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ABSTRACT: Multidrug-resistant bacterial infections, especially those caused by multidrug-resistant Escherichia coli (E. coli)
bacteria, are an ever-growing threat because of the shrinking arsenal of efficacious antibiotics. Therefore, it is urgently needed to
develop a kind of novel, long-term antibacterial agent effectively overcome resistant bacteria. Herein, we present a novel designed
antibacterial agent�6-Aza-2-thiothymine-capped gold nanoclusters (ATT-AuNCs), which show excellent antibacterial activity
against multidrug-resistant E. coli bacteria. The prepared AuNCs could permeabilize into the bacterial cell membrane via binding
with a bivalent cation (e.g., Ca2+), followed by the generation of reactive oxygen species (e.g., •OH and •O2−), ultimately resulting in
protein leakage from compromised cell membranes, inducing DNA damage and upregulating pro-oxidative genes intracellular. The
AuNCs also speed up the wound healing process without noticeable hemolytic activity or cytotoxicity to erythrocytes and
mammalian tissue. Altogether, the results indicate the great promise of ATT-AuNCs for treating multidrug-resistant E. coli bacterial
infection.

1. INTRODUCTION
In the 21st century, antimicrobial resistance (AMR) is a global
health crisis with the highest burden in resource-limited
settings. Currently, it has been estimated that the annual death
rate caused by AMR would be over seven million and is
hypothesized to approach nearly ten million deaths in 2050.1

Among the six leading pathogens, multidrug-resistant Escher-
ichia coli (MDR E. coli) tops the list in causing a wide range of
deaths due to their high prevalence. The most important of the
inherent weakness of antibiotics is the development of
resistance caused by MDR E. coli. The frequent tools of the
bacteria against a variety of antimicrobials are efflux pumps,
production of β-lactamase, or mutations of bacterial membrane
transporters.2,3 Therefore, it is highly desirable to exploit novel
and efficient theranostic approaches to kill MDR E. coli
bacteria.
Antimicrobial peptides (AMPs), which are found in multiple

niches in nature and generally consist of 10−40 amino acid

residues, have excellent antibacterial activities.4 Yang et al.
reported a kind of AMP with cationic and amphiphilic
structures, which can disintegrate Gram-negative bacteria via
inserting into their cell surfaces.5 Compared with conventional
antibiotics, one of the strengths of AMPs is their low
propensity for resistance development; however, AMPs show
high cost and hemolysis in vivo, and the poor antibacterial
activity and salt instability also limit their clinical implementa-
tion.6 In fact, a relatively new field of nanotechnology has
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opened the new possibilities of designing effective formulations
for fighting antibiotic resistance.7

Metal-based antibacterial therapeutics, such as silver nano-
particles,8 ZnO nanoparticles,9 and iron oxide nanopar-
ticles,10,11 have attracted growing interest due to their
efficiency of antimicrobial properties, no resistance develop-
ment, and convenient for transporting. In addition, photo-
catalytic antimicrobial TiO2 nanoparticle is also explored to
treat MDR bacteria-caused infections.12 However, the
antimicrobial activity of the photocatalytic substances is
severely limited in the absence of light. The utilization of
nanomaterials mentioned above is also extremely limited in the
field of medicine due to complex processing, potential
cytotoxicity, and environmental pollution.13

Metal nanoclusters with intriguing molecular-like structure
have received extensive attention due to their remarkable
photoelectrical properties.14 Among various metal nano-
clusters, gold nanoclusters with unique chemical and physical
properties have been extensively researched to be emerging
nanoantibiotics for fighting bacterial infections.15 Quaternary
ammonium (QA) capped AuNCs and mercaptobenzoic acid-
functionalized AuNCs had been reported as novel agents
targeting Gram-positive bacterial strains.16,17 However, there
are only a few reports on the activity of AuNCs against Gram-
negative bacterium. Wang et al. demonstrated mercaptopyr-
imidine conjugated Au NCs could act as potent nanoanti-
biotics targeting MDR E. coli.18 Nevertheless, bactericidal
activity from the assistance of H2O2 would be expected to arise
as disadvantages to healthy tissue. MUTAB-AuNCs and Cys-
AuNCs had also been proved to exhibit efficient antibacterial
activity against E. coli bacteria.19,20 Unfortunately, these
AuNCs have not been evaluated for their effects on MDR E.
coli. At present, designing and synthesizing unique features of
AuNCs that can overcome MDR E. coli bacteria with high
efficacy remain a great challenge.
In this work, we reported a kind of gold nanocluster (ATT-

AuNCs), which could be used as efficient antimicrobial
nanoagents for eliminating MDR E. coli bacteria. After the
confirmation of bactericidal activity, we systematically study
the distinctive antimicrobial mechanism of ATT-AuNCs and
their effects on an in vivo infection model caused by MDR E.
coli. In addition, the AuNCs exhibit negligible hemolysis or
cytotoxicity for mammal cells and tissues. We expect that our
results will offer valuable information for future development
of AuNCs toward MDR E. coli.

2. EXPERIMENTAL SECTION
2.1. Synthesis of ATT-AuNCs. Briefly, the mixture was

prepared by dissolution of 115 mg of ATT in 10 mL of NaOH
(0.2 M), followed by continuous stirring in 10 mL of 10 mg/
mL HAuCl4 solution for 1 h at 25 °C in the dark. The
prepared ATT-AuNCs were dialyzed against 500 mL of
deionized water for 24 h using a dialysis membrane with a
molecular weight cutoff of 3500.21

2.2. Antibacterial Activity of ATT-AuNCs. MDR E. coli
strains were cultured in Luria−Bertani (LB) medium at 35 °C
for 24 h. Cell growth was followed by measuring the
McFarland scale at 0.5 index (1.5 × 108 CFU/mL).22 Next,
ATT-AuNCs were serially diluted from 32.0 to 2.0 μg/mL and
then 10 μL of MRSA cells and 170 μL of LB broth were added
into each well. Control group contained no AuNCs. The plates
were incubated for 18 h at 35 °C. The mixture was diluted to
105-fold with 0.9% NS. Then, one hundred microliters of each

sample was spotted onto a blood agar plate, followed by
incubation at 35 °C for 16 h to count the surviving bacterial
colonies by using ImageJ software. All treatments were
performed on three separate occasions. The bacterial viability
rate (VR) was calculated as follows

=VR (%) (the number of experimental bacterial cells)

/(the number of control bacterial cells)

2.3. Inhibitory Bacterial Growth Curve Assay. Serial
concentrations of ATT-AuNCs (2, 4, 8, 16, and 32 μg/mL)
were mixed with the fresh bacterial culture (10 μL, 0.5
McFarland scale) in 170 μL of LB broth and were incubated at
35 °C. Ultrapure water was set as control. The values of
bacterial optical density (OD600) were detected every 2 h to
monitor the bacterial growth using an Infinite M200
spectrophotometer (Tecan, Switzerland).23

2.4. Scanning Electron Microscopy and Transmission
Electron Microscopy of Bacterial Samples. The bacterial
solution (2.0 mL) was incubated with ATT-AuNCs solution
(32 μg/mL) for 20 h, and then, the solution was centrifuged at
13,000 rpm for 5 min. Phosphate buffer (pH 7.4, 1.0 mL)
containing 2.5% glutaraldehyde was added to the samples and
incubated overnight at 4 °C for fixation. We sequentially used
water−ethanol and ethanol−Freon solutions (20, 50, 80, and
100% concentration for each solvent) to wash and dehydrate
the samples. Finally, samples were air-dried and gold-coated
before examining using TecnaiG2F20 scanning electron
microscopy (SEM). The bacteria were further processed for
transmission electron microscopy (TEM) observation; after
propylene oxide treatment, the stained cells were finally
embedded in Epon. Ultrathin sections (50 nm) were obtained
using an ultramicrotome (EM UC7, LEICA, Germany) and
poststained with uranyl acetate and lead citrate for 15 min. The
sections were observed for TEM at 100 kV (JEM-1200EX,
JEOL, Japan).24

2.5. Relative Gene Expression. RNA extraction from
ATT-AuNC-treated bacteria was carried out using a RNeasy
mini kit (R402-01-AB, Vazyme, China) according to the
manufacturer’s protocol.25 A NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, USA) was used to quantify the
concentrations of RNA and then RNA was reverse transcribed
into cDNA using a HiScript III first Strand cDNA Synthesis
Kit (R312-01, Vazyme, China). The quantitative PCR was
conducted in a CFX96TM Real-Time PCR Detection System
(Bio-Rad, USA). The PCRs were performed in a 20 μL volume
containing 10 μL of ChamQ Universal SYBR qPCR Master
Mix (Vazyme, Q711−02, China), 0.4 μL of forward and
reverse primers (10 μM), 5 μL of template cDNA, and 4.2 μL
of ddH2O. gyrB was used as an internal control. The design of
primer sequences of each gene were performed according to
the reported assay.26

2.6. Hemolysis Effects of ATT-AuNCs. A previously
reported hemolysis assay was used to further evaluate blood
compatibility.27 0.2 mL of blood suspension was diluted with
0.9% NS and incubated at various ATT-AuNC concentrations
(0.8 mL, 0, 8, 16, 32 64, 128, and 256 μg/mL). Water and
0.1% Triton-X were chosen as positive controls. After 2 h of
incubation at room temperature, the mixture was centrifuged
at 1000 rpm for 10 min. We recorded the absorbance of the
supernatant at 540 nm using an Infinite M200 spectropho-
tometer (Tecan, Switzerland) to evaluate the blood compat-
ibility of ATT-AuNCs.
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2.7. Mouse Injury Model and Wound Healing. All
animal procedures were in accord with the guidelines of the
Institutional Animal Care and Use Committee of Quanzhou
Medical College (2022001). The injury model was built to
investigate the antibacterial activity of the ATT-AuNCs in vivo.
Two groups of 6 Sprague−Dawley (SD) rats with a ca. 2.25
cm2 wound were divided into water and ATT-AuNCs groups.
Then, 200 μL of MDR E. coli suspension (1.5 × 108 CFU/mL)
was placed on the wound site to make an infected wound
model. Photos were taken of the wound of rats from both
groups, and solution treatment was changed at 24 h interval.
After sacrifice at 12 days, the wound tissues and main organs of
all rats were collected for further analysis.

2.8. Immunohistochemistry and Immunofluores-
cence Analysis. The harvested organs and wound tissues
were fixed in 4% paraformaldehyde. Subsequently, the samples
were embedded in paraffin, cut into slices and stained with
histopathological hematoxylin and eosin (H&E) or Masson’s
trichrome (MT). For immunohistochemical staining, tumor
necrosis factor-α (TNF-α) and interleukin-10 (IL-10) were
adopted to evaluate the degree of inflammation. For
immunofluorescence staining, CD68 was also assessed to
reflect the regulation of macrophage cells. ImageJ software was
used to quantify the histochemical analysis results.

Figure 1. (A) Time-dependent bacterial OD 600 of MDR E. coli treated with ATT-AuNCs (0−32 μg/mL). (B) Survival rates of MDR E. coli
incubated at various ATT-AuNCs concentrations (0, 2, 4, 8, 16, and 32 μg/mL). Insets are the corresponding digital photographs of the colony-
forming units of MDR E. coli. SEM (C) and TEM (D) images of MDR E. coli treated with water or ATT-AuNCs at 35 °C for 20 h.
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3. RESULTS AND DISCUSSION
3.1. Characterization and the Antimicrobial Activities

of ATT-AuNCs. ATT-AuNCs were synthesized and charac-
terized according the previous report.28 Figure S1A displays
the typical absorption spectra of the as-prepared yellow

colored ATT-AuNCs, which showed two absorption bands
centered on 387 and 475 nm (inset of Figure S1A).
Furthermore, the Au SPR absorption peak located at 520 nm
cannot be found. As displayed in the inset of Figure S1B, very
weak green fluorescence emitted by ATT-AuNCs when

Figure 2. (A) Fluorescence images of MDR E. coli after incubation with water or ATT-AuNCs for 20 h. PI staining represents dead bacterial cells
(red color). Hoechst 33342 staining represents both dead and living cells (blue color). Scale bar: 25 μm. (B) Percentage of the damaged bacterial
membrane stained using PI. (C) Protein leakage from MDR E. coli suspensions treated with ATT-AuNCs. (D) Genomic DNA degradation of
MDR E. coli after treatment with ATT-AuNCs. Lanes 1−3 correspond to water, ATT-AuNCs treatments, and marker, respectively.
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irradiated with UV light. Two maximal excitation wavelengths
were located at 390 and 450 nm, and the photoemission
maxima were observed at 539 nm (Figure S1B). The TEM and
HRTEM images of ATT-AuNCs are shown in Figure S1C.
Lattice fringes are observed with an inner-plane spacing of 0.24
nm, indicating the (111) planes of gold.29 Meanwhile, ATT-
AuNCs measured from 100 individual particles exhibits an
average size of 1.77 ± 0.4 nm (Figure S1D). The survey
spectrum in Figure S1E confirmed the presence of O(1s),
C(1s), N(1s), Au(4f), and S(2p) in ATT-AuNCs, indicating
that ATT capped on the gold core. High resolution 4f
photoelectron spectra measured from Au (Figure S1F) shows
that the binding energy of Au 4f7/2 is 84.6 eV, which is close to
84.4 eV (Au+), revealing the coexistence of Au(0) and Au(I).30

The best-fit model for the data illustrated that the percentage
of Au(I) in the ATT-AuNCs was approximately 45.4%.

The growth curves of MDR E. coli displayed that the
addition of ATT-AuNCs obviously inhibited the growth of
MDR E. coli and the inhibitory effect increased as the ATT-
AuNCs concentration increased. The minimal inhibit concen-
tration (MIC) value of ATT-AuNCs toward MDR E. coli was
defined as 16 μg/mL (Figure 1A). To explore the antibacterial
activity, a microbial colony counting method was carried out.
The mixture of bacterial solution and ATT-AuNCs were plated
and incubated at 35 °C for 20 h. A clear reduction in bacterial
colonies was observed on blood agar plates containing a high
concentration of ATT-AuNCs (inset of Figure 2A).
Furthermore, the concentration dependence of antibacterial
activities on AuNC-based materials was studied. ATT-AuNCs
solutions at various concentrations (2, 4, 8, 16, and 32 μg/mL)
were incubated with MDR E. coli cells. As displayed in Figure
2A, the VR of MDR E. coli decreased from 87.9% at the ATT-
AuNCs concentration of 2 μg/mL to 0 at 32 μg/mL. These

Figure 3. XP spectrum of S (2p) (A,C) and O (1s) (B,D) in ATT-AuNCs before and after interaction with calcium chloride. (E) Increasing of
ATT-AuNCs emission by different concentrations of calcium chloride (a-e: 0, 0.5, 1, 2, and 4 mM). (F) Relative gene expression of MDR E. coli
after treatment with water and ATT-AuNCs for 20 h, respectively.
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results exhibited the strong antibacterial activity of ATT-
AuNCs against MDR E. coli. To acquire further evidence for
better understanding of the antibacterial behaviors, SEM and
TEM were employed to visualize a bacterial morphology.31,32

The untreated bacteria showed smooth and intact cell
membrane structures (left of Figure 1C and D). In contrast,
the morphologies of MDR E. coli were severely collapsed,
shrunken, and fused together after being exposed to ATT-
AuNCs (right of Figure 1C and D).
The live/dead microbial viability assays of MDR E. coli after

incubation with water and ATT-AuNCs for 20 h are shown in
Figure 2A,B. Almost water-treated bacteria fluoresced strong
blue, whereas ATT-AuNC-treated bacteria fluoresced blue as
well as red, revealing partial bacteria-killing efficacy of ATT-
AuNCs was achieved.33 In addition, the corresponding images
translated into digital information based on ImageJ software
indicated that MDR E. coli exhibited 2.3% bacterial membrane
damage in the control group, whereas in the ATT-AuNCs
group, the cells showed 75.7% bacterial cell death (Figure 2C).
Protein leakage analysis in MDR E. coli cells was further
performed by Bradford assay after 20 h treatment to investigate
the bactericidal mechanism of ATT-AuNCs.34 As displayed in
Figure 2D, the concentration of leaking protein in the ATT-
AuNCs group was higher than that in the water-treated group
(15.2 vs 4.5 μg/mL). Therefore, the damage to cell integrity
was also considered to be the antimicrobial mechanism of
ATT-AuNCs. Additionally, DNA degradation triggered by
ATT-AuNCs was assessed. As seen from 1% agarose gel
electrophoresis (Figure 2E), the control group showed that
genomic DNA remained stable. By contrast, DNA degradation
was obviously triggered following treatment with ATT-AuNCs.

3.2. Mechanism of Antibacterial Activity of ATT-
AuNCs. In bacteria, many of the cellular processes involved in
the cell cycle and division are mediated by bivalent cations
(e.g., Ca2+). In addition to cell wall, Ca2+ also plays a vital role
in structurally stabilizing the integrity of the outer lip-
opolysaccharide layer.35 Fluoroquinolones or other antibacte-
rial agent such as daptomycin have been claimed to
permeabilize the outer membrane and to exert this function
by chelating outer membrane-bound divalent cations.36

However, a similar effect based on AuNCs induced by bivalent
cation has seldom been reported. Herein, the recognition
mechanism of ATT-AuNCs toward bivalent cation (e.g., Ca2+)
was first investigated. As displayed in Figure 3E, with
increasing concentrations of calcium chloride, the fluorescence
intensity of ATT-AuNCs gradually increased. In addition, from
the XPS characterization results described in Figure 3A−D,
after the reaction of Ca2+ with ATT-AuNCs, peaks belonging
to the S bond and the O bond on the surface of AuNCs
disappeared at 168.9 and 535.5 eV, respectively. These
indicated that Ca2+ on the surface of the MRD E. coli could
bond with the sulfur- and oxygen- containing functional group
of ATT-AuNCs.37 The electron spin resonance is a recognized
technique to detect free radicals. Here, the detection of the
hydroxyl radical and superoxide was carried out using 5,5-
dimethyl-1-pyrroline N-oxide as a spin trap. As shown in
Figure S2, when ATT-AuNCs were added, the hydroxyl radical
(•OH) and superoxide anion radical (•O2−) signal were
observed. These results indicate that ROS generated by ATT-
AuNCs significantly enhances antibacterial activity toward
MDR E. coli. Furthermore, Three oxidative genes (eg, dmpI,
narJ, and narK) of responsible metabolic enzymes were
selected for the measurement of ATT-AuNC-treated effect

Scheme 1. Illustration of the Synthesis of ATT-AuNCs and Their Possible Mechanism of Bactericidal Effectsa

a(A) ATT-AuNCs are fabricated by mixing 6-Aza-2-thiothymine and chloroauric acid in one step. (B) ATT-AuNCs show electrostatic attraction to
bacteria via binding with Ca2+ on the bacterial cell wall. (C) ATT-AuNCs on the cell wall may disturb electronic flow through the respiratory chain.
Accumulated electrons could be transferred to O2 to form O2−, H2O2, and •OH, resulting in membrane oxidative damage, protein leakage, and
DNA destabilization in bacteria.
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using RT-PCR analysis.38 4-oxalocrotonate tautomerase
(encoded by dmpI gene) in the step of the oxidative
catabolism is considered to be responsible for the oxidation
of toluene, o-xylene, 3-ethyltoluene, and 1,2,4-trimethylben-
zene, then converting into the citric acid cycle intermediates,
followed by the generation of ROS as a byproduct.39

Respiratory nitrate reductase (encoded by narJ and narK
gene), and nitrate reductase (encoded by narK gene) can
transfer electrons from NADH or NADPH to nitrate, and the
nitrate transport coupled to nitrate reduction, respectively.40

As shown in Figure 3F, we observed significantly higher
expression levels of dmpI, narJ, and narK genes in the
treatment group than that of the negative group. These results
suggested that ATT-AuNC-activated upregulation of genes
encoding the oxidative metabolic enzymes induced more pro-
oxidative enzymes to be intracellularly expressed in MDR E.
coli due to the impairment of bacterial cell walls.17 The process

of the preparation of ATT-AuNCs and the potential
antimicrobial mechanism are shown in Scheme 1.

3.3. Antimicrobial Stability and Biocompatibility
Evaluation. The long-term antimicrobial stability and
hemolysis activity of ATT-AuNCs are significant and
prerequisite performance indices for possible clinical applica-
tions. As shown in Figure 4A, ATT-AuNCs possessed good
long-term antibacterial stability with 4 weeks. Moreover, Figure
4B shows hemolytic activity of ATT-AuNCs after 2 h
incubation with fresh mouse blood. It was found that ATT-
AuNCs have no hemolytic activity against erythrocytes at
different tested concentrations. Our findings suggested the
good biocompatibility of ATT-AuNCs.27

3.4. Promotion of Infected Wound Healing.We further
evaluated the antimicrobial effect of ATT-AuNCs in SD rats
infected with MDR E. coli. Figure 5A displayed photographs of
wounds on rats from both groups at different times during the

Figure 4. (A) Antibacterial stability of ATT-AuNCs. (B) Hemolytic activity of mouse blood after treatment with 0.1% triton, water, and various
concentrations of ATT-AuNCs (a−i: 0.1% triton, water, 0, 8, 16, 32 64, 128, and 256 μg/mL).

Figure 5. Therapeutic effect of ATT-AuNCs on a SD rat skin infection model. (A) Representative photographs of the healing processes of MDR E.
coli-infected wounds (0, 3, 5, 7, 10, and 12 day). (B) The relative wound sizes (relative area vs starting area) at days 0, 1, 3, 5, 7, 10, and 12. (C)
Bacteria colonies formation of MDR E. coli after different separation times (0, 7, and 12 day). (D) Quantitative analysis of MDR E. coli colonies
from the infected wound at days 0, 7, and 12 (n = 3).
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therapeutic process. After infection by MDR E. coli for 24 h,
ulceration and suppuration were observed on both groups.
After 3 days treatment, the wound site in the ATT-AuNCs
group started to form a scab with a 52.1% reduction, while the
water-treated group decreased only by 28.4%. On the 12th day,
the water-treated wound area remained as high as 4.9%, which
was only remained 1.8% in the ATT-AuNC-treated group
(Figure 5B). Clearly, MDR E. coli infection and exudate can
lead to prolonged wound healing.41 In addition, the
antibacterial properties of ATT-AuNCs were evaluated via

seeding bacteria on blood agar plates from the wound sites. As
displayed in Figure 5C, bacterial colonies from both groups
obviously appeared on the agar. After 7 days of treatment, the
density of bacteria from wounds treated with ATT-AuNCs was
significantly reduced. However, on the 12th day, the wound of
the control group produced drastically more bacterial colonies
than the ATT-AuNC-treated group (Figure 5D). These results
suggested that ATT-AuNCs have excellent antibacterial
activity against infected wounds.

Figure 6. (A) H&E and (B) MT staining of wound sections in both groups on day 12. Scale bar: 100 μm. (C) Thickness of newly formed
epidermis (n = 3). (D) Collagen accumulation on day 12 based on MT staining.

Figure 7. (A) Immunohistochemical staining of tumor necrosis factor (TNF)-α and IL-10 in the control and ATT-AuNCs groups. Quantification
of the inflammatory area was based on TNF-α (B) and IL-10 (C) staining, respectively. Scale bar: 200 μm. (D) Immunofluorescence staining and
(E) quantification percentage of CD68+ cells on day 12. Scale bar: 100 μm.
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To further elevate the excellent wound-healing efficacy,
hematoxy and eosin (H&E) and MT stained were employed
for histological analysis. As shown in Figure 6A, more new
blood vessels (green arrow) as well as the epidermis are
gradually formed (black arrows), and a high collagen fiber
surface area (blue arrow) appeared on the wound treated with
ATT-AuNCs, while an incomplete epidermal layer (marked by
black arrows) and a large number of inflammatory cells
(orange arrows) emerged in the control group. The skin layer
thickness of the fiber is further analyzed on day 12. As
displayed in Figure 6C, the new epidermal layer was thicker in
the ATT-AuNCs group (∼95.3 μm) than in the control group
(∼21.5 μm), suggesting the acceleration of wound healing and
restoration of the normal skin structure by treatment with
ATT-AuNCs. Moreover, the Masson staining results are shown
in Figure 6B, in which the wound area of the ATT-AuNC-
treated group is more dense, revealing an extensive collagen
deposition. As displayed in Figure 6D, the regenerated skin
tissues treated with ATT-AuNCs present more collagen fibers
(∼74.1%) with deeper colors than the control group
(∼48.3%), confirming their contribution to the promotion of
wound healing.42 Additionally, Figure S2 shows that the main
organs (heart, liver, spleen, lung, and kidney) of the rats had no
significant difference between both groups, suggesting no
adverse effect in rats.
Tumor necrosis factor (TNF)-α has been elucidated as a

critical contributor in promotion of inflammatory diseases.43

On the contrary, IL-10 is one of the stronger pleiotropic
cytokines whose modulation triggers a cascade of signaling
events involving anti-inflammatory activities.44 Hence, an ideal
antimicrobial wound therapy would include the inhibition of
TNF-α and the promotion of IL-10 expression. As shown in
Figure 7A, it could be found that more IL-10 positive staining
was obviously observed in the wound tissue, which was treated
by ATT-AuNCs, while less TNF-α positive staining was found
in the wounds treated with ATT-AuNCs compared to the
control group. Figure 7B,C also reveals that TNF-α, in the
ATT-AuNC-treated group, reduced 65.2%, whereas IL-10
increased 48.2%, relative to the control group. CD68 is a
biomarker of macrophages around the wound site, and
excessive or prolonged inflammation can lead to delayed
healing.45 Figure 7D presents the results of CD68 immuno-
fluorescence staining for macrophages in the wound sites of SD
rats at day 12 after treatment. The ATT-AuNCs group has a
smaller amount of CD68+ cells (∼2.5%) than the control
groups (∼13.5%), revealing that the ATT-AuNCs could
suppress the inflammation (Figure 7E). Overall, it was found
that ATT-AuNCs show excellent antimicrobial and immuno-
modulatory properties in vivo while further promoting collagen
deposition in the process of wound healing, increasing anti-
inflammatory cytokine, and reducing wound irritation.

4. CONCLUSIONS
In this work, we have developed a kind of long-term stability
and high-efficiency antibacterial ATT-AuNCs toward MDR E.
coli. We suggest that negatively charged sulfur and oxygen
functional groups serve to mask divalent cations (e.g., Ca2+) on
the surface of MDR E. coli, thereby enabling ATT-AuNCs to
interact and perturb bacterial membranes. The generation of
ROS induced by ATT-AuNCs could oxidize bacterial
membrane and upregulate the expression of pro-oxidative
relative genes. Furthermore, the effect of ATT-AuNCs was
more dramatic through the leakage of protein and DNA

damage, subsequently leading to a better bacterial killing
efficiency. Additionally, the ATT-AuNCs have no detrimental
effect on erythrocytes. Most importantly, the ATT-AuNCs
exhibited a great anti-inflammatory property to promote
wound healing in drug-resistant bacterial infected wounds in
vivo. This study extends the versatility of AuNC-based
materials, the emergence of ATT-AuNCs also provides a
new approach for other biomedical applications such as cancer
therapy.
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