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Abstract The effects of atomic oxygen radical anion (O ™) on the inactivation and morphological changes of Escherichia coli (E.coli)
on the surface of bio-indicator carrier were investigated. The O~ flux was generated from a novel developed O~ generator where the O™
storage-emission material of [Ca,,Al,O04]**40 ™ (abbreviated as C12A7-0O7) was used as a pure O~ emitter. Present results showed that
inactivation of E.coli was sensitive to the O intensity and the cell mortality was enhanced to more than 3-logarithm reduction with the
exposure to 1.5 mA/cm? O~ flux for 120 min. Field emission scanning electron microscopy (FESEM) observations showed that O~ flux
destroyed cellular structures. Lipid peroxidation reaction induced by atomic oxygen radical anion for E. coli cells was also observed
using product of malondialdehyde (MDA) as an index. The concentration of MDA increased to 1.2 pmol/g(dry weight) of cells when
E. coli suspension (5.6x107 cfu/ml) was treated by the O~ flux (1.5 wA/cm?) for 15 min. The findings revealed that the atomic oxygen
radical anions, with strong oxidation power, was effective in inactivating E. coli and caused lipid peroxidation reaction at the first time,
which would be potential useful to develop a novel approach for the microbial decontamination and for the study on the interactions

between microorganisms and O~
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Reactive oxygen species (ROS), such as the increase in the lipid peroxidation has been considered
superoxide anion radical (O 2’ ), the hydroxyl radical as a common mechanism leading to the destruction of
cell membrane due to the cytotoxic products generated
during the lipid peroxidation. Oxidative deterioration
of lipids leads the formation of malondialdehyde
(MDA) during the last stage of the breakdown of
endoperoxidases  formed during intramolecular
rearrangements in the structure of unsaturated fatty

acids. Therefore, MDA is usually as an index to

(*OH), and the singlet oxygen ('O,), are important
chemical radicals in the biochemistry and biophysics.
Due to high reactivity of ROS, all the cellular
components, lipids, proteins, nucleic acids and
carbohydrates may be damaged by their reactions with
ROS, giving rise to metabolic and cellular disturbances
or cell death™ 7%, Considering high reactivity of O ~

. . . 6 measure whether or not the existence of lipid
radical anion in chemical reactions!® 7, we therefore  dati dt the d el b
speculate that the active O~ would have significant peroxication anc to assess the degree of cell membrane
. . . damage.
effects on microorganisms' cells through chemical

reactions. Kelly-Wintenberg et al . have pointed out

that ROS species including O play important roles in * This work was supported by a grant from Hi-Tech Research and
Development Program of China (2006AA05Z118) and The Century

Program of The Chinese Academy of Sciences (2002).

killing microorganisms by one atmosphere uniform
glow discharge plasma.

Unsaturated  fatty acids  (polyunsaturated
phospholipids) are the primary target of ROS ¥ ', The
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O~ can be generated from the process of glow
discharge and some inorganic materials such as MgO
surface, Cs surface, and the Au-or Ag-deposited
Y,Os-stabilized ZrO, (YSZ) electrolyte surface I"' =1,
However, it is very difficult to obtain high-purity O ~
flux by conventional methods. Recently, we have
developed a new technology to generate pure and
sustainable O~ flux, where the O ™ radical anions are
emitted from the anionic storage-emission materials of
[CayuAlOg]* +40 ~(abbreviated as C12A7-0 ~) 0 14,
The microporous crystal of C12A7-O ~, prepared by
the solid-state reaction of CaCO; and y-AlLO; under
flowing dry O, environment at 1 350 °C, can store and
emit O~ . O~
considered as a radical because it has an unpaired

is a monovalent anion and also

electron in its outmost orbit. The structure of

CI12A7-O ~ is characterized by a positive charged
[CanAlOu]*

sub-nanometer sized cages with a free space of about

lattice  framework including 12
0.4 nm in diameter. The concentration of O~ stored in
the cage of C12A7-0O ~ is about 6 x10* cm —* [,
Furthermore, the O~ stored in the cages can be emitted
into the gas phase and be formed the high pure O~ flux
(>95%) by heating the sample (500~800°C) >, The
sustainable and relative pure O~ flux developed with
using the above method has provided the basis for
studying the effects of O = on the inactivation of
microorganisms!”. The objective of this study was to
evaluate the viability of E. coli cells influenced with
different intensity of O~ flux and the kinetics of lipid
peroxidation induced by the O™ radical anions.

Au electrode

1 Materials and methods

1.1 O™ flux preparation and experimental apparatus

The O~ flux was generated from an O~ generator
(length:12 cm, width:12 cm, thickness:0.8 c¢cm), which
consisted of three parts: a ceramic support, a Fe-Cr
alloy filament heater embedded in ceramic layer
(220V, 750W), and a CI2A7- O “-coated film
((50 £5) pum) using a plasmas-spraying process. A
photo image ofthe O~ generator wasshownintheinsetof
Figure 1. Electron paramagnetic resonance (EPR)
measurements were performed to investigate the
characteristic of O~ in the C12A7-O ~ material with a
Bruker ER-200D spectrometer (Germany) at 77 K.
The concentration of O~ stored in the C12A7-O~ was
determined from the second integral of the EPR
spectra using CuSO,*5H,0 as a standard calibration .
We controlled the emission intensity of O ~ by
changing temperature of the O~ generator via adjusting
the output power of O ~generator. The O ~ flux was
carried by a fast flowing inert gas (5 L/min argon) to
decrease the loss of O~ magnitude. A time-of-flight
(TOF) mass spectrometer was used for the analyses of
anion species emitted from O ~ generator. The
experimental apparatus and detailed conditions in this
contribution for studying the anions emission using
TOF mass spectroscopy was the same as those
described previously . The current of O ~ was
detected via a Keithley model 6485 picoammeter
(USA) together with an Au electrode (diameter:
1.6 cm).
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Fig. 1 A schematic diagram of experimental apparatus
The inset at the lower left corner is a photograph of O~ generator.
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The experimental arrangement for investigating
the effects of O on E. coli was made up of two parts:
an O~ emission chamber (diameter: 20 cm, length: 18 cm)
installed with the O “generator and a reaction chamber
(diameter: 2 cm; length: 28 cm) for positioning
bio-indicator carrying E. coli (Figure 1). The reaction
chamber was cooled by a water-cycled system to
control the temperature of bio-indicator at 30°C . The
distance from the O ~ generator to the bio-indicator
was 28 cm. The Au electrode and Keithley model
6485 picoammeter used to detect current intensity of
O ~ near bio-indicator was removed when the O ~
began to react with E. coli.

1.2 Bio-indicator preparation

E. coli (AS 1.1018) was obtained from China
General Microbiological Culture Collection Center
(Beijing, China). E. coli was inoculated into 100 ml of
nutrient broth (pH7.20) containing 1.0 g of beef
extract, 1.0 g of peptone, and 0.5 g of sodium chloride
(NaCl) with shaking for 24 h at 37°C. The cells were
harvested by centrifugation and washed twice with a
sterile 0.9% NaCl solution. The cell pellet was
re-suspended in 0.9% NaCl solution to obtain a test
suspension. In order to obtain a uniform cell
concentration, the cell suspension was serially diluted
through several 1 : 10 dilutions, and the final dilution
0.1 ml was pipetted onto duplicate agar plates, which
was evenly spread using a glass spreader. The plates
were then incubated for 24 h at 37C to generate
visible colonies, which were counted and used to
determine the number of colony forming units per ml
(cfu/ml) in the original suspension. A polypropylene
test cap was used as bio-indicator carrier with a
diameter of 1.6 cm (inoculation area: 2 cm?). The
bio-indicator carrier was sterilized at 120°C for 20 min.
Then, 0.1 ml of cell suspension was applied to each
sterile polypropylene carrier. The bio-indicator was
dried in vacuum sample oven at 35°C for 6 h with
fresh generated silica gel to absorb the vaporized
moisture ™. The survival population of cells on each
bio-indicator was counted before being used according
to the method mentioned below.

1.3 Evaluation of the survivors

Bio-indicator exposure to argon (Ar) gas flux
(5 L/min) only was used as a control. The survivors
from the bio-indicators exposed to O ~ flux and the
control ones were recovered in 10 ml of phosphate
buffered (pH 7.0) physiological saline solution (0.9%
NaCl) with 0.3 g/ml glass beads (diameter 0.6 cm)!,

Test tubes with the bio-indicators were vortexed for
5 min at room temperature. After proper dilution,
0.1 ml of suspension was inoculated onto nutrient agar.
The survivors were counted as colony forming units
(cfu) per bio-indicator carrier after incubation at 37°C
for 24 h. All trials were repeated three times.
1.4 FESEM observation

For field emission scanning electron microscope
(FESEM) measurements, FE. coli suspensions were
inoculated onto plain polypropylene sheet as described
above, and subjected to 60 min of O~ or Ar (5 L/min)
treatments. The preparation process of FESEM sample
for E. coli was similar to that used before!™. A thin,
conductive film of gold was then deposited onto the
surface, after which the control and treated samples
were viewed at 5 kV accelerating voltage in a JSM
—6700F field emission scanning electron microscope
(JEOL, Tokyo, Japan).
1.5 Detection of lipid peroxidation

Formation of malondialdehyde (MDA) was used
as an index to measure the existence of lipid
peroxidation. Quantification of MDA was done
following the methods described before © . The
method is actually based on the formation of pink
pigment which is formed from the reaction of MDA
with thiobarbituric acid (TBA). The pink pigment has
an absorption maximum in acidic solution at 532 nm.
We bubbled of the O~ flux (carried by 5 L/min Ar) and
Ar (5 L/min) only (i.e. control) into 20 ml E. coli
suspension of 5.6 x 107 cfu/ml for different duration
at 30°C , respectively. After reaction, 1 ml of
suspension was mixed with 2 ml of 10% (w/v)
acid (TCA) and the
completely removed via centrifugation at 4 000 r/min

trichloroacetic solid was
for 10 min. The aqueous supernatant was obtained and
3 ml of freshly prepared 0.67% (w/v) TBA solution
was added. The mixture was placed in a boiling water
bath for 15 min and the absorbance at 532 nm was
UV-2401 spectrophotometer
(Shimadzu Co., Japan) after cooling. The concentration
of the MDA formed was calculated based on a
standard curve of MDA prepared by acid hydrolysis of
1,1,3,3-tetracthoxypropane  (Tokyo Kasei Kogyo
Co. Ltd. Japan) P Equal volumes of 1,1,3,3-
tetracthoxypropane and 0.2 mol/L hydrochloric acid
were placed in 95°C water bath for 10 min. It
1,1,3,3-
tetracthoxypropane yields one molecule of MDA plus

measured with a

was assumed that one molecule of

four molecules of ethanol when acidified. The extent
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of lipid peroxidation was expressed in nanomoles of spectra using CuSO,*5H,0 as a standard calibration'.

MDA per mg (dry weight) of cells. The O™ concentration stored in the C12A7-O ~ was as

Degradation of MDA itself by the O~ was also high as about 3.7x10% cm™. Figure 2b shows a typical
carried out to determine the degradation pathways. We mass spectrum as the O~ generator ran at 650 W. The
bubbled of the O = flux into 20 ml of MDA (1.2 x peak at the mass number of 16 was attributed to O ~
10° mol/L). After reaction for a given time, we emitted from the O ~ generator. The emitted species
evaluated the changes of MDA using MDA-TBA from the generator surface were almost O ~ radical
method under the same condition mentioned above. anions (>95% ) together with a bit of electrons
1.6 Statistical analysis (<5%). The inset part of Figure 2b was a schematic

Microbial counts were expressed as cfu per diagram to describe the emission process of O~ from
bio-indicator. The reported data are the mean values of the O~ storage-emission material of CI12A7-O ~. The

three trials+standard deviation. Significant differences O™ radical anions stored in the C12A7-O bulk (cages)
in plate counts were calculated at the 95% confidence were migrated onto the material surface by thermal
interval using analysis of variance (one way) with diffusion and then were desorbed into the space
origin software release 7.0 (OriginLab Corporation, forming the gas-phase O ~ radical anions. A Keithley
USA). model 6485 picoammeter together with an Au

electrode (area: 2 cm?) was used to detect the emission
2 Results current of O ~ near the bio-indicator. The emission
2.1 Characteristics of O- intensity of O~ from the O ~ generator strongly

The O~ flux was generated from an O~ generator depended on the surface temperature of the O~

where C12A7- O~ was the O~ storage-emission generator (Figure 2 c). When the temperature was

material. To investigate the characteristic of O~ in the below 600°C, emission current was very weak. The

C12A7-0 ", electron paramagnetic resonance (EPR)
measurement of C12A7-O~ powder used for preparing
O “generator was performed (Figure 2a). The g-values
of the signal extracted from the spectral simulation

emission current of O increased rapidly from 0.3 pA
to 3 wA when the temperature increased from 650 to
800°C . Therefore, the intensity of O ~ flux can be
controlled through changing surface temperature of O~

were g,=g, =2.041 and g.=1.997. These g-values agree ~ generator via adjusting the output power of O ~
well with those of the O~ radical in the literature!® ., generator. The intensity of O~ flux varied from 0 to
The O~ concentration stored in the C12A7-O ~ was 1.5 pA/em? was used in this study.

determined from the second integral of the EPR
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Fig. 2 Experimental EPR spectrum of C12A7-O material (a) , TOF mass spectrum of O~ emitted from the O~ generator
as the O~ generator ran at 650 W ,700 °C (b) , and O emission current (pA) from the O™ generator versus the surface
temperature of the O~ generator (c)

EPR spectrum was measured at 77 K. The inset part of Figure 2b is a schematic diagram to describe the emission mechanism of O~ from the O~
storage-emission material of C12A7-O", where the ¢, s, and g represent the O™ in the cage, on the sample surface, and in the gas phase, respectively.

2.2 Effects of O™ on survival of E. coli cells to determine the inactivation efficacy of O~ flux with
Figure 3 shows the results of the E. coli decay two different intensities of 0.5 pA/cm’* and
(i.e., the surviving populations versus exposure time) 1.5 wA/cm?, respectively. The initial population (V) of
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E. coli on bio-indicator after dried was 2.5x107 cfu
(=0 min). The populations of E. coli slightly decreased
by 0.20 and 0.55 lg cfu after exposed to Ar flux of
5 L/min (i.e. the control) at 30°C for 60 and 120 min,
respectively.

As the E. coli cells were exposed to the
0.5 pA/em® O~ flux, however, significant reductions in
cell viability with mean reductions of 0.84, 1.5, and
2.0 lg cfu were obtained for 30, 60, and 120 min,
respectively. With increasing of the O~ flux intensity,
the reductions in cell viability became more obvious.
The population of E. coli had a remarkable reduction
of more than 3 lg cfu with exposure to 1.5 wA/cm* O~
flux for 120 min at 30°C . As can be seen from
Figure 3, the inactivation efficacy was very sensitive to
the intensity of the O~ flux ranging from 0.5 to
1.5 pA/cm? Statistically significant difference was
observed between the O~ flux and the argon flux (P <
0.05). The above results clearly indicated that O~ flux
could cause the E. coli inactivation.

108,
107

106

N(cfu per bio-indicator)

10°

0 30 60 9 120

Fig. 3 Inactivation effects of the O~ flux and the argon flux
on E. coli cells

N stands for the E. coli survivors on the bio-indicator exposed to argon
flux or O~ flux. M : Ar (5 L/min), @: O (0.5 pA/em?), #: O~
(1.5 pA/em?).

2.3 Effects of O~ on morphological changes of
E. coli cells

To make clear the effects of the O~ flux on the
E. coli cells, the alterations of E. coli cellular
structures were investigated by field emission scanning
electron microscopy (FESEM). As shown in Figure 4a,
the cells in the control condition (i.e., exposed to an Ar
flow of 5 L/min for one hour), appeared relatively
smooth and regular shape. The cells in control
condition had the similar bacilliform shape to those of
the normal E. coli cells. However, after being exposed

to O~ for 60 min (Figure 4b), the cell surface became

some irregularities, and some internal matter appeared
leaking from the cell wall. Thus, we can conclude that
the outer membrane of cells would be destroyed by O~
radical anions. The similar phenomena were also
observed for E. coli exposed to plasma containing
active oxygen radical (i.e. O =, *OH) P Although
FESEM observations of E. coli do not allow drawing
conclusions about the mechanism for the inactivation
processes, they do clearly show the alterations of
E. coli cellular structure after being exposed to O™.

(b)

Fig. 4 Typical FESEM images of E. coli cells (a)
exposed to the argon flux (5 L/min) and (b) exposed to
1.5 pA/em? O™ flux for an hour at 30°C, respectively

2.4 Lipid peroxidation of E. coli induced by O-
flux

In order to clarify further the damage of cell
membrane, lipid peroxidation was also measured with
malondialdehyde (MDA) as an index. Figure 5 presents
the formation kinetics of MDA due to the lipid
peroxidation of E. coli cells induced by the O~ flux
(1.5 wA/ecm?. The MDA concentration increased
sharply for initial 15 min, reached a maximum value of
1.2 nmol per mg (dry weight of cells) for about 15 min,
and then slightly decreased over 15 min. For the
control condition (i.e., E. coli cells exposed to Ar flow
of 5 L/min), the MDA concentration was lower than
0.4 nmol per mg (dry weight of cells), which might be
formed in the analysis process of MDA-TBA in the air.
The above results clearly show that lipid peroxidation
of polyunsaturated phospholipids of E. coli occurs
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through the O™ flux treatment.
3 Discussion

12+ Radicals especially oxygen radical (reactive

N oxygen species) can induce damages to many kinds of

IO cells in vitro. The radicals containing unpaired electron

E 0.8 have high reactivity towards all the cellular

% components, lipids, proteins, nucleic acids and

g o6 8 carbohydrates, giving rise to metabolic and cellular

04l disturbances or cell death . When radicals react with

0 10 20 30 40 50 60

Reaction/ TN
Fig. 5 Kinetics of the lipid peroxidation induced by the O~
flux (1.5 pA/em? for E. coli cells
The MDA concentration was quantified by the TBA assay.

The concentration of MDA decreased after
15 min treatment would attribute to the reactions
between the formed MDA and the O~ radical anions.
This assumption was confirmed by the following
experiment. We injected the O~ flux (1.5 wA/cm?) into
the MDA (1.2x10° mol/L) solution and then observed
the reactions by measuring the residual amount of
MDA by the MDA-TBA method. Figure 6 shows the
residual MDA concentration measured as the function
of reaction time. The MDA concentration lost nearly
42% after 60 min. In previous work, the reaction
between O~ and aldehyde has been observed™. Thus,
the subsequent decrease in the MDA concentration for
longer treatment time shown in Figure 5 is attributed to
degradation of MDA via the O~ radical anion, where
the degradation rate exceeds the formation rate of
MDA. Thus, it could be considered that O~ can attack
polyunsaturated phospholipid in E. coli cell,
subsequently leading to a breakdown of the cell
membrane structure and the inactivation of the E. coli
cells.

0.8+ T

0.4r

Pama/(107° mol L)

1 | 1 1 1 1 |
0 0 10 20 30 40 50 60

{(Reactiony/ TN

Fig. 6 Degradation of MDA via O~ flux (1.5 pA/cm’) was
measured as a function of the reaction time
The MDA was prepared by acid hydrolysis of 1,1,3,3-tetracthoxypropane.

non-radical compounds, new radicals may be formed
and induce chain reactions. Active radical anion
species of O ~, with strong oxidation power, is high
reactive radical in the anion chemistry, particularly in
low-temperature oxidation of hydrocarbons & 7 2 =2,
Present method to produce O = provided a new and
convenience approach to generate pure and sustainable
O " radical anions. In our work, O ~ radical anions
showed as a devastator on E. coli cells through
reactions between O~ and cells.

Cell death would be associated with either
dysfunctions.
Among structural damage, disruption of envelopes,

structural damage or physiological

DNA conformational changes, ribosome alternations
or protein aggregation have been widely explored 2577,
The cell envelope of E. coli cell consists of three layers
(starting from outward to inside): an outer membrane,
a monolayer of peptidoglycan, and a cytoplasmic
membrane. Polyunsaturated phospholipids are an

integral component of cell membrane. The
susceptibility of these compounds to be attacked by
reactive oxygen species (ROS) has been wide
investigated ™. Malondialdehyde (MDA) is a lipid
peroxidation products formed from the oxidation of
E. coli membrane, i.e., phospatidylethanolamine .,
Generally, initiation of lipid peroxidation is known to
require some form of radical attack. As initiated, the
reaction propagates by generating radical intermediate
that undergoes peroxidation with another unsaturated
lipid molecule. According to the investigations of lipid
peroxidation, high active O~ species may first attack
in E. coli cell

subsequently lead to a breakdown of the cell

polyunsaturated phospholipid

membrane structure and finally inactivate the E. coli
cells.

It is concluded that the atomic oxygen radical
anions possess high reactivity towards E. coli cells and
damage the cellular structures through lipid
peroxidation, which is potentially useful to study O ~

on microorganisms. We suggested that present
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approach would be extended into other fields such as

the O~ effects on protein, DNA, enzyme. Work toward

this goal is in progress. Moreover, it is also anticipated

that the O -induced microorganisms' inactivation may

be practical

for developing a new dry room-

temperature sterilization method.
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