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Abstract: Gold nanoparticles (AuNPs) of various shapes (including spheres, stars and flowers), 

with similar dimensions, were synthesized and evaluated for their antibacterial effects toward 

Staphylococcus aureus, a bacterium responsible for numerous life-threatening infections world-

wide. Optical growth curve measurements and Gompertz modeling showed significant AuNP 

shape- and concentration-dependent decreases in bacterial growth with increases in bacterial 

growth lag time. To evaluate prospective use in in vivo systems, the cytotoxicity of the same 

AuNPs was evaluated toward human dermal fibroblasts in vitro by 3-(4,5 dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) viability assays and 

confocal microscopy. No indication of any mammalian cell toxicity or morphological effects 

was found. Additionally, it was observed that the AuNPs were readily internalized in fibroblasts 

after 4 days of incubation. Most importantly, the results of the present study showed that gold 

nanoflowers in particular possessed the most promising non-cytotoxic mammalian cell behavior 

with the greatest shape-dependent antibacterial activity-promising properties for their future 

investigation in a wide range of anti-infection applications.
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Introduction
In the field of nanomaterials, gold nanoparticles (AuNPs) have been shown to exhibit a 

broad range of interesting shape- and size-dependent properties, vastly different from 

their bulk counterparts, which allows them to be used for a variety of applications. For 

example, their enhanced reactivity makes them suitable in catalysis1 and their strong 

surface plasmon resonance effects allow for applications in optics.2 AuNPs have been 

synthesized in a variety of shapes and sizes, with gold nanospheres (AuNSs) being 

the most common, made conventionally by an adaptation of the Turkevich method.3 

Notable changes in AuNP morphology have been achieved through the addition of 

certain surfactants, resulting in gold nano-rods,4,5 cubes6 and stars.7

More recently, AuNPs have been hallmarked as a very promising material for 

biological applications.8 Several researchers are investigating ways to utilize their 

properties for biosensors,9 as vessels for drug delivery10 and even to selectively treat 

cancer cells.11 A promising method for the use of AuNPs in cancer treatment is by 

inducing hyperthermia, utilizing the photoinduced surface plasmon resonance effect.12,13 

Additionally, AuNPs may be used as a novel antibacterial agent.14 In particular, 

relatively few studies have been performed on the antibacterial properties of AuNPs 

compared to the extensive research on anti-microbial silver nanoparticles (NPs).15 When 

the antibacterial effects of AuNPs have been studied, it is mostly in combination with 

antibacterial surface modifications16–18 and in conjunction with drugs.19–22
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The goal of using antibacterial NPs, and the focus of this 

work, is to aid in the treatment of increasingly antibiotic-resis-

tant infections. Antibiotic-resistant bacterial strains, including 

methicillin-resistant Staphylococcus aureus (MRSA), pose 

severe threats to humanity23 and are recurrent in hospitals 

worldwide.24,25 Antibacterial NPs could bypass the increasing 

rates of antibiotic resistance by attacking and destroying the 

bacteria in other ways, including induced hyperthermia, a 

method similar to their proposed anti-cancer applications.26,27 

Another possibility investigated here is the induction of an 

antibacterial effect via morphological interactions, via sharp 

edges or protrusions with a high aspect ratio, which could 

potentially pierce and rupture the bacterial membrane. Most 

research on morphological interactions has been performed 

on micro- and nano-patterned surfaces,28,29 where surfaces 

with a high aspect ratio, spikes or pillars have been shown to 

reduce bacterial colonization and induce bacterial lysis due to 

high local stresses on the bacterial cell wall.30,31 Other physical 

anti-bacterial methods have recently been shown, based on 

disrupting the bacterial membrane utilizing magnetic NPs in 

combination with radiofrequency current or bimetallic NPs, 

to induce a loss of bacterial membrane potential.32,33 These 

strategies, belonging to the emerging field of nanomedicine, 

show the possibility of ridding humanity of some of its biggest 

bacterial threats and could help save the lives of millions.

However, a word of caution is necessary regarding the 

potential use of NPs in vivo since an apparent cytotoxicity of 

some NPs toward healthy cells has raised concerns.27,34,35 As 

with all NPs, AuNPs have varying degrees of cytotoxicity, 

which is dependent on their size,36–38 surface chemistry,35,39–41 

shape34,42,43 and most importantly dosage.18 Various trends in 

size-dependent cytotoxicity have been observed, most com-

monly showing an increased cytotoxicity for smaller sized 

NPs, particularly those ,5 nm.38 The surface chemistry of 

NPs also highly influences apparent cytotoxicity, showing 

concentration-dependent cytotoxicity for often-used citrate-

capped AuNS.34 Additionally, the presence of unreacted 

citrate and Au3+ ions can induce photomutagenic effects by 

the formation of free radicals.44 The shape of the AuNPs can 

also significantly influence cytotoxicity and uptake efficacies, 

showing a decreased cytotoxicity for rods over spherical 

particles and increased uptake into cells.34 Therefore, in 

conjunction with measuring efficacy via antibacterial assays, 

a thorough cytotoxicity evaluation of any NP is a necessity 

and a comparison of particles should only be completed on 

a single factor basis, be it size, shape or surface chemistry;42 

only then can one assess the properties that influence cyto-

toxicity and/or antibacterial properties.

In the present study, three different geometries of 

AuNPs – AuNSs, gold nanostars (AuNSTs) and gold nano-

flowers (AuNFs) – were synthesized by optimizing recent 

synthesis methods. The main effort of this optimization 

was to obtain particles with the same non-cytotoxic surface 

chemistry and similar dimensions in order to isolate the 

effects of these unique AuNP shapes. S. aureus and human 

dermal fibroblasts (HDFs) were exposed to solutions of these 

NPs in varying concentrations, to evaluate shape-dependent 

antibacterial effects and cytotoxicity. The antibacterial 

effects were evaluated from continuous optical density 

(OD) measurements of bacterial growth over 24 hours, 

after which the data were fitted to the Gompertz model45 

for statistical analysis. Cytotoxicity of the particles toward 

HDF was evaluated by mitochondrial activity assays (3-(4,5 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium [MTS]) and cell morphology 

(confocal microscopy) experiments. HDF cells were chosen 

as relevant control cells for these assays since S. aureus is 

mainly prevalent as a skin infection.

Materials and methods
NP synthesis
All chemicals were purchased from Sigma-Aldrich (St Louis, 

MO, USA) and used as received. For all synthesis procedures, 

ultrapure Milli-Q water (18.2 MΩ) was used as the solvent. 

A 20 mM HAuCl
4
 stock solution was prepared by adding 

69.2 µL of a 30-wt% solution of HAuCl
4
 in dilute HCl to 

4.9308 mL of Milli-Q water. The solution was kept in darkness 

at 4°C. The 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic 

acid (HEPES) buffer solution was prepared by dissolving 

0.1 M HEPES buffer in Milli-Q water and bringing the pH of 

the resulting solution to 7.4 by the addition of 1 M NaOH.

AuNS seeds (~15 nm in diameter) were synthesized 

according to Park and Park,46 where 250 µL of 20 mM 

HAuCl
4
 was added to 9.75 mL of Milli-Q water and then was 

brought to boil under continuous stirring. Then, 0.5 mL of a 

38.8-mM trisodium citrate solution was added and boiled for 

20 min. The solution was cooled down to room temperature 

under continuous stirring.

The AuNSs were prepared by a modification of the 

method by Park and Park46 to obtain spheres ~33 nm in 

diameter by adding 200 µL of 20 mM HAuCl
4
 to 8.5 mL 

Milli-Q water under continuous stirring. Then, 750 µL of 

AuNS seeds were added, prepared as described earlier, and 

1.5 mL of a 5.3 mM ascorbic acid solution was added at 

30 µL/min. Stirring continued for at least 30 min after the 

addition was complete.
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AuNSTs were prepared according to Xie et al,7 by adding 

100 µL of 20 mM HAuCl
4
 to 4 mL of 100 mM HEPES 

buffer (pH 7.4) and 6 mL of Milli-Q water. The solution 

was stirred for 30 min until a clear turquoise solution was 

obtained.

The AuNFs were synthesized according to a modified 

method by Maiorano et al47 by adding 500 µL of AuNS seeds, 

prepared as described earlier, to 2.5 mL of a 100 mM HEPES 

buffer (pH7.4) and 2.5 mL of Milli-Q water. This solution 

was placed in an ice bath (~4°C), and 4.17 mL of 1.9 mM 

HAuCl
4
 was added at 0.5 mL/min. Stirring continued for at 

least 30 min after the addition of HAuCl
4
.

NP purification and quantification
The NP solutions were purified by centrifugation of 10 mL 

solutions at 7,000 g for 10 min. The supernatant was removed 

and centrifuged again while two pellets were combined with 

5 mL of 100 mM of HEPES buffer (pH 7.4). The remaining 

NPs from the supernatant were added after centrifugation. 

This procedure was repeated one more time, exchanging any 

citrate left on the particles with HEPES. For the AuNSs, the 

solutions were sonicated for 30 min in between steps. Quan-

tification was achieved by lyophilization of the purified NPs 

solutions overnight and by weighing the solutions before and 

after this time period. The amount obtained was corrected 

for the amount of buffer salt present in the solution. The lyo-

philized samples were resuspended in sterile 100 mM HEPES 

buffer (pH 7.4) for bacterial studies and complete Dulbecco’s 

Modified Eagle’s Medium (DMEM; with 10% fetal bovine 

serum and 1% penicillin–streptomycin) for cell studies.

Transmission electron microscopy 
analysis
The NPs were analyzed by transmission electron microscopy 

(TEM) by placing a drop of the solution on a CF300-Cu TEM 

grid (Electron Microscopy Sciences, Hatfield, PA, USA) and 

blotting the excess after 2 min. The grids were analyzed using 

a JEM-1010 TEM (JEOL, Tokyo, Japan) operated at 80 keV. 

Various areas on the grids were imaged, and representative 

images were acquired.

Zeta potential measurements
The zeta potential of the particles was measured using a 

90Plus particle size analyzer (Brookhaven Instruments). The 

particles in DMEM at 1 mg/mL were vortexed for 1 min 

before measurements and diluted 15 times in 0.1 M HEPES 

buffer. Measurements were analyzed with the ZetaPALS 

program using the Smoluchowski method.48

antibacterial studies with S. aureus
A culture of S. aureus (ATCC 12600) was started the day 

before each experiment by the inoculation of a single bacte-

rial colony into 5 mL of 3% (wt%) tryptic soy broth (TSB) 

and grown in a shaking incubator overnight. The cultured 

bacteria were diluted in 3% TSB to obtain optical density 

measured at 592 nm (OD
592

)=0.52, which correlates to 

109 bacteria/mL. The culture was further diluted in TSB and 

plated at a concentration of 106 bacteria/mL. The lyophilized 

and purified NPs were resuspended in sterile 100 mM HEPES 

buffer (pH 7.4) to a concentration of 1,000 µg/mL and were 

further diluted with TSB to 1, 5, 10, 50, 100 and 500 µg/mL 

solutions. To each well of a 96-well plate, 100 µL of the NP 

solution was added to 100 µL of a diluted bacteria culture. 

Each condition was present in triplicate on each plate, and 

controls with no bacteria were also included. For growth 

curve measurements, the plate was placed, with lid, in a spec-

trophotometer (SpectraMax Paradigm; Molecular Devices, 

Sunnyvale, CA, USA) at 37°C and the OD
592

 was measured 

over 24 h at 2 min intervals.

cytotoxicity studies on hDFs
Normal adult HDFs (CC-2511; Lonza, Basel, Switzerland) 

were cultured in T75 flasks in complete DMEM (with 10% 

fetal bovine serum and 1% penicillin–streptomycin) and 

were split by the addition of 5 mL of a 0.05% trypsin solu-

tion before use. The cells were centrifuged and resuspended 

to a concentration of 50,000 cells/mL. The lyophilized and 

purified NPs were resuspended in complete DMEM and 

diluted to obtain concentrations of 0.5, 2.5, 5, 25, 50, 250, 

500 and 1,000 µg/mL. No phase separation of the NPs upon 

resuspension in DMEM was observed prior to the addition 

to the cells. Typically, 100 µL of the cells were seeded in 

wells of a 96-well tissue culture plate (for a concentration of 

5,000 cells/well) and incubated overnight. Subsequently, the 

medium was removed and 100 µL of the NP solution was 

added. After 4 days of incubation, an MTS assay was per-

formed by adding a 1:5 (MTS:DMEM) solution to the cells 

and measuring the absorbance at 490 nm after ~2 h of incuba-

tion. The absorbance was also measured immediately after 

the addition of the MTS solution to correct for the increase 

in absorbance due to increasing NP concentrations.

confocal microscopy sample preparation
For this experiment, 18 mm coverslips were pretreated with 

5 µg/cm2 of fibronectin (Corning Cat No 356008) diluted in 

Ca2+- and Mg2+-free phosphate-buffered saline (PBS). The 

coverslips were rinsed and placed in the wells of a 12-well 
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tissue culture plate and then seeded with 12,500 HDF 

cells/cm2. The day after, the medium was exchanged and NPs 

were added. Coverslips were incubated for 4 days, after which 

the cells were fixed with 4% methanol-free formaldehyde for 

10 min and permeabilized in 0.1% Triton X-100 in PBS for 

10 min. Non-specific antigens were blocked by incubating 

overnight in 5% bovine serum albumin (BSA) in PBS at 4°C. 

Next, the cells were stained for 20 min in succession with 

fluorescein isothiocyanate (FITC)–anti-vinculin 1:800 in 1% 

BSA and Alexa Fluor 568 phalloidin 1:20 in 1% BSA in PBS. 

Additionally, Hoechst 33258 at a 1 µg/mL concentration in 

Milli-Q water was used to stain the cell nuclei for 5 min. The 

coverslips were washed in PBS intermittently and after stain-

ing and were mounted facedown onto a microscope slide with 

a drop of mounting solution (SlowFade® Diamond Antifade 

Mountant; Molecular Probes, Eugene, OR, USA).

statistical evaluation
All experiments were conducted in triplicate and repeated 

three times each, including the appropriate controls. Statistics 

were calculated using a Student’s t-test, and significance was 

accepted at P,0.05.

Results and discussion
NP synthesis and characterization
Three different shapes of AuNPs were synthesized: AuNSs, 

AuNSTs and AuNFs. As a precursor for the AuNSs and 

AuNFs, citrate-stabilized spherical gold seeds were made 

using a protocol adapted from Park and Park46 and had a 

mean diameter of 15.2±1.2 nm. A representative TEM image 

can be seen in Figure 1A as well as a size distribution and 

an ultraviolet-visible (UV-VIS) spectrum.

To make the AuNSs, a HAuCl
4
 solution was added to 

the Au seeds and further growth was obtained by chemical 

reduction upon the addition of ascorbic acid. An optimized 

seed concentration was used to obtain particles with a mean 

diameter of 33.3±3.8 nm. This synthesis resulted in spherical 

particles as can be seen in Figure 1B, with the corresponding 

UV–VIS spectrum and size distribution. The spectrum maxi-

mum occurred at 525 nm, which is red shifted 5 nm compared 

to the seeds. This is expected since the size of the AuNPs and 

their UV–VIS absorption spectra are directly related.

The AuNSTs were made by a method described by 

Xie et al7 by the addition of a HAuCl
4
 solution to a 100 mM 

HEPES buffer solution, stabilized at pH 7.4. HEPES 

Figure 1 Nanoparticle synthesis and characterization overview of the auNs seeds, auNss, auNsTs and auNFs.
Notes: (A) auNs seeds: TeM image of auNs seeds 15.2±1.2 nm, UV–VIs spectrum with a maximum at 520 nm and a size distribution histogram over 30 measurements. 
(B) auNss: TeM image of auNss 33.3±3.8 nm, UV–VIs spectrum with a maximum at 525 nm and a size distribution histogram over 30 measurements. (C) auNsTs: TeM 
image of auNsTs 26.0±2.6 nm, UV–VIs spectrum with a maximum at 630 nm and shoulder at 530 nm and a size distribution histogram over 30 measurements. (D) auNFs: 
TeM image of auNFs 40.6±2.2 nm, UV–VIs spectrum with a maximum at 563 nm and a size distribution histogram over 30 measurements (excluding the small spheres).
Abbreviations: AuNS, gold nanosphere; TEM, transmission electron microscopy; UV, ultraviolet; VIS, visible; AuNST, gold nanostar; AuNF, gold nanoflower; au, 
arbitrary unit.
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was used for its stable and nontoxic nature.49 It acts as a 

structure-directing agent, causing the formation of multiple 

protrusions from a spherical core while also stabilizing the 

particles in solution. Characterization of the AuNSTs can 

be seen in Figure 1C. The mean diameter of the AuNSTs 

was 26.0±2.6 nm. The UV–VIS spectrum shows two clear 

peaks, at 338 nm and 630 nm, with a shoulder ~530 nm. The 

peak at 338 nm originates from unreacted gold ions, while 

the peaks at 530 and 630 nm represent the transverse and 

longitudinal plasmon peaks of the particles, respectively. The 

longitudinal peak is quite broad, which, as can be seen from 

the TEM image, indicates that the length of the protrusions 

varied to some extent for the particles.

AuNFs were initially prepared according to a method 

by Xie et al,50 following a very similar procedure as for the 

AuNSTs but with a higher HEPES to Au3+ ratio. However, 

after multiple trials, no satisfactory reproduction was obtained 

and the particles had no distinct petal like protrusions. Thus, 

another method was investigated to reliably produce these 

AuNFs. Adaptation and optimization were performed using 

a method described by Maiorano et al,47 which is, in contrast 

to the method by Xie et al, a seed-mediated method. The 

same AuNS seeds were used as previously described. A slow 

addition of a HAuCl
4
 solution to a mixture of HEPES and 

a specific seed concentration ensured that the AuNF forma-

tion was in a similar size range as the other particles. The 

AuNFs were prepared at 4°C to avoid primary nucleation in 

the solution as much as possible. A typical TEM image can 

be seen in Figure 1D, as well as the size distribution and 

UV-VIS spectrum. In the TEM image, some small spherical 

particles can also be observed; these are the result of primary 

nucleation, since their diameter is too small to be unreacted 

AuNS seeds and were excluded from the size measurements 

and histogram. Together, the TEM image and size distribu-

tion show that the particles obtained were highly uniform in 

size and shape.

The main difference in shape between the AuNFs and 

AuNSTs was that the AuNFs possessed much smaller 

but more numerous protrusions, while the AuNSTs pos-

sessed ~4–6, generally longer protrusions. The UV–VIS 

spectrum of the AuNFs shows a peak at 326 and 563 nm. 

The peak at 326 nm is attributed to the unreacted gold ions. 

The peak at 563 nm is the surface plasmon resonance peak 

of the AuNFs. Owing to the small size of the protrusions, 

there was no additional longitudinal peak. This agrees with 

the observations by Maiorano et al,47 in which only protru-

sions exceeding a certain aspect ratio caused the appearance 

of these additional peaks. However, the position of the peak 

is markedly red shifted by ~34 nm compared to AuNSs of 

the same diameter.51 This can be explained in the context of 

plasmon hybridization theory,52 which regards the AuNFs as 

a hybrid of spheres and branched or rod-shaped particles.50,53 

This results in a plasmon resonance peak position interme-

diate to that of spheres (~530 nm) and branched (~700 nm) 

particles. Comparing the shape and position of the longitudi-

nal peak of the AuNSTs with that of the AuNFs shows that 

the protrusions are smaller for the AuNFs, as indicated by 

a blue shift of the peak position. Additionally, the peak of 

the AuNFs is narrower, indicating a more uniform protru-

sion size.

Zeta potential measurement of the particles redispersed 

in cell culture medium (DMEM) showed a slight negative 

charge on the particles: -4.52±0.66 mV, -7.55±0.73 mV 

and -14.88±0.66 mV for the AuNSs, AuNFs and AuNSTs, 

respectively. Values of -15 to -30 mV were observed by 

Maiorano et al47 and by Xie et al50 for similar HEPES-capped 

particles, where a reduction in surface charge can be expected 

due to protein absorption on the particle surfaces when sus-

pended in the cell culture medium.

antibacterial studies with S. aureus
All purified AuNPs were diluted into 3 wt% TSB to obtain 1, 5, 

10, 50, 100, 500 and 1,000 µg/mL solutions. In 96-well plates, 

100 µL of a S. aureus bacterial culture at 106 bacteria/mL  

was added to 100 µL of the NP solution. Absorbance mea-

surements were recorded at 592 nm (OD
592

) for 24 hours to 

evaluate the antibacterial effects of the NPs; the results can 

be seen in Figure 2A and B.

As seen in Figure 2, the addition of either 250 or 

500 µg/mL of AuNSs does not cause an antibacterial effect 

but rather gives similar growth curves as the NP-free control. 

Both AuNSTs and AuNFs show a significant, dose-dependent, 

antibacterial effect at 250 and 500 µg/mL, indicated by a large 

increase in lag time and a significant decrease in exponential 

growth rate. Interestingly, for both the AuNSTs and AuNFs, 

an initial increase in OD was observed, with a decline 

after ~300 min. It is speculated here that the initial increase 

in OD was due to a complex formation as the NPs attach to 

the bacterial cell membranes. This increase is higher for the 

AuNFs because their increased surface area may allow 

them to more readily form complexes with the bacteria. 

The antibacterial mechanism may have similarities to that 

observed previously where nanostructured surfaces with a 

high-aspect ratio, spikes30 and pillars,31 induced high local 

stress on the bacteria membrane inducing membrane rupture. 

Ultimately, this interaction kills the bacteria, causing a drop 

in OD, as observed. This process causes an overall decrease 

in exponential growth rate and an increase in lag time. 
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Further experiments are necessary to validate this possible 

mechanism.

Quantification of the antibacterial effect was achieved 

by fitting the absorbance growth curves to a parameterized 

Gompertz model as described by Zwietering et al,45 which 

gives the following equation:

 

y A
e

A
t= − − +






















 exp mexp ( )

µ
λ 1

 

in which y is defined as the absorbance, A as the asymptotic 

absorbance, µ
m
 as the exponential growth rate, λ as the lag 

time, and t as the time in minutes. The optimum values for 

these three constants (A, µ
m,

 and λ) were found by minimizing 

the sum of least squares. The lag time is defined as the time at 

which an extrapolation of the tangent through the inflection 

point crosses y=0. In general, a very high correlation was 

found for all conditions with R2=0.99–0.9999. The effect of 

the differently shaped AuNPs on the lag time can be seen 

in Figure 3, and the effect on the exponential growth rate is 

shown in Figure 4.

As can be seen in Figure 3, the addition of NPs caused 

a significant increase in lag time; however, the increase in 

the AuNSs was relatively small. The addition of 250 µg/mL 

AuNFs did not have a significant effect, although this was 

borderline (P=0.064). For both AuNSTs and AuNFs, the 

increase in lag time was large, with increases in lag time 

up to 280 and 310%, respectively, upon the addition of 

500 µg/mL. For AuNSTs, the lag time also increased sig-

nificantly as the concentration doubled. However, due to the 

quite large error bar for the 250 µg/mL AuNFs, this could 

not be concluded for the AuNFs. Looking at the effect of the 

AuNPs on the exponential growth rate in Figure 4, it can be 

seen that the addition of AuNS did not elicit a significant 

effect on the growth rate of S. aureus. Both the AuNSTs 

and AuNFs caused a significant decrease in the exponential 

growth rate, ~59 and 76%, respectively, upon the addition 

of 500 µg/mL. For both, a significant concentration- and 

shape-dependent effect was observed. The AuNFs proved to 

be the most effective in reducing the growth rate of S. aureus. 

Since the change in shape shows a significant difference in 

the antibacterial effect, it may be speculated that this is due 

to the higher surface area and higher numbers of protrusions 

on the surface. This may allow the AuNFs to attach to the 

bacteria more readily54 and subsequently rupture the mem-

brane with the protrusions, inducing cell death and/or other 

cellular functions.

When evaluating the increased antibacterial efficacy of 

the AuNFs compared to the AuNSTs, another factor needs 

Figure 2 Bacterial growth curves (N=3).
Notes: addition of (A) 250 µg/ml and (B) 500 µg/ml of auNsTs, auNFs and auNss to S. aureus. OD592 measured for 24 h at 2-minute intervals, mean values plotted. The 
control with only bacteria is denoted as Bac.
Abbreviations: AuNST, gold nanostar; AuNF, gold nanoflower; AuNS, gold nanosphere; S. aureus, Staphylococcus aureus; OD592, optical density measured at 592 nm; au, 
arbitrary unit.

Figure 3 lag time effect (N=3).
Notes: The significant (P,0.05) increase in lag time compared to the control is 
denoted by *. The significant increase compared to 250 µg/ml auNsTs is denoted 
by **. The control with only bacteria is denoted as Bac.
Abbreviations: auNsT, gold nanostar; auNs, gold nanosphere; auNF, gold 
nanoflower.
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to be taken into account. The bacteria were exposed to the 

same mass of the three different NPs during the assays; 

however, since there is a difference in shape and average 

size of the particles, the dosage calculated based on number 

is markedly different. Assuming the volume of the AuNSTs 

can be approximated by a sphere of 70% of their diameter 

(justification for this can be found in the Supplementary 

materials), this leads to up to 11 times fewer AuNFs than 

AuNSTs with the same mass dosage. The number-based 

antibacterial efficacy is therefore up to 11 times higher when 

comparing AuNFs to AuNSTs. Since the AuNSs have a size 

between the AuNSTs and the AuNFs and show no significant 

antibacterial effect, the AuNFs and AuNSTs efficacy may 

still be largely attributed to their shape and resulting surface 

area difference.

cytotoxicity studies on hDFs
A significant effort was made to evaluate mammalian cell 

cytotoxicity of the differently shaped AuNPs in order to 

initially determine if the particles could be used safely. 

Cytotoxicity was evaluated by MTS assays and confocal 

microscopy. The viability of HDF cells following 4 days of 

culture with AuNPs can be seen in Figure 5A and B.

As can be seen in Figure 5, there was no significant 

cytotoxic effect observed via the MTS assays for any of the 

NPs. Moreover, a slight increase in viability was observed, 

even after correction for the increased absorption due to 

an increased amount of NPs present. Note that the highest 

concentration of NPs was 1,000 µg/mL, whereas 500 µg/mL 

was the highest concentration present with the bacteria. 

However, MTS assays could not give definitive evidence 

that the cells did not experience adverse effects due to the 

NPs. As observed by Pernodet et al,35 even though MTS 

assay results may not indicate a cytotoxic effect, there can 

still be morphological and functional changes due to the 

addition of NPs.

To evaluate this further, confocal microscopy was per-

formed on HDFs incubated with 25 and 500 µg/mL AuNPs 

for 4 days. These cells were stained with FITC–anti-vinculin 

(green), Alexa Fluor 568 phalloidin (red) and Hoechst 

33258 (blue) to observe focal adhesion points, actin fibrils 

and cell nuclei, respectively. The results can be seen in 

Figure 6A–G.

Control HDF cells without the addition of NPs can be 

seen in Figure 6A. The cells displayed a normal, healthy 

morphology, and vinculin and actin were well expressed. 

Comparing this to the morphology of HDF treated with 

various concentrations and shapes of NPs, no morphological 

Figure 4 exponential growth rate effect (N=3).
Notes: The significant (P,0.05) decrease in exponential growth rate compared to 
the control is denoted by *. The significant effect of increase in NP concentration is 
denoted by **. The significant effect of different shape is denoted by ^. The control 
with only bacteria is denoted as Bac.
Abbreviations: NP, nanoparticle; auNs, gold nanosphere; auNsT, gold nanostar; 
AuNF, gold nanoflower.

Figure 5 MTs assays (N=3).
Notes: Incubation of hDFs with auNPs for 4 days. cytotoxicity was evaluated by expressing the relative viability and by setting the viability of the cells incubated without 
NPs to 100%. (A) batch 1 and (B) batch 2.
Abbreviations: MTS, 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; HDF, human dermal fibroblast; AuNP, gold nanoparticle; 
NP, nanoparticle; AuNS, gold nanosphere; AuNF, gold nanoflower; AuNST, gold nanostar.
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changes were observed. Disruption of the actin fibrils as 

observed by Pernodet et al35 after the addition of citrate-

capped AuNSs was not present after the addition of any of the 

AuNPs prepared here. This indicates that in accordance with 

the MTS assays, the difference in the shape of the AuNPs 

studied here did not cause a cytotoxic effect on the HDF. This 

may be due to the chemical capping with the HEPES buffer, 

which is itself nontoxic. Interestingly, AuNP clusters can also 

be observed as blue dots at the same excitation wavelength 

used for the Hoechst dyes (352 nm). Although Hoechst dye 

has been previously used to stain DNA released into the 

cytoplasm from damaged cell nuclei,55 that is not likely what 

was observed here as the MTS assays indicated that the meta-

bolic activity of the cells was not affected. Additionally, the 

clusters are observed in a concentration-dependent manner 

and are absent in the control images without NPs.

To evaluate in more detail if the observed blue dots 

originated from NPs, trials were performed with the AuNSTs 

in 100 mM HEPES buffer and in DMEM with or without 

the addition of the Hoechst stain. The resulting confocal 

microscopy images can be seen in Figure S1A–D. Fluores-

cence upon excitation at 352 nm was observed for all samples 

containing the particles, indicating autofluorescence of the 

particles. Additionally, the fluorescence seems enhanced 

when the particles were in DMEM, which could be explained 

by agglomeration of the particles due to protein attachment. 

This protein corona formation would be enhanced further 

when the particles are incorporated into the cells after several 

days of incubation, as seen in Figure 6, and could further 

explain the very low cytotoxicity of the AuNPs as observed 

with the MTS assays.56

To evaluate the position of the AuNPs, either in or on 

the cells, confocal images were taken at different depths 

throughout the cells. Z-stack imaging for the 500 µg/mL 

addition of AuNFs can be seen in Figure 7. Similar results 

were obtained for all samples with the addition of AuNSs, 

AuNSTs and AuNFs at both 25 and 500 µg/mL concentra-

tions. It can be clearly seen that a considerable amount of 

NPs were internalized within the cells and concentrated 

around the cell nucleus.

Figure 6 confocal microscopy of hDFs.
Notes: Vinculin focal adhesion points were stained with FITC–anti-vinculin (green), actin fibrils were stained with Alexa Fluor 568 phalloidin (red) and cell nuclei were stained 
with hoechst 33258 (blue). (A) control without NPs, (B) 25 µg/ml auNsTs, (C) 500 µg/ml auNsTs, (D) 25 µg/ml auNFs, (E) 500 µg/ml auNFs, (F) 25 µg/ml auNss 
and (G) 500 µg/ml auNss. The NPs also appear in blue.
Abbreviations: HDF, human dermal fibroblast; FITC, fluorescein isothiocyanate; NP, nanoparticle; AuNST, gold nanostar; AuNF, gold nanoflower; AuNS, gold 
nanosphere.

Figure 7 confocal microscopy of hDFs.
Notes: Z-stack imaging of 500 µg/ml auNFs with steps of 0.52 µm. left to right from plate side to lumen.
Abbreviations: HDF, human dermal fibroblast; AuNF, gold nanoflower.
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Conclusion
The synthesis of differently shaped AuNPs (specifically, 

AuNSs, AuNSTs and AuNFs) was achieved here with good 

uniformity, consistent surface chemistry and in a similar size 

range. HEPES buffer was used as a nontoxic dispersing agent 

to ensure a biocompatible Au surface chemistry.

Most interestingly, a shape-dependent antibacterial 

effect toward S. aureus was found via treatments over a 

broad concentration range from 0.5 to 500 µg/mL. Analysis 

of the growth curves obtained from 24 h optical density 

measurements showed a strong increase in lag time and a 

decrease in the exponential growth rate upon the addition of 

250–500 µg/mL of AuNSTs and AuNFs. The AuNSs did not 

elicit any significant antibacterial effect toward S. aureus. 

Quantification and statistical analysis of the antibacterial 

effect were achieved by fitting data to a parameterized Gomp-

ertz model. Statistically significant increases in lag time for 

all shapes of particles were observed, with up to 3.8- and 

4.1-fold increases in lag time upon the addition of 500 µg/mL 

AuNSTs and AuNFs, respectively. The exponential growth 

rate was not significantly affected by the addition of AuNSs, 

but showed a significant decrease – ~59 and 76% – upon the 

addition of 500 µg/mL AuNSTs and AuNFs, respectively.

Cytotoxicity of the AuNPs toward human cells was evalu-

ated by incubating HDF with varying concentrations of the 

particles ranging from 0.5 to 1,000 µg/mL for 4 days. MTS 

viability assays and confocal microscopy showed neither 

reduction in viability of the cells at any concentration nor any 

changes in cell morphology. Using Z-stack imaging, it was 

shown that the AuNPs were internalized and concentrated 

in the area around the cell nucleus.

With no indications of a mammalian cell cytotoxic effect 

and a significant antibacterial effect, the present study provides 

the first evidence that AuNFs may be suitable candidates 

for use as a novel antibacterial agent (without resorting to 

the use of antibiotics). Long-term bacterial and mammalian 

cell exposure effects need to be further evaluated, including 

elucidation of the exact interactions between the particles and 

the cell membranes. The antibacterial efficacy could be further 

enhanced through selective targeting and radiative excitation to 

take advantage of the plasmon resonance effects of AuNPs.
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Supplementary materials

Justification for calculation of the mass to 
number equivalency of the gold nanostars 
(AuNSTs) versus the gold nanoflowers 
(auNFs)
The AuNSTs of a diameter of 26±2.6 nm have approxi-

mately the same volume as a sphere with 70% that diameter 

(18.2 nm). The 70% is justified since the AuNSTs, as mea-

sured from the transmission electron microscopy (TEM) 

images, have a core diameter of ~18 nm with, on average, 

five protrusions of 5 by 8 nm (diameter by height) which leads 

(assuming conical protrusions) to a volume of 2.55×10-5 µm3 

per particle. This is the same volume as a sphere with 

approximately 70% of the total diameter (2.53×10-5 µm3 per 

particle). The volume of the AuNFs can be approximated 

by a sphere of the same diameter, since the protrusions are 

so small (and so numerous) compared to the diameter, thus 

leading to a volume of 2.80×10-4 µm3 per particle. Using the 

density of gold (19.3 g/cm3), this results in 2.05×1015 AuNSTs 

per gram and 1.85×1014 AuNFs per gram. The number ratio 

between the AuNSTs and AuNFs can then be calculated by 

dividing the number of particles per gram for each particle 

shape, resulting in 11.08. This means 11.08 times more 

AuNSTs per gram than AuNFs. Note that the ratio of the 

volumes will give the same value, since the density for both 

particles is the same.

confocal microscopy images of the 
evaluation of the auto-fluorescence of 
the auNsTs in water or Dulbecco’s 
Modified Eagle’s Medium (DMEM), 
with or without the hoechst stain
To confirm if the blue dots/clusters observed in the confocal 

images (Figures 6 and 7) were the AuNPs, trials were 

performed with the AuNSTs in 100 mM 4-(2-hydroxyethyl)

piperazine-1-ethanesulfonic acid (HEPES) buffer and 

DMEM cell media with or without Hoechst 33258. The 

results of this can be seen in Figure S1A–D. In all images, 

some degree of fluorescence was observed, which indicates 

that autofluorescence of the AuNSTs occurred when excited 

with a 352 nm laser. The presence of the Hoechst stain did 

not seem to increase the amount of fluorescence. However, 

the fluorescence increased when the particles were in DMEM, 

most likely due to agglomeration of the particles in the pres-

ence of and due to protein adsorption.

Figure S1 Confocal microscopy images of the evaluation of the auto-fluorescence of the AuNSTs in water or DMEM, with or without the Hoechst stain.
Notes: confocal microscopy images with 352 nm laser excitation of auNsTs clusters (A) in hePes buffer, (B) in hePes buffer with hoechst 33258, (C) in DMeM and 
(D) in DMeM with hoechst 33258.
Abbreviations: AuNST, gold nanostar; AuNF, gold nanoflower; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; DMEM, Dulbecco’s Modified Eagle’s Medium.
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calculation showing the comparison 
of approximate surface area auNsTs 
to auNFs
As stated earlier and under “Justification for calculation of the 

mass to number equivalency of the gold nanostars (AuNSTs) 

versus the gold nanoflowers (AuNFs)”, the AuNSTs can be 

approximated by a sphere of 18 nm in diameter with, on 

average, five cone shaped protrusions of 5 by 8 nm (diameter 

by height). This will give an approximate surface area of 

1.25×10-3 µm2 per particle:

 

SA SA n SA

n (SA SA

AuNST sphere cones cone base

cones cone cone b

= ∗

+ −

−

aase
3 21.25 10 m) = ×  µ− .

 

where SA
sphere

 =1.02×10-3 µm2, n
cones

 =5, SA
cone base

 = 
1.96×10-5 µm2, and SA

cone
 =8.55×10-5 µm2.

For the AuNFs, it is impossible to accurately estimate 

the number of protrusions from TEM images, therefore, we 

assume here that the surface is evenly covered with cone-

like protrusions of around 4 by 5 nm (diameter by height). 

Given the average diameter of the AuNFs is 40 nm, this 

gives a spherical core of 30 nm. To calculate the number of 

protrusions on the surface, the surface area of a 30 nm cone 

is divided by the cone base surface area with a diameter of 

4 nm, corrected for the hexagonal packing parameter:

 
η

π
h

= ≈
2 3

0 9069.
 

This gives:

 

SA SA n SA

n (SA SA

AuNF sphere cones cone base

cones cone cone b

= − ∗

+ −
aase

3 2) 7.17 10 m= ×  µ− .
 

where SA
sphere

 =2.83×10-3 µm2, n
cones

 = 
SA

SA
sphere

cone base

*η
h
 =204, 

SA
cone base

 =1.26×10-5 µm2, and SA
cone

 =4.64×10-5 µm2.

This results in a 5.74 times greater surface area for the 

AuNFs, on average, compared to the AuNSTs. When varying 

the number of AuNST protrusion by ±1 and the AuNF 

protrusion dimensions by ±1 nm, the surface area ratio varies 

between 4.5 and 7.5 times greater for the AuNFs. 
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