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ABSTRACT: f-Tricalcium phosphate (S-TCP) is a bioactive
material for bone regeneration, but its brittleness limits its use as a
standalone scaffold. Therefore, continuous efforts are necessary to
effectively integrate f-TCP into polymers, facilitating a sturdy ion
exchange for cell regulation. Herein, a novel semiembedded
technique was utilized to anchor f-TCP nanoparticles onto the
surface of the elastic polymer, followed by hydrophilic modification
with the polymerization of dopamine. Cell adhesion and
osteogenic differentiation of mesenchymal stem cells (MSCs)
under static and dynamic uniaxial cyclic stretching conditions were
investigated. The results showed that the new strategy was effective
in promoting cell adhesion, proliferation, and osteogenic induction
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by the sustained release of Ca** in the vicinity and creating a reasonable roughness. Specifically, released Ca** from S-TCP could
activate the calcium signaling pathway, which further upregulated calmodulin and calcium/calmodulin-dependent protein kinase II
genes in MSCs. Meanwhile, the roughness of the membrane and the uniaxial cyclic stretching activated the PIEZOL1 signaling
pathway. Chemical and mechanical stimulation promotes osteogenic differentiation and increases the expression of related genes 2—
8-fold. These findings demonstrated that the neoteric semiembedded structure was a promising strategy in controlling both chemical

and mechanical factors of biomaterials for cell regulation.
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1. INTRODUCTION

B-Tricalcium phosphate (f-TCP), classified as a bioactive
ceramic material, is widely employed as an artificial bone
substitute in the clinical area due to its excellent
osteotransductivity, osteoinductivity, biodegradability, and
similar chemical composition to bone." Once implanted in
vivo, degraded calcium (Ca) and inorganic phosphate (P) from
PB-TCP can enter the living circulatory system to regulate cell
behavior and promote the formation of new bones. Never-
theless, the chemical composition of S-TCP is not the sole
determinant of its bioactivity. Many studies have demonstrated
that various structure characteristics, including particle size,
roughness, stiffness, and porosity, significantly influence the
bone regenerative potential of f-TCP.” Despite this progress,
the bone regenerative performance of S-TCP scaffolds is
generally still considered to be inferior to that of autologous
bone. Therefore, conducting thorough research on material
design optimization and elucidation of the specific role that
each property plays in the biological response is critical for the
development of more effective bone graft substitutes.
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Currently, f-TCP has been utilized for bone regeneration in
the forms of scaffold implants, bone cement, and coating.
Specifically, the limitation of using #-TCP alone is that it does
not exhibit good mechanical properties and is prone to fragile
failure.” Efforts have been made to combine bioactive ceramics
with polymers to improve their performance. For example, f3-
TCP nanoparticles, which possess a high surface-to-volume
ratio and a specific proteome adhesion to enhance osteo-
genesis, were sintered with polyetheretherketone and poly-L-
lactic acid to form a multimaterial scaffold.* The scaffold
exhibited excellent mechanical strength and enabled the
contact of S-TCP with the body fluid through degradation of
poly-L-lactic acid, benefiting ion exchange and new bone
formation. However, in these studies, f-TCP nanoparticles
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were usually encapsulated in polymeric materials by sinter-
ing.b’6 The release of Ca and P would be hindered if S-TCP
was wrapped by materials with low degradability or is
nondegradable, blocking their intended bone repair effect.
Conversely, while the encapsulating material is degraded
rapidly, f-TCP will be released into body fluid as free
nanoparticles during the degradation. These liberated particles
can either be carried away through fluid transport or
accumulate in specific regions to damage organelles such as
lysosomes, mitochondria, and endoplasmic reticulum and
affect normal cellular metabolism.” Poor discussion has been
made on how to effectively add S-TCP to the substrate while
exploring the regulatory role of cells in dynamic environments.
Thus, ongoing efforts are required to successfully incorporate
B-TCP into polymers, enabling the formation of continuous
ion exchange and fostering the process of bone repair.

In addition, growing evidence has demonstrated that a
comprehensive understanding of cell regulatory mechanisms is
indispensable for attaining the optimal design of materials.”
Traditional research, which investigated the cell-material
interaction in a static environment in vitro, was valuable in
refining biomaterial design. However, there have been
instances in which the results obtained in vitro do not align
with the outcomes observed during actual implantation in
living organisms. Biomaterials implanted in vivo will be
subjected to mechanical stimulation, including tension,
compression, and fluid shear. Therefore, researchers believe
that studying how cells behave on biomaterials in dynamic
environments is an effective strategy for further improving
material design. Among the various mechanical stimuli, the
dynamic strain generated by tensile loading on the material has
been proven to effectively regulate cell adhesion and stimulate
osteogenic differentiation of mesenchymal stem cells (MSCs).
For instance, Wu et al. found that 1 h of stretching could lead
to the activation of a calcium-responsive mechanosensitive
channel, resulting in concentrated cellular actin fibers.” Lei et
al. studied the effect of various strains and frequencies on
MSCs differentiation and concluded that using uniaxial cyclic
stretching (UCS) with 10% strain at a frequency of 1 Hz could
enhance the expression of osteogenic genes in MSCs, such as
alkaline phosphatase (Alp), bone morphogenetic protein-2
(Bmp2), and Runt-related transcription factor 2 (Runx2)."’
Although cells in natural bone tissue experience microstrains
far below 10% imposed by the substrate, studies have
demonstrated that MSCs previously stimulated by mechanical
loading in vitro before implantation have mechanical memory,
which could contribute to bone formation and accelerate bone
healing in vivo."" Therefore, the construction of a dynamic
stretching environment in vitro is conducive to further
optimizing material design and regulating the behavior of
cells on biomaterials, thus promoting dynamic tissue repair in
vivo.

To accomplish the objective of the study, i.e., establishing a
sustainable S-TCP interface for MSCs regulation and under-
standing the influences of chemical and structural character-
istics of f-TCP on cell regulation mechanisms both in static
and dynamic microenvironments, a neoteric semiembedded
method was employed to immobilize f-TCP nanoparticles on
a semicured elastic polymer (polydimethylsiloxane (PDMS)).
Additionally, polydopamine,'”"* which is widely used as a
surface modification material due to its excellent biocompat-
ibility and chemical stability, has been used to improve the
hydrophilicity of the substrate. The stability of the material was
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investigated in the form of morphology and roughness changes
as well as weight loss and Ca®" release. In addition,
cytocompatibility was determined by exploring cell behaviors,
including adhesion, proliferation, and differentiation in static
conditions and UCS (10% strain, 1 Hz). Moreover, real-time
quantitative polymerase chain reaction (RT-qPCR) was
implemented to decouple the roles of chemical stimulation,
roughness, and dynamic tensile strain in osteogenic differ-
entiation of MSCs.

2. MATERIALS AND METHODS

2.1. Preparation of Membranes. PDMS elastomer substrates
were combined with a cross-linker (Sylgard 184, Dow Corning) at 70
°C for 1S min (semisolid PDMS). -TCP dispersing solution was
separately made by combining 20, 40, and 60 mg of S-TCP
nanoparticles (Apri, China) in 10 mL of absolute ethyl alcohol with
sonicating. Semisolid PDMS was fully coated with #-TCP dispersing
solution at 60 °C until the PDMS solidified and the alcohol
evaporated completely (samples named as efiT). Then, according to a
prior study,'® eBT was hydrophilically modified by immersing it in the
10 mM Tris-HCL buffer at pH 8.5 overnight for dopamine, resulting
in the sample fabrication of efP.

2.2. Characterization of Membranes. Before being observed,
specimens cut into 1 X 1 cm® were coated with a 15 nm Au layer
using rotary-pumped sputter coating (EM ACE200, Leica, Germany).
Samples were imaged with a scanning electron microscope (SEM,
Merlin Gemini I, Zeiss, USA) using a SE detector, applying a voltage
of 3 kV and a working distance of 8—12 mm.

The membranes’ surface topography features and surface roughness
were characterized by an atomic force microscope (AFM, Multimode
8, Bruker, USA) operating in a tapping mode in the air. The average
roughness (RA) was analyzed by Nanoscope Analysis software.

The water contact angle was measured by using DSA100 (Kruss,
Germany) to assess hydrophilicity. The average contact angle values
were determined from at least five observations per sample.

X-ray diffraction (XRD, Panalytical Empyrean 2, France) was used
to analyze phase compositions collected in the 10—70° range with a
knife spacing of 1 mm, an angular interval of 0.02, and a time step of
0.5 s.

A Fourier transform infrared spectrometer (FTIR, Thermo Nicolet
5700, USA) was used to detect chemical bonds in molecules with a
wavenumber range of 4000—650 cm™' and a resolution of 4 cm™.

2.3. Biodegradability of efP. ¢fP films were cut into 10 X 30
mm?* and completely submerged in 20 mL of ddH,0 (Southwest
Jiaotong University, China) in a shaker at 80 rpm at 37 °C for up to 7
days (1, 3, S, and 7). At the end of each incubation period,
membranes were carefully extracted from ddH,O, rinsed with distilled
water to remove the ions absorbed on the membrane surface, and
weighed after being completely dried. The weight loss was determined
using the following formula: weight loss (%) = (W, — W,)/W, X
100%, where W, and W, were the scaffold dry weights before and
after immersion, respectively.” The efP film and nano-B-TCP
particles (0.1 mg/mL) were separately immersed in ddH,O and
then shaken at 80 rpm in a thermostat shaker at 37 °C. At
predetermined time points, changes in cumulative ion concentrations
were monitored by an atomic absorption spectrometer (PinAAcle
900T PerkinElmer, USA), respectively.

2.4. Material Stability Testing. The coherence and adherence of
the #-TCP layers were tested by embedding a nano-f-TCP coating in
the middle of two preprepared semicured PDMS and evaluating the
bonding ability of the coating to the substrate material by increasin§
the tensile force until the coating was peeled off from the substrate."

Friction and wear tests were conducted using a high-speed friction
and wear tester (MFT-R4000, TakTark, China). The applied load was
10 N, the sliding time was 20 min, the sliding distance was 5 mm, and
the frequency was 1 Hz.

The efP films were cut into 10 X 30 mm?* and loaded with a
homemade uniaxial cyclic tensile machine'® at 1 Hz 10% strain for 1 h

https://doi.org/10.1021/acsami.3c15090
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Table 1. Quantitative Expressions of Target mRNAs Determined by Using Gene-Specific Primer Pairs

primer sequence

gene target forward reverse

Cam CAGCAGCCAACCTTTCACCC CCACCTAGTTCATCAAAGCCACC
Gapdh GGACCAGGTTGTCTCCTGTG CATTGAGAGCAATGCCAGCC

Alp ATCTTTGGTCTGGCTCCCATG TTTCCCGTTCACCGTCCAC
Runx2 ACCAGCAGCACTCCATATCTCTAC CTTCCATCAGCGTCAACACCATC
Piezol TGCCTCAGCCTCCTCTTC CTTCAGGTCCAGCCTTGTA
Colla ACAGACGAACAACCCAAACT GGTTTTTGGTCACGTTCAGT
Bmp2 GAGGAGAAGCCAGGTGTCT GTCCACATACAAAGGGTGC
Camk2 CGGTCTACGGTGGCATCCAT CTTGGGCTGGGCTTACGAGA

to characterize the change of their morphology with SEM. Samples
were completely immersed in 20 mL of ddH,O in a shaker at 37 °C
and 80 rpm for 1 day to characterize the Ca and P elemental release
(iCAP TQs, ICP-MS, Thermo, Germany).

2.5. Material Sterilization and Cell Culture. Before the
experiment, 10 X 30 mm?® of PDMS and efP were cut. PDMS,
efiP, and nanoparticles f-TCP were fixed in steam for 30 min at 121
°C under 103 kPa pressure. MSCs were purchased from Oricell,
China. MSCs were cultured with a complete medium containing a-
MeM medium (Gibco, USA), 10% fetal bovine serum (Gibco, USA),
and 1% penicillin/streptomycin with 5% CO, in a humidified
atmosphere. Nano-f-TCP particles were mixed with a complete
culture medium at a final ratio of 0.1 mg/mL in the nfT group. The §
X 10° cells/mL were separately inoculated in each group cultured in a
complete medium, and the medium was refreshed every 2 days.

2.6. Dynamic Culturing of MSCs under UCS. MSCs were
inoculated at a concentration of 5 X 10° cells/mL on PDMS and eP
for 12 h. Then, the samples were placed in a homemade uniaxial cyclic
tensile machine'® and put in the incubator with an oxygen content of
5% and a temperature of 37 °C. Each sample was given a tensile
loading with 10% strain in amplitude and 1 Hz in frequency for 1 h.
These experimental groups were named SPDMS and SefP,
respectively. In addition, 0.1 mg/mL nano-B-TCP particles were
added into cells cultured on PDMS and dynamically cultured, which
was named as the SnfT group.

2.7. Cell Viability and Cell Proliferation. Cell viability was
tested using fluorescein diacetate (Sigma, USA, 20 mM) and
propidium iodide (Sigma, USA, 10 mM) solutions for 30 min after
1 day of culture. The stained samples were examined by using an IX
83 microscope (Olympus, Japan).

Cell proliferation was measured using CCK-8 (C0037, Beyotime
Biotechnology, China) at days 1, 3, S, and 7, and the absorbance was
measured at 450 nm. The well plate group was used as the control. In
addition, cell proliferation was determined with the YF 488 Click-it
EdU imaging kit (EdU C601S, UElandy, China) after 1 day of culture.
Cells were incubated with 10 uM EdU for 12 h at 37 °C. Then, MSCs
were fixed in 4% paraformaldehyde solution for 10 min and rinsed
with phosphate-buffered saline (PBS). After permeabilization with
0.1% Triton X-100 for S min and rinsing with PBS, MSCs were
exposed to 500 uL of Click-it working solution for 30 min, followed
by incubation with Hoechst 33342 (H4079, UElandy, China)
working solution for 15 min to stain nuclear. Images were captured
using 495 nm excitation and 519 nm emission by an IX 83. The
percentage of EdU-positive cells was defined as the proliferation rate.

2.8. Cell Morphology and Cell Adhesion. After 1 day of
culture, cells were fixed with 4% paraformaldehyde for 30 min and
washed three times with PBS. Thereafter, the cells were permeabilized
by 0.5% Triton X-100 followed by blocking with 5% bovine serum
albumin (BSA) solutions for 15 min and washed three times with
PBS. Cells were then closed with 3% BSA prepared in PBS for 1 h.
Subsequently, the staining was performed under light-proof
conditions. Vinculin (Invitrogen, USA) was diluted with 3% BSA to
a concentration of 10 yg/mL, and 100 nM Phalloidin-Alexa Fluor 488
(Invitrogen, USA) was diluted in PBS. Cells were incubated for 30
min at 37 °C and washed three times with PBS for 5 min. Finally,
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4/,6-diamidino-2-phenylindole dihydrochloride (DAPI, Beyotime,
China) was diluted with PBS to S pug/mL, stained for 5 min at
room temperature, and protected from light. After being washed three
times with PBS, cells were imaged and photographed by using the IX
83.

2.9. Immunofluorescent Staining. Cells in the PDMS group
were cultured for up to 3 days with the Mouse Bone Marrow MSC
Osteogenic Differentiation Kit (MUXMX-90021, OriCell, China) and
labeled as PDMS+, while the other groups were cultured for 3 days
with a normal complete medium. Cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS
for 15 min, and then blocked with 3% BSA for 1 h. Antibodies used
for immunofluorescence staining were rabbit BMP-2 antibody at
1:200 dilution (Abclonal, China) and rabbit RUNX2 antibody at
1:200 dilution (MCE, China) incubated at 4 °C for 12 h. The cells
were washed with PBS and incubated for 1 h. The cells were then
incubated with 0.5% Triton X-100 in PBS for 15 min. After rinsing
with PBS, cells were incubated with fluorophore-conjugated
secondary antibodies (Cy3 goat antirabbit IgG (H + L) or FITC
goat antirabbit IgG (H + L) (Abclonal, China)) for 1 h at room
temperature. After rinsing with PBS again, the nuclei were
counterstained with 4’,6-diamidino-2-phenylindole, and the cytoske-
leton was stained with the flavonoid Phalloidin-Alexa Fluor 488/594
(Invitrogen, USA) and then imaged using FM.

2.10. Osteogenic Differentiation Assay on MSCs. Cells were
cultured in different groups for up to 8 days (2, 4, 6, and 8). ALP was
measured using the BCIP/NBT kit (C3206, Beyotime, China), and
images were taken under a light microscope. Grayscale values of the
ALP protein were measured using ImageJ. Similarly, osteoblast
mineralized nodules were detected using the Osteoblast Mineralized
Nodules Staining kit (C0148, Beyotime, China) for each group. The
nodules were fixed and stained with alizarin red s (ARS). Then,
absorbance at 450 nm was measured using an enzyme meter and
photographed under a microscope. In addition, ARS after 14 days of
culture were measured.

2.11. Real-Time Quantitative Polymerase Chain Reaction.
Trizol reagent (Invitrogen, USA) was used to extract the total RNA
from each batch of MSCs in accordance with the manufacturer’s
instructions. The quality and quantity of total RNA were measured by
using a nano-300 spectrophotometer with a 260/280 absorbance
ratio. The Exon SCRIPT RT SuperMix with a dsDNase cDNA
synthesis kit (AS02, Exonart, China) was used for reverse tran-
scription. Real-time qPCR was carried out in a volume containing 10
L of the 2x FastSYBR Green qPCR Master Mix UDG, 0.2 M of the
upper and lower primers, 50 ng of cDNA, and a volume of 20 L of
RNase-free RNase water template and 50 ng of cDNA and water
without RNase. A CFX-linked real-time PCR detection system (Bio-
Rad, USA) was used to carry out the reactions. The amplification
profile used was 5 min at 95 °C, 40 cycles at 95 °C for 5 s, and 40
cycles at 65° for 20 s. The amplification profile used for the reactions
was S min at 95 °C, 40 cycles at 95 °C for S s, and 40 cycles at 65° for
20 s using a CFX-linked real-time PCR detection system. Using the
gene-specific primer pairs in Table 1, the quantitative expressions of
the target mRNAs were determined.
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samples. (C) XRD patterns in the range of 10—70°. (D) FTIR spectra of samples in the field of 4000—650 cm™". (E) Weight loss and released Ca*

of nfT and efP within 7 days.

2.12. Statistical Analysis. All quantitative data were expressed as
mean =+ standard deviation. Statistical analyses were performed by
using GraphPad Prism 9.0 software. Statistical differences were
determined using one-way and two-way ANOVA. The abc marker
method identified significant differences between groups by
comparing mean values. The group with the highest mean was
labeled “a”, and if the difference with the second-highest group was
significant, that group was labeled “b”. If not, a comparison was made
with the third group. The cycle continued until the group with the

smallest mean was labeled.
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3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of efP. Figure
1A illustrates the process for creating the semiembedded p-
TCP membrane, which featured a nanomorphology and the
degradation of f-TCP. The PDMS films were partially cured
and further covered by ultrasound-treated homogeneous nano-
B-TCP (500 nm f-TCP nanoparticles) suspensions. Then, the
samples were heated at 70 °C until they were fully cured. Such
a semiembedded design avoided the complete encapsulation of
B-TCP by PDMS, which led to the inability of nano-#-TCP to
degrade and release Ca®* and PO,>.° First, f-TCP nano-

https://doi.org/10.1021/acsami.3c15090
ACS Appl. Mater. Interfaces 2024, 16, 8289—8300
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Figure 3. Behaviors of MSCs. (A) Schematic of cell adhesion on the PDMS, nfT, and effP groups. (B) Live/dead staining of cells in different
groups. (C) Cell proliferation rates tested by the CCK-8 assay. (D) Representative fluorescence images of EdU-positive cells in different groups.
(E) Quantitative analysis of the EdU cell proliferation assay. Statistical plots of data on the (F) nuclear area, (G) nuclear aspect ratio, (H) cell area,
and (I) cell aspect ratio. (J) Fluorescence microscopy images with staining of F-actin, vinculin, and DAPL

particles were characterized by using SEM imaging and
semiquantitative EDS elemental analysis (Figure S1). The
elements Ca and P were detected. In addition, the XRD
patterns of nano-f-TCP were consistent with the standard
spectrum of 3-TCP (JCPDS 09-0169). Then, the amount of -
TCP utilized in sample fabrication was optimized. SEM
morphological characterization in Figure 1B depicted that
using 20 mg of B-TCP (effT,,) resulted in an incomplete
coverage of the sample’s surface, leading to the presence of
more empty spaces or voids. In comparison, when using 40 mg
(efiT4) and 60 mg (efiTy,) of f-TCP, the surface of the film
was completely covered with nanoparticles. As more amount of
nanoparticles may contribute to increased agglomeration,
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which may lead to the formation of cracks during mechanical
loading,16 thus 40 mg was utilized for sample (named efT)
fabrication in the following study. Furthermore, the sample was
subjected to PDA for a period of 12 h to improve the
hydrophilicity based on our previous studies."” The modified
samples were named as effP.

Figure 2A shows the SEM micrographs of efT and efiP,
indicating that nano-#-TCP was uniformly embedded at the
elastic membrane surface. The average embedding depths of
efT and efiP were around 7.12 and 7.45 pum, respectively. In
addition, AFM tests suggested that the surface roughness of
efP (386 + 83 RA) was slightly reduced compared to efT
(466 + 77 RA) due to the attachment of PDA in the spaces
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between the particles (Figure 2B). The formation of PDA
could further improve the hydrophilicity of the sample and
reduce the water contact angles from 126.4 + 2.2° for efT to
86.7 + 1.5° for effP, making the samples more favorable for cell
attachment.'”'® The successful fabrication and surface
modification were also confirmed by XRD and FTIR tests.
As shown in Figure 2C, the characteristic diffraction peaks of
standard B-TCP (JCPDS 09-169) were observed in efP. In
addition to the typical absorption spectrum of PDMS (1260
cm™! for Si-CHj, 1085 cm™ for SI-0O, 1015 cm™ for Si—C,
and 800 cm™! for —CHj), the distinct broad absorption band
at 3377 cm™' related to the N—H stretching vibration of PDA
was found in efP in Figure 2D and Figure S2.

Furthermore, the weight loss of the embedded nano-f-TCP
in effP over a 7-day period was obtained by gravimetric analysis
in Figure 2E. The results revealed that the weight of efP
decreased slightly with time, and the mass of f-TCP decreased
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by 1.4 mg on the seventh day, which accounted for around 6%
of the total mass of #-TCP nanoparticles. Previous studies have
reported no significant mass loss over a 7-day period for
scaffolds made solely from sintered S-TCP nanoparticles.”
Therefore, it was plausible that the weight loss observed in efiP
could be primarily attributed to the release of a small amount
of embedded nano-f-TCP from the sample surface. In
addition, the release of Ca®>* from effP compared to the nST
group (with 0.1 mg/mL nano-$-TCP in culture medium) was
evaluated. As shown in Figure 2E, the Ca®" concentrations in
the solutions consistently increased over time. Specifically, the
efP exhibited slightly lower Ca®" release than nffT. On day 7,
the concentrations of Ca** released from efP and nfT were
3.26 + 0.27 and 4.18 + 0.24 mg/L, respectively, which were
within safe levels for cell viability as reported in other
literature.'””” These results suggested that the nano-3-TCP
integrated into efP was gradually released from the surface,
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and the resulting concentration of Ca** was favorable for cell
culture.

As shown in Figure S3, we measured the minimum complete
peeling force of the coating to be 0.65 N by the material
adhesion peeling experiment. Coefficient of friction (COF) is
an important indicator for evaluating the tribological properties
of coatings, and Figure S3 shows the time-varying COF
variation of f-TCP semiembedded coatings under 10 N sliding
for 20 min. COF appeared to increase rapidly at the beginning
of the tribological test and then to remain stable, with an
average COF of 0.122 for effP. SEM characterization of efP
samples before and after stretching was performed, as shown in
Figure S3, in which a small number of microcracks were
present in the SeffP group, possibly resulting from nanoparticle
shedding due to cyclic stretching loading. The Ca and P ions
released by SefP are shown in Figure S3. The contents of Ca
and P in the SefP group were higher than those in the efP
group, but there was no significant difference. All these show
that the f-TCP semiembedded layer and PDMS have a strong
binding force.

3.2. Evaluation of Cell Adhesion and Proliferation on
the efP Membrane. When cells were inoculated onto the
modified films with different f-TCP contents, there was no
significant difference in the survival rate and CCK-8
proliferation rate of cells in each group, as shown in Figure
S4. Then, MSCs were cultured individually with PDMS, nfT,
and efP, as shown in Figure 3A. Cell viability in live/dead
staining in Figure 3B suggested that the ratios of living cells
were more than 99% in all groups, indicating that the materials
used in the experiment had no obvious toxic effects. In
addition, the CCK-8 assay demonstrated that the optical
density values of cell proliferation activity in the culture plate
were 0.50 + 0.03, 0.92 + 0.03, 1.46 + 0.05, and 2.04 + 0.03 on
days 1, 3, 5, and 7, respectively, which was similar to cells
cultured on PDMS. Compared to the PDMS group in Figure
3C, the proliferation rates in nfT and efP groups on day 1
were significantly decreased to 48.3 and 62.1%, respectively.
However, as the time increased, the cell proliferation rates
pushed and tended to increase consistently, reaching 65.0% for
nfT and 85.1% for efP on day 7. The conclusion was further
confirmed by EdU experiments (Figure 3D,E), which indicated
that free nano-p-TCP could significantly inhibit the prolifer-
ation of MSCs compared to the PDMS group. However,
embedding nano-#-TCP on the surface of the material could
obviously improve cell proliferation capability. According to
the literature, the primary reason for the inhibitory effect of
MSCs proliferation by nano-f-TCP may be the entry of free
particles into the lysosomes, which causes lysosomal rupture.”!
Therefore, we speculated that the enhanced cell proliferation
observed in the efP group could be attributed to the reduced
release of free nano-f-TCP in the vicinity. In addition, the
increased surface roughness of efP may also promote the
adhesion and proliferation of MSCs.”>*’

Furthermore, the cytoskeletal morphology and focal
adhesions (FAs) staining were analyzed after 24 h of cell
culture among these groups, and no significant difference was
detected in the aspect ratio and area of cells and nuclear
between the PDMS and efP groups, as shown in Figure 3F—I.
However, the aspect ratio and area of nuclear in the nfT group
were decreased compared to the other two groups, suggesting
that nanoparticles may contribute to nuclear loss while being
transported to the nuclear.”* Noticeably, MSCs on efP were
enriched with FAs and exhibited a polygonal morphology with
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the most pronounced filopodia (Figure 3]). This phenomenon
may be attributed to the formation of a rough and
inhomogeneous surface by nanoparticles on the efP
membrane.”® Another possible explanation was that the
hydrophilic modification caused by PDA could enhance
MSCs spreading and adhesion.'® As reported in the literature
that the enriched FAs and cytoskeletal organization were
closely related to the osteogenic activity of MSCs,”*** we
hypothesized that the roughness and hydrophilic surface of
efP films with a semiembedded structure may favor MSCs
osteogenic differentiation.

3.3. Dynamic Behaviors of MSCs on efP under UCS.
Dynamic behaviors of MSCs cultured individually with PDMS,
nfT, and efP under uncontrolled conditions (1 Hz, 10%
strain) were further investigated (Figure 4A). Compared with
the EdU results under static conditions in Figure 3E, the cell
proliferation rates on SPDMS, SnfT, and SefiP decreased to
58.7, 67.9, and 50.5%, respectively (Figure 4B,C), which could
be attributed to mechanical stimulation.'”*” Mechanical
signals are transmitted through the cytoskeleton to the nuclear,
inducing deformation of chromatin and altering transcription
factor activity, thereby inhibiting cell proliferation.’*’
Specifically, cell proliferation was higher in SepP compared
to SnpT possibly due to the fact that cells on SefiP exhibited
stronger FAs (Figure 3]), which could allow cells to better
resist contraction during stretching and produce greater
tension in the cytoskeleton, ultimately reducing the compres-
sion of chromatin and the subsequent reduction of DNA
synthesis.””

Furthermore, dynamic cell adhesion after stretching was
visualized, as shown in Figure 4D (green for cytoskeleton and
blue for nuclear); cells in all groups displayed a rounded shape
immediately after mechanical stimulation (0 h). In Figure 4E,
the skeleton contracted tightly around the nuclear, and the cell
area in SPDMS and SnfT groups decreased dramatically to
334.8 + 116.9 and 376.4 + 170.1 ym”. In comparison, the cell
area in the SefiP group was significantly higher, reaching 624.1
+ 241.2 um® After 24 h of recovery, the cell spread again on
these materials and achieved spreading areas of 1513.5 =+
512.9, 1245.1 + 512.8, and 1557.6 + 691.6 um? for SPDMS,
SnpT, and SefP groups, respectively. Specifically, cells in
SPDMS were observed to have similar spreading areas
compared to those in the PDMS group. Conversely, the cell
spreading area in the SnfT group was slightly reduced, while
those in the SeffP group moderately enhanced, compared to
their respective groups that were not subjected to stretching.
Similarly, in Figure 4F, after mechanical stimulation, the
nuclear area of each group decreased first and then recovered.
The nuclear area of cells in SPDMS, SnfT, and SefP groups
after mechanical stimulation (0 h) decreased to 74.4, 76.6, and
80.0% compared to the corresponding groups of PDMS, nfT,
and efiP, respectively. After 24 h, the nuclear area on SPDMS,
SnfT, and SefP cells recovered to 240.5 + 59.4, 203.4 + 62.0,
and 250.6 + 66.8 um’, respectively, which slightly increased
compared to that of the unstretched groups in Figure 3G.
Additionally, the nuclear aspect ratios of cells in SPDMS,
SnpT, and SefiP groups (Figure SS) were similar to those in
unstretched groups (Figure 3G), while the cellular aspect ratio
(Figure SS) slightly increased compared with that of the
corresponding unstretched group (Figure 3I).

The changes in cell and nuclear morphology at 0 h may be
due to mechanical stretching that increases intracellular
calcium concentration, leading to cell contraction.”® Further-
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more, F-actin may mediate nuclear contraction by physical
restriction at a high load to provide protection against stretch-
induced DNA damage, resulting in a reduced nuclear area and
an increased chromatin compaction, thereby affecting cell
adhesion, proliferation, differentiation, and other behav-
iors.>**> The recovery of the cellular and nuclear area after
24 h was probably due to the subsequent spontaneous
relaxation of the cells after cessation of dynamic stretching,
which elongated the cells and stabilized their adhesion to the
extracellular matrix, allowing the cells to repropagate.”
However, the cells and nuclear cells in the SeP group had
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slightly higher areas than the other two groups. This may be
due to the surface nanostructures of P films and dopamine
auto installation increasing the cellular FAs, thus making the
cytoskeletal tension stronger and thus resisting cellular, nuclear
contraction.

3.4. Osteogenic Differentiation of MSCs on the efP
Membrane. Many publications have shown that MSCs’
polygonal morphological distribution and the inhibition of cell
proliferation were associated with MSCs’ osteogenic differ-
entiation.'” To elucidate the mechanism of osteoinduction
mediated by mechanical and chemical coupling, we first
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investigated the osteogenic differentiation of MSCs in different
groups while culturing MSCs on PDMS with the presence of
osteogenic induction medium as the positive control (PDMS+
group). The typical bone formation markers BMP2 (a member
of the transforming growth factor beta (TGF-j) superfamﬂy
and a growth factor that plays a key role in bone formation®®)
and RUNX2 (the RUNT-associated transcription factor 2,
which plays a central role in osteoblast differentiation by
binding to specific DNA sequences’ ") were stained and
imaged. The results in Figure 5 showed that there was a
significant difference in the expression of BMP2 and Runx2
between PDMS and PDMS+. In addition, the expression of
BMP2 and Runx2 increased gradually in the following
sequences: PDMS, PDMS+, nfT, SnfT, efP, and SefP.
While the expression of BMP2 in the SeffP group was
significantly higher than that in other groups, the expressions
of RUNX2 in the SnfT, efP, and SefP groups were not
significantly different. These results indicated that stem cells in
the SefP group could be positively regulated toward
osteogenic differentiation.

In addition, ALP staining and ARS were performed on
MSCs cultured separately in PDMS, nfT, efP, SnfT, and
SefP for 8 days. As shown in Figure 6A,B, the PDMS group
did not show obvious signs of osteogenic differentiation within
4 days. Starting on day 6, a visible purple staining reaction for
ALP was observed, and ARS staining was clearly distinguished
as pink. By day 8, there was expansion in the ALP staining area,
and an increase in the intensity of the pink color was observed
in ARS with a corresponding expansion in the staining area.
Furthermore, the expressions of ALP for 8 days and OCN for
14 days were analyzed with the positive control group (PDMS
+). As shown in Figure S6, cells in the SefiP group displayed
the highest osteogenic differentiation.

These data suggest that f-TCP has an excellent ability to
promote osteogenic differentiation, which was consistent with
literature reports.”’”’0 In particular, the semiembedded
structure proposed in the study was more favorable for
osteogenic differentiation compared to free nano-$-TCP. The
possible reason was that the semiembedded structure reduces
the entry of nano-f-TCP into lysosomes, which may cause
damage to lysosomes, mitochondria, and other organelles.20
Additionally, mechanical stimulation seems to further improve
the osteogenic differentiation of MSCs. The semiquantitative
results manifested that SnfT and SefP groups exhibited
slightly enhanced BMP2 and RUNX2 after culture for 3 days
and significantly higher ALP and ARS compared to their
respective group (nfT and efP) that did not receive tensile
loading. This could be attributed to the possibility that the cells
stored the stimulus information internally after stretching,
which allowed for continuous gene expression over an
extended period, ultimately leading to a more notable
inclination toward osteogenic differentiation.'”*" Specifically,
SefP showed the strongest ability to induce osteogenic
differentiation of MSCs. Considering the previous proliferation
tests (Figure 4B,C), we concluded that stretch stimulation may
impede cell proliferation by promoting the differentiation
ability of MSCs.

3.5. In Vitro Regulation of Osteogenic Differentiation
by SefP. To delve deeper into the regulation mechanism of
cell differentiation on the ef/P membrane, the RT-qPCR assay
was implemented to verify the expression levels of mechanical
transduction markers such as Piezo-type mechanosensitive ion
channel component 1 (Piezol), calcium-related markers
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calmodulin (Cam) and calcium/calmodulin-dependent protein
kinase II (Camk2), and osteogenic differentiation markers Alp,
collagen type I (Colla), Runx2, and Bmp2. As shown in Figure
7A, the expressions of the Cam and Camk2 genes were
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Figure 7. Regulation of osteogenic differentiation by SefP. (A)
Relative expression of genes in PDMS, nfT, efiP, SnfT, and SepP
groups. (B) Schematic illustration of cell proliferation and differ-
entiation in different groups. (C) Schematic illustration of the
postulated cell regulation mechanisms.

upregulated in nST and efP groups as compared to the PDMS
group, indicating the activation of the calcium signaling
pathway caused by Ca®* release from A-TCP. While the
expression of Piezol was comparable between the PDMS and
nfT groups, the levels of Piezol were significantly upregulated
by three times in the efP group, suggesting that the
morphological change induced by nano-f-TCP embedding
could activate the mechanical transduction pathway, which
would further enhance Cam expression. Additionally, com-
pared to static conditions, the mechanical stretch could
enhance the expression of Piezol in MSCs. The synchroniza-
tion of surface roughness and stretching resulted in four times
higher expression of Piezol in the effP group compared to the
PDMS group, which led to the upregulation of the Cam and
Camk2 genes.

Furthermore, the expression levels of osteogenic differ-
entiation genes (Alp, Colla, Bmp2, and Runx2) were
significantly increased in nfT and efP groups as compared
to the PDMS group in Figure 7A, indicating that the activation
of the calcium signaling pathway could positively affect the
osteogenic differentiation of MSCs through all of the typical
markers discussed in the study. Specifically, the expression of
Alp and Colla showed a gradual increase in the following
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sequence of groups: PDMS, nfT, efP, SnfT, and SefP.
However, the expressions of Bmp2 and Runx2 were higher in
efP than those in PDMS, nfT, and SnpgT and highest in SefP,
showing a similar trend as the expression of Piezol in these
groups in Figure 7A. These results indicated that the calcium
signaling pathway and mechanical transduction pathway were
both activated in SefP to regulate cell differentiation, and the
activation of PIEZO1 could specifically contribute to the
expression of its downstream genes Bmp2 and Runx2.

By grouping PDMS, nfT, efP, SnfT, and SefiP, we
simultaneously explored the effects on MSCs proliferation
and differentiation under chemical factors and mechanical
stimulation. The schematic comparison of the proliferation and
differentiation ability of MSCs is shown in Figure 7B. It was
noteworthy that regardless of the presence of UCS, semi-
embedded films exhibited a superior capacity in stimulating
cell proliferation and promoting osteogenic differentiation
when compared to free nano-f-TCP, suggesting that the
semiembedded structure served as a more effective strategy in
bone tissue engineering. This may be due to (1) the
semiembedded structure providing a mechanical cue to
improve the stem cell microenvironment through moderate
roughness, which positively regulated cell behavior, and (2) the
semiembedded structure reducing the entry of nanoparticles
into lysosomes leading to lysosome rupture and damage to
cells, which improved the cell proliferation microenvironment.

Furthermore, we decoupled the effects of chemical and
mechanical stimuli on cell osteogenic differentiation (schemati-
cally illustrated in Figure 7C). Previous studies have shown
that B-TCP induced changes in calcium concentrations,
allowing the activation of the Cam—camkII pathways.*”** In
addition, -TCP can enter the cell through endocytosis and
phosphorylate the protein SMAD1/5/8, which triggers the
BMP2/SMAD/RUNX2 signaling pathway. SMAD1/5/8 forms
a complex with SMAD 4 and enters the nuclear, regulating cell
proliferation and differentiation capacity as a transcription
factor.*** Our study was consistent with these findings.
Significantly, our experimental results showed that surface
roughness caused by nanoparticle embedding and hydrophilic
modification by PDA enhanced the adhesion of MSCs,
forming FAs aggregation, and effectively induced PIEZO1
channel opening, which positively regulated the osteogenic
differentiation of cells. Furthermore, under a dynamic
microenvironment of tensile loading, the expression of Piezol
could be further enhanced. Wei et al. have reported similar
results that UCS can efficiently induce PIEZO1 channel
opening, which in turn triggers the BMP2/SMAD signaling
pathway, increasing Runx2 and Bmp2 levels.** Our results
proved that while chemical and mechanical stimulations
simultaneously exist, they have the ability to collaborate in
facilitating osteogenic differentiation. The neoteric semi-
embedded structure proposed in the study was proved as a
valuable strategy to enable the formation of sustainable ion
exchange and promote the process of bone repair.

4. CONCLUSIONS

A facile and reliable method was proposed to form semi-
embedded S-TCP nanoparticles on the elastic polymer,
enabling sustainable Ca®" release and fostering cell regulation
in static and dynamic culture conditions. The thorough
characterization of the morphology, roughness, and weight of
the material demonstrated that efP could contribute to a
rough surface and gradually release of Ca®*, which were

8298

favorable for cell culture. Specifically, Ca** in the environment
effectively activated the calcium signaling pathway of MSCs,
and the roughness increased intracellular FAs aggregation and
cell spreading, contributing to the opening of the PIEZO1
signaling pathway. Under the dynamic condition of UCS (10%
strain, 1 Hz), the expression of Piezol in MSCs could be
further enhanced, synergistically promoting the osteogenic
differentiation of cells. While both chemical and mechanical
stimuli could obviously upregulate typical markers, including
Alp, Colla, Runx2, and Bmp2, the activation of the Piezol
signaling pathway exhibited a more important role in
regulating the Runx2 and Bmp2 genes. These findings
effectively decoupled the roles of the chemical stimuli, the
roughness, and the dynamic tensile strain in proliferation and
osteogenic differentiation of MSCs, elucidating the effective-
ness of efP as a novel strategy for cell regulation. In addition,
the semiembedded strategy could be extended to more other
biomaterials optimization designs containing nanoparticles and
polymers, which is valuable for various biomedical applications.
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