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ARTICLE INFO ABSTRACT

Keywords: This study examined the antimicrobial efficacy of peroxymonosulfate (PMS) against bacteria, using Escherichia
Gram-negative bacteria coli (E. coli) as a model organism. Our investigation delineates the complex mechanisms exerted by unactivated
Peroxymonosulfate

PMS. Thus, an initial redox reaction between PMS and the target biomolecules of bacteria generates SO~ as the
pivotal reactive species for bacterial inactivation; to a lesser extent, eOH, 102, or O3~ may also participate.
Damage generated during oxidation was identified using an array of biochemical techniques. Specifically, redox
processes are promoted by PMS and SO3~ targets and disrupt various components of bacterial cells, predomi-
nantly causing extracellular damage as well as intracellular lesions. Among these, external events are the key to
cell death. Finally, by employing gene knockout mutants, we uncovered the role of specific gene responses in the
intracellular damage induced by radical pathways. The findings of this study not only expand the understanding
of PMS-mediated bacterial inactivation but also explain the ten-fold higher effectiveness of PMS than that re-
ported for Hy02. Hence, we provide clear evidence that unactivated PMS solutions generate SO3~ in the presence
of bacteria, and consequently, should be considered an effective disinfection method.

Gene knock-out mutants
Radical pathway
Cell death

1. Introduction

In recent years, the number of waterborne diseases caused by path-
ogenic microorganisms has increased, posing a significant threat to
human health (Ramirez-Castillo et al., 2015; WHO, 2017). Treated and
safe drinking water can reduce the burden on water resources and
guarantee human health; hence, effective inactivation of pathogenic
microorganisms in water continues to be an important research topic.
Water disinfection is an essential step in treatment facilities to kill or
inactivate pathogenic microorganisms (Gelover et al., 2006; Lanrewaju
et al., 2022). Conventional disinfection methods include ultraviolet
(UV), chlorine, and ozone disinfection, etc. (Cho et al., 2010; Choi et al.,
2021; McGuigan et al., 2012). Although these disinfection techniques
have been employed for many years, they have some serious deficiencies
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and limitations, including low efficiency, high energy consumption,
incomplete inactivation, and the production of carcinogenic disinfection
by-products (DBPs) (Simpson and Hayes, 1998; Von Gunten et al.,
2001). Therefore, the development of highly efficient disinfection
technologies is required to reduce waterborne pathogens that can be
detrimental to public health.

Over the last few decades, advanced oxidation processes (AOPs)
have emerged as efficient and promising technologies for mineralizing
refractory organic contaminants and inactivating pathogens (Giannakis
et al., 2016; Jiménez et al., 2020). Specifically, AOPs generate various
reactive oxygen species (ROS) with high oxidation capabilities,
including hydroxyl radicals (eOH), sulfate radicals (SO "), superoxide
radicals (O37), hydrogen peroxide (H203), ozone (O3), and singlet oxy-
gen (102) (Giannakis, 2019; Karbasi et al., 2020; Rodriguez-Chueca
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et al., 2019). During disinfection, these species can attack the structures
and components of cells, causing cell death via extracellular and intra-
cellular damage. The cell envelope (both the cell wall and membrane),
enzymes, and intracellular components (DNA and RNA) of pathogenic
microorganisms have been identified as targets of ROS (Dutta et al.,
2019; Xiao et al., 2019), all of which contribute to cell death.

Among AOPs, persulfate-based ones have attracted interest as highly
efficient oxidation technologies because they use reagents that are more
stable, cheap, non-toxic, and safer than those employing HoO2 and O3
(Luo et al., 2021; Mohammadi et al., 2021). As reported, the photolytic
and/or catalytic activation of PMS is effective for bacterial inactivation,
including PMS/UV or UV-A LED (Berruti et al., 2021a; Qi et al., 2020;
Yao et al., 2022), PMS/solar radiation (Berruti et al., 2023, 2021b),
PMS/transition metal/UV-A LED (Rodriguez-Chueca et al., 2017),
PMS/Fe(VI)/solar light (Lopez-Vinent et al., 2022), Cu(Il)/PMS/Cl™
(Lee et al., 2020), and CoFe304/PMS (Rodriguez-Chueca et al., 2020).
One of the first reports on the inactivation of various microorganisms in
simulated and real winery wastewater by different persulfate-based
oxidation processes indicated that the inactivation efficiency and rate
of bacteria markedly increased through the photolytic and catalytic
activation of PMS compared with PMS alone (Rodriguez-Chueca et al.,
2017). According to the investigation of the inactivation mechanism,
several works demonstrated that ¢OH and SO~ played important roles
and eOH was the dominant reactive species in bacterial inactivation
(Amiri et al., 2021; Lopez-Vinent et al., 2022). Nevertheless, non-radical
species in the 10,-dominated process for bacterial inactivation have also
been suggested, in which 10, generated from PMS decomposition first
attacks the bacterial cell membranes and then enters the cell and
upregulates intracellular reactive species, further causing cell mem-
brane damage and DNA degradation, ultimately leading to irreversible
cell inactivation (Jiang et al., 2022).

Although previous studies have been devoted to the investigated
water disinfection by sulfate radical-based AOPs, their disinfection ef-
ficiency is always a major concern, and the possible inactivation path-
ways of bacteria by PMS are not well elucidated. For instance, the
versatile roles of ROS generated from the PMS oxidation process in
bacterial inactivation have been less discussed, and an analogy from
H30, has been proposed to explain its action (Feng et al., 2020; Gian-
nakis et al., 2018). Moreover, most studies have focused on complex
PMS activation methods for bacterial disinfection and there have been
almost no studies on the mechanisms of bacterial death by PMS alone
(Amiri et al., 2021; Lopez-Vinent et al., 2022). This is logical because
there is an obvious synergy between PMS and its activation methods,
and the alternative coupling of PMS with light/metal ions/heteroge-
neous catalysts significantly affects sterilization efficiency and path-
ways. However, elucidating the action of pristine PMS in disinfection
processes is yet to be addressed, and is key to the further application of
activated PMS. It is worth mentioning that, the study carried out by
Berruti et al. (Berruti et al., 2022), where the reactivity of SO~ against
cell-wall compounds commonly found in gram-negative and
gram-positive bacteria was investigated for the first time using the laser
flash photolysis (LFP) technique. These results evidenced that SO;™ re-
acts with common cell-wall components through the H-abstraction
mechanism (kSO3~ <108M ~ls -~ 1), while a mechanism based on
electron transfer reaction was observed specifically for the aromatic
amino acids (AAA) only present in porins of the gram-negative outer
membrane (commonly less resistant to oxidative processes than
gram-positive ones).

In this study, E. coli was chosen as the target microorganism to
dissociate the PMS-induced inactivation pathways and unravel its
fundamental aspects. First, the inactivation performance of E. coli by
PMS was evaluated and compared with that of other inorganic peroxides
(such as peroxydisulfate (PDS) and Hy05). The postulated mechanism of
action of PMS is based on disinfection and PMS consumption kinetics as
well as the quantification and localization of the damage. In addition,
the involvement of ROS in the PMS oxidation process is
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comprehensively discussed to elucidate the role of diverse reactive
species. Moreover, this study was complemented by investigating the
action of the major reactive species using knockout mutants, thereby
offering a holistic and integrated explanation of the high efficacy of PMS
against bacteria.

2. Materials and methods
2.1. Chemicals and reagents

The chemicals and reagents used in this study are listed in Text S1
(Supplementary Information, SI). Wild-type E. coli K12 environmental
isolate strain, (parent) E. coli (MG 1655), and its derivative knockout
strains were used in this study. Details of the bacterial strains are listed
in Text S2 of the SI.

2.2. Experimental procedure for bacterial inactivation tests

At the beginning of each test, all supplies, including the materials,
solutions, and reactors, were autoclaved. To perform the experiments,
cylindrical Pyrex glass reactors (50 mL) were used, and E. coli was firstly
suspended into sterilized water. Then, a PMS solution of a certain con-
centration was added to a suitable aliquot of the E. coli suspension under
constant stirring (450 rpm) at 25 °C. Samples were collected at different
time intervals and NapS,03 (0.1 M) was immediately added to terminate
the disinfection reaction. Then, the bacterial concentration in the sam-
ples was determined, as indicated in Text S2. After each experiment, the
reactors were washed with demineralized water and sterilized.

2.3. Biochemical analytical techniques for determination of bacterial
inactivation mechanisms

2.3.1. Determination of lipid peroxidation

Malondialdehyde (MDA), the main oxidation product of lipid per-
oxidation, is generally used to evaluate the oxidation of bacterial
membranes by reacting with thiobarbituric acid (TBA-1) (Zeb and Ullah,
2016). The standard MDA solution (1 mL, 1 mM) was placed in a 10 mL
test tube and mixed with TBA-1 (1 mL, 4.0 mM). The mixture was then
heated in a boiling water bath at 95 °C for 60 min. After cooling to room
temperature, the absorbance of the solution was measured at 532 nm by
using a UV-visible spectrophotometer (Shimadzu, Japan). Each sample
was repeated three times, according to the above procedure. The blank
sample was repeated (n = 3) by replacing the standard or sample (108
CFU/mL) with water.

2.3.2. Membrane permeability and damage

Ortho-nitrophenyl-p-D-galactoside (ONPG) is usually regarded as a
permeability probe that can react with the intracellular enzyme (f-D-
galactosidase) in E. coli by hydrolysis to produce a chromogenic sub-
strate (Huang et al., 2000). Hydrolysis of ONPG by intact whole cells was
determined using this method. The hydrolysis kinetics were determined
spectrophotometrically by measuring the absorbance at 420 nm. Details
of the analytical technique are presented in Text S3.

2.3.3. Protein content

Cell protein content was determined using the Bradford method as
previously described (Giannakis et al., 2022). To quantify the protein
concentration in (total) cell lysates (108 CFU/mL), albumin from
chicken eggs was used as the standard. The standard was diluted to final
concentrations of 0, 2.5, 5, 7.5, 10, and 12.5 pg/mL in 0.5 mL of 50 mM
Tris-buffered saline (pH 8.0). For the standard and the protein samples,
0.5 mL of Coomassie blue stain was added to the standard and protein
samples, and absorbance was measured at ODs5g5 after 10 min. Analyses
were performed at an initial bacterial concentration of 108 CFU/mL.
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2.3.4. Cell proliferation and viability assay

Cell proliferation was examined using a simplified version of the 2, 3-
bis(2-methoxy-4-nitro-5-sulfophenyl) —2H-tetrazolium-5-carboxanilide
(XTT) assay at 108 CFU/mL. First, 50 pL of XTT (1 mg/mL) and 150 pL of
the sample (exposed to 30 mg/L PMS) were added to a 96-well plate and
subsequently incubated at 37 °C for 5 h. After incubation, the reduction
in the percentage of viable cells was determined by measuring absor-
bance at a wavelength of 495 nm using a microplate reader (Multiskan
SkyHigh; Fisher Scientific). The inhibition rate (%) of XTT was calcu-
lated using Eq. 1:

Inhibition rate(%) = [(Ao — A;) / Ao] x 100% 1)
where Aj and A; are the measured absorbance at 495 nm at time 0 and
time t, respectively.

2.3.5. Extraction and quantification of DNA

To investigate DNA damage by PMS (30 and 50 mg/L), the 16S rRNA
gene was analyzed as a model. The 16S rRNA gene is conserved in all
microorganisms and consists of seven genes in E. coli (Ellwood M and M,
1982). The extraction and quantification of DNA in this study were
performed as described in Text S4.

2.4. Analytical chemical techniques for characterization of the
disinfection tests and mechanisms

As depicted in Text S5, the residual PMS concentration was deter-
mined, and some samples were analyzed by ultra-performance liquid
chromatography (UPLC) using an ACQUITY UPLC system (Waters,
Milford, MA, USA). Proton nuclear magnetic resonance (NMR) spectra
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were recorded on a Bruker AVANCE spectrometer (*H NMR at 400 MHz)
in D50. The Mnova software (Mestrelab Research) was used for spectral
processing. Electron paramagnetic resonance (EPR) and ROS trapping
experiments were performed and are shown in Text S6 to detect the
reactive species during disinfection.

3. Results and discussion

3.1. Disinfection efficacy of commonly employed oxidants: which
inorganic peroxide damages bacteria the most?

As shown in Fig. 1a, there was no obvious decline in E. coli inacti-
vation under both 0.1 mM H50- and PDS, indicating that HoO5 and PDS
cannot kill the cells effectively at this concentration. Meanwhile, 10°
CFU/mL E. coli was inactivated within 75 min by PMS oxidation at the
same molar concentration, suggesting that PMS alone is capable of
disinfecting E. coli. Higher concentrations of HoO5 and PDS may lead to
disinfection (Bianco et al., 2017), but from the results depicted in
Fig. 1a, the disinfection efficiency of PMS towards E. coli is superior to
that of HyO4 and PDS at the concentrations used in our study, chosen in a
way that allows easy monitoring of kinetics.

E. coli inactivation efficiency increased with increasing PMS con-
centration, and most of the PMS remained in the solution after disin-
fection (Fig. 1b). More specifically, 5 mg/L PMS had minimal effect on
the inactivation efficiency of E. coli (less than 1 logU), while 1.02x 10°
CFU/mL E. coli and 6.07 mg/L residual PMS were still observed in the
experiments performed with 10 mg/L PMS after 120 min of treatment.
Approximately 4.44 log E. coli reduction and 5.72 mg/L residual PMS
concentration were measured after 120 min at 15 mg/L PMS. Moreover,
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Fig. 1. (a) E. coli inactivation using different oxidants (at equimolar concentrations) under the same conditions. The experimental conditions were as follows: [E. coli]
=10° CFU/mL (optical density (ODgoo) = 0.005), [Oxidant]y = 0.1 mM. Influence of PMS concentration on E. coli inactivation and residual PMS at (b) 10° CFU/mL
and (d) 10® CFU/mL of initial E. coli concentration (ODgoo = 0.005 and 0.05). (c) Viability curve of E. coli under unactivated PMS treatment and residual PMS at
different initial E. coli concentrations at 20 mg/L PMS. (The solid and dotted lines represent the E. coli and PMS concentration curves, respectively.).
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a notable improvement in inactivation efficiency was observed with 20
mg/L PMS, and 6-logU bacteria were inactivated within 120 min.
Similarly, inactivation of 6-logU E. coli was observed with 30 mg/L PMS
after 75 min of treatment, and approximately 4.79 mg/L of PMS was
reduced during this oxidation process. These results indicate that
increasing the oxidant dosage can enhance the generation of reactive
oxygen species during disinfection, which further results in higher
inactivation efficiency of E. coli.

Because of the 6-logU inactivation of E. coli within 120 min, 20 mg/L
PMS was chosen for subsequent tests to investigate the influence of the
initial E. coli concentration. As shown in Fig. 1c, the inactivation of 10°
CFU/mL E. coli was achieved within 90 min when the bacterial con-
centration decreased to 10° CFU/mL. A longer contact time was required
to kill all the bacteria at a higher initial concentration. While still 7.13
log E. coli survived at an initial concentration of 102 CFU/mL even in 180
min, and 12.09 mg/L PMS was consumed in this disinfection process,
suggesting this dosage of PMS was inadequate to inactivate 6-logU E. coli
within the set timeframe. Hence, a higher PMS dosage was used to better
explore the disinfection performance at a high initial concentration of
E. coli, and a higher inactivation efficiency was achieved, as shown in
Fig. 1d. It has been reported that PMS with a strong oxidation potential
(1.8 V) (Wang and Wang, 2018) can damage the bacterial membrane
(0.7 eV) (Brasca et al., 2007; Oktyabrskii and Smirnova, 2012) and
directly oxidize cells. When the initial PMS concentration was increased
from 30 to 50 mg/L, 6-logU removal was achieved from 180 to 90 min,
and the consumption of PMS was 16.52, 21.37, and 24.97 mg/L,
respectively.

3.2. What is the primary mode of PMS action? Assessment of E. coli
inactivation kinetics

Based on the experimental data, the disinfection process can be

adequately fitted by a well-established Shoulder and Log-Linear model
using GInaFiT Microsoft Excel Add-in (Geeraerd et al., 2005). The
detailed equation for this model is as follows:
N = No x efii) % (™) /(14 (€™ = 1) x e, 0") @
where N is the number of cultivable bacteria at time t, Ny is the initial
number of bacteria at time 0, kg is the slope of the regression (min’l), t
is the time (min), and SL is the lag phase (shoulder length, min).

The results fitted by the SL&log-linear decay models are summarized
in Fig. 2a and Table S2. The increase in the initial PMS concentration
exhibited an almost linear effect on the inactivation rate and the lag
phase. For instance, the apparent first-order kinetic rate improved from
0.0021 to 0.2620 min~* when the PMS concentration increased from 5
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to 30 mg/L at an E. coli concentration of 10° CFU/mL, which was su-
perior to the rate constants under PMS alone and PMS-combined light
treatments in Table S3 of the SI. Similarly, the kinetic rate increased
from 0.0120 to 0.1810 min~! with an increase in PMS concentration
from 20 to 50 mg/L at an E. coli concentration of 108 CFU/mL. Hence, it
can be concluded that PMS dosage is a significant factor in the inacti-
vation of E. coli, and that their inactivation at lethal concentrations
follows first-order kinetics after an initial lag phase.

This behavior might be an indicator of the disinfection action mode
itself; the initial delay means that either bacteria have defense mecha-
nisms that allow them to cope with the oxidative damage caused by PMS
or that there is a threshold of damage that needs to be reached before
bacteria become inactivated. To assess this, the viability of E. coli was
evaluated using the XTT assay, and it declined to 47.83 % after treat-
ment with unactivated PMS for 180 min (Fig. 2b), which might be
influenced by the existence of bulk reductants reacting with XTT. In any
case, this is the first firm indication of a prevalent extracellular pathway.

3.3. Where does PMS act? Estimation of cell wall damage and membrane
permeability

To evaluate the possibility of primary PMS attacks on the bacterial
cell wall, and therefore the localization of cell damage, malondialde-
hyde (MDA) generation and ortho-nitrophenyl-p-D-galactoside (ONPG)
hydrolysis rate were assessed during the PMS disinfection process.
Solar/TiO tests were performed in parallel to compare PMS with the
known extracellular action of photocatalysis (Ruales-Lonfat et al.,
2014). There was no obvious MDA release in E. coli alone (Fig. 3a),
which was consistent with the inactivation efficiency without PMS
treatment. A significant increase in MDA concentration and similar
trends in MDA formation were observed for both 30 and 50 mg/L PMS
treatments. This result indicated that external attacks on cell walls by
PMS occurred, and the peroxidation of unsaturated lipids in bacterial
membranes arose by the PMS oxidation process, which led to an increase
in membrane permeability (even membrane disruption) and ultimately
bacterial death. However, it is interesting to note that the concentration
of MDA accumulated in the 30 mg/L PMS treatment was higher than
that in the 50 mg/L PMS treatment. This apparent contradiction can be
explained by the reactivity of MDA with PMS (Fig. S2). Because TiOg
mainly acts in the extracellular domain during photocatalysis, it can be
suggested that bacterial inactivation by PMS is not only an extracellular
action, but may also take place intracellularly.

Peaks with identical shapes were observed for both PMS oxidation
and TiOy photocatalysis (Fig. 3b), and the hydrolytic rates of ONPG
increased immediately, reaching their maximum at 30 min. Interest-
ingly, the most rapid hydrolysis of ONPG occurred during TiO,
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Fig. 2. (a) Disinfection kinetics and the corresponding shoulder length (SL) fitted by shoulder and log-linear models under different concentrations of PMS and
E. coli. (b) Estimation of the inhibition rate of viable E. coli cells under unactivated PMS treatment using the XTT assay. NF: not found.
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photocatalysis compared to PMS oxidation, which was distinctly
different from the MDA results. This result proved that bacterial inac-
tivation mediated by TiO, photocatalysis and PMS oxidation could be
attributed to damage to the cell envelope and enhancement of mem-
brane permeability, possibly even causing the diffusion and entry of
molecules into cells during PMS treatment, and ultimately, E. coli
inactivation. The protein concentration decreased during PMS treatment
(Fig. 3c), indicating that the protein was degraded by reactive species
produced during PMS inactivation. In the 30 mg/L and 50 mg/L PMS
treatments (120 min), the total protein content of the cell lysate was
reduced by 7.34 % and 12.37 %, respectively. This indicates that the
damage to the membrane was the result of an oxidative process.
Meanwhile, the intracellular protein oxidation may also occur because
of enhanced cell wall permeability.

Based on the collective results of MDA, ONPG, and protein mea-
surements, the following scenarios are plausible: first, an external attack
is validated, followed by an increase in cell wall permeability (less
protein and more lipid oxidation). Hence, the reactive species that
participate in the degradation process and whether intracellular inac-
tivation occurs (or to what extent) remain to be determined.

3.4. What is the primary ROS involved in PMS disinfection? Scavenger
and EPR tests

3.4.1. Scavenger experiments
Based on the findings in previous sections, E. coli inactivation
mediated by PMS oxidation could be attributed to extracellular and
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intracellular damage. Hence, studies on the mechanisms of inactivation
pathways have been conducted by analyzing the transient species
involved in PMS disinfection, including radical and non-radical species.
As shown in Fig. 4a, the inactivation time of E. coli was prolonged to 120
and 90 min in the presence of MeOH and TBA, respectively. Interest-
ingly, greater inhibition of E. coli inactivation was observed in PMS
systems with the addition of MeOH than in the presence of the same
amount of TBA, which clearly shows that SO5~ participates more than
oOH in E. coli inactivation.

To gain insights into the potential involvement of 'O, in PMS
disinfection, E. coli inactivation was evaluated in an aqueous 50 % D20
solution to increase the lifetime of 10 (Kohantorabi et al., 2019). Faster
bacterial inactivation was observed in 50 % D>O than in H20, suggesting
the generation and reactivity of 'O, during disinfection. However,
changes in the diffusion rate constant of bacteria and/or PMS in D,O
cannot be disregarded. SOD, a well-known antioxidant enzyme that
catalyzes the dismutation of superoxide radicals (03 ") into HyO5 and O,
has been used as an O3 scavenger (Chen et al., 2021; Sawyer and Val-
entine, 1981). The low inhibition of E. coli inactivation efficiency
observed when SOD was added to the disinfection process revealed that
the possible involvement of O3~ is not significant if we consider that
SOD is also an organic material that can be oxidized by SO5~ and eOH.
Based on these results, SO3~ is suggested to be the primary species
involved in E. coli inactivation, followed by eOH, 10,, and 0%".

The effect of dissolved oxygen on E. coli inactivation was tested to
assess the validity of the suggested pathways. The results shown in
Fig. 4b confirm that 10, and O3~ are not the dominant reactive species
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generated during PMS disinfection in the aerated medium because a
similar result was obtained when the sample was purged with N». In this
context, the improved inactivation efficiency of E. coli by saturation of
dissolved oxygen (42.12 mg/L) in the reaction solution could be
attributed to an increase in the lipid peroxidation of cell membranes,
which proceeds via a free-radical mediated chain reaction, and because
oxygen is required for its propagation, it accelerates when more oxygen
is present in the medium.

3.4.2. EPR measurements

In PMS oxidation for contaminant degradation, electron transfer is
usually considered to be the dominant contributor to the generation of
reactive radicals, including *OH, SO3 ", "0y, and O3~ (Yan et al., 2018).
To further confirm the reactive species involved in bacterial inactivation
in PMS aqueous medium, several trapping experiments were performed,
and the results are presented in Fig. 5. According to an EPR study,
unactivated PMS oxidizes 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO).
As a result, two different signals could be distinguished (Fig. 5a); the
first one, with hfs’s ay = 7.2 G and ag = 4.0 G (two protons) can be safely
attributed to the 5,5-dimethyl-2-oxo-pyrroline-1-oxyl (DMPOX); the
second one, with hfs’s ay = 13.6 G and ay = 10.9 G and 1.5 G corre-
sponds to DMPO-SOy4, acting as an evidence for the formation of SO3~
through Eq. (3). The formation of eOH via Eq. (4) were not detected.
This result suggests that DMPO acts as an electron donor for the
one-electron reduction of PMS, preferentially resulting in the formation
of SO~ rather than eOH, with the simultaneous formation of DMPOX:

HSO5 + e~ — OH™ + SO3~ 3
HSO5 + e~ — oOH + SO;~ 4

Accordingly, PMS is expected to easily attack oxidable biomolecules
present in bacteria. EPR measurements were performed in the presence
of deoxyguanosine (dG) (Morikawa et al., 2014), the most electron-rich
and readily oxidized site in DNA, and Tyrosine (Tyr), one of the most
easily oxidized amino acids present in the cell wall (Warren et al., 2012).
When PMS was added to the aqueous media containing dG, the
one-electron oxidation of dG occurred, resulting in the formation of
SO ~, which was trapped as DMPO-SOy4 (Fig. 5b). Although the oxidized
form of dG (dOG) should be generated, this compound could not be
detected by EPR experiments. Nevertheless, DMPOX, which results from
the residual oxidation of DMPO, was detected.

To further assess the oxidation of dG, the samples were analyzed by
UPLC-MS (Fig. 6a). The peak detected at m/z 283.0913 corresponded
unequivocally to the oxidized species, 8-0x0-7,8-dihydroguanosine
(dOG), which is clear evidence for the oxidation of dG. Several studies
have monitored dOG levels to determine the intracellular oxidative
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stress levels. The dOG is the most well-studied DNA lesion. Although the
results revealed only modest mutations, it has been reported that E. coli
responds to DNA damage via another recA-lexA-mediated pathway,
resulting in programmed cell death (Erental et al., 2014). Although the
EPR spectra did not show the formation of DMPO—OH, dOG could have
resulted not only from electron transfer oxidation but also from eOH
radical addition. To further confirm or eliminate the involvement of
eOH in dG oxidation, we monitored the formation of fluorescent
7-hydroxycoumarin from coumarin upon excitation at 330 nm (Fig. 6¢)
(Leandri et al., 2019). The absence of any enhancement in coumarin
emission at 455 nm in the presence of dG and PMS revealed that fluo-
rescent 7-hydroxycoumarin was not formed, which was in agreement
with the lack of ¢OH radicals in the primary oxidation of dG.

Next, we studied the oxidation of Tyr-by PMS using EPR spectros-
copy (Fig. 5¢). In this case, the adduct DMPO-SO4 was detected together
with DMPOX, and less so with DMPO—OH. Under these reaction con-
ditions, Tyr-acts as an electron donor, resulting in the formation of SO3~,
which is trapped as DMPO-SOy; the partial oxidation of DMPO results in
the formation of DMPOX. However, the detection of DMPO—OH could
have had two different origins, which may have resulted from the re-
action (Eq. 3) or more likely due to the gradual decomposition of DMPO-
SO4 in water. Further confirmation of the oxidation of Tyr-was obtained
from UPLC-MS analysis of their mixture, which revealed the unequivo-
cal formation of the oxidized species 3,4-dihydroxy-L-phenylalanine
(commonly known as DOPA) with an m/z of 197.0636, and dopachrome
with an m/z of 193.9039 (Fig. 6b).

High bacterial inactivation was attained by PMS, as shown in Fig. 1,
contrary to the lack of an effect produced by HO; or PDS, even though
the oxidation potential described for PMS is ca. 1.82 V, whereas for PDS
and H30,, the potentials are ca. 2.01 V and 1.78 V, respectively. To
elucidate this aspect, UPLC-UV experiments were performed to evaluate
the reactivity between PMS, PDS, and H»0, and several biomolecules,
such as Tyr-and dG. The studies revealed oxidative reactions between
these biomolecules and PMS or H,O, but not in the presence of PDS (see
Fig. S3). In the presence of PMS, complete conversion of Tyr-occurred
after 90 min, with the concomitant formation of a yellowish product.
In contrast, Tyr-levels remained unaltered after 90 min in the presence
of PDS (Fig. S4b). Analogously, the oxidation of dG by PMS, PDS, or
H30, was monitored by UPLC. Oxidation of dG by PMS or H,0; also
occurred, whereas dG remained unaltered in the presence of PDS for the
same reaction times (data not shown). In conclusion, these results can be
used as proxies of extracellular and intracellular damage.

Moreover, the oxidation of more complex biomolecules was explored
to investigate the behavior of unactivated PMS by 'H NMR. As electro-
negative groups move the 'H NMR signals downfield, the presence of
new peaks at approximately 8-9 ppm is associated with the presence of
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obtained upon excitation at 330 nm.

more electronegative atoms after the reaction with PMS, which changes
the structure of the outer membrane of E. coli (Fig. S4a). In contrast, the
LPS levels remained unaltered after PDS treatment (Fig. S4b). Thus, it
has been clearly demonstrated that the activation of PMS is initiated by
its redox reaction with the target biomolecules of bacteria, which, in
addition to producing the oxidation of these biomolecules, generates the
highly oxidative SO3~ (Eq. (5)). The as-generated SO5~ can further react
with biomolecules (Eq. (6)). In addition, the initial electron transfer
oxidation was followed by a reaction with molecular oxygen in a typical
chain-triggered manner (Eq. 7).

HSOj5 + Biomolecule - OH™ + SO~ + Biomolecule®" 5)
SO$~ + Biomolecule — SO~ + Biomolecule®™ (6)
Biomolecule®™ + O, + H,0 — Biomolecule-O-O + H30™ )

Moreover, the insignificant reactivity observed for PDS could explain
its low bacterial inactivation. Although H,0, shows similar reactivity to
biomolecules as PMS, the ability of bacteria to scavenge ROS could
explain the low bacterial inactivation observed. Thus, while effective
bacterial inactivation occurs with PMS (0.1 mM), the minimum con-
centration of HoO5 required to inhibit bacteria is 1 mM (Rodriguez-Rojas
et al., 2020).

3.5. What is the Achilles heel of the bacterial cytoplasm? Investigation of
intracellular effects via gene-knockout mutants

3.5.1. Contribution of ROS scavengers, defense regulators, iron sequesters,
and genome repair enzymes

The reactive species generated by the application of AOPs can
destroy integral bacterial components and result in their inactivation via
extracellular (short-lived species) and intracellular pathways (more
stable species such as HyO2). Generally, the cytoplasm is considered to
be an intracellular target site that includes DNA, RNA, enzymes, pro-
teins, and ribosomes (Dutta et al., 2019). To elucidate intracellular
PMS-mediated inactivation pathways, several E. coli mutants were used
to identify the targets of intracellular damage caused by the knockout of
specific genes. Hence, the wild-type (WT) strain and the corresponding
single- and multiple-knockout mutants in their stationary phase were
chosen.

First, the inactivation kinetics of the WT were compared with those
of the knockout mutants of the genes responsible for expressing anti-
oxidant defenses (catalases, KAT, and superoxide dismutases, SOD) and
DNA repair (Fig. 7). The KAT™ mutant (double katG~ katE~ mutant)
lacks genes encoding primary cell defenses against HyO stress, whereas
the SOD™ mutant (double sodA™ sodB~ mutant) lacks both manganese-
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Fig. 7. Inactivation curves of WT E. coli and its derivative mutants by unactivated PMS. (a) MG 1655 and dps~, SOD ", KAT ", recA™, and rpoS™ mutants and (b) MG
1655 and recA™, xthA~, double xthA ™ nfo™, and lexA mutants. Experimental conditions: [E. coli] = 10° CFU/mL (ODgpo=0.005), [PMS]o = 30 mg/L.

and iron-co-factored superoxide dismutases, which can facilitate the
dismutation of superoxide radicals into HyO,. As shown in Fig. 7a, 30
mg/L PMS led to the inactivation of 6-logU wild-type parent strain MG
1655 within 120 min. A similar trend was observed in the inactivation
efficiencies of the two mutants (both SOD"and KAT"), suggesting that
oxidative stress mediated by intracellular superoxide or H,0, formation
had either a moderate effect on bacterial inactivation in PMS treatment
or the generation of superoxide and H30,, respectively, occurred to a
limited extent.

Furthermore, there was little sensitivity towards bacterial death from
an iron-related mutant (dps™); the dps~ mutant lacks a mini-ferritin that
sequesters iron during H»O5 stress (Mancini and Imlay, 2015). The low
sensitivity of the dps™ mutant revealed a low participation of PMS in
intracellular activation by iron, contrary to the events taking place
following the diffusion of HyO5 in the cell. However, both the recA™ and
rpoS~ strains were inactivated more quickly than the WT parent strain.
RecA mediates the DNA repair pathway. Its sensitivity indicates that a
one-electron oxidation process occurs with DNA as its target, similar to
Fenton-or eOH-mediated damage (Giannakis et al., 2022). Hence, PMS
may generate either eOH or, according to the EPR results, SO~ inside
the cell, leading to cell death. The rpoS™ mutant strain serves as a vali-
dation for almost all of the aforementioned pathways; this operon con-
trols the induction of Dps, as well as antioxidant proteins. Considering
the entirety of the results shown in Fig. 7a, the damage caused by PMS is
not Fenton-like but rather a reaction of SO3~ with DNA or other cyto-
plasmic components.

According to the results of the recA mutant, DNA damage led to
inactivation of E. coli. This corroborates the EPR findings with dG
oxidation as a proxy. Hence, using these results as stepping stones, other
derivative mutants with altered DNA repair capacity were tested for
their sensitivity. As shown in Fig. 7b, the xthA™, xthA™ nfo™, and lexA
mutants were sensitive and rapidly inactivated within 60 min (less than
that of the WT, 120 min). The xthA ™ strain lacks exonuclease III, which is
the major apurinic/apyrimidinic (AP) endonuclease under normal
growth conditions, whereas the xthA™ nfo™ strain lacks exonuclease III
and endonuclease IV, two enzymes that complete the repair of oxidized
DNA bases and frank strand breaks. LexA represses the transcription of
several genes involved in the cellular response to DNA damage, inhibi-
tion of DNA replication, and DNA synthesis (Brent and Ptashne, 1980;
Hu et al., 2017). In a similar test, but with HyO, instead of PMS, lexA and
various of its target genes were found upregulated after 10 min of
exposure to 2.5 mM Hy05 in comparison with controls, suggesting a role
for LexA in the HyO5 response (Roth et al., 2022). As such, two-electron
oxidation, similar to that induced by H»O,, is also possible; the sensi-
tivity of these mutants is lower than that of recA™ but is important to its

viability.

In the final validation step, experiments at 108 CFU/mL allowed
better monitoring of PMS via its reaction with E. coli and its apparent
reduction. Indeed, the parent strain presented a 4.2-logU decrease with
6.63 mg/L PMS consumption, whereas the recA- mutant showed an
11.31 mg/L PMS reduction (Fig. 8a). We hypothesize that since PMS can
react more freely with intracellular components, a higher gradient with
the bulk is generated, which causes a higher influx towards the cell,
enhancing the inactivation and consumption of PMS. In contrast, ex-
periments with exponential phase (growing) cells (Fig. 8b), which lack
KatE and do not yet express Dps, showed that KatG was responsible for
conferring (small) resistance to PMS, as it was not sensitive and that Dps
had a moderate contribution. RecA™ remained the most sensitive strain,
but the SOD™ mutant showed equally high sensitivity, possibly because
of the higher loose iron content encountered in growing cells (vs. sta-
tionary phase) or Fe?" leaching from Fe/S clusters. Hence, PMS acti-
vation inside the cells is possible, leading to faster cell death.

3.5.2. Extent of DNA damage in healthy E. coli cells

Because the DNA repair mutants were sensitive to PMS and dG was
previously found to be degraded, we assessed the extent of intracellular
damage. 16S rRNA was selected as a proxy for DNA damage in E. coli,
and the average concentration of the 16S rRNA gene (copies/mL) during
PMS exposure experiments carried out in the dark with two concentra-
tions of PMS (30 mg/L and 50 mg/L) is shown in Fig. S5. The results did
not reveal a high reduction in the number of copies of the 16S rRNA gene
at either PMS concentration tested. An instantaneous 50 % decrease in
16S rRNA concentration from 2.3 x 108 copies/mL was observed when
PMS was added (t = 0) reaching 1.07x1084+3.35x107 and
1.54x108+£5.38x10 copies/mL, for 30 and 50 mg/L PMS concentra-
tions, respectively. However, after this time point, the number of gene
copies remained stable throughout the experiment (Table 1). Most
likely, the presence of DNA repair enzymes, active in healthy (WT) E. coli
cells, repair the damage inflicted.

The results of this study indicated cell wall damage, protein oxida-
tion, and DNA damage, but the gene quantification analyses showed a
moderate effect, which can be attributed to the low PMS concentration
assayed as well as the cell repair mechanisms, antioxidant defenses, and
size of the 16S rRNA gene (i.e., detecting a longer sequence allows more
attacks). Nevertheless, the immediate and significant decrease in gene
copies, especially the quasi-stable number of copies, indicates that there
is indeed damage to the cell; however, repair mechanisms can mitigate
this damage. In addition, this may indicate that apart from extracellular
events, intracellular targets other than DNA can lead to bacterial
inactivation.
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derivative mutants in the exponential phase by unactivated PMS.

Table 1

Average and standard derivation of 16S rRNA quantification in a water matrix
containing E. coli 498 at different concentrations of peroxymonosulfate (PMS).

Gene quantification with 16S rRNA copies/mL measurement, expressed in average +
standard deviation (SD)

Time (min)

PMS concentration

30 mg/L

50 mg/L

Water + E. coli
0

60

120

180

2.33x10%+2.15x107
1.07x10%4+3.35x107
1.14x10%+1.80x10°
1.07x10%+4.45x10°
1.01x10%+1.58x10°

2.34x10%+1.04x107
1.54x10%+5.38x107
1.40x10%+2.12x107
1.33x10%+7.09x107
1.50x10%+8.78x107

3.6. Integrated proposition for the inactivation of E. coli by PMS

Based on a thorough evaluation of the above results and bridging the
partial conclusions of each section, a proposition for an integrated, time-
resolved mechanism for E. coli inactivation via PMS oxidation is shown
in Fig. 9. The time points (in minutes) mentioned are relative, only to
show the order of events and not precise kinetics. First, a steady
reduction in E. coli (DSM498) cultivability was found, which corrobo-
rates the XTT assay results of declining metabolic activity and the
indication of a dominant extracellular pathway. Early MDA detection
(peak at only 5 min) confirmed the proposed extracellular oxidation,
which is the result of an initial oxidation of Tyr-or other electron donor
biomolecules through electron transfer reactions with unactivated PMS,
in agreement with previous findings (Berruti et al., 2022), with the
subsequent generation of highly reactive SO~ and, to a lesser extent,
«OH, '0,, and 0%, which was suggested as a possibility from the
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PMS-mediated cell
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Fig. 9. Time-resolved integrated mechanistic pathway for E. coli inactivation. (a) Initial steps: lipid peroxidation via dominant and secondary pathways, with MDA as
an indicator of oxidation. (b) Damage propagation: cell envelope disruption and protein oxidation with ONPG hydrolysis as an indicator of cell continuity loss. (c)
Intracellular damage: cytoplasmic components and DNA damage with prevalent repair mechanisms.
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scavenger tests performed. This damage leads to the loss of cell wall
continuity, as demonstrated by the ONPG assay, with the maximum
damage appearing at 30 min. The oxidation targets were mainly lipids
and not proteins, as the Bradford assay showed low degradation,
whereas the lipid peroxidation assay (MDA) and 'H NMR with LPS
isolated from E. coli (0111:B4) clearly indicated that LPS formed a
prominent target. It is noteworthy that at 30 min, only 90 % of the
bacteria lost their cultivability, and the XTT assay showed that 80 % of
the cells could maintain a certain level of viability for as long as the cell
integrity allowed for the assessment of intracellular oxidation events.
Proteins were either not the main target or were harder to degrade;
however, our experimental proof was restricted to Tyr.

Nevertheless, the oxidation of dG by SO3~ indicates that the reaction
and DNA degradation are possible. The qPCR results showed low 16S
rRNA gene copy reduction, which initially seems to have a low effect;
however, considering that the cells dispose of an arsenal of defenses, the
interpretation differs. In principle, PMS diffuses or penetrates the cell
through continuity breaches, with the latter being more prominent as
WT E. coli strains (MG 1655) show a shoulder in their inactivation.
Although a peroxide, the PMS inside the cell, is not managed as HoO»
with catalases or dismutases and has a mild cytoplasmic oxidation effect
via a Fenton-like reaction, the damage is centered at the DNA, but the
possibility of affecting other components cannot be excluded. Here, it is
important to note that there are various DNA repair mechanisms
controlled by recA, xthA, nfo, and lexA, and all have a contribution; by
using gene knockout mutants, we found that RecA is the most crucial
protein. The type of intracellular damage revealed one-electron oxida-
tion damage to the genome (dG is the most oxidizable target), and the
other studied DNA repair mechanisms confer only a complementary
effect. This explains the low degradation observed by qPCR, possibly
because DNA repair occurs simultaneously or faster than the damage.
Nevertheless, the panorama of actions shows an integral, multilevel
bactericidal action, which explains the high efficacy of PMS.

4. Conclusions

The present study aimed to elucidate the effects of perox-
ymonosulfate on bacteria. The results showed that by adding equimolar
concentrations of inorganic peroxides, PMS outperformed the others
(H30; and PDS). Despite its lower oxidation potential, it can react with
target biomolecules to generate the highly oxidizing reactive species
S03~, leading to radical reactions and cell death. Hence, if one considers
only the chemistry of inorganic peroxides as disinfectants, PMS would
be a very effective compound. Nevertheless, other parameters, such as
cost, would affect the final choice of disinfectant. It should be noted that
the final choice may change if, rather than the unaltered PMS, homolysis
of the peroxide occurs to generate radicals, or if aspects such as cost,
engineering, and the life cycle of oxidants are considered.

Furthermore, external oxidation leads to cell envelope disruption
and intracellular oxidation, as shown by XTT, MDA, and ONPG analyses,
and EPR and 'H NMR measurements. However, despite their confidence,
our results are not unequivocally true, since other Gram-negative bac-
teria may present slight differences in external or internal targets, as
well as defense/repair mechanisms. In addition, Gram-positive bacteria
have a very different cell wall composition and relative order of events.
What is certain is that PMS will start the oxidation from the outside,
which is a damage that has no repair mechanism.

Overall, this study reveals the substantial reactivity of PMS in the
development of bacterial oxidative processes. Moreover, it is the view of
the authors that this work, despite its apparent limitations, brings a new
understanding of PMS-mediated disinfection, which is a very popular
oxidant used in AOPs. The tests performed are crucial for explaining the
baseline damage to E. coli in AOPs; consequently, these tests should be
performed as blank controls prior to experimenting with PMS activation
using energy or catalysts. These are exactly the tests whose effects are
often overlooked or misinterpreted, and our results will assist
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researchers in setting the basis for further experimentation.
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