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Abstract: Graphene and its derivatives have received significant attention due to their outstanding 

properties. This study aims to evaluate the antibacterial properties of graphene and its reinforcement 

effect on the mechanical properties of polymethyl methacrylate (PMMA) for potential bone 

substitution. The morphology of graphene was initially observed via a field emission scanning electron 

microscope (FESEM). Five concentrations of graphene (1, 0.5, 0.25, 0.125, and 0.0625 mg/mL) were 

then prepared, and its antibacterial properties were assessed against Staphylococcus aureus. Two 

concentrations that exhibited the highest antibacterial properties were selected and incorporated with 

PMMA. Graphene exhibited superior antibacterial properties at 0.5 and 1.0 mg/mL concentrations. The 

0.5 mg/mL graphene-reinforced PMMA presented an increment of compressive strength by up to 48% 

and a compressive modulus of 72% compared to unfilled PMMA. In conclusion, the PMMA composite 

with improved biological and mechanical performance could be potentially used as a bone substitution.  

Keywords: graphene; PMMA composite; antibacterial properties; compressive properties.  

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

The discovery of nanoparticles (NPs) has steered the direction of various research for 

years to come [1,2]. NPs are classified into numerous categories such as size, shape [3], 

application as well as properties [4], where chemical and physical properties are the most 

common classification [5]. Besides metal and ceramics, carbon-based NPs are getting 

significant attention owing to their outstanding electrical [6], physicomechanical, thermal [7], 

chemical, and biological [8] properties. Carbon-based NPs range from carbon nanotube (CNT), 

graphite, diamond, fullerene, carbon dot, and graphene, where graphene is the thinnest two-

dimensional (2D) monolayer sp2 hybridized carbon atoms.  

Graphene has been evaluated for various applications such as optoelectronics [9], 

biosensors [10] as well as biomaterials [11] due to its versatility. The demand for a biomaterial 

with considerable mechanical and antibacterial properties requires modification to the currently 

available biomaterials to exploit the potential of graphene to cater to the needs. It should be 

noted that graphene derivatives, particularly graphene oxide (GO) and reduced graphene oxide 

(rGO) [12], are well known for their excellent antibacterial efficacy against various bacteria 

due to the presence of functional groups. However, the antibacterial activity of non-
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functionalized graphene is less reported, and the available findings on their mechanical 

properties are also varied [13,14]. 

This study was carried out to evaluate the antibacterial properties of graphene against 

Gram-positive bacteria of Staphylococcus aureus (S. aureus). S. aureus is one of the most 

prominent pathogens that cause human infection. Besides, the effect of graphene incorporation 

on the mechanical properties of polymeric biomaterial was also elucidated. In this study, a 

widely used biomaterial of polymethyl methacrylate (PMMA) was selected to improve its 

mechanical performance to be suited for bone substitution.  

2. Materials and Methods 

2.1. Materials. 

In this study, brain heart infusion (BHI) broth (CM 1135, OXOID, UK) and 

Staphylococcus aureus (S. aureus) (ATCC 25923, ATCC, USA) were used for the evaluation 

of antibacterial properties of Graphene nanoplatelets (0544DX, SkySpring Nanomaterials Inc, 

USA). Meanwhile, polymethyl methacrylate (PMMA) powder and methyl methacrylate 

(MMA) monomer (Palacos® R, Heraeus Medical GmbH, Germany) were used for the 

preparation of graphene-filled PMMA.   

2.2. Morphological analysis.  

The microstructure of graphene was observed using a field emission scanning electron 

microscope (FESEM) (Quanta 450, FEG, Netherlands). Prior to the morphological 

observation, the graphene nanoplatelets were dispersed on a stub and gold-sputtered using a 

sputtering machine (EM SDD005, Leica, Germany).   

2.3. Antibacterial study.  

A bacterial suspension of 0.5 McFarland was initially prepared prior to dilution with 

BHI broth at a ratio of 1:150 to produce a bacterial colony of 1 × 106 CFU/mL. Graphene 

nanoplatelets were ultraviolet (UV) irradiated for 30 minutes, followed by the preparation of 

five concentrations (2, 1, 0.5, 0.25, and 0.125 mg/mL) of graphene suspension. 100 µL of 

graphene suspension was inoculated with 100 µL of bacterial suspension in a 96-well plate, 

resulting in final concentrations of 1, 0.5, 0.25, 0.125, and 0.0625 mg/mL. The bacterial growth 

represented by the optical density was measured hourly (until 7 hours) using a microplate 

reader at 570 nm. 

2.4. Moulds preparation. 

A rectangular mold of 36 × 18 × 12 mm embedded with 3 cylinders of 12 and 6 mm in 

height and diameter was initially designed using computer-aided design software (Solidworks 

2013, Solidworks, USA). The designed file was printed using multi-jet modeling (MJM) 3D 

printer (Objet 30 Scholar, Stratasys, USA). The designed mold and its 3D printed part are 

shown in Figure 1. 
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Figure 1. The designed mold and its 3D printed part. 

2.5. Specimen preparation.  

The compressive specimens (n=3/group) were prepared by mixing liquid and powder 

components of MMA and PMMA at a ratio of 1:2, following the manufacturer’s instructions. 

Two concentrations of graphene that exhibited the highest antibacterial properties were 

selected and incorporated into the MMA liquid. The liquid of MMA, graphene, and the powder 

component of PMMA were mixed for 30 seconds in a silicone rubber bowl. The homogenous, 

non-sticky dough was then introduced into a 3D-printed mold and left for 10 minutes. Unfilled 

PMMA was also prepared as a control. The hardened unfilled, and graphene-filled PMMA 

were removed from the mold upon completion.  

2.6. Determination of compressive properties.  

The compressive strength and modulus of unfilled and graphene-filled PMMA were 

determined utilizing a universal testing machine (Shimadzu AGX-2plus, Shimadzu, Japan) 

fitted with a 20 kN load cell at a cross-head speed of 1 mm/min. 

3. Results and Discussion 

3.1. Graphene morphology. 

An understanding of the morphological properties of graphene is deemed important to 

predict its behavior. The morphologies of graphene were observed via a FESEM. Figure 2(a) 

revealed the structure of the graphene, which was in a thin layer formed of butterfly wing alike 

particles. The diameters of the particles were approximately 10 µm. Graphene tended to lie 

horizontally, resulting in a high surface area. Graphene was also prone to stick to each other, 

Figure 2(b), which could be due to the presence of Van der Waals attraction between the 2D 

monolayers. 

(a)                                                         (b) 

 
Figure 2. FESEM micrographs of graphene nanoparticles.   
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3.2. Antibacterial properties. 

The antibacterial properties of graphene at different concentrations were assessed on 

Gram-positive bacteria of S. aureus. The growth curve of untreated and graphene-treated S. 

aureus is shown in Figure 3. In general, S. aureus started to grow rapidly after 3 hours and 

became plateaued after 6 hours of incubation.  
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Figure 3. Growth curves of treated and untreated S. aurues. 

After 3 hours of incubation,  the growth curve of 1 mg/mL graphene’s treated S. aureus 

seemed to deviate from others. A high graphene concentration is associated with bacterial 

capturing capability, where a high concentration tends to reduce the bacterial colony [15, 16]. 

However, the concentrations were not sufficient to depress the bacteria. Exponential growth 

was observed in all concentrations after 4 hours of incubation. The optical density of graphene-

treated S. aureus (at 7 hours) generally decreased with the increase in graphene concentrations. 

However, the growth curve of 1 mg/mL graphene-treated S. aureus was slightly higher than 

0.5 mg/mL graphene-treated S. aureus, so a further study could be performed to understand the 

phenomenon. Graphene presented a dose-dependent effect where concentrations of 0.5 and 1 

mg/mL showed the most effective antibacterial properties. It should be noted that a similar 

detrimental effect is potentially harmful to the normal cells as well and that the cytotoxicity 

effect of these amounts against normal cells needs to be assessed in vitro to warrant the safety 

of the graphene. After being treated for 7 hours, graphene reduced the amount of S. aureus by 

5 to 15%, indicating that graphene potentially impaired the growth of the bacteria. Graphene is 

able to penetrate the cell membrane and extract phospholipid-physical damage [17,18], which 

stemmed from the van der Waals interaction.  
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3.3. Compressive properties. 

Compressive testing was performed to elucidate the reinforcement effect of graphene 

on the PMMA matrix. The mean compressive strength and modulus of unfilled and graphene-

filled PMMA are summarised in Table 1.  

Table 1. Compressive properties of PMMA composites 

Graphene content (mg/mL) Compressive strength (MPa) Compressive modulus (MPa) 

0 221.49 (89.74) 725.45 (444.83) 

0.5 327.51 (21.35) 1248.93 (312.00) 

1.0 192.22 (99.69) 1463.83 (78.62) 

 

From the table, the incorporation of 0.5 mg/mL graphene increased the compressive 

strength by 48% compared to unfilled PMMA. However, additional graphene of up to 1.0 

mg/mL caused the compressive strength to reduce by approximately 13% compared to unfilled 

PMMA. The highest compressive strength was recorded at 327.51 MPa (0.5 mg/mL graphene 

loading). It should be noted that the compressive strength of polymer composites typically 

depends on several factors, such as the dispersion of fillers and interfacial adhesion between 

fillers and polymer matrix. However, in this study, the natural structure of graphene, which can 

cover a high surface area, as shown in Figure 2, contributed to the reinforcement effect in the 

PMMA matrix. At the same time, the reduction of compressive strength at 1.0 mg/mL graphene 

loading could be due to the agglomeration of graphene. It should be noted that the incorporation 

of graphene, to a certain extent, reduces the strength of polymer composites [19, 20] as particles 

with a large surface area are likely to become clusters [21,22].  

On the other hand, incorporating 0.5 and 1.0mg/mL graphene increased the 

compressive modulus by 72 and 102%, respectively. The highest compressive modulus was 

recorded at 1.0 mg/mL graphene loading (1463.38 MPa). It is a fact that fillers function to 

immobilize the polymer chain when exposed to external load graphene-filled PMMA presented 

a higher compressive modulus than unfilled PMMA. This phenomenon could be observed in 

Figure 4, where the slope of graphene-filled PMMA was steeper than the unfilled PMMA. The 

presence of graphene improved the efficiency of the PMMA to resist the deformation, resulting 

in an increase in the strain at break.   

 

 
Figure 4. Stress-strain curves of PMMA and its composites. 
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While this study aims to introduce graphene-reinforced PMMA as bone substitution, 

care should be taken to compare its current mechanical performance with the mechanical 

properties of bone. It should be noted that the cortical bone has compressive strength and 

modulus of 130-200 MPa and 11.5-17 GPa, respectively [23-25]. Meanwhile, a trabecular bone 

exhibits an approximately 90% lower strength and modulus than the cortical bone. The PMMA 

composite at a graphene concentration of 0.5 mg/mL exhibited a compressive strength of 

327.51 MPa, which exceeded the strength requirement of trabecular bone. However, the 

modulus of the composite needs to be improved further. 

4. Conclusions 

The antibacterial properties of graphene and its effect on the mechanical properties of 

PMMA were assessed. Graphene exhibited superior antibacterial properties at high 

concentrations. The graphene-reinforced PMMA exhibited higher mechanical properties than 

unfilled PMMA at a certain concentration, which could be attributed to the graphene’s high 

surface area. The formulation could be further assessed to conform to the development 

regulations concerning biomaterials. With current mechanical and biological performance, the 

graphene-reinforced PMMA could be a potential candidate for bone substitution. 
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