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The repair of tumor-induced bone defects requires regenerative materials capable of functioning within the
harsh conditions of cancer therapy. Herein, we introduce a biomimetic scaffold designed to simulate the
post-chemotherapy tumor microenvironment to investigate its specific effects on tissue regeneration.
The scaffold features a PLGA knitted mesh/collagen sponge hybrid loaded with mineralized, DOX-
carrying mesoporous silica nanoparticles (DOX-MSNCaP). The sustained release of DOX facilitates potent
tumor cell elimination, thereby establishing a residual post-chemotherapy microenvironment. We
subsequently explored the biological response of mesenchymal stem cells (MSCs) to this specific
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Accepted 16th March 2026 biomimetic environment. Our results indicate that the scaffold significantly enhances MSC adhesion and
drives osteogenic differentiation through the upregulation of YAP/TAZ signaling. Overall, these findings

DOI: 10.1035/d6ra01031h suggest that following tumor eradication, the scaffold effectively facilitates MSC-mediated osteogenesis,
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1 Introduction

Osteosarcoma (OS) is the most prevalent primary malignant
bone tumor, predominantly affecting children and adoles-
cents.” The impact of OS is profound, often leading to lifelong
disability or fatality and imposing a significant socioeconomic
burden.** While surgical resection remains the standard of
care, it frequently results in critical-sized bone defects that
exceed the body's innate regenerative capacity. Furthermore,
the complete eradication of tumor cells is clinically challenging,
with local recurrence rates reported in approximately 90% of
patients.>® Although adjuvant chemotherapy and radiotherapy
are employed to eliminate residual cancer cells, these systemic
treatments are associated with severe toxicities and off-target
side effects that drastically compromise patient quality of life.”®

Recent advancements in tissue engineering and localized
cancer therapy have driven the development of biodegradable
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serving as a promising therapeutic strategy for post-tumor bone reconstruction.

implants for post-operative management.®** These multifunc-
tional scaffolds aim to integrate tumor inhibition with tissue
regeneration. For instance, various bioactive scaffolds func-
tionalized with photothermal nanomaterials, such as Fe;O,
nanoparticles,"” MoS, nanosheets,* and functioned nanofiber
membranes,* have been developed. Chen et al. also developed
bifunctional scaffolds based on gelatin and black phosphorus
nanosheets, which exhibited notable anti-cancer effects against
breast cancer cells and promoted MSC adipogenic differentia-
tion." Similarly, Song et al. reported a 3D-printed scaffold that
combined photothermal therapy (PTT) and chemotherapy to
effectively suppress tumor growth.'” Collectively, these plat-
forms have demonstrated remarkable in vivo efficacy in
reducing OS cell viability while supporting the proliferation and
osteogenic differentiation of mesenchymal stem cells (MSCs).

Clinically, however, post-operative tumor treatment and
tissue regeneration are sequential events rather than simulta-
neous processes. Consequently, a critical gap remains in
understanding whether the residual microenvironment,
specifically the extracellular (ECM) altered by
chemotherapy-induced tumor cell death, remains permissive
for the subsequent proliferation and differentiation of MSCs.
Most existing studies overlook this temporal distinction, treat-
ing tumor elimination and bone regeneration as isolated
functional goals. Bridging this gap is crucial, as post-surgical
regeneration inevitably occurs within this specific post-
therapeutic microenvironment.

To address this, the integration of stimuli-responsive nano-
carriers into scaffolds offers a promising approach. Mesoporous
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Scheme 1 Schematic illustration of the preparation of DOX-MSNCaP@PLGA-collagen scaffolds for recapitulating the post-chemotherapy

microenvironment and regulating cell differentiation.

silica nanoparticles (MSNs) have emerged as superior inorganic
nanocarriers due to their high drug-loading capacity, stability,
and biocompatibility."®>* Specifically, MSNs mineralized with
calcium and phosphate (MSNCaP) can serve as pH-responsive
vehicles. While MSNCaP has been used for nitric oxide
delivery,”** it is also an ideal candidate for encapsulating
doxorubicin (DOX) to achieve acid-triggered release in the
tumor microenvironment. Compared to uncoated MSNs that
typically exhibit rapid and non-specific burst release, the CaP
shell functions as a robust gatekeeper to seal the mesopores at
physiological pH, allowing for subsequent dissolution and tar-
geted DOX release specifically within acidic environments.***
Structurally, while collagen is highly biocompatible,>>° its
mechanical limitations necessitate reinforcement. In our
previous research, we successfully engineered a hybrid scaffold
combining synthetic poly(pr-lactic-co-glycolic acid) (PLGA) with
collagen, achieving excellent mechanical strength and
biocompatibility,*® and we have validated its ability to support
MSC osteogenesis.’"*

Herein, we aim to construct a biomimetic scaffold that
simulates the “post-chemotherapy tumor microenvironment”
to investigate its specific regulatory effect on bone regenera-
tion. To achieve this, we fabricated a DOX-MSNCaP@PLGA-
collagen bifunctional scaffold by hybridizing DOX-loaded
MSNCaP with a PLGA mesh/collagen sponge. This system
leverages pH-responsive drug release to facilitate potent
tumor cell elimination. Crucially, we moved beyond simple
bifunctionality to explore the biological response of MSCs
within this specific post-treatment environment. The micro-
and nanostructures, drug release profiles, and anti-
osteosarcoma properties were characterized. Finally, we
evaluated the effect of this hybrid system on MSC adhesion
and osteogenesis (Scheme 1).

16842 | RSC Adv, 2026, 16, 16841-16853

2 Materials and methods

2.1 Synthesis of mesoporous silica nanoparticles (MSNs)
and MSNCaP

The MSNs were prepared based on a previous report with some
modifications.*® In brief, 240 mL of Milli-Q water and 1.75 mL of
NaOH (1.7 M) were mixed at 40 °C, after that, 0.5 g N-cetyltri-
methylammonium bromide (CTAB, 99%, Sigma Aldrich) was
added to the system, followed by 30 minutes stirring. Then, the
tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich) was added
slowly to the reaction mixture and incubated for another 2
hours. After cooling to room temperature (RT), the samples
were centrifuged (14 000 g, 20 minutes) and washed three times
using a mixture of ethanol/water (50% v/v). The samples were
further dried overnight to obtain nanoparticles. Finally, the
CTAB was eliminated by subjecting the nanoparticles to
a furnace at 550 °C for 6 hours, employing a heating rate of 10 ©
C min~". The obtained MSNs were stored at RT for further use.

To prepare MSNCaP, the process involved several steps.
Firstly, MSNs were dispersed in MilliQ water. Subsequently,
a solution containing Ca(OH), (0.15 g L") and DHP (0.10 g L")
was slowly added dropwise to the dispersion. The mixture was
then stirred overnight at room temperature (RT). Afterward, the
mixture underwent centrifugation at 14000 g for 20 minutes to
obtain the MSNCaP nanoparticles. These nanoparticles were
subsequently dried overnight at 50 °C.

2.2 Drug loading

The doxorubicin hydrochloride (DOX-HCI) was used to load
onto MSN. Briefly, an aqueous solution of DOX (2 mg mL ") was
mixed with MSNs dispersion (1 mg mL™"). Then, the mixture
was stirred at RT in dark for 72 hours to reach an equilibrium
state, followed by centrifugation (14 000 g, 20 minutes) to

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01031h

Open Access Article. Published on 27 March 2026. Downloaded on 4/8/2026 7:50:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

harvest DOX-loaded MSN (DOX-MSN). The DOX-MSN was
further washed and centrifuged, meanwhile the supernatant
and washing solutions were collected and measured by UV-vis
absorbance at 483 nm. The drug loading capability was deter-
mined according to equation: the drug loading efficiency (DLE)
and drug loading capacity (DLC) were calculated according to
the following equations:

DLE (%)
= (weight of loaded DOX/weight of initial DOX) x 100%

DLC (%)
= (weight of loaded DOX/weight of DOX-loaded
nanoparticles) x 100%

The weight of loaded DOX was determined by subtracting
the weight of unloaded DOX in the supernatant from the total
weight of initial DOX. The method of CaP coating on DOX-
loaded MSN was same as described in materials methods “2.1
Synthesis of MSNCaP”

2.3 Preparation of PLGA-collagen and DOX-MSNCaP@PLGA-
collagen hybrid mesh

A PLGA knitted mesh (a ratio of 90:10 for glycolic acid and
lactic acid) used in this work was obtained from Biomedical
Structures (Warwick, Rhode Island, USA). Each original sheet of
PLGA mesh was 10.5 cm x 10.5 cm with a thickness of 200 pm.
The mesh was sealed in a vacuum sleeve and stored at 4 °C until
use. For the fabrication of PLGA-collagen hybrid mesh,
a hybridization method was used according to our previous
work.?** Briefly, the PLGA mesh was used, and the acidic bovine
collagen solution (1 wt%, type I, Koken Japan) was eluted on the
mesh to fill the space of PLGA mesh. After removing the excess
aqueous collagen solution, a thin layer of PLGA mesh/collagen
construct was formed. The PLGA mesh/collagen constructs
were followed by being frozen at —80 °C and frozen drying to
allow the formation of collagen micro-sponges. After further
EDC/NHS-cross-linking (a mixture of 0.05 M EDC and 0.02 M
NHS), a glycine solution was added to block the crosslink
reaction, followed by washing with Milli-Q water 3 times. The
PLGA-collagen hybrid mesh was frozen-dried and stored at 4 °C
for further use. The DOX-MSNCaP@PLGA-collagen hybrid
meshes were prepared through freeze-dry and EDC/NHS-cross-
liking method. The prepared conditions for collagen micro-
sponges were the same as that for the PLGA-collagen mesh.

2.4 Release profiles of DOX

The release profiles of DOX were determined in PBS (pH = 7.4 or
pH = 6.5) at 37 °C. In brief, the DOX-MSNCaP@PLGA-collagen
meshes were placed in a dialysis bag (14 000 Da) and then the
dialysis bag was immersed in a 50 mL tube containing 20 mL
PBS buffer. The tube was further incubated in a shaker at
100 rpm and 37 °C. The release buffer was taken out from the
tube at predetermined time intervals and was replaced with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fresh PBS. Concentrations of the DOX in the released buffer
were determined by UV-vis absorbance at 483 nm.

2.5 Cell expansion

Different types of cells were utilized in this work, including
human bone marrow-derived mesenchymal stem cells (MSCs,
passage 4) obtained from LONZA (MD, USA), and the human
osteosarcoma cell line (MG63) purchased from Procell Life
Science & Technology Co., Ltd (China; Catalog No. CL-0157).
The MG63 cells were originally established from a 14 year-old
Caucasian male with osteosarcoma. The cells were seeded in
175 cm” tissue-treated culture flasks and cultured with cell-
specific proliferation media in a humidified incubator (5%
CO,, 37 °C). MSCs were cultured in MSCBM™ medium (Lonza,
Swiss) and MG63 were cultured in Dulbecco's Modified Eagle's
Medium (DMEM, high glucose) supplemented with 10% FBS
(Gibco, NY), 100 unit per mL penicillin, 100 pg mL ™" strepto-
mycin. When cells reached 70-80% confluence, the sub-
cultured cells were obtained using 0.25% trypsin/EDTA
(Sigma, USA).

2.6 Characterization

The morphology and composition of nanoparticles were
observed via transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM) and EDS mapping
(JEOL JEM-ARM200F). The samples were prepared according to
our previous report. In brief, 5 pL of sample solution was
dropped onto a glow-discharged carbon film-coated copper
grid.* After removal of excess solution, the grid was dried in air.

For scanning electron microscope (SEM) sample prepara-
tion, the harvested scaffolds were first washed with PBS three
times and then fixed with 2.5% glutaraldehyde for 1 hour at
room temperature. The graded ethanol-water solution series (v/
v%) (50% ~100% ethanol) was used to dehydrate the fixed
samples. Then, the scaffolds were dropped in a graded tert-butyl
alcohol-ethanol solution (v/v%) (50-100%) to replace ethanol
solution. Finally, the harvested scaffolds were freeze-dried for
SEM observation. The morphology of scaffolds was character-
ized using a SEM (JSM-6400Fs; JEOL, Tokyo, Japan) machine
with an operating voltage of 3 kv.

2.7 Live and dead assay

For confirmation of the mortality of cells, the viability of MG63
cells was stained by calcein-AM and propidium iodide (PI)
staining reagents (Live/Dead Cell Double Staining kit, Beyotime,
China). Experiment processes were carried out according to the
manufacturer's instruction. In brief, the constructs before and
after being cultured in different conditions were immersed in
PBS solution suspended with a mixture of 2 uM calcein-AM and
4 uM PI. The incubation was performed at room temperature for
30 minutes. Afterwards, the stained samples were observed
using an inverted fluorescence microscope (Leica, Germany).

RSC Adv, 2026, 16, 16841-16853 | 16843
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2.8 Cell uptake of DOX after incubation with hybrid meshes

The MG63 cells were seeded in 24-well culture plates (1 x 10*

per well) and cultured with DMEM medium supplemented with
10% FBS (Gibco, NY), 100 unit per mL penicillin, 100 ug mL ™"
streptomycin. After cell attachment, the PLGA-collagen or DOX-
MSNCaP@PLGA-collagen hybrid mesh (¢ = 10 mm) was added
to the culture plate and the culture media were further
refreshed with DMEM (pH = 7.4 or 6.5). After 12 hours of
incubation, the meshes were removed and the cell uptake of
DOX was observed using a microscope (Leica). Cell nuclei and F-
actin cytoskeleton were stained with Hoechst 33258 (Sigma) and
FITC-labeled phalloidin (Sigma).

2.9 DNA laddering assay

MG63 cells were seeded and cultured in 24-well culture plates at
the initial cell number 2 x 10* per well. Afterwards, the
PLGA-collagen and DOX-MSNCaP@PLGA-collagen hybrid
meshes (¢ = 10 mm) were added to each well. The cells were
further incubated with DMEM at different pH conditions. After
48 hours of incubation, the hybrid meshes were removed and
the supernatants were discarded carefully. The remaining cells
were extracted for DNA laddering analysis according to the
manufacturer's illustration (Thermo).

2.10. BrdU staining

For BrdU staining, the harvested MG63 cells were plated in 24-
well culture plates (1 x 10* per well) and treated with DOX-
MSNCaP@PLGA-collagen at different pH conditions. After-
wards, the cells were labeled by the addition of BrdU (10 uM per
well) for 2 hours. Cell nuclei and F-actin cytoskeleton were
labeled by Hoechst 33258 and FITC-labeled phalloidin, respec-
tively. The constructs were further observed under a fluores-
cence microscope (Leica).

2.11 YAP staining

The mechanotransdution on MSCs was evaluated by YAP
staining. Briefly, after the MSCs were seeded and cultured in
PLGA-collagen or DOX-MSNCaP@PLGA-collagen meshes for 1
day, the constructs were washed with PBS twice, followed by
being treated with 4% paraformaldehyde and 0.1% Triton X-
100. Afterwards, the cells on the meshes were blocked with
2% BSA for 30 minutes and washed with PBS twice. Then, the
constructs were further incubated with an anti-YAP primary
antibody (Santa Cruz Biotechnology, USA) at 4 °C overnight.
After washing with PBS, the constructs were incubated with the
second antibody (Alexa Fluor-488 anti-mouse antibody, 1: 1000
in PBS). Additionally, the cell nucleus and F-actin cytoskeleton
were co-stained with Hoechst 33258 and FITC-labeled phalloi-
din. The fluorescent images were obtained by a fluorescence
microscope (Leica). The percentages of YAP nuclei localization
were analyzed by calculating the nuclear-cytoplasmic distribu-
tion ratio (Nuc/cyto ratio) according to the following equation:

Inuc/Anuc

Nuc/cyto ratio =
/ (Itotal - Inuc)/(Atotal - Anuc)

16844 | RSC Adv, 2026, 16, 16841-16853
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I, represents the integrated intensity of YAP fluorescence; A,y
represents the size of nuclear; Aoy represents the size of the
whole cell; I, represents the integrated intensity of YAP
fluorescence.

2.12 Real-time PCR assay

The expressed level of osteogenesis-related genes encoding
runt-related transcription factor-2 (Runx2), ALP, secreted
phosphoprotein 1 (SPP1), and bone sialoprotein 2 (IBSP) were
analyzed by real-time PCR. In detail, a TRZOL solution was used
to extract the total RNA from the harvest samples. The total RNA
was then translated into cDNA using a SuperScript IV VILOTM
master mix kit. The real-time PCR analysis was performed using
the cDNA as a template, and the analysis was conducted in 25
uL of a reaction system. A comparative C, method was used to
calculate the expression level and the results were normalized to
the housekeeping gene (GAPDH). The sequence of all the
primers and probes was shown in Table S1.

2.13 Alkaline phosphatase (ALP) and immunochemical
staining

ALP staining: the PLGA-collagen and DOX-MSNCaP@PLGA-
collagen scaffolds were harvested and their osteogenic differ-
entiation was evaluated through ALP and immunochemical
staining. Firstly, the constructs were immersed in ALP staining
solution containing 0.1% naphthol AS-MX phosphate (Sigma,
St. Louis, MO) and 0.1% fast blue RR salt (Sigma, St. Louis, MO)
in 56 mM 2-amino-2-methyl-1,3-propanediol (pH 9.9, Sigma, St.
Louis, MO). After 10 minutes of incubation, the constructs were
washed with PBS three times, and followed by being observed
under an optical microscope (Leica).

Immunochemical staining: immunochemical staining was
performed on the PLGA-collagen and DOX-MSNCaP@PLGA-
collagen constructs to evaluate the expression of osteogenic
markers, following a previously described protocol with minor
modifications.** Briefly, the constructs were harvested and
washed with phosphate-buffered saline (PBS) to remove
residual culture media. Samples were fixed in 4% para-
formaldehyde (PFA) for 20 minutes at room temperature. To
minimize non-specific antibody binding, the fixed samples were
blocked with 2% bovine serum albumin (BSA) in PBS for 30
minutes. Following blocking, the constructs were incubated
with primary antibodies against collagen type I, fibronectin, and
osteocalcin (OCN) (Santa Cruz Biotechnology, CA) at 4 °C
overnight. After three consecutive washes with PBS, the samples
were incubated with the corresponding HRP-conjugated
secondary antibodies for 1 hour at room temperature. Finally,
the stained constructs were visualized using an optical micro-
scope. Representative images were acquired from the central
regions of the scaffolds to ensure consistent evaluation of
protein distribution.

2.14 Statistical analysis

Two-tailed ¢-tests were used to determine the significance
between the two groups and a one-way analysis of variance with
a Tukey post hoc test was used to analyze multiple groups. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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analysis of data was performed by using GraphPad Prism 7.0
software. Measures are presented as means + standard devia-
tion (SD).

3 Results and discussion

3.1 Preparation and characterization of DOX-MSNCaP
nanoparticles and hybrid scaffolds

DOX-loaded MSNCaP nanoparticles were synthesized via
a modified established protocol. To optimize drug loading prior
to CaP coating, a DOX concentration gradient (0.5-5.0 mg
mL ") was evaluated (Fig. S3 and Table S2). An initial DOX
concentration of 2.0 mg mL~" yielded the maximum drug
loading efficiency (65.7 £ 2.1%) and a near-saturation drug
loading capacity (56.8 + 1.9%), providing the optimal formu-
lation for all subsequent nanoparticle preparations. TEM
imaging revealed the ordered mesoporous structure of MSN
(Fig. 1A), which was effectively coated by the CaP layer in
MSNCaP (Fig. 1B). DLS analysis indicated a slight increase in
particle size from 170.4 + 29.4 nm (MSN) to 225.1 + 30.7 nm
(MSNCaP) following coating. Concurrently, the zeta potential
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shifted from —2.7 £ 0.8 mV to 16.4 + 1.3 mV (Fig. 1C). The
successful formation of the CaP shell was further confirmed by
elemental mapping, which showed the distribution of calcium
and phosphorus (Fig. 1D-I).

For scaffold fabrication, PLGA-collagen scaffolds were
prepared according to our previous study,*® and subsequently
hybridized with MSNCaP-embedded collagen sponges to form
DOX-MSNCaP@PLGA-collagen constructs. SEM analysis
showed that while both groups shared a similar porous
macroscopic structure, they differed significantly in micro-
scopic surface morphology (Fig. 1] and K). Specifically, high-
magnification views revealed that the smooth pore walls of
the PLGA-collagen scaffold contrasted with the rough surfaces
observed in the DOX-MSNCaP@PLGA-collagen group. This
surface roughness provides evidence of the successful integra-
tion of MSNCaP nanoparticles within the scaffold matrix.
Because the MSNCaP nanoparticles possess an inorganic CaP
shell lacking reactive functional groups for EDC/NHS coupling,
they are purely physically entrapped rather than chemically
cross-linked to the matrix. Nevertheless, the subsequent
chemical cross-linking of the surrounding collagen into

300

T

200+

100

Average diameter (nm)

MSN MSNCaP

Fig. 1 Structural and compositional characterizations of MSNCaP, PLGA and DOX-MSNCaP@PLGA-collagen scaffolds. Characterization of
mesoporous silica nanoparticles (MSN) (A) and calcium phosphate coated MSN (MSNCaP) (B) by TEM. The average diameter of MSN and MSNCaP
(C). EDS elemental mapping of MSNCaP (D-I). Representative SEM images of PLGA-collagen (J) and DOX-MSNCaP@PLGA-collagen (K).
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Fig. 2 Biological characterizations of DOX-MSNCaP@PLGA-collagen and PLGA-collagen constructs. The accumulate release of DOX from
DOX-MSNCaP@PLGA-collagen in PBS buffer with different pH (A). Cytotoxic assessment of MG63 cells after being cultured in scaffolds via live
and dead staining. Cells were seed in the meshes and incubated in DMEM at pH 7.4 or pH 6.5 (B). Fluorescence microscopic observation on the
intracellular distribution of DOX in MG63 cells after incubation with DOX-MSNCaP@PLGA-collagen scaffolds for 12 hours. Cell nucleus was
represented blue fluorescence; DOX was represented red fluorescence; actin cytoskeleton was represented green fluorescence (C). DNA
laddering analysis on the severity of DNA fragmentation in MG63 cells upon treatment of DOX-MSNCaP@PLGA-collagen for 12 hours (I: PLGA-
collagen at pH 7.4, Il: DOX-MSNCaP@PLGA-collagen at pH 7.4, Ill: DOX-MSNCaP@PLGA-collagen at pH 6.5) (D).

a robust 3D network tightly locks the nanoparticles within the
micro-sponges. This stable physical entrapment effectively
prevents premature nanoparticle leaching in physiological
environments, which is further corroborated by the minimal
drug leakage observed at pH 7.4.

3.2 Acid-triggered doxorubicin release and apoptotic
induction in MG63 cells

Tumor recurrence is frequently accompanied by the acidifica-
tion of the local tissue microenvironment. Furthermore, it is
well-established that even after surgical tumor resection, the
specific post-operative and post-chemotherapy bone defect
environment remains weakly acidic.?”*® Herein, we explored the
acid-triggered drug release behavior of the DOX-
MSNCaP@PLGA-collagen scaffolds. The release profile of DOX
was evaluated in PBS buffer using UV-vis absorbance. As shown
in Fig. 2A, DOX release was successfully triggered in weakly
acidic PBS, with the release rate gradually decreasing over the
incubation period. In contrast to the release profile observed in
a neutral environment, the cumulative release of DOX under
weakly acidic conditions exceeded 80% within 20 hours. This
suggests that the hybrid scaffolds can efficiently release their
encapsulated therapeutic payload in response to acidic stimuli.

16846 | RSC Adv, 2026, 16, 16841-16853

Subsequently, the in vitro anti-tumor efficacy of the scaffolds
was assessed under acidic conditions to evaluate their thera-
peutic potential. MG63 cells were seeded onto the hybrid scaf-
folds and cultured for 12 hours to allow for cell attachment. The
medium was then replaced with DMEM adjusted to pH 6.5 to
mimic the weakly acidic tumor microenvironment, and the
constructs were cultured for an additional 2 days. Live/dead
staining results revealed that MG63 cells seeded on control
PLGA-collagen scaffolds remained viable (stained green) at both
pH 7.4 and pH 6.5. Conversely, in the DOX-MSNCaP@PLGA-
collagen group, almost all tumor cells exhibited extensive cell
death (stained red) (pH 6.5) under the mildly acidic conditions
(pH 6.5), whereas the majority of cells remained viable when
cultured at pH 7 (Fig. 2B).

We further investigated the cellular uptake efficiency of the
released DOX via a fluorescence microscope. As depicted in
Fig. 2C, intense red fluorescence was observed in the cell nuclei
when the DOX-MSNCaP@PLGA-collagen constructs were
cultured in DMEM at pH 6.5, indicating the effective internali-
zation and nuclear accumulation of the released DOX by the
MG63 cells. In contrast, constructs cultured in a neutral pH
environment exhibited negligible DOX leakage and minimal
nuclear fluorescence. As expected, no red fluorescence was
observed in the control PLGA-collagen group (Fig. S1). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 BrdU staining of MG63 upon treatment of DOX-MSNCaP@PLGA-collagen at pH 7.4 or pH 6.5. Scale bar: 50 pm.

apoptosis-inducing effect on osteosarcoma cells was further ~with DOX-MSNCaP@PLGA-collagen at pH 6.5 for 48 hours, the
confirmed by analyzing DNA fragmentation, a classic hallmark cells exhibited distinct DNA laddering; notably, this phenom-
of apoptosis. The results demonstrated that after treatment enon was not observed in cells treated at pH 7.4 (Fig. 2D).
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Fig. 4 Culture of MSCs in PLGA-collagen mesh or MSNCaP@PLGA-collagen mesh. Representative SEM images of MSCs in PLGA-collagen or
MSNCaP@PLGA-collagen mesh, the cells were cultured in the hybrid mesh for 6, 12 hours (A) and 24 hours (B). The distribution of MSCs in PLGA-
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Fig. 5 YAP/TAZ localization and osteogenic gene expression of MSCs. (A) Immunofluorescence staining of F-actin (green), YAP/TAZ (red), and
nuclei (DAPI, blue) in MSCs cultured on PLGA-collagen (), DOX-MSNCaP@PLGA-collagen (II), and DOX-MSNCaP@PLGA-collagen treated with
the YAP inhibitor verteporfin (Ill). (B) Quantification of the nuclear-to-cytoplasmic ratio of YAP/TAZ fluorescence intensity across the three
groups. (C—F) Real-time PCR analysis of osteogenesis-related genes, including RUNX2 (C), ALP (D), SPP1 (E), and IBSP (F). Data in (C-F) are
normalized to the gene expression of sub-cultured MSCs prior to seeding. All data are presented as mean &+ SD (n =4). *p < 0.05, **p < 0.01, ***p

< 0.001, ****p < 0.0001; N.S., not significant.

Finally, DNA synthesis activity, a critical indicator of cancer
cell proliferation,* was investigated using BrdU incorporation
assays (Fig. 3 and S2). MG63 cells cultured on DOX-
MSNCaP@PLGA-collagen scaffolds in a neutral environment
showed extensive green staining, indicating high proliferative
activity, comparable to cells cultured on the control PLGA-
collagen scaffolds at both pH 7.4 and 6.5. However, when the
culture environment was switched to mildly acidic conditions,
a drastic reduction in BrdU-positive cells was observed in the
drug-loaded scaffold group. These results confirm that the
mildly acidic environment effectively triggers the release of DOX
from the DOX-MSNCaP@PLGA-collagen scaffolds, thereby effi-
ciently eliminating cancer cells and inhibiting their
proliferation.

3.3 Evaluation of MSC adhesion on DOX-MSNCaP@PLGA-
collagen scaffolds

To assess the suitability of the therapeutic scaffold for stem cell
recruitment, we examined the initial adhesion and spreading of
MSCs. Observations revealed that MSCs firmly attached to the
scaffold surface after 6 hours and transitioned to a stretched,
spindle-like morphology by 12 hours (Fig. 4A). Following 24
hours of culture, the constructs presented a significantly
reduced porous appearance compared to cell-free scaffolds,

16848 | RSC Adv, 2026, 16, 16841-16853

indicating extensive cell infiltration and pore occupancy
(Fig. 4B, 1] and K). Furthermore, cell staining revealed
a homogeneous distribution of MSCs throughout the hybrid
scaffolds. Cytoskeletal analysis confirmed a well-spread
morphology with organized actin filaments in both the PLGA-
collagen and DOX-MSNCaP@PLGA-collagen groups (Fig. 4C),
suggesting excellent biocompatibility and a surface environ-
ment conducive to cell attachment.

3.4 Mechanotransduction-mediated YAP activation and
promotion of osteogenic differentiation

Cells possess the intrinsic ability to sense physical microenvi-
ronments and convert mechanical stimuli into biochemical
signals through a process known as mechanotransduction. Yes-
associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) act as nuclear mechanosensors, play-
ing pivotal roles in regulating the Hippo signaling pathway.*
Furthermore, recent evidence identifies YAP activation as a key
driver in Wnt signaling-mediated osteogenic differentiation.***
Given that the simulated post-chemotherapy tumor microenvi-
ronment in this study exhibits a rougher surface topography
(attributed to the incorporated MSNCaP nanoparticles), we
hypothesized that the scaffold could enhance MSC activity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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within this specific niche through mechanotransduction
pathways.

To explore this mechanism and definitively establish the
causal role of YAP-mediated mechanotransduction, we per-
formed YAP immunofluorescence staining on MSCs, including
a group treated with the specific YAP pharmacological inhibitor
verteporfin (VP). As depicted in Fig. 5A, cells cultured on the
DOX-MSNCaP@PLGA-collagen scaffold (Group II) exhibited
a well-spread, spindle-shaped morphology with distinct nuclear
translocation of YAP. In contrast, cells cultured on the control
PLGA-collagen scaffold (Group I) showed minimal YAP nuclear
localization. Crucially, the addition of VP (Group III) success-
fully blocked this topography-induced YAP nuclear entry.
Quantitative analysis of the YAP distribution (Fig. 5B) further
corroborated these observations, revealing a marked increase in
the nuclear-to-cytoplasmic YAP ratio in the DOX-
MSNCaP@PLGA-collagen group, which was significantly
reversed following VP treatment.

To further validate whether this YAP activation directly
dictates downstream osteogenic effects at the transcriptional
level, real-time PCR was employed to quantify the expression of
key osteogenesis-related genes, including RUNX2, ALP, SPP1,
and IBSP. MSCs on the DOX-MSNCaP@PLGA-collagen scaffold
exhibited a robust upregulation of these genes compared to the
PLGA-collagen control. However, following the pharmacological
inhibition of YAP with VP, this topography-driven genetic
upregulation was significantly abrogated (Fig. 5C-F). This direct
downregulation provides definitive functional evidence that the
enhanced osteogenic differentiation triggered by the nano-
structured scaffold is intrinsically dependent on the YAP
signaling pathway. Subsequently, osteogenic differentiation

© 2026 The Author(s). Published by the Royal Society of Chemistry

was assessed at the protein level. Consistent with the gene
expression data, cells on the DOX-MSNCaP@PLGA-collagen
scaffold displayed higher ALP staining intensity and enzy-
matic activity (Fig. 6A and B).

Immunocytochemical staining was performed to visualize
dominant extracellular matrix (ECM) components, specifically
collagen I, fibronectin, and osteocalcin (Fig. 6A and C). While
collagen I was robustly expressed in both groups, distinct
differences were observed in fibronectin and osteocalcin
expression. Previous literature suggests that lower fibronectin
density favors osteogenic differentiation in MSCs.** Consistent
with this, the DOX-MSNCaP@PLGA-collagen scaffold exhibited
weaker fibronectin staining compared to the strong signal
observed in the PLGA-collagen group. Conversely, osteocalcin,
a critical regulator of bone mineralization,* showed intense
staining in the DOX-MSNCaP@PLGA-collagen group but only
weak expression in the control. This indicates that the incor-
poration of MSNCaP significantly enhances the osteogenic
potential of the scaffold. Collectively, we successfully fabricated
a DOX-MSNCaP@PLGA-collagen hybrid scaffold to simulate the
residual post-chemotherapy tumor microenvironment in vitro.
Our investigation demonstrates that this specific biomimetic
environment effectively promotes the subsequent osteogenic
differentiation of MSCs via mechanotransduction.

In this study, we established a biomimetic system to simu-
late the post-chemotherapy tumor microenvironment in vitro.
Unlike conventional scaffold studies that evaluate biocompati-
bility purely in ideal physiological conditions, or existing
bifunctional platforms that attempt to merge tumor ablation
and regeneration simultaneously, our model uniquely incor-
porates the critical elements of realistic sequential cancer
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therapy: acidic pH and the presence of residual chemothera-
peutic agents (DOX). The pH-responsive release profile of DOX
from the MSNCaP nanoparticles (Fig. 2) effectively mimics the
local acidification and drug accumulation often observed in
tumor recurrence or post-treatment sites. This hostile environ-
ment typically inhibits cell proliferation; however, our results
surprisingly demonstrated that MSCs could maintain viability
and undergo robust osteogenic differentiation within this
simulated environment. This suggests that specific cues within
the scaffold can counteract the negative impact of chemical
stressors. The most significant finding of this work is the pivotal
role of mechanotransduction in driving osteogenesis, even
under chemotherapeutic stress. While chemotherapy is gener-
ally detrimental to stem cell function, our data indicates that
the physical architecture of the scaffold plays a compensatory
protective role. The incorporation of MSNCaP nanoparticles
created a hierarchical nano-roughness on the PLGA-collagen
pore walls (Fig. 1), which acted as a potent physical cue.

Our mechanistic investigation revealed that this surface
topography triggered the activation of the YAP signaling
pathway. As shown in Fig. 5 and 6, MSCs on the hybrid scaffold
exhibited distinct nuclear translocation of YAP, a hallmark of
mechanotransduction-mediated osteogenesis. We propose that
the strong mechanical signaling provided by the rough nano-
topography overrides the inhibitory chemical signals from the
DOX/acidic environment.***” Consequently, the activated YAP
pathway induces the transcriptional upregulation of critical
osteogenic markers (RUNX2, ALP, and OCN), which facilitates
osteogenesis.

The ability of the DOX-MSNCaP@PLGA-collagen scaffold to
induce osteogenesis in a simulated post-chemotherapy envi-
ronment offers a new perspective on scaffold design. It implies
that for post-tumor reconstruction, material design should not
only focus on drug delivery efficiency but also on providing
strong physical cues (like nanotopography) to “rescue” stem
cells from the harsh microenvironment.**** This study validates
the concept that modulating the biophysical properties of the
implant surface is a viable strategy to enhance regeneration in
pathological, drug-laden tissue environments.**>

4 Conclusion

In conclusion, our investigation into the simulated post-
chemotherapy niche highlights nanotopography-driven
mechanotransduction as a key determinant in sustaining
MSC viability and differentiation functionality. We proved that
surface topography can effectively counterbalance the osteo-
genic inhibition caused by chemotherapeutic agents. This study
not only provides mechanistic insights into cell-material inter-
actions under stress conditions but also offers a robust strategy
for the development of bifunctional implants capable of inte-
grating oncological therapy with regenerative medicine.
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this article and its supplementary information (SI). Supple-
mentary information: supporting data on material character-
ization and in vitro cellular assays. Data regarding the
fluorescence microscopic evaluations of intracellular DOX
distribution (Fig. S1) and BrdU cell proliferation assays under
varying pH conditions (Fig. S2) in MG63 cells are presented.
Additionally, primers and probes for real-time PCR analysis are
listed in Table S1. Optimization and characterization of doxo-
rubicin (DOX) loading efficiency and capacity in mesoporous
silica nanoparticles (MSNs) are included (Fig. S3 and Table S2).
See DOI: https://doi.org/10.1039/d6ra01031h.
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