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The widespread utilization of mupirocin to treat methicillin-resistant Staphylococcus aureus (MRSA)-caused in-
fectious diseases has led to the emergence of mupirocin-resistant Staphylococcus aureus (MuRSA), posing a serious
global medical threat. In order to counteract MuRSA, we develop a p-a-tocopherol polyethylene glycol 1000

Ml_'plmcm_ . . succinate (TPGS) modified mupirocin and silver complex (TPGS/Mup-Ag) to combat MuRSA. The surfactivity of
Skin and tissue infection . . . . .
Silver TPGS endows Mup-Ag with a homogeneous and small particle size (~16 nm), which significantly enhances

bacterial internalization. Silver ions are released from the mupirocin-Ag complex (Mup-Ag) to exert a synergistic
antibacterial activity with mupirocin. Results manifest that our strategy reduces the concentration of mupirocin
that induces 50% bacterial death from about 1000 pmol/mL to about 16 pmol/mL. In vitro bacterial infection
model suggests that TPGS/Mup-Ag can not only eliminate both intracellular and inhibit bacterial adhesion, but
also living cells are not affected. Results of in vivo experiments demonstrate that TPGS/Mup-Ag can effectively
inhibit the progression of skin infection and accelerate wound healing, as well as alleviate systemic inflammation
in both the subcutaneous infection model and the wound infection model. Furthermore, this study may contribute
to the development of therapeutic agents for antibiotic-resistant bacteria and offer ideas for silver-based
bactericides.

majority of skin infections, including superficial infections such as
impetigo and infected abrasions, as well as invasive infections such as

1. Introduction

Over the past few decades, antibiotics isolated from natural products
and chemically synthesized antibiotics have become key tools in the
treatment of bacterial infections [1]. Nevertheless, antibiotic resistance
has developed because of the indiscriminate and excessive use of anti-
biotics. Consequently, the emergence of drug-resistant bacteria has
gradually become a major challenge to human health [2]. Staphylococcus
aureus (S. aureus) is the second most common cause of nonsocomial
bloodstream infection worldwide [3,4]. and is responsible for a great

cellulitis, subcutaneous abscesses, and wound infections [5,6]. After the
clinical identification of methicillin-resistant S. aureus (MRSA) in 1960
[7]1, mupirocin (pseudomonic acid A, Mup) was the only approved
antibiotic for the decolonization of MRSA in patients and healthcare
personnel [8]. Unfortunately, with the wide use of mupirocin in clinical
practice, a declining sensitivity and increasing resistance of S. aureus to
mupirocin  gradually emerged and has been reported as
mupirocin-resistant S. aureus (MuRSA) in waves around the world,
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posing a significant threat to public health [7,9-11]. What is worse, the
prevalence of high-level mupirocin resistance among Staphylococcus
aureus (8.5%, 95% CI 6.3-10.7%) was almost the same as for MRSA
(8.1%, 95% CI 6.8-9.4%) [12]. Therefore, there is an urgent need for the
development of novel strategies that possess potent bactericidal efficacy
to combat MuRSA and reverse the dilemma of bacterial drug resistance
against mupirocin.

Having been extensively researched in the field of drug delivery such
as tumor therapy and infection treatment, nanoparticles hold the po-
tential to solve the problem of antibiotic resistance [13-17]. Among
these, silver nanoparticles (AgNPs) have received much attention for
their wide antimicrobial spectrum and rather low bactericidal concen-
tration [18-20]. The attachment and aggregation of AgNPs on biofilms
can alter the morphology and permeability of the cell membrane [21,22],
increase membrane rigidity by converting it from order to disorder state
[23,24], and disintegrate essential components on cell membrane such as
proteins and fatty acids. 2> Besides, AgNPs uptake by bacteria can
interfere with intracellular lipids, proteins, and notably, DNA, aggra-
vating the disruption process of bacteria [25,26]. On the other hand,
AgNPs constantly release silver ions, which, due to the electrostatic
attraction, possess a high affinity to biomolecules distributed on mem-
brane surfaces [27], resulting in membrane proteins transformation and
the destruction of cellular energy supply systems [28]. However, the
toxicity of AgNPs cannot be ignored. Low concentrations of AgNPs can
cause cellular damage featuring reactive oxygen species (ROS) genera-
tion [29], inflammation [30], and apoptosis [31]. Since silver was found
to be non-toxic in minute concentrations and is less prone to developing
bacterial resistance compared with antibiotics [20], reducing the dosage
of silver may be a promising strategy for designing effective antibacterial
agents.

Recently, the strategy of combining antibiotics with AgNPs has
moved into our focus. Vazquez-Munoz et al. discovered a synergistic
antimicrobial effect of AgNPs combined with kanamycin on S. aureus,
E. coli, and S. Typhimurium with fractional inhibitory concentration in-
dexes (FICI) of 0.35, 0.46, and 0.47, respectively. Prominently, AgNPs at
low concentrations alone with kanamycin at 50% of the minimum
inhibitory concentration (MIC) could alter the bacterial membrane po-
tential and cause ultrastructural damage, which facilitated kanamycin
exerting a bactericidal effect [32]. Kaur et al. reported that amikacin- and
vancomycin-conjugated AgNPs possessed significantly enhanced bacte-
ricidal capacity on E. coli and S. aureus, as the zone of inhibition (ZOI) of
these two strains shrank by 55% and 60% respectively [33]. Therefore,
the silver-antibiotic conjugate strategy provides sanguine scope for
resolving drug resistance of mupirocin and effectively eliminating
MuRSA.

In this article, leveraging the precipitation reaction between mupir-
ocin and sliver, we first report a Mup-Ag complex for the safe and effi-
cient decolonization of MuRSA. Under physiological conditions, because
silver ions released from the Mup-Ag complex produce a synergistic
bactericidal effect with mupirocin, the dosage of silver was greatly
reduced, avoiding the toxicity of silver ions at a high concentration on
normal cells and tissues. D-alpha tocopheryl polyethylene glycol succi-
nate (TPGS), a US Food and Drug Administration (FDA) approved
pharmaceutical adjuvant, has been shown to enhance the antibacterial
capacity of antibiotics against drug-resistant bacteria by affecting the
bacteria cell membrane and inhibiting efflux pump activity. Significantly,
TPGS ameliorates the dispersibility of Mup-Ag due to its surfactivity,
endowing Mup-Ag with homogeneous and small particle size and thus
allowing for easier transit through the bacterial membrane. We demon-
strate that the TPGS-modified Mup-Ag complex (TPGS/Mup-Ag) can
function as an efficient bactericidal agent against MuRSA without
exerting a toxic effect on normal cells. Finally, we examine the anti-
infective activity of TPGS/Mup-Ag in mice subcutaneous infection
model and wound infection model caused by MuRSA.
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2. Materials and methods
2.1. Materials, cell and bacteria culture, and animals

Silver nitrate, mupirocin, and sodium hydroxide were obtained from
Aladdin Bio-Chem Technology Co. Limited (Shanghai, China). b-
a-tocopherol polyethylene glycol 1000 succinate (TPGS) was obtained
from Sigma Aldrich Co., Limited (USA). Crystal Violet Staining Solution
was obtained from Servicebio Technology Co., Limited (Wuhan, China).
Calcein acetoxymethyl (Calcein-AM) and propidium iodide (PI) solutions
were obtained from Beyotime Biotechnology Co. Limited (Shanghai,
China). LB medium and MH medium were obtained from Solarbio Sci-
ence & Technology Co. Limited (Beijing, China). All other chemicals
were of analytical or chromatographic grade.

Human immortalized keratinocytes (HaCaT) were obtained from Cell
Resource Center of China Science Academy. HaCaT was cultured in
Dulbecco's modified Eagle medium (Gibco BRL, USA) containing 10%
fetal bovine serum (BI, Biologic Industries, China) and penicillin/strep-
tomycin (100 U/mL, 100 U/mL) at 37 °C in a humidified atmosphere
containing 5% COs. Cells were digested regularly using trypsin/EDTA.

Mupirocin-resistant Staphylococcus aureus (MuRSA) and mupirocin-
sensitive Staphylococcus aureus (MuSSA) were collected from Depart-
ment of Dermatology, Zhejiang Provincial People's Hospital. The isolates
were cultivated on nutrient agar plates, then harvested and cultured in LB
medium or MH medium in an aerophilic environment at 37 °C, 180 rpm
grown to an ODggp of 0.2-0.3 that corresponds to the exponential phase.

Female BABL/c mice (20 + 2 g) were obtained from the Shanghai
Silaike Laboratory Animal Limited Liability Company. All mice were free
of pathogens and fed with enough food and water. All experiments were
performed in compliance with guidelines set by Experimental Animal
Center, Zhejiang Provincial People's Hospital (approval number:
A20220009). All animal procedures were conducted under national
regulations and approved by the local animal experimentation ethical
committee.

2.2. Synthesis and characterization of Mup-Ag complex

90 mg mupirocin and 6 mL deionized water were mixed, followed by
adding 0.36 mL 0.5 M NaOH and stirring for 20 min. 0.5 mL deionized
water containing 30 mg AgNO3 was dropwise dropped into the afore-
mentioned solution under vigorous stirring for 1 h at room temperature.
Purification of the prepared Mup-Ag was achieved by repeated ultra-
centrifugation (14,000 rpm, 10 min) and washing with an aqueous so-
lution of methanol (methanol/water = 9/1, v/v). The aqueous solvent
was removed by freeze-drying and then Mup-Ag complex was obtained.
The whole process was shielded from light. The chemical structure of
Mup-Ag was confirmed by 'H NMR spectra and X-ray diffraction (XRD).
A drop of Mup-Ag suspension at a concentration of 0.1 mg/mL was
dropped onto a copper grid coated with carbon film and a transmission
electron microscope (TEM) (JEOL JEM-1230, Japan) was employed to
observe the morphology of Mup-Ag. The elements in Mup-Ag were
characterized by scanning electron microscopy (SEM) equipped with
energy-dispersive X-ray spectroscopy (SEM-EDS).

2.3. Preparation of and characterization of TPGS/Mup-Ag complex

4 mg Mup-Ag and 196 mg TPGS were dissolved in 1 mL deionized
water under ice bath sonication (intermittent operation for 2 s on and 3 s
off, repeated 20 times). The purification was achieved by dialysis against
deionized water (MWCO = 3500 Da) for 4 h, followed by lyophilization.
TPGS/Mup-Ag suspension at a concentration of 0.5 mg/mL was used for
TEM imaging and the size distribution of TPGS/Mup-Ag was measured
by DLS (Zetasizer, Malvern Co., UK) [34]. The concentration of Ag+ was
detected by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
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(PerkinElmer NexION 300X) using 1 mg Mup-Ag and 10 mg
TPGS/Mup-Ag. Drug loading (DL) and encapsulation efficiency (EE) of
Mup were measured by high-performance liquid chromatography
(HPLC) according to the following formulas:

mass of encapsulated Mup in micelles

DL% =
0 mass of Mup — loaded micelles

x 100%

mass of encapsulated Mup in micelles

EE% = x 100%

mass of Mup added
The dialysis membrane diffusion technique was utilized to investigate
the drug release behavior. 5 mg TPGS/Mup-Ag was loaded into a dialysis
bag and immersed in 30 mL of PBS (pH 6.8). An incubator shaker was
used to maintain 34 °C and shake horizontally at 60 rpm. The release
medium was withdrawn and replaced with free PBS at predefined time
points.

2.4. Cell culture and cytotoxicity assay

MTT assay was employed to evaluate the cytotoxicity of TPGS/Mup-
Ag on HaCaT cells. Briefly, HaCaT cells were seeded into 96-well plates
with a density of 5 x 10* cells/mL and then incubated overnight. Various
concentrations of AgNO3, Mup, Mup-Ag, TPGS/Mup, and TPGS/Mup-Ag
were added before a 24-h incubation. Afterward, 20 pL of MTT solution
(5 mg/mL) was added to each well for further incubation. After 4 h, the
medium was discarded, and 100 pL of DMSO was added to each well to
dissolve the purple formazan crystals. The absorbance at 570 nm was
detected by a microplate reader (Bio-Rad, model 680, USA).

2.5. In vitro antibacterial capacity

2.5.1. MIC and MBC determination and growth curve

The bacteria used in this study were those harvested in the mid-
exponential growth phase (absorbance at 620 nm was 0.2-0.3), (here-
inafter inclusive). The minimal inhibitory concentrations (MICs) value of
AgNOs, Mup, Mup-Ag, TPGS/Mup, and TPGS/Mup-Ag was identified as
the lowest concentration in which the bacterial growth was completely
inhibited after 20 h incubation at 37 °C by the broth microdilution
method. For minimal bactericidal concentration (MBC) tests, 50 pL of
mixtures containing formulations and bacterial inoculum from the MIC
tests were incubated in agar plates for 24 h at 37 °C. MBC value was
identified as the lowest concentration of formulations under which the
plates did not show any bacterial growth. Then, the bacteria were incu-
bated with different preparations. At predetermined time points, the
absorbance of these cultures at a wavelength of 620 nm was detected.
Experiments were repeated three times.

2.5.2. Observation of the morphological destruction of bacteria

MuRSA and MuSSA were treated for 4 h with different preparations:
PBS, AgNO3 (0.14 pg/mL), Mup (0.41 pg/mL), Mup-Ag (0.50 pg/mL),
TPGS/Mup (24.80 pg/mL), and TPGS/Mup-Ag (30.00 pg/mL), herein-
after inclusive. Isolates were collected by centrifugation (5000 rpm, 6
min). After rinsing with PBS three times, the bacteria samples were fixed
and dehydrated with 30, 50, 70, 80, 90, and 100% ethanol for 15 min in
sequence. The samples were finally sputter-coated with gold and
observed using SEM and TEM.

2.5.3. Determination of biofilm formation by crystal violet assay

MuRSA and MuSSA suspensions (150 pL, 5 x 10° CFU/mL) were
placed in 96-well plates and incubated at 37 °C overnight. After adding
different preparations, the incubation was continued at 37 °C for another
8 h to allow further bacterial biofilm formation. After removing the
medium and rinsing with PBS gently, the bacterial biofilms were fixed
with 95 formalin for 15 min, followed by staining with 0.1% crystal vi-
olet solution for 10 min. The wells were washed with PBS three times to
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remove the redundant dye, followed by air drying for 1 h. Finally, crystal-
violet-stained biofilms were dissolved in 200 pL of 33% acetic acid and
assessed upon ODsgg by a microplate reader (Bio-Rad, model 680, USA)
[35].

2.5.4. Live/dead bacteria staining

After MuRSA and MuSSA were incubated with different preparations
for 4 h, two isolates were collected and rinsed with PBS three times. Then
bacteria were cultured in the presence of calcein-AM (2 pM) and PI (4.5
puM) for 30 min in the dark. Then the bacteria were rinsed and resus-
pended in PBS containing 50% glycerol. A confocal fluorescence micro-
scope (LSM 880 with fast AiryScan, Zeiss) was employed to observe the
survival of the bacteria.

2.6. Mechanism of anti-drug resistant

2.6.1. EB accumulation

After incubating with TPGS at different concentrations (20 pM, 66
pM, and 100 pM) and CCCP at 100 pM for 1 h, bacteria were further
incubated with ethidium bromide (EB) (2 pg/mL) for another 3 h to
enable EB accumulation. The EB-incubated bacteria without the pre-
treatment of CCCP or TPGS was used as the negative control group. After
incubation, the bacteria were collected by centrifugation (5000 rpm, 10
min) and observed using a confocal fluorescence microscope and semi-
quantitatively analyzed by ImageJ. For the quantification of EB accu-
mulation, the fluorescence intensity of EB was measured using a spec-
trofluorometer (Aex = 530 nm, Ae, = 600 nm). The increased percentage
of EB accumulation after TPGS or CCCP treatment was calculated by
comparing it with the fluorescence intensity of the negative control
group.

2.6.2. Real-time RT-PCR

Oligonucleotide primers used for the real-time reverse transcription-
PCR (real-time RT-PCR) were designed and purchased from Servicebio
Technology Co., Limited (China). MuRSA was incubated with different
preparations for 20 h at 37 °C. After centrifugation (8000 rpm, 4 °C) for 5
min, DNase-treated RNA templates were extracted from the pelleted
bacterial cultures by RNAiso Plus, followed by RNA concentration
quantification by a nanodrop spectrophotometer (Thermo Scientific, MA,
USA). cDNA was synthesized using a PrimeScript RT-PCR kit (G3330,
Servicebio Tech., China). Real-time PCR was performed using an SYBR
Premix Ex Taq kit (G3320, Servicebio Tech., China) on an Applied Bio-
systems StepOnePlus Real-Time PCR system. The usage of primers is
presented in Table S2. The relative quantity of mRNA corresponding to
the NorA was determined, and expression analysis was performed sub-
sequently using the 27444 method.

2.7. Bacterial infection model in vitro

2.7.1. Co-culture of bacteria and cells

HaCaT cells were placed into the 12-well plates with a density of 5 x
10* cells per well for overnight incubation. Afterward, HaCaT cells were
infected with MuRSA for 4 h with a multiplicity of infection (MOI) of 20.
Different preparations were added to each well and incubation for 12 h.
After treatment, the cells were fixed in 2.5% glutaraldehyde solution,
rinsed by PBS, fixed by osmium, dehydrated with ethanol, and embedded
with an embedding agent. The coexistence of HaCaT and MuRSA was
observed by TEM. In the meantime, HaCaT cells were cultured in the
presence of calcein-AM (2 pM) and PI (4.5 pM) for 30 min in the dark,
followed by suspending in PBS containing 50% glycerol and observation
by a confocal fluorescence microscope.

2.7.2. Investigation of intracellular bacteria

Prepared bacteria isolates were added to the HaCaT cells at an MOI of
10 and incubated for 1 h at 37 °C. Afterward, the cells were rinsed and
the medium was replaced with a fresh medium containing 50 pg/mL
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gentamicin to kill extracellular MuRSA for 1 h. Then, each group was
added with different preparations and incubated for another 12 h.
Infected cells were washed three times and then cultured with PBS
containing 0.02% Triton X-100 to lyse the cells and release intracellular
invaded bacteria. The invasion rate was calculated as follows:

CFU of intracellular bacteria after gentamicin treatment

Invasion rate (%) = — -
(%) CFU of initial amount of bacteria

x 100%

2.7.3. Bacterial adhesion

After HaCaT cells were infected by MuRSA (MOI = 10) and incubated
for 1 h, HaCaT cells were rinsed six times to remove unadhered bacteria.
Cells were lysed by PBS containing 0.02% Triton X-100 and adhered
bacteria were quantified by serial dilution plating. The adhesion rate was
calculated as follows:

CFU of adhered bacteri
Adhesion rate (%) = o” acuerec bactena

= x 100%
CFU of the initial amount of bacteria ’

2.8. Animal modeling

The mice subcutaneous infection model was established according to
the previously reported method [36]. Briefly, the backs of female BABL/c
mice were shaved and removed by depilatory cream. 100 uL. MuRSA (2 x
10° CFU) at the mid-logarithmic growth phase was subcutaneously
injected into the back skin of mice. The needle was at 30° to the skin and
penetrated the skin by 4 mm. For the mice wound infection model, mice
were anesthetized with 2% Pentobarbital Sodium (40 mg/kg) and the
back skin was shaved and cleaned. The whole skin layer was cut with a
#11 scalpel (length: 0.8 cm, interval: 1.5 mm), followed by inoculating
with MuRSA (20 pL, 2 x 10° CFU) using a micropipette [37]. The
treatment protocol and dosage are as follows: PBS group: 0.5 mL twice a
day; Ag group: 0.5 mL silver acetate solution (Cag; = 0.01 mg/mL) twice
a day; Mup group: 0.5 mL mupirocin PBS solution (Cyyp = 0.1 mg/mL)
twice a day; Mup-Ag group: 0.5 mL Mup-Ag suspension (Cag, = 0.01
mg/mL, Cyyp = 0.1 mg/mL) twice a day; TPGS/Mup group: 0.5 mL
TPGS/Mup solution (Crpgs = 5 mg/mL, Cyyp = 0.1 mg/mL) twice a day;
TPGS/Mup-Ag group: 0.5 mL TPGS/Mup-Ag solution (Crpgs = 5 mg/mL,
Cag+ = 0.01 mg/mL, Cyyyp = 0.1 mg/mL) twice a day. After modeling, the
mice were weighed daily. The wound size was measured using ImageJ
and was presented as a percentage of the original wound area.

2.9. In vivo antibacterial effect

Mice were sacrificed with 10% chloral hydrate on the 9th day of
treatment and the back skin was harvested. 20 pL. homogenates of skin
tissue were mixed with 180 pL sterile PBS before being diluted to a series
of concentrations. The suspensions were spread on solid media and
cultured at 37 °C for 24 h. The colony count method was employed to
detect the antibacterial effect in vivo. Meanwhile, the blood of mice was
collected for routine analysis using an automatic hematology analyzer
(TEK8500 VET, TECOM).

2.10. Immunohistochemistry and immunofluorescence

The immunohistochemistry and immunofluorescence staining of
wounds were carried out on subcutaneous infection mice and wound
infection mice after being treated for 11 days and 9 days, respectively.

2.11. Statistical analysis

All data are presented as mean + standard error. The student's t-test
was used for the comparison between two groups. One-way ANOVA and
the LSD t-test were carried out for statistical analysis, using GraphPad
Prism software version 7 (*p < 0.05, **p < 0.01, ***p < 0.001).
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3. Results and discussion
3.1. Preparation and characterization of TPGS/Mup-Ag

Mup-Ag complex was synthesized by the precipitation reaction be-
tween the carboxylate radical of mupirocin and silver ion (Ag*) (Fig. 1A).
The 'H NMR spectrum of mupirocin (Fig. 1B) exhibited the peaks char-
acterizing ~CHgs (0.88 ppm, 1.20 ppm, and 2.07 ppm), -CHs- in the hy-
drocarbon chain (1.20-1.55 ppm), and —CHj- in cyclic hydrocarbon
chain (~3.60 ppm). Peaks characteristic of -COOCH>- (3.97 ppm), —CHa-
in oxirane (2.45-2.60 ppm), and ~-CH,COOH (2.18 ppm) could also be
observed. After the chelation between the carboxyl group and Ag+, the
peak representing the proton on carboxyl a position moved to the high
field (2.18 ppm-2.12 ppm, -CH-COOAg) due to the electron-donor in-
duction effect of Ag+, which is consistent with other observations in the
literature [38,39]. The differential scanning calorimetry (DSC, Fig. 1C) of
Mup-Ag exhibited two exothermic peaks which represent the melting
point and clearing point (177 °C and 230 °C), while Mup only showed an
endothermic peak at 77 °C. Further, a TEM was employed to observe the
morphology of the Mup-Ag complex. As shown in Fig. 1D, Mup-Ag
possessed an irregular shape with a size of over several hundred nano-
meters. Scanning electron microscopy with energy dispersive spectrom-
etry (SEM-EDS) was used to verify the element distribution of Mup-Ag. As
shown in Fig. 1E and G, peaks representing C, O, and Ag could be
observed on the surface of the Mup-Ag complex, suggesting that the
Mup-Ag complex was successfully synthesized. The particle size of the
TPGS micelle was measured to be 9.83 + 0.78 nm (Fig. 1H). After the
modification of TPGS, the particle size of the TPGS/Mup-Ag turned out to
be 15.99 + 1.24 nm and still showed a narrow size distribution (Fig. 11).
High-performance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry (ICP-MS) were used to determine the
drug loading (DL) and encapsulation efficiency (EE) of Mup- Ag. As a
result, when the dosage of Mup-Ag was 2%, the EE was measured to be
79.35 + 0.23% and DL was 1.63 + 0.11%. The drug release behaviors of
different formulations were investigated under simulated skin physio-
logical conditions (pH 6.8) at 34 °C. As displayed in Figure S1,
TPGS/Mup showed a sustained drug release behavior for about 12 h.
Since Mup dissociates from silver ions in physiological environment, the
drug release of TPGS/Mup-Ag extended to about 15 h and the release rate
of Mup at 24 h was 77.65%. Cell viability of the TPGS/Mup-Ag group was
above 80% at 31.25 pM compared with 31.36% in AgNO3 and 31.79 in
the Mup-Ag group, indicating that the TPGS/Mup-Ag significantly
improved the biocompatibility of Ag (Figure S2).

3.2. Antibacterial capacity of TPGS/Mup-Ag in vitro

The in vitro antibacterial capacity of TPGS/Mup-Ag was investigated
on mupirocin-resistant Staphylococcus aureus (MuRSA) and mupirocin-
sensitive Staphylococcus aureus (MuSSA). As shown in Fig. 2A, the mini-
mal inhibitory concentrations (MICs) of Mup towards MuRSA and
MuSSA were 1000 pg/mL and 125 pg/mL respectively, which were
consistent with other observations [40]. TPGS/Mup-Ag exhibited the
lowest MICs at 15.63 pg/mL towards MuRSA and 7.82 pg/mL towards
MuSSA, which could be related to the synergistic effect between Ag™,
Mup, and TPGS. Similarly, as displayed in Fig. 2B, TPGS/Mup-Ag showed
a minimal bactericidal concentration (MBC) of 31.25 pg/mlL towards
MuRSA and 15.63 pg/mL toward MuSSA, which were significantly lower
than any other groups. The concrete dosage of each component in the
preparations, we calculated the absolute concentrations of mupirocin and
silver corresponding to the MIC and MBC values of different prepara-
tions. As shown in Table S1, the following table, when the concentration
of TPGS/Mup-Ag reached its MIC to MuRSA, the Cag, was found to be
3.37 pg/mL. By contrast, the MIC of Ag" was 6.74 pg/mL. Similarly,
when the concentration of TPGS/Mup-Ag reached its MBC to MuRSA, the
Cag+ was found to be 6.74 pg/mL while the MBC of Ag+ was 13.75
pg/mL. All these results suggested that when silver formed a complex
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Fig. 1. Characterization of the Mup-Ag complex and TPGS/Mup-Ag. (A) Schematic illustration showing Mup-Ag and TPGS/Mup-Ag preparation. (B) 'H NMR spectra
of Mup (bottom) and Mup-Ag (top). (C) DSC thermograms for Mup (bottom) and Mup-Ag (top) with a heating rate of 10 °C/min (D) A TEM image of Mup-Ag. (E) Low
magnification SEM image of Mup-Ag. (F) High magnification SEM image of Mup-Ag. (G) Energy dispersive X-ray (EDX) analysis showing the elementary composition
of Mup-Ag. (H) Size distribution and polydispersity index (PDI) of TPGS micelle and a TEM image. (I) Size distribution and polydispersity index (PDI) of TPGS/Mup-Ag
micelle and a TEM image.
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Fig. 2. Evaluation of the antibacterial capacity of TPGS/Mup-Ag towards MuRSA and MuSSA in vitro. (A) MIC and (B) MBC susceptibility semiquantitative profiles of
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with mupirocin, the concentration of silver ion with the same bacteri-
cidal effect was significantly reduced. We further investigated the effect
of the preparations on the growth of MuRSA and MuSSA (Fig. 2C). The
ODggo value of MuRSA remarkably increased at 4 h of incubation with
Mup, indicating that Mup was unable to inhibit the growth of MuRSA.
However, the visible growth of bacteria was completely inhibited by
Mup-Ag, TPGS/Mup, and TPGS/Mup-Ag. In the case of MuSSA, Mup still
showed an unsatisfied inhibition of bacteria. As for both these two iso-
lates, TPGS/Mup-Ag exhibited the best antibacterial capacity compared
with other preparations. Figure S3 showed that the TPGS/Mup-Ag re-
duces the 50%-bactericidal concentration of mupirocin from about 1000
pmol/mL to about 16 pmol/mL, indicating that the prepared preparation
could substantially enhance the sensitivity of MuRSA to mupirocin and
reverse the mupirocin resistance of MuRSA.

To visualize the antibacterial capacity of TPGS/Mup-Ag, TEM was
used to observe bacteria morphology. As displayed in Fig. 2D, bacteria
without any treatment showed a typical ball structure with an intact and
distinct wall. The bacteria morphology changed obviously after being
treated with different bactericidal substances. The wall of bacteria that
incubated with Ag and Mup-Ag transformed and fractured, while Mup
led to the appearance of gaps inside bacteria. TPGS/Mup-Ag caused the
greatest damage compared with other preparations. We also used SEM to
study the morphological changes of the two bacterial strains upon
treatments (Fig. 2E). The remarkably thick cell wall of S. aureus could be
clearly observed, which may contribute to its drug resistance [41,42].
Upon TPGS/Mup-Ag treatment, the surface of bacteria cracked, and
contents leaked out. Adhesion between bacteria occurred, followed by
the disappearance of the basic form of bacteria. In Fig. 2F, live bacteria
were stained with calcein acetoxymethyl (calcein-AM) which showed
green fluorescence whereas dead bacteria were stained with propidium
iodide (PI) and showed red fluorescence [43]. After being incubated with
different preparations for 4 h, MuRSA and MuSSA showed death to
different extents, as reflected by different numbers of red fluorescence
signals. Significantly, after being treated with TPGS/Mup-Ag, nearly all
bacteria were stained red, suggesting that TPGS/Mup possessed the best
bactericidal effect. By calculating the ratio of the red fluorescence signal
and green fluorescence signal in each image with ImageJ (Figure S4), we
found that after TPGS/Mup treatment, the death of MuRSA and MuSSA
was consistent, indicating that TPGS increased the susceptibility of
MuRSA to mupirocin to the same level as MuSSA. Bacterial biofilms are
one of the factors of infectious diseases and have been proven to
contribute to bacterial antibiotic tolerance [44,45]. Biofilms can be
viewed as a protector that allows bacteria to survive antibiotics and a
desiccated environment [44,46]. Therefore, using the crystal violet
staining, we assessed the relative biofilm biomass upon different treat-
ments to reveal the inhibitory effect of TPGS/Mup-Ag on biofilm for-
mation (Fig. 2G and H). Among all preparations, TPGS/Mup-Ag showed
the greatest effect of biofilm destruction, as reflected by 7.28 + 3.53%
and 2.69 + 0.53% (MuRSA and MuSSA) of the OD value of the control
groups.

3.3. Bacterial infection model in vitro

During the initial stage of skin infection, staphylococcus aureus enters
keratinocytes and persists in the cells to avoid glia-mediated immune
responses and clearance responses [47]. Hence, it is pivotal to further
investigate the antibacterial capacity of TPGS/Mup-Ag in the presence of
keratinocytes. The in vitro bacterial infection model was established by
the co-culture of MuRSA and human immortal keratinocyte cell line
(HaCaT). As displayed in Fig. 3A-C, the 4-h infection of MuRSA led to a
remarkable death of HaCaT, as reflected by the obvious red fluorescence
signal in the PBS group. The cytotoxicity of silver also resulted in
considerable cell death. Nevertheless, the number of dead cells decreased
to different extents after different treatments. The PI" cell rate of the
TPGS/Mup group is significantly lower than that of the Mup group,
indicating that TPGS could enhance the bactericidal effect of Mup and
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subsequently reduce cell death (12.16 + 0.38% vs 5.70 + 0.56%, Mup vs
TPGS/Mup, p < 0.001). The slightest cell death was observed after
TPGS/Mup-Ag treatment, as only 5.37% of HaCaT was calculated as
death. Next, we used TEM to visually explore the coexistence of MuRSA
and HaCaT. As shown in Fig. 3B, abundant MuRSA could be observed
inside HaCaT cells whose morphology was severely damaged and whose
cell membrane was torn. Treatment with Ag could effectively reduce the
amount of MuRSA, but cellular vacuoles and destruction disclosed the
cytotoxicity of silver. TPGS/Mup-Ag showed the best bactericidal effect
as there were hardly any bacteria around HaCaT cells and the cell
morphology was no distinct difference was found from normal cells. At
present, although not much effort has been made to study the intracel-
lular bactericidal effect of a drug delivery system [48], the intracellular
survival and proliferation of bacteria are one of the major reasons for
infection persistence and recurrence, even after successful antimicrobial
treatment [49]. Therefore, we determined the intracellular survival rate
of MuRSA by removing the extracellular bacteria. As shown in Fig. 3D,
the number of bacteria that invaded HaCaT cells was about 260% of the
initial amount, which could be attributed to bacterial proliferation inside
cells. Because the MuRSA was resistant to Mup, 56.27% of the bacteria
still remained inside HaCaT cells. The lowest level of intracellular bac-
teria was observed in the TPGS/Mup-Ag group, as reflected by 5.25% of
the initial bacteria calculated. Apart from invasion, the colonization of
MuRSA also contributes to the pathogenesis of bacterial infection [50].
Accordingly, we further investigate the effect of TPGS/Mup-Ag on MRSA
adhesion to HaCaT cells. As shown in Figs. 3E and 11.67% of the MuRSA
was found to adhere to the surface of HaCaT cells. The number of bacteria
that adhered on the surface of HaCaT after Mup was significantly higher
than that of TPGS/Mup (4.15 + 0.30% vs 2.65 + 0.36%, Mup vs
TPGS/Mup, p < 0.05), and the number of bacteria that adhered on the
surface of HaCaT after Mup-Ag was higher than that of TPGS/Mup-Ag
(1.52 + 0.22% vs 0.43 + 0.07%, Mup-Ag vs TPGS/Mup-Ag, p < 0.05),
indicating that TPGS effectively enhanced the antibacterial ability of
Mup as well as Mup-Ag. This is consistent with the results reported in the
literature [51,52].

3.4. Mechanism of overcoming drug resistance

To understand the mechanism of the enhanced anti-bacterial effect of
TPGS/Mup-Ag, we prepared ICG-Ag complex and TPGS/ICG-Ag for
bacterial internalization assessments. The particle sizes of these two
preparations had no significant difference compared with TPGS/Mup-Ag
and Mup-Ag (p = 0.611) (Figure S5). In Fig. 4A, both the TPGS/ICG-Ag
and ICG-Ag showed a gradual increase in fluorescence signal inside the
bacteria with a prolonged incubation time. TPGS/ICG-Ag displayed a
stronger bacterial internalization behavior than ICG-Ag at both 2 h and 6
h. The fluorescence intensities in MuRSA after being incubated with
TPGS/ICG-Ag were 1.27-and 1.37-fold greater than those of the Mup-Ag
group at 2 h and 6 h, respectively (Fig. 4B). The stronger internalization
could be attributed to the dispersion effect of TPGS reducing the particle
size of the complex, which facilitates bacterial phagocytosis [51]. Then,
the effect of TPGS treatment on the activity of bacterial efflux pumps was
investigated by measuring the expression level of efflux pump-related
genes NorA by real-time RT-PCR (Fig. 4C). Previous studies have re-
ported that NorA is the main kind of major facilitator superfamily (MFS)
efflux pump which provides MRSA with resistance to numerous antimi-
crobials [53,54]. The bacterial culture of MuRSA harvested in the
mid-exponential growth phase was incubated with Ag, Mup, Mup-Ag,
TPGS/Mup, and TPGS/Mup-Ag for 20 h at 37 °C. As shown, the
expression level of NorA in MuRSA was 6.26-fold compared with that in
MuSSA, confirming that the overexpression of NorA was involved in the
drug resistance in MuRSA. After treating with TPGS and TPGS/Mup-Ag,
NorA expression levels decreased by 5.12-fold and 5.29-fold respectively,
while no significant difference was found between untreated bacteria and
Mup-Ag treated bacteria, suggesting that the presence of TPGS played an
important role in inhibiting efflux pump genes. Although the expression
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Fig. 3. In vitro antibacterial capacity in bacterial infection model. (A) Fluorescence images of HaCaT cells infected by MuRSA for 4 h, followed by treating with
different preparations for 12 h. Live and dead cells were respectively stained with calcein-AM (green fluorescence) and dead cells were stained with PI (red fluo-
rescence). (B) Representative TEM images of MuRSA-infected HaCaT cells (MOI = 20) after being treated with different preparations for 12 h. (C) The ratio of PI-
positive cells to total cells in (A). (D) Survival rate of intracellular MuRSA cells after being treated with different preparations for 12 h (n = 3). (E) Rate of
MuRSA adhesion to HaCaT after exposure to different preparations for 12 h (n = 3). Data are presented as the mean + SD: *p < 0.05, **p < 0.01, ***p < 0.001.

level of NorA was higher than that of MuSSA, the significantly
down-regulated gene expression level still highlighted that TPGS and
TPGS/Mup-Ag were able to largely inhibit the activity of efflux pumps
and pose a great potential to overcome bacterial resistance. To visualize
the effectiveness of TPGS on the activity of the efflux pump, we used EB
as an efflux pump substrate as the accumulation of EB was inversely
proportional to the activity of the efflux pump [55]. Meanwhile, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was employed in the positive
control group as a proton pump inhibitor. As shown in Fig. 4D, the
fluorescence intensity of EB in the control group was relatively low, and it
increased with the rising concentration of added TPGS. As shown in
Fig. 4E, the increased percentage of accumulated EB rose from 18.84% to
55.80% when MuRSA was exposed in TPGS from 20 to 100 pM. CCCP is
well-known for its capacity to inhibit efflux pumps and lead to increased
EB accumulation. Despite the slightly lower EB level compared with the
CCCP group at the identical concentration (100 pM), MuRSA that was
treated with TPGS still showed a large increase in EB accumulation.
Therefore, TPGS could be speculated to have an inhibitory effect on
MuRSA efflux pumps of MuRSA, which was consistent with the results
obtained from the above-mentioned RT-PCR measurement. Although the
mechanism of the inhibition of bacterial efflux pump caused by TPGS has
not been fully elucidated, previous studies suggested that TPGS, as a

surfactant, can modulate efflux pump activity in mammalian cells by
changing the liquidity of cytomembrane, inhibiting ATPase, and other
possible mechanisms [56,57]. In our study, efflux pumps of bacteria
functioned depending on the energy supplement from membrane proton
force and ATPase, and the mechanism of TPGS modulating the efflux
pump activity of mammalian cells could be used to explain the inhibited
efflux pump after TPGS treatment.

3.5. In vivo anti-infective efficacy on subcutaneous infection model

In this part, we examined the in vivo anti-infective activity of TPGS/
Mup-Ag using a MuRSA-induced subcutaneous infection model on mice
(Fig. 5A). Mice were separated into 6 groups: PBS, Ag, Mup, Mup-Ag,
TPGS/Mup, and TPGS/Mup-Ag. As shown in Fig. 5B, one day after the
bacterial solution was injected subcutaneously, punilaoile stules
appeared on the infected skin, followed by a visible abscess. After
receiving different treatments for more than 11 continuous days, scar
sizes gradually decreased to varying degrees as time prolonged. By the
11th day of treatment, the wound size of untreated mice was about
48.57% of that of the day after modeling. Because of the insensitivity of
Mup, an unsatisfied therapeutic effect could be observed, as the wound
size remained at 41.73% of the original size. Among all groups, the best



M.-C. Sun et al. Materials Today Bio 18 (2023) 100534
a b
2h 6 h
TPGS/Mup-Ag Mup-Ag TPGS/Mup-Ag Mup-Ag 50+
27 Fkk
@ TPGS/Mup-Ag
£409 =3 Mup-Ag
@
e
30 - e
o
S |
w
201 =
2h 6h
C
10 -
()
8 8
g T
2% if
= B
< 4 N
@ NN
£ \
5 S
2 & =N
0 T T T - ’
MuSSA pBS?oCJ“NQ‘PQ TPGS Mup Ag
<
MURSA
EB-2 pug/mL € 804
d TPGS-100 uM TPGS-66uM TPGS-20uM g
@ §6°‘
w3
3% 40
£8
£ g 204
20U "
o
@6° n? %g,e v““ms““ “

Fig. 4. Mechanism of overcoming drug resistance. (A) Confocal fluorescent images of MuRSA after 2 h and 6 h of incubation with TPGS/Mup-Ag and Mup-Ag. (B)
Quantitative analysis of fluorescence in (A) with imageJ. (C) Expression levels of NorA mRNA transcripts of MuRSA treated with different preparations for 20 h
assessed by RT-PCR. Untreated MuRSA was used as a control. (D) Confocal fluorescent images of MuRSA after exposure to EB for 4 h, following pretreatment with
TPGS and CCCP (n = 3). (E) Quantitative analysis of the increase in EB accumulation compared with the negative control groups (n = 3). Data are presented as the

mean + SD: *p < 0.05, **p < 0.01, ***p < 0.001.

effect of promoting wound healing was achieved by the treatment of
TPGS/Mup-Ag, in which the wound area shrank to 18.67 + 5.72% of the
original size (Fig. 5C). Next, the levels of interleukin-6 (IL-6) and tumor
necrosis factor-o (TNF-a) were detected in wound tissues were analyzed
to determine skin inflammation. As shown in Fig. 5D and F, both the two
factors increased sharply after infection (39.42 + 3.69 pg/mg prot in IL-6
and 72.19 + 6.64 pg/mg prot in TNF-a). Nevertheless, IL-6 and TNF-«
both showed the most significant decline when treated with TPGS/Mup-
Ag, with 6.16 + 1.46 pg/mg prot in IL-6 and 15.23 + 3.26 pg/mg prot in
TNF-a. Afterward, lymphocyte (LYMPH) count, white blood cell (WBC)
count, and neutrophil (NEU) percentage were measured to reveal the
inflammation levels in mice. Upon different treatments, remarkable re-
ductions in levels of the three hematology indexes (lymphocyte count,
LYMPH; white blood cell count, WBC; neutrophil percentage, NEU)
indicated that our preparations effectively alleviated the infection
(Fig. 5G-I). In bacterial colony analysis, Mup-treated wounds still
showed a comparatively higher number of bacteria and TPGS/Mup-Ag
treated mice possessed the fewest bacterial colonies compared with
other groups due to the anti-bacterial effect of Mup combined with Ag, as
well as the inhibition of TPGS on NorA efflux pump (Fig. 5J and K). The
recovery of the infected skin tissues was further evaluated by histological
analysis using hematoxylin and eosin (H&E) and Masson staining (Fig. 51
and J), so as the neutrophil by MPO staining. After bacterial infection and
subsequent subcutaneous abscess, obvious thickened epidermal and
extensive infiltration of inflammatory cells could be observed, as

reflected by the increased layers of keratinocyte, and dispersed green
fluorescence signal respectively. Usually, when bacterial infection oc-
curs, a large number of neutrophils migrate from the bloodstream to the
lesion [58,59]. By contrast, mice treated with TPGS/Mup-Ag showed a
remarkable decrease in infiltrated inflammatory cells and H&E staining
also suggested that skin structure recovered to an almost normal state.

3.6. In vivo anti-infective efficacy on wound infection model

Among various skin pathogens, Staphylococcus aureus is the most
frequently isolated one from skin wounds and can cause a wide range of
clinical infections [60]. Therefore, mouse wound infection models
established that can replicate various features of infected human wounds
were adopted according to a widely reported method (Fig. 6A and B)
[61-63]. As shown in Fig. 6A, mice showed three clear wounds on the
back with a length of 0.8 cm and an interval of 1.5 mm. After inoculating
MuRSA on the wound, the same treatment was also applied to evaluate
the anti-infective activity of TPGS/Mup-Ag. On day 9, wounds in the PBS
group showed a severe suppurative scar (74.34 + 6.39% of the initial
wound size), indicating that MuRSA-infected wounds had a slow
self-healing. Compared with the Mup group, wounds in TPGS/Mup
showed an obviously faster rate (68.53 + 8.07 vs 27.01 + 6.75, Mup vs
TPGS/Mup, p < 0.001). This may be because TPGS enhanced the sensi-
tivity of mupirocin. The difference between the Mup-Ag group and
TPGS/Mup-Ag group could also be attributed to this reason (Fig. 6C). In
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Fig. 5. In vivo antibacterial capacity on mice subcutaneous infection model. (A) Experimental design and treatment protocols (created with BioRender.com). (B)
Photographs of the MuRSA-infected abscesses of mice that were treated with different preparations for 11 consecutive days. (C) Curves showing wound areas after
various treatments (wound area on the day after infection was used as 100%). (D) Curves show the body weight throughout the treatment process. (E) IL-6 and (F)
TNF-a levels in wound tissue on the ninth day (n = 6). (G) Lymphocyte count, (H) red blood cell count, and (I) neutrophil percentage in mice blood at the ninth day (n
= 6). (J) Photographs of bacterial colonies obtained from infected tissues of mice on the ninth day and bacteria colonies were counted by Image J (K) (n = 6). (L-M)
Representative images of wound tissue after H&E and Masson staining. (N) Fluorescent images of wound tissue after staining with anti-MPO antibody, in which the
green and blue indicate neutrophil infiltration and nucleus respectively. Data are presented as the mean + SD: *p < 0.05, **p < 0.01, ***p < 0.001.

bacterial colony analysis (Fig. 6D), the fewest bacterial colonies were
detected in TPGS/Mup-Ag group, reinforcing the excellent anti-infective
capacity of MuRSA. Further, H&E and Masson showed that the epidermis
and dermal structure of scalpel-caused wounds gradually recovered after
treatment (Fig. 6E and F). F4/80 staining images further confirmed the
anti-infective capacity of our preparations, as hardly any red fluorescent
signal could be seen in the TPGS/Mup-Ag group (Fig. 6G). Also, TNF-a
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and IL-6 as inflammatory indicators were detected in wound tissues
(Fig. 6H and I). The two factors showed a considerable rose after infec-
tion (43.91 + 9.23 pg/mg prot in TNF-a and 33.17 + 3.96 pg/mg prot in
IL-6). Notably, TNF-a and IL-6 both showed the most significant decline
when treated with TPGS/Mup-Ag, with 10.18 + 2.29 pg/mg prot in
TNF-o and 4.70 + 2.41 pg/mg prot in IL-6, indicating a superior thera-
peutic effect of TPGS/Mup-Ag over other preparations.
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which the red and blue fluorescent signals indicate macrophage and nucleus respectively. (H) TNF-a and (I) IL-6 levels in wound tissue on the ninth day (n = 6). Data

are presented as the mean + SD: *p < 0.05, **p < 0.01, ***p < 0.001.

4. Conclusion

In summary, we developed a TPGS-based mupirocin and silver com-
plex for the treatment of skin infections caused by mupirocin-resistant
S. aureus. Because the modification of TPGS endowed Mup-Ag complex
with a particle size of less than 20 nm, bacterial endocytosis towards
TPGS/Mup-Ag was significantly enhanced, leading to decreased MIC and
MBC and prominent bacterial death. TEM and SEM images further
visualized that TPGS/Mup-Ag could effectively destroy the bacterial
walls, followed by the disappearance of normal bacterial morphology.
Besides, TPGS/Mup-Ag effectively eliminated both intracellular and
extracellular bacteria and inhibit bacterial adhesion, without affecting
living cells. Activity of the efflux pump in MuRSA was considerably
inhibited by TPGS, along with the expression level of efflux pump-related
genes NorA, thereby the Mup concentration inside MuRSA was signifi-
cantly enhanced. Finally, in mice with subcutaneous infection and wound
infection, TPGS/Mup-Ag treated mice showed a significantly smaller
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wound size and recovered levels of inflammatory cytokines. TPGS/Mup-
Ag accelerated wound healing, controlled skin infection, and alleviated
systemic inflammation levels. We demonstrated that TPGS/Mup-Ag
overcame the drug resistance of MuRSA to mupirocin and could be a
promising candidate for skin and tissue infection diseases caused by
mupirocin-resistant S. aureus. Also, this work may offer new ideas for the
development of silver-based antibacterial preparations.
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Invitro drug release, cytotoxicity on HaCaT cells, MuRSA and MuSSA
viability under a series of concentrations of various preparations, quan-
titative analysis of fluorescence signal in Fig. 2f, and primers used for the
RT-PCR assay.
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