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Photocatalysis driven by green energy is ideal for water purification. To gain a deeper understanding of the
underlying mechanism behind the photocatalytic inactivation of bacteria, a novel visible-light-driven Fe304/
MoS,/BiOI (FMB) photocatalyst was synthesized, and E. coli disinfection was demonstrated. Complete inacti-
vation of E. coli was achieved in 100 min by FMB exposed to 30 mW/cm? of > 400 nm light. FMB can also
effectively reduce the total number of bacteria and heterotrophic bacteria in actual source water. The photo-
chemical experiments revealed that h™, ", HyOg, 102 and O3 were responsible for inactivation reactions. The
semipermeable membrane experiments provided further evidence that contact between the photocatalyst and
the bacteria was necessary to achieve inactivation. During the disinfection process, the zeta potential of the cells
first decreased and then increased, while the particle size first increased and then decreased, indicating the
rupture of the cells. Scanning electron microscopy, potassium ion leakage, and changes in cell surface hydro-
phobicity and hydrophilicity all confirmed the destruction of the E. coli cell membrane at the molecular level.
The B-GAL activity of E. coli decreased, and the activities of superoxide dismutase (SOD) and catalase (CAT)
increased initially, but subsequently decreased, further demonstrating disruption of the cell membrane and the
leakage of cell contents. Transcriptomics was employed to understand gene expression and confirm bacterial
membrane damage followed by oxidative stress response. This work provides a demonstration of the FMB
inactivation by visible light and a mechanistic understanding of inactivation of E. coli.

1. Introduction excited by ultraviolet light (4% of incident solar energy) [7,8], Bi-based

photocatalyst is considered ideal materials for natural solar water

Bacterial contamination of drinking water supplies is a global issue
[1,2] and contamination of drinking water by waterborne pathogenic
microorganisms is widespread in countries at all levels of economic
development. To prevent the spread of disease, safeguard human health,
and simultaneously ensure clean access to water, disinfection of water
must be conducted. Commonly used disinfection processes such as
chlorination, ozonation and ultraviolet irradiation require expensive
chemicals, can form unwanted disinfection by-products, and/or are
energy intensive [3,4].

Photocatalysis technology generally produces singlet oxygen (105),
superoxide radicals (e0O3), hydroxyl radicals (¢OH), electrons (e™) and
holes (h'), all of which are highly reactive and can degrade organic
matter or inactivate pathogens without producing toxic byproducts
[5,6]. Compared to traditional catalysts (such as TiO5) that can only be

disinfection due to their excellent optical properties [9-15]. Single- or
several-layer MoS; nanoplates are relatively simple to produce and have
a lower band gap (1.2 eV) [16], high specific surface area, and strong
visible light adsorption [17]. Compared with pure BiOI and MoS, het-
erostructured MoS,/BiOI (MB) has been shown to have increased pho-
tocatalytic activity because of its greater number of catalytic sites, faster
photogenerated carrier transfer, and superior visible light absorption
ability [18]. However, in practice, it is difficult to recover well-dispersed
MB from suspension.

One recovery method is to fix the photocatalyst to a more readily
recoverable material such as zeolite or carbon fiber [10,19], but the
photocatalytic performance tends to be diminished due to reduced light
irradiation and interactions with the carrier media [20,21]. Magnetic
nanoparticles combined with photocatalysts can be easily separated
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Fig. 1. Process flow diagram for synthesizing photocatalyst.

from water without affecting their photocatalytic performance [22].
Nontoxic Fe3O4 occurs naturally and contains both Fe?* and Fe® in its
structure. The inverse spinel structure of Fe*>*[Fe?"Fe37]07 is benefi-
cial for electron transfer as a narrow-bandgap semiconductor [23].
Fe304 nanoparticles also exhibit superparamagnetic behavior at stan-
dard temperature and pressure. Further, the addition of Fe oxides can
significantly extend the photoresponse range of wide-band gap semi-
conductors [24]. For example, when exposed to visible light, addition of
Fe304 to a photocatalyst resulted in faster pollutant degradation kinetics
compared to the same photocatalyst without Fe3O4 [25]. There has not
been, however, any focus on developing a magnetic composite Fe3O4/
MoS,/BiOI (FMB) photocatalyst for visible-light-driven (VLD)
disinfection.

On the other hand, there is little research on the bactericidal
mechanism of Bi-based photocatalyst. Existing technologies mainly
focus on the degradation of bacteria before and after photocatalyst
treatment [26]. Therefore, other technologies should be developed to
accurately tell the exact story of the bacterial degradation during the
process. To better understand the disinfection mechanism, molecular
biology and instrumentation analysis technologies must be combined.
Overall, the purpose of this study is to synthesize magnetic separable
BiOI/MoS; microspheres that can disinfect microorganisms when
exposed to visible light. The actual application potential was explored
by applying it to the water source water of a drinking water treatment
plant in Shanghai, China. Finally, the main disinfection mechanism was
revealed by examining the effects of the photocatalyst on the cellular
molecular and transcriptomic levels during the process.

2. Materials and methods
2.1. Synthesis and characterization of Fe304/MoS2/BiOI microspheres

Details of the reagents used in this study are provided in Text S1. Bi
(NO3)3 reacts with KI to form BiOI under hydrothermal conditions.
Synthesis of MB with a mass ratio of MoS; to BiOI of 0.01 was carried out
according to a previous study with slight modification [15]. According
to the amount of MoS,, the acquired photocatalysts were denoted as
Mpo.005B, Mg.01B and My o2B. Subsequently, Fe3O4 modified MB micro-
spheres were prepared by a hydrothermal method. Text S2 provides a
detailed description of the fabrication process for BiOl, MB, and FMB, as
illustrated in Fig. 1.

The morphology of the photocatalyst was determined by a scanning
electron microscopy (SEM, Nova NanoSem 450, FEI). The crystalline
structures and the valence states of the catalyst were characterized by
powder X-ray diffraction (XRD, Bruker D2 PHASER) and X-ray photo-

electron spectroscopy (XPS, Perkin Elmer PHI 5000C). The UV-visible
diffuse reflectance spectrum (DRS) was measured using a UV-vis spec-
trophotometer (UV-2600, Shimadzu) with barium sulfate as the refer-
ence. The optical band gap energies (Eg) of samples were calculated by
the Kubelka-Munk function [27]:

ahv = A(hv — E,)"? (@)

where a, h, v, Eg and A are the absorption coefficient, Planck con-
stant, light frequency, band gap, and a constant, respectively. n is a
constant which is dependent on the optical transition of a semiconductor
(for direct transition, n = 1; for indirect transition, n = 4). The valence
band value (Eyg) and conduction band value (Ecp) of photocatalyst are
calculated by equations (2) and (3) [27]:

Eyg =X —E,+0.5E, @

Ecp = Evp — E, 3

X represents the absolute electronegativity of the semiconductor (for
BiOI, MoS; and Fe30y4, the X values are respectively 6.20, 5.32 and 5.78
eV) and E, represents the energy of free electrons on the hydrogen scale
(4.5 eV).

2.2. Photocatalytic disinfection performance

A gram-negative strain of E. coli K-12 (ATCC 25922) was selected as
the indicator bacteria to test the photocatalytic activity of the prepared
FMB and to facilitate comparison to previously published literature.
Details about the preparation of bacteria growth and stock suspensions
can be found in Text S3. The prepared bacteria stock concentration was
typically 1.0x10% CFU/mL.

For VLD disinfection experiments, a UV cutoff filter (A > 400 nm)
was placed in the light path to exclude the UV portion of the light source
(Xenon lamp, 500 W, XE-JY500, Beijing NBeT Co.). The distance be-
tween the light source and liquid level of the untreated water was 20 cm
and the light intensity on the surface of the reaction suspension was 30
mW/cm? as measured by radiometer (TES1333, TES Electrical Elec-
tronic Corporation). In a 100 mL quartz beaker, 7.5 mg of photocatalyst
was dispersed in 49.5 mL sterilized saline (15 mM NaCl, pH = 7) by 10
min of sonication. Following, 0.5 mL of bacteria stock suspension was
added to reach an initial bacteria concentration of 10® CFU/mL. Prior to
irradiation, the suspension was stirred for 10 min to achieve adsorp-
tion—desorption equilibrium. The temperature of the reaction system
was maintained at 25.0 &+ 0.1 °C by the circulating water between the
double wall of the reaction beaker.

During irradiation, the solution was stirred continuously via stir bar
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Fig. 2. (a) Disinfection of E. coli by 150 mg/L as-prepared photocatalyst irradiated with visible light or in the absence of light; (b) Recycling tests for FMB pho-
tocatalytic inactivation of E. coli by 150 mg/L FMB; (c) Raw water disinfection without FMB or with FMB (150 mg/L) under visible light irradiation; (d) magne-

tization curves of the fresh and used FMB.

with a stirring rod at 300 r/min. At given time intervals 0.1 mL of the
reaction suspension was collected. Viable cell density was determined
by the standard plate count method [28]. Serial 10-fold dilutions were
performed and 0.3 mL of the diluted samples were evenly spread on a LB
petri dish and cultured at 37 °C for 16 h. CFU on the plate was then
counted. Based on the application of 0.3 mL and the need for at least one
CFU to be present for detection, the detection limit (DL) was 4 CFU/mL.
Blank control experiments were performed without photocatalyst, dark
control experiments were conducted without irradiation. Each set of the
experiments was conducted in triplicate. The average of results is shown
in the figures and the standard deviation of triplicate experiments are
shown as the error bars.

The potential for FMB recovery and reuse was investigated by cycling
experiments. After evaluating the disinfection efficacy of FMB in an
initial cycle, FMB was recovered by placing a magnet outside of the flask
and decanting the remaining suspension. FMB was washed with 70%
ethanol solution and deionized water three times to remove residual
bacteria. FMB was then dried at 70 °C overnight and used again in the
following experimental cycle. The crystalline structure and the magne-
tization curves of the virgin FMB and FMB which had been used five
times were characterized by XRD, fourier transform infrared (FTIR), and
a vibrating sample magnetometer (VSM, LakeShore 7404, USA).

Source water samples were collected from the intake of a conven-
tional drinking water treatment plant in Shanghai treating Yangtze
River water. The water samples were collected in amber glass bottles
and stored at 4 °C. Raw water quality characteristics are listed in Text
S4.

2.3. Photochemical reaction processes

To understand the potential for photocorrosion of FMB and loss of
metal ions to the aqueous phase, which may act to directly inactivate the
bacteria, 7.5 mg FMB was added into 50 mL sterilized deionized water
and irradiated with visible light. Three 2 mL samples were collected
after 100 min and filtered with 0.22 pm membranes. Concentrations of

Bi>*, Mo*" and Fe3* were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 8000, PerkinElmer,
USA).

The disinfection mechanism of FMB was explored with scavenging
experiments. Sodium oxalate (1 mM), 4-hydroxy-2,2,6,6-tetramethylpi-
peridine 1-oxyl free radical (TEMPOL, 0.2 mM), isopropanol (IPA, 0.05
mM), Fe(II)-ethylene diamine tetraacetic acid (EDTA) (0.05 mM), po-
tassium chromate (0.2 mM) and histidine (1 mM) were used to scavenge
h'*/eOHgyrface, 03, ®OH, Hy0,, €, and 102, respectively. Electron
paramagnetic resonance (EPR) spectroscopy analysis was conducted
with a JEOL-FA200 spectrometer and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 4-amino-2,2,6,6-tetramethylpiperidine (TEMP) as spin
traps [14,29]. The concentration of HyO5 was determined by titanium
potassium oxalate method [28]. The level of statistical significance in
paired sample t-test was set to 5%.

A semipermeable membrane system was used to separate the E. coli
suspension and FMB to elucidate the roles of h' and e compared to
diffuse reactive oxygen species (ROS). The molecular weight cutoff of
the semipermeable membrane was 8000-12000 Da, which inhibited
passing of E. coli cells and FMB, but did not affect the movement of water
and ROS.

2.4. Analytical methods for understanding inactivation

SEM was used to visualize changes in bacteria morphology. Detailed
descriptions of the method are provided in Text S6. For the measurement
of K leakage from E. coli cells, at given intervals, 1 mL of the irradiated
bacteria suspension was centrifuged and the supernatant was analyzed
by inductively coupled plasma mass spectrometry (ICP-MS, NexION
300D, PerkinElmer, USA). The activity of -GAL was calculated by
measuring absorption of 400 nm light via spectrometer (i.e., p-GAL
endoenzyme in bacteria decomposed by p-nitrobenzene-p-D-gal-
actopyranose to p-nitrophenol, which has a maximum absorption peak
at 400 nm). Superoxide dismutase (SOD) activity was measured using
SOD WST-8 Assay Kits (S0101, Beyotime, China), and the catalase (CAT)
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Fig. 3. (a-c) SEM images of BiOI, MB and FMB, respectively; (d-i) The XPS spectra of Bi 4f, I 3d, Mo 3d, S 2p, Fe 2p and O 1 s for FMB, respectively.

activity was evaluated with Catalase Assay Kits (S0051, Beyotime,
China). The determination of the zeta potential and particle size of
bacteria was carried out using the Zetasizer Nano ZS (Malvern Instru-
ment) both before and after treatment.

The determination of the cell surface hydrophobicity of E. coli was
carried out using the microbial adhesion to hydrocarbons method. To do
this, 1 mL of bacterial suspensions were sampled at specific time in-
tervals and mixed with 0.4 mL of n-hexane. After 15 min of standing, the
mixture was separated into two phases, and the absorbance at 600 nm of
the lower phase was measured. A phosphate buffer solution (PBS) was
used as a blank control. The cell surface hydrophobicity value was
determined using equation. (4).

COnerlﬁ()(),,m — Testsoonm

4

Cell surface hydrophobicity = Control
ONniroleoonm

2.5. Transcriptomics

E. coli and 150 mg/L FMB were dispersed in 100 mL saline solution
(15 mM NacCl, pH = 7). After irradiation for 40 min, the bacteria sus-
pensions were separated by centrifugation at 8000 r/min for 5 min.
E. coli was also irradiated alone as a control. The extraction of the total
RNA, fragmentation of mRNA, and sequencing with an Illumina HiSeq
xten platform were performed by Shanghai Majorbio Bio-pharm Tech-
nology Co., Ltd (Shanghai, China). High-quality RNA samples (OD260/
280 =1.8-2.2, RIN > 6.5, RNA concentration > 100 ng/pL) were used to
construct a sequencing library. To identify significantly differentially
expressed genes (DEGs) between samples, the expression level of each
transcript was calculated according to the transcripts per million reads
method [1]. Gene function was annotated and enriched by gene
ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) [1].

3. Results and discussion
3.1. Disinfection performance of as-prepared photocatalysts

Performance of the photocatalysts was first assessed at a fixed con-
centration of 150 mg/L catalyst by measuring the reduction of E. coli
viability after exposure of a catalyst/E. coli mixed solution to visible
light. In control experiments with the photocatalyst but without light,
the cell density of E. coli was slightly decreased at longer durations (e.g.,
160 min) when exposed to BiOI, MB, or FMB, potentially due to E. coli
adsorption to the photocatalyst surface (Fig. 2a and Text S7). In the
control experiment without using photocatalysts but under illumination,
the survival rate of E. coli only decreased by 19% after exposure for 100
min. However, when E. coli was irradiated with photocatalyst for 100
min, the removal of E. coli by My ¢;B was 1.56 CFU/mL, 0.706 CFU/mL,
and 0.4413 CFU/mL higher than that by BiOI, My gosB, and Mg 2B,
respectively, indicating that the photocatalytic performance of My 1B
was the best among these materials. This may be due to the improved
separation of photogenerated charge carriers in BiOI photocatalyst by
loading MoS,, while excessive loading of MoS; will block the active sites
of photocatalytic reaction and lead to the decrease of photocatalytic
performance [15]. Moreover, further modification of My g1 B with Fe304
can completely inactivate E. coli in the system within 100 min. We have
also reviewed a number of photocatalytic disinfection research studies
and compared their disinfection properties (Text S9). Compared to most
reported photocatalysts, FMB exhibits a superior disinfection effect.

In Fig. 2b we show that there was no or little change in the photo-
catalytic inactivation of E. coli over 5 cycles of irradiation followed by
magnetic FMB recovery and cleaning. The slight decrease in the steril-
ization efficiency observed during the 5th cycle (90 % reduction in CFU/
mL compared to 100 % in the first run) may be due to the incomplete
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Fig. 4. (a) XRD diffractogram, (b) DRS spectra, and (c) Bandgaps of the obtained photocatalyst; (d) Disinfection efficiency by FMB in the presence of different
scavengers under irradiation, paired t-tests were performed at the 95% confidence level. * indicates p < 0.05 for a paired t-test between the indicated experiment and
the control without a scavenger; (e) EPR spectra of TEMP-'0,, DMPO-e05 and DMPO-eOH after irradiation for 60 min in the presence of FMB; (f) Disinfection by FMB

in a membrane system which separated irradiated FMB and the E. coli.

removal of bacterial fragments absorbed to the surface of FMB, blocking
surface active sites. The FTIR and XRD peak positions of FMB were not
significantly shifted before and after being used for the fifth time, as
displayed in Text S10. Based on this result, we believe that the photo-
degradation of FMB is not significant during the photocatalytic process,
and the crystal structure remains intact without changes.

To understand the potential for practical application in drinking
water treatment, disinfection of total viable cell count and heterotrophs
were assessed in a sample of water taken from a reservoir which acts as
the source water for a drinking water treatment plant in Shanghai. In
Fig. 2c we show that the total viable count and heterotrophic bacteria in
raw water were completely inactivated after photocatalytic treatment of
100 and 120 min, respectively. Fig. 2d shows that the magnetic prop-
erties of the sample did not fade too much after 5 times of application,
and could still be easily recovered by applied magnetic field (inset).
Overall, the potential for reuse and longevity of the material were
demonstrated. Experiments of water disinfection with raw water show
that FMB was easy to recover and had good disinfection efficacy even

after repeated use. Although the irradiation time needed for disinfection
is somewhat long and thus likely precludes its use at centralized drinking
water treatment facilities, FMB would be highly useful for off-grid
treatment scenarios such as disaster relief, where repeated shipment
and storage of oxidant disinfecting chemicals is not practical.

3.2. Characterization of photocatalyst and photochemical reaction
processes

The morphology and structure of the synthesized photocatalysts
were investigated by SEM. As shown in Fig. 3a, the 3D flower-like BiOI
microspheres were ~ 1.7 ym in diameter and were tightly assembled by
intersecting nanosheets. The surface of pure BiOI was evenly covered
with abundant nanopores. When MoS; was deposited on the surface of
BiOI (Fig. 3b), no fragments of MoSy were found around the MB mi-
crospheres, indicating that MoS; crystalline nucleus was formed and
grew in-situ on the surface of BiOl. When Fe3O4 was deposited onto the
surface of MB, the diameter increased slightly and there was a visible
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Fig. 5. SEM images of E. coli cells after 0 min (a), 20 min (b), 40 min (c), and 100 min (d) of irradiation in the presence of FMB.

increase in the number of nanosheets (Fig. 3c). By energy dispersive X-
ray spectroscopy (EDS) (Text S11), Bi, Mo and Fe were homogeneously
distributed throughout the flower-like structure.

The surface electronic state and chemical composition of FMB were
also surveyed by XPS. From the Bi 4f spectra (Fig. 3d) two strong ab-
sorption peaks at 159.4 and 165.7 eV can be seen, which are indexed to
Bi 4f 7/2 and Bi 4f 5/2, respectively. This suggests that the chemical
valence state of Bi element in the FMB microspheres is + 3. For the I 3d
(Fig. 3e), two typical peaks of I 3d 5/2 and I 3d 3/2 are located at 620.1
and 631.6 eV, respectively. This is the characteristic peak of I in the
FMB samples. Mo 3d has two characteristic peaks at 232.1 and 235.7 eV,
corresponding to Mo 3d 5/2 and Mo 3d 3/2, respectively, indicating the
feature of Mo** in FMB composites. In Fig. 3g, the peaks at 160.4 and
165.8 eV are attributed to the 2p state of S in MoS,. Similarly, two
characteristic peaks located at 711.4 and 715.3 eV belong to Fe 2p 3/2,
while two peaks observed at 725.1 and 728.8 eV belong to Fe 2p 1/2,
and correspond to Fe (II) and Fe (II) in Fe3O4. The peak at 721.6 eV
belongs to the satellite peak of Fe (III). The O 1 s spectrum of FMB
(Fig. 3i) shows two peaks at 531.0 and 528.7 eV attributable to adsorbed
oxygen on the surface and the lattice oxygen, respectively. The above
results further demonstrate that Fe3O4 and MoS; has been closely
coupled with BiOL.

The phase and crystalline structure of the photocatalyst was char-
acterized by XRD and the results are shown in Fig. 4a. Two diffraction
peaks and two other weak peaks of BiOI were present at approximately
20 of 29.6°, 31.7°, 45.4° and 55.2°, which correspond to the (102),
(110), (200) and (212) planes, respectively. The results are in good
agreement with the standard tetragonal phase BiOl phase diagram
(JCPDS 00-010-0445). The diffraction peaks of MoSy/BiOI at 26 of
29.2°,33.0°, 38.2°, 48.0°, 58.3° and 66.5° are representative of a typical
hexagonal MoS; crystal with (003), (101), (104), (107), (110) and
(116) planes (JCPDS 03-065-6963). The (110) plane of BiOI had a
slight right shift (0.211°) due to in situ ion exchange between MoS; and
BiOI. The diffraction peaks of the synthesized FMB were representative
of BiOl, MoS, and Fe3Oy4, as expected. The diffraction peaks at 26 of
14.9°, 23.7°, 30.1°, 32.0°, 43.1°, 47.2°, 53.4° and 56.1° correspond to a
face-centered cubic structure with (010), (112), (114), (022), (220),
(216), (314) and (231) planes (JCPDS 01-076-0956).

By DRS (Fig. 4b-c), the estimated bandgap energy of BiOl, MoS,,
Fe304, MB, and FMB were 1.84, 1.76, 1.37, 1.27, and 1.10 eV, respec-
tively, suggesting that the incorporation of MoS; and Fe3O4 improved
the transfer efficiency of BiOI photogenerated electrons. The calculated

Eyg and Ecg of BiOI, MoS,; and Fe30Q4 are listed in Text S12, and
demonstrate that they can form an effective overlapping band structure.
Overall, we found that deposition of MoS; and Fe3O4 onto BiOIl
improved the visible light absorption and reduced the bandgap of the
photocatalyst.

In photocatalytic reactions, the release of cytotoxic metal ions from
semiconductor photocatalysts can cause bacterial inactivation [5]. The
inherent toxicity of metal ions released during the FMB treatment pro-
cess was studied. After irradiation for 100 min, the concentrations of
Bi®*, Mo*" and Fe®* in the solution were 2.17 pg/L, 0.91 pg/L, and 0.02
mg/L, respectively. When the same concentration of metal ions was
added to solution and kept for the same time, the number of viable
bacteria did not change compared to the sample without metal ions
(Text S13). Therefore, the leakage of metal ions in photocatalytic re-
actions is not the main mechanism of E. coli inactivation in this study.

Strongly oxidizing active species such as e, h", eOH, Hy05, ¢O3 and
10, have been reported to be produced during photocatalysis and
decompose the cell membranes, leading to microbial inactivation [14].
To further understand which reactive species drive inactivation, ex-
periments were conducted with scavengers. The toxicity of scavengers
on E. coli cells was initially investigated; none of the scavengers affected
the viability of E. coli (Text S14). Addition of oxalate (h* scavenger) and
chromate (e” scavenger) substantially reduced the inactivation of E. coli,
suggesting that h™ and e” played a prominent role (Fig. 4d). Fe(I)-EDTA
(H20 scavenger), also significantly decreased inactivation although less
than oxalate and chromate. Addition of TEMPOL (O3 scavenger) and
histidine (10, scavenger) resulted in slight inhibition of the bacteria
inactivation process, and together these results suggest that HyO5, O3
and 0, play a limited role in the inactivation. The addition of iso-
propanol (eOH scavenger) did not significantly suppressed inactivation.
oOH therefore does not play a role in inactivation, which agrees with the
results from EPR (Fig. 4e and Text S15), where no ¢OH was present. On
account of Eq. (12), most of the low concentration of e¢OH is further
converted into 104, undetected. These findings confirmed the formation
of 10, and #053 in the irradiated FMB suspension, which provides reliable
evidence that photo-generated holes and electrons are effectively sepa-
rated and reacted with adsorbed oxygen to produce a series of active
species, and ultimately induced photocatalytic disinfection by Eq. (5)
(13) [14]. Thus, the species responsible for E. coli inactivation were h™
and e". Hy0,, !0, and 03 are also present and cause inactivation, but to
a lesser extent.
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In a final experiment to confirm the importance of direct reactions
between h', e, and the cells, FMB was suspended separated from the
bacteria suspension by a semipermeable membrane that neither the FMB
microspheres (2.0-2.5 pm in size) or the bacteria cells (2.0 x 0.5 pm)
were able to pass. Thus, the system allows only water molecules and
diffusing active species to pass the membrane [14], inhibiting reactions
between h' /e on the FMB surface and E. coli, but allowing reactions
with diffuse ROS. In Fig. 4f, we show that the cell density was slightly
reduced after 120 min of irradiation, and this further demonstrates that
surface h™ and e play crucial roles while HyOo, 10, and 03 contribute,
but to a much lesser extent.

3.3. Molecular mechanisms of bacterial integrity disruption

To further study the molecular mechanism of FMB photocatalytic
bacteria inactivation, the integrity of the cell membrane and the release
of intracellular substances was explored. Prior to irradiation, the E. coli
cells were rod-like shaped with an intact and smooth bacterial

membrane (Fig. 5a). After 20 and 40 min of photocatalytic treatment
with FMB, the surface of E. coli began to deform and was visibly
damaged (Fig. 5b-c). At longer irradiation time points the cells were
visibly damaged to greater extents and no longer rod-shaped (Fig. 5d).

In Fig. 6a we show an increase in K leakage from E. coli when
irradiated with FMB system. In addition, the development of photo-
catalytic processes has led to a notable rise in the hydrophobicity of
E. coli. This is attributed to the adherence of internal organic materials
onto the surface of the cells, which are released when the cell wall and
membrane fail. Overall, the above experiments indicate that the loss of
membrane integrity and the resultant leakage of intracellular
substances.

Zeta potential is a way to measure the electrical potential of the
interface between fluid and bacteria cells. During treatment, the bac-
teria’s surface charge can change due to ionization and adsorption of
ions from the solution. The cell wall and membranes also affect the
overall charge. Further understanding of the changes in bacteria during
disinfection can be obtained through analysis of Zeta potential and cell
size measurement. The initial Zeta potential of E. coli before treatment
was —17.1 mV, and their size was 1.98 pm. As shown in Fig. 6b, during
the photocatalytic process, the Zeta potential initially decreased before
increasing again, while the average particle size increased before
decreasing. Changes in membrane potential can affect the stability and
integrity of the cell membrane. The release of intracellular components
during disinfection and the presence of sodium chloride in water cause
functional groups on the cell surface membrane to bind with cations in
water, resulting in an “electrically neutralized” phenomenon [30,31].
Bacterial colloids may aggregate due to instability. However, as the
outer membrane phospholipid bilayer is destroyed and phosphate is
ionized, the absolute value of the Zeta potential of the cell increases, the
repulsion between bacteria increases, cell aggregation decreases, and
the interaction between active species and cells is promoted. For the
average particle size, the decrease in the absolute value of the Zeta
potential on the cell surface leads to cell aggregation and an increase in
particle size. However, as disinfection proceeds, E. coli is oxidized by
strong oxidative active species, resulting in cell fragments and a
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Fig. 7. Differentially expressed genes of E. coli after FMB irradiation shown as a
volcano plot of transcriptomic analysis.

decrease in the average particle size.

Damage to the inner membrane was evaluated by measuring the
change of -GAL activity. In Fig. 6¢c we show that both irradiation alone
and photocatalytic treatment contributed to p-GAL inactivation. The
presence of FMB caused a 57% greater loss of f-GAL activity over the
control with visible light irradiation after 100 min. This is likely due to
reactive species passing both the outer and inner membranes and
reacting with enzyme. To further confirm disruption of the inner
membrane, SOD and CAT enzymatic activity was measured. SOD cata-
lyzes the dismutation of O3 to HyO2 or Oy, while CAT catalyzes the
decomposition of HyO5 into HyO and Oy [32]. With FMB present, CAT
activity increased in the first 20 min of irradiation but then decreased,
likely due to complete loss of cell viability (Fig. 6d).

GO term:

® nucleoside monophosphate metabolic process
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3.4. Transcriptomic analysis

To gain further insight into the underlying bacteria inactivation
mechanism of FMB, gene expression after 40 min of photocatalytic
treatment were assessed. The results were compared to those of visible
light irradiation without photocatalyst (Transcriptome quality assess-
ment is shown in Text S17). After filtering and normalization, 5089
genes were analyzed. Overall, 1779 genes were differentially expressed
in E. coli exposed to visible light in the presence of FMB (|log2 FC| > 1;
Padjust < 0.05). Of these, 495 genes were downregulated and 1284 genes
were upregulated (Fig. 7). The top 5 gene functions with the greatest
degree of enrichment by Gene Ontology (GO) analysis were nucleoside
monophosphate metabolism, organophosphate biosynthesis, ribose
phosphate biosynthesis, translation, and purine-containing compound
biosynthesis (Fig. 8).

We suspected that FMB photocatalysis likely caused oxidative stress.
Several genes involved in the defense against oxidative stress were
upregulated and are part of the OxyR regulon (e.g., ahpC, dps, gor, katG,
sufA, sufB, sufC, sufD and sufS (Text S18). The following were also
upregulated: trxC, encoding the oxidative-defense related thioredoxin 2;
soxR, regulating transcription of genes involved in antioxidant stress and
other cellular processes, such as membrane permeability; zntA, encoding
a metal efflux pump that can remove heavy metals and reduce the
toxicity of heavy metals to cells; marR, a transcriptional regulator of
genes involved in the defense against oxidative stress and several other
stresses. Downregulation of sucA expression was also observed and in-
dicates the accumulation of 2-oxoglutarate, which is connected to
oxidative stress protection [33-36]. These results further demonstrate
that the cellular membrane integrity is compromised by reactive species
produced by irradiation of FMB and that subsequent oxidative stress
occurs.

3.5. Disinfection mechanism

Based on the results of inactivation performance, subcellular dam-
age, and transcriptomics, the mechanism of FMB photocatalytic bacte-
rial inactivation can be proposed as follows: i) FMB generates electron-
hole pairs under irradiation and further produces highly oxidative active
species such as Hy0o, 10,, and 03, and direct contact between the

® ribose phosphate biosynthetic process

® purine-containing compound biosynthetic process

Fig. 8. String diagram of the top five functions of GO enrichment after FMB irradiation.
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Fig. 9. The schematic presentation of the electronic transfer mechanism of FMB for water disinfection.

photocatalyst and bacteria is crucial for the maximum disinfection
performance of the system; ii) Highly oxidative active species primarily
destroy the cell membrane and surface components of bacteria, leading
to damage to cell integrity, leakage of intracellular contents, and a
decrease in key enzyme activity; iii) Transcriptomic analysis revealed
that light-induced active species affected the expression of oxidative
stress-related genes in E. coli, leading to its inactivation. The schematic
diagram of electron transfer and inactivation mechanism of the photo-
catalyst during the photocatalytic process is shown in Fig. 9.

4. Conclusions

A novel magnetically recoverable FMB photocatalyst was success-
fully prepared for water disinfection. Complete disinfection of 1.0 x 10°
CFU/mL E. coli was achieved under visible light illumination for 100
min. The excellent disinfection efficiency of the FMB in a raw water
source established the potential for application to drinking water
disinfection, particularly in scenarios where other disinfectants are not
practical (e.g., disaster relief, off-grid point of use,) and longer required
treatment time is acceptable. The inactivation mechanism was ascribed
to photogenerated active species rather than leakage of cytotoxic metal
ions. Throughout the disinfection procedure, the zeta potential of the
cells exhibited an initial decrease followed by an increase, and the
particle size displayed an initial increase followed by a decrease, which
implies that the cells underwent rupture. The disintegration of the E. coli
cell membrane was verified through multiple means, including SEM,
potassium ion leakage, and variations in cell surface hydrophobicity and
hydrophilicity at the molecular level. p-GAL activity decreased and the
abundance of antioxidant enzymes increased, suggesting the antioxidant
cellular system was damaged. Transcriptomics further revealed that
E. coli cells are subject to oxidative stress. We believe these findings will
help to understand the mechanism of solar photocatalytic disinfection
and the practical development of this technology.
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