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Abstract: The antibacterial activity of gold nanorod (GNR) suspensions of different surface 

functionalities was investigated against standard strains of Staphylococcus aureus and 

Propionibacterium acnes, taking into consideration two commonly “overlooked” factors: the 

colloidal stability of GNR suspensions upon mixing with bacterial growth media and the pos-

sible contribution of “impurities/molecules” in GNR suspensions to the observed antibacterial 

activity. The results demonstrated that cationic polyallylamine hydrochloride (PAH)-GNR 

were severely aggregated when exposed to bacterial growth media compared to other GNR 

suspensions. In addition, the free cetyltrimethylammonium bromide (CTAB) present in GNR 

suspensions is most likely the origin of the observed antibacterial activity. However, the anti-

bacterial activity of GNR themselves could not be excluded. Probing these two critical control 

studies prevents misinterpretations and artifacts of the antibacterial activity of nanoparticles. 

Unfortunately, these practices are usually ignored in the published studies and may explain the 

significant conflicting results. In addition, this study indicates that GNR could be a promising 

candidate for the treatment of skin follicular diseases such as acne vulgaris.

Keywords: antibacterial activity, supernatant, gold nanorods, colloidal stability, artifacts, 

acne vulgaris

Introduction
Gold nanoparticles (GNP) with non-spherical shape, such as gold nanorods 

(GNR), are gaining particular attention as antimicrobial candidate. In addition to 

their biocompatibility and ease of functionalization, they extensively absorb near 

infra-red (NIR) light that is within an appropriate wavelength window for thera-

peutic applications,1,2 resulting in local hyperthermia that can be used to eliminate 

microorganisms.3–5 Large body of research has been conducted to explore the anti-

bacterial activity of GNP of different shapes and physiochemical properties toward 

different bacterial strains, nevertheless the findings are conflicting.6–11

Acne vulgaris is a chronic skin inflammatory disease; it results in comedones or 

severe inflammatory lesions in the face, back, and chest. The pathophysiology of acne 

includes abnormal proliferation and differentiation of keratinocytes, increased sebum 

production, and hyperproliferation of microorganisms that are part of the normal skin 

flora, mainly Propionibacterium acnes, Staphylococcus aureus, and S. epidermidis.12,13 

Most of the conventional available therapeutic agents for acne are usually associated 

with severe side effects and high cost in addition to bacterial resistance that dimin-

ish the patient compliance. GNP have several advantages in skin and follicular drug 
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delivery;14–16 however, the potential antimicrobial activity of 

GNR against microorganisms commonly responsible for skin 

and follicular diseases was rarely investigated.

Despite the attractive properties of GNR, they have a 

high tendency to aggregate especially in the presence of high 

salts and biomolecules.17,18 The colloidal stability of GNP 

in biological fluids is essential in most applications, such 

as drug delivery, imaging, and diagnosis. Bacterial growth 

media (for in vitro studies) are rich in peptides, amino 

acids, electrolytes, and other chemicals, which may induce 

aggregation of nanoparticles. Despite the increasing interest 

in understanding the fate of nanomaterials in biological 

media,19–21 to the best of our knowledge, no systematic inves-

tigations on the colloidal stability of GNR when mixed 

with bacterial growth media were conducted in the lit-

erature. Ignoring such a critical factor will ultimately lead 

to serious misinterpretations of the results and outcomes. 

Similarly, the toxic effect of free molecules and impurities 

such as cetyltrimethylammonium bromide (CTAB) on 

bacterial culture was not previously evaluated in the studies 

which explored the antibacterial activity of GNR prepared 

using CTAB.

Herein, the antibacterial activity of GNR of different 

surface chemistry was investigated against S. aureus and 

P. acnes, which contribute to the pathogenesis of acne 

vulgaris. In addition, two critical controls were systemati-

cally investigated while measuring the antibacterial activity 

of GNR; first, the colloidal stability of GNR suspensions 

of different surface chemistry upon mixing with the bacte-

rial growth media. Second, the antibacterial activity of the 

supernatants and the extra-purified GNR suspensions com-

pared to the original GNR suspensions.

Materials and instrumentations
The following materials were obtained from Sigma Aldrich 

Co., St Louis, MO, USA: chloroauric acid (HAuCl
4
⋅3H

2
O, 

99.9%), sodium borohydride (NaBH
4
, 99%), silver nitrate 

(AgNO
3
, 99%), ascorbic acid (99%), polyallylamine hydro-

chloride (PAH, MW ∼15,000 g/mole), polyacrylic acid 

(PAA, sodium salt, MW ∼15,000 g/mole), methoxy polyeth-

ylene glycol thiol (m-PEG-SH, MW ∼2,000 g/mole), CTAB 

(99%), sodium chloride (NaCl), poly-l-lysine solution, and 

epoxy embedding medium kit.

Cystamine dihydrochloride (97%) was obtained from 

Acros, UK. Glutaraldehyde (25%) was obtained from 

Koch-Light Laboratories Ltd., UK. Formvar-coated copper 

transmission electron microscope (TEM) grids (300 meshes) 

were obtained from Ted Pella Inc., Canada. Ninety-six-well 

plates and 24-well plates were obtained from Greiner bio-

one, Germany.

Nutrient broth, reinforced clostridial broth, agar bacte-

riological (agar no 1), nutrient agar, Mueller–Hinton broth, 

S. aureus ATCC 29213, and P. acnes ATCC 11827 were 

obtained from Oxoid, UK. CO
2
 generator sachets (15%) 

were obtained from Thermo Fisher Scientific, Waltham, 

MA, USA.

Ultraviolet–visible (UV-vis) absorption spectra of 

GNR were determined using UV-vis spectrophotometer 

(Spectrascan 80D, Biotech Eng., UK) over the range of 

400–1,100 nm. TEM images and scanning electron micro-

scope (SEM) images were obtained using Versa 3D, FEI, 

Holland, operating at 30 kV. Dynamic light scattering (DLS) 

and zeta potential analysis were performed using Microtrac 

Zetatrac, Betatek Inc., Canada. Centrifugation of suspen-

sions was performed using Centrifuge Z 216 M, Hermle 

Labortechnik, Germany.

All chemicals were used as received from suppliers, 

and all solutions used in preparation of GNP were prepared 

with purified 18 MΩ water. All glassware were cleaned with 

aqua regia thoroughly and rinsed with purified 18 MΩ water 

before use.

Methods
Synthesis of CtAB-capped gNR 
(CtAB-gNR)
CTAB-GNR were synthesized according to the seed- 

mediated surfactant-assisted wet-chemical method.22 For 

the seed synthesis, a solution of 0.25 mM HAuCl
4
 was 

prepared in 0.1 M CTAB. NaBH
4
 (0.6 mL, 10 mM) was 

added to 10 mL of gold-CTAB solution with stirring. For 

GNR synthesis, the following agents were added to the CTAB 

aqueous solution (95 mL, 0.1 M) with gentle mixing: AgNO
3
 

solution (1.1 mL, 10 mM) to get GNR with aspect ratio 

(AR; length/width) of ∼4, HAuCl
4
 solution (5 mL, 10 mM), 

ascorbic acid solution (0.55 mL, 0.1 M), and finally seed 

solution (0.12 mL). GNR mixture left undisturbed at 25°C 

overnight. To get rid of the excess CTAB, GNR suspension 

was centrifuged twice for 15 min at 12,000 rpm, and the 

pellets were resuspended in purified 18 MΩ water.

PAA coating of CtAB-gNR
To each 1.0 mL of twice purified CTAB-GNR suspension, 

0.2 mL of PAA solution (10 mg/mL prepared in 10 mM 

NaCl solution) and 0.1 mL NaCl solution (10 mM) were 

added simultaneously.23 The solution was mixed and left for 

30 min. To get rid of the excess PAA polymer after coating, 
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the coated GNR suspension was centrifuged for 10 min at 

10,000 rpm, and the pellets were resuspended in purified 

18 MΩ water.

PAh coating of PAA-gNR
To each 1.0 mL of purified PAA-GNR suspension, 0.2 mL 

of PAH solution (10 mg/mL prepared in 10 mM NaCl 

solution) and 0.1 mL NaCl solution (10 mM) were added 

simultaneously.23 The solution was mixed and left for 30 min. 

To get rid of the excess PAH polymer, the coated GNR sus-

pension was centrifuged for 10 min at 10,000 rpm, and the 

pellets were resuspended in purified 18 MΩ water.

Pegylation of gNR (Peg-gNR)
To each 1.0 mL of twice cleaned CTAB-GNR suspension, 

0.1 mL of PEG-SH solution (10 mg/mL) was added and 

mixed for 12 h.24 To get rid of the excess PEG-SH polymer 

after coating, the coated GNR suspension was centrifuged 

twice for 10 min at 10,000 rpm, and the pellets were resus-

pended in purified 18 MΩ water.

Preparation of Peg-cystamine-gNR 
(Peg-Cys-gNR)
To each 1.0 mL of twice cleaned CTAB-GNR suspension, 

0.1 mL of PEG-SH solution (5 mg/mL) were added and 

mixed for 6 h. To get rid of the excess PEG polymer after 

coating, the coated GNR suspension was centrifuged for 

10 min at 10,000 rpm, and the pellets were resuspended in 

purified 18 MΩ water. To each 10 mL of purified PEG-GNR 

suspension, 1.0 mL of cystamine dihydrochloride (30 mM) 

was added and mixed overnight. To get rid of the excess 

cystamine dihydrochloride after coating, the coated GNR 

solution was centrifuged for 10 min at 10,000 rpm, and the 

pellets were resuspended in purified 18 MΩ water.25

evaluation of colloidal stability of Peg-
gNR, PAA-gNR, PAh-gNR, and Peg-
Cys-gNR suspensions upon mixing with 
bacterial growth media
A volume of 100 μL (4.0, 2.0, and 1.0 nM) of each PEG-

GNR, PAA-GNR, PAH-GNR and PEG-Cys-GNR suspen-

sions was mixed with 100 μL of bacterial growth media 

(Mueller–Hinton broth or reinforced clostridial broth) and 

incubated either aerobically at 37°C for 24 h in Mueller–

Hinton broth or under anaerobic conditions at 37°C for 

72 h in reinforced clostridial broth. The color change of the 

mixtures was observed, and the optical spectra were recorded 

to follow aggregation of nanoparticles. All experiments were 

done in triplicate.

Assessment of minimum inhibitory 
concentration (MIC) of gNR suspensions 
(Peg-gNR, PAA-gNR, and Peg-Cys-
gNR) and free ligand solutions (Peg-Sh, 
PAA, and cystamine dihydrochloride) 
against S. aureus and P. acnes
Overnight culture of S. aureus and 72 h culture grown under 

anaerobic conditions (15% CO
2
) of P. acnes were used 

in this study. MIC of each GNR suspension (PEG-GNR, 

PAA-GNR, and PEG-Cys-GNR) was determined against 

S. aureus and P. acnes using twofold broth microdilution 

method in 96-well plates.26,27 Double-strength medium 

(100 μL) of Mueller–Hinton broth for S. aureus or rein-

forced clostridial broth for P. acnes was used to fill the first 

experimental well. The other wells were filled with single-

strength medium (100 μL). A volume of 100 μL of GNR 

suspensions (4.0 nM) was added to the first well. Double 

fold serial dilutions were then carried out across the plate. 

A volume of 10 μL of the cultured microorganisms (S. aureus 

or P. acnes) was used to inoculate each well to achieve an 

inoculum size of ca. 1.5×106 CFU/mL. The plates were then 

incubated aerobically at 37°C for 24 h for S. aureus or under 

anaerobic conditions at 37°C for 72 h for P. acnes. MIC 

was expressed as the mean concentration between the well 

showing growth (turbidity) and that showing no growth.27 

Negative controls were performed with only sterile broth, 

and positive controls were performed with only bacterial 

culture with media in the wells.

MIC of the following ligand solutions: PEG-SH (50 mg/

mL), PAA (10 mg/mL), and cystamine dihydrochloride 

(30 mM) was determined as described earlier. The experi-

ments were done in triplicate.

Assessment of MIC of supernatants of 
GNR suspensions and the extra-purified 
gNR suspensions (gNR 2) against 
S. aureus and P. acnes
A certain volume of each prepared GNR suspension (PEG-

GNR, PAA-GNR, and PEG-Cys-GNR) was centrifuged at 

10,000 rpm for 10 min. The MIC of 100 μL of the resultant 

supernatant of each GNR suspension was measured against 

S. aureus and P. acnes using the method described in the 

“Assessment of MIC of GNR suspensions (PEG-GNR, 

PAA-GNR, and PEG-Cys-GNR) and free ligand solutions 
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(PEG-SH, PAA, and cystamine dihydrochloride) against 

S. aureus and P. acnes” section.

The resultant pellets after centrifugation of each GNR 

suspension were reconstituted with ultrapure water to obtain 

a concentration of 4.0 nM of “an extra-purified GNR” 

suspension, presented as GNR 2. The MIC of each GNR 

2 suspension was measured as described in the “Assessment 

of MIC of GNR suspensions (PEG-GNR, PAA-GNR, and 

PEG-Cys-GNR) and free ligand solutions (PEG-SH, PAA, 

and cystamine dihydrochloride) against S. aureus and 

P. acnes” section.

A certain volume of each GNR 2 suspension was centri-

fuged again, and MIC of the second resultant supernatant, 

presented as “supernatant 2” (100 μL), was measured again 

against S. aureus and P. acnes. The MIC values of the 

supernatants are presented as the concentration of GNR at 

which its corresponding supernatant caused an effect. The 

experiments were done in triplicate.

Assessment of minimum bactericidal 
concentration (MBC) of gNR 
suspensions against S. aureus and P. acnes
The setup of MIC testing described in the “Assessment of 

MIC of GNR suspensions (PEG-GNR, PAA-GNR, and 

PEG-Cys-GNR) and free ligand solutions (PEG-SH, PAA, 

and cystamine dihydrochloride) against S. aureus and 

P. acnes” section was used for the determination of the MBC 

values for GNR suspensions using the standard plate count 

method.27,28 From each well showing no turbidity, as well 

as from the control, a volume of 100 μL was transferred to 

900 μL of normal saline. Tenfold serial dilution was carried 

out and 100 μL of each diluted mixture (five mixtures) were 

spread onto nutrient agar plates for S. aureus or reinforced 

clostridial agar for P. acnes and incubated at 37°C for 24 h for 

S. aureus or under anaerobic condition for P. acnes. Neutral-

ization of the antimicrobial activity of the tested compound 

was achieved by dilution. The MBC value is defined as the 

lowest concentration showing no growth after incubation. 

The experiment was done in triplicate.

SeM imaging of S. aureus treated with 
Peg-gNR
SEM imaging of S. aureus treated with PEG-GNR sus-

pension was carried out using poly-l-lysin-coated slide.29 

A volume of 100 μL of PEG-GNR suspension (1.25 nM) 

was mixed with 100 μL of Mueller–Hinton broth and 10 μL 

of microorganism (ca. 1.5×106 CFU/mL) and incubated for 

1 h. The mixture was then centrifuged at 15,000 rpm for 

20 min, the supernatant was removed, and the pellets were 

suspended in normal saline. After that, 50 μL of the suspen-

sion was transferred onto the slide and kept until dry. The 

sample was then fixed in 3% glutaraldehyde for 3 h and 

imaged by SEM. SEM imaging of untreated S. aureus was 

performed as a control.

Statistical analysis
Statistical analysis was performed by applying unpaired t-test 

using GraphPad Prism version 6.0 (San Diego, CA, USA). 

Results were considered significant when p,0.05.

Results
Synthesis and characterization of gNR 
of different surface chemistry
Adopting available protocols, CTAB-GNR, anionic PAA-

GNR, cationic PAH-GNR, and neutral PEG-GNR suspen-

sions were successfully synthesized (Figure 1A–C). Another 

cationic GNR suspension with superior stability was prepared 

utilizing cystamine hydrochloride and PEG moieties as per 

reported protocol (Figure 1D).25 The prepared GNR suspen-

sions were characterized by UV-vis absorption spectroscopy, 

zeta potential, and TEM imaging. Optical spectra showed 

typical transverse and longitudinal plasmon peaks of CTAB-

GNR (520, 800 nm, respectively) (Figure 2A) with length, 

width, and aspect ratio of ∼49.5 nm, ∼12 nm, and ∼4.2, 

respectively, as confirmed by TEM analysis (Figure 2C). 

The effective surface charge of CTAB-GNR, PAH-GNR, 

and PEG-Cys-GNR was cationic (+26, +59, and +55 mV 

respectively), PAA-GNR were anionic (−72 mV) and PEG-

GNR were around neutral (−6 mV) (Figure 2B).

Colloidal stability of Peg-gNR, PAA-
gNR, PAh-gNR, and Peg-Cys-gNR 
upon mixing with bacterial growth media
The stability results upon mixing of GNR suspensions of 

different surface chemistry with Mueller–Hinton broth are 

presented in Figure 3. The color of GNR suspensions and 

bacterial growth media are deep brown and creamy yellow, 

respectively. The color of a stable mixture of GNR suspen-

sion and growth medium is deep brown. Neutral (PEG-GNR), 

anionic (PAA-GNR), and cationic (PEG-Cys-GNR) sus-

pensions showed no color change or UV-vis absorption 

peak broadening, which confirmed their excellent colloi-

dal stability upon mixing with growth medium over 24 h 
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Figure 1 Functionalization of CtAB-gNR surface with: (A) anionic polyelectrolyte, PAA; (B) cationic polyelectrolyte, PAh; (C) neutral Peg-Sh; and (D) Peg-Sh followed 
by cationic cystamine hydrochloride.
Abbreviations: CtAB, cetyltrimethylammonium bromide; gNR, gold nanorods; PAA, polyacrylic acid; PAh, polyallylamine hydrochloride; Peg-Sh, polyethylene 
glycol thiol.

Figure 2 Characterization of gNR of different surface chemistry as labeled. 
Notes: (A) UV-vis absorption spectra of gNR suspensions (real picture of gNR vials is shown in the inset). (B) effective surface charge of gNR functionalized with different 
ligands. (C) teM images of gNR of different surface chemistry. Scale bar =200 nm.
Abbreviations: CtAB, cetyltrimethylammonium bromide; gNR, gold nanorods; PAA, polyacrylic acid; PAh, polyallylamine hydrochloride; Peg, polyethylene glycol; 
teM, transmission electron microscope; UV-vis, ultraviolet–visible.
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(Figure 3A, B, and D). However, PAH-GNR suspension 

showed color change and UV-vis absorption peak broaden-

ing after 1 h of incubation with the growth medium, and a 

complete aggregation and precipitation out of the suspension 

after 24 h (Figure 3C).

Figure 4 demonstrates the color of GNR suspensions 

of different surface chemistry when mixed with Mueller–

Hinton broth medium used for S. aureus. Cationic PAH-GNR 

suspension exhibited color change (from brown to blue), 

which is a typical sign of aggregation of nanoparticles. 

Similar results (not shown) were obtained upon mixing 

of the tested GNR suspensions with reinforced clostridial 

broth medium.

MIC and MBC of gNR suspensions, their 
ligands, and supernatant controls against 
S. aureus and P. acnes
Since PAH-GNR suspension exhibited severe aggregation 

upon mixing with bacterial growth media, the antibacterial 

activity tests were not conducted on them in this study. 

Instead, the cationic PEG-Cys-GNR suspension which 

showed excellent colloidal stability was used.

The systematic antibacterial evaluation protocol used in 

this study is demonstrated in Figure 5.

MIC values of GNR and the extra-purified (GNR 2) 

suspensions against S. aureus and P. acnes are presented 

Figure 3 UV-vis absorption spectra of (A) Peg-gNR, (B) PAA-gNR, (C) PAh-gNR, and (D) Peg-Cys-gNR suspensions before (solid lines) and after (dashed lines) mixing 
with nutrient growth (Mueller–hinton broth) over 24 h.
Abbreviations: gNR, gold nanorods; PAA, polyacrylic acid; PAh, polyallylamine hydrochloride; Peg, polyethylene glycol; UV-vis, ultraviolet–visible.

Figure 4 Color of gNR suspensions of different surface chemistry after mixing with 
Mueller–hinton broth for 24 h.
Note: the red arrow indicates the color change of PAh-gNR from brown to blue 
upon mixing with the media.
Abbreviations: gNR, gold nanorods; PAA, polyacrylic acid; PAh, polyallylamine 
hydrochloride; Peg, polyethylene glycol.
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in Figure 6, where PEG-GNR and PAA-GNR suspensions 

exhibited statistically similar MIC values, which are signifi-

cantly lower than MIC value of PEG-Cys-GNR suspension 

against S. aureus (Figure 6A) and P. acnes (Figure 6B). 

On the other hand, all the ligands used for GNR function-

alization (PEG-SH, PAA, and cystamine dihydrochloride) 

did not show any bacterial growth inhibition over the wide 

range of concentrations used.

Interestingly, the supernatant of PEG-GNR suspension 

showed similar antibacterial activity to its original PEG-GNR 

suspension against S. aureus. However, the MIC value of the 

extra-purified PEG-GNR (PEG-GNR 2) was significantly 

higher than that of the PEG-GNR (0.461 vs 0.117 nM; 

Figure 6A). The supernatant of PEG-GNR 2 suspension 

“ie, supernatant 2” showed no antibacterial activity. Similar 

results were observed for the anionic PAA-GNR against 

S. aureus, where the MIC of the original PAA-GNR 

suspension showed similar antibacterial activity to its cor-

responding supernatant. However, the MIC value of the 

extra-purified PAA-GNR (PAA-GNR 2) was significantly 

higher than that of the original PAA-GNR suspension 

(0.328 vs 0.082 nM, Figure 6A). On the other hand, the 

supernatant of cationic PEG-Cys-GNR showed no anti-

bacterial activity against S. aureus, and the MIC value 

of PEG-Cys-GNR is comparable to both MIC values of 

the extra-purified PEG-GNR 2 and PAA-GNR 2 against 

S. aureus (Figure 6A).

Similar trend of results was observed in the case of P. acnes 

(Figure 6B). Nevertheless, the MIC values of PEG-GNR 

and PEG-Cys-GNR suspensions were significantly lower 

against P. acnes compared to S. aureus. Similarly, the MIC 

value of PEG-GNR 2 was significantly lower against P. acnes 

compared to S. aureus (Figure 6C).

MBC values of GNR suspensions against S. aureus 

(Figure 7A) and P. acnes (Figure 7B) were very close to 

their corresponding MIC values. However, MBC value of 

PEG-Cys-GNR was much higher than its corresponding 

MIC value against both S. aureus and P. acnes.

Characterization of antibacterial activity 
of Peg-gNR against S. aureus using SeM
Figure 8A presents intact untreated S. aureus cocci, while 

Figure 8B presents S. aureus treated with PEG-GNR. The 

second image reveals the lysis of the bacterial cells upon 

exposure to PEG-GNR although the GNR did not appear 

in this image.

Discussion
CTAB-GNR with aspect ratio (length/width) of ∼4 were 

prepared by wet chemical method where the cationic sur-

factant (CTAB) was used as a shape-directing agent. CTAB 

forms a bilayer on the surface of GNR to display the cationic 

trimethylammonium head groups to the aqueous media. 

Layer-by-layer (LbL) coating approach was employed to 

wrap CTAB-GNR with anionic polyelectrolytes resulting 

in anionic PAA-GNR followed by cationic polyelectro-

lyte resulting in cationic PAH-GNR (Figure 1A and B). 

PEGylated GNR were prepared by CTAB displacement 

on the surface of CTAB-GNR with PEG-SH (Figure 1C). 

Cationic GNR with superior stability to PAH-GNR were 

prepared utilizing two moieties: 1) thiolated cationic ligand 

(cystamine hydrochloride) to provide effective positive 

surface charge and 2) thiolated PEG-SH to maintain col-

loidal stability of GNR via steric repulsion (Figure 1D).18,30 

Upon surface functionalization to prepare PAA-GNR and 

PAH-GNR, no significant broadening or tailing of the 

Figure 5 Cartoon demonstration of the antibacterial activity assessment protocol 
of gNR suspensions and their corresponding supernatant solutions. 
Notes: (A) Assessment of antibacterial activity of the original gNR suspension. 
(B) Assessment of antibacterial activity of the supernatant and the extra-purified 
gNR suspension (gNR 2). (C) Assessment of antibacterial activity of second super-
natants (supernatants 2) of gNR 2 suspension.
Abbreviation: gNR, gold nanorods.

Antibacterial
activity of GNR

Functionalized GNR

Extra round centrifugation

Supernatant
Pellets

Supernatant
Pellets

Extra purified
GNR 2

Supernatant

Supernatant 2

Second round centrifugation

Antibacterial
activity of GNR 2
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longitudinal peaks of the optical spectra was observed, 

suggesting a maintained colloidal stability without aggre-

gation. The observed small red shift in the longitudinal 

plasmon peak upon surface modification with (PAA, PAH, 

PEG-SH) is attributed to the change in the local refractive 

index around the GNR core upon surface functionalization 

(Figure 2A). Furthermore, zeta potential measurement was 

used to determine and confirm the successful deposition of 

Figure 6 MIC values of gNR and their supernatants against (A) Staphylococcus aureus and (B) Propionibacterium acnes. Peg-Cys-gNR supernatant showed no MIC value. (C) 
MIC values for gNR and gNR 2 against S. aureus and P. acnes.
Notes: MIC values are presented as mean ± Sd (n=4). Unpaired t-test was used to evaluate the differences; *p,0.05. **p,0.01.
Abbreviations: gNR, gold nanorod; MIC, minimum inhibitory concentration; PAA, polyacrylic acid; Peg, polyethylene glycol.

Figure 7 MIC and MBC values of gNR suspensions of different surface chemistry against (A) Staphylococcus aureus and (B) Propionibacterium acnes.
Abbreviations: gNR, gold nanorods; MBC, minimum bactericidal concentration; MIC, minimum inhibitory concentration; PAA, polyacrylic acid; Peg, polyethylene glycol.
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ligands onto the nanoparticle surface. For polyelectrolyte 

coating, effective surface charge reversal after each step 

of polymer deposition was achieved; the zeta potential of 

as-prepared GNR (CTAB-GNR) is +26 mV because of the 

presence of a bilayer of CTAB on the nanorod surface. It can 

be clearly observed that there is a charge reversal to negative 

(−72 mV) upon addition of anionic polyelectrolyte polymer 

(PAA), which confirms adsorption of the anionic polyelec-

trolyte (due to the ionized carboxylic acid groups) onto 

oppositely positive charged surfaces (CTAB-GNR) through 

electrostatic self-assembly. Charge reversal into +59 mV is 

further utilized for the subsequent adsorption of the cationic 

polyelectrolyte (PAH) (Figure 2B). On the other hand, the 

effective surface charge of PEGylated GNR was decreased 

from +26 to near neutral (−6 mV), which confirms success-

ful displacement of CTAB with PEG-SH by self-assembly 

(Figure 2B). The slightly negative charge of PEG-GNR may 

be attributed to adsorption of negatively charged species 

(OH− or PEG-S−) on the surface of the particles. The effec-

tive surface charge of the nanorods increased from neutral 

to +55 mV upon addition of cystamine to PEG-GNR in 

order to provide positive surface charge (Figure 2B). TEM 

images of GNR functionalized with different ligands are 

provided in Figure 2C to confirm the size and shape of the 

nanoparticles.

GNP with non-spherical shape (GNR) were selected for 

the current study due to their superiority in the photothermal 

ablation activity, which can be utilized to eliminate bacteria 

and other microorganisms.

Studying the stability of nanoparticles in biological 

system is essential as aggregates exert different action/ 

interaction compared to individual nanoparticles.17,30 

Bacterial growth media are generally composed of peptones, 

which are mixtures of peptides and amino acids obtained by 

enzymatic digestion or acid hydrolysis of natural products 

such as animal tissues in addition to the starch and salt. These 

components could induce aggregation of nanoparticles. Based 

on the stability study results, we postulate that adsorption of 

peptides is the main origin of the observed cationic PAH-

GNR aggregation in agreement with our previous study, 

where we reported that the aggregation of cationic PAH-

GNR was strongly correlated with protein adsorption on the 

surface of GNR by forming a partial corona around them 

due to their low concentration.25 Thus, we proposed that the 

low percentage of peptones in the bacterial growth media 

(around 2%) provides similar conditions of low protein con-

centration at which aggregation of nanoparticles is strongly 

induced. Furthermore, Alkilany et al found that PAH-GNR 

were stable and were not aggregated after exposure to the 

cell culture media that contain high percentage of proteins 

(around 10%), and they proved that the adsorption of proteins 

on the surface of GNR forming complete corona is respon-

sible for the stabilization of the nanoparticles instead of 

aggregation,31 which strongly supports our previous hypoth-

esis of aggregation. On the other hand, the excellent stability 

of PEG-GNR and PEG-Cys-GNR suspensions upon mixing 

with bacterial growth media might be related to the presence 

of PEG shell that provides steric stabilization and prevents 

non-specific protein adsorption.18,30 In addition, the excel-

lent stability of the anionic PAA-GNR suspension might be 

due to the repulsion forces between the negatively charged 

nanoparticles and peptones in the growth media. Unfortu-

nately, this crucial factor of media-induced aggregation is 

ignored in the literature and might contribute to the observed 

conflicting findings.

In microbiology, MIC and MBC values are the most 

important tests used to evaluate the antibacterial activity 

of any agent. The MIC is the lowest concentration of an 

agent that prevents visible growth of a bacterium (at which 

it has bacteriostatic activity), whereas the MBC is the 

concentration that results in microbial death (at which it is 

bactericidal).26,28

Figure 8 SeM images of (A) untreated Staphylococcus aureus (control) and (B) S. aureus treated with Peg-gNR. Scale bars: 2 μm.
Abbreviations: gNR, gold nanorods; SeM, scanning electron microscope; Peg, polyethylene glycol.
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MIC and MBC results confirmed that GNR pose 

bacteriostatic and bactericidal activities against S. aureus 

and P. acnes. Nevertheless, the role of CTAB, which is 

a well-known cationic surfactant used in the synthesis of 

GNR as a shape-directing agent and has a well-documented 

antibacterial activity,32,33 cannot be ignored. Accordingly, 

in addition to GNR intrinsic toxicity, other factors such as 

impurities and trace ions present in the GNR suspension 

might highly contribute to the measured activity and lead 

to misinterpretation of the results. In order to avoid such 

serious artifacts, the antibacterial activity of GNR corre-

sponding “supernatants”, extra-cleaned GNR suspensions, 

and ligands used for GNR functionalization was measured 

in addition to the original GNR suspensions to exclude any 

possible antibacterial activity that may originate from free 

molecules in GNR suspensions (such as CTAB) rather than 

GNR themselves.

The results of the antibacterial activity of GNR sus-

pensions and their supernatants suggest that free CTAB 

present in the supernatant solutions of GNR suspensions of 

different surface chemistry might contribute to the observed 

antibacterial activity, since the antibacterial activity of 

the colorless supernatant solutions was nearly identical to 

that of its original deep brown-colored GNR suspension 

(Figure 6A and B). Moreover, the extra-purified (GNR 2) 

suspensions have significantly higher MIC values compared 

to their original GNR suspensions due to decreased CTAB 

concentration in the suspensions after extra centrifugation. 

In addition, the extra-purified GNR 2 suspensions have under-

gone another round of centrifugation and their correspond-

ing supernatants “supernatants 2” showed no antibacterial 

activity, which strongly supports the role of CTAB in the 

observed antibacterial activity of GNR (Figure 6A and B).

In addition to the possible contribution of CTAB mol-

ecules, the colorless supernatant solutions may also contain 

leftover gold ions that could contribute to the antibacterial 

activity. A recent study reported the antibacterial activity of 

Au(I) and Au(III) toward four different bacteria including 

S. aureus.34 However, the possible contribution of these 

ions to the current antibacterial activity of GNR should be 

minimal compared to the effect of CTAB. In contrast to 

the GNR suspensions, the supernatant from gold nanosphere 

suspension (which does not contain CTAB) does not show 

any antibacterial activity compared to its original nano-

sphere suspension (data not shown), which supports the high 

contribution of CTAB to the current observed antibacterial 

activity of GNR suspensions. In agreement with our results, 

Alkilany et al reported the contribution of free CTAB 

molecules, in GNR suspension, for the toxicity of GNR on 

cancer culture cells. In addition, they found that gold and 

silver ion concentrations in the supernatants of GNR were 

below the detection limits of the instrument used for con-

centration measurement (inductively coupled plasma with 

atomic emission spectroscopy), and they were nontoxic.31

It is worth to mention here that PEG-Cys-GNR suspen-

sion has already undergone two rounds of centrifugations 

during functionalization process and before antibacterial 

testing; one after PEGylation and another round after cysta-

mine addition, while other functionalized GNR suspensions 

have undergone only one round of centrifugation after func-

tionalization and before antibacterial testing. This explains 

the absence of significant difference of MIC value between 

PEG-Cys-GNR and the extra-purified suspensions (PEG-

GNR 2 and PAA-GNR 2), and the lack of antimicrobial 

activity of the supernatant of PEG-Cys-GNR compared to the 

supernatants of PEG-GNR and PAA-GNR suspensions. It is 

very important to point out here that GNR pellets collected 

after the second extra-centrifugation round were aggregated 

and could not be evaluated for their antibacterial activity.

To the best of our knowledge, the antibacterial activity 

of GNR supernatant was not discussed previously in any of 

the studies that explored the antibacterial activity of GNR 

prepared using CTAB. However, we cannot exclude other 

hypotheses which support that GNR may pose intrinsic 

antibacterial activity, since the extra-centrifuged GNR sus-

pensions (GNR 2) still exhibited a considerable antibacterial 

activity although their MIC values were significantly higher 

than that of original GNR suspensions. In a recent study, 

the MIC value of non-functionalized GNR (CTAB-GNR) 

using 0.2 M CTAB was ∼6.5 μg/mL against S. aureus,35 

which is lower than MIC values of GNR suspensions against 

S. aureus reported in the current study. These results sup-

port our hypothesis of CTAB contribution to the observed 

antibacterial activity since the concentration of CTAB in the 

non-functionalized GNR is much higher than that of func-

tionalized GNR. Similarly, in another study, the MIC value 

of non-functionalized GNR (CTAB-GNR) was ∼15.6 μg/mL 

against S. aureus,36 which is in the range of the currently 

reported MIC values of GNR suspensions against S. aureus. 

In the previous studies and other similar studies, neither the 

colloidal stability of GNR nor the supernatant control was 

investigated, which are two factors that might have a signifi-

cant effect on the reported antibacterial activity due to the 

extent of interface contact and CTAB effect, respectively.

Moreover, MBC values of PEG-GNR and PEG-GNR 2, 

PAA-GNR and PAA-GNR 2 were very close to their 

corresponding MIC values, which suggests the bactericidal 

effect of GNR which is mainly related to the presence of 
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CTAB and might be related also to the GNR themselves 

(Figure 7A and B).

Other factor that might affect the reported antibacterial 

activity of the GNR is their surface chemistry; neverthe-

less, the reported results are conflicting. In a recent study, 

authors reported that negatively charged GNP cannot inhibit 

Pseudomonas aeruginosa compared to the positively charged 

GNP,37 while the bacterial activity of positively charged 

GNP was higher than the negatively charged counterparts 

in another study.38 Our results indicated that the MIC value 

of the anionic PAA-GNR is not significantly different than 

that for neutral PEG-GNR, and the MIC value of PAA-

GNR 2 is not significantly different than that for cationic 

PEG-Cys-GNR or neutral PEG-GNR 2 against S. aureus 

and P. acnes. In another study, cationic and hydrophobic 

nanoparticles have demonstrated growth suppression of both 

Gram-positive and Gram-negative bacteria.9 However, some 

reports in the literature indicate that the degree of surface 

negativity and hydrophobicity of Gram-positive bacteria 

is not the same for all species and strains. For example, 

Rawlinson et al, found that cationic antimicrobial polymer 

is more active against S. epidermidis than S. aureus due to 

decreased hydrophobicity and increased negative surface 

charge on S. epidermidis compared to S. aureus. In addition, 

they demonstrated that S. aureus might develop resistance 

toward cationic antimicrobial agents due to modification in 

the peptidoglycan.39

Furthermore, capping GNR with PEG reduces the 

tendency of particles to aggregate and increases their com-

patibility with biological media because it decreases the 

non-specific protein adsorption.40 Based on these properties 

of PEG-GNR, and in addition to their unique hydrophobicity/

hydrophilicity characteristics, we propose that PEGylation 

of GNR may enhance the penetration of PEG-GNR into the 

biological matrices with considerable stability and subse-

quently improve their uptake by bacteria. Nevertheless, the 

conflicting results in the published studies might be due to 

inconsistency in purification and thus the possible contribu-

tion of CTAB as an overlooked artifact.

The results of SEM imaging are in good agreement 

with the reported bactericidal activity of the tested GNR 

suspensions. Reported MBC values indicated the effective-

ness of GNR in eradicating the S. aureus, which is most likely 

related to the presence of CTAB in GNR solutions.

Overall, the abovementioned results strongly suggest 

that the documented antibacterial activity of GNR in the 

literature might be an artifact due to the possible contribution 

of CTAB to the observed antibacterial activity. Accordingly, 

the proper design of controls in the experiments is crucial to 

avoid misinterpretation of results and findings. Nevertheless, 

we cannot exclude the intrinsic toxicity of GNR and the effect 

of their surface chemistry.

Furthermore, this study demonstrated that the stan-

dard growth media commonly used in the assessment of 

antimicrobial activities is not always suitable to be used 

since it might destabilize certain types of GNP, which needs 

further studies to design specific modified media for such 

nanoparticles.

Conclusion
GNR are promising candidates for eradication of S. aureus and 

P. acnes that are responsible for skin and follicular diseases 

such as acne vulgaris. However, the colloidal stability of 

GNR suspensions upon mixing with growth media should 

be evaluated first since the aggregated particles will behave 

differently when exposed to cells or bacteria. In addition, the 

contribution of CTAB to the observed antibacterial activity 

highlighted the importance of the proper design of controls 

to prevent misinterpretation of the outcomes. Nevertheless, 

the antibacterial activity of GNRs by themselves could not 

be excluded and it needs further studies to elaborate the 

possible mechanisms responsible for their activity.
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