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A B S T R A C T

Mild thermal stimulation plays an active role in bone tissue repair and regeneration. In this work, a bioactive
polydopamine/Ti3C2/poly(vinylidene fluoride trifluoroethylene) (PDA/Ti3C2/P(VDF-TrFE)) nanocomposite
coating with excellent near-infrared light (NIR)-triggered photothermal effect was designed to improve the
osteogenic ability of implants. By incorporating dopamine (DA)-modified Ti3C2 nanosheets into the P(VDF-TrFE)
matrix and combining them with alkali initiated in situ polymerization, the resulting PDA/Ti3C2/P(VDF-TrFE)
nanocomposite coating gained high adhesion strength on Ti substrate, excellent tribological and corrosion
resistance properties, which was quite important for clinical application of implant coatings. Cell biology ex-
periments showed that NIR-triggered mild thermal stimulation on the coating surface promoted cell spreading
and growth of BMSCs, and also greatly upregulated the osteogenic markers, including Runt-Related Transcription
Factor 2 (RUNX2), alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin (OCN). Simultaneously, the
synthesis of heat shock protein 47 (HSP47) was significantly promoted by the mild thermal stimulation, which
strengthened the specific interaction between HSP47 and collagen I (COL-I), thereby activating the integrin-
mediated MEK/ERK osteogenic differentiation signaling pathway. In addition, the results also showed that the
mild thermal stimulation induced the polarization of macrophages towards M2 phenotype, which can attenuate
the inflammatory response of injured bone tissue. Antibacterial results indicated that the coating exhibited an
outstanding antibacterial ability against S. aureus and E. coli. Conceivably, the versatile implant bioactive
coatings developed in this work will show great application potential for implant osseointegration.

1. Introduction

The injury of bone tissue caused by bone destructive diseases (bone
fracture, bone tumor resection, osteonecrosis, etc.) can seriously affect
the normal function of skeletal system [1]. Clinically, the implantation
of biomaterials is a common way for repair and regeneration of the
damaged bone tissue. By virtue of excellent mechanical performances
and biocompatibility, titanium alloys have been widely used as im-
plantation materials in orthopedic surgery, such as internal fixation

plate [2]. However, the inherent bioinertness of titanium alloys often
brings the low osteogenic capability and weak osseointegration, which
may lead to implant failure [3]. An effective way to enhance the oste-
ogenic activity of a bone implant is to cover its surface with a bioactive
coating that can provide suitable physical or/and chemical microenvi-
ronments for cell growth, proliferation and osteogenic differentiation
[4]. Nevertheless, the most of currently developed bioactive coatings
still exhibit limited osteogenic potential after being implanted into body.
How to enhance cellular osteogenic differentiation for rapid repair and
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regeneration of defective bone tissue remains a major challenge at
present.

Temperature (thermal stimulation) is an important factor affecting
bone growth and development, and many studies have shown that
thermal stimulation may effectively promote cellular differentiation and
bone regeneration [5,6]. Scutt et al. [7] found that the thermal stimu-
lation at 41 ◦C enhanced the ALP activity and capacity of mineralization
of BMSCs. Zhang et al. [8] demonstrated that the thermal stimulation at
40–43 ◦C can enhance the cell proliferation of MC3T3-E1 and the rate of
new bone formation greatly. However, Branemark et al. [9] found that
when the temperature exceeded 45 ◦C, the osteoblasts were irreversibly
damaged along with the significantly increased activity of caspase 3
(apoptosis-promoting protease). It is generally acknowledged that mild
thermal stimulation (ΔT≤5 ◦C) has a pro-osteogenic effect, and the
excessive temperatures can instead accelerate cell apoptosis and damage
host bone tissue [10]. In the process of bone tissue regeneration, the
cellular osteogenic capability is critical, but the immune response of host
bone tissue to implant materials cannot be ignored. It has been revealed
that the immune response driven by macrophages (a kind of heteroge-
neous immune cells that are widely lived in injured tissue) play an
important role in bone tissue regeneration [11]. As is well known, the
macrophages can be polarized towards two different phenotypes (clas-
sically activated M1 and alternatively activated M2) according to the
surrounding microenvironment, and the M1 macrophages can damage
host bone tissue by secreting pro-inflammatory cytokines and the M2
macrophages can accelerate the formation of new bone by secreting
anti-inflammatory cytokines [12,13]. Han et al. [14] have revealed that
mild thermal stimulation can promote macrophage polarization towards
M2 phenotypes. Therefore, designing biomaterials with mild thermal
stimulation effect should be a feasible way to modulate cellular osteo-
genic differentiation and macrophage polarization, two crucial pro-
cesses in bone regeneration.

In recent years, NIR-responsive photothermal materials have
received increasing attention in different biological areas, such as tissue
regeneration and cancer therapy, by virtue of the large tissue penetra-
tion depth, spatiotemporal tunability and biosafety of NIR [15,16]. In
particular, the polymer photothermal composites composed of polymer
matrix and photothermal nanofillers have been widely studied in bone
regeneration [17–19]. P(VDF-TrFE) is a kind of fluoropolymer with
excellent biocompatibility and physiological stability, and has been
proved to support cell growth and bone regeneration in our previous
works and other publications [20–23]. As a member of the MXene
family, Ti3C2 nanosheets possess a near 100 % NIR photothermal con-
version efficiency and excellent biocompatibility [24]. It is speculated
that the Ti3C2 nanosheets reinforced P(VDF-TrFE) nanocomposite
coating will gain excellent photothermal property, which can be used for
promoting bone regeneration. However, the low adhesion strength of
the Ti3C2/P(VDF-TrFE) coating on titanium implant makes it easy to fall
off after being implanted into the body, which will cause the coating to
lose its function, thereby resulting in implantation failure. Inspired by
the mussel’s adhesive proteins, polydopamine (PDA) has emerged as a
powerful tool for improve interfacial adhesion strength due to the strong
interaction of PDA catechol groups with various surfaces [25]. Never-
theless, previous work has often involved coating the nanomaterials
with PDA first and then adding PDA modified nanomaterials into the
matrix to improve adhesion to different surfaces [26,27]. This approach
consumes a portion of the catechol groups during modifying the nano-
materials, which may lead to subsequent weakening of the adhesion
strength to other surfaces [28].

In this study, a PDA/Ti3C2/P(VDF-TrFE) nanocomposite coating
were prepared by incorporating DA-modified Ti3C2 nanosheets into the
P(VDF-TrFE) matrix first and then initiating in situ polymerization of DA
inside matrix. The adhesion strength, tribological and corrosion resis-
tance properties of the PDA/Ti3C2/P(VDF-TrFE) coating were investi-
gated, which is quite important in the clinical application of bone
implants. The osteogenic differentiation of BMSCs and polarization

behaviors of macrophages on the coating were further investigated, and
the underlying photothermal osteogenic mechanism were explored.
Considering that bacterial infection can hinder the osseointegration
between host bone tissue and implant, the photothermal antibacterial
activity of the coatings were also tested. The photothermal coatings
developed in this work may provide important guidance for the surface
design and modification of bone implants.

2. Materials and methods

2.1. Materials

Ti3AlC2 powders (400 mesh) were purchased from Jiaxing Hesimo
New Material Technology Co., LTD. (Jiaxing, China), and P(VDF-TrFE)
(70/30) powders were obtained from Piezotech (France). Dopamine
hydrochloride (DA), Tetramethylammonium hydroxide pentahydrate
(TMAH), Tris(hydroxymethyl)metyl aminomethane (Tris), N,N-
dimethylformamide (DMF), HF (40 %), concentrated HCl (37 %),
concentrated HNO3 (68 %), NaOH (AR), acetone and absolute ethanol
were supplied from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Ti substrates (Ti6Al4V alloy, 10 × 10 × 1 mm in dimensions)
were provided by Taizhou Huihuang new materials Co. Ltd. (Taizhou,
China). All reagents are analytical grade without further purification.

2.2. Preparation PDA/Ti3C2/P(VDF-TrFE) nanocomposite coatings

The clean Ti substrates were obtained according to the reported
method in our previous publication [23], and the Ti3C2 nanosheets so-
lution were prepared through three procedures, i.e., the etching of
Ti3AlC2 with HF solution, the intercalation of multilayered Ti3C2 with
TMAH solution and the delamination of intercalated multilayered Ti3C2
with the assistance of ultrasound, as described in our previous work
[29]. For preparation of DA/Ti3C2, the Ti3C2 nanosheets solution was
firstly adjusted to pH= 5 with 1 M HCl, and then the designed amount of
DA powders was added into Ti3C2 nanosheets solution. After stirring
magnetically for 12 h, the DA/Ti3C2 powders were obtained through
vacuum filtration with polypropylene filter membrane (pore size: 0.22
μm). The PDA/Ti3C2/P(VDF-TrFE) nanocomposite coatings were pre-
pared according to the following steps: Firstly, the desired amount of
DA/Ti3C2 powders were ultrasonically dispersed into DMF for 3 h, fol-
lowed by the P(VDF-TrFE) were added into Ti3C2 dispersion and stirring
magnetically for 3 h under supersonic vibration. Subsequently, the
DA/Ti3C2/P(VDF-TrFE) mixed solution was casted onto the clean Ti
substrates. With complete evaporation of DMF at room temperature
(RT), the DA/Ti3C2/P(VDF-TrFE) nanocomposite coatings were ob-
tained. After soaked in Tris buffer solution (pH = 8.5) for 24 h and then
annealing crystallization for 1 h at 210 ◦C, the PDA/Ti3C2/P(VDF-TrFE)
nanocomposite coatings (named as PTP-x, x represents the weight
content of Ti3C2 nanosheets) were prepared. As contrast, the Ti3C2/P
(VDF-TrFE) nanocomposite coatings (denoted as TP-x) and pure P
(VDF-TrFE) coating (signed as PP) were also prepared with similar so-
lution casting method as PTP-x. To obtain PDA/Ti3C2 nanoparticles for
characterization, the PDA/Ti3C2 nanoparticles were separated from
PDA/Ti3C2/P(VDF-TrFE) nanocomposite coatings through dissolving P
(VDF-TrFE) matrix with DMF.

2.3. Characterizations

The surface morphology of all the samples was investigated by field-
emission scanning electron microscope (FE-SEM, Apreo S, Thermo Sci-
entific, USA) and transmission electron microscope (TEM, Talos F200X,
Thermo Scientific, USA). The element mapping of PDA/Ti3C2 were
characterized through dark field modes of TEM. The thickness, surface
topography and roughness of the samples were investigated by atomic
force microscope (AFM, MultiMode 8, Bruker, Gemany) at a frequency
of 49 kHz and an amplitude of 0.5 V. Phase composition of the samples
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was analyzed with X-ray diffractometer (XRD, D8A25, Bruker, Gemany)
using Cu Ka radiation source (k = 1.54 Å) at 35 kV in the 2θ range of
10–80◦ with a scan rate of 5◦/min. Fourier transform infrared (FTIR)
spectra of the samples were recorded by an infrared spectrometer
(Vertex 70, Bruker, Gemany) with the range from 400 cm− 1 to 4000
cm− 1 at room temperature, and ultraviolet–visible (UV–vis) absorption
spectra of the samples were recorded by an ultraviolet–visible spectro-
photometer (Evolution 350, Thermo Scientific, USA). The chemical
composition was tested by X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi, Thermo Scientific, USA) with Mg Kα source at a base
pressure of 3.5 × 10− 9 Torr. Thermogravimetric analysis (TGA) of the
samples was carried out by a thermal gravimetric analyzer (Q50, TA
Instruments, USA) at a heating rate of 5 ◦C/min from 30 to 800 ◦C under
a nitrogen atmosphere. The surface potential of Ti3C2 nanosheets was
measured with a zeta potential analyzer (Zetasizer Nano ZSE, Malvern
Instruments, England) from pH 4 to 10 adjusted with 0.1 M HCl and
NaOH solutions. The surface wettability of the samples was measured by
contact angle meter (DSA30, Kruss, Gemany) equipped with a CCD
camera, and the equilibrium state of the water droplet upon contact with
the coating surface was used as contact angle.

2.4. Elastic modulus, indentation hardness and adhesion strength of
coatings

The elastic modulus, indentation hardness and adhesion strength of
the coating samples were tested at room temperature by a micro/nano-
mechanical properties test system (UNHT3-NST3, Anton Paar, Austria).
The elastic modulus and indentation hardness were calculated by Oliver-
Pharr method based on the load-displacement curves obtained from
nanoindentation experiments [30], in which a diamond indenter (type:
Berkovich; serial number: BBF-48) was used, and the maximum load,
loading/unloading rate and load holding time were set to 50 mN, 100
mN/min and 10 s, respectively. The adhesion strength of coatings on
substrate was examined via nano-scratch test, in which a diamond
indenter (Radius: 2 μm; type: Spherical; serial number: SB-C87) was
adopted, and the begin load, end load, force increasing rate, scratch
length were set as 10 mN, 500 mN, 10 mN/s and 0.5 mm, respectively.
The critical load (defined as the smallest load when a recognizable
failure of a coating occurs, which was observed using an optical mi-
croscope) is considered to be the adhesion strength of coatings on sub-
strate [31].

2.5. Tribological property tests

The friction coefficient (μ) and wear rate of the coating samples were
tested at room temperature (relative humidity: 60 %) by a multifunc-
tional friction and wear testing machine (TRB3, Anton Paar, Austria)
with ball-on-plate module under linear reciprocating mode. The stain-
less steel ball with a diameter of 5 mm was used as rolling ball, and the
normal load, sliding distance, sliding speed and number of reciprocating
motion were set to 5 N, 5 mm, 1 cm/s and 200, respectively. The μ was
calculated as the average value over the entire test period, and the wear
rate was calculated according to formula W––V/(F*L), where W, V, F,
and L are the wear rate, wear volume, normal load, and sliding distance,
respectively [32].

2.6. Electrochemical corrosion tests

The corrosion resistance property of the coating samples in SBF so-
lution were assessed via an electrochemical workstation (CHI760E,
Chenhua Instrument Co., Ltd, Shanghai, China). The electrochemical
tests were conducted with a three-electrode system. The working elec-
trode was the coating/Ti samples, and the counter electrode and refer-
ence electrode were platinum plate and silver chloride electrode. Before
the measurement, those samples were immersed in SBF solution for 30
min to obtain a steady state open-circuit potential (OCP).

Electrochemical impedance spectroscopy (EIS) tests were recorded
under the OCP value with the frequency ranging from 100 kHz to 0.01
Hz. The polarization curves were recorded with the potential ranging
from − 1500 to +1000 mV and the scan rate of 1 mV/s. The EIS data
were fitted by ZsimpWin software to provide further explanation about
the corrosion resistance of coating samples in SBF solution. The corre-
sponding corrosion potential (Ecorr) and corrosion current density (icorr)
were also analyzed by Tafel linear extrapolation.

2.7. Photothermal performance studies

The photothermal performance of the coating samples was investi-
gated with an infrared camera (Haikang H10). The coating samples were
immersed into PBS solution (1 mL), followed by irradiated with 808 nm
NIR for 10 min. The temperature of the coating samples was recorded at
an interval of 30 s (initial temperature: ~20 ◦C). To test the photo-
thermal performance of the coating samples under the environment of
37 ◦C, the initial temperature of 37 ◦C was maintained using a ther-
mostat water bath.

2.8. Isolation of bone marrow mesenchymal stem cells (BMSCs) and cell
culture

As previously described, BMSCs were extracted from the bone
marrow of 4-week-old male Sprague Dawley (SD) rats. After separating
the surface muscles from the femur and tibia of the rats, the bone ends
were cut open to expose the bone marrow cavity, followed by rinsing.
Once thoroughly rinsed, the cell suspension containing the bone marrow
was collected in a 15 mL centrifuge tube and repeatedly pipetted using a
1 mL pipette until no visible cell clumps were present, followed by
centrifugation to remove the supernatant. The aforementioned cells
were then placed in an incubator at 37 ◦C with 5 % CO2, and the culture
medium (α-MEM+10%FBS+0.5%Penicillin-streptomycin) was changed
every 2–3 days.

2.9. Cell viability assessment

The biocompatibility of PDA/Ti3C2/P(VDF-TrFE) nanocomposite
coating was evaluated using Live/Dead staining kits. BMSCs were
cultured on samples with different surface modifications for 48 h. An
808 nm NIR was illuminated on each sample for 10 min, conducted once
daily. Live cells were stained green with calcein-AM, while dead cells
were stained red with propidium iodide. Fluorescent images were
captured using a microscope. The effect of PDA/Ti3C2/P(VDF-TrFE)
nanocomposite coatings on cell viability of BMSCs was detected by CCK-
8 kits. Following the instructions in the user manual, the absorbance at
450 nm of each group was measured using a microplate reader after the
addition of the CCK-8 working solution. Cell survival was calculated as
the percentage of absorbance of cells cultured on the coatings relative to
the control (culture dish).

2.10. Cell adhesion assay

BMSCs were seeded on the surfaces of each nanocomposite coating
and treated according to the group. An 808 nm NIR was illuminated for
10 min, conducted once daily. After co-culturing for 48 h, the cells were
fixed with 4 % paraformaldehyde and stained with rhodamine-labeled
phalloidin for F-actin staining for 30 min. The cell nuclei were stained
with DAPI. Finally, fluorescent images were obtained with a microscope,
and the cell spreading area, perimeter, and Feret’s diameter were
quantitatively analyzed using Image J software.

2.11. Osteogenic activity assay

In order to evaluate the effects of different coatings and NIR-
mediated mild thermal stimulation on osteogenic differentiation of
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BMSCs in vitro, we used osteogenic medium composed of 50 μg/mL
ascorbic acid 2 phosphate, 10 mM glycerol β-glycerophosphate and 0.1
μM dexamethasone to induce osteogenic differentiation of BMSCs.
During culture, the cells were irradiated for 10 min daily by 808 nm NIR
according to the group. After 14 days of culture, alkaline phosphatase
(ALP) activity was detected by ALP staining kits, and mineralization was
evaluated by alizarin red staining kits. When the fusion degree of BMSCs
cultured on the sample reached 90 %, the protein was extracted using
total protein extraction kits, and the expression of osteogenic marker
proteins osteopontin (OPN), recombinant runt related transcription
factor 2 (RUNX-2) and osteocalcin (OCN) were quantitatively detected
by Western blotting. The steps of Western blotting are briefly described
as follows: First, the total protein extraction kit was used to extract the
proteins of each group and the bicinchoninic acid assay (BCA) kit was
used for quantitative analysis of the proteins. The protein samples were
added to 10 % PAGE gel for electrophoresis, and the voltage was
adjusted to 120 V after maintaining a constant voltage of 80 V for 30
min. PVDF was used for transmembrane and subsequently sealed with
skim milk powder. Dilute of different primary antibodies were added
and incubated overnight. After rinsing thoroughly, the corresponding
secondary antibodies were added for incubation. Finally, a chem-
iluminescence kit was used for protein band development photography.
In addition, the expression of osteoblast-related protein OPN was eval-
uated by immunofluorescence staining. The steps of immunofluores-
cence staining are briefly described as follows: First, the cells were fixed
with 4 % paraformaldehyde for 10 min and then infiltrated with 0.3 %
Triton-X for 10 min. After soaking with serum sealer, different anti-
bodies were added and kept in refrigerator at 4 ◦C overnight. Fluores-
cent secondary antibody was then added and the nucleus was stained
with DAPI solution. Finally, confocal microscope was used to observe
and photograph.

2.12. Mechanism of osteogenic differentiation induced by the composite
coating combined with NIR

To elucidate the mechanism of photothermal driven osteogenesis by
PDA/Ti3C2/P(VDF-TrFE) nanocomposite coating, Western blotting was
used to detect the expression of heat shock protein 47 (HSP-47), COL-I,
integrin-α2, integrin-β1 and key proteins in the MEK/ERK signaling
pathway in each group. In the inhibition test, the 10 μM U0126 (an
inhibitor of the MEK/ERK signaling pathway) was added into the culture
system with other culture conditions at the same.

2.13. Macrophage polarization in vitro assessment

To evaluate the effects of composite coatings and mild thermal
stimulation on macrophage polarization, RAW264.7 cells were cultured
on different surfaces, and their M1 phenotype was induced by hydrogen
peroxide solution. During culture, the cells were irradiated for 10 min
daily by 808 nm NIR according to the group. After 3 days of co-culture,
the expression of M1 macrophage associated marker (Inducible nitric
oxide synthase, iNOS) and M2 macrophage associated marker (Arginase
1, Arg-1) was evaluated by immunofluorescence staining and Western
blotting, respectively. In addition, the culture medium supernatant was
collected and the secretion of inflammatory factors tumor necrosis fac-
tor-α (TNF-α), iNOS, Arg-1 and interleukin-10 (IL-10) was analyzed by
enzyme-linked immunosorbent assay (ELISA) kits.

2.14. Antioxidant capacity test

To evaluate the antioxidant capacity of the PDA/Ti3C2/P(VDF-TrFE)
nanocomposite coating, the in vitro and vivo ROS scavenging assays
were carried out by using different free radicals (in vitro) and DCFH-DA
probe (in vivo). Three commonly used free radicals including superoxide
radical (⋅O2

− ), hydroxyl radical (⋅OH) and DPPH radical (DPPH⋅) are
selected for scavenging assays.

For ⋅O2
− scavenging, 1 mL of deionized water (control group),

nanoparticle aqueous dispersion (2 mg mL− 1) or one coating sample
(containing ~2 mg nanoparticles) was mixed with 12 mL of Tris-HCl
(10 mM, pH 8.2). Subsequently, 500 μL of pyrogallol solution (30
mM) was added to the mixed solution for 30 min incubation under NIR
(− ) (in the dark) or NIR (+) (808 nm NIR irradiation for only 10 min).
Then the mixture was centrifuged at 5,000 rpm for 5 min to subside
excessive nanoparticles, and the UV–vis absorption spectrum of the so-
lution was measured at 325 nm to calculate the ⋅O2

− scavenging ratio (%)
according to the formula: [(Acontrol - Ahydrogel)/Acontrol] × 100 %.

For ⋅OH scavenging, 300 μL of H2O2 (1 mM) was added into 2 mL of
mixed solution (consisting of 5 mM FeSO4⋅7H2O and 5 mM salicylic
acid-ethanol) to initiate the reaction. After 20 min, 1 mL of deionized
water (control group), nanoparticle aqueous dispersion (2 mg mL− 1) or
one coating sample was added, and then the mixture was incubated for
30 min under NIR (− ) or NIR (+). After centrifugation, the solution
absorbance was measured at 510 nm to calculate the ⋅OH scavenging
ratio (%) according to the above formula.

For DPPH⋅ scavenging, 1 mL of deionized water (control group),
nanoparticle aqueous dispersion (2 mg mL− 1) or one coating sample
were soaked into 3 mL DPPH ethanol solution (0.1 mM) and incubating
for 30 min under NIR (− ) or NIR (+). After centrifugation, the solution
absorbance was measured at 517 nm to calculate the DPPH⋅ scavenging
ratio (%) according to the same formula.

For the cellular ROS level test, BMSCs were inoculated on the coating
surface and supplemented with a medium containing H2O2 (0.1 mM).
During culture, the cells were irradiated for 10 min daily by 808 nm NIR
according to the group. Intracellular reactive oxygen species (ROS)
levels in different coating groups were detected by DCFH-DA probe after
coculture for 24 h. Photographs were taken by confocal microscopy and
fluorescence quantitative analysis was performed.

2.15. Antibacterial assay in vitro

Gram-negative Escherichia coli (ATCC 25922) and Gram-positive
Staphylococcus aureus (ATCC 25923) were selected to test the antimi-
crobial capacity of each coating in conjunction with NIR. Briefly, first,
50 μL of the prepared bacterial suspension (106/mL) was added to the
surface of the coatings and then subjected to 10 min of NIR irradiation
(500 mW/cm2). Subsequently, the bacterial suspension was diluted after
rinsing the coating with 1 mL PBS solution and then the spread plate
operation was carried out. The number of colony forming units (CFU) on
the solid agar plates was observed after incubation in an incubator at
37 ◦C for 24 h. In addition, the bacteria in each group were stained with
bacterial Live/dead staining kits and observed by a high-resolution
microscope to assess the survival rate of the bacteria after the above
treatments, in which the dead bacteria were stained with red fluores-
cence by PI, while the live bacteria were stained with green fluorescence
by SYTO-9. Bacterial reduction rate (%) = (C/C0) × 100 %, where C is
the number of dead bacteria and C0 is the total number of dead and live
bacteria.

2.16. Statistical analysis

All experimental data are expressed as mean ± standard deviations
(triplicate). Statistical differences between groups were analyzed by
one-way analysis of variance (ANOVA) with Tukey’s post hoc test. The
software SPSS 24.0 (IBM SPSS Statistics 24, IBM, NY, USA) was used. A
value of p < 0.05 was considered statistically significant (*p < 0.05, **p
< 0.01, ***p < 0.001).

3. Results and discussion

3.1. Preparation and characterization of PDA/Ti3C2 nanoparticles

The PDA/Ti3C2 nanoparticles were synthesized through in situ
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polymerization of DA inside P(VDF-TrFE) matrix. Firstly, the multilay-
ered Ti3C2 particles were prepared via HF etching, and then the Ti3C2
nanosheets were obtained by TMAH intercalation and ultrasonic
delamination of multilayered Ti3C2. The DA/Ti3C2 nanosheets were
further obtained by the electrostatic interaction of DA and Ti3C2

nanosheets in aqueous solution (pH = 5). Herein, the zeta potential
measurement (Fig. S1) demonstrated that the prepared Ti3C2 nanosheets
in aqueous solution (pH= 5) are negatively charged (− 28.6± 2.65 mV),
and it is well known that –NH2 group is easily protonated to become
positively charged in acidic solution. After P(VDF-TrFE) powders were

Fig. 1. Illustration for preparation of PDA/Ti3C2/P(VDF-TrFE) nanocomposite coatings (a). The SEM images of Ti3AlC2 (b), multilayered Ti3C2 particles (c), Ti3C2
nanosheets (d) and PDA/Ti3C2 nanoparticles (e). TEM element mapping images of PDA/Ti3C2 (f). AFM image (g) and thickness profile (h) of Ti3C2 nanosheets. AFM
image (i) and thickness profile (j) of PDA/Ti3C2 nanoparticles.
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completely dissolved in DA/Ti3C2 DMF dispersion, the resulted DA/
Ti3C2/P(VDF-TrFE) solution were immediately dropped onto clean Ti
substrates to prepare DA/Ti3C2/P(VDF-TrFE) coatings. Afterwards, the
DA/Ti3C2/P(VDF-TrFE) coatings were soaked into Tris buffer solution to
initiate the oxidative self-polymerization of DA. After the polymeriza-
tion of DA was finished, the PDA/Ti3C2/P(VDF-TrFE) nanocomposite
coating (PTP) was obtained by annealing treatment (Fig. 1a), and the
PDA/Ti3C2 nanoparticles were finally separated from PTP with DMF
solvent. The SEM images show that the Ti3AlC2 is a tightly stacked
layered structure with a size of ~12 μm (Fig. 1b), and the typical
accordion-like multilayered Ti3C2 is obtained by HF etching (Fig. 1c).
After intercalation and ultrasonic delamination, the apparent Ti3C2
nanosheets were observed with quite neat surface (Fig. 1d). However,
the surface of the separated PDA/Ti3C2 nanoparticles seem to be a little
rough, maybe implying the generation of PDA via in situ polymerization
of DA (Fig. 1e). TEM element mapping images (Fig. 1f) of PDA/Ti3C2
nanoparticles confirm that, besides the Ti, C, O, F elements, the N
element is also existed in PDA/Ti3C2, which only derived from PDA
molecules. AFM images show that the Ti3C2 nanosheets have visible
flake structure (Fig. 1g), with a thickness of ~2.0 nm (Fig. 1h). Although

the flake structure of PDA/Ti3C2 nanoparticles has unchanged (Fig. 1i),
but its thickness has increased to ~3 nm (Fig. 1j), further implying the
formation of PDA on the surface of Ti3C2 nanosheets.

PDA/Ti3C2 nanoparticles were further analyzed by other character-
ization methods. FTIR spectra (Fig. 2a) show that a strong adsorption
band at 3430 cm− 1 is observed in Ti3C2 and PDA/Ti3C2, which is
ascribed to the stretching vibration of –OH group [29]. Compared with
Ti3C2 nanosheets, four new weak absorption bands are found in
PDA/Ti3C2 nanoparticles, with 1726, 1480, 1260 and 624 cm− 1

assigned to the stretching vibration of C––O, bending vibration of
indole/indoline, scissoring vibration of CH2 and out-of-plane bending
vibration of –OH of PDA, respectively [33]. UV–vis absorption spectra
show that an obvious absorption peak is emerged at 231 nm (Fig. 2b),
which is attributed to the light absorption of PDA [34]. XPS were further
performed to analyze the elemental composition and binding states of
Ti3C2 and PDA/Ti3C2. As shown in Fig. 2c, besides C, Ti, O, F elements,
the N element is also detected in PDA/Ti3C2 nanoparticles, which only
derived from PDA. The C 1s spectrum of Ti3C2 nanosheets has been
deconvoluted into four components (Fig. 2d), with binding energies at
286.3, 285.7, 284.3 and 280.5 eV assigned to C–O, C–C, C–Ti-Tx and

Fig. 2. FTIR spectra (a), UV–vis absorption spectrum (b), survey XPS spectra (c), C 1s (d, e), O 1s (f, g), N 1s (h) XPS fitting spectra, TGA curves (i) of Ti3C2
nanosheets and PDA/Ti3C2 nanoparticles.
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C–Ti bond of Ti3C2, respectively. However, the deconvoluted C1s spec-
trum of PDA/Ti3C2 can be subdivided into C–O, C–C, C–Ti-Tx, C–Ti,
C––O and C–O–Ti six peaks (Fig. 2e), in which the C––O at 289.3 eV and
C–O–Ti at 287.2 eV originate from benzoquinonyl of PDA and the
chemical bonding between phenolic –OH groups of PDA and surface Ti
atoms of Ti3C2, respectively. For the O 1s spectrum, four deconvoluted O
1s peaks (H2O, C–Ti–OH, C–Ti–O and Ti–O) are found in Ti3C2 nano-
sheets (Fig. 2f). However, besides H2O, C–Ti–OH, C–Ti–O and Ti–O
peaks, another overlapping peak of C–O–Ti and C––O (C–O–Ti/C––O) is
identified in PDA/Ti3C2 nanoparticles (Fig. 2g), indicating the existence
of PDA [33]. Furthermore, the N 1s spectrum of PDA/Ti3C2 nano-
particles is deconvoluted into four components (Fig. 2h), including
R–NH2 at 406.0 eV, R–NH–R at 401.9 eV, R––N–R at 400.4 eV and N–Ti
at 398.8 eV. Herein, the R–NH–R and R––N–R bonds are indexed to the
indole ring structure of PDA, and N–Ti bond is ascribed to the binding of
amine at Ti atoms of Ti3C2 [35]. TGA curves (Fig. 2i) display that a
weight loss of 4.5 % is observed in Ti3C2 nanosheets when the temper-
ature is raised from room temperature to ~270 ◦C, which was attributed
to the evaporation of the bound water adsorbed on the surface of Ti3C2.
With the temperature raised to ~450 ◦C, another weight loss of 6.3 % is
produced, resulting from the removal of the –OH and –F groups of Ti3C2
surface [36]. When the temperature exceeds 450 ◦C, the weight of Ti3C2
nanosheets almost keeps constant. The PDA/Ti3C2 nanoparticles pre-
sents a similar TGA curves to Ti3C2 nanosheets, where the first weight
loss occurs at the range of room temperature to 360 ◦C, originating from
the removal of the bound water, partial –OH and –F groups of Ti3C2 and
thermolabile groups (-OH, –NH2) of PDA. The second weight loss is
observed at the range of 360–600 ◦C, which is ascribed to the elimina-
tion of the –OH and –F groups and thermal degradation of PDA [37]. It is
worth noting that temperature turning points of weight loss in Ti3C2 and
PDA/Ti3C2 are distinctly different, which may be attributed to the
intersecting thermal degradation between Ti3C2 and PDA. Based on the

above results and analysis, it can be concluded that the
self-polymerization of DA is successfully performed inside PTP coating.

3.2. Preparation and characterization of PTP nanocomposite coatings

According to the described procedure in Fig. 1a, the PTP coatings
with different Ti3C2 content were prepared. To screen out the optimal
PTP coating for subsequent photothermal effect mediated biological
studies, the photothermal property and biocompatibility of the PTP
coatings with different Ti3C2 content were investigated. As shown in
Fig. S2, the temperature elevation (ΔT) of PP, PTP-2.5, PTP-5 and PTP-
10 is determined to 2.7 ◦C, 10.8 ◦C, 19.1 ◦C and 20.2 ◦C under 10 min
NIR irradiation, indicating the optimal photothermal property in PTP-
10. However, the live/dead staining images (Fig. S3a) and statistical
results (Fig. S3b) show that the cell viability PTP-10 coating is only ~92
%, implied that the high content of Ti3C2 nanosheets reduced the
biocompatibility of PTP coatings. It is found that the PTP-5 coating ex-
hibits a comparable biocompatibility with control sample (blank) and
nearly same ΔT as PTP-10. So, the PTP-5 was selected for subsequent
coating characterization and biological studies.

Surface morphology of biomaterials has an important effect on cell
behaviors. The SEM images (Fig. 3a–c) show that the PP, TP-5 and PTP-5
coatings display similar surface morphology, with large numbers of
streak-like whiskers on the surface, and the thickness of PTP-5 coating is
about 80 μm, determined by SEM image of cross section of PTP-5
(Fig. 3d). It can be seen from AFM images that the PP, TP-5 and PTP-5
coating present apparent undulating surface topography (Fig. 3e–g),
and the averaged surface roughness are calculated to 181.7 ± 17.9 nm
for PP coating, 224.8 ± 30.4 nm for TP-5 coating and 228.7 ± 43.6 nm
for PTP-5 coating (Fig. 3h), indicated that the surface roughness of three
coatings has insignificant difference. The XRD patterns (Fig. 3i) show
that the β phase diffraction peak of P(VDF-TrFE) at 2θ = 19.8◦ and

Fig. 3. SEM images of PP (a), TP-5 (b) and PTP-5 (c) coatings. SEM image of cross section of PTP-5 coating (d). AFM images of PP (e), TP-5 (f) and PTP-5 (g) coatings
and surface roughness analysis (h). XRD patterns (i), FTIR spectra (j) and water contact angle (k), elasticity modulus and nano-indentation hardness (l) of PP, TP-5
and PTP-5 coatings.
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diffraction peaks of Ti substrate at 2θ = 35.5◦, 38.6◦ and 40.6◦ are found
in PP, TP-5 and PTP-5 coatings, while a new diffraction peak at 2θ = 6.0◦

is emerged in TP-5 and PTP-5, which is indexed to the (002) crystal
plane of the Ti3C2 nanosheets [38]. As observed in FTIR spectra (Fig. 3j),
all the coating samples present three absorption bands of β phase of P
(VDF-TrFE), with the absorption band at 1400 cm− 1 assigned to the
CH2 wagging vibration, and the absorption bands at 1285 and 842 cm− 1

ascribed to the CF2 symmetric stretching vibration [39]. As expected, a
characteristic absorption band at 564 cm− 1 indexed to Ti–O bond of
Ti3C2 is observed in TP-5 and PTP-5 coatings [40]. Compared with TP-5,
a new absorption band at 1504 cm− 1 is found in PTP-5 coating, which is
assigned to the stretching vibration of C––N bond of PDA generated by
self-polymerization of DA [33]. The measuring results of contact angle
(Fig. 3k) show that all the coating samples exhibit hydrophobic char-
acterization, and the water contact angle decreases slightly from PP,
TP-5 to PTP-5, which is attributed that both the Ti3C2 and PDA are
hydrophilic matter [41]. Moreover, the elasticity modulus and
nano-indentation were measured to evaluate the nano-mechanical
property of the coating samples. As shown in Fig. 3l, a slight increase
in elasticity modulus of the coatings is obtained, with 4.27 ± 0.31 GPa
for PP, 4.52 ± 0.19 GPa for TP-5 and 4.74 ± 0.28 GPa for PTP-5. And
also, the nano-indentation of the coatings is also enhanced, in which the
average nano-indentation of PP, TP-5 and PTP-5 coatings is determined
to 86.5, 97.0 and 110.6 MPa, respectively. The increased elasticity
modulus and nano-indentation in PTP-5 may be attributed that the NH2
groups of in situ formed PDA on the surface of Ti3C2 can strongly interact
with CF2 groups of P(VDF-TrFE) through hydrogen bond interaction

[42], which improved the interfacial bonding strength between hydro-
phobic P(VDF-TrFE) matrix and hydrophilic Ti3C2 nanofillers.

3.3. Adhesion strength, tribological and anti-corrosion properties of PTP
nanocomposite coatings

In terms of implant coatings, the adhesion strength of coatings on
substrates is one of the most key factors for its clinical application. A
bioactive coating with low adhesion strength may be easily detached
from substrate, which will destroy the inherent functionality of the
coating. So, the adhesion strength of coating samples on Ti substrates
was evaluated by nano-scratch test. It can be seen from Fig. 4a that all
the coatings display clear deep scratch tracks with narrow at the
beginning and wide at the end. Among, the scratch trace width of PTP-5
is visually narrower than that of PP and TP-5, maybe implying the
stronger internal interaction and higher cohesion strength of PTP-5
coating. The magnified SEM images of scratch traces show that all the
coatings are peeled off from Ti substrates at a certain position of
respective scratch trace. It is well known that the critical load is
considered as the adhesion strength of a coating on substrate [31]. Ac-
cording to the plot of normal load-scratch distance in Fig. 4b, the
adhesion strength of PP, TP-5 and PTP-5 coatings is determined to 0.12,
0.14, 0.19 N. Compared with PP and TP-5 coatings, the adhesion
strength of PTP-5 is enhanced by 58.3 % and 35.7 %, respectively. This
can be ascribed that, on one hand, the DA adsorbed on the surface of
Ti3C2 can be firmly adhered to the Ti substrate surface through the
catechol chemistry during in situ polymerization process [43]; on the

Fig. 4. SEM images of scratch traces on PP, TP-5 and PTP-5 coatings (a). The linear relation between scratch distance and normal load during nano-scratch test (b).
Illustration for tribological performance test (c). Friction coefficient-sliding time curves (d), calculated friction coefficient (e) and wear rate (f) of PP, TP-5 and PTP-5
coatings. Tafel plots (g), Nyquist plots (h) and Bode-phase curves (i), Bode-impedance curves (j) of PP, TP-5 and PTP-5 coatings.
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other hand, the in situ formed PDA improves the interfacial interactions
between the Ti3C2 nanofillers and P(VDF-TrFE) substrate, which en-
hances the cohesion strength of PTP-5 coating, resulting in a stronger
tearing resistance [44]. The tribological performance of implant surfaces
is also a concern for clinical application. As illustrated in Fig. 4c, the
tribological measurement of the coating samples was carried out by
reciprocating linear sliding. Friction coefficient-time curves (Fig. 4d)
display that a short running-in period (20–30 s) is observed at the
beginning of friction process, and then the friction coefficient μ of all the
coatings tends to become stabilized. Accordingly, the average friction
coefficient of PP, TP-5 and PTP-5 coatings were calculated to 0.325,
0.179 and 0.096, respectively (Fig. 4e). Further, the calculated results in
wear rate of the coatings show that, compared to PP coating, the wear
rate of TP-5 and PTP-5 coatings is greatly decreased, and the PTP-5
coating obtained the lowest wear rate (Fig. 4f). It can be seen from
Fig. S4, wear debris are observed on the wear mark of all the coatings,
implying the abrasive wear mechanism in the friction process. Many
large-sized wear debris are found on the wear mark of PP coating,
however, the wear debris on the wear mark of PTP-5 coating is almost
disappeared, indicating the optimal wear resistance in PTP-5 coating.
The enhanced wear resistance in PTP-5 coating can be attributed to the
enhanced nano-mechanical properties and reduced friction coefficient μ,
which has been proved in Figs. 3l and 4e, respectively. Besides adhesion
strength and tribological performance, the corrosion resistance of the
coating plays a dominant role in the durability of the implant. Fig. 4g
shows the typical potentiodynamic polarization curves (Tafel curves) of
PP, TP-5 and PTP-5 coating on Ti substrates, and the corresponding Ecorr
and icorr of these coatings are obtained by Tafel extrapolation method, as
shown in Table 1. All the coatings present a similar Tafel curves with Ti
substrate. Nevertheless, the Ecorr of the samples shifts gradually towards
the positive direction (Ti＜PP＜TP-5＜PTP-5) and the icorr of the sam-
ples shifts gradually towards the negative direction (PTP-5＜TP-5＜PP
＜Ti). As a result, the inhibition efficiency of PP, TP-5 and PTP-5 are
calculated to 67.0 %, 93.5 % and 97.7 %, respectively, which implies the
PTP-5 coating possessed the best corrosion resistance against SBF solu-
tion. The EIS tests are further performed to investigate the interfacial
charge transfer process between the samples and the electrolyte, and the
results are presented by the Nyquist and Bode plots. It can be seen from
Fig. 4h that the typical circular arc curves are observed in the Nyquist
plots of each sample. It is well known that the diameter of a circular arc
curve is closely related to the corrosion performance. Generally, the
larger diameter represents the more difficult permeation of electrolytes
into substrates, and directs the better corrosion resistance [45]. Obvi-
ously, the near-linear circular arc of the PTP-5 coating exhibits the
largest diameter, revealing the best anticorrosion property of PTP-5
coating on Ti substrate. The Bode-phase plot (Fig. 4i) shows that the
PTP-5 coating obtains a maximum phase angle near 80◦ at low fre-
quency, indicating the excellent capacitive character in PTP-5/Ti sam-
ple, and the reduced maximum phase angle in other samples (Ti, PP,
TP-5) maybe implies the occurrence of leakage phenomenon of capac-
itor [46]. Moreover, the highest resistance of PTP-5 coating in the
Bode-impedance plot (Fig. 4j) also indicates the best anticorrosion
property. This can be attributed that the PTP-5 coatings served as a
physical barrier, making corrosive liquid difficult to reach the surface of
the Ti substrate, and Ti3C2 reinforcing fillers could further enhance the
barrier effect and impermeability of PTP-5 coating. Besides, the in situ
formed PDA improved the interfacial bonding strength between P

(VDF-TrFE) matrix and Ti3C2, resulting in fewer pores or gaps inside
the coating, thereby enhancing the permeability resistance to the cor-
rosive liquid.

3.4. Photothermal property of PTP nanocomposite coatings

To further investigate the photothermal properties of the coating
samples, a series of experiments were carried out in PBS solution under
808 nm NIR radiation. It can be seen from Fig. 5a, the temperature of the
PTP-5 coating rises rapidly at first and then tend to be stabilized after
~2 min, and the ΔT at power densities of 100, 300 and 500 mW/cm2 are
determined to 4.8 ◦C, 9.5 ◦C and 19.6 ◦C, respectively. It is reported that
mild thermal stimulation (ΔT: 3–5 ◦C) is beneficial to tissue repair and
regeneration [47]. So, the power density of 100 mW/cm2 was selected as
NIR light source for subsequent studies. As shown in Fig. 5b, the ΔT of
TP-5 coating is determined to 3.2 ◦C, which is significantly lower than
that of PTP-5 coating. In addition, the PP coating exhibited an insig-
nificant ΔT similar to PBS solution (negative control) after 10 min NIR
irradiation at 100 mW/cm2, indicating the negligible temperature
change on PP coating. The infrared thermal images (Fig. 5c) further
verify that the color change is quite remarkable in the TP-5 and PTP-5
coatings, while little color change is seen in the PP coating and PBS
solution. The stability of photothermal effect of the PTP-5 coating was
evaluated by conducting three ON/OFF cycles with 808 nm NIR of 100
mW/cm2. As shown in Fig. 5d, the ΔT of PTP-5 coating is almost un-
changed over three cycles, indicating the excellent photothermal sta-
bility of PTP-5 coating. It is important to note that the bone implants
need to stay in the body for up to a year or even decades once implanted,
which necessitates that the functional coating on the surface of the
implant be able to maintain stable properties [48]. For example, if a
bone implant has loosened after a few months (such as aseptic
inflammation-induced bone loosening), an on-demand treatment can be
implemented via the stable photothermal effect of the implant’s surface
coating. Although Ti3C2-based biomaterials show good photothermal
performance in a short-term, their long-term photothermal performance
may be drastically reduced considering that Ti3C2 can be gradually
degraded in aqueous solution [49]. To evaluate the long-term photo-
thermal stability, the photothermal heating curves of PTP-5 coating
were examined under same conditions after soaked in PBS solution for
six months. It can be seen from Fig. 5e that, compared with the freshly
prepared PTP-5 coating, the ΔT of PTP-5 coating only shows a 5.9 % of
reduction after six months, however, the ΔT of TP-5 coating has been
reduced by 30.3 %. The long-term photothermal stability in PTP-5
coating is mainly ascribed that, on one hand, the in situ formed PDA
improved the interfacial compatibility between Ti3C2 and P(VDF-TrFE),
which makes it more difficult for SBF corrosive fluids to penetrate into
the PTP-5 coating [50]; on the other hand，the encapsulation of PDA
greatly reduced the contact between Ti3C2 nanosheets and SBF, which
makes Ti3C2 nanosheets less susceptible to oxidation or degradation,
thus allowing them to maintain their photothermal effect. The XRD
pattern of PDA/Ti3C2 nanoparticles separated from the PTP-5 coating
after six months showed that no diffraction peak of TiO2 was observed
(Fig. S5), confirming that the surface of the nanoparticles had not been
oxidized.

3.5. Biological effects of photothermal PTP nanocomposite coatings on
BMSCs

Since the optimal temperature for most mammalian cells in ex vivo
culture is around 37 ◦C, the photothermal effect of the coating samples
was re-examined under the environment of 37 ◦C before the biological
experiment. The results showed that the ΔT with 37 ◦C as initial tem-
perature is similar to the ΔT with 20 ◦C as initial temperature (Fig. S6),
confirming the validity of ΔT in subsequent biological experiments. To
assess the biocompatibility of the photothermal P(VDF-TrFE) nano-
composite coatings, the live/dead staining assays of BMSCs were

Table 1
Electrochemical corrosion parameters of different samples in SBF solution.

Samples Ecorr (mV) icorr (A/cm2) Inhibition efficiency (%)

Ti − 823 3.48 × 10− 6 /
PP − 499 1.15 × 10− 6 67.0
TP-5 − 395 2.26 × 10− 7 93.5
PTP-5 − 261 7.96 × 10− 8 97.7
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performed under NIR irradiation (100 mW/cm2). It can be seen from
Fig. 6a, all the samples, including control, TP-5 and PTP-5 coating,
exhibit the excellent biocompatibility under NIR (+) (with NIR irradi-
ation) or NIR (− ) (without NIR irradiation) after 2 days of culture, and
the dead cells are scarcely observed in the visual field. The results of cell
viability (Fig. 6b) show that no statistical difference is observed between
different samples after 1, 3 and 7 days of culture. And also, the cell
viability of BMSCs also shows insignificant differences in the same
sample under NIR (+) or NIR (− ). The cell morphology of BMSCs was
further investigated by Rhodamine-Phalloidin kits. As shown in Fig. 6c,
the cell spreading of BMSCs on PTP-5 coating is better than that on TP-5
coating and control under NIR (− ) after culturing for 2 days, maybe
ascribed to the adhesion promoting effect of PDA [51]. When NIR
irradiation was implemented, the F-actin staining area (red) of BMSCs
on TP-5 and PTP-5 coatings seem to be wider. Statistical analysis
(Fig. 6d–f) shows that the BMSCs cultured on PTP-5 coating achieve the
largest cell area, perimeter and feret’s diameter under NIR (− ), and the
cell area, perimeter and feret’s diameter of BMSCs are further enhanced
under NIR (+), which indicates that the mild thermal stimulation on
PTP-5 coating promoted the cell spreading of BMSCs effectively.
Generally, the better cell spreading is more conducive to subsequent cell
growth and osteogenic differentiation [52].

3.6. Osteogenic ability of BMSCs on photothermal PTP nanocomposite
coatings

To further evaluate the osteogenic ability of the photothermal P
(VDF-TrFE) nanocomposite coatings, the ALP and alizarin red staining
assays were performed. It can be seen from ALP staining images (Fig. 7a)
that the PTP-5 coating presents a larger ALP staining area than that of

TP-5 and control under NIR (− ), and the ALP staining area on both TP-5
and PTP-5 coatings are further enlarged under NIR (+), which is
confirmed by the quantitative results of ALP staining images (Fig. 7b).
The mineralization degree of BMSCs was investigated by alizarin red
staining assay (Fig. 7c). Similarly, the larger staining areas are observed
on the TP-5 and PTP-5 coatings under NIR (+), and the staining area on
PTP-5 coating is obviously larger than that on TP-5 coating, which is also
verified by quantitative results of alizarin staining images (Fig. 7d). The
ALP and alizarin red staining results indicate that the NIR-induced mild
thermal stimulus promotes the ALP activity and mineralization degree of
BMSCs, and the stronger mild thermal stimulus can produce a better
promoting effect of osteogenic differentiation. Besides ALP activity and
cell mineralization, the expression level of OPN, RUNX-2 and OCN,
which was usually used for assessing cellular osteogenic differentiation,
were also analyzed by western blotting assays. As shown in Fig. 7e–h,
the expression of OPN, RUNX-2 and OCN in TP-5+NIR and PTP-5+NIR
were higher than those in other NIR (− ) groups. There were no signif-
icant differences in the relative protein expression levels of OPN, RUNX-
2 and OCN among different samples without NIR irradiation. However,
the relative protein expression level of all the proteins is noticeably
upregulated on the TP-5 and PTP-5 coatings with NIR irradiation, and
the PTP-5+NIR group has the highest expression of osteogenic related
proteins. Moreover, the OPN immunofluorescent staining assay was
carried out for further investigate the osteogenic ability. Fig. 7i displays
the representative fluorescence images of cell nucleus (blue) and OPN
(green). Apparently, the fluorescence intensity of OPN on TP-5 and PTP-
5 coatings with NIR irradiation is much higher than that on other
samples, proving the pro-osteogenic effect of mild thermal stimulus
again. The quantified results (Fig. S7) reveal that the fluorescence in-
tensity of OPN on PTP-5 coating is significantly higher than that on TP-5

Fig. 5. Temperature change curves of PTP-5 coating under NIR irradiation at different power densities (a). Temperature change curves of PP, TP-5 and PTP-5
coatings under 100 mW/cm2 NIR irradiation (b). Infrared thermal images of PBS solution, PP, TP-5 and PTP-5 coatings under 100 mW/cm2 NIR irradiation (c).
Recycling heating curves of PTP-5 coating under 100 mW/cm2 NIR irradiation (d). Temperature change curves of TP-5 and PTP-5 at the time of freshly prepared and
six months later (e).
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coating.

3.7. Osteogenic mechanism on photothermal PTP nanocomposite coatings

It is well known that cell differentiation strongly depends on the
surface characteristics of biomaterials. In the process of cells attaching
onto the surface of biomaterial, cells are able to sense the surface
microenvironment, such as surface roughness, electrical charge and
temperature [53], and subsequently establishing the specific binding
between cell surface integrins and ECM proteins adsorbed on the
biomaterial surface. As an important physical characteristic, tempera-
ture plays a critical role in cell growth behaviors, including cellular
adhesion, differentiation, apoptosis, and so on [54]. It is reported that
the thermal stimulation (temperature variation) of biomaterial surface
can strongly induce the synthesis of heat shock protein (HSP) that is a
class of ubiquitous heat stress proteins from bacteria to mammals, and
then effecting the subsequent cell responses [55]. Many previous works

found that the expression level of HSP47 (a kind of key HSP) was
significantly upregulated at the same time of achievement of
pro-osteogenesis under thermal stimulation [8,56,57]. Nagata group
[58] further proved that the HSP47 was a molecular chaperone protein
of collagen and was able to promote the early synthesis and maturation
of COL-I. As is well known, COL-I is the main component of ECM pro-
teins and plays a positive role in cell differentiation. Previous studies
have shown that cell integrins composed of β1 and different α subunits,
such as α1β1, α2β1, α5β1, have been usually implicated into the
cell-material interactions through binding with ECM proteins [59]. For
instance, the specific recognition and binding between integrin α5β1
and fibronectin of ECM produced a significant promoting effect in cell
adhesion and osteogenic differentiation [60]. In our previous work, we
have demonstrated that, among different cell integrins including α1β1,
α2β1, α5β1 and αvβ1, the specific binding between integrin α2β1 and
COL-I is responsible for the enhanced cellular osteogenic differentiation
through activating the α2β1-mediated MEK/ERK signaling pathway

Fig. 6. Fluorescence images of live/dead staining of BMSCs cultured on different samples with or without NIR irradiation after 2 days (a). Cell viability at 1, 3, and 7
days (b). Representative images of cytoskeleton staining of BMSCs (c). Quantification of cell area (d), perimeter (e) and ferret’s diameter (f) of BMSCs.
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Fig. 7. ALP staining images (a) and quantification of staining area (b) of BMSCs after culturing for 7 days. Alizarin red staining images (c) and quantification of
mineralization capacity (d) of BMSCs after culturing for 21 days. The representative image of western blotting (e) and the relative protein expression level of OPN,
RUNX-2 and OCN (f–h). GAPDH was the reference. (i) The representative images of the BMSCs after immunofluorescent staining (Blue: cell nuclei; Green:OPN).

S. Xia et al.



Materials Today Bio 27 (2024) 101156

13

[61]. So, it is speculated that the HSP-COL-I interaction and
α2β1-mediated MEK/ERK signaling pathway maybe play dominating
role in mild thermal stimulation driven osteogenesis.

To investigate the underlying osteogenic mechanism under mild
thermal stimulation, some key signaling proteins including HSP-47,
COL-I, integrin α2, integrin β1, p-MEK (phosphorylated MEK) and p-
ERK (phosphorylated ERK) were analyzed by western blotting assay. As
shown in Fig. 8a, the expression of each protein in PTP-5+NIR group
seemed to be the highest. The quantification of protein bands (Fig. 8b–g)
shows that the relative expression level of all the proteins (HSP-47, COL-
I, α2, β1, p-MEK and p-ERK) of TP-5 and PTP-5 coating is markedly
upregulated when NIR irradiation was implemented. And also, the
relative expression level of the related proteins of PTP-5 coating is much
higher than that of TP-5 coating, which may be attributed to the higher
ΔT on PTP-5 coating. Previous researches demonstrated that the mild
thermal stimulation (ΔT: 3–5 ◦C) could promote osteogenesis, and
within this suitable ΔT range, the higher ΔT exhibited the better pro-
osteogenic effect [47,62]. Concerning the current results, it is thought
that the MEK/ERK signaling pathway is likely responsible for the
improvement of mild thermal stimulation induced osteogenic differen-
tiation. In order to further verify the possible MEK/ERK osteogenic
signaling pathway, the inhibition assays were performed with
PTP-5+NIR group by adding the inhibitor U0126 into the cell culture
medium. Results show that the addition of U0126 inhibits the ALP
secretion (Fig. 8h) and mineralization degree (Fig. 8i) of BMSCs. Be-
sides, the expression level of osteogenesis-related markers (OPN,
RUNX-2 and OCN) were also strongly inhibited, as observed in Fig. 8j
and k. These results clearly revealed the dominating role of MEK/ERK
signaling pathway in mild thermal stimulation induced osteogenic dif-
ferentiation. Based on the abovementioned results and analysis, a
plausible mechanism is proposed for enhanced cellular osteogenic dif-
ferentiation on the photothermal P(VDF-TrFE) nanocomposite coatings,
as illustrated in Fig. 8l. When NIR is illuminated on the surface of
photothermal coatings, the HSP47 is inductively synthesized due to the
mild thermal stimulation. Whereafter, the thermal induced HSP47 spe-
cifically recognizes and binds with the triple helix structured tropocol-
lagen of COL-I via hydrophobic-hydrophilic interactions, which
prevents the COL-I from biological inactivation caused by the unfold-
ment or aggregation of the tropocollagen, thereby promoting the
self-assembly synthesis and maturation of COL-I [58,63]. As a result, the
expression level of integrin α2β1 is also upregulated with the increase of
COL-I content due to the specific recognition and binding between α2β1
and COL-I. The enhanced specific α2β1-COL-I interaction promoted the
expression of downstream p-MEK and p-ERK signaling proteins in the
integrin α2β1-mediated MEK/ERK signaling pathway, thereby
improving the cellular osteogenic differentiation.

3.8. Regulation of macrophage polarization by photothermal PTP
nanocomposite coatings

In addition, the immunoregulation dominated by macrophages also
plays a vital role in the repair and regeneration of injured tissue. As is
known to all, macrophages can be polarized to the M1 or M2 phenotypes
depended on the surrounding microenvironment [64]. M1 phenotype
mainly secretes proinflammatory cytokines that induce inflammatory
response and retard tissue regeneration, and M2 phenotype mainly se-
cretes anti-inflammatory cytokines that attenuate inflammatory
response and accelerate tissue healing [65–67]. Among them, M2
macrophages are thought to be effective in stimulating the differentia-
tion of BMSCs into mature osteoblasts and stimulating bone minerali-
zation in vitro [68]. This is due to the fact that bone morphogenetic
protein 2, transforming growth factor-β and insulin-like growth factor 1
secreted by M2 macrophages can induce osteoblast differentiation [69].
To understand the effect of the photothermal P(VDF-TrFE) nano-
composite coatings on the polarization behaviors of macrophages, the
representative proinflammatory and anti-inflammatory cytokines of

macrophages were examined by immunofluorescence staining, western
blotting and enzyme-linked immunosorbent assays. The immunofluo-
rescent staining images in Fig. 9a show that the fluorescence intensity of
proinflammatory iNOS of macrophages cultured on TP-5 and PTP-5
coatings reduces significantly after NIR irradiation is applied, while
the fluorescence intensity of anti-inflammatory Arg-1 increases, which is
further confirmed by the quantified results of fluorescence images
(Fig. 9b and c) and protein bands of western blotting (Fig. 9d–f).
Moreover, the results of enzyme-linked immunosorbent assay (ELISA)
also show that the illumination of NIR on TP-5 and PTP-5 coatings in-
hibits the secretion of proinflammatory TNF-α and iNOS, but promotes
the secretion of anti-inflammatory Arg-1 and IL-10 greatly (Fig. 9g–j).
These results indicated that mild thermal stimulation on TP-5 and PTP-5
coatings can induce the M2 polarization of macrophages, which is
consistent with the research results of Li et al. [14]. The possible reasons
mainly be attributed that the mild thermal stimulation upregulated the
expression of heat shock proteins, such as HSP47, which can inhibit the
expression of NF-κВ, thereby decreasing the secretion of inflammatory
factors [16,24]. Noting that, when NIR irradiation is not applied, the
expression of proinflammatory cytokines has the following order: con-
trol＞TP-5＞PTP-5 (Fig. 9b–e,g,h), while the expression of
anti-inflammatory cytokines has opposite order (Fig. 9c–f,i,j), implying
the higher degree of M2 polarization of macrophages on PTP-5 coating,
which may be attributed the good antioxidant ability of PDA and Ti3C2
in the PTP-5 [70,71], as proved by the in vitro and vivo ROS scavenging
assays. Results show that both the Ti3C2 and PDA/Ti3C2 nanoparticles
present good free radical scavenging capability against ⋅O2

− , ⋅OH and
DPPH⋅ radicals under NIR (− ), and a higher scavenging ratio is gained in
the PDA/Ti3C2 (Figs. S8a–c). For the coating samples, the scavenging
ratio of three free radicals has the same order: PP＜TP-5＜PTP-5 under
NIR (− ), and the NIR-triggered thermal stimulation has insignificant
effect on the free radical scavenging capability of the same group sam-
ple. Furthermore, the cellular reactive oxygen species (ROS) level (green
fluorescence) of PTP-5 coating under NIR (− ) is lower than that of TP-5
and control under NIR (− ) after incubation for 30 min, but the
NIR-triggered thermal stimulation has no influence on cellular ROS level
(Figs. S8d and e). The in vitro and vivo ROS scavenging assays indicated
that the stronger antioxidant ability of PTP-5 coating mainly depended
on the chemical composition of PDA and Ti3C2. Based on these results, it
is speculated that NIR-triggered thermal stimulation and antioxidant
components (PDA and Ti3C2) may promoted M2 polarization of mac-
rophages on the PTP-5 coating together.

3.9. Antibacterial activity of PTP nanocomposite coatings

Bacterial infection at the site of material implantation is one of the
key factors that hinder bone tissue repair and regeneration [72,73].
Therefore, the antibacterial activity of PTP nanocomposite coatings
under NIR (+) or NIR (− ) was assessed by the spread plate and bacterial
live/dead staining tests. In spread plate test, the bacterial colonies of
both S. aureus (Fig. 10a) and E. coli (Fig. 10b) among three samples show
no difference after 24 h of incubation under NIR (− ). When NIR was
illuminated for 10 min, the bacterial colonies of TP-5 and PTP-5 coatings
reduces dramatically, and the bacterial colonies of S. aureus and E. coli
treated with PTP-5 coating are visibly less than that treated with TP-5
coating. Nevertheless, no significant change is observed in bacterial
colonies of control group. Furthermore, the bacterial live/dead staining
images show that almost no dead S. aureus (Fig. 10c) and E. coli
(Fig. 10d) bacterium are observed on three samples under NIR (− ). After
NIR irradiation for 10 min, the live bacteria numbers on control group
did not seem to decrease significantly, however, almost all the S. aureus
and E. coli bacterium on TP-5 and PTP-5 coatings are killed. The quan-
tified results of bacterial live/dead staining images show that the bac-
teria reduction rate of S. aureus (Fig. 10e) and E. coli (Fig. 10f) on PTP-5
coatings reached up to 99.38 % and 99.44 %, respectively. This is
ascribed that the NIR-triggered high temperature (＞45 ◦C) can damage
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Fig. 8. Representative images of western blotting analysis (a) and the relative protein expression level of HSP-47, COL-I, Integrin-α2, Integrin-β1, p-MEK and p-ERK
(b–g). GAPDH was the reference. ALP (h) and alizarin red (i) staining images of BMSCs with the addition of inhibitor U0126. Western blotting images of OPN, RUNX-
2 and OCN proteins with the addition of inhibitor U0126 using GAPDH as reference (j). Representative immunofluorescent staining images of OPN protein of the
BMSCs with the addition of inhibitor U0126 (k). Schematic diagram of the underlying mechanism for mild photothermal stimulation driven osteogenic differen-
tiation (l).
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Fig. 9. Immunofluorescent staining and merged images of iNOS (red) and Arg-1 (green) cytokines of macrophages (a). The relative fluorescence intensity of iNOS (b)
and Arg-1 (c). Protein bands of western blotting (d) and the relative protein expression level of iNOS (e) and Arg-1 (f). GAPDH was the reference. The content of the
secreted TNF-α (g), iNOS (h), Arg-1 (i) and IL-10 (j) cytokines of macrophages.
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cell membrane of bacteria and denature the bacterial enzymes, thereby
inducing bacterial death, which has been widely proved by previous
publications [74–76].

4. Conclusions

In summary, a bioactive PDA/Ti3C2/P(VDF-TrFE) nanocomposite
coating with NIR-triggered photothermal effect was developed for
accelerating bone tissue repair and regeneration. The in situ polymeri-
zation of dopamine in P(VDF-TrFE) matrix endow this coating high
adhesion strength on Ti substrate, excellent tribological and corrosion
resistance properties, which may meet the clinical requirements of
implant coating. More importantly, the in situ polymerized PDA could
improve the interfacial compatibility between Ti3C2 nanofillers and P
(VDF-TrFE) matrix, which enhanced the photothermal property of
PDA/Ti3C2/P(VDF-TrFE) coating. The mild thermal stimulation trig-
gered by NIR on the coating promoted the synthesis of HSP, enhancing
the specific interaction between HSP and ECM proteins, thereby

activating the integrin-mediated MEK/ERK osteogenic differentiation
signaling pathway. In addition, the mild thermal stimulation on the
coatings promoted the expression of anti-inflammatory Arg-1 and IL-10
cytokines and included polarization of macrophages towards M2
phenotype, which is conductive to create a favorable microenvironment
for accelerating bone regeneration. Thanks to excellent photothermal
performance, the bacteria reduction rate of both S. aureus and E. coli. on
the PTP-5 coating were more than 99 %, exhibiting the excellent anti-
bacterial activity. Thus, we believe that our newly prepared and
multifunctional bioactive coatings have great potential in the field of
bone repair.
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