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ABSTRACT: Metal nanoclusters (NCs) with unique chemical
and physical properties have been extensively demonstrated to be
emerging nanoantibiotics for fighting bacterial infections. Under-
standing the antibacterial mechanisms of metal nanoclusters is
important for evaluating their clinical applications as nanoanti-
biotics. To understand the antibacterial mechanism, gold nano-
clusters (AuNCs) were applied as an antibacterial agent for real-
time observations of their interactions with bacteria by in situ
transmission electron microscopy (TEM). In this work, a surface
ligand of glutathione-conjugated (GSH)-AuNCs was prepared via a
simple hydrothermal method. Optical and structural character-
izations validated the successful preparation of GSH-AuNCs.
Bacterial growth curves of Acetobacter aceti revealed that the
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antibacterial activity of GSH-AuNCs increased with the weight concentration. The antibacterial activity of GSH-AuNCs was
confirmed by the intracellular reactive oxygen species (ROS) generation induced by GSH-AuNCs in A. aceti. Furthermore, real-time
observations of interactions between GSH-AuNCs and A. aceti were made using in situ liquid cell TEM. Based on the results of real-
time observations, GSH-AuNC:s first attached onto the bacterial membranes of A. aceti by physical adsorption and then penetrated
into A. aceti by internalization. Eventually, the production of intracellular ROS induced by GSH-AuNCs caused destruction of the
bacterial membranes, which led to the death of A. aceti. After the bacterial membranes had been destroyed, A. aceti eventually died.

KEYWORDS: nanocluster, in situ TEM, antibacterial mechanism, real-time observation, reactive oxygen species

Bl INTRODUCTION

Metal nanoclusters (NCs) composed of several up to a
hundred metal atoms have revealed superior structural and
optical properties, such as facile surface modification, tunable
fluorescence, large Stokes shifts, and excellent photostabil-
ity.'"™® After functionalization with various surface ligands,
metal NCs have been intensively explored for applications in
the fields of energy conversion, biomedical engineering, and
nanomedicine.” " For example, metallic molybdenum NCs
were used in a semiliquid cathode assembled with a lithium
polysulfide solution, carbon nanofibers, and carbon nanotubes
to enable rapid catalytic conversion of the lithium polysulfide
solution and ordinary deposition of lithium sulfide.”” Gold
NCs (AuNCs) protected by a glutathione (GSH) surface
ligand were introduced as a light absorber to facilitate the slow
kinetics of electron transfer in a photosynthetic biohybrid
system.”” Cysteine-modified AuNCs were designed as
fluorescent probes to evaluate their metabolic mechanism in
Escherichia coli.”* Fluorescent AuNCs modified with glucose
were prepared as a probe to target the overexpression of
glucose transporters in brain cancer cells.”> Among various
types of metallic NCs, AuNCs revealed the greatest potential
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for diverse applications due to their easy preparation, well-
defined structure, and stability in water.

Recently, AuNCs have been extensively demonstrated as
nanoantibiotics for treating bacterial infections because of their
unique chemical and physical properties.”®™* Significant
achievements have been made in the design of AuNCs with
different functional ligands such as amino acids, ;)eptides,
enzymes, and antibiotics for antibacterial applications.”" ~*° For
instance, peptide-conjugated AuNCs loaded with vancomycin
showed higher antimicrobial activity compared to vancomycin
alone against both Gram-positive Staphylococcus aureus and
Gram-negative E. coli.’’ AuNCs decorated with glutathione
and a positive quaternary ammonium ligand were fabricated as
an antibacterial agent against multidrug-resistant Gram-
positive bacteria.”® AuNCs composed of 25 gold atoms and
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Figure 1. (a) UV—vis absorption spectrum of glutathione-conjugated gold nanoclusters (GSH-AuNCs). (b) XPS spectra of GSH-AuNCs (black
line), simulated peak of Au 4f;/, (red line), and simulated peak of Au 4f;,, (blue line). (c) Fluorescence spectrum of GSH-AuNCs. (d) FTIR

spectra of glutathione (black) and GSH-AuNCs (red).

18 thiolate ligands of 6-mercaptohexanoic acid exhibited
remarkable antibacterial efficiency in killing Gram-negative
bacteria.”* Moreover, AuNCs protected by the 6-mercaptohex-
anoic acid ligand proved to have antibacterial activity for both
Gram-negative and Gram-positive bacteria because the ultra-
small AuNCs could penetrate into bacteria to induce the
generation of intracellular reactive oxygen species (ROS).*
Although these great advancements have demonstrated
promising applications of AuNCs as wide-spectrum anti-
bacterial agents, in situ observations of the antibacterial
mechanisms of AuNCs are still lacking.

In situ techniques such as X-ray absorption spectroscopy, X-
ray diffraction, Raman spectroscopy, scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) have been widely utilized to provide fundamental
information about catalytic systems, material reactions, and
real-time imaging.*' ™" Based on in situ X-ray absorption
spectroscopy, the interface between metallic nickel and
semiconducting porous silicon wire was verified to generate a
photoinduced adaptive structure for oxygen evolution under
light irradiation.*® With the use of in situ X-ray absorption
spectroscopic, Raman spectroscopic, and TEM examinations
were carried out, which reveal the real-time structure of CoSe,
electrocatalysts during both hydrogen and oxygen evolution
reactions.”” In aluminum ion batteries, real-time monitoring of
AICl,” intercalated into a flexuous graphite cathode was
confirmed using in situ SEM and X-ray diffraction.”® In situ
TEM was performed to locally heat silver nanoparticles (NPs)
by an electron beam, and sublimation of silver NPs was
simultaneously observed by in situ TEM.*’ These advanced in
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situ techniques have shown great advantages in measuring
catalytic systems down to the single-molecule level and
material formation and transformation at the nanoscale level.

Investigating antibacterial mechanisms is an important task
for evaluating nanoantibiotics in clinical applications. In this
work, to observe the antibacterial mechanism of AuNCs in
bacteria, AuNCs conjugated with a surface ligand of
glutathione (GSH-AuNCs) were first prepared by a simple
hydrothermal method. Optical and structural examinations of
GSH-AuNCs were carried out using ultraviolet—visible (UV—
vis) spectroscopy, X-ray photoelectron spectroscopy (XPS),
fluorescence spectroscopy, Fourier-transform infrared (FTIR)
spectroscopy, TEM, and energy-dispersive X-ray (EDX)
spectroscopy. Moreover, bacterial growth curves of A. aceti
incubated with different weight concentrations of GSH-AuNCs
were investigated. To examine the antibacterial activity, ROS
generation of A. aceti incubated with GSH-AuNCs was
measured. Most importantly, real-time observations of
interactions between GSH-AuNCs and A. aceti were confirmed
by in situ liquid cell TEM.

B EXPERIMENTAL SECTION

Synthesis of GSH-AuNCs. GSH-AuNCs were prepared via a
simple hydrothermal method.** To prepare GSH-AuNCs, 25 mL of
an L-glutathione aqueous solution (25 mM) was poured into 25 mL of
a chloroauric acid aqueous solution (1 wt %) in a water bath at 40 °C
under stirring at 200 rpm. The color of the reaction solution changed
from transparent to dark brown, and finally to transparent. Afterward,
the reaction solution was stirred at 40 °C and 200 rpm in the dark for
S days. After reacting for S days, to purify the solution, it was
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Figure 2. (a) TEM image of glutathione-conjugated gold nanoclusters (GSH-AuNCs). (b) Histogram of the size distribution of GSH-AuNCs and

the Gaussian fitting curve. (c) EDX analysis of GSH-AuNCs.

centrifuged at 15000 rpm for S min. The supernatant was removed,
and ethanol was added to form a yellow cloudy mixture at the bottom
of the centrifuge tube. The solution with the yellow cloudy mixture
was precipitated by centrifugation at 18 000 rpm for 10 min. After
removal of the supernatant, the precipitate of GSH-AuNCs was
dispersed in deionized water by sonication and stored at 4 °C in a
dark environment for subsequent experiments.

Antibacterial Activity Test of GSH-AuNCs. Acetic acid
bacterium A. aceti was utilized to investigate the antibacterial activity
of GSH-AuNCs. To culture A. aceti, the medium was prepared by
adding S g of yeast extract, 3 g of peptone, and 25 g of mannitol to 1 L
of deionized water. Afterward, the culture medium was sterilized at
121 °C for 15 min. The cryopreserved stock of A. aceti was thawed
and cultured in 3 mL of the culture medium, and then incubated in a
shaker at 170 rpm and 26 °C for the following antibacterial test. To
examine the antibacterial activity, an A. aceti solution (1.5 mL) was
incubated with 1.5 mL of solutions containing various concentrations
of 0.125, 025, 0.5, and 1.0 mg/mL GSH-AuNCs. The A. aceti
solutions incubated with GSH-AuNCs were cultured on a shaker at
170 rpm and 26 °C, and their optical density values at a wavelength of
600 nm (OD600) were measured every 30 min. Bacterial growth
curves of A. aceti incubated with different concentrations of GSH-
AuNCs were used to evaluate the antibacterial activities.

Measurement of Intracellular ROS Production. To measure
ROS production, the 2',7’-dichlorodihydrofluorescein diacetate
(DCFDA) dye was utilized to evaluate intracellular ROS concen-
trations. In the presence of ROS, DCFDA is rapidly deacetylated and
oxidized to 2’,7'-dichlorofluorescein (DCF). The fluorescence
intensity of DCF (excitation/emission at 488/525 nm) was used to
calculate the total amount of ROS produced. Moreover, fluorescent
Hoechst 33342 dye (excitation/emission at 350/461 nm) was
employed to assess the total amount of A. aceti. In this work, the
solutions of A. aceti (1.5 mL, OD600 = 0.3) were respectively
incubated with 1.5 mL of GSH-AuNC solutions (0.125, 0.25, 0.5, and
1 mg/mL) at 170 rpm and 26 °C for 240 min. Afterward, 0.6 uL of
Hoechst 33342 and 0.6 yL of DCFDA were added to 600 uL of A.
aceti incubated with the GSH-AuNC solutions, and the mixtures were
incubated at 170 rpm and 26 °C for 30 min in the dark. After
incubating for 30 min, the A. aceti solutions with GSH-AuNCs,
Hoechst 33342, and DCFDA were precipitated by centrifugation at
10000 rpm for 2 min. The supernatants were discarded, and the
pellets were dissolved in 600 uL of sterilized water by vortexing. The
fluorescence intensities of DCF and Hoechst 33342 were detected
using a microplate reader. ROS production was calibrated to the total
number of A. aceti. The relative ROS level from the experiment was
systematically evaluated and compared to the ROS level of the
control. For the control experiment, the ROS level of A. aceti
incubated in sterilized water was set to 1.0. To eliminate the
interference of DCF fluorescence, the fluorescence intensities of 1.5
mL of GSH-AuNC solutions (0.125, 0.25, 0.5, and 1 mg/mL)
incubated with the culture medium of A. aceti were, respectively,
applied as blanks. The blanks of the GSH-AuNC solutions (0.125,
025, 0.5, and 1 mg/mL) were separately subtracted from the
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fluorescence intensities of DCF from A. aceti solutions incubated with
the GSH-AuNC solutions (0.125, 0.2, 0.5, and 1 mg/mL).

Sample Preparation for In Situ TEM. To prepare a sample for
in situ liquid cell TEM, 1 mL of the A. aceti solution (OD600 = 0.5)
was first incubated with 1 mL of a GSH-AuNC (1.0 mg/mL)
solution. Afterward, 2 uL of the solution containing A. aceti and GSH-
AuNCs was loaded into the K-kit (Materials Analysis Technology,
MA-Tek) through capillary force. After filling with the A. aceti and
GSH-AuNC solution, the channel openings at both ends of the K-kit
were covered with Torr Seal epoxy resin. A copper grid was placed
over the K-kit to prepare it for in situ TEM.

B RESULTS AND DISCUSSION

Optical and Structural Properties of GSH-AuNCs.
Optical properties of GSH-AuNCs were first characterized by
UV—vis spectroscopy. In Figure la, the absorption of GSH-
AuNCs exhibited a distinct absorption peak at ~380 nm due to
the transition between the highest occupied molecular orbital
and the lowest unoccupied molecular orbital.*® Furthermore,
the absorption of GSH-AuNCs revealed no plasmonic
absorption from the gold NPs at 520 nm.”' The vanishing
plasmonic absorption of GSH-AuNCs could be attributed to
the gold cores of GSH-AuNCs revealing high oxidation states,
leading to a shortage of free electrons to induce coherent
oscillations.”* Moreover, XPS spectra were utilized to examine
the oxidation states of the gold cores of the GSH-AuNCs. As
shown in Figure 1b, the XPS spectrum of GSH-AuNCs
displayed binding energies of Au 4f;, and Au 4f;,, which,
respectively, appeared at 882 and 84.5 eV. The simulated
binding energies of Au 4f;,, and Au 4f;/, also, respectively,
appeared at 88.2 and 84.5 eV. For bulk gold, the binding
energies of Au 4f;, and Au 4f; ,, respectively, appeared at 87.4
and 84.0 eV. Compared to bulk gold, increases in the binding
energies of Au 4f;,, and Au 4f,, of the GSH-AuNCs
demonstrated that the gold cores of GSH-AuNCs possessed
high oxidation states consistent with the absorption properties
of the GSH-AuNCs. The optical fluorescence of the GSH-
AuNCs was further characterized at an excitation wavelength at
410 nm. In the fluorescence spectrum of Figure lc, the GSH-
AuNCs displayed a maximum fluorescence intensity at a
wavelength of 563 nm, corresponding to the fluorescent
mechanism of aggregation-induced emission (AIE). Previous
studies have demonstrated that the AIE fluorescence of GSH-
AuNCs is caused by the aggregation of Au(I)-GSH motifs on
the surface of NCs.”>~** Furthermore, to verify the formation
of Au—S bonds, FTIR spectra were applied to characterize
glutathione before and after modification with AuNCs. As
shown in Figure 1d, the FTIR spectrum of glutathione (black
curve) revealed characteristic absorption peaks at 2527 (S—H
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Figure 3. (a) Growth curves of Acetobacter aceti incubated with various concentrations (0.125, 0.25, 0.5, and 1.0 mg/mL) of glutathione-conjugated
gold nanoclusters (GSH-AuNCs). In the growth curve of the control experiment, A. aceti was incubated in sterilized water. (b) In the control
experiment, the ROS level of A. aceti incubated in sterilized water was set to 1.0. After A. aceti was incubated with GSH-AuNCs (0.125, 0.25, 0.5
and 1.0 mg/mL) for 240 min, intracellular ROS production was measured. All data are presented as the mean + standard deviation, n = 3 per

group.

Figure 4. In situ TEM images of (a) attachment and internalization, (b) destruction in the early stage, (c) significant destruction, and (d) complete
destruction of glutathione-conjugated gold nanocluster (GSH-AuNC)-treated A. aceti. The time for observation of (a) 80, (b) 86, (c) 96, and (d)
114 min after GSH-AuNCs were incubated with A. aceti. Yellow arrow: GSH-AuNCs attached onto the bacterial membrane. Red arrow: GSH-
AuNCs penetrated into A. aceti. Blue arrow: GSH-AuNCs were located around the bacterial membrane. Yellow circle: bacteria revealed collapse.

Red circle: bacteria exhibited complete destruction. The scale bar is 2 ym.

stretching bands), 3125 and 3207 (N—H stretching bands),
1600 and 1713 (C=0 stretching bands), and 1538 cm™' (N—
H deformation of amide bonds).>® After the formation of
GSH-AuNCs, the FTIR spectrum of glutathione on the GSH-
AuNCs exhibited a slight shift and relative broadening
compared to that of pure glutathione due to a change in the
dipole moment of glutathione.”” Most importantly, S—H
stretching bands of glutathione disappeared from the FTIR
spectrum of GSH-AuNCs. The disappearance of the S—H
stretching bands of GSH-AuNCs can be attributed to the
formation of Au—S covalent bonds between glutathione and
AuNCs.”!
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To characterize the size and shape, GSH-AuNCs were
examined by TEM. As shown in Figure 2a, GSH-AuNCs were
homogeneously distributed on the copper grid due to the
conjugation of glutathione onto the surface of AuNCs which
prevented aggregation. GSH-AuNCs presented an approx-
imately round shape. The size distributions GSH-AuNCs were
measured as shown in the histogram of Figure 2b based on 100
NCs in the TEM image of Figure 2a. According to the
histogram of Figure 2b, the simulated Gaussian fitting curve is
illustrated in Figure 2b. The average size of GSH-AuNCs was
calculated to be 2.6 + 0.18 nm via the Gaussian fitting curve.
Moreover, in Figure 2¢, the EDX analysis of GSH-AuNCs
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Figure S. Illustration of the mechanism of the glutathione-conjugated gold nanocluster (GSH-AuNC)-induced death of A. aceti.

revealed that they were composed of gold (54.05 wt %),
carbon (16.25 wt %), oxygen (12.52 wt %), sulfur (9.91 wt %),
and nitrogen (7.27 wt %). EDX analysis demonstrated that
GSH-AuNCs were composed of gold and glutathione. Overall,
the optical and structural characterizations including the UV—
vis absorption spectrum, XPS spectra, fluorescence spectra,
FTIR spectra, TEM images, and EDX analysis results
demonstrated the successful synthesis of GSH-AuNCs by a
facile hydrothermal approach.

Antibacterial Activity of GSH-AUNCs. To investigate the
antibacterial activity, various concentrations of GSH-AuNCs
were incubated with A. aceti. As shown in the bacterial growth
curves of Figure 3a, in the control experiment, the OD600
value of the A. aceti solution was ~0.66 after culturing for 240
min. Furthermore, the OD600 values of A. aceti solutions
incubated with different GSH-AuNC concentrations of 0.125,
0.25, 0.5, and 1.0 mg/mL were 0.63, 0.61, 0.55, and 0.42,
respectively, after culturing for 240 min. The results of the
bacterial growth curves indicated that the antibacterial activity
increased with the concentration of GSH-AuNCs. Several
studies demonstrated that AuNCs exhibit superior antibacterial
activity due to their ability to induce intracellular ROS
generation in bacteria. To further evaluate ROS generation in
bacteria, an H,DCFDA assay was applied to measure
intracellular ROS production after A. aceti was incubated
with GSH-AuNCs. After incubation of A. aceti and GSH-
AuNCs for 240 min, the relative ROS levels at various GSH-
AuNC concentrations of 0.125, 0.25, 0.5, and 1.0 mg/mL were,
respectively, 1.04-, 1.16-, 1.26-, and 1.6-fold, as shown in
Figure 3b. Although the surface ligand of GSH is a ROS
quencher (Figure S1), intracellular ROS production was still
augmented with an increase in the concentration of GSH-
AuNCs. Overall, the main reason for the death of A. aceti was
attributed to the increased intracellular ROS generation after
incubation with GSH-AuNCs
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Real-Time Observation of Interactions between GSH-
AuNCs and A. aceti. Recently, antimicrobial processes of
AuNCs have been observed under a confocal microscope using
their intrinsic fluorescence.’”®® To further study the
interaction mechanism between GSH-AuNCs and Gram-
negative A. aceti, alternative real-time observations were
conducted by in situ liquid cell TEM. In the control
experiment without GSH-AuNC incubation, there was no
significant change in A. acetiy as shown in Supporting
Information Figure S2 and Video S1 (play at 16-speed).
Moreover, real-time TEM images of A. aceti incubated with
GSH-AuNCs were acquired as shown in Figure 4. In Figure 4a,
GSH-AuNCs first attached to the bacterial membrane as
indicated by the yellow arrow. Afterward, GSH-AuNCs
penetrated into A. aceti by bacterial internalization as indicated
by the red arrow. At this stage, GSH-AuNCs also induced
destruction of the bacterial membrane. In Figure 4b, after
bacterial internalization, GSH-AuNCs were located around the
bacterial membrane as indicated by the blue arrow, and this led
to damage of A. aceti. As shown in Figure 4c, the bacteria
revealed obvious collapse as indicated by the yellow circle. In
Figure 4d, in the end, the bacteria exhibited complete
destruction as indicated by the red circle. The real-time
TEM video for the interaction between GSH-AuNCs and A.
aceti is provided in Supporting Information Video S2 (play at
16-speed). Furthermore, the high-resolution TEM (HR-TEM)
images indicated that there is no significant change of GSH-
AuNCs before and after internalization into A. aceti, as shown
in Figure S3. Moreover, the interactions between GSH-AuNCs
and Gram-positive S. aureus were also examined using in situ
liquid cell TEM. After 60 min of observation by in situ TEM,
there was no significant morphological change in S. aureus
incubated with GSH-AuNCs as shown in Supporting
Information Figure S4. The reason can be attributed to the
fact that GSH-AuNCs with amine groups on their surfaces
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produced a much smaller amount of ROS in Gram-positive S.
aureus.””®> Overall, the results of real-time observations of A.
aceti incubated with GSH-AuNCs indicated that interactions,
including attachment, internalization, and destruction, between
NCs and bacteria were observed by in situ liquid cell TEM.

Mechanism of the Death of A. aceti Induced by GSH-
AuNCs. The detailed mechanism of GSH-AuNC-induced
death of A. aceti is illustrated in Figure 5. Based on the results
of real-time observations by in situ liquid cell TEM, GSH-
AuNCs first attached to the bacterial membrane of A. aceti by
physical adsorption.62 After attachment, GSH-AuNCs inter-
acted with the bacterial membrane of A. aceti and further
penetrated into A. aceti by internalization. Once inside A. aceti,
GSH-AuNCs induced the production of ROS which resulted
in antibacterial activity. Previous studies have demonstrated
that a TEM electron beam creates ROS within the bacteria and
the ROS generation can be enhanced by gold nanoparticles in
the liquid.64_66 Herein, the bacteria of A. aceti were incubated
with GSH-AuNCs in TEM liquid cell for 100 min without
TEM electron beam irradiation. After incubation for 100 min,
the sample of A. aceti incubated with GSH-AuNCs was
observed by in situ liquid cell TEM. As shown in the
Supporting Information, Figure SS, A. aceti revealed obvious
damage. The result indicated that the TEM electron beam
induced no significant ROS generation. The bacterial
membrane of A. aceti was gradually destroyed with an increase
in ROS induced by GSH-AuNC:s. Eventually, the bacteria were
completely destroyed.

B CONCLUSIONS

In conclusion, GSH-AuNCs were successfully synthesized via a
simple hydrothermal method. The optical and structural
properties of the GSH-AuNCs were confirmed by UV—vis
spectroscopy, XPS, fluorescence spectroscopy, FTIR spectros-
copy, SEM, and EDX. Results of bacterial growth curves
demonstrated that the antibacterial activity of GSH-AuNCs
against A. aceti increased with the weight concentration. The
antibacterial activity of GSH-AuNCs was ascribed to intra-
cellular ROS generation caused by the GSH-AuNCs based on
the results of the H,DCFDA assay. Real-time observations of
interactions between the GSH-AuNCs and A. aceti were
accomplished using in situ liquid cell TEM. According to the
real-time observations by in situ liquid cell TEM, the
antibacterial mechanism occurred by GSH-AuNCs first
attaching onto the bacterial membrane of A. aceti by physical
adsorption and then penetrating into A. aceti by internalization.
In A. acetii, GSH-AuNCs induced the production of intra-
cellular ROS which caused the destruction of the bacterial
membranes of A. aceti. After the destruction of the bacterial
membranes, A. aceti burst and eventually died.
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