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Abstract: Graphene quantum dots (GQDs) were incorporated into TiO; nanorods (TiO, NR) by hydrothermal treatment
to prevent bacterial infections of Ti implants. The successful preparation of TiO, NR doped with GQDs on Ti was
confirmed by scanning electron microscopy, high-resolution transmission electron microscopy, atomic force microscopy,
X-ray photoelectron spectroscopy, X-ray diffraction and Fourier transform infrared spectrometer. Results showed that
the mean diameter of the nanorod was 60 nm, and the hydrophilicity was significantly improved. The GQDs-modified
TiO, NR showed excellent antimicrobial effect against Streptococcus mutans with an efficiency of 97.8% due to the
combined effect of GQDs and nanorod structure. Moreover, GQDs-modified TiO, NR exhibited good biocompatibility
and osteogenetic potency for cell spreading, thus contributing to the new bone formation even in bacteria-induced

implant infection.
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1 Introduction

The demand for dental implants is growing
worldwide as the population ages. Titanium (Ti)
and its alloys are widely applied in dentistry
appliances due to their mechanical performance,
corrosion resistance and biocompatibility [1-3].
However, Ti dental implant-associated infections
induced by Streptococcus mutans (S. mutans) delay
the healing process and require long-term systemic
antibiotic therapy [4,5]. Unfortunately, the abuse of
antibiotics increases subinhibitory concentrations to

bacteria, which drives the bacteria toward drug
resistance, as explained by the spreading of
multidrug-resistant bacteria [6—8]. Therefore, new
and effective means to prevent implant-associated
bacterial infections must be explored.

Over the past two decades, investigators have
attempted to address the implant-associated
infections by surface modification or changing
topological Organic (chitosan, poly-
peptide, etc) and inorganic (Ag, Cu, Zn, etc) anti-

features.

microbial agents were introduced onto the surface
of Ti to kill bacteria [9—11], while the poor long-
term performance of organic antimicrobial agents
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and the toxicity of metal ions limit their clinical
applications. Various nanostructured surfaces were
also fabricated on implants to prevent bacterial
infections by physical puncture [12—15]. Although
the strategy is safer and more sustainable, and the
nanostructure may promote cell differentiation and
induce bone regeneration, the antibacterial activity
is too low to fulfil practical requirement. Recently,
light-assisted antibacterial therapy has attracted
much attention due to the high antibacterial
activity [16—20]. While whether photodynamic or
photothermal therapy needs photosensitizer to
absorb and convert light energy, the long-term
safety of the light-sensitive material remains a
significant challenge.

Graphene and its derivative, as the two-
dimensional carbon-based nanoparticles, have
attracted wide attention in various biomedical
applications, such as precise biosensing and drug
delivery, due to their biocompatibility, ease of
functionalization and high surface area [21-23]. As
is well-known, graphene-based nanomaterials also
possess antibacterial property and have been
introduced on the surface of polymers and metallic
materials [24,25] to exert antibacterial effects.
Moreover, graphene has also been reported to
promote cell adhesion and enhance osseointegration
of implants [26,27].

In this work, a synergetic antibacterial
modality based on the sterilization by combining
graphene quantum dots (GQDs) and TiO»
nanostructures was proposed. To the best of our
knowledge, graphene quantum dots-modified TiO,
nanorods (G-TiO,NR) were fabricated on Ti dental
implant for the first time to prevent bacterial
infections. We firstly synthesized histidine-
functionalized GQDs by simple pyrolysis of citric
acid and amino acid [28,29], and the histidine
residue (imidazole group) remaining on the surface
makes GQDs possess excellent antibacterial
activity. Meanwhile, TiO» nanorods (TiO, NR) were
prepared on the surface of Ti by a hydrothermal
method [30,31]. Then, GQDs were doped into TiO,
nanorods by the secondary hydrothermal treatment.
G-TiO2 NR showed excellent in vitro and in vivo
antibacterial activity against S. mutans due to the
combined effect of physical puncture by nanorod
and GQDs. Besides, G-TiO, NR also promoted new
bone formation in vivo even in the presence of
infection.

2 Experimental

Citric acid and histidine were purchased
from Shanghai Maclean Biochemical Co., Ltd.
Hydrochloric acid (HCI) was purchased from
Sinopharm Group Chemical Reagent Co., Ltd.
Sodium hydroxide (NaOH) was obtained from
Tianjin Guangfu Technology Development Co., Ltd.
Fetal bovine serum (FBS), penicillin, streptomycin,
acridine orange (AQO), and propidium iodide
(PI) were purchased from Shanghai Sanko
Biotechnology Development Co., Ltd. Anhydrous
ethanol was supplied by Tianjin Bohuatong
Chemical Products Sales Centre. Acetone was
obtained by Tianjin Shentai Chemical Reagent Co.,
Ltd. All reagents were not further purified and the
experimental water was deionized water.

2.1 Preparation of G-TiO; NR

GQDs were synthesized according to the
procedures described previously [28,29]. Briefly,
citric acid was used as carbon precursor and histone
acid was used as functional reagent. GQDs
with a lot of histidine residues (imidazolyl) on the
surface were prepared by a simple pyrolysis. TiO
nanorod was prepared also by using a reported
method [30,31]. Ti foil was cleaned ultrasonically
and then hydrothermally treated with NaOH
solution in a reaction kettle. After ion exchange in
HCl, TiO, nanorod was prepared on Ti by
annealing.

10 mg of GQDs were added to a mixture of
10 mL of alcohol and 20 mL of deionized water,
stirring to make GQDs uniformly disperse in the
mixture. Subsequently, both the solution and TiO,
NR were transferred to a reaction kettle, and after
treating for 4 h at 140 °C, G-TiO, NR was prepared.

2.2 Characterization

The microstructure of GQDs and G-TiO, NR
was analyzed by high-resolution transmission
electron microscopy (HR-TEM, JEM-2100F,
JEOL). The morphology of TiO; and G-TiO, NR
was observed by field emission scanning electron
microscopy (FE-SEM, JSM—7001F, JEOL) and
atomic force microscopy (AFM, XE-100, Park
Systems). The phase composition and chemical
states of TiO, and G-TiO, NR were analyzed by
X-ray diffraction (XRD, Rigaku Dmax—3C, Cu K,
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radiation) and X-ray photoelectron spectroscopy
(XPS, K-Alpha, Thermo). Fourier transform
infrared spectrometer (FTIR, ALPHA II, Bruker,
Germany) was used to determine the surface
functional groups of the samples. Contact angle
instrument (JC2000D2, Powereach, China) was
employed to evaluate the surface hydrophilicity of
TiO2and G-TiO2> NR.

2.3 In vitro antibacterial property evaluation

The in vitro antibacterial property against
S. mutans was quantitatively evaluated by the
spread plate technique. 50 pL bacterial suspension
(1x10’CFU/mL) was inoculated on the samples.
After 24 h incubation at 37 °C, the bacterial
suspension was diluted 100 times and 50 pL of
diluted suspension was spread on LB agar plates.
The bacterial colonies were counted after 18 h
incubation. The antimicrobial activity was also
evaluated by live/dead fluorescent staining. 1 mL of
bacterial suspension was seeded on the samples.
After 24 h incubation, the bacteria were stained by
acridine orange/propidium iodide for 15 min in
darkness. Finally, the samples were examined by a
confocal scanning laser microscope (CLSM, C2
Plus, Nikon).

2.4 In vitro biocompatibility evaluation

Bone marrow mesenchymal stem cells
(BMSCs) extracted from the femoral and tibial
bone marrow of a 4-week-old rat following
protocol [32,33] were used to evaluate the
biocompatibility of G-TiO, NR. The specific
cultivation processes were performed as previously
described in Ref. [34]. In short, the cells were
incubated on the samples with a density of
2x10*cells/em?. After 24h incubation, BMSCs
were fixed with 4% paraformaldehyde for 30 min,
and then stained with FITC-phalloidin and
4,6-diamidino-2-phenylindole (DAPI) in darkness,
respectively. Four regions randomly
photographed by a CLSM.

WwWere

2.5 In vivo antibacterial assay and osteogenesis
evaluation
All animal surgical procedures were approved
by the Animal Ethics Committee of Taiyuan
University of Technology, China, and the used male
Kunming rats (8-week-old; 300-320g) were
purchased from Shanxi Medical University, China.

The rats were firstly premedicated by general
anesthesia. Then, a cylindrical sample (d1.5 mm X
3 mm) infected with S. mutans was implanted in the
tibia of rats. Finally, muscle fasciae and skin were
carefully sutured and closed. Half the rats were
euthanized 3 d after surgery. The implants were
taken out, and then the survived bacteria in the soft
tissues around the implants were separated. The
spread plate method was used to evaluate the in
vivo antibacterial activity. 4 weeks after surgery, the
femurs with the samples of the remaining rats were
harvested after euthanasia and were inspected by a
micro-CT (VivoCT80, Scanco Medical, Switzerland)
to observe the newly formed bone. The in vivo
biological safety was also studied by staining the
heart, spleen, and kidney with
hematoxylin and eosin (H&E) staining.

liver, lung,

2.6 Statistical analysis

All experiments were performed at least three
times and the data were expressed as mean =+
standard deviation (SD). A one-way analysis of
variance (ANOVA) and a Student—Newman—Keuls
(SNK) post hoc test were applied to determining
the statistical significance by using SPSS 14.0
(»<0.001 was considered to be extremely
significant).

3 Results and discussion

3.1 Sample characterization

The microstructure of the prepared GQDs was
observed by TEM (Figs. 1(a) and (b)). The average
diameter of GQDs was about 15 nm, and the lattice
distance of 0.325 nm corresponded to the (002)
crystallographic facet of graphitic carbon [35]. The
surface topography of TiO, NR is shown in
Fig. 1(c). Uniform nanorods with a mean rod
diameter of 45 nm were observed on Ti. G-TiO, NR
was further prepared by the second hydrothermal
treatment of TiO, NR in a GQDs-containing
solution. As shown in Fig. 1(d), compared with
TiO; NR, the diameter of the G-TiO, NR increased
because of the increase in reaction time [36].
Figure 1(e) shows the TEM image of the G-TiO;
nanorod with a mean diameter of 60 nm. The lattice
distance of 0.36 nm was observed from the (101)
plane of TiO, (Fig. 1(f)), and the incorporation
of GQDs did not change the phase. The AFM
images of Ti, TiO, NR and G-TiO, NR are shown in
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Fig. 1 TEM (a) and HR-TEM (b) images of GQDs, SEM images of TiO> NR (c) and G-TiO> NR (d), TEM (e) and
HR-TEM (f) images of G-TiO, NR, and AFM images of Ti (g), TiO» NR (h) and G-TiO> NR (i)

Figs. 1(g—1). The roughness of G-TiO, NR was
slightly greater than that of TiO, NR.

The XRD patterns of GQDs, TiO; and G-TiO;
NRs are shown in Fig. 2(a). The TiO: phase in both
TiO, and G-TiO> NRs mainly consisted of anatase
and no significant difference was found. A broad
peak in the pattern of GQDs was ascribed to the
(002) plane of graphitic carbon. No feature peaks of
GQDs were observed in G-TiO, NR owing to the
low content in the TiO,. XPS was performed to
determine the chemical states of G-TiO, and shown
in Fig. 2(b), compared to the spectrum of TiO> NR,
the intensity of C 1s and N 1s in that of the G-TiO»
NR increased significantly. The C 1s spectrum
detected from G-TiO, (Fig. 2(c)) was fitted with
four peaks centered at 284.30, 284.85, 285.66
and 288.10 eV that were attributed to C—C, C—N,
C—O and C=O0, respectively [37]. The O 1s
spectrum of G-TiO; (Fig. 2(d)) showed three peaks
at 529.39, 530.13 and 531.54 eV, which were
assigned to Ti—O—Ti, C=0 and C—O—H,
respectively [38]. The XPS characterization
confirmed that GQDs were successfully doped in
TiO, NR. The FTIR spectra of GQDs, TiO;

and G-TiO, NRs are shown in Fig.2(e). The
characteristic absorption of GQDs could be
observed in the spectrum of G-TiO, NR, further
demonstrating that TiO, NR was modified with
GQDs. Figure 2(f) illustrates the surface wettability
of various samples. The contact angle of Ti was
about 53°, while the value decreased to 9.1° on
TiO, NR owing to the changes in the surface
morphology and free energy [39]. The doping of
GQDs did not change the wettability significantly.

3.2 In vitro antibacterial property

The antibacterial activity of TiO, and G-TiO;
NRs against S. mutans was evaluated by the spread
plate method and fluorescent staining, respectively.
As shown in Figs. 3 and 4, after incubation for 24 h,
there was some decrease in the number of bacterial
colonies on TiO; NR compared with Ti, and the
antibacterial efficiency was about 25%, meaning
that the nanorod structure of TiO, NR exhibited a
certain antibacterial activity. However, only several
bacterial colonies were observed on G-TiO; NR,
and the antibacterial efficiency reached 97.8%,
which suggested that the doping of GQDs made the
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Fig. 2 XRD patterns of GQDs, TiO, and G-TiO, NRs (a), XPS survey spectra (b), high-resolution spectra of C 1s (c)

and O 1s (d) of G-TiO, NR, FTIR spectra of GQDs, TiO, and G-TiO, NRs (e), and contact angle of Ti, TiO, NR and
G-TiO, NR (f) (¥**p < 0.001)

Fig. 3 Photographs of S. mutans colonies on surface of Ti (a), TiO> NR (b) and G-TiO, NR (c)
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Fig. 4 Antibacterial efficiency of Ti, TiO, NR and
G-TiO, NR (***p < 0.001)

G-TiO,

G-TiO2 NR possess excellent antibacterial activity.
The results of live/dead (green/red) fluorescence
staining are shown in Fig. 5. The surfaces of Ti and
TiO; NR were stained with green, indicating that
most of the bacteria survived. In contrast, only
several green spots were found on the surface of
G-TiO; NR, further demonstrating the excellent
antibacterial property.

The antibacterial mechanism of G-TiO, NR
has two aspects: (1) histidine functionalized
GQDs; (2) physical puncture by the nanorods. It is
generally known that graphene-based nanomaterials
possess antibacterial activity because they can
disrupt the integrity of bacterial cell membrane [40].
In this work, the synthesized GQDs
functionalized with imidazolyl which also has
antibacterial activity [41,42]. It has also been
reported that the nanostructures on the surface of

were

implants can kill bacteria by physico-mechanical
interactions, and the nanorod structure exhibits
the strongest antibacterial activity among the
nanostructures [12,18]. In addition, the zeta
potentials of GQDs and G-TiO, NR were about 8.4
and 7.8 mV, respectively. As is well known, bacteria
are negatively charged. Thus, G-TiO, NR can
capture bacterial by electrostatic adsorption and
then the combined actions of GQDs functionalized
with histidine and puncturing by the TiO;
nanorods disrupt the cell membranes, causing
bacterial death.

3.3 Biocompatibility
Figure 6 shows the cell morphology and

Fig. S5 Live/dead fluorescence images of S. mutans on
surface of Ti (a), TiO, NR (b) and G-TiO, NR (c)

spreading of BMSCs after culture for 24 h on Ti,
TiO, NR and G-TiO, NR. The BMSCs were
elongated and spread poorly on pristine Ti.
However, spreading of cells on TiO, NR was better
and polygonal shape with filamentous pseudopodia
could be found. As is well known, the nanostructure
on the surface of implants can improve the adhesion,
spreading, and differentiation of BMSCs, which is
mediated by cell alignment of the cytoskeleton and
formation of focal adhesions [43,44]. There were no
significant changes in cellular morphology between
TiO, and G-TiO, NRs, suggesting that the
introduction of GQDs has no obvious effect on the
biocompatibility of TiO, NR.
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3.4 In vivo antibacterial assay and osteogenic

activity

To evaluate the in vivo antibacterial activity
and new bone formation of G-TiO, NR, an animal
model with S. mutans infection in the tibia of rats
was established, and pristine Ti was used as the
control. After feeding for 3 d, half the rats were
cuthanized, and the implants were removed. The
residual bacteria in the soft tissues around the

F-actin

Nucleus

Merge

TiO,

S

2401

implants were separated ultrasonically and cultured
for in vivo antibacterial evaluation by spread plate
method. The results are shown in Fig. 7. A lot of
bacterial colonies were observed in the medium
corresponding to pristine Ti implant, while only
several colonies could be found in the medium
corresponding to G-TiO, NR, which indicated that
G-TiO2 NR exhibited excellent in vivo antibacterial
activity.

G-TiO,

Fig. 7 Photographs of bacteria colonies of Ti (a) and G-TiO> NR (b)
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(b)

Fig. 8 2D micro-CT images of G-TiO, NR in tibia (a), and 3D images reconstructed by micro-CT in Ti (b) and G-TiO»

NR (c¢) implants
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Fig. 9 Quantitative analysis of BV/TV (***p < 0.001)

After being fed for four weeks of the remained
rats, the newly formed bone on the surface of
S. mutans infected Ti and G-TiO, NR implants was
monitored by micro-CT. Figure 8(a) shows the 2D
micro-CT images of G-TiO, NR implant in tibia
from different directions. 3D-reconstructed images
(Figs. 8(b) and (c)) show that new bone mass
around G-TiO; NR was much larger than that of the
pristine Ti implant, and the corresponding
bone/tissue volume ratio (BV/TV) of Ti and G-TiO,
NR was 22.64% and 53.62%, respectively (Fig. 9).
The results indicate that G-TiO, NR could promote
new bone formation effectively even in the
presence of infection.

The biological safety of G-TiO; NR in vivo
was also evaluated by H&E staining of major
organs, as shown in Fig. 10, no obvious abnormalities

were observed in the heart, liver, spleen, lung and
kidney of rats, suggesting that G-TiO, NR did not
produce side effects on rats.

4 Conclusions

(1) GQDs-modified TiO> NR was successfully
prepared on Ti to improve the antibacterial activity
and long-term osseointegration ability. The mean
diameter of the nanorod was 60 nm, and the NR
significantly improved the hydrophilicity of Ti.

(2) G-TiO; NR exhibited excellent anti-
bacterial activity in vitro and in vivo due to the
synergistic effect of GQDs and physical puncturing
by the nanorod. On the other hand, G-TiO, NR
showed good biocompatibility to promote BMSCs
spreading and new bone formation. This study
provided an innovative strategy for the surface
design of Ti dental implants to address the
implant-associated infections.
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Fig. 10 H&E staining of major organ tissue slides
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