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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 inno-
vation. Here, hierarchical Bi;0,C0O3 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 (blanpm-1) in secondary effluent. The NRGO shell enhanced reactive oxygen spe-
cies (ROS) generation (eOH and H,0,) by about three-fold, which was ascribed to broadened light ab-
sorption 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 back-
ground constituents, which contributed to the NRGO-wrapped microspheres significantly outperforming
commercial TiO, 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,
H,0, and ¢03) for bare microspheres. Formation of resistance plasmid-composited microsphere com-
plexes, primary due to the m-7 stacking and hydrogen bonding between the shell and nucleotides, also
minimized ROS scavenging and kept free plasmid concentrations below 10% copies/mL. As proof-of-
concept, 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.

1. Introduction

(WWTPs) may serve as breeding grounds and point sources for ARB
and extracellular antibiotic resistance genes (eARGs) that

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

* Corresponding author. Department of Civil and Environmental Engineering,
Rice University, Houston, TX, 77005, United States.
** Corresponding author.
E-mail addresses: zhangyalei@tongji.edu.cn (Y. Zhang), alvarez@rice.edu
(PJ.J. Alvarez).
! Joint first authors: D. Li and P. Yu contributed equally and were ordered
alphabetically.

https://doi.org/10.1016/j.watres.2020.116157
0043-1354/© 2020 Elsevier Ltd. All rights reserved.

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 hori-
zontal 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 dissemi-
nation 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 mi-
crobial 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
superoxide (0%), as well as electron holes (h™), upon UV irradiation
(Table S1). These oxidizing species can efficiently inactivate bacte-
ria by attacking essential biomolecules (e.g., lipids, proteins, and
DNA) (Cho et al,, 2004; Ren et al.,, 2018; Xia et al., 2015). Three-
dimensional (3D) hierarchical microspheres composed of 2D pho-
toactive 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 cost-
effective separation and recovery (Zhang et al.,, 2018). We previ-
ously showed that nanosheet-assembled Bi;0,COs; microspheres
can be easily composited with electron-shuttling reduced graphene
oxide (RGO) to promote electron transfer and increase ROS pro-
duction (Zhang et al., 2014). However, while enhanced ROS gen-
eration 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, sol-
uble 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 disin-
fection 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 po-
tential 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 cata-
lyst 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 genera-
tion 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 Bi,0,CO3
microspheres (NGWM), and demonstrate their efficacy for simul-
taneous 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
Bi;0,C03 microspheres or undoped RGO-wrapped Bi;0,CO3 mi-
crospheres (GWM). The photocatalytic mechanism was investi-
gated through ROS scavenging tests, and oxidative stress to the ARB
was assessed by quantifying cell membrane integrity and antioxi-
dant enzymatic activity. We discerned the interfacial mechanisms
for enhanced eARGs adsorption and degradation relative to un-
coated catalyst. Benchmarking experiments were also performed
using a commercial TiO, photocatalyst to demonstrate the appli-
cability 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%), (3-
aminopropyl)trimethoxysilane (APTMS, >97%), p-chlorobenzoic
acid (pCBA, >[X]%), hydrazine monohydrate (NyHy4, >98%), potas-
sium iodide (KI, >99%), isopropanol (IPA, >99%), superoxide dis-
mutase (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 pur-
chased from Nanjing XFNANO MaterialsTech Co., Ltd. Commercial
TiO, 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 (+) plasmid-encoded blaxpy-1 gene.
Multidrug-resistant E. coli NDM-1 was used as a representative
ARB, and the plasmid-encoded B-lactam resistant blanpy-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 Bi0,CO3s microspheres were synthesized by a hy-
drothermal 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 N,H4 was added into the GO wrapped
Bi»0,C0O3 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 repul-
sion between the amine-functionalized Bi;O,CO3 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 scan-
ning electron microscopy (SEM, Quanta 200 FEG, FEI) and a high-
resolution transmission electron microscopy (HR-TEM, Hitachi S-
3000N). The crystal structures were characterized by an X-ray
diffraction (XRD, D/max2550VB3-+/PC, Rigaku). Chemical func-
tional groups were determined by X-ray photoelectron spectros-
copy (XPS, Perkin Elmer PHI 5000 ESCA System) and Fourier
transform infrared spectrometry (FTIR, Nicolet 5700, Thermofisher,
USA). Light absorption was characterized by a UV—visible diffuse
reflectance spectroscopy (UV—vis DRS, BWS002, BWtek).

2.3. Photocatalytic bacterial inactivation and model fitting

Reactions were conducted in 150-mL quartz photocatalytic re-
actors in a black acrylic box. UVA-visible light was provided by a
300W xenon lamp (PerfectLight PLS-SXE300C, USA) with a band-
pass filter (340 < A < 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 x 1078 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-pm
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 adsorption-
desorption equilibrium of bacteria on the photocatalysts was ach-
ieved 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):

ekS

- —kt
N(t)=(No — Nres) x e ><1+(ek571) < ekt

+ Nres (1)

where N5 (log CFU) is the live bacterial concentrations after t-min
inactivation, S (min) represents the shoulder length of the lag
phase, and k (min~!) is the disinfection rate constant of the “log-
linear” 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.

2.4. ROS generation efficiency and scavenger experiments

Photocatalysis can produce reactive species (eéOH, H,0,, «O3 and
h*) that are potentially involved in the inactivation of bacterial cells
and water disinfection. ROS generation efficiency (i.e., «OH, Hy0,)
was analyzed to evaluate the photoactivity of different photo-
catalysts. Briefly, pCBA was chosen as a probe to detect the steady-
state concentrations of ¢OH (Cho et al., 2004). H,0, production was
determined by the N,N-diethyl-p-phenylenediamine (DPD)
photometric method (Bader et al., 1988). ROS scavenger experi-
ments were conducted to distinguish the contributions of different
ROS generated by NGWM. The scavengers used in this study were
SP for Hy05, IPA for «OH, SOD for ¢O3 and potassium iodide (KI) for
surface-bound species (i.e., h™ and eOH,qs) (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 scav-
engers 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.

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 K 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 mineral-
ization 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 intracel-
lular ROS (iROS) levels were measured using the fluorescent probe
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) method.

Briefly, 5 mL bacterial suspension sample was collected and 5 pL
DCFH-DA solution (5 mM) was added. Then, the mixture was vor-
texed 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 pL for the fluo-
rescence detect at 525 nm with 488 nm excitation wavelength
using a Tecan M1000 fluorescence reader (Tecan, Mannedorf,
Switzerland) (Xia et al., 2016).

2.6. DNA biomarker quantification

To quantify the release and degradation of ARG during photo-
catalytic inactivation, intracellular ARGs (iARGs) and eARGs were
harvested separately and then quantified by quantitative poly-
merase chain reaction (qPCR) (Jiang et al., 2017). Specifically, bac-
terial 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 in-
structions. 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.

2.7. Catalyst-plasmid interaction analysis

Plasmid pET-29a (+) (blanpm-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 |
(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, Thermo-
fisher, USA). Additionally, the plasmid concentration was measured
by qPCR, and the plasmid binding capacity was calculated based on
the following equation: binding capacity = (Co -C;)/Cw, Where
Co = original plasmid concentration, C; = residual plasmid con-
centration, and G,y = catalysts concentration) (Yu et al., 2016).

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-pum membrane filter, Millipore-
Sigma) and dried for the next cycle after each photocatalytic inac-
tivation experiment. The catalysts after the tenth cycles were
characterized with XPS to discern possible chemical changes on
NGWNM. To assess the extent of photocorrosion, Bi ions (Bi*>*) con-
centration in the filtrate was monitored through an inductively
coupled plasma (ICP, Agilent 720 ES, Japan) after ten cycles to es-
timate the mass loss of NGWM.

2.9. Statistical analysis

All tests were run in triplicate (n = 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. Bi»0,C03 microspheres were successfully wrapped with NRGO
nanosheets

NGWM microspheres (1.5 + 0.5 um in diameter) exhibited a
core-shell structure with a rose-like core of Bi;0,CO3; nanosheets,
which was completely wrapped by a thin layer of NRGO (Fig. 1A—C).
XPS spectra confirm the chemical bonds that constitute Bi;0,CO3
and NRGO composite materials (Fig. ID—F & Figs. S2A—B). Specif-
ically, 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 Bi,0,CO3 core and NRGO shell (Fig. 1D & Fig. S2A).
The C 1s spectrum of NGWM (Fig. 1D) also shows the presence of C-
C, C-N, and C-0O from NRGO at 284.8, 285.8, and 286.7 eV, respec-
tively (Zhang et al., 2014). Specifically, the C-C peak from C 1s
spectrum of Bi;0,CO3 (Fig. S2B) at 284.8 eV refers to the adventi-
tious 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 oxygen-
containing functional groups from NRGO (i.e., -OH, -CO(OH), and
C=0detected at 533.18, 532.18, and 531.22 eV, respectively) and the
Bi-O bond from Bi;0,C03 (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 Bi,0,CO3 microspheres,
GWM, and NGWM all showed identical diffraction peaks of
tetragonal phase Bi»0,CO3 (Fig. S2C) (Dong et al., 2011).

m

3.2. Wrapping the photocatalyst with NRGO enhanced ROS
generation and facilitated bacterial adsorption, improving
disinfection

Nitrogen doping (i.e., NGWM) significantly facilitated ROS gen-
eration (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 recom-
bination) of NGWM (7 = 15.4 ns) was much shorter than that of
Bi»0,C0O3 microspheres (t = 69.0 ns) and GWM (t = 30.7 ns)
(Table 1 & Fig. S3), which is likely due to the ultrafast electron
transfer process from Bi;0,CO3; 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
(Ip/lg) represents the relative concentration of sp> hybridized de-
fects compared to the sp? hybridized carbon network (Liang et al.,
2011). Specifically, Ip/lc value of NGWM decreased by 6.5%
compared to GWM (Fig. S4), which corroborates that nitrogen-
doping decreased the abundance of defects on NRGO. Addition-
ally, 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 effi-
ciency (n = 77.78%) for NGWM compared to GWM (n = 55.51%)
(Mou et al., 2014). Due to NRGO wrapping, NGWM exhibited an red-
shifted 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

NRGO shell

L

Cils 1 N1s
| NGWB cC NGWB

Carbonate ions \
i c-o \

| HO-C=01
I ; C-Bi

Intensity (a.u.)
Intensity (a.u.)

pyrrole N

graphite N )

O1s
INGWB -CO(OH)

C=0

'
'
1
'
'
'
'
'
'
'
'
}
'
T

Intensity (a.u.)

282 280

288 286 284
Binding energy (eV)

202 290

406 404 402 400 398 396 394 53 534 532 530 528
Binding energy (eV)

Binding energy (eV)

Fig. 1. Characterization of 3D hierarchical Bi;0,CO3; microspheres wrapped with NRGO shell. (A) SEM image of the 3D hierarchical Bi,0,CO3 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 (10—15 nm, red arrow).
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Table 1
Kinetic Analysis of Time-Resolved Emission Decay with various photocatalysts.
Average emission lifetime® (t, ns)  Electron-transfer lifetime (tcr ns)  Electron-transfer efficiency (n, %)  A1/(A1+A2) 7t (ns)  Az/(A1+Az) T2 (ns)
Bi;0,C03  69.0 — 53.0 6.4 46.9 75.0
GWM 30.7 55.3 55.5 67.7 23 323 33.6
NGWM 154 19.8 77.8 88.5 0.7 115 19.3

a. The average emission lifetime of TRPL (t): T = (A1T?+Aﬂ%)/(A111+A2'¢2), where t; and 7, refer to fast and slow component of TRPL spectrum, respectively.
b. Electron-transfer lifetime (tcr): Ter = (Teite)/(Toi— Tc), where 7p; refers to the average lifetime of Bi;0,CO3 and 7 refers to the average lifetime of NGWM and GWM,

respectively.
c. Electron-transfer efficiency (n): 1 = t¢/Tcr.

(i.e., #OH and H;0,) 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, equi-
librium 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 + 0.27x108 CFU/mg catalyst) compared to Bi;0,CO3
microspheres (0.78 + 0.09x10%® CFU/mg catalyst) and GWM
(2.07 + 0.18%x10% 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 corru-
gation (Meyer et al., 2007) of RGO and NRGO surfaces would also
enhance bacterial membrane adhesion compared with bare
Bi»0,C03 microspheres (Hu and Zhou, 2013). Additionally, NRGO
and RGO wrapping improved bacterial affinity for the microspheres
through enhanced hydrophobic interaction between bacterial sur-
face 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 hydro-
phobic interactions, the decreased electrostatic repulsion as well as
the flexibility and corrugation properties of NRGO surface facili-
tated bacterial adsorption to NRGO relative to GWM and Bi;0,CO3
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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 = 0.302 + 0.025 CFU ml~'min~' in PBS
and k = 0.193 + 0.017 CFU ml~'min~"! 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 x 10~® E/L-s). The photo-
catalytic disinfection rate constant of NGWM in secondary effluents
was 3.2, 3.1, and 1.6 times faster than that of TiO,, Bi,0,CO3, 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 pho-
tocatalytic 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., h™ and eOH,qs). This was evidenced by dra-
matic inhibition of photoactivity by 75.5% in the NGWM photo-
catalytic system (Fig. 3A & Fig. S10) in the presence of KI (h" and
oOH,4s scavenger). In contrast, the photoactivity for bare Bi;0,CO3
microspheres was significantly inhibited by isopropanol (eOH
scavenger, 55.6% inhibition), sodium pyruvate (H,O, scavenger,
61.8% inhibition) and superoxide dismutase (eO2 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, H,0, and O3 ) are more important for
E. coli inactivation with bare Bi,0,CO3 microspheres.

Photogenerated h™ and eOH,q4s can directly inactivate adsorbed
bacteria by interrupting the electron transport respiratory chain
(via electron shuttling between bacteria and h™) or generate ROS
(e.g., OH, H207 and ¢03) to attack bacteria (Teng et al., 2019; Zhao
et al.,, 2018). In contrast, due to insufficient bacterial affinity, the
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bare Bi»0,C0O3 microsphere surface does not favor direct contact
with ARB, and the inactivation process is primarily mediated by the
free ROS (e.g., ¢OH, Hy0, and ¢03) that diffuse away from photo-
catalyst 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
Bi»0,C0O3 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 Bi;0,CO3 microspheres during
treatment (Fig. 4A and B). As the reactions progressed, Pl-stained
cells became more dominant (Fig. S11), and K" 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 associ-
ated with the cell membrane was also damaged by the extracellular
ROS. It has been reported that H,O; can penetrate through the cell
membrane and react with Fe?* in the cytoplasm to generate
intracellular eOH (intracellular Fenton reaction) (Gogniat and
Dukan, 2007). The accelerated destruction of the cell membrane
apparently allowed more extracellular ROS (e.g., H>0O>) to enter the
cytoplasm, which further promoted the collapse of bacterial anti-
oxidative enzymes (Fig. 4C & 4D). NGWM resulted in more iROS
accumulated in the first 30 min, relative to GWM and Bi;0,CO3
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 blanpy.1 gene

As with ARB inactivation, NGWM demonstrated enhanced ARG
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Fig. 3. Importance of different reactive species during photocatalytic inactivation of E. coli NDM-1. The microspheres were irradiated by UVA-visible light (340 < A < 700 nm,
8.68 x 10 S E/L-s). The scavengers utilized were 1 mM of isopropanol (IPA) for hydroxyl radicals, 100 kKU/L of superoxide dismutase (SOD) for «0z, 10 mM of potassium iodide (KI) for
electron holes and 10 mM sodium pyruvate (SP) for H,0, for H,0,. Error bars represent + one standard deviation from the mean of triplicate measurements. Photoactivity inhibition

was calculated as follows: (1 — Kscavenger/Kcontro) x 100%).
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Fig. 4. Cell membrane damage and intracellular antioxidant enzyme inactivation during photocatalytic treatment (340 < A < 700 nm, 8.68 x 10~ E/L-s). NGWM released more
potassium ions (K") from the cytoplasm (A) and decreased intracellular ATP generation more significantly (B) than Bi0,COs. Intracellular antioxidant enzyme (i.e., CAT) was
induced faster in NGWM (C) and intracellular ROS activity (D) was higher relative to Bi,0,COs. The control experiments were UVA-visible light (340 < A < 700 nm, 8.68 x 10 S 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 Biy0.
CO3 microspheres. Under UVA-visible light irradiation
(340 < X < 700 nm, 8.68 x 10~ % E/L-s), NGWM reduced the level of
i-blanpm-1 genes by approximately 5.0 log within 120 min and the
remaining eARGs was less than the detection limit (2-log copies
mL~1) (Fig. 5). Control experiments confirmed the lack of ARG
degradation with UVA-visible light irradiation alone (Fig. S8).
NGWM began degrading i-blanpn-1 genes significantly earlier than
GWM and Biy0,C0O3 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-blanpnm-1 and i-blanpm-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 mi-
crosphere’s surface and photocatalytic sites (e.g., h™). 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 mL~!) were detected within 120 min with NGWM, versus

7.5-log with TiO;, 7.4-log with Bi»0,CO3 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 TiO, and NGWM relative to treatment in PBS solu-
tion (Fig. S15). Nevertheless, NGWM enhanced bacterial and
plasmid DNA adsorption near photocatalytic sites, and was thus
less susceptible to such inhibitory effects than TiO».

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 sp? and sp? carbon network of
NRGO, respectively (Gémez-Navarro et al., 2007). When NRGO
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Fig. 5. NRGO wrapping enhanced photocatalytic degradation of blaypm-1 genes from E. coli NDM-1 in secondary effluent. NGWM improved intracellular ARG release and degra-
dation (A) and more effectively degraded extracellular ARGs (B) relative to Bi;0,CO3 microspheres and TiO,. Error bars represent + one standard deviation from the mean of

triplicate measurements.

adsorbed plasmid DNA, the NRGO delocalized m-electron and the
nucleobase aromatic ring likely disturbed the NRGO m-conjugation
through m-m stacking interactions, resulting in sp? carbon network
disorder/defects and Ip/Ig enhancement thereafter (Yu et al., 2017).
Due to the adsorption of plasmids by NGWM, the ratio of D to G
band intensity (Ip/Ig) increased by 12.7% (Fig. 6A). Moreover, the Ip/
I¢ ratio of NGWM rebounded to 0.942 after photocatalytic treat-
ment, indicating that the photogenerated reactive species effi-
ciently degraded the absorbed plasmids.

NGWM-DNA binding was further confirmed by the new
stretching vibration of C=Npycleobase at 1340 cm~! (Fig. 6B) after
plasmid DNA absorption. In return, the hydroxyl groups (HO-C,
1260 cm™!) Nreo and carboxylic groups (HO-C-0, 1039 cm ™) nreo
vibration bands were weakened (Fig. 6B), mainly due to the
hydrogen-bond interaction with the amidogen/carbonyl of DNA
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nucleobase (HON-rco-NHanucleobase and HONrGo-Onucleobase) (Yu
et al,, 2017). The absorption peaks at 968, 1078, and 1211 cm™!
belong to the vibration of the phosphomonoesters dianion (PO%"),
phosphodiester (PO2) and sugar-phosphate bond (C-O-P), respec-
tively (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 sugar-
phosphate backbone was adsorbed on NGWM. Specifically, these
new vibration peaks were weakened after photocatalytic treat-
ment, 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
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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 sp* and sp? carbon network of NRGO, respectively. The enhancement of Ip/lg indicated that plasmid was adsorbed on the NRGO surface through m-7 stacking
interaction. FTIR shows that the hydroxyl groups (HO-C, 1260 cm~") nrco and carboxylic groups (HO-C-0, 1039 cm™!) ngreo vibration bands were weakened, whereas the new
absorption peaks at 968, 1078, and 1211 cm™! belong to the vibration of plasmid-containing phosphomonoesters dianion (P0O3"), phosphodiester (PO3), 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 rela-
tively stable and no significant decrease in inactivation efficiency
was observed after 10 cycles (Fig. S17A). In contrast, the photo-
activity of Bi,0,CO3 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 pho-
tocatalyst 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 Bi;0,CO3 microspheres with NRGO
enhanced bacterial adsorption and photocatalytic ARB inactivation
in the secondary effluent (which contains abundant ROS scaven-
gers). Photogenerated electron holes (h') and surface-attached
hydroxyl radicals (eOH,qs) were the predominant oxidizing spe-
cies responsible for ARB inactivation with wrapped microspheres,
versus free ROS (e.g., ¢OH, H,0, and ¢03) 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 micro-
spheres, thus minimizing ROS scavenging and dilution. The NRGO
shell increased the photocatalyst’s affinity toward the antibiotic
resistant plasmid through m-m stacking and hydrogen-bond inter-
facial interactions, improving degradation of eARGs. The NRGO
shell also served as a protective layer for Bi,0O,CO3 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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