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Introduction: Over 75% of clinical microbiological infections are caused by bacterial biofilms that grow on wounds or implantable 
medical devices. This work describes the development of a new poly(diallyldimethylammonium chloride) (PDADMAC)/alginate- 
coated gold nanorod (GNR/Alg/PDADMAC) that effectively disintegrates the biofilms of Staphylococcus aureus (S. aureus), a 
prominent pathogen responsible for hospital-acquired infections.
Methods: GNR was synthesised via seed-mediated growth method, and the resulting nanoparticles were coated first with Alg and 
then PDADMAC. FTIR, zeta potential, transmission electron microscopy, and UV–Vis spectrophotometry analysis were performed to 
characterise the nanoparticles. The efficacy and speed of the non-coated GNR and GNR/Alg/PDADMAC in disintegrating S. aureus- 
preformed biofilms, as well as their in vitro biocompatibility (L929 murine fibroblast) were then studied.
Results: The synthesised GNR/Alg/PDADMAC (mean length: 55.71 ± 1.15 nm, mean width: 23.70 ± 1.13 nm, aspect ratio: 2.35) was 
biocompatible and potent in eradicating preformed biofilms of methicillin-resistant (MRSA) and methicillin-susceptible S. aureus 
(MSSA) when compared to triclosan, an antiseptic used for disinfecting S. aureus colonisation on abiotic surfaces in the hospital. The 
minimum biofilm eradication concentrations of GNR/Alg/PDADMAC (MBEC50 for MRSA biofilm = 0.029 nM; MBEC50 for MSSA 
biofilm = 0.032 nM) were significantly lower than those of triclosan (MBEC50 for MRSA biofilm = 10,784 nM; MBEC50 for MRSA 
biofilm 5967 nM). Moreover, GNR/Alg/PDADMAC was effective in eradicating 50% of MRSA and MSSA biofilms within 17 min 
when used at a low concentration (0.15 nM), similar to triclosan at a much higher concentration (50 µM). Disintegration of MRSA and 
MSSA biofilms was confirmed by field emission scanning electron microscopy and confocal laser scanning microscopy.
Conclusion: These findings support the potential application of GNR/Alg/PDADMAC as an alternative agent to conventional 
antiseptics and antibiotics for the eradication of medically important MRSA and MSSA biofilms.
Keywords: biofilm, gold nanorod, S. aureus, PDADMAC, MRSA, MSSA

Introduction
Staphylococcus aureus is a gram-positive bacterial pathogen responsible for a wide variety of community and hospital-acquired 
infections. This organism has developed resistance to multiple antibiotics owing to its extensive and injudicious antibiotic use. 
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Methicillin-resistant S. aureus (MRSA) outbreaks in hospitalised patients have been consistently reported worldwide, including 
in high-income nations. In the European Union (EU), these infections are projected to affect more than 150,000 individuals 
annually.1 MRSA is common in almost all healthcare institutions in Asia and poses a significant burden.2

S. aureus’s recalcitrance and the rapid development of resistance to antibiotics correlate with biofilm formation at the 
site of infection.3 Biofilms are polymeric matrices that house multicellular microbial colonies. They are resistant to external 
stresses and can disseminate to new surfaces.4,5 Biofilms contribute to over 75% of clinical microbial infections4,6 and more 
than 80% of all infections in humans,7 notably osteomyelitis, otitis media, periodontitis, and infections of the surgical site, 
urinary tract, and respiratory tract.8

Biofilms protect bacteria by (i) blocking the penetration of antibiotics such as beta-lactams, aminoglycosides, and 
glycopeptides via their dense exopolysaccharides and extracellular DNA matrices;9–11 (ii) degrading antibiotics or affecting 
antibiotic efficiencies via their harsh microenvironment (eg, acidic pH and hypoxia);12 and (iii) decreasing the metabolic 
activity of the resident bacteria, thereby reducing bacterial susceptibility to anti-metabolic/anti-replicative actions of 
antibiotics.13,14 This has encouraged the development of antibiotic-resistant bacteria in biofilm.15,16 As a result, a higher 
minimum biofilm eradication concentration (MBEC, approximately 10–10,000 times higher) of antibiotics is required to 
destroy biofilm-associated bacteria than planktonic cells.17 Nevertheless, the administration of such a high antibiotic dose to 
patients is not feasible owing to the adverse effects of antibiotics and renal and hepatic clearance limitations.18 Additionally, 
excessive antibiotic use may result in higher treatment costs and emergence of multidrug-resistant bacteria.19

The use of antibiotics to treat S. aureus biofilm-associated infections is reportedly ineffective. For example, Olson et al 
reported that tetracycline, streptomycin, enrofloxacin, oxytetracycline, erythromycin, penicillin G, cloxacillin, gentamicin, 
ceftiofur, tilmicosin, trimethoprim-sulphadoxine, and ampicillin were effective in eradicating planktonic cultures of S. aureus 
but not biofilms.20 Furthermore, vancomycin, the most commonly administered drug for MRSA infection,21 was ineffective in 
killing both MRSA and methicillin-susceptible S. aureus (MSSA) cells within the biofilm.22 Although synergistic antibiotic 
combinations such as rifampicin-fosfomycin, vancomycin-rifampin, and daptomycin-rifampin have been reported to be 
effective against staphylococcal biofilms in vitro, their in vivo efficiencies have yet to be determined.23–25 Therefore, novel 
anti-biofilm therapeutics that can effectively disrupt biofilm with minimal adverse effects on patients and the development of 
antibiotic-resistance would be sought.

Over the past decade, the use of metallic nanoparticles to inhibit biofilm formation has been increasingly explored. 
Successful examples include the use of copper(II) oxide (CuO) to inhibit biofilms of oral bacteria (inhibitory concentra-
tion, IC50 = 50 µg/mL)26 and MRSA and Escherichia coli (IC50 = 30–35 µg/mL),27 zinc oxide (ZnO) to inhibit biofilms 
of Streptococcus pneumoniae (IC50 = 12 µg/mL) and uropathogenic E. coli (IC50 = 2791 µg/mL),28 magnesium oxide to 
inhibit biofilms of Staphylococcus epidermidis (IC50 = 1600 µg/mL),29 Klebsiella pneumoniae (IC50 = 125 µg/mL), E. 
coli (IC50 = 250 µg/mL), and S. aureus (IC50 = 500 µg/mL),30 and titanium dioxide (TiO2) to partially inhibit 
Pseudomonas aeruginosa (IC50 = 31 µg/mL, 30% inhibition),31 E. coli and Bacillus subtilis (both IC50 = 15 µg/mL, 
40–50% inhibition).32 The anti-biofilm properties of these nanoparticles (NPs) are attributed to the release of toxic metal 
ions (eg, CuO and ZnO) to impede bacterial growth and biofilm production,26,27,33 or the generation of reactive oxygen 
species (eg, TiO2) to oxidise the lipid cell wall membrane of biofilm bacteria.34,35 However, a relatively high concentra-
tion of NPs is often required to achieve a satisfactory anti-biofilm efficacy. Thus, there are significant concerns regarding 
host cytotoxicity at high NP doses.36,37

Physical disintegration of the biofilm structure may assist in reducing the bacterial load at biofilm-infected sites and 
enhancing the penetration and performance of other antimicrobials in synergistic therapies.38 Previously, polyelectrolytes, 
particularly polycations, were demonstrated to interact with the negatively charged bacterial cell wall components and 
biofilm,39 thus compromising cell wall integrity and biofilm structure and causing their disintegration. This suggests the 
possible use of cationic polyelectrolytes for antibacterial and anti-biofilm applications. However, while cationic poly-
electrolytes have been frequently investigated as antibacterial coatings,40 their potential as coatings on biocompatible 
nanoparticles for biofilm disintegration has been relatively less explored.

In this study, we synthesised and characterised a new biocompatible cationic poly(diallyldimethylammonium chlor-
ide) (PDADMAC)/alginate-coated gold nanorod (GNR/Alg/PDADMAC) and investigated its in vitro efficiency in 
disintegrating biofilms of clinically significant bacteria (MSSA and MRSA).
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Materials and Methods
Materials
Ascorbic acids, thiazolyl blue tetrazolium bromide (MTT) and cetyltrimethylammonium bromide (CTAB), were pur-
chased from BioBasic (Canada). Hydrogen tetrachloroaurate(III) (HAuCl4·3H2O) and phosphate-buffered saline (PBS) 
tablets were purchased from Sigma-Aldrich (Germany). Dimethyl sulfoxide (DMSO) and sodium borohydride (NaBH4) 
were purchased from Merck (Germany). Sodium alginate (300–400 mPa·s) was obtained from Chemiz (Malaysia). 
Triclosan, and poly(diallyldimethylammonium chloride) PDADMAC (20 wt. % in H2O) were obtained from Sigma- 
Aldrich (USA). Muller Hinton Broth (MHB) was purchased from BD Difco™ (USA). Glucose (1%) was obtained from 
Systerm (Malaysia). Silver nitrate (AgNO3) was purchased from Bendosen (Malaysia). Dulbecco’s modified Eagle 
medium (DMEM) was obtained from Nacalai Tesque (Kyoto, Japan). Unless otherwise specified, all the reagents were 
prepared using Milli-Q ultrapure water.

Synthesis of Gold Nanorod (GNR)
With minor adjustments, the seed-mediated growth technique reported by Nikoobakht et al was used to synthesise 
GNR.41 The seed solution was prepared by mixing CTAB (5 mL, 0.2 M), HAuCl4·3H2O (5 mL, 0.5 mM), and ice-cold 
NaBH4 (600 µL, 10 mM) with vigorous stirring (800 rpm) at 35°C for 2 min. The seed solution was left undisturbed. The 
growth solution was then prepared by combining CTAB (5 mL, 0.2 M), HAuCl₄·3H2O (5 mL, 1.0 mM) with a freshly 
prepared ice-cold AgNO₃ (50 µL, 10 mM), ascorbic acid (85 µL, 78.8 mM), and the seed solution (12 µL) and 
continuously stirred at 700 rpm for 10 s. The growth solution was left undisturbed in the dark for 3 h. The resulting 
GNR were centrifuged (at 4700× g for 20 minutes), washed twice with ultrapure water, and stored in the dark at room 
temperature (25°C) before further use.

Synthesis of Alginate-Coated GNR (GNR/Alg) and PDADMAC/Alginate-Coated GNR 
(GNR/Alg/PDADMAC)
For the synthesis of GNR/Alg, GNRs were coated with alginate by adding a 5 mg/mL alginate solution in ultrapure water 
to the GNR solution at a 1:1 volume ratio. The mixture was shaken for 4 h in a thermoshaker (750 rpm, 25°C). Next, the 
GNR/Alg solution was centrifuged at 4700 × g for 30 min to remove excess alginate and resuspended in a 1 mM sodium 
chloride solution (NaCl). To synthesise GNR/Alg/PDADMAC, a 5 mg/mL PDADMAC solution was prepared in 1 mM 
NaCl. It was then mixed with GNR/Alg in a 1:1 volume ratio and shaken for 4 h, followed by washing and resuspension 
in 1 mM NaCl. Both GNR/Alg and GNR/Alg/PDADMAC were stored at room temperature (25°C) before use.

Physicochemical Characterisation of GNR/Alg/PDADMAC
The UV–Vis light absorption spectra of GNR, GNR/Alg, and GNR/Alg/PDADMAC were obtained using a UV–Vis 
spectrophotometry42 (NanoDrop 2000c Spectrophotometer, Thermo Scientific, USA). Zeta potential measurements were 
performed using a Zetasizer (NanoZS, Malvern Instruments, UK) at 25°C. The stability of GNR/Alg/PDADMAC over time 
(4 weeks) in phosphate-buffered saline (PBS) at 25°C was observed using UV–Vis spectrophotometry and zeta potential 
measurements. The polyelectrolyte coating stability of GNR/Alg/PDADMAC was monitored at pH 4–8 using zeta- 
potential measurements. The pH of the samples was adjusted using 0.1M hydrochloric acid and 0.1M sodium hydroxide. 
FTIR analysis was performed using a Spectrum 400 (Perkin Elmer, USA) with a scanning range of 500–4000 cm−1 and a 
resolution of 2 cm−1.

The morphology of GNR/Alg/PDADMAC was observed using TEM at 4000× magnification. Samples for TEM were 
prepared by placing 10 μL of 0.15 nM GNR/Alg/PDADMAC dispersion onto carbon-coated copper grids and allowed to 
adsorb for 10 min, followed by the addition of 10 μL of 2% phosphotungstic acid (PTA) aqueous solution as negative 
staining was added to the carbon surface.43 After 5 min, the grid was allowed to air dry after the excess staining agent 
was removed by contact with the edge of a piece of filter paper before being viewed under TEM (LEO LIBRA 120, Carl 
Zeiss, Germany).
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Biofilm Eradication Assay
Two commercially purchased S. aureus strains, MSSA ATCC 29213 and MRSA ATCC 43300, were used in this study. 
The ability of GNR and GNR/Alg/PDADMAC to destroy S. aureus-preformed biofilms was tested, as described 
previously.44 All experiments were performed in triplicate on pre-sterilised flat-bottom polystyrene 96-well microtitre 
plates. Briefly, an overnight-grown S. aureus broth culture, adjusted to a cell density of 0.5, McFarland turbidity standard 
using a spectrophotometer (GENESYS™ 20, Thermo Fisher Scientific Inc., USA), was diluted to 2 × 106 colony forming 
units (cfu)/mL with MHB supplemented with 1% glucose (growth media) before being dispensed into microtitre wells. 
Next, 100 µL of diluted cells were added to the wells of microtitre plates containing 100 µL of growth media. The final 
cell density of S. aureus was 1 × 106 cfu/mL. The growth control (untreated biofilm) was prepared by adding 100 µL of 
bacterial suspension to 100 µL of growth media. Sterile control wells were prepared by adding 200 µL of growth 
medium. Finally, the prepared microtitre plate was incubated in a shaking incubator (200 rpm) for 4 h at 37°C and rinsed 
twice with 200 µL PBS. The rinsed wells were then filled with the same volume of growth medium and incubated for 24 
h at 37°C in a shaking incubator for mature biofilm development. After 24 h of incubation, the biofilm-coated wells were 
washed three times with 200 µL sterile PBS. Next, ascending concentrations (after 10-fold serial dilution) of GNR and 
GNR/Alg/PDADMAC (concentration range: 0.02–0.15 nM of NPs) and positive control (triclosan, concentration range: 
1.0 × 103 – 1.0 × 105 nM) were added to the respective wells and incubated at 37°C for an additional 24 h. Triclosan was 
chosen as the positive control in this biofilm eradication assay because it functions as an antiseptic and has been found to 
inhibit and disperse biofilms owing to its broad-spectrum antibacterial action.45 Additionally, it has been applied topically 
as a surface coating to prevent infections caused by biofilms.46

A crystal violet (CV) assay was performed.47 First, the contents of all microtitre wells were aspirated and washed 
three times with 200 µL sterile PBS. The microtitre plates were then air-dried in an inverted position, followed by 
fixation of the biofilm in each microtitre well with 150 µL 95% (v/v) methanol for 15 min. Methanol was then decanted, 
and the microtitre plates were air-dried in an inverted position. The biofilms in the wells were subsequently stained with 
150 µL of 0.1% (v/v) CV solution for 15 min. The wells were then washed three times with ultrapure water and air-dried. 
Finally, the CV stain left behind in the wells was solubilised using 150 µL of 33% (v/v) glacial acetic acid, and the 
optical absorbance of the resultant solution was measured at 570 nm using a microplate reader (Tecan Austria GmbH, 
Austria). The percentage of biofilm eradication was calculated by comparison with the growth control using the formula 
described in the Supplementary Section.

Biofilm Time Point Assay
The 24-hour grown biofilms were washed three times with 200 µL of sterile PBS, as mentioned in the previous biofilm 
eradication assay, and 0.03 nM (MBEC50) of GNR/Alg/PDADMAC was added to the biofilm-coated wells. The growth 
control, positive control and treated plates were incubated at 37°C for specific time point intervals (1, 2, 5, 10, 15, 20, 25, 
30 and 60 minutes). Each plate was removed from the incubator after reaching the indicated time points, washed, and 
stained for CV assay, as described in the biofilm eradication assay protocol (Biofilm Eradication Assay). The CV-stained 
plates were observed under a light microscope.

Field Emission Scanning Electron Microscopy (FESEM)
S. aureus cultures cultivated overnight were diluted in the growth medium to obtain 106 cfu/mL S. aureus. Biofilm 
cultures were prepared on glass coverslips in which a glass slide was positioned in the middle of each well (6-well plate). 
The plates were incubated at 37°C for 24 h to allow biofilm growth on the slides. Then, GNR/Alg/PDADMAC was 
added to each well at 0.03 nM and incubated at 37°C for 24 h. The biofilm cultures (growth control and GNR/Alg/ 
PDADMAC-treated) were treated with 2% (w/v) osmium tetroxide for 1 h after overnight fixation with 4% glutaralde-
hyde in a cacodylate buffer. The cultures were then dried in various solutions of ethanol (10–100%), ethanol: acetone 
blends (3:1, 1:1, and 1:3), and acetone. Each sample was mounted on an aluminium stub and coated with gold (Bio-Rad 
E5100 Series 11, USA) for viewing under the FESEM FEI Quanta 450 FEG (USA) after drying in CO2 (CPD 7501, 
Polaron, UK).
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Confocal Laser Scanning Microscopy (CLSM)
For CLSM imaging, biofilms were cultivated on glass coverslips in polystyrene 24-microtiter well plates. Microscopic 
imaging was performed on S. aureus-preformed biofilms incubated with GNR/Alg/PDADMAC (0.03 nM for 24 h) and 
on those without NP treatment (growth control). The biofilms were stained using the LIVE/DEAD BacLight Bacterial 
Viability Kit (Invitrogen, USA) in the dark for 15 min and rinsed with sterile PBS. Images of the biofilms were acquired 
using an inverted Leica SP5 Confocal Scanning Laser Microscope (Leica Microsystems GmbH, Germany), excited with 
488 and 561 nm lasers, and analysed using the LAS AF software (Leica Microsystems, Germany).

In vitro Biocompatibility
The in vitro biocompatibility of GNR/Alg/PDADMAC and the positive control (triclosan) was assessed using MTT 
assays.48 Murine fibroblast cells (L929) from a commercial source ATCC were used as a model and seeded into 96-well 
plates (6000 cells per well) containing DMEM supplemented with 1% penicillin/streptomycin and 10% fetal bovine 
serum and grown overnight in a humidified 5% CO2 incubator at 37°C. Subsequently, a series concentration of GNR/Alg/ 
PDADMAC solution (0.0037–0.3 nM; or 0.90–73.60 µg/mL gold equivalent) and triclosan (5.0 × 103, 1.0 × 104, 2.0 × 
104, 4.0 × 104, 8.0×10,4 and 1.0 × 105 nM, equivalent to 3–100 µg/mL by mass) were added to the cells. After incubation 
for 24 h, 20 µL MTT solution (5 mg/mL) was added to each well and incubated for another 4 h. To dissolve the resulting 
formazan crystals, 200 mL of DMSO was added to each well after removing all the media. The absorbance was measured 
at 570 nm using a microplate reader (Plate Chameleon V, Finland).

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 10.2 software (Prism, USA). Statistical analysis methods 
used include Welch’s t-test and 2-way ANOVA – Bonferroni’s multiple comparisons test, with a probability of p <0.05 
considered statistically significant.

Results
UV–Vis Spectrophotometry
UV–Vis spectra of the non-coated gold nanorods (GNR), alginate-coated gold nanorods (GNR/Alg) and PDADMAC/ 
alginate-coated gold nanorods (GNR/Alg/PDADMAC) are shown in Figure 1A. GNRs exhibited two plasmonic 
resonances corresponding to transverse surface plasmon resonance (TSPR) at 515 ± 1.15 nm and longitudinal surface 
plasmon resonance (LSPR) at 655 ± 0.58 nm due to anisotropic configuration.49

Alginate was then coated onto the GNR as an interfacial layer between the GNR and PDADMAC coating. The 
alginate coating resulted in a slight shift in both the TSPR (to 517 ± 0.58 nm) and LSPR (to 661 ± 1.00 nm) band 
maxima, which might be explained by an increase in the local dielectric function caused by the presence of alginate 
polymer.50 The absorbance bands of GNR/Alg/PDADMAC showed a further red-shift after coating with PDADMAC.51 

The TSPR of GNR/Alg/PDADMAC was 519 ± 1.00 nm, and the LSR was 669 ± 1.15 nm. The minimal alterations in the 
maximum absorbance wavelength of GNR after coating with alginate and PDADMAC, along with the absence of the 
broadening of absorbance bands, further indicated the physical stability of both GNR/Alg and GNR/Alg/PDADMAC, 
with no agglomeration post-coating (Figure 1A). The concentration of GNR was estimated from the UV–Vis spectra 
using a technique described in a previous study41 (the formula is indicated in the Supplementary Materials).

The physical stability of GNR/Alg/PDADMAC stored at room temperature (25°C) over four weeks in PBS was 
monitored and characterised using UV–Vis spectrophotometry. The GNR/Alg/PDADMAC showed TSPR at ~514 ± 0.58 
nm and LSPR at ~664 ± 1.15 nm. A minimal shift in the absorbance bands (± 10 nm) was observed even after four weeks 
of storage. Furthermore, no significant broadening of the bands was observed, indicating no agglomeration or changes in 
shape52 of GNR/Alg/PDADMAC for up to 4 weeks of storage at room temperature (Figure 1B).
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Zeta Potential Measurement
The zeta potential value of GNR changed from +27.33 ± 1.94 to −58.27 ± 2.40 mV following the coating of alginate onto 
its surface, while the value reversed to +42.80 ± 0.61 mV following the subsequent PDADMAC coating (Figure 2A). 
Charge reversal indicates the successful deposition of polyelectrolytes on the surface of the GNR, with cationic 
PDADMAC as the terminal layer.

The stability of the GNR/Alg/PDADMAC was evaluated on PBS at room temperature. GNR/Alg/PDADMAC 
remained stable at pH 7 throughout the four weeks of observation, with minimal changes in zeta potential (Figure 2B). 
The results indicated that GNR/Alg/PDADMAC was physically stable at room temperature for at least four weeks and 
would benefit medical use.

The stability of the GNR/Alg/PDADMAC polyelectrolyte coating was examined in microenvironments of different pH 
values (4–8). The zeta potential of GNR/Alg/PDADMAC remained positive across all tested pH values (Figure 2C), suggesting 
the good stability of the polyelectrolyte coating. A reduction of GNR/Alg/PDADMAC zeta potential following the increase of 
the microenvironment’s pH (from +61.70 ± 4.50 mV at pH 4 to +22.10 ± 2.20 mV at pH 8) was observed. This is probably due 
to the preferential adsorption of hydroxide ions from the medium onto the GNR/Alg/PDADMAC surfaces. In contrast, 
excessive hydronium ion concentration in an acidic solution causes hydronium ions to adsorb onto the polymer interface, 
increasing the zeta potential of the GNR/Alg/PDADMAC surfaces.53 Such a strong positive charge of GNR/Alg/PDADMAC 
within the acidic biofilm microenvironment may facilitate deep penetration of GNR/Alg/PDADMAC into biofilms, encourage 
the attachment of GNR/Alg/PDADMAC to biofilm cells, and contribute to the destruction of biofilms and bacteria cells.54

FTIR
In the FTIR analysis, the strong absorptions at 2918 and 2850 cm−1 in the GNR were caused by the C–H stretching 
vibration of the methyl and methylene groups of CTAB. In both the GNR/Alg and GNR/Alg/PDADMAC samples, a 
solid and wide band at 3445 cm−1 (owing to the stretching vibration of hydroxyl groups) was observed, whereas the 
intensity of the signals representing CTAB was weak. The alginate coating of GNR was confirmed by the appearance of 
O–H, asymmetric/symmetric COO–, and C–O stretching vibrations of alginate at 3345, 1595, 1460 and 1020 cm−1, 

Figure 1 (A) UV-Vis Spectra of non-coated gold nanorod (GNR), alginate-coated gold nanorod (GNR/Alg) and PDADMAC/alginate-coated gold nanorod (GNR/Alg/ 
PDADMAC). (B) No significant change in the UV-Vis spectra of GNR/Alg/PDADMAC after 4 weeks of incubation in PBS at 25°C, suggesting the stability of GNR/Alg/ 
PDADMAC in the aqueous environment over time. Data are represented as mean ± SD (n = 3).
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respectively. The appearance of –CH3, –CH2 and –CN stretching vibrations at 1465, 2900 and 2100 cm−1, respectively, 
confirmed the presence of the PDADMAC coating on the GNR/Alg (Figure 3).

TEM
The synthesised GNR and GNR/Alg/PDADMAC micrographs (Figure 4) obtained by TEM exhibited rod-like shapes. 
GNR had a mean length of 55.71 ± 1.15 nm, width of 23.70 ± 1.13 nm, and aspect ratio of 2.35 (n = 100). The 
polyelectrolyte coating on the GNR surface was also observed in the TEM micrograph as a faint layer surrounding the 
GNR via negative staining with 2% PTA. The coating thickness was calculated to be 2.55 ± 0.67 nm (n = 100). This 
result is consistent with the reported polyelectrolyte (PDADMAC) coating thicknesses of 2–3 nm.55,56

Biofilm Eradication Assay
GNR/Alg/PDADMAC exhibited dose-dependent biofilm eradication activity, eradicating approximately 86% of MRSA 
biofilms and 93% of MSSA biofilms at a sub-nanomolar concentration (0.15 nM) (Figures 5 and 6). Such biofilm 
eradication efficiencies were comparable to those of triclosan (treatment control) but attained a 333,333-fold lower 
concentration than triclosan (maximum biofilm eradication estimated for both MRSA biofilm (87% eradication) and 
MSSA biofilm (89% eradication) at 50 µM triclosan).

With regard to biofilm eradication potency, GNR/Alg/PDADMAC exhibited 371,862-fold higher potency in the eradica-
tion of MRSA biofilm (MBEC50 = 0.029 nM) than triclosan (MBEC50 = 10,784 nM) (p < 0.0001, Welch’s t-test) (Figure 5B). 
In addition, GNR/Alg/PDADMAC also showed 186,469-fold higher potency in the eradication of the MSSA biofilm 

Figure 2 (A) Zeta potential values of non-coated gold nanorod (GNR), alginate-coated gold nanorod (GNR/Alg) and PDADMAC/alginate-coated gold nanorod (GNR/Alg/ 
PDADMAC). (B) Minor decrease in the zeta potential value of PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) after 4 weeks of incubation in PBS at 25°C, 
suggesting the physical stability of GNR/Alg/PDADMAC over time. (C) The PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) remain positively charged in 
different pH ranges. Data are represented as mean ± SD (n = 3).
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Figure 3 FTIR spectrum of non-coated gold nanorod (GNR), alginate, alginate-coated gold nanorod (GNR/Alg), PDADMAC and PDADMAC/alginate-coated gold nanorod 
(GNR/Alg/PDADMAC).

Figure 4 TEM micrographs of (A) non-coated gold nanorod (GNR) at 80,000× magnification (scale bar = 100 nm). (B) Enlarged inset of (A) (scale bar = 50 nm). (C) 
PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) at a concentration of 0.15 nM at magnification of 80,000× (scale bar = 100 nm). (D) Enlarged inset of (C) 
(scale bar = 50 nm). The red arrows indicate the faint layer of polyelectrolyte coating surrounding the GNR.
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(MBEC50 = 0.032 nM) when compared to that of the triclosan (MBEC50 = 5967 nM) (p < 0.0001, Welch’s t-test) (Figure 6B). 
The significant anti-biofilm properties of GNR/Alg/PDADMAC may be attributed to the polyelectrolyte coating, as shown by 
the absence of substantial dose-dependent biofilm eradication efficacies and potencies of the non-coated GNR in both the 
MRSA and MSSA biofilm models (Figures 5A and 6A). However, the polyelectrolyte alone, without GNR and with Alg 
coating, are ineffective in eradicating biofilms. The biofilm eradication curve for polyelectrolytes and GNR/Alg (intermediate 
nanoparticles during synthesis) presented in the Supplementary Section (Figure S1 and S5). The higher potency of GNR/Alg/ 
PDADMAC in eradicating MRSA biofilm compared to the triclosan control may also reflect the inefficiency of triclosan in 
penetrating dense and complex MSSA biofilms for effective biofilm and microbial eradication.57,58 This observation also 
suggests the ability of GNR/Alg/PDADMAC to penetrate and eradicate antimicrobial-resistant MRSA biofilms.

Figure 5 PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) showing (A) more efficient MRSA biofilm eradication (86% eradication at 0.15 nM GNR/Alg/ 
PDADMAC) compared to non-coated gold nanorod (GNR, no significant biofilm eradication activities at 0.15 nM) (****p < 0.0001 at 0.15 nM, 2-way ANOVA - Bonferroni’s 
multiple comparisons test) and (B) more potent MRSA biofilm eradication (50% eradication at 0.029 nM GNR/Alg/PDADMAC) compared to triclosan (50% eradication at 
10,784 nM triclosan) (****p < 0.0001 at 50% eradication, Welch’s t-test). Data are represented as mean ± SD (n = 3).

Figure 6 PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) showing (A) more efficient MSSA biofilm eradication (93% eradication at 0.15 nM GNR/Alg/ 
PDADMAC) compared to non-coated gold nanorod (GNR, no significant biofilm eradication activities) (****p < 0.0001 at 0.15 nM, 2-way ANOVA - Bonferroni’s multiple 
comparisons test) and (B) more potent MSSA biofilm eradication (50% eradication at 0.032 nM GNR/Alg/PDADMAC) than triclosan (50% eradication at 5967 nM triclosan) 
(****p < 0.0001 at 50% eradication, Welch’s t-test). Data are represented as mean ± SD (n = 3).
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Time Point Assay
The progression of GNR/Alg/PDADMAC biofilm eradication was monitored using a time point assay. GNR/Alg/ 
PDADMAC at 0.00015 µM (0.15 nM) eradicated 50% (MBEC50) of MRSA and MSSA biofilm within 16.5 minutes 
(Figures 7A and S2) and 17 min (Figures 7B and S2), respectively. In contrast, triclosan (50 µM) destroyed 50% of the 
MRSA (Figure 7A) and MSSA (Figure 7B) biofilms within 12 and 16.5 minutes, respectively (Figure 7A and B). These 
results demonstrate that GNR/Alg/PDADMAC achieved comparable efficacy to triclosan at a 333,333-fold lower dosage, 
highlighting its potency in eradicating biofilms. Microscopic images of the biofilms are presented in the Supplementary 
Section (Figure S2).

FESEM
Untreated and GNR/Alg/PDADMAC-treated biofilms were further examined using FESEM. Both untreated MRSA and 
MSSA biofilms were intact and well established, as shown by the dense and overlapping bacterial cell aggregates within 
the biofilm at low magnification (5,000×) (Figure 8A and B). Under high magnification (20,000×) (Figure 8C and D), the 
bacterial cells appeared smooth with a typical round morphology. In contrast, treatment with GNR/Alg/PDADMAC 
induced significant disintegration of MRSA and MSSA biofilms, as shown by the major loss of biofilm and bacterial cell 
mass, arrangement of cells in short chains (Figure 8E and F), and alterations in cell morphology (denoted by the increase 
in cell surface roughness and abnormal cell shape) (Figures 8G and H). These findings are consistent with those of a 
previous biofilm eradication study59 and demonstrate the biofilm eradication efficiency of GNR/Alg/PDADMAC.

CLSM
CLSM analysis was conducted on the MRSA and MSSA biofilms to investigate the effect of GNR/Alg/PDADMAC on 
the viability of the biofilm bacteria (Figure 9A), biofilm structure (Figure 9B), and biovolume (Figure 9D).60 2D CLSM 
analysis showed that GNR/Alg/PDADMAC treatment decreased the number of viable bacteria in MRSA and MSSA 
biofilms (Figure 9A), displaying significantly reduced green fluorescent staining. Figure 9C shows that GNR/Alg/ 
PDADMAC caused a 5-fold reduction in the live/dead bacterial ratio compared to MRSA and MSSA growth controls 
(Figures 9C and D, p < 0.0001, 2-way ANOVA Bonferroni’s multiple comparisons test). 3D CLSM analysis61 further 
indicated that such a reduction may be associated with the loss of biofilm mass following GNR/Alg/PDADMAC 
treatment, as demonstrated by the loss of biofilm surface area, thickness and structured topography62,63 (Figure 9B) 

Figure 7 Time point assay for eradication of biofilms. (A) GNR/Alg/PDADMAC takes a slightly longer time (16.5 min) to achieve 50% MRSA biofilm eradication (MBEC50) 
compared to triclosan (12 min) but at a significantly lower concentration (0.00015 µM GNR/Alg/PDADMAC vs 50 µM triclosan). Meanwhile, (B) GNR/Alg/PDADMAC takes 
a similar time span (17 min) to achieve 50% MSSA biofilm eradication (MBEC50) compared to triclosan (16.5 min) but at a significantly lower concentration (0.00015 µM 
GNR/Alg/PDADMAC vs 50 µM triclosan). Green line indicates MBEC50. Data are represented as mean ± SD (n = 3).
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and biovolume64 (Figure 9D shows ≥50% biovolume loss in both green (live bacteria) and red channels (dead bacteria)) 
in the MRSA and MSSA biofilms treated with GNR/Alg/PDADMAC when compared to that of the untreated groups 
(Figures 9B and D).

The CLSM results correlated with the FESEM findings, where GNR/Alg/PDADMAC dramatically decreased the 
number and thickness of biofilm cells (Figures 8 and 9). GNR/Alg/PDADMAC dramatically disrupted S. aureus biofilms 
(Figures 8E, F and 9A, B), whereas GNR/Alg/PDADMAC-treated S. aureus showed a complete absence of clumped 

Figure 8 FESEM images of (A–D) untreated and (E–H) PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC)-treated MRSA and MSSA biofilms under 5000× 
(scale bar = 4 µM) and 20,000× (Scale bar = 1 µM) magnification. The red arrows denote the alterations in cell morphology.
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Figure 9 (A) Two-dimensional (2D) CLSM images of MRSA and MSSA strains under 40x magnification, manifesting the viability of both 0.03nM PDADMAC/alginate-coated 
gold nanorod (GNR/Alg/PDADMAC)-treated MRSA and MSSA biofilms were reduced significantly. (B) Three-dimensional (3D) CLSM images of MRSA and MSSA strains 
under 40x magnification. Both 0.03nM PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC)-treated MRSA and MSSA biofilm structures were disrupted and 
reduced compared to their respective growth controls (Scale bar = 50 µM). (C) 0.03nM PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) treatment 
reduced the mean ratio of bacterial viability, as shown by the 5-fold reductions in the live: dead bacteria ratio of the PDADMAC/alginate-coated gold nanorod (GNR/Alg/ 
PDADMAC) treatment groups (****: p < 0.0001, 2-way ANOVA - Bonferroni’s multiple comparisons test). (D) Significant loss of biovolume was seen in MRSA and MSSA 
biofilms (***: p < 0.001, ****: p < 0.0001, 2-way ANOVA - Bonferroni’s multiple comparisons test) after 0.03nM GNR/Alg/PDADMAC treatment (compared to growth 
controls). Data are represented as mean ± SD (n = 3).
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cells in both FESEM (Figure 8E and F) and CLSM (Figure 9A and B). Moreover, in CLSM, the high red fluorescent 
staining in GNR/Alg/PDADMAC-treated MRSA and MSSA biofilms indicated dead bacteria with a disrupted cell 
membrane,65 which was confirmed by FESEM analysis, where GNR/Alg/PDADMAC-treated MRSA and MSSA 
biofilms showed morphological changes (red arrows in Figure 8G and H).

Biocompatibility Assay
GNR/Alg/PDADMAC and triclosan’s biocompatibilities were assessed on L929 murine fibroblast cells via MTT assay. GNR/ 
Alg/PDADMAC was found to cause minimal toxicity to L929 cells at concentrations ranging from 0 to 0.2 nM (Figure 10A), 
which encompassed the maximum MRSA and MSSA biofilm eradication concentration (0.15 nM, Figures 5 and 6), with cell 
viability generally maintained above 90%. Triclosan caused toxicity to L929 cells, causing up to a 50% decrease in cell 
viability in the concentration range of 0–90.0 µM (Figure 10B), encompassing triclosan’s maximum MRSA and MSSA 
biofilm eradication concentration (50.0 µM, Figures 5B and 6B). This suggests the biocompatibility of GNR/Alg/PDADMAC 
in the concentration range in which it exhibited effective biofilm eradication efficiency.

Discussion
Staphylococcus aureus biofilms are frequently associated with chronic infections and contamination of implantable 
medical devices.66 In this work, we report the development of a PDADMAC/alginate-coated gold nanorod GNR/Alg/ 
PDADMAC with an aspect ratio of 2.35 and zeta potential +42.80 ± 0.61 mV as an anti-biofilm agent that effectively 
removes established MRSA and MSSA biofilms from abiotic surfaces. Furthermore, the molar concentration of GNR/ 
Alg/PDADMAC required to exert the same biofilm eradication potency (MBEC50) was approximately 105 times lower in 
both MRSA and MSSA strains than the concentration of the positive control (triclosan) (Figures 5B and 6B).

PDADMAC-coated gold nanoparticles and gold nanorods have been previously investigated as potential agents for 
laser-induced photothermal (PTT) elimination of S. aureus and E. coli.67 Nevertheless, these studies indicated that high 
gold nanoparticle concentrations (55.0 µg/mL) are required to generate significant photothermal effects for antibacterial 
purposes.68 This may pose risks of heat-induced damage (emitted from high-concentration gold nanoparticles and light 
irradiation) to adjacent normal tissues during the process. In this study, we report the feasibility of using biocompatible 
GNR/Alg/PDADMAC directly to destroy MRSA and MSSA biofilms without photothermal activation. On the other 
hand, Figures S3 and S4 in the Supplementary Section demonstrated the GNR/Alg/PDADMAC and triclosan’s biofilm 
eradication efficiency in gram-negative bacteria.

Figure 10 (A) PDADMAC/alginate-coated gold nanorod (GNR/Alg/PDADMAC) at a concentration range encompassing its biofilm eradication working concentrations did 
not cause significant death of L929 cells after 24 hours of incubation, suggesting good biocompatibility. (B) Triclosan at a concentration range encompassing its biofilm 
eradication working concentrations caused significant death of L929 cells after 24 hours of incubation. Data are represented as mean ± SD (n = 3).
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The effective MRSA and MSSA biofilm eradication by GNR/Alg/PDADMAC might be ascribed to their swift 
permeation through the biofilm via the water channels of the biofilm,66,69 followed by the electrostatic interaction of the 
GNR/Alg/PDADMAC positively charged polyelectrolyte coating (Figure 2C) with the negatively charged lipoteichoic and 
teichoic acids of the gram-positive bacterial cell wall,70 as well as the negatively charged components of the biofilm 
exopolysaccharide56 matrix within the low-pH biofilm microenvironment.39 Such interactions may decrease bacterial cell 
membrane integrity and cause subsequent cell membrane disintegration and loss of cell–cell or cell-EPS matrix 
association.71 A similar phenomenon was observed in a previous study,66 whereby S. aureus biofilms treated with 
AgNPs exhibited a similar FESEM morphology to that of the current study. Furthermore, the electrostatic interaction 
between GNR/Alg/PDADMAC and EPS may disrupt the integrity of the biofilm matrix (Figure 8E and F). This causes 
subsequent loss of bacterial and structural components from the biofilm.64,72 The observations of the significant reduction in 
the number of viable biofilm bacteria and biofilm mass, and the disruption of the biofilm 3D structure following the GNR/ 
Alg/PDADMAC treatment (Figures 9A–D) in the CLSM studies further supported this suggestion. Additionally, more 
CLSM images of the GNR/Alg/PDADMAC biofilm eradication were included in the Supplementary Part (Figure S6).

In this study, GNR/Alg/PDADMAC demonstrated better anti-biofilm effects, exerting 86% MRSA biofilm eradication and 
93% MSSA eradication at a lower concentration, 0.15 nM GNR/Alg/PDADMAC, equivalent to 36.80 µg/mL when compared to 
non-coated GNR and other previously reported anti-biofilm nanoparticles. Most of the reported anti-biofilm nanoparticles exert 
anti-biofilm effects at higher concentrations. For example, positively charged AuNPs inhibited MSSA biofilm formation by 80% 
at 1 μM nanoparticle.73 In comparison, curcumin-loaded hyperbranched polyethylenimine-grafted mesoporous silica nanopar-
ticles (F-MSN-PEI/Cur) reduced biofilm bacterial viability and the mass of MRSA biofilms by >90% at 1600 μg/mL.74 

Meanwhile, zinc oxide nanoparticles maximally attenuated the formation of E. coli biofilms at 2791 µg/mL,28 while magnesium 
oxide nanoparticles disrupted Staphylococcus epidermidis biofilm at 1.6 mg/mL.29 In addition, 64 μg/mL of black phosphorus- 
conjugated gold nanoparticles inhibited the formation of Enterococcus faecalis biofilms by 33% and 58% in the absence and 
presence of near-infrared light, respectively.74 In addition to metallic nanoparticles, Lactobacillus gasseri – originated biosurfac-
tants loaded in liposomes – were also found to disperse >50% S. aureus biofilm at 2.5 mg/L.75

GNR/Alg/PDADMAC at a low working concentration (0.15 nM) was found to destroy 50% of the MRSA biofilm in 
vitro within a short interval (17 min) and achieve maximum biofilm eradication approximately 1 h after the initiation of 
incubation. In comparison, a higher concentration of triclosan (50 μM) was required to produce similar levels of MRSA 
biofilm eradication within a similar time frame. Similarly, the performance of GNR/Alg/PDADMAC was better than that 
of the standard antimicrobial agents. For instance, ciprofloxacin (100 μg/mL) required >5 h to disrupt 65% of S. aureus 
biofilms in vitro, whereas daptomycin (200 μg/mL) and tobramycin (50 μg/mL) required approximately 10 h to disrupt 
65% and 60% of S. aureus biofilms, respectively.

In this study, GNR/Alg/PDADMAC was more potent than triclosan based on a comparison of MBEC50 values. Triclosan 
is commonly used to confront in-hospital S. aureus outbreaks and for topical decontamination of hospital patients colonised 
with MRSA.76 Nevertheless, the widespread use of high concentrations of triclosan (as high as 8 µg/mL, higher than the 
concentration used in MRSA eradication baths)77 for decontamination purposes in hospital settings has reduced MRSA 
susceptibility to triclosan78 and raised chemical safety concerns.79 In light of these results, GNR/Alg/PDADMAC was potent 
in disintegrating biofilms, affecting maximum biofilm disintegration at 0.15 a nanoparticle, of 36.80 µg/mL. Moreover, GNR/ 
Alg/PDADMAC is biocompatible because it causes minimal toxicity to L929 cells, with cell viability maintained above 90% 
in the concentration range tested (0–0.2 nM), while disintegrating biofilms by electrostatic interaction-based cell membrane 
disintegration and disruption of cell–cell or cell-EPS matrix association, without harming normal tissue. Thus, GNR/Alg/ 
PDADMAC offers potential as an effective and safe alternative biofilm eradication agent in hospital settings.

The GNR/Alg/PDADMAC may be formulated into irrigation solutions for cleaning infective wounds or biofilm- 
contaminated surfaces of medical apparatus that are attached to the patients and are difficult to clean, such as catheters, 
plastic tubing, and dental implants. According to the literature, if the surface of medical equipment is coated with a 
nanoparticle coating, the coating assists in resisting bacterial colonisation and subsequent biofilm growth on the medical 
devices.80 It may also be formulated with existing antimicrobials to act synergistically by disintegrating biofilm layers 
and enabling the effective penetration of antibiotics into wounds and surfaces to disrupt biofilms and bacteria in the 
deeper regions of the wound or difficult-to-reach surfaces.
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Further studies on GNR/Alg/PDADMAC, such as in vitro assessment of its biofilm eradication efficiency on different 
clinical-related surfaces, including catheters, plastic tubings, medical-implanted device surfaces, and additional bacterial 
species, its possible synergism with antibiotics, and in vivo assessment of its biofilm eradication efficiency in wounds (rat 
model) are currently in progress.

Conclusion
In summary, we successfully developed PDADMAC/alginate-coated gold nanorods (GNR/Alg/PDADMAC) that are 
biocompatible and more potent than triclosan in disintegrating MRSA and MSSA biofilms, possibly via electrostatic 
interactions with biofilm components. Such biofilm-eradicating nanoparticles may be effective agents for pathogenic 
biofilm eradication in the clinical setting.
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