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Abstract: The bactericidal effects of fluorescent metal nanoclusters have impeded their bacterial
bioimaging applications due to the reactive oxygen species (ROS) generation that is induced by the
nanoclusters in bacteria to cause bacterial death. Herein, an ROS scavenger of cysteine was exploited
as a surface ligand to prepare cysteine-conjugated gold nanoclusters (Cys–AuNCs) and cysteine-
conjugated silver nanoclusters (Cys–AgNCs) using a facile hydrothermal approach. The structural
and optical characterizations demonstrated successful syntheses of Cys–AuNCs and Cys–AgNCs.
With the same weight concentration, the bactericidal effect increased in the order of Cys–AuNCs,
Cys–AgNCs, and silver nanoparticles (AgNPs), according to the results of the bacterial growth
curves. Furthermore, based on the results of the standard colony-counting method, the Cys–AuNCs
revealed the best biocompatibility compared to those of the Cys–AgNCs and AgNPs in Escherichia coli
(E. coli). The superior biocompatibility of the Cys–AuNCs can be attributed to the use of the ligand
of cysteine as an ROS scavenger to reduce ROS in E. coli. Electron paramagnetic resonance (EPR)
analyses indicated that the use of the ROS scavenger cysteine as the surface ligand of the Cys–AuNCs
eliminated the ROS production induced by the Cys–AuNCs in E. coli. The biocompatible Cys–
AuNCs were also confirmed as a fluorescent probe using confocal microscopy. Highly biocompatible
Cys–AuNCs could be a potential fluorescent probe in the application of bacterial bioimaging.

Keywords: cysteine; reactive oxygen species; scavenger; nanoclusters; bactericidal effect

1. Introduction

Nanomaterials, including metals, semiconductors, and insulators, have been inten-
sively investigated for their applications in medicine, energy, and electronics due to their
superior chemical and physical properties [1–12]. Among the different nanomaterials,
metallic nanoclusters with tunable fluorescence, easy surface modification, and precise
structure have been extensively applied in bioimaging, sensing, and therapy [13–20]. For
example, gold nanoclusters (AuNCs) conjugated with the ligand of glucose have been
developed as a fluorescent molecular contrast agent for the specific targeting of glucose
transporters that are overexpressed in brain cancer cells [21]. Hemoglobin-conjugated
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AuNCs have been explored for the rapid sensing of three haptoglobin phenotypes in
plasma, namely, Hp 1-1, Hp 2-1, and Hp 2-2, because the fluorescent AuNCs combined
with various haptoglobin phenotypes have caused their fluorescence changes in the in-
tensity and the peak position [22]. Nanoclusters composed of gold or copper as a metal
core and ovalbumin, pepsin, trypsin, or glutathione as the ligands have been used to
create an ultrafast sensor that provides a clear distinction between Gram-positive and
Gram-negative bacteria [23]. Radiofrequency-responsive AuNCs that are obtained via
the reduction of Au(I)-thiolate complex using L-glutathione under the template polymer
have been manufactured to improve the synergistic therapy of tumor ablation and artery
embolization [24]. Silver nanoclusters (AgNCs) that are conjugated with specific DNA
sequences as the highly fluorescent probes have been proposed for the specific, sensitive,
and one-step immunoassay of bivalent anti-digoxigenin antibodies [25]. Achievements in
the designs of fluorescent metal nanoclusters with various surface ligands as the probes
have shown enormous potential for biomedical applications.

In comparison with traditional organic fluorescent dyes, fluorescent metal nanoclus-
ters produce broad emission spectra, large Stokes shifts, and long imaging times for
bioimaging [26–30]. However, recent studies of ultra-small nanoclusters have been con-
firmed to produce antimicrobial activity [31–35]. For example, 6-mercaptohexanoic-acid-
conjugated AuNCs have displayed wide-spectrum antibacterial activity against both Gram-
positive and Gram-negative bacteria due to their high interaction with bacteria to induce
intracellular reactive oxygen species (ROS) generation to consequently kill bacteria [36].
Quaternary-ammonium-conjugated AuNCs have been prepared as antibacterial agents
to combat methicillin-resistant Staphylococcus aureus (S. aureus) and multidrug-resistant
Escherichia coli (E. coli) because AuNCs with a positive surface charge can improve their
electrostatic adsorption onto the bacterial cell membrane and further enter into the bac-
teria to increase ROS production to kill bacteria [37]. Moreover, brightly fluorescent
melamine-DNA-conjugated AgNCs have exhibited higher antimicrobial activities against
Gram-negative E. coli and Gram-positive S. aureus than those of DNA–AgNCs alone [38].
The great advancements for the uses of fluorescent metal nanoclusters as antibacterial
agents have importantly impacted the challenge against bacteria due to their increases in
ROS generation in bacteria.

The bactericidal effects of fluorescent metal nanoclusters have obstructed their bioimag-
ing applications in bacteria owing to the cause of bacterial death. To address the issue of
ROS production induced by metal nanoclusters in bacteria, the ROS scavenger cysteine was
utilized as a ligand for the syntheses of cysteine-conjugated gold nanoclusters (Cys–AuNCs)
and cysteine-conjugated silver nanoclusters (Cys–AgNCs) using a facile hydrothermal
approach. Furthermore, the structural and optical properties of Cys–AuNCs and Cys–
AgNCs were characterized using transmission electron microscopy (TEM), ultraviolet–
visible (UV–Vis) spectroscopy, fluorescence spectroscopy, and Fourier transform infrared
(FTIR) spectroscopy. Antibacterial activities of Cys–AuNCs, Cys–AgNCs, and AgNPs were
respectively investigated against E. coli. Moreover, E. coli incubated with Cys–AgNCs,
Cys–AuNCs, and AgNPs were separately cultured on LB agar plates and their viabilities
were also calculated. Electron paramagnetic resonance (EPR) spectroscopy was applied to
detect the precise free radicals and species with unpaired electrons induced by Cys–AgNCs
and Cys–AuNCs in E. coli. The detailed mechanism of the ligand of cysteine as an ROS
scavenger was investigated for the elimination of ROS caused by Cys–AgNCs and Cys–
AuNCs in E. coli. To demonstrate the bacterial bioimaging application, confocal microscopy
was employed with the use of Cys–AuNCs as a fluorescence probe for E. coli.

2. Materials and Methods
2.1. Chemicals

Tetrachloroauric (III) acid (99.9%), silver nitrate (AgNO3, 99.9999% trace metals basis),
sodium hydroxide (NaOH, ≥98.0%), lysogeny broth (Miller), paraformaldehyde, and 5,5-
dimethyl-1-pyrroline N-oxide (DMPO, for ESR spectroscopy) were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). L-cysteine (>99%) was purchased from Acros Organics
(Morris, NJ, USA). Kanamycin was purchased from BioShop Canada Inc. (Burlington, ON,
Canada). Agar powder (bacteriological grade) was purchased from Bioman Scientific Co.,
Ltd. (New Taipei City, Taiwan).

2.2. Synthesis of the Cysteine-Conjugated Gold Nanoclusters

Cys–AuNCs were synthesized using a facile hydrothermal approach. To synthesize
the Cys–AuNCs, a cysteine aqueous solution (3 mL, 50 mM) was added to HAuCl4 aqueous
solution (3 mL, 10 mM) in a water bath at 40 ◦C under stirring at 340 rpm. During the
reaction, the yellow color of the reactant solution was converted to a milky appearance.
After reacting for 24 h in the dark, a milky solution containing Cys–AuNCs was synthesized
using the facile hydrothermal approach. For the purification, the Cys–AuNC solution
was centrifuged at 15,000 rpm for 10 min. The supernatant was carefully eliminated
without disturbing the pallet of Cys–AuNCs. Consequently, the pallet of Cys–AuNCs
was redispersed in deionized water (6 mL) using sonification. The purification processes
were repeated three times to wash out the residual cysteine that did not conjugate onto the
Cys–AuNCs. After purification, the Cys–AuNC solution was stored at 4 ◦C in the dark for
further experiments.

2.3. Synthesis of the Cysteine-Conjugated Silver Nanoclusters

To synthesize the Cys–AgNCs, a cysteine aqueous solution (5 mL, 75 mM) was added
to a AgNO3 aqueous solution (5 mL, 10 mM) in a water bath at 40 ◦C under stirring at
340 rpm. After reacting for 24 h in the dark, a NaOH aqueous solution (10 µL, 0.1 M) was
added to the reactant solution and then the reactant solution with the NaOH aqueous
solution was kept in a water bath at 40 ◦C under stirring at 340 rpm. After reacting
for an additional 24 h in the dark, a Cys–AgNC solution was obtained using the facile
hydrothermal approach. For the purification, the Cys–AgNC solution was centrifuged at
12,000 rpm for 20 min. After the centrifugation, the supernatant was carefully removed to
avoid disturbing the pallet of Cys–AgNCs. The precipitate of Cys–AgNCs was redispersed
in deionized water (10 mL) using sonification. The purification processes were repeated
three times to wash out the unconjugated cysteine. The purified Cys–AgNCs were stored
at 4 ◦C in the dark for further experiments.

2.4. Bacterial Growth Curve Analysis

To prepare the lysogeny broth (LB) medium, 25 g of LB broth (Miller) was added
into 1000 mL of sterilized water. The LB medium was then autoclaved for 20 min at
121 ◦C. After autoclaving, 1 mL Kanamycin (50 mg/mL) was added to the LB medium.
E. coli (150 µL) was cultured with the LB medium (3 mL) in a shaker at 170 rpm at 37 ◦C.
In the LB medium, the amount of E. coli was evaluated using the optical density at the
wavelength of 600 nm (OD600). In this work, E. coli with an OD600 of 1.0 was measured
to be 8 × 108 colony-forming units per milliliter (CFU/mL). For the E. coli growth curve
analysis, the E. coli solution with an OD600 of 0.1 (1.5 mL, 8 × 107 CFU/mL) was added to
a round-bottomed tube with 1.5 mL of a Cys–AuNC or Cys–AgNC solution. Each of the
Cys–AuNC and Cys–AgNC solutions with various concentrations (2.8, 1.4, 0.7, 0.35, and
0.175 mg/mL) were applied for the E. coli growth curve analysis. After incubation with
the Cys–AuNCs or Cys–AgNCs, the E. coli solution was cultured in a shaker at 170 rpm at
37 ◦C and then the OD600 value was measured every 30 min for 3 h.

2.5. Assessment of the Total Number of Bacteria Using Plate Count Agar

After incubation with the Cys–AuNCs and Cys–AgNCs, plate count agar was applied
to assess the E. coli growth. To prepare the medium of the LB agar plate, 25 g LB broth and
15 g agar powder were added into 1000 mL sterilized water and then the LB broth and agar
powder were stirred until completely dissolved in the sterilized water. Then, the medium
of LB agar plate was autoclaved for 20 min at 121 ◦C. After autoclaving, 1 mL Kanamycin
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(50 mg/mL) was added to the medium of the LB agar plate. To prepare the LB agar plates,
the medium of the LB agar plate was added to the Petri dishes (120 × 20 mm) and then
the LB agar plates were cooled overnight. The agar plates were stored at 4 ◦C for further
experiments. To assess the growth of E. coli, the Cys–AuNC and Cys–AgNC solutions
(1.5 mL, 0.175 mg/mL) were each added into E. coli solutions (1.5 mL, 8 × 107 CFU/mL) in
round-bottomed tubes in a shaker at 170 rpm at 37 ◦C. After culturing for 3 h, the E. coli
solutions that were incubated with the Cys–AuNCs and Cys–AgNCs were each diluted by
10,000 times. For the plate count agar, 40 µL of E. coli solution containing Cys–AuNCs or
Cys–AgNCs was loaded onto the agar plate. Sterilized glass plating beads were applied
for the dispersion of E. coli over the surface of the agar plate. After the homogenous
distribution of E. coli solution, all the glass beads were removed and the agar plate was
placed in the incubator at 37 ◦C overnight.

2.6. Bacterial Imaging Using Confocal Fluorescence Microscopy

To prepare the samples for confocal fluorescence microscopy, the bacteria of E. coli
cultured in LB solution (3 mL, 8× 107 CFU/mL) were added to a round-bottomed tube and
were then centrifuged at 4000 rpm for 5 min. After the removal of the supernatant, 3 mL
of Cys–AuNCs or Cys–AgNCs (0.175 mg/mL) was added to the round-bottomed tube
containing E. coli. In the round-bottomed tube, E. coli were incubated with Cys–AuNCs
or Cys–AgNCs in a shaker at 170 rpm at 37 ◦C for 30 min. After incubation, the E. coli
solution was centrifuged at 4000 rpm for 5 min and then the supernatant was removed.
The precipitate of E. coli was redispersed in 3 mL of sterilized water. The washing processes
were repeated three times. Afterward, 1.5 mL of the bacterial solution was transferred into
an Eppendorf tube with paraformaldehyde (4%) and then kept in the dark for 15 min. For
the control sample (incubation with sterilized water), the E. coli solution was incubated
with Hoechst 33342 solution (1 µg/mL) and paraformaldehyde (4%) and then kept in the
dark for 15 min. Afterward, the bacteria were seeded onto a microscope slide and further
fixed with an antifade reagent. Ultimately, the microscope slide seeded with bacteria was
covered by a glass coverslip and protected from the light for the following microscopy
experiments. Bacteria on the microscope slides were observed using confocal microscopy
(Leica TCS SP5, Wetzlar, Germany) with an oil immersion objective. A 405 nm laser (Argon
laser, 100 mW) (Leica TCS SP5, Wetzlar, Germany) was selected to excite all samples. For
better image contrast, the Hoechst 33342 channel was assigned a false blue color, the control
sample channel was assigned a false green color, and the Cys–AuNC channel was assigned
a false red color.

2.7. Measurement of the Absolute Quantum Yields Using an Integrating Sphere

To measure the absolute fluorescence quantum yields of the Cys–AuNCs and Cys–
AgNCs, a JASCO FP-8500 spectrofluorometer (Easton, MD, USA) and a JASCO ILF-835
integrating sphere unit (Easton, MD, USA) were utilized. Rhodamine B was applied to
correct the excitation spectrum before obtaining the absolute quantum yield calculations.
The fluorescence quantum yields were determined using the following equation:

Fluorescence Quantum Yield = Sf/(Sex − Sex’),

where Sf is the area under the corrected fluorescence spectrum of Cys–AuNCs or Cys–
AgNCs solution obtained with the excitation wavelength, Sex is the area under the corrected
spectrum of the excitation light through a solvent of water, and Sex ′ is the area under the
corrected spectrum of the unabsorbed excitation light that passes through the Cys–AuNCs
or Cys–AgNCs solution.

3. Results and Discussion
3.1. Structural and Optical Characterizations of the Cys–AuNCs and Cys–AgNCs

To demonstrate the successful preparations of Cys–AuNCs and Cys–AgNCs, the sizes
and shapes were characterized using transmission electron microscopy (TEM) (Hitachi HT-
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7700, Tokyo, Japan). As shown in Figure 1a, the Cys–AuNCs exhibited an approximately
spherical shape. In the TEM image of Figure 1b, the Cys–AgNCs also revealed a roughly
spherical shape. Furthermore, the sizes of the Cys–AuNCs and Cys–AgNCs were each
measured based on 100 nanoclusters in the TEM images of Figure 1a,b. The size distributions
of the Cys –AuNCs and Cys–AgNCs are respectively shown in the histograms of Figure 1c,d,
and their Gaussian fitting curves were also simulated, as shown in Figure 1c,d. According
to the Gaussian fitting curves, the average sizes of the Cys–AuNCs and Cys–AgNCs were
respectively calculated to be 3.9 ± 0.021 and 4.7 ± 0.038 nm.
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Figure 1. TEM images of the (a) Cys–AuNCs and (b) Cys–AgNCs. Histograms of the nanocluster size distributions and
Gaussian fitting curves of the (c) Cys–AuNCs and (d) Cys–AgNCs.

To further characterize the optical properties, UV–Vis spectra and fluorescence spec-
tra of the Cys–AuNCs and Cys–AgNCs were separately examined using UV–Vis spec-
troscopy (JASCO V-770 Spectrophotometer, Easton, MD, USA) and fluorescence spec-
troscopy (JASCO spectrofluorometer FP-8500, Easton, MD, USA). As shown in Figure 2a,
the UV–Vis absorption spectrum of the Cys–AuNCs revealed the lack of surface plasmon
absorption of the gold nanoparticles at a wavelength of ≈520 nm. Similarly, the absorption
spectrum of the Cys–AgNCs showed the disappearance of the surface plasmon absorption
of the silver nanoparticles at a wavelength of ≈450 nm. The disappearances of the surface
plasmon absorptions of metallic nanoparticles can be attributed to the metallic nanoclusters
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containing high oxidation states of metallic ions, which resulted in the shortage of free
electrons for the generation of coherent oscillations [39,40]. Moreover, the fluorescence
spectra were examined to demonstrate the successful syntheses of the Cys–AuNCs and
Cys–AgNCs. As shown in Figure 2b, the fluorescence spectrum of the Cys–AuNCs ex-
hibited a maximum intensity at 575 nm when using an excitation wavelength of 360 nm.
The large Stokes shift (215 nm) of the Cys–AuNCs revealed their promising application
as a fluorescent probe in bioimaging. The left inset in Figure 2b shows the orange-red
fluorescence of the Cys–AuNCs under irradiation using a hand-held UV lamp. For the
Cys–AgNCs, the fluorescence spectrum exhibited a maximum intensity at 438 nm using an
excitation wavelength of 364 nm. The right inset in Figure 2b shows the blue fluorescence of
Cys–AgNCs under irradiation from a hand-held UV lamp. Furthermore, the fluorescence
quantum yields of the Cys–AuNCs and Cys–AgNCs were respectively measured to be 7.2
and 0.98% using an integrating sphere. According to previous studies, the fluorescences
of the Cys–AuNCs and Cys–AgNCs were validated because of the ligand–metal charge
transfer between the thiolate ligand and the core of the AuNCs [41–43].
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Figure 2. (a) UV–Vis absorption spectra of the Cys–AuNCs (black) and Cys–AgNCs (red). (b) Fluorescence spectra of the
Cys–AuNCs (black) and Cys–AgNCs (red). The insets illustrate the orange-red fluorescence of the Cys–AuNCs (left) and
blue fluorescence of the Cys–AgNCs (right) under irradiation from a hand-held UV lamp.

To further confirm that the cysteine conjugated with the AuNCs, the cysteine, Cys–
AuNCs, and Cys–AgNCs were characterized using Fourier transform infrared (FTIR)
spectroscopy (Thermo Scientific Nicolet iS10, Waltham, MA, USA). s shown in Figure 3,
the characteristic IR bands of cysteine were obtained, including a broad stretching band
of NH3+ (≈2974 cm−1), a stretching band of SH (≈2551 cm−1), an asymmetric stretching
band of COO− (≈1585 cm−1), and a bending vibration of NH (≈1536 cm−1). After the
conjugations of the cysteine and metallic nanoclusters, the characteristic IR bands of the
cysteine in the Cys–AuNCs and Cys–AgNCs presented a small shift compared to those of
cysteine due to the change in the dipole moment of the cysteine conjugated onto metallic
nanoclusters [44]. Most importantly, the stretching band of SH of the cysteine vanished
because Au–S and Ag–S covalent bonds were generated in both the Cys–AuNCs and
Cys–AgNCs [45,46]. Overall, the results from the TEM images, UV–Vis absorption spectra,
fluorescence spectra, and FTIR analyses indicated that the fluorescent Cys–AuNCs and
Cys–AgNCs were successfully synthesized using the facile hydrothermal approaches.
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3.2. Bacterial Viability Assays of the Cys–AuNCs and Cys–AgNCs

For application as a fluorescent probe, nanoclusters have to be highly biocompatible
in bacteria. To investigate the bacterial viabilities, the Cys–AuNCs and Cys–AgNCs with
various concentrations were respectively incubated with E. coli. As shown in Figure 4,
without incubation with the Cys–AuNCs, Cys–AgNCs, or silver nanoparticles (AgNPs),
the OD600 value of the E. coli solution was measured to be ≈1.00 (the curve of E. coli)
after culturing for 180 min. Furthermore, as seen in Figure 4a, the bacterial growth curves
revealed that the bactericidal effect was increased with the concentrations of the Cys–
AuNCs. The OD600 values of the E. coli solutions incubated with the Cys–AuNCs at
different concentrations, namely, 0.175, 0.35, 0.7, 1.4, and 2.8 mg/mL, were respectively
found to be 0.99, 0.93, 0.92, 0.82, and 0.63 after culturing for 180 min. Moreover, as seen in
Figure 4b, the bacterial growth curves of E. coli also demonstrated that the antibacterial
effect of the Cys–AgNCs increased with the concentrations. The OD600 values of the E. coli
solutions incubated with the Cys–AgNCs at various concentrations, namely, 0.175, 0.35, 0.7,
1.4, and 2.8 mg/mL, were respectively detected to be 0.80, 0.65, 0.59, 0.30, and 0.11 after
culturing for 180 min. The antibacterial effects of the Cys–AuNCs and Cys–AgNCs can be
attributed to the ROS generation that was induced by the Cys–AuNCs and Cys–AgNCs
for the inactivation of the E. coli [47]. In comparison with the Cys–AuNCs (0.175 mg/mL),
the Cys–AgNCs (0.175 mg/mL) produced a higher bactericidal effect because the release
of the silver ions from the Cys–AgNCs enhanced the ROS production and inhibited the
growth of the E. coli [48]. To examine the release of the silver ions, AgNPs (0.175 mg/mL)
with an average size of 18.5 nm were incubated with the E. coli. As shown in Figure 4c,
with the incubation of AgNPs, there was no obvious growth of E. coli after culturing for
180 min. With the same concentration (0.175 mg/mL), the Cys–AgNCs expressed a lower
bactericidal effect compared to that of the AgNPs because the cysteine ligand of the Cys–
AgNCs could be applied as an ROS scavenger to decrease the ROS generation. The generation
of ROS was quenched using cysteine on the surface of the Cys–AuNCs, resulting in its
oxidized form, cystine [49,50]. Most importantly, compared to the E. coli solution, the growth
curve of the E. coli incubated with the Cys–AuNCs (0.175 mg/mL) presented no significant
change, as shown in Figure 4a. The results indicated that the Cys–AuNCs (0.175 mg/mL)
exhibited superior biocompatibility in the E. coli. due to the use of the cysteine ligand as an
ROS scavenger.
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To further investigate the bactericidal activity, the E. coli incubated with the same
concentration of the Cys–AgNCs, Cys–AuNCs, and AgNPs (0.175 mg/mL) were each
cultured on LB agar plates. As shown in Figure 5a, the colonies of the E. coli incu-
bated with sterilized water, Cys–AgNCs, Cys–AuNCs, and AgNPs were calculated to be
2.02 × 109, 1.95 × 109, 1.68 × 109, and 0 CFU/mL, respectively. Moreover, the viabilities
of the E. coli incubated with the Cys–AgNCs, Cys–AuNCs, and AgNPs were separately
calculated to be 97%, 81%, and 1%. Based on the results of the standard colony-counting
method, the Cys–AuNCs exhibited superior biocompatibility in the E. coli and the AgNPs
revealed high bactericidal activity in the E. coli. Therefore, the superior biocompatible
Cys–AuNCs were demonstrated as being a potential fluorescent probe for biomedical
applications in bacteria.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 12 
 

 

Figure 4. Growth curves of the E. coli incubated with (a) Cys–AuNCs, (b) Cys–AgNCs, and 

(c) AgNPs. OD600 indicates the optical density of a sample measured at a wavelength of 600 

nm. All data are presented as means ± SD, n = 3 per group. 

To further investigate the bactericidal activity, the E. coli incubated with the same 

concentration of the Cys–AgNCs, Cys–AuNCs, and AgNPs (0.175 mg/mL) were each cul-

tured on LB agar plates. As shown in Figure 5a, the colonies of the E. coli incubated with 

sterilized water, Cys–AgNCs, Cys–AuNCs, and AgNPs were calculated to be 2.02 × 109, 

1.95 × 109, 1.68 × 109, and 0 CFU/mL, respectively. Moreover, the viabilities of the E. coli 

incubated with the Cys–AgNCs, Cys–AuNCs, and AgNPs were separately calculated to 

be 97%, 81%, and 1%. Based on the results of the standard colony-counting method, the 

Cys–AuNCs exhibited superior biocompatibility in the E. coli and the AgNPs revealed 

high bactericidal activity in the E. coli. Therefore, the superior biocompatible Cys–AuNCs 

were demonstrated as being a potential fluorescent probe for biomedical applications in 

bacteria. 

 

Figure 5. (a) Photographs of the growth of the E. coli that were incubated with sterilized water 

(control) and the Cys–AuNCs, Cys–AgNCs, and AgNPs on LB agar plates. (b) The viabilities of 

the E. coli that were separately incubated with sterilized water (control) and the Cys–AuNCs, Cys–

AgNCs, and AgNPs. In the control experiment, the viability of the E. coli incubated with sterilized 

water was set to 100%. All data are presented as means ± SD, n = 3 per group. 

3.3. ROS Generation of the E. coli Incubated with the Cys–AuNCs and Cys–AgNCs 

To further evaluate the ROS generation, EPR spectroscopy with a spin trap of DMPO 

was applied for the measurement and characterization of free radicals and other species 

with unpaired electrons. As shown in Figure 6a, there was no significant ROS generation 

for the E. coli solution. In Figure 6b, for the E. coli incubated with the Cys–AuNCs (0.175 

mg/mL), there was also no obvious ROS generation, which corresponds to the high bio-

compatibility of the Cys–AuNCs with E. coli. However, as shown in Figure 6c, for the E. 

coli incubated with the Cys–AgNCs (0.175 mg/mL), the EPR spectra revealed the spin ad-

duct (DMPO-OH) with a characteristic 1:2:2:1 quartet of EPR lines [51]. The reason for this 

Figure 5. (a) Photographs of the growth of the E. coli that were incubated with sterilized water
(control) and the Cys–AuNCs, Cys–AgNCs, and AgNPs on LB agar plates. (b) The viabilities of the E.
coli that were separately incubated with sterilized water (control) and the Cys–AuNCs, Cys–AgNCs,
and AgNPs. In the control experiment, the viability of the E. coli incubated with sterilized water was
set to 100%. All data are presented as means ± SD, n = 3 per group.

3.3. ROS Generation of the E. coli Incubated with the Cys–AuNCs and Cys–AgNCs

To further evaluate the ROS generation, EPR spectroscopy with a spin trap of DMPO
was applied for the measurement and characterization of free radicals and other species
with unpaired electrons. As shown in Figure 6a, there was no significant ROS genera-
tion for the E. coli solution. In Figure 6b, for the E. coli incubated with the Cys–AuNCs
(0.175 mg/mL), there was also no obvious ROS generation, which corresponds to the high
biocompatibility of the Cys–AuNCs with E. coli. However, as shown in Figure 6c, for the
E. coli incubated with the Cys–AgNCs (0.175 mg/mL), the EPR spectra revealed the spin
adduct (DMPO-OH) with a characteristic 1:2:2:1 quartet of EPR lines [51]. The reason for
this can be ascribed to the hydroxyl radicals generated from the incubation of the E. coli with
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the Cys–AgNCs, which interacted with the nitrogen nucleus and a proton present on the
spin trap of the DMPO. Overall, the results of the EPR analyses demonstrated that the high
biocompatibility of the Cys–AuNCs can be attributed to the use of the cysteine ligand as an
ROS scavenger to eliminate the ROS after the incubation of the E. coli with the Cys–AuNCs.
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3.4. Fluorescence Imaging of the Cys–AuNCs in the E. coli

The fluorescence quantum yield of the Cys–AuNCs was measured to be 7.2% by
employing an integrating sphere. To evaluate the application of the Cys–AuNCs as a
fluorescence probe in the E. coli, the confocal microscope images of the E. coli were examined
after incubation with the Cys–AuNCs. As shown in the confocal images of Figure 7,
Hoechst 33342 was first applied to stain the E. coli. The blue pseudocolor was observed
from the rod-shaped E. coli. For the merged image, the fluorescence of Hoechst 33342 was
homogeneously distributed in the E. coli. Moreover, for the control experiment, there was
no detectable fluorescence from the E. coli. In comparison with the incubation of the E. coli
with the Cys–AuNCs, the red pseudocolor was observed from the rod-shaped E. coli, as
shown in the merged image of the E. coli incubated with the Cys–AuNCs. The results of
the confocal microscope images indicated that the biocompatible Cys–AuNCs could be a
promising fluorescent probe for bioimaging application.
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4. Conclusions

Cysteine ligands were successfully utilized for the preparation of Cys–AuNCs and
Cys–AgNCs via a facile hydrothermal approach. The structural and optical properties of
the Cys–AuNCs and Cys–AgNCs were demonstrated using TEM, UV–Vis spectroscopy, flu-
orescence spectroscopy, and FTIR spectroscopy. The bacterial growth curves indicated that
the OD600 values of the E. coli solutions incubated with the Cys–AuNCs, Cys–AgNCs, and
AgNPs were respectively measured to be 0.99, 0.80, and 0 after culturing for 180 min. The
results of the standard colony-counting method also demonstrated that the viabilities of the
E. coli incubated with the Cys–AgNCs, Cys–AuNCs, and AgNPs were separately calculated
to be 97%, 81%, and 1%. For the EPR spectra, there was also no obvious ROS generation
from the E. coli incubated with the Cys–AuNCs, but ROS generation was detected from the
E. coli incubated with the Cys–AgNCs. For bioimaging, the biocompatible Cys–AuNCs
were also demonstrated to be a suitable fluorescent probe in confocal microscopy. Overall,
the high biocompatibility of the Cys–AuNCs can be ascribed to the cysteine surface ligand
of the Cys–AuNCs that was applied as an ROS scavenger to eliminate the ROS induced by
the Cys–AuNCs in the E. coli.
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