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ABSTRACT: Common pathogenic bacteria contaminate the
environment through various modes of transmission. It is thus
crucial to develop simple preparation methods of residue-free
environmental disinfectants. f-Lactam antibiotics are frequently
prescribed in clinical practice to treat bacterial infections. In this
study, we used electrochemical exfoliation to synthesize graphene
oxide (GO) with abundant ketene functional groups. A residue-free
GO—p-lactam (GOpL) was subsequently obtained by mixing ketene
and azomethine-H via a [2 + 2] cycloaddition reaction in the
aqueous phase. GOPL has shown broad-spectrum bacterial
inhibition against four bacteria (Staphylococcus aureus, Escherichia
coli, Salmonella enterica, and Shigella dysenteriae), and it degrades
rapidly within 24 h. This study provides a fast and easy method for
the synthesis of GOSL, which can be employed as a promising
environmental bacteriostatic disinfectant in real-life applications.

1. INTRODUCTION

Common pathogenic bacteria, such as Staphylococcus aureus,
Escherichia coli, Salmonella enterica, and Shigella dysenteriae, can
cause epidemics of various diseases. These bacteria spread
through soil, air, water, and human-to-human contact,
increasing the susceptibility of environmental water and food
ingredients to bacterial contaminations."” It is thus extremely
important to enhance our quality of life with environmental
bacterial inhibitors because of the ubiquity of pathogenic
bacteria.”*

Common environmental disinfectants, including chlorine-
containing, peroxide-based, alcohol-based, and iodine-contain-
ing disinfectants, can be applied to disinfect the air, water, food
processing plants, and other susceptible environments.’
However, numerous environmental disinfectants tend to
cause pollution because of their nondegradable nature and
long-term presence in the environment.® It is thus crucial to
develop simple preparation methods of residue-free environ-
mental disinfectants. f-Lactam antibiotics are important
heterocycles with broad antimicrobial activity and are currently
the most widely applied class of antimicrobial drugs used
against infectious diseases. The S-lactam ring is a common
structural feature of numerous antibiotics, such as penicillins,
cephalosporins, and carbapenems, extensively adopted for
treating bacterial infections.” However, the massive use of f3-
lactam antibiotics in recent years and the structural consistency
of the antibiotics have led to the development of specific f-
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lactamases, causing bacterial resistance.”” Novel and accessible
preparation methods of S-lactam-based antibacterial agents are
thus urgently required."’

Graphene oxide (GO) is a widely studied new material in
life sciences with excellent water solubility and high specific
1% Its monolayer two-dimensional honeycomb
structure enables its use as an excellent substrate for preparing

1
surface area.

photocatalytic materials, multifunctional electrochemical com-
posites, and bacterial inhibitors.'”'* Sengupta et al. demon-
strated that GO could enhance the bacteriostatic effect of
composites through the self-assembly of La ions on their
surfaces because the synthesized inhibitors interact with
bacterial cell membranes to produce a bactericidal effect."®
In addition, Jiang et al. constructed a novel graphene coating
with photothermal properties for bactericidal applications.'®
Despite the excellent antibacterial properties of these
graphene-based complexes, their practical application is
hindered by their sophisticated synthesis steps and light-
dependent bactericidal behavior.
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In this study, GOPL was prepared by the [2 + 2]
cycloaddition reaction of GO and azomethine-H in the
aqueous phase. The abundant ketene functional groups on
the surface of GO offer a large specific surface area and
modification sites, allowing GO to serve as a favorable
substrate for the preparation of bacterial inhibitors. To the
best of our knowledge, this is the first report of a monocyclic
GOpL. This study provides a fast and facile approach for the
synthesis of f-lactam antibiotics, and the prepared GOpSL
appears to be promising as an effective environmental
bacteriostatic disinfectant.

2. MATERIALS AND METHODS

2.1. Bacterial Strains and Culture Conditions. Four
standard bacterial strains, S. aureus [American Type Culture
Collection (ATCC) 25923], E. coli (ATCC 25922), S. enterica
(ATCC 14028), and S. dysenterige [National Center for
Medical Culture Collections (CMCC) (B) 51105], were used
in this study. Their environmental counterparts isolated from
local wet markets in Chengdu were also included in the study.
These environmental isolates were collected following the
entry—exit inspection and quarantine industry standards of the
People’s Republic of China and identified by Prof. Qing Zhang
of Xihua University. All bacterial strains were grown in
Mueller-Hinton broth (MHB) medium for 12 h at 37 °C
(shaking at 200 rpm). The bacterial biomass of each culture
was then washed twice with phosphate-buffered saline (PBS)
to remove the medium after incubation.

2.2. Synthesis of GOpSL. Two pencil cores (0.58 g) were
used as the anode and cathode in an electrolysis cell filled with
saturated NaCl solution (200 mL). A constant potential of 3 V
with a current of 0.06 mA was applied to the two electrodes
and was maintained for 24 h, yielding the sample “GO”.
Nitrogen gas was subsequently passed through the GO
solution to remove the chlorine gas generated during
electrolysis, a process that takes place in 1 h. GOpAL was
finally prepared by mixing 0.02 M azomethine-H solution (20
mL, solvent: distilled water) with the aerated GO (60 mL,
solvent: distilled water) for 20 min (25 °C) via a [2 + 2]
cycloaddition reaction.

2.3. Characterization of GO and GOpL. Atomic force
microscopy (AFM) of the GOPL was conducted on a
Multimode Nanoscope V scanning probe microscopy system
(Bruker, USA). A commercial AFM cantilever tip with a force
constant of ~50 N m™" and a resonance vibration frequency of
~350 kHz was used in the test. The ultraviolet—visible (UV—
vis) absorption spectra and Fourier transform infrared
spectroscopy (FT-IR) spectra of GO and GOSL were obtained
using a MAPADA UV6300 UV-vis spectrophotometer
(Shanghai, China) and a NICOLET 5700 FT-IR spectrometer
(Waltham, USA), respectively. For the FT-IR measurements,
samples were prepared by grinding GO/GOpSL dry powder
with KBr and then compressed into a thin slice. Raman
scattering of the GO/GOpL was performed using an Almega
Thermal Nicolet dispersive Raman spectrometer with the
second harmonic (785 nm) of the Nd:YLF laser source. The
X-ray photoelectron spectroscopy (XPS) pattern of the
samples was subsequently measured on a Thermo ESCALAB
250XI scanning XPS microscope using a monochromatic Al
Ka X-ray (1486.6 eV) source. The backgrounds of the atomic
spectra were removed by Shirley background subtraction
before deconvolution.

2.4. Evaluation of the Antibacterial Activities of GOSL
in Standard Bacterial Strains and Environmental
Isolates. The minimum inhibitory concentration (MIC)
represents the lowest concentration of an antibacterial drug
that can inhibit the visible growth of bacteria. Cultures of the
four standard bacterial strains and four environmental isolates
were first adjusted to approximately 1.5 X 10 CFU mL™’, and
the GOpL stock solution was diluted following a concentration
gradient to seven concentrations of 148.5, 92.4, 63.5, 48.9,
42.0, 38.1, and 36.1 ug mL~". Each bacteria (100 yuL) and
seven different concentrations of GOSL (100 uL) were added
sequentially to a 96-well plates and mixed and incubated for 18
h at 37 °C in an incubator. The absorbance of the cultures was
determined using a HEALES MB-580 enzyme analyzer
(Shenzhen, China), and the MIC assay results were finally
analyzed based on optical density (OD) at 630 nm. These
experiments were performed in triplicate and repeated three
times.

2.5. Evaluation of the Degradation Effect of GOfL.
The UV—vis absorption spectra of GOfL stock solution stored
at room temperature for 0, 2, 4, 6, 12, and 24 h were measured
using a MAPADA UV6300 UV-—vis spectrophotometer
(Shanghai, China) to determine its degradation effect.

2.6. GOAL Inhibition Site Analysis. The molecular
structure of GO was drawn using the ChemDraw Professional
software (version 14.0; PerkinElmer Company, Massachusetts,
USA). Since the action sites of S-lactam antibiotics have been
confirmed to be specific penicillin-binding proteins (PBPs) on
bacterial cell membranes,'” the crystal structure of PBP3 from
the RCSB Protein Data Bank (https://www.rcsb.org/) was
selected for subsequent GOPL inhibition site simulations.
Simulations of GOpSL inhibition sites were finally performed
using the AutoDock Vina software (version 1.2.0; CCSB
Company, California, USA).

3. RESULTS

3.1. Preparation and Characterization of GO and
GOpL. GOpL was prepared using a rapid method. The first
step was electrochemical exfoliating graphite into GO sheets
using low voltage and low current with Cl, as the oxidant."®
The ketene groups on GO with ketenyl stretching appeared at
2100—2200 cm ™! in the infrared spectra. GOSL was obtained
by reacting ketene and azomethine-H in the second step via a
[2 + 2] cycloaddition reaction."” Figure 1 exhibits AFM images
of GO and GOpL. The apparent height of the GO sheet was
about 0.628 nm. Notably, there were many anomalous holes of
100—200 nm diameter on the GO sheets, probably caused by
repeated oxidation for long hours.”” Nevertheless, some GO
sheets had a small degree of oxidation and were free of holes.
The apparent height of GOpSL increased to 0.857 nm,
suggesting the formation of monocyclic A-lactam structures.”'

Figure 2a,b shows the FT-IR spectra and UV—vis spectra of
GO and GOpL, respectively. Based on the first-principles
density functional theory (DFT) calculations (Figure 2c,d),
the peaks near 2172 cm™" in the FT-IR spectrum of GO were
consistent with the stretching vibration of C=C=0 at 2211
cm™! predicted by DFT, indicating the presence of ketene
groups at the edges of the GO lamellae. However, only the
absorption peak of the 7—7* transition red-shifted to 295 nm
was visible in the UV spectrum of GO,””*’ probably forming a
larger conjugated structure induced by the oxygen-containing
functional group.”* The characterized peak at 1774 cm™ in the
FT-IR spectrum of GOpL was ascribed to the formation of the
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Figure 1. Schematic representation of GOSL formation via a [2 + 2]
cycloaddition of GO with azomethane-H. The reaction of ketene
functional groups in GO with azomethane-H to form f-lactam ring
structures.

monocyclic f-lactam structure, which was also consistent with
the IR spectral results (1752 cm™") obtained through B3LYP/
6-31G (d) calculations (Figure 2d). In addition, the reaction of
ketene with hydroxyl groups to form esters has also been
considered. Calculations from B3LYP/6-31G(d) give a
corresponding maximum absorption peak of approximately
1678 cm ™" (Figure SS), which differs from the peak formed by
the monocyclic f-lactam structure (1774 cm™). All of the
calculations on structure optimizations and vibrational
frequencies were carried out with first-principles density
functional theory in the Gaussian 09 program package.”> The
UV—vis spectrum of GOfL revealed that the absorption peak
at 234 nm corresponded to a 7—7* leap in the C=C bond of
the aromatic ring, while the small peak near 373 nm
corresponded to the quaternary ring structure of the f-lactam.
The highest proportional oxygen-containing functional groups
based on the XPS spectrum of GO was carboxyl and hydroxyl
groups,'’ which provided excellent hydrophilicity to GO
(Figure S1). The Raman spectrum of GO (4., = 785 nm) had
a G-band at 1579 cm™' and a D-band at 1434 cm™' (Figure
S2). Of note, the 2D band diverged into two peaks: 2613 and
2714 cm™!, possibly because of two completely different GO
structures resulting from electrolysis of carbon rods at the

cathode and anode, including large sheets of GO and small
sheets of GO bound to antibiotics (results in agreement with
AFM). These findings further proved that ketene was most
likely a product of the GO anode electrolyte under alkaline
conditions (Figure S3).

3.2. Antibacterial Effect of GOpSL in Standard
Bacterial Strains and Environmental Isolates. The
bacterial inhibitory activity of GOSL was determined based
on the MIC. GOSL (63.5 ug mL™") exhibited a promising
broad-spectrum bacterial inhibition against all four common
pathogenic bacteria (Gram-positive S. aureus and Gram-
negative E. coli, S. enterica, and S. dysenteriae), with the best
inhibitory effect observed against S. dysenteriae (Figure 3). In
particular, the MIC of GOJL against S. dysenteriae was 48.9 ug
mL~L. Both synthetic raw materials, azomethine-H and GO,
exhibited poor bacterial inhibition than GOpL (non-
antibacterial vs 92.4 ug mL™" vs 63.5 ug mL™"), demonstrating
that the bacterial inhibitory effect of GOAL mainly originated
from the produced f-lactams.

The relationship between incubation time and the bacterial
inhibitory effect of GOSL (63.5 ug mL™") was determined
using the four bacterial strains isolated from the local wet
markets in Chengdu to further verify the application potential
of GOpL as an environmental bacterial inhibitor (Figure 4).
Notably, the calibrated absorbance (Apostmh‘lre — Apegative control)
of the four environmental isolates varied insignificantly due to
not reaching the logarithmic growth period in the first 6 h of
incubation. However, the inhibitory effect of GO and
azomethine-H diminished with an extension of the incubation
time to 12 h. S. aureus and E. coli treated with GO exhibited
some bacterial growth. In contrast, azomethine-H had no
inhibition against any of the four environmental isolates.
Moreover, the inhibitory effect of GOSL on S. aureus
diminished after prolonging the incubation time to 24 h but
remained unchanged on the other three Gram-negative
bacteria (E. coli, S. enterica, and S. dysenteriac). Of note,
neither GO nor azomethine-H inhibited the growth of the four
environmental isolates. However, GOpL still inhibited the
three Gram-negative bacteria after 48 h incubation, with an
inhibition effect of more than 96%. These findings strongly
suggested that the prepared GOPL had an excellent
bactericidal effect and strong broad-spectrum antibacterial
activity against common environmental pathogens.

3.3. Degradation Effect of GOpL. Though GOpL
possesses superior bacterial inhibitory properties enabling its
potential utilization as a bacteriostatic agent, its environmental
contamination after spraying should be investigated to assess
its residual effects. The degradation effect of the synthesized
GOpL (42 pug mL™") with time was thus measured to establish
this effect (Figure S). The freshly synthesized GOpL existed as
a distinct UV absorption peak at 373 nm with no overlap with
the characteristic peak of azomethine-H (356 nm). However,
the characteristic peaks of GOSL were observed to decrease
significantly with the extension of time, exhibiting a blue shift
phenomenon. Notably, the characteristic peak of GOSL was
not observed at its half-life, which was estimated to be about
12 h. However, the characteristic peak of azomethine-H at
approximately 356 nm appeared even at 12 h. The content and
remaining structure of GOpL stabilized after 24 h of
degradation, while the UV spectrum did not vary substantially.
The easy degradability of GOSL was attributed to the
generated f-lactams being prone to the hydrolysis reaction of
ring opening. The presence of natural precipitation and other
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Figure 2. Characterization of GOAL and GO. (a) FT-IR spectra and UV—vis absorption spectra of GO. (b) FT-IR spectra and UV—vis absorption
spectra of GOpL. (c) Structure and IR spectra of GO obtained through B3LYP/6-31G(d). (d) IR spectral results obtained through B3LYP/6-

31G(d) calculations.

factors in the environment further accelerated the degradation
efficiency of GOpL, thus lessening its pollution effect. The
antibacterial effect and degradability of GOSL conformed to
the expected requirements, permitting its use as an environ-
mental bacterial inhibitor.

3.4. Analysis of GOSL Inhibition Sites. The inhibition
sites of GOPL were analyzed using AUTODOCK VINA
molecular simulations (Figure 6). The p-lactam ring is
covalently bound to the active serine (Ser307) present in
PBP3.”"*%* It thus interrupts the peptidoglycan monomer
cross-linking process and prevents bacteria from synthesizing
intact cell walls. Molecular simulations reveal that GOSL can
block the channel in front of the active serine binding site and
inhibit the entry of peptidoglycan monomers into the active
serine site.”””” It acts as a peptide chain blocker, leading to the
inability to produce an intact cell wall because of the large GO
layer in GOpL. In this study, the Gram-positive bacteria (S.
aureus) were found to be less susceptible to growth inhibition
than the Gram-negative bacteria (E. coli, S. enterica, and S.
dysenteriae). This phenomenon was attributed to the thick cell
wall of Gram-positive bacteria where GOSL could not easily
block the channel in front of the active serine binding site and
interrupt the cross-linking process.”> Nevertheless, GOAL still
exerts a decent inhibitory effect on Gram-negative bacteria,”**’
laying a foundation for its application in the environment.

4. DISCUSSION

Environmental pathogenic bacteria contaminate water and
food, resulting in human disease. Despite this challenge, the
improper and inappropriate use of disinfectants, including their
excessive use, poses a potential threat to or%anisms and
ecosystems owing to their numerous side effects.”’** It is thus
crucial to develop simple preparation methods of residue-free
environmental disinfectants.””** f-Lactam antibiotics are
commonly used in clinical practice to treat bacterial infections.
However, their misuse has caused a gradual rise in bacterial
resistance.” Previous studies postulate that GO can inhibit
bacterial growth by loading metal ions.”” In this study, GO rich
in ketene functional groups and azomethine-H was employed
to prepare GOfSL via a [2 + 2] cycloaddition reaction in the
aqueous phase. Of note, the synthesized GOPL exhibited
bacterial inhibition against common pathogenic bacteria in the
environment.

The electrochemically exfoliated GO was enriched with
ketene functional groups through XPS, FT-IR, UV-vis
spectroscopy, and Raman spectroscopy (Figure 2). The
synthesized GOSL was also clearly observed as a f-lactam
structure through FT-IR (Figure 2). The ketene functional
groups of GO express numerous monocyclic lactam ring
structures, increasing the concentration of the inhibitory
component. GOJL exhibited excellent inhibition against four
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Figure 3. Inhibition of four standard strains after incubation at various concentrations of GOpL. Bacterial inhibition of S. aureus (a), E. coli (b), S.

enterica (c), and S. dysenteriae (d) by different concentrations of GOfL.

standard bacterial strains and environmental isolates, especially
against S. dysenteriae (MIC, 48.9 ug mL™") (Figures 3 and 4).
Nevertheless, the inhibitory effect of GOAL on the Gram-
positive bacteria (S. aureus) was weaker than that on the Gram-
negative bacteria. This phenomenon is attributed to the thicker
cell wall of Gram-positive bacteria.

Notably, GOpPL reached the halflife of degradation at
around 12 h. Its characteristic peak was not observed at around
24 h because of the easy hydrolysis reaction of f-lactam with
ring opening (Figure S). This attribute strongly suggests that
the synthesized GOPL can serve as an environmental
disinfectant. Molecular simulations further revealed that the
inhibition site of GOpL lies in the active serine (Ser307). As
such, GOSL can block the channel before the active serine
binding site and interrupt the cross-linking process, leaving the
bacteria with an incomplete cell wall, thus achieving an
inhibition effect (Figure 6). This study provides a fast and easy
method for the synthesis of GOpL, which can be adopted as a
simple preparation method of residue-free disinfectant. Never-
theless, electrochemical stripping introduced uncertainty in the
degree of oxidation, resulting in an inconsistent ratio of ketene
functional groups on the GO surface for each synthesis. These
inconsistencies can prevent bacterial induction of f-lactamase
production and should thus be explored in subsequent studies.
Moreover, the analysis of GOSL inhibition sites is not very
detailed, as we are currently unable to prove that the simulated

inhibition sites are correct through relevant experiments and
therefore should be further explored in subsequent studies.

In recent years, graphene-based compounds have rapidly
emerged as a promising category of antibacterial materials due
to their diverse bactericidal mechanisms and relatively low
cytotoxicity to mammalian cells.*® In this study, we have
synthesized GOPL with an antibacterial effect using GO
nanomaterials. The combination of GO with other substances
to produce antimicrobial nanocomposites is reportedly being
investigated extensively,”®’” and the nanomaterials obtained by
combining Ag and Zn with GO have shown excellent
antimicrobial activity,”®”” with Ag/GO showing activity
comparable to that of the penicillin-like f-lactam antibiotic
ampicillin. With its unique mechanical and physicochemical
properties, GO makes it particularly attractive for basic
research and possible applications in many fields.*” The GO
composite can be used to treat wastewater with toxic inorganic
and organic pollutants due to its large specific surface area,
geometry, and chemical properties,41 in addition to its bacterial
inhibition, as described above. Simultaneously, the problem of
secondary contamination by adsorbed toxic substances has to
be taken into account, and they may pose serious health and
environmental risks. Therefore, desorption and regeneration
are important aspects of the commercialization of graphene-
based nanomaterials.
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Figure 4. Relationship between the incubation time of environmental isolates and the bacterial inhibition effect of GOpL. Bacterial inhibition of S
aureus (a), E. coli (b), S. enterica (c), and S. dysenteriae (d) by GOBL (63.5 ug mL™") at different incubation times.
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Figure 6. Schematic diagram of the inhibitory site of the simulated GOpL. Covalent binding of GOpL to the active serine (Ser307) of PBP3 in the

bacterial cell wall.

5. CONCLUSION

In this study, we synthesized a GO rich in ketene functional
groups and prepared GOSL via a [2 + 2] cycloaddition
reaction with azomethine-H in the aqueous phase. GOfL can
block the channel before the active serine binding site,
interrupting the cross-linking process and rendering the
bacterial cell wall incomplete, thus achieving inhibition. The
synthesized GOpL exhibited a broad-spectrum bacterial
inhibitory effect against common environmental pathogens
within 24 h. Notably, the synthesized GOpL also degraded
rapidly within 24 h. However, the large layer structure of GO
allows the inhibition effect of GOSL to remain in place after 48
h. This study provides a rapid and simple method for the
synthesis of GOpPL, which can be adopted as a simple
preparation method of residue-free environmental disinfectant.
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