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Assessment of UV-vis driven CFT-GO based photocatalysis on the conjugative
gene transfer mechanism in a pilot plant system

UV-VIS kaynakh CFT-GO tabanh pilot ol¢ek fotokataliz prosesinin konjugatif
gen transfer mekanizmasina etkisinin belirlenmesi
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Abstract

This study addresses the need for sustainable
methodologies in antimicrobial resistance (AMR)
surveillance, particularly in wastewater treatment, to ensure
efficient disinfection and control of AMR. The use of
photocatalysis (PC) has gained attention as a scalable and
suitable approach for research and development. This study
evaluates the effect of UV-vis driven sub-lethal
photocatalytic oxidation on conjugative gene transfer
between two E. coli strains using a pilot plant reactor
system. Photocatalysts composed of graphene-oxide-Ti-
CuFe204 nanocomposites were synthesized through a
green approach and used to enhance bacteria inactivation
rates, resulting in hindered frequency and absolute
abundance of trans-conjugants in the recipient strains.
Experiments plan was built with the intent to determine the
contribution of photocatalyst type, mode of operation on
the conjugation mechanism and also distinguish between
the scenarios where individual or simultaneous exposure to
PC oxidation of donor and recipient strains occur.
Simultaneous photocatalytic treatment of both donor and
recipient strains resulted in the removal of ~3 LOG of both
bacteria and eligible conditions were obtained for
controlling trans-conjugants formation compared to no
treatment conditions. The photocatalyst surface, reactive
oxygen species, and bacterial cells' interaction played a
determining role in controlling ARG transfer. The impact
of photocatalytic oxidation mechanisms on the vitality of
recipient cells was evident during the continuous mode of
operation, where conjugative transfer of ARGs was
mitigated, and the number of trans-conjugants decreased to
below 102 CFU mL-1. This study demonstrates the
potential of PC for efficient disinfection and control of
AMR in wastewater treatment.

Keywords: Antibiotic resistance, Antibiotic resistance
gene, Conjugative gene transfer, Photocatalysis, Bacteria
inactivation

1 Introduction

The misuse, overuse, and inadequate disposal of antibiotics
have resulted in a significant increase in antibiotic resistance
genes (ARGs). Antibiotics exert selective pressure on

Oz

Bu ¢aligma, antimikrobiyal direncin kontroliinde (AMR)
strdiirtilebilir yaklagimlar arasinda olan, atiksuyun etkin
dezenfeksiyonu iizerine kurulmustur. Fotokataliz prosesi,
Olceklenebilir, arastirma ve gelistirmeye agik bir ileri
oksidasyon prosesidir. Deneysel ¢alismalarda kullanilan
grafen-oksit-Ti-CuFe204 nanokompozit fotokatalizorleri,
yesil bir yaklasimla sentezlenmistir. Parabolik kolektor
destekli fotoreaktorde, sub-letal fotokatalitik oksidasyonun
alict ve verici E. coli suglar1 arasindaki konjugatif gen
transferi mekanizmasina  etkileri deneysel olarak
arastirilmistir. Farkli fotokatalizorlerin bakteri
inaktivasyon hizi iizerine etkisi yaninda, alici suslarda
eslesmis ciftlerin olusumu (transkonjugan) frekansini ve
nihai miktarint azaltan bir etki gosterdigi ortaa
konulmustur. Deney plani, fotokatalizor tipinin ve proses
isletme  modunun  konjugasyon ile gen tranfer
mekanizmasina katkisini belirlemek, verici ve alici suglarin
PC oksidasyona tekil veya eszamanli maruz kalma
senaryolart arasindaki farki ortaya koabilmek amaciyla
olusturulmustur. Alici ve verici suslarin eszamanli olarak
fotokatalitik oksidasyona maruz kalmast, her iki sus i¢in de
yaklagtk ~3 LOG giderim saglamis ve transkonjugan
olusumunu kontrol edebilecek kosular olusturmustur.
Fotokatalizor ylizeyi, reaktif oksijen tiirleri ve bakteriyel
hiicrelerin  etkilesimi, ARG transferinin kontroliinde
belirleyici bir rol oynamustir. Alict hiicrelerin canlilig
tizerindeki fotokatalitik oksidasyon mekanizmalarmin
etkisi, konjugatif ARG transferinin azaltildig1 stirekli
isletme sirasinda agik¢a goriilmiis ve transkonjuganlarin
sayist 102 CFU mL-1'nin altina diismiistiir. Bu ¢alisma,
PC'nin atiksu aritiminda etkili dezenfeksiyon ve AMR
kontrolii i¢in potansiyelini gostermektedir.

Anahtar kelimeler: Antibiyotik direnci, Antibiyotik
direng geni, Konjugatif gen transferi, Fotokataliz, Bakteri
inaktivasyonu

bacteria, and ARGs emerges as a response and the need for
the development of new antibiotics arises [1-3].

Specific measures can be taken at waste water treatment
plants (WWTP) and industrial discharge rates to mitigate the
AMR and ARG associated risks [4-6]. ARGs are DNA
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fragments that encode antibiotic resistance. They are present
in  mobile genetic elements, chromosomal and
extrachromosomal DNA, while the latter possess persistency
and transformation abilities. Plasmids, transposons, and
integrons are mobile genetic elements that have high transfer
capacities and facilitate the horizontal transfer of resistance
genes between bacterial species and strains. HGT occurs
through four mechanisms; conjugation, transformation,
transduction, and gene transfer agents. Even after bacterial
cell death, ARGs can persist in the environment as genetic
material for extended periods, which can be acquired by
other bacteria through the transformation mechanism [7-9].
It was hypothesized in the last decade that wastewater
treatment plant (WWTP) effluents may act as a source and
carrier of mobile genetic elements into downstream
environments. Therefore, it is essential to prioritize the
development and dissemination of wastewater treatment
(WWT) alternatives that can achieve AR control [10,11].
The proliferation of multidrug-resistant bacteria is attributed
to an increase in transconjugant numbers [12]. Given the
global nature of the antibiotic resistance crisis, not only
changes in conjugative transfer frequencies but also the
abundance and fate of transconjugants in a unit volume of
treated water must be monitored. Treatment process
mechanisms play a crucial role in the level of bacterial
inactivation, HGT inhibition, reduction, and inhibition of
bacterial reactivation [13-15].

Recent studies have highlighted the significant impact of
advanced oxidation processes on HGT mechanisms. NaClO
has been found to enhance cell permeability [16], while nano
Al;O3 has been shown to promote expression mating pair
formation between E. coli species (via RP4 plasmid) due to
oxidative stress. Additionally, "sub-lethal photocatalysis"
with nano ZnO and nano TiO; has resulted in increased cell
permeability and over 20- and 70-fold increases in the CGT,
respectively. Meanwhile, CuO, Ag, and Fe,O3 in nano form
have been reported to cause approximately a two-fold
increase in HGT [17-19]. The bacterial defense mechanisms
against reactive oxygen species (ROS)-induced cellular
damage may play a decisive role in total and antibiotic-
resistant bacteria species. The DNA damage resulting from
UV-based disinfection processes, including UV/H,0;, and
UV/chlorination, remains tolerable due to the substantial
effect of OH on DNA structure and depletion by intracellular
components [20]. Disinfectants such as chlorine and
hypochlorous acid have also been found to promote the
conjugative transfer of ARGs. However, chlorination at high
doses has been reported to cause changes in cell membranes
[3,16,21].

In the practical application of photocatalytic technology for
wastewater treatment, variations in water quality may lead to
bacteria cells to survive ROS-induced stress [22,23].
Besides, sub-lethal photocatalysis has the potential to
increase intracellular ROS levels in ARB and activate
antioxidant systems. These mechanisms are known to trigger
the HGT of ARGs through transformation and conjugative
transfer mechanisms. The mode of process operation and
photocatalyst choice play a determining role in the

mechanism of conjugative transfer in the treated effluent
[24-26].

The photocatalytic process is currently transitioning from
laboratory-scale to pilot and full-scale applications, thanks to
recent advances in the field of photocatalyst synthesis and
reactor design. This can be achieved through doping
semiconductor photocatalysts with metal dopants, forming
heterojunctions  between semiconductors, band gap
narrowing, impurity energy level reduction, and the creation
of oxygen vacancies [27]. Graphene-based composite
structures and spinel ferrite-based nanocomposites are
widely used in photocatalysis and adsorption processes for
pollutant removal. However, graphene oxide (GO) and
reduced GO may cause intracellular ROS accumulation,
affecting bacterial cell membrane structure and hindering the
conjugative transfer of RP4 plasmid-borne ARGs. The
membrane stability also plays a significant role in HGT,
where graphene oxide/reduced graphene oxide sheets can
damage the cell membrane and contribute to the conjugative
transfer mechanism [28-32]. Additionally, for disinfection
using graphene-based TiO, nanocomposites, the adhesive
interaction between the photocatalyst and bacteria is a
crucial factor in achieving total inactivation and preventing
re-growth mechanisms [33-36].

Recent studies have investigated the potential contribution of
environmental photocatalyst interfaces in the co-existence of
natural minerals and light irradiation [37]. To understand
bacterial responses to transformed nanomaterials,
researchers have examined the effect of naturally occurring
photocatalysts on horizontal gene transfer (HGT)
mechanisms of antibiotic-resistant (AR) bacteria, with a
particular focus on sphalerite applications. The study by Yin
in 2021 found that UV-A and UV-vis-based photocatalysis
using sphalerite increased HGT by 2-10 and 1-2 folds,
respectively [33,38].

As natural water matrices contain graphene oxide (GO) that
may undergo different reduction processes, resulting in
significant variations in ARG propagation mechanisms by
conjugation [39], this study aims to determine the effect of
photocatalytic oxidation at sub-lethal process conditions on
the conjugative gene transfer mechanism between two E. coli
strains (DSM-3876 donor and ATCC33694 recipient).
Experiments were carried out in a pilot plant photocatalysis
reactor at continuous and batch modes of operation. Effects
of photocatalytic oxidation on the rate of conjugative gene
transfer have been determined for GO based photocatalysis
under UV-vis irradiation in comparison with the UV-A
driven TiO; based photocatalysis.

2 Materials and methods

2.1 Bacterial strains and growth procedures

The experimental study utilized two strains of E. coli,
namely Streptomycin resistant ATCC 33694 and Ampicillin,
Tetracycline, and Kanamycin resistant J-53 (3876), which
represent facultative pathogenic bacterial groups. The E. coli
J-53 (DSM-3876) strain, which harbors the RP4 plasmid,
was used as the donor, while the E. coli ATCC 33694 strain,
which confers plasmid resistance to Streptomycin antibiotic,
was selected as the recipient strain. The main objective of the
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study was to investigate the effect of sub-lethal PC process
on the frequency and occurrence of conjugative ARG
transfer, as well as to confirm that resistance gene transfer
from donor to recipient strains can be achieved via plasmid
RP4 [40,41].

Initially, single colonies of both bacterial strains were taken
from refrigerated stock plates and cultured in Luria-Bertani
liquid broth, supplemented with ampicillin (100 pg/mL),
kanamycin (50 pg/mL), tetracycline (16 pg/mL), and
streptomycin (200 pg/mL) [23,42].

The cultures were then incubated at 37 °C for 20 hours, and
100 pL of cells were streaked onto agar plates containing the
corresponding antibiotic concentrations. The antibiotic
resistance behavior of both strains was initially validated
using agar dilution methodology, based on their growth
ability on the corresponding agar plates. The initial bacterial
concentration was determined by measuring the absorbance
at 600 nm wavelength using McFarland standards with 0.8%
NaCl.

The successfully mated strains, which gained multiple
resistance to both Amp, Kan, Tet, and Str antibiotics via
conjugative transfer of ARGs, were isolated and stored in
glycerol stock solution at -80 °C for further experiments.

2.1.1 Chemicals

The experimental setup also involved the use of CuCly,
FeCls, NaOH, citric-acid in powder form, PEG 600 (CAS
#25322-68-3), titanium dioxide (TiOz: CAS# 1317-70-0),
and titanium tetra-lsopropoxide solution (CAS#546-68) to
achieve desired chemical reactions. Additionally, a graphene
oxide solution was prepared by diluting a GO flake
suspension (4 mg mL™ suspension; Sigma-Aldrich) with
distilled water to attain a final concentration of 2.5 mg mL™.
The microbiological studies also utilized antibiotic standards
such as Ampicillin sodium salt, Ampicillin (CAS 69-52-3),
Streptomycin (CAS number: 3810-74-0), Tetracycline (CAS
64-75-5), and Kanamycin with analytical and cell culture
grade purity.

2.1.2 Synthesis of photocatalysts

In this study, the nanocomposite synthesis procedure
involved the use of Cydonia oblonga seed extracts (COSE)
that were prepared as described in detail elsewhere [43]. The
CFT-GO photocatalyst, which features a heterojunction with
Schottky-like formation, was utilized due to its excellent
UV-vis bacteria inactivation capabilities, as well as its
characterization findings from a prior study [44]. The
magnetically recoverable CFT-GO 3% (w/w) photocatalyst,
which was synthesized via a combination of hydrothermal
methods and sol-gel techniques in three consecutive steps,
was chosen for experimentation based on its demonstrated
superior bacterial inactivation potential in a recent study
conducted by our research group [44].

The hydrothermal synthesis process was utilized to create the
nanocomposite using COSE and a CuCl,/FeCl3 solution with
a 1:2 mmol ratio. The resulting precipitate underwent
washing, centrifugation, heating, and calcination steps as
previously described [44]. A GO solution was prepared by
diluting a GO flake suspension (4 mg mL™%; Sigma-Aldrich)
in distilled water to achieve the desired concentration. The

GO/CuFe;O4 composite with the intended gravimetric ratio
was generated following previously described procedures.
The produced CuFe;04-GO composite was subsequently
added to the polymeric precursor solution. To produce the
CuFe;04-Ti-GO solution, the final product GO/CuFe;04 was
added to the polymeric precursor solution. The CuFe;04-GO
to Ti weight ratio was set to 3. The Ti(IV) polymeric
precursor was created by maintaining constant 1:1:2 (w/w)
ratios for Ti-isopropoxide, citric acid, and PEG. The Ti-
isopropoxide-citric acid solution was prepared in distilled
water while being continuously stirred for 18 h. PEG was
then added under stirring conditions at 50 °C for 1 h.

2.1.3 Characterization of NC photocatalysts

The nanocomposite material was characterized using various
analytical techniques. Scanning electron microscopy (SEM)
was performed with magnification ranging from %1000 to
x10,000, and energy dispersive X-ray analyses (EDX) were
conducted using an FEI Quanta FEG250 instrument from
Thermo-Fisher Scientific, Waltham, MA, USA. Fourier
transform infrared spectroscopy analysis was conducted
using a Vertex 70 model instrument from Bruker, Billerica,
MA, USA. Raman spectroscopy was carried out at 532 nm
excitation using a DXR instrument from Thermo-Fisher
Scientific, and the analysis was performed at TNKU Central
laboratory (NABILTEM). In addition, diffuse reflectance,
photo-luminescence, BET and XRD evaluations were
performed, and detailed characterization and analysis
parameter values have been provided in previous work [44].

2.1.4 Reactor configuration

To create a reactor system capable of operating under both
solar and simulated UV irradiation, a pilot plant system was
utilized. This system includes a concentrating parabolic
collector composed of anodized aluminum parts, chosen for
their high UV irradiation reflectance rates. This
configuration enables the efficient collection and
concentration of UV irradiation on the back side of the
cylindrical photocatalysis reactor. The reactor itself is
constructed from Plexiglass material due to its high UV
transmission rate of >90%. The liquid is fed into the system
using a sprinkler-like apparatus located at the top of the
reactor, which sprays the liquid onto the inner surface of the
reactor. During the heterogeneous photocatalysis process,
the liquid flows down through the inner wall of the reactor
via gravity and exits the system through a pneumatic valve
before returning to the feeding tank. These details were
reported in previous studies [45-50].

In order to enable the operation of a reactor configuration
under both simulated UV and solar irradiation, a pilot plant
system was designed and equipped with a concentrating
parabolic collector, which is made of anodized aluminum
parts due to their high UV irradiation reflectance rates. This
configuration allows for efficient collection and
concentration of UV irradiation on the back side of the
cylindrical photocatalysis reactor, which is made of
Plexiglass material, since it has a high UV transmission rate
of over 90%. To initiate the heterogeneous photocatalysis
process, a sprinkler-like apparatus placed on top of the
reactor sprays the liquid onto the inner surface of the

1221



NOHU Miih. Bilim. Derg. | NOHU J. Eng. Sci. 2023; 12(4), 1219-1231
C. B. Ozkal

cylindrical reactor, where gravity flow transports it down
through the inner wall and out of the system via a pneumatic
valve that leads back to the feeding tank. The UV irradiation
is provided by Sylvana UV-visible and Philips UV-A
fluorescent lamps, which are arranged parallel to the
horizontal axis with a gap of 5 centimeters between them.
The UV incident photon flux is maintained at around its solar
equivalent level, with the average energy levels of UV-A and
UV-visible light being 3.52 eV and 2.43 eV, respectively, as
per the Planck constant h equivalent light necessary for
photoexcitation. Accordingly, the UV-A and UV-visible
irradiation levels are set at 2.20 and 3.30 mw cm?,
respectively (measured by universal UV radiometer). The
distance between the UV light and the plexi-glass reactor is
32 cm, and the back side of the plexi-glass reactor is subject
to an average UV-A irradiation of 1.95 and an average UV-
visible irradiation of 2.80 mw cm (based on the average
value of measurements made at 5 different vertical points).
The total irradiated wet surface area of the plexi-glass reactor
is calculated to be approximately 0.24 m2. The system is
capable of providing a flow rate of 60 L/hour and can be
operated in two modes: continuous recirculating flow with
internal surface spraying and simultaneous discharge or
batch mode, where the inner surface of the cylindrical plexi-
glass reactor is filled by spraying and then completely
discharged. Considering the cylindrical surface area of the
reactor, the velocity of flow is calculated to be 0.05 m s,
which is less than the average velocity of a stagnant stream
flow, assumed to be 0.4 ms™.

Figure 1. Pilot plant photocatalysis reactor

In the batch mode of operation, the cylindrical reactor is
filled up to 90% of its capacity and the liquid is allowed to
flow out of the hole at the bottom of the tube under the force
of gravity. The flow rates of feeding and discharging are
nearly equal.

2.1.5 Ensuring sterile conditions

Before each experimental trial, the entire pilot plant system,
including the photoreactor in contact with the liquid, was
subjected to a sterilization process using a 70% ethyl alcohol
solution, which was circulated within the system for 20
minutes duration. Subsequently, the photoreactor was rinsed
with distilled water and left to dry under sunlight conditions.
Microbial growth during the sterilization and drying cycle of
the system was evaluated through periodic microbial
contamination tests conducted during the experimental
studies.

2.1.6 Determination of the sub-lethal photocatalysis
conditions and bacteria inactivation levels

To investigate the effects of sub-lethal photocatalysis on
bacterial activity, donor and recipient bacterial strains were
diluted in 0.8% NaCl solution to their initial concentrations
of 3.0-5.5 x 108 colony-forming unit (CFU) mL™* and added
to a 20 L feeding tank [23,38]. The photocatalysis process
was conducted with minimal amounts of photocatalyst and
reactive oxygen species (ROS), but for a sufficient duration
to observe the effects of oxidative stress on bacterial cells
and ARG transfer mechanisms (180 minutes). During the
optimization phase, process parameters were adjusted, and
the photocatalyst dose was set between 0.100 to 0.800 g L.

In order to evaluate bacterial viability following
photocatalytic treatment, liquid bacterial samples were
obtained, and agar dilution and streak plate methodologies
were employed. Each sample was streaked on three types of
selective agar plates containing corresponding antibiotics
including i) (200 pg/mL) streptomycin containing agar plates
for counting St R* ATCC 33694 strain, ii) ampicillin (100
pg/mL), kanamycin (50 pg/mL), tetracycline (16 pg/mL)
containing agar plates for counting Kan R*, Amp R*, Tet R*
E. coli J-53 (DSM-3876) strain and iii) agar plates containing
both ampicillin (100 pg/mL), kanamycin (50 pg/mL),
tetracycline (16 pg/mL) plus (200 pg/mL) streptomycin
antibiotics for counting the Kan R*, Amp R*, Tet R*, St R*
multi resistant strain. This way the donor, recipient, and
conjugated strains could be counted separately [45,46]. The
bacterial culture technique and serial dilutions of the reaction
solution were prepared using a sterile 0.8% (w/w%) NacCl
aqueous solution. The bacterial culture technique was
performed in triplicate, and the minimum detectable colony
number was approximately 2-3 CFU mL™. After incubation
at 37 °C for 2024 h, bacterial viable counts were determined
by enumerating the colonies.

2.1.7 Assessment of ARG transfer frequencies

The primary objective of this study was to experimentally
verify the transfer of resistance genes from a donor strain to
a recipient strain through plasmid RP4 [40,41]. To compare
and evaluate the occurrence and frequency of conjugative
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antibiotic resistance gene transfer, the following
experimental scenarios were investigated;

1) individual donor or recipient strains treated with
photocatalysis (PC) and then mated with the untreated strain,
and

I1) samples collected during simultaneous exposure of both
strains to PC treatment. To enable comparative evaluation,
reference studies were replicated under UV-A, UV-vis only,
and photocatalyst only conditions [42,47].

Considering the conjugative gene transfer; for E.coli the
donor: recipient ratio was not found to play a decisive role in
conjugative transfer frequency while conjugative transfer
frequencies did not exhibit significant alterations when the
initial bacteria concentrations > 10° CFU mL™* [22]. The
donor: recipient ratio parameter was set as 1:1, and initial
bacterial concentrations as 108 CFU mL* keeping values at
comparable levels to that referenced from recent literature
findings [23,38][48]. The mating duration has been set
between 4-24 hours during optimization studies.

Studies were carried out based on the pre-determined
sub-lethal process conditions that may provide reproducible
bacteria inactivation Kkinetics (as can be seen in Figure 4).
The initial bacteria concentration was set as 1.2-2.5 108 CFU
mL*. Individual bacterial cell suspensions are taken from the
feeding tank as a function of the PC process duration and
subjected to the conjugative gene transfer assessment (the
mating protocol). 1 mL samples were added to the 9 mL
Luria Bertani broth keeping volumetric donor/recipient ratio
as 1:1, and incubated for 20 hours at 37 °C conditions. Prior
to serial dilution, 100 uL aliquots were plated on Luria
Bertani agars (as triplicates) containing related antibiotics.
Recipients were determined by streaking onto LB plates with
200 ug L streptomycin. Conjugants were determined by
streaking onto LB plates with 100 ug L* ampicillin, 50 ug L-
! kanamycin, 16 ug L? tetracycline and 200 ug L™*
streptomycin [23,42,45,46].

Bacteria suspension of both donor and recipient strains at
pre-set initial concentration were gently circulated within the
reactor in the absence of photocatalyst, representative of the
reference conditions. The enumeration results were used in
the calculation of average colony counts (CFU mL™?) from
duplicate plates. Differences in colony counts across
replicate experiments remained below %8. The limit of
detection for the plating assay was 10 CFU mL™. The effect
of each individual strain exposure to PC treatment (donor or
strain) on conjugative gene transfer has been determined
based on the frequency of conjugative transfer value that was
calculated as = number of transconjugants (CFU mL™) /
number of recipient cells (CFU mL™) [38,39].

2.1.8 Experimental

The experimental design consisted of several steps: firstly,
sub-lethal photocatalytic (PC) conditions were determined
by optimizing the PC dose and process duration based on the
rate of bacteria inactivation [2,38]. The photocatalyst
nanoparticles/nanocomposites were then added to a bacterial
suspension with an initial concentration of 1.2-2.5 x 108 CFU
mL* at concentrations ranging from 100 to 800 mg L. The
weighed amount of photocatalyst was ultrasonicated for 10

minutes in distilled water before being added to the feeding
tank and magnetically stirred during the experiments. The
pH was maintained at 6.8. Samples were taken at various
time intervals throughout the process duration and
enumerated using an agar dilution and streak plate procedure
to determine the number of surviving bacteria in CFU mL™
units.

To assess the effect of photocatalytic oxidation on
conjugative gene transfer during the simultaneous exposure
of both donor and recipient strains, a mixture of E. coli
ATCC33694 recipient strain and E. coli DSM3876 donor
strain in a 9:1 ratio was used [46]. The ten-fold excess was
used to provide suitable conjugative pair formation
conditions comparable to recent literature findings. The total
number of enumerated transconjugants was expressed as a
percentage against the total number obtained in the no-
treatment reference conditions. One mL sample were taken
along the PC process duration and subjected to the
conjugative gene transfer assessment protocol.

3 Results and discussion

3.1 Material characterization

Mainly the characterization results are briefly
summarized with refer to the previous study comparing
different NCs regarding their photocatalytic activities and
bacteria inactivation potentials [44]. The physical attributes
of a sample can be characterized by its morphology, which
describes its surface area structure. The CFT-GO
nanocomposite exhibits a mesoporous structure with a
narrow distribution of pore sizes, affording high adsorption
capacities (35.2 m? gt BET, 390 m? g* Langmuir) [44].

Figure 2. SEM analysis results of CFT-GO 3%
nanocomposite
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Nitrogen adsorption-desorption measurements revealed
an average pore size of 13.9 um. Additionally, the grain size
was determined to be 75 nm based on XRD analysis and the
application of the Scherrer equation, as it was recently
reported [44].

The diffuse reflectance analysis was employed to
evaluate the reduced band gap of CFT-GO. The role of free
excitation energy of the bandgap on the bacteria inactivation
potential of graphene-oxide supported nanocomposites was
examined using photoluminescence analysis. The visible
light absorption shifts resulting from the addition of
graphene-oxide into the nanocomposite were analyzed with
the help of Diffuse reflectance analysis. A previous study
presented a comprehensive  description of the
characterization results [44].

3.2 Bacteria inactivation kinetics — determining the sub-
lethal photocatalysis conditions)

In the experimental conditions investigated, the photo-
catalytic (PC) process under continuous mode of operation
using CFT-GO (carbon felt supported titanium dioxide-
graphene oxide) photocatalyst was capable of maintaining
sub-lethal conditions for 180 minutes at an initial
concentration of 200 mg L (Figure 3). Upon exposure to
UV-vis irradiation, a significant level of inactivation (2
logarithmic reduction) was achieved, with the inactivation
profile being evenly distributed throughout the process and
not featuring any distinct logarithmic reduction phase
[23,49]. It was found that at higher doses of 600 and 800 mg
L!, the CFT-GO-based UV-vis driven photocatalysis
resulted in removal rates of >5 logarithms. A comparison
with the relevant literature revealed that a >4 logarithmic
reduction was reported in a CPC flow-through reactor and
that an optimum TiO, concentration of 0.200 g L* was
identified for efficient bacteria inactivation in a CPC system.
During the re-circulating continuous mode of operation, the
initial delay (that is represented by the shoulder behavior) in
the inactivation profile gradually decreases with increasing
PC dose (Figure 3).

During the re-circulating continuous mode of operation,
the initial delay in the inactivation profile, as represented by
the shoulder behavior, gradually diminishes with an increase
in the PC dose (as shown in Figure 3). At higher initial
concentrations of PC, the logarithmic phase of inactivation
becomes evident, and the inactivation rates gradually
increase over time, similar to the findings reported with Mn-
doped TiO. photocatalyst in a batch reactor and TiO;
photocatalysts in a flow-through CPC reactor (as reported in
[50,51]. Several studies have demonstrated that for high PC
concentrations, the efficiency of the process decreases due to
the shielding effect that inhibits ROS formation [52].
However, this effect is considerably less pronounced in the
continuous re-circulating mode of operation. Theoretically,
in this mode of operation, the liquid is fed into the reactor as
a thin layer, with the photocatalyst and bacteria
homogeneously mixed within the liquid that flows down
through the inner wall of the reactor. The liquid layer is
directly exposed to UV irradiation, and the photocatalysis
process is carried out more efficiently. Reproducible

individual PC bacteria inactivation rates were obtained for
donor, recipient, and mated (transconjugant) strains (as
shown in Figure 5).

3.3 Effect of photocatalyst type and the mode of operation
on bacteria inactivation kinetics

A comparative evaluation of PC bacteria inactivation by
CFT-GO and TiO; under two different modes of operation
was carried out. The hole oxidation mechanism on the CFT-
GO surface adsorbed cells may have resulted in a higher
level of bacterial inactivation compared to TiO2-UV-A based
photocatalysis. However, in batch mode, the solution
becomes opaque as a result of the heterogeneous
photocatalysis conditions where the photocatalyst and the
reactants are in seperated phases. As a result, UV irradiation
can not effectively penetrate through the liquid, which may
hinder the PC process rates. The shielding effect is more
apparent under these conditions. Real wastewater matrixes
might require higher UV energy due to absorption and
shielding of UV-energy by naturally occurring wastewater
constituents and photocatalysts [29,53].
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Figure 3. Effect of initial CFT-GO PC concentration on
bacteria inactivation rates [Clo bacteria: 108 CFU mL™?

CFU mL-1

A continuous re-circulating mode of operation has
advantages such as overcoming UV energy limitations,
resulting in simultaneous and more efficient photocatalyst
activation, generation of ROS species, and bacteria
inactivation mechanisms occurring in a unit volume of
bacteria-photocatalyst suspension. TiO,-UV-A based PC
resulted in an initial delay and post delay in the bacteria
inactivation profile that was more spread over time than UV-
vis driven CFT-GO photocatalysis, with a limited LOG
inactivation phase, ending up with a total 1 LOG removal.
On the other hand, CFT-GO based photocatalysis resulted in
2 LOGs of removal, with the bacteria inactivation profile in
batch mode being more subject to initial delays and spread
over time, with inactivation rates reaching a maximum of 1.5
LOG for both TiO,-UV-A and CFT-GO-UV visible driven
photocatalysis (Figure 4). The findings are comparable with
those obtained for sub-lethal oxidative conditions provided
by UV-vis driven 50 mg L* nano sphalerite and UV365 nm
driven TiO, of 100 mg L™ photocatalysis [23,49]. According
to literature comparison, there were no variations regarding
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bacterial strain resistance to photocatalytic induced oxidative
stress conditions between acquired resistance of laboratory
strains or natural strains from the same type carrying
different ARGs [54,55].
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Figure 4. Rate of photocatalytic bacteria inactivation with
CFT-GO, and TiO2 photocatalysts and at reference
conditions a) Continuous and b) Batch mode of operation
pH: 6.8, CIPC =0.200 g L-1
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Figure 5. PC bacteria inactivation profiles of individual
bacterial strains under a) UV-vis driven CFT-GO
photocatalysis and b) UV-A driven TiO2 photocatalysts, at
continuous mode of operation, pH: 6.8, [C]IPC = 0.200 g L-
1

3.4 Effect of photocatalyst type and the mode of operation
on bacteria inactivation kinetics

The present study aimed to investigate the potential of
E.coli DSM 3876 and E.coli ATCC33694 strains for RP4
plasmid-mediated conjugative gene transfer, based on
preliminary experiments. The results indicated that
successful gene transfer occurred between the two strains. To
determine the optimal mating duration, the number of trans-
conjugants formed was assessed at various time points. The
findings showed that a mating duration of 20 hours yielded
the highest number of trans-conjugants, which is consistent
with previous studies. Consequently, a total mating duration
of 20 hours was adopted for the subsequent evaluation of
conjugative transfer (Figure 6) [49].
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Figure 6. Effect of mating time on the conjugative transfer
from E. coli DSM3876 (donor strain) to E. coli ATCC33694
(recipient strain). Donor: Recipient ratio set as 1:1, [C]0=
108 CFU mL-1.

In the absence of a limiting factor for recipient cells
during conjugation, the availability of donor cells was
increased by inducing cell permeability through the
generation of intracellular reactive oxygen species (ROS).
When intact recipient cells were exposed to photocatalytic
(PC) oxidation before mating with donor cells, both the
frequency and the number of transconjugants increased up to
60 minutes of process duration, after which they remained
stable and followed a decreasing trend (as illustrated in
Figure 7). Conversely, when recipient cells were mated with
intact donor cells, the frequency of conjugative transfer
increased following 90 minutes of photocatalysis process
duration. The total number of transconjugants initially
increased sharply, then declined and eventually stabilized at
1-2 x 10> CFU mL™. Unlike previous findings in the
literature, the decline in conjugative transfer cannot be
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attributed solely to loss of bacterial viability. The PC-
mediated bacterial inactivation was carried out under sub-
lethal conditions, allowing for continuous stress response in
bacteria during the process duration [38,49]. Literature
suggests that recipient-induced scenarios play a more
significant role in assessing changes in the conjugative gene
transfer caused by the applied treatment processes.
Accordingly, as shown in Figure 7, both the frequency and
absolute abundance of trans-conjugants following the PC
process in continuous mode of operation remained
significantly lower than the values obtained in batch mode of
operation [22,23,38].
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circulating mode of operation.

In the comparative analysis of the impact of two
photocatalysts on conjugative transfer, it was observed that
the inhibition effect of TiO,-based UV-A driven
photocatalytic oxidation was limited in comparison to that of
CFT-GO nanocomposite. The observed difference could be
attributed to the differences in the extent and nature of
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bacterial cell damage mechanisms induced by the two
photocatalysts, as depicted in Figure 8.

Comparing, photocatalytic oxidation mechanism of two
photocatalysts on the donor bacteria; exposure to a lower
concentration of reactive oxygen species (ROS), and limited
level of surface interactions between the photocatalyst and
bacterial cells may bring along the differences observed with
use of TiO,. However, in the case of CFT-GO
nanocomposite, the hydrophobic-hydrophilic transition of
UV-irradiated graphene oxide may have enhanced the
adhesion and facilitated the effect of hole oxidation
mechanism on surface-adsorbed bacterial cells, also
including cells in suspension form. The surface properties,
dominant ROS formation, and bacterial cell oxidation
pathways of highly porous reduced graphene-oxide foams in
the presence of peroxymonosulfate were discussed in detail
in a previous study [56], where the partial restoration of p-p
conjugation within graphene sheets was also discussed. The
study reported that the CFT-GO nanocomposite had graphite
layer defects, including C disorders [44].

Previous research has reported similar results in utilizing
photocatalytic inactivation techniques with TiO.&Ag
nanocomposites incorporating graphene-oxide, which have
demonstrated limited effects on promoting antibiotic
resistance gene (ARG) transfer [42]. More recent
investigations have shown that highly porous reduced
graphene-oxide with improved adsorptive and photocatalytic
properties can enhance the photocatalytic treatment of
antibiotic-resistant bacteria (ARB) and control ARG
dissemination properties [29,42,57,58]. Additionally,
another study proposed that the transfer of graphene-oxide-
mediated ARGs could be affected by the reduction pathway
of the nanomaterial [39].

When both donor and recipient strains are exposed to
photocatalytic oxidation simultaneously, it leads to
variations in both the rates of inactivation and formation of
trans-conjugants compared to untreated conditions (Figure
9a, 9b). This is due to sub-lethal oxidative stress induced by
photocatalytic oxidation, which enhances the transfer of
antibiotic resistance genes (ARGSs) during conjugation, while
at the same time, the high adsorption capacity and adhesive
surface interactions of CFT-GO with bacterial cells inhibit
conjugation [2,26,59].

The incorporation  of  mesoporous CFT-GO
nanocomposite and its high BET surface area exhibit
advanced adhesive properties leading to increased rates of
bacteria inactivation. Literature reports demonstrate that
lower CFT nanocomposite doses result in higher
photocatalytic activity, while the addition of varying doses
of GO into the nanocomposite leads to increased bacteria
inactivation rates (e.g. CFT-GO 3% and CFT-GO 1%
exhibited higher rates of bacteria inactivation compared to
TiO,-based photocatalysis with k values of 3.43, 1.54, and
0.66, respectively, according to the HOM model) [44].

In this study, the adsorption capacity of the mesoporous
CFT-GO nanocomposite limits the possibility of random
pairings of donor and recipient strains in the aquatic
environment, thereby limiting the increase in conjugative
transfer. During the early stages (0-30 min) of PC treatment,

the conjugative transfer is under adsorption limiting
conditions and PC inactivation rates are high, while between
45-60 minutes, lower PC inactivation rates are observed and
conjugative transfer is still limited due to the inhibiting effect
of the CFT-GO nanocomposite photocatalyst. Between 90-
120 minutes, high PC inactivation rates and possible
desorption of adsorbed bacterial cells and extra-cellular
genetic material result in the enhancement of conjugative
transfer. At the end of 180 minutes, the percentage of mated
pairs compared to the no-treatment conditions shows a
significant decrease due to the depletion of recipient strains
and a general reduction in the total number of bacteria cells
(CFU mL™). Bacterial adsorption near photocatalytic sites
not only favors efficient bacteria inactivation but also has the
potential to promote the extracellular ARGs capturing and
degradation mechanism. Thus, the GO-based photocatalyst
may mitigate the HGT mechanism by transformation besides
its physical barrier function between the surface-adsorbed
donor and recipient strains. On the other hand, a delay in the
onset of the gene pair conjugates was evident for the batch
mode of operation (in accordance with the obtained PC
bacteria inactivation rates) compared to the continuous mode
(Figure 9).

Recent literature findings suggest that the increased
affinity between bacteria and nitrogen-doped reduced
graphene-oxide (NrGO) is attributed to the enhanced
hydrophobic interactions between the photocatalyst surface
and bacterial surface proteins [29]. The state of stress
response and vitality of bacteria are critical factors in
determining the conjugative transfer of antibiotic resistance
genes (ARGs) [37]. During visible light-driven
photocatalysis, prolonged exposure may increase the
conjugative transfer rates due to long-term vitality of
bacteria [38]. In a pioneering study, the transfer mechanisms
of resistance genes between K12-susceptible and J53-
rifampicin-resistant strains of E. coli bacterial cells (which
were damaged but not completely inactivated under
oxidative conditions created by the FK process) were
investigated in distilled water and secondary treatment
effluent environments. The study reports that the oxidative
stress level of E. coli and the formation rate of conjugated
gene pairs are reduced due to the reactive oxygen species
(ROS) scavenging activity of the organic and inorganic
components in the secondary treatment effluent, which is
described as the mechanism of suppressing horizontal gene
transfer (HGT) [46].

In this study, a maximum increase of 2.5-fold in the
number of transconjugants was observed during
photocatalytic oxidation, and this percentage remained
below 1 by the end of the process duration, in comparison to
the reference conditions where no treatment was applied
(Figure 9). Since the study was conducted in a distilled water
matrix, no ROS scavenger or favorable conditions for
bacterial regrowth were present. The adhesion mechanism
may have played a significant role in the interactions and
contact between donor and recipient bacterial strains,
preventing gene transfer channels and thus inhibiting the
conjugative mechanism [34,39,42]. The unique lamellar
structure and high adsorption properties of GOs could encase
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bacterial cells and prevent the cell exchange mechanism with
the external environment.
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Figure 9. a) Bacteria inactivation and b) increase
percentages of number of transconjugant strains during
simultaneous exposure of donor and recipient strains to
CFT-GO UV-vis PC under continuous mode of operation,
Donor: Recipient ratio set as 9:1, [CJo bacteria: 108 CFU mL"
1

4. Conclusion

The utilization of a UV-vis driven photocatalyst based on
Graphene-oxide Ti-CuFe;04 under sub-lethal photocatalytic
conditions demonstrated enhanced bacterial inactivation and
reduced conjugative gene transfer compared to reference
UV-A TiO.. For advanced oxidation processes to gain wider
acceptance and be implemented at a larger scale, it is crucial
to understand their impact on the mechanism of ARG
propagation. The mode of process operation was observed to
have a significant effect on the vitality of recipient cells, with
the continuous mode of operation mitigating the transfer of
ARGs and leading to a drastic decrease in the total number
of cultivable bacteria cells following exposure to the CFT-
GO based photocatalysis. However, it should be noted that
the possibility of ARG exchange via natural transformation
was not considered in this study, and further research is
needed to simultaneously analyze both aspects of ARG
transfer at the molecular scale. Experiments in natural water
matrices and/or representative conditions have the utmost
importance for large-scale applications to become

widespread. In order to achieve effective bacterial
inactivation and control of ARGs, it is recommended to
consider the reactor configuration and operating regime in
photocatalysis, in addition to the selection of the appropriate
photocatalyst.
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