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Improving the aqueous solubility and antibacterial
activity of triclosan using re-dispersible emulsion
powder stabilized with gold nanoparticlesy

Arathy J. Nair®® and Dakrong Pissuwan {2 *a°

Triclosan (TCS) is used as an antibacterial agent in various products. One of the major issues associated with
TCS is its limited solubility in aqueous media, which can reduce its effectiveness against bacteria. In this
study, we enhanced the aqueous solubility and antibacterial activity of TCS by using a re-dispersible
emulsion powder stabilized with gold nanoparticles (GNPs). The developed formulation (TCS/PEG-B/
GNPs) demonstrated the ability to dissolve in aqueous media and provided good stability. An
antibacterial investigation was conducted using drug-resistant bacterial strains, Escherichia coli (E. coli)
BAA-1161 and methicillin-resistant Staphylococcus aureus (MRSA), as model bacteria. The results showed
that TCS/PEG-B/GNPs had the highest antibacterial activity. The MRSA strain demonstrated greater
susceptibility to TCS (both TCS alone and TCS in the formulation) than E. coli BAA-1161. The cytotoxicity
assay was also conducted in THP-1 cells and it was found that the viability of THP-1 cells treated with
a 5x dilution of TCS/PEG-B/GNPs was higher than 80%. Altogether, our study proposes a novel
approach to overcome the solubility concerns of TCS. These results demonstrated an increase in TCS's
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1. Introduction

Over the years, the pharmaceutical industry has grown expo-
nentially. However, the poor aqueous solubility of newly
discovered hydrophobic drugs poses an important obstacle at
the formulation stage, which restricts their potential applica-
tions. Aqueous solubility is a critical factor for the absorption of
a drug in the gastrointestinal (GI) lumen.* Despite the fact that
hydrophobic drugs have a high potential for treating specific
diseases, their solubility, administration, and bioavailability
restrictions may compromise both their efficacy and safety.
Consequently, there is a need to improve formulations to
enhance their solubility and bioavailability.

Triclosan (TCS; C;,H,Cl30,) is a diphenyl ether with
a molecular weight of 289.5 g mol . It is also known as 5-
chloro-2-(2,4-dichlorophenoxy)phenol or 2,4,4'-trichloro-2'-
hydroxydiphenyl ether and is widely used in countless personal
care products, including antibacterial creams, detergents,
soaps, skin cleansers, deodorants, lotions, creams, and tooth-
pastes.> It has broad-spectrum antimicrobial activity against
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solubility and efficacy, which holds great promise for future applications.

both Gram-positive and Gram-negative bacteria, as well as some
molds and yeasts. Unfortunately, owing to TCS's poor solubility
in aqueous solutions, laboratory experiments using high TCS
concentrations under specific conditions are hindered.?

An emulsion-forming technique has been used to effectively
enhance the bioavailability of hydrophobic drugs that have
limited solubility. The droplet size of emulsion droplets can be
categorized into three types: nanoemulsion, microemulsion,
and macroemulsion droplets. The size of nanoemulsion drop-
lets is commonly in the range of 1-100 nm.* Whereas, the
droplet size of microemulsion is ~100-400 nm.* The macro-
emulsion droplet size is larger than 400 nm. Using this tech-
nique, two major phases, water and oil phases, are prepared.
Common systems of emulsion water-in-oil (W/O), oil-in-water
(O/W), and complex systems.® Surfactants are normally used
in emulsion systems as emulsifiers to reduce interfacial
tension.’ In addition, the surfactant molecules surrounding the
interfacial site can increase drug stability by shielding the drug
from oxidation, hydrolysis, and degradation.” However, surfac-
tants easily detach from the interface between oil and water,
resulting in emulsion instability.® To solve this problem, a lot of
researches have shown that the use of nanoparticles into the
emulsion system can improve emulsion stability.**® Poly-
ethylene glycol (PEG) is widely used to anchor hydrophobic
polymers or hydrophobic drugs.”** It can also act as an emul-
sifier in single- or double-emulsion systems. PEG, which is
located in the water phase, is more involved in the morphology
of the emulsion than in the oil phase.* In addition to PEG and
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nanoparticles, proteins have also been used in emulsions to act
as emulsifiers and also increase the stability of emulsion systems.>

In this study, we used an emulsion approach to enhance the
solubility and bioavailability of TCS. Gold nanoparticles (GNPs)
were applied to an emulsion system to increase their stability.
GNPs with a size of ~4 nm were applied in the water phase
together with PEG and protein (bovine serum albumin, BSA).
The oil phase contained TCS. After homogenization and freeze-
drying, the resulting formulation, known as TCS/PEG-B/GNPs,
was suspended in an aqueous medium. This preparation was
then evaluated for its efficacy in eliminating two antibiotic-
resistant bacterial strains: Escherichia coli (E. coli) BAA-1161
and methicillin-resistant Staphylococcus aureus (MRSA), in
comparison with the original TCS dissolved in an aqueous
medium.

Cytotoxicity tests of TCS/PEG-B/GNPs were also performed in
blood monocyte THP-1 cells. Our technique here can be useful
for enhancing water solubility and bioavailability of poorly water-
soluble drugs.* The overall work is illustrated in Scheme 1.

2. Experimental section
2.1. Synthesis of GNPs

The synthesis was modified from the protocol described in
previous work published in ref. 16. GNPs with a size of ~4 nm
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were synthesized by mixing 9.6 mL of a 0.2% gold chloride
(HAuCl,) solution with 230.4 mL of Milli-Q water together. The
mixture was stirred for 3 min at room temperature. Subse-
quently, 13.8 mg of trisodium citrate powder (Naz;CeH;0,) was
added into the already prepared solution of gold chloride. After
the tri-sodium citrate was fully dissolved, 5 mL of cold 0.1 M
sodium borohydride (NaBH,) dissolved in Milli-Q water was
added and continuously stirred for another 8 h. Finally, the
color of the mixture transitioned from a pale yellow to a deep
orange, which indicated the formation of GNPs. To obtain
reproducibility and consistency of experiments, GNPs used in
the preparation of all formulations in the next steps were set to
have an ODs,¢ nm Of 1.0.

2.2. Preparation of TCS formulation

An emulsion approach was used to enhance the solubility of
TCS in aqueous media. Two distinct phases, comprising a water
phase and an oil phase were prepared. The first formulation was
prepared by mixing 2 mL of 2% PEG (MW ~ 2000 Da, NOF Co.,
Ltd, Japan) dissolved in Milli-Q water, 500 pL of 2 mg mL ™' BSA
(dissolved in Milli-Q water), and 500 pL of Milli-Q water. This
mixture was used as the aqueous phase. An oil phase was
prepared by dissolving TCS in dichloromethane to obtain TCS at
a concentration of 0.5 mg mL ™" (w/v). Thereafter, 1 mL of 0.5 mg
mL™' TCS was slowly transferred into the water phase.
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Scheme 1 Schematic representation of the overall work.
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Subsequently, the mixture of both phases was homogenized at
20500 rpm for 5 min to form the emulsion. After homogeni-
zation, the emulsions were frozen in liquid nitrogen for 20 min
and lyophilized by freeze-drying for 24 h. This process removed
the solvent from the lyophilized sample. The powder of the first
formulation obtained after lyophilization is called the TCS/PEG
formulation. The second formulation contained 2 mL of 2%
PEG, 500 uL of 2 mg mL ™" BSA, and 500 uL of 3 nm GNPs as the
water phase. The oil phase was the same as that used in the first
formulation. The emulsion was homogenized, frozen, and
lyophilized to obtain the final powder called TCS/PEG-B/GNPs.
The water phases of the third and fourth formulations were
prepared in the same manner as those of the first and second
formulations, respectively. However, the oil phase contained
dichloromethane only. Dichloromethane (1 mL) was gently
added to the aqueous phase and homogenized to form an
emulsion. After homogenization, the same procedure was per-
formed as described previously. Finally, the obtained powders
were named PEG-B and PEG-B/GNPs, respectively. All freeze-
dried formulations were dissolved in 3 mL phosphate buffer
saline (PBS) before use in further experiments. The developed
formulations are listed in Table 1.

Notably, based on the calculation, the concentration of TCS
in each formulation was ~0.17 mg mL .

2.3. Characterization of GNPs and formulations

The light absorption spectra of the GNPs and formulations were
measured using a UV-vis spectrophotometer in the range of
400-1000 nm (for GNPs) and 200-1000 nm (for formulations).
The size, shape, and distribution of GNPs, as well as the
structure of all formulations were investigated using trans-
mission electron microscopy (TEM). The preparation of the
samples followed a method consistent with that described in
a previous study.'” The samples were dropped on a copper grid-
coated Formvar and then excess liquid was removed using
a sharp edge of the filter paper. The samples were stored in
a silica gel box until they were ready for TEM observation (JEOL,
JEM-1400, Tokyo, Japan). The zeta potential values and poly-
dispersity indices (PDIs) were measured using a Zetasizer dynamic
light scattering (DLS) instrument (Malvern Panalytical, Malvern,
UK). Energy dispersive X-ray spectroscopy (EDS) equipped with

Table 1 Summary of sample preparation

Sample  Water phase Oil phase (1 mL)

1 2% PEG 2 mL 0.05% TCS in dichloromethane
2 mg mL ™' BSA 500 pL
Milli-Q water 500 pL

2 2% PEG 2 mL
2 mg mL ™" BSA 500 pL
GNPs 500 pL

3 2% PEG 2 mL
2 mg mL ™' BSA 500 pL
Milli-Q water 500 pL

4 2% PEG 2 mL
2 mg mL ™" BSA 500 pL
GNPs 500 pL

0.05% TCS in dichloromethane

Dichloromethane

Dichloromethane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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field emission scanning electron microscope (FESEM) was also
used to confirm the presence of GNPs in the formulation.

2.4. Investigation of antibacterial activity

In this study, the bacterium Escherichia coli (E. coli; ATCC BAA-
1161) that exhibited resistance to multiple drugs was used as
a model bacterium. E. coli BAA-1161 bacteria were cultured in
nutrient broth (NB) and incubated at 37 °C for 24 h. After
incubation, the starting concentration of the bacteria was
controlled by adjusting the optical density of the bacterial
suspension at 600 nm (ODgoo nm) to 0.5. Thereafter, the bacterial
suspension was serially diluted in normal saline (0.85% Nacl).
Next, the diluted bacterial suspension (500 pL) was mixed with
500 pL of each formulation (TCS/PEG-B, TCS/PEG-B/GNPs, PEG-
B, and PEG-B/GNPs). The control sample was prepared by
replacing 500 pL of the formulation with PBS. Then, 100 uL of
the bacterial suspension from each test was spread on nutrient
agar (NA) plates. The plates were incubated at 37 °C for 24 h and
the number of bacterial colonies was counted after incubation.
The CFU mL ™" of bacteria was calculated using the following
equation published in ref. 18. MRSA was also prepared using the
same process as that used for E. coli BAA-1161.

(number of bacteria x dilution factor)

CFUmL™ =
m plated volume (mL)

An investigation of antibacterial activity of original TCS at
a concentration of ~0.17 mg mL ™" (dissolved in PBS) was also
performed to compare with TCS/PEG-B and TCS/PEG-B/GNPs
formulations using the same procedure. The investigation of
the antibacterial activity of different concentrations of TCS/
PEG-B and TCS/PEG-B/GNPs was also included. Minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were determined. Additional details are
provided in the ESLf

2.5. Investigation on interaction between bacteria and
formulation by transmission electron microscope (TEM)

TEM was used to explore the interactions between the bacteria
and different formulations. The bacterial suspension was
prepared by culturing the bacteria in NB. The bacteria were
incubated at 37 °C in a bacterial incubator for 24 h. The
bacterial suspension was adjusted to an ODgog nm Of 0.5. The
sample was prepared by mixing TCS/PEG-B/GNPs or TCS/PEG-B
(500 uL; no dilution and 5x dilution) with 500 pL of bacterial
suspension (ODggo nm = 0.5). After mixing, the samples were
centrifuged at 3381 x g for 5 min. The supernatant was removed
thoroughly and the pellet was dispersed in 500 uL Milli-Q water.
Following this, the dispersed solution was centrifuged again
under the same condition as mentioned previously. After
centrifugation, 10 pL of the resulting pellet was carefully
dropped onto a copper grid coated with Formvar. The excess
liquid was then removed using filter paper. The grid was then
rinsed with 5 pL of Milli-Q water, followed by removal of surplus
Milli-Q water with filter paper. The grid was finally dried in
a silica gel box for TEM observation.
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2.6. Determination of cytotoxicity

THP-1 monocytes were cultured in RPMI medium containing
10% fetal bovine serum (FBS) and 1% antibiotics (penicillin-
streptomycin). The cells were maintained at 37 °C in a cell
incubator and constantly monitored. The cytotoxicity test was
slightly modified from that in a previous work.** The number of
cells was set at 1 x 10° cells per well (50 uL) in a 96 well plate. To
test the formulations, different concentrations of the test
samples (TCS/PEG-B and TCS/PEG-B/GNPs) at a volume of 50 pL
were added to THP-1 cells. THP-1 cells treated with PBS were
used as a control sample in this study. The cells and formula-
tions were incubated for 24 h at 37 °C in a cell incubator. After
incubation for 24 h, the CellTiter-Glo assay (Promega, Wiscon-
sin, USA) was used for assessing cell viability, following the
manufacturer's protocol. Finally, the luminescence signals of
the samples were measured using a microplate reader (TECAN,
TECAN Spark™ 10M, Ménnedorf, Switzerland).

2.7. Statistical analysis

The experimental results are expressed as mean values with
standard errors. GraphPad Prism software (version 9.0) was
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ANOVA and Tukey-Kramer tests were applied, with a threshold
of P = 0.05.

3. Results and discussion

3.1. Characterization of GNPs

The size and morphology of synthesized GNPs were character-
ized by TEM. As shown in Fig. 1a, the plasmon resonance peak
of GNPs was at ~510 nm. The shape of GNPs was spherical with
an average size of 4.00 £+ 0.08 nm (Fig. 1b). The zeta potential
value of the GNPs was —41.80 £ 0.51 mV with a PDI value of 0.31
£ 0.18 mV. According to our synthetic approach, trisodium
citrate was used as a stabilizing agent and sodium borohydride
was used as a strong reducing agent;* therefore, a negative zeta
potential was detected.

3.2. Characterization of different TCS formulations

After freeze-drying, all TCS formulations were dissolved in 3 mL
PBS before characterization. The absorption spectra of the
PEG-B formulation displayed characteristic peaks at ~214 and
~282 nm (Fig. 2a). The maximum light absorption of the first
absorption peak is from the peptide backbone conformation®

used for statistical analysis. To assess statistical significance, and the second weak absorption peak is from the
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Fig. 1 (a) Absorption spectrum of ~4 nm GNPs and (b) TEM image of synthesized GNPs.
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Fig.2 (a) Absorption spectra of PEG-B, PEG-B/GNPs, TCS/PEG-B/GNPs, and TCS/PEG-B and (b) the absorption spectra of the same samples at

wavelengths ranging from 300-600 nm. The peaks of GNPs appear in PEG-B/GNPs and TCS/PEG-B/GNPs.
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200 nm g 500 nm

Fig. 3 TEM images of (a) PEG-B, (b) PEG-B/GNPs, (c) TCS/PEG-B, and (d) TCS/PEG-B/GNPs.

E. coli BAA-1161

TCS/PEG-B

Fig. 4 Images of bacterial colonies of E. coli BAA-1161 and MRSA forming on NA. (a and f) Non-treated bacteria, bacteria treated with (b and g)
TCS/PEG-B/GNPs, (c and h) TCS/PEG-B, (d and i) PEG-B/GNPs, and (e and j) PEG-B. The concentrations of E. coli BAA-1161 and MRSA were ~1.5
x 10° CFU mL™ and ~1.7 x 10° CFU mL™%, respectively.
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microenvironment around the aromatic rings of the amino acid
of BSA.”* The first absorption peak of the TCS/PEG-B formula-
tion was red-shifted from 214 nm (PEG-B) to 220 nm (TCS/PEG-
B). This red shift indicates an association between TCS and BSA.
It was reported that the binding between TCS and BSA could
occur through hydrogen bonds between the oxygen atoms of
TCS and the amino residues of BSA.>® Furthermore, a hydro-
phobic interaction between the benzene rings of TCS and the
aromatic side chains of BSA was reported.”® A second sharp
peak at ~282 nm was detected in the TCS/PEG-B formulation.
When GNPs were added to the formulation (TCS/PEG-B/GNPs),
the first peak was detected at 219 nm and the second sharp peak
at 282 nm was also detected. In contrast, in the absence of TCS,
the second peak at 282 nm was very broad and low absorbance
was observed for PEG-B. The second peak of the PEG-B/GNPs
was observed at ~276 nm. This could be due to the interac-
tion between GNPs and BSA molecules. It is obvious that the
formulations without TCS showed lower absorption in both
peaks than those with TCS. Furthermore, their second peaks
were broad compared to those of formulations containing TCS.
Our findings are similar to those reported by Gu et al.>* Broad
absorption peaks of GNPs at ~520 nm were detected in the PEG-
B/GNPs and TCS/PEG-B/GNPs formulations (Fig. 2b). The
change in the GNP's absorption peaks observed in the PEG-B/
GNPs and TCS/PEG-B/GNPs formulations were attributed to
two factors: the refractive index of the surrounding medium
present in the formulation and the incorporation of GNPs into
these formulations. It has been reported that refractive index of
the surrounding environment significantly affects the surface
plasmon resonance exhibited by metal nanoparticles.*
However, this peak was not observed for the PEG-B and TCS/
PEG-B formulations. These results indicate that GNPs were
associated with the components of the formulations.

The morphologies of all formulations (PEG-B, PEG-B/GNPs,
TCS/PEG-B, and TCS/PEG-B/GNPs) were observed using TEM.
As expected there was no formation of a structural particle
droplet morphology in PEG-B (Fig. 3a). Similar to PEG-B, certain
particle droplet morphology did not appear in PEG-B/GNPs.
However, GNPs appeared to be randomly distributed in the
PEG (Fig. 3b). Non-structured emulsion particles were detected
in TCS/PEG-B (Fig. 3c). Spherical oil droplets covered with GNPs
were observed in TCS/PEG-B/GNPs (Fig. 3d) after freeze-drying
and re-dispersion process in aqueous media (PBS). The
similar finding was also reported by Shaheen and Capron.>® The
average size of TCS/PEG-B/GNPs is ~210.94 + 14.90 nm.

The formulations prepared in this study were O/W emul-
sions containing PEG and BSA as the emulsifiers. The BSA was
included in the formulation to maintain the emulsion stability.
It was reported that the protein is able to facilitate and stabilize
the emulsion, especially in polyelectrolyte aqueous media.>” The
GNPs were also added to the formulation because it was re-
ported that the use of nanoparticles in the emulsion system can
help increase stability of the emulsion.*® The GNPs could resist
a change of physicochemical properties of the emulsion. After
one month, flocculation was observed at the bottom of the
bottle containing TCS/PEG-B dispersed in PBS. However, the

1426 | Nanoscale Adv., 2025, 7, 1421-1431
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flocculation did not appear in TCS/PEG-B/GNPs. This indicates
that TCS/PEG-B/GNPs was more stable than TCS/PEG-B.

The zeta potential values of PEG-B, PEG-B/GNPs, TCS/PEG-B,
and TCS/PEG-B/GNPs were —16.47 + 0.99, —16.19 + 0.45,
—17.64 + 0.28, and —17.69 + 0.76 mV, respectively. All formu-
lations were negatively charged. The PDI values of PEG-B, PEG-
B/GNPs, TCS/PEG-B, and TCS/PEG-B/GNPs were 0.59 + 0.04,
0.51 £ 0.01, 0.52 + 0.04, and 0.58 £ 0.01 respectively. The PDI
values can reflect the size distribution of particles.” It was re-
ported that the PDI values > 0.5 indicate the formation of
polydisperse particles.** According to TEM images, it revealed
that the particles in each formulation had non-uniform sizes.

3.3. Bacterial destruction of designed formulations

The initial screening of the effect of PEG-B, PEG-B/GNPs, TCS/
PEG-B, and TCS/PEG-B/GNPs on E. coli BAA-1161 (~1.5 x 10°
CFU mL™ ") and MRSA destruction (~1.7 x 10°> CFU mL ") was
performed. It was found that the formulation without TCS had
a similar number of bacteria as non-treated bacteria (Fig. 4). In
contrast, the formulations containing TCS (TCS/PEG-B and

a
120
4 _* == TCS/PEG-B/GNPs
= 100~ = TCSIPEGB ¥
=
=S 80 *
>
=
= 60— |_I
2
9
g 40 %
P
2 20—
£ F
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Control TCS 5X 10X 20X
b Concentration
§ 120 *
== TCS/PEG-B/GNP:
£ 100 s
E == TCS/PEG-B
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S
=
£ 60+ #
2
<9
< 404
=
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3
3 11
Control TCS 5X 10X 20X
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Fig. 5 Viability of (a) E. coli BAA-1161 and (b) MRSA after treatment
with TCS/PEG-B and TCS/PEG-B/GNPs at different concentrations
and TCS. In (a), * indicates a significant difference in the viability of E.
coli BAA-1161 between TCS/PEG-B/GNPs and TCS/PEG-B at
concentrations of 5x, 10x, and 20x dilutions. ¥ indicates a significant
difference in the viability of E. coli BAA-1161 compared to E. coli BAA-
1161 treated with TCS/PEG-B/GNPs and TCS/PEG-B (p < 0.05; n = 6).
In (b), * indicates a significant difference in the viability of MRSA
between TCS/PEG-B/GNPs and TCS/PEG-B at a concentration of 20x
dilution and between control MRSA and MRSA treated with TCS. #
indicates a significant difference in the viability of MRSA compared to
bacteria treated with TCS/PEG-B/GNPs and TCS/PEG-B (p < 0.05; n =
4).
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TCS/PEG-B/GNPs; concentration of TCS in each formulation
based on the calculation was ~0.17 mg mL ") were effective in
eliminating E. coli BAA-1161 and MRSA.

In the next step, we evaluated the viability of E. coli BAA-1161
bacteria after exposure to TCS/PEG-B and TCS/PEG-B/GNPs at
different concentrations by diluting the original concentrations
(containing TCS ~ 0.17 mg mL ') to 5x, 10x, and 20x dilu-
tions. As shown in Fig. 5, the lowest bacterial viability was
observed in the 5x dilution of TCS/PEG-B/GNPs (~4.6 + 0.83%)
treatment. The bacterial viability after treating with the 5x
dilution of TCS/PEG-B was ~14.88 =+ 3.37%. As expected,
a higher dilution had a lower effect on E. coli BAA-1161
destruction. The viabilities of E. coli BAA-1161 bacteria treated
with 10x and 20x dilutions of TCS/PEG-B were ~60.10 + 2.45%
and 78.39 £ 2.10%, respectively. In the case of TCS/PEG-B/
GNPs, the viabilities of E. coli BAA-1161 bacteria were ~31.67
=+ 2.88% (for 10x dilution) and ~66.09 + 1.44% (for 20x dilu-
tion). The findings from the studies on antibacterial properties

E. coli BAA-1161

1pm
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demonstrated that TCS in the formulations preserved its potent
antibacterial capabilities effectively. At the same concentration
of TCS, TCS/PEG-B/GNPs were more efficient at destroying E.
coli BAA-1161 bacteria than TCS/PEG-B (Fig. 5). This indicated
that GNPs enhanced the antibacterial activities of TCS in the
formulation, which were effective against the drug-resistant
bacterial strain E. coli BAA-1161. We also investigated the
effect of TCS (at the same concentration used in the formula-
tion, ~0.17 mg mL™") dissolved in PBS on E. coli BAA-1161
bacterial destruction and found that the viability of bacteria
was high (95.36 + 1.12%, Fig. 5a).

As shown in Fig. 5b, when MRSA bacteria were treated with
TCS/PEG-B/GNPs or TCS/PEG-B at 5x dilution, no growth of
MRSA bacteria were observed. The MRSA viability of ~0.25 £+
0.12% was observed after treating with TCS/PEG-B at 10X
dilution. However, there was no MRSA growth after treating
with TCS/PEG-B/GNPs at the same concentration. At 20x dilu-
tion, MRSA viabilities after treating with TCS/PEG-B/GNPs and
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500 nm 200 nm

Fig.6 TEM images of E. coli BAA-1161 and MRSA bacteria after treatment with TCS/PEG-B/GNPs at concentrations of (a and e) 5x dilution and (b
and f) non-diluted TCS/PEG-B/GNPs, respectively. TEM images of E. coli BAA-1161 and MRSA bacteria after treatment with TCS/PEG-B at
concentrations of (c and g) 5x dilution and (d and h) non-diluted TCS/PEG-B, respectively. Higher magnification images of E. coli BAA-1161 and
MRSA bacteria treated with non-diluted TCS/PEG-B/GNPs and TCS/PEG-B are indicated by blue arrows. Spherical black particles appearing in (a,

b, e and f) (red arrows) indicate GNPs.
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TCS/PEG-B were ~0.21 £ 0.11 and ~11.96 + 0.48%, respectively.
When the same amount of TCS used in the prepared formula-
tions was dissolved in PBS, the MRSA viability was ~70.33 £+
2.41%. Similar to E. coli BAA-1161, TCS/PEG-B/GNPs were the
most effective at destroying MRSA (Fig. 5). Analysis of TCS- and
TCS-containing formulations revealed that MRSA exhibited
greater susceptibility to TCS than E. coli BAA-1161, when tested
against both bacterial strains. The work reported by Huang
et al.** also demonstrated that S. aureus was more susceptible to
TCS contained in composite scaffolds than E. coli. It has been
reported that TCS exhibits potent efficacy in combating Gram-
positive bacteria.*” The structural and membrane differences
between E. coli BAA-1161 and MRSA might influence how TCS-
and TCS-based formulations interact with these bacterial
strains.

A possible reason for the enhanced bacterial destruction by
TCS/PEG-B/GNPs could be a decrease in the diffusion surface
area of emulsion droplets,* resulting in the slow release of TCS.
Consequently, this slow release of TCS could further kill
bacteria during the incubation process. According to our find-
ings, preparing a re-dispersible solid (dried TCS/PEG-B/GNPs)
in water enhanced the efficiency of TCS in destroying E. coli
BAA-1161 and MRSA bacteria and the concentration of the
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formulation also affected its ability to combat bacteria. The
original TCS dissolved in PBS had a low efficiency in destroying
both bacterial strains compared to the TCS contained in the
designed formulation. This was due to the low solubility of TCS
in the aqueous media. Our results strongly confirmed that the
designed formulation improved the solubility of TCS. With this
formulation, the amount of TCS required to exhibit effective
antibacterial activity was also reduced, resulting in a lower risk
of overuse of TCS, which can later enhance resistance in further
bacterial strains. Furthermore, it can help reduce the amount of
TCS distributed in the environment. We also determined the
MIC and MBC. The results were in the same direction as those
of the plate count agar approach (ESIT).

3.4. TEM images of E. coli BAA-1161 and MRSA bacteria
treated with formulations and energy dispersive X-ray (EDX)
spectra of formulations

We investigated the interaction of TCS/PEG-B/GNPs with the
bacteria. As shown in Fig. 6a and b, the GNPs were detected
around the cell membrane of E. coli BAA-1161 bacteria. A lower
number of GNPs was detected when a low concentration (5x
dilution) of TCS/PEG-B/GNPs was used to treat E. coli BAA-1161

SEM images and EDX spectra of (a) PEG-B, (b) PEG-B/GNPs, (c) TCS/PEG-B, and (d) TCS/PEG-B/GNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bacteria (Fig. 6a). In contrast, a greater number of GNPs was
observed in E. coli BAA-1161 bacteria treated with non-diluted
TCS/PEG-B/GNPs (Fig. 6b). As expected, no GNPs were
observed in bacteria treated with the 5x dilution (Fig. 6¢c and g)
and non-diluted (Fig. 6d and h) TCS/PEG-B. A higher number of
GNPs was also observed in MRSA treated with non-diluted TCS/
PEG-B/GNPs (Fig. 6f) than in MRSA treated with 5x dilution
TCS/PEG-B/GNPs (Fig. 6e).

According to TEM images, membranes of E. coli BAA-1161
and MRSA bacteria treated with TCS/PEG-B and TCS/PEG-B/
GNPs were damaged. Upon treating E. coli BAA-1161 and
MRSA bacteria with TCS/PEG-B/GNPs, it was observed that
GNPs were located on the bacterial membranes and were able to
penetrate through them. This implies that the interaction
between TCS/PEG-B/GNPs and bacteria could enhance bacterial
destruction. Additionally, the presence of GNPs at the interface
may compromise the stability of the lipid bilayer of the bacterial
membrane, potentially resulting in the release of cellular
content and subsequent bacterial death. In addition, we verified
the inclusion of GNPs in the formulation using EDS. The EDX
spectra, as illustrated in Fig. 7b and d, revealed the presence of
the gold element exclusively in PEG-B/GNPs (Fig. 7b) and TCS/
PEG-B/GNPs (Fig. 7d) formulations. In comparison, the PEG-B
and TCS/PEG-B formulations showed no evidence of the gold
element in their respective EDX spectra. These findings also
substantiate that the spherical particles observed in bacteria
treated with TCS/PEG-B/GNPs were certainly GNPs.

3.5. Cell viability of THP-1

Because TCS/PEG-B and TCS/PEG-B/GNPs demonstrated high
efficiency in the destruction of E. coli (BAA-1161) and MRSA, it
was worth investigating whether these formulations caused
cytotoxicity in mammalian cells. Human monocytic THP-1 cells
were used as the model cell in our study. In order to examine the
toxicity of our formulation, we focused on the TCS/PEG-B/GNPs
and TCS/PEG-B at a concentration of 5x dilution. This
concentration was selected because of its ability to destroy E.
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Fig. 8 Viability of THP-1 cells treated with undiluted TCS/PEG-B/
GNPs and TCS/PEG-B and a 5x dilution of TCS/PEG-B/GNPs and TCS/
PEG-B. THP-1 cells without any treatment were used as control cells. *
indicates a significant difference in viability of THP-1 cells compared
with untreated THP-1 cells (control). ** indicates a significant differ-
ence in viability of THP-1 cells between TCS/PEG-B/GNPs and TCS/
PEG-B at a 5x dilution (p < 0.05; n = 11).
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coli BAA-1161 and MRSA. As shown in Fig. 8, the viability of
THP-1 cells was 85.65 + 1.72% after treating with 5x dilution of
TCS/PEG-B/GNPs. As per the guidelines outlined in ISO 10993-5,
percentages of cell viability exceeding 80% are generally regar-
ded as non-cytotoxicity.** When cells were treated with 5x
dilution of TCS/PEG-B, the viability of THP-1 cells was 78.68 +
1.25%, which was significantly lower than that of TCS/PEG-B/
GNPs. This indicates that GNPs not only enhanced antibacte-
rial activity against E. coli BAA-1161 and MRSA but also
decreased toxicity to THP-1 cells. The toxicity reduction of
therapeutic materials prepared using nanoparticles to stabilize
emulsion droplets has been reviewed by Wu and Ma.*® It was
reported that the surface roughness of nanoparticles stabilizing
at the interface between two immiscible liquids could decrease
the uptake of emulsion droplets, ultimately leading to
a decrease in toxicity.** Non-diluted TCS/PEG-B and TCS/PEG-B/
GNPs demonstrated low viabilities of THP-1 cells, which were
13.44 £+ 1.72% and 14.65 £ 0.25%, respectively. Our investiga-
tion also focused on the stability of TCS/PEG-B/GNPs and TCS/
PEG-B. The PDI can effectively serve as an indicator of particle
stability.”® Specifically, when the PDI value exceeds 0.7, it
suggests a significant degree of particle size variation and
stability reduction.”” After PDI measurement, our results
demonstrated that after a storage period of 4 weeks, the stability
of TCS/PEG-B/GNPs (PDI value = 0.64 + 0.06) was superior to
that of TCS/PEG-B (PDI value = 0.88 % 0.06).

4. Conclusions

The re-dispersible solid in water emulsion stabilized with GNPs
increased the solubility of TCS. The proposed technique here
did not use the surfactant; the PEG, BSA, and GNPs were
combined together in the aqueous phase. The other phase
contained TCS dispersed in dichloromethane. After homoge-
nizing the two phases, freeze drying, and dispersing in PBS, the
emulsion droplets were formed (TCS/PEG-B/GNPs) and
provided a potent antibacterial property against drug-resistant
bacteria, E. coli BAA-1161 and MRSA. This confirms that the
prepared formulation can accelerate TCS dissolution. The GNPs
helped improve the stability of emulsion droplets. Furthermore,
the toxicity of TCS was decreased. Further investigation on the
effect of shelf life of TCS/PEG-B/GNPs against drug-resistant
bacteria and release kinetics that can affect toxicity in healthy
cells should be explored in the future. Nevertheless, our inves-
tigation provided useful information of a new approach that can
be used to prepare TCS as a potent antibacterial agent with low
toxicity in various applications.
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