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ABSTRACT.	 Staphylococcus aureus has the potential to opportunistically cause infectious 
diseases. The aim of this study was to determine the antimicrobial effects of novel graphene 
oxide (GO)-polyethylenimine (PEI)-based antisense yycG (ASyycG) on the inhibition of methicillin-
resistant S. aureus (MRSA) biofilm formation. In current study, a novel GO-PEI-based recombinant 
ASyycG vector transformation strategy was developed to produce ASyycG. The mechanical 
features including zeta-potential and particle size distributions were evaluated by: GO; GO-PEI 
and GO-PEI-ASyycG. The recombinant ASyycG vector was transformed into MRSA cells, and the 
expression levels of the yycF/G and icaADB genes were determined and compared by quantitative 
real-time PCR (qPCR) assays. The recombinant ASyycG plasmids were subsequently modified with 
a gene encoding enhanced green fluorescent protein (ASyycG-eGFP) as a reporter gene, and the 
transformation efficiency was assessed by the fluorescence intensity. The biofilm biomass and 
bacterial viability of the MRSA strains were evaluated by crystal violet assay, colony-forming unit 
assays and confocal laser scanning microscopy. The results showed that the Z-average sizes of GO-
PEI-ASyycG were much larger than those of GO or GO-PEI. The GO-PEI-based strategy significantly 
increased the efficiency of ASyycG transformation. The GO-PEI-ASyycG-transformed MRSA strain 
had the lowest expression levels of the biofilm formation-associated genes. Furthermore, GO-PEI-
ASyycG suppressed biofilm aggregation and improved bactericidal effects on the MRSA after 24 hr 
of biofilm establishment. Our findings demonstrated that GO-PEI based antisense yycG RNA will 
be an effective method for management of MRSA infections.
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Staphylococcus aureus is a common gram-positive cocci and coagulase-positive coccoid bacterium of the Firmicutes phylum. 
It has been reported that S. aureus forms persistent colonies in approximately 20% of healthy humans [28]. Chronic osteomyelitis 
is a prominent type of osteomyelitis with high recurrence rates, which may result from tenacious biofilms formed by S. aureus, 
Streptococcus pyogenes, Streptococcus pneumonia, and mycobacteria [2]. However, the extensive use of conventional antibiotics, 
such as penicillin, has contributed to the emergence of methicillin-resistant S. aureus (MRSA), resulting in significant increases in 
morbidity and mortality [3, 13]. In humans, MRSA is a major drug-resistant pathogen associated with a wide variety of infections 
from mild skin infections to life-threatening invasive diseases. Although MRSA is a significant pathogen for humans, it can also 
cause disease in animals [1, 14], which serve as reservoirs of MRSA that can be rapidly and repeatedly spread to humans [31].

Aggregated S. aureus biofilms act as virulence factors that allow MRSA strains to adhere to host organisms [8]. In biofilm 
formation, microbiota colonization is considered to be the critical first step for initiating the attachment and colonization of biotic 
surfaces by planktonic cells [10]. The microbes in the biofilm state are 1,000 times more resistant to antimicrobial agents compared 
to those in the planktonic state [13, 15]. Therefore, eradiation or degradation of biofilms is an essential approach for the control 
of biofilm-forming bacterial infections. Polysaccharide intercellular adhesion (PIA) is the key mechanism for S. aureus biofilm 
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organization, and polysaccharides are mostly synthesized by glycosyl transferase enzymes, which are encoded by the ica operon 
[24]. PIA provides a scaffold for biofilm organization that contributes to microbial drug resistance in MRSA strains [33].

Two-component signal transduction systems (TCSs) are important in sensing and regulation mechanisms for the modulation of 
bacterial adaption to environmental changes [11]. Among the sixteen TCSs in S. aureus, YycFG is essential for bacterial viability 
through modulation of biofilm organization [29]. Since there is an association between the abuse of antimicrobial treatments and 
rising antimicrobial resistance in target bacteria, screening for supplementary therapies that lessen the use of antibiotics may be a 
suitable method for infection management and treatment [17, 25].

Antisense RNA is a single-stranded RNA that can specifically base-pair with its target mRNA to inhibit the transcription 
and translation of targeted genes [16, 18]. Our previous results indicated that antisense RNA plays a role in posttranscriptional 
dysregulation of target genes, resulting in a subsequent decrease in biofilm biomass [32].

ASyycG expresses the antisense RNA sequence of yycG, which is complementary to the yycG mRNA, and the resulting dsRNA 
inhibits its translation and downregulates further transcription. However, without a suitable and effective vector, the transformation 
efficiency of antisense oligonucleotides is limited [21]. Conventionally, a cell-penetrating peptide agent is used to facilitate the 
transformation process; however, the inherent toxicity and poor stability properties restricted the use of this method [12]. In recent 
years, graphene oxide (GO) has exhibited favorable antibacterial capacity due to its sharp edge, which can physically devastate 
cell membranes and induce oxidative stress reactions [35]. Indeed, new generations of GO nanocomposites that reduce bacterial 
adhesion to the surface of the nanomaterial surface have gained increasing attention due to their antibacterial properties [26]. 
Additionally, the extended surface area of the GO nanocomposites increases the capacity for carrying small molecules, such as 
nucleic acids, and protects them from the lysosomal degradation pathway when applied to mammalian cells [23]. In addition, the 
surface charge of GO can be altered by ionic bonding with a cationic polymer, such as polyethylenimine (PEI), enhancing the 
uptake-loading ability of biopolymers through cell membranes [36].

In the current study, we developed a graphene-based plasmid transformation system using GO-PEI complexes loaded with 
a yycG antisense expression plasmid (GO-PEI-ASyycG) through electrostatic interactions. The aims of this study were to (1) 
determine whether the transformation efficiency of the ASyycG gene was enhanced by the GO-PEI delivery system in the MRSA 
biofilm; (2) determine the antimicrobial effect of GO-PEI-ASyycG after transformation into an MRSA biofilm; and (3) investigate 
the mechanism of GO-PEI-ASyycG on the inhibition of MRSA biofilm formation.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Ten clinically isolated MRSA strains (ST 239 type, SSCmec III type) were obtained from the Department of Medicine 

Laboratory (West China Hospital, Sichuan University, Chengdu, China). The information of those clinical isolates was listed as 
Supplementary Table 1. All experimental procedures were approved by their Ethical Committee (permission number 2018039A), 
and informed consent was obtained from the participants prior to enrollment in the study. Clinical MRSA isolates were isolated 
and identified from samples resected from diseased tissues, such as dead bone and medullary pus, during surgery to minimize cross 
contamination [6]. Briefly, the disk method was carried out to identify MRSA strains using oxacillin (1 µg) and cefoxitin (30 µg) 
disks. The diameters of the inhibition zones were ≤10 mm with the oxacillin disk or ≤21 mm with the cefoxitin disk. In current 
study, the average diameters of inhibition zones were 8.0 ± 0.5 mm for oxacillin disks and 17.5 ± 0.5 mm for cefoxitin disks. Ten 
MRSA clinical isolates were tested in the preliminary experiments. The results of those MRSA isolates were similar and the NO.4 
strain was chosen for presenting the results in currents study. The 16S rRNA sequencing was performed to confirm the S. aureus 
strains (16S rRNA sequencing in supplementary materials). The bacteria were cultured at 37°C in tryptic soy broth (TSB) medium 
supplemented with 0.5% glucose and grown to mid-logarithmic growth phase (OD600=0.5) for further experiments [33].

Preparation of GO-PEI-ASyycG and cytotoxicity assays
The DNA sequences coding for antisense yycG (ASyycG) were purchased as synthetic DNA from Sangon Biotech (details in 

the supplementary materials) and cloned into BamHI and EcoRI restriction sites in the pDL278 vector to generate the recombinant 
ASyycG pDL278 plasmids [18]. The GO-PEI complexes were produced by the addition of graphene oxide (GO) powder (XFNANO 
Materials Tech, Nanjing, China) into ddH2O to a final concentration of 0.1 mg/ml. The solution was then mixed with the appropriate 
concentrations of branched polyethyleneimine (BPEI, 10 kDa; Sigma-Aldrich, St. Louis, MO, U.S.A.). To achieve complete 
dissolution, the mixture was sonicated on ice (ten cycles of 60 sec with 1 min intermissions), followed by gentle agitation overnight 
on an orbital shaker. The excess PEI was removed from the GO-PEI complex by centrifugation (12,000 × g, 1 min) and three washes 
with ddH2O before resuspension with ddH2O to a concentration of 0.1 mg/ml. The pDL278 ASyycG plasmids were dissolved in 
ddH2O to a final concentration 100 ng/µl prior to dropwise addition into the prepared GO-PEI solutions to a final ratio of 1:125 
(v:v). After 1-hr incubation at room temperature, the GO-PEI-ASyycG complex was formed and further investigated [5, 7].

The optimal concentration of GO-PEI-ASyycG for transfection was determined by cytotoxicity assays [34]. Briefly, 3T3 
fibroblast cell lines were cultured in 96-well plates (Nest Biotechnology, Wuxi, Jiangsu, China) with 100 microliters of Dulbecco 
Modified Eagle Medium (DMEM) to a density of 1,000 cells/well. After 48 to 72 hr of coculture with decreasing concentrations of 
GO-PEI-ASyycG, from 100 µg/ml to 0 µg/ml (37°C, 5% CO2), the culture medium was discarded, and the wells were rinsed twice 
with phosphate buffer solution (PBS, pH=7.4). Cell viability was tested using a cell counting kit (CCK−8; Dojindo Laboratories, 
Kumamoto, Japan). After an additional 2 hr incubation, the OD values of each well were detected using a microplate reader 
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(ELX800, Gene, Hong Kong, China) at 540 nm.

Particle size distribution, zeta potential and atomic force microscopy measurements
The particle size distribution and the zeta-potential of GO, GO-PEI and GO-PEI-ASyycG solutions (0.1 mg/ml) were measured 

using a Malvern instrument (Zetasizer Malvern Nano ZS, Instruments, Worcestershire, U.K.). The GO, GO-PEI and GO-PEI-
ASyycG films were created by dropping working solutions (50 µl/drop) onto sterile coverslips, which were then dried at room 
temperature. The roughness of the resulting films was evaluated by atomic force microscopy (AFM; SPM-9500J2, Shimadzu, 
Tokyo, Japan) in contact mode.

Bacterial biofilm culture and transformation
A single colony of MRSA was selected from tryptose soya agar (TSA) plates and cultured in liquid TSB medium to an OD600 

value of 0.5, representing mid-exponential growth. Two hundred and fifty microliters of the mid-exponential phase MRSA cultures 
were placed in 24-well polystyrene culture plates (Nest Biotechnology, Wuxi, Jiangsu, China), and a biofilm was established on 
glass cover slips (14 mm in diameter) (Nest Biotechnology, Wuxi, Jiangsu, China) by culturing for 24 hr. The biofilms were then 
washed three times with PBS buffer to remove planktonic bacteria before the addition of transformation reagents. For the GO 
group, 2 µl of GO solution (with a concentration of 50 mg/ml determined by cell viability assay) was added to 24 hr old MRSA 
biofilms. For the ASyycG group, 2 µl of recombinant pDL278 ASyycG plasmid was added to the MRSA biofilm according to our 
previous methods. For GO-PEI-ASyycG transformations, 2 µl of the GO-PEI-ASyycG solution, which already included 200 ng of 
ASyycG plasmids, was added to 24 hr MRSA biofilms. After intervention, all the MRSA biofilms were cultured at 37°C containing 
5% CO2 for an additional 24 hr and prior to further investigation [32].

Transformation efficiency of GO-PEI-ASyycG in vitro
To determine the transformation efficiency, we created an ASyycG plasmid that also contained a gene encoding enhanced green 

fluorescent protein (ASyycG-eGFP). The DNA coding sequence for eGFP was synthesized by Sangon Biotech and is listed in the 
Supplementary materials (Page 1). We transformed ASyycG-eGFP and GO-PEI-ASyycG-eGFP into 24 hr MRSA biofilms using the 
procedure described above. For the ASyycG-eGFP group, 2 µl of recombinant pDL278 ASyycG-eGFP plasmids was mixed with 
24 hr MRSA biofilms and incubated for 1 hr. For the GO-PEI-ASyycG-eGFP group, 2 µl of the GO-PEI-ASyycG solution (50 mg/
ml, as determined by the cell viability assay) was transformed into 24 hr MRSA biofilms and incubated for 1 hr. Confocal laser 
scanning microscopy (CLSM) was applied to assess the expression level of eGFP after a 1 hr coculture. The transfection efficiency 
was determined by comparing the green fluorescent intensity of the transformed MRSA biofilms.

Further confirmation of the ASyycG transformation levels and the reduction in target gene expression in all MRSA strains 
was obtained using a quantitative reverse-transcribed polymerase chain reaction (qRT-PCR). Briefly, total RNA was extracted 
from 24 hr-treated MRSA biofilms using an RNA Purification Kit (MasterPure, Epicentre, Madison, WI, U.S.A.) following the 
manufacturer’s instructions. Primers used in this assay and listed in Supplementary Table 2 were mixed in reactions with the RT 
Reagent Kit (PrimeScript, Takara, Kyoto, Japan) and run in a qRT-PCR machine (LightCycler 480, Roche, Basel, Switzerland). 
The primers had been validated previously, and the 16S rRNA gene was used as an internal control [33].

Evaluation of S. aureus biofilms
Crystal violet (CV) assay was applied to examine the biomass of MRSA biofilms after 24 hr interventions and MRSA without 

interventions as a control [4]. After a 24 hr incubation period, the MRSA biofilms were washed three times with PBS solution 
to remove any unattached bacterial cells. As described previously, the dye bound to the biofilms was assayed after staining with 
0.1% (w/v) crystal violet for 15 min followed by destaining with 1 ml destaining solution (ethanol/acetone=8:2). The solution was 
then removed to a new plate, and the OD600 nm was measured with a microplate reader (ELX800, Gene) [33]. The 24 hr biofilms 
were established on glass disks 14 mm in diameter (Nest Biotechnology, Wuxi, Jiangsu, China). After treatment, the biofilms were 
harvested by ultrasonication for 15 min in 1 ml of PBS. To determine the number of viable cells, the colony-forming units (CFU) 
was measured from the resulting microbiological samples that were serially diluted from 10−1 to 10−6 in PBS and spread onto TSA 
agar plates before being incubated at 37°C in 5% CO2 for 24 hr. The viable cells on each plate was counted and calculated as CFU 
per millimeter of PBS suspension [32].

LIVE/DEAD test for MRSA biofilm after 24 hr transformation
The proportion of viable bacterial cells in each biofilm was estimated by confocal laser scanning microscopy (CLSM, FV1000; 

Olympus Corp., Tokyo, Japan) at ×40 magnification 24 hr after transformation. SYTO9 dye (LIVE/DEAD Bacterial Viability Kit 
reagent; BacLight, Invitrogen, Grand Island, NY, U.S.A.) was used to stain the live cells, while the dead cells were stained with 
propidium iodide. A three-dimensional reconstruction of the biofilm was created and analyzed by Imaris 7.0.0 software (Imaris 
7.0.0, Bitplane, Zurich, Switzerland). Three biological replicates were performed for each experiment [32].

Data analysis
A Bartlett’s test was conducted to determine the homogeneity of variances of the data, while a Shapiro-Wilk test was conducted 

to determine the normal distribution of the data. One-way analysis of variance (ANOVA) was used to compare the treatment groups, 
followed by pairwise multiple comparisons using statistical analysis software (SPSS version 20, IBM, Armonk, NY, U.S.A.).
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RESULTS

The characteristics of GO-PEI-ASyycG
The cytotoxicity of GO-PEI-ASyycG was assessed using a mammalian cell viability assay, which was determined by the CCK-8 

kit. After either 48 hr or 72 hr coculture, the viability of 3T3 fibroblasts cells decreased significantly when the concentration of 
GO-PEI-ASyycG was greater than 50 µg/ml (Supplementary Fig. 1A). Dynamic light scattering (DLS) measurements were applied 
to investigate the size of GO, GO-PEI and GO-PEI-ASyycG particles in solution. For GO and GO-PEI, Z-average sizes were 
approximately 390 and 280 nm, respectively, much smaller than the size of GO-PEI-ASyycG, which was approximately 490 nm 
(Supplementary Fig. 1B). The surface zeta potential value of GO was found to be approximately −23.7 mV. After the addition of 
the cationic polymer PEI, the GO-PEI and GO-PEI-ASyycG complexes demonstrated positive surface charges of 19.7 mV and 41.7 
mV, respectively (Supplementary Fig. 1C). The roughness of the dried films of the GO mixtures was determined by AFM, which 
found that the GO-PEI-ASyycG sample had significantly increased roughness when compared with the GO and GO-PEI films 
(n=10, P<0.05; Supplementary Fig. 1D).

GO-PEI-ASyycG increased ASyycG transformation efficiency and significantly reduced expressions of biofilm associated 
genes

Quantitatively, there was a 180% increase in GFP fluorescence in the GO-PEI-ASyycG-transformed biofilms when compared 
with the ASyycG-treated biofilms (n=10, P<0.05; Fig. 1A). Quantitative RT-PCR showed that the levels of transcribed ASyycG 
RNA in the ASyycG- and GO-PEI-ASyycG-treated biofilms increased significantly by 2.5 and 5.7 times, respectively, when 
compared to those in the untreated MRSA biofilms (n=10, P<0.05; Fig. 1B). Consistently, the yycF and yycG gene expression 
levels were significantly suppressed in ASyycG, GO and GO-PEI-ASyycG biofilms (n=10, P<0.05) compared with untreated 
biofilms. Consequently, the transcripts of the icaA/D/B/C genes, which are associated with PIA synthesis, were the lowest in the 
GO-PEI-ASyycG treated group (n=10, P<0.05; Fig. 1B).

GO-PEI-ASyycG inhibited cell growth and suppressed biofilm formation
The crystal violet assays determined that the OD values of the biofilm biomasses were lowest in the GO-PEI-ASyycG-treated 

strains, indicating that GO-PEI-ASyycG suppressed MRSA biofilm formation (n=10, P<0.05, Fig. 2A and 2B). In general, the 
GO-PEI-ASyycG treatment group presented the lowest CFU, indicating an increased antimicrobial effect (Fig. 2C). The average 
CFU in the ASyycG and GO groups were also significantly decreased (P<0.05, n=10) when compared with those in the untreated 
MRSA group. We speculate that GO-PEI alone had some bactericidal effect against S. aureus. A complementary CLSM experiment 
was used to determine the proportion of viable bacteria. This analysis revealed that all GO-treated biofilms were decreased when 
compared to the untreated MRSA biofilm (Fig. 3A). The average percentages of live bacteria in the ASyycG and GO groups were 
significantly decreased (P<0.05, n=10) when compared with the MRSA group, while the lowest percentage of live bacteria was 
detected in the GO-PEI-ASyycG biofilm at 30.2 ± 5.6% (n=10, P<0.05; Fig. 3B).

Fig. 1.	 GO-PEI-ASyycG Increased ASyycG transformation and inhibited virulence gene expressions. (A) The transfection efficiency was de-
termined by comparing the green fluorescent intensities by CLSM observation (n=10, *P<0.05; GO solution with concentration at 50 mg/ml 
determined by cell viability assay); (B) Quantitative RT-PCR analysis showed gene transcription in the MRSA strains using 16S rRNA as an 
internal control and calculated based on the MRSA expression, which was set as 1.0. Experiments were performed in triplicate and are presented 
as the mean ± standard deviation (n=10, *P<0.05; GO solution with concentration at 50 mg/ml determined by cell viability assay). MRSA (black) 
indicated the control samples of MRSA cells; ASyycG (green) indicated the samples treated with only recombinant pDL278 ASyycG plasmid; 
GO (blue) indicated the samples treated only with GO; GO+ASyycG (gray) indicated the samples treated with GO+PEI based ASyycG. The NO.4 
clinical isolated strain was used in Fig. 1.
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Fig. 2.	 GO-PEI-ASyycG suppressed bacterial growth and biofilm formation in MRSA biofilms. (A) Crystal violet staining for the MRSA strains; 
(B) Biomass was quantified by crystal violet staining; Optical densities at 600 nm were measured (n=10, *P<0.05); (C) Colony-forming units 
counting for the MRSA biofilms. MRSA (black) indicated the control samples of MRSA cells; ASyycG (green) indicated the samples treated with 
only recombinant pDL278 ASyycG plasmid; GO (blue) indicated the samples treated only with GO; GO+ASyycG (gray) indicated the samples 
treated with GO+PEI based ASyycG. The NO.4 clinical isolated strain was used in Fig. 2.

Fig. 3.	 GO-PEI-ASyycG suppressed the vital cells in MRSA biofilms. (A) Double labeling of the biofilms in the MRSA and ASyycG-, GO- and 
GO-PEI-ASyycG-treated strains (GO solution with concentration at 50 mg/ml determined by cell viability assay). Green, vital cells (SYTO 
9); red, dead cells (PI); scale bars, 100 µm; (B) Volume ratio of the vital bacterial biomass in the biofilms (n=10, *P<0.05). The NO.4 clinical 
isolated strain was used in Fig. 3.
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DISCUSSION

MRSA are high-priority multidrug-resistant organisms that induce serious infections in both humans and animals [30]. More 
effective strategies for the management of MRSA infections must be utilized to disrupt the biofilm scaffolds that are vital to 
infection. In the current study, we developed a GO-PEI-based strategy that showed that GO-PEI could efficiently deliver the 
ASyycG plasmid into MRSA cells and subsequently significantly inhibited the expression of yycG.

Cytotoxicity assays determined that concentrations of GO-PEI below 50 µg/ml were nontoxic, showing no cellular apoptosis [7]. 
In the current study, we used a 50 µg/ml concentration of GO-PEI-ASyycG composite in all experiments. When GO is ionically 
bound to cationic PEI polymers, the surface charges if the particles become positive, allowing the GO-PEI system to adsorb the 
negatively charged plasmid DNA and to interact with the negatively charged bacterial surface to promote bacterial transformation 
[9]. Interestingly, the GO-PEI mixtures presented smaller particle sizes than those of the GO solution. It was speculated that PEI 
could improve the colloidal stability of GO in aqueous solution, reducing the tendency of GO to aggregate [19]. As the surface 
roughness of material films could affect bacterial adhesion, it was speculated that the increased surface roughness of the GO-PEI-
ASyycG nanosheets may provide enhanced adhesion forces.

ASyycG recombinant plasmids were constructed to contain a reporter gene encoding enhanced green fluorescent protein 
(ASyycG-eGFP) to evaluate the transformation efficiency of the recombinant vector. It was revealed that higher transformation 
efficiencies in MRSA cells were induced by GO-PEI-ASyycG when compared to empty ASyycG plasmids, as indicated by the 
level of fluorescence produced by GFP expression. This finding was consistent with the reduction of ASyycG expression transcripts 
as determined by quantitative RT-PCR. Graphene oxide (GO) exhibited antibacterial capacity due to its sharp edge, which can 
physically devastate cell membranes and induce oxidative stress reactions [35]. In present study, GO-PEI could hinder the MRSA 
by inhibition the biofilm formation and the expressions of YycFG pathway. It was speculated that decreased YycFG pathway 
transcripts would downregulate the ica associated genes [33]. The results were consistent with previous reports that the GO alone 
could significantly inactivate the S. aureus among Gram-positive and Gram-negative bacteria [20]. Also, the GO nanocomposite 
was capable of delivering drugs with antibacterial properties, especially for S. aureus [22].

In the current study, GO-PEI-ASyycG significantly suppressed the bacterial growth and biofilm formation of the MRSA cells 
(Fig. 2), and the average reduced CFU were the lowest in the GO-PEI-ASyycG strain, indicating that the GO-PEI-ASyycG 
treatment showed the highest antimicrobial activity. By incorporating yycG antisense-expressing plasmids into the GO-PEI 
complex, the GO-PEI-ASyycG particles increased the transformation of ASyycG into the MRSA biofilm, reducing the expression 
of PIA-producing enzymes and enhancing the bactericidal effects against MRSA infections. Injectable and in situ injectable GO-
PEI-ASyycG complexes could be useful for orthopedic applications in major reconstructions of osteomyelitis lesions in humans or 
animals. Further in vivo experiments using an animal model will be needed to demonstrate the potential clinical applications and to 
determine the therapeutic effectiveness of the antibacterial efficacy of the GO-PEI-ASyycG construct. Hence, the applications of 
the GO-PEI-ASyycG strategy could play a potential role in managing MRSA infections even in biofilms as novel antibiotic agents. 
The injectable GO-PEI-ASyycG could be useful for orthopedic applications in major reconstructions of osteomyelitis lesions 
and reduce the use of the general glycopeptide antibiotic vancomycin [3]. Irrigation is a common procedure for clinical infection 
control, but the role of the treatment has been limited [27]. The GO-PEI-ASyycG at an appropriate concentration should be added 
with sterile saline, which could potentially improve the antibacterial properties of irrigation fluid. However, in vivo experiments are 
needed to confirm the efficiency concentration of this novel antibacterial agent before clinical application.

In summary, we have developed a novel and efficient GO-based recombinant pDL278 ASyycG plasmid DNA transformation 
strategy for the transformation of plasmid DNA into MRSA biofilms. Such transformations resulted in a reduction in the expression 
of the antisense gene targets and suppressed the growth of MRSA biofilms. Thus, the results demonstrated that GO-PEI-based 
antisense yycG RNA may be an effective strategy for the management of MRSA biofilm infections in both humans and animals.
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