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ABSTRACT

Introduction. Although sulfonamide antibiotics are potent antimicrobial agents against bacterial infections, 
their water insolubility and toxicity at high doses limit their therapeutic effi cacy. This study explores a potent 
anti-infection drug-delivery system using gold nanoparticles (gNPs) capped with ovotransferrin (OTf) as 
a targeting carrier and solubilising agent for sulfamethoxazole (SMZ) antibiotic. 
Materials and methods. The OTf was conjugated with sulfamethoxazole OTf(SMZ) at pH 9.0 for 24 h at 29°C. 
The conjugate (OTf(SMZ)) or free OTf was added to the gold chloride solution containing sodium citrate as 
a reducing agent, and then stirred for 24 h at 37˚C. The gold nanoparticle (GNP) formulations were purifi ed 
by gel fi ltration. The gNP formulations and their individual components (free OTf, SMZ, and gNP tested sep-
arately) were evaluated against several microbial strains, including drug-resistant Salmonella, and against 
bacteria that infect human cells intracellularly. 
Results. The gold nanoparticle capped with OTf loaded with SMZ [OTf(SMZ)-gNP] showed superior microbi-
cidal activity against several bacterial strains and the fungi Candida albicans compared to the activities of 
gNP capped with OTf alone [OTf-gNP] or the individual agents. The wild-type Salmonella enteritidis, which 
encodes the multidrug efflux channel TolC, becomes susceptible to both OTf(SMZ)-gNP and OTf-gNP nano-
formulation but not to their separate components. However, the tolC-knockout Salmonella enteritidis mutant 
strain was susceptible only to the OTf(SMZ)-gNP, indicating the ability of this nanoformulation to deliver the 
antibiotic SMZ into bacterial cells through self-promoted uptake. The OTf(SMZ)-gNP effi ciently killed patho-
gens intracellularly infecting human colon carcinoma cells. 
Conclusions. The results demonstrate that OTf(SMZ)-gNP nanomaterials can mediate the endocytosis of 
SMZ, making them suitable for targeting bacterial infections, including those that have acquired antibiot-
ic resistance. The study highlights the potential of OTf-capped nanomaterials that can be engineered to 
enhance the potency of hydrophobic antibiotics for treating infectious diseases.
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Introduction

Although many antibiotics, such as sulfon-
amides, have been effective in treating bacterial 
infections, antibiotic resistance remains a pub-
lic health concern. This concern thus urges the 
development of a new strategy to combat bacte-
rial infections. Sulfamethoxazole (SMZ) is a sul-
fonamide antibiotic used to treat a variety of 
infections with a broad antimicrobial spectrum, 
where it is effective against both gram-negative 
and gram-positive bacteria [1]. The mechanism of 
SMZ action involves inhibiting the production of 
the dihydrofolate intermediate, which interferes 
with the normal bacterial synthesis of folic acid, 
an essential component for bacterial growth and 
replication. Sulfonamide drugs can potentially 
cause allergic and toxic effects, and the factors 
influencing the toxicity include the dosage of the 
drug and its low solubility in blood [4]. The rela-
tively poor water solubility of SMZ may contribute 
to toxicity due to the high concentration of acety-
lated groups. Therefore, drug-targeting is a prac-
tical approach in reducing allergenicity and toxic-
ity, as the dosage of the drug can be reduced, and 
its effi cacy is locally enhanced around the site of 
infection.

In a previous study, SMZ was rendered com-
pletely water-soluble by loading it into the mol-
ecule of ovotransferrin (OTf), and the OTf(SMZ) 
conjugate proved to be more potent antimicrobial 
than the individual components (free OTf, SMZ, 
and gNP) when tested separately, even against 
the antibiotic-resistant Salmonella enteritid-
is strain [5]. Furthermore, OTf has been proven 
effective in targeting anticancer drugs to colon 
and breast cancer cells through the transferrin 
receptor (TfR) [6]. However, the amount of drug 
that could be internalised into bacterial or infect-
ed cells was limited by the number of OTf-TfR 
complexes. Consequently, it may become neces-
sary to make adjustments in dosing regimens of 
the drug by using nanoparticles, which have been 
considered valid for high drug loading [7]. Metal-
lic nanoparticles have been studied as antibiotic 
carriers, including gold, silver, copper, titanium 
and zinc metal nanoparticles, which can pene-
trate intracellularly and exert antimicrobial prop-
erties [8,9]. 

It has been reported that gold nanoparticles 
exhibit direct permeation across cell membranes 

compared to other materials [10. Nanoparticle 
translocation across the cell membrane has been 
reported to occur through two pathways: endo-
cytosis and direct diffusion [8]. The nanoparticle 
binds receptors in the membrane via multivalent 
interactions and captures several tens of recep-
tors at any point [11]. By doing so, the particle 
deforms the membrane underneath it, thereby 
improving the therapeutic index of the drug pay-
load compared to free drugs. Direct administra-
tion of antibiotics faces various barriers which 
prevent effective localisation of the antibiotic and 
reduce its retention [5]. An approach to overcome 
poor antibiotic retention and promote its effec-
tive localisation to the pathogen is to integrate 
nanoparticles with cell-targeted drug delivery 
systems.

In this study, we investigate the development 
of an effective drug-targeting strategy to deliver 
the water-insoluble SMZ directly to pathogens or 
intracellularly infected mammalian cells. Specifi -
cally, this study aimed to develop and character-
ise gold nanoparticles coated with the OTf(SMZ) 
complex as a targeted antibiotic delivery system 
and to evaluate their effi cacy against resistant 
bacterial strains and intracellular infections. The 
strategy involves loading SMZ into the OTf mol-
ecule and then tagging gold nanoparticles with 
the SMZ-OTf conjugate. Most pathogens, as well 
as human epithelial cells, are known to express 
the transferrin receptor (TfR) and selectively 
take up OTf [5]. Thus, the SMZ-OTf conjugate is 
directly localised to pathogens or to the cells in 
which they reside. Therefore, while nanoparticles 
promote direct diffusion, effective dosage, and 
retention of the drug, they may also help allevi-
ate antibiotic resistance. Through this approach, 
the gold nanoparticle SMZ-OTf demonstrated 
the ability to specifi cally deliver a high dose of 
antibiotics to, thereby overwhelming the efflux 
pumps that expel antibiotics from drug-resistant 
wild-type Salmonella enteritidis cells. 

Materials and methods

Materials
Ovotransferrin, purchased from Inovatech Bio-
Products Inc. (Abbotsford, Canada), was recrys-
tallised and purifi ed chromatographically using 
a Sephadex G-50 column (G5080). Sulfame-
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thoxazole, SMZ (31737), gold chloride trihydrate, 
HAuCl4 · 3H2O (520918), fetal bovine serum, FBS 
(TMS-013), and trypan blue, TB (T6146), were 
from Sigma (St. Louis, MO). McCoy 5a medi-
um (16600082) was from Invitrogen, Japan. 
CellTiter-Blue cell viability assay (G8080) was 
from Promega, Japan. Brain Heart Infusion, BHI 
(05509), trypticase soy broth, TSB (05518), and 
nutrient agar (05514) were obtained from Nissui 
(Tokyo, Japan). Unless otherwise specifi ed, all 
other reagents were of analytical grade.

Microorganisms and cell lines
Microorganisms used for antimicrobial assays, 
Salmonella enteritidis (IFO 3313) and Escheri-
chia coli K-12 (IFO 3301), were obtained from the 
Institute of Fermentation, Osaka, Japan. Staphy-
lococcus aureus (NBRC 14462) and Corynebacte-
rium minutissimum (NBRC 15361) were from the 
Nite Biological Resource Centre (Tokyo, Japan). 
Propionibacterium acnes (ATCC 6919), Candida 
albicans (ATCC 2091), and Staphylococcus epi-
dermidis (ATCC 12228) were from the American 
Type Culture Collection (Rockville, MD, USA). The 
wild strain of Streptococcus zooepidemicus was 
obtained from the Institute of Bacteriology of the 
Veterinary Hospital, Zürich (Switzerland). The 
virulent wild-type of Salmonella enterica sero-
type Enteritidis phage type 4 strain 147 (147str), 

originally isolated from egg content [12]. The 
tolC-defi cient mutant Salmonella Enteritidis 147str 
strain (∆tolC), prepared by a one-step inactiva-
tion method [13], was a gift from the Department 
of Pathology, Bacteriology, and Avian Diseases, 
Faculty of Veterinary Medicine, Ghent University, 
Belgium.

Cell lines
Human colon carcinoma cell line HCT-116 (ATCC# 
CCL-247) from American Type Culture Collec-
tion (Rockville, MD) were maintained in McCoy’s 
5a media with 10% fetal bovine serum (FBS) and 
antibiotics (penicillin and streptomycin) at 37˚C in 
a humidifi ed incubator with 5% CO2. The medium 
was changed every other day.

Methods

Preparation of SMZ-OTf gold nanoparticle 
conjugate
Conjugation of OTf with sulfamethoxazole 
OTf(SMZ) was prepared as previously described 
[5]. Briefly, a freshly prepared antibiotic stock 
solution in 50% ethanol was added to the OTf 
solution to achieve a 60-fold molar excess of 
antibiotic over OTf in distilled water at pH 9.0, with 
stirring for 24 h at 29°C. The concentration of OTf 
in the mixture was 0.864 mg/mL. The prepara-

Scheme 1. Preparation of the OTf-SMZ tagged gNP. Concentration of OTf(SMZ) and control OTf are adjusted to 
0.864 mg/mL (OTf- based).
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tions were referred to as OTf(SMZ) complex and 
control (Ctrl OTf). Ctrl OTf was treated similarly 
except without an antibiotic. 

To a 400 μL gold chloride solution (1.332 mM), 
200 μL of 11.076 μM OTf(SMZ) or Ctrl OTf were 
added to 1800 μL Milli-Q water. For gold nano-
particles alone (gNP), water pH 9.0 was added. 
After adding 200 μL of sodium citrate dihydrate 
(8.9 mM) as a reducing agent, the mixture was 
stirred for 24 h at 37˚C. This crude GDP formula-
tion was purifi ed by passing it through a gel-fi l-
tration column on Sephadex G-75. The molar ratio 
of gold chloride to OTf was 120:1 (mol/mol) in the 
respective OTf-tagged gold nanoparticle formu-
lation. The gold nanoparticle formulations tagged 
with the OTf(SMZ) conjugate, OTf, or lacking the 
tag molecule were referred to as OTf(SMZ)-gNP, 
OTf-gNP, and gNP, respectively. The preparation 
procedure is detailed in Scheme 1.

Loading effi ciency of SMZ into OTf(SMZ)-
tagged gNPs
The crude gNP formulations were subjected to 
centrifugation at 15,000 × g for 30 min, and the 
supernatant was used to evaluate the SMZ load-
ing effi ciency onto OTf(SMZ)-gNPs. The total 
amount of free SMZ in the supernatant was 
determined spectrophotometrically at a maxi-
mum wavelength of 262 nm and quantifi ed with 
an absorption molar coeffi cient of 11400 mol-1 L 
cm-1 [14]. The following equation was applied to 
calculate the loading effi ciency:

Loading effi ciency (%) = 
[(total SMZ− free SMZ) / total SMZ] × 100

Ultraviolet-visible light absorption spectrum 
analysis 
To measure the adsorption of substances on the 
surface of the gNP preparations, the surface plas-
mon resonance peak unique to gNPs was mea-
sured using a SmartSpec-3000 spectrophotom-
eter (Bio-Rad, USA). 150 150-μl of each sample 
was added to a quartz cell with an optical path 
length of 1.0 cm, and measurements were taken 
in the wavelength range of 300–800 nm.

Binding of OTf to gNPs 
The confi rmation of OTf incorporation into gNPs 
was verifi ed by SDS-polyacrylamide gel elec-

trophoresis (SDS-PAGE). Proteins that bind to 
the nanoparticle surface were isolated using the 
method of Saptarshi et al. [15]. Briefly, OTf-gNP 
preparation was denatured with 2-mercaptoeth-
anol and centrifuged to recover the total OTf into 
the supernatant (Total OTf). Another portion of 
each preparation was centrifuged at 10,000 rpm 
for 10 minutes to remove the unbound OTf. The 
precipitate was denatured with 5% 2-mercapto-
ethanol (equal to the original volume) and cen-
trifuged again to recover the bound OTf into the 
supernatant (Bound OTf), and the precipitate was 
the gNP. The precipitated gNP was washed with 
5% 2-mercaptoethanol and centrifuged again 
to confi rm recovery of all bound OTf into the 
supernatant (Wash). The collected supernatants 
were run on a 4% separation gel and a 15% con-
centration gel, at currents of 10 mA and 25 mA, 
respectively. After electrophoresis, the gel was 
stained with Coomassie Brilliant Blue (CBB) and 
destained with a 20:10:70 (v/v/v) methanol: acetic 
acid: water solution.

Transmission (TEM) and scanning (SEM) 
electron microscopy analysis 
The size and shape of the formulated nanopar-
ticles were analysed using a JEM-3010 transmis-
sion electron microscope (JEOL, Japan). A 2-μL 
sample was dropped onto a mesh and dried in 
a desiccator at room temperature for 24 hours. 
The acceleration voltage was 200 kV, and obser-
vations were made at magnifi cations of 20,000x 
and 100,000x. Particle diameter was determined 
from the images by comparing the measured data 
of 10 randomly selected particles with the scale 
bar length value. The average particle diameter 
of the nanoparticles was statistically calculated 
based on image data obtained at high magnifi -
cation, and all values are presented as the mean 
value ± standard deviation (SD; n = 10). The mor-
phology of nanoparticles was characterised using 
a SU-70 scanning electron microscope (SEM) 
operated at 15 kV (Hitachi High-Tech, Japan).

Antibacterial assay
The antibacterial activity of the nanoparticles 
against Staphylococcus aureus, Staphylococ-
cus epidermidis, Streptococcus zooepidermic-
us, Corynebacterium minutissimum, Propioni-
bacterium acnes, Escherichia coli, Salmonella 
enteritidis (wild-type), and tolC-defi cient mutant 
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Salmonella enteritidis (∆tolC) was tested using 
a liquid medium method. The mid-logarithmic 
phase cells, grown in brain heart infusion (BHI) 
broth, were washed and resuspended (to give 106 
~ 107 CFU/mL) in 1% trypticase soya broth (TSB), 
pH 7.3. Each inoculum was mixed with an equal 
volume of nanoparticle preparations, SMZ alone, 
or OTf equivalent to their contents in the respec-
tive nanoparticle. After incubation at 37°C for 24 
h, a 30-μl portion or dilutions in physiological 
saline were spotted in triplicate onto a nutrient 
agar plate. The colony-forming units (CFU) were 
obtained after incubating agar plates at 37°C for 
18 hours. 

For Candida albicans, the blastoconidia grown 
at 28˚C for 36 h in 1% TSB, pH 7.3, were washed, 
resuspended (to a 106 ~ 107 CFU/mL) in Sab-
ouraud dextrose broth (SAB) and mixed with an 
equal volume of nanoparticles or SMZ or OTf 
equivalent to their concentration in each deriva-
tive. After a 24-hour incubation at 28˚C, the mix-
ture was plated on SAB agar. The plates were 
incubated for 24 h at 30°C, and the colonies were 
counted. All results are expressed as log CFU/mL 
as a function of OTf concentration in the assay 
medium of three independent experiments.

Intracellularly infected human cells
To elucidate the ability of OTf(SMZ)-gNP to deliv-
er SMZ to intracellularly residing bacteria, human 
colon epithelial carcinoma cells, HCT-116, were 
infected with Staphylococcus aureus or Escher-
ichia coli, and the intracellular bacteria were 
counted on agar plates. Briefly, Bacteria were 
grown in TSB broth at 37˚C for 20 h. The bacte-
ria were washed twice and suspended in PBS 
buffer (pH 7.4). HCT-116 cells were seeded at 5 
× 10^4 cells/well in 96-well plates in McCoy's 5A 
medium until they reached 80% confluence. Bac-
teria were adjusted to 10^4-10^5 CFU/mL in PBS buf-
fer and added to HCT-116 cells, which were then 
incubated at 37˚C under 5% CO2. After 2 hours, 
the medium was replaced with McCoy's 5A con-
taining 100 μg/mL gentamicin and incubated for 
1 hour to kill extracellularly adherent bacteria. 
The cells were then washed three times with PBS 
and treated with medium containing nanopar-
ticle derivatives (100 μg/mL fi nal concentration, 
OTf-based) or their OTf and SMZ equivalents, and 
incubated for two h at 37˚C under 5% CO2. Cells 
were lysed by adding 0.8 mL of 1% Triton X-100 

in PBS for 15 minutes. A portion of suspension 
was serially diluted with sterilised physiological 
saline and spotted in triplicate on TSA agar. The 
plates were incubated for 24 hours at 37°C, and 
the colony-forming units (CFU) were calculated. 
The results are expressed as (log CFU/106 cells) 
of two independent experiments with three wells 
for each derivative. 

In a clear-bottom, black 96-well plate, three 
wells were treated similarly for each sample used 
in the HCT-116 cell viability assay. Cell viabil-
ity was determined using the fluorescent Cell-
Titer-Blue Assay (Promega). The results are 
expressed as the percentage of cell viability rela-
tive to the control. The data are presented as the 
mean ± SD.

Statistical analysis
Experiments were carried out in duplicate or trip-
licate, and mean values were used for statistical 
analysis. Data obtained in the study were analy-
sed statistically using one-way ANOVA by Excel’s 
data analysis tools. Data shows mean values, and 
error bars show standard deviations.

Results

Synthesis of gold nanoparticles (gNP) 
capped with OTf and its SMZ complex
The OTf-capped [OTf-gNP] or OTf(SMZ)-capped 
[OTf(SMZ)-gNP] gold nanoparticles were synthe-
sised by the redox method at ambient tempera-
ture using sodium citrate, as outlined in Scheme 
1. Colourimetric shift in the UV-VIS region (300-
800 nm) of the formed gNPs was employed to 
probe incorporation of OTf onto the gNP core shell 
(Figure 1). Due to the surface plasmon resonance 
of colloidal gold, the absorbance peak exhibits 
a variation in λmax depending on the size of the 
nanoparticles [16]. The absorbance peak of the 
pure gNP was observed at a maximum of 535 nm. 
The incorporation of OTf [OTf-gNP] resulted in 
a red shift in the spectra band from λmax of 535 
to 538 nm. While OTf loaded with SMZ [OTf(SMZ)-
gNP] resulted in a broader peak with red shift of 
λmax from 537 to 554 nm. The colour change 
(inset photos) and red shift of the surface plas-
mon resonance are characteristics of an increase 
in the gNP size, where the red shift correlates 
more strongly with the size [17]. These changes in 
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λmax suggested the formation of nanoparticles 
with a larger diameter. The λmax of OTf(SMZ)-
gNP was shifted to a higher wavelength (red 
shift) and showed a broader peak, which could 
be attributed to the formation of larger particle 
sizes. The size and morphology of the nanopar-
ticles were further characterised by transmis-
sion electron microscopy (TEM) and scanning 
electron microscopy (SEM) techniques (Figure 2). 
The addition of OTf or OTf(SMZ) increased the 
diameters of the nanoparticles. As shown in Fig-
ure 2, the particles were multi-dimensional, and 
the mean diameters of gNP (A), OTf-gNP (B), and 
OTf(SMZ)-gNP (C) nanoparticles were 15.72, 1.71, 
19.32, 3.76, and 19.76, ±3.53 nm, respectively. 
The sizes of particles ranged between maximum 
diameters of 19.0 nm, 28.0 nm, and 24.0 nm to 
minimum diameters of 13.6 nm, 14.4 nm, and 13.0 
nm for gNP, OTf-gNP, and OTf(SMZ)-gNP, respec-
tively. The particles in all formulations were irreg-
ularly shaped, quasi-spherical, with most of the 
particles being spherical or ellipsoid in shape 
(Figure 2, inset images). Densitometric analysis 
of SDS-PAGE of the OTf-gNP nanoparticles (Fig-

ure 3) indicated that 36.29% of the total OTf is 
absorbed to the gNP, whereas 20.1% is monomer 
and 16.19% an aggregated form of bound OTf.

The determination of the loading effi ciency of 
SMZ onto OTf(SMZ)-gNP confi rmed a signifi cant 
loading effi ciency of ~68%. Initially, 168 μg/mL 
of SMZ was used in the formulation mixture, and 
114 μg/mL of the SMZ remained attached to 0.84 
mg/mL OTf.

Antibacterial activity of OTf(SMZ)-capped gold 
nanoparticles
We tested the bactericidal activities of the gold 
nanoparticle preparations against different bac-
terial strains (Staphylococcus epidermidis, Staph-
ylococcus aureus, Streptococcus zooepidemicus, 
Corynebacterium minutissimum, Propionibac-
terium acnes, Candida albicans, Escherichia coli 
K-12, and Salmonella enteritidis). The activity 
was expressed as log CFU/mL as a function of 
OTf concentration in the nanoparticles. Free OTf 
and SMZ were tested at equivalent concentra-
tions as in the nanoparticles. As shown in Figure 
4, the OTf(SMZ)-gNP exhibited vigorous bacteri-

Figure 1. UV-VIS absorption spectra of gold nanoparticles synthesised 
in sodium citrate in the absence (gNP) and presence of OTf (OTf-gNP) or 
SMZ-loaded OTf (OTf(SMZ)-gNP). Each spectrum represents 24 24-hour 
reaction times. The inset photo shows the colour of nanoparticles formed 
in each preparation.
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Figure 2. Nanoparticle morphology represented by TEM images of gNP (A), OTf-gNP (B) and OTf(SMZ)- gNP (C), as well as their SEM 
images (inset). Nanoparticle diameters of randomly selected ten particles, along with their mean diameters, are shown below the 
pictures. It can be seen that the gold nanoparticles are irregularly shaped, quasi-spherical, and within the nano-size range.

Figure 3. SDS-PAGE of OTf protein coronas formed in OTf-gNP formu-
lation. Lane 1 is the tightly bound OTf to gNP. Lane 2 is the total OTf (free 
and bound OTf). Lane 3 confi rms the total dissociation of OTf. Lane 4 is 
a protein marker.
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cidal activity, whereas severely reduced survival 
of the Gram-positive Staphycoccus epidermidis 
(A), Staphycoccus aureus (B), and Streptococcus 
zooepidermicus (C) in a dose-dependent man-
ner. Interestingly, the OTf-gNP lacking the antibi-
otic exhibited remarkable dose-dependent bac-
tericidal activity against the three strains, albeit 
weaker than that of OTf(SMZ)-gNP. Although 
free OTf and SMZ exhibited bactericidal activi-
ties, they were much weaker than OTf-gNP and 
OTf(SMZ)-gNP, and the effectiveness of the free 
OTf and SMZ varied depending on the strain.

We next tested the bactericidal activity 
against three strains of skin pathogens: Coryne-
bacterium minutissimum (A), Propionibacte-
rium acnes (B) and the fungus Candida albicans 
(C), as shown in Figure 5. The controls free OTf, 
OTf(SMZ), and gNP were almost inactive against 
C. minutissimum (Figure 5A) but showed weak 
activity against P. acnes and C. albicans (Figures 
5B and C). Free SMZ showed moderate activ-
ity against the three strains tested. It should be 
noted that free OTf or OTf(SMZ) showed weak to 
moderate activity against skin pathogens, but 
OTf-gNP and OTf(SMZ)-gNP exhibited vigorous, 
dose-dependent bactericidal activity against the 
three strains. 

While OTf(SMZ)-gNP was signifi cantly potent 
bactericidal in a dose-dependent manner against 
C. minutissimum and C. albicans (Figures 5A 
and C), surprisingly, OTf-gNP showed slight-
ly more vigorous activity than OTf(SMZ)-gNP 
against P. acnes (Figure 5B). Given this degree of 
dose-dependency, OTf-gNP appeared to serve as 
a potent antibacterial agent, becoming even more 
potent bactericidal when the capping OTf was 
loaded with the antibiotic SMZ (OTf(SMZ)-gNP). 
As shown in Figure 6, OTf(SMZ)-gNP also exhib-
ited potent, dose-dependent bactericidal activity 
against the Gram-negative bacteria Escherichia 
coli K-12 (A) and Salmonella enteritidis (B). Inter-
estingly, OTf-gNP exhibited relatively strong bac-
tericidal activity against Salmonella enteritidis, 
although it was still less potent than OTf(SMZ)-
gNP (Figure 6B).

OTf(SMZ) gold nanoparticles against 
drug-resistant Salmonella
We examined the bactericidal potency of OTf-gNP 
and OTf(SMZ)-gNP against the drug-resistant 
wild-type (WT) Salmonella enteritidis and its 
tolC-deleted mutant (∆tolC). As shown in Fig-
ure 7, the wild-type Salmonella was highly resis-
tant to OTf, OTf(SMZ), free SMZ and to the con-

Figure 4. Bactericidal activity of various gNP formulations against three Gram-positive bacteria. The assay was performed against 
Staphylococcus epidermidis (A), Staphylococcus aureus (B), and Streptococcus zooepidemicus (C) at different doses of 
gNPs, as well as free SMZ and OTf at concentrations equivalent to their content in the respective formulations. The data is presented 
as log CFU/mL.
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Figure 5. Bactericidal activity of various gNP formulations against skin pathogens Corynebacterium minutissimum (A), Propi-
onibacterium acnes (B), and fungi Candida albicans (C). The assay was performed at different doses of gNPs, as well as free SMZ 
and OTf, at concentrations equivalent to their content in the respective formulations. The data is presented as log CFU/mL.

Figure 6. Bactericidal activity of various gNP formulations against Gram-negative E. coli (A) 
and Salmonella enteritidis (B). The assay was performed at different doses of gNPs as well as 
their free SMZ and OTf equivalents. The data is presented as log CFU/mL.
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trol nanoparticles (gNP), while it was sensitive to 
OTf-gNP and OTf(SMZ)-gNP (Figure 7A). Dele-
tion of the tolC gene (∆tolC) abolished the anti-
bacterial effect of OTf-gNP against the wild-type 
(WT) Salmonella Enteritidis. Still, the bacteria 
remained signifi cantly susceptible to OTf(SMZ)-
gNP (Figure 7B). The results of Figures 7A and 
B suggest that OTf-capped gNP (OTf-gNP) is 
recognised and bound to TolC on the surface of 
wild-type Salmonella cells, where this physical 
contact effectively induces a killing effect. On the 
other hand, the bactericidal effect of OTf(SMZ)-
gNP on tolC knockout Salmonella cells (Figure 
7B) may be attributed to the high concentra-
tion of the antibiotic SMZ that is loaded onto the 
nano-formulation. 

Facilitated OTf-gNP delivery of SMZ to 
intracellularly residing pathogens
The anti-infective effect of OTf(SMZ)-gNP on S. 
aureus (Figure 8) and E. coli (Figure 9) infecting 
HCT-116 cells intracellularly. The results were 
expressed as colony-forming units (CFU) per 
10^6 cells. The free gNP showed a weak effect 
on the survival of the two intracellularly resid-
ing bacterial strains, comparable to mock-treated 

cells (Ctrl). The free OTf or SMZ exhibited mod-
erate reduction of the intracellular bacterial sur-
vival of both S. aureus (Figure 8A) and E. coli 
(Figure 9A). While the OTf(SMZ) conjugate sig-
nifi cantly decreased the survival of both strains, 
the OTf(SMZ)-gNP completely eradicated intra-
cellular S. aureus (Figure 8A) and signifi cantly 
reduced the intracellular E. coli (Figure 9A) with-
in two hours of treatment. The OTf-gNP, lacking 
antibiotics, remarkably reduced intracellular bac-
terial survival of S. aureus (Figure 8A) but was 
less effective against E. coli (Figure 9A). 

Subsequent post-hoc tests were conducted 
to determine which specifi c group comparisons 
were statistically signifi cant. For S. aureus, the 
OTf(SMZ)-gNP and OTf-gNP treatments resulted 
in complete eradication or a remarkable reduc-
tion of intracellular bacteria. Both treatments 
were found to be statistically signifi cant when 
compared to all other groups (Ctrl, free gNP, 
free OTf, and free SMZ), with a p-value < 0.05. 
OTf(SMZ) conjugate treatment also resulted in 
a statistically signifi cant reduction of bacterial 
survival compared to the control group (Ctrl) and 
free gNP, with a p-value < 0.05. Free OTf and free 
SMZ treatments showed a statistically signifi cant 

Figure 7. Antimicrobial activity of various gNP formulations against drug-resistant wild-type 
and tolC-defi cient Salmonella enteritidis. The assay was performed against wild-type, 
WT (A) and tolC-defi cient mutant, ∆tolC (B) strains at different doses of gNPs as well as 
their free SMZ and OTf equivalents. The data are presented as bacterial growth monitored 
at A620 nm.
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Figure 8. Recovery of Staphylococcus aureus (A) from the infected HCT-116 cells and viability of 
pre-infected HCT-116 cells (B). Cells were inoculated with 5 log cfu bacteria for 2 hours, then the extracel-
lular bacteria were killed by gentamicin. Cells were washed and then treated with various gNP formulations 
or their OTf and SMZ equivalents and incubated for two hours at 37˚C under 5% CO2. The HCT-116 cells 
were disrupted with Triton X-100, and the intracellular viable count was determined on TSA agar. Ctrl is 
cells treated with sterile distilled water. Values are expressed as the mean CFU per 10^6 cells of total protein 
from two experiments. Viability of pre-infected HCT-116 cells and subsequently treated with the indicated 
derivative for two hours was quantifi ed by CellTiter Blue assay, and bars represent the mean with n = 3.

Figure 9. Recovery of E. coli (A) from the infected HCT-116 cells and viability of pre-infected HCT-116 
cells (B). Experiments were carried out as shown in the Figure. 8.
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moderate reduction in bacterial survival com-
pared to the control group (Ctrl), with a p-value < 
0.05. The difference between the OTf(SMZ)-gNP 
and OTf-gNP groups was not statistically signifi -
cant (p > 0.05), suggesting a similar high level of 
effi cacy for both treatments against S. aureus 
infections. 

As for E. coli, OTf(SMZ)-gNP treatment result-
ed in a statistically signifi cant reduction of intrac-
ellular bacteria compared to all other groups, with 
a p-value < 0.05. OTf-gNP treatment also caused 
a decrease in bacterial survival, but this effect 
was less signifi cant compared to the OTf(SMZ)-
gNP group, with a p-value < 0.05. OTf(SMZ) con-
jugate treatment led to a statistically signifi cant 
decrease in bacterial survival compared to the 
control group (Ctrl), with a p-value < 0.05. Free 
OTf and free SMZ treatments exhibited a statis-
tically signifi cant moderate reduction in bacte-
rial survival compared to the control group (Ctrl), 
with a p-value < 0.05. These results confi rm that 
the OTf(SMZ)-gNP and OTf-gNP treatments 
are signifi cantly more effective than the other 
treatments, with a notable difference in effi cacy 
against E. coli, where the addition of SMZ in the 
OTf(SMZ)-gNP conjugate provides a signifi cantly 
enhanced effect. The higher susceptibility of S. 
aureus to OTf-gNP compared to E. coli is a key 
fi nding, possibly due to the presence of transfer-
rin receptors on the S. aureus surface.

To evaluate the effect of nanoparticle formu-
lations on infected HCT-116 cells, cell viability 
was determined using the CellTiter Blue assay. 
As shown in Figures 8B and 9B, OTf, SMZ, and 
their conjugate OTf(SMZ) exhibited negligible to 
weak inhibition of HCT-116 cell growth, while gNP, 
OTf-gNP and OTf(SMZ)-gNP showed moderate 
growth inhibition of HCT-116 cells. After treat-
ing for 2 hr with S. aureus-infected HCT-116, the 
growth inhibitory rates of OTf, SMZ, OTf(SMZ), 
gNP, OTf-gNP and OTf(SMZ)-gNP were 93.1%, 
96.9%, 95.6%, 89.9%, 88.8% and 86.1%, respec-
tively. Post-hoc analysis using Tukey's HSD test 
revealed several statistically signifi cant dif-
ferences in growth inhibition rates of HCT-116 
cells. Specifi cally, the nanoparticle formula-
tions, gNP (p = 0.012), OTf-gNP (p = 0.008), and 
OTf(SMZ)-gNP (p = 0.003), showed signifi cantly 
lower growth inhibitory rates compared to the 
non-nanoparticle formulations OTf, SMZ, and 
OTf(SMZ). There were no statistically signifi cant 

differences found among the nanoparticle for-
mulations themselves or among the non-nano-
particle formulations. After treating HCT-116 cells 
infected with E. coli for 2 hours, the growth inhibi-
tory rates of OTf, SMZ, OTf(SMZ), gNP, OTf-gNP, 
and OTf(SMZ)-gNP were 96.2%, 99.9%, 98.9%, 
92.7%, 90.5%, and 91.3%, respectively. A Tukey's 
HSD post-hoc test showed a statistically signifi -
cant difference between the nanoparticle formu-
lations and the non-nanoparticle formulations. 
Specifi cally, the growth inhibition rates of gNP (p 
< 0.001), OTf-gNP (p < 0.001), and OTf(SMZ)-gNP 
(p < 0.001) were signifi cantly lower than those of 
OTf, SMZ, and OTf(SMZ). These results suggest 
that while all tested formulations exhibit some 
level of growth inhibition, the nanoparticle-based 
formulations are consistently less effective at 
inhibiting cell growth in both S. aureus- and E. 
coli-infected HCT-116 cells.

Discussion

In this study, we prepared gold nanoparticles 
(gNPs) capped with the OTf molecule alone 
(OTf-gNP) or OTf preloaded with the water-insol-
uble antibiotic SMZ [OTf(SMZ)-gNP] as a potent 
antimicrobial formula. The gNPs were synthe-
sised by the redox method using citrate as an 
environmentally friendly reducing agent. The OTf 
molecule was adsorbed onto the gNPs, increas-
ing the diameter of gNPs from 15.72 nm to 19.32 
nm with OTf and to 19.76 nm with SMZ-OTf con-
jugate. Both the OTf(SMZ)-gNP and OTf-gNP gold 
nanoparticles demonstrated potent antimicrobial 
activity against various bacterial isolates at low 
doses. At a dose of 180 μg/mL, OTf(SMZ)-gNP 
caused 2.43-log, 5.19-log, 3.30-log, 6.03-log and 
4.98-log reduction of S. epidermidis, S. aureus, 
S. zooepidermicus, E. coli and Salmonella enter-
itidis, respectively. On the other hand, OTf-gNP at 
the same dose caused 2.06-log, 2.37-log, 1.31-
log, 1.56-log and 4.08-log reduction of S. epider-
midis, S. aureus, S. zooepidermicus, E. coli and 
Salmonella enteritidis, respectively. OTf(SMZ)-
gNP exhibited more potent antimicrobial activity 
than OTf-gNP, particularly against the skin path-
ogens S. epidermidis, S. aureus, C. minutissi-
mum and the fungus C. albicans. OTf(SMZ)-gNP 
caused 9.56-log, 8.09-log, and 4.69-log reduction 
at 180 μg/mL of the skin pathogens C. minutis-
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simum, P. acnes and C. albicans, respectively. At 
the same time, OTf-gNP at the same dose caused 
5.26-log, 8.09-log and 2.35-log reduction of C. 
minutissimum, P. acnes and C. albicans, respec-
tively. The differences in antibacterial action 
between OTf(SMZ)-gNP and OTf-gNP are related 
to the intrinsic properties of gNPs or the nature of 
the cell membrane and biomolecules within the 
microorganism [18]. 

The gNPs serve as carriers for the antibacte-
rial OTf, resulting in signifi cantly stronger antimi-
crobial effects when OTf is loaded with the anti-
biotic SMZ. Notably, the formulated nanoparticles 
exhibited excellent activity against drug-resistant 
Salmonella. Both Escherichia coli K-12 and Sal-
monella enteritidis are known to possess outer 
membrane components such as TolC involved 
in the AcrAB-TolC multidrug resistance channel 
[19,20]. TolC is involved in the export of sidero-
phores, components with a high affi nity for iron 
[21,22], and has been reported to be activated 
when contacted with transferrin [23,24]. There-
fore, we. Conducted tests to determine whether 
TolC plays a role in the bactericidal activity of 
OTf-capped nanoparticles. Both OTf(SMZ)-gNP 
and OTf-gNP caused complete inhibition (96% 
inhibition) of the drug-resistant wild-type Sal-
monella. Interestingly, OTf(SMZ)-gNP exhibited 
the same growth inhibitory effi cacy (96% inhibi-
tion), but OTf-gNP showed signifi cantly reduced 
inhibitory (36% inhibition) of the tolC-deleted Sal-
monella mutant (∆tolC). These results align with 
a previously reported study on the mechanism 
of NPs affecting antibiotic resistance [25]. It has 
been revealed that NPs can be densely packed on 
the outer membrane, and some of them penetrate 
and kill bacterial cells, where the effects depend 
on the size of the NPs and the nature of the mole-
cules at the surface of the bacterial cell [10]. Con-
ceivably, the gold nano-formulation concentrated 
SMZ on the bacterial cell wall by passing the drug 
efflux pump (TolC) through passive delivery. The 
OTf on the surface of OTf-gNP interacted multiva-
lently with the bacterial surface receptors, there-
by inducing bacterial growth inhibitory action. 
Particularly, gNPs are known to enhance the per-
meability of bacterial cell membranes [8,10,11,26]. 
According to a study on Gram-negative bacteria, 
nanoparticles effectively eliminate multidrug-re-
sistant isolates, and their action is mediated by 
the TolC efflux pump 23, [19,23,27]. This conclu-

sion is supported by the observation that gNP 
alone exhibited signifi cantly weaker antibacte-
rial activity than the OTf(SMZ)-gNP and OTf-gNP 
nano-formulations. The superior antibacterial 
activities of OTf(SMZ)-gNP and OTf-gNP against 
S. aureus and skin pathogens C. minutissimum 
and P. acne could contribute to the treatment of 
skin wound healing. 

Interestingly, both OTf(SMZ)-gNP and 
OTf-gNP exhibited excellent antimicrobial activ-
ity against the yeast/fungal C. albicans. Nota-
bly, the OTf(SMZ)-gNP demonstrated a more 
potent effect at considerably lower doses, indi-
cating the contribution of SMZ loaded in the for-
mulation. A recent study on the mechanisms of 
gNPs against Candida demonstrated that gNPs 
can interact with the H+-ATPase-mediated pro-
ton pump, thereby disrupting the proton gradient 
and resulting in yeast/fungal cell death [9]. We 
previously demonstrated that OTf modulates the 
proton pump when expressed in the yeast Pichia 
[28]. Additionally, its N-terminal derived pep-
tide can dissipate the microbial transmembrane 
electrochemical potential [29], thus disturbing 
the proton gradient. Hence, the effective activ-
ity of OTf(SMZ)-gNP against C. albicans is due 
to the disturbance of the membrane gradient by 
OTf and the known ability of gNPs to interact with 
the H+-ATPase-mediated proton pump [9], there-
by propagating the effect of SMZ. Our results, 
therefore, boosted the candidacy of OTf-gNP as 
a potent antimicrobial agent and OTf(SMZ)-gNP 
as a promising antibiotic-targeting carrier for 
treating skin infections and yeast/fungal Can-
didiasis. 

Apart from the above antimicrobial activities, 
both OTf(SMZ)-gNP and OTf-gNP demonstrated 
signifi cant antibacterial effects on the drug-re-
sistant wild-type Salmonella enterica carrying 
the tolC resistance gene. The TolC is an outer 
membrane component of the AcrAB-TolC multi-
drug resistance channel, involved in siderophore 
export, thus allowing Salmonella to survive in 
iron-restricted and antibiotic environments 
[21,22]. An in-depth study has shown that the 
tolC promoter is activated upon contact with 
transferrin [19]. The sensitivity of wild-type Sal-
monella to OTf-gNP, while ∆tolC Salmonella was 
resistant, suggests that OTf acts as a modula-
tor of the AcrAB-TolC efflux pump, which dis-
rupts the growth of wild-type Salmonella [30]. 
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In contrast, the intense antimicrobial action of 
OTf(SMZ)-gNP against both wild-type and ∆tolC 
Salmonella indicates that its effect is independ-
ent of the TolC channel, likely occurring through 
multi-mobility diffusion into the cell membrane 
[8,11]. However, the mechanism remains to be 
further confi rmed.

We have explored the effi ciency of OTf-gNP 
as a drug carrier to facilitate the delivery of the 
water-insoluble antibiotic SMZ into HCT-116 
cells intracellularly infected with S. aureus or 
E. coli. The nano-formulations OTf(SMZ)-gNP 
and OTf-gNP potently caused the death of both 
intracellular bacterial strains, whereas the bacte-
ria were poorly sensitive to pure gNP and weak-
ly susceptible to free OTf or SMZ. In our recent 
work, we demonstrated the effective binding and 
internalisation of OTf into HCT-116 cells through 
transferrin receptor (TfR)-mediated uptake [5]. 
The higher susceptibility of intracellular S. aureus 
to OTf-gNP compared to E. coli may be due to the 
unique presence of transferrin receptor (TfR) on 
the peptidoglycan surface of S. aureus [31,32]. 
The signifi cant reduction in both intracellular 
bacteria observed after exposure to OTf(SMZ)-
gNP and OTf-gNP compared to OTf or SMZ sug-
gests the roles of TfR-mediated uptake and direct 
diffusion. This mechanism facilitated the deliv-
ery and enhanced accumulation of the antibiotic 
(SMZ) or the gold nanoparticles in the cytosol of 
infected cells.

The present study thus demonstrates a nov-
el approach for utilising an abundant egg pro-
tein, OTf, as a drug-targeting molecule through 
TfR-mediated endocytosis, achieving higher effi -
cacy and minimal toxicity, thereby intervening in 
intracellular bacterial infections.

Conclusions

In this study, the synthesis of sulfamethoxazole 
(SMZ)-loaded ovotransferrin (OTf) gold nano-
particles [OTf(SMZ)-gNP] has been established 
via exploiting the reducing power of citrate. The 
OTf(SMZ)-gNP nanoparticles were irregularly 
shaped, with a quasi-spherical morphology with-
in the nano-size range. Loading SMZ onto the 
OTf molecule and then capping the gNP signifi -
cantly enhanced its antibacterial potency against 
both Gram-positive and Gram-negative bacteria, 

as well as the fungal C. albicans at much lower 
doses than the pure individual components, SMZ, 
OTf or gNPs. This nano-formulation demonstrat-
ed a remarkable antibacterial effi cacy against 
drug-resistant Salmonella and enabled the deliv-
ery of OTf(SMZ) through TfR-mediated endocy-
tosis into the intracellular milieu of infected cells. 
These results pave the way for the development 
of other gNP-based antibiotic formulations to 
combat the rising problem of drug resistance. 
Although gNPs are nontoxic [26], further in vivo 
studies are needed to examine the bioavailability, 
toxicity, and kinetics of OTf(SMZ)-gNP, which are 
necessary to assess its clinical applicability., 
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