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1. Introduction

pH-Responsive nanoplatform synergistic gas/
photothermal therapy to eliminate biofilms in
poly(L-lactic acid) scaffolds

Guowen Qian,
Zhisheng Long*®

*3 yygian Mao,? Huihui Zhao,® Lemin Zhang,® Long Xiong® and

To date, implant-associated infection is still a significant clinical challenge, which cannot be effectively
eliminated by single therapies due to the formation of microbial biofilms. Herein, a pH-responsive
nanoplatform was constructed via the in situ growth of zinc sulfide (ZnS) nanoparticles on the surface of
TizC, MXene nanosheets, which was subsequently introduced in poly(L-lactic acid) (PLLA) to prepare a
composite bone scaffold via selective laser sintering technology. In the acidic biofilm microenvironment,
the degradation of ZnS released hydrogen sulfide (H,S) gas to eliminate the biofilm extracellular DNA
(eDNA), thus destroying the compactness of the biofilm. Then, the bacterial biofilm became sensitive to
hyperthermia, which could be further destroyed under near-infrared light irradiation due to the excellent
photothermal property of MXene, finally achieving gas/photothermal synergistic antibiofilm and efficient
sterilization. The results showed that the synergistic gas/photothermal therapy for the composite
scaffold not only evidently inhibited the formation of biofilms, but also effectively eradicated the eDNA
of the already-formed biofilms and killed 90.4% of E. coli and 84.2% of S. aureus under near infrared
light irradiation compared with single gas or photothermal therapy. In addition, the composite scaffold
promoted the proliferation and osteogenic differentiation of mouse bone marrow mesenchymal stem
cells. Thus, the designed scaffold with excellent biofilm elimination and osteogenesis ability has great
potential as an alternative treatment for implant-associated bone infections.

Recently, photothermal therapy (PTT) has gained wide-
spread attention and is considered to be a suitable option

Implant-associated infections (IALs) caused by bacterial coloni-
zation are a common cause of orthopedic graft failure. In this
case, antibiotics are currently used to treat IAls in the clinic."”
However, multidrug-resistant strains are emerging and becom-
ing prevalent due to the abuse of antibiotics.>* Accordingly,
researchers have attempted to add inorganic antibacterial
agents such as the heavy metals copper and silver and their
composites to scaffolds as an alternative to antibiotics, given
that their unique physicochemical properties endow them with
excellent antibacterial properties.>® However, their potential
toxicity and instability are still significant concerns.”®
Therefore, there is an urgent need to seek safe, effective, and
drug-free antibacterial methods.
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due to its operability, controllability, and biosafety.® However,
clinically, most bacteria tend to adhere irreversibly to the
implant surface and form extracellular polymeric substances
(EPS), which are also called biofilms.’® ™ In this case, once a
bacterial biofilm is formed, PTT will encounter significant
obstacles. Alternatively, as an emerging field, gas therapy
has attracted increasing attention as a green therapy in the
treatment of bacterial infections."* Furthermore, gas therapy is
often combined with other treatments to achieve bacterial
eradication. Hydrogen sulfide (H,S), the third gas signal mole-
cule after carbon monoxide (CO) and nitric oxide (NO), com-
bines the advantages of NO and CO and plays an important role
in the treatment of some diseases.'® For instance, Fu et al.*®
found that exogenous H,S can promote the production of
reactive oxygen species (ROS) in bacteria, which will lead to
lipid peroxidation and DNA damage. Li et al.'” reported that
H,S gas can inhibit mitochondrial respiration and ATP synth-
esis, thus inducing apoptosis in cancer cells. Therefore, we
hypothesize that combining photothermal therapy with H,S gas
therapy will be promising for combating refractory IAls.
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As a common donor of H,S, zinc sulfide (ZnS) can release
H,S gas in the acidic microenvironment of biofilms, thus
enabling the precise release of H,S gas.'® However, its wide
band gap (3.6 eV) prevents it from effectively absorbing NIR
light, and thus it cannot be used as a photothermal material for
biomedical applications.'® As an emerging two-dimensional
nanomaterial, Ti;C, MXene has attracted extensive attention
due to its good biocompatibility, large specific surface area
and excellent light absorption properties.*>>" Moreover, due to
its strong localized surface plasmon resonance (LSPR) effect,
monolayer Ti;C, MXene exhibits excellent photothermal
properties.”>** Therefore, it can compensate for the low near-
infrared (NIR) light absorption of ZnS nanoparticles. Based on
the above-mentioned facts, we hypothesized that a nanoplat-
form constructed by the in situ growth of ZnS on the surface of
Ti;C will exhibit efficient biofilm elimination and antibacterial
activity under NIR light irradiation.

Over the past few years, numerous synergistic strategies
have been reported for disease treatment.>*>® For example,
Ou et al.*’ constructed black phosphorus nanosheet (BPNS)-
functionalized Chl cells (Chl@BP-Fe), synchronously ameliorating
tumor hypoxia and realizing synergistic photodynamic/chemody-
namic/immune therapy. Lin et al.*® constructed a calcium sulfide
(CaS)-based nanoregulator (I-CaS@PP) to enhance H,S-boosted
Ca®*-mediated tumor-specific therapy, which significantly inhib-
ited tumor thermal resistance to achieve synergistic therapy. Yu
et al.”® enhanced the antitumor effect by developing oxidative
stress-amplifying nanomedicine (p53/Ce6@ZF-T), which ampli-
fied intratumoral oxidative stress through chemical kinetic/photo-
dynamic synergy. Compared with these synergistic strategies for
disease treatment, the ZT nanoplatform could realize the release
of H,S gas in the acidic microenvironment of the biofilm,
which prevented the damage from H,S gas to normal tissues. In
addition, the heat resistance of the bacteria was reduced due to
the damage by H,S to the biofilm, which could kill bacteria at
relatively mild temperatures. More importantly, the damage of the
mild photothermal effect to normal tissues was significantly low.
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In this work, as shown in Scheme 1, we report the prepara-
tion of a pH-responsive ZnS-Ti;C, nanoplatform via the in situ
growth of ZnS on the surface of Ti;C, to resist bacterial biofilm
infection, which was subsequently incorporated in PLLA to
fabricate composite scaffolds employing selective laser sintering
(SLS) technology.*>*' In the normal physiological environment,
ZnS-Ti;C, remained stable. Once biofilm infection occurred on
the implant, the nanoplatform in the composite scaffold could
respond to the acidic pH microenvironment of the biofilms and
release H,S gas for precise gas treatment to disrupt the extra-
cellular DNA (eDNA) in the biofilms. Under NIR irradiation, the
composite scaffolds with ZnS-Ti;C, could produce hyperthermia,
efficiently killing the biofilm-damaging bacteria at a relatively
mild temperature. Another advantage of this composite scaffold is
that the Zn®" generated by the degradation of the scaffold could
significantly promote osteogenic differentiation.****

2. Materials and methods
2.1. Materials

Zinc acetate (Zn(CH3CO,),) and thiourea (CH4N,S) were pur-
chased from Aladin Biochemical Technology Co. Ltd. TizAlC,
was purchase from Jilin 11 Technology Co., Ltd. Lithium fluoride
(LiF), hydrochloric acid (HCI) and polyvinylpyrrolidone (PVP) were
purchased from Macklin Co. Ltd. PLLA (M,, = 150 kDa) powder
was purchased from Shenzhen Polymtek Biomaterial Co., Ltd.

2.2. Synthesis of monolayer Ti;C,

According to previous studies, TizC, can be prepared by
chemical stripping of the Al phase of Ti;AIC,.*** Firstly, 1 g of
LiF was slowly added to 20 mL of hydrochloric acid (9 mol L™)
and stirred for 20 min for total dissolution, and the final mixed
solution was labeled as solution A. Then, 1 g of Ti;AIC, powder
was carefully added to solution A and stirred at 35 °C for 48 h.
The obtained solid was washed by centrifugation with deionized
water at 3500 rpm 5-7 times until the pH of the supernatant
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(a) Schematic diagram of the preparation of the multifunctional scaffold. (b) Antimicrobial and mechanism of bone differentiation.
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reached 6, and finally the multilayer Ti;C, was successfully
obtained. To prepare monolayer TizC, nanosheets, the final
multilayer TizC, was lyophilized and the lyophilized product
was dispersed in 40 mL of deionized water, sonicated and stirred
under a nitrogen atmosphere for 30 min, followed by centrifuga-
tion at 3500 rpm for 60 min, and the supernatant was collected
and stored at 4 °C.

2.3. Preparation of ZnS and ZnS-Ti;C,

ZnS nanoparticles were synthesized via the typical hydrother-
mal method. Firstly, [Zn(CH3COO),]-2H,0 (1.0 g) was dissolved
in 40 mL ethylene glycol solution, and then 0.5 g of thiourea
was added and stirred continuously for 20 min. Subsequently,
the mixture was transferred to a 100 mL Teflon-coated stainless
steel autoclave and heated at 140 °C for 10 h. After cooling
naturally to room temperature, the product was washed with DI
water and dried at 60 °C overnight to obtain ZnS nanoparticles.

The ZnS-Ti;C, (ZT) nanoplatform was prepared via the
in situ hydrothermal growth of ZnS nanoparticles on the surface
of Ti;C,. Firstly, 0.1 g monolayer Ti;C, nanosheets was dis-
solved in 20 mL DI water and sonicated for 10 min. Afterwards,
1.6 g of [Zn(CH3COO0),]-2H,0 and 0.8 g of thiourea were added
to the above-mentioned solution and stirred for 30 min, and
then the solution was transferred to a Teflon-coated stainless
steel autoclave and heated at 140 °C for 12 h. Finally, the ZT
nanoplatform was obtained after washing, centrifuging and

drying.
2.4. Physicochemical characterization

The surface micromorphology and detailed microstructure of
the prepared powders were observed by scanning electron
microscopy (SEM, EVO18, ZEISS, Germany) and transmission
electron microscopy (TEM, JEOL, 2100F, Japan), respectively.
The distribution of Zn, Ti, S and C elements in the ZT powder
was analyzed by energy dispersion spectroscopy (EDS, Bruker,
Germany). The crystal structures of the prepared powders were
characterized by X-ray diffraction (XRD, D8 Advance, Bruker Co,
Germany). The elemental composition, atomic valence and
molecular structure of the powders were analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo, USA). In addition,
the thermal behavior of the powders was detected by thermo-
gravimetric analysis (TGA, WTC-122, China).

2.5. Preparation and characterization of bone scaffolds

The composite powders were prepared by grinding ZT nano-
particles with PLLA powder in the mass ratio of 4:96 for
30 min, and then the composite powders were added to
absolute ethanol under ultrasonic stirring for 2 h. After filtering
and vacuum drying, the composite powders were used to
fabricate composite bone scaffolds by selective laser sintering
(SLS) technology.***® Before sintering, a pre-design 3D scaffold
model was imported into the SLS system, and then the model
was sliced and layered. The sintering forming process is
described as follows: (1) a layer of composite powder was
spread evenly on the surface of the plate, and the SLS system
controlled the laser to scan over the composite powder layer

This journal is © The Royal Society of Chemistry 2024
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according to the preset contour. (2) When the temperature
increased to the melting point, the powder melted and bonded
with the molded part below. (3) After one layer was completed,
the table dropped one layer in thickness and the spreading
roller continued to spread a layer of powder on the top, and the
laser continued to scan the powder layer on a prescribed path
until the whole model was finished. (4) Finally, the ZT/PLLA
scaffolds were obtained after removing the excess powder. The
printing parameters during the sintering progress were set as
follows: scanning speed of 150 mm s ', layer thickness of
0.1 mm and laser power of 2 W. In addition, the process for
the preparation of the PLLA, ZnS/PLLA and Ti;C,/PLLA scaf-
folds was the same as that for the ZT/PLLA scaffold.

The surface morphologies of the scaffolds were detected by
scanning electron microscopy (SEM, Zeiss, Germany) equipped
with EDS (Bruker, Germany). Besides, the scaffolds were ana-
lyzed using a surface contact angle analyzer (DSA-Alpha, China).

2.6. Photothermal effect of the scaffolds

To evaluate the photothermal properties of the different groups
of scaffolds, the PLLA, ZnS/PLLA, Ti;C,/PLLA and ZT/PLLA
scaffolds were placed in EP tubes containing 7 mL of phosphate
buffered saline (PBS, pH = 7.4) and irradiated with an 808 nm
NIR laser at a power density of 1.0 W cm ™2, The heating curves
and photothermal images at different moments were recorded
using a multichannel temperature recorder (MT-8X, Shenhuwa,
Shenzhen) and infrared thermography imager (E50, FLIR, USA),
respectively. In addition, to evaluate the photothermal stability
and photothermal conversion efficiency of the ZT/PLLA scaf-
fold, it was irradiated for 10 min, and then naturally cooled to
room temperature, and the heating-cooling cycle was repeated
five times to record the cycle curve and the heating-cooling
curve, which were used to characterize the photothermal sta-
bility and the photothermal conversion efficiency of the ZT/
PLLA scaffold, respectively, where the photothermal conversion
efficiency was calculated using the equation developed by
Roper et al.*®

2.7. H,S generation and Zn”" release by the ZT/PLLA scaffold

To detect the generation of H,S, the methylene blue colorimetry
method was performed. Briefly, the ZT/PLLA scaffolds were
immersed in 10 mL of phosphate buffered saline (PBS; pH =
7.4, 6.2, 5.0) under constant shaking at 37 °C. At preset times
(0, 1, 2, 4, 8, 16, and 24 h), 1 mL of PBS was withdrawn and
mixed with 1 mL mixed solution of zinc acetate (4 mg mL™")
and sodium acetate (1 mg mL™"). The precipitate was collected
after centrifuging at 10 000 rpm for 30 min and re-dissolved in
500 pL mixed solution containing N,N-dimethyl-p-phenylene-
diamine sulfate (1.4 mg mL™ ") and FeCl; (5 mg mL™"). After
incubation at 37 °C for 20 min, methylene blue was formed and
measured using a microplate reader (Varioskan LUX, Thermo
Scientific, USA) at the absorbance of 664 nm. To quantify the
concentration of H,S at each time point, a standard curve was
created using sodium sulfide (Na,S).

In the case of the Zn>" release experiments, the ZT/PLLA
scaffolds were soaked in PBS under constant shaking at 37 °C.

J. Mater. Chem. B, 2024,12,1379-1392 | 1381
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The solution was changed with fresh PBS at preset times
(1, 3, 5, 7, 10, and 14 days), and the liquid was collected and
refrigerated. Finally, the concentration of Zn>" in the liquid was
detected using an inductively coupled plasma atomic emission
spectrometer (ICP-AES, Optima 5300 DV, PerkinElmer, USA).

2.8. Antibacterial assays

2.8.1. In vitro anti-biofilm performance. Escherichia coli
(E. coli, ATCC 25922) and Staphylococcus aureus (S. aureus, ATCC
25923) were chosen as the two model bacteria to evaluate the
therapeutic effect of different treatments on biofilms. Briefly,
the bacteria at a density of 107 CFU mL™" were seeded on the
scaffolds for 48 h at 37 °C to form biofilms. After that, the
biofilms were treated with NIR light for 20 min or in the dark,
and the remaining biofilm was fixed with methanol solution
and stained with crystal violet, and the stained images were
taken using a digital camera. For the quantitative analysis of
the biofilms, the residual dye was washed with glacial acetic
acid, and the eluates were measured on a microplate reader
(varioskan LUX, Thermo) at 570 nm. According to the spread
plate method (SPM), the bacterial and biofilm solution was
diluted by 1 x 10* times and 100 uL of the solution was
withdrawn and spread evenly on agar plates. After incubation
at 37 °C for 24 h, pictures of the E. coli and S. aureus plates were
captured using a digital camera, and the bacterial colonies on
the plates were counted using the Image] software.

2.8.2. Bacterial biofilm morphology. E. coli biofilms were
established according to previous study. The scaffolds were
placed in 48-well and incubated with bacterial solution (1 x
10’ CFU mL™") at 37 °C for 48 h. Then, the biofilm-scaffold
constructs were treated with NIR light for 20 min or in the dark.
After fixing the biofilm with 2.5% glutaraldehyde at 37 °C for
30 min, graded ethanol (30%, 50%, 75%, 80%, 85%, 90%, 95%
and 100%) was used to dehydrate the biofilms. After drying at
37 °C, the biofilm-scaffold constructs were sputtered with
platinum and observed on an SEM (EVO 18, Zeiss, Germany).

2.8.3. DAPI/PI staining assay. To further investigate the
antibacterial activity of the ZT/PLLA scaffold, dihydrochloride
(DAPI)/propidium iodide (PI) was used to stain the bacteria.
DAPI can stain all live and dead bacteria, while PI can only stain
bacteria with damaged cell membranes. After the scaffolds were
co-cultured with bacteria for 12 h, NIR light was applied to
irradiate the scaffold for 20 min. Then, the bacteria were stained
with DAPI/PI staining kits for 30 min and washed with PBS twice.
Afterwards, a fluorescence microscope (CKX53, OLYMPUS) was
used to capture the fluorescence images of the bacteria.

2.8.4. gDNA level and eDNA staining assays. The genomic
DNA (gDNA) of E. coli and S. aureus was extracted using a
bacterial DNA extraction kit (Solarbio, Beijing). The extracted
¢DNA was dispersed in DNase- and RNase-free water. After
treating the gDNA solution with PLLA, ZnS/PLLA, Ti;C,/PLLA
and ZT/PLLA for 12 h, each group of gDNA was collected
by centrifugation. Then, 1% agarose gel electrophoresis was
employed to analyze the gDNA cleavage products. Besides, the
concentration of @DNA was determined using an ultramicro-
spectrophotometer (B-500, Metash, Shanghai).

1382 | J Mater. Chem. B, 2024,12,1379-1392
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An acridine orange (AO) staining kit (Beyotime, Shanghai,
China) was applied for the assessment of the destruction of
the biofilm eDNA. Briefly, after different treatments, the bacteria-
scaffold constructs were taken out and rinsed twice with PBS, and
then the eDNA of the biofilms was stained by AO dye for 30 min.
Finally, the staining results were observed by a fluorescence
microscope to detect the biofilm eDNA damage on the scaffolds.

2.8.5. ONPG hydrolysis assay. The differently treated biofilms
were collected by shaking and ultrasonication. The collected
biofilm suspension was mixed with O-nitrophenyl-p-galactoside
(ONPG) solution and incubated at 37 °C. ONPG will hydrolyze to
o-nitrophenol (ONP) during the reaction with p-p-galactosidase,
which appears yellow under alkaline conditions. Then, the absor-
bance of the mixture was recorded using a microplate reader
(Varioskan LUX, Thermo) at 420 nm.

2.9. Cell behaviors

2.9.1. Cell proliferation. Mouse bone marrow mesenchy-
mal stem cells (mBMSCs, ATCC) were used for cell experiments.
Before the experiment, the scaffolds (¢ 8 mm x 1.5 mm) were
sterilized by immersion in 75% ethanol for 4 h, and then
exposure to UV light for 4 h. To evaluate the cytocompatibility
and proliferation of the cells under different culture conditions,
a counting kit-8 (CCK-8) experiment was performed. Firstly, the
different scaffolds were soaked in the medium for 24 h and the
extraction solution collected, where the weight-to-volume ratio
of the scaffold in the culture medium was 25 mg mL™". The
cells at a density of 3 x 10 cells per well were seeded on a 96-
well plate, and the medium was changed with the extraction
solution every other day. After culturing for 1, 3 and 5 days, the
medium was replaced with the CCK8 solution and incubated at
37 °C for 1 h. Then, the optical density was measured using a
microplate reader (Varioskan LUX, Thermo) at 450 nm. Subse-
quently, the cells were stained using calcein-AM/PI (Beyotime,
Shanghai, China) for 30 min and observed under a fluorescence
microscope (BX51 Olympus, Japan).

2.9.2. ALP and alizarin red staining assays. The alkaline
phosphatase (ALP) activity of the mBMSCs on the scaffolds was
assessed. Firstly, the different scaffolds were soaked in the medium
for 24 h and the extraction solution collected, where the weight-to-
volume ratio of the scaffold in the culture medium was
25 mg mL ', and then osteogenic induction solution with
0.1 uM dexamethasone, 50 mM ascorbic acid and 10 mM sodium
B-glycerophosphoric acid was added. The cells were seeded at a
density of 1 x 10* cells per well on a 48-well plate. The culture
medium was changed with the extract solution every other day.
After 7 days of incubation, the cells were fixed with 4% parafor-
maldehyde for 30 min, and then washed with PBS three times.
Finally, the cells were stained using alkaline phosphatase (Beyo-
time, Shanghai, China) and Alizarin red staining kits (Solarbio,
Beijing, China), and the staining results were observed under a
fluorescence microscope.

2.10. Statistic analysis

All experimental data were obtained from at least three inde-
pendent experiments and the data expressed as mean + SD.

This journal is © The Royal Society of Chemistry 2024
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Statistical analysis of all data was carried out using Origin 2021.
The differences between two groups of different results were
analyzed by Student’s ¢ test and considered significantly differ-
ent when *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion
3.1. Synthesis and characterizations of ZnS, Ti;C, and ZT

The scanning electron microscopy (SEM) image of the TisC,
particles displayed an accordion-like layered structure (Fig. 1a).
This was due to the loss of the Al layer in the Ti;AIC, precursor.*
The SEM image of the ZnS particles showed that the ZnS nano-
particles exhibited a regular spherical morphology with an average
particle size of 40-50 nm and agglomerated (Fig. 1b). By compar-
ison, the SEM image of the ZT nanoplatform exhibited that the ZnS
nanoparticles adhered uniformly to the surface of the Ti;C,
nanosheets without agglomeration (Fig. 1c). Furthermore, the
transmission electron microscopy (TEM) image of ZT indicated
that the ZnS nanoparticles were tightly bonded to the Ti;C,
nanosheets (Fig. 1d). Fig. 1e-i demonstrate the bright-field images
and corresponding element mapping images, confirming the
existence of Zn, S, Ti, C elements and their uniform dispersion
on the surface of the ZT nanoplatform, respectively. Besides, high-
resolution transmission electron microscopy (HR-TEM) character-
ization was performed. As shown in Fig. 1j and k, the lattice
spacing of 0.26 nm represents the (0110) plane of Ti;C, and
0.31 nm denotes the (103) plane of ZnS. This is direct evidence
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for the successful combination of ZnS and Ti;C, to form the ZT
nanoplatform. The selected area electron diffraction (SAED) pattern
of ZT showed diffraction rings associated with the (103), (1011), and
(204) planes of wurtzite ZnS (ICDD card no. 04-008-7254) (Fig. 11).
X-ray powder diffraction (XRD) was carried out to character-
ize the phase and crystallinity of the powders. Fig. 2a shows the
XRD pattern of TizC,, ZnS, and ZT. The peak signals of the
TizAlC, precursors at the 20 values of 38.9° and 56.8° almost
disappeared in the pattern of Ti;C,. In addition, the peak at
26 ~ 9.4° was shifted to 20 =~ 6.2° due to the etching effect. All
these results confirmed the successful etching of Ti;AlC,. In the
spectrum of the pure ZnS, the diffraction peaks at 20 ~ 29°,
48.6°, and 57.2° correspond to the (103), (1011), and (204)
planes of wurtzite ZnS (ICDD card no. 04-008-7254), respec-
tively, which are consistent with the data in the previous section
from SEAD mapping. The distinct ZnS diffraction peaks were
observed in the XRD spectrum of ZT without any shift, indicat-
ing that the hybridization of ZnS and Ti;C, did not affect their
crystalline properties. In addition, in the XRD spectrum of ZT,
the diffraction peaks at 20 ~ 6.2° and 60.6° correspond to the
(002) and (110) planes of TizC,, respectively, which further
demonstrated that ZnS was successfully grown on the surface
of Ti;C,. However, not all the peaks of Ti;C, were observed in
the XRD spectrum of ZT. This is due to the relatively low
content of Tiz;C, in ZT, which resulted in the characteristic
crystal planes being covered by the diffraction peaks of ZnS.
Fig. 2b displays the full XPS survey spectra of the samples,
where the peaks for Zn 2p, S 2p, Ti 2p and C 1s were detected in

Fig. 1 SEM images of TizC5 (a), ZnS (b) and ZT (c). (d) Low-resolution TEM image of ZT. Dark-field (e) and element mapping (f)—(i) of ZT. TEM (j), high-

resolution TEM (k) and SAED (l) images of ZT nanoplatform.
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Fig. 2 XRD (a) and full XPS survey (b) spectra of ZnS, TisC, and ZT nanoparticles. (c) High-resolution Ti 2p XPS spectra of ZT. (d) High-resolution Zn 2p
XPS spectra of ZnS and ZT. (e) High-resolution S 2p XPS spectra of ZnS and ZT.

the XPS spectrum of ZT, indicating that the ZT nanoplatform
was constructed successfully. The Ti 2p spectrum of ZT, as
shown in Fig. 2c¢, showed signals located at the binding
energies of 453.7, 455, 458, 459.8 and 463.8 eV, which can be
attributed to Ti(u1) 2ps/s, Ti(1) 2Ps/2, Ti(1v) 2Pase, Ti(u) 2p1/2, and
Ti(iv) 2ps/s, respectively. The high-resolution Zn 2p spectra of
pure ZnS and ZT are shown in Fig. 2d, where it can be observed
that the binding energies of Zn 2p;/, and Zn 2p,,, appeared at
about 1022.0 eV and 1045.3 eV in the XPS spectrum of pure ZnS.
After the nanoplatform was formed, the Zn 2p,,, and Zn 2p;),
peaks shifted to slightly higher binding energies. The same
trend was observed in the high-resolution spectrum of S 2p.
Besides, the high-resolution spectrum of S 2p showed two
peaks at 161.8 eV and 162.9 eV, indicating that S element
existed in the form of $>~.*" All these results indicate the strong
interface bonding between ZnS and Ti;C,.

3.2. Synthesis and characterization of composite scaffolds

It is desirable for an ideal scaffold to possess an interconnected
porous structure to match the structural properties of natural
bone and facilitate the transport of nutrients.*>** Selective
laser sintering technology (SLS) has a wide range of applica-
tions in the porous structure and personalization of bone
scaffolds due to its rapidity and high precision, allowing precise
control of the pore distribution, pore size and number to meet
the needs of different types of bone repair.**® The digital
images of the sintered scaffolds are shown in Fig. 3a. It can be
seen that the prepared scaffolds were cylinder-shaped and
possessed an interconnected porous structure with a pore size
of ~400 pm.
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The comprehensive performance of the composite scaffolds
mainly depends on the dispersion state of the nanofillers in the
matrix. Thus, to observe the distribution state of the nanofillers
in the matrix, SEM and EDS elemental mapping was carried to
analyze the surface microstructure and compositions of the
composite scaffolds (Fig. 3b-e). It was observed that the ZT
nanoparticles were uniformly embedded in the PLLA matrix.
There were no cracks and pores on the surface of the scaffold,
indicating the good sintering performance of the ZT/PLLA scaf-
fold. In addition, based on the thermogravimetric analysis (TGA)
curves of Tiz;C,, ZnS and ZT, as shown in Fig. 3f, it can be
concluded that the contents of ZnS and Ti;C, in the ZT/PLLA
scaffolds were 2.15% and 1.85%, respectively. Besides, the water
contact angle (WCA) of the composite scaffolds was also mea-
sured. As shown in Fig. 3g, the addition of ZnS, Ti;C, and ZT
increased the hydrophilicity of the scaffolds. Excellent hydro-
philicity facilitates the absorption of nutrients and proteins,
thereby promoting the adhesion and proliferation of cells.*”

The ZT nanoplatform is expected to have excellent photo-
thermal property when irradiated by NIR light, given that Ti;C,
is a well-known photothermal material. The photothermal
images of the scaffolds after irradiation for different times
under 808 nm NIR laser are displayed in Fig. 4a. The PLLA
scaffold showed a negligible photothermal effect, and the
introduction of ZnS did not significantly improve its photo-
thermal properties due to its poor NIR light absorption. By
contrast, the temperature of the Ti;C,/PLLA and ZT/PLLA
scaffolds increased rapidly with an extension of the irradiation
time. The variation in temperature for the different scaffolds
after irradiation for different times is exhibited in Fig. 4b.
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The temperature for the PLLA scaffold only increased from
27.0 °C to 31.1 °C under irradiation from NIR light for 10 min.
The addition of ZnS particles slightly increased the photother-
mal properties, where the temperature of the ZnS/PLLA scaffold
increased from 26.3 °C to 36.0 °C after irradiation from NIR
light for 10 min. By contrast, the temperature of the Ti;C,/PLLA
and ZT/PLLA scaffolds reached to 55.2 °C and 51 °C under
irradiation from NIR light for 10 min, respectively. In addition,
the photothermal stability of the scaffolds was also evaluated
(Fig. 4c). There were no obvious changes in the temperature
range when NIR light was applied to the ZT/PLLA scaffold for
5 cycles, indicating its good photothermal stability. The photo-
thermal conversion efficiency (i) of the ZT/PLLA scaffold was
also calculated to be 28.6%, as shown in Fig. 4d and e.

3.3. The release of H,S and Zn**

Zinc sulfide (ZnS), as a common H,S donor, can remain stable
in a neutral environment. However, ZnS rapidly degrades and
release Zn>" and H,S in acid solution, displaying pH-responsive
degradation behavior. The release of H,S at different pH
(5.0, 6.2, and 7.4) was measured via the typical methylene blue
method. The standard curves for H,S release were recorded
using Na,S solution (Fig. 5a-c). It can be seen that the concen-
tration of Na,S was linearly dependent on the OD value at the
absorbance of 664 nm at different pH. As shown in Fig. 5d, the
amount of H,S under neutral conditions was minimal, and
the cumulative release amount in 24 h was about 35 pM. By
contrast, the cumulative release amount of H,S significantly
increased at pH = 6.2 and 5.0, reaching 56.9 pM and 81.2 uM,
respectively. Therefore, only acidic conditions can produce
a sufficient amount of H,S. Particularly, there is an acidic
microenvironment in bacterial biofilms. Thus, the ZT/PLLA
scaffold is expected to achieve biofilm microenvironment
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(BME)-responsive H,S release for precise gas therapy. Zn*'
has been reported to play an important role in the metabolic
process of bone cells."® Specifically, an appropriate amount
of Zn®>* can promote osteoblast proliferation, adhesion and
differentiation.*® Therefore, the release of Zn*' in PBS was
detected by inductively coupled plasma-atomic emission spectro-
metry (ICP-AES), as presented in Fig. 5e and f, where the release
of Zn** from the scaffolds was relatively high during the first
7 days and remained relatively stable in the later period. The
cumulative release of Zn** within 14 days reached 0.5 mg L.

3.4. Invitro antibiofilm activity

To explore the antibiofilm properties of the ZT/PLLA scaffold
in vitro, S. aureus and E. coli were chosen as the two model
bacteria. After different treatments, the biofilm was stained by
crystal violet staining. The staining images of the different
groups are displayed in Fig. 6a and c, respectively. Both
S. aureus and E. coli basically maintained a clear and complete
biofilm structure in the absence of NIR light, indicating almost
no antibiofilm activity. In the NIR+ groups, the Ti;C,/PLLA
scaffold exhibited good antibiofilm property due to its excellent
photothermal ability, suggesting that hyperthermia destroyed
the dense biofilm. By contrast, regardless of the application of
NIR light irradiation, the single model of gas therapy (ZnS/PLLA
group) possessed limited antibiofilm activity. Encouragingly,
both the S. aureus and E. coli biofilms in the ZT/PLLA group
under irradiation from NIR light for 20 min were significantly
destroyed, which caused obvious biomass loss, displaying the
best antibiofilm activity (Fig. 6a-d). These results suggest that
combining hyperthermia with H,S gas can synergistically
destroy bacterial biofilms.

The spread plate method was also used to evaluate the
antibacterial activities of the different scaffolds. As shown in
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Fig. 5 (a)-(c) Na,S standard curve at different pH. (d) Cumulative release of H,S at different pH. Cumulative (e) and non-cumulative (f) release curves of

Zn?* of the ZT/PLLA scaffold in PBS.
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Fig. 6e and g, the number of colony forming units (CFU)
demonstrated the survival of intact S. aureus and E. coli bacteria
in all the NIR— groups. In the NIR+ groups, the PLLA and ZnS/
PLLA scaffolds also presented many colonies on the plate.
However, the number of colonies was slightly reduced in the
Ti;C,/PLLA group with NIR light irradiation due to the
hyperthermia induced by Ti;C,. Particularly, small numbers
of bacterial colonies were found in the ZT/PLLA group under
irradiation from NIR light, indicating its remarkable antibac-
terial effects. Besides, the bacterial viability was also calculated
according to the following formula: bacterial viability =
(CFUexperimental/CFUcontrol) X 100%. As shown in Fig. 6f and h,
the bacterial viability for all the groups without NIR light

This journal is © The Royal Society of Chemistry 2024

irradiation was over 90%. In the NIR+ groups, the PLLA and
ZnS/PLLA scaffolds did not obviously reduce bacterial viability.
However, the bacterial viability for the Ti;C,/PLLA group with
NIR light irradiation fell below 60%. By contrast, the bacterial
viability of E. coli and S. aureus in the ZT/PLLA group with NIR
light irradiation declined to less than 10%.

In addition, the morphology of the E. coli biofilms was
observed by SEM. All the bacterial biofilms in the NIR— groups
showed an intact and undisturbed morphology (Fig. 7a). Mean-
while, the E. coli biofilm in the PLLA group under irradiation
from NIR light irradiation was also not destroyed obviously.
However, the E. coli biofilm in the ZnS/PLLA group after NIR
light irradiation was slightly disrupted. By contrast, the E. coli
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biofilm in the Ti;C,/PLLA group was significantly distorted. In
the case of the ZT/PLLA group with NIR+, the E. coli biofilm was
even completely lysed. Therefore, the antibiofilm ability of the
single gas treatment (ZnS/PLLA group) or hyperthermia therapy
(TizC,/PLLA group) was limited, whereas the combination of
gas treatment and hyperthermia therapy was effective for the
elimination of the biofilm.

The bacterial viability of E. coli after different treatments was
further evaluated through bacterial live/dead staining assays
using DAPI/PI reagents. All the bacteria were stained blue by
DAPI, and only dead bacteria were stained red by PI. As shown
in Fig. 7b, almost no dead bacteria for all groups without NIR
light irradiation were observed. In the case of the PLLA and
ZnS/PLLA groups with NIR+, there were also no dead bacteria.
By contrast, many dead bacteria for the Ti;C,/PLLA and ZT/
PLLA groups with NIR light irradiation were visible, indicating
excellent antibacterial ability. Meanwhile, the dead bacteria
(red dots) in the ZT/PLLA group with NIR+ were the most,
verifying the best antibacterial ability.

3.5. Mechanism of biofilm elimination

Extracellular DNA (eDNA) is a nucleic acid component of
biofilms that exists outside the bacteria and plays an important
role in bacterial adhesion and biofilm formation.’>*' Due to
the similarity between biofilm eDNA and bacterial genomic
DNA (gDNA), the gDNA was extracted by the bacterial DNA
extraction kit for different treatments.’>>* The band mapping
images from agarose gel electrophoresis are shown in Fig. 8a.
It was observed that the expression of gDNA in the ZnS/PLLA

1388 | J Mater. Chem. B, 2024,12,1379-1392

and ZT/PLLA groups was evidently downregulated. The main
reason for this was that the H,S gas released from ZnS in an
acidic microenvironment could damage the bacterial gDNA.
To further elucidate the mechanism of damage to the biofilms
by the scaffolds with different treatments, the eDNA from the
biofilm was detected by AO staining, and the corresponding
staining results are shown in Fig. 8b. Consequently, strong
green fluorescence for the PLLA group with or without NIR light
irradiation was observed. The intensity of the green fluores-
cence in the ZnS/PLLA group with or without NIR light was
lower than in the PLLA groups, suggesting that the release H,S
gas can damage the eDNA of both S. aureus and E. coli biofilms.
The TizC,/PLLA group with NIR+ also had some inhibitory
effect on eDNA due to the hyperthermia. By contrast, almost
no green fluorescence was visible in the ZT/PLLA group with
NIR+, demonstrating that the integration of H,S gas and
hyperthermia had a significant ability to damage biofilm eDNA.
These results are consistent with the results from the eDNA
content assay (Fig. 8c and d). In conclusion, H,S gas and
hyperthermia can synergistically destroy eDNA and promote
the collapse of recalcitrant biofilms.

After the destruction of the biofilm structure, the NIR light-
activated hyperthermia can easily kill bacteria. Afterwards,
the O-nitrophenyl-B-p-galactopyranoside (ONPG) assay was per-
formed to detect the bacterial membrane permeability of
S. aureus and E. coli. As shown in Fig. 8e and f, the bacterial
membrane permeability of S. aureus and E. coli for all the NIR—
groups did not have obvious significance, displaying no
obvious cytoplasmic leakage. The TizC,/PLLA group with NIR
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(e) and S. aureus (f) after various treatments. (g) Schematic illustration of synergistic H,S gas and hyperthermia to eliminate biofilm mechanism.

light irradiation enhanced the bacterial membrane permeabil-
ity compared to the ZnS/PLLA group with NIR light irradiation,
which was caused by the excellent photothermal effect induced
by TizC,. In addition, the ZT/PLLA group with NIR light
irradiation exhibited the highest absorbance, indicating that
the synergistic effect of H,S and hyperthermia will cause the
greatest damage to the bacterial membrane. The schematic
illustration in Fig. 8g reveals that H,S gas and hyperthermia
synergistically eliminate the biofilm. Firstly, the ZT nanoplat-
form in the composite scaffold responds to the acidic biofilm
microenvironment to produce H,S gas. Afterwards, H,S gas can
induce eDNA damage in the bacterial biofilm, and then the
biofilm structure is easy to destroy by hyperthermia. After the
collapse of the biofilm, the bacteria will be killed by high
temperature.

3.6. Cytocompatibility and osteogenic differentiation

In addition to antibacterial properties, the cellular responses of
bone scaffolds are a very important evaluation index. Firstly,
the live-dead fluorescent staining of mouse bone marrow

This journal is © The Royal Society of Chemistry 2024

mesenchymal stem cells (mBMSCs) in different culture envir-
onments was analyzed (Fig. 9a). The number of cells increased
significantly with time and almost no dead cells were found,
indicating the good cytocompatibility in all groups.’® After
5 days of culture, the cell density of the ZT/PLLA scaffold was
higher than that in the other two groups. Besides, the cell
proliferation of mBMSCs on days 1, 3 and 5 was measured
using the CCK-8 method, as shown in Fig. 9b. There was no
significant difference in the cellular activity of the samples
among the groups on day 1. With an extension in the incuba-
tion time, the proliferation of mBMSCs on the ZT/PLLA scaf-
folds significantly increased compared to that on the PLLA and
Ti;C,/PLLA groups. This can be attributed to the fact that the
release of Zn>" from the scaffolds promoted cell proliferation.

ALP is a marker of early osteogenic differentiation and is
commonly used to assess the differentiation of mBMSCs.>*™’
As shown in Fig. 9c, after 7 days of culture, the ZT/PLLA group
exhibited a higher level of ALP activity than the other two groups.
In addition, the formation of calcium nodules in mBMSCs was
observed using an alizarin red staining (ARS) assay. As displayed
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extracts for different times.

in Fig. 9d, the amount of calcium nodules generated in the ZT/
PLLA group was more than that in the other groups, indicating
that the addition of the ZT nanoplatform evidently promoted
osteogenic differentiation. The osteogenesis-promoting effect for
the ZT/PLLA scaffold can be attributed to the release of Zn>*. Xia
et al.>® obtained C-ZnO nanocarbons by carbonizing and oxidiz-
ing ZIF-8 nanostructures, thus achieving the slow release of Zn**
to promote the differentiation of MSCs to osteoblasts. In addi-
tion, Yao et al.>® prepared ideal ZnO coatings on the microrough
surface of ZrO, by atomic layer deposition (ALD), which well
solved the problem of ZrO, affecting osteoblast proliferation/
differentiation due to its biologically inert surface and endowed
it with certain antibacterial activity.

4. Conclusion

In conclusion, a ZnS/Ti;C, (ZT) nanoplatform was constructed
via the in situ growth of ZnS nanoparticles on Ti;C, nanosheets,
and then incorporated in PLLA to fabricate a ZT/PLLA compo-
site scaffold using selective laser sintering technology. The
results showed that the composite scaffold had excellent photo-
thermal properties and could pH-responsively release H,S gas.
Moreover, the composite scaffold effectively eliminated bio-
films, killed 90.4% of E. coli and 84.2% of S. aureus under near
infrared light irradiation for 20 min via synergistic H,S gas and
photothermal therapies. The antibiofilm mechanism was that
the produced H,S gas can induce eDNA damage in the bacterial
biofilm, and then the biofilm structure is easily destroyed by

1390 | J Mater. Chem. B, 2024,12,1379-1392

hyperthermia. After the collapse of the biofilm, the bacteria will
be killed by high temperature. In addition, the composite
scaffolds also promoted the proliferation and osteogenic differ-
entiation of mouse bone marrow mesenchymal stem cells due to
the release of Zn>" ions. Thus, the prepared composite scaffold
with good antibiofilm and osteogenic activity may provide an
alternative ‘“‘green therapy” for combating implant-associated
infections.
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