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Abstract
Gold nanorods (AuNRs) were synthesized by the seed-mediated wet chemical method using a binary surfactant system. 
AuNRs were stabilized with polyethylene glycol, then functionalized with 4-mercaptophenol (4-MPH) ligand by surface 
ligand exchange. The surface-functionalized AuNRs (4-MPH-AuNRs) exhibited a typical UV–vis spectrum of AuNRs with 
a slightly shifted longitudinal peak. Furthermore, 4-MPH-AuNRs demonstrated a similar Fourier-Transformed Infrared spec-
trum to 4-MPH and a fading of the thiol band, which suggests a successful functionalization through thiol-gold binding. The 
antibacterial and antibiofilm activities of 4-MPH-AuNRs were evaluated against a clinical isolate of Methicillin-Resistant 
Staphylococcus aureus (MRSA). The results indicate that 4-MPH-AuNRs exhibit a bactericidal activity with a minimum 
inhibitory concentration (MIC) of ~ 6.25 μg/mL against a planktonic suspension of MRSA. Furthermore, 4-MPH-AuNRs 
resulted in a 1.8–2.9 log-cycle reduction of MRSA biofilm viable count over a concentration range of 100–6.0 μg/mL. The 
bacterial uptake of the surface-modified nanorods was investigated by inductively coupled plasma-optical emission spectros-
copy (ICP-OES) and scanning electron microscopy (SEM) imaging; the results reveal that the nanorods were internalized 
into the bacterial cells after 6 h (h) of exposure. SEM imaging revealed a significant accumulation of the nanorods at the 
bacterial cell wall and a possible cellular internalization. Thus, 4-MPH-AuNRs can be considered a potential antibacterial 
agent, particularly against MRSA strain biofilms.
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1 Introduction

Antimicrobial resistance has become a challenge in treat-
ing bacterial infections, particularly those encountered in 
chronic wound infections; thus, there is substantial increas-
ing demand for the development of new materials with 
promising antimicrobial activity against a wide range of 
infectious microbes [1–3].

Nanomedicine is a well-established branch of science 
that uses nanodevices, such as nanoparticles, acquiring 
unique diagnostic, biological, biotechnological, and thera-
peutic properties [4, 5]. Nanomaterials demonstrate several 
applications in electronics, catalysis, and medicine due to 
their exceptional physical and chemical properties [6, 7]. 
Recently, organic and inorganic nanomaterials have provided 
an alternative method to treat bacterial infectious diseases 
[8].
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Among inorganic nanoparticles, gold nanoparticles 
(AuNPs) present with several unique physical and chemi-
cal properties, making them attractive for several biomedi-
cal applications such as sensing, imaging, diagnosis, and 
drug delivery and therapy [4, 9, 10]. Therefore, interest in 
exploiting the potential biocidal activities of AuNPs has 
risen recently due to their compatibility with mammalian 
cells, high colloidal stability, and easy conjugation to bio-
molecules and antibiotics [11–15]. The nanoparticles’ size, 
shape, and surface chemistry have a crucial impact on their 
interaction with biological systems and cellular uptake and 
cytotoxicity [16–18]. Recently, Piktel et al. compared the 
antibacterial and antibiofilm activities of AuNPs of different 
shapes; they found that gold nano-peanut and AuNRs were 
effective against several Escherichia coli (E. coli) strains as 
potential antimicrobial agents for surface coatings of medi-
cal devices [13].

Surface functionalization of AuNRs is crucial to enhance 
their colloidal stability and reduce the concentration of toxic 
surfactants involved in their synthesis; furthermore, this 
allows the conversion of the nanoparticle to nanotherapeu-
tics [19, 20]. We have demonstrated previously the antibac-
terial and antibiofilm activities of AuNRs functionalized 
with several chemical moieties against various gram-positive 
bacterial strains [21–23]. Also, we presented the utilization 
of AuNRs as a potential drug delivery of an anti-fungal 
agent [24].

Thiolated chemical molecules are commonly used to 
functionalize the surface of the AuNPs due to the strong 
binding affinity of gold towards thiol [25]. 4-mercaptophe-
nol (4-MPH) is a small organosulfur compound that has 
been used in several sensing and therapeutic applications; 
recently, 4-MPH and thioglycolic acid-coated AuNPs were 
used for the detection of phytic acid and iron ions [26]. Fur-
thermore, derivatives of 4-MPH were effective as novel anti-
cancer agents against melanoma and breast cancer cell lines 
[27, 28]. In general, organosulfur compounds exhibit sev-
eral biological activities, particularly antimicrobial, against 
a broad spectrum of bacteria, fungi, and viruses [29]; for 
example, 2-mercaptoethanol showed antibacterial activity 
towards Propionibacterium skin culture [30].

Among pathogens contributing to skin infections, Staphy-
lococcus aureus (S. aureus), a gram-positive bacterium, is 
the most common bacterium responsible for skin and com-
munity-acquired infections. It represents a significant burden 
on the healthcare system [31]. Methicillin-Resistant Staphy-
lococcus aureus (MRSA) is a resistant strain of S. aureus, 
which has a biofilm-forming ability and is considered most 
of the adherent S. aureus [32, 33] with limited options of 
treatment by antibiotics [34]. Bacterial biofilm is an assem-
bly of bacterial cells attached to a surface and enclosed 
within extracellular polymeric substances (EPS) [35]. Due 
to the complex properties of biofilms, they are resistant to 

environmental challenges and antibiotics that complicate and 
limit their treatment options [35]. Nanomedicine has shown 
promising benefits to prevent and eradicate bacterial bio-
films formation via several mechanisms [36]. AuNPs of dif-
ferent surface chemistries demonstrated anti-biofilm activity 
against various bacterial biofilms, such as S. aureus and P. 
aeruginosa and other types of bacterial strains [21, 37].

Surface functionalization of AuNPs with 4-MPH was 
investigated previously in the literature; AuNPs were func-
tionalized with 4-MPH by surface ligand exchange due to 
thiol-gold binding. For example, an aqueous solution of 
4-MPH was incubated directly with AuNPs solution, and 
the obtained 4MPH-AuNPs was characterized by Raman 
scattering and demonstrated pH dependence when examined 
by dynamic Raman scattering [38]. Similarly, aqueous solu-
tions of 4-MPH and thioglycolic acid were added directly to 
AuNPs solution to form conjugated AuNPs as a colorimetric 
probe [39]. On the other hand, other studies followed Burst’s 
method of synthesizing small gold nanoparticles stabilized 
by thiol derivatives using the two-phase liquid–liquid system 
[40]. However, concentrated tetrahydrofuran (THF) solution 
of 4-MPH was utilized for surface conjugation of AuNRs in 
other studies [41]; we applied a similar method in our pre-
vious study [18]. However, such methods have resulted in 
unstable nanoparticles in the bacterial growth media. There-
fore, we introduced a new method of surface functionaliza-
tion of AuNRs with 4-MPH where the nanorods were stabi-
lized first with a low density of PEG, then conjugated with a 
4-MPH by surface ligand exchange; the obtained conjugated 
nanorods were very stable upon mixing with the medium.

To the best of our knowledge, the antibacterial and antibi-
ofilm activities of AuNRs functionalized with 4-MPH has 
not been investigated in the literature. In the current study, 
the antibacterial and anti-biofilm activities and bacterial 
uptake of the 4-MPH-AuNRs were investigated for the first 
time against a clinical isolate of MRSA strain.

2  Material and Methods

2.1  Synthesis and Characterization of AuNRs

2.1.1  Synthesis of AuNRs and PEG‑AuNRs

AuNRs of the aspect ratio of ~ 4 were synthesized using 
a mixture of surfactants as described previously [42, 43]. 
Briefly, seed particles were synthesized by adding 0.60 mL 
of ice-cold sodium borohydride  (NaBH4 99%, Sigma 
Aldrich, USA, 0.010 M) to a mixture of cetyltrimethyl-
ammonium bromide (CTAB 99%; Sigma Aldrich, USA, 
0.20 M) and chloroauric acid 99.9%  (HAuCl4 99%, Sigma 
Aldrich, USA, 0.005  M) until the formation of a light 
brown-colored solution. The growth solution was prepared 
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by adding 18 mL of silver nitrate  (AgNO3, Sigma Aldrich, 
USA, 4 mM) to a mixture of 1.234 g sodium oleate (NaOL, 
Sigma Aldrich, USA) and 7.0 g CTAB in 250 mL of hot 
water (∼50 °C). After cooling down, 250 mL of  HAuCl4 
(1 mM) was added to the growth solution and stirred for 
90 min until it turned into a colorless solution. Then, a few 
drops of HCl 37 wt%, 0.25 mL of ascorbic acid (64 mM), 
and 0.8 mL of the seed solution were added to the growth 
solution. The obtained mixture was then incubated for 48 h 
at 30 °C for the slow formation of nanorods. Two-round cen-
trifugation of the GNR suspension was performed for purifi-
cation, and the pellets were dispersed in Milli-Q water. The 
concentration of the nanorods was estimated by inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) at 
a wavelength of 242.795 nm and using a calibration curve of 
a gold standard (0.2–10.0 ppm,  r2 = 0.9999).

The synthesized nanorods were functionalized with a 
low density of methoxy-polyethylene glycol-thiol (m-PEG-
SH, MW ∼ 2000 g  mol−1, Sigma Aldrich, USA) to enhance 
their colloidal stability. A volume of 0.1 mL of a 1.0 mg/
mL m-PEG-thiol solution was added to each 1.0 mL of 
twice-centrifuged AuNRs and left for 6 h with continuous 
stirring followed by centrifugation at 10,000 rpm for 10 min. 
The concentrated nanorods pellets were collected and dis-
persed in ultrapure water.

2.2  Functionalization of PEG‑AuNRs 
with 4‑Mercaptophenol (4‑MPH), 4‑MPH‑AuNRs

The synthesized PEG-AuNRs were functionalized with 
4-MPH (Sigma Aldrich, USA) by dropwise addition of 100 
�L of 4-MPH (10 mM) to each 1.0 mL of twice-centrifuged 
nanorods; the mixture was left overnight with continuous 
stirring. The surface-functionalized AuNRs solution was 
centrifuged at 8000 rpm for 8 min to collect the nanorods 
pellets.

2.3  Characterization of AuNRs and 4‑MPH‑AuNRs

Synthesized AuNRs were characterized by UV–vis absorb-
ance at 200–1100 nm (UV-1800 spectrophotometer, Shi-
madzu, Japan), surface charge, hydrodynamic size (Nicomp 
Nano Z3000 size/zeta potential analyzer, Entegris, USA). 
AuNRs samples with appropriate dilution were filled into the 
dynamic light scattering cuvettes for hydrodynamic radius 
measurement or into folded capillary cells for zeta potential 
measurement at 25 °C. The zeta potential of 4-MPH-AuNRs 
was measured upon mixing with the bacterial growth 
medium after 24 h of exposure. Mean values and standard 
deviations were calculated from at least three measurements. 
The shape of the nanoparticles was confirmed by transmis-
sion electron microscope (TEM) imaging (Morgani 268 

TEM, FEI, The Netherlands); using Formvar coated TEM 
copper grids.

Surface functionalization of AuNRs with 4-MPH was 
also confirmed by Fourier-transformed infrared (FTIR) 
spectroscopy (Shimadzu, Japan). The AuNRs samples were 
freeze-dried and prepared as potassium bromide (KBr) disks 
for FTIR measurements.

2.4  Antibacterial Activity of 4‑MPH‑AuNRs Against 
Methicillin‑Resistant Staphylococcus aureus 
(MRSA)

2.4.1  Bacterial Strain and Growth Condition

Clinical isolates of Methicillin-resistant Staphylococcus 
aureus (MRSA) strains were obtained from the Microbiolo-
gy's bacterial culture collections at the Biomedical Research 
Centre (BRC), Qatar University. MRSA strains were cul-
tured overnight on nutrient agar (Remel, ThermoFisher Sci-
entific, Lenexa, KS, USA), incubated at 37 °C for 24 h, then 
adjusted to 0.5 MacFarland Standard as measured by Den-
siCHEK PLUS (bioMérieux, France), and used throughout 
the study. Longstanding preservation of cultures was done 
at − 80 °C in cryovial tubes (Technical Service Consultant, 
Lancashire, UK).

2.5  Minimal Inhibitory Concentration (MIC)

The antibacterial activity of 4-MPH-AuNRs and PEG-
AuNRs suspensions was evaluated using the standard two-
fold broth micro-dilution method to determine the minimal 
inhibitory concentration (MIC) of AuNRs against MRSA 
planktonic cultures, according to the Clinical and Labora-
tory Standards Institute (CLSI, 2020). Briefly, seven two-
fold AuNRs suspension serial dilutions (100 µl each) were 
added to the wells in a 96-well flat-bottom plate ™(Micro-
testtm 96 tissue culture plate, Franklin Lakes, NJ, USA) 
containing 100 µL Muller Hinton Broth (MHB, Liofilchem, 
Roseto degli Abruzzi, Italy) to obtain AuNRs concentra-
tion of 100, 50, 25, 12.5, 6.25, 3.12, 1.5 μg/mL. Then, 10 µL 
of standardized 0.5 MacFarland inoculum was added to each 
well within 15 min of its preparation to achieve an inoculum 
of 1.5 ×  106 CFU/well in each well. The plate included MHB 
plus AuNRs as sterility controls and MHB plus MRSA as 
growth control. Finally, the inoculated 96-well plates were 
covered with a lid and incubated in ambient air at 37 °C for 
24 h. In order to exclude the possible antibacterial activity of 
the coating material (4-MPH), the MIC test was performed 
for an aqueous dispersion of 4-MPH. MIC was recorded 
as the average lowest AuNRs concentration that completely 
inhibits MRSA growth as detected by the unaided eye (clear 
solutions). This experiment was replicated a minimum of 
three times.
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2.6  Minimum Bactericidal Concentration (MBC)

The MBC of 4-MPH-AuNRs was determined by streaking 
20 µl of a tenfold serial dilution of the MIC onto nutrient 
agar free from 4-MPH-AuNRs. The neutralization of the 
antimicrobial activity of the tested compound was achieved 
by dilution. The plates were then incubated at 37 °C for 
16 to 18 h. Bacterial colonies, if any, were enumerated to 
determine viable CFU/ml. A comparable, controlled exper-
iment was conducted as above without the application of 
4-MPH-AuNRs. The number of bacterial colonies was used 
to calculate viable bacterial cells (CFU/ml). The percent 
reduction in the viable count and log reduction in viability 
were calculated to estimate the bactericidal activity of the 
4-MPH-AuNRs [23].

2.7  Antibiofilm Activity of 4‑MPH‑AuNRs Against 
Methicillin‑resistant Staphylococcus aureus 
(MRSA) Biofilm

2.7.1  Biofilm Culture of MRSA

Before their use, all borosilicate glass beads 3–4 mm in 
diameter (ISOLAB Laborgeräte GmbH, Singapore) were 
rinsed in a soap solution, washed in ddH2O, incubated 
overnight in 80% ethanol, and finally thoroughly cleaned in 
sterile water. Then, bacteria were cultivated on these beads 
as described previously [21] to form biofilm. Concisely, each 
bead was placed into a well in a 96- flat microtiter plate con-
taining 200 µL of nutrient broth and 20 µL of a standardized 
0.5 McFarland MRSA culture to obtain an inoculum size of 
1.5 ×  106 CFU/ml. Then the plates were incubated aerobi-
cally at 37 °C and 100 rpm for 72 h in a shaker incubator. 
After every 24 h, the consumed medium was substituted 
carefully by 200 µL of a new medium. After biofilm cultur-
ing, beads were washed three times using normal saline to 
remove loosely attached bacterial cells. Then, biofilm densi-
ties formed at 24, 48, and 72 h were determined by placing 
the beads in an Eppendorf tube with 200 µL of nutrient broth 
and vortexed for 1 min to release the attached bacteria. After 
that, 100 µL of the suspension was serially diluted over ten-
fold serial dilutions, and 20 µL was streaked on nutrient agar 
media. The number of colonies was reported quantitatively 
to determine biofilm density as CFU/bead.

2.8  Antibiofilm Activity of AuNRs Suspension 
Against MRSA

The antibiofilm activity of AuNRs suspension on 72-h bio-
film cultures was determined by challenging the washed 
biofilm beads with exposure to AuNRs (100, 40, 20, and 
6 �g/mL) suspension for 24 h incubation at 37 °C. After 
treatment, beads were washed with normal saline, and 

viable biofilm density was determined, as previously men-
tioned in Sect. 2.3.1 [21]. The antibiofilm activity was 
estimated as a percentage reduction of viability compared 
to the initial number of untreated biofilm [21].

2.9  Imaging of MRSA Biofilm by Scanning Electron 
Microscopy (SEM)

The biofilm on the glass bead was dip-washed in  ddH2O 
and fixed in the previously mentioned fixative for 48 h. 
Consequently, all samples were air-dried, mounted on a 
stub with adhesive carbon tape, then sputter-coated with 
a 12-nm layer of gold and examined by SEM (ZEISS 1530 
Gemini, Carl Zeiss Microscopy GmbH, Germany) operat-
ing at 5 kV.

2.10  Quantification of Bacterial Uptake 
of 4‑MPH‑AuNRs by Inductively‑Coupled 
Plasma‑ Optical Emission Spectrometry 
(ICP‑OES)

Samples were prepared in a liquid form through digestion 
to produce an aqueous solution in Nitric acid. Briefly, 4.0 
McFarland MRSA suspended in 250 µL Müller Hinton 
Broth was treated with 4-MPH-AuNRs (100 �g/mL) for 6 h 
at 37 °C and then centrifuged for 5 min at 8000 rpm. After 
that, the formed pellet (weight 0.19–0.20 g) was washed 
with 1%  HNO3, followed by five times deionized water. Con-
sequently, the washed pellets were lyophilized by a vacuum 
freeze-drier (VirTis SP scientific, USA) for 30 h condensa-
tion at − 70 °C. Afterward, the samples were mixed with a 
concentrated nitric acid and placed on a hot block (environ-
mental express, Charleston, South Carolina) at 105 °C for 
2 h, then diluted up to 10 mL by adding distilled deionized 
water. The reagent blanks were treated precisely as were 
the samples. Then the cellular uptake of AuNRs was deter-
mined using ICP-OES (Optima, 7300 DV Perkin Elmer, 
South Carolina, USA).

2.11  Imaging of Bacterial Uptake of 4‑MPH‑AuNRs 
by SEM

MRSA suspension of 1.0 MacFarland (250 µL) was treated 
with 50 µL of 100 �g/mL of 4-MPH-AuNRs for 6 h at 37 °C. 
After that, the treated bacterial cells were washed with 
deionized water; then, the pellet was fixed with 2% glutaral-
dehyde. Subsequently, the sample was examined using TEM 
(TECNAI G2 TEM, TF20, FEI, USA).
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3  Results and Discussion

3.1  Synthesis and Characterization of AuNRs

AuNPs conjugated with 4-MPH were investigated in the 
literature for several biomedical applications such as sens-
ing; however, these nanoparticles' antimicrobial and anti-
biofilm activities, particularly non-spherical nanoparticles, 
have not been highlighted in the literature.

In this study, AuNRs were synthesized using a mix-
ture of surfactants (oleic acid and cetyltrimethylammo-
nium bromide: CTAB), to finetune the size uniformity 
and adjustability [43]. The synthesized nanorods were 
then functionalized with a low density of PEG to enhance 
their colloidal stability towards the next step of surface 
functionalization with 4-MPH and enhance the colloidal 
stability of the 4-MPH-AuNRs upon mixing with the bac-
terial growth medium (Fig. 1A).

The optical spectrum of PEG-AuNRs demonstrated 
two distinct peaks at 519 and 833 nm for the longitudinal 

and transverse peaks, respectively (Fig. 1B). The obtained 
surface-functionalized AuNRs (4-MPH-AuNRs) exhibited 
a slightly shifted and broadened longitudinal plasmon due 
to the change in the dielectric constant of the surrounding 
medium and a possible slight aggregation (Fig. 1B). The 
plasmon band intensity and wavelength of AuNPs depends 
on many factors modulating the electron charge density 
on the particle surface such as the particle size, shape, 
composition and the dielectric constant of the surround-
ing medium [44]. Furthermore, slight broadening of the 
longitudinal peak of 4-MPH-AuNRs might be related to 
the possible binding of the nanorods to 4-MPH through 
the O-AuNRs bond. A previous study showed such bind-
ing induced aggregation of the AuNPs at pH ~ 10 [38]. 
However, no significant difference in the hydrodynamic 
sizes of the nanorods before and after functionalization 
was observed.

TEM imaging clearly showed the nanoparticles' rod shape 
with an average length and width of ~ 72 nm and ~ 17 nm, 
respectively (Fig. 1C). The average hydrodynamic size of 
the nanorods measured by dynamic light scattering before 
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and after functionalization was ~ 88 nm and 84 nm, respec-
tively (Fig. 1D). The average surface charge of the nanorods 
before and after functionalization was + 4 mV and − 14 mV, 
respectively.

4-MPH is a small thiolated compound; its assembly 
on the nanorods’ surface has occurred by surface ligand 
exchange through the formation of a covalent bond with gold 
which has a well-known high affinity towards free sulfhydryl 
groups [45]. Thiolated ligands provide higher colloidal sta-
bility to AuNPs than other ligands that bind to the nanopar-
ticles through hydrophobic or electrostatic attractions [45].

FTIR spectroscopy was used to confirm the surface 
functionalization of the nanoparticles with 4-MPH. As 
presented in Fig. 2, 4-MPH and 4-MPH-AuNRs demon-
strated very similar FTIR spectra; both have broadband 
at ~ 3400  cm−1, which corresponds to –OH stretching and a 
sharp band at ~ 1200  cm−1 corresponds to C–H bending in 
the benzene ring. Furthermore, 4-MPH showed a weak band 
at ~ 2560  cm−1 that corresponds to –SH stretching; fading of 
this band in the spectrum of 4-MPH-AuNRs suggests suc-
cessful surface functionalization of the nanorods via S–Au 
covalent bond [17].

3.2  Antibacterial Activity of 4‑MPH‑AuNRs Against 
MRSA

3.2.1  Minimal Inhibitory and Biocidal Concentrations; MIC 
and MBC

Minimum inhibitory concentration (MIC) is defined as the 
lowest concentration of a compound or antimicrobial agent 
that inhibits the visible growth of a specific microorganism. 
Minimum bactericidal concentration (MBC) is the lowest 
concentration of a compound or antimicrobial agent show-
ing no growth after exposure. MIC and MBC are commonly 

used in in-vitro studies to evaluate new compounds' antibac-
terial activity and to reveal bacterial resistance [46].

Our results indicate that the MIC of 4-MPH-AuNRs is 
estimated to be 6.25 �g/mL (Fig. 3A). Interestingly, the 
MBC of 4-MPH-AuNRs was the same as the MIC, indicat-
ing that the nanorods in our study have bactericidal activity 
towards this strain of MRSA. Bactericidal antibiotics actively 
kill the bacteria compared to bacteriostatic agents that slow 
or inhibit the growth of bacteria but do not kill them; gen-
erally, bactericidal agents have a ratio of MBC to MIC ≤ 4 
[47]. Over the same concentration range tested for 4MPH-
AuNRs, PEG-AuNRs have no antibacterial activity against 
the clinical strain of MRSA (Fig. 3B), moreover, 4-MPH did 
not demonstrate antibacterial activity against MRSA strain 
too.

AuNPs have shown a broad spectrum of antibacterial 
activity against Gram-positive and Gram-negative bacte-
ria [48]. In addition to their chemical and physical merits, 
AuNRs do not develop drug resistance easily compared to 
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conventional antibacterial agents, which is considered an 
interesting advantage, particularly against resistant and bio-
film-producing pathogens [48, 49].

The size and shape of AuNRs have a crucial role in their 
biomedical responses [50, 51]; for example, nanoflowers and 
nanostars were shown to demonstrate considerable antibac-
terial activity against S. aureus [52]; Furthermore, nano-
clusters exhibited promising antibacterial activity against 
different types of multidrug-resistant bacteria in a previous 
study [53].

On the other hand, the surface chemistry of nanoparticles 
has significant effects on their antibacterial activity. AuNPs 
conjugated to antibiotics or chemical ligands have demon-
strated appreciable antibacterial activities towards a broad 
spectrum of Gram-positive and Gram-negative bacteria; for 
example, the antibacterial activity of AuNPs functionalized 
with Amoxicillin [54], enzyme-like activity compounds 
[55], chitosan [56] or supported on mesoporous silica [57] 
has been displayed against S. aureus and other bacterial 
strains. We previously demonstrated that AuNRs coated 
with a phospholipid moiety demonstrated low MIC value 
and high antibacterial activity compared to AuNRs coated 
with a cholesterol moiety against S. aureus strain [22].

In this study, we demonstrated for the first time the anti-
bacterial activity of AuNRs coated with 4-MPH ligand 
against a clinical strain of MRSA, a resistant strain with a 
biofilm-forming ability. Generally, nanoparticles show pref-
erential binding to Gram-positive pathogens, such as Listeria 
monocytogenes, S. aureus, or Streptococcus pyrogens, with 
enhanced antibacterial activity [58]. 4-MPH-AuNRs are eas-
ily synthesized and exhibit good colloidal stability.

It is worth mentioning that the adsorption of biomole-
cules, such as proteins and lipids on the surface of nanopar-
ticles (formation of bio-corona) upon exposure to biological 
media influences the nanoparticle characteristics such as sta-
bility and reactivity. Consequently, bio-corona could affect 
the NPs’ biological responses, cellular uptake, and toxicity 

[59]. Furthermore, the formation of bio-corona depends on 
factors such as the physicochemical properties of the nano-
particles and the physiological environment [59–61].

Although the 4-MPH-AuNRs have negative-charged sur-
face chemistry, this does not explain their bacterial uptake 
or biological responses since nanoparticles acquire bio-
corona once exposed to the biological conditions [58, 62]. 
More specifically, the surface charge of 4-MPH-AuNRs was 
increased once exposed to the bacterial growth medium due 
to the formation of bio-corona around the nanoparticles, 
which determines their various biological responses such as 
cytotoxicity and cellular uptake. A recent study revealed that 
biomolecules could drastically affect the inhibitory effect of 
the nanomaterials under physiological conditions [58].

3.3  Antibiofilm Activity of 4‑MPH‑AuNRs Against 
MRSA Biofilm

3.3.1  Biofilm Formation

The antibiofilm activity of surface-functionalized nanorods 
4-MPG-AuNRs was investigated at the MIC concentration 
and higher. The MRSA biofilm was grown on the surface of 
beads, and the formed biofilm was characterized by quan-
tifying the number of bacteria/bead at different time points 
(Fig. 4) and SEM imaging (Fig. 5).

The bacterial CFU/bead was found to be 6.1 ×  107, 
7.4 ×  108, and 4.12 ×  109 after 24, 48, and 72 h of culturing 
onto the glass beads, respectively, at 37 °C (Fig. 4). The 
SEM images reveal the formation and attachment of the bio-
film on the surface of glass beads and biofilm density formed 
onto the surface at each time point (Fig. 5A–D), where the 
highest density was obtained after 72 h of bacterial cultur-
ing (Fig. 5D).

Adherence and attachment of bacteria cells to form a 
biofilm on a surface is dependent on many factors, such as 
environmental conditions, types, and surface properties of 

Fig. 4  Number of bacteria in 
the biofilm formed on glass 
beads at 0, 24, 48, and 72 h 
post-incubation
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materials. Glass and other polymeric surfaces are commonly 
used to enhance the formation of bacterial biofilms, which 
produce extracellular materials that facilitate attachment and 
matrix formation [35].

3.3.2  Anti‑biofilm Activity of 4‑MPH‑AuNRs Against MRSA 
Biofilm

The inhibition activity of the nanorods on the bacterial 
biofilm was estimated by calculating the percentage reduc-
tion and log-cycle reduction of the biofilm upon treatment 
with four different concentrations of 4-MPH-AuNRs. As 
described in Table 1, 4-MPH-AuNRs resulted in a ~ 1.8 − 
2.90 log-cycle reduction of the viable bacterial count of the 
MRSA biofilm.

Biofilm formation of bacteria is considered one of the 
essential virulence factors that enhances the pathogen’s 

colonization and infections, particularly in wound infections 
[63, 64]. Biofilm is a complex structure of adherent bacte-
rial that proliferate and accumulate extracellular matrix [64]. 
Eradication of bacterial biofilms is considered a challenge 
for conventional antibiotics. Previous reports demonstrate 
the ability of AuNPs to inhibit or eradicate the bacterial bio-
film; for example, AuNPs coated with polyethylene glycol/
polyethyleneimine strongly inhibited biofilm formation of 
Candida albicans and [63]; in addition, we demonstrated 
previously the ability of surface-functionalized AuNRs to 
eradicate Pseudomonas aeruginosa biofilm by the photo-
thermal mechanism of action [21]. In order to inhibit or erad-
icate the bacterial biofilm, nanoparticles should penetrate the 
bacterial biofilm and disrupt its structure; penetration into 
the biofilm depends on many factors such as size, shape, 
and surface chemistry of the nanoparticles and the biofilm 
characteristics and maturity [65]. The observed significant 

Fig. 5  SEM images of the glass bead before biofilm culturing of MRSA (A), and after 24 h (B), 48 h (C), and 72 h (D) of biofilm culturing onto 
the glass beads. The high density of bacterial biofilm was observed after 72 h
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eradication of the biofilm by 4-MPH-AuNRs indicates the 
ability of the nanorods to penetrate efficiently into the MRSA 
biofilm and disrupt and eradicate its matrix. We hypothesize 
that such an effect could be related to mechanical deforma-
tion of the biofilm resulting from accumulation and adsorp-
tion of the nanoparticles at the biofilm matrix and bacterial 
cell membrane [66].

3.4  Cellular Uptake of AuNRs into MRSA by ICP‑OES 
and SEM Imaging

In order to understand the interaction of 4-MPH-AuNRs 
with MRSA and their bacterial uptake, we quantified the 
percentage of bacterial uptake of the nanorods by the ICP-
OES method. The results indicate that the average bacterial 
uptake of AuNRs inside the cell was corresponding to ~ 27% 
of the total amount of applied nanorods. The results demon-
strate that an appreciable amount of the nanorods were inter-
nalized into bacterial cells and consequently enhanced their 

effect. SEM imaging of treated bacteria (Fig. 6 A–B) reveals 
that the nanorods were accumulated at the surface of the 
bacterial cells with possible internalization into the bacte-
rial cell wall after 6 h of incubation, and eventually, cellular 
rupture and death. Cellular uptake of nanoparticles is essen-
tial for their biological responses and toxicity; nanoparticles 
have been conjugated with specific ligands to intensify their 
internalization into bacterial cells and, consequently, their 
antibacterial activity [67].

In addition to the crucial role of bio-corona in modu-
lating the nanoparticles’ cellular uptake and antibacterial 
mechanism of action, the nanoparticles’ size plays a crucial 
role too. A recent study demonstrated that the antibacterial 
mechanism of action of nanoparticles within the size range 
of 80–100 nm is caused by mechanical deformation of the 
bacterial cell membrane due to their adsorption at the cel-
lular membrane [66, 68]. On the other hand, the antibacterial 
activity of smaller nanoparticles is related to their trans-
location through the bacterial cell membrane and forming 
irreversible pores [69].

4  Conclusions

Gold nanoparticles provide promising solutions to address 
challenges related to bacterial resistance and decreased 
efficiency. 4-MPH functionalized-gold nanorods exhibited 
potent antibacterial and antibiofilm activities towards a clini-
cal isolate of MRSA. The surface-functionalized nanorods 
exhibited considerable internalization into the bacte-
rial cells, which may justify their cytotoxicity against the 

Fig. 6  SEM image of MRSA before (A) and after (B) treatment with 4-MPH-AuNRs for 6 h. The image shows the accumulation of the nanorods 
at the bacterial cell membrane with possible internalization across the bacterial cell membrane

Table 1  Percentage reduction and log-cycle reduction of viable bio-
film after treatment with 4-MPH-AuNRs of different concentrations 
for 24 h

4-MPH-
AuNRs ( � g/
ml)

Conc of bacteria post-
treatment (CFU/ml)

% Reduction of 
viable count

Log-cycle 
reduction

100 5 ×  106 99.88 2.91
40.0 4.4 ×  107 98.93 1.97
20.0 6.5 ×  107 98.42 1.80
6.0 6.3 ×  107 98.47 1.81
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bacterial biofilm. 4-MPH-AuNRs is a potential nano-system 
to eradicate planktonic and biofilm of MRSA, particularly for 
topical chronic wounds.
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