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ABSTRACT With increasing attention toward novel sterilization methods, plasma
sterilization has gained more and more interest. However, the underlying mecha-
nisms are still unknown. In this paper, we investigated the inactivation of Escherichia
coli using dielectric-barrier discharge (DBD) plasma in saline water. There were three
processes shown in the survival curve, namely, during the preparation period, the
reaction period, and the saturation period. Observations under a transmission elec-
tron microscope (TEM) and detection by Fourier transform infrared spectroscopy (FT-
IR) supplied adequate details regarding these processes. Based on these results, we
infer that during the preparation period, the main process is the accumulation of
chemical substances. During the reaction period, adequate amounts of chemicals
decompose and denature cell membranes and macromolecules to kill bacteria in
large quantities. During the saturation period, the killing effect decreases because of
the protection by clustered cells and the saturation of pH. This study of sterilizing
processes systematically reveals the mechanisms of plasma sterilization.

IMPORTANCE Compared with traditional methods, plasma sterilization has advan-
tages of high efficiency, easy operation, and environmental protection. This may be
more suitable for air and sewage sterilization in specific spaces, such as hospitals,
laboratories, and pharmaceutical factories. However, the mechanisms of sterilization
are still relatively unknown, especially for bactericidal activities. Knowledge of steril-
ization processes provides guidance for practical applications. For example, the bac-
tericidal action mainly occurs during the reaction period, and the treatment time
can be set based on the reaction period, which could save a lot of energy. The re-
sults of this study will help to improve the efficiency of plasma sterilization devices.

KEYWORDS processes, mechanisms, Escherichia coli, sterilization, DBD plasma

acterial decontamination plays an important role in medical facilities, industrial

processing, food security, biosafety, and environmental applications (1-6). As a
state-of-the-art method, plasma sterilization has attracted more and more attention for
its high efficiency, easy operation, and environmental protection. Plasma is typically
produced by applying high voltage to two electrodes until the gap gas is ionized. The
plasma contains many ions, electrons, radicals, UV photons, and chemicals (7). These
energetic particles can easily destroy biological structures or macromolecules for rapid
sterilization. In practical applications, many researchers have designed efficient plasma
generators to kill bacteria (8-12).

Plasma sterilization involves very complex physical, chemical, and biological pro-
cesses. However, there is a lack of systematic research on the underlying mechanism(s).
Researchers attempted to study the mechanism from separate aspects. Some research-
ers focused on UV radiation, free radicals, and metastable particles (13-15). Some
researchers paid attention to the active chemicals (such as reactive nitrogen species
[RNS], reactive oxygen species [ROS], etc.) produced by plasma in solution (16, 17).
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Some researchers were concerned about the changes to biological structures or
macromolecules (such as cell membrane, DNA, etc.) (18-21). Most of these studies
focused on the causes and results rather than the processes; thus, it is hard to reflect
on the overall mechanism(s). However, investigating the processes of plasma steriliza-
tion systematically could reveal these mechanisms.

Survival curves are key data that reflect commonalities in plasma sterilization
processes. Several investigators have performed analyses and formed hypotheses
about the mechanisms behind these curves, but few have verified their hypotheses by
experiments. Many studies have reported different shapes of survival curves: single-
slope curves (15, 22), two-slope survival curves (8, 23, 24), and multislope survival
curves (8, 25-27). Kelly-Wintenberg et al. proposed a well-known hypothesis of the
two-slope survival curve (28): during the first killing stage, active plasma species react
with the outer membranes of the cells, leading to damaging alterations. After this
process, the reactive species can quickly cause cell death and result in a rapid second
stage. Moisan et al. proposed mechanisms for the three-slope survival curve in low-
pressure plasma sterilization (29). However, these hypotheses need further experimen-
tal proof.

In this paper, the sterilizing processes and mechanisms behind the survival curve
were confirmed by various detection methods and were analyzed in depth. We used
nanosecond-pulse dielectric-barrier discharge (DBD) plasma to kill Escherichia coli in
saline water as a case study. The survival curve was divided into three parts: preparation
period, reaction period, and saturation period. The results show that the sterilization
effect is not obvious during the preparation period, the reaction period is the main time
for sterilization effect, and the sterilization effect reaches saturation during the satura-
tion period. This study provides a sound theoretical basis and experimental examples
for other forms of plasma inactivation.

RESULTS AND DISCUSSION

Nanosecond-pulsed plasma was used to decrease the thermal effect of discharge,
and we used an infrared thermometer to record the highest temperature (28 to 30°C)
of the entire process. Therefore, we can exclude the influence of temperature on
sterilization. Because this experiment was to treat E. coli in saline water, the effect of
particle impact can also be neglected. The dielectric constant of water is very large, and
the voltage in water is very small. Therefore, the sterilization effect of the electric field
is not considered. According to the literature (30), UV radiation in atmospheric pressure
discharge is not the main factor, and so the sterilization effect of UV radiation is not
considered. In this situation, the main functional species of atmospheric pressure
sterilization are the chemical substances produced by plasma and bacterial fluid (31).
Based on the survival curve of plasma sterilization, cell morphology, the pH changes,
and macromolecules at different times will be discussed.

Survival curve. To prolong the treatment time in order to detect the products, we
choose a relatively high concentration of bacterial solution (about 10° CFU/ml). The
peak voltage was —21.01 kV, and the single pulse power was ~3 mJ. The discharge
mode was filament discharge, as shown in Fig. 1B (32). In this case, sterilization can be
achieved in 5 min. According to the survival curve shown in Fig. 2A, the process was
divided into three periods. To quantitatively describe the decreasing rate of different
periods, we calculated the microbial reduction factor by using the curve shown in Fig.
2A. The reduction factor rate of the first period was 0.84/min. The reduction factor rate
of the second period was 4.72/min. The reduction factor rate of the third period was
1.92/min. A similar curve was also obtained with 2.3 pH nitric acid treatment, as shown
in Fig. 2B.

1. Preparation period (0 to 1 min). The bactericidal rate is low. Plasma is formed in
the air, and it takes some time for the active airborne agents to react with the
bacterial solution. At this time, the concentration of active airborne agents
begins to increase, and the agents then diffuse slowly into the liquid to kill E. coli.
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FIG 1 Schematic of plasma sterilization experiment (A) and image of plasma (B).

2. Reaction period (1 to 2 min). As the amount of active substances gradually
increased in the water, a large number of bacteria died; thus, the killing speed
becomes higher.

3. Saturation period (2 to 5 min). Since E. coli bacteria usually aggregate into
clusters (this can be seen in the transmission electron microscope [TEM] images),
the inner bacteria are surrounded by outer bacteria, making sterilization difficult.
This phenomenon, mentioned in the literature, is called the long tail phenom-
enon (33). Combining the study results from the literature (31, 34, 35), we infer
that active substances in plasma interact with the bacterial solution to produce
ROS, RNS, and acids. These chemicals rupture and denature the cell membranes,
cell walls, proteins, and genetic material (Fig. 3A). The basic processes of the
plasma sterilization are established. We will next discuss the details of what
happens in these processes.

Morphological analysis. In TEM imaging, the brightness of the image is related to
the density of substances that the electrons pass through. Dense objects strongly
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FIG 2 The survival curves of E. coli after plasma (A) and nitric acid (B) treatments.
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FIG 3 (A) Mechanism of plasma sterilization in different periods. (BO to B2) TEM images of whole E. coli
after treatment for 0, 1 min, or 2 min. (CO to C2) TEM images of 70-nm sections of E. coli after treatment
for 0, 1 min, or 2 min. Ruptures of E. coli membranes are highlighted by the yellow circles (1 to 3 and 7
to 9), and the denaturation of genetic material is highlighted by the green circles (4 to 6 and 10 to 12).
The arrows point to the cell walls and membranes.

scatter electrons, shown as dark areas, whereas electrons pass directly through thin
objects, shown as bright areas (electron transmission areas). The number of living
bacteria mainly decreased by 5-log in first 2 min, and it was hard to analyze the TEM
images from the last 3 min. Thus, we regard the control group, 1-min exposure group,
and 2-min exposure group as the main research objects to explain the sterilization
process. The overall mechanisms of plasma sterilization are shown in Fig. 3A and
discussed in detail below.

First, during the preparation period (Fig. 3B0), the bacteria in the control group are
plump and round. The normal E. coli cells have pressures of ~2 atm inside their
membranes to maintain their shape (36). E. coli cells have capsules and mucous
substances on their surfaces. Most of the structures are composed of lipopolysaccharide
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complexes and proteins. The lipopolysaccharide complex enables bacteria to adhere to
each other. The surfaces of living bacteria are sticky and facilitate agglomeration. In Fig.
3C0, the cell walls of E. coli cells appear smooth, the cell membranes are intact, the
cytoplasm has not flowed out, and there are no electron transmission areas in the cells.
The ribosomes are clearly visible and uniformly distributed. The main processes are that
plasma interacts with saline water and that chemicals accumulate for the next period.

Second, after the 1-min treatment, the surface capsules of the dead E. coli cells have
lost their bioactivity. The scattered and irregular distribution of the bacteria can be
clearly seen in Fig. 3B1. The normal cell membrane is a protective membrane structure
with a thickness of approximately 8 nm (36). If the cell membrane breaks down, the
integrity of the cell is destroyed. The accumulated chemicals rupture the cell mem-
branes, and the cytoplasm flows out, relieving the intracellular pressure. The edges of
the cells begin to deform, and electron transmission areas appear at both ends. As
shown in Fig. 3C1, the cell walls begin to deform in small areas. Cell membranes are
ruptured and generate holes, resulting in the outflow of cytoplasm and some blank
electron transmission areas at the end (yellow circles 1, 2, 3, 7, 8, and 9). Lipopolysac-
charides are abundant on the cell walls of E. coli cells. The destruction and decompo-
sition of these parts lead to some changes in the cell wall structure, but peptidoglycans
are firmer and not easily destroyed. Thus, the cell wall maintains the basic morphology.
The shapes of the ribosomes and genetic material remain unchanged, but the proteins
begin to denature, as detected by Fourier transform infrared spectroscopy (FT-IR).
Corresponding to the low killing rate during the first period, the results show that
plasma destroys the cell walls and membranes and denatures the proteins in 0 to 1 min.

Third, after the 2-min treatment, as shown in Fig. 3B2, the entire cell membrane is
destroyed and the cytoplasm flows out from all sides. The contrast between the cells
and the background is reduced. Fig. 3C2 shows that the cell walls have been further
destroyed, the external polysaccharides and proteins have been completely denatured,
and the firm peptidoglycans maintained the cell morphology (blue arrows). The cells
appear as deflated balls. The cell membranes are completely ruptured, and cytoplasm
near the cell membranes has flowed out. The internal genetic material and ribosomes
have begun to distort and tangle together to form more dense products. The dark areas
shown in the picture are the denatured DNA fibers in the nucleus. Corresponding to the
high killing rate during the second period, the results show that plasma treatment
caused extensive destruction of lipopolysaccharides on the cell wall surfaces, overall
destruction of cell membranes, and destruction of intracellular genetic material in 1 to
2 min.

Chemical measurements. We measured the three most relevant factors, the con-
centrations of H,0, and NO;~ and pH values, at different exposure times. The concen-
tration of H,O, remained at approximately 0.1 mmol/liter for 1 to 5 min. The pH
decreases gradually over time, as shown in Fig. 4A. Figure 4B shows that the concen-
tration of NO5~ increases proportionally with treatment time. Compared with the other
two chemical curves, the pH curve reflects the sterilization process appropriately. Other
researchers reported that the background acidic solution is good for plasma steriliza-
tion and related to many bactericidal reactions (37). In the E. coli experiment, energetic
electrons produced by plasma dissociate the bond of N,. Moreover, the outcomes (NO
and NO,) combine with H,0 and produce nitric acid. These result in the decrease of pH
value (37). Measurements of pH detector revealed that the pH value of the E. coli liquid
decreased from 7 to 2.3 after plasma treatment. In Fig. 4A, we show the changes to pH
values measured at different power levels. The three periods of pH change and
sterilization are discussed as follows.

First, at 0 to 1 min (preparation period), the rate of pH value change was the highest.
This corresponds to the first period of the bactericidal curve, indicating that the
chemicals (NO and NO,) react with water in the first minute to reduce the pH value.
During this period, active substances in the air react with the solution and interact with
the cell wall and cell membrane. The germicidal effect is relatively slow, but this lays the
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FIG 4 (A) pH values of bacterial solution at different input powers. (B) Concentrations of NO,~ in the solution.

foundation for accelerated death in the second minute as a preparatory stage for
bactericidal treatment.

Second, at 1 to 2 min (reaction period), the rate of pH decline was lower. This is
because the plasma area in the petri dish is closed. With plasma treatment, the pH
decreases gradually. At this stage, the acid produced by plasma discharge has gradually
become saturated, but the nitrate concentration still increases. At this time, a large
number of active substances can enter the cell membrane and be completely de-
stroyed to complete large-scale killing. This is the most important process of plasma
sterilization. It corresponds to the second part of the bactericidal curve.

Third, at 2 to 5 min, the oxidation of nitrogen continues; however, further acidifi-
cation of the solution is hindered. This reflects the saturation of the interaction between
plasma and the bacterial solution. The nitrate concentration continues to increase;
however, the killing effect cannot be further increased. Corresponding to the third part
of the sterilization curve, most of the E. coli cells are killed. Only a small proportion of
the bacteria enclosed in the colonies require prolonged treatment for sterilization.

These results show that acid provides a good background for inactivation. In
addition, we designed a comparative experiment to show that acids alone do not work
very well for sterilization. Nitric acid at pH 2.3 was used to kill E. coli, and a survival curve
similar to that for plasma sterilization was obtained. The sterilization curve is as shown
in Fig. 2B. Although the treatment time was 10 times longer, the linearity of the
sterilization curve is basically consistent with our plasma sterilization curve, which is
also divided into three sections. Therefore, we infer that the plasma sterilization process
is similar to that for nitric acid sterilization. From the above-described experimental
results, we infer that the acid produced by DBD plasma can play a certain role and that
plasma treatment is the superposition of several similar factors.

FT-IR analysis. FT-IR can provide direct information about bond order, electrostatic
interactions, hydrogen bonds, charge distribution, protonation state, redox state, and
kinetics. FT-IR detects infrared absorption peaks corresponding to different chemical
bonds. By detecting the changes in different absorption peaks, we can assess the
changes in cell macromolecules. The corresponding relationships between different
wave numbers and substances are listed in Table 1 (38). A change in the absorbance
amplitude indicates a change of content, and a shift in the peak indicates the dena-
turation of a substance. Among them, 3,283 cm~" corresponds to N-H stretching of
amide A in proteins, 2,918.13cm™", 2,927.78 cm™', and 2,929.70 cm~" correspond to
the fat chains on the cell membrane, and 1,642 cm~" and 1,542 cm™" correspond to
amide | and amide Il protein bands, respectively. The peaks representing cell mem-
brane structure and protein structure can be seen from the graph in Fig. 5. The
treatment process is discussed as follows.
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TABLE 1 FT-IR band assignments of E. coli

Wave no.

(em~—1") Functional group assignment

~3,200 N-H stretching of amide A in proteins

2,955-2,850 C-H asymmetric stretching of -CH, and -CHj in fatty acids

~1,637 Amide | of beta-pleated sheet structures of proteins

1,550-1,520 Amide Il band of proteins

1,468 C-H deformation of CH, in lipids

1,415 C-O-H in plane bending in carbohydrates, DNA/RNA backbone, proteins

~1,400 C=0 symmetric stretching of COO~ group in amino acids, fatty acids

~1,355 Wagging vibrations of methylene fragments

1,310-1,240 Amide band Ill components of proteins

1,250-1,225 P=0 stretching asymmetric of PO,~ phosphodiesters in phospholipids

1,084 Stretching P=0 of phosphodiester, phosphorylated proteins, or
polyphosphate products

900-600 Fingerprint region

First, during the preparation period (0 to 1 min), the absorbance of amide A
decreased, the fat chain remained almost unchanged, and the protein was obviously
influenced. The two peaks on the graph correspond to the secondary structure of the
protein. This means that the protein has been modified. This is consistent with the
destruction of the cell wall membrane observed by transmission electron microscopy.
At this time, polysaccharides and proteins on cell walls are destroyed; a large number
of chemical substances can destroy the cell membrane. Many holes are produced in the
cell membrane and cytoplasm flows out.

Second, during the reaction period (1 to 2 min), amide A decreased sharply, the fat
chain content decreased, the denaturation of protein was severest, and the amino acids
and fatty acids remained unchanged. Carbohydrates, proteins, DNA, and so on undergo
tremendous changes, at which time the cell death rate is the highest.

Third, during the saturation period (2 to 5 min), amide A and adipose chains on cell
membranes remained almost unchanged. Protein was no longer significantly modified.
The bactericidal process was basically completed, and the few surviving bacteria were
being killed. A new peak appeared at 1,355 cm~". This absorption is ascribed to the

1650
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FIG 5 FT-IR of E. coli after baseline correction at different treatment times.
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wagging vibrations of methylene fragments (39). It indicates that methylene fragments
are the main by-products.

Conclusions. In this paper, a complete plasma sterilization process is established by
studying the plasma sterilization curve and combining the observation results from
TEM, pH detection, and analysis of FT-IR. The process is divided into three stages: the
preparation period, reaction period, and saturation period.

First, during the preparation period (0 to 1 min), the reaction between plasma and
water results in an accumulation of a large number of chemical substances. The pH
value declines rapidly, and the rate of bacterial death is low. In this process, polysac-
charides outside the cell walls are decomposed, the cell membranes are partially
destroyed, a portion of the cytoplasm is released, genetic material in the cells remains
basically unchanged, and the secondary structures of proteins begin to degenerate.

Second, during the reaction period (1 to 2 min), a large number of chemical
substances begin to interact with cells. Bacteria die in large quantities. It is the main
functional time of sterilization. The decline in pH values slows. The cell walls and cell
membranes are completely destroyed. The cytoplasm is exuded in large quantities.
Proteins are completely denatured. The genetic material in cells is also destroyed.

Third, during the saturation period (2 to 5 min), the killing rate of E. coli declines in
this final stage because the aggregated bacteria protect those that are within the
clusters. The pH of the solution has reached saturation. The phosphorus organic
compounds forming cell membranes are decomposed into phosphate.

This research explains the processes by which plasma sterilizes bacteria, provides a
basis for the further study of the sterilization mechanism, and provides theoretical
support for plasma sterilization technology.

MATERIALS AND METHODS

Bacterial selection. We selected Escherichia coli ATCC 15597 as the test organism. Current research
of the disinfection, cell morphology, and FT-IR of E. coli is relatively mature and complete (40).

Plasma reactor. We established a DBD generator with pulse power to produce plasma. The pulse
power source we selected was a nanosecond-pulse generator based on semiconductor opening switches
(SOS) (41), for which the parameters were 44-kV peak-to-peak voltage, 300-ns pulse rise time, 250-ns
pulse width, and 600-Hz pulse repetition frequency.

The diameter of high-voltage electrodes and the grounded electrode, made from cylindrical alumi-
num, was 5 cm. In the horizontal direction of discharge, we put a camera to photograph the discharge.
The petri dish containing 2 ml bacterial liquid was placed in the 10-mm gap. To avoid the discharge
developing into arc plasma, we used 1-mm quartz as the dielectric barrier material. Figure 1B shows that
the discharge starts along the inner wall of the petri dish. When the applied voltage increases, many
bright filament discharges occur in the entire space. These filaments are produced in the air, and the
active substances permeate into the liquid to inactive E. coli cells.

The current and voltage were displayed on a LeCroy 610zi digital oscilloscope. To prevent electro-
magnetic interference, an isolation transformer was used to isolate the discharge power supply.

Plasma experiments. The bacterial liquid contained E. coli (initial concentration of ~10° CFU/ml) in
2ml 0.9% saline water (pH 7). We prepared 6 groups of bacterial liquid in petri dishes and set the
parameter of plasma discharge. The bacteria were placed in the center of the gas gap and the power was
turned on. The E. coli cells were exposed for 0 min, 1 min, 2 min, 3 min, 4 min, and 5 min. After treatment,
we determined the pH and scanned the bacterial solution by FT-IR. Then, the bacterial liquid was serially
diluted 10-fold in sterile ultrapure water and inoculated into agar medium; CFU were counted after
incubating at 37°C for 24 h. Subsamples were observed under a TEM to capture the changes of the
morphology and with FT-IR after different treat times.

Nitric acid treatment. One milliliter nitric acid (pH 1.98) was mixed with 1 ml bacterial solution in
normal saline. The pH of the mixed solution was kept at 2.3 for more than 40 min. After treatment,
0.01 mmol/liter of phosphate-buffered saline (PBS) was used to stop the inactivation.

Transmission electron microscopy. A TEM provides more detail of bacteria than a scanning
electron microscope. In this experiment, we adopted two methods for TEM photography. The first is an
observation of the entire bacterium without slicing. This method can save a lot of slicing pretreatment
time. The observation results show the outline and perspective of the whole bacterium. The other
method is TEM observation after slicing. The advantage of this method is that the cell membrane
boundaries and cytoplasm can be clearly observed. An FEI Tecnai Spirit TEM D1266 was used to capture
images of E. coli morphology. A Leica UC7+FC7 microtome was used to obtain 70-nm slices of E. coli
cells.

Measurement of pH. The pH value of the bacterial solution was measured by a Seven2Go pH meter
after plasma treatment. The range of detection is —2.00 to 20.00, the resolution is 0.01.
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Measurement of nitrate. The concentration of nitrate was detected by Metrohm 761 Compact ion
chromatography. The relative standard deviation is less than 0.5%. The detection limit is parts per billion
to parts per million.

Measurement of H,0,. The concentration of H,0, was detected by the iodometric method (42) and
a Bio-Rad 1Q5 UV spectrophotometer.

FT-IR. The FT-IR spectrometer used in this experiment was produced by PE Company. The range of
spectrum scanning is 4,000 to 600 cm~" and the resolution is 4 cm~". The software can compensate for
the interference of CO, and H,0 in the air. The changes of macromolecules before and after treatment
were detected by FT-IR. FT-IR can provide direct information about the bond level, electrostatic
interactions, hydrogen bonds, charge distribution, protonation, and redox state and dynamics and reflect
molecular vibration information of proteins, polysaccharides, lipids, nucleic acids, and other biological
macromolecules in microbial cytoplasm, cell membranes, cell walls, or nuclei. The advantage of this
method is that the overall changes resulting from the plasma sterilization process can be analyzed.

Statistical analysis. All experiments were performed independently at least three times. Statistical
analyses were performed in Origin8.5.1 (OriginLab Corporation, Northampton, MA, USA) using analyses
of variance (ANOVAs) with Fisher’s least significant difference (LSD); the significance level was set at a P

Applied and Environmental Microbiology

value of =0.05.
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