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Atmospheric pressure plasma jet (APPJ) is a promising technique for the sterilization of pathogenic microorganisms in an
ambient environment. In this work, a helium-APPJ was generated by double dielectric barrier discharge and applied to the
sterilization of model microorganism in air and water. Discharge characteristics (including waveform and frequency of applied
voltage), jet properties (such as feed gas flow rate, jet length, thermal effect, and optic emission spectra), and sterilization
performance (in terms of clear/sterilized area, size of plaques, and sterilization efficiency) were investigated. Homogeneous helium
plasma jet was generated in an energy-efficient way (18 kHz, 6 kV, 0.08W) with a 19mm jet and limited heating. 1e He-APPJ
achieved good sterilization performances within very short treatment time (as short as 30 s). For surface sterilization, the area of
clear zone and size of the plaque were 1809mm2 and 48mm, respectively, within 5min treatment. For water sterilization, 99.8%
sterilization efficiency was achieved within 5min treatment. 1e optic emission spectra suggest that active species such as excited
molecules, ions, and radicals were produced in the He-APPJ. 1e as-produced active species played important roles in the
sterilization process.

1. Introduction

Microorganisms, including bacteria, fungi, archaea, and
protozoa, were discovered by Leeuwenhoek in 1675. 1ey
exist in natural environment and are heavily involved in
human activities. Many microorganisms are pathogenic and
responsible for various diseases, such as skin diseases, tooth
decay, respiratory infections, and gastrointestinal infections
[1], endangering human health in global countries.

Traditional methods for the sterilization of pathogenic
microorganisms include chemical, physical, and biological
approaches [2–4]. Chemical methods use various chemical
disinfectants that kill microorganisms efficiently. It is widely
used in wound disinfection, water disinfection, and

disinfection of epidemic areas. However, toxic disinfectant
residues remain a problem for its further application [5].
Physical sterilization creates and utilizes extreme environ-
ment to destroy the physical structure of the microorgan-
isms, by means of ultraviolet irradiation, heating, ionizing
radiation, and microwave sterilization [6], and are often
used in daily life or medical equipment disinfections. Bio-
logical sterilization is eco-friendly. However, the application
is limited because of the strict requirements.

Nonthermal plasmas (NTPs) are characterized by the
presence of electrons, ions, radicals, excited atoms, and
molecules under ambient conditions [7]. In plasma, the
energy of electrons can reach 1–20 eV [8], being able to
produce clusters of active species such as excited atoms,
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positive or negative ions, and radicals via the collision be-
tween gas molecules and energized electrons [9]. 1ese
active species, for instance, reactive nitrogen species (RNS)
and reactive oxygen species (ROS), can destroy cell struc-
tures including cell membranes, proteins, and nucleic acids,
leading to the inactivation or death of microorganisms
[10, 11]. In fact, RNS and ROS have been found to induce
apoptosis in cancer cells [12]. Among different forms of
NTP, the atmospheric pressure plasma jet (APPJ) is a
promising technology for various applications, including
modification of hydrophilic and chemically active materials
[13], material surface etching [14], bacterial inactivation
[15], skin disinfection [16], wound treatment [17], caries
treatment [18], blood coagulation [19], and cancer cell ap-
optosis [20].

APPJ can be generated and powered by pulsed direct
current (DC), alternating current (AC), radio frequency
(RF), and microwave power sources [21, 22]. For generating
AC-driven plasma jets, the dielectric barrier discharge
(DBD) configuration is advantageous as it can work in a
wide range of applied voltage under atmospheric pressure,
while helium (He) and argon (Ar) are the mostly used as
working gas [23]. In some cases, calculated amount of O2,
N2, H2O, and/or air can be mixed with He or Ar to generate
peculiar active species in APPJ [24, 25]. It is noted that APPJ
can be generated more efficiently in He, as the length of jet in
He is usually longer than that in Ar under similar opera-
tional conditions. Besides, the He metastable has a higher
energy and longer lifetime than the Ar counterparts [26].
1erefore, He-APPJ generated by DBD is very suitable for
the production of active species and sterilization of mi-
croorganisms [27]. However, more works are still needed to
optimize the configuration and operational conditions of
He-DBD-APPJ, and more efforts are required to study the
mechanism of sterilization process using APPJ, especially
the plasma biological effects. Recently, a “plasma dose”
defined by equivalent total oxidation potential (ETOP) is
proposed to provide a new insight into the fundamentals of
plasma medicine [28]. Based on the comprehensive defi-
nition of plasma dose, the biological effects of plasma under
different conditions can be quantitatively compared and
confirmed, which is very beneficial to the application of
plasma in the medical field.

In the present work, a double dielectric barrier discharge
(DDBD) reactor was used for the generation of He-plasma
jet. 1e characteristics of He-plasma jet, such as voltage
waveform, plasma power, length of plasma jet, temperature
distribution in plasma, and optical emission spectra (OES),
were investigated. 1e performance of surface and water
sterilization was evaluated. Additionally, the mechanism of
sterilization by He-plasma jet was discussed.

2. Materials and Methods

Figure 1 shows the experimental setup of this work. 1e
He-plasma jet was generated by a DDBD reactor. 1e
reactor consisted of two embed quartz tubes, with inner
diameters of 3mm and 1mm, respectively. He flows
through the gap between two tubes. A copper foil was

wrapped outside of the outer quartz tube, serving as the
ground electrode. A copper rod with a diameter of 0.8 mm
was installed in the axis of the inner tube, functioning as
the high-voltage electrode. 1e distance between the inner
electrode and the nozzle was 15mm. A high-frequency AC
high-voltage power source was used to energize the re-
actor. 1e experiment was carried out at atmospheric
pressure and room temperature. 1e flow rate of He was
controlled by a mass-flow controller (MFC). 1e exper-
imental system in this work is similar to our previous work
that uses Ar plasma jet for sterilization [29].

1e applied voltage was measured by a digital oscillo-
scope (DS1102E, Rigol, China) and a high-voltage probe
(HVP) (P5104, Tektronix, USA). According to the needs of
the experiment, the output voltage and frequency of the
power supply are adjusted to about 2 kV, 3 kV, 4 kV, 5 kV,
and 6 kV and 10 kHz, 12 kHz, 14 kHz, 16 kHz, and 18 kHz,
respectively. Photographs of the He-plasma jets were taken
by a digital camera (EOS 7D, Canon, Japan). 1e temper-
ature distribution of the He-plasma jet was measured by
using an infrared camera (A35, FLIR, USA). 1e optic
emission spectra of the ionized and excited species in the
discharge zone were obtained using a multichannel spec-
trometer (Avantes, Netherlands).

1e discharge power P was online real-time measured by
Q-U Lissajous method [30, 31]; the charge Q flowing
through the DBD reactor can be measured from the voltage
drop Uc across an external capacitance Cext (150 pF)
according to the relation:

Q � Cext × Uc. (1)

1e energy per cycle E and discharge power P are cal-
culated as follows:

E �  U. idt �  UdQ � area of Q − U diagram,

P � f × E,

(2)

where f is the applied frequency (Hz).
E. coli (ATCC25922) was used as model microorganism

to evaluate the sterilization efficiency. 1e number density
was obtained by means of heterotrophic plate count method.
Figure 2(a) shows a typical growth curve for E. coli. 1e
bacterial culture had an OD600 of about 1.6 A over an 8 h
incubation period. When the density of E. coli in the bac-
terial culture was 107–109 cfu/mL, it indicated that the
growth of cell reached the log phase and the E. coli was most
active. Figure 2(b) shows a typical image of E. coli in the LB
medium. More details of the culturing and preparation of
microorganism samples and of the sterilization experiments
can be found in the supplementary material.

3. Results and Discussion

3.1. Plasma Jet Generation. Figure 3 shows the typical
waveforms of applied voltage with a frequency of
10 kHz, 14 kHz, and 18 kHz, respectively. 1e output of the
high-frequency power source stably sustained the He-APPJ.
Interestingly, when the frequency increased from 10 kHz to
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18 kHz, the amplitude of peak voltage decreased from 2 kV
to 1.6 kV. 1e frequency determined the number of dis-
charges in unit time, while the peak voltage might determine
power injection into plasma. 1erefore, the efficiency was
dependent on both factors [32]. Figure 4 shows a typical
Lissajous Q-U figure of the DBD reactor. Based on the
Lissajous figure, the discharge power can be calculated.

1e power consumed by APPJ was very low in this work,
implying that the APPJ was initiated and sustained in an
energy-efficient way. Figure 5(a) shows the effect of applied
voltage (Vp-p, 18 kHz) on the discharge power of the He-

plasma jet (power consumed by plasma jet). As the applied
voltage increased, the discharge power of He-plasma jet
gradually increased. For the applied voltages of 2 kV, 5 kV,
and 7 kV, the discharge power of plasma jet was 0.036W,
0.055W, and 0.092W, respectively. 1is result suggests that
the average discharge current increased with the applied
voltage. Figure 5(b) shows the dependence of plasma power
on the feed flow rate of He. 1e frequency of applied voltage
was 18 kHz. 1e discharge power of plasma jet increased
from 0.032W to 0.051W, as the gas flow rate increased from
0.5 L/min to 3.5 L/min. However, further increase in flow

0.0

0.5

1.0

1.5

2.0

 O
D

60
0 (

A
)

Time (h)
0 2 4 6 8 10

(a) (b)

Figure 2: Typical (a) growth curve of E. coli and (b) image of E. coli in the LB medium.
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Figure 1: Schematic diagram of experimental setup.
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rate resulted in the slight decrease in discharge power,
suggesting that the discharge was disturbed when the flow
rate was too high. Figure 5(c) shows the response of dis-
charge power to the frequency of applied voltage. 1e flow
rate of He was 1 L/min. As the frequency increased to
15 kHz, the discharge power of APPJ increased and reached
a maximum of 0.095W. 1e discharge power quickly di-
minished when the frequency further increased. It is

interesting that this phenomenon agrees with the results
shown in Figure 3. Compared with the Ar plasma jet [29],
the discharge power of the He-plasma jet is relatively small
with similar conditions.

Figure 6 shows the photographs of He-APPJ generated
under various conditions. Homogeneous plasma jet was
generated by the DDBD configuration.1e length of jet can
be clearly observed. 1e length of He-plasma jet increased
significantly along with the applied voltage (Figure 6(a)).
For instance, when the applied voltage was 2 kV, the length
of plasma jet was 3mm; on the contrary, when the applied
voltage was 6 kV, the length of jet reached 19mm. 1is
result agrees well with the evolution of jet power, as shown
in Figure 5(a). 1e power of plasma jet increased at a higher
voltage, suggesting that more energy was injected into the
plasma; consequently, more He molecules were excited,
and the plasma jet expanded. Figure 6(b) shows the pho-
tographs of He-plasma jet at different gas flow rates. 1e
length of He-jet generally increased along with the gas flow
rate and reached a maximum of 23mm when the flow rate
was 3.5 L/min. When the gas flow rate further increased to
4 L/min, the jet length slightly decreased. Notably, this
result is consistent with the profile of plasma power,
as shown in Figure 5(b). Figure 6(c) shows the change of
He-plasma jet at different applied frequencies. An optimal
frequency of applied voltage was observed for the longest
He-APPJ. When the frequency was 14 kHz, the plasma jet
stretched and reached its maximum of 16mm.
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Figure 4: Typical Lissajous Q-U figures of the double dielectric
barrier discharge.
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Figure 3: Typical voltage waveforms of the He-plasma jet with different frequencies.
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Interestingly, this result agrees well with the jet power data
shown in Figure 5(c). All the results confirm that the
discharge power determined the volume and length of
APPJ, consequently determining the sterilization
performance.

1e temperature distribution in the plasma jet is very
important for sterilizations. For instance, gas flow expands at
high temperatures, changing the shape and length of plasma
jet; discharge pattern changes at elevated temperatures;
tissues and materials are damaged in contact with “hot”
APPJ; and microorganisms are killed at sufficiently high
temperatures. In this work, the temperature of APPJ was
highly related to the amplitude of applied voltage. Figure 7
shows the temperature thermogram of the He-plasma jet at

different applied voltages. Considering the plasma jet out of
the DDBD outlet, the average and maximum temperatures
were calculated. It is obvious that the average and maximum
temperatures of the He-plasma jet were both close to am-
bient, which can be attributed to the low discharge power of
the He-plasma jet. For example, at an applied voltage of
2 kV, 4 kV, and 6 kV, the maximum temperature was 36.7°C,
39°C, and 42.1°C, respectively. On the contrary, the applied
voltage showed negligible effect on the average temperature
of the He-APPJ. 1is result suggests that the plasma jet in
this work can be used in the direct contact/treatment on
tissues or other materials without the risk of thermal
damage. 1is is especially valuable for tissue or skin ster-
ilization, let alone APPJ is a chemical agent-free process. It
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Figure 6: Photographs of He-plasma jets generated at different (a) applied voltages, (b) He flow rates, and (c) applied frequencies.
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Figure 5: Effects of (a) applied voltage, (b) He gas flow rate, and (c) applied frequency on the discharge power.
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must be pointed out that the thermogram of APPJ indicates
the negligible contribution of plasma heating during the
sterilization process in this work.

3.2. Sterilization Using He-APPJ. Figure 8 shows the
inhibited growth of model bacteria after He-plasma jet
exposure (18 kHz, 6 kV, 1.5 L/min), revealing the perfor-
mance of surface sterilization using He-APPJ. Inhibition can
be observed after a very short treatment period of 30 s. 1e
microorganisms in the inhibition zone were deactivated or
killed by the He-APPJ. As the exposure time increased, the
inhibition zones of bacteria (clear zone) expanded signifi-
cantly (Figure 8(b)). For example, the area of clear zone
increased from 28mm2 to 1809mm2 as the exposure time

increased from 30 s to 5min (Figure 8(a)). 1e plaques are
approximately 48mm in diameter after 5min of He-APPJ
treatment.

Figure 9 shows the duration/period of He-APPJ treat-
ment (18 kHz, 6 kV, 1.5 L/min) and its effect on the efficiency
of water sterilization. A high sterilization efficiency of 99.2%
was achieved within a short treatment period of 1min. 1e
efficiency further increased as the treatment duration in-
creased. 99.8% of E. coli was sterilized after 5min treatment.
It can be explained that the active species produced by He-
APPJ entered the liquid phase and sterilized the bacteria,
while for longer treatment durations, more active species
were generated and transferred into water, enhancing the
sterilization performance.
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Figure 7: Temperature thermogram of the He-plasma jet at different applied voltages.
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3.3. Possible Mechanism of the Sterilization Process. When
the He-plasma jet propagated in air, the energized electrons
and excited He could collide with N2, O2, and H2O in air,
subsequently generating a series of active species (e.g., He
metastable, N2 metastable, O atoms, and OH radicals)
[33, 34].

Figure 10 shows the optical emission spectra of the He-
plasma jet.1e excitedmolecules (such as Hemetastable and
N2 metastable), ions (N2

+), and radicals (OH and O radicals)
can be identified from their vibrational emission bands [35].
1e N2

+ (B2Ʃu) band is mainly related to the N2
+ ions

produced by Penning ionization between N2 and He
metastable [36]. Intensive emissions of N2 (C3Πu-B3Πg) can
be clearly observed. 1e transition energy of corresponding
species (]� 0–3) is 11.178, 11.425, 11.668, and 11.908 eV,
respectively [26]. 1e emission at 706.5 nm and 777.3 nm is
related to the radiative transition of electrons from

He (3s(3S)) (22.72 eV) and O (3p(5P)) (10.74 eV) to
He (2p(3P)) (20.96 eV) and O (3s(5S)) (9.14 eV), respectively
[37, 38]. OH (A2Σ+-X2Π) can be also identified from the
spectra, and the corresponding transition energy is 4.2 eV
[26]. 1is spectra profile confirms the generation and par-
ticipation of various active species in the sterilization
process.

When the He-plasma jet was used to treat E. coli and
other microorganisms in the agar media or water, excited
metastable can collide with the cell and transfer energy to the
groups and species on the cell membrane, resulting in de-
formation and malfunction of the membrane. In addition,
the energized electrons and ions could collide with organic
molecules on the cell and break the chemical bonds. Besides,
the electrons and ions attached and accumulated on the
membrane of cell, finally causing punctures. Moreover, the
reactive oxidizing agents (e.g., ROS and RNS) produced in
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APPJ [39] could react with and damage the cell or the
contents. All these factors contributed to the sterilization.
Especially, the ROS and RNS were proposed to play a crucial
role in the inactivation of the bacteria.

It is very interesting that, based on the results shown in
the emission spectra, the intensity of UV irradiation was very
low in the He-plasma jet. 1is result agrees well with the
literature from Lu et al. [40]. It is presented that the UV
emission intensity can be as low as 0.05mW/cm2 [40].
1erefore, it can be concluded that the contribution of ul-
traviolet to sterilization was limited. Besides, as shown in
Figure 7, the contribution of heating/thermal effect to the
sterilization was also very limited.

4. Conclusions

A homogeneous He-plasma jet was generated using a high-
voltage AC power source and double dielectric barrier dis-
charge at atmospheric pressure. Discharge characteristics
(including waveform and frequency of applied voltage), jet
properties (such as feed gas flow rate, jet length, thermal effect,
and optic emission spectra), and sterilization performance (in
terms of clear/sterilized area, size of plaques, and sterilization
efficiency) were investigated. 1e length of He-plasma jet was
highly related to the plasma power and increased along with
the applied voltage. Optimal He flow rate and applied fre-
quencywere found for the generation of longest plasma jet.1e
heating of APPJ in this work was limited. For instance, the
maximum temperature of the He-plasma jet only increased
5.4°C as the applied voltage increased from 2kV to 6kV.
1erefore, the He-APPJ has the potential for direct contact/
treatment of tissues or temperature-sensitivematerials, without
the risk of thermal damage.1eHe-APPJ in this work was also
investigated for the sterilization of model microorganisms.
Rapid sterilization and good performance were achieved. For

surface sterilization, the area of inhibition zone and size of the
plaque were 1809mm2 and 48mm, respectively, within 5min
treatment. For water sterilization, high efficiency could be
achieved within 1min treatment and 99.8% sterilization effi-
ciency was achieved within 5min treatment. Finally, based on
the optical emission spectra of the He-plasma jet, active species
such as He metastable, N2 metastable, N2

+, OH, and O were
identified. 1e possible contribution of the as-produced active
species, plasma heating, and UV irradiation to the sterilization
process was also discussed.

Data Availability

E. coli (ATCC25922) was firstly cultured in a prepared Luria-
Bertani (LB) medium at 310K for 8–10 hours. 10 g/L of
sodium chloride, 10 g/L of peptone, and 5 g/L of yeast extract
were added into the medium. After culturing, the number
density was 107–109 cfu/mL. 1en, the E. coli was harvested
by centrifugation (10000 rpm, 2min) and suspended in
deionized water. 1e surface sterilization efficiency of the
He-plasma jet was determined based on the plaque size of
E. coli on the solid agar plate. 1e agar plate had a diameter
of 90mm. 1e distance between the outlet of DDBD reactor
and the agar plate was about 15mm. 1e efficiency of water
sterilization was quantified using an enzyme linked im-
munosorbent assay (ELISA) plate. 1e ELISA plate has 48
wells. Each well has a diameter of 6mm and a depth of
11mm. 250 μL of E. coli suspension was added into each
well. 1e distance between the outlet of DDBD reactor and
the ELISA plate was 8mm.
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