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Self-Assembly of Antimicrobial Peptides on Gold Nanodots:
Against Multidrug-Resistant Bacteria and Wound-Healing

Application

Wei-Yu Chen, Hsiang-Yu Chang, Jenn-Kan Lu, Yi-Cheng Huang, Scott G. Harroun,
Yu-Ting Tseng, Yu-Jia Li, Chih-Ching Huang,* and Huan-Tsung Chang*

Photoluminescent gold nanodots (Au NDs) are prepared via etching and
codeposition of hybridized ligands, an antimicrobial peptide (surfactin; SFT),
and 1-dodecanethiol (DT), on gold nanoparticles (=3.2 nm). As-prepared ultr-
asmall SFT/DT-Au NDs (size =2.5 nm) are a highly efficient antimicrobial
agent. The photoluminescence properties and stability as well as the
antimicrobial activity of SFT/DT—Au NDs are highly dependent on the
density of SFT on Au NDs. Relative to SFT, SFT/DT—Au NDs exhibit greater
antimicrobial activity, not only to nonmultidrug-resistant bacteria but also

to the multidrug-resistant bacteria. The minimal inhibitory concentration
values of SFT/DT-Au NDs are much lower (>80-fold) than that of SFT. The
antimicrobial activity of SFT/DT-Au NDs is mainly due to the synergistic
effect of SFT and DT-Au NDs on the disruption of the bacterial membrane.
In vitro cytotoxicity and hemolysis analyses have revealed superior
biocompatibility of SFT/DT—Au NDs than that of SFT. Moreover, in vivo
methicillin-resistant S. aureus—infected wound healing studies in rats show
faster healing, better epithelialization, and are more efficient in the production
of collagen fibers when SFT/DT—Au NDs are used as a dressing material.
This study suggests that the SFT/DT-Au NDs are a promising antimicrobial
candidate for preclinical applications in treating wounds and skin infections.

1. Introduction

Bacterial infections cause health problems and even death for
millions of people worldwide.!! Common antibiotics such as
ampicillin, erythromycin, gentamycin, sodium sulfacetamide,
benzoyl peroxide, and azelaic acid are used against the growth

or to kill bacteria.l’! Unfortunately, bacterial
resistance to conventional medical antibi-
otics and a range of adverse side effects
associated with inappropriate antibiotic
treatment and overuse of antibiotics are
serious problems.®! Antimicrobial pep-
tides, known as natural antibiotics, can
combat drug-resistant bacteria, mainly
because their distinctive amino sequences
can insert into and subsequently disinte-
grate bacterial cell surfaces.*”] However,
they are usually cytotoxic and hemolytic to
human cells and erythrocytes, respectively.

Antimicrobial nanomaterials, such as
silver, copper oxide, zinc oxide, and tita-
nium dioxide nanoparticles (NPs) have
emerged as potential alternatives for the
treatment of drug-resistant bacterial infec-
tions.[%’] The high antimicrobial activity
of metallic and metal oxide NPs, with
their small sizes and high surface area,
is mainly attributed to their large contact
area with bacteria that leads to the destruc-
tion of the permeability and respiration
functions of bacteria membranes.®l In
addition, the penetrated NPs and/or ions released from their
surfaces may further interact with proteins, DNA and RNA
molecules, which inhibits cellular functions.®l Moreover, reac-
tive oxygen species (ROS) generated due to NPs may also
induce damage to cells.Bl The complex antimicrobial mecha-
nisms of metallic and metal oxide NPs greatly reduce the
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probability of bacteria developing drug resistance to them.!
Although metallic and metal oxide NPs exhibit high potential
for treatment of drug-resistant bacteria, they are toxic to most
human cells, which limits their use.'” To minimize toxic effects,
NPs conjugated with antibiotics, carbon-based nanomaterials,
and multifunctional upconverting nanoparticles have been pre-
pared.'yl In addition, they provide synergistic effects, which
enhance their antimicrobial activities.!'!

Molecular (noncovalent) self-assembly of functional ligands
on NP surfaces can provide dense recognition units for mul-
tivalent interactions with biological molecules, or for coopera-
tive binding to different receptors on cell surfaces.l'¥ The high
local concentration of recognized ligands on NP surfaces can
also enhance their binding affinity and specificity toward tar-
gets.['3] Small-sized gold nanomaterials are stable and nontoxic,
and have become one of the most attractive
cores for preparation of biofunctional nano-
materials.'* Self-assembled oligonucleotides, (A)
peptides, and oligosaccharides on gold nano-
materials possess plasmonic absorption, pho-
toluminescence, catalytic activity, and have
been shown to be useful for biosensing, cell
labeling, and therapy of tumor cells.'*l They
are, however, rarely applied for antimicrobial
applications,[™” mainly because of the low
antimicrobial nature of gold nanomaterials.

In this work, we have prepared antimi-
crobial gold nanodots (Au NDs; =2.5 nm)
coimmobilized with surfactin (SFT) and
1-dodecanethiol (DT). We have previously
reported that the deposition of alkanethiols
onto the surfaces of gold nanoparticles
(Au NPs; =3.2 nm) results in the formation
of photoluminescent Au NDs.l'%l SFT, a cyclic
lipopeptide with a sequence of Glu-Leu-p-Leu-
Val-Asp-p-Leu-Leu linked by a lactone bond to
a C11-15 B-hydroxy fatty acid (Scheme 1A),
provides antimicrobial, antiviral, antifungal,
antimycoplasma, and hemolytic activities.!”18]
It penetrates cellular membranes mainly
through its cation-carrier, pore-forming, and
detergent effects.l'¥ The hybrid SFT/DT-
capped Au NDs (SFT/DT-Au NDs) were pre-
pared through self-assembly of antimicrobial
peptides (SFT) on DT-anchored Au NDs by the (B)
nonspecific hydrophobic interactions between

the alkyl chains of the SFT and DT molecules 8 2 /D‘,? ~

(Scheme 1A). The as-prepared SFT/DT-Au .~
NDs were characterized by UV-vis absorp- /;
tion and photoluminescence spectroscopy,
transmission electron microscopy (TEM),
zeta potential ({), and electrospray ionization

quadrupole time-of-flight mass spectrometer 8
(ESI-Q-TOF MS) measurements. Relative to
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Enteritidis (S. enteritidis), and Staphylococcus aureus (S. aureus),
as well as multidrug resistant (MDR) bacteria like methicillin-
resistant S. aureus (MRSA). MRSA is a type of Staphylococcus
bacterium, and it is resistant to many antibiotics commonly
used to treat ordinary Staphylococcus infections, including
methicillin, nafcillin, and oxacillin.?” The water dispersibility,
photoluminescence, as well as antimicrobial activity of Au NDs
are highly dependent on the ligand ratio of SFT/DT on their
surfaces. In vivo results demonstrated that the antibacterial
wound-healing effect of SFT/DT-Au NDs is superior to that
of SFT on an MRSA-infected wound in rats. Furthermore, in
vitro hemolysis and cytotoxicity analyses of SFT/DT-Au NDs
revealed their insignificant hemolysis in red blood cells (RBCs)
and low toxicity in selected cell lines [immortalized human
breast epithelial cell line (MCF-10A), mouse embryonic fibroblast

SFT/DT-Au NDs | ret
| .
A g '\\
Dodecanethiol (DT) C11-15 p-hydrony ftty actd “X__ =
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SFTs and DT-Au NDs, SFT/DT-Au NDs pos-
sessed superior antimicrobial activity toward
non-multi-drug resistant (non-MDR) bacteria,
such as Escherichia coli (E. coli), Proteus vul-
garis (P. vulgaris), Salmonella enterica serovar

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 1. A) Synthesis of photoluminescent SFT/DT-Au NDs and B) their antimicrobial
activity through the SFT-mediated disruption of bacterial cells.
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cell line (NIH-3T3), and human microvascular endothelial cell
line (HMEC-1)].

2. Results and Discussion

2.1. Characterization of SFT/DT-Au NDs

Tetra(hydroxymethyl)phosphonium chloride (THPC) was used
as a reducing agent and a capping agent to prepare Au NPs
(=3.2 nm) from AuCl," in alkaline solution.?! The surface of the
Au NPs were functionalized with DT ligands or DT/SFT hybrid
ligands, which induced their dissolution (etching). As a result,
Au-thiolate complexes were formed on the surfaces of Au cores,
with an average particle size of 2-3 nm. For simplicity, these as-
prepared SFT/DT—Au NDs are denoted as SFT(;/DT-Au NDs,
SFTy1/DT-Au NDs, SFT,,5/DT-Au NDs, SFT,5/DT-Au NDs,
and SFT;/DT-Au NDs that were prepared using the SFT/DT
ligands at concentrations of 0.05/1.0, 0.1/1.0, 0.25/1.0, 0.5/1.0,
and 1.0/1.0 x 1073 wm, respectively. Figure 1 displays the UV-vis
absorption and photoluminescence spectra of the as-prepared
DT-Au NDs and SFT/DT-Au NDs. The absorption band of Au
NDs in the near-UV region arises from the hybrid electronic states
involved with ligand-metal (S—Au) charge transfer and/or mix-
ture with ligand-to-metal-metal charge transfer of (—S—Au(I)
—S—Au(I)—S—), staples constructed from various Au—Au and
Au—S bonds on the Au ND surfaces.??l In aqueous solution,
DT is immiscible; however, SFT/DT complexes formed through
the hydrophobic interactions of DT with SFT are miscible. As a
result, it is relatively easier for the SFT/DT complexes than for
DT to access the surfaces of Au NPs. When compared to DT-Au
NDs, SFT/DT-Au NDs have smaller particle sizes (Figure S1,
Supporting Information; Table 1) and exhibit higher absorb-
ance in the UV region (Figure 1A). Compared to DT-Au NDs
(=3 nm), SFT5/DT-Au NDs having larger hydrodynamic size
(=10.5 nm), implying SFT molecules are assembled on DT-Au
NDs (Figure S2, Supporting Information). The ESI-Q-TOF MS
spectra of purified SFT,5/DT-Au NDs (Figure S3, Supporting
Information) show peaks at m/z 1008.77, 1022.79, and 1036.81,
which are assigned for SFTs with alkyl chains of Cyy, Cyy, and
Cy,, respectively, further supported the existence of SFT mol-
ecules on the Au ND surfaces.

The photoluminescence of DT-Au NDs is a combination that
arises from the Au ND core and the Au(I)-SR shell.?3?¥ The
energy level of the highest occupied molecular orbital (HOMO)
in the hybrid states (p-orbitals of S and 6sp orbitals of the sur-
face Au atoms/ions) of the as-prepared Au NDs are lower than
that of the d-band of surface Au atoms and ions./?>! Therefore,
the visible-emitted photoluminescence of the Au NDs (=510 nm)
could possibly arise mainly from sp- to d-band transitions of
the Au cores. However, the photoluminescence properties of
Au NDs are highly dependent on the density and charge of
their capping shells.?”! The dense capping-ligand shell of SFT/
DT on the surface of Au NDs can minimize their collision with
quenchers (e.g., oxygen molecules, halide ions) and the internal
nonradiative relaxation pathways (which restrain intramolecular
vibrations and rotations).? As a result, the photoluminescence
intensity of the SFT/DT-Au NDs is much stronger than that of
the DT-Au NDs (Figure 1B); the photoluminescence intensity
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increases upon increasing the concentration of SFT used in the
preparation of Au NDs and reaches a plateau at the SFT con-
centration of 1.0 X 107 m. The photoluminescence quantum
yields (®¢) of DT-Au NDs and SFT;,/DT-Au NDs are 1.19%
and 3.01% (Table 1), respectively. A slight blue shift of the emis-
sion of SFT/DT-Au NDs (Figure 1B) is probably due to their
smaller particle size, which results in a larger band gap of the
sp- to d-band transitions.?>) The shorter photoluminescence
lifetimes (t,/7,; Figure S4, Supporting Information) and higher
ratio of Au(I) in the Au NDs (Table 1) that had been prepared in
the presence of higher concentration of SFT are consistent with
their stronger absorption, smaller sizes, and densely packed
ligand shell. The electron-donating feature of SFT may enhance
the ligand-to-metal charge transfer (S—Au) on the surfaces and
therefore contributes to their higher absorption coefficient,
photoluminescence intensity, and shorter lifetime.[”]

(A) 0.6
Y’K — SFT, (/DT-Au NDs
\ SFT, 5,/DT—Au NDs
3 0.4+ — SFT,,s/DT-Au NDs
S —— SFT, ;o/DT—Au NDs
S —— SFT, ,/DT-Au NDs
5 —— DT-AuNDs
3
= 0.2
200 300 400 500 600 700 800
Wavelength (nm)

—— SFT, /DT-Au NDs
SFT, 5/DT—Au NDs
—— SFT,,s/DT—Au NDs
—— SFT, ,o/DT-Au NDs
— SFT, os/DT—Au NDs
DT-Au NDs

[SFT] (mM)
0 1.0

425 450 475 500 525 550 575 600
Wavelength (nm)

Figure 1. A) UV-vis absorption and B) emission spectra of DT-Au NDs
and SFT/DT-Au NDs ([Au NDs] =100 x 107 m) in 5.0 x 10 m sodium
phosphate solution (pH 7.4). The SFT/DT-Au NDs were obtained from the
reactions of THPC-Au NPs (=3.2 nm; 0.5 x 107 m) with DT (1.0 x 1073 m),
and DT (1.0 x 1073 m)/SFT (0.05-1.0 x 107 w) in 20 x 10~ m sodium
tetraborate (pH 9.2) at ambient temperature for 48 h, respectively. Inset
in (B): photograph of the DT-Au NDs and five SFT/DT-Au NDs solutions
upon excitation under a handheld UV lamp (365 nm). Photoluminescence
intensities (Ip,) in (B) are plotted in arbitrary units (a.u.). Excitation wave-
lengths in (B) for DT-Au NDs and SFT/DT-Au NDs were set at 390 nm.
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Table 1. Sizes, oxidation states [Au(l)/Au(0)], and optical properties of DT-Au NDs and SFT/DT-Au NDs prepared from Au NP solutions at DT

(1.0 x 1073 m) and various concentrations of SFT (0~1.0 x 107 wm).

Au NDs Size Agma) QY Au(l)/Au(0) Absorption coefficient® Lifetime

[nm] [nm] (%] [e, v em™] [11/7,, ns]
DT-Au NDs 3.03+£0.19 512 1.19 64.1/35.9 2,67 x10° 105.3 (51.2%)/14.8 (48.8%)
SFTo05/DT—Au NDs 2.87+0.46 507 210 66.3/33.7 2.84%10° 90.2 (57.8%)/14.4 (42.2%)
SFTo1/DT-Au NDs 2524026 506 237 69.2/30.8 3.10%10° 89.1 (59.2%)/13.2 (40.8%)
SFTo25/DT-Au NDs 2434029 505 2.68 73.4/26.6 3.34% 105 88.1 (57.1%)/12.5 (42.9%)
SFTos/DT-Au NDs 2.2040.29 505 2.94 77.6/22.4 3.53% 105 86.4 (59.3%)/10.6 (40.7%)
SFT; o/DT-Au NDs 2.0240.21 506 3.01 80.2/19.8 3.79% 105 84.0 (63.5%)/9.4 (36.5%)

AEmission-band maxima upon excitation at a wavelength of 390 nm; Y Absorption coefficient at the wavelength of the absorption-band maxima.

2.2. Antimicrobial Properties SFT/DT-Au NDs

Because photoluminescent SFT/DT-Au NDs had ultrasmall
particle sizes and highly dense antimicrobial peptide (SFT)
ligands on their surface, they were used to inhibit bacteria
growth. The minimal inhibitory concentration (MIC) values of
the SFT and SFT/DT-Au NDs were determined by a standard
dilution method in various tested bacterial strains (Figure 2),
including one non-MDR Gram-positive (S. aureus), three non-
MDR Gram-negative (S. enteritidis, E. coli, and P. vulgaris), and
one MDR Gram-positive (MRSA) bacteria. The inhibitory activi-
ties of SFT/DT—Au NDs are not only effective against the four
non-MDR bacterial strains but also the MDR bacterial strain.
We found that the inhibitory activities of SFT/DT-Au NDs
increased upon increasing the concentration of SFT. The results
suggested that the antimicrobial properties of SFT/DT-Au NDs
exhibited synergistic effects from SFT and the DT-Au NDs.
Among the prepared SFT/DT-Au NDs, SFT,s;/DT-Au NDs
exhibited the best inhibitory activity against the tested bacterial
strains. The MIC value (in terms of the concentration of SFT)
of SFTy5/DT-Au NDs (3 x 107° m) for MDR strain (MRSA) is

300 p—

£ SFT,,/DT-Au NDs

N SFT, /DT-Au NDs
[lll SFT,/DT-Au NDs

[ SFT, /DT-Au NDs
5 SFT, /DT—Au NDs

%
|
.
%
.
%
.
.
.
.
.
.
%
.
%
.
o
.
%
.
/‘

ulgans MRSA  S.aureus S. entritidis

Figure 2. Comparison of minimum inhibitory concentrations (MICs;
in terms of the concentration of SFT) of surfactin, SFTgos/DT-Au
NDs, SFTy1/DT-Au NDs, SFTg,5/DT-Au NDs, SFTgs/DT-Au NDs, and
SFT,o/DT-Au NDs against five bacteria (E. coli, P. vulgaris, MRSA,
S. aureus, and S. enteritidis). Error bars represent the standard deviation
of three repeated measurements.
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>80-fold lower than that of SFT (=250 X 107° m). Relative to
SFT,5/DT-Au NDs (MIC < 0.003 x 10° M Au NDs), the much
weaker inhibitory activity of DT-Au NDs (MIC > 1.0 x 10 m
Au NDs) is ascribed to its low solubility. The SFT;,/DT-Au
NDs showed slightly lower antimicrobial activity than SFTs/
DT-Au NDs (Figure 2), mainly because a large amount of free
SFT molecules competed with SFT/DT-Au NDs to interact with
the bacteria.

Inhibition zone measurements were further conducted
to assess the antimicrobial activity of SFT, DT-Au NDs, and
SFTy5/DT-Au NDs. Figure S5 (Supporting Information)
reveals that the SFT,s5/DT-Au NDs-loaded cellulose thin film
(diameter = 0.8 c¢m) exhibited a much larger inhibition zone
(2.60 £ 0.30 and 1.80 %+ 0.20 cm) for E. coli and S. aureus than
those of SFT (0.15 + 0.08 and 0.08 + 0.03 cm) and DT-Au NDs
(0.10 £ 0.05 and 0.05 £ 0.01 cm), respectively. In contrast to
DT-Au NDs, the bacteria provided bright photoluminescence
after they interacted with SFT,5;/DT-Au NDs (Figure S6, Sup-
porting Information). The photoluminescence feature of Au
NDs allows using SFT/DT-Au NDs to label bacteria for cellular
imaging applications without any modification. Nanoparticles
conjugated with fluorophores are widely used to investigate cel-
lular uptake of nanoparticles, internalization, and subcellular
localization of nanoparticles.?®! The optical resolution of tracing
of Au NDs into/in cells should be better than that of most fluo-
rescent nanoparticles having the sizes >10 nm, mainly because
of their small particle size (<3 nm). The inductively coupled
plasma mass spectrometry (ICP-MS) measurement (with regard
to elemental Au) reveals the amount of SFT,5/DT-Au NDs
(=250 Au NDs per bacterium) conjugated to E. coli was =20-fold
higher than that of DT-Au NDs (=12 Au NDs per E. coli bac-
terium). Our result suggests the SFT ligands on Au NDs play
a crucial role in the interaction of SFT/DT-Au NDs with the
bacteria.

2.3. Disruption of Bacterial Membranes

The antimicrobial properties of SFT,5/DT-Au NDs via generation
of intracellular ROS is excluded, with a support no fluores-
cent product formed from 2’,7-dichlorodihydrofluorescein
diacetate (DCFDA) dye. DCFDA can be deacetylated to the non-
fluorescent 2’,7’-dichlorodihydrofluorescein (DCF) by cellular

Adv. Funct. Mater. 2015, 25, 7189-7199
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esterases and then oxidized by ROS into fluorescent DCF with
maximum excitation and emission spectra of 495 and 529 nm,
respectively.?”) transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) measurements were con-
ducted to explore the mechanism of the antimicrobial activi-
ties of the SFT5/DT-Au NDs against bacteria. It is generally
accepted that the antimicrobial properties of amphiphilic SFT
molecules is due to destabilization of the bacterial membranes
and interruption of their integrity.'! The interactions of SFT
molecules with bacterial membrane structures have been sug-
gested to induce various effects such as increasing its mem-
brane permeability by channel formation and solubilization of
cell membranes.l') The cyclic heptapeptide head group of the
SFT is a prerequisite for binding to the cell membranes after
their primary collision.l'”) The small-sized SFT,5/DT-Au NDs
(2.20 nm) having a larger surface curvature enable a large
amount of SFT assembled on the Au NDs. We determined
that there are =150 SFT molecules per Au ND by ESI-Q-TOF
MS. The Au NDs having high density of SFT ligands on its
surfaces lead a strong multivalent interaction between SFT/
DT-Au NDs and bacterial membranes.’% Dehydration of the
head groups of phospholipid, perturbation of lipid packing, and
bilayer stability occur after SFT molecules enter bacteria mem-
branes.”) SEM images of E. coli exposed to SFT, DT-Au NDs, and

(A)
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SFT,5/DT-Au NDs for 1 h display varied morphological alteration
(Figure 3A). On the other hand, the control cells had intact mor-
phologies and smooth surfaces. Most of the E. coli treated with
SFTs (500 x 107° m) or DT-Au NDs ([Au NDs] = 0.5 x 107° m)
retained their intactness. In sharp contrast, a large number
of cell debris were observed after treated with SFT,5/DT-Au
NDs ([SFT] = 500 x 10~ u, [Au NDs] = 0.5 x 10~ w). The TEM
image reveals that the SFT,5/DT-Au NDs at the surface of
E. coli (Figure 3Bd). Energy-dispersive X-ray spectroscopy (EDS)
measurements were conducted to further confirm the presence
of the SFT5/DT-Au NDs on the surface of E. coli (Figure 3C).
Similarly, SFT,s/DT-Au NDs were also found at the surface
of S. aureus and cause serious damage of the membrane of
S. aureus (Figure S7, Supporting Information).

TEM images also reveal serious damage of the E. coli treated
with SFT,s/DT-Au NDs, the obvious undulating appearance of
a disorganized cell surface and blebs emanating from the cell
membrane (Figure 3Bd). In comparison, the damage is less
serious when they were treated with SFT or DT-Au NDs. This
damage further results in disorganization of the cell membrane
and cytoplasmic release. The disruption of E. coli by SFTjs/
DT-Au NDs was also examined using SYTO 9 and PI to stain
the nucleic acids. The green-fluorescent dye SYTO 9 was able
to enter E. coli, but the red-fluorescent PI was excluded from

B)
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Figure 3. A) SEM and B) TEM images of a) E. coli cells and after treated with b) SFT solution (500 x 107 m), c) DT-Au NDs ([Au NDs] = 0.5 x 107 m), and
d) SFTy5/DT-Au NDs ([SFT] =500 x 107 m; [Au NDs] = 0.5 X 107 m). The inset to TEM image in (Bd): magnified view of the area enclosed with a
solid line box indicating the presence of Au NDs at E. coli. C) TEM-EDS analysis of the magnified view of the area enclosed with a solid line box in TEM
image (Bd). Other conditions were as described in Figure 2.
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cells with structurally intact cytoplasmic membranes. The
time-dependent fluorescence images of E. coli treated with
SFTy5/DT-Au NDs (Figure S8, Supporting Information)
clearly show serious damage to the cell membrane of E. coli.
To further examine the disruption of bacteria, the activity of
released f-galactosidase was determined using o-nitrophenyl-
p-p-galactopyranoside (ONPG) substrates via measurement
of absorption (at 420 nm) of the yellow product o-nitrophenol
(ONP). As shown in Figure S9 (Supporting Information), the
SFT,5/DT-Au NDs strongly induced the release of cytoplasmic
B-galactosidase from E. coli. This result further supports our
claim that the SFT,5/DT-Au NDs possess high antimicrobial
activity, which destroyed the integrity of the bacterial membrane
and caused the leakage of cytoplasm. The uptake of highly
hydrophobic DT-Au NDs into the bacterial cell wall mediated
by surface SFT ligands accelerated cell division, leading to dis-
ruption and lysis of the bacterial cells. In addition, multivalent
SFT molecules on Au NDs might bind to proteins and/or pep-
tidoglycans on the cell wall through hydrogen bonding and
electrostatic interactions. These two factors resulted in syner-
gistic damage of the cell wall and/or inhibition of cell wall syn-
thesis. The destruction of fimbriae was observed from SFT( s/
DT-Au NDs-treated E. coli (Figure 3Bd), supporting the claim
of serious damage to the integrity of the cell membrane caused
by SFT,5/DT-Au NDs.

Bacterial resistance is generally rare against cyclic lipopep-
tides due to their nonspecific disruption of cell membranes.!
Only very few bacteria strains (e.g., Streptomyces sp. Mgl) was
resistant to inhibition by surfactin.?¥ The complex permeabili-
zation to bacterial membranes induced by surfactin leads it to
be able to disrupt all types of bacterial cell membranes, bearing
on its tendency to not produce resistant strains of bacteria. The
bacteria strains used in this study were not resistant to the inhi-
bition by surfactin.>¥l Therefore, high antibacterial SFT/DT-Au
NDs are unlikely to trigger bacterial resistance of used bacteria
in this study. However, the antibacterial activity of SFT/DT-Au
NDs against surfactin-resistant bacteria strain will be investi-
gated in the future.

2.4. Cytotoxicity and Hemolysis Evaluation

Two major side effects caused by antimicrobial peptides are
hemolysis and cytotoxicity toward mammalian cells and RBCs,
respectively.3* The cytotoxicity of SFT,5/DT-Au NDs toward
mammalian cells was evaluated using an Alamar Blue assay.
After 24 h of separated incubation of MCF-10A, NIH-3T3,
and HMEC-1 cells with the SFT,5;/DT-Au NDs at concentra-
tion < 1000 x 107 m (in terms of the concentration of SFT),
the cell viability values were all higher than 90% (Figure S10B,
Supporting Information), which are 300-fold higher than MIC
for tested bacteria (Figure 2). The biocompatibility of SFT(s/
DT-Au NDs toward the tested mammalian cells was superior
to free SFT at the same concentration. Our results suggest
the cytotoxicity of SFT promptly decreased after being loaded
onto the surface of Au NDs, mainly due to weaker interaction
of the SFT with the mammalian cell membranes. Compared to
bacterial membranes, mammalian cell membranes are com-
posed principally of lipids with less net charge and are rich in

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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cholesterol. Therefore, the excellent selectivity of SFT5/DT-Au
NDs toward bacteria is mainly ascribed to the differences in
membrane properties of bacterial and mammalian cells.

In addition, satisfactory biocompatibility was verified by a
hemolysis test. Hemolytic evaluations were conducted using
human RBCs incubated with SFT,s/DT-Au NDs or SFT at
various concentrations (Figure S11, Supporting Information).
Compared with SFT at the same concentration, significantly
less hemolysis of RBCs caused by SFT,s5/DT-Au NDs was
observed. For example, at 500 x 10 m, a concentration much
lower than the MIC, almost no hemolysis was observed with
the SFT,5/DT-Au NDs, whereas free SFT caused more than
95% hemolysis. Preferential toxicity to bacterial cells and insig-
nificant cytotoxicity to the mammalian cells and hemolytic
effect to RBC insinuate the emergence of SFT/DT-Au NDs as a
potential antimicrobial drug.

2.5. Wound Healing Activity

To demonstrate the practical applicability of the SFT/DT-Au NDs,
we tested its antibacterial ability in healing of skin wounds of
rats exposed to MRSA. Figure 4A shows photographs of postop-
erative wound healing in SD rats that had (not) been subjected
to treatment with SFT or SFT/DT-Au NDs. Figure 4B shows
the graphical representation of the quantitative measurement
of the wound area. As can be seen from Figure 4A, wound crust
started appearing at the SFT,5/DT-Au NDs dressed wound
site on the 6th d postsurgery and an =60% decrease in the
wound size was observed (Figure 4B), thereby showing effec-
tive healing. Even though the other two groups, untreated and
SFT, also showed signs of wound closure (decreased to =75%
and =60%, respectively), the wound crust did not appear on the
6th d. Also, ulceration and edema were seen on the untreated
wound site even after 6 d, showing poor inhibition of the
bacterial infection. By day 9 we observed significantly greater
epithelial coverage in the SFT,5/DT-Au NDs group and only
~5% wound crust was observed. The 12th d postsurgery shows
complete re-epithelialization of wounds treated with SFT,s/
DT-Au NDs, exhibiting thicker granulation tissue and more
extensive development of hair follicles when compared with
that of the control group and SFT group. To check the antibac-
terial activity, the bacteria from the tissues in the wound area
were cultured on agar plates overnight (Figure 4C). Since no
antibacterial agent was applied, the 2nd d samples showed high
bacterial growth for all groups. On the 4th d, culture from the
SFT(5/DT-Au NDs group showed very significant decrease
in bacterial count. By contrast, the SFT group showed a little
decrease, while untreated group did not show any change. More-
over, relative to SFTs/DT-Au ND treated wound, the wound of
the control group and SFT group excreted exudate continuously,
which prolonged the healing process. After 9 d postsurgery, SET
and SFTs/DT-Au NDs groups showed complete recovery from
bacterial infection. Consistent with the in vitro antibacterial
assay, SFT5/DT-Au ND shows better bacteria membrane rup-
ture through a variety of mechanisms.'”! Thus, SFT5/DT-Au
NDs are a better antibacterial agent than only SFT.

Histological analysis in the infected full-thickness wounds
was also performed by hematoxylin and eosin (H&E) staining
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Figure 4. A) Representative photographs of the MRSA-infected wound
untreated and treated with SFT or SFT/DT-Au NDs and B) their
corresponding wound sizes (relative area versus initial area). Error
bars represent the standard deviation of three repeated measurements.
C) Photographs of bacterial cultures from the tissue of untreated, and
SFT or SFT/DT-Au NDs treated wound.

to compare the untreated wounds with the SFT,5/DT-Au NDs-
treated wounds (Figure 5A). Clear distinction of the boundary
between the normal and wound tissue can be seen on day 2
(indicated by a green line). The epithelial tissue due to the
migration of keratinocytes from the surrounding tissue to
the wound bed was apparent (indicated by a red arrow) at the
wound margin in SFT,5/DT-Au NDs-treated wound on day
4. On day 6, the untreated group showed some migration of
keratinocytes from the normal tissue area to the wound sites
(indicated by a black arrow), but the boundary between them
is distinguishable and only a little healing was observed. How-
ever, a greater migration for keratinocytes and a better healing
was observed for the SFT(, 5/DT-Au NDs treated wound. On day
9, the skin morphology was close to normal healthy epidermis
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and exhibited an adequate thickness of the epidermal layer,
whereas the dermal layer in the untreated group was not yet
fully regenerated (indicated by a blue arrow). More blood ves-
sels (indicated by purple arrows) and hair follicles (indicated by
cyan arrows) developed in the SFT5/DT-Au ND treated wound
site, and the wound crust disappeared on day 12; moreover, it
looked identical to that of normal tissue. Conversely, no hair
follicles or blood vessels developed at the untreated wound sites
after 12 d, even though the wound curst was present (indicated
by an yellow arrow).

Masson's trichrome staining was used to visualize the for-
mation and distribution of collagen during the healing process
of the wounded tissues (Figure 5B). The collagen fibers were
stained blue, and the intensity represents the relative collagen
content in the tissue sections. The wound sites show signifi-
cantly less collagen fibers deposition compared with the adja-
cent normal tissue on the 2nd d postsurgery. On the 4th d post-
surgery, the SFTy5/DT-Au ND treated group showed a higher
density of collagen fibers (deeper blue color) when compared
to the untreated group. On the 6th d, when compared to the
untreated wound site, the SFT5/DT—Au ND treated wound site
contained dense collagen fibers and increasing neovasculariza-
tion formation (indicated by red arrows). On day 9, the neo-
vascularization (indicated by red arrows) and the formation of
new collagen fibers were significantly more prominent at the
SFT(5/DT-Au ND treated wound site, contributing to a faster
and better wound healing process. Moreover, significant col-
lagen content did not appear until day 9 at the untreated wound
site. On day 12, the wound of the SFT;5/DT-Au ND treated
group was completely healed, showing an identical distribution
of collagen and blood vessels with the normal tissues, while the
untreated wound site displayed little increase in collagen con-
tent and blood vessel number than those on the 6th and 9th d.
In general, we observed higher collagen content in the SFT 5/
DT-Au ND treated wound site from day 4 to day 12 postsur-
gery compared with that of the untreated wound. Therefore,
higher fibroblast formation and collagen secretion presumably
accelerated the wound healing process. Our results suggest that
the nanostructure feature of SFT,5/DT-Au NDs modulates the
collagen alignment to improve the mechanical properties in
wound healing.[**]

3. Conclusions

We have demonstrated that the antibacterial peptide formed a
dense shell on each core of photoluminescent Au NDs through
self-assembly. The density of SFT on Au NPs has a significant
effect on determining the size and photoluminescent QY of
SFT/DT-Au NDs, as well as their antibacterial potency. Relative
to free SFT, SFT/DT—Au NDs exhibited much higher antibacte-
rial activity to MRSA due to their strong effect on disintegra-
tion of the bacterial membrane. The cytotoxicity and hemolysis
assays and bacterial wound healing studies have revealed SFT/
DT-Au NDs are an attractive biocompatible nanocomposite
for topical applications in the treatment of wounds. Recently,
glutathione (GSH)-, dihydrolipoic acid (DHLA)-, or cyclodex-
trin (CD)-capped silver nanoclusters (Ag NCs) have demon-
strated strong antimicrobial activity due to abundant Ag® ions
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Figure 5. Histologic analysis of wound tissue using A) hematoxylin and eosin and B) Masson’s trichrome staining.

on Ag NCs surfaces and high capability to generation of the
ROS.B% In contrast, the mainly antimicrobial effect of our
SFT/DT-Au NDs is through disruption of the integrity of
the bacterial membrane, leading to the leakage of cytoplasm.
Therefore, the assembly of SFT/DT to silver NDs or alloy gold/
silver NDs to form SFT/DT-Ag NDs or SFT/DT-Au/Ag NDs
is expected to further improve the antibacterial activity of NDs.

4. Experimental Section

Chemicals: Tetrachloroauric acid trihydrate (HAuCl,-3H,0), DT,
THPC, ONPG, acetonitrile (ACN), and aqueous formic acid (FA)
solution (8% in water) were purchased from Sigma-Aldrich (Milwaukee,
WI, USA). Tris (hydroxymethyl)aminomethane (Tris), potassium chloride,
magnesium chloride, phosphoric acid, and trisodium phosphate
were purchased from |. T. Baker (Phillipsburg, NJ, USA). The sodium
phosphate buffer (pH 7.4, 100 x 1073 M) was prepared with phosphoric
acid (100 x 107 wm) and trisodium phosphate (100 x 107 w). Fetal
bovine serum (FBS) and all cell culture media were purchased from
Gibco BRL (Grand Island, NY, USA). Antibiotic—antimycotic, L-glutamine,
and nonessential amino acids were obtained from Biowest (Lewes,
UK). Alamar Blue reagent was purchased from BioSource (Camarillo,
CA, USA). The SYTO Green-Fluorescent Nucleic Acid Stains assay kit
was purchased from Molecular Probes (Eugene, Oregon, USA). B-PER
bacterial protein extraction reagent (bacteria lysis agent) was purchased
from Thermo Fisher Scientific Inc. (Rockford, IL, USA). Surfactin
from Bacillus subtilis (=98%, HPLC grade) was provided by Prof. Lu
(Department of Aquaculture, National Taiwan Ocean University).

Synthesis and Characterization of Photoluminescent SFT/DT-Au NDs:
Non photoluminescent Au NPs (diameter =3.2 nm; =1.0 x 107 wm)
were synthesized by THPC (1.5 x 107 wm)-mediated reduction of

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

HAuCl, (840 x 107® m).2l For preparation of photoluminescent SFT/
DT-Au NDs, aliquots of the as-prepared Au NPs (0.5 x 107° m) were self-
assembled with DT (1.0 X 1073 m) and SFT (0~1.0 x 1073 ) in trisodium
tetraborate buffer solution (20 x 1073 m, pH 9.2) for 48 h at ambient
temperature. The photoluminescence and UV-vis absorption spectra of
the as-prepared DT-Au NDs and SFT/DT-Au NDs were recorded using
a spectrofluorometer (Cary Eclipse; Varian, Walnut Creek, CA, USA) and
a double beam UV-vis spectrophotometer (Cintra 10e, GBC, Victoria,
Australia), respectively. For the determination of quantum yield (@) values
of the DT-Au NDs and SFT/DT-Au NDs, each of their diluted solution
(100 x 1079 m, 0.50 mL) was placed in a quartz cuvette (1 cm path length
of light). The @ values were determined by comparison with that of 10 m
quinine (@ = 53%, in 0.10 M H,SO,). The average size of the Au NPs
and Au NDs was determined using a transmission electron microscope
(Tecnai 20 G2 S-Twin TEM, Philips/FEI, Hillsboro, Oregon, USA), with
each of the purified samples deposited onto a TEM grid with a thin layer
of carbon. X-ray photoelectron spectroscopy (XPS) measurements of the
SFT/DT-Au NDs were performed using an ES-CALAB 250 spectrometer
(VG Scientific, East Grinstead, UK) with Al Kot X-ray radiation as the X-ray
source for excitation. Their binding energies were corrected using the
C 1s peak at 284.6 eV as a standard. The samples for XPS measurements
were prepared by depositing drops of the DT-Au NDs or SFT/DT-Au
NDs onto Si substrates, in which the solvents evaporated at ambient
temperature and pressure. The photoluminescence lifetimes of the DT-
Au NDs and SFT/DT-Au NDs were recorded using a photo-counting
PicoHarp 300 system (PicoPicoQuant, Berlin, Germany) and a diode laser
emitting at 375 nm (FluoTime 300) as the light source. The SFTy5/DT—
Au NDs was stable (no aggregation formed) in phosphate-buffered saline
(PBS) and bacteria culture medium for at least 48 h. The intensities of
static light scattering of SFTy5/DT-Au NDs (500 x 107 m) in 5 x 1073 m
sodium phosphate, PBS, or bacteria culture medium were determined to
be close (320 + 45 keps, n = 3) by using a particle size analyzer (Zetasizer
Nano, Malvern, Orcestershire, UK).
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ESI-Q-TOF MS Measurements: The SFT/DT-Au NDs were purified
through centrifugal filtration at a relative centrifugal force (RCF) of
13 500 g for 20 min using a filter having a cutoff of 50 kDa and then
washing twice with deionized (DI) water. SFT solution (100 x 107 m)
and purified SFT/DT-Au NDs (1.0 x 107 m) were analyzed using an
ESI-Q-TOF MS (Waters SYNAPT G2 HDMS, Waters Corp., Milford,
MA, USA). A 15 pL aliquot of SFT solution or purified SFT/DT-Au NDs
was mixed with 5.0 pL of 40% methanol solution, and analyzed by
ESI-Q-TOF MS. Each of the mixtures was injected into a 180 pm (i.d.)
% 2.0 cm capillary trap column. ESI-Q-TOF MS was operated with a spray
voltage of 3.0 kV. NanoLockSpray source was used for accurate mass
measurement, and the lock mass channel was sampled every 30 s. Data
acquisition was operated in data direct analysis (DDA) mode. The DDA
method included one full MS scan (m/z 200-2000 for 1.0 s) sequentially
on the three most intense ions present in the full-scan mass spectrum.
Each sample was analyzed in triplicate.

Bacterial Cultures: Five strains of S. aureus, S. enteritidis, MRSA, E. coli, and
P. vulgaris were obtained from the Institute of Food Science (Hsinchu,
Taiwan). All bacteria were grown separately in sterile Luria—Bertani (LB)
media [containing bacto-tryptone (2.5 g), bacto-yeast extract (1.25 g),
and NaCl (1.25 g) in 250 mL of deionized water]. A single colony
of each strain was lifted from LB agar plates and inoculated in LB
media (10 mL). The cultures were grown at 37 °C with orbital shaking
[200 revolutions per minute (rpm)] until the value of the absorption at
600 nm (ODgqg) reached 1.0. Each of the cell mixtures (1.0 mL) was
centrifuged (RCF 3500 g, 10 min, 25 °C) and washed twice with PBS
(pH 7.4, containing 137 x 107 m NaCl, 2.7 x 107 m KCl, 10 x 103 ™
Na,HPO,, and 2.0 x 10 m KH,PO,) solution for further use. Bacterial
cell suspensions were diluted to obtain cell samples containing 10*-10°
colony-forming units (CFU) per milliliter.

Antimicrobial Activity: The MICs of SFT, DT-Au NDs, and SFT/DT-Au
NDs against different bacterial strains were determined using the broth
microdilution method. S. aureus, S. enteritidis, MRSA, E. coli, and P. vulgaris
cells (each 1.0 x 10% cells mL™") were incubated separately with SFTs
(0.001-10 x 107 m), DT-Au NDs (JAu NDs] = 0.002-2.0 x 107® m) or
SFT/DT-Au NDs ([SFT] = 0.0011.0 x 107 wm) that were dissolved/
dispersed in sodium phosphate solutions (5.0 x 107 m, pH 7.4) at 37 °C
under orbital shaking at a speed of 250 rpm for 2 h. Cultures were then
grown in LB media at 37 °C with orbital shaking (200 rpm) for 16 h.
Negative controls were conducted in wells that contained only broth or
inoculated broth. The bacterial cultures were then serially diluted 107-fold
and the cell densities were determined by CFU count on LB agar plates.
The inhibitory effect was calculated using the formula: percent inhibition
= (1 =T/C) x 100%, where T and C (CFU mL™") are cell densities of the
test and control samples, respectively. Each experiment was performed
in duplicate and repeated thrice. The MIC values were reported as the
lowest concentration of SFT or SFT/DT-Au NDs capable of completely
inhibiting the growth of each bacterial strain tested.

Zone of Inhibition: The SFT (500 x 107 m, 100 plL), DT-Au NDs
(jAu NDs] = 0.5 x 107 m, 100 uL), or SFT/DT-Au NDs ([SFT]/[DT]
= 500/1000 x 107 m; [Au NDs] = 0.5 x 107® m, 100 pL)-loaded paper
discs (diameter: 0.8 cm; 100% alpha cotton cellulose, ADVANTEC, Toyo
Roshi Kaisha, Ltd., Japan) were prepared by dropping the antimicrobial
solutions onto filter paper discs separately. A well-diffusion method was
used to determine their antimicrobial activities against test strains on
LB agar. A total of 100 pL of diluted inoculum (1.0 x 10° CFU mL™)
from E. coli or S. aureus suspension was spread on the surface of the
plates to solidify. The paper discs were then placed onto each plate. After
incubation overnight at 37 °C, the sizes of the zones of inhibition were
measured. Unmodified paper discs were used as a negative control.

Fluorescence Staining and TEM Images: The bacterial suspensions
of E. coli (=10° CFU mL™, 1.0 mL) were centrifuged (3500 g, 10 min,
25 °C) and washed twice with 5.0 x 107 m phosphate buffer solution
(pH 7.4). Aliquots (50 pL) of E. coli suspension (1.0 x 10° CFU mL™") were
incubated with the SFT/DT-Au NDs ([SFT]/[DT] = 500/1000 x 1076 w;
[Au NDs] = 0.5 x 107 m) in 5.0 x 1073 M sodium phosphate solution
(pH 7.4) for 10 min or 1 h, which were then purified (RCF 3500 g for
10 min) and washed with 5.0 x 107 m sodium phosphate solution
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(pH 7.4; 1.0 mL x 3) to remove the matrix. The fluorescence images of
the treated bacteria were captured using an Olympus BX61 microscope
(Tokyo, Japan) with a DP71 digital camera. The fluorescence image of
Au NDs-captured bacteria (excitation wavelength, 380 nm; emission
wavelength, 510 nm) was recorded. Prior to TEM measurements, drops
of the Au NDs-captured bacteria solution were carefully deposited onto
400-mesh copper-coated grids. The TEM-EDS analysis of these treated
bacteria samples were captured using a TEM equipped with an EDS.

Permeabilization Assay: The permeabilization of bacteria membranes
was assessed by determining the enzymatic activity of released
B-galactosidase using an ONPG substrate. A positive control of lysis
solution of E. coli (500 pL) was accomplished by B-PER performed at
37 °C with orbital shaking (200 rpm) for 2 h. The supernatants (450 pL)
(centrifuged at RCF of 3500 g for 10 min) of Au NDs-treated E. coli
solutions and the lysed E. coli solution were separately diluted tenfold
with PBS solution, which were then reacted with ONPG substrate
solutions (1.0 X 107 m, 50 pL) at ambient temperature for 2 h. The
mixtures were then transferred separately into 96-well microtiter plates,
and their absorption spectra were recorded using a Synergy 4 microplate
spectrophotometer at a wavelength of 420 nm.

Cell Culture and Cytotoxicity Assays: MCF-10A, NIH-3T3, and
HMEC-1 were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). MCF-10A cells were cultured in a-MEM
supplemented with prequalified human recombinant EGF 1-53, bovine
pituitary extract, FBS (10%), and antibiotic—antimycotic (1.0%). NIH-
3T3 cells were maintained in DMEM supplemented with FBS (10%),
antibiotic-antimycotic (1.0%), L-glutamine (2.0 X 10~ m), and nonessential
amino acids (1.0%). HMEC-1 cells were cultured in MCDB 131 medium
supplemented with FBS (10%), antibiotic—antimycotic (1.0%), L-glutamine
(2.0 x 1073 m), epithelial growth factor (10 ng mL™), and hydrocortisone
(1.0 pg mL™"). The cell number and viability of the cells were determined
by applying the trypan blue exclusion method and Alamar Blue assay,
respectively. Following the separated incubation of MCF-10A, NIH-3T3, and
HMEC-1 cells (=10* cells per well) in a culture medium for 24 h at 37 °C
containing 5% CO,, each of the culture media was replaced with 100 pL of
cell culture medium containing SFT (0-1.0 x 107 m) or SFT/DT-Au NDs
(ISFT] = 0-1.0 x 1073 m) and then further cultured for an additional 48 h.
The cells were carefully rinsed thrice with PBS solution and then reacted
with Alamar Blue reagent for 2 h. Fluorescence of the as-formed reduced
dye was measured using a Synergy 4 microplate spectrophotometer, with
an excitation wavelength of 545 nm and an emission wavelength of 590
nm. Because fluorescence intensity is directly correlated with cell quantity,
cell viability was calculated by assuming 100% viability in the control set
(media without SFT and SFT/DT-Au NDs).

Hemolysis Assays: Hemolysis induced by SFT and SFT/DT-Au NDs
was tested according to a previous report.?”l Fresh blood samples from
a healthy volunteer (25 years old) were drawn from the vein into tubes
containing EDTA, which were immediately (within 30 min of collection)
centrifuged (RCF 3000 g, 10 min, 4 °C) to remove serum. Fresh RBCs
were then washed thrice with sterile isotonic PBS. Following the last
wash, the RBCs were diluted with sterile isotonic PBS to obtain an RBC
stock suspension (4.0 vol% blood cells). The RBC stock suspension
(200 pL) was added to each of the SFT (0-1.0 X 1073 m) or SFT/DT-Au
NDs ([SFT] = 0-1.0 x 107* m) solutions in 1.5 mL vials, respectively. After
1 h of incubation at 37 °C, the mixtures were centrifuged separately at
RCF of 1000 g for 10 min. Hemoglobin absorption at 576 nm (ODsz
sample) Of €ach supernatant (150 pL) was recorded separately. Hemolysis
activity was then determined according to the following formula

Hemolysis(%) = :
[(OD576 sample — ODs76 blank ) / (ODS76 ultrapure water —ODs76 blank )] x100 M

Sterile isotonic PBS (ODsg plank) Was used as a reference for 0%
hemolysis, while the absorbance (ODszg uitrapure water) Of the solution
prepared by adding ultrapure water to the RBC stock suspension was set
as 100% hemolysis.

Wound Healing: The wound healing efficacy of the SFT/DT—Au NDs
was evaluated using a rat model with slight modification to a reported
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procedure.3® Permission for the rat animal study was obtained from the
Institutional Animal Care and Use Committee of the National Laboratory
Animal Center (NLAC; Permit No. IACUC2012-037). Sprague Dawley
(SD) male rats weighing =250 g were anesthetized with Zoletil with
a dose of 50 mg kg™ of body weight. The dorsum skin of the rat was
shaved, and then disinfected using 70% ethanol for aseptic surgery.
Circular skin wounds with a diameter of T cm were made by incision of
the dorsum of each rat with a stainless steel scissor and the skin was
removed. Then, MRSA suspension (100 pL) containing 1 x 10® CFU
in presterilized saline was placed on the wound site, which was then
covered with a sterilized cotton gauze moistened with PBS to keep the
bacteria growing. After 2 d postsurgery, the wound area was sampled
using a sterile swab and it was plated in the LB agar and left to incubate
for 8 h at 37 °C to confirm MRSA infection. Similarly, the samples were
taken after 4, 6, 9, and 12 d and cultured to check the antibacterial
activity. The dressing was prepared by dipping SFT/DT-Au NDs ([SFT]
=100 X 107 m; 200 pL) or SFT ([SFT] =100 x 107% m; 200 pL) in gauze
(1.5 cm x 1.5 cm). Then the wounded areas were covered with SFT/DT—
Au NDs/gauze or SFT/gauze, each of which was fixed with an elastic
adhesive bandage. Control wounds were just covered with gauze without
any drug loading, as an untreated control. Wound closure observation
of each rat was assessed by a digital camera on days 2, 4, 6, 9, and
12 postwounding surgery. The wound closure rate is expressed by the
following equation

Wound size (%) = (A, — A;) /A, x 100 )

where A, is the original wound area and A, is the wound area at specified
time point.

For histology, the skin, including the entire wound with adjacent
normal skin, was excised and fixed with 10% formaldehyde solution.
The specimen included the dermis and subcutaneous tissue. The tissue
samples were analyzed by H&E staining for histological testing, and also
by Masson’s trichrome staining for examining the formation of collagen.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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