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a b s t r a c t
Fatty acids (FAs) are the main components of bacterial cell membranes (phospholipid bilayer). FA proﬁles and responses to photoelectrocatalytic (PEC) treatment were comparatively investigated using an
Escherichia coli parental strain BW25113 and two isogenic FA synthesis deﬁcient mutants. Both mutants,
which have higher ratios of unsaturated FAs (UFAs) to saturated FAs (SFAs), were more susceptible to PEC
inactivation than the parental strain. PEC treatment can elevate the proportion of bacterial SFA, especially for the mutants, indicating that UFAs are more sensitive to PEC treatment. Collective data from the
cytoplasmic K+ leakage, bacterial ﬂuorescent, and scanning electron microscopic analyses showed that
the cytoplasmic membrane framework was damaged by PEC treatment. Interestingly, compared with
the membrane framework damage, the functional disruption of membrane proteins was observed much
earlier. For example, signiﬁcant decreases in bacterial respiration rates and adenosine triphosphate (ATP)
generation potential were seen in the initial stage of PEC treatment. As such, the disruption of the bacterial energy metabolism system caused by membrane protein damage was more likely the initial lethal
step during PEC bacterial inactivation. The clear understanding of PEC inactivation mechanisms can help
its practical applications.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Photocatalytic (PC) and photoelectrocatalytic (PEC) technologies have been studied extensively, and their applications to water
disinfection are promising due to the solar energy-driven potential
and self-cleaning capacity [1–5]. PC and PEC bacterial inactivation
processes do not produce carcinogenic byproducts during disinfection, like conventional processes like chlorination do [6]. However,
PC and PEC treatment inactivation mechanisms are still not well
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established, which hinders the development of mechanism-based
kinetic models, as well as practical applications. The bactericidal
agents produced in PC and PEC systems include different reactive
species (RSs) such as H2 O2 , O2 •− , h+ , and • OH [7,8], however, the
targets of the RS attacks and the speciﬁc lethal steps of PC and
PEC treatments are not well understood. For Gram negative bacteria, the outer membrane, cell wall, and cytoplasmic membrane
are located at the outside of the cell, and thus are the most probable targets of attack. The damaged bacterial envelopes seen in SEM
(scanning electron microscopic) and TEM (transmission electron
microscopic) images of PC and PEC treated samples support this
hypothesis [9–12].
Some reports have argued that the cell wall is rather porous and
might allow RSs to pass through, making this layer not the actual
initial attack target [13]. On the other hand, the bacterial cytoplasmic membrane, consisting mainly of the phospholipid bilayer,
has been shown to be susceptible to RSs attack, and the oxidative
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2. Experimental section
2.1. Photoelectrocatalytic inactivation apparatus setup
A PEC reactor (50 mL volume) was used [20] to perform inactivation experiments, with a TiO2 nanotube array photoanode [21].
Detailed experimental conditions are described below; materials
included a counter electrode, platinum foil; reference electrode,
saturated Ag/AgCl; bias potential of the anode, 1 V versus Ag/AgCl;
light source, LED lamp with maximum emission at 365 nm and the
light intensity adjusted to 27 mW cm−2 .

2.2. E. coli strains and bacterial suspension preparation for
inactivation
Table S1 lists the three E. coli strains used for PEC inactivation. All
three strains were purchased from Coli Genetic Stock Center (CGSC,
Yale University, New Haven, CT, USA). E. coli JW3935-4 (fabR) and
E. coli JW1077-1 (fabH) were the isogenic mutants of parental
strain E. coli BW25113 with single gene knocked out. The fabR
encodes the transcription inhibitor of fabA and fabB, both of which
are essential for unsaturated fatty acid (UFA) synthesis, and the
fabR deﬁcient strain has elevated UFA fraction compared with wild
type strain [22]. The fabH encodes ␤-ketoacyl-acyl carrier protein

Fig 1. The PEC inactivation performances of parental strain E. coli BW25113 and
isogenic mutants deﬁcient in fatty acid biosynthesis (E. coli JW3935-4 and E. coli
JW1077-1). (a) The initial bacterial density of the suspension is ∼2 × 107 CFU mL−1 ,
and the survived bacteria determined by the colony counting method; (b) the initial bacterial density of the suspension is ∼2 × 108 CFU mL−1 , and the cell viability
determined by Live/Dead Fluorescent Kit.
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damage to the cytoplasmic membrane may alter its permeability. This leads to the entry of RSs into intracellular compartments
as well as cytoplasmic component leakage [14–16]. However,
whether the cytoplasmic membrane framework (phospholipid
bilayer) is the initial lethal target of RSs attack during PC and PEC
inactivation is still debated.
Additionally, different proteins associated with the cytoplasmic
membrane (phospholipid bilayer) play essential roles in various
cellular functions, such as substrate transportation and energy
metabolism. For example, the electron transport chain for bacterial
respiration, including dehydrogenase and a series of coenzymes,
is located at the bacterial cytoplasmic membrane [17]. Similar to
the cytoplasmic membrane framework, these membrane proteins
are also exposed to RSs attack during PC and PEC treatments [1].
Some research suggests that the oxidative damage of these proteins
may be essential steps of bacterial inactivation [18]. Nevertheless,
the impact of cytoplasmic membrane destruction and membrane
protein disruption on bacterial inactivation has not been widely
studied during PC or PEC treatment. Thus, it is not clear whether
the two types of damage mechanisms mentioned above are lethal
steps during PC and PEC inactivation.
This work explored the progression of bacterial membrane
changes, to better understand the lethal steps of bacterial inactivation during PEC treatment. The study used an Escherichia coli
parental strain and its two isogenic mutants; these were effective in studying disinfection mechanisms [19]. Therefore, in this
work, the E. coli isogenic mutants deﬁcient in fatty acid (most
important content of membrane framework) synthesis, together
with their parental strain E. coli BW25113, were used to investigate the cytoplasmic membrane lipid oxidation mechanism. Does
the cytoplasmic membrane oxidative damage occur? Which is the
major target of RSs attack, the cytoplasmic membrane framework
(phospholipid bilayer) or the membrane associated proteins? Is the
decomposition of the cytoplasmic membrane framework or the
disruption of membrane associated proteins directly responsible
for the bacterial inactivation? Answering these questions would
deepen our understanding of PC and PEC disinfection mechanism
and further help to develop new high efﬁciency bactericidal techniques.
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Fig. 2. K+ leakage from bacterial cells during PEC inactivation (∼2 × 107 CFU mL−1 ) of
parental strain E. coli BW25113 and two isogenic mutants. The [K+ ] represented the
K+ concentration at sampling time point, and [K+ ]0 represented the K+ concentration
at time of 0 min for each bacterial strain.

synthase III (KAS III), which catalyzes the condensation reaction
during the initial step of fatty acid biosynthesis [23].
Previous studies found that the KAS III deﬁcient E. coli strain
had a higher UFA proportion compared with the wild type strain,
especially the monounsaturated fatty acid with 18 carbons (18:1)
[24]. The bacterial strains were stored in 25% sterilized glycerin
at −80 ◦ C. To prepare the bacterial suspension for PEC inactivation, the individual bacterial strain was streaked on a nutrient agar
plate and incubated to acquire isolated colonies. The colony was
inoculated into Nutrient Broth (NB) and incubated overnight. The
bacterial suspension was diluted with fresh NB by 1:100, and then
incubation continued for 6 h at 37 ◦ C and 200 rpm to log phase.
The bacterial cells were harvested by centrifugation at 5000 rpm
for 5 min, washed twice with sterilized water, and re-suspended
in 0.2 M NaNO3 . Unless otherwise noted, the bacterial density of
the suspension used for PC and PEC inactivation in this study was
∼2 × 107 CFU mL−1 (colony forming unit per mL).

362

T. An et al. / Applied Catalysis B: Environmental 188 (2016) 360–366

Fig. 3. The SEM images of cell samples during PEC inactivation (∼2 × 107 CFU mL−1 , the parental strain E. coli BW25113 and two isogenic mutants).

2.3. PEC inactivation

2.4. Fatty acid (FA) proﬁle analysis

PEC treatment was applied to 50 mL of the bacterial suspension
prepared above; surviving bacterial cells were monitored using a
colony counting method [21]. The bacterial viability was also tested
using a Live/Dead Backlight Bacterial Viability Kit (L13152, Invitrogen, USA), following the manufacturer’s instructions.

The FA proﬁles of three E. coli strains were determined as follows
[11,12]: the bacteria in the log phase were harvested and washed;
2 mL 5% NaOH solution (methanol: H2 O = 1:1, v:v) was then added.
The mixture was saponiﬁcated in 100 ◦ C for 30 min; and the pH
was adjusted to 2 using 6 M HCl. The mixture was extracted twice
with 5 mL of mixed solvent (Hexane: chloroform = 4:1). The extract
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0.008

freeze dried and gold sputtered, the images were taken with FESEM
(JSM-6330F, JEOL Ltd., Japan). The lipid peroxidation level was
determined by testing the malonaldehyde (MDA) concentration
using a MDA assay kit (A003-1, Nanjing Jiancheng Bioengineering
Institute). MDA reacts with thiobarbituric acid (TBA) to form a pink
product with a maximum absorbance of 532 nm [11,26,27].
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2.7. Bacterial respiration activity assay

0.08
0.04

0.000

BW25113
JW1077-1
JW3935-4

0.0 0.5 1.0 1.5 2.0
PEC treated time (h)

Blank
control
Positive
control

Abs 532nm

0.12

Fig. 4. The lipid peroxidation levels of bacterial membrane for parental strain E. coli
BW25113, isogenic mutants E. coli JW3935-4 (fabR) and E. coli JW1077-1 (fabH)
during PEC inactivation processes (bacterial density is ∼2 × 108 CFU mL−1 ). Blank
control: alcohol was used instead of samples for the assay; positive control: MDA
standard solution of 10 nmol mL−1 was used instead of samples for the assay; both
controls was conducted in the same procedure as the bacterial samples, following
the manufacturer’s instruction.

The bacterial respiration rate was tested using 2,3,5triphenyltetrazoliumchloride (TTC) as follows [16]: 8 mL of
PEC treated bacterial samples (2 × 108 CFU mL−1 ) were harvested
using ﬁltration, and re-suspended in 1 mL phosphate buffer saline
(PBS, pH = 7.4). Then, 0.75 mL tris(hydroxymethyl) aminomethaneHCl buffer (Tris-HCl, pH = 8.4), 0.25 mL 0.36% NaSO3 , 40 L 1 M
glucose and 1 mL 0.4% TTC (Cat No. 118388, J&K Scientiﬁc Ltd.)
were added. The reaction mixture was incubated at 37 ◦ C and
200 rpm for 60 min; 0.5 mL 40% formaldehyde solution was added
to terminate the reaction. After being centrifuged at 8000 rpm for
10 min, the deposit was extracted with 3 mL acetone for 10 min,
and the absorbance at 485 nm of supernatant was then tested. The
principle of the assay was described in the Supporting information
(SI) and illustrated in Fig. S1.
2.8. Adenosine triphosphate (ATP) generation potential

Fig. 5. The bacterial respiration rate assays of parental strain E. coli BW25113
and two isogenic mutants (fabR and fabH) during PEC inactivation
(∼2 × 108 CFU mL−1 ). NC: negative control.

was then dried with a gentle nitrogen ﬂow. Methylation was conducted at 100 ◦ C for 30 min by adding 4 mL 14% BF3 in methanol. The
sample was extracted twice with 5 mL of the same mixed solvent,
evaporated until dry, and then ﬁnally resolved in 200 L hexane.
The fatty acid components were analyzed using an Agilent 7890A5975C GC–MS; the quantiﬁcation was conducted using calibration
curves of fatty acid methyl ester standards from Accustandard (125
Market Street, New Haven, CT 06513, USA). The PEC inactivated
bacterial cultures (2 × 108 CFU mL−1 ) were collected using ﬁltration
and the fatty acid proﬁle was analyzed using the same procedure
as above.
2.5. K+ leakage and ﬂuorescent microscopic observation
Bacterial cultures were ﬁltered to remove cells; the K+ concentration in the ﬁltrate was tested using inductively coupled
plasma-atomic emission spectroscopy (VARIAN VISTA ICP-AES Pro,
USA) at 766.5 nm. Fluorescent images of bacterial samples were
taken after being stained with a Live/Dead Backlight bacterial viability kit, following the manufacturer’s instructions.
2.6. Field emission scanning electron microscope (FESEM) images
and lipid peroxidation assay
Bacterial cultures for SEM observation were prepared as follows
[25]: bacteria were harvested and ﬁxed with 2.5% glutaraldehyde
overnight, and then soaked with 0.1% phosphate-buffered saline 5
times each for 20 min. Dehydration was performed in turn using
30, 50, 70, 90, 100% ethanol and 100% butyl alcohol. After being

A 0.9 mL aliquot bacterial sample was collected at the 0, 5, 10,
15, 20, 25 and 30 min points after the start of PEC inactivation. Each
sample was mixed with 0.1 mL sterilized nutrient broth, and incubated at 37 ◦ C. After incubation for 5, 15, 30, 45 and 60 min, the
cellular ATP concentration was measured using a BacTiter-GloTM
Microbial Cell Viability Assay Kit (G8230, Promega Corporation,
2800 Woods Hollow Road, Madison, WI 53711–5399, USA), following the manufacturer’s instructions with minor modiﬁcation.
A 0.05 mL aliquot sample was mixed with an equal volume of
BacTiter-GloTM reagent in a white opaque-walled 96-well plate,
and incubated on an orbital shaker for 5 min at room temperature
(ca. 25 ◦ C). The luminescence intensity was recorded immediately
using a plate reader (Varioskan Flash, Thermo Scientiﬁc, USA).
A calibration curve was measured using ATP-2Na·3H2 O (AB0020,
Sangon Biotech, Shanghai) solutions. Fig. S2 illustrates the ATP
assay.
3. Results and discussion
3.1. Fatty acid proﬁle
Fatty acid is the major composite of bacterial membranes, and is
present in the form of a phospholipid bilayer and lipopolysaccharide. The phospholipid bilayer builds up the framework of bacterial
membrane. Phospholipid consists of saturated fatty acids (SFAs).
SFAs are more viscous and less ﬂuid, and therefore tougher and
more recalcitrant to oxidative stress [28], than unsaturated fatty
acids (UFAs). Therefore, the parental strain E. coli BW25113 and
two isogenic mutants (E. coli JW3935-4 (fabR) and E. coli JW10771 (fabH)), which are deﬁcient in fatty acids synthesis, were used
to investigate the different behavior patterns of FA during PEC inactivation. The FA proﬁles of three E. coli strains were ﬁrst determined
to conﬁrm the target mutations; Table S2 shows the results. Before
PEC treatment, the parental strain E. coli BW25113 showed a typical E. coli fatty acid proﬁle [16,24], with palmitic acid (16:0) as the
dominant congener (45.6%), followed by monounsaturated fatty
acids such as hexadecenoic acid (16:1, 12.1%) and octadecenoic
acid (18:1, 22.9%). Compared with the parental strain, the mutants
showed no difference in aspect of the total fatty acid content, but
with different composition proﬁles. The proportion of SFA (palmitic
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Table 1
The ATP generation rate of parental strain E. coli BW25113 and its isogenic mutants after PEC inactivation (∼2 × 107 CFU mL−1 ) with different treatment times.
PEC time (min)

0
2.5
5.0
7.5
10
15
20
25
30

ATP/t (10−7 pmol min−1 per cell)

Percentage (%)

BW25113

JW3935-4

JW1077-1

BW25113

JW3935-4

JW1077-1

0.62
0.54
0.20
−0.01
0.00
0.01
0.01

0.92
0.88
0.81
0.35
0.04
0.00
0.00
-

0.74
0.75
0.04
0.00
0.00
0.00
0.00
-

100.0
87.3
32.7
−1.4
0.6
1.5
1.9

100.00
95.56
87.81
38.21
4.40
0.00
0.00
-

100.00
100.38
4.82
0.00
0.00
0.00
0.00
-

acid) decreased to 37.6% (E. coli JW3935-4: fabR) and 38.5% (E. coli
JW1077-1: fabH), and the unsaturated fractions elevated to 45.9%
(E. coli JW3935-4: fabR) and 45.7% (E. coli JW1077-1: fabH),
respectively. The results were consistent with previous reports on
the gene functions of fabR and fabH, as well as the phenotype of the
deﬁcient strains [22,24].

3.2. PEC inactivation performance
Fig. 1 shows the PEC inactivation performances of different
E. coli strains, the parental strain, and two isogenic mutants (fabH
and fabR). In a bacterial suspension of 2 × 107 CFU mL−1 , E. coli
BW25113, the parental strain, showed a shoulder region (the survival bacterial population decreased very slowly) during the initial
10 min; the two mutants were inactivated more quickly, and without the shoulder stage. After 10 min of PEC treatment, the survival
ratios were >50%, ∼1%, and ∼0.1% for E. coli BW25113, E. coli
JW3935-4, and E. coli JW1077-1, respectively. This indicates the
mutants with higher UFA proportions were more susceptible to
PEC treatment. With further prolonging of treatment time, the live
cell population decreased steadily; 100% inactivation was ﬁnally
achieved within 45 min for all three strains (Fig. 1a).
In addition, the bacterial survival ratios of three bacterial strains
(2 × 108 CFU mL−1 ) were also determined with Live/Dead Backlight
Bacterial Viability Kit during the PEC treatment process. Fig. 1b
shows that the PEC inactivation efﬁciency for fabH was greater
than fabR, which was greater than the parental strain. It required
1.5 h for all three strains to achieve complete inactivation. Similar
with the results in Fig. 1a, a shoulder stage is seen for the ﬁrst 0.5 h
for E. coli BW25113. This test used a higher initial bacterial concentration, leading to a longer time being needed to achieve complete
inactivation. Therefore, the parental strain E. coli BW25113 with a
higher SFA ratio was more resistant to PEC inactivation compared
with the mutants. This conclusion also conﬁrms other research that
found that the higher the UFA to SFA ratio, the more sensitive
the bacteria are to PC inactivation [10,29]. These results suggest
that UFA was likely the important initial target of RSs during PC
and PEC process, leading to the structural destruction of bacterial
membrane framework.
To conﬁrm this hypothesis, the bacterial fatty acid proﬁles during PEC inactivation processes were compared with the untreated
samples. As Table S2 shows, PEC treatment reduces the proportion
of UFA, especially for mutants with a higher original UFA content
before treatment. For example, the proportion of UFA in E. coli
JW3935-4 dropped from 45.9% to 28.7% after 2 h of PEC treatment;
the corresponding UFA in E. coli JW1077-1 decreased from 45.7% to
34.9% during the same treatment period. The results demonstrate
that the UFA oxidative damage caused by RSs attack occur during
PEC inactivation of E. coli.

3.3. Bacterial membrane integrity test
During the PEC treatment process, fatty acid proﬁle changes
indicated possible E. coli cell membrane damage. Further tests were
therefore done to conﬁrm these membrane integrity changes. K+
is an important ion in cytoplasm, and the destruction of bacterial membrane should induce the leakage of K+ and cytoplasm
[11,21]. As Fig. 2 shows, a sharp increase of K+ concentration in
the bacterial suspension was observed for all three strains within
the initial 10 min, implying that membrane permeability increased
signiﬁcantly and early. Speciﬁcally, both mutants showed faster
K+ leakage compared with the parental strain, consistent with the
inactivation performance.
This reafﬁrms the importance of bacterial fatty acid proﬁles
in maintaining membrane permeability; the bacterial strain with
high UFA fractions was susceptible to oxidative stress caused by
PEC treatment. More precisely, the extent of K+ leakage coincided
with the bacterial inactivation ratio for all three strains. For E. coli
BW25113, the inactivation ratios were 64.66% and 99.95% within
10 and 20 min (Fig. 1a); the corresponding K+ leakage percentages
were 65% and 97%, respectively. Similar results were seen for E. coli
JW3935-4 (fabR) and E. coli JW1077-1 (fabH). This suggests that
the cytoplasmic membrane destruction is an essential initial step
for bacterial inactivation.
Cytoplasmic membrane integrity was further monitored using
a Live/Dead BacLightTM bacterial viability kit with a ﬂuorescent
microscope; bacteria with an intact membrane was stained green,
and bacteria with a destroyed membrane was stained red [30,31].
As Fig. S3 shows, for E. coli BW25113 cells (2 × 107 CFU mL−1 ), the
color turns from green to red gradually during PEC treatment; all
the cells are red within 45 min. However, the bacterial cells of E. coli
JW3935-4 (fabR) and E. coli JW1077-1 (fabH) were all red after
only 30 min of PEC treatment (Fig. S4). The mutant’s faster loss
of membrane integrity compared with the parental strain further
conﬁrmed that membrane FA, especially the UFA fraction, was an
important target of RSs attack.
The SEM images of PEC treated bacterial cells were also compared to provide more details about the membrane damage. As
Fig. 3 shows, the untreated cells of E. coli BW25113 were plump rod
shapes with intact membrane. However, after 30 min of PEC treatment, there was sinking in the middle part of some cells, indicating
partial cytoplasm leakage. Longer PEC inactivation time led to more
severe damage to the bacteria, with more sinking and a shriveled
membrane. As noted above, both mutants (fabR and fabH) with
higher UFA fractions were more sensitive to PEC inactivation under
identical experimental conditions. After 30 min treatment, most of
these cells were sunken in the middle. The cell membrane became
porous, and many ﬁne holes were seen on the bacterial membrane
after 90 min. Furthermore, signiﬁcant bacterial cell debris, likely the
collapsed cell wall or broken membrane, was seen after 120 min.
The SEM results demonstrated clearly that PEC induced the
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damage to the cytoplasmic membrane and cell wall; the membrane
with more UFA was more easily destroyed.
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3.4. Mechanism of membrane destruction
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The mechanism of fatty acid damage was further explored. Lipid
peroxidation is widely accepted as the damage pathway caused
by RSs attack. MDA, a product of lipid peroxidation, was used to
indicate this oxidative process [13,16,32,33]. Fig. 4 shows the MDA
concentration changes. Interestingly, the MDA concentration did
not substantively increase during the 2 h PEC treatment for all three
E. coli strains, compared with blank control (alcohol instead of bacterial samples for MDA assay). This suggests that PEC inactivation
may not cause the elevated lipid peroxidation level, or that the cell
membrane lipid was not damaged by lipid peroxidation. However,
these results can be explained by the fact that the dominant bactericidal RSs was in-situ generated H2 O2 rather than • OH [21]. Lipid
peroxidation is generally induced by • OH [15]. Further, the major
fatty acid contents of three E. coli strains were saturated or monounsaturated, whereas the lipid peroxidation processes generally took
place with polyunsaturated fatty acids as the substrate [26,34,35].
As such, the mechanism of membrane lipid damage requires further
study.
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3.5. Bacterial respiration rate measurement
Respiration is an important form of bacterial energy
metabolism; released energy is stored as ATP. The bacterial
respiratory chain consists of different enzymes, ﬂavoproteins,
iron-sulfur proteins, and cytochromes, and is located at the
cytoplasmic membrane of bacterial cells [36]. During the PEC
inactivation process, RSs may attack the respiratory chain, as well
as the cytoplasmic membrane framework (phospholipid bilayer)
[37,38]. Therefore, during the PEC inactivation process, bacterial
respiration rate changes were tested using TTC reduction experiments. Electrons produced during bacterial respiration reduced
TTC to red-colored TF (Fig. S1). The experimental conditions for the
TTC assay were ﬁrst optimized, including the nutrient substrate
selection, pH buffer system, and bacterial density and reduction
duration, as shown in Figs. S5 and S6 .
The optimization process suggested that adding glucose rather
than succinate [39] or nutrient broth as the substrate promoted TTC
reduction (Fig. S5). The optimized dose was 40 L 1 M glucose (total
volume of 3 mL, (Fig. S6a); the best buffer solution was Tris-HCl (pH
8.4); and the optimal bacterial density was ∼109 CFU mL−1 . Thus,
the bacterial suspension after PEC treatment (∼108 CFU mL−1 ) was
condensed to ∼109 CFU mL−1 before the TTC assay. The assay was
operated for 60 min (Fig. S6b), and calibration curves of TF were
obtained (Figs. S6c and d).
Fig. 5 shows the respiration rates of PEC treated bacterial samples based on the optimized conditions. In the negative controls
(NC, where no catalyst, UV light, or bias potential was applied),
the bacterial respiration rate showed no apparent changes. However, during the PEC process, the respiration rate of two mutants
decreased slightly within the initial 20 min, fell sharply thereafter,
and then ceased within 45 min. The E. coli BW25113 showed a
slower fall in respiration than the two mutants. The loss of bacterial
respiration activity was probably caused by the oxidative damage
of the membrane proteins, which may play an important role in
the respiratory chain. When the respiration rates were compared
with the bacterial survival ratios under identical PEC conditions
(∼2 × 108 CFU mL−1 , Fig. 1b), the loss of respiration activity was far
faster than the loss of bacterial viability. This suggests that some
bacteria were partially injured by the lost respiration activity, but
did not die. Thus, the oxidative damage of the bacterial respiratory

20
0
0

15
30
45
60
Incubation time after PEC (min)

Fig. 6. The ATP generation potential of E. coli strains (cell concentration
∼2 × 107 CFU mL−1 ) after PEC inactivation. (a) E. coli BW25113, (b) fabR, (c) fabH.
PEC inactivated bacterial samples were mixed with 10% NB and incubated at 37 ◦ C
in water bath for indicated times.

chain occurred at the early stage of PEC inactivation, similar with
Bosshard’s report of solar disinfection [18].
3.6. Bacterial ATP generation capacity
The decrease of the respiration rate of bacteria during PEC inactivation reduces the energy production capacity of the nutrient
substrates, and subsequently, the generation rate of ATP, which is
the cell’s major energy currency molecule. Thus, this study also
examined bacterial ATP generation capacity during PEC inactivation. The cellular ATP concentration was determined using a
BacTiter-GloTM Microbial Cell Viability Assay. The limit of detection
(LOD, deﬁned as the bacterial density to produce Signal/Noise = 3)
of the assay was tested following manufacturer instructions, and
E. coli BW25113 was adopted as the model microorganism. The
LOD was calculated to be 2–3 × 104 CFU mL−1 (Fig. S7a). The luminescence density of the assay was found to decline with prolonged
incubation time (Fig. S7b). As such, the sample was tested after
5 min of incubation on the orbital shaker to ensure sufﬁcient mixing.
Fig. 6 shows the ATP concentrations of the bacteria during PEC
inactivation and during the following incubation process. For E. coli
BW25113, the ATP level dropped from 21.6 × 10−7 pmol per cell
before the inactivation to 9.9 × 10−7 pmol per cell after 10 min of
PEC treatment, and to 1.1 × 10−7 pmol per cell after 20 min (Fig. 6a).
When the treated bacterial samples were subsequently incubated
with 10% nutrient broth, the cellular ATP level increased, indicating
that the cells could still use the nutrition to generate energy.
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The ATP level increased more slowly when a longer PEC treatment time was applied, and after 15 min of PEC treatment, the
cellular ATP concentration no longer increased with nutrient incubation. This suggests that PEC treatment may gradually damage and
ﬁnally destroy the bacterial energy generation capacity, including
the previously discussed respiration pathway. The ATP levels in two
mutants (fabR and fabH) showed similar trends as the parental
strain E. coli BW25113, except ATP generation capacity was lost
earlier for the two mutants: after 10 min PEC treatment for fabR
and after 5 min for fabH (Fig. 6b and c).
As Table 1 shows, the cellular ATP generation rate (ATP/t)
was also calculated with ATP concentrations at different incubation
times of 15, 30, 45, and 60 min. PEC inactivation decreases the cellular ATP generation rate for all three strains. For E. coli BW25113,
the rate was reduced to 32.7% of the original after 10 min PEC inactivation, and to 0% after 15 min. The E. coli BW25113 survival ratio
was 35.3% at 10 min, and ∼1% at 15 min (Fig. 1a), coinciding with
the ATP decrease. The results for fabR and fabH mutants were
similar.
The loss of ATP generation capacity appears to directly cause
bacterial death: a lack of ATP limits the cellular energy supply,
preventing cellular repair and bacterial growth. Comparatively, the
loss in respiration activity did not kill the bacteria, because respiration is not the only way the facultative anaerobic E. coli metabolizes
energy. ATP can also be generated though fermentation via substrate level phosphorylation [40]. The bacterial ATP generation
capacity was completely lost only when all the energy metabolism
pathways were blocked or the ATP synthase was inactivated. The
simultaneous leakage of K+ along with the bacterial inactivation
may be because ATP is needed to maintain both bacterial membrane potential and Na+ -K+ ATPase [21,38] which were essential
to keep K+ concentration at a high level. In addition, the damage
of the cellular outer membrane, including lipid bilayers, may cause
increased bacterial permeability. This subsequently increases the
exposure probability of the respiratory chain and ATP synthase to
RSs. This was demonstrated by comparing the mutants and the
parental strain.
4. Conclusion
In summary, this study found that the oxidative damage of
membrane associated proteins, particularly those related with the
bacterial energy metabolism such as respiration and ATP generation, was the lethal steps in bacterial inactivation during PEC
treatment. This can be supported by the observation that the respiration rate decreased more quickly than bacterial viability, as well
as that the ATP generation potential coincided with bacterial viability. On the other hand, the ROSs attack also induced oxidative
damage of membrane fatty acids, especially the unsaturated content, which subsequently caused elevated membrane permeability.
Nevertheless, the damage of membrane framework seemed not as
important as membrane proteins, because of its later occurrence
compared with protein disruption during bacterial inactivation
process. Even though, the permeabilized membrane framework
did promote the ROSs attacking membrane proteins, supported
by the different performance between parental E. coli and fatty
acid deﬁcient mutants. The clear understanding of PEC inactivation
mechanisms can help us to develop new high efﬁciency bactericidal
techniques.
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