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Ni Nanocrystals Supported on Graphene Oxide: Antibacterial Agents
for Synergistic Treatment of Bacterial Infections
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ABSTRACT: The effects of antibiotics on bacterial infections are
gradually weakened, leading to the wide development of nanoparticle- ! K S
based antibacterial agents with unique physical and chemical properties vt (: CIE e g g TN
and antibacterial mechanisms different from antibiotics. In this study, we e i i 5

fabricated the uniform and stable graphene oxide (GO)/Ni colloidal
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nanocrystal cluster (NCNC) nanocomposite by electrostatic self-
assembly and investigated its synergistic antibacterial activity against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) in vitro. The
GO/NCNC nanocomposite was shown to possess higher inhibition
efficiency than a pure NCNC or GO suspension, with 99.5 and 100%
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inhibition against S. aureus and E. coli at a 125 pug/mL concentration,
respectively. Antibacterial mechanism analysis revealed that (i) NCNCs
decorated on GO can further enhance the antibacterial properties of GO
by binding and capturing bacteria, (ii) the leaching of Ni** was detected
during the interaction of GO/NCNCs and bacteria, resulting in a decrease in the number of bacteria, and (iii) the GO/NCNC
nanocomposite can synergistically destroy the bacterial membrane through physical action and induce the reactive oxygen species
generation, so as to further damage the cell membrane and affect ATPase, leakage of intercellular contents, and ultimately bacterial
growth inhibition. Meanwhile, cell culture experiments demonstrated no adverse effect of GO/NCNCs on cell growth. These
preliminary results indicate the high antibacterial efficiency of the GO/NCNC nanocomposite, suggesting the possibility to develop
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it into an effective antibacterial agent in the future against bacterial infections.

1. INTRODUCTION

Pathogenic bacterial infections with high morbidity and
mortality are one of the most serious health problems that
have caused worldwide concern, and the use of antibiotics is a
traditional treatment strategy to effectively reduce deaths
caused by bacterial infections." However, the occurrence of
drug-resistant strains and biofilm pathogenic cells [which are
usually embedded in different types of biopolymers, called
extracellular polymeric substances (EPSs)]” has become an
important factor affecting the therapeutic effects of antibiotics;
especially, EPSs may prevent the contact of antibacterial agents
with bacteria.” At present, the commonly used clinical strategy
to improve the therapeutic effect is increasing the dose of
antibiotics, which may cause more serious side effects and
accelerate the development of drug-resistant strains. It is very
necessary to develop new antibacterial agents with good
biosafety and excellent antibacterial activity.

In this regard, researchers have investigated various
antibacterial materials, such as metal-based nanoparticles
(NPs) (Ag-based, Au-based, ZnO-based, and Cu-based),*™”
carbon-based NPs (CDs, GO, and CNTS),IO‘ll cationic
polymers,'>"* antimicrobial peptides,"* hydrogels,"*~"" and
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magnetic NPs.'®™° These antibacterial materials have
exhibited excellent antibacterial properties in the control and
prevention of drug-resistant bacterial infections, especially
magnetic NPs. They are considered as an effective tool against
pathogenic biofilms and have important applications as
nanocarriers in drug delivery. However, in order to endow
magnetic NPs with these properties, it is necessary to
functionalize their surface with proteins, or other nano-
components, and then apply a magnetic field to guide the
agents into the biofilm, destroy it, or achieve magnetic
separation of bacteria.”"*” This suggests that it is a challenge
to prepare functional entities connecting magnetic NPs and
bacteria.

In 2018, superparamagnetic Ni colloidal nanocrystal clusters
(NCNCs) were reported for the first time as a novel type of
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Scheme 1. Schematic Illustration of Preparation of the GO/NCNC Nanocomposite and the Corresponding Antibacterial

Application
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magnetic material with antibacterial and binding characteristics
against Gram-positive/-negative bacteria and bacterial
spores.”” To date, the mechanism for the antibacterial effect
of NCNC:s is still not fully understood, and most magnetic
materials have the disadvantage of easy agglomeration.
Additionally, several researchers have pointed out that for
many complex bacterial infections, single-agent treatment and
single-mode antibacterial technology can hardly achieve the
purpose of effective eradication of bacteria.”* Therefore, the
present study aimed to synthesize a magnetic nanocomposite
with good dispersion and efficient removal of bacteria.

Graphene oxide (GO) is a two-dimensional sheet material
with single-atom thickness, which has large specific surface area
and good water dispersibility.”> The presence of hydroxyl,
carboxyl, and epoxy groups on the surface makes it easy to be
chemically modified, and it has proved to be an excellent
carrier material.”® Besides, a variety of GO-based components
confirmed to be potent antimicrobials with low cytotoxicity
and broad-spectrum antimicrobial activity.”” For example, GO
can exert antibacterial and antifungal activities by directly
acting on bacteria or spore membranes and causing physical
damage.”® A GO—AgNP nanocomposite showed enhanced
antimicrobial activity against the phytopathogen Fusarium
graminearum.”® Liang et al. prepared a biocompatible
antibacterial nano-platform by embedding a thin-layer GO
sheet loaded with zinc oxide quantum dots into the hydrogel,
and the composite material was shown to have good
antibacterial efficacy.’® However, there is no research about
the preparation of nanocomposites using GO as a carrier of
NCNC:s for antibacterial application.

In this study, the GO-decorated NCNC (GO/NCNC)
antibacterial nanomaterial was developed for synergistic
antibacterial therapy. The NCNCs can magnetically bind and
capture bacteria, and the addition of GO as a carrier improves
the biocompatibility and dispersibility of NCNCs, in addition
to synergistically enhancing the antibacterial activity. In vitro
experiments showed that the GO/NCNC nanocomposite has
stronger antibacterial activity than pure NCNCs and GO,

suggesting that the GO/NCNC nanocomposite has great
potential in inhibiting bacterial infections (Scheme 1).

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. In this work, diethylene
glycol (DEG, >99.0%) and polyethyleneimine (PEI) were
purchased from Sigma-Aldrich (China); nickel(II)chloride
(NiCl,, >99.0%) and sodium citrate tribasic dehydrate
(NaCit, >99.0%) from Macklin Chemistry Co. Ltd. (Shanghai,
China); and sodium hydroxide pellets (NaOH, >96%) from
Tianjin Jiangtian Chemical Technology Co., Ltd. (Tianjin,
China). The Staphylococcus aureus (S. aureus) (ATCC 26003)
and Escherichia coli (E. coli) (ATCC 700927) were provided by
our laboratory.

2.2. Synthesis of Magnetic NCNCs. The NCNCs were
prepared using a slightly modified previously reported
method.” Briefly, NaOH (15 mM) was dissolved in 6.0 mL
of DEG and stirred at 150 °C until complete dissolution,
followed by storing the resultant light-yellow transparent
solution at 4 °C before further use. Next, a mixture consisting
of 40 mM NiCl,, 1.7 mM NaCit, and 20 mL of DEG was
mechanically stirred at 200 rpm and 200 °C for 30 min in a N,
atmosphere. Subsequently, the as-prepared NaOH/DEG
mixture was quickly added to the NiCl,/NaCit/DEG phase,
and the color changed rapidly from green to black, followed by
2 h of reaction and naturally cooling the mixture to room
temperature. After purifying the obtained magnetic NCNCs by
two washes with ethanol and three washes with water, the
obtained NCNCs were freeze-dried into powder and stored at
4 °C before further use.

2.3. Preparation of the GO/NCNC Nanocomposite.
The GO/NCNC nanocomposite was prepared via electrostatic
self-assembly. Briefly, the GO was exfoliated via ultrasonic
treatment in deionized water for 2 h to acquire uniformly
dispersed GO solution (1.0 mg/mL). Meanwhile, PEI-capped
NCNCs were synthesized by mixing 10 mg of NCNCs with
3.0 mg/mL PEI solution and stirring for 1 h; the resulting
mixture was washed three times by centrifugation to remove
excess PEI and then resuspended in 1.0 mL of deionized water.

18340 https://doi.org/10.1021/acsomega.2c00508
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Next, 1.0 mg/mL GO was added to 10 mg of PEI-capped
NCNCs for self-assembly at 25 °C and 200 rpm for 24 h.
Finally, the resultant GO/NCNC nanocomposite was washed
by centrifugation and resuspended in deionized water.

2.4. In Vitro Antibacterial Test. Antibacterial activity of
samples tested with S. aureus and E. coli as a model bacterium
and the antibacterial activity of GO, NCNCs, and GO/
NCNCs were measured using the growth curve method, agar
plate method, minimal inhibitory concentrations (MICs), and
live/dead staining as described below.

For the agar plate test, 100 yL (10’ CFU/mL) of a bacterial
suspension was cultured at 37 °C for 2 h with GO/NCNCs
(GO or NCNCs) at different concentrations (250, 125, 62.5,
31.3, 15.6, and 7.80 ug/mL), with the control sample
composed of 100 uL of the bacterial suspension and 100 uL
of deionized water. Each group was divided into two parts, one
for agar plate assay and the other for growth curve assay. After
2 h of treatment, S0 uL of bacterial dilution was spread onto
the Luria—Bertani (LB) agar plate to count the number of
colonies (CFUs) and then obtain the antibacterial rate by
using the following equation

antibacterial rate (%)

CFU(experimental group)

X 100%
CFU(control group)

(1)

For the growth curve test, the mixture in the other tube was
transferred to 10 mL of LB broth, and the S. aureus samples
were cultured in an incubator (37 °C) under continuous
agitation at 200 rpm. The same amount of bacterial solution
was taken from each group every 1 h, the optical density (OD)
values at a 600 nm wavelength were tested, and the growth
curve of S. aureus was drawn.

For the MIC test, 100 uL of log-phase bacterial solution was
incubated with different concentrations of GO/NCNCs at 37
°C for 2 h, and the final concentrations of GO/NCNCs were
250, 125, 62.5, 31.3, 15.6, and 7.80 pg/mL. The above-
mentioned co-incubation system (200 L) was then added to
9.8 mL of LB liquid medium and incubated on a shaker (37
°C, 200 rpm/mL) for 18 h. The MIC value is defined as the
minimum concentration of GO/NCNCs at which the bacterial
growth is obviously inhibited compared to the blank, that is,
the treatment concentration of the GO/NCNCs at which the
solution is clear and free of bacterial growth.

For bacterial live/dead staining, the bacterial solution (10’
CFU/mL) and GO/NCNCs (125 ,ug/mL) were co-incubated
at 37 °C for 2 h, and then, we collected the bacterial solution
through centrifugation, staining with propidium iodide (PI, 10
ug/mL) for 10 min, followed by 40-6-diamidino-2-phenyl-
indole (DAP], 5.0 ug/mL) for S min, with PI staining for dead
bacteria (red) and DAPI staining for live bacteria (blue). After
washing the samples twice with phosphate buffered saline
(PBS), the survival and death of bacteria were recorded
through an inverted fluorescence microscope (Nikon, Eclipse
Ti-S).

2.5. Morphological Analysis of Bacterial Cells. In order
to investigate the morphological changes of the bacteria in the
presence or absence of GO, NCNCs, and GO/NCNCs (125
pg/mL), the bacteria were treated as described in Section 2.4.
After fixation with 2.5% glutaraldehyde overnight, gradient
dehydration was carried out for 15 min with ethanol
concentrations of 30, 50, 70, 90, and 100%. The morphology
of S. aureus was collected through high-resolution transmission
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electron microscopy (TEM) and scanning electron microscopy
(SEM).

2.6. ROS Assay. The reactive oxygen species (ROS)
generation in S. aureus cells exposed to GO, NCNCs, and GO/
NCNCs was monitored by using 2',7'-dichlorodihydrofluor-
escein diacetate fluorogenic (DCFH-DA) dye. First, S. aureus
(107 CFU/mL) was exposed separately to GO, NCNCs, and
GO/NCNCs (125 pug/mL) at 37 °C for 2 h; then, cells were
rinsed in PBS and incubated with DCFH-DA (10 gM) at 37
°C for 1 h. After centrifugation at 5000 rpm for S min and
three washes with PBS, the ROS level in the cells was
examined with an inverted microscope.

2.7. Statistical Analysis. The experiments were conducted
in triplicate and repeated three times. Data were processed
using Origin Pro8 (OriginLab, Northampton, MA, USA) and
shown as means + standard deviation. *, *%, *¥* gnd ****
indicate p < 0.05, <0.01, <0.001, and <0.0001 compared to the
control group, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of the GO/NCNC Nanocompo-
site. The GO/NCNC nanocomposite was prepared through
electrostatic interaction. Specifically, GO and NCNCs were
prepared separately, followed by using PEI as a surfactant to
modify NCNCs and obtain positive potential functionalized
NCNCs (PEI@NCNCs). Finally, the GO/NCNC nano-
composite was prepared by decorating negatively charged
GO onto the surface of PEI@NCNCs under stirring. Figures
la—d and S1 show the morphologies of NCNC, PEI@NCNC,
GO, and GO/NCNC nanocomposites and the magnetic
enrichment characteristics of the GO/NCNC nanocomposite.
As illustrated in Figure Sla, the magnetization saturation (M)
value of GO/NCNCs measured was 122.5 emu/g, indicating
that GO/NCNC:s are strong magnetic materials and sufficient
for magnetic enrichment. In Figure 1d, the monodispersed
NCNCs are seen to be uniformly decorated on the surface of
the GO nanosheets, and the lattice spacing of the NCNCs is
0.11 nm (the illustration in the lower right corner). The UV—
vis absorption spectra of NCNCs, GO, and GO/NCNCs are
shown in Figure le. GO had a characteristic absorption peak at
228 nm (7 — 7*) and a shoulder peak at 300 nm (n — 7*),’’
and NCNCs had no obvious characteristic absorption peaks.**
The GO/NCNCs had a typical absorption peak at 215 nm,
which was slightly blue-shifted compared with pure GO, and
had a red-shifted absorption peak at 330 nm, demonstrating
that the decoration of NCNCs on the GO surface is successful.
Additionally, the electrostatic interaction between NCNCs and
GO was further investigated (Figure 1f). The zeta potential of
NCNCs was —10 = 2.0 mV, and the value changed from
negative to positive after PEI modification, suggesting the
formation of positively charged PEI-NCNCs (21 + 0.9 mV),
which was conducive to the adsorption of negatively charged
GO (=15 + 5.1 mV) and the formation of the GO/NCNC
nanocomposite with a zeta potential value of —9.9 &+ 4.2 mV.
The above-mentioned results proved that the GO/NCNC
nanocomposite was successfully prepared.

In addition, the surface properties and crystalline structures
of GO, NCNCs, and GO/NCNCs were characterized. As
illustrated in Figure 2a, the peak located at 3250 cm™" was the
tensile vibration of O—H, and the absorption peaks at 2929,
1471, and 1078 cm™' were attributed to the stretching and
bending vibrations of C—H in the alkyl. Meanwhile, the peak at
1628 and 1380 cm™' was due to the stretching vibrations of

https://doi.org/10.1021/acsomega.2c00508
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Figure 1. TEM images of NCNCs (a), PEI@NCNCs (b), GO (c), and GO/NCNCs (d). UV—vis absorption (e) and zeta potentials (f) of GO,

NCNCs, and GO/NCNCs.

C=0 and C-O, respectively. These absorption peaks
indicated that NCNCs were decorated on GO nanosheets.””*>
As shown in Figure 2b, the characteristic peak of GO at 10.5°
was ascribed to the (001) reflection plane of GO,* and the
three typical diffraction peaks of NCNCs at 44.5, 58.4, and
78.0° corresponded to the (011), (012), and (103) crystal
planes (PDF #45-1027), respectively, proving the successful
synthesis of NCNCs,”* whereas the characteristic peaks of GO
at 9.5° and NCNCs at 44.7° appeared after NCNCs were
decorated on GO. This result further indicated the successful
preparation of the nanocomposite.

The chemical states of GO (Figure S2), NCNCs (Figure
S$3), and GO/NCNCs (Figure 2c—f) were measured by X-ray
photoelectron spectroscopy (XPS). Figure 2c shows the XPS
survey spectrum of GO/NCNCs showing the presence of Ni,
O, and C elements. In Figure 2d, Ni 2p is seen to contain three
peaks at 856.88, 860.28, and 863.83 eV, assigned to Ni

18342

(2p3/2(b)), Ni (2p sat), and Ni (2p, /Z(a)), respectively. Figure 2e
is the C 1s XPS spectrum showing the sharp peaks at 285.18
eV and 287.48 eV ascribed to the C—C and epoxy groups,
respectively. The O 1s peak at 532.11 eV might indicate the
existence of oxygen in the form of C—OH/C—O—C (Figure
2f). These observations are consistent with a previous study.”*

3.2. Cytotoxicity. Biocompatibility is a prerequisite for in
vivo application of nanomaterials. In this study, the biotoxicity
of GO/NCNCs, GO, and NCNCs on the viability of Vero
cells was tested via the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method. In Figure 3,
incubation of Vero cells with different concentrations of GO/
NCNCs, GO, and NCNCs is shown to have a cell viability
above 85% within the concentration range of 62.5 ug/mL to
0.25 mg/mL, indicating the biocompatibility of GO/NCNC:s.

3.3. In Vitro Antibacterial Activity. The antibacterial
capability of GO/NCNCs, GO, and NCNCs against S. aureus

https://doi.org/10.1021/acsomega.2c00508
ACS Omega 2022, 7, 18339—-18349
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Figure 2. FT-IR spectra (a) and XRD patterns (b) of GO, NCNCs,
and GO/NCNCs. XPS survey spectra of GO/NCNCs: overall
spectrum (c), Ni 2p (d), C 1s (e), and O 1s (f).

was evaluated by the agar plate experiment via comparison of
the survival rate of S. aureus, and the results are displayed in
Figure 4. After the control group was cultured in a 37 °C
incubator, plentiful of viable colonies emerged on the plates,
while the treatment with GO, NCNCs, and GO/NCNCs
showed a gradual dose-dependent decrease in the number of
colonies (7.8—250 ug/mL) (Figure 4d). Compared with the
control group, the GO group displayed significant reduction in
the number of colonies, with an antibacterial rate of 82% at a
concentration of 125 ug/mL (Figure 4b). Previous research
has attributed the excellent antibacterial ability of GO to its
unique layer structure and photochemical properties.”> >’ The
NCNC group also showed a decrease in the number of
colonies, with an antibacterial rate of 70.8% at 125 ug/mL
(Figure 4c). Previous studies have shown that NCNCs could
exhibit obviously antibacterial and trapping ability against both

Gram-positive/-negative bacteria and bacterial spores.”

Notably, in Figure 4a, GO/NCNCs are shown to have killed
99.5% S. aureus at 125 pug/mlL, indicating the successful
construction of the GO/NCNC synergetic antibacterial
system.

Additionally, using E. coli as the model bacterium of Gram-
negative bacteria, the inhibitory effect of different concen-
trations of GO/NCNCs, GO, and NCNCs on E. coli was
investigated. As illustrated in Figure S4, compared with the
control group, the inhibitory effect of the material treatment
group was positively correlated with the material concen-
tration. When the concentration was 125 pg/mL, the number
of colonies in the GO treatment group, the NCNC treatment
group, and the GO/NCNC treatment group was significantly
reduced, and the inhibition efficiencies were 99.7, 99.8, and
100%, respectively. This result is consistent with the inhibition
of S. aureus, indicating that the GO/NCNCs have strong
antibacterial activity.

To further quantitatively study the antibacterial effects of the
GO/NCNCs, GO, and NCNCs, the MICs of S. aureus and E.
coli exposed to GO/NCNCs, GO, and NCNCs were
measured. As displayed in Table S1, the MIC of GO/
NCNCs against S. aureus and E. coli was 125 and 62.5 ug/mL,
respectively, which was higher than that of pure GO and
NCNCs, suggesting that GO/NCNCs have stronger anti-
bacterial activity against E. coli than against S. aureus.

The antibacterial efficiency of GO/NCNC nanocomposites
was further explored through analyzing the growth curve and
live/dead fluorescence experiments. S. aureus was cultured in
LB medium, and samples were taken at different culture time
points to detect the optical density at ODgyoym. As shown in
Figure Sa, GO/NCNCs could obviously inhibit the growth of
S. aureus in the concentration range of 7.80 to 250 ug/mL.
Similarly, as shown in Figure Sb, the S. aureus treated with 125
pug/mL GO/NCNCs showed a large amount of red
fluorescence, and almost no blue fluorescence was observed,
suggesting that most of S. aureus cells were dead. Inversely, the
control group presented blue fluorescence emission without
red spots, demonstrating that abundant S. aureus cells were
alive. The aforementioned results were corroborated by the
agar plate assay, indicating that the GO/NCNC nano-
composite has an excellent antibacterial effect.

3.4. Antibacterial Mechanism. 3.4.1. Changes in the
Cell Structure Induced by GO/NCNCs. The cell membrane, a
barrier to protect bacteria from harmful substances, is basis for
maintaining the basic functions of bacteria. The direct
interaction of GO with a pathogen will cause the pathogen
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Figure 3. Effects of different concentrations of GO/NCNCs (a), GO (b), and NCNCs (c) on the Vero cell viability investigated by the MTT assay.
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Figure S. Growth curve of S. aureus cultured with various concentrations of GO/NCNCs (a) and fluorescence microscopy images of S. aureus
stained with PI and DAPI after exposure to 125 pug/mL GO/NCNCs or PBS (b).

to be encapsulated by the GO sheet, which will disrupt the morphology of S. aureus was observed by TEM. As illustrated

integrity of the pathogen’s plasma membrane through physical in Figure 6a, the S. aureus cells in the control group presented a
damage.”® The dispersion of NCNCs into the bacterial representative spherical shape, with a smooth and intact
suspension confirmed that NCNCs can bind and capture membrane. After exposure to 125 pg/mL GO, the S. aureus
bacteria by interacting with specific components at the cells were wrapped by the thin sheets of GO, causing the cells
bacterial surface, implicating that synergistic antibacterial to deform and collapse (Figure 6b). In Figure 6¢, the NCNCs
advantages can be achieved by assembling GO and NCNCs are seen to have bound to the surface of S. aureus cells, causing
into nanocomposites. To verify whether GO/NCNCs have a the cells to deform obviously, while in Figure 6d, the GO/
stronger ability to capture and destroy the cell membrane, the NCNC nanocomposite is shown to cause severe damage to the
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Figure 6. TEM images of S. aureus unexposed (a) or exposed to 125
ug/mL GO (b), NCNCs (c), or GO/NCNCs (d).

cell membrane, and the intracellular contents were obviously
leaked, indicating the strong antibacterial efficiency of the GO/
NCNC nanocomposite, which can be ascribed to the
synergistic effect between GO and NCNCs.

SEM further verified the morphological changes of S. aureus.
As shown in Figure 7a, the S. aureus cells in the control group

Figure 7. SEM images of S. aureus cells untreated (a) or treated with
125 pug/mL GO (b), NCNCs (c), and GO/NCNCs (d).

presented a rod shape with smooth cell walls, indicating that
the cells were in a healthy state. However, the GO treatment
severely damaged the structure of the bacterial walls (Figure
7b), the NCNC treatment caused lots of wrinkles on the cell
wall surface (Figure 7c), and the exposure of S. aureus to GO/
NCNCs largely destroyed the structure of S. aureus cells,
causing them to lose their original shape and become
fragmented (Figure 7d). These results were consistent with
the conclusion of a previous report that indicated that the
adsorption of nanoparticles on the bacterial cell wall is

responsible for the bactericidal effect of nanomaterial
interactions with biological cells. Due to its rich oxygen-
containing groups, GO can form hydrogen bonds with
lipopolysaccharide subunits containing sugars, phosphates,
and lipids in cell membranes.”” The TEM and SEM results
are consistent with the plate coating results, indicating the
strong synergistic antibacterial ability of the GO/NCNC
nanocomposite. Xie et al. fabricated GO/AgNP/collagen
hybrid coatings. The coating showed higher antibacterial
activity than pure AgNPs and GO due to AgNP-GO particle
release of Ag" and visible light-induced ROS generation.*’
With the same synergistic antibacterial strategy, the polyur-
ethane/siloxane network containing GO nanosheets prepared
by Shams et al. through the sol—gel hydrolysis/condensation
process can achieve an extensive synergistic antibacterial effect
against fungi and Gram-positive/-negative bacteria.*'

3.4.2. Leaching of Ni**. The leach of Ni** during the co-
incubation of GO/NCNCs with bacteria was confirmed by
quantifying the amount of Ni*" in bacterial solutions treated
with GO/NCNC:s at different incubation time intervals using
inductively coupled plasma mass spectrometry. As shown in
Figure S5, with the increase in incubation time, the leach of
Ni*" in the 125 pg/mL GO/NCNC treatment group gradually
increased, and the leach amount was in the range of 0.34—0.60
ug/mL. To verify whether leached Ni** has antibacterial
activity, the inhibitory effects of different concentrations of
Ni** (0.2, 0.4, and 0.6 pg/mL) on S. aureus and E. coli were
evaluated by agar plate experiments. As displayed in Figure S6,
different concentrations of Ni** had certain inhibitory effects
on S. aureus and E. coli. When the concentration reached 0.6
pug/mlL, the inhibition rates of S. aureus and E. coli were 43.7
and 83.6%, respectively, indicating that leaching Ni** plays a
certain role in the antibacterial effect of the GO/NCNC:s.

3.4.3. Overexpression of ROS. The endogenously generated
ROS plays a key role in signal transduction, but the ROS level
exceeding the cell elimination ability will trigger a chain
reaction, leading to the breaking of DNA, proteins, lipids, and
other biological macromolecules.””*® Therefore, destruction of
bacterial walls and cell membranes is probably not the only
effective mechanism for bacterial death, and GO/NCNCs may
also kill bacterial cells by regulating ROS production. To test
this hypothesis, we detected the production of ROS under GO,
NCNC, and GO/NCNC exposure through the fluorescent
probe DCFH-DA, which diffuses passively into cells through
the cell membrane. As shown in Figure 8a—d, the green
fluorescence intensity of S. aureus cells exposed to GO,
NCNCs, or GO/NCNCs was higher than that of the control
group. Meanwhile, the treatment with GO or NCNCs
exhibited only a small amount of the fluorescent signal, in
contrast to strong fluorescent signals in the presence of the
GO/NCNC nanocomposite. These results confirmed that the
GO/NCNC nanocomposite could induce intracellular ROS
production in bacteria, which may account for its antibacterial
effects. To date, possible antibacterial mechanisms of GO-
based nanomaterials have been demonstrated, including cell
membrane stress caused by mechanical damage of GO
nanosheets and oxidative stress associated with cellular ROS
production.”* ROS mainly include the free radicals of
superoxide anions (°O,”), hydroxyl radicals (*OH), and
H,0,, which are commonly regarded as the main active
substances for sterilization. In the present study, the *OH and
*0," radicals induced by the GO/NCNC nanocomposite were
measured by the electron spin resonance-5,5-dimethyl-1-
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Figure 9. Total protein content (a), total electrolyte (b), SOD activity (c), MDA activity (d), and ATPase activity (e) in S. aureus cells after
exposure to 125 pg/mL GO/NCNCs. * and ** indicate p < 0.05 and <0.01 compared with the control cells, respectively.

pyrroline-N-oxide (ESR-DMPO) method. In Figure 8e,f, the
typical *OH/DMPO and *O,”/DMPO peaks can be observed,
indicating the potential participation of *O,” and *OH in
sterilization. Many studies have shown that the excessive ROS
induced by nanomaterials will assault DNA macromolecules,
promote the damage of the bacterial wall structure, and
ultimately cause bacterial death.*” Zhang et al. synthesized a
novel antibacterial copper cluster (CuC) molecule and found
that CuCs can trigger the massive production of ROS in
bacteria, and the overloaded endogenous ROS can accelerate
bacterial wall rupture, resulting in bacterial death.*’

When the structure integrity of bacteria is damaged, the
intercellular components, including ions, DNA, electrolytes,
and proteins, will leak out. A microplate reader and a
conductivity meter were used to quantify the concentration
of extracellular proteins and electrolytes after GO/NCNC

treatment. As illustrated in Figure 9a,b, compared with the
untreated control group, the GO/NCNC group showed a
significant increase in the leakage of the protein content (p <
0.05) and total electrolyte (p < 0.01) in the S. aureus cells.
Additionally, the damaged cell membrane of S. aureus was
examined by measuring the superoxide dismutase (SOD),
ATPase, and malondialdehyde (MDA) activity after exposure
to GO/NCNCs. In Figure 9c, the SOD level is seen to increase
significantly (p < 0.01) from 68.8 to 84.3 U/mg,,, after the
treatment with 125 ug/mL GO/NCNCs. Adenosine triphos-
phate (ATP), one of the most crucial energy-related molecules
in bacteria, is essential for the cell function, growth, and
survival of microorganisms, and its concentration is a vital
index for microbial available energy. The ATP activity of S.
aureus treated with 125 pg/mL GO/NCNCs showed 4.4-fold
reduction when compared to the control group (Figure 9e).
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Meanwhile, the MDA activity significantly (p < 0.05)
decreased from 48.1 to 42.5 nmol/mg,, in response to 125
pug/mL treatment (Figure 9d). These results demonstrated that
the GO/NCNC nanocomposite could destroy the bacterial
wall and membrane and induce the leakage of intracellular
components, for instance, proteins and electrolytes, further
supporting the conclusions of TEM and SEM. Previous studies
have attributed the observed decrease in the intracellular ATP
concentration to the rapid hydrolysis of ATP or the leakage of
intracellular ATP from the cell membrane due to the change of
cell membrane permeability.”” Recent studies have also shown
that once the bacterial membrane is damaged, substances such
as ATP and proteins will be excreted outside the cell."** Xie
et al. proposed a synergistic antibacterial system based on
copper peroxide-supported tungsten disulfide nanoflowers
(CP@WS, NFs), which resulted in severe leakage of cellular
components and reduced the amount of ATP and disrupted

. 50
bacterial membranes.

4. CONCLUSIONS

In summary, a novel, biocompatible, and synergistic anti-
bacterial nanocomposite, GO/NCNCs, was constructed via
the simple electrostatic assembly of NCNCs with GO sheets,
and its properties were characterized using various analytical
techniques. In vitro antibacterial experiments demonstrated
that at a concentration of 125 pg/mL, the GO/NCNC
nanocomposite showed better antibacterial properties than
pure GO and NCNCs, with an antibacterial efliciency of 99.5
and 100% against S. aureus and E. coli, respectively. SEM, TEM,
and ROS analyses showed that the synergistic effect of GO and
NCNCs played a crucial role in the inactivation of S. aureus
cells, with NCNCs binding and capturing bacteria and GO
causing irreversible physical damage to the biological structure
of bacteria. Additionally, the synergistic effects can also induce
stronger oxidative stress in cells, resulting in more serious
damage to the membrane, changes in bacterial metabolic
enzyme activity, and leakage of intracellular contents and
eventually bacterial death. The leaching of Ni** during the
interaction between GO/NCNCs and bacteria is also
responsible for the antibacterial effect. Future studies can
focus on the pharmacodynamics and toxicology of the GO/
NCNC nanocomposite with appropriate animal models. The
overall results imply that the GO/NCNC nanocomposite is a
hopeful antimicrobial agent.
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