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There is growing pressure for wastewater treatment plants to mitigate the discharge of antibiotic
resistant bacteria (ARB) and extracellular resistance genes (eARGs), which requires technological innovation. Here, hierarchical Bi2O2CO3 microspheres were wrapped with nitrogen-doped, reduced graphene
oxide (NRGO) for enhanced inactivation of multidrug-resistant E. coli NDM-1 and degradation of the
plasmid-encoded ARG (blaNDM-1) in secondary efﬂuent. The NRGO shell enhanced reactive oxygen species (ROS) generation (OH and H2O2) by about three-fold, which was ascribed to broadened light absorption region (red-shifted up to 459 nm) and decreased electron-transfer time (from 55.3 to 19.8 ns).
Wrapping enhanced E. coli adsorption near photocatalytic sites to minimize ROS scavenging by background constituents, which contributed to the NRGO-wrapped microspheres signiﬁcantly outperforming
commercial TiO2 photocatalyst. ROS scavenger tests indicated that wrapping also changed the primary
inactivation pathway, with photogenerated electron holes and surface-attached hydroxyl radicals
becoming the predominant oxidizing species with wrapped microspheres, versus free ROS (e.g., OH,
H2O2 and O
2 ) for bare microspheres. Formation of resistance plasmid-composited microsphere complexes, primary due to the p-p stacking and hydrogen bonding between the shell and nucleotides, also
minimized ROS scavenging and kept free plasmid concentrations below 102 copies/mL. As proof-ofconcept, this work offers promising insight into the utilization of NRGO-wrapped microspheres for
mitigating antibiotic resistance propagation in the environment.
© 2020 Elsevier Ltd. All rights reserved.

Keywords:
Trap-and-zap
Nitrogen-doped graphene
Surface reactive species
Antibiotic resistance

1. Introduction
The propagation of antibiotic resistant bacteria (ARB) poses a
growing threat to public health (Davies and Davies, 2010; O’Neill,
2016), underscoring the need to consider the occurrence and fate
of ARB in water infrastructure. Some wastewater treatment plants
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(WWTPs) may serve as breeding grounds and point sources for ARB
and extracellular antibiotic resistance genes (eARGs) that
contribute to the environmental resistome (Ju et al., 2016; Luo et al.,
2014). Furthermore, conventional secondary efﬂuent disinfection
approaches (e.g., chlorination and ultraviolet (UV) radiation)
exhibit relatively low efﬁciency to mitigate the discharge of ARB
and eARGs (He et al., 2019; Lorenz and Wackernagel, 1994; Luo
et al., 2011), and residual disinfectants may enhance ARG horizontal transfer, contributing to resistance propagation (Dotson
et al., 2010; Li et al., 2016; Zhang et al., 2017). Thus, there is a
critical need for technological innovation to develop robust and
sustainable approaches to mitigate antibiotic resistance dissemination through efﬁcient ARB inactivation and associated eARGs
degradation.
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Photocatalysis has received signiﬁcant attention as a potential
eco-friendly disinfection process for eliminating waterborne microbial contaminants, including ARB (Giannakis et al., 2018; Pelaez
et al., 2012; Zhao et al., 2014a). The process involves production of
reactive oxygen species (ROS) such as hydroxyl radicals (OH) and
þ
superoxide (O2 ), as well as electron holes (h ), upon UV irradiation
(Table S1). These oxidizing species can efﬁciently inactivate bacteria by attacking essential biomolecules (e.g., lipids, proteins, and
DNA) (Cho et al., 2004; Ren et al., 2018; Xia et al., 2015). Threedimensional (3D) hierarchical microspheres composed of 2D photoactive nanosheets exhibit high speciﬁc surface area to facilitate
light harvesting and photocatalytic performance (Liang et al., 2017;
Zhang et al., 2013), while their relatively large size enables costeffective separation and recovery (Zhang et al., 2018). We previously showed that nanosheet-assembled Bi2O2CO3 microspheres
can be easily composited with electron-shuttling reduced graphene
oxide (RGO) to promote electron transfer and increase ROS production (Zhang et al., 2014). However, while enhanced ROS generation may improve disinfection (Moreira et al., 2018), a higher
rate of cells lysis increases the release of eARGs. Due to ROS dilution
and scavenging by background constituents (e.g., carbonates, soluble microbial products (SMPs), and natural organic matter), eARGs
released in bulk water away from photocatalytic sites may escape
treatment (Dunlop et al., 2015; Ribeiro et al., 2019). Accordingly,
previous work showed that RGO-enhanced photocatalytic disinfection of ARB did not efﬁciently degrade the associated eARGs in
wastewater (Karaolia et al., 2018). Thus, it is important to enhance
bacterial and eARG adsorption near photocatalytic sites for more
efﬁcient ROS utilization (i.e., trap-and-zap strategy) (Zhang et al.,
2018).
We postulate that nitrogen doping of the RGO shell can improve
bacterial adhesion to microspheres due to a less negative zeta potential than undoped RGO (Hasan et al., 2012; Smith et al., 2019),
which decreases electrostatic repulsion and thus increase the
probability of catalyst-bacteria collision (Xue et al., 2018; Zhao
et al., 2014b). Subsequently, bacteria can be adsorbed by the catalyst due to hydrophobic interaction between hydrophobic amino
acids on bacterial surfaces and the photocatalyst surface (e.g.,
graphitic basal planes). Bacterial adsorption near photocatalytic
sites is not only conducive to more efﬁcient disinfection, but also
may enhance the immediate capture and degradation of eARGs that
are released due to bacterial cell lysis. Furthermore, nitrogen
doping may accelerate electron transfer and enhance ROS generation by decreasing defects within the NRGO plane, and improving
the interfacial contact between NRGO and the photocatalyst (Mou
et al., 2014; Xu et al., 2016).
Here, we report the synthesis of novel NRGO-wrapped Bi2O2CO3
microspheres (NGWM), and demonstrate their efﬁcacy for simultaneous photocatalytic ARB inactivation and eARGs degradation in
a secondary efﬂuent polishing context. Enhanced bacterial
adsorption and inactivation, as well as eARG degradation, were
conﬁrmed by direct comparisons versus treatment with bare
Bi2O2CO3 microspheres or undoped RGO-wrapped Bi2O2CO3 microspheres (GWM). The photocatalytic mechanism was investigated through ROS scavenging tests, and oxidative stress to the ARB
was assessed by quantifying cell membrane integrity and antioxidant enzymatic activity. We discerned the interfacial mechanisms
for enhanced eARGs adsorption and degradation relative to uncoated catalyst. Benchmarking experiments were also performed
using a commercial TiO2 photocatalyst to demonstrate the applicability of NGWM for municipal wastewater treatment efﬂuent
disinfection and associated mitigation of antibiotic resistance
propagation.

2. Materials and methods
2.1. Chemicals, reagents and bacterial strains
Bismuth citrate (99%), urea (97%), ethanol (99.5%), (3aminopropyl)trimethoxysilane (APTMS, 97%), p-chlorobenzoic
acid (pCBA, [X]%), hydrazine monohydrate (N2H4, 98%), potassium iodide (KI, 99%), isopropanol (IPA, 99%), superoxide dismutase (SOD), sodium pyruvate (SP, 99%), protein carbonyl
content assay kit, and 2,7-dichlorodihydroﬂuorescein diacetate
(DCFH-DA, 97%) were purchased from Sigma-Aldrich and used as
received. Single layer graphene oxide power (GO, 99%) was purchased from Nanjing XFNANO MaterialsTech Co., Ltd. Commercial
TiO2 powder (Evonik, P25) was purchased from Sigma-Aldrich
(Fig. S1).
The bacterial strain used in this study was E. coli NDM-1 (ATCC
BAA-2452) carrying a pET-29a (þ) plasmid-encoded blaNDM-1 gene.
Multidrug-resistant E. coli NDM-1 was used as a representative
ARB, and the plasmid-encoded b-lactam resistant blaNDM-1 gene
(coding for New Delhi metallo-beta-lactamase) was the target ARG.
The bacteria were incubated in LB broth medium with 100 mg/L
ampicillin at 37  C for overnight with shaking at 120 rpm and then
washed with phosphate buffer solution (PBS, pH 7.0) three times
before photocatalytic reactions. Total viable bacteria were counted
by a plate assay method using Difco standard bacterial count agar
(BD, Sparks, MD) and expressed as colony-forming-units (CFU).
2.2. Photocatalyst synthesis and characterization
Hierarchical Bi2O2CO3 microspheres were synthesized by a hydrothermal method as previously described (Zhang et al., 2014).
The microspheres were amine-functionalized by APTMS and then
wrapped by graphene oxide (GO) sheet through the electrostatic
interactions and dehydration condensation reaction. Subsequently,
the corresponding amount of N2H4 was added into the GO wrapped
Bi2O2CO3 microspheres with vigorous stirring for 30 min. The
mixed suspension was then transferred into a Teﬂon stainless steel
autoclave and autoclaved at 80  C for 3 h to achieve GO reduction
and N doping simultaneously. Speciﬁcally, microspheres should be
wrapped by GO before N doping to reduce the electrostatic repulsion between the amine-functionalized Bi2O2CO3 microspheres and
GO shell. After the hydrothermal reaction, the ﬁnal mixture was
washed with DI water and dried at 60  C for 24 h under vacuum to
obtain NGWM microspheres.
The morphology of the catalysts was characterized by a scanning electron microscopy (SEM, Quanta 200 FEG, FEI) and a highresolution transmission electron microscopy (HR-TEM, Hitachi S3000N). The crystal structures were characterized by an X-ray
diffraction (XRD, D/max2550VB3þ/PC, Rigaku). Chemical functional groups were determined by X-ray photoelectron spectroscopy (XPS, Perkin Elmer PHI 5000 ESCA System) and Fourier
transform infrared spectrometry (FTIR, Nicolet 5700, Thermoﬁsher,
USA). Light absorption was characterized by a UVevisible diffuse
reﬂectance spectroscopy (UVevis DRS, BWS002, BWtek).
2.3. Photocatalytic bacterial inactivation and model ﬁtting
Reactions were conducted in 150-mL quartz photocatalytic reactors in a black acrylic box. UVA-visible light was provided by a
300W xenon lamp (PerfectLight PLS-SXE300C, USA) with a bandpass ﬁlter (340 < l < 700 nm). The incident radiation power of
UVA-visible light was measured by a radiometer (PM100D/S425C,
Thorlabs, America) and UVA-visible incident light intensity was
8.68  106 E/L$s (Zhou et al., 2015). The reaction temperature was
kept at 25 ± 1  C by continuous water circulation around the
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reactor. Inactivation tests were conducted in PBS and 0.22-mm
membrane-ﬁltered WWTP efﬂuents with photocatalyst (200 mg/L)
and a representative bacteria (108 CFU/mL) (Zhang et al., 2010b).
The secondary efﬂuent used in this work (Table S2) came from
Quyang Wastewater Treatment Plant in Shanghai. The adsorptiondesorption equilibrium of bacteria on the photocatalysts was achieved by magnetically stirring for 60 min under dark. Samples were
collected at regular interval, and the viable bacterial density was
measured by the plate assay method (Ma et al., 2016). Bacterial
abundance and dead/live ratio were measured with a ﬂuorescence
microscope (Olympus IX71, Japan) after staining with SYTO 9 and
propidium iodide (PI) using a Live/DEAD BacLight kit (Invitrogen
AG, Basel, Switzerland) (Li et al., 2017).
Photocatalytic inactivation data were analyzed using the
following “log-linear with shoulder and tail” model (Geeraerd et al.,
2005; Spasiano et al., 2015):

NðtÞ ¼ ðN0  Nres Þ  ekt 

1þ

ekS

ekS

þ Nres
 1  ekt

(1)

where Nres (log CFU) is the live bacterial concentrations after t-min
inactivation, S (min) represents the shoulder length of the lag
phase, and k (min1) is the disinfection rate constant of the “loglinear” period (Ng et al., 2016). These parameters were obtained
using the Geeraerd and Van Impe Inactivation Model Fitting Tool
(GInaFit, version 1.7) through curve ﬁtting.

3

Brieﬂy, 5 mL bacterial suspension sample was collected and 5 mL
DCFH-DA solution (5 mM) was added. Then, the mixture was vortexed and incubated at 37  C for 30 min under dark. Subsequently,
the mixed suspension was concentrated with tubular ultraﬁltration
modules (Amicon Ultra-4, 10K, Millipore) to 200 mL for the ﬂuorescence detect at 525 nm with 488 nm excitation wavelength
€nnedorf,
using a Tecan M1000 ﬂuorescence reader (Tecan, Ma
Switzerland) (Xia et al., 2016).

2.6. DNA biomarker quantiﬁcation
To quantify the release and degradation of ARG during photocatalytic inactivation, intracellular ARGs (iARGs) and eARGs were
harvested separately and then quantiﬁed by quantitative polymerase chain reaction (qPCR) (Jiang et al., 2017). Speciﬁcally, bacterial suspensions at various intervals were sampled and then
centrifuged to harvest the cells. The intracellular DNA were
extracted from the cell pellet using a UltraClean DNA Isolation Kit
(MoBiO Laboratories, USA) following the manufacturer’s instructions. The extracellular DNA was collected and concentrated
via the DNA puriﬁcation column (Sangon, China) after lysozyme,
RNase A, and proteinase K treatment (Jiang et al., 2017). The details
of qPCR procedures and primer sets, standard curve generation,
and the DNA recovery efﬁciency calculation are available in the
supporting information.

2.4. ROS generation efﬁciency and scavenger experiments

2.7. Catalyst-plasmid interaction analysis

Photocatalysis can produce reactive species (OH, H2O2, O
2 and
h ) that are potentially involved in the inactivation of bacterial cells
and water disinfection. ROS generation efﬁciency (i.e., OH, H2O2)
was analyzed to evaluate the photoactivity of different photocatalysts. Brieﬂy, pCBA was chosen as a probe to detect the steadystate concentrations of OH (Cho et al., 2004). H2O2 production was
determined by the N,N-diethyl-p-phenylenediamine (DPD)
photometric method (Bader et al., 1988). ROS scavenger experiments were conducted to distinguish the contributions of different
ROS generated by NGWM. The scavengers used in this study were
SP for H2O2, IPA for OH, SOD for O
2 and potassium iodide (KI) for
surface-bound species (i.e., hþ and OHads) (Giandomenico et al.,
1997; Xia et al., 2013; Zhang et al., 2018). We recognize that there
may be potential differences in the afﬁnity of different ROS scavengers to catalyst surfaces before and after coating, which may
confound interpretation of which ROS played signiﬁcant roles.
Thus, ROS scavengers were added in excess to ensure that their
potential depletion due to sorption did not limit their ability to
scavenge photogenerated ROS.

Plasmid pET-29a (þ) (blaNDM-1 encoded) was selected as the
model plasmid and mixed well with catalysts in DI water at 25  C
for 30 min. The bound plasmid was stained with SYBR® Green I
(Thermoﬁsher, USA) and observed using a ﬂuorescence microscopy
(Nikon Eclipse 80i, Japan) following the method by (Rinta-Kanto
et al., 2004). The interfacial interaction of the photocatalyst and
plasmid DNA was analyzed by a confocal Raman microscopy/
spectrometer system (Invia Reﬂex, Renishaw, UK) and an FTIR with
attenuated total reﬂection (ART) module (Nicolet 5700, Thermoﬁsher, USA). Additionally, the plasmid concentration was measured
by qPCR, and the plasmid binding capacity was calculated based on
the following equation: binding capacity ¼ (C0 -Ct)/Cw, where
C0 ¼ original plasmid concentration, Ct ¼ residual plasmid concentration, and Cw ¼ catalysts concentration) (Yu et al., 2016).

þ

2.5. Bacterial response to ROS and cellular damage assessment
Systematic experiments were conducted to investigate the
bacterial responses to and damages caused by ROS. Brieﬂy, the cell
membrane integrity was examined by the Kþ leakage assay, protein
leakage assay, and ATP synthesis ability (Wang et al., 2012; Xia
et al., 2016). The activities of CAT and SOD were measured to
indicate the intracellular enzymatic antioxidant activity (Sun et al.,
2014). The total protein oxidation level was quantiﬁed to assess the
extent of protein oxidative damage (Xia et al., 2015). Cell mineralization was calculated by the difference of total organic carbon
(TOC) levels before and after treatment using a total organic carbon
analyzer (TOC-V CPN, Shimadzu, Japan). Additionally, the intracellular ROS (iROS) levels were measured using the ﬂuorescent probe
2,7-dichlorodihydroﬂuorescein diacetate (DCFH-DA) method.

2.8. Catalyst stability tests
The stability of NGWM photoactivity was investigated over ten
cycles of repetitive use in wastewater efﬂuent. The catalysts were
collected by a microﬁltration (3-mm membrane ﬁlter, MilliporeSigma) and dried for the next cycle after each photocatalytic inactivation experiment. The catalysts after the tenth cycles were
characterized with XPS to discern possible chemical changes on
NGWM. To assess the extent of photocorrosion, Bi ions (Bi3þ) concentration in the ﬁltrate was monitored through an inductively
coupled plasma (ICP, Agilent 720 ES, Japan) after ten cycles to estimate the mass loss of NGWM.

2.9. Statistical analysis
All tests were run in triplicate (n ¼ 3) and data were expressed
as means ± SD. Student’s T-test (unpaired, two-tailed) was used to
determine the signiﬁcance of the differences between treatments
at the 95% level (p < 0.05).
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3. Results and discussion
3.1. Bi2O2CO3 microspheres were successfully wrapped with NRGO
nanosheets
NGWM microspheres (1.5 ± 0.5 mm in diameter) exhibited a
core-shell structure with a rose-like core of Bi2O2CO3 nanosheets,
which was completely wrapped by a thin layer of NRGO (Fig. 1AeC).
XPS spectra conﬁrm the chemical bonds that constitute Bi2O2CO3
and NRGO composite materials (Fig. 1DeF & Figs. S2AeB). Specifically, the C-Bi bond observed at 164.2 eV (Bi 4f spectrum) and
281.2 eV (C 1s spectrum) suggests formation of chemical bond at
the interface of Bi2O2CO3 core and NRGO shell (Fig. 1D & Fig. S2A).
The C 1s spectrum of NGWM (Fig. 1D) also shows the presence of CC, C-N, and C-O from NRGO at 284.8, 285.8, and 286.7 eV, respectively (Zhang et al., 2014). Speciﬁcally, the C-C peak from C 1s
spectrum of Bi2O2CO3 (Fig. S2B) at 284.8 eV refers to the adventitious carbon added for binding energy correction. Nitrogen doping
was veriﬁed by the peaks at 398.1, 399.6, and 401.6 eV (Fig. 1E),
which correspond to pyridine-N, pyrrole-N, and graphite N from
NRGO, respectively (Xu et al., 2016). As expected, the oxygencontaining functional groups from NRGO (i.e., -OH, -CO(OH), and
C¼O detected at 533.18, 532.18, and 531.22 eV, respectively) and the
Bi-O bond from Bi2O2CO3 (529.58 eV) were identiﬁed from the O 1s
spectrum of NGWM (Fig. 1F). Surface wrapping did not affect the
crystallites of the hierarchical core, as Bi2O2CO3 microspheres,
GWM, and NGWM all showed identical diffraction peaks of
tetragonal phase Bi2O2CO3 (Fig. S2C) (Dong et al., 2011).

3.2. Wrapping the photocatalyst with NRGO enhanced ROS
generation and facilitated bacterial adsorption, improving
disinfection
Nitrogen doping (i.e., NGWM) signiﬁcantly facilitated ROS generation (Fig. 2A) through accelerated electron transfer and
enhanced visible light absorption intensity (Figs. S2D and S3). The
average photon emission lifetime (from electron/hole pair recombination) of NGWM (t ¼ 15.4 ns) was much shorter than that of
Bi2O2CO3 microspheres (t ¼ 69.0 ns) and GWM (t ¼ 30.7 ns)
(Table 1 & Fig. S3), which is likely due to the ultrafast electron
transfer process from Bi2O2CO3 to NRGO. Additionally, nitrogen
doping decreased the defects on the graphene sheets, as measured
by Raman spectroscopy. The intensity ratio of the D and G bands
(ID/IG) represents the relative concentration of sp3 hybridized defects compared to the sp2 hybridized carbon network (Liang et al.,
2011). Speciﬁcally, ID/IG value of NGWM decreased by 6.5%
compared to GWM (Fig. S4), which corroborates that nitrogendoping decreased the abundance of defects on NRGO. Additionally, N atoms could also serve as active sites for electron transfer or
redox reactions (Xu et al., 2016). Decreasing defects within the
NRGO plane and improving the interfacial contact between NRGO
and the photocatalyst resulted in a higher electron-transfer efﬁciency (h ¼ 77.78%) for NGWM compared to GWM (h ¼ 55.51%)
(Mou et al., 2014). Due to NRGO wrapping, NGWM exhibited an redshifted absorption edge up to 459 nm attributed to the formation of
Bi-C bond with an enhanced broadband absorption ranging from
460 to 800 nm due to the presence of graphene (Figs. S2A and D)
(Zhang et al., 2010a, 2014). Consistently, increased ROS generation

Fig. 1. Characterization of 3D hierarchical Bi2O2CO3 microspheres wrapped with NRGO shell. (A) SEM image of the 3D hierarchical Bi2O2CO3 composed of many layers of 2D
nanoplates around 15 nm thick (insertion). (B) SEM image of NGWM core-shell structure with relatively wrinkled surface. (C) HR-TEM image of NRGO shell (10e15 nm, red arrow).
(D-E) XPS spectra of NGWM depicting Bi2O2CO3 microspheres wrapped with NRGO shell. The peaks at 281.2 and 285.8 eV are ascribed to the C-Bi and C-N bonds, respectively. The
peaks at 398.1, 399.6, and 401.6 are ascribed to the pyridine N, pyrrole N, and graphite N, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the Web version of this article.)
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Fig. 2. Inﬂuence of NRGO wrapping on E. coli NDM-1 adsorption and photocatalytic inactivation. (A) NRGO wrapping signiﬁcantly enhances ROS generation, which was ascribed to
accelerated electron transfer and broadened light absorption region (Fig. S2D&S3). Asterisks (*) represent signiﬁcant differences (p < 0.05) between treatments, based on Student’s
t-test. (B) Adsorption isotherms for E. coli NDM-1 with various photocatalysts in secondary efﬂuent. (C) Photocatalytic E. coli inactivation by UVA-visible light irradiation
(340 < l < 700 nm, 8.68  106 E/L$s) in secondary efﬂuent. (D) SEM image of E. coli adsorbed onto photocatalyst in secondary efﬂuent. Error bars represent ± one standard
deviation from the mean of triplicate measurements.

Table 1
Kinetic Analysis of Time-Resolved Emission Decay with various photocatalysts.

Bi2O2CO3
GWM
NGWM

Average emission lifetimea (t, ns)

Electron-transfer lifetime (tCT, ns)

Electron-transfer efﬁciency (h, %)

A1/(A1þA2)

t1 (ns)

A2/(A1þA2)

t2 (ns)

69.0
30.7
15.4

e
55.3
19.8

e
55.5
77.8

53.0
67.7
88.5

6.4
2.3
0.7

46.9
32.3
11.5

75.0
33.6
19.3

a. The average emission lifetime of TRPL (t): t ¼ (A1t21þA2t22)/(A1t1þA2t2), where t1 and t2 refer to fast and slow component of TRPL spectrum, respectively.
b. Electron-transfer lifetime (tCT): tCT ¼ (tBitC)/(tBie tC), where tBi refers to the average lifetime of Bi2O2CO3 and tC refers to the average lifetime of NGWM and GWM,
respectively.
c. Electron-transfer efﬁciency (h): h ¼ tC/tCT.

(i.e., OH and H2O2) was observed with NGWM under UVA-vis
irradiation, relative to GWM and bare microspheres (Fig. 2A &
Fig. S5).
To investigate the effect of NRGO on bacterial adhesion, equilibrium adhesion isotherms for E. coli NDM-1 were determined
with various photocatalysts. NGWM showed a signiﬁcant
improvement in adsorption capacity for bacteria in secondary
efﬂuent (3.08 ± 0.27✕108 CFU/mg catalyst) compared to Bi2O2CO3
microspheres (0.78 ± 0.09✕108 CFU/mg catalyst) and GWM
(2.07 ± 0.18✕108 CFU/mg catalyst) (Fig. 2B & Table S3). Apparently,
nitrogen doping increased the zeta potential of NGWM due to
protonation of the lone-pair electron on doped-nitrogen (Table S4),
decreasing electrostatic repulsion of negatively-charged bacteria

(Smith et al., 2019). The ﬂexibility (Koenig et al., 2011) and corrugation (Meyer et al., 2007) of RGO and NRGO surfaces would also
enhance bacterial membrane adhesion compared with bare
Bi2O2CO3 microspheres (Hu and Zhou, 2013). Additionally, NRGO
and RGO wrapping improved bacterial afﬁnity for the microspheres
through enhanced hydrophobic interaction between bacterial surface proteins and the photocatalyst surface (e.g., hydrophobic
amino acids in pilin proteins interacting with graphitic basal
planes) (Vesper, 1987; Xue et al., 2018). Despite some background
organics could also be adsorbed to the catalysts through hydrophobic interactions, the decreased electrostatic repulsion as well as
the ﬂexibility and corrugation properties of NRGO surface facilitated bacterial adsorption to NRGO relative to GWM and Bi2O2CO3
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microspheres (Fig. S6).
Due to the synergetic effect of enhanced ROS generation and
increased bacterial adsorption, NGWM exhibited the highest
disinfection rate constant (k ¼ 0.302 ± 0.025 CFU ml1min1 in PBS
and k ¼ 0.193 ± 0.017 CFU ml1min1 in secondary efﬂuent) (Fig. S7
& Table S5). Also, approximately 6-log inactivation of NDM-1 was
achieved within 90 min in PBS and 120 min in secondary efﬂuents
under UVA-visible irradiation (8.68  106 E/L$s). The photocatalytic disinfection rate constant of NGWM in secondary efﬂuents
was 3.2, 3.1, and 1.6 times faster than that of TiO2, Bi2O2CO3, and
GWM, respectively. Control experiments conﬁrmed that the
bactericidal effect of photocatalysts alone (in the dark) and Xenon
lamp irradiation alone without photocatalysts were negligible
(Fig. S8).
3.3. Bacterial adsorption to NGWM enhanced the contribution of
surface-bound photogenerated species in photocatalytic disinfection
The inactivation of E. coli NDM-1 in the presence of various
scavengers was investigated to gain further insight into the photocatalytic mechanism. ROS scavengers were added in excess to
ensure that their potential depletion due to sorption did not limit
their ability to scavenge photogenerated ROS (Fig. S9). Wrapping
the catalyst with NRGO increased bacterial afﬁnity (Fig. 2C) and
resulted in E. coli inactivation primarily through a surface bound
reactive species (e.g., hþ and OHads). This was evidenced by dramatic inhibition of photoactivity by 75.5% in the NGWM photocatalytic system (Fig. 3A & Fig. S10) in the presence of KI (hþ and
OHads scavenger). In contrast, the photoactivity for bare Bi2O2CO3
microspheres was signiﬁcantly inhibited by isopropanol (OH
scavenger, 55.6% inhibition), sodium pyruvate (H2O2 scavenger,
61.8% inhibition) and superoxide dismutase (O
2 scavenger, 50.8%
inhibition) (Fig. 3B & Fig. S10). This inhibition of dissolved ROS was
much larger than that observed for NGWM (Fig. 3A), demonstrating
that free ROS (e.g., OH, H2O2 and O
2 ) are more important for
E. coli inactivation with bare Bi2O2CO3 microspheres.
Photogenerated hþ and OHads can directly inactivate adsorbed
bacteria by interrupting the electron transport respiratory chain
(via electron shuttling between bacteria and hþ) or generate ROS
(e.g., OH, H2O2 and O
2 ) to attack bacteria (Teng et al., 2019; Zhao
et al., 2018). In contrast, due to insufﬁcient bacterial afﬁnity, the

bare Bi2O2CO3 microsphere surface does not favor direct contact
with ARB, and the inactivation process is primarily mediated by the
free ROS (e.g., OH, H2O2 and O
2 ) that diffuse away from photocatalyst surface sites. The combination of more direct contact (i.e.,
increased bacterial adsorption) and surface reactive species shows
improved ARB disinfection for NGWM compared to GWM and bare
Bi2O2CO3 microspheres.
3.4. NRGO wrapping enhanced the disruption of bacterial defense
systems
As expected, more cell membrane damage was caused by
NGWM compared to GWM and Bi2O2CO3 microspheres during
treatment (Fig. 4A and B). As the reactions progressed, PI-stained
cells became more dominant (Fig. S11), and Kþ increasingly
leaked out of the cytoplasm (Fig. 4A), indicating more severe cell
membrane damage by the increased level of extracellular ROS.
Furthermore, bacterial ATP levels dramatically decreased with
photocatalytic treatment (Fig. 4B), suggesting that ATPase associated with the cell membrane was also damaged by the extracellular
ROS. It has been reported that H2O2 can penetrate through the cell
membrane and react with Fe2þ in the cytoplasm to generate
intracellular OH (intracellular Fenton reaction) (Gogniat and
Dukan, 2007). The accelerated destruction of the cell membrane
apparently allowed more extracellular ROS (e.g., H2O2) to enter the
cytoplasm, which further promoted the collapse of bacterial antioxidative enzymes (Fig. 4C & 4D). NGWM resulted in more iROS
accumulated in the ﬁrst 30 min, relative to GWM and Bi2O2CO3
microspheres. The iROS concentration exhibited a bell-shaped
pattern as a function of reaction time in all the reactions
(Fig. 4D). The decrease in iROS after the peak concentration might
be due to iROS dispersion into the bulk solution as bacteria lysed.
Overall, enhanced extracellular and intracellular ROS generation
through NRGO wrapping accelerated the destruction of bacterial
defense systems and promoted severe oxidative damage to other
functional biomolecules (Figs. S12 and S13).
3.5. NGWM-plasmid binding enhanced photocatalytic degradation
of the plasmid-encoded blaNDM-1 gene
As with ARB inactivation, NGWM demonstrated enhanced ARG

Fig. 3. Importance of different reactive species during photocatalytic inactivation of E. coli NDM-1. The microspheres were irradiated by UVA-visible light (340 < l < 700 nm,
8.68  106 E/L$s). The scavengers utilized were 1 mM of isopropanol (IPA) for hydroxyl radicals, 100 kU/L of superoxide dismutase (SOD) for O
2 , 10 mM of potassium iodide (KI) for
electron holes and 10 mM sodium pyruvate (SP) for H2O2 for H2O2. Error bars represent ± one standard deviation from the mean of triplicate measurements. Photoactivity inhibition
was calculated as follows: (1 e kscavenger/kcontrol)  100%).
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Fig. 4. Cell membrane damage and intracellular antioxidant enzyme inactivation during photocatalytic treatment (340 < l < 700 nm, 8.68  106 E/L$s). NGWM released more
potassium ions (Kþ) from the cytoplasm (A) and decreased intracellular ATP generation more signiﬁcantly (B) than Bi2O2CO3. Intracellular antioxidant enzyme (i.e., CAT) was
induced faster in NGWM (C) and intracellular ROS activity (D) was higher relative to Bi2O2CO3. The control experiments were UVA-visible light (340 < l < 700 nm, 8.68  106 E/L$s)
alone without any photocatalysts. Error bars represent ± one standard deviation from the mean of triplicate measurements.

(both eARGs and iARGs) degradation, relative to GWM and Bi2O2CO3 microspheres. Under UVA-visible light irradiation
(340 < l < 700 nm, 8.68  106 E/L$s), NGWM reduced the level of
i-blaNDM-1 genes by approximately 5.0 log within 120 min and the
remaining eARGs was less than the detection limit (2-log copies
mL1) (Fig. 5). Control experiments conﬁrmed the lack of ARG
degradation with UVA-visible light irradiation alone (Fig. S8).
NGWM began degrading i-blaNDM-1 genes signiﬁcantly earlier than
GWM and Bi2O2CO3 microspheres. This was likely due to the
accelerated destruction of bacterial defense systems (e.g., cell
membrane and antioxidative enzymes) mediated by NGWM, which
was not as rapid in the other catalyst systems. Subsequently, the
abundance of both e-blaNDM-1 and i-blaNDM-1 genes decreased as
treatment time increased (Fig. 5). Note that enhanced ARB
adsorption was achieved by NGWM (Fig. 2B), which might shorten
the diffusion distance of eARGs from the decayed ARB to the microsphere’s surface and photocatalytic sites (e.g., hþ). This would
facilitate immediate capture and degradation of the released
eARGs, and thus possibly mitigate ROS dilution and scavenging by
background constituents. Accordingly, photocatalytic treatment
with NGWM outperformed other treatments: less than 2-log eARGs
(copies mL1) were detected within 120 min with NGWM, versus

7.5-log with TiO2, 7.4-log with Bi2O2CO3 microspheres, and 4.5-log
with GWM (Fig. 5B). Remarkably, the increase in eARGs abundance
(due to release from dead cells) was efﬁciently mitigated by NGWM
compared to other photocatalysts (Fig. 5), corroborating that
plasmid DNA released from impaired cells could be effectively
adsorbed (with increasing ARB adsorption and plasmid-DNA
binding capacity) for more efﬁcient oxidation (Fig. 2B & Fig. S14).
Background constituents in the efﬂuent (including naturally
occurring ROS scavengers) hindered photocatalytic degradation of
eARGs by both TiO2 and NGWM relative to treatment in PBS solution (Fig. S15). Nevertheless, NGWM enhanced bacterial and
plasmid DNA adsorption near photocatalytic sites, and was thus
less susceptible to such inhibitory effects than TiO2.
Plasmids were introduced to verify the interaction between ARG
and the NGWM surface during adsorption and photocatalysis.
Green ﬂuorescent microspheres (Fig. S16) were observed after
mixing NGWM with SYBR-stained plasmids but not before mixing,
which indicated that plasmids were adsorbed onto the NGWM
surface. The Raman spectrum conﬁrmed the adsorption of plasmids
onto the NGWM surface. The D and G bands of the Raman spectra
were associated with the disordered sp2 and sp2 carbon network of
mez-Navarro et al., 2007). When NRGO
NRGO, respectively (Go
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Fig. 5. NRGO wrapping enhanced photocatalytic degradation of blaNDM-1 genes from E. coli NDM-1 in secondary efﬂuent. NGWM improved intracellular ARG release and degradation (A) and more effectively degraded extracellular ARGs (B) relative to Bi2O2CO3 microspheres and TiO2. Error bars represent ± one standard deviation from the mean of
triplicate measurements.

adsorbed plasmid DNA, the NRGO delocalized p-electron and the
nucleobase aromatic ring likely disturbed the NRGO p-conjugation
through p-p stacking interactions, resulting in sp2 carbon network
disorder/defects and ID/IG enhancement thereafter (Yu et al., 2017).
Due to the adsorption of plasmids by NGWM, the ratio of D to G
band intensity (ID/IG) increased by 12.7% (Fig. 6A). Moreover, the ID/
IG ratio of NGWM rebounded to 0.942 after photocatalytic treatment, indicating that the photogenerated reactive species efﬁciently degraded the absorbed plasmids.
NGWM-DNA binding was further conﬁrmed by the new
stretching vibration of C¼Nnucleobase at 1340 cm1 (Fig. 6B) after
plasmid DNA absorption. In return, the hydroxyl groups (HO-C,
1260 cm1) NRGO and carboxylic groups (HO-C-O, 1039 cm1) NRGO
vibration bands were weakened (Fig. 6B), mainly due to the
hydrogen-bond interaction with the amidogen/carbonyl of DNA

nucleobase (HON-RGO-NH2nucleobase and HONRGO-Onucleobase) (Yu
et al., 2017). The absorption peaks at 968, 1078, and 1211 cm1
belong to the vibration of the phosphomonoesters dianion (PO23 ),
phosphodiester (PO
2 ) and sugar-phosphate bond (C-O-P), respectively (Movasaghi et al., 2008; Tsuboi, 1957; Yu et al., 2018; Zhao,
2008). These new absorption peaks were observed from NGWM
sampled after plasmid absorption, but not from NGWM before
treatment (Fig. 6B), implying that the DNA-containing sugarphosphate backbone was adsorbed on NGWM. Speciﬁcally, these
new vibration peaks were weakened after photocatalytic treatment, further demonstrating that the adsorbed plasmids could be
degraded by photogenerated reactive species.
Photocatalyst stability and reusability. Ensuring photocatalyst
stability is critical to practical water treatment and disinfection
applications. Hence, we examined the possible photoactivity loss of

Fig. 6. Interfacial interactions between NGWM and DNA. The Raman spectra (A) and FTIR spectra (B) of NGWM-plasmid complex. The D and G bands of the Raman spectra indicate
the disordered sp3 and sp2 carbon network of NRGO, respectively. The enhancement of ID/IG indicated that plasmid was adsorbed on the NRGO surface through p-p stacking
interaction. FTIR shows that the hydroxyl groups (HO-C, 1260 cm1) NRGO and carboxylic groups (HO-C-O, 1039 cm1) NRGO vibration bands were weakened, whereas the new

absorption peaks at 968, 1078, and 1211 cm1 belong to the vibration of plasmid-containing phosphomonoesters dianion (PO23 ), phosphodiester (PO2 ), and the sugar-phosphate
bond (C-O-P), respectively, implying that the plasmid was adsorbed on NGWM through the hydrogen-bond interaction, which enhanced its photocatalytic degradation (Fig. 5).
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NGWM over consecutive reuse cycles. The photoactivity was relatively stable and no signiﬁcant decrease in inactivation efﬁciency
was observed after 10 cycles (Fig. S17A). In contrast, the photoactivity of Bi2O2CO3 microspheres decreased by 45.7% only after 6
cycles (Fig. S17B). Notably, mass loss and photocorrosion were
marginal throughout the test, with about 95.1 ± 0.7% of NGWM
recovered after the 10th recycle (Fig. S18). This indicates that NRGO
wrapping could efﬁciently inhibit photocorrosion (i.e., Bi ion
leaching) attributed to the effective hybridization of the core photocatalyst with the intimate sheet. Speciﬁcally, NRGO could serve as
electron acceptors (Tran et al., 2012; Zhao et al., 2018), which likely
inhibited further oxidation of NRGO (Fig. S19), and therefore the
photoactivity was relatively stable even after ten cycles.
4. Conclusions
Wrapping of hierarchical Bi2O2CO3 microspheres with NRGO
enhanced bacterial adsorption and photocatalytic ARB inactivation
in the secondary efﬂuent (which contains abundant ROS scavengers). Photogenerated electron holes (hþ) and surface-attached
hydroxyl radicals (OHads) were the predominant oxidizing species responsible for ARB inactivation with wrapped microspheres,
versus free ROS (e.g., OH, H2O2 and O
2 ) for bare microspheres.
Due to the short distance between the adsorbed bacteria and
photocatalysis reaction sites, eARGs that were released from lysed
bacteria were efﬁciently captured and degraded by the microspheres, thus minimizing ROS scavenging and dilution. The NRGO
shell increased the photocatalyst’s afﬁnity toward the antibiotic
resistant plasmid through p-p stacking and hydrogen-bond interfacial interactions, improving degradation of eARGs. The NRGO
shell also served as a protective layer for Bi2O2CO3 microspheres,
preventing photocorrosion under irradiation, thereby increasing
the photocatalyst’s lifetime. Overall, this work demonstrates the
potential of NRGO wrapping to enhance photocatalytic treatment
of secondary efﬂuent and mitigate the dissemination of antibiotic
resistance through discharges of secondary efﬂuent from sewage
treatment plants.
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