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ABSTRACT

A thorough understanding of antimicrobial mechanism is of great importance for developing novel, efficient antibacterial agents.
While cationic nanoparticles, such as metal nanoclusters (NCs), represent an attractive type of antibacterial nanoagents, their
interactions with bacteria remains largely un-elucidated. Herein, we report the synthesis of cationic bovine serum albumin-
protected AuAgNCs (cBSA-AuAgNCs), which exhibit both near-infrared (NIR) fluorescence properties and significant
antimicrobial effects. With E. coli and S. aureus as the representative bacteria, we investigated the antimicrobial process of cBSA-
AuAgNCs in real-time based on their intrinsic fluorescence properties via fluorescence imaging. Our results showed that these
cBSA-AuAgNCs exert their antimicrobial effects primarily by attaching on the outer membrane of bacteria without obvious
internalization, which is significantly different from the antibacterial process of negatively-charged metal NCs. Further
mechanistic investigation showed that these cationic NCs will cause serious disruption to the bacterial membrane due to strong
electrostatic interactions, which then leads to over accumulation of reactive oxygen species (ROS) that finally causes the
bactericidal action. This study demonstrates the great potential of cationic luminescent metal NCs as novel, traceable
antimicrobial agents, which also provides new tools for further understanding microbial interactions of nanomedicines.
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1 Introduction

Bacteria-caused diseases and infections are serious threats to
human health [1,2]. For a long time, antibiotics have been
harnessed as a useful weapon against pathogenic bacteria, but they
have caused severe drug-resistance due to abuse [3,4]. Recently,
with the rapid development of nanotechnology, researchers have
discovered that many nanomaterials hold great promises as new
generation of antimicrobial agents, among which cationic
nanoparticles exhibit superior sterilization capability [5-9]. On the
one hand, nanoparticles with positive surface charges possess a
strong affinity to negatively-charged bacterial phospholipids due
to electrostatic interactions, which facilitates their further
interactions with bacteria. On the other hand, nanoparticles could
kill pathogenic bacteria through a synergistic effect of multiple
mechanisms, which will result in a less tendency of developing
drug resistance [10,11]. It is noteworthy that despite many
researches on the development of various cationic antibacterial
nanoagents in the past decades, a thorough understanding of their
antibacterial mechanism, especially interactions at the early stage
of the antibacterial process, has not been achieved yet. The main
barrier is the lack of robust means that enable real-time and in situ
monitoring of the antimicrobial process. Unfortunately, traditional
observation methods, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and surface
plasmon resonance (SPR), typically yield ex-situ information that

may not well reflect what is happening in the realistic biological
environment [12-14]. Therefore, it is necessary to develop new
approaches for real time monitoring the nanomaterial-bacteria
interactions, which will be of great significance to advance the
development of novel, efficient antibacterial nanoagents.

In recent years, ultrasmall metal nanoclusters (NCs), composed
of several to hundreds of metal atoms, have been found to possess
interesting antimicrobial activity [15-18]. For instance, Xie et al.
[15] reported that 6-mercaptohexanoic acid-protected AuNCs
exhibit surprisingly high wide-spectrum antimicrobial activity,
which is absent for their large counterpart, metal nanoparticles.
Recently, we and other groups reported the synthesis of cationic
AuNCs with strong antimicrobial effect and negligible drug
resistance [19, 20]. These studies all suggest the great potential of
metal NCs, especially cationic NCs, as novel antibacterial agents in
theranostic applications. It is noteworthy that with an ultrasmall
size of only a few nanometers and ultra-high surface reactivity,
these metal NCs are expected to exhibit distinct biological
behaviors [21-25]. For example, previous studies found that
dihydrolipoic acid-protected AuNCs will accumulate on the
mammalian cell membrane to trigger their subsequent cellular
internalization [26], which is absent for large nanoparticles.
Therefore, in order to guide the rational design of more efficient
metal NC-based antibacterial agents and further advance their
clinical applications, a clear mechanistic understanding of their
interactions with microbes is necessary and important.

Address correspondence to li.shang@nwpu.edu.cn

TSINGHUA
N UNIVERSITY PRESS

@ Springer

Research Article




1000

Unlike large metal nanoparticles, metal NCs exhibit distinct
fluorescence properties, including large Stokes shift, tunable
emission wavelength, and good photostability [27-32]. These
attractive fluorescence features make it possible to visualize the
interactions of NCs with bacteria by the virtue of their intrinsic
fluorescence in a simple and real-time manner [16]. Compared to
monometallic NCs, bimetallic NCs usually exhibit better stability
and tunable property. In the present work, we report the synthesis
of cationic bovine serum albumin-protected AuAgNCs (cBSA-
AuAgNCs), which exhibit both near-infrared (NIR) fluorescence
properties and significant antimicrobial effects. By taking E. coli
and S. aureus as the representative bacteria, we investigated the
antimicrobial process of ¢cBSA-AuAgNCs in real-time based on
their intrinsic fluorescence property (Scheme 1). Our results
clearly revealed that these cationic NCs primarily attach to the
bacterial membranes and subsequently kill bacteria via membrane
disruption and reactive oxygen species (ROS) generation. Unlike
negatively-charged metal NCs, these cationic NCs do not show
obvious internalization during the antibacterial process.

2 Materials and methods

2.1 Reagents

All chemicals used are of analytical grade. BSA, gold(III) chloride
trihydrate (HAuCl,-3H,0), and silver nitrate (AgNO;) were from
Sigma-Aldrich (Milwaukee, USA). Sodium sulfide nonahydrate
(Na,S-9H,0), sodium hydroxide (NaOH), N-(3-
Dimethylaminopropyl)-N'-ethyl ~ carbodiimide  hydrochloride
(EDC), and ethylenediamine dihydrochloride (C,HgN,2HCI)
were from Aladdin (Shanghai, China). Hoechst 33342 was from
Invitrogen (Thermo Fisher Scientific Company). Propidium
iodide (PI) was from Beijing Solarbio Science & Technology
Company. Nile Red was from Sangon Biotech Company. DNA
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extraction kit and ROS test kit were from Beyotime Institute of
Biotechnology. Cell Counting Kit-8 (CCK-8) was from Dojindo
Molecular Technologies Company. In all preparations, deionized
water (18.25 MQ-cm, Molecular Company) was used.

2.2 Synthesis of cBSA-AuAgNCs

A typical synthesis of cBSA-AuAgNCs is described as follows.
AgNO; (3.4 mg/mL, 1 mL) was added to BSA (250 mg in 9 mL
H,0) at room temperature. The solution was stirred for 1 h before
NaOH (2 mol/L, 250 pL) was introduced slowly, and argon was
then pumped into the solution for 30 min. Afterwards, Na,S
(24 mg/mL, 600 pL) solution was slowly added and the solution
turned to yellow. The mixture solution was stirred in the dark
with argon pumped for another 16 h. During the reaction, the
color of the solution slowly turned into greyish-green. Afterwards,
the solution was purified by triple centrifugation filtration with a
molecular weight cut-off (MWCO) of 30 kDa (Millipore, Amicon,
Ultra-15) and re-dispersed in water. Then HAuCl, (10 mmol/L,
5 mL) was introduced to the prepared solution at 37 °C, and
stirred for 2 min before NaOH (1 mol/L, 500 pL) was added. After
reacting at 37 °C for 12 h, the color of the solution turned brown
with red fluorescence. The obtained BSA-AuAgNCs were purified
by triple centrifugation filtration (MWCO: 30 kDa) and re-
dispersed in water for later use. To prepare cBSA-AuAgNCs,
ethylenediamine dihydrochloride (2.5 mol/L, 5 mL) and EDC
(40 mg) were further added to BSA-AuAgNCs solution
(25 mg/mL, 5 mL). The mixture solution was stirred at room
temperature for 2 h, purified by triple centrifugation filtration
before re-dispersing in water, and finally freeze-drying for later
use.

2.3 Instruments for characterization

Ultraviolet-visible (UV-vis) absorption spectra were recorded
with a U-3900H spectrophotometer (Hitachi, Tokyo, Japan).
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Scheme 1 Schematic illustration of NIR fluorescent cBSA-AuAgNCs with good antimicrobial effect and their application for tracking the antibacterial process.
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Fluorescence spectra were taken on a FLS 980 spectrofluorometer
(Edinburgh Instruments, UK). Fluorescence lifetime spectra were
taken with a DeltaFlex modular fluorescence lifetime system
(Horiba, Kyoto, Japan). TEM was performed on a Tecnai G* F20 S-
TWIN (FEL Eindhoven, the Netherlands) equipped with a
thermally assisted field-emission gun, which was operated at an
accelerating voltage of 200 kV. TEM samples were prepared by
spraying a dispersion of AuAgNCs onto a Cu grid covered by a
holey carbon film. Zeta potential and dynamic light scattering
(DLS) size were measured in water solution by Zetasizer Nano ZS
(Malvern, UK). X-ray photoelectron spectroscopy (XPS) was
carried out on an Axis Ultra DLD XPS spectrometer (Kratos,
Manchester, UK), using Al Ka X-ray radiation (1,486.6 eV) for
excitation. All spectra were referenced to the C 1s peak at
284.8 eV. SEM images were taken from a NOVA450 SEM (FEIL
Eindhoven, the Netherlands), and samples were prepared by
spraying a dispersion of bacteria onto a Si wafer. Confocal
fluorescence images were taken with a SP8 fluorescence confocal
microscope (Leica, Germany).

24 Cell culture and cytotoxicity assay

The cytotoxicity of cBSA-AuAgNCs was assayed with mouse
fibroblast cells (1929) and macrophage cells (Raw 264.7). Cells
were cultured in Dulbecco’s modified eagle medium (DMEM,
Invitrogen, Carlsbad, California), supplemented with 10% fetal
bovine serum and 1% penicillin and streptomycin under 37 °C
and 5% CO,. Cells were seeded into 96-well plates at a density of
1.0 x 10° cells/well in 200 pL culture medium and incubated for
24 h. Then the medium with different concentrations of cBSA-
AuAgNCs was added to the 96-well plates and incubated for
another 24 h. Six wells with only the complete medium were used
as the control. Next, the medium was removed and 100 uL. CCK-8
(5%) solution was added to each well. The absorbance at 450 nm
was then read on a Microplate Reader (Tecan, Austria) and
further analyzed. All experiments were conducted in triplicate.

2.5 Antibacterial test by the spread plate method

Both liquid and solid lysogeny broth (LB) culture mediums were
used for antimicrobial test. Liquid LB culture medium was
prepared by mixing 10 g NaCl, 5 g yeast extract, 10 g tryptone,
and 1 L sterile water, and adjusting the pH to 7.2 with NaOH
(1 mol/L). The solid LB culture medium needs another 1.5 g agar
for 100 mL liquid. Initially, seed solution of bacteria was
transferred to 5 mL liquid LB culture medium and incubated at
37 °C overnight. Then, cBSA-AuAgNCs at predetermined
concentration (100 pL) and diluted bacterial suspension (100 pL,
10° CFU/mL) were mixed. The solution was then incubated at
37 °C for 4 h. Three parallel samples were set for each
concentration and negative control samples were prepared
without adding cBSA-AuAgNCs. Afterwards, the solution was
diluted 10° times and spread onto an agar plate. All the plates were
incubated under 37 °C and collected after 18 h. The number of
grown colonies was counted and compared.

2.6 In vitro antimicrobial effect

Bacteria-infected Raw 264.7 cells were prepared as model systems
to examine the antimicrobial effect of cBSA-AuAgNCs. RAW
264.7 cells (around 10° cells/mL) were incubated in full DMEM
medium at 37 °C for 24 h. Next, the medium was removed and
the remaining cells were washed with phosphate buffered saline
(PBS, pH 7.4). Then fresh DMEM containing bacteria (10°
CFU/mL) was added and the mixture was incubated for another
4 h at 37 °C. Afterwards, the medium was removed and the
remaining cells were washed. Subsequently, cells were incubated
with DMEM containing cBSA-AuAgNCs (100 pug/mL for E. coli
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and 200 pg/mL for S. aureus) for another 4 h. Furthermore, the
infected macrophages treated with only DMEM were used as a
control. Then 100 pL diluted (10 times) bacteria-infected cell
suspension without or with the treatment of cBSA-AuAgNCs was
plated onto agar plates, and incubated at 37 °C. The number of
bacterial colonies was counted after 18 h.

2.7 Drugresistance test

For drug resistance test, M9 culture medium was prepared by
mixing 0.5 mL MgSO, solution (1 mol/L), 2.5 mL CaCl, solution
(10 mmol/L), 50 mL saline solution (1.695 g Na,HPO,, 0.75 g
KH,PO,, 0.125 g NaCl, and 0.25 g NH,ClI), 2.5 mL 20% glucose,
and 200 mL sterile water. The primary minimum inhibitory
concentration (MIC) of cBSA-AuAgNCs against P. aeruginosa
was determined as follows. Different concentrations of cBSA-
AuAgNCs (100 pL) and diluted bacterial suspension (100 pL,
10° CFU/mL) were mixed in the 96-well culture plate, which was
then incubated at 37 °C for 12 h. The MIC values are defined as
the lowest concentration of cBSA-AuAgNCs that can completely
inhibit the visible growth of bacteria. Three parallel samples were
set for each concentration, and negative control samples were
prepared without adding cBSA-AuAgNCs. Then, P. aeruginosa
was collected from the well contained cBSA-AuAgNCs at a
concentration of 1/2 MIC before re-grown in the M9 culture
medium at 37 °C. The new bacteria solution (approximately 5 x
10° CFU/mL) was used to obtain updated MIC values. The
experiment was repeated for 21 successive passages. As a control,
similar experiments were also performed by using a common
antibiotic, gentamicin.

2.8 Investigation of AuAgNC-bacteria interactions by
confocal imaging

The affinity of bacteria with AuAgNCs was investigated as follows.
E. coli (ODgy, = 0.4) was collected and incubated with PBS
(pH 7.4), BSA-AuAgNCs (500 pg/mL), or cBSA-AuAgNCs
(500 pg/mL) for 1 h under 37 °C. Then the bacteria were isolated
by centrifugation and washed. Afterwards, collected bacteria were
stained by Hoechst 33342 (diluted with PBS, 1:1,000) for 30 min
under 37 °C in dark before observed by confocal microscopy. The
signal of Hoechst 33342 was excited by 405 nm and collected in
the range of 425-470 nm, while the signal of AuAgNCs was
excited by 405 nm and collected in the range of 650-795 nm.

For observing the antimicrobial process, bacteria (ODgy, = 0.4)
were collected and incubated with ¢cBSA-AuAgNCs (0.5 mg/mL
for E. coli and 1 mg/mL for S. aureus) for different time (0.5, 1, 2,
and 4 h) under 37 °C. Then the bacteria were isolated by
centrifugation and washed. Afterwards, collected bacteria were
stained by Nile red (1 pM) for 20 min under 37 °C in dark before
observed by confocal microscopy. The signal of Nile red was
excited by 552 nm and collected in the range of 580-620 nm.
Image ] was used to analyze the fluorescence intensity of the
confocal images.

2.9 Live/dead staining experiment

Hoechst 33342 and PI were used to stain all bacteria and dead
bacteria, respectively. Bacteria (ODgy = 0.4) were collected and
incubated with or without cBSA-AuAgNCs (0.5 mg/mL for E. coli
and 1 mg/mL for S. aureus) for 4 h under 37 °C. Then the bacteria
were isolated by centrifugation and washed. Collected bacteria
were incubated with Hoechst 33342 and PI (both diluted with
PBS, 1:1,000) for 30 min under 37 °C in dark before observed by
confocal microscopy. The signal of Hoechst 33342 was excited by
405 nm and collected in the range of 425-470 nm, while the signal
of PI was excited by 552 nm and collected in the range of
600-650 nm.
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210 SEM analysis

The morphology of bacteria was observed by SEM. Bacteria were
collected (ODyy, = 0.4) and treated with PBS, BSA-AuAgNCs, or
cBSA-AuAgNCs (0.5 mg/mL for E. coli and 1 mg/mL for S.
aureus) under 37 °C for 4 h. Then the treated bacteria were
collected by centrifugation and washed before fixed by 2.5%
glutaraldehyde under 4 °C for 1 h. Next, the bacteria were washed
by water and PBS before dehydrated with different concentrations
of ethanol (10%, 30%, 50%, 70%, 90%, and 100%), and then the
solution was dropped onto the silicon wafer and dried. Samples
were subjected to pre-spray gold treatment before observation by
SEM.

211 ROS test

The bacterial ROS level was measured by a ROS test kit based on
2',7-dichlorodihydrofluorescein diacetate (DCFH-DA). Bacteria
were collected (ODgy, = 0.4) and re-suspended in PBS. cBSA-
AuAgNCs (0.5 mg/mL for E. coli and 1 mg/mL for S. aureus) were
added to the bacteria solution which had been incubated with
DCFH-DA (diluted with PBS, 1:1,000) for 1 h under 37 °C. The
solution was measured by spectrofluorometer after 30 min. The
samples were excited by 480 nm and the fluorescence intensity
was collected at 525 nm.

3 Results and discussion

3.1 Synthesis and characterization of cBSA-AuAgNCs

Cationic cBSA-AuAgNCs were synthesized via the strategy as
illustrated in Fig. 1(a). First, fluorescent AuAgNCs were prepared
via the biomineralization approach by using BSA as the bio-
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template owing to its good biocompatibility and abundant surface
groups [33,34]. Afterwards, ethylenediamine was introduced to
chemically engineer the surface of AuAgNCs to be cationic
according to the previous strategy [35]. Spectral characterization
showed that cBSA-AuAgNCs possess featureless absorption in the
visible region (Fig.S1 in the Electronic Supplementary Material
(ESM)), similar to most reported metal NCs. Meanwhile, cBSA-
AuAgNCs exhibit strong fluorescence in the NIR spectral region
with the emission maximum at 702 nm (Fig. 1(b)), and the
fluorescence intensity is increased slightly compared with that
before the modification with ethylenediamine (BSA-AuAgNCs,
Fig. S2 in the ESM). Herein, the NIR emission feature makes cBSA-
AuAgNCs attractive probes for biological imaging applications
[36,37]. Moreover, the fluorescence lifetime of AuAgNCs was
measured upon excitation at 400 nm, and the decay curve was
fitted by the bi-exponential function. As shown in Fig. S3 in the
ESM, cBSA-AuAgNCs possess an average fluorescence lifetime of
2.52 £ 0.11 ps, which is also slightly longer than that of BSA-
AuAgNCs (2.04 + 0.08 ps). The enhanced fluorescence property
of cBSA-AuAgNCs is likely because the introduced electron-rich
amine groups have strong electron-donating capability, which is
known to facilitate the luminescence generation of metal
NCs [38, 39].

TEM was further employed to characterize the size of cBSA-
AuAgNCs. As shown in Fig. 1(c), cBSA-AuAgNCs are well
dispersed and the average diameter was measured to be 1.8 +
0.4 nm, which is almost identical to that of BSA-AuAgNCs before
the surface modification (Fig.S4 in the ESM). However, the
hydrodynamic size of cBSA-AuAgNCs is 8.1 + 0.5 nm (Fig. 1(d)),
which is much larger than that of BSA-AuAgNCs (4.7 + 0.1 nm),
as expected from the additional chemical moieties added to the
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cBSA-AuAgNCs

BSA-AuAgNCs
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e Core size Hydrodynamic Zeta potential
Sample Lifetime (us) (nm) size (nm) (mv)
BSA-AuAgNCs  2.04 + 0.08 1.8+0.5 4.7 +0.1 -385+1.5
cBSA-AUAgNCs  2.52 + 0.11 1.8+04 8.1+05 379 +22

Figure1 (a) Schematic illustration of the synthesis of cBSA-AuAgNCs. (b) Two-dimensional (2D) fluorescence profile of cBSA-AuAgNCs in aqueous solution. (c)
TEM image of cBSA-AuAgNCs. The inset is the size histogram of cBSA-AuAgNCs obtained from TEM image. (d) Characterization results of BSA-AuAgNCs and
cBSA-AuAgNGs.
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amino acid side chains. The chemical state of Ag and Au in the as-
prepared AuAgNCs was examined by XPS (Figs. 2(a) and 2(b)). In
cBSA-AuAgNCs, the binding energy of Ag 3ds, and Ag 3ds, is
368.3 and 374.5 eV, respectively, while the binding energy of Au
4f,, and 4f;;, is 83.9 and 87.4 eV, respectively (Table S1 in the
ESM). These results indicate that the core components of cBSA-
AuAgNCs are mainly metallic Ag(0) and Au(0). Further
characterization by inductively coupled plasma optical emission
spectrometry (ICP-OES) showed that as-prepared cBSA-
AuAgNCs are composed of Au and Ag with a molar ratio of 1.7
(Table S1 in the ESM). We note that while the molar ratio of Au
to Ag can be easily modulated by controlling the feeding amount
of metal precursors in the synthesis, the present composition was
chosen in the following study mainly because it exhibited optimal
fluorescence properties that are favorable for further imaging
applications (Fig. S5 in the ESM). Precipitate would appear during
the reaction if the feeding amount of Au was too high.

The surface charge of as-prepared AuAgNCs was further
analyzed (Fig. 1(d)). As expected, the zeta-potential of cBSA-
AuAgNCs is highly positive with a value of 37.9 + 2.2 mV. In
contrast, BSA-AuAgNCs possess strong negative charges, with a
zeta potential of -38.5 + 1.5 mV, further confirming the successful
modification by ethylenediamine. The abundant positive charges
on the surface of cBSA-AuAgNCs make them promising for
potential antibacterial and gene delivery applications [40-42].
Furthermore, we examined the stability of cBSA-AuAgNCs by
monitoring their fluorescence intensity and zeta potential in
aqueous solution under different pH (Fig.S6 in the ESM). As
shown, cBSA-AuAgNCs maintained strong NIR fluorescence and
positive charges in the physiological pH range of 4.5-9, which are
favorable for their further biological application. Moreover,
cytotoxicity of cBSA-AuAgNCs towards 1929 cells and Raw 264.7
cells was evaluated by applying CCK-8 assay. As shown in Figs.
2(c) and 2(d), with concentrations ranging from 0 to 200 pg/mL,
the cell viability was all beyond 80%, which indicates low
cytotoxicity of these cBSA-AuAgNCs. Taken together, our
characterization showed that these cationic cBSA-AuAgNCs
possess NIR fluorescence, abundant positive charges, and low

cytotoxicity.
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3.2 Antimicrobial activity of cBSA-AuAgNCs

To evaluate the antimicrobial activity of cBSA-AuAgNCs, the agar
plate experiments for E. coli (representative Gram-negative
bacteria) and S. aureus (representative Gram-positive bacteria)
were carried out. As shown in Fig. 3, with the treatment of
2.5 pg/mL cBSA-AuAgNCs to E. coli, the number of colonies
significantly decreased by 99% compared with the control group.
When further increasing the concentration of cBSA-AuAgNCs to
5 pg/mL, almost no bacterial colony was observed. Similar
phenomenon appeared in the treatment of cBSA-AuAgNCs
against S. aureus, suggesting a remarkable antibacterial effect of
cBSA-AuAgNCs against both Gram-negative and Gram-positive
bacteria. The difference in the antimicrobial activity between two
bacteria could be explained by the denser cell walls of Gram-
positive bacteria. In stark contrast, BSA-AuAgNC-treated groups
did not exhibit obvious antibacterial effect, even under a much
higher concentration up to 100 pg/mL (Figs. 3(c) and 3(d) and
Fig. S7 in the ESM). Recent studies underscore the important role
of surface ligands on the antibacterial activity of metal NCs [43].
Herein, the remarkable difference in the antibacterial features
between cBSA-AuAgNCs and BSA-AuAgNCs mostly originates
from their different surface charges, and positive charges are
apparently favorable for boosting the bactericidal property of these
NCs.

In order to evaluate the drug resistance of these cBSA-
AuAgNCs, we next investigated their long-term response to P.
aeruginosa, with gentamicin as the control. The initial MICs of
gentamicin and ¢cBSA-AuAgNCs towards P. aeruginosa were 0.5
and 5 pg/mL, respectively. As shown in Fig. S8 in the ESM, an
obvious increase of the MIC value was observed for gentamicin in
the 7th generation, and the value increased ca. 50-fold after 21
passages, which represents a typical drug resistance behavior for
traditional antibiotics. In contrast, cBSA-AuAgNCs did not show
any obvious drug resistance of P. aeruginosa, as seen by the
essentially unchanged MIC values during 21 passages. The
underlying reason is related with their difference of antibacterial
mechanisms, and cationic materials typically can disrupt the
membrane of bacteria via strong electrostatic interactions [19, 20,
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Figure2 XPS spectra of (a) Ag 3d and (b) Au 4f of cBSA-AuAgNCs. Viability of (c) L929 cells and (d) RAW 264.7 cells after 24 h of incubation with different
concentrations of cBSA-AuAgNCs in the cell medium determined by CCK-8 assay. The error bars mean variations among four separate measurements.
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Figure 3 Photographs of bacterial colonies of (a) E. coli and (b) S. aureus in the presence of cBSA-AuAgNCs. (c) and (d) Survival rates of E. coli and S. aureus in the
presence of cBSA-AuAgNCs and BSA-AuAgNCs, respectively. The error bars mean variations among three separate measurements.

44]. Moreover, unlike the small antibiotic molecules, nanoagents
could kill bacteria through a synergistic effect of multiple
mechanisms, which will less likely develop drug resistance [10, 11].

Considering the importance of mononuclear phagocyte system
to combat outer pathogens, we further examined the in vitro
antimicrobial effect of ¢BSA-AuAgNCs with bacteria-infected
macrophages as the model system (Fig. 4(a)). A safe dose of
AuAgNCs, based on the cell viability test, was added to RAW
264.7 cells after the infection with E. coli and S. aureus. Results
from the spread plate method showed that the number of bacterial
colonies in cBSA-AuAgNC-treated group (Figs. 4(c) and 4(e))
significantly decreased compared with the control group (Figs.
4(b) and 4(d)), with over 90% of bacteria killed. This fact suggests
strong antimicrobial ability of cBSA-AuAgNCs inside the
macrophage cells.

3.3 Interactions between bacteria and cBSA-AuAgNCs

To elucidate the mechanism underlying this significant
antibacterial feature of cBSA-AuAgNCs, we employed
fluorescence confocal microscopy to investigate their interactions
with bacteria. As seen in Fig. 5, similar to the control group, where
the bacteria were stained with blue-emitting Hoechst 33342 (blue),
no red fluorescence signal from NCs can be observed in the BSA-
AuAgNCs group (Fig.5(e)), suggesting a weak binding of
negatively-charged NCs with bacteria. In contrast, strong red
fluorescence from cBSA-AuAgNCs can be observed in Fig. 5(h),
which indicates a much stronger binding affinity with bacteria
than that of BSA-AuAgNCs (Fig. 5(i)). As many other biological
systems, the surface of bacteria typically possesses negative charges
that will facilitate the binding to cationic materials. Consequently,
these cBSA-AuAgNCs can pose strong interactions with the
bacteria surface, which is also an important step for further
initiating their bactericidal action. Indeed, as shown in Fig. 3, the
antibacterial activity of cBSA-AuAgNCs was much higher than
that of BSA-AuAgNCs, underlying the importance of interactions
with bacterial membranes during the antibacterial process.

By utilizing the intrinsic NIR fluorescence of cBSA-AuAgNCs,
we further monitored their antimicrobial process in real time by
fluorescence imaging, where the bacterial membrane was also
fluorescently stained. As seen in Fig. 6, obvious fluorescence of
cBSA-AuAgNCs was observed on the cell membrane after 0.5 h
exposure, suggesting the occurrence of interactions between cBSA-
AuAgNCs and the membrane of E. coli. This phenomenon is
similar to the early stage of negatively-charged AuNCs where they
were found to accumulate on the cell membrane before the
internalization [26,45]. However, as the time evolved, these
cationic cBSA-AuAgNCs were observed to remain stably attached
on the bacterial membrane, and much weaker fluorescence
appeared inside the cells (Fig.7). As a matter of fact, the red
fluorescence signal of cBSA-AuAgNCs was still observable in the
membrane region even after incubation with E. coli for 4 h, the
time point at which the bacteria were already killed as confirmed
by the agar plate experiments. Similar behavior was also observed
in the interactions between ¢cBSA-AuAgNCs and Gram-positive
bacteria, S. aureus (Fig. S9 in the ESM). This fact means that cBSA-
AuAgNCs mostly anchored on the outer membrane of bacteria
without obvious internalization into cells during the antibacterial
process, which is significantly different from the bacterial
interactions of negatively-charged metal NCs. In previous studies,
Xie et al. [15,45] found that the internalization of negatively-
charged AuNCs by the bacteria is an important prerequisite for
their bacterial killing. Herein, our imaging results vividly
demonstrated that for cationic antibacterial agents, such as cBSA-
AuAgNCs, they can exert strong antimicrobial effects without
being internalized into the interior of bacteria. Instead, it is likely
strong electrostatic interactions between metal NCs and the
bacterial membrane are sufficient to cause the bacterial killing, e.g.,
via disrupting the membrane integrity and leveraging the ROS
levels (as seen below).

To further understand the above observation in fluorescence
imaging, live/dead bacterial staining was performed to evaluate the
membrane integrity of bacteria upon treatment with cBSA-
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Figure4 (a) Schematic illustration of cells infected by bacteria before and after the treatment of cBSA-AuAgNCs. Photographs of bacterial colonies of ((b) and (c)) E.
coli and ((d) and (e)) S. aureus from RAW 264.7 cells ((b) and (d)) without and ((c) and (e)) with treatment of cBSA-AuAgNCs. (f) Sterilization rates of cBSA-
AuAgNCs against the bacteria that infect cells. The error bars mean variations among three separate measurements.

Figure5 Confocal fluorescence images of E. coli treated with ((a)—(c)) PBS, ((d)-(f)) BSA-AuAgNCs, and ((g)-(i)) cBSA-AuAgNCs. All the bacteria were stained by
Hoechst 33342 ((a), (d), and (g), false color: blue). Fluorescent AuAgNCs were assigned as red ((b), (e), and (h)). (c), (f), and (i) are overlay images of blue and red

channels. Scale bars are 5 um.

AuAgNCs. Red fluorescent PI was employed to stain dead bacteria
with broken membrane. As shown in Figs. S10 and S11 in the
ESM, strong fluorescence of PI can be seen in the samples treated
with cBSA-AuAgNCs for both E. coli and S. aureus, suggesting
that the bacterial membranes were indeed ruptured. Further
characterization with SEM, as seen in Figs. 8(a)-8(c) and Fig. S12
in the ESM, also confirmed that the surface morphology of
bacteria changed dramatically. While the morphology of the

bacteria stayed smooth after treated with BSA-AuAgNCs, many
nearby bacteria fused together and became wizened in the
presence of cBSA-AuAgNCs due to the membrane damage. As a
consequence of the membrane damage, it can cause over
production of ROS according to previous reports [46,47]. Thus,
we used a fluorescence probe, DCFH-DA, to further investigate
the accumulation of ROS in the bacteria triggered by cBSA-
AuAgNCs. As shown in Fig. 8(d) and Fig. S13 in the ESM, cBSA-
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Figure 6 Confocal fluorescence images of E. coli treated with cBSA-AuAgNCs at different time: ((a), (e), and (i)) 0.5 h, ((b), (f), and (j)) 1 h, ((c), (g), and (k)) 2 h, and
((d), (h), and (1)) 4 h. The membrane of bacteria was stained by Nile red ((a)-(d), false color: yellow). Fluorescent cBSA-AuAgNCs were assigned as red ((e)-(h)).

(i)-(1) are merged images of both channels. Scale bars are 1 um.
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Figure7 (a) Statistics of the fluorescence intensity of AuAgNCs in the region of membrane and cytoplasm of E. coli. Error bars are the statistic results of over 10
bacteria. * means significant differences within the groups, p < 0.05. (b) Schematic illustration of the AuAgNC-bacteria interactions.

AuAgNCs caused ca. 8-fold and 10-fold increase of intracellular
ROS compared with the control group for E. coli and S. aureus,
respectively. In contrast, much less increase of intracellular ROS
was obtained in the BSA-AuAgNC group, which was not
sufficient to cause significant damage to bacteria. Taken these
results together with the real time observation from confocal
imaging, we propose a possible antibacterial mechanism of these
cBSA-AuAgNGCs, as illustrated in Fig. 8(e). Unlike negatively-
charged metal NCs, these positively-charged AuAgNCs will
mostly stick to the surface of bacterial membrane without
significant occurrence of cellular internalization. Consequently,
the bacterial membrane is seriously disrupted due to strong
electrostatic interactions, which then lead to over accumulation of
ROS that finally causes the bacterial killing.

4 Conclusion

In summary, we have successfully synthesized cationic fluorescent
cBSA-AuAgNCs, which possess many interesting characteristics,
such as bright NIR fluorescence, strong antibacterial activity, and
good biocompatibility. Importantly, the unique fluorescence

TSINGHUA

UNIVERSITY PRESS

property of cBSA-AuAgNCs allows the direct observation of their
interactions with the bacterial by real time fluorescence imaging.
Further quantitative analysis and mechanistic studies revealed that
these positively-charged AuAgNCs primarily attached on the
bacterial membranes to trigger the subsequent antibacterial
process owing to strong electrostatic interactions. Unlike
negatively-charged metal NCs, internalization by bacterial cells
seems to be unimportant when acting on the bacteria for these
cationic agents. Our results demonstrated that cationic
luminescent metal NCs can not only act as novel antimicrobial
agents, but also serve as a powerful tool for tracing the biological
interactions at the nano-bio interfaces in a simple and real time
manner.
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