Downloaded via RICE UNIV on April 23, 2020 at 17:42:16 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Egcvuleﬁcg& 6c III](;[IIﬂI.]ll]

pubs.acs.org/est

Selective Adsorption and Photocatalytic Degradation of
Extracellular Antibiotic Resistance Genes by Molecularly-Imprinted
Graphitic Carbon Nitride

Qingbin Yuan,# Danning Zhang,# Pingfeng Yu,* Ruonan Sun, Hassan Javed, Gang Wu,
and Pedro J. J. Alvarez*

Cite This: Environ. Sci. Technol. 2020, 54, 4621-4630 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: There is a growing need to mitigate the discharge of extracellular ]
antibiotic resistance genes (ARGS) from municipal wastewater treatment CaNy Methacrylic acid

polymer

systems. Here, molecularly-imprinted graphitic carbon nitride (MIP-C;N,)
nanosheets were synthesized for selective photocatalytic degradation of a
plasmid-encoded ARG (blaypy.;, coding for multidrug resistance New Delhi
metallo-f-lactamase-1) in secondary effluent. Molecular imprinting with guanine
enhanced ARG adsorption, which improved the utilization of photogenerated
oxidizing species to degrade blaypy., rather than being scavenged by
background nontarget constituents. Consequently, photocatalytic removal of
blaypy., in secondary effluent with MIP-C;N, (k = 0.111 + 0.028 min™") was
37 times faster than with bare graphitic carbon nitride (k = 0.003 + 0.001 o
min~") under UVA irradiation (365 nm, 3.64 X 10~° Einstein/L-s). MIP-C;N,  Surineimerntedpolymer il o i

can efficiently catalyze the fragmentation of blaypy.;, which decreased the

potential for ARG repair by transformed bacteria. Molecular imprinting also changed the primary degradation pathway; electron
holes (h*) were the predominant oxidizing species responsible for blaypy.; removal with MIP-C;N, versus free radicals (i.e., -OH
and O,7) for coated but nonimprinted C;N,. Overall MIP-C;N, efficiently removed blaypy., from secondary effluent,
demonstrating the potential for molecular imprinting to enhance the selectivity and efficacy of photocatalytic processes to mitigate
dissemination of antibiotic resistance from sewage treatment systems.
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B INTRODUCTION chemical disinfecting agents. The photogenerated reactive
oxygen species (ROS) can inactivate ARGs by damaging
nucleotides.'”"" Graphitic carbon nitride (C;N,) is an earth-
abundant and metal-free photocatalyst'” that can be easily

The global spread of antibiotic resistance genes (ARGs) and
their potential assimilation by pathogenic bacteria constitutes a
growing threat to public health." Some municipal wastewater

treatment plants (WWTPs) may serve as breeding grounds modified to achieve high photocatalytic efficiency.”* For
and point sources of ARGs due to selective pressure by the example, edge-functionalization of C;N, with electron-with-
presence of sublethal levels of antibiotics and high bacterial drawing groups (e.g, carboxyl groups) may improve charge
densities that facilitate horizontal gene transfer.” Conventional separation and ROS generation.14 However, degradation of
WWTP disinfection processes (e.g,, chlorination and UV ARGs by pristine or modified C;N, can be adversely affected
radiation), though moderately effective in removing antibiotic in WWTP effluent, where soluble microbial product (SMPs)"
resistant bacteria,”* are relatively ineffective in removing and natural organic matter (NOM) compete with less
ARGs.” Accordingly, extracellular ARGs can persist, transform abundant target contaminants (or ARGs in this case) for
bacteréa% and propagate with their new hosts in the receiving photogenerated ROS.'® This challenge underscores the need
water.”" Moreover, residual chlorine reaching the receiving to develop novel photocatalysts that are capable of selectively

environment may be diluted to sublethal levels that increase degrading extracellular ARGs.
the permeability of indigenous bacteria cells and enhance ARG
transfer,’ and UV-inactivated ARGs may be reactivated by
transformed bacteria.”” Therefore, reliable and sustainable
disinfection processes are needed for removing ARGs during
municipal wastewater treatment.

Photocatalysis has received significant attention as a
potentially eco-friendly disinfection and advanced oxidation
process since it does not require continuous addition of
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Scheme 1. Schematic Diagram of Three-Step Fabrication of MIP-C;N,*
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“Fabrication of graphitic C;N, through thermal exfoliation of recrystallized urea followed by edge polymerization of MIP and subsequent acid

washing.

Molecular imprinting is a technique to impart high
selectivity to polymers toward specific pollutants by creating
binding sites that are complementary in size and shape to the
templates, which results in specific recognition of target
molecules.'” Conjugating molecularly-imprinted polymerwith
photocatalysts can improve the efficiency of photocatalytic
processes by enhancing the selectivity of the MIP—photo-
catalyst composite toward target contaminants.'® Compared
with other WWTP effluent constituents (e.g, SMPs and
NOM), ARGs as DNA are characterized by their high content
of nucleotides (i.e., adenine, guanine, cytosine, and thymine).19
Therefore, previous researchers have used molecular imprint-
ing of guanine for developing DNA sensors.”’ Using similar
principles, molecular imprinting of nucleotides may create
selective recognition sites on the catalyst surface,”' ~** enabling
the catalyst to selectively entrap extracellular ARGs near
photocatalytic sites for more efficient degradation. Improved
contact between ARGs and catalyst would enhance the
utilization of photogenerated ROS by ARGs rather than
scavenging by nontargeted constituents (a.k.a, the “trap and
zap” strategy” ">).

Our driving hypothesis is that selective DNA capture and
photocatalytic treatment improves ARG fragmentation and
inactivation efficiency during photocatalytic effluent polishing.
As widely reported by previous research,”**” fragmented ARGs
permanently loose their ability to confer antibiotic resistance.
This represents a significant potential advantage over tradi-
tional disinfection techniques (e.g, UV and chlorination),
which cause nucleotide lesions that may be repaired by
transformed bacteria®***® and do not eliminate the risk of
ARG repair after treatment in receiving environments.

Here, we report a novel guanine-imprinted C;N,-based
photocatalyst and demonstrate its effectiveness to remove
ARGs in the presence of coexisting ROS-scavenging water
constituents. Photocatalytic degradation of New Delhi metallo-
Plactamase-1 (blaypyy.,), a multidrug-resistant gene,”””" by
MIP-C;N, was tested in the presence of different common
organic compounds (i.e, peptone, sucrose, and humic acid)
and in secondary effluent from a municipal wastewater
treatment plant. The photocatalytic mechanism was inves-
tigated through ROS scavenging tests and DNA fragment
characterization. Photocatalytic performance in secondary
effluent, where ROS scavengers are abundant, was bench-
marked against both a commercial TiO, photocatalyst and
unprinted C;N, as proof-of-concept that molecular imprinting
can enhance the selectivity and efficacy of photocatalytic
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processes to degrade extracellular ARGs (eARGs) in complex
matrices.

B MATERIALS AND METHODS

Chemicals. Urea (>97%), potassium permanganate
(KMnO,, >99.0%), sulfoxide chloride (SOCL, >99.7%),
chloroform (>99%), tetrahydrofuran (THF, >99%), 4-
(dimethylamino) pyridine (4-DMAP, >99%), allyl alcohol
(299%), N,N-dimethylformamide (>99.8%), triethylamine
(=99%), guanine (>98%), 2,2'-azobis(2-methylpropionitrile)
(AIBN, >98%), acetonitrile (>99%), toluene (>99%),
methacrylic acid (MAA, >99%), ethylene glycol dimethacry-
late (EGDMA, >98%), L-histidine (>99%), catalase from
bovine liver, superoxide dismutase (SOD), ammonium oxalate
(>99%), and sodium hydroxide (>99%) were purchased from
Sigma-Aldrich and used as received. Suwannee river natural
organic matter (NOM) was purchased from International
Humic Substances Society (IHSS). Hydrochloric acid
(>36.5%), sulfuric acid (>98%), and absolute ethanol were
purchased from Millipore-Sigma.

Synthesis of Graphitic C;N, Nanosheets and Mod-
ification with a Vinyl Group. Molecularly-imprinted C;N,
(MIP-C;N,) was fabricated through a facile three-step strategy
(Scheme 1). Urea was used as a precursor to synthesize
graphitic C;N, via thermal exfoliation.”””** Briefly, urea was
recrystallized from aqueous urea solution (0.5 g/mL) heated at
80 °C for 24 h, then calcinated in the air at a ramp rate of 2.4
°C/min for 4 h, and maintained at 550 °C for another 2 hin a
tube furnace (STF 1200, Across International). The light-
yellow product was agitated and collected.

Since the imprinted polymer must be attached without
occluding photocatalytic sites, the as-obtained C;N, was
partially oxidized to carboxylic C;N,(C;N,—COOH) through
a modified Hummer’s method (Supporting Information),">*®
which ensures carboxylation of mainly C;N, nanosheet
edges.'* The carboxylic groups were then substituted by
vinyl groups, providing reaction sites for further polymerization
with MIP;* this facilitates polymer coating primarily of
nanosheet edges without significantly occluding the photo-
catalytic surface. Briefly, C;N,—COOH (200 mg) was
suspended in a mixture of SOCl, (30 mL) and chloroform
(10 mL). The C;N,—COOH suspension was then refluxed for
24 h at 60 °C. The precipitates from the above reaction were
washed with tetrahydrofuran (THF) and transferred into a
mixed solution of THF (30 mL) and triethylamine (8.4 mL).
To this solution, 0.25 g of 4-DMAP and 1.16 g of ally alcohol
were added. The solution was refluxed at 60 °C for 24 h. The
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white precipitate was harvested by centrifugation and washed
thoroughly with THF. C;N, modified with vinyl groups
(C;N,—CH=CH,) was then obtained as precipitate through
vacuum drying under 40 °C overnight.

Synthesis of Molecularly-Imprinted C;N,. MIP-C;N,
was prepared by selective polymerization of methacrylic acid
(MAA) with the vinyl groups on the edge of C;N,—CH=
CH,.***” In brief, C;N,—CH=CH, (100 mg) was dispersed
in a mixture of acetonitrile (60 mL) and toluene (10 mL). The
dispersion was then purged with N, for 30 min. To the N,-
saturated dispersion, guanine (90 mg) and MAA (86 uL) were
added as template molecule and functional monomer,
respectively. After another 30 min of stirring, the cross-linker
(EGDMA, 500 pL) and initiator (AIBN, 40 mg) were added.
The solution was then transferred into an airtight vial with the
cover sealed. The reaction vial was placed in an oil bath and
heated at 70 °C for 12 h. The product was collected and
washed with ethanol thoroughly to remove possible impurities.
The template molecules (guanine) were removed by washing
with 1 M HCI. The product was further washed with ethanol
until the pH reached neutral. MIP-C;N, was obtained by
vacuum drying the product under 40 °C overnight. The
control (nonmolecularly-imprinted (NIP-C;N,)) sample was
fabricated following the same procedure, only without adding
guanine.

Characterization of MIP-C;N,. MIP-C;N, was charac-
terized in terms of morphology, crystal structure, specific
surface area, functional groups, and surface elements. Func-
tional groups were characterized using FTIR (Fourier
transform infrared) microscope (Nicolet iS50 FTIR, Thermo
Scientific) scanning from 4000 to 400 cm™" in a KBr tablet.
The phase information of C;N, was obtained from powder X-
ray diffraction (XRD, Rigaku DMAX) with Cu Ka radiation (4
= 1.54178 A). The specific surface area was measured using a
Brunauer—Emmett—Teller (BET) surface analyzer (Autosorb-
3B, Quantachrome Instruments). The morphology was
observed with an environmental scanning electron microscope
(ESEM, FEI Quanta 400F) with high voltage (20 kV) under
high vacuum mode (chamber pressure of 1.45 X 107* Pa).
Transmission electron microscopy (TEM) images and high-
resolution TEM analyses were performed by using a JEOL-
2010 TEM with an acceleration voltage of 200 kV. Surface
chemistry was analyzed by X-ray photoelectron spectroscopy
(XPS) equipped with a 100 ym X-ray beam with a takeoff
angle of 45° (PHI Quantera SXM). The pass energy was 140
eV for the survey and 26 eV for the high-resolution elemental
analysis. The thickness of MIP-C;N, was examined by atomic
force microscopy (AFM, Park NX20, Park system) in tapping
mode. The optical properties were characterized by ultraviolet
diffuse reflectance spectra (UV-DRS) using a UV-—vis
spectrophotometer (UV-2450, Shimadzu, Japan) and confocal
Raman microscopy/spectrometer system (Invia Reflex, Re-
nishaw, U.K.).

Photocatalytic ARG Degradation Tests. blaypy.;
harbored by an engineered plasmid pET-29a(+) with a total
length of 6255 bp was selected as the target ARG. The details
of the plasmid are given in Figure S1.'® A photoreactor (LZC-
4V, Luzchem Research Inc.) was used for batch scale
photocatalytic tests. Six UVA lamps (365 nm irradiation,
8W, FB8L-B) were installed in the reactor, providing a total
light intensity of 3.64 X 10~ Einstein/L/s. The catalyst (5 mg)
was dispersed in a 10 mL solution containing 10°—10'° copies/
mL blaypy., at the beginning of the photoreaction. The
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concentration of catalyst used was within the range reported by
previous research on photocatalytic removal of ARGs.**™*
This suspension was stirred and equilibrated for 2 h, and the
concentration of blaypy.; was adjusted to 10°—10'° copies/mL
before irradiation. Aliquots (200 uL) were taken after
predetermined intervals of irradiation time for further
quantification, and the catalysts were removed by centrifuga-
tion. Selectivity tests were conducted in the presence of three
common wastewater constituents with different chemical
structures and reactivity at representative concentrations® ~*
(i.e., 50 mg/L peptone, S0 mg/L sucrose, and 10 mg/L humic
acid) and in secondary wastewater treatment plant effluent
(Table S1, total organic carbon (TOC) = 16.1 mg/L) to assess
ARG removal efficiency under realistic treatment conditions.
To determine the adsorption isotherm, 0.5 mg/mL catalyst
dispersion was prepared in which the blaypy.; concentration
was set to a range from 10° to 10" copies/mL. These
dispersions were stirred vigorously for 24 h to reach adsorption
equilibrium.

ROS Scavenging Tests. Photocatalytic degradation of
blaypy.; was also evaluated in the presence of various ROS and
electron hole (h*) scavengers to determine the primary
oxidant(s). These tests were conducted in DI water to avoid
confounding effects by organic compounds in secondary
effluent. The scavengers utilized include 1 mM isopropanol
(IPA) for -OH, 50 kU/L superoxide dismutase (SOD) for O,
1 mM r-histidine for 'O,, 200 U/mL catalase for H,O,, and 10
mM ammonium oxalate (AQ) for h*.*>** The photoactivity
inhibition level by each scavenger was calculated using
following equation (eq 1).

k

scavenger

/kcontrol) X 100%

(1)
where Kqcoyenger a01d Kool represent photocatalytic reaction rate
constants with and without the addition of specific scavengers.

The presence of ROS was verified by electron spin
resonance (ESR) signals of paramagnetic species spin-trapped
with 3,4-dihydro-2-methyl-1,1-dimethylethyl ester-2H-pyrrole-
2-carboxylic acid-1-oxide (BMPO); the ESR spectra were
obtained using a Bruker EMX ESR spectrometer at room
temperature.

DNA Biomarker Quantification and Characterization
of Treated DNA. The abundance of the blaypy.; gene was
quantified by the qPCR process using primer sets (forward
primer 5’-CGC AGC TTG TCG GCC ATG-3' and reverse
primer 5'-GGA ATT GCC CAA TAT TAT GC-3’; amplicon
size: 807 bp),” with details presented in the Supporting
Information. Treated blaypy.., samples were further analyzed
by Nanopore Rapid Barcoding Sequencing for fragment
characterization. In detail, the treated blaypy.; (100 ng) was
barcoded using the fast barcoded kit (SQK-RBK004) and then
characterized with MinKNOW, analyzing the length distribu-
tion of DNA fragments using the accompanying EPI2ME
platform. The melting curve of the treated blaypy.; sample was
measured on a CFX 96 Real-time System (BIO-RAD, U.S.).
The UV—vis adsorption spectrum of treated blaypy., after
photocatalytic treatment was examined by a Nanodrop 1000
Spectrometer (Thermo Fisher Scientific, U.S.).

Oligonucleotide Adsorption and Photocatalytic Deg-
radation Tests. Four oligonucleotides with different guanine
contents were tested to assess the selectivity of MIP-C;N,
toward guanine containing compounds. GO (5’-CCCA-
CCCACCCACCCAAA-3'), Gl (5'-GCCACCCACCCA-

photoactivity inhibition level = (1 —
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Figure 1. Characterization of MIP-C;N,. (a) SEM images of the MIP-C;N, mesoporous structure. (b) HR-TEM images of the magnification of the
MIP-C;N, edge illustrating the nanosheet structure of and the (002) crystallographic plane of C;N,. (c) XPS spectra of MIP-C;N,, depicting that
the polymer matrix (288.9 and 286.2 eV) was anchored onto C;N, (284.7 eV). (d) FTIR spectra of guanine, MIP-C;N, before washing, NIP-C;N,,
and MIP-C;N,, indicating that guanine was successfully imprinted into the polymer matrix and subsequently removed by acid washing.

CCCAAA-3), G2 (§-CCCACCCACCGGCCCAAA-3'), and
G3 (5-CGCACCCACCGGCCCAAA-3') contain zero, one,
two, and three guanines, respectively. 2 mL of oligonucleotide
suspension containing GO, G1, G2, or G3 at 50 ng/uL was
spiked with catalyst to achieve a final concentration of 2000
mg/L, which was shaken for 2 h under dark conditions.
Aliquots (50 uL) were taken every half hour, and the catalysts
were returned to the above solution after centrifugation. The
saturated catalysts were then moved to the photocatalytic
reactor, with 2 mL of fresh oligonucleotide suspension (50 ng/
uL) spiked in before irradiation. Aliquots (50 uL) were taken
after predetermined intervals of irradiation time for further
quantification, and the catalysts were returned by centrifuga-
tion. The concentration of residual oligonucleotides was
determined using a Nanodrop 1000 Spectrometer at 260 nm.

Catalyst Stability Tests. The stability of MIP-C;N,
photoactivity was investigated through repeated usage (10
cycles) in deionized water and secondary effluent and
compared with that of P25 TiO,. The catalysts were collected
and dried after each cycle. MIP-C;N, was characterized by
SEM and FTIR analysis initially and after the 10th cycle to
discern possible morphological and surface chemistry changes.

Statistical Analysis. The Student’s ¢ test (two-tailed) was
used to determine the significance of the differences between
treatments. Differences were considered to be significant at the
95% confidence level (p < 0.05) and highly significant at the
99% confidence level (p < 0.01).
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B RESULTS AND DISCUSSION

Synthesis of Guanine Imprinted Graphitic C3;N,.
Molecular imprinting was used to address one major common
limitation of photocatalytic treatment: inefficiency associated
with the scavenging of the oxidation capacity by nontarget
water constituents.” "’ SEM images showed a mesoporous
structure for MIP-C;N, (Figure 1a), and the HR-TEM image
depicts the nanosheet structure of the graphitic C;N, building
blocks (Figure 1b). An interplanar spacing of 0.326 nm was
observed, corresponding to the (002) crystallographic plane of
C5N, (inset of Figure 1b). AFM measurements indicate that
the thickness of MIP-C;N, was S nm (Figure S2). Two new
peaks at 288.9 and 286.2 eV were identified from the XPS
spectra of MIP-C;N, (Figure 1c), corresponding to two unique
chemical bonds from imprinted polymer (ie, O=C—OH
from MAA monomer and C—O—C from EGDMA cross-linker,
respectively).** This proves that the C;N, surface was
successfully modified with MAA polymer.

The imprinting of guanine was demonstrated through peak
identification from the FTIR spectrum (Figure 1d).” The
FTIR spectrum of guanine shows a broad absorption in the
range of 3000 to 3300 cm™' corresponding to OH group
vibrations. Another four peaks at 2906, 1692, 1563, and 1373
cm™' were also identified from the spectra of guanine,
respectively, representing C—H stretch, N—H stretch, C=C
stretch, and the C—H deformation vibrations. The two
absorption peaks at 1120 and 952 cm™ are assigned to C—
C stretching vibrations.” These specific peaks from guanine
were identified from FTIR spectra of as-obtained MIP-C;N,
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before acid washing, indicating that guanine molecules were
imprinted into the MAA polymer matrix. As expected, the
guanine adsorption peak at 1692 cm™ was prominent before
(but barely present after) the polymer was washed with HC],
and both MIP-C;N, and NIP-C;N, had similar FTIR spectra
because of similar surface functional groups. This corroborates
that guanine was imprinted into the MAA polymer matrix and
removed by subsequent acid washing.

The crystal structure and composition of supporting C;N,
was analyzed by its XRD pattern (Figure S3). Two major peaks
were identified at 27.3° (002) and 13.0° (100), corresponding
to the peak of interplanar aromatic stacking and lattice planes
parallel to the c-axis.’® Carbon nitride after edge oxidation
(C;N,—COOH) was also characterized by XRD to reveal any
possible change on the CN skeleton (Figure S3). Although
treatment with KMnO, could degrade the CN skeleton,”'*
we used relatively mild conditions that are not conducive to
depolymerization, which was corroborated by the XRD
diffractogram (Figure S3). Both C;N, and C;N,—COOH
showed a similar peak at 13° in the XRD diffraction patterns,
indicating that depolymerization of the CN skeleton did not
occur. The BET surface area was 85.4 m?/ g for C3N,, 61.2 m?/
g for MIP-C;N,, and 60.5 m’/g for NIP-C,;N, (Table S2),
whsigh’és within the reported range for C;N, (30—100 m?/

)
’ The Raman spectrum indicates that the MIP coating did not
change the characteristic peak of C;N, at 1385 cm™ (G-band)
and 1565 cm™' (D-band) (Figure S4). Although we observed a
blue shift from the UV—vis spectrum compared to bare C;N,
(Figure SS), this shift was identical for both MIP-C;N, and
NIP-C;N, photocatalysts, indicating that molecular imprinting
did not change optical properties. The extent of surface
modification was optimized through controllable oxidation of
C;N, and coating with various amounts of MIP polymer. Four
kinds of MIP-C;N, with different MIP content were
synthesized and characterized by FTIR analysis. Identical
functional groups were identified from the FTIR spectrum
(Figure S6). Detailed surface functional groups were
investigated by XPS, and their MIP content was assessed by
the relative abundance of O=C—OH and O-C-O
representing MAA monomer and EGDMA cross-linker,
respectively (Table S$3).* Although C;N, treatment with
KMnO, could introduce oxygen-containing groups that
confound the estimation of the extent of coating per O=
C—OH and O—C—0O abundance, XPS characterization of
C;N, after substitution of the introduced carboxylic groups
with vinyl groups showed the absence of oxygen-containing
groups (Figure S7), which validates our estimation approach.

ARG adsorption is positively correlated with MIP content,
whereas eARG photocatalytic degradation activity exhibited a
bell-shaped pattern as a function of polymer content (Figure
2). Specifically, photocatalytic degradation increased with
polymer content (up to 18.6%) as eARG adsorption near
photocatalytic sites enhanced treatment efficiency. However,
further coating with this nonphotoactive polymer had a
detrimental effect on eARG degradation efficiency, apparently
due to occlusion of photocatalytic sites on the C;N, surface by
excess polymer, which would hinder light penetration and
photoexcitation. Therefore, care should be taken when
optimizing the polymer content to achieve higher photo-
catalytic treatment efficiency. The MIP-C;N, formulation with
the highest photoactivity (corresponding to 18.6% relative
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Figure 2. Influence of surface coating (molecularly-imprinted
polymer) on blaypy.; adsorption and photocatalytic degradation in
DI water. Increasing the content of MIP enhances adsorption of
blaypy., but deteriorates photocatalytic degradation efficiency. Error
bars represent +1 standard deviation from the mean of triplicate
measurements.

abundance of O=C—OH) was adopted for the subsequent
experiments.

ARGs Removal by MIP-C;N, Resists Interference by
Background Compounds in Secondary Effluent That
Scavenge ROS. Wastewater constituents can deteriorate the
activity of catalyst in two ways: (1) compete with the target
pollutant (e.g., blaypy.;) for adsorption sites on the catalyst
surface and (2) scavenge ROS that could otherwise be used to
degrade the pollutant. Molecular imprinting significantly
enhanced selective blaypy., adsorption and photocatalytic
degradation in the presence of interfering compounds (Figure
3). Specifically, adsorption sites on NIP-C;N, were occupied
by competing compounds (i.e., peptone, sucrose, humic acid,
or other organics in secondary effluent), resulting in 86% to
96% loss of blaypyy.; adsorption at equilibrium (Figure 3a). In
contrast, MIP-C;N, maintained its high adsorption capacity
(i-e., 95% and 98% of the uninhibited value) in the presence of
peptone and sucrose, respectively. Adsorption of blaypy., by
MIP-C;N, was inhibited to a greater extent by humic acids
(i.e, 58.5% of the uninhibited value) and secondary effluent
(i, 90.2% of the uninhibited value) but still significantly
outperformed NIP-C;N, (Figure 3a).

MIP-C;N, was highly resistant to interference by back-
ground constituents, showing no apparent loss of photo-
catalytic degradation efficiency toward blaypy., (Figure 3b).
Only a slight decrease in the first-order degradation rate
constant k (Table S4) was observed in the presence of the
competing organic compounds or secondary effluent (from
0.126 + 0.023 to 0.111 + 0.028 min~') (Figure 3b).
Photocatalytic degradation of blaypy.; in secondary effluent
was 37 times faster with MIP-C;N, (0.111 + 0.028 min™")
than with NIP-C;N, (0.003 + 0.003 min~"), highlighting the
benefits of molecular imprinting. The lack of ARG removal by
photolysis in light-only experiments or in dark controls (after
ARG adsorption sites on the MIP-C;N, photocatalyst had
been saturated) corroborates that photocatalysis was respon-
sible for ARG degradation (Figure S8).

Note that the benefits of molecular imprinting were not
observed in DI water, where MIP-C;N, and NIP-C;N, had
similar DNA adsorption capacity based on Langmuir isotherms
(Figure S9) (i.e, (4.32 £ 0.06) X 10" copies/mg for MIP-
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Figure 3. Molecular imprinting of guanine on C;N, enhances photocatalytic ARG degradation in the presence of various common organic
compounds (UVA 365 nm, 3.64 X 107° Einstein/L-s). Adsorption (a) and photocatalytic degradation (b) of blaypy., by MIP-C;N, or NIP-C;N,
in DI water (control) and in the presence of peptone (50 mg/L), sucrose (S0 mg/L), humic acid (10 mg/L), or wastewater secondary effluent
(TOC = 16.1 mg/L). Results are benchmarked against bare C;N, and TiO, (Evonik Degussa P25) in DI water or secondary effluent.

C;N, and (4.11 + 0.03) X 10" copies/mg for NIP-C;N,).
Apparently, DNA adsorbs in a nonspecific manner onto the
MAA polymer used for edge modification (i.e., MAA is rich in
carboxylic acid groups that can adsorb DNA by hydrogen
bonding). Both MIP-C;N, and NIP-C;N, also efficiently
degraded blaypy,.; in DI water without interfering compounds,
achieving 3-log removal of blaypy,., within 1 h with 0.5 mg/mL
catalysts.

The incorporation of guanine imprinted polymer provides
specific sites for blaypy.; adsorption and, therefore, mitigates
interference by competing background constituents, which is a
critical limitation for photocatalytic treatment of ARGs.'
These sites can selectively adsorb and concentrate DNA
(including blaypy.;) on the MIP-C;N, surface where
heterogeneous photocatalysis occurs. Thus, the photogener-
ated ROS was more likely to oxidize absorbed blaypy,.; instead
of being scavenged by background constituents. The
preferential photocatalytic removal of guanine-containing
compound by MIP-C;N, was corroborated by tests with
oligonucleotides having different guanine content (Figure
$10). Adsorption and photocatalytic degradation tests showed
(as expected) that MIP-C;N, preferentially degrades DNA
with higher guanine content, regardless of what the DNA
codes for (e.g., antibiotic resistance). Since guanine is a
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common constituent of DNA (and thus ARGs), this approach
should also efficiently degrade other eARGs besides blaypyy. ;.
Photocatalytic performance of MIP-C;N, was also bench-
marked against a commercially available photocatalyst (Evonik
Degussa P25) and bare C;N, in secondary effluent (Figure 3).
Photocatalytic degradation of blaypy.; by P25 and bare C;N,
was significantly inhibited in secondary effluent compared to
that in DI water (0.116 + 0.007 versus 0.067 = 0.009 min"
and 0.090 + 0.020 versus 0.003 + 0.001 min~', respectively).
In contrast, MIP-C;N, was less susceptible to inhibition in
secondary effluent, exhibiting a photocatalytic degradation rate
constant (0.111 + 0.028 min™"), which is 1.7 times higher than
with P25 and 37-fold higher than with bare C3N,.
Photogenerated h* Plays a Key Role during ARGs
“Trap and Zap” Degradation by MIP-C;N,. The
incorporation of MIP resulted in a h'-dominant pathway of
photocatalytic degradation of blaypy.;, which differs from
unmodified NIP-C;N, where free radicals (i.e., -OH and O,~)
were the preeminent oxidizers. The degradation of blaypy.; in
the presence of ROS and h* scavengers was investigated to
gain further insight into the photocatalytic degradation
mechanisms. Five common photogenerated reactive species
(ie, ht, -OH, '0,, 0,7, and H,0,) were evaluated in terms of
their contribution to blaypy.; degradation. The results of
scavenging tests indicate that h* plays the most important role
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of blaypy., abundance and transformation frequency (normalized by untreated blaypy.,) treated by MIP-C;N, as photocatalyst for various

treatment durations.

in the MIP-C;N, catalytic system, whereas -OH and O, are
more important for blaypy., degradation with NIP-C;N,
(Figure 4). The h* on the catalyst surface is an important
oxidative species (E, = 1.5 €V),”” but unlike ROS, it cannot
diffuse into the bulk solution.** Therefore, degradation of
blaypy. that is partially adsorbed to the MIP (on the edges of
C;N,) occurs mainly on the bare photocatalyst surface. MIP
would anchor blaypy., close to the bare catalyst surface
through specific binding to guanine bases. The photogenerated
h*, therefore, can attack adsorbed blaypy,.;- The ESR spectrum
corroborated the production of -OH by both MIP-C;N, and
NIP-C;N, during UVA irradiation (Figure S11), and its signal
was significantly inhibited after adding the -OH scavenger
(IPA) as expected.

MIP-C;N, can selectively entrap blaypy., owing to its
specific binding cavities left by template guanine molecules.
These binding cavities help concentrate blaypy; on the C;N,
surface, which facilitates blaypy.; degradation by a “trap-and-
zap” strategy where degradation is mediated by photo-
generated h'. In contrast, due to the lack of specific surface
trapping, insufficient affinity of blaypy., for the NIP-C;N,
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surface does not favor direct contact, and blaypy.; degradation
is primarily mediated by the free radicals (-OH and O,”) that
diffuse away from the photocatalytic sites.

Extensive Fragmentation by MIP-C;N, Inactivates
ARGs More Effectively. MIP-C;N, can catalyze the
degradation of ARGs to shorter DNA fragments and further
to small molecules, eliminating the risk of ARG repair by
transformed bacteria in receiving water systems, which is a
major limitation for UV disinfection and chlorination.”*>>
The chain length distribution of resistance plasmid pET-
29a(+) (harboring blaypy.;) (6255 bp) after treatment was
determined by nanopore sequencing (Figure Sa). After
treatment by MIP-C;N, for 10 min, the plasmids were
fragmented (7490 fragments) with an average length of 867.5
bp (Table S5). Though only a minor change was observed for
the average DNA length (829.4 bp) after extended treatment
for 60 min, the counts of total DNA fragments decreased
significantly to 1794 (Table SS), indicating an extended
breakdown of the DNA fragments to smaller undetected
molecules. This sequential fragmentation process was verified
by the UV—vis absorbance spectrum of treated blaypy;. The
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absorbance peak of treated blaypy.; blue-shifted from 260 to
245 nm during the photocatalytic treatment (Figure S12),
resulting from the generation of micromolecules.””®" In
contrast, NIP-C;N, was less efficient in fragmenting blaypy.,
yielding 5371 fragments with average length of 2675 bp after
60 min of treatment (Figure Sa, Table SS). This demonstrates
that molecular imprinting with guanine endowed C;N, with
superior capability to mitigate antibiotic resistance propaga-
tion.

Fragmentation significantly decreased the transformation
potential of blaypy.,. The decrease of transformation
frequency was 1 order of magnitude higher than the decrease
in blaypy.; abundance (Figure Sb), and no viable transformed
bacteria were observed after exposure to treated blaypy.;. The
faster deactivation of blaypy., reflects fragmentation of plasmid
DNA, which cannot endow hosts with resistance even though
the monitored amplicons (by qPCR) remain detectable.’
Moreover, additional ARG damage (e.g., double helix
distortion®” and partial despiralization) may be caused by
photocatalytic oxidation, since the melting temperature of
treated blaypy.,; decreased from 89.5 to 82.5 °C after
treatment (Figure S13). Therefore, MIP-C;N, photocatalytic
treatment can outperform UV disinfection, which generally
does not cleave DNA**®® and thus exposes the receiving
environment to the risk of ARG reactivation and propagation
by transformed hosts.”>>”

Stability tests demonstrate sustained performance of MIP-
C;N, for removing ARGs after repeated use. The photoactivity
of MIP-C;N, shows no significant loss after 10 cycles (2 h/
cycle) (Figure 6). The photoactivity of MIP-C;N, in
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Figure 6. Reusability of MIP-C;N, was demonstrated by repeated
photocatalytic degradation of blaypy.; in DI water using MIP-C;N,
recaptured for ten cycles.

secondary effluent also outcompeted P25 TiO, in reuse tests
(Figure S14). Furthermore, no significant changes in
morphology and surface functional groups occurred after 10
cycles, on the basis of FTIR spectra (Figure S6) and SEM
images (Figure S15).

In summary, a guanine-imprinted polymer coating enhanced
the proximity between target extracellular ARGs and photo-
catalytic sites, which improved the utilization of ROS and
electron holes (h*) toward ARG degradation. Accordingly,
MIP-C;N,, efficiently captured and fragmented extracellular
ARGs beyond repair. Whereas it is premature to recommend
this novel photocatalyst for full-scale application without a
comprehensive techno-economic and life cycle analysis, this
work demonstrates the potential value of molecular imprinting
to enhance the photocatalytic treatment of secondary effluent
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and mitigate the dissemination of antibiotic resistance with
discharge from sewage treatment plants.
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