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Abstract 

Background S. aureus is one of the causative agents of bovine mastitis. The treatment using conventional antimicro-
bials has been hampered due to the development of antimicrobial resistance and the ability of the bacteria to form 
biofilms and localize inside the host cells.

Objectives Here, the efficacy of graphene oxide (GO), a carbon-based nanomaterial, was tested against the biofilms 
and intracellular S. aureus invitro. Following that, the mechanism for the intracellular antimicrobial activities and GO 
toxicities was elucidated.

Methods GO antibiofilm properties were evaluated based on the disruption of biofilm structure, and the intracellular 
antimicrobial activities were determined by the survival of S. aureus in infected bovine mammary cells following GO 
exposure. The mechanism for GO intracellular antimicrobial activities was investigated using endocytosis inhibitors. 
GO toxicity towards the host cells was assessed using a resazurin assay.

Results At 100 ug/mL, GO reduced between 30 and 70% of S. aureus biofilm mass, suggesting GO’s ability to disrupt 
the biofilm structure. At 200 ug/mL, GO killed almost 80% of intracellular S. aureus, and the antimicrobial activities 
were inhibited when cells were pre-treated with cytochalasin D, suggesting GO intracellular antimicrobial activities 
were dependent on the actin-polymerization of the cell membrane. At < 250 ug/mL, GO enhanced the viability of the 
Mac-T cell, and cells were only affected at higher dosages.

Conclusion The in vitro efficacy of GO against S. aureus in vitro suggested the compound could be further tested in 
Vivo to zrecognize its potential as one of the components of bovine mastitis therapy.
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Introduction
Bovine mastitis is the inflammation of the mammary 
gland. It is considered the most frequent disease in dairy 
cattle, leading to substantial economic loss in dairy 
industries due to reduced milk production, increased 
death and culling rates, and increased treatment costs [1, 
2]. Mastitis is estimated to cost the global dairy industry 
US$19.7 to US$32 billion annually [3]. The United States 
estimates US$2 billion in losses to mastitis in the dairy 
industry annually [4]. Mastitis is the multi-etiological dis-
ease that can be caused by various microorganisms such 
as bacteria, fungi, viruses, and algae [5]. It is estimated 
that more than 150 bacterial species can cause mastitis 
in dairy cattle which include the bacteria S. aureus, Myco-
plasma spp., Streptococcus uberis, Streptococcus dysga-
lactiae, Escherichia coli and Klebsiella pneumonie [6]. 
Among them, S. aureus has been correlated with at least 
50% of subclinical mastitis cases [6]. S. aureus is part of 
the normal microbiota of the udder skin and teat and can 
enter the teat canal and colonize the internal components 
of the mammary gland. Intramammary infection by S. 
aureus is the primary cause of subclinical mastitis, result-
ing in a persistent chronic infection [5].

Antimicrobials are widely used to treat and control 
bovine mastitis [7, 8]. The common antimicrobials used 
in dairy farms include beta-lactams, extended beta-
lactams, macrolides, tetracycline, fluoroquinolones, 
and sulfonamides, which were administered mainly via 
intramammary and intramuscular routes [9]. However, 
the treatment has only been partially effective, as the 
cure percentage only ranges from 10 to 30% [7]. The poor 
outcome of the existing treatment is, in part, due to the 
emergence of S. aureus antimicrobial resistance (AMR), 
which reduces antimicrobial efficacy. AMR S. aureus has 
been isolated from bovine milks worldwide, where 60 to 
90% of S. aureus isolated from clinical mastitis and milk 
sample were resistant to β-lactam antimicrobials [10–16]. 
Not only causing mastitis and economic problem butbut 
S. aureus has also been recognized as a serious public 
health risk, considering the emergence of the livestock-
associated MRSA (LA-MRSA) clonal complex 398 strain 
that has been associated with human infections [17].

Also, S. aureus is known to produce biofilms, a cluster 
of bacterial communities within the extracellular matrix 
that consists of glycolipids, deoxyribonucleic acid (DNA), 
proteins, lipopolysaccharides, and other bacterial secre-
tion compound [16, 18]. This structure provided physical 
barriers to the bacteria that decreased the antimicrobial 
penetration and efficacy. Besides, the extracellular DNA 
and polysaccharides can interact with antimicrobials and 
further prevent their penetration across the structure [19, 
20]. Additionally, S. aureus is known to invade and sur-
vive within the host cells [16]. The intracellular survival 

of S. aureus in mammary epithelial cells has been asso-
ciated with subclinical bovine mastitis and reinfection in 
treated dairy cows [21]. Therefore, AMR, the presence 
of S. aureus as biofilms, and its ability to invade the host 
cells provide additional privileged reservoirs for the bac-
teria as it is protected from the host immune responses 
and the effect of antimicrobials [22]. This, in turn, causes 
re-infection, resulting in the long-term disease course 
that continues to pose a huge treatment challenge for the 
dairy industries.

Therefore, there is an increasing need to evaluate and 
develop alternative methods for the effective treatment 
of bovine mastitis. A wide range of alternatives been 
developed by researchers for the treatment of bovine 
mastitis. These include the application of antimicrobial 
peptides, bacteriophage therapy, nanomaterials, and nat-
ural products from plants and animals [23–26]. Recently, 
the development of carbon-based nanomaterial such as 
graphene has received great attention to be used as an 
antimicrobial agent in medical applications due to its 
considerably less toxicity, ease of production and func-
tionalization as well as high solubility in aqueous media 
[27]. Graphene derivatives such as graphene oxide (GO) 
pose innate antimicrobial activities due to their unique 
physicochemical properties. GO is the oxidized form 
of graphene, consisting of  sp2 carbons and an oxygen-
containing functional group (Fig.  1) [29]. The presence 
of oxygen functional groups such as carbonyl (C=O), 
the carboxylic acid (−COOH), hydroxyl (−OH), alkoxy 
(C-O-C) allows interaction of the compound with bacte-
ria and other biomolecules, making it an interesting can-
didate for antimicrobial therapy. The present study aims 
to investigate the antimicrobial activities of graphene 
oxide towards biofilm and intracellular S. aureus. Follow-
ing that, the mechanism of the intracellular antimicrobial 
activity and the cytotoxicity of the compound towards 
bovine mammary epithelial cells were determined.

Materials and methods
Graphene oxide preparation and characterization
Graphene oxide (GO) was purchased from (GO 
Advanced Solutions Sdn. Bhd. Malaysia). For stock prep-
aration, GO was dried, weighed, and resuspended in 
water. Prior to experiments, GO was re-diluted in water 
according to the designated concentration. GO was ana-
lyzed using the FFourier transform infrared spectroscopy 
(FTIR, Themo, USA) to investigate the surface functional 
groups on GO.

Bacterial isolates and growth condition
Three isolates of S. aureus obtained from the subclini-
cal bovine mastitis in east coast Malaysia were included 
in this study. These isolates were chosen from a pool of 
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clinical isolates that were screened based on their abil-
ity to invade the host cells. The isolates were kept in 20% 
glycerol stock at − 80 °C. When required, the bacteria 
stock was re-cultivated in trypticase soy broth (Difco 
Laboratories, Detroit, MI) for 18 h at 37 °C. The over-
night cultures were then transferred to Mannitol salt agar 
(MSA) and cultured for 18 h at 37 °C. Single colonies were 
isolated and regrown in broth and proceeded according 
to the subsequent experiment.

Antimicrobial activity of GO
The antimicrobial activity of GO towards extracellular 
S. aureus was evaluated by using time-kill methods [30]. 
Briefly, the diluted bacterial cells were incubated with 
different concentrations of GO (50, 100, 200, 400, and 
600 μg/mL) at 37 °C in an incubator shaker (200 rpm) 
for 2 and 4 h. Following that, 100 μL aliquots were taken 
out, serially diluted in saline, plated on nutrient agar 
plates, and incubated for 18 hours at 37 °C, followed by 
colony counting to estimate the percentage of bacteria 
viability correspondence to the untreated bacteria. All 
experiments were performed in triplicate. The data were 
expressed in CFU/mL.

Antibiofilm activities of GO
Biofilm formation assays were conducted on S. aureus 
isolates according to the protocol described in our pre-
vious work [31]. Three biofilm-producing S. aureus were 

selected for testing GO antibiofilm activity. Biofilms were 
exposed to different concentrations of GO for 3 h, fol-
lowed by staining with crystal violet solution and meas-
urement of the biofilms by spectrophotometer. Then the 
percentage of remaining biofilm was calculated and com-
pared with the untreated biofilm, corresponding to 100% 
biofilm mass.

Mammalian cells culture and growth conditions
Bovine mammary epithelial cell (Mac-T cells) was used 
as the model of bovine udder cell and host for the intra-
cellular infection. Cells were obtained from Prof Liam 
Good, Royal Veterinary College, London. Cells were 
maintained according to the protocol described in our 
previous work [31].

Graphene oxide (GO) intracellular killing activities
Intracellular infections of Mac-T cells (host cells) by S. 
aureus were established using a gentamicin protection 
procedure described by Kamaruzzaman et  al. [31–34]. 
Briefly, Mac-T cells were infected by the bacteria for 3 h, 
followed by the treatment of cells with gentamicin to kill 
extracellular bacteria. Following that, a range concentra-
tion of GO was added for another 3 h. GO was removed, 
and cells were rinsed and lysed. Lysed cells were seri-
ally diluted and plated on nutrient agar. Viable bacte-
ria were enumerated as CFU/mL. For each experiment, 

Fig. 1 The structure of gaphene oxide (GO). GO consists of both  sp2 carbons and oxygen-containing functional groups, such as hydroxyl (−OH), 
epoxy (C-O-C), carbonyl (C=O), and carboxylic acid (−COOH) [28]
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gentamicin-treated cells (without GO treatments) were 
used as controls.

Elucidation the mechanism of GO intracellular 
antimicrobial activities
Gentamicin protection assays were performed as men-
tioned above. Prior to treatment with GO, S. aureus 
infected Mac-T cells pre-treated with different endocy-
tosis inhibitors; dynasor hydrate (26 μg/mL), cytochalasin 
D (5 μg/mL), and ikarugamycin (5 μg/mL) for 15 min. 
Then, the medium containing the inhibitor was removed, 
and cells were washed with PBS and proceeded with 
treatment with GO (100 μg/mL) for another 3 h. Follow-
ing that, GO solution was removed, and cells were rinsed 
and lysed. Lysed cells were serially diluted and plated 
on nutrient agar. For each experiment, GO treated cells 
(without endocytosis inhibitor treatments) were used as 
controls.

Cytotoxicity assay
Resazurin assay was used to assess the toxicity of GO 
towards Mac-T cells according to the protocol described 
in our previous work [31]. In brief MAC-T cells (4 ×  104 
cells/well) were added to a 96 well plate and incubated at 
37 °C for 24 hours in the presence of  CO2. After 24 hours, 
cells were incubated with 100 μl of GO solutions at dif-
ferent concentrations at 37 °C for 3 hours. Non-treated 
cells and medium only were used as controls. Resazurin 
sodium salt (Sigma-Aldrich, UK) was prepared as a stock 

solution at 440 μM in PBS and added to each well at 
44 μM final concentration, and plates were incubated for 
an additional 48 hours. Optical density (OD) was meas-
ured using POLARstar Omega microplate reader (BMG, 
Labtech, Germany) at 550 nm and 630 nm. The OD value 
change (or % dye reduction) is proportional to the viable 
cell number and was used to calculate the concentration 
of GO that can inhibit 50% of MAC-T cells or called half-
maximal inhibitory concentrations (IC50). All experi-
ments were conducted in triplicate.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
8 (San Diego, CA, USA). A one-way analysis of variance 
(ANOVA) was choosing for analysis. Data were presented 
as means ± standard deviation (SD). The level of signifi-
cance was accepted as p ≤ 0.05. For the graph, error bars 
represent standard deviations. *p ≤ 0.05; *** p ≤ 0.001; 
**** p ≤ 0.000; and NS, not significant. All experiment 
was performed at least three times.

Result
GO antimicrobial activities against extracellular S. aureus
GO at a 200 μg/mL reduced 90% of bacterial cell viability 
for all tested isolates. GO antimicrobial action was highly 
dependent on the concentration and exposure time, as 
the viability of bacteria cells decreased with increased 
GO concentration and incubation time. Figure 2 summa-
rises the bacteria viability after being treated with GO for 
2 and 4 h, respectively.

Fig. 2 Antimicrobial activity of GO against extracellular S. aureus F31D (a); S. aureus F41B (b) and S. aureus F53D (c) at different concentrations and 
time of exposure. Error bars represent standard deviation of triplicates. *p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.000; and NS, not significant
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S. aureus intracellular infection model
To determine GO antimicrobial activity against intracel-
lular S. aureus, a gentamicin protection assay was per-
formed for the three S. aureus isolates using Mac-T as 
the host cells. These isolates were confirmed to invade 
Mac-T cells, as indicated by the increasing survival of S. 
aureus following gentamicin exposure and cell lysis. Lysis 
of Mac-T cells released approximately  104 CFU/mL of S. 
aureus F31D,  106 CFU/mL of F41B, and  103 CFU/mL of 
F53D that were protected from gentamicin antibacterial 
activities as depicted in Fig. 3.

GO antibiofilm activities
GO demonstrated antibiofilm activities, where a reduc-
tion of biofilm mass was observed when exposed to the 
compound. GO at 100 μg/mL reduced 30–70% of bio-
films’ mass following GO exposure, as demonstrated in 
Fig. 4.

Antimicrobial activities of GO against intracellular S. aureus
To determine the GO antimicrobial activities against 
intracellular S. aureus, infected host cells were treated 
with different concentrations of GO prepared in 0.9% 
NaCl (50, 100, 200, 400, and 600 μg/mL) for 3 h. GO 
was found effective in killing intracellular bacteria, as 
evidenced by the reduction of viable bacteria follow-
ing the treatment. GO at 200 μg/mL killed 20–80% of 

intracellular S. aureus. However, GO efficacies varied 
between each tested isolate. Nonetheless, at higher con-
centrations, > 200 μg/mL, GO was able to kill between 50 
to 100% intracellular bacteria for all strains tested. Fig-
ure 5 shows the percentage of survival of S. aureus after 
treatment with different concentrations of GO compared 
to the untreated infected cells.

The influence of solvent on GO intracellular antimicrobial 
activities
To determine if GO intracellular antimicrobial activities 
could be influenced by types of solvents used during the 
experiment, infected host cells were treated with various 
concentrations of GO suspended in three different sol-
vents; 0.9% NaCl, phosphate buffer saline (PBS) and dul-
benco modified eagles medium (DMEM). The infected 
cells were exposed to the GO solution for 3 h in the desig-
nated solvent. GO suspended in NaCl demonstrated effi-
cient intracellular killing activities compared to the GO 
suspended in PBS and DMEM, highlighting the influence 
of the solvent on GO antimicrobial activities Fig. 6.

Mechanism of GO intracellular antimicrobial activities 
in Mac‑T cells
To investigate the possible mechanism for GO intra-
cellular antimicrobial activities inside Mac-T cells, 
infected cells were pre-treated with different endocytosis 

Fig. 3 Gentamicin protection assay of S. aureus in Mac-T cells. Following gentamicin exposure, lysis of Mac-T cells released approximately a) 
 104 CFU/mL of S. aureus F31D, b)  106 CFU/mL of F41B, and c)  103CFU/mL of F53D. Error bars represent standard deviation of triplicates. *p ≤ 0.05; *** 
p ≤ 0.001; **** p ≤ 0.000; and NS, not significant

Fig. 4 GO activity against biofilms of S. aureus a) F03B b) F41B, and c) F53D. Error bars represent standard deviation of triplicates. *p ≤ 0.05; *** 
p ≤ 0.001; **** p ≤ 0.000; and NS, not significant
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inhibitors; dynasor hydrate, cytochalasin D and ikaruga-
mycin before being exposed to GO. Dynasor hydrate is 
the inhibitor for the dynamin uptake process, cytocha-
lasin D is the inhibitor for the actin polymerisation of the 
membrane, and ikaguramycin is the clathrin dependent 
inhibitor; all are the specific endocytic route for macro-
molecule uptake into the mammalian cells. In order for 
GO to be effective against intracellular bacteria, the com-
pound needs to be taken up by the cells, mainly via endo-
cytosis route. If GO intracellular antimicrobials efficacies 
were reduced by a specific endocytosis inhibitor, that 
could suggest the inhibitor blocked the specific uptake 
route for the compound into the bovine mammary cells. 
From the experiment, cells that were pre-treated with 
cytochalasin D showed reduction in GO intracellular 
antimicrobial activities compared to cells treated with 

dynasore and ikaguramycin. Cytochalasin D is a com-
pound that inhibits the micropinocytosis in mamma-
lian cells by actin cytoskeleton depolymerisation of the 
membrane. Reduction in antimicrobial activities when 
cell were pre-treated with cytochalasin suggest that GO 
intracellular antimicrobial activities were dependent on 
the actin polymerization of the cell membrane that might 
be responsible for GO uptakes via the micropinocytosis 
route.

However, it is surprising to observe that cells pre-
treated with ikaguramycin showed enhanced GO anti-
microbial activities compared to the non-treated cells 
(Fig.  7). To further confirmed if ikaguramycin alone 
exhibit antimicrobial activities against intracellular S. 
aureus, the same experiments were repeated, without 
GO. Indeed, ikaguramycin demonstrated antimicrobial 

Fig. 6 The influence of 0.9% NaCl, PBS, and DMEM towards GO intracellular antimicrobial efficacy. Error bars represent the standard deviation of 
triplicates

Fig. 5 Antimicrobial activity of GO against intracellular S. aureus strains a) F31D, b) F41B, and c) F53D. Untreated infected cells were used as a 
control to establish CFU value corresponding to 100% survival. Error bars represent standard deviation of triplicates. *p ≤ 0.05; *** p ≤ 0.001; **** 
p ≤ 0.000; and NS, not significant
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activities against intracellular S. aureus, with the effective 
killing of almost 80% of intracellular S. aureus at 5 μg/mL 
[35].

Viability of Mac‑T cells toward GO
Cells exposed to GO between 62.5–250 μg/mL showed 
enhancement in cell viability compared to the untreated 
cells. However, cells treated with > 1000 μg/mL showed 
significant reduction in cell viability. Therefore, this 
study showed that Mac-T cell viability is highly depend-
ent on the GO concentration. At lower concentrations, 
GO promotes cell growth, and at higher concentrations, 
GO causes toxicity toward cell growth. The  IC50 was 
determined as 1200 μg/mL; which was higher than the 
GO concentration required to kill 90% of intracellular S. 
aureus in Mac-T cells (Fig. 8).

Discussion and conclusion
Here the study demonstrated graphene oxide antimicro-
bial efficacy against biofilm and intracellular S. aureus 
isolated from subclinical cases mastitis cases in Malay-
sia. GO was effective against the extracellular, intracel-
lular, and biofilms forms of S. aureus. The intracellular 

antimicrobial activities appeared to be dependent on the 
actin polymerization of the membrane cell that con-
trols the macropinocytosis uptake pathway of the cells. 
Finally, the study showed that growth of Mac-T cells 
was enhanced when exposed to low concentrations of 
GO, and toxicity was only observed when the cell was 
exposedto very high concentrationsn of GO.

GO antimicrobial activities could be attributed to sev-
eral mechanism [26]. GO consist high amount of oxygen 
functional groups that can wrap the bacteria and, at the 
same restricting nutrient intake inside the cells [36]. The 
Van der Walls interaction between the functional groups 
and the membrane can also trigger oxidative stress, 
destabilize the bacterial membrane, leading to the release 
of intracellular contents [37]. In addition, the sharp edges 
of GO can pierce and thus causing injuries to the mem-
brane structure [38].

GO antibiofilm activities were observed, where reduc-
tion of biofilm mass was recorded when GO was exposed 
to biofilms. This data is consistent with the study con-
ducted by Guilio et al. on the GO effect towards biofilms 
of S. aureus, Pseudomonas aeruginosa, and Candida 
albicans, the most common organisms associated with 

Fig. 7 Effect of endocytosis inhibitor towards GO intracellular antimicrobial activities. Infected cells were pre-treated with a) cytochalasin D, b) 
dynasore, and c) ikarugamycin before exposure to GO (100 μg/mL). Cell pretreated with cytochalasin D reduced GO efficacy against intracellular 
bacteria, evidenced by increased intracellular bacterial survival. Untreated infected cells (without inhibitors but treated with GO) were used as 
control to establish the CFU values corresponding to 100% survival. Error bars represent the standard deviation of triplicates. NS (non-significant)

Fig. 8 a The impact of GO towards Mac-T cells viability; cells viability was affected at concentration > 1000 μg/mL and b) Dose-response curve of 
GO toward Mac-T cells. Error bars represent the standard deviation of triplicates.*p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.000; and NS, not significant 
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chronic wounds [39]. Our current study found that GO at 
100 μg/mL has better biofilm activity. Whereas at higher 
concentrations has lower, this could be due to aggrega-
tion of GO that could affect their activity. Physiologically, 
biofilm structure is built of individual cells that are glued 
together with extra polymeric substances (EPS), which 
consist of self-released glycolipids, proteins, lipopolysac-
charides, and extracellular DNA. The anti-biofilm effect 
demonstrated by GO could be attributed to the interac-
tion between the hydrogen, Van der Walls, electrostatic, 
and pi-pi/ π-π interactions. These characteristics allow 
for interaction with other molecules, including DNA, 
proteins, and polymers, and destabilize the EPS struc-
ture. Also, the sharp edges of GO sheets could pene-
trate and tear the EPS structure and thus destabilize the 
microbial biofilm even further.

The treatment for infections by intracellular S. aureus 
remains a challenge because antimicrobials need to pen-
etrate the host cells in order to reach the bacteria. S. 
aureus was reported to zlocalize inside the cell cytosol 
following the invasion of the host cell [40]. Thus, antimi-
crobials must not only be able to cross the cell barriers, 
but it also needs to reach the cytosol where the bacte-
ria reside. Moreover, the mammalian cell membrane is 
built of the lipid bilayer that allows for selective perme-
ability across its structure [41]. Depending on the physi-
ochemical properties, a compound can either transverse 
the membrane either through several uptake mecha-
nism. Nanoparticles such as graphene derivatives was 
reported to be taken up by mammalian cells by several 
route, depending on the size of the compounds, surface 
charge as well as the type of cells [41, 42]. For example, 
graphene quantum dots were reported to be taken up by 
the breast cancer cells via caveolae mediated endocytosis 
route [43]. Chen et al. demonstrated that the mechanism 
for GO uptake into epithelial lung cells, human epithe-
lial skin cell line, human embryonic kidney cell line, and 
mouse fibroblast cells were size dependent. GO within 
the size range of 477 nm was taken up by the cells via 
micropinocytosis, while the smaller sized of GO within 
123 nm were mainly taken up by the cells by clathrin and 
caveolae-mediated endocytosis [44].

In the current study, the uptake mechanism of GO in 
the bovine mammary cells were indirectly measured 
by blocking the possible uptake pathway with inhibi-
tors prior to GO exposure toward the infected cell. We 
anticipated that if GO intracellular antimicrobial were 
inhibited when cells were pretreated with any of the 
tested inhibitors, that would suggest the potential route 
of uptake for the compound into the bovine mam-
mary cells. In this study, reduction in GO efficacy to kill 
intracellular S. aureus were observed when Mac-T cells 
were pre-treated by cytochalasin D, a macropinocytosis 

inhibitor, suggesting that the GO uptake into the bovine 
mammary Mac-T cells were through macropinocytosis 
route. Macropinocytosis is a clathrin-independent endo-
cytic uptake mechanism for the non-selective solute, 
including molecules, nutrients, and antigens, that takes 
place in both phagocytic and non-phagocytic cells [45]. 
The process involves actin cytoskeleton rearrangement 
on the plasma membrane triggered by molecules such as 
GO. The rearrangement can form membrane ruffles that 
fold back onto themselves, hence trapping the molecule 
to be transported inside the cells. The invaginated mem-
brane ruffles containing the molecules, e.g., GO then 
pinched inside the cells within the vesicular membrane. 
The pinched-off vesicle can become acidified, and this 
process can trigger the release of GO into the cytosol [45, 
46].

Alternatively, there is a possibility for the vesicular 
membrane to be pierced by GO’s sharpness structure, 
promoting its release into the cytosol. Another study, 
however, suggested a different fate for GO. Lammel et al. 
demonstrated that once GO was taken up by the hepato-
cellular carcinoma (HEP G2) cells, it was released directly 
into the cytosol without being trapped in the vesicu-
lar compartment [47]. The same observation was also 
reported when GO was exposed to fish cell lines [48]. 
Nonetheless, our data on GO’s efficacy against intracel-
lular S. aureus suggest that the nanomaterial is able to 
reach the bacteria inside the host cells to exert antimicro-
bial activities.

In addition, the GO intracellular antimicrobial activi-
ties were highly influenced by the types of solvent or 
solution used during the experiment, where antimicro-
bial efficacy was only achieved in saline solution but not 
in DMEM and PBS. The same observation was reported 
by Hui et  al. that showed GO bactericidal activities 
against E. coli and Bacillus subtilis were only recorded 
in saline but not in Luria Bertani broth, the common 
medium used for bacteria culture [49]. Another study by 
Chen et al. showed GO prepared in PBS showed less anti-
microbial efficacy compared to GO prepared in NaCl and 
water when it was tested against Xanthomonas oryzae 
pv. Oryzae [50]. Hui et al. suggested that these phenom-
ena could be due to the absorption of molecules in the 
medium onto the GO surface, which could have masked 
its edges and functional groups are responsible for the 
antimicrobial activities.

Additionally, divalent cations such as  Ca2+ and  Mg2+, 
which is commonly found in the cell culture medium, 
could cause aggregation in GO molecules, potentially due 
to cross bridging between the cations and the functional 
group and edges of the GO sheet [51]. The aggregation 
could reduce the surface area for the interaction of GO 
and the bacteria, limiting its antimicrobial efficacy [52]. 
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This important observation, therefore, highlighted the 
importance of choosing the right solution for the meas-
urement of GO antimicrobial activities.

In this study, GO unexpectedly enhanced bovine mam-
mary cells at low concentrations, and this phenomenon 
highlighted the versatility of the nanomaterial. The 
impact of graphene nanocomposites, particularly GO, on 
cell growth has been recorded before. GO promoted cell 
growth and induced differentiation of the different types 
of stem cells, including bone progenitor cells and mouse 
embryogenic stem cells. Ruiz et  al. demonstrated mac-
rophages grown on the surface of low concentration of 
GO displayed high attachment and promoted cell growth 
[53]. The increased surface area with functional groups 
allows for biomolecules and stem cell attachment on the 
surface. GO has also been shown to support cell growth 
by allowing spontaneous differentiation and promoting 
selective differentiation of progenitor cells [54]. There-
fore, this observation showed that GO not only effective 
to kill intracellular S. aureus, but it also has the potential 
to aid bovine mammary cell growth.

This study also demonstrated that bovine mammary 
cells tolerated GO at concentration that exceeded the 
bactericidal concentration against the bacteria. This 
data showed that GO is effective as an antimicrobial at 
high therapeutic index. Several reports were recorded 
on graphene toxicity different types of mammalian cells. 
Nguyen et al. exposed a range of GO concentrations (10 
to 200 μg/mL) toward human carcinoma epithelial cell 
lines. At 200 μg/mL, no obvious toxicity of GO were 
reported [55]. Several other studies measured GO toxic-
ity towards the following cell line, human breast cancer, 
ovarian cancer, HeLa and mouse embryonic fibroblast. 
Briefly, GO toxicity level varied and highly dependent 
on time of exposure and dose of the compound [55–
60]. Nevertheless, this study showed that Mac-T cells 
appeared to have tolerance to GO with cell viability were 
only affected when cells were exposed to GO at concen-
tration higher than 1000 μg/mL, which is higher than the 
concentration needed to kill intracellular S. aureus in the 
host cells.

In conclusion, this study demonstrates that GO has 
antimicrobial activity against biofilm and intracellu-
lar S. aureus. GO intracellular antimicrobial activities 
appeared to be dependent on the actin polymerisation of 
the Mac-T cells that promotes uptake of the nanomate-
rial through macropinocytosis route. Finally, GO at low 
concentration promoted bovine mammary cell growth, 
and toxicity was only profound when cells were exposed 
at high concentrations. These findings highlighted GO 
efficacy and suggested the suitability of the nanomaterial 
to be further tested and developed as an effective therapy 
for bovine mastitis.
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