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Abstract 

Background  Enhancing the antibacterial properties of polymethyl methacrylate (PMMA) dental resins is crucial 
in preventing secondary infections following dental procedures. Despite the necessity for such improvement, 
a universally applicable method for augmenting the antibacterial properties of PMMA without compromising its 
mechanical properties and cytotoxicity remains elusive. Consequently, this study aims to address the aforementioned 
challenges by developing and implementing a composite material known as zinc oxide/graphene oxide (ZnO/GO) 
nanocomposites, to modify the PMMA.

Methods  ZnO/GO nanocomposites were successfully synthesized by a one-step procedure and fully characterized 
by TEM, EDS, FTIR and XRD. Then the physical and mechanical properties of PMMA modified by ZnO/GO nanocom-
posites were evaluated through water absorption and solubility test, contact angle test, three-point bending tests, 
and compression test. Furthermore, the biological properties of the modified PMMA were evaluated by direct micro-
scopic colony count method, crystal violet staining and CCK-8.

Results  The results revealed that ZnO/GO nanocomposites were successfully constructed. When the concentration 
of nanocomposites in PMMA was 0.2 wt. %, the flexural strength of the resin was increased by 23.4%, the compres-
sive strength was increased by 31.1%, and the number of bacterial colonies was reduced by 60.33%. Meanwhile, It 
was found that the aging of the resin did not affect its antibacterial properties, and CCK-8 revealed that the modified 
PMMA had no cytotoxicity.

Conclusion  ZnO/GO nanocomposites effectively improved the antibacterial properties of PMMA. Moreover, 
the mechanical properties of the resin were improved by adding ZnO/GO nanocomposites at a lower range 
of concentrations.
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Background
Polymethyl methacrylate (PMMA) has been widely used 
in clinical work, particularly in the fields of orthodontics 
and prosthodontics, owing to its numerous benefits such 
as excellent biocompatibility, convenient processing, 
great aesthetics, and high-cost performance [1–3].How-
ever, the insufficient antimicrobial properties of PMMA 
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make it easy to deposit of the dental plaque biofilm in the 
oral environment during use [4, 5], resulting in dental 
caries, mucosal infections, periodontal diseases and even 
systemic disease such as cardiovascular disease and dia-
betes mellitus [6–10], which limits the widespread clini-
cal use of PMMA.

Usually, antibiotics and cleaning are the most effective 
and conventional methods to address the aforementioned 
issues. However, the long-term use of antibiotics has neg-
ative impacts on physical health and can also increase the 
rates of antibiotic resistance. Moreover cleaning methods 
such as manual washing, disinfectant soaking, and ultra-
sonic cleaning may accelerate unwanted wear down of 
materials and cleaning methods are merely realizable for 
removable dental applications [11, 12].

Compared to the antibiotics and cleaning methods, the 
novel approach of antibacterial modification of PMMA 
with different fillers can prevent bacterial from adher-
ing to the surface of the resin [13–18], and significantly 
lessen the dental plaque biofilm on the surface of the 
resin. Among the existing researches, commonly used 
filler materials include organic materials such as eth-
ylenediaminetetraacetic acid (EDTA) [14], dimethyl-
aminohexadecyl methacrylate (DMAHDM) [15], and 
inorganic nanoparticles such as Au [16, 17], Ag [18], 
TiO2 [13]. The addition of fillers improves the antimicro-
bial properties of PMMA to some extent, but often has 
a negative impact on the mechanical properties (EDTA, 
Au, Ag, TiO2) or biocompatibility (DMAHDM) of 
PMMA. Obviously, all these approaches have inevitable 
drawbacks that limit the clinical application of PMMA. 
Therefore, a novel strategy to solve the aforementioned 
problems is urgently required.

Zinc oxide nanoparticles (ZnO NPs) have excellent bio-
compatibility and broad-spectrum antimicrobial activity 
against both gram-positive and gram-negative bacteria 
[19]. At present, the release of Zn2+ ions and genera-
tion of reactive oxygen species (ROS) are considered as 
the main antimicrobial mechanisms of ZnO NPs [20, 21]. 
However, ZnO NPs have tendency to agglomerate, thus 
limiting the antibacterial activities [22]. Therefore, avoid-
ing the aggregation of ZnO NPs is the key to its antibac-
terial effect.

The introduction of graphene oxide (GO) has the 
potential to solve the agglomeration of ZnO NPs. The 
main reason is that the oxygen-containing functional 
groups on the surface of ZnO NPs could serve as bond-
ing sites for metals and metal oxides. Therefore, GO, as 
the dispersant, can prevent the self-agglomeration of 
ZnO NPs [23, 24]. Moreover, GO nanosheets displays 
properties such as a high surface area, good mechanical 
strength and chemical stability. Several studies have sug-
gested GO could strengthen mechanical performance of 

PMMA [25, 26], such as Cahyanto et al. [27] found that 
GO significantly improved the fatigue resistance and ser-
vice life of PMMA.

In this study, PMMA was modified by adding ZnO/
GO nanocomposites with different concentrations, and 
the cytotoxicity, mechanical and antimicrobial properties 
of the modified resin were comprehensively evaluated 
in vitro.

Methods
Preparation of the ZnO/GO nanocomposite
Zn(CH3COO)2·2H2O (0.32  g) (Solarbio, Beijing, China) 
was dissolved in 30  mL anhydrous ethanol (Damao 
Chemical Reagent Factory, Tianjin, China) and the solu-
tion was stirred at 80 y for 15 min, then cooled down to 
40 ℃. LiOH·H2O (0.12 g) (Solarbio, Beijing, China) was 
dissolved in 12  mL anhydrous ethanol, then 20  mL GO 
(2 mg/mL) (Solarbio, Beijing, China) was added in, both 
solutions were mixed by vigorous stirring. After that, the 
mixture was added into the zinc acetate solution under 
consistent stirring at room temperature for 1 h. The mix-
ture was set in n-hexane overnight at 4 ℃. The precipi-
tates were collected by centrifugation, then washed with 
ethanol and deionized water, drying at 60 °C for 12 h in a 
vacuum oven.

Characterization of the ZnO/GO nanocomposites
The morphology of the ZnO/GO nanocomposite was 
characterized by transmission electron microscopy 
(TEM, JEM-2100F, Joel, Tokyo, Japan). The composi-
tion of the ZnO/GO nanocomposites was checked by 
X-ray diffractometer (XRD, Smart APEX II, BRUKER, 
Germany) and Fourier transform infrared (FTIR, Nico-
let, NEXUS 670, American) spectroscopy using the KBr 
method.

Modifying the PMMA with ZnO/GO nanocomposites
The experimental groups were established based on the 
varying mass ratios between PMMA powders (Xinshiji, 
Shanghai, China) and ZnO/GO nanocomposite. 0 wt. % 
was the negative control group, 0.1 wt. %, 0.2 wt. %, 0.3 
wt. % and 0.4 wt. % were all experimental groups. For 
example, the 0.2 wt. % group contains 10  g of PMMA 
powder and 0.2 g of ZnO/GO nanocomposite.

Five identical-mass pieces of the ZnO/GO nanocom-
posite were dispersed in deionized water via ultrasoni-
cation, this was followed by the addition of correctly 
proportioned PMMA powder, mixed for 24 h, and dried. 
The specimens were then produced using the manufac-
turer’s specified powder-liquid ratio (22  g/10 ± 0.5  mL) 
(Fig.1)
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Flexural strength
In accordance with the ISO 20795–1 interna-
tional standard, specimens (65  mm long × 10  mm 
wide × 3.3  mm thick, n = 3) were made for the pur-
pose of conducting three-point bending test. A total 
of five groups of specimens were prepared. Following 
a 24 h immersion in deionized water at a temperature 
of 37  °C, the specimens underwent evaluation using 
a universal mechanical testing machine (R Control-
ler, Testresources, Shakopee, MN, USA) at a rate of 
0.50 mm/min until the specimens experienced fracture 
(Fig. 3A). The flexural strength (σ, MPa) of each speci-
men was calculated by the following formula.

F is the maximum load applied to the specimen at the 
point of fracture, L is the distance between the two sup-
ports (45 mm), B is the width (mm), and H is the thick-
ness (mm) between the two surfaces of the specimen.

Compressive strength
The compressive strength of PMMA is tested in line 
with the ISO 20795–1 standard of the International 
Organization for Standardization. The specimens (4 mm 
diameter × 6  mm height, n = 3) were made in cylindri-
cal metal molds. Following a 24  h period of storage in 
deionized water at a temperature of 37 °C, the compres-
sive strength was evaluated using a universal mechani-
cal testing machine operating at a rate of 0.50 mm/min.

The compressive strength (C, MPa) of each nanocom-
posite specimen was calculated by the following formula.

p is the maximum applied load (N) measured, and d is 
the diameter of the specimen (mm).

Cross‑sectional observation
The specimens were collected after flexural strength 
test and then sprayed with gold using an injection 

(1)σ =
3FL

2BH2

(2)C =
4p

πd2

current of 10  mA for 60  s by a sprayer (108auto, Ted 
Pella, Redding, CA, USA). Scanning electron micros-
copy (SEM, jsm-5600lv, Joel, Tokyo, Japan) was used 
to explore the features of the fractured surfaces at 
1,000 × magnifications.

Water absorption and solubility
Cylindrical specimen with dimensions (4  mm diam-
eter × 6  mm height, n = 3) were made for the tests. The 
weight of specimen was measured on the analytical bal-
ance (Mettler Toledo ME204, Columbus, OH, USA). 
The 24  h drying cycle was iterated until the initial dry 
weight (W0) was achieved, with a mass change of less 
than ± 0.001 mg. The specimens were immersed in 15 ml 
of deionized water which refreshed daily. After immer-
sion for durations of 7, 14, and 28  days, the specimens 
were wiped with absorbent paper for 3  s and shaken in 
the air for 10  s, then weighed immediately, which was 
recorded as wet weight (W1). At the end of the immer-
sion period, the specimens were dried as previously 
described until the specimens reached a constant mass 
(W2). The water absorption and solubility were calculated 
by the following formula.

Antibacterial activity
S. mutans (ATCC® 700,610, Huayueyang Bio, Shen-
zhen, China) was incubated for 6  h in Luria–Bertani 
(LB) (Solarbio, Beijing, China, L1010) at 37  °C in a 5% 
CO2 incubator, the bacterial suspension was diluted 
with fresh LB for further use. After that, the aged 
and non-aged specimens (10  mm diameter × 1.5  mm 
height, n = 3) were made. To obtain aged specimens, 
the modified PMMA was immersed in fresh deionized 
water that was replaced daily at 37  °C for 28  days. All 
the specimens were sterilized under ultraviolet light 
via a UV irradiator (HFsafe-1200LC, Likang, Shanghai, 
China) 1 h.

(3)Water absorption = (W1 −W2)/W2 × 100%

(4)Solubility = (W0 −W2)/W0 × 100%

Fig. 1  Schematic of the PMMA resin modified with ZnO/GO nanocomposites
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Each specimen was put in a well of 24-well plate, then 
10 µL S. mutans suspension (106 colony-forming unit 
(CFU) / ml) was vertically dropped on the center of spec-
imen’s surface. Subsequently, surfaces were carefully cov-
ered with films in a bid to form even and thin biofilms. 
Then, the well plates were cultured in an incubator at 
37  °C with relative humidity greater than 90% for 24  h. 
After that, the film and surface were washed by 1  mL 
LB medium, respectively. The obtained solutions were 
diluted 20 times and 100 µL of that was dropped on an 
LB ager plate, then incubated at 37  °C for 24  h. Finally, 
bacterial colonies on the plates were photographed and 
counted by Image-J 2x (Rawak Software, Stuttgart, Ger-
many). All experiments were performed in triplicate. 
Blank controls were used with Teflon membranes.

The antibacterial rate was calculated as follows:

R is the antibacterial rate; B is the mean colony-form-
ing unit (CFU) value of the blank control group; C is the 
mean CFU value of the modified resin group.

The specimens were treated in the same manner as 
described above. After 24  h of incubation at 37  °C, the 
specimens were washed with phosphate buffer saline 
(PBS) to remove any unadhered bacteria. Then, for SEM 
observations, the bacteria on the specimens was fixed 
in 2.5% glutaraldehyde (Sigma-Aldrich, American) and 
dehydrated with graded ethanol.

Following that, the crystal violet semi-quantitative 
staining method was used to determine biofilm forming 
ability. bacterial suspensions (10 μL) at the logarithmic 
growth phase were added to 990 µL LB medium in the 
24-well plate. PMMA resin specimens containing differ-
ent concentrations of ZnO/GO nanocomposites were 
immersed in the culture medium and cultured in a con-
stant temperature incubator at 37 °C for 48 h. Next, the 
specimens were transferred to a new 24-well plate, and 
gently rinsed three times with PBS buffer to remove non-
adherent bacteria. After that, the surface of the specimen 
was stained with 1% crystal violet solution (Aladding, 
China, C110703) at 37  °C for 5  min. Then, the 24-well 
plate was rinsed with running deionized water for 5 min. 
Subsequently, the surface of the specimen was washed 
with 1  mL of 50% glacial acetic acid solution. 100 µL 
eluted was pipetted into each well of 96 well plate, and 
the absorbance was measured at 575 nm. At least three 
parallel specimens of each group were measured.

Cytotoxicity assay
The cytotoxicity of PMMA was evaluated by assay-
ing the viability of fibroblasts (L-929 cell line, Shang-
hai Cell Bank, Chinese Academy of Sciences) in  vitro. 
Before use in cell culture experiments, the specimens 

(5)R (%) = [(B -C)/B] × 100%

(d × h = 10  mm × 1.5  mm, n = 3) were thoroughly steri-
lized by UV irradiation and immersed in deionized water 
for 24 h.

Firstly, the specimens were immersed in dulbecco’s 
modified eagle medium (DMEM) without fetal bovine 
serum (FBS) at 37 ℃ for 48  h, and the corresponding 
DMEM (Yuanpei, Shanghai, China, L10KJ) was collected 
for cell culture experiments. Next, the cells suspension 
was seeded into 96-well plate (5 × 103 cells per well) and 
incubated for 24 h. After that, the medium was replaced 
with the previously collected H-DMEM, then incubated 
for 24, 48 and 72  h. Finally, 10 µL CCK-8 (Servicebio, 
Wuhan, China, G4103) was added and incubated for 
a further 3  h, before the absorbance was measured at 
450 nm and the cell viability calculated.

Statistical analysis
The results were analyzed by SPSS software version 27 
(SPSS Ins., Chicago III., USA). Descriptive statistics 
(mean and standard deviation) were used to describe the 
data, Shapiro–Wilk test was used to assess normality of 
the data distribution, and One-way analysis of variance 
(ANOVA) and Waller–Duncan K-ratio t-test was used 
to compare the groups. The differences were considered 
statistically significant at p < 0.05. In all figures, the num-
ber of asterisks is associated with the p-value (* p < 0.05, 
** p < 0.01, *** p < 0.001), and the error bars represent 
standard deviations (SD), which the geometric symbols 
on represent the experimental values for each specimen 
tested.

Results
Characterization of the ZnO/GO nanocomposites
The effective combination of GO and ZnO NPs is the fun-
damental prerequisite for ZnO/GO nanocomposites to 
enhance the mechanical and antibacterial properties of 
PMMA. TEM and EDS mapping technique showed that the 
ZnO/GO nanocomposites were successfully synthesized. It 
can be found that ZnO NPs were evenly distributed on the 
GO sheet (Fig. 2A), and the diffraction streaks confirm that 
the lattice spacing was 0.28 nm (shown by the white arrow), 
which was consistent with the characteristics of ZnO 
nanocrystals. In addition, EDS mapping analysis showed 
that scattered Zn elements distributed throughout the GO 
sheet (Fig. 2B), which indicated the presence of ZnO NPs on 
GO. To further confirm the formation of ZnO/GO nano-
composites, the XRD patterns of the ZnO/GO nanocom-
posites were recorded (Fig. 2C). In the XRD patterns of the 
ZnO/GO nanocomposites exhibited a standard GO diffrac-
tion peak at 2θ = 10.8° and prominent ZnO diffraction peaks 
at 2θ = 31.4°, 35.9°, 47.4°and 56.3°, which corroborated the 
successful combination of the ZnO NPs with the GO.
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In order to further analyze the functional groups on 
the surface of the ZnO/GO nanocomposites, FTIR was 
performed (Fig.  2D). In all FTIR plots, the absorption 
peak at 3149  cm−1 was attributed to the vibrations of 
the H–O bond. The detected peak at 462  cm−1 could 
be assigned to the vibrations of the Zn = O bonds in the 
ZnO and nanocomposites, this indicated that the ZnO/
GO nanocomposites do indeed contain ZnO. And, the 
absorption peaks at 1270  cm−1 and 1720  cm−1 respec-
tively indicated C-O stretch and C = O stretch of GO 
[28, 29], the absorption peak at 1620  cm−1 could be 
attributed to the Reduced Graphene Oxide (RGO) [30].

All of the above had proved that the ZnO/GO nano-
composites were successfully synthesized with GO and 
ZnO NPs.

Physical properties of PMMA resin modified by ZnO/GO 
nanocomposites
Flexural and compressive strengths are key indicators for 
evaluating the mechanical properties of materials. First, 
the flexural resistance of the PMMA resin was measured 
and denoted with flexural strength. The results showed 
that the flexural strength of the PMMA resin modified 
by ZnO/GO nanocomposites was increased compared 

Fig. 2  TEM micrograph for ZnO/GO (A), white markers are crystal plane spacing of ZnO, the inset of (B) is HAADF-STEN image of ZnO/GO and EDS 
mapping analysis of C, O, and Zn, from top to bottom, XRD pattern (C) and FTIR spectra (D) for ZnO/GO
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with the control group, when the concentration of ZnO/
GO was 0.1wt. %, 0.2 wt. %, and 0.3 wt. %, especially this 
effect was more pronounced when the nanocomposites 
content was 0.2 wt. % (Fig. 3B).

Similarly, the compressive strength of the modified 
PMMA was increased, when the concentration of ZnO/
GO was 0.1wt. %, 0.2 wt. %, and 0.3 wt. %. And the com-
pression strength of the 0.2 wt. % and 0.3 wt. % groups 
were greater than 100 MPa (Fig. 3C). However, it needs 
to be emphasized that the increment in flexural and 
compressive strength decreased, when the nanocom-
posites content was 0.3 wt. % and 0.4 wt. %. In addition, 
there was no significant difference in the both strength 
between 0.4 wt. % groups and control groups. To bet-
ter understand the microscopic mechanism, we exam-
ined the cross-sections of the specimens by SEM. It was 
found that there were variable number of microcracks on 
the cross-sectional surface of specimens (Fig. 3D). With 
increasing concentrations of ZnO/GO nanocomposites, 
the number of microcracks gradually decreased. How-
ever, with the further increase the concentration of the 
nanocomposites, the number of microcracks increased 
again.

In addition, water absorption and solubility affect 
the dimensional stability and mechanical properties of 
PMMA [31, 32]. As can be seen from the Fig. 3E-F, with 
the extension of the immersion time, the water absorp-
tion and solubility of the resin increased, and five groups 
did not show any significant difference on the 7th, 14th 
and 28th day of the experiment.

The magnitude of the water contact angle was inversely 
proportional to the hydrophilicity. As shown in Fig. 4A-B, 
the contact angle decreased with increasing the content 
of ZnO/GO nanocomposites, and the contact angle in all 
groups decreased gradually over time, indicating that all 
of the resin groups showed high hydrophilicity, and the 
hydrophilicity of the specimens increased with increasing 
content of nanocomposites.

Antibacterial activity
In this study, we evaluated the effects of ZnO/GO nano-
composites on the antibacterial of PMMA resin. The 
results showed that the number of colonies on the sur-
face of PMMA resin was significantly reduced after 
modified by ZnO/GO nanocomposites. When the con-
centrations of ZnO/GO nanocomposites were 0.2 wt. 
%, 0.3 wt. % and 0.4 wt. %, the number of colonies on 
the surface of resin was decrease by 60.33%, 82.68% and 
92.21%, respectively (Fig. 5A, 5B). At the same time, we 
found that there was no significant difference in the num-
ber of colonies on the resin surface between the aged and 
non-aged groups, which may be owed to the capacity of 

sustained release of antibacterial ions with the ZnO/GO 
nanocomposites system [23].

Additionally, the results of the crystal violet semi-quan-
titative staining showed that the plaque biofilm deposited 
on the surface of the resin was significantly reduced after 
the resin was modified by ZnO/GO nanocomposites, 
especially when the concentration of nanocomposites 
was greater than 0.2 wt. %, this change was very signifi-
cant (Fig. 5C). We also found that the morphology of S. 
mutans on the surface of the modified resin was changed, 
manifested as the disappearance of the normal oval pro-
file, irregular bacterial morphology and a decrease in the 
bacteria in the in the number of bacteria during division 
(Fig. 5D) (shown in red circle).

Cytotoxicity assay
Finally, CCK-8 assay was used to evaluate the effect of 
PMMA resin on the viability of L929 cells. The results 
showed that the cell viability decreased slightly with 
time in all groups, but there was no significant difference 
between the groups (Fig. 6). This suggested that the mod-
ified resin still had no cytotoxicity.

Discussion
Plaque biofilms are easily formed on PMMA surfaces 
in the oral environment, which can lead to dental car-
ies, denture stomatitis and other oral  mucosa lesions. 
Therefore, the application of PMMA in the oral cavity is 
substantially limited due to its inadequate antibacterial 
properties. Numerous researches attempted to enhance 
the  antimicrobial  properties of PMMA, but  they  often 
negatively affect the cytotoxicity and mechanical prop-
erties of the resin. The objective of this study was to 
enhance the antibacterial properties of PMMA, ensuring 
the cytotoxicity and mechanical properties  of material 
in the meantime.

We first synthesized ZnO/GO nanocomposite and 
characterized the products by TEM, EDS Mapping, XRD 
and FTIR techniques. The characterization results vali-
dated the effective synthesis of ZnO/GO nanocompos-
ites in terms of microstructure and surface topography. 
Furthermore,  the  mechanical  properties  of  the  modi-
fied  resin  were  studied  by  the  compressivet-
est and the three-point bending test. The results showed 
that the flexural strength and compressive strength of the 
PMMA were significantly improved when the concen-
tration of the ZnO/GO nanocomposite reached 0.2 wt. 
%, which was considerably superior than ISO 20795–1 
standard. This can be explained by the uniform disper-
sion of ZnO/GO nanocomposite particles through-
out the PMMA resin and the good bonding strength 
between the nanocomposite and matrix. The nanopar-
ticles were capable of filling in voids surrounding the 
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Fig. 3  Photograph of the three-bending test (A), Fracture strength (B) and Compressive strength (C) of the modified PMMA, SEM images 
of fractured specimens (D, ①-⑤ show the 0 wt.%, 0.1 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.% of ZnO/GO respectively), the orange arrow indicate 
that the oval structures discovered on the surface of the modified PMMA, Solubility (E) and Water absorption (F) value of the modified PMMA (n = 3, 
* p < 0.05, ** p < 0.01, *** p < 0.001)
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polymer chains, and when the resins were subjected to 
external stress, the load could be transferred from the 
matrix material to the nanoparticles. This prevented the 
propagation of cracks due to the strong interfacial inter-
actions between the nanoparticles and the resin matrix. 
Evidence of the intrinsic reinforcement can be also seen 
in cross-sectional SEM images. When doped with 0.2 wt. 
% ZnO/GO, the resin had the best mechanical properties 
and least microcracks. However, when the concentration 
of the nanocomposite within the polymer resin was fur-
ther increased, the mechanical properties decreased due 
to nanoparticle agglomeration, leading to discontinuities 
in the resin matrix. In the presence of multiple agglomer-
ates, the stress is concentrated at each agglomeration site, 
resulting in expansion of microcracks [33].

Notably, oval structures (shown by arrows) were dis-
covered on the surface of the resin containing doped 
nanocomposites at concentrations of 0.1 wt. %, 0.2 wt. 
%, 0.3 wt. %, and 0.4 wt. % groups (Fig. 3D ②-⑤). This 
could be due to GO scavenging part of the free radicals, 
resulting in incomplete polymerization of PMMA, lead-
ing to a portion of the powder not being completely 
polymerized [34]. However, it did not negatively affect 
the physical and mechanical properties of the modified 
PMMA significantly.

Water absorption and solubility were emplored to eval-
uate the stability of ZnO/GO nanoparticles. Water sorp-
tion by acrylic resins can affect the dimensional stability 
and can lead to failure of the prosthesis [31, 32, 35]. Con-
versely, the high solubility of acrylic resins might con-
tribute to the existence of unreacted monomers, which 
have negative effects on oral tissues [36]. The modified 
PMMA fulfilled the standard that the water absorption 
and solubility of this type of PMMA should not be higher 
than 32 μg/mm3 and 8 μg/mm3, as recommended by ISO 
20795–1. In addition, the modified PMMA exhibited a 
modest decrease in solubility and water absorption. This 

can be attributed to the nanoparticles’ capacity to occupy 
the empty spaces within the polymer resin, resulting in a 
more compact and firm structure with reduced porosity.

The water contact angle is commonly used to evaluate 
the hydrophilicity of a material surface, with a smaller 
water contact angle indicating a higher degree of hydro-
philicity. In this study, with the doping ratio of ZnO/GO 
increased, the hydrophilicity of the PMMA resin surface 
also increased, which may be connected to the significant 
amount of negative charge stored on the surface of GO 
[37]. It had been shown that the more hydrophilic the 
PMMA resin is, the stronger its adsorption to the oral 
mucosa, hence preventing the dislocations of the PMMA 
resin [38]. Additionally, the hydrophilicity of the materi-
al’s surface influences microbial deposition [39]. Lazarin 
et al. [40] demonstrated candida albicans, the fungus that 
causes denture stomatitis, cannot adhere to a hydrophilic 
resin surface. Therefore, increasing hydrophilicity of the 
PMMA resins not only improve retention but also help to 
reduce microbial adherence.

The PMMA denture surface is susceptible to adhe-
sion and colonization of microorganisms, which can 
survive for a long time and cause  various oral  diseases. 
Therefore, it’s crucial to enhance the antimicrobial activ-
ity of PMMA. In this study, the ZnO/GO composites 
not only significantly improved the mechanical prop-
erties of PMMA but also endowed the PMMA with an 
antibacterial effect. In addition, there was no significant 
difference in antibacterial effect of the aged and the non-
aged modified resin, indicating that the ZnO/GO modi-
fied resin can still maintain good antimicrobial properties 
after a long period of use. Figure 7 shows the antibacte-
rial mechanism of the modified resin. The antimicrobial 
activity of ZnO/GO nanocomposites mainly relies on the 
continuous release of Zn2+ and the production of ROS 
[20] [21]. In addition, the sharp edges of GO nanosheets 
exerting membrane stress effect possess the ability to 

Fig. 4  Contact angle (A, B) of the modified PMMA (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001)
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Fig. 5  Surface bacterial count (A), Plate count (B) and absorbance of crystal violet staining for surface biofilm (C) of the modified PMMA, SEM 
images of surface bacteria on the modified PMMA (D, ①-⑤ show the 0 wt.%, 0.1 wt.%, 0.2 wt.%, 0.3 wt.% and 0.4 wt.% of ZnO/GO respectively) 
(n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). CFU, colony-forming units
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inflict physical harm to the bacterial membrane, resulting 
in the leakage of intracellular matrix, which ultimately 
leading to the inactivation of bacteria [41].

No cytotoxicity is  an important  basis  for  the  PMMA 
applications in the oral. Although it had been shown that 
the cell viability decreases slightly with time after the 
treatment of L929 cells with modified resins leachate, 
there was no statistical difference among control groups 
and experimental groups at 24, 48, and 72 h, which indi-
cated that the modified PMMA had  no cytotoxicity. 
This is due to the excellent biocompatibility of ZnO/GO 
nanocomposites.

Conclusions
In this paper, ZnO/GO nanocomposites were success-
fully constructed using ZnO nanoparticles and GO 
sheets, and introduced into PMMA resin. Moreover, 
PMMA showed superior physical, mechanical and anti-
bacterial activity after modification by ZnO/GO nano-
composites. Cytotoxicity evaluation also showed that 
the addition of ZnO/GO nanocomposites had no effect 
on the cytotoxicity of PMMA, confirming its safety in 
oral. This study opens up a new way for the antibacterial 
application of nanotechnology in oral materials, and is 
expected to become an ideal material for prosthodontics.

Fig. 6  Cell viability of the modified PMMA

Fig. 7  Schematic diagram of antibacterial mechanism of the modified PMMA. ROS, reactive oxygen species
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