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Atmospheric pressure microplasma jet generated in a long hollow core optical fiber is studied to verify

the potential feasibility of endoscopic therapies. Thermal damage and electric shock to the human

body were suppressed by two technical methods, i.e., the high-voltage resistant flexible tube wrapped

on the optical fiber and a power resistor of 100 kX connected between the power supply and the

copper foil electrode. Optical emission spectra analysis indicated that many kinds of active radicals

like excited atomic O and OH, were generated in the microplasma jet. In addition, the applications of

the microplasma jet on sterilization and lung cancer cell apoptosis were presented. After 5 min of

exposures to the microplasma jet, the cell viability and the bacillus subtilis replication decreased to

about 3% and zero, respectively. More investigations are needed to improve the plasma-aided

endoscopic therapies. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817958]

I. INTRODUCTION

In recent years, non-equilibrium atmospheric pressure

plasmas have attracted much attention because they can offer

a cheaper and more convenient substitute for low-pressure

plasmas.1–3 Various configurations and applications of non-

equilibrium micro-plasma sources have been extensively

investigated. A.A.H. Mohamed et al.4 developed a DC

atmospheric pressure microplasma jet (APMPJ) operated in

air, nitrogen and oxygen with the temperature of around

350 K and the length of around 1.5 cm. T. L. Ni et al.5

designed APMPJ with a pin-hole electrode powered by a

1 kHz voltage source. R. Pothiraja et al.6 studied a pulsed

APMPJ with a voltage of 0–20 kV and a pulse frequency of

4–500 kHz. Y. Shimizu et al.7 prepared gold nano particles

using pulsed APMPJ via inductive coupling at ultra high

frequency (UHF, 450 MHz). J. Kim et al.8 used 2.45 GHz

microwave to excite an APMPJ based on the micro-strip

technology. APMPJ treatments have been investigated for

multiple biological applications,9–12 because the small-sized

plasma jet could be targeted very specifically to a desired

biological site with the lessened risk of contamination, ne-

crosis, inflammation, or scarring in comparison to conven-

tional therapeutic methods. J. Y. Kim et al.13 used a flexible

optical fiber based single-electrode APMPJ to induce apopto-

sis of lung carcinoma cells, murine melanoma B16F0 tumor

cells and fibroblast CL.7 cells. Applications as plasma-aided

endoscopy for cancer therapies in human body also gathered

much attention owing to the excellent characteristics.14

Micheal Keidar et al.15 reported that the cold plasmas jet

could selectively ablate some kinds of cancer cells, while

leaving normal cells unaffected. However, problems such as

electric shock and thermal damage to the human body need

to be overcome.16,17 The electric shock and thermal damage

are mainly caused by the high voltage (HV) and the rapid

increase of the electric current when the microplasma jet

contacts with the biological site to be treated. To solve these

problems, we developed a single electrode APMPJ device

for plasma endoscopy.

This paper is organized as follows. In Sec. II, we will

present some descriptions of the experimental setup and nor-

mal working condition of the APMPJ. In Sec. III, experimen-

tal results of the application of APMPJ on sterilization and

lung cancer cell apoptosis will be shown, and the relevant

mechanism is also discussed. Finally, a short summary is

given in Sec. IV.

II. EXPERIMENTAL SETUP

The setup of the non-equilibrium APMPJ is schemati-

cally shown in Fig. 1. Compared with the conventional

dielectric barrier discharge (DBD), hollow cathode discharge

and ICP micro-jet, the configuration of the flexible hollow

core optical fiber based device is relatively simple. The de-

vice consists of three main parts, i.e., the gas supply part

(the green dash line block in Fig. 1), the plasma energizing

part (the red dash line block in Fig. 1), and the microplasma

jet configuration part (the blue dash line block in Fig. 1),

respectively. The optical fiber was wrapped with high volt-

age resistant flexible silica tube so that the tube could be

handheld. A flow divider was utilized to guide the gas flow-

ing from a big tube to the micro-size hollow core optical

fibers. The inner diameter of the optical fibers was about

300 lm. A piece of 1 cm wide copper foil rotated on the opti-

cal fiber served as the high voltage electrode. The length

from the HV electrode to the optical orifice was about 30 cm.

The microplasma jet was terminated by a virtual ground

plane. The HV electrode was connected to the sinusoidal

voltage power supply through a 100 kX resistor, which could

prevent an electrical shock and thermal damage to the human

body by decreasing the voltage and electric current upon the

desired biological site. High purity (5N) helium was used as

the working gas, and a mass flow controller (MFC) was

applied to set the gas flow rate below the limit for a laminar

flow. When helium flowed through the hollow core opticala)Electronic mail: lwchen@ipp.ac.cn. Telephone: þ86-551-65593308.
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fiber with a sufficient HV and proper frequency applied, a

plasma jet ignited in the fiber was launched into the surround-

ing air. The experimental parameters are listed in Table I.

The current and high voltage probes were connected

directly to the powered electrode to collect current and volt-

age signals, which were recorded by a digital oscilloscope

(Tektronix DPO7104). Analysis of the optical emission spec-

trum (OES) is an effective method to identify the various re-

active species generated by the atmospheric pressure helium

microplasma jet. Spectrometer (Acton SP300i) equipped

with a charge-coupled device camera with the exposure time

of 200 ms was used to analyze the active particles and radi-

cals. A non-contact infrared thermometer (Raynger
VR

STTM)

was adopted to measure the temperature of tissue surfaces

when they were exposed to the APMPJ.

III. RESULTS AND DISCUSSION

As shown in Fig. 2, the room temperature APMPJ was

handheld and contacted by human finger kindly. The top-left

subfigure showed the copper foil electrode on the optical

fiber. The helium gas flow rate and the peak voltage applied

on the copper electrode was around 1.0 standard-state cubic

liter per minute (SLM) and 5.0 kV in the working condition,

respectively. The length of the APMPJ in the air was meas-

ured about 6 mm. The single electrode microplasma jet could

contact with the water in a Petri dish, which meant that it

could treat materials without establishing any conductive

pathway. Fig. 2 implied that the long and narrow micro-

plasma jet could be directed deeply towards target surfaces

with no harm to living organism.

Temporal dynamics of the applied voltage and the dis-

charge current were shown in Fig. 3. When the output peak

voltage was 5.5 kV, the measured discharge current without

the resistor in the circuit was about 37.1 mA, while the cur-

rent with a 100 kX resistor in the circuit was only about

15.8 mA. The resistor lowered the discharge current down

apparently. After the ignition of plasma in the optical fiber,

the peak voltage applied on the copper coil electrode was

calculated about 4 kV by subtracting the voltage drop on the

resistor. Through this kind of design, the APMPJ could work

stably in a lower voltage environment after a high ignition

voltage.

In Fig. 4, the applied voltages on electrode and meas-

ured currents were compared under two different conditions:

the APMPJ contacted with a bare finger and without. The

100 kX resistor was utilized in both experiments. It could be

found that with a finger contacted with the microplasma jet,

the peak voltage on the electrode and the measured peak

FIG. 1. The schematic of the APMPJ setup.

TABLE I. The parameters for the helium microplasma jet experiments.

Parameters (units) Experimental conditions

Power frequency (kHz) �60

Peak output voltage (kV) 5.0–5.5

Helium flow rate

(standard-state cubic liter per minute)

�1.0

Inner diameter of optical fiber (lm) �300

Outer diameter of the probe (mm) 1.0–2.0

Length of the optical fiber (mm) �300

FIG. 2. Photograph of the helium micro-jet plasma held by a hand to contact

water in a Petri dish. A silica gel layer was coated outside the optical fiber

tube.

FIG. 3. Temporal dynamics of the applied voltage and the current with/with-

out resistor. The solid line and the dash line represent the applied voltage

and the measured current, respectively.
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current both decreased. The HV electrode could induce

charges on the local surface of human finger to form a

capacitor-like configuration. While voltage between the elec-

trode and the finger was high enough, the capacitor would

breakdown and the finger would suffer from electric shock.

When the finger contacted with the plasma, the measured

current should be increased. However, the voltage on the re-

sistor increased if there was a power resistor, which therefore

reduced the voltage on the electrode. As a response, the dis-

charge current decreased lower than that without a resistor.

Finally, the power resistor successfully limited the sudden

increase in electric current. Therefore, it could be used to

prevent the finger from electrode shock and thermal damage.

To certify that the thermal damage to tissues could be

avoided by the power resistor, a piece of biological tissue

was treated by the APMPJ. Simultaneously, the surface tem-

perature of the tissue was measured by a non-contact infrared

thermometer. The peak voltage and the gas flow rate were

about 5.5 kV and 1.0 SLM, respectively. The tissue was

placed 3 mm away from the optical fiber orifice. Fig. 5 shows

the measured temperature versus the treatment time by the

APMPJ with and without a power resistor, respectively. The

red line without a resistor was assigned as A and the green

line with a resistor was assigned as B. The temperature

increased with the treatment time, and reached the steady

state with a temperature of 27:6 �C in about 6 min when a

100 kX resistor was used. With the initial temperature of

26:2 �C, it increased by 1:4 �C after the APMPJ treatment.

However, without the protection of the resistor, the tempera-

ture increased much faster and higher. In 3 min the surface

of the tissue was destroyed by the thermal heating from the

APMPJ. Therefore, the electric shock and thermal damage

could be avoided by the introduction of the 100 kX resistor

between the power source and electrode.

To illustrate the active species contained in the APMPJ

and demonstrate the feasibility of the applications of the

APMPJ on sterilization, the related OES diagnostics and

sterilization experiments were presented. Fig. 6 showed the

optical emission spectrum from 200 to 800 nm when 1.0

SLM helium gas was injected. It clearly indicated that

excited atomic O, He, meta-stable molecular O2, N2 and N2
þ

exist in the APMPJ with its opening to the ambient air.18

The emission spectrum was mainly dominated by the pres-

ence of excited nitrogen species. In addition to these primary

species, hydroxyl (OH) radical with high concentration was

detected. These highly reactive species such as OH at

309.01 nm and atomic oxygen at 777.2 nm are considered to

be the most effective species in attacking cells or organic

material in general, and will play essential roles in medicinal

and biomedical applications of non-equilibrium APMPJ.19

Due to the low energies needed for the rotational excita-

tion and short transition time in diatomic gases discharging,

molecules in the rotational states and the neutral gas mole-

cules are in equilibrium. The gas temperature can be esti-

mated by the simulation of the N2
þ spectra in the optical

spectroscopy. The simulation software Lifebase was used to

simulate a N2
þ spectrum.20 As shown in the inset graph in

Fig. 6, the vibrational temperature and the rotational temper-

ature were estimated about 3000 K and 300 K, respectively.

The low temperature characteristics make the APMPJ feasi-

ble in most biomedical applications.

FIG. 4. Temporal dynamics of the voltage and the current with/without fin-

ger contact. The solid line and the short dashed line represented the applied

voltage and the measured current, respectively.

FIG. 5. The temperature increase of the tissue surface exposed to the

APMPJ with (line B)/without resistor (line A). FIG. 6. Optical emission spectra of the APMPJ from 200 nm to 800 nm.
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This kind of single electrode APMPJ was also used to inac-

tivate bacteria to investigate its germicidal effects. The direct

treatment utilized the tissue itself as an electrode that partici-

pated in creating the plasma.21 Fridman22 reported that the effect

of charged particles on plasma played the essential role in the

interaction with living organisms as well as UV radiation. Since

our interest was primarily in the sterilization of bacteria to dem-

onstrate the feasibility of the sterilization by the APMPJ with

the two protections, the Bacillus subtilis was selected as the

sample. It is a kind of Gram-positive bacteria, and hard to be

inactivated. Fig. 7 showed the photograph of the Bacillus subti-

lis sample treated by the helium APMPJ with the treatment time

of 5 min. The size of dark spot expanded larger than the dimen-

sion of the optical fiber orifice. Since it was believed that the

charged particles could play a significant role in the rupture of

the outer membrane of bacterial cells. The electrostatic force

caused by charge accumulation could overcome the tensile of

the membrane and result in its rupture.9 In this experiment, the

helium APMPJ was actually in direct contact with the Bacillus

subtilis. Meanwhile, various activated neutrals, O and OH radi-

cals also played a crucial role in the plasma inactivation process.

In Fig. 8, the variation of cultured lung cancer cell

(A549) viability with treatment time by the exposure to the

APMPJ was shown. Helium and its mixture with oxygen

were used as working gas, respectively. The schematic ex-

perimental structure was shown at the bottom-left of the fig-

ure. The distance between the Petri dish and the APMPJ is

about 1 mm. The viability of the treated A549 cells was ana-

lyzed by the cell viability analyzer (Vi-cell). As can be seen

from Fig. 8, in the first half minute, the A549 cells viability

decreased by 30% after exposure to the mixture gas micro-

plasma jet. However, only 17% reduced by the pure helium

microplasma jet. Through 2 min treatment, the mixture gas

still showed much better sterilization effect than pure helium

gas. Finally, the A549 viability decreased to about 3% after

5 min of exposures to the APMPJ. In comparison with the

helium microplasma jet, the mixture gas microplasma jet

represented a better result during lung cancer cells inactiva-

tion due to the more concentration of active species like

atom O.23 The experimental results demonstrated the feasi-

bility of the use of APMPJ in killing lung cancer cells.

IV. CONCLUSIONS

In summary, an approach for endoscopic therapies by

APMPJ at room temperature was presented. The length from

the electrode to the optical fiber orifice and the outer diameter

of the probe was around 30 cm and 1.0 mm, respectively,

which could make it suitable to treat complex and deep

objects like endoscopic application. An HV resistant and flexi-

ble silica tube wrapped upon the optical fiber prevented the

desired biological site from electric shock when the optical

fiber transmitted inside of the human body. By utilizing a

power resistor of 100 kX connected in series between the

power supply and the copper foil electrode, the rapid increase

of the electric current was efficiently suppressed when the

APMPJ contacted with human organism. Experiment results

showed that the added resistor successfully limited the thermal

damage and electric shock to the biological tissue. The OES

analysis indicated that highly reactive species like atomic O,

N2 excited species, and ozone existed in the plasma plume,

which therefore potentially offered an effective and low cost

method to treat yeast infections on skin, surface modification,

thermally sensitive materials, vulnerable biological materials,

and sterilization. In addition, applications of the APMPJ on

sterilization and lung cancer cell apoptosis indicated the feasi-

bility of sterilization after the usage of the two methods.

These results showed that the hollow core optical fiber micro-

plasma jet could be used to effectively treat a localized biolog-

ical site without electrical shock and thermal damage.
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