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Surface-modified TizC, MXene nanosheets for
mesenchymal stem cell osteogenic differentiation
via photothermal conversion

Jiebing Zhang, Shuang Tang, Ning Ding, Ping Ma and Zutai Zhang (& *

In the field of bone tissue engineering, the practical application of growth factors is limited by various factors
such as systemic toxicity, instability, and the potential to induce inflammation. To circumvent these
limitations, the use of physical signals, such as thermal stimulation, to regulate stem cells has been
proposed as a promising alternative. The present study aims to investigate the potential of the two-
dimensional nanomaterial TizC, MXene, which exhibits unique photothermal properties, to induce
osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) via photothermal
conversion. Surface modification of TizC, MXene nanosheets with PVP (TizC,—PVP) was employed to
enhance their colloidal stability in physiological solutions. Characterization and cellular experiments
showed that TizC,—PVP nanosheets have favorable photothermal properties and biocompatibility. Our
study demonstrated that the induction of photothermal stimulation by co-culturing TizC,—PVP
nanosheets with BMSCs and subsequent irradiation with 808 nm NIR significantly promoted cell
proliferation, adhesion and osteogenic differentiation of BMSCs. In conclusion, the results of this study
suggest that TizC,—PVP is a promising material for bone tissue engineering applications as it can
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Introduction

Bone tissue engineering is a promising approach for treating
severe bone defects because it can reduce the complications
associated with autograft use, particularly those related to
donor site healing."? Bone tissue engineering involves three key
elements: seed cells, scaffolds, and growth factors.? In vitro cell
culture on tissue engineering materials is an option, but the
high cost and complex regulatory requirements of biological
components have led to a preference for the recruitment of the
patient's own cells from surrounding tissues.* Bone marrow-
derived mesenchymal stem cells (BMSCs) are critical for the
generation of cells such as osteoblasts, which play a critical role
in maintaining bone tissue homeostasis and repairing bone
defects.® In bone tissue engineering, the use of artificial mate-
rials requires the supplementation of growth factors such as
FGF, VEGF, IGF, TGF-B, PDGF, and BMP to stimulate the
differentiation of BMSCs into osteoblasts.®” Although growth
factors play a crucial role in bone tissue engineering, their
practical application is limited by issues such as systemic
toxicity, instability, and the potential to induce inflammation.?

The application of physical signals to regulate stem cell fate
has become an area of increasing interest in the fields of
biomaterials, tissue engineering, and cell biology.® Physical
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modulate the cellular functions of BMSCs through photothermal conversion.

signals offer an alternative to the use of growth factors in bone
tissue engineering, by providing a safe, targeted, and adjustable
method.' There are six categories of physical signals that can
be sensed by cells, including mechanical, optical, thermal,
electrical, acoustic, and magnetic.’ Thermal stimulation, as
a physical signal, is known to have both positive and negative
effects on biological systems. While elevated temperatures
above 46 °C have been shown to cause cell death and tissue
damage," mild thermal stimulation at temperatures between
40 and 42 °C, which is only 3-5 °C above the normal body
temperature, has been shown to regulate stem cell differentia-
tion and facilitate bone regeneration.*®*>**

treatments, hot
compresses, have limitations in that they primarily affect
superficial areas and lack precise control over temperature and
duration. To further exploit the osteogenic effects of mild
thermal stimulation and these limitations,
researchers have employed methods to deliver heat to deep
body tissues using magnetic fields, infrared radiation, and X-
rays.”” Photothermal therapy (PTT) has gained prominence in
biomedicine due to its capacity to selectively convert near-
infrared (NIR) light, which exhibits good transmissivity, into
heat through photothermal conversion. This addresses the
challenge of delivering thermal stimulation efficiently to deep,
specific lesion sites within the human body.'® PTT is primarily
utilized for cancer treatment and antimicrobial therapy,”'®
offering advantages such as the absence of drug resistance and

Traditional direct thermal such as

overcome
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minimal side effects conventional
chemotherapy.*

Recent research has generated a growing interest in the
utilization of two-dimensional (2D) nanomaterials, an emerging
class of photothermal agents with unique physical and chem-
ical properties, to deliver thermal stimulation in the field of
bone tissue engineering.'*?*** Ti;C, MXene is a kind of 2D
nanomaterials which holds great promise due to their
biocompatibility, high absorption of NIR, and efficient photo-
thermal conversion ability.”»** Although some studies have
suggested the potential of Ti;C, MXene to promote osteogenesis
in mesenchymal stem cells, the effect of photothermal modu-
lation remains under-investigated.” Our hypothesis is that
Ti;C, MXene could be an optimal photothermal agent to deliver
thermal stimulation in order to induce osteogenic differentia-
tion of BMSCs and potentially reduce the reliance on growth
factors.

The aim of this study is to investigate the photothermal
modulation of BMSCs by Ti;C, MXene nanosheets under NIR
irradiation. To overcome the limitations of instability and
oxidation susceptibility of Ti;C, MXene,*** poly(N-vinyl-
pyrrolidone) (PVP) was used to modify the nanosheets. PVP is an
amphiphilic, water-soluble polymer. Demonstrated as non-
irritating to skin, eyes, and mucosa, PVP exhibits excellent
tissue compatibility.”® Owing to its remarkable solubility in
various conventional solvents, low toxicity and chemical
stability, the use of PVP for surface modification has been
extensively explored in the field of pharmaceutical
manufacturing and biomaterial development.”” The surface-
modified TizC, (TizC,-PVP) nanosheets showed improved
stability in physiological solutions, excellent biocompatibility,
and enhanced osteogenic activity in cellular experiments.
Furthermore, thermal stimulation generated by NIR light was
found to modulate the proliferation, adhesion, and osteogenic
differentiation of BMSCs. These results are expected to provide
a deeper insight into the photothermal modulation of BMSCs
by Ti;C, MXene nanosheets under NIR irradiation and its
potential applications in bone tissue engineering.

compared  to

Experimental
Synthesis of Ti;C, MXene nanosheets

The preparation of Ti;C, MXene was performed according to
the MILD method.* First, 0.8 g of LiF was added to 10 mL of 9 M
HCI to prepare the etching solution. Next, the Ti;AlC, MAX
powder was slowly added to the etching solution and stirred at
a constant temperature of 35 °C for 48 hours. After the reaction,
the resulting product was centrifuged and washed several times
with deionized water, followed by further hand shaking and
centrifugation to obtain a suspension of Ti;C, MXene
nanosheets.

Surface modification of Ti;C, MXene nanosheets (Tiz;C,-PVP)

The process of modifying Ti;C, MXene nanosheets with PVP
was carried out to improve the stability. A mixture of 25 mg of
Ti;C, MXene and 200 mg of PVP with an average molecular
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weight of 40000 was dissolved in 100 mL of ethanol. This
solution was then stirred overnight at 50 °C. The final product,
Ti;C,-PVP, was obtained by centrifugation and multiple washes
with water and ethanol. Ti;C, and Ti;C,-PVP colloidal solutions
were diluted to a concentration of 25 pg mL~" using deionized
water, PBS, and Dulbecco’s modified Eagle's medium (DMEM).
The solutions were placed in vials and allowed to stand undis-
turbed for one week. Digital photographs were taken to observe
and evaluate the stability of Ti;C, and Ti;C,-PVP.

Characterization

The morphology of the samples was studied by scanning elec-
tron microscopy (SEM, GEMINI 300, ZEISS, Germany) and
transmission electron microscopy (TEM, Talos F200x, FEI, USA).
The crystal structure was analyzed by X-ray diffraction (XRD,
D8A25, Bruker, Germany). UV-vis-NIR absorption spectra were
recorded using a UV-vis-NIR spectrometer (UV-3600i Plus,
SHIMADZU, Japan). Particle size and zeta-potential were
measured using dynamic light scattering (DLS) and zeta-
potential measurements on a Zetasizer Nanoseries instrument
(zS90, Malvern, UK). The photothermal properties of the
samples were evaluated under 808 nm NIR light (LASERWAVE,
China) and the temperature was recorded using an Infrared
Thermal Imager (InfiRay, China).

Cell culture

Mouse bone marrow-derived mesenchymal stem cells (BMSCs)
were obtained from Jinyuan Technology (China) and cultured in
RPMI-1640 medium (Gibco, USA) that was supplemented with
10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/
streptomycin (Invitrogen, USA). Cells were maintained in
a controlled environment in an incubator at 5% CO, and 95%
relative humidity.

NIR irradiation of BMSCs

The BMSCs were co-cultured with 12.5 ug mL™" of TizC,-PVP
nanosheets. The control group consisted of growth medium
only. The cells were exposed to exposure to an 808 nm near-
infrared laser (LASERWAVE, China) until the temperature
reached 42 °C and was maintained at this temperature for
a duration of 5 minutes once a day.

Cell proliferation

To evaluate cell proliferation, the BMSCs were seeded and
cultured overnight in 96-well plates at a density of 5000 cells per
well. Ti;C,-PVP nanosheet colloidal solution was diluted with
complete medium at concentrations of 50, 25, and 12.5 g
mL ™", while the control group consisted of pure complete
medium. Cell viability was evaluated at 1, 3, 5, and 7 days using
the Cell Counting Kit-8 (CCK-8, Dojindo, Japan). Absorbance
values were measured using a microplate reader (BioTek, USA)
at a wavelength of 450 nm. The relative cell proliferation rate
was calculated as (experimental OD — control OD)/control OD.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Live/dead assay

The BMSCs were seeded at a density of 10 000 cells per well in
24-well plates. Twenty-four hours after NIR irradiation, the
samples were rinsed three times with PBS, incubated with
calcein-AM and propidium iodide (PI) for 30 minutes at 37 °C in
the dark, and observed with a fluorescence microscope
(Olympus, Japan).

Cell morphology

The BMSCs were cultured in 24-well plates on 14 mm diameter
coverslips at a density of 10000 cells per well. The cell
morphology was observed by phase-contrast microscopy
(Olympus, Japan) for bright field imaging. For SEM observation,
cells were fixed in a 2.5% glutaraldehyde solution overnight at
4 °C. After thorough rinsing with PBS three times, the samples
underwent a sequential ethanol dehydration process at
increasing concentrations (50%, 75%, 85%, 95%, and 100%).
To visualize the cytoskeleton, the samples were washed, fixed,
permeabilized, blocked, and incubated with Alexa Fluor 488-
phalloidin (Invitrogen, USA) for actin staining and DAPI (Invi-
trogen, USA) for nuclear staining. The samples were then
observed under a fluorescence microscope (Olympus, Japan).
Quantification was performed by calculating the area of cell
spreading (represented in green) using Image] software.

Quantitative reverse transcription-PCR (qRT-PCR)

The BMSCs were cultured in 12-well plates and exposed to 12.5
pg mL~"' Tiz;C,-PVP nanosheets and NIR light. Osteogenesis
induction medium was prepared by supplementing the
complete medium with 10 nM dexamethasone, 10 mM sodium
B-glycerol phosphate disodium, and 50 ug mL ™" ascorbic acid.
After osteogenesis induction for 14 days, total RNA was extrac-
ted using Cell Total RNA Isolation Kit (Vazyme, China). Reverse
transcription was performed to generate cDNA using HiScript
II All-in-one RT SuperMix (Vazyme, China). Then, a 20 pL
quantitative real-time PCR system was established using the
Taq Pro Universal SYBR qPCR Master Mix (Vazyme, China).
Real-time fluorescence quantitative PCR analysis was per-
formed using a real-time fluorescence quantitative PCR system
(Bio-Rad, USA). Relative gene expression levels were determined
by the AAC; method and normalized by GAPDH. Primer
sequences used in the analysis are listed below:

GAPDH: F-5-AGGTCGGTGTGAACGGATTTG-3', R-5-TGTA-
GACCATGTAGTTGAGGTCA-3',

ALP: F-5-TCCGTGGGCATTGTGACTAC-3’, R-5-
TGGTGGCATCTCGTTATCCG-3,
OCN: F-5-GGTAGTGAACAGACTCCGGC-3/, R-5-

GGCGGTCTTCAAGCCATACT-3';
OPN: F-5-ATCTCACCATTCGGATGAGTCT-3’, R-5-TGTAGG-
GACGATTGGAGTGAAA-3';

RUNX2: F-5-GACTGTGGTTACCGTCATGGC-3’, R-5-
ACTTGGTTTTTCATAACAGCGGA-3';
COL1: F-5-GCTCCTCTTAGGGGCCACT-3/, R-5-ATTGGG-

GACCCTTAGGCCAT-3'.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ALP staining

The BMSCs were cultured in 12-well plates and exposed to 12.5
pg mL~" Ti;C,-PVP nanosheets and NIR light. After 7 days of
osteogenic induction, the samples were fixed in 4% para-
formaldehyde for 30 minutes and rinsed with PBS. The BCIP/
NBT ALP staining kit from Beyotime Biotechnology (China)
was used to perform the staining procedure. The samples were
incubated with the working staining solution for 24 hours at
room temperature in the dark. The samples were then visual-
ized by microscopy, and the quantification of ALP-positive areas
was performed using Image] software. Quantification was per-
formed by calculating the ratio of the stained area (represented
in blue) to the total area (stained area/total area x 100%).

Alizarin red staining

For alizarin red staining (ARS) procedure, the BMSCs were
induced under conditions similar to those employed for the ALP
staining. After a period of 14 days of osteogenic induction, the
cells were fixed with 4% paraformaldehyde for 30 minutes and
then rinsed thoroughly with PBS without Ca** and Mg>".
Subsequently, the samples were incubated with 0.1% ARS
solution for 30 minutes in the dark. Calcium deposits were
quantified by determining the ratio of stained area (red) to total
area using Image]J software.

Statistical analysis

Data were presented as the mean + standard deviation and
analyzed using GraphPad Prism 9 software. The experiment was
performed at least three times to ensure reproducibility of the
results. Normality of all experimental data was verified by the
Shapiro-Wilk test, and in the case that all data conformed to
normal distribution, one-way analysis of variance (ANOVA) was
used to evaluate the differences between groups. The Student-
Newman-Keuls test was utilized to examine the differences
between each pair of groups. Statistical significance was deter-
mined at a p-value of less than 0.05.

Results
Synthesis and characterization of Ti;C,-PVP nanosheets

As shown in Fig. 1A, the Ti;C, MXene nanosheets were
synthesized through a process involving the etching of the
precursor TizAlC, MAX. To enhance the stability of TisC,
nanosheets, surface modification was carried out utilizing PVP.
The morphology of Ti;C, nanosheets was characterized by SEM
and TEM. As shown in Fig. 1B and C, the SEM and TEM images
revealed that the exfoliated Ti;C, nanosheets were well-layered
and exhibited a typical two-dimensional layered structure with
a lateral size of several hundred nanometers. To confirm the
complete etching of the Al atomic layer, XRD was performed to
analyze the crystal structure of the Ti;C, MXene. The XRD
pattern (Fig. 1D) showed that all the characteristic peaks of
TizAlC, had weakened or disappeared, except for the (002) peak
which shifted to the lower angle, indicating the successful
synthesis of Ti;C, MXene and the complete etching of the Al
atomic layer.

Nanoscale Adv., 2023, 5, 2921-2932 | 2923
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Fig.1 Characterization. (A) Schematic of the preparation of TisC, MXene nanosheets and PVP modification. (B) SEM image of TizC, nanosheets.
(C) TEM images of TizC, nanosheets. (D) XRD pattern of TizAlC, MAX and TizC, MXene.

Although Ti;C, nanosheets exhibited good dispersion and
stability in water, the poor stability in saline solution (PBS) and
Dulbecco's modified Eagle medium (DMEM) resulted in
significant agglomeration as illustrated in Fig. 2A. The modified
TizC, nanosheets (Tiz;C,-PVP) exhibited improved dispersion
and colloidal stability in a variety of simulated physiological
media, including water, PBS, and DMEM. The UV-vis-NIR
absorption spectra were analyzed to determine the effect of
PVP modification on the optical properties of Ti;C, nanosheets.
The results, as shown in Fig. 2B, indicated that the PVP modi-
fication did not have a negative effect on the optical properties
of Ti;C, nanosheets, as evidenced by the absorption peak near
800 nm of Ti;C,-PVP. The absorption peak of Ti;C,-PVP was
located in the NIR region, highlighting the potential of the
nanosheet to absorb 808 nm NIR light.

In order to determine the effectiveness of the surface
modification of Ti;C,~-PVP nanosheets, zeta potential analysis
was performed. The results (Fig. 2C) showed that the Ti;C,
nanosheets were stable in deionized water and had a zeta
potential of —23.33 + 0.81 mV. After modification with PVP, the
zeta potential decreased to —4.717 £ 0.63 mV, indicating that

2924 | Nanoscale Adv., 2023, 5, 2921-2932

the macromolecular chains of PVP form a layer of spatial
resistance on the surface of the Ti;C, nanosheets. To further
evaluate the colloidal stability of Tiz;C,~PVP nanosheets in
physiological solutions, dynamic light scattering (DLS) was
performed to determine the hydrodynamic size distribution.
The results (Fig. 2D-F) showed that the hydrodynamic size of
TizC, in water, PBS, and DMEM was 611.0 4 2.718 nm, 554.2 +
27.53 nm, and 695.2 + 13.69 nm, respectively. In contrast,
Tiz;C,-PVP in water, PBS, and DMEM showed smaller nanosheet
sizes, which were 351.6 + 6.313 nm, 412.9 + 6.350 nm, and
266.7 £ 2.483 nm, respectively.

Photothermal property of Ti;C,-PVP nanosheets

The photothermal heating ability was investigated by
measuring the temperature of Ti;C, and Ti;C,-PVP nanosheets
of different concentrations (100, 50, 25, and 12.5 ug mL ") after
exposure to 808 nm NIR laser at a power density of 1.0 W cm 2.
As depicted in Fig. 3A and B, the results showed that both Ti;C,
and TizC,-PVP colloidal solution achieved a temperature
increase to 65 °C (100 pug mL ™) and 40 °C (12.5 ug mL™ %),
respectively, within 3 minutes of NIR laser exposure. At

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Stability of TizC,—PVP nanosheets. (A) Photographs of TizC, and TisC,—PVP nanosheets in water, PBS, and media (DMEM) at least 1 week.
(B) UV-vis-NIR absorption spectra of TizC, and TizC,—PVP. (C) Zeta potential analysis of TizC, and TizC,—PVP in water. (D—F) Hydrodynamic size

of TisC, and TizC,—PVP in water, PBS, and media (DMEM).

concentrations of 50 ug mL " and 25 ug mL ™", the temperature
of TizC,-PVP nanosheets decreased slightly to 57.5 and 47.1 °C,
respectively, compared to 63.7 and 50.5 °C of Ti;C, nanosheets.

Furthermore, the photothermal performance of Ti;C,-PVP
nanosheets (12.5 pg mL~") was evaluated at different NIR power
densities. The results, shown in Fig. 3C, indicated that after 3
minutes of exposure to NIR light at a power density of 1.0 W
cm ™2, the temperature of Ti;C,~PVP increased by 15.6 °C, which
was comparable to the temperature increase of 16.7 °C for
Ti;C,. In addition, at a power density of 0.5 W c¢cm™>, the
temperature of TizC,-PVP increased by 3.7 °C, while the
temperature of Ti;C, increased by 4.2 °C.

To evaluate the photothermal stability of Tiz;C,-PVP nano-
sheets, we evaluated the temperature change during five
consecutive ON/OFF cycles of the NIR laser. The results (Fig. 3D)
indicated that Ti;C,-PVP nanosheets colloidal solution showed
no decrease in temperature during the ON/OFF cycles, indi-
cating their good photothermal stability and suitability for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biocompatibility analysis

In order to evaluate the biocompatibility of Ti;C,~PVP nano-
sheets, the effect on the cell proliferation ability of BMSCs was
analyzed using the CCK-8 assay. The BMSCs were co-cultured
with Ti;C,-PVP nanosheets for 1, 3, 5, and 7 days, and the
results (Fig. 4A) showed that Ti;C,-PVP exhibited good
biocompatibility at low concentrations (12.5 and 25 pg mL ™).
However, at a concentration of 50 pg mL ™", a significant inhi-
bition of cell proliferation was observed at 1 day. Notably, at
a concentration of 12.5 pg mL™, Ti;C,~PVP nanosheets
significantly promoted cell proliferation at 5 days. Considering
the biocompatibility and photothermal properties, the
concentration of 12.5 pug mL™' of Ti;C,-PVP nanosheets
colloidal solution was selected for subsequent experiments.

Nanoscale Adv., 2023, 5, 2921-2932 | 2925
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Fig. 3 Photothermal properties of TizC,—PVP nanosheets. (A) Photothermal heating curves of TizC, and TizC,—PVP colloidal solution with
different concentrations (100, 50, 25, 12.5 ng mL™Y) under 808 nm NIR irradiation (1.0 W cm™2). (B) Infrared thermal images of water and TizC,—
PVP colloidal solutions (100 pg mL™Y) under 808 nm laser irradiation (1.0 W cm™2). (C) Temperature change curves of TisC,—PVP colloidal
solutions (12.5 pg mL™Y under 808 nm NIR irradiation at different power densities (0.5, 1.0 W cm™2). (D) Recycling heating curves of TizC,—PVP
colloidal solutions (12.5 ug mL™?) for five ON/OFF cycles under 808 nm NIR laser (1.0 W cm™2).

The effect of the photothermal effect of Ti;C,-PVP nano-
sheets on cell viability and proliferation was further evaluated
by CCK-8 and live/dead staining. The CCK-8 results, as shown in
Fig. 4B, indicated that cell proliferation was significantly
enhanced at 1 day in the Ti;C,-PVP + NIR group, but no
significant difference was observed at 3, 5, and 7 days, when
compared with the other groups. Live/dead staining, as shown
in Fig. 4C, revealed that all groups showed strong green fluo-
rescence, indicating that most of the cells were viable and only
a small number of cells were dead (red fluorescence).

Cellular interactions of Ti;C,-PVP nanosheets with BMSCs

Bright field imaging and SEM were used to determine the
interaction of Ti;C,-PVP nanosheets with BMSCs. As illustrated
in Fig. 54, after co-culture with Ti;C,-PVP for 24 hours, the cells
appeared to be heavily enriched with nanosheets, as indicated
by the black sheet-like material present on the cell surface.

The SEM results (Fig. 5B) confirmed that Ti;C,-PVP nano-
sheets tended to bind to the cell membrane, showing significant
enrichment compared to the cell culture substrate. The effect of
photothermal treatment on the morphology of BMSCs was also
examined by staining for cytoskeletal actin. The results, as
shown in Fig. 5C, showed that BMSCs in the TizC,-PVP + NIR
group exhibited a flatter shape and larger spreading area
compared to the other groups, suggesting that photothermal
treatment promoted the adhesion of BMSCs.

2926 | Nanoscale Adv, 2023, 5, 2921-2932

Photothermal osteogenic effect of Ti;C,-PVP nanosheets on
BMSCs

To evaluate the photothermal modulation of Ti;C,-PVP on the
osteogenic differentiation of BMSCs, the relative mRNA
expression levels of osteogenic markers, including ALP, OCN,
OPN, RUNX2, and COL1, were evaluated by qRT-PCR after 14
days of osteogenic induction. The results (Fig. 6A-E) showed
that the expression levels of ALP, OCN, OPN, RUNX2, and COL1
were significantly increased in the Ti;C,-PVP + NIR group
compared with the other groups. Conversely, NIR irradiation
alone without TizC,-PVP did not affect gene expression. In
addition, the expression levels of ALP, OCN, RUNX2, and COL1
were also significantly higher in the Ti;C,-PVP group than in
the control group. The findings of the photothermal modula-
tion of osteogenic differentiation were further confirmed by ALP
staining (Fig. 7A and B) and alizarin red staining (Fig. 7C and
D). After 7 and 14 days of osteogenic induction, the group
treated with Ti;C,-PVP and NIR showed the highest levels of
ALP activity and the number of calcium salt deposits. Further-
more, the ALP activity and mineralization were also significantly
higher in the Ti;C,-PVP group compared with the control

group.

Discussion

Two-dimensional nanomaterials and their derivatives have
been extensively studied for their potential to regulate stem cell
behavior in tissue regeneration.”* Graphene has been widely

© 2023 The Author(s). Published by the Royal Society of Chemistry
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regarded as a promising biocompatible scaffold for promoting
the proliferation of mesenchymal stem cells and accelerating
their differentiation into osteoblasts.** MXenes, a family of two-
dimensional materials consisting of transition metal carbides
and nitrides, have been increasingly studied for their effects on
stem cells.” Despite the growing interest in the modulation of
MXenes on stem cells, no studies have been reported on their
photothermal modulation. Further research on the photo-
thermal modulation of MXenes on stem cells would contribute
to the advancement of MXene applications and photothermal
therapy in regenerative medicine and tissue engineering.

2928 | Nanoscale Adv,, 2023, 5, 2921-2932

Firstly, we successfully synthesized Ti;C, MXene nanosheets
using a method reported in the literature.> The morphology of
TizC, MXene was confirmed by SEM and TEM imaging, which
showed the typical two-dimensional structure of these mate-
rials. The XRD pattern was consistent with previous literature
reports and indicated that the Ti;C, MXene was successfully
synthesized through chemical etching without any residue of
the precursor TizAlC,.>* The results of UV-vis-NIR spectra anal-
ysis indicated that the modified Ti;C,-PVP nanosheets retained
a strong NIR absorption capability, with a characteristic peak at
800 nm, which falls within the biological NIR window (650-950

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 mMRNA levels of the osteogenic differentiation-related genes ALP (A), OCN (B), OPN (C), RUNX2 (D) and COL1 (E) in BMSCs co-cultured
with TizC,—PVP nanosheets with or without NIR irradiation (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

nm).** The stability of Ti;C, MXene nanosheets in physiological
solutions is a critical issue due to their aggregation in salt
solutions and susceptibility to oxidation.>?® This instability can
negatively affect the material's biocompatibility and limit its
practical use in the field of medicine. To address this issue, we
used PVP as a surface modifier to improve the stability of the
TizC, nanosheets. The visual observations and DLS assays
showed that the addition of PVP significantly improved the
colloidal stability of the Ti;C,-PVP nanosheets in water, PBS,
and DMEM solutions. The improved stability of the Ti;C,
MXene nanosheets in physiological solutions can be attributed
to the presence of the organic chain of PVP. This organic chain
reduces the strong interaction between the surface of the
nanomaterial and biomolecules or ions, thereby providing
a protective layer.** This protective layer helps to maintain the
stability of the nanomaterial in complex physiological envi-
ronments, making it more suitable for biomedical applications.

Secondly, it was observed that the surface modification of
Ti;C,-PVP nanosheets did not compromise their photothermal
properties, as evidenced by the temperature increase induced by
NIR irradiation of the Ti;C,—-PVP colloidal solutions. Even at

© 2023 The Author(s). Published by the Royal Society of Chemistry

a low NIR power of 0.5 W em ™2 and a low concentration of 12.5
pg mL ™", the colloidal solutions of Ti;C,~-PVP nanosheets were
able to induce a temperature increase of 3.7 °C. In contrast to
photothermal therapy for antitumor and antimicrobial
purposes, which often require higher temperatures, photo-
thermal therapy for tissue regeneration is limited to lower
temperatures to minimize tissue damage, typically a tempera-
ture increase of only 3-5 °C above the body temperature.*®*>**
Therefore, the photothermal properties of Ti;C,-PVP nano-
sheets are well-suited for applications in regenerative medicine.

Thirdly, we found that the cytocompatibility of Tiz;C,~PVP
nanosheets is concentration-dependent. While high concen-
trations (50 ug mL ™) were observed to inhibit cell proliferation,
low concentrations (12.5 ug mL ") were found to promote cell
proliferation. Notably, we found that high concentrations of
Ti;C,-PVP nanosheets exhibited cytotoxicity only on the first
day but did not inhibit cell proliferation at subsequent time
points (3, 5, and 7 days). The biocompatibility of MXene mate-
rials is still under debate, with some studies suggesting that
MXene is negligible at cytotoxic concentrations of up to
500 mg L~ ',* while others have reported a decrease in cell

Nanoscale Adv., 2023, 5, 2921-2932 | 2929
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Fig. 7 TisC,—PVP nanosheets and photothermal treatment promote the osteogenesis of BMSCs. (A and C) The ALP staining and the alizarin
staining of BMSCs co-cultured with TizC,—PVP with or without NIR irradiation. (B and D) Corresponding quantitative data of ALP and alizarin

staining (n = 3, ****p < 0.0001).

viability at a concentration of 1.5 pg mL™".>* Our results showed
that Ti;C,-PVP tended to accumulate on the cell membrane
rather than on the substrate of 2D cell cultures, which may also
contribute to cytotoxicity at high concentrations. Thus, from
our perspective, Ti;C,-PVP nanosheets have good biocompati-
bility for tissue engineering applications.

Based on previous studies,***” we targeted a temperature of
42 °C for photothermal osteogenesis. The temperature of the co-
cultures of BMSCs and Ti;C,-PVP was regulated by adjusting
the NIR power and monitored with an infrared imager. Our
results showed that the photothermal treatment promoted cell
proliferation in the early stages. Similar results have been re-
ported in the literature, where photothermal treatment at 40-
43 °C promoted the proliferation of preosteoblasts at 24 and
48 h.” In addition, we observed that cells exposed to Ti;C,-PVP
and NIR exhibited a flatter morphology, better spreading and
osteoblastic morphology. This observation is in consistent with
previous reports, indicating that wider cell spreading and
formation of many filopodia can promote osteogenic differen-
tiation of stem cells.*®

2930 | Nanoscale Adv, 2023, 5, 2921-2932

Fourthly, to evaluate the osteogenic potential of Ti;C,-PVP
nanosheets, we utilized qRT-PCR, ALP staining, and ARS
staining techniques to measure the expression of osteogenesis-
related genes, including ALP, OCN, OPN, RUNX2, and COL1,*
as well as the ALP activity and mineralization of BMSCs. Our
results showed that Ti;C,-PVP significantly promoted the
osteogenic differentiation of BMSCs. These findings are
consistent with several recent studies that have confirmed the
good osteogenic activity of Ti;C, MXene.****® The mechanism by
which Tiz;C, MXene promotes osteogenic differentiation of
MSCs may involve the activation of the Wnt/B-catenin signaling
pathway.**

Next, our study presented novel insights into the modulation
of osteogenic differentiation of BMSCs through photothermal
conversion. We found that the photothermal effect of Ti;C,-
PVP under NIR light further promoted the mRNA expression of
osteogenic markers, ALP activity, and mineralization of BMSCs.
Gentle photothermal stimulation has been widely demon-
strated to promote osteogenesis.*”~** Heat shock protein (HSP)
plays a key role in the regulation of photothermal osteo-
genesis.”*>** HSPs are a group of highly conserved molecular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chaperones whose expression is generally increased in response
to high temperature or other physicochemical stimuli.** In
recent years, studies have reported an important role of HSPs in
bone metabolism.**** Thermal stimulation upregulates HSP
expression and promotes osteogenesis through several
signaling pathways, including ERK, Wnt/B-catenin, MAPK, and
PI3K-Akt.>**

In the field of photothermal treatment, the parameters used
for tissue regeneration can vary. Previous studies have
employed different times of NIR irradiation, ranging from
longer periods of approximately 1 hour to shorter periods of
approximately 60 seconds.*®*® In our study, we selected a 5
minute daily irradiation frequency, based on previous reports.
During the 14 day experiment, the viability of BMSCs was
maintained, indicating the safety of our photothermal
treatment.

The study revealed that the photothermal effect of Ti;C,
represents a promising and emerging strategy in tissue engi-
neering, though certain limitations exist in the current inves-
tigation. Specifically, in the absence of inorganic or polymer
scaffold materials, Ti;C,-PVP nanosheets are susceptible to
metabolic degradation by the body fluid environment, resulting
in an unstable delivery of photothermal stimulation in the bone
defect area when used alone. Therefore, limited by the physical
properties of Ti;C,~-PVP nanosheets, this study only explored
their photothermal regulation of BMSCs, and animal experi-
ments to investigate the pro-osteogenic efficiency of Tiz;C,-PVP
nanosheets in vivo were not conducted. Consequently, in future
research, we plan to fabricate degradable composite films or
implants by incorporating Ti;C,-PVP with biocompatible poly-
mer materials. This will enable us to investigate the in vivo
application strategies of Ti;C,-PVP and its photothermal
modulation capability.

Conclusions

In this study, surface modification of Ti;C, MXene nanosheets
with PVP (Ti;C,-PVP) was employed to enhance their colloidal
stability in physiological solutions. Ti;C, nanosheets were
found to exhibit good biocompatibility and desirable photo-
thermal properties, making them a promising candidate for
regenerative medicine applications. The possibility of using
thermal stimulation instead of growth factors in bone tissue
engineering was explored by co-culturing Ti;C,-PVP nanosheets
with BMSCs and irradiating with 808 nm NIR. Our results
showed that the photothermal stimulation generated by TizC,—
PVP nanosheets was able to promote cell proliferation, adhe-
sion, and osteogenic differentiation of BMSCs. In conclusion,
photothermal conversion of TizC,-PVP nanosheets can modu-
late the cellular functions of BMSCs and has potential for bone
tissue engineering applications.
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