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Abstract: The failure of bone defect repair caused by bacterial infection is a significant clinical chal-
lenge. However, the currently utilized bone graft materials lack antibacterial properties, necessitating
the development of bone repair materials with both osteoinductive and antibacterial capabilities.
Graphene oxide (GO) has garnered considerable attention due to its distinctive physical, chemical,
and biological characteristics. In this study, we prepared a graphene oxide-poly(lactic acid) (GO-PLA)
film with exceptional biological properties. In vitro investigations demonstrated that the GO-PLA
film substantially enhanced the adhesion and proliferation capacity of rat bone marrow mesenchymal
stem cells (rBMSCs). Furthermore, we observed augmented alkaline phosphatase activity as well as
increased expression levels of osteogenic genes in rBMSCs cultured on the GO-PLA film. Additionally,
we evaluated the antibacterial activity of our samples using gram-positive Streptococcus mutans
(Sm) and gram-negative Actinobacillus actinomycetemcomitans (Aa). Our findings revealed that
GO doping significantly inhibited bacterial growth. Moreover, implantation experiments conducted
on rat skull defects demonstrated excellent guided bone regeneration performance exhibited by the
GO-PLA film. Overall, our results indicate that the GO-PLA film possesses outstanding osteogenic
and antibacterial properties, making it a promising biomaterial for bone tissue regeneration.

Keywords: antibacterial activity; osteogenic; graphene oxide; poly(lactic acid)

1. Introduction

In clinical work, the repair of bone defects caused by bacterial infection remains a sig-
nificant challenge [1]. Currently, autologous bone grafting is considered the gold standard
for repairing bone defects resulting from congenital malformations, tumor resection, or
severe trauma. However, its application is limited due to extensive trauma, insufficient
donor sites, and the risk of infection [2,3]. Therefore, there is an urgent need to develop an
alternative approach that combines bone repair characteristics with anti-infection functions
for effective bone tissue regeneration and inhibition of pathogenic microorganisms. Tissue
engineering [4,5], an emerging discipline integrating cell biology and material science
principles to construct tissues or organs in vitro or in vivo settings, has gained consider-
able attention. The three-dimensional structure formed by biomaterial scaffolds provides
an optimal environment for cellular nutrition uptake as well as growth and metabolism.
Consequently, researchers on bone scaffolds possessing both anti-infection properties and
bone repair characteristics have witnessed remarkable progress in recent years [6–8].

Graphene oxide (GO) is an oxide of graphene, which is a single atomic layer with an
atomic thickness that can be extended to tens of microns in cross-sectional size. Its high
hydrophilic group content provides excellent dispersibility and stability [9,10]. GO exhibits
significant potential in biomedical applications including multimodal bioimaging [11],
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biosensors [12], and drug delivery [13]. In recent years, the exceptional biocompatibility
and biodegradability of GO have garnered increasing attention [14,15]. It has been reported
that GO effectively induces osteoblastic differentiation in bone marrow mesenchymal stem
cells [16]. Wang et al. [17] demonstrated that surface modification of titanium implants
with GO not only promotes osteogenic differentiation of BMSCs but also effectively inhibits
osteoclasts. Shao et al. [18] found that the addition of GO into PLGA/tussah silk scaffolds
significantly enhances the osteogenic differentiation capacity of mesenchymal stem cells
(MSCs). Liu et al. [19] developed a biocompatible GO–collagen composite aerogel and
observed improved mechanical properties as well as enhanced osteogenic differentiation
ability in rBMSCs. Due to their multilineage differentiation potential into diverse cell
types, such as osteoblasts, muscle cells, hepatocytes, chondrocytes, and others, MSCs
exhibit significant promise for groundbreaking therapies in bone tissue engineering. Hence,
rBMSCs were employed as seed cells for inducing osteogenic differentiation.

The misuse of conventional antibacterial drugs has resulted in the gradual emer-
gence of bacterial drug resistance, rendering these drugs ineffective in killing bacteria.
Therefore, it is crucial to identify an antibacterial agent that exhibits potent antimicrobial
activity, non-resistance properties, and minimal adverse effects. GO, a two-dimensional
sheet comprising oxygen groups, exhibits antibacterial activity through both nano-knife
effects and reactive oxygen species [20]. Consequently, GO not only demonstrates excellent
osteogenic performance but also displays effective antibacterial capabilities [21–23]. Re-
searchers have demonstrated that GO possesses significant antibacterial efficacy against
both gram-negative and gram-positive bacteria [24,25]. He et al. [21] discovered that GO
exerts a strong inhibitory effect on oral pathogenic microorganisms such as Streptococcus
mutans, Porphyromonas gingivalis, and Fusobacterium nucleatum. Qiu et al. [26] success-
fully deposited GO onto titanium sheets using cathodic electrophoresis and observed its
efficient inhibition of bacterial activity. Unfortunately, although high concentrations of
GO exhibit potent bactericidal abilities, they also induce certain levels of cytotoxicity [27].
While reducing the concentration of GO can partially alleviate cytotoxicity concerns, it may
also compromise its bacteriostatic efficacy. Henceforth, we must strive to strike a delicate
balance between biological safety and antimicrobial efficacy so as to achieve simultaneous
osteogenic differentiation and bacteriostatic ability.

Poly(lactic acid) (PLA) is a widely utilized polymer biomaterial that can be derived
through fermentation of renewable resources such as corn, starch, and potato. Its excep-
tional biocompatibility and degradability have led to its approval by the Food and Drug
Administration (FDA) as one of the few biodegradable medical materials [28]. PLA finds ex-
tensive applications in the pharmaceutical field, including sustained-release packaging [29],
surgical sutures [30] and so on. Over the past decades, PLA has been extensively employed
in bone tissue regeneration research due to its remarkable biological properties [31,32].
Zhou et al. [33] demonstrated the successful design and fabrication of a 3D-printed scaf-
fold material based on PLA, which effectively enhanced osteogenic ability in human fetal
osteoblast cells (hFOB). Liu et al. [34] developed an electrospun silver nanoparticle-loaded
PLA film with long-term antibacterial properties and potential for bone regeneration pur-
poses. Han et al. [35] prepared an electrodeposited strontium-containing nanofiber film
using PLA, which was found to significantly induce osteogenic differentiation of rBMSCs.

In this study, GO-PLA composite films were prepared and their antibacterial ability
and osteogenic differentiation of bone marrow mesenchymal stem cells were investigated.
As shown in Figure 1, pure PLA films and 0.25, 0.5, 1.0 wt% GO-PLA films were prepared
by a solution casting method. In vitro, rBMSCs were inoculated and cultured on the
scaffold to evaluate their biocompatibility and osteogenic ability. Meanwhile, two bacteria
were selected to detect the antibacterial ability of GO-PLA films. Finally, bone tissue
regeneration performance of GO-PLA films was studied by constructing a rat skull defect
model. In summary, this study provides a theoretical basis for the application of GO in
bone tissue engineering.
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Figure 1. Brief schematic diagram of the preparation of the GO-PLA films, osteogenesis, and antibiosis.

2. Materials and Methods
2.1. Materials

PLA(molecular weight: 470,000) was purchased from Daigang Bio-technology Co.,
Ltd. (Jinan, China). GO powder was purchased from XFNANO Materials Technology Co.,
Ltd. (Nanjing, China). (thickness: 0.8–1.2 nm, diameter: 0.5–5 µm). Dichloromethane was
obtained from Aladdin Industrial Co., Ltd. (Shanghai, China). Triton X-100 and trypsin
were purchased from Weiao Biotechnology Co., Ltd. (Shanghai, China). Fetal bovine serum
(FBS) was purchased from Gibco (Grand Island, NE, USA). α-MEM, penicillin-streptomycin,
phosphate-buffered saline (PBS) were purchased from HyClone (Logan, UT, USA).

2.2. Preparation and Characterization of the GO-PLA Films

In this experiment, GO-PLA composite films were prepared via a solution casting
method. Initially, a specific amount of GO powder was added to 20 mL of dichloromethane
and subjected to sonication for 3 h to achieve uniform dispersion. Subsequently, 1 g of
PLA was introduced into the dispersion and vigorously stirred on a magnetic stirrer until
well-mixed. The resulting mixture was then poured into preformed molds and allowed to
stand undisturbed for 24 h, yielding films with varying weight percentages (0, 0.25, 0.5,
and 1.0 wt%) of GO content, respectively. To eliminate any residual dichloromethane, the
films underwent multiple rinses with deionized water. The functional groups of the films
were observed using the Fourier transform infrared (FTIR) spectra (Thermo, Waltham,
MA, USA) with a wavelength range from 2500 to 500 cm−1. Raman spectra with a 532 nm
laser excitation was carried out using a D8 Advance (Bruker, Karlsruhe, Germany), and
X-ray diffraction analysis of the films was performed at room temperature by an X-ray
diffractometer (RM5, Edinburgh, UK).

2.3. Cell Isolation and Culture

All animal procedures in the research were approved by the Ethics Committee of
Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. Rat bone
marrow-derived stem cells (rBMSCs) were isolated from 4-week-old Sprague–Dawley
(SD) rats as was described [36]. In a sterile environment, the femurs and tibias of SD
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rats’ hind limbs were isolated, and the cartilages located at both ends of the bones were
excised. Subsequently, the bone marrow was flushed into a 10 cm culture dish with α-MEM
medium containing 10% fetal bovine serum and 1% penicillin-streptomycin solution. The
dish was then placed in a cell culture incubator at 37 ◦C with 5% CO2 and 95% humidity
for cultivation. After three days, the medium was replaced, followed by subsequent
replacements every two days. When the cell density reached 70%–80%, trypsin was used
for subculture of the cells. P3–P4 passage cells were selected for all subsequent experiments.

2.4. Cell Adhesion Activity Assay

The BMSCs were seeded onto the surface of the PLA and GO-PLA films at a density of
1 × 104 cells/mL. After incubation for 1, 4, and 24 h, the cells were washed three times with
PBS. Subsequently, they were fixed with 4% paraformaldehyde for 30 min and washed
again with PBS three times. Then, permeabilization was performed using 0.1% Triton X-100
followed by blocking with a solution containing 1% bovine serum albumin for one hour.
After washing three times with PBS, the cells were incubated in the dark with fluorescein-
isothiocyanate-labeled phalloidin (Sigma, St. Louis, MO, USA) for 30 min and stained with
DAPI for an additional five minutes. Finally, images were captured under an inverted
fluorescence microscope.

2.5. Cell Proliferation Measurement

The cell viability of rBMSCs cultured on PLA and GO-PLA films with varying concen-
trations was evaluated using the CCK-8 assay kit (Beyotime, Shanghai, China). Initially,
rBMSCs were seeded onto the film surface at a density of 1 × 104 cells/mL. After 1, 4, and
7 days of culture, the supernatant was discarded from the culture plates and subsequently
subjected to three rounds of PBS washing for a duration of 5 min per wash. Subsequently,
each well in a plate was supplemented with 200 µL of cell culture medium containing a
10% CCK-8 solution and incubated in a light-shielded constant temperature incubator for
3 h. Then, 150 µL of supernatant was transferred to a separate 96-well plate, and its optical
density (OD) value was measured at a wavelength of 450 nm using a microplate reader.

2.6. ALP Staining and ALP Activity Assay

rBMSCs were seeded onto the PLA and GO-PLA films in a six-well plate at a density
of 2 × 104 cells/well for alkaline phosphatase (ALP) staining. After incubation for 7 and
14 days, the cells were fixed with 4% paraformaldehyde for 30 min and washed three times
with PBS. A BCIP/NBT staining solution (Beyotime, China) was prepared according to the
manufacturer’s instructions and added to each well, covering the cells in the six-well plate.
After avoiding light exposure for 30 min, photographs were captured.

For ALP activity assay, rBMSCs were seeded onto the PLA and GO-PLA films at
a density of 1 × 104 cells/well. Following incubation for 7 and 14 days, cell lysis was
performed using Triton X-100 (0.1%). The total protein content was extracted using BCA
protein assay kit (Jiancheng, Nanjing, China), following the manufacturer’s instructions at
an absorbance wavelength of 562 nm. ALP activity was measured by detecting optical den-
sity (OD) values at a wavelength of 520 nm using an ALP activity detection kit (Beyotime,
China). As we previously described [37], normalization of ALP activity was performed
against total protein content.

2.7. Real-Time Quantitative Polymerase Chain Reaction Analysis
2.7.1. RNA Extraction

rBMSCs (5 × 104 cells/well) were plated and cultured for 3 and 10 days before RT-PCR
analysis of the relative mRNA expression of osteogenic genes. Total RNA was isolated with
800 µL TRIZOL reagent (TAKARA, Dalian, China) in accordance with the manufacture’s
protocol. All the RNA samples used in this research had OD260/280 ratio above 1.8.
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2.7.2. RT-PCR Analysis

Total RNA extraction from rBMSCs was performed using TRIZOL reagent, and 1 µg
RNA was reverse transcribed into complementary DNA in accordance with the recommen-
dations of the manufacturer (TAKARA, Ichikawa, Japan). Expression was quantified by
using Universal SYBR Green Master (Roche, Basel, Switzerland). The gene assays were
performed in triplicate for each experimental group, with the expression level of GAPDH
serving as an internal control. Each reaction was performed in triplicate. The primers
selected are listed in Table 1.

Table 1. Primer sequences used for real-time PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

Vinculin TGGACGGCAAAGCCATTCC GCTGGTGGCATATCTCTCTTCAG
BMP2 AACGAGAAAAGCGTCAAGCC CCAGTCATTCCACCCCACA
OCN CATCTATGGCACCACCGTTTA CTGTGCCGTCCATACTTTCG
OPN TGGATGAACCAAGCGTGGA TCGCCTGACTGTCGATAGCA

GAPDH GGCAAGTTCAACGGCACAGT GCCAGTAGACTCCACGACAT

2.8. Antibacterial Assay In Vitro

Actinobacillus actinomycetemcomitans (Aa, G−) and Streptococcus mutans (Sm, G+)
were selected as research subjects to assess their antibacterial activities against different
samples. The bacteria were cultured in brain-heart infusion broth (BHI) at a concentration
of 3.7% (Sigma), under anaerobic conditions with an atmosphere consisting of 80% N2,
10% H2, and 10% CO2 at a temperature of 37 ◦C. Following a 24-h incubation period, the
bacteria were dislodged from the various films. Untreated BHI medium was considered
the control group. Subsequently, the resuspended bacterial suspension was serially diluted
using BHI and transferred onto agar plates for further cultivation over another period of
24 h. Finally, the antibacterial efficacy was determined by calculating colony-forming
units (CFU).

2.9. In Vivo Osseointegration Assessment
2.9.1. Animals and Surgical Procedure

The animal surgeries in this experiment were conducted in accordance with the
requirements of the Institutional Animal Care and Use Committee at Shanghai Jiaotong
University and received approval from the ethics committee. The rats were housed under
controlled conditions at 21 ◦C, 50% humidity, and a light/dark cycle of 12 h. All animal
experiments were carried out at the Experimental Animal Center of Xinhua Hospital,
strictly adhering to welfare and ethical guidelines for experimental animals.

Twelve male SD rats, with an average weight of 200 g, were selected to establish
a cranial defect model following the standard procedure [38]. The rats were randomly
divided into three groups: the blank control group, where no treatment was applied to the
cranial defect; the PLA group, where a PLA film was placed at the site of the cranial defect;
and the 0.5 wt% GO-PLA group, where a 0.5 wt% GO-PLA film was placed at the site of the
cranial defect. Initially, inhalation anesthesia (2% isoflurane) was administered followed
by an intraperitoneal injection of 1% pentobarbital sodium at a dose of 50 mg/kg in rats.
The rat’s head was disinfected with iodine solution before making a midline incision along
with skin and periosteum separation to expose the skull bone. A circular full-thickness
bone defect with a diameter of 4 mm was symmetrically created on both sides along the
sagittal suture using a circular burr with a diameter of 4 mm. After completing bone defect
preparation, either PLA or 0.5 wt% GO-PLA film was implanted into the defect area while
leaving some defects without any material as blank controls. Skin and periosteum tissues
were sutured layer by layer using absorbable sutures for alignment purposes. Eight weeks
after surgery, three groups of rats were sacrificed, and their cranial specimens were fixed in
4% paraformaldehyde (PFA) for subsequent studies.
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2.9.2. Micro-CT Assay

Trim the separated rat skull samples to appropriate sizes and perform micro-CT
scanning using a voxel size of 7 µm with the VENUS micro-CT system (Pingsheng Scientific,
Suzhou, China). Subsequently, employ three-dimensional reconstruction software to obtain
reconstructed new bone formation at the defect site along with X-ray image data. Calculate
bone volume (BV) and bone volume/total volume ratio (BV/TV) within the same range as
the defect.

2.9.3. Histological Observation

After Micro-CT scanning, all samples were decalcified using ethylenediaminete-
traacetic acid (EDTA) solution (Beyotime, China) for a duration of 4 weeks. Subsequently,
the decalcified samples underwent dehydration with ethanol and were embedded in paraf-
fin. Histological analysis was conducted on tissue sections measuring 5 µm in thickness
from the central region of the cranial bone defect. In accordance with the manufacturer’s
instructions, these tissue sections were stained using hematoxylin-eosin (HE) and Masson’s
trichrome stain. Observation and photography procedures were performed under an
optical microscope (Nikon, Tokyo, Japan).

2.10. Statistical Analysis

The data were presented as mean ± standard deviation (SD). Group differences were
analyzed using one-way analysis of variance (ANOVA). A p-value less than 0.05 was
considered statistically significant.

3. Results
3.1. Characterization of the Graphene Oxide-Incorporated-PLA Films

The GO-PLA films depicted in Figure 2A exhibit distinct characteristics. While the
pure PLA films displayed a milky white color, the GO-PLA films exhibited a gradual
darkening of color with increasing GO content from 0.25 to 1.0 wt%. Initially, both the
pure PLA and GO-PLA films were subjected to FTIR analysis for characterization purposes
(Figure 2B). The presence of specific peaks confirmed the existence of various functional
groups within these films: an asymmetric bending of carbonyl (C=O) at 1750 cm−1, an
asymmetric stretching of -C-CH3 at 1451 cm−1. The peak positions of 1380 and 1360 cm−1

represent symmetric and asymmetric bending of -C-H. 1181 and 1083 cm−1 represent sym-
metric and asymmetric bending of C-O-C, while -OH group representation at 1042 cm−1,
stretching of -CH3 at 956 cm−1, and stretching of -C-C at 870 cm−1 [39]. These observed
peaks validate the presence of PLA in all film samples. The successful incorporation of GO
into the PLA nanofibers was confirmed by the Raman spectra, as depicted in Figure 2C.
In the GO-containing films, distinct peaks corresponding to the D and G bands were ob-
served at 1345 and 1600 cm−1, respectively. Additionally, a peak at 1766 cm−1 could be
attributed to the C=O stretching of carboxyl groups in PLA molecules, while another peak
at 1450 cm−1 represented the -CH3 asymmetric deformation of the repeating unit. The
X-ray diffraction (XRD) patterns of pure PLA and GO-PLA films are presented in Figure 2D.
In the XRD pattern of GO-PLA films, a distinct and intense peak is observed at 2θ ≈ 11◦,
indicating the presence of oxidized graphite functional groups. This peak corresponds to
an interlayer spacing of 0.79 nm, which is characteristic of layered GO structures. Overall,
the results from FTIR, Raman spectroscopy, and XRD analysis unequivocally demonstrate
the successful integration of GO into PLA films.
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Figure 2. Characterization of the PLA and 0.25/0.5/1.0 wt% GO-PLA films. (A) Images of PLA (I),
0.25 wt% GO-PLA (II), 0.5 wt% GO-PLA (III), and 1.0 wt% GO-PLA (IV), respectively. (B) FTIR,
(C) Raman, and (D) XRD analyses of the PLA and GO-PLA films.

3.2. Effect of Graphene Oxide Incorporation on the Adhesion and Proliferation of rBMSCs on
PLA Films

After culturing rBMSCs on pure PLA and GO-PLA films for 1, 4, and 24 h, the
morphology of rBMSCs was examined using immunofluorescence staining to investigate
the impact of GO incorporation on cell adhesion. As depicted in Figure 3A, cells exhibited
a spindle-shaped morphology with fewer pseudopodia on the surface of the pure PLA
film, indicating weak affinity between rBMSCs and the pure PLA film. Conversely, on the
surfaces of 0.25, 0.5 and 1.0 wt% GO-PLA films, cells displayed well-spread morphologies
with significantly extended filamentous pseudopodia, suggesting that GO could enhance
rBMSCs’ adhesion ability. Additionally, RT-PCR analysis was conducted to assess vinculin
gene expression as a focal adhesion protein level in rBMSCs. The results demonstrated
higher vinculin gene expression in rBMSCs cultured on GO-PLA films compared to those
cultured on the pure PLA film (Figure 3B), with the highest expression observed in the 0.5
wt% GO-PLA group. To evaluate how GO incorporation affected rBMSCs proliferation
activity, cell viability was assessed using CCK-8 after culture periods of 1, 4, and 7 days.
As illustrated in Figure 3C, the proliferation activity of cells cultured on GO-PLA films
was higher than that observed in the pure PLA group; notably, the highest activity was
observed in the presence of a concentration of 0.5 wt% GO within PLA.
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(*) p < 0.05, (**) p < 0.01. (scale bar = 100 µm).

3.3. Effect of Graphene Oxide Incorporation on the ALP Activity and Osteogenic-Related Genes
Expression of rBMSCs on PLA Films

The expression of ALP, a marker indicating pre-osteogenic differentiation, was eval-
uated by conducting ALP staining and measuring its activity at two time points (3 and
10 days) on both pure PLA film and GO-PLA films with varying concentrations. The results
demonstrated that (Figure 4A) the depth of ALP staining in the 0.25, 0.5, and 1.0 wt% GO-
PLA films were significantly higher than that in the pure PLA film group, particularly at
0.5 wt% GO-PLA film. Similar trends were observed at days 14. Additionally, quantitative
ALP activity detection (Figure 4B) revealed higher ALP activity in all GO-PLA films com-
pared to pure PLA film, with the highest levels observed in the 0.5 wt% GO-PLA group.
Furthermore, real-time fluorescence quantitative PCR was conducted at days 3 and 10 to as-
sess expression levels of osteogenic marker genes (BMP2, OCN, OPN) in rBMSCs cultured
on GO-PLA films. After three days of culture, it became evident that the expression levels of
BMP2, OCN, and OPN in the 0.5 wt% GO-PLA group exhibited significantly higher values
compared to the other three groups (Figure 4C–E). No statistically significant difference
was observed between the expression levels of BMP2 and OPN in rBMSCs among the 0.25
and 1.0 wt% GO-PLA groups and the pure PLA group. However, for OCN expression level
in rBMSCs, both the 0.25 and 0.5 wt% GO-PLA groups demonstrated higher values than
the remaining two groups; furthermore, with an increase in GO concentration, a decrease
in relative expression level was observed specifically within the 1.0 wt% GO-PLA group.
Upon reaching a culture period of ten days, there was an upregulation of BMP2 and OPN
expression levels in rBMSCs on all three types of GO-PLA films when compared to the
control group; notably, this effect was most pronounced within the 0.5 wt% GO-PLA group.
As for OCN expression level, both the 0.5 and 1.0 wt% GO-PLA groups displayed higher
values than their counterparts; however, it is worth mentioning that the higher values were
recorded in the 0.5 wt% GO-PLA film.
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Figure 4. Osteogenic differentiation of rBMSCs cultured on the PLA and GO-PLA films. (A) ALP stain-
ing and (B) ALP activity of rBMSCs incubated on different films for 7 and 14 days. (C–E) Osteogenic-
related genes expression in rBMSCs cultured for 3 and 10 days: (C) BMP2, (D) OCN, (E) OPN.
(*) p < 0.05, (**) p < 0.01. (scale bar = 200 µm).

3.4. Effect of Graphene Oxide Incorporation on the Antibacterial Activity on PLA Films

The in vitro antibacterial performance of 0.5 wt% GO-PLA film was tested using
two representative oral bacteria, namely gram-positive bacteria Sm and gram-negative
bacteria Aa. As depicted in Figure 5A, the control group and PLA group exhibited a large
number of colonies that covered almost the entire bacterial culture plate; however, the
number of colonies in the 0.5 wt% GO-PLA group was significantly lower than that in
the other two groups. Colony counting analysis revealed that the inhibition rate of the
0.5 wt% GO-PLA film on Aa exceeded 80% (Figure 5B). Effective inhibition on Sm by the
0.5 wt% GO-PLA film was also observed, as shown in Figure 5C,D. Subsequently, scanning
electron microscopy (SEM) was employed to record bacterial morphology (Figure 5E). In
both control and PLA groups, Aa and Sm maintained their normal size, shape, and intact
cell membranes; flagella were even visible on Aa indicating active motility. Conversely,
when cultured on the 0.5 wt% GO-PLA film, bacterial cell walls and membranes lost their
integrity with leakage of intracellular contents; no flagella were observed either. Similarly,
exposure to the 0.5 wt% GO-PLA film resulted in a collapsed and fragmented structure for
Sm suggesting direct damage caused by this material.
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Figure 5. Antibacterial activity of PLA and 0.5 wt% GO-PLA films. Photographs of recultivated
(A) Aa and (C) Sm colonies cultured on the PLA and 0.5 wt% GO-PLA films the for 24 h.
(B,D) Analysis of reduction percentages of bacteria colonies. (E) SEM images of Aa and Sm cells.
(**) p < 0.01. (scale bar = 1 µm).

3.5. Guiding the Bone Tissue Regeneration of Graphene Oxide-Incorporated PLA Films In Vivo

The role of film-guided bone regeneration was investigated in a rat skull defect model,
with the untreated group serving as the control. After 8 weeks of implanting the films into
the rat skull defect, micro-CT scanning was performed to observe the regenerated bone.
As depicted in Figure 6A, three-dimensional reconstruction revealed minimal new bone
formation in the blank control group compared to its initial size (4 mm diameter indicated
by blue circle), while both experimental groups exhibited greater new bone growth than the
control group. Notably, the 0.5 wt% GO-PLA film demonstrated nearly complete closure of
the bone defect area, indicating significantly enhanced new bone regeneration compared to
the pure PLA film alone. Figure 6B,C illustrate newly formed bone volume (BV) and ratio
of BV to total volume (BV/TV), respectively. The results demonstrate superior outcomes
for both pure PLA and 0.5 wt% GO-PLA films over the blank control group. Moreover, at a
concentration of 0.5 wt%, GO induced more new bone generation than pure PLA alone.
Histological analysis through HE and Masson staining on decalcified specimens further
supported these findings (Figure 7). In all samples, new bone formation was considerably
lower in the blank control group compared to both experimental groups, with most areas
being covered by soft tissue only. Partial coverage with newly formed bone was observed
in the pure PLA group; however, it was most pronounced in the 0.5 wt% GO-PLA group
which exhibited extensive new bone growth relative to other groups examined herein.
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4. Discussion

Bone defect repair poses a significant challenge in the field of orthopedics due to the
high risk of treatment failure caused by bacterial infection [40,41]. However, conventional
bone graft materials lack antibacterial properties, thereby impeding effective bone regen-
eration [42]. In routine clinical practice, combining antibiotics with bone graft materials
is the most common approach for treating infectious bone defects [43,44]. Nevertheless,
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antibiotics fail to effectively combat complex infections caused by drug-resistant bacteria
and partially inhibit the osteogenic induction of bone graft materials [45–47], leading to
compromised anti-infection and bone defect repair outcomes. To address this issue, there is
an urgent need for the development of novel transplant materials with dual functionality
that can fulfill both antibacterial and osteogenic requirements. Therefore, we have designed
and synthesized a GO-loaded PLA film aiming to enhance the antibacterial activity and
potential for bone tissue regeneration in bone graft materials.

In recent years, graphene and graphene oxide(GO)-based materials have emerged
as a prominent area of focus in medical research [4,48]. GO exhibits distinctive physical
and chemical characteristics encompassing remarkable mechanical robustness, abundant
oxygen-functional groups, and a high ratio of surface area. These attributes enable it to
play a pivotal role in various biomedical engineering applications [48], nanomedicine
advancements [49], tumor therapy strategies [50], drug release systems [51], and biological
imaging techniques [52], among others. Compared to other spherical or flat nanomaterials,
GO exhibits a significantly larger specific surface area along with superior strength and
excellent biocompatibility. Bone marrow mesenchymal stem cells serve as crucial precur-
sor cells for osteoblasts and play an essential role in bone regeneration and integration
processes [53]. The recruitment and adhesion of BMSCs represent the initial stages of
osteogenesis while also being closely associated with cell proliferation and osteogenic
differentiation. Therefore, we selected rBMSCs as the seed cells for this study to investigate
the osteogenic properties of GO. To accomplish this objective, three different concentrations
of 0.25, 0.5 and 1.0 wt% were employed while utilizing pure PLA film as the control group.

As depicted in Figure 3A, the extended area of rBMSCs cultured on GO-PLA films
with concentrations of 0.25, 0.5 and 1.0 wt% were found to be larger compared to that
on pure PLA film, accompanied by a significant extension of filamentous pseudopodia,
particularly evident on the 0.5 wt% GO-PLA film. Furthermore, RT-PCR quantitative
analysis (Figure 3B) revealed a substantial increase in the expression level of vinculin, a
cell adhesion plaque protein, in the GO-modified films. These findings indicate that GO
effectively enhances the cell adhesion ability of rBMSCs, which is consistent with previous
studies by Li et al. [54]. Notably, it is worth mentioning that the expression level of vinculin
was lower in the 1.0 wt% GO-PLA film compared to that in the 0.5 wt% GO-PLA film.
Consistent results were obtained from cell counting kit-8 (CCK-8) assay as well; when
using a concentration of 1.0 wt% GO, rBMSCs exhibited lower proliferation activity than
those cultured on the 0.5 wt% GO-PLA film. This suggests that high concentrations of
GO moderately inhibit cell adhesion and activity. Wang et al. [55] synthesized GO using a
modified Hummers method and evaluated its cytotoxicity on human skin fibroblasts. The
results demonstrated that GO exhibited low cytotoxicity at a concentration of 20 µg/mL;
however, upon increasing the concentration to 50 µg/mL, there was a significant decrease
in cell viability. Cicuéndez et al. [56] employed fluorescein-labeled GO nanosheets to
investigate the cellular uptake by MC3T3-E1 pre-osteoblasts, which resulted in reduced cell
proliferation and increased apoptosis. Some researchers hypothesized that the abundance
of oxygen-containing functional groups on the surface of GO could generate reactive
oxygen species (ROS), leading to toxic effects on cells through activation of the caspase
cascade reaction [57]. Therefore, it is crucial to explore an optimal concentration of GO that
promotes both cell proliferation and osteogenesis.

ALP staining and quantification of ALP activity were employed to assess the early
osteogenic potential of rBMSCs on various films. ALP serves as not only a participant in the
mineralization process but also an important marker for early osteogenesis [58]. Following
7 and 14 days of culture, the GO-incorporated scaffolds exhibited more intense staining
compared to the control group, indicating that GO significantly enhanced ALP expression,
particularly in 0.5 wt% GO-PLA films (Figure 4A). This finding was further supported by
quantitative analysis of ALP activity, which demonstrated increased expression across all
concentrations of GO-PLA films (Figure 4B).
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Moreover, to gain deeper insights into the impact of GO on osteogenic differentiation,
we also evaluated the expression levels of BMP2, OCN, and OPN as key osteogenic genes.
The results revealed that GO promoted their expression; however, higher concentration
(1.0 wt%) GO-PLA films displayed lower gene expression compared to those with a con-
centration of 0.5 wt% (Figure 4C–E). BMP2, a member of the TGF-β superfamily, plays
a pivotal role in osteogenesis and chondrogenesis by effectively inducing mesenchymal
cell differentiation into osteoblasts [59]. OPN, an essential bone matrix protein widely
distributed in the extracellular matrix, is closely associated with bone development and
formation [60]. OCN emerges towards the end of osteoblast differentiation; it binds to
Ca2+ ions to regulate calcium homeostasis and promote bone mineralization while also
contributing to the maturation and mineralization processes of osteoblasts [61]. Numer-
ous studies have demonstrated that GO composites possess regenerative properties for
nerves [62], blood vessels [63], and particularly for bone tissues [17]. This may be attributed
to abundant functional groups on GO surfaces providing a unique platform for promoting
osteogenesis through various pathways such as PI3K/Akt/GSK-3β/β-catenin signaling
pathway, actin cytoskeleton dynamics or ERK signaling pathway [64,65].

Infection following bone graft implantation is a significant contributor to bone graft
failure. Recently, GO has garnered considerable attention due to its exceptional bacteri-
cidal properties. Based on the results of in vitro cytological experiments, we selected the
0.5 wt% GO-PLA film with varying concentrations of GO ranging from 0.25 to 1.0 wt% for
subsequent bacterial experiments, while the untreated group served as the control group.
In this study, Aa and Sm were chosen as the research subjects, and bacterial counting
was employed to evaluate their antibacterial efficacy. As depicted in Figure 5A–D, com-
pared to both the control group and pure PLA film, the 0.5 wt% GO-PLA film effectively
suppressed the proliferation of Aa and Sm bacteria. Scanning electron microscopy (SEM)
was utilized to observe bacterial morphology and membrane integrity on different film
surfaces (Figure 5E). The bacterial morphology in the 0.5 wt% GO-PLA group exhibited
loss of integrity with broken and wrinkled films. These findings demonstrate that GO-
modified samples possess excellent antibacterial effects. Guo et al. [66] prepared a coating
(SPEEK-GO) by depositing GO on the surface of Poly-ether-ether-ketone (PEEK). The bac-
tericidal efficacy of SPEEK-GO against P. gin-givalis was determined to be 80.75% ± 2.54%,
while that against S. mutans was found to be 66.41% ± 3.87%. Sun et al. [67] reported a
modification of the surface of titanium implants (Ti-MAO-GO) using microarc oxidation
(MAO) combined with self-assembled graphene oxide (GO). The antibacterial rate of Ti-
MAO-GO against S.mutans was deter-mined to be 93.25% ± 2.47%. Currently, a consensus
regarding the antibacterial mechanism of GO has not yet been reached. Several prominent
mechanisms for its bactericidal activity have been proposed, encompassing oxidative stress
induced by reactive oxygen species (ROS) generation [23], nano-knife effect and charge
transfer phenomena [68], as well as interactions with phospholipids [69], proteins [70], and
DNA/RNA molecules [71], among others.

In vivo osteogenic capacity plays a crucial role in assessing the osteogenic potential of
biomaterials. In this study, we established a rat skull defect model with a 4 mm diameter to
investigate the osteogenic efficacy of GO-PLA films. A blank control group without any
treatment was included as the control. Consistent with our in vitro findings, implantation
of 0.5 wt% GO-PLA films significantly enhanced bone tissue regeneration compared to both
the blank control and pure PLA film after an 8-week period without exogenous growth
factors supplementation, as demonstrated by micro-CT reconstruction results (Figure 6A).
Subsequently, statistical analysis was performed on bone volume and bone volume to tissue
volume ratio (BV/TV) (Figure 6B,C), revealing that the 0.5 wt% GO-PLA film exhibited
superior ability for bone tissue generation compared to pure PLA film, with statistically
significant differences observed. This finding was further confirmed through histological
staining analysis. HE staining and Masson staining results revealed minimal new bone
matrix in the blank control group after 8 weeks of scaffold implantation, while significant
new bone formation was observed in the pure PLA film group. In contrast, the 0.5 wt%
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GO-PLA group exhibited a thickened new bone matrix that occupied most of the defect
area. These findings were consistent with micro-CT results and further substantiated the
exceptional osteogenic potential of the 0.5 wt% GO-PLA film. This phenomenon may be
attributed to the ability of GO to significantly enhance rBMSCs’ osteogenic differentiation,
as well as its capacity within the scaffold to facilitate rBMSCs and biomolecule adsorption,
thereby promoting cell adhesion, proliferation, and differentiation for enhanced new bone
formation. The findings of this study are consistent with those reported by other researchers.
Liu et al. [19] fabricated a GO-based collagen composite aerogel and observed a signifi-
cant enhancement in bone formation in a rat skull defect model upon the addition of GO.
Srinivetha et al. [72] developed a nanocomposite incorporating GO and demonstrated that
the scaffolds containing GO exhibited superior efficacy in promoting bone defect healing.
However, there are still numerous unresolved issues pertaining to the clinical application
of graphene and its derivatives that necessitate further exploration. It is imperative to eluci-
date the factors influencing the biosafety of graphene and its derivatives, as well as to delve
into their underlying mechanisms in greater detail. Presently, our understanding regarding
strategies for minimizing host immune responses to these composites and comprehending
the impact of graphene and its derivatives on inflammation remains limited. Furthermore,
additional research is required to investigate the potential utilization of graphene and
its derivatives in clinically repairing bone defects. In summary, our study highlights the
exceptional osteogenic and antibacterial properties of the GO-PLA film, which holds great
promise for bone tissue regeneration applications. Therefore, the GO-PLA film represents a
highly prospective material for repairing bone defects.

5. Conclusions

In summary, we have successfully prepared GO-modified PLA films. In vitro results
showed that GO-PLA films could enhance cell adhesion compared with the pure PLA
film. In addition, when the concentration of GO increased to 0.5 wt%, it could significantly
enhance the proliferation of rBMSCs, but when the concentration was further increased
to 1.0 wt%, the proliferation of rBMSCs decreased. At the same time, the addition of GO
not only promoted the expression of ALP, but also increased the expression levels of other
osteogenesis-related genes. GO-modified PLA films had good antibacterial ability, which
could effectively inhibit the proliferation of gram-positive bacteria Sm and gram-negative
bacteria Aa. Moreover, the results of in vivo animal model further confirmed that GO-PLA
films could effectively promote the regeneration of bone tissue. In conclusion, our study
has proved that GO-PLA film is a potential bone tissue biomaterial.
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