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ABSTRACT: Antibiotic-resistant bacteria have emerged
because of the prevalent use of antibacterial agents. Thus,
new antibacterial agents and therapeutics that can treat
bacterial infections are necessary. Vancomycin is a potent
antibiotic. Unfortunately, some bacterial strains have devel-
oped their resistance toward vancomycin. Nevertheless, it has
been demonstrated that vancomycin-immobilized nanopar-
ticles (NPs) are capable to be used in inhibition of the cell
growth of vancomycin-resistant bacterial strains through
multivalent interactions. However, multistep syntheses are
usually necessary to generate vancomycin-immobilized NPs.
Thus, maintaining the antibiotic activity of vancomycin when
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the drug is immobilized on the surface of NPs is challenging. In this study, a facile approach to generate vancomycin immobilized
gold (Van-Au) NPs through one-pot stirring of vancomycin with aqueous tetrachloroauric acid at pH 12 and 25 °C for 24 h was
demonstrated. Van-Au NPs (8.4 + 1.3 nm in size) were readily generated. The generated Van-Au NPs maintained their antibiotic
activities and inhibited the cell growth of pathogens, which included Gram-positive and Gram-negative bacteria as well as
antibiotic-resistant bacterial strains. Furthermore, the minimum inhibitory concentration of the Van-Au NPs against bacteria was
lower than that of free-form vancomycin. Staphylococcus aureus-infected macrophages were used as the model samples to examine
the antibacterial activity of the Van-Au NPs. Macrophages have the tendency to engulf Van-Au NPs through endocytosis. The
results showed that the cell growth of S. aureus in the macrophages was effectively inhibited, suggesting the potential of using the
generated Van-Au NPs as antibacterial agents for bacterial infectious diseases.
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1. INTRODUCTION

Infectious diseases resulting from pathogenic bacteria may
cause irreversible damage when diagnostics and medical
treatment are not promptly administered. The majority of
these diseases are caused by bacterial infections that may lead
to sepsis, bacteremia, pneumonia, endocarditis, or even
death.' ™ The proliferation and high environmental endurance
of bacteria can lead to serious diseases.* Antibiotics have been
administered to treat bacterial infections. However, many
pathogenic bacteria have developed resistance against anti-
biotics because of the extensive use of these antibacterial
agents.>® Therefore, new types of antibiotics and effective
therapeutic strategies should be developed to solve this
emerging problem.

Vancomycin is one of the potent antibiotics against Gram-
positive bacteria.” Antibacterial activity is caused by its specific
recognition of the peptidoglycan terminus p-Ala-D-Ala on the
cell wall of Gram-positive bacteria, leading to the inhibition of
the synthesis of the bacterial cell wall. However, the extensive
use of vancomycin has resulted in the emergence of
vancomycin-resistant bacterial strains. Recent studies have
shown that vancomycin-immobilized nanoparticles (Van-
NPs)*'° can be used to effectively target pathogenic bacteria,
such as Gram-positive, Gram-negative, and vancomycin-
resistant bacterial strains. NPs with different shapes and
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compositions, such as spherical gold (Au) NPs,*’ magnetic
Nps, %! polygonal Au NPs,'? Fe;O,@Au nanoeggs,13 silica
beads,'* and spherical Ag NPs,"> immobilized with vancomycin
have been investigated to probe pathogenic bacteria. The
trapping capacity was varied with the orientation/architecture
of vancomycin on the surface of the NPs.'®

Several types of NP-based antimicrobial therapeutics'®
and agentsm’lg_22 have been explored lately. The most
challenging part in the generation of effective Van-NPs against
bacteria is to maintain the antibiotic activity of vancomycin on
the surface of Van-NPs. The active binding site of vancomycin
specific for bacteria should not be blocked when immobilized
on the surface of NPs, that is, vancomycin activity mainly relies
on the orientation of the vancomycin structure anchored on the
surface of the Van-NPs.>®> The complex synthesis steps when
generating Van-NPs may lead to the loss of antibiotic activity.
Thus, implementing simple immobilization procedures could
reduce the probability of losing the antibacterial activity during
the preparation of Van-NPs. One-pot reactions using f-lactam
antibiotic as reducing agent and protective group to generate
Au NPs have been proposed.”” The results suggested that
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antibiotic-immobilized NPs can be generated through a facile
step if the antibiotic contains suitable functional groups for
directing the NP syntheses. Vancomycin is a glycopeptide
composed of glycosides and a peptide sequence. The peptide is
responsible for the binding with the target bacteria. If the
glycosides could react with Au salts to generate Au NPs, the
active binding site, particularly the peptide unit, may maintain
its antibiotic activity after being immobilized on Au NPs. Thus,
a one-pot reaction can be achieved by simply stirring
vancomycin with aqueous tetrachloroaurate at suitable reaction
conditions to generate vancomycin-immobilized Au NPs (Van-
Au NPs). Although this reaction is quite straightforward, the
activity of vancomycin on the Au NPs (Van-Au NPs) still
remains. The feasibility of using these generated Van-Au NPs
through one-pot reactions as antibiotic agents to inhibit the cell
growth of pathogenic bacteria, such as Gram-positive, Gram-
negative, and antibiotic-resistant bacterial strains, was inves-
tigated.

Macrophages are the first line of defense against pathogen
attacks. However, several threatening microorganisms, such as
Staphylococcus aureus and Mycobacterium tuberculosis, can
survive inside the macrophages even after being engulfed.”*
Medical treatment becomes even more difficult when macro-
phages are infected by antibiotic-resistant bacterial strains.
Thus, potent medical treatments should be explored to treat
this type of infection. Macrophages tend to engulf NPs,>>~*
making NPs suitable carriers to deliver antibacterial agents into
macrophages. Thus, the possibility of using the generated Van-
Au NPs as antibiotic agents to inhibit the cell growth of
bacteria-infected macrophages was also examined.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Vancomycin hydrochloride
hydrate, sodium hydroxide, dimethyl sulfoxide (DMSO), disodium
phosphate, a-cyno-4-hydroxycinanamic, trifluoroacetic acid, Roswell
Park Memorial Institute (RPMI)-1640 medium (with glutamine),
Dulbecco’s Modified Eagle Medium (DMEM), 3-(4,5-dimethylthiazol-
2-y1)-3,5-diphenylformazan (MTT), and monopotassium phosphate
were purchased from Sigma (St. Louis, MO, USA). Monosodium
phosphate was purchased from Mallinckrodt (Kentucky, USA), while
hydrogen tetrachloroaurate(III) was purchased from Showa (Tokyo,
Japan). Hydrochloric acid and sodium chloride were purchased from J.
T. Baker (Phillipsbur, NJ, USA). Potassium chloride and citric acid
monohydrate were obtained from Riedel-de Haén (Seelze, Germany).
Luria-Bertani (LB) broth and tryptic soya broth (TSB) were
purchased from Becton Dickinson (Franklin Lakes, NJ, USA).
Acetonitrile was purchased from Merck (Darmstadt, Germany).
Yeast extract was purchased from Alpha Bioscience (Baltimore, MD,
USA), and agarose was purchased from Amresco (Solon, OH, USA).
S. aureus, methicillin-resistant S. aureus (MRSA), Escherichia coli
O157:H7, Acinetobacter baumannii, pandrug-resistant A. baumannii
(PDRAB), Enterococcus faecalis, E. faecium, Pseudomonas aeruginosa,
vancomycin-resistant E. faecalis (VRE 1), vancomycin-resistant E.
faecium (VRE 4), and Klebsiella pneumoniae were collected from the
patients in the Tzu-Chi General Hospital (Hualien, Taiwan) and
kindly provided by Prof. P. J. Tsai (NCKU, Taiwan). E. coli J96 was
kindly provided by Prof. H. L. Peng (NCTU, Taiwan). Phosphate-
buffered saline (PBS) solution (10X without calcium and magnesium)
was purchased from Biowest (Nuaillé, France). Macrophage cells
(RAW 264.7) were purchased from the Food Industrial Research and
Development Institute (Hsinchu, Taiwan). Filter cartridges
(MP003C46) with a cutoff mass of ~3 kDa were purchased from
Pall Corp. (PN, USA).

2.2. Generation of Van-AuNPs. Van-Au NPs were generated
through one-pot reactions. Tetrachloroauric acid (10 mM, 100 uL)
and vancomycin (10 mM, 25 uL) were stirred in a reaction vial for 1§
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min followed by addition of aqueous sodium hydroxide (2 M, 20 uL).
The mixture was stirred at 25 °C for another 24 h under room light.
The resulting Van-Au NPs solution was mixed with deionized water (2
mL) and filtrated through a membrane filter (cutoff mass ~ 3 kDa)
under centrifugation at 6000 rpm for 35 min to rinse the generated Au
NPs. The rinse step was repeated 3 times. The resultant suspension
was neutralized by adding HCI (2 M, 2 uL) to have pH & 7.

2.3. Estimation of the Binding Amount of Vancomycin on
Van-Au NPs. The binding amount of vancomycin on the Van-Au NPs
was estimated by examining the change in the intensity of the
wavelength at 282 nm (A, ,,,) in the absorption spectra of the
supernatant before and after the one-pot reactions. The product
solution was initially centrifuged at 100 000 rpm at 4 °C for 10 h. The
intensity at Ayg, ,, in the absorption spectrum of the supernatant was
then obtained. The Van-Au NPs were rinsed with deionized water (2
mL) by loading the NPs in a tube with a membrane filter (cutoff mass
of ~3 kDa) under centrifugation at 6000 rpm for 20 min. The
absorption intensity at Ayg, ,,, of the rinse solution was then measured.
The binding amount of vancomycin on the Van-Au NPs was estimated
based on the absorption intensity of the supernatant and rinse solution
at Aygr nm-

2.4. Characterization of the Generated Van-Au NPs. The
absorption spectrum of the Van-Au NPs was obtained using a Varian
Cary S0 ultraviolet—visible (UV—Vis) spectrophotometer. The size
and morphology of Van-Au NPs were examined using a JEOL 2000
FX transmission electron microscope (TEM) (Tokyo, Japan)
(accelerating voltage of the electron beam, 120 kV). TEM samples
were prepared by depositing a droplet (1 uL) of the generated Van-Au
NPs onto a carbon-coated copper disk and dried overnight. Then, the
samples were placed in a vacuum chamber (~4 X 107> Torr) for 12 h.
The size distribution of the Van-Au NPs was estimated from the TEM
images using ImageJ software. The zeta potential of the Van-Au NPs
prepared in PBS solution (pH 6, 7, and 8) was estimated using a
Beckman Coulter DelsaTM Nano C (Fullerton, CA, USA). Three
replicates were performed. To prepare the Van-Au NP sample for X-
ray photoelectron spectroscopy (XPS) (UL VAC-PHI, Kanagawa,
Japan), aqueous Van-Au NPs (1.5 mg/mL) were deposited on a
silicon wafer that has been washed with piranha solution consisting of
sulfuric acid (H,SO,, 95—98%) and hydrogen peroxide (H,O,, 35%)
(3:1, v/v). To prepare the piranha solution, hydrogen peroxide was
carefully added to sulfuric acid, and the sample was allowed to dry on
the wafer under ambient conditions. The procedure was repeated
several times until the amount of sample on the silicon wafer was
sufficient.

To prepare the sample for infrared (IR) absorption spectroscopic
analysis, Van-Au NPs (0.5 mg) were mixed with dried KBr powder (2
mg) and finely ground. The resultant fine powder was placed in an
oven at 60 °C for 12 h to remove the remaining moisture. The fine
powder was then pressed in a mechanical press to form a translucent
pellet under a high pressure of 4000 psi. The resulting pellet was then
analyzed using a PerkinElmer IR spectrophotometer (Waltham, MA,
USA).

2.5. Preparation of Bacterial Samples. All bacteria were freshly
harvested from the bacterial culture after incubation at 37 °C for 12 h.
E. coli J96, K. pneumonia, P. aeruginosa, PDRAB, and A. baumannii were
cultured in LB broth (10 pg/mL, 10 mL). S. aureus, MRSA, E. faecalis,
E. faecium, E. coli O157:H7, vancomycin-resistant E. faecalis, and
vancomycin-resistant E. faecium were cultured in the mixture of TSB
(30 pug/mL, 10 mL) and yeast extract (S pg/mL, 10 mL) (TSBY)
broth. The resulting bacterial samples were centrifuged using a
Thermo centrifuge (model D-37520; Waltham, MA, USA) equipped
with a rotor (radius 8.0 cm) at 6000 rpm for 10 min. The
supernatant was removed. The bacterial cells were rinsed with PBS
solution (0.15 M, 1 mL X 2) through centrifugation at 6000 rpm for
10 min. The obtained bacterial cells were resuspended in PBS solution
(1 mL, 0.15 M, pH 7.4).

2.6. Examination of Cell Compatibility of the Van-Au NPs.
Macrophage cells (RAW 264.7) were selected as the model cells to
investigate the cell compatibility of the generated Van-Au NPs. The
cells (~8000 cells) were incubated in DMEM (0.1 mL). After 24 h
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incubation, the medium was replaced with the medium containing
different concentrations of Van-Au NP (or free-form vancomycin) and
incubated for another 2 h. Cell viability was estimated through MTT
assay.”® Briefly, the supernatant was removed, and the cells were added
with MTT (1 mg/mL, 0.1 mL) and incubated for 4 h in an incubator
(5% CO,, 37 °C). DMSO (99.9%, 0.15 mL) was then added to the
cell samples. The resulting solution was analyzed using UV—Vis
absorption spectroscopy. The difference in the intensities of the
solution between the absorbance at 560 and 630 nm was recorded to
estimate cell viability.

2.7. Examination of Binding Affinity and Antibiotic Activity.
Van-Au NPs (2.24 mg/mL, 0.2 mL) were mixed and shaken (~200
rpm) with bacterial samples (~10° cells/mL) prepared in PBS solution
(0.8 mL, 0.15 M, pH 6) for 2 h. The samples were centrifuged at 3000
rpm for 10 min, and the binding affinity was examined by the naked
eye. Examination of the antibiotic activity of the Van-Au NPs toward
pathogenic bacteria was conducted based on the procedures shown as
follows. Bacteria samples (~10° cell/mL, 10 uL) were mixed well with
broth (1.49 mL) followed by addition of different concentrations of
Van-Au NPs (0.5 mL). The mixtures were shaken at 37 °C for 9 h.
The optical density at a wavelength of 600 nm (ODy,) of the sample
solution was monitored by a WPA biowave C08000 cell density meter
every half hour. The growth curves resulted from bacteria only, and
Van-Au NPs incubated with bacteria were plotted accordingly. The
bacterial samples were also incubated with/without antibiotic agents
on Petri dishes in parallel, that is, bacteria (~10* cells/mL, 0.2 mL)
were mixed with the Van-Au NPs (~480 yg/mL, 0.2 mL) and gently
shaken at room temperature (~2S5 °C) for 2 h. Bacteria prepared in
PBS solution (~10* cells/mL, 0.2 mL), bacteria incubated with citrate
salt-directed synthesis of Au NPs (0.2 mL), and bacteria incubated
with vancomycin (0.2 mL) were conducted in parallel at 37 °C. After
incubation for 14 h, the bacterial colonies on the Petri dishes were
counted.

2.8. Estimation of Minimum Inhibitory Concentration (MIC).
Bacterial samples (~10* cells/mL, 0.2 mL) prepared in PBS solution
(0.15 M, pH 7.4) were suspended in either LB broth or TSBY (1.4
mL) and then added with different concentrations of Van-Au NP (0.4
mL). The final bacterial concentration was ~10> cells/mL. The ODyj,
of the sample solution was recorded before and after incubation at 37
°C for 8 h. To count the colony, the broth solution (0.2 mL) was
cultured on a Petri dish with the proper medium. The colony number
was counted after incubation at 37 °C for 14 h.

2.9. Examination of Antibiotic Activity of the Van-Au NPs
toward S. aureus in Macrophages. S. aureus-infected macrophages
were prepared as model samples to examine the antibiotic activity of
the Van-Au NPs inside of macrophage cells. For ease of vitalization of
S. aureus, S. aureus were labeled with dextran-AuNCs, which has been
demonstrated to be suitable fluorescence labeling agents for bacteria.””
The generation of dextran-AuNCs was based on the procedures stated
elsewhere.”” Dextran-Au NCs (1 mg/mL, 0.1 mL) were incubated
with S. aureus (~10° cells/mL, 0.1 mL) for 1 h followed by
centrifugation at 8000 rpm for 20 min. The supernatant was removed,
and the precipitates were resuspended in PBS solution (0.1 mL, 0.1S
M, pH 6). After being rinsed by PBS solution three times, S. aureus
cells labeled with the dextran-Au NCs were readily used for cellular
uptake by macrophage cells. Macrophages (RAW 264.7) (~10° cells/
mL) were incubated in DMEM (1 mL) at 37 °C. After incubation for
12 h, the medium was replaced by new medium (1 mL) containing
dextran-AuNCs-labeled S. aureus (~107 cell/mL) and incubated for
another 2 h. The medium was then removed by a pipet, and the
remaining species were rinsed with PBS solution (0.15 M, pH 7.4, 1
mL X 4). The macrophage cells were investigated under a microscope.

Subsequently, the medium was replaced by new DMEM medium
containing Van-Au NPs (0.217 mg/mL, 1 mL) and incubated for
another 2 h. The medium was then removed by a pipet, and the
remaining species were rinsed with PBS solution (0.15M, pH 74, 1
mL X 4). Furthermore, the dextran-AuNCs-labeled S. aureus-infected
macrophage treated with/without Van-Au NPs, macrophage only, and
dextran-AuNCs labeled S aureus were stained with Hoechst stain
(0.1%). Methanol (1 mL) was incubated with the sample at 37 °C for
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1 h. The supernatant was removed, and the cell samples were rinsed
with PBS solution (0.15 M, pH 7.4, 1 mL X 2). The cell samples were
incubated with block solution (0.1 mL) at 37 °C for 1 h. The block
solution was composed of 10% fetal bovine serum and 0.25% Triton
X-100 in PBS solution. The supernatant was removed, and the cell
samples were rinsed with wash buffer (0.1 mL X 3) composed of
0.25% Triton X-100. Subsequently, 0.1% Hoechst dyes (0.1 mL) were
added to the cell sample and incubated at 37 °C for 1 h. The resultant
cell samples were observed under a fluorescent microscope.

To investigate the antibiotic activity of the Van-Au NPs, the
antibiotic test of S. aureus-infected macrophages treated with/without
the Van-Au NPs was also conducted. Macrophages (RAW 264.7)
(~10° cells/mL) were incubated in DMEM (1 mL) at 37 °C. After
incubation for 12 h, the medium was replaced by medium (1 mL)
containing S. aureus (~107 cell/mL) and incubated for another 2 h.
The medium was then removed by a pipet, and the remaining species
were rinsed with PBS solution (0.1S M, pH 74, 1 mL X 4).
Subsequently, the medium was replaced by new DMEM medium
containing Van-Au NPs (0.23 mg/mL, 1 mL) and incubated for
another 2 h. The medium was then removed by a pipet, and the
remaining species were rinsed with PBS solution (1 mL X 2).
Furthermore, the fresh TSBY (1 mL) broth was added and incubated
with cell samples at 37 °C for 16 h. The macrophage sample was
diluted 10° times serially by PBS solution. The resultant solution (0.1
mL) was directly cultured on a Petri dish containing TSBY agar at 37
°C for 16 h to investigate the growth condition of the bacterial cells.
The control sample of S. aureus-infected macrophages without being
treated by the Van-Au NPs was also conducted in parallel.

3. RESULTS AND DISCUSSION

It has been demonstrated that glucose can be used to reduce Au
ions for generation of Au NPs at high pH with addition of
aqueous NaOH.**** Vancomycin contains glycosides. Thus,
we believed that vancomycin can be used to reduce Au ions and
be directly capped on the generated Au NPs. Therefore, facile
one-pot reactions involving simple stirring of tetrachloroaurate
with vancomycin in aqueous solution at alkaline condition (pH
12) was conducted. The generated product solution was red in
color (inset in Figure 1A). The absorption spectrum of the
resulting Van-Au NPs had a maximum absorption band at
~518 nm (Figure 1A). Figure 1B shows the TEM image of the
Van-Au NPs. The average size of the Van-Au NPs was
estimated to be 8.4 + 1.3 nm (Figure 1C). Furthermore, the
binding amount of vancomycin on the Van-Au NPs was
estimated to be ~190 nmol/mg, while the reaction yield was
~64%.

Figures SIA and S1B, Supporting Information, show the IR
spectra of the free-form vancomycin and Van-Au NPs,
respectively. The two spectra primarily differ in the fingerprint
region from 900 to 1200 cm™’, which corresponds to C—O
stretching. Two peaks at 11SS and 1176 cm™' in the IR
spectrum of vancomycin (Figure S1A, Supporting Information)
were not found in the IR spectrum of the Van-Au NPs (Figure
S1B, Supporting Information). Furthermore, the small peak at
1016 cm™! in Figure S1A, Supporting Information, was not
found in Figure S1B, Supporting Information. These results
indicated that functional groups with C—O stretching were
involved in the binding, that is, the glycoside on the
vancomycin (Scheme S1, Supporting Information) might be
involved in the generation of the Van-Au NPs. XPS results were
also examined to confirm further this possibility. Figures S2A,
S2B, and S2C, Supporting Information, show the XPS spectra
of O 1s, N 1s, and C Is in vancomycin (black) and Van-Au NPs
(red), respectively. Apparently, the XPS peaks in the spectra of
O 1s and C 1s shifted, whereas the peaks in the N 1s spectra
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Figure 1. (A) Absorption spectrum of Van-Au NPs. (Inset)
Photograph of Van-Au NPs. (B) TEM image of Van-Au NPs and
(C) corresponding particle size distribution estimated using Image].

were kept the same in the spectra of vancomycin and Van-Au
NPs. The results indicated that C—O-related functional groups
were involved in the generation of the Van-Au NPs. By
contrast, nitrogen-containing functional groups were not
involved in the generation of the Van-Au NPs. Hence, we
proposed the putative reaction mechanism of the generation of
Van-Au NPs, as shown in Scheme 1. The reaction of
vancomycin (Structure A) and tetrachloroauric acid occurred
in the presence of sodium hydroxide (pH 12). Thus, glycoside
was oxidized at high pH (Structure B) and reacted with
tetrachloroauric acid to generate Van-Au NPs (Structure C).
On the basis of the proposed reaction mechanism, the binding
site (dashed lines shown in Structure A) was not blocked
during the Van-Au NP generation. Thus, the binding affinity
toward bacteria and antibiotic activity of vancomycin on the
Van-Au NPs was unaltered.

The binding affinity of the generated Van-Au NPs toward
bacteria was further examined. Figure 2A, 2B, 2C, 2D, 2E, 2F,
2G, 2H, 21, 2J, 2K, 2L, and 2M displays the photographs
obtained after vortex mixing the Van-Au NPs alone, Van-
AuNPs with PDRAB, vancomycin-resistant E. faecium (VRE 4),
vancomycin-resistant E. faecalis (VRE1), E. faecalis, MRSA, .
aureus, P. aeruginosa (PA), A. baumannii (AB), E. faecium, E. coli
0157:H7 (O157:H7), K. pneumoniae (KP), and E. coli J96
(J96), respectively, for 2 h, which was followed by
centrifugation at 3000 rpm for 10 min. All samples were
prepared in PBS solution (pH 7.4). Precipitates were observed
in all samples except the vial containing the Van-Au NPs alone
(Figure 2A). The results shows that red precipitates only
appeared in the samples containing Van-Au NPs and bacteria,
which indicated the binding affinity arising between the Van-Au
NPs and the bacteria. The heavy conjugates resulted from the
binding of Van-Au NPs with bacteria settled at a low
centrifugation speed. Figure 3 shows the TEM images obtained
after incubating different bacteria with Van-Au NPs. Van-Au

Scheme 1. Proposed Reaction of Vancomycin-Directed Synthesis of Au NPs

Au(ln)

Structure A

hemiacetal
Au(l)

BAA\
(o}

acetal
A
ul,

Structure C

Au(l)

NaOH

"OR,

Structure B

2049

DOI: 10.1021/am507919m
ACS Appl. Mater. Interfaces 2015, 7, 2046—2054


http://dx.doi.org/10.1021/am507919m

ACS Applied Materials & Interfaces

Research Article

Van-Au NPs PDRAB

]

[

'VRE4
% il

VRE1

E faeqalis MRSA S. aureus

|

Figure 2. Photographs obtained after vortex mixing (A) Van-Au NPs alone, Van-Au NPs with (B) PDRAB, (C) VRE4, (D) VREL, (E) E. faecalis,
(F) MRSA, (G) S. aureus, (H) P. aeruginosa (PA), (1) A. baumannii (AB), (J) E. faecium, (K) E. coli 0157:H7 (0157:H7), (L) K. pneumonia (KP),
and (M) E. coli J96 (J96) for 2 h followed by centrifugation at 3000 rpm for 10 min.
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Figure 3. TEM images obtained by incubating different bacteria with the Van-Au NPs. All scale bars on the images are equal to 500 nm except the

scale bar in the image of MRSA is 1 ym.

NPs were apparently well anchored on the bacterial cell surface,
indicating that Van-Au NPs have binding affinity with these
model bacteria, including Gram-positive, Gram-negative, and
antibiotic-resistant bacteria.

One might suspect that the binding affinity might have
resulted from electrostatic interactions. Thus, the zeta
potentials of the Van-Au NPs at pH 6, 7, and 8 were
investigated. The corresponding zeta potentials were ca. —17.7,
—25.6, and —34.6 mV, which showed that the Van-Au NPs
have negative charges at pH > 6. Bacteria, including Gram-
positive and Gram-negative bacteria, have negatively charged
surfaces because of the presence of teichoic acid®® and
lipopolysaccharides,34 respectively. Thus, electrostatic inter-
actions have a negligible influence on the binding interactions
between the Van-Au NPs and bacteria. The binding
interactions may have resulted from the molecular recognition
similar to that between free-form vancomycin and bacteria. In
other words, the binding site of vancomycin for bacteria was
not blocked after vancomycin was immobilized on the Van-Au
NP surface. On the basis of the results obtained from IR
absorption spectroscopic analysis and XPS analysis shown in
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Figures S1 and S2, Supporting Information, respectively, the
C—O group of glycoside on the vancomycin structure was
involved in the binding between vancomycin and Au NPs, as
proposed (Scheme 1).

The aforementioned binding tests showed that Van-Au NPs
could recognize different bacteria, implying that the antibiotic
activity of the Van-Au NP might be unaltered. Thus, S. aureus
was primarily selected as the model sample to demonstrate the
feasibility of using the Van-Au NPs as antibacterial agents.
Figure 4A shows the growth curves of S. aureus (~5 X 10° cells
mL™!, 2 mL) obtained by culturing bacteria in broth containing
different concentrations of Van-Au NPs. The results show that
the cell growth of S. aureus was effectively inhibited when the
concentration of vancomycin loaded on the Van-Au NPs was
53 pg/mL (red curve) compared with the curve (black)
obtained from culturing S. aureus in Van-Au NP free broth. S.
aureus cell growth was completely inhibited when the
concentration of the vancomycin loaded on the Van-Au NPs
reached ~106 pg/mL. By contrast, less effective inhibition of
the bacterial cell growth was observed when the bacterial
sample was treated with free-form vancomycin (Figure 4B).

DOI: 10.1021/am507919m
ACS Appl. Mater. Interfaces 2015, 7, 2046—2054


http://dx.doi.org/10.1021/am507919m

ACS Applied Materials & Interfaces

Research Article

(A)

2.0+ Van-Au NPs

= 0 ug/mL
® 53 pg/mL
a 106 pg/mL

v 160 pg/mL
4 213 pg/mL
0.8+

().4-§¥\\Q<

1.6+

1.2+

ODGOO

Vancomycin

® 0 pug/mL
e 74 ug/mL
a 148 pg/mL
v 224 pg/mL
4 296 pug/mL

1.6

1.2+

0.8

0.4+

&

0.0 +—+=t=2=%

Figure 4. Growth curves of S. aureus (~5 X 10° cells/mL, 2 mL)
obtained by culturing bacteria in TSBY broth containing different
concentrations of (A) Van-Au NPs and (B) vancomycin.

The inhibition of the cell growth of S. aureus was observed
when the concentration of free-form vancomycin concentration
was 74 pug/mL. When the concentrations of vancomycin were
increased to 148 (blue curve) and 224 ug/mL (green curve),
bacterial growth continued. The cell growth of S. aureus was
completely inhibited when the concentration of vancomycin
reached 296 ug/mlL, which was higher than that of Van-Au
NPs. When the ODy, was over 1.0, the samples were diluted to
prepare the curves shown in Figure 4, that is, the dilution factor
was taken into account when plotting Figure 4. It was noticed
that the presence of the Van-Au NPs in the sample solution
also contributed to the ODyg, so the ODg, value was not close
to 0 in the first few hours of the incubation in those samples
used for plotting Figure 4A. Within the first 4 h, the ODy
value gradually decreased. Presumably, the Van-AuNPs can
bind to the bacterial cells, leading to formation of heavy
conjugates. Even when we vortex mixed the sample before OD
measurement, the concentration of the Van-AuNPs in the
solution still decreased, leading to the decrease of the ODgy, in
the first few hours. After 4.5 h incubation, the antibiotic activity
of the Van-Au NPs was quite apparent and the Van-Au NPs
seemed degraded. Therefore, the ODgy, was close to 0 after
incubation for certain hours. The results show that the Van-Au
NPs are more potent than that of free-form vancomycin used to
inhibit the cell growth of S. aureus. One may suspect that the
growth curve cannot present the real growth condition because
of the formation of heavy conjugates of the Van-Au NP-
bacterium and may lead to wrong conclusions. Thus, we further
checked the antibiotic activity of the Van-Au NPs by culturing
the samples on Petri dishes.

2051

To check the antibiotic activity of the Van-Au NPs closely,
bacteria with or without antibiotic agents were cultured on Petri
dishes. These cultures included S. aureus mixed with PBS
solution, S. aureus incubated with the Van-Au NPs, S. aureus
with bare Au NPs, and S. aureus with vancomycin. These
cultures were gently shaken at room temperature (~25 °C) for
2 h followed by growing the culture (0.2 mL) on individual
Petri dishes (~37 °C) overnight. Figure SA and SB shows the

Figure 5. Photographs obtained by culturing the sample solutions (0.2
mL) from (A) S. aureus (~10* cells/mL, 0.2 mL) mixed with PBS
solution (0.2 mL), (B) S. aureus (~10* cells/mL, 0.2 mL) incubated
with Van-Au NPs (0.48 mg/mL, 0.2 mL), (C) S. aureus (~10* cells/
mL, 0.2 mL) with bare Au NPs, and (D) S. aureus (~10* cells/mL, 0.2
mL) with free-form vancomycin (0.15 mg/mL, 0.2 mL) on individual
Petri dishes.

overnight culture results of S. aureus cells and S. aureus cells
mixed with Van-Au NPs, respectively. Apparently, many
bacterial colonies were observed on the Petri dish, as shown
in Figure SA. However, no colonies were observed in Figure
SB. The loading amount of vancomycin on the Van-Au NPs
was ~0.277 ug/ug. By considering the volume including
bacterial solution, the final concentration of vancomycin in the
sample was ~66 pg/mL. These results indicated that Van-Au
NPs could suppress the cell growth of S. aureus. However, one
might wonder if the inhibition capability may be caused by the
toxicity of Au NPs. Thus, S. aureus cells were cultured in a Petri
dish with bare Au NPs generated from the overnight reduction
of sodium citrate (Figure SC). The bacterial cells grew well,
similar to those shown in Figure 5A, indicating that the
presence of these Au NPs did not affect the cell growth of S.
aureus. Figure SD shows the photograph obtained after gently
shaking S. aureus with free-form vancomycin for 2 h, which was
followed by culturing on a Petri dish. The final concentration of
vancomycin in the bacterial sample was ~75 pug/mL, which was
slightly higher than the vancomycin used for Figure SB.
Nevertheless, bacterial colonies were observed in Figure SD.
The colony number was slightly smaller than that observed in
the control sample in Figure SA. From these results, we
concluded that the Van-Au NPs are more effective in inhibiting
the cell growth of S. aureus than free-form vancomycin.
Furthermore, bare Au NPs do not cause apparent toxicity
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toward bacteria. Additionally, we also used a Gram-negative
bacterial strain, PDRAB, as the model sample to investigate the
antibiotic activity of the Van-Au NPs on Gram-negative
bacteria. Figure S3A, Supporting Information, shows the result
obtained by incubating PRDAB alone overnight, while Figure
S3B, Supporting Information, was obtained when incubating
the same bacterial sample with Van-Au NPs for the same time.
It is clear that the growth of PDRAB is completely inhibited.
Figure S3C, Supporting Information, shows the result obtained
from another control sample by overnight incubating
unmodified Au NPs with the same bacterial sample. The result
showed that the presence of the unmodified Au NPs did not
affect the growth of PDRAB. Figure S3D, Supporting
Information, shows the result obtained after incubating free
vancomycin with the sample for obtaining Figure S3B,
Supporting Information. The result shows that the bacterial
growth was not affected too much in this same concentration of
vancomycin as loaded on the Van-NPs, that is, the Van-Au NPs
were effective for inhibiting the growth of PDRAB, while bare
Au NPs has no effect on the bacterial cells. The results show
that the Van-Au NPs not only inhibit the cell growth of Gram-
positive bacteria but also are also capable to inhibit the growth
of Gram-negative bacteria as well as antibiotic-resistant bacterial
strains such as PDRAB. The results are similar to what was
discovered in previous studies.”'' "

After demonstrating the antibacterial activity of the Van-Au
NPs, the MICy, of the Van-Au NPs was further examined using
different bacteria as the samples, which included Gram-positive,
Gram-negative, and antibiotic-resistant bacterial strains. To
fully examine the effect, the cell concentration of bacteria (~10?
cells/mL, 2 mL) was significantly lower than that used for
Figure S. Table 1 shows a summary of the MICyj, of free-form

Table 1. MIC;, of the Vancomycin and Van-Au NPs against
Different Pathogenic Bacteria

MIC;, (ug/mL)

bacteria strains vancomycin Van-AuNP“
S. aureus 32 8
MRSA 64 8
E. coli J96 64 8
E. coli O157:H7 128 8
P. aeruginosa 64 8
E. faecalis 64 16
E. faecium >128 16
A. baumannii 128 8
VREL(E. faecalis) 64 16
VRE4 (E. faecium) >128 32
PDRAB >128 8

“Amount of vancomycin loaded on the Van-Au NPs suspended in
solution.

vancomycin and Van-Au NPs. Apparently, the MIC;, values of
the Van-Au NPs against all the tested bacteria were significantly
lower than those obtained using free-form vancomycin as
antibiotic. The results suggested the inhibition capacity of the
Van-Au NP against the cell growth of the bacteria is more
potent than that of free-form vancomycin. Furthermore, Van-
Au NPs could be used to effectively inhibit the cell growth of
Gram-negative bacteria, such as E. coli, P. aeruginosa, and A.
baumannii. In addition, the results showed that Van-Au NPs
not only could be used to effectively inhibit the cell growth of
vancomycin-resistant bacterial strains, such as VREl (E.
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faecalis) and VRE4 (E. faecium), but are also effective antibiotic
agents against other antibiotic-resistant bacterial strains, which
include MRSA and PDRAB.

The cell biocompatibility of the Van-Au NPs was also
investigated. Macrophage cells (RAW 264.7) were used as the
model samples. Figure S4, Supporting Information, shows the
plot of cell viability obtained by incubating the macrophage
cells with different concentrations of Van-Au NPs at 37 °C for
2 h, followed by MTT assay. The results show the toxicity of
the Van-Au NPs was not apparent. The cell viability was ~80%;
even the concentration of Van-Au NPs was increased to >400
ug/mL. The results indicated that the Van-Au NPs have
acceptable cell biocompatibility.

Pathogenic bacteria that can survive inside macrophages are
more difficult to treat. Considering that macrophages tend to
engulf NPs,**™>” Van-Au NPs could effectively treat macro-
phages infected by pathogenic bacteria. First, we examined
whether the macrophage cells (RAW 264.7) can readily engulf
Van-Au NPs. Figure 6A and 6B shows the fluorescence image
and the optical image in bright field of the macrophage cells

Figure 6. (A) Fluorescence image and (B) optical image in bright field
of the macrophage cells. (C) Fluorescence image and (D) optical
image in bright field of the macrophage cells obtained after being
incubated with Van-Au NPs for 2 h followed by rinsing with new
medium. Images obtained using (E) a fluorescence microscope and
(F) an optical microscope of the dextran-AuNC-labeled S. aureus-
infected macrophage cells. (G) Fluorescence image and (H) optical
image in bright field of AuNCs-dextran-labeled S. aureus-infected
macrophage after being incubated with Van-Au NPs for 2 h. Excitation
wavelength was 330—380, and a 420 nm filter was used for
fluorescence imaging. Exposure time was set at 60 ms.
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only, respectively. The nuclei were stained with Hoechst stain.
Comparing the images on the left- and right-hand side, it is
clear where the nuclei are. Figure 6C and 6D shows the
fluorescence image with blue emission and the optical image in
bright field of the macrophage cells obtained after being
incubated with Van-Au NPs for 2 h followed by rinsing with
new medium. The image under bright field shows that the Van-
Au NPs with red color (Figure 6D) were readily engulfed to the
cytoplasm of the cells after 2 h of incubation, indicating the
capability of the macrophage cells in engulfment of the Van-Au
NPs. Next, macrophages infected by S. aureus, which is known
to survive inside of macrophages,” were used as the model
system to examine the antibiotic activity of the Van-Au NPs.
We first prepared the sample of macrophages infected by S.
aureus. To make the results more observable, S. aureus cells
were first labeled with dextran-Au NCs, which have bright
fluorescence and negligible toxicity toward bacteria and cells as
demonstrated previously.”> Images were obtained using a
fluorescence microscope (Figure 6E) and an optical microscope
in bright field (Figure 6F). The bacteria labeled with dextran-
Au NCs were apparently engulfed into the macrophages and
evidently observed in the cytoplasm by comparing the images
obtained from fluorescence microscope and bright field. Figure
6G and 6H shows the fluorescence image and optical images
obtained under bright field of dextran-AuNCs-labeled S. aureus-
infected macrophage after being incubated with Van-Au NPs
for 2 h. Apparently, the Van-Au NPs were engulfed by the
macrophage cells and engulfed to the cytoplasm.

After demonstrating that macrophage cells can engulf Van-
Au NPs, we further examined whether the cell growth of S.
aureus inside of the macrophage cells can be inhibited by the
engulfed Van-Au NPs. The S. aureus-infected macrophages
(~10° cells) were treated with Van-Au NPs (0.23 mg/mL, 1 mL
in DMEM) at 37 °C for 2 h. After removing the supernatant
and rinsing with PBS solution, the remaining macrophage cells
were cultured in TSBY broth (1 mL) at 37 °C with CO, (5%)
for 16 h. The resultant sample was 10°fold diluted by PBS
solution followed by culturing the sample (0.1 mL) on a Petri
dish containing TSBY at 37 °C for 16 h. The control sample
contained S. aureus-infected macrophage cells only. Figure 7A
and 7B shows the photographs of the control and experimental
samples obtained after overnight incubation, respectively. The
colony number of S. aureus was effectively decreased in the

Figure 7. The S. aureus infected macrophage cells were incubated (A)
without and (B) with Van-Au NPs at 37 °C for 2 h followed by
removing the supernatant and rinsed with the PBS buffer. The
remaining macrophage cells were cultured in TSBY broth (1 mL) at
37 °C with CO, (5%) for 16 h. The resultant sample was 10°-fold
diluted by PBS followed by culturing the sample (0.1 mL) on Petri
dishes containing TSBY at 37 °C for 16 h.
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Van-Au NP-treated macrophages (Figure 7B), indicating the
cell growth of the bacteria inside the macrophages was
inhibited. Additionally, we also used MRSA-infected macro-
phage cells as the model sample to examine the effectiveness of
the Van-Au NPs. Sample preparation was the same as that used
to obtain Figure 7. Figures SSA and SSB, Supporting
Information, show the photographs obtained after overnight
night cell culture of the control (MRSA-infected macrophages)
and experimental samples (MRSA-infected macrophages
treated with the Van-Au NPs), respectively. Apparently, few
colonies were observed in Figure SSB, Supporting Information,
although the bacteria grew well in the control sample (Figure
SSA, Supporting Information). These results indicated that
Van-Au NPs could be used to effectively kill bacteria such as S.
aureus and MRSA inside macrophages.

4. CONCLUSIONS

In this study, a facile approach for generating Van-Au NPs from
one-pot reaction has been successfully developed. These Van-
Au NPs could effectively inhibit the cell growth of pathogenic
bacteria, such as Gram-positive, Gram-negative, and antibiotic-
resistant bacterial strains, indicating the potential of the
generated Van-Au NPs as universal antibacterial agents.
Generation of the Van-Au NP was straightforward, and the
antibiotic activity of the generated Van-Au NPs was unaltered.
The Van-Au NP MIC;, against bacteria, which included
vancomycin-resistant bacterial strains, was significantly lower
than that of free-form vancomycin. In addition, the feasibility of
using Van-Au NPs as antibacterial agents to treat S. aureus-
infected macrophages was demonstrated. The Van-Au NPs
could be readily internalized by macrophages to inhibit the cell
growth of S. aureus inside the cells, that is, Van-Au NPs not
only serve as drug carriers but also act as effective antibiotics.
Furthermore, Van-Au NPs are effective against antibiotic-
resistant bacterial strains, such as MRSA, that have been
engulfed by macrophages. Further studies should be conducted
to investigate the antibiotic activity of Van-Au NPs in vivo. The
success of this approach may potentially lead to new
therapeutics for treating bacterial infections. Thus, the potential
use of Van-Au NPs in bacterial infectious diseases can be
anticipated.
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