.0.1 (GraphPad Software, San Diego,
CA, USA). Data in Figs. 1,2,3,4,5, one-way ANOVA with
Turkey’s test was used to compare differences among four
groups when the data follows a normal distribution. Data
in Fig. 6 was used to ¢-test to compare differences among
two groups. The significance was set at p < 0.05.

Results
Identification of BMSCs

Using flow cytometry to identify cell surface antigens,
the two negative antigens were CD34 and CD45, and the
two positive antigens were CD73 and CD90. The analysis
indicated that CD34- and CD45-positive cells comprised
95.5 % of the total population, while CD73-positive cells
constituted only 0.022 %, and CD90-positive cells repre-
sented 0.13 %. The cultured cells possessed bone mes-
enchymal stem cell characteristics (Fig. 1a). We performed
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Table 2. Primer sequences of GAPDH and target genes.

Target genes (rat)

Primer pairs (5' — 3')

Forward: CTGGCGGTGCAACAAGAC
Reverse: AACAGCGGAGGCATTTCG

RUNX2

Forward: CCTTACCAACTCTTTTGTGCCAG
Reverse: GCATTAGCTGATATGCGATGTCC

ALP

Forward: TTCCATCACGAAGAAGCCGT
Reverse: GAAACTCGTCACTGGGGACA

BMP2

Forward: GCATGGAGCAGCAACACAGTCTG
Reverse: GGCACAGTGGACAGTTTGGCACAA

Beclin-1

Forward: AGTGCCTTGGATGTTGGGTT
Reverse: GGTGGGAGCACTCATGTCAA

ATG7

Forward: GTGGAGGCAACCTGACCAGAAAC
Reverse: GTGGAGGAAAGCAGAGGTGATGC

ATGS

Forward: TCAAGAAGGTGGTGAAGCAGG
Reverse: TCAAAGGTGGAGGAGTGGGT

GAPDH

adipogenic induction cultures of BMSCs, which underwent
adipogenesis and formed ample lipid vacuoles, as demon-
strated by Oil Red O staining (Fig. 1b).

Characterization of TG-Gel
TG-Gel’s Mechanical Characteristics

The TG-Gel’s mechanical characteristics were evalu-
ated with a focus on stiffness and porosity, as illustrated in
Fig. 1d,e. The TG-Gel displayed variations in stiffness cor-
responding to different gel concentrations. Generally, the
stiffness of TG-Gel increased as the gelatin concentration
rose, with 8 % TG-Gel demonstrating the highest stiffness
at 215.14 kPa. This was followed by 6 % (108.67 kPa), 4
% (58.59 kPa), and 2 % TG-Gel (13.3705 kPa).

Conversely, higher gelatin concentrations led to de-
creased porosity in TG-Gel. Specifically, 2 % TG-Gel dis-
played the highest porosity at 61.54 %, followed by 4 %
(56.28 %), 6 % (34.17 %), and 9 % TG-Gels (20.28 %).
These findings underscore the potential for using gelatin
concentration control as a direct means to tailor the TG-
Gel’s stiffness, enabling the assessment of how substrate
stiffness affects cellular responses.

Cytotoxicity Test Results

The CCK-8 assay was employed to assess the cellular
reaction to the TG-Gel (Fig. 1f). The findings revealed
that cell viability in the 4 % TG-Gel was slightly higher
compared to the 2 %, 6 %, and 8 % TG-Gels, although the
differences were not statistically significant.

Effect of Matrix Stiffness on BMSCs Osteogenic
Differentiation

The osteogenic differentiation of BMSCs in TG-Gel
was evaluated using ALP and Alizarin red S staining, alka-
line phosphatase (ALP) activity assays, and measurements
of osteogenic gene and protein levels (Figs. 2,3).
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ALP is one of the functional enzymes that early re-
flects the survival ability of osteoblasts during cell os-
teogenic differentiation. BMSCs in the hydrogels ex-
pressed ALP spontaneously (Fig. 2b). On Day 7, cells
within the 8 % TG-Gel exhibited the highest ALP activity
levels, succeeded by those in the 6 % TG-Gel and 4 % TG-
Gel, with the lowest levels observed in the 2 % TG-Gel (p
< 0.05) (Fig. 2¢). Both the ALP activity assay and staining
indicated that a stiff substrate promoted osteogenic differ-
entiation, while a softer platform did not support osteoge-
nesis. Pearson correlation analysis using SPSS revealed a
significant positive correlation between matrix stiffness and
ALP levels (r = 0.853, p < 0.01). This indicates a signifi-
cant association between matrix stiffness and the osteogenic
marker ALP within a certain stiffness range, with ALP lev-
els increasing as matrix stiffness increases. (Fig. 1g).

Furthermore, after 14 days of osteogenic induction
culture of BMSCs, exploring the effect of matrix stiff-
ness on BMSCs osteogenic differentiation can be achieved
by detecting the osteogenic markers mRNA and protein
expression levels from different groups. The 8 % TG-
Gel group showed upregulated RUNX2, ALP and BMP2
mRNA expression compared with the other groups (Fig.
2d), and the 8 % TG-Gel group exhibited higher RUNX2,
BMP2 and osteocalcin protein expression than the 6 % TG-
Gel, 4 % TG-Gel and 2 % TG-Gel groups on Day 7 (Fig.
3b,c). Additionally, RUNX2 immunofluorescence staining
was performed, and higher expression was shown on rigid
matrix, suggesting that the stiffness of the matrix increased
the level of osteogenesis (Fig. 3a).

To further investigate the impact of matrix stiffness
on bone formation, Alizarin Red S staining was carried out
following 21 days of cell culture in TG-Gel to detect cal-
cium deposition indicative of bone nodule formation. Fig.
2b illustrates the presence of calcium deposition. As the
outcomes of Alizarin Red S staining, the 8 % TG-Gel ex-
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Fig. 1. Characterization of BMSCs and TG-Gel. (a) Flow cytometry for CD34, CD45, CD73 and CD90 expression in BMSCs.
The percentage of CD34/CD45/CD73/CD90 cells among total BMSCs is indicated. (b) Oil Red O staining (red arrows indicate) of
BMSCs with adipogenic media. Scale bar: 200 pm. (¢) Schematic representation of the fabrication of TG-Gel of varying stiffnesses. (d)
Stiffnesses of TG-Gel with different gelatine concentrations; eight different samples were tested as indicated. (e) Porosity of TG-Gel. The

porosity of a TG-Gel decreases with an increase in the gelatin concentration. Data are the mean =+ standard deviation, from 5 samples,
significant differences (*** p < 0.001). (f) CCK-8 assays. The CCK-8 assay indicated that cell viability was not significantly different
among the 4 groups. (g) Correlation between matrix stiffness and ALP levels (r =0.853). All statistics were run using a one-way ANOVA
with Turkey’s test. The experimental control involves inter-group mutual comparison. BMSCs, bone marrow mesenchymal stem cells;
TG-Gel, transglutaminase-Gelatin; CCK-8, Cell Counting Kit-8; ALP, Alkaline phosphatase.

hibited the highest calcium deposits over the course of 21
days, succeeded by the 6 % TG-Gel and the 4 % TG-Gel.
Conversely, BMSCs cultivated within the 2 % TG-Gel ex-
hibited noticeably reduced calcium deposition in compari-
son to those within firmer substrates. This further supports
the hypothesis that the stiffness of the matrix plays a pivotal
role in osteogenic differentiation.

Influence of Matrix Stiffness on Autophagy

We used TEM to demonstrate the representative ultra-
structure of autophagosomes in seed cells of two groups.
The results showed that more autophagosomes were ob-
served when the BMSCs were treated with osteogenic in-
duction medium (Fig. 2a,b).

To further verify the impact of stiffness on cell
autophagy-related markers, we conducted qPCR analysis
to examine mRNA expression levels. The results demon-
strated that the mRNA expression of Beclin-1, ATG5, and
ATG7 was elevated in the 6 % TG-Gel and 8 % TG-Gel
groups when compared to the 2 % TG-Gel and 4 % TG-Gel
groups (Fig. 4¢).

Likewise, the Western blot findings exhibited a consis-
tent pattern. On the rigid matrix, there was notably greater
protein expression of LC3II, Beclin-1, and ATGS in com-
parison to the other groups (Fig. 5b,c).

MDC staining was utilized to examine BMSC au-
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tophagy across distinct groups. As depicted in Fig. 4a, in
comparison to the soft group, the stiff groups exhibited a
higher quantity of MDC-positive stained cells with intensi-
fied staining (Fig. 5a).

Furthermore, ATGS5 immunofluorescence staining
was performed, and higher expression was shown on rigid
matrix.

These findings indicate that a rigid microenvironment
is more conducive to BMSC autophagy compared to a softer
substrate.

Expression of Osteogenic Markers after Inhibiting
Autophagy

To show that substrate stiffness governs BMSC os-
teogenic differentiation via cell autophagy, we performed
inhibitor experiments to revalidate the link betwixt os-
teogenic differentiation and autophagy.

Samples were subjected to 3-methyladenine treatment
to reduce autophagic expression, and the mRNA expres-
sion levels of RUNX2, BMP2 and ALP were decreased, as
shown by qPCR analysis (Fig. 6a). Furthermore, Western
blot analysis showed that the expression levels of RUNX2,
BMP2 and osteocalcin proteins were decreased by 63.2 %,
66.7 % and 46.1 %, respectively (Fig. 6b,c). Further-
more, OCN immunofluorescence staining was performed,
and lower expression was shown on inhibitor group (Fig.
6d).
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Inhibitor experiments yielded evidence suggesting
that autophagy could have a significant role in BMSC os-
teogenic differentiation.

Discussion

Cells exhibit responses to the mechanical properties
of the extracellular matrix (ECM), such as stiffness, pore
size, and dynamic vibrations. Understanding how mate-
rial stiffness impacts cell fate is crucial for designing en-
vironments that guide cell behavior and tissue regeneration
(Saraswathibhatla et al., 2023; Xue et al., 2019). In this
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study, the synthesized 3D hydrogel is composed of three
components: 3D hydrogels used were composed of three
parts: (1) gelatin, (2) rat tail tendon collagen type I and
(3) TG, a crosslinking agent. TG-Gel, with its tunable ma-
trix stiffness for supporting cell growth, cell adhesion, sur-
vival, and organization has been widely used in 3D cell cul-
ture research (Fang et al., 2014). TG acts as a crosslinking
agent with gelatin, resulting in chemical crosslinking. The
matrix stiffness of TG-Gel can be adjusted by modulating
the gelatin concentration conveniently. Cells have been re-
ported to tolerate the cross-linking process well, and the
activity of the exogenous transglutaminase may be termi-
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nated by cell-secreted proteinases (Chen et al., 2014). The diffusion and gas exchange, as the cells exhibited proper
current CCK-8 experiments reveal excellent cell viability survival and functionality throughout the entire gels. The
and functionality throughout the gel, indicating that the de- synthesized TG-Gel employed in this research provides a
crease in the porosity of the TG-Gel did not hinder nutrient ~ pragmatic model in exploring the influence of matrix stiff-
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ness on cellular fate in osteogenic differentiation. The de-  phenotype development, the matrix mineralizes, and late
velopment of the osteoblast characteristics happens in two bone markers like osteocalcin (OCN) are persisted for up
separate phases. In the initial phase, cells undergo prolifer- to 25-30 days (Franceschi et al., 2007). OCN has the ca-
ation while the extracellular matrix matures. Specific pro- pacity to bind with Ca?* ions, thereby playing a role in
teins linked to the bone cell characteristics, such as ALP, the regulation of calcium ion balance and bone mineraliza-
can be identified during this phase, which spans approxi- tion (Ducy et al., 1996). Throughout the process of os-
mately 10-15 days. In the subsequent phase of osteoblast  teogenic cell differentiation, multiple signaling pathways
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actively participate in controlling bone formation. Among
these, representative molecules include BMP and RUNX2.
RUNX2, a transcription factor downstream of the BMP sig-
naling pathway, is crucial for osteogenic cell differentia-
tion and bone formation (Franceschi et al., 2003). There-
fore, we selected ALP, OCN, BMP, and RUNX2 as marker
molecules to investigate the influence of substrate stiffness
on BMSCs osteogenic differentiation. Firstly, ALP staining
and quantitative analysis of BMSCs cultures after 7 days of
osteogenic induction revealed that ALP activity increased
with increasing substrate stiffness, with significant differ-
ences observed between 4 % TG-Gel and 8 % TG-Gel (p
< 0.01), but no significant difference between 6 % TG-
Gel and 8 % TG-Gel, possibly due to the detection is in
the early stage of osteogenesis. Additionally, Pearson cor-
relation analysis between substrate stiffness and ALP ac-
tivity demonstrated a significant positive correlation, sug-
gesting a significant role of substrate stiffness in osteogenic
differentiation within the studied range of stiffness. Sub-
sequent analysis of osteogenic-related mRNA levels and
protein expression in BMSCs cultures after 14 days of os-
teogenic induction showed an increase with increasing sub-
strate stiffness. Alizarin Red staining conducted on BMSCs
cultures after 21 days of osteogenic induction revealed that
8 % TG-Gel exhibited the most significant calcium depo-
sition, possibly due to its substrate stiffness being closer to
that of natural bone tissue. In conclusion, substrate stiff-
ness plays a role throughout the entire osteogenic process
of BMSCs, with stiffer substrate stiffness promoting BM-
SCs osteogenic differentiation.

A stiffer extracellular matrix more closely resembling
the in vivo growth environment of BMSCs enables cells
to respond to microenvironmental signals and differentiate
into osteogenic cells that match their surroundings. In our
study, we observed rapid osteogenesis on stiffer substrates,
particularly with 9 % TG-Gel. Both 9 % TG-Gel with and
without BMP-2 supplementation showed the highest cal-
cium deposition and late markers of osteogenic differentia-
tion in our in vitro experiments. Conversely, ALP activity
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and early markers of osteogenic differentiation were more
pronounced in 6 % TG-Gel (as shown in Figs. 3,5). The en-
hanced osteogenesis on 8 % TG-Gel may be attributed to its
matrix stiffness, which closely mimics the native tissue en-
vironment (Engler ef al., 2006). BMSCs in this stiffer ma-
trix can directly sense the stiffness and differentiate into the
appropriate cell type. On the other hand, cells encapsulated
in 6 % TG-Gel may take longer to assemble and deposit
their own matrix, eventually differentiating into osteoblast-
like cells at later time point, and this was consistent with
the finding of Tan et al. (Tan et al., 2023). When hu-
man BMSCs cultured in different elastic-modulus of gelatin
methacryloyl (GelMA), the expression of osteogenic mark-
ers was inhibited in human BMSCs (hBMSCs) cultured in
the low-elastic-modulus GeIMA. And in vivo, hBMSCs in
high-elastic-modulus GeIMA was more apt to form new
bone (Tan et al., 2023). Also, the soft and porous scaffold
favors chondrogenic differentiation, while osteogenic dif-
ferentiation is more prominent on the initial stiff one (Wu
et al., 2019). In summary, matrix stiffness plays vital roles
in regulating cellular responses during osteogenic differen-
tiation.

Autophagy as a way to maintain bone homeostasis,
participates in BMSCs osteogenic differentiation (Shapiro
et al., 2014). For example, reports indicate that targeted
deletion a component of the complex essential for au-
tophagosome formation in murine models, leads to severe
osteopenia due to reduced bone formation (Liu ef al., 2013).
Additionally, a high-throughput small-molecule screening
assay revealed that the autophagic inducer rapamycin pro-
motes osteoblast differentiation (Darcy et al., 2012). In this
work, transmission electron microscopy revealed that bone
marrow mesenchymal stem cells (BMSCs) treated with
osteogenic induction medium exhibited more autophago-
somes compared to those under conventional culture con-
ditions, indicating the involvement of autophagy in BM-
SCs osteogenic differentiation. However, whether ma-
trix stiffness affects BMSCs osteogenic differentiation in
an autophagy-dependent manner remains to be fully eluci-
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dated. MDC staining of autophagosomes in BMSCs cul-
tured in TG-Gel of different stiffness for 7 days showed
that the group with 8 % TG-Gel exhibited the highest flu-
orescence intensity, demonstrating the crucial role of stiff-
ness in inducing BMSCs autophagy. Furthermore, the ra-
tio of LC3 II/I represents the level of autophagy, Beclin-
1 is crucial for initiating autophagosome formation, and
ATGS5/ATGT7 play specific roles in autophagosome forma-
tion originating from late endosomes and autophagosome
conversion to autolysosomes, serving as core players in au-
tophagy. Therefore, further mRNA and protein expression
level analysis of autophagy-related markers in BMSCs cul-
tured under osteogenic induction for 14 days across differ-
ent groups confirmed that autophagy levels increased with
the increase in matrix stiffness. By inhibiting autophagy
with 3-methyladenine on the second day of BMSCs differ-
entiation, we observed decreased mRNA levels of RUNX2,
ALP, and BMP2 on the seventh day, as well as reduced pro-
tein expression of OCN, RUNX2, and BMP2 on the four-
teenth day, confirming the correlation between autophagy
and osteogenesis. Autophagy plays a role when stiffness
affects BMSCs osteogenic differentiation (Fig. 7).

Conclusion

In summary, within a certain range, an increase in ma-
trix stiffness promotes BMSCs osteogenic differentiation
and matrix stiffness influences cell osteogenic differentia-
tion in an autophagy-dependent manner. Matrix stiffness
play a critical role in stem cell fate determination, and un-
derstanding how cells sense and respond to matrix stiffness
is essential for regenerative medicine. Further studies in-
volving animal models are necessary to validate the rele-
vance of scaffold material stiffness in bone tissue engineer-
ing applications and to assess its therapeutic potential in
treating bone defects.
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