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Abstract

Current low-temperature plasma (LTP) devices essentially use a rare gas source

with a short working distance (8 to 20 mm), low gas flow rate (0.12 to 0.3 m3/h),

and small effective treatment area (1-5 cm2), limiting the applications for which

LTP can be utilised in clinical therapy. In the present study, a novel type of LTP

equipment was developed, having the advantages of a free gas source (surround-

ing air), long working distance (8 cm), high gas flow rate (10 m3/h), large effec-

tive treatment area (20 cm2), and producing an abundance of active substances

(NOγ, OH, N2, and O), effectively addressing the shortcomings of current LTP

devices. Furthermore, it has been verified that the novel LTP device displays ther-

apeutic efficacy in terms of acceleration of wound healing in normal and Type I

diabetic rats, with enhanced wound kinetics, rate of condensation of wound area,

and recovery ratio. Cellular and molecular analysis indicated that LTP treatment

significantly reduced inflammation and enhanced re-epithelialization, fibroblast

proliferation, deposition of collagen, neovascularization, and expression of

TGF-β, superoxide dismutase, glutathione peroxidase, and catalase in Type I dia-

betic rats. In conclusion, the novel LTP device provides a convenient and efficient

tool for the treatment of clinical wounds.
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Key Messages
• currently, LTP is an effective method for promoting wound healing
• the novel LTP device in this study addresses the shortcomings of current

LTP devices
• the promotion effect of LTP on wound healing is a combination of plasma-

active substances and thermal
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1 | INTRODUCTION

Plasma is regarded as the fourth state of matter, distinct
from solids, liquids, and gases, generated when sufficient
energy is provided to a gas. Such energy can be provided
by electricity, radiation, or thermal or chemical means,
alone or in combination.1 Of these, thermal energy and
electricity are common methods for the excitation of
plasma. In nature, large quantities of plasma are gener-
ated at temperatures of up to 15 million degrees within
the sun.2 However, the very high temperatures required
to excite plasma by thermal energy alone limits its appli-
cability for clinical treatments. Therefore, low-
temperature plasmas (LTPs) produced by ionised gas via
high-voltage alternating current (AC) provides opportu-
nities for the usage of plasma in the biomedical field.

Studies of LTP technology in medicine can be traced
back to the beginning of the last century.3 However, due
to a lack of understanding of the nature of plasma and
the weak technical capabilities at that time, ground-
breaking studies of plasma could not be conducted, and
major breakthroughs were not achieved. Laroussi et al
were the first to use atmospheric pressure cold plasma in
1996 to achieve bacterial inactivation.4 Since then, related
research reports have emerged in the literature, studies
developing from relatively simple in vitro disinfection to
in vivo experiments and even clinical applications. Cur-
rent studies of LTP, from exploratory research to in-depth
investigations of its mechanisms in medical applications
and technologies have achieved new milestones with
encouraging results in a number of medical fields, such
as healing of the skin,5 treatment of the oral cavity6 and
cancer.7

A variety of LTP devices have been developed and
tested for different medical applications. In general,
there are two categories of LTP devices: those that
undergo direct discharge and those that are indirect,
namely, dielectric barrier discharge (DBD) or atmo-
spheric pressure plasma jet (APPJ) devices. However,
few LTP devices have been certified for medical usage.
Currently, three plasma devices have been certified for
medical purposes: the kINPen® MED (INP Greifswald/
Neoplas Tools Co., Ltd., Greifswald, Germany), an
APPJ, principally for the treatment of non-healing
wounds and skin diseases caused by pathogens8,9; the
PlasmaDerm® VU-2010 (CINOGY Technologies GmbH,
Duderstadt, Germany), a DBD source, CE-certified in
Germany by MEDCERT with good therapeutic effects
on the chronic venous ulcers of lower limbs,10,11 and
the SteriPlas (Adtec Ltd., London, United Kingdom),
used principally for the treatment of chronic and acute
wounds, resulting in a reduction of microbial load.10

However, the LTP devices currently used clinically

essentially use a rare gas source with a short working
distance (8 to 20 mm), low gas flow rate (0.12-0.3 m3/
h), and small effective treatment area (1-5 cm2), limit-
ing potential clinical applications for LTP.

In the present study, a novel type of LTP device
was developed which had a free gas source (air), a
long working distance (8 cm), high gas flow rate
(10 m3/h), and a large effective treatment area
(20 cm2), effectively addressing the shortcomings of
current LTP devices. Furthermore, it was verified that
the new LTP equipment provides accelerated wound
healing in normal and Type I diabetic rats. The proto-
type of the LTP device has been registered and certi-
fied as a medical instrument by the China Institute of
Food and Drug Control (registration number:
QH20200272). The equipment and related methods for
applications using this LTP instrument have been pat-
ented (CN201610272491.4; European patent
No. 3446749). The device will broaden the potential
range of clinical therapeutic applications for plasma.

2 | MATERIALS AND METHODS

2.1 | Low-temperature plasma (LTP)
device

In this study, a specially designed LTP jet device driven
by high-voltage AC, is reported. As shown in Figure 1A,
the device consists of an LTP jet generator, an air sup-
ply system, and a high-voltage AC power supply. The
LTP jet generator comprises two copper electrodes in a
coaxial layout. The diameter of the inner solid positive
electrode is 8 mm and the inner diameter of the outer
hollow cylinder of the negative electrode is 25 mm. The
two electrodes are attached at the base with an insula-
tor. Except for the basal insulator component, the effec-
tive length of the inner electrode is 15.5 mm and the
outer electrode is 47 mm. The distance between the tip
of the inner electrode and the nozzle of the outer elec-
trode is 31.5 mm. There is an 8.5 mm gap between the
positive and negative electrodes. The middle ring cavity
of two electrodes forms a gas channel. The air supply
system injects surrounding air into the gas channel
from a pipeline adjoining the insulation. There is an
annular device situated at an oblique angle with pores
at a 45� angle, which is connected to the air pipeline,
ensuring air enters the gas channel evenly. Airflow at a
rate of 10 m3/h was achieved, representing an airflow
velocity at the nozzle of 3 to 4 m/s. Plasma is generated
by ionisation of the air between the two electrodes, with
active species in the plasma propelled from the genera-
tor nozzle by airflow. The prototype LTP equipment is
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displayed in Figure 1B while the plasma jet it generates
is presented in Figure 1C.

2.2 | Measurement of physical property
of the LTP device

A power quality analyser (Fluke 43B) was used to measure
the input power of the high-voltage AC power supply system.
Measurement of the output voltage and current waveform of
the high-voltage AC power supply was performed using an
oscilloscope (TDS 2024C, Tektronix). The temperature of LTP
was determined using a thermometer (TES 1310 TYPE-K) at
various vertical distances from the plasma nozzle.

2.3 | Measurement of chemical property
of the LTP

To establish the characteristics of the plasma, a fully auto-
mated Langmuir probe detection system (Impedans Ltd.) was
used to measure the plasma parameters in real-time. OES
was performed to analyse the excited species using an optical
emission spectrometer (Avasoec-ULS2048; Avantes) with a
resolution of 0.5 nm, in which an optical fibre connected the
slit adapter (OES side) to a collimating lens (measurement
side) (Model 75-UV; WY Optics). The lens had a focal length
of 10 mm and was used to receive collimated light with a
diameter of approximately 5 mm. Data were obtained and
analysed using AvaSoft 7.8 spectroscopy software. Further, to

FIGURE 1 Schematic

illustration of the novel LTP device

and electrical measurement

system. A, Schematic illustration of

the LTP jet equipment. B, The

prototype of the LTP equipment. C,

Plasma jet generated by the LTP

equipment. Voltage (ratio, 1000:1)

and current (ratio, 500:1) waveforms

of the AC high-voltage power

supply. D, The plasma load peak-to-

peak voltage (Vpp). E, The load

peak-to-peak current (Ipp)
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determine the effective treatment area, the concentration of
NO was measured as an indicator. We use a gas analyser
(Testo 330-1 flue gas analyser) to detect the actual concentra-
tion of NO at flow rate of 10 m3/h and a distance of 80 mm
from the nozzle of the plasma generator with the temperature
controlled to 43 ± 0.5�C.

2.4 | Measurement of ROS/RNS

Reactive oxygen/nitrogen species (ROS/RNS) measurements
were performed using deionised water instead of tissue fluid
from wounds because they easily dry out and it was not pos-
sible to obtain sufficient fluid after plasma treatment for spe-
cies quantification. Although tissue fluid is different from
deionised water, the primary component of fluids from
wounds is water. Thus, the use of deionised water to mimic
fluid from wounds was appropriate, allowing an assessment
of the novel LTP device to generate H2O2 and NO2

� over
varying durations and distance from the water surface.

A 3.5 cm plate with 1 mL deionised water was placed
8 cm away directly below the nozzle of the LTP device,
and the airflow rate was set as 6 m3/h or 10 m3/h. An
Amplex Red hydrogen peroxide/peroxide assay kit
(Invitrogen) was used to quantify the concentration of
H2O2 in the LTP-treated deionised water. The samples
were pipetted into the individual wells of a microplate
containing Amplex Red stock solution and HRP stock
solution then incubated at room temperature for
30 minutes in the dark. The presence of H2O2 was mea-
sured from the absorbance at 560 nm. As nitrite (NO2

�)
and nitrate (NO3

�) are the final stable products of RNS,
both were measured for the quantification of RNS pro-
duction. Therefore, a nitrite/nitrate colorimetric assay kit
(Beyotime) was used to measure the total quantity of
NO2

� and NO3
�. The treated samples were pipetted into

the individual wells of a microplate containing kit
reagents. After development of the colour reaction, light
absorbance (540 nm) was measured using a plate reader.

When treatment time is greater than 300 seconds, the
evaporated water volume is over 75%. Therefore,
the maximum irradiation time was set at 300 s. Considering
the volume of evaporated water, the concentrations of
ROS/RNS at each time point were calculated as following for-
mula: measured concentration/(1-evaporated water [mL]).

2.5 | Wound healing in an animal model

2.5.1 | Animals

Eight-week-old male Wistar rats (200-230 g) (Liaoning
Changsheng Biotechnology, China) were used in a diabetic

wound healing animal model and 12-week-old male Wistar
rats (400-500 g) for normal wound healing. The rats were
maintained in a specific pathogen-free environment at a
constant temperature of 22 ± 1�C and 55 ± 5% humidity
within 12 hours light/dark cycle, and fed normal chow
(12% calories as fat). Each rat was individually caged to
prevent biting or fighting with other rats.

2.5.2 | Diabetic rat model

Streptozotocin (STZ) was used to induce Type I diabetes
in rats, in which the islet β cells were thoroughly des-
troyed, causing an absolute lack of insulin. The model
was induced using a single, relatively high dose (60 mg/
kg) of STZ (dissolved in 0.1 M citrate buffer, pH 4)
administered by intraperitoneal injection. Prior to the
injection of STZ, the rats were fasted overnight but had
free access to water to prevent dehydration. STZ was then
administered the following morning with a recovery diet.
A week after the injection of STZ, the blood glucose
levels of the Type 1 diabetic rats were measured using a
glucometer (590; Yuwell). A small incision was created
on the rat tail using a surgical blade and the blood tested
with a blood glucose test strip to monitor blood glucose
levels. It was confirmed that the model of diabetes was
established for rats in which glucose levels were higher
than 16.7 mmol/L. Glucose levels were monitored on a
daily basis during the experiment. Insulin was injected
only when the glucose levels exceeded 27.6 mmol/L, to
prevent the rats from becoming weak and suffering sud-
den death.

2.5.3 | Incisional wound model and wound
treatment

The rats were anaesthetised using 3% isoflurane for sur-
gery. The fur on the backs of the rats was shaved using
an electric clipper after the rats went unconscious. A
3.5 cm2 full-thickness round wound was created at the
junction of the spine and the two leg joints. The normal
and diabetic rats were randomly allocated into one of
three groups, with 5 normal rats and 10 diabetic rats in
each group: (1) the control group, in which wounds
healed spontaneously without treatment; (2) hot-air treat-
ment group, in which an air heater was used to treat the
wounds; (3) LTP-treated group, in which a new type of
LTP device was used to treat the wounds. Treatment was
performed for 3 minutes once per day after creating the
incision until the wound had healed. During the entire
treatment process, the temperature of the wound and
around the skin surface was controlled to 43 ± 0.5�C.
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2.5.4 | Skin temperature measurement

The temperature of the wound and around the skin sur-
face were real-time monitored using an infrared thermal
imager Fluke Ti200 (Fluke Co., Ltd., USA) with a mea-
surement range of �20�C to +650�C, an accuracy of
±2�C or 2% of the measurement, MRTD (Minimum
Resolvable Temperature Difference) ≤ 0.075�C, in a con-
trolled room at a temperature of 25.0�C and a humidity
of 60%. By using the centre of wound as the temperature-
measuring point, the thermogram was real-time recorded
and the data were saved into the computer. The high-
temperature alarm was set at 43.5�C. This kind of detec-
tion is non-invasive, and not harmful to rat bodies.

2.6 | Wound healing analysis

2.6.1 | Wound kinetics and calculation

The kinetics of wound healing were recorded using a camera
every day after creating the wounds (Day 0) until the
wounds had healed. A ruler was placed beside the wound as
a scale with which to calculate wound area and compare
sizes for various conditions. The daily wound area was calcu-
lated using image analysis software (ImageJ), in which the
wound area ratio was defined as the ratio of wound area at
time t, to the initial wound area, allowing quantification of
the rate of wound healing, for evaluating healing efficacy.
The wound area condensation rate (%) = residual wound
area / initial wound area � 100%. The time for each wound
on each rat to heal was recorded and the recovery rate for
each group calculated.

2.6.2 | Sampling

The rats were euthanized with 20% chloral hydrate on Day
14, and then a piece of skin that included the wound and
adjacent uninjured tissue was removed using scissors. Part
of this tissue was used for histology and the remaining piece
was cut into small pieces, each weighing approximately
20 mg, which were stored in liquid nitrogen for subsequent
antioxidant testing. The tissue for histology was placed on
filter paper and soaked in 4% paraformaldehyde for fixation.

2.6.3 | Haematoxylin and eosin (H&E)
staining and quantification

Fixed skin tissue was gradually dehydrated using grads-alco-
hol, then embedded in paraffin. A microtome was then used
to cut the tissue into 5 μm-thick sections. H&E staining was

performed in accordance with standard protocols. ImageJ
software was used to count the number of lymphocytes and
fibroblasts in the H&E stained images (400 �). The degree of
re-epithelialization was based on a random selection of
5 fields of view of images from each group (400 �). The
degree of re-epithelization = (length of newly formed epider-
mal layer/length of wound between its edges) � 100%.

2.6.4 | Masson's trichrome staining and
quantification

Masson's trichrome staining was used to detect maturation
of the connective tissue. Red staining represents keratin
and muscle fibres and blue represents collagen. Light red
or pink represents the cytoplasm and dark brown or black
represents cell nuclei. The depth and organisation of blue
staining can differentiate the maturity of the collagen
fibres. After tissue sectioning, Masson's trichrome staining
was performed in accordance with standard protocols
(Servicebio). The levels of collagen deposition were quanti-
fied using ImageJ software by calculating five random
fields from each sample by light microscopy (400 �).

2.6.5 | Immunohistochemical staining and
quantification

Tissue sections were analysed by immunohistochemistry
(IHC). Slides were stained for antibodies against CD31,
CK14, PCNA, and transforming growth factor-beta (TGF-β),
the details of which are displayed in Table S1. The sections
were first incubated with the antibodies at a dilution of 1:100
in PBS then incubated at room temperature for 1 hours.
Staining was performed using a Discovery XT automated
IHC/ISH slide staining system, using an UltraView Universal
DAB detection kit (Ventana Medical System, Inc., Tucson)
in accordance with the manufacturer's instructions.

To quantify the positively stained cells or tissue, five
high-power fields (HPF) were randomly selected on each
section at a magnification of 400 �, from which staining
intensity and the area of positive staining were analysed.
This was achieved using the IHC Profiler plugin in ImageJ
to automatically score the staining of sections.12 Thus, the
degree of angiogenesis, skin structural integrity, cell prolif-
eration, and TGF-β expression were evaluated.

2.6.6 | Measurement of antioxidant
concentration

Superoxide is very chemically active and has a very short
life time, thus it is almost impossible to be measured
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in vivo. To determine the effects of superoxide after treat-
ment on wounds, we measured the ex vivo levels of SOD,
CAT, and GPx to support the possibility that superoxide
species is originally contained in the plasma or is
synthesised during the plasma treatment. The liquid
nitrogen-preserved tissue was homogenised in 1 � PBS
and the concentrations of antioxidants in tissue homoge-
nates were measured according to the kit instructions
(Elabscience Biotechnology Co., Ltd.). The results were
read by BIO-RAD xMark™ Microplate spectrophotome-
ter (BIO-RAD, California, USA).

2.7 | Statistical analysis

Data are expressed as the mean ± standard deviation
(SD). Statistical analyses were performed with one-way
analysis of variance (ANOVA) followed by post-hoc t-test.
The test was conducted for comparison of each experi-
mental group in wound area calculation, score of histo-
logical staining, and measurement of antioxidant levels.
P values <0.05 were considered significant.

3 | RESULTS

3.1 | Physical characterisation of the
LTP device

The input power of the high-voltage AC power supply
system was found to be 1000 W when connecting the cur-
rent and voltage probes to the high-voltage AC power
supply input (Figure 1A). The output voltage and current
waveform of the high-voltage AC power supply was dem-
onstrated in Figure 1D,E. The plasma load peak-to-peak
voltage (Vpp) was 8.48 kV, load peak-to-peak current
(Ipp) was 3.96 A, and frequency was 39.87 kHz.

The temperature of the plasma jet at the nozzle of the
plasma generator was approximately 100�C and gradually
decreased at increasing distances from the nozzle at an
airflow rate of 10 m3/h. The plasma temperature was
approximately 43�C at a distance of 8 cm from the noz-
zle, consistent was the non-harmful treatment of skin.
Therefore, subsequent experiments were conducted at
this distance to identify the active substances in the
plasma and the therapeutic efficacy in terms of accelera-
tion of wound healing.

3.2 | Chemical characterisation of LTP

The plasma parameters in real-time are shown in
Figure 2A. The electron temperature was 18.8 ev, ion

current density was 649 mA/m2, ion concentration was
2.08 � 1017/m3, Debye length was 55 μm, and saturation
current was 0.00428 mA at an airflow rate of 10 m3/h.
These results indicate that there was an abundance of
active substances within the plasma.

OES spectral data were collected for the hot-air
(x = 9 cm) and LTP (x = 8 cm) devices, where “x” repre-
sents the treatment distance from the plasma jet nozzle.
The temperature was limited to 43 ± 0.5�C. The OES
spectral range was 200 to 400 nm for the ultraviolet
(UV) light (Figure 2B) and 680 to 900 nm for visible light
(Figure 2C). The results demonstrated that the intensities
of NOγ, OH, N2, and O were considerably higher in the
LTP device compared with the hot-air device, in which
active substances were barely detectable. This indicates
that the excitation process in the LTP device created an
abundance of active substances, mainly RNS and ROS.
The effective area of tissue able to be treated was deter-
mined from the concentration of NO at various radial
positions over the cross-section of the plasma jet. Using
the experimental conditions described above, the concen-
tration of NO within the centre of the plasma jet was
250 ppm, decreasing at lateral positions from the centre
point. A concentration of 200 ppm (80% of the maximum
value) was deemed the minimum considered to be fully
effective. This value was achieved at a radius of 2.5 cm
from the centre of the jet and, thus, the effective treat-
ment area was calculated to be approximately 20 cm2.

3.3 | Measurement of airflow rate,
distance, and time effect of LTP on RNS
and ROS

RNS and ROS are recognised as the principal active com-
ponents in plasma that accelerate wound healing. To
determine the appropriate conditions for treating wounds
using an LTP device, the effects of distance and time on
the concentration of RNS and ROS in LTP-treated
deionised water were established. The results of NO2

�

and NO3
� in deionised water treated with the LTP device

at different distances and time points indicated that the
concentration of nitrite/nitrate increased gradually with
decreased distance (Figure 3A) and increased time
(Figure 3B). Consistently, the trend of H2O2 concentra-
tion in deionised water treated with the LTP device was
similar to that of nitrite/nitrate (Figure 3C,D). At the
same time or distance, a higher content of H2O2 and
nitrite/nitrate was produced in the LTP-treated deionised
water with an airflow rate of 10 m3/h group than that
with an airflow rate of 6 m3/h group. These results sug-
gest that the active components in LTP can react with
deionised water and produce free radicals and the
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proportional relationship between ROS/RNS amount and
airflow rate. As open wound tissue contains an abundance
of extravasate, the results indicate that LTP is effective in
inducing biological effects in wounds. After consideration
of the intolerance of rat skin to high temperature, wounds
were treated with the LTP device at a distance of 8 cm
from the plasma jet nozzle for 3 minutes, with the temper-
ature controlled to 43 ± 0.5�C.

3.4 | Effect of LTP on wound healing in
normal rats

The kinetics of wound healing over time indicated that
healing was considerably faster in the LTP-treated group
than that in the hot air treatment and control groups
(Figure 4A), with substantial differences in wound area
and morphology. This was also reflected in the daily
wound area condensation rate (Figure 4B). Furthermore,
the wound recovery ratio indicated that recovery from

wounds was significantly faster in the LTP-treated group
than that in the hot-air treatment and control groups
(Figure 4C). This indicates that LTP treatment signifi-
cantly accelerates the wound healing process. It should
also be noted that, although there was no statistical dif-
ference between the hot-air treatment groups and control
group in terms of wound kinetics, the daily wound area
condensation rate and wound recovery ratio were supe-
rior in the hot-air-treated group than in the control
group, especially in the later stages of the healing process.
This indicates that hyperthermia may promote wound
healing.

3.5 | Effects of LTP on wound healing in
diabetic rats

The same trend was observed in Type 1 diabetic rats, that
is, LTP treatment significantly accelerated the wound
healing process in comparison with the hot-air treatment

FIGURE 2 Parameters and OES spectral analysis of LTP. A, Parameters of the plasma measured by the Langmuir probe detection

system in real-time. Isat, saturation current; Jp, Ionic current density; kTe, electron temperature; Ld, Debye length; Ni, ion concentration. B,

Ultraviolet (UV) range (280-400 nm). C, Visible range (680-900 nm)
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and control groups, as reflected in wound kinetics
(Figure 5A), daily wound area condensation rate (Figure 5B),
and wound recovery ratio (Figure 5C). Interestingly, the hot-
air treatment group demonstrated significantly faster healing
than the control group, especially in the later stages of the
healing process (Figure 5A-C). The results confirm that
hyperthermia affects the healing process.

3.6 | Histological analysis

3.6.1 | Haematoxylin and Eosin (E&E)
Staining

In agreement with wound kinetics data, substantial dif-
ferences in wound area and morphology were observed
at approximately Day 15 (Figure 5A). Therefore, the
results at Day 14 were used for further histological analy-
sis in the wounds of diabetic rats, in which significant dif-
ferences between the control group and the other two
groups were observed (Figure 5B). From H&E analysis,
the re-epithelialization process was found to be faster and
the skin structure was more complete in the LTP-treated

group compared with the hot-air-treated or control
groups (Figure 6A-C), and superior in the hot-air treated
group than the control group (Figure 6A,B). These results
were further reflected in the quantification of epithelial
thickness and re-epithelialization, although there were
no statistical differences between the hot-air-treated
group and the other two groups (Figure 6D,E). Addition-
ally, inflammatory cell infiltration and increased granula-
tion tissue were observed in the dermis. Therefore,
ImageJ was used to count the numbers of lymphocytes
and fibroblasts. The results indicated that the infiltration
of inflammatory cells was slightly but significantly lower
in the hot-air treatment and LTP-treated groups com-
pared with the control group (Figure 6F,G). The numbers
of fibroblasts were significantly higher in the LTP-treated
group compared with the control group. The mean num-
ber of fibroblasts in the hot-air-treated group was
between the other two groups, for which there was no
statistical difference observed. The results above indicate
that, after LTP treatment, epithelial regeneration was
accelerated, inflammation was reduced, and the prolifer-
ation of fibroblasts enhanced. Hot-air treatment also sig-
nificantly reduced inflammation.

FIGURE 3 Concentrations of

RNS and ROS in deionised water

treated with the LTP device at

various distances, time points and

airflow rates. A,C, Changes in

nitrite/nitrate or H2O2

concentration, at various distances

and airflow rates after treatment for

3 minutes. B,D, Changes in nitrite/

nitrate or H2O2 concentration at

various time points and airflow rates

after treatment at a distance of

8 cm. n = 3
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FIGURE 4 LTP treatment accelerates wound healing in normal rats. A, Wound healing kinetics on various days during the wound

healing process. B, Daily wound area condensation rate during wound healing. C, Wound recovery ratio. CO, control group; HA, hot-air

treatment group; LTP, LTP treatment group; *LTP versus CO (P < .05); # HW versus CO (P < .05); @ LTP versus HW (P < .05). n = 5

FIGURE 5 LTP treatment accelerates wound healing in Type I diabetic rats. A, Wound healing kinetics over time during wound

healing. B, Daily wound area condensation rate during wound healing. C, Wound recovery ratio
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3.6.2 | Masson's trichrome staining

Collagen deposition is a marker that reflects the wound
healing process. Masson's trichrome stains collagen fibres
blue and muscle fibres red. The intensity of blue staining
represents the quantity and maturity of the collagen
fibres. Masson's trichrome staining indicates that colla-
gen fibres in the control and hot-air treatment groups are
thick and with a disorderly arrangement (Figure 7A,B).
In contrast, the collagen fibres in the LTP treatment
group were arranged tightly and orderly, with a deeper
coloration (Figure 7C). Quantification indicated that
there was a significantly higher intensity of collagen
fibres in the LTP-treatment group compared with the
other two groups (Figure 7D). These results indicate that
LTP treatment accelerated the wound healing process by
enhancing collagen deposition.

3.6.3 | Immunohistochemical Staining

Immunohistochemical (IHC) staining was performed to
measure the expression levels of CD31, CK14, PCNA,
and TGF-β so that the wound healing process could be
analysed. The number of CD31-positive cells, a marker
for vascular endothelial cells, was considerably higher in
the LTP-treated group than the other two groups
(Figure 8A). This indicates that treatment with LTP
clearly enhanced neovascularization. This was further
reflected by the quantification of blood vessels
(Figure 8A). CK14 staining, a marker of the basal layer of
the epidermis, demonstrated that the integrity of the epi-
thelial structure was gradually and significantly
enhanced in the LTP and hot-air treatment groups, com-
pared with the control group, although there was no sta-
tistical difference between the LTP and hot-air

FIGURE 6 Haematoxylin and Eosin Staining analysis for Type I diabetic wounds. A, Control group. B, Hot-air treatment group. C, LTP

treatment group. Quantification of the epithelial thickness (D), re-epithelialization (E), number of infiltrating lymphocytes (F), and number

of fibroblasts (G). NS: no statistical differences; H&E magnification: 40�

FIGURE 7 Masson's Trichrome Staining of Type I diabetic wounds. A, Control group. B, Hot-air treatment group. C, LTP treatment

group. D, Quantification of collagen fibre staining intensity
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treatment groups (Figure 8B). PCNA staining, a marker
of cellular proliferation, indicated that the positively sta-
ined cells were mostly basal cells of the neonatal epider-
mis, indicating epithelial proliferation. Consistent with
CK14 staining, PCNA-positive cells were slightly but sig-
nificantly higher in number in the LTP and hot-air treat-
ment groups compared with the control group, with no
statistical difference between the LTP and hot-air treat-
ment groups (Figure 8C). Additionally, a small number
of PCNA-positive cells were observed in the dermal con-
nective tissue, suggesting that there were no statistical
differences between the experimental groups (data not
shown). The intensity of staining for TGF-β, an important
secretory cytokine that promotes wound healing, was
slightly but significantly higher in the hot-air and LTP
treatment groups compared with the control group

(Figure 8D). This indicates that both plasma-active sub-
stances and higher temperature were able to promote the
secretion of TGF-β in wounds.

3.7 | Measurement of antioxidant
concentration

As the concentrations of SOD, GPx, and CAT are closely
related to the scavenging of superoxide anions, which
play an important role in inflammation in wound
healing, we measured their concentrations in Type I dia-
betic wound tissues. The levels of SOD, GPx, and CAT
were significantly elevated in both the hot-air and LTP
treatment groups compared with the control group
(Figure 9). However, although the LTP-treated group

FIGURE 8 Immunohistochemical staining for Type I diabetic wounds. CD31 (A), CK14 (B), PCNA (C), TGF-β (D) staining (left panel)

and relative quantification (right panel)
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displayed slightly higher expression levels of SOD, GPx,
and CAT compared with the hot-air treatment group, no
statistical differences were observed between them
(Figure 9). This indicates that both LTP and high temper-
ature effectively reduced ROS/RNS and inflammation,
resulting in accelerated wound healing via the promotion
of antioxidant expression.

4 | DISCUSSION

It is worth noting that, compared with current plasma
devices, the novel LTP device had many advantages, such
as the free gas source, long working distance, high gas
flow rate, and large effective treatment area. Firstly, cur-
rent plasma devices used for wound treatments essen-
tially utilise helium or argon as the gas source,13,14 which
is expensive and inconvenient. In comparison, the novel
LTP device uses free and readily available surrounding
air as a gas source. Secondly, compared with the current
devices that require a treatment distance ranging from
8 to 20 mm between the plasma jet nozzle and body,8,15

the new LTP device has a much longer working distance
of up to 8 cm for which a curative effect is observed at a
tolerable temperature, which is more practical for clinical
applications. Thirdly, the gas flow rate of current plasma
devices ranges from 0.12 to 0.3 m3/h.14,16 In contrast, the
gas flow of the new LTP device was as high as 10 m3/h,
while producing more effective species. Fourthly, the
effective treatment areas of the current plasma devices
range from 1 to 5 cm2.3,13 The effective treatment area of
the new LTP device is as high as 20 cm2, greatly increas-
ing the clinical treatment area. Therefore, the advantages
of the new LTP device are effective in addressing the
shortcomings of the current plasma devices and greatly
expand the clinical and biomedical applications for
plasma devices.

Wound healing is currently the principal application
for plasma devices. In the present study, we have exam-
ined the efficacy of the novel LTP device in wound

healing. The results demonstrate that the new LTP device
accelerated wound healing by promoting the ratios of
wound area condensation and wound recovery in both
normal and diabetic rats compared with control groups
(Figures 4 and 5). Further cellular and molecular exami-
nation demonstrated that the promotion of wound
healing by the new LTP device was essentially driven by
a reduction in inflammation (Figure 6), promotion of
angiogenesis, epithelialization, and collagen deposition
(Figures 6 and 8), promotion of fibroblast and neonatal
epidermal basal cell proliferation (Figures 7 and 8), and
elevation of antioxidant enzyme activity (Figure 9) com-
pared with control groups, consistent with the wound
healing properties of the majority of current plasma
devices.

In terms of influencing the inflammatory process,
previous reports indicate that plasma can induce the
secretion of pro-inflammatory cytokines from neutrophils
and macrophages17,18 and the secretion of cytokines and
growth factors from fibroblasts and keratinocytes,18

thereby recruiting and activating inflammatory cells
which further accelerate the process of debridement. In
addition, plasma can reduce inflammatory damage by
antagonising excessive oxidative stress through activation
of the body's anti-oxidative stress protection mechanism,
thereby accelerating wound healing.13 Previous studies
have shown that plasma significantly promotes angiogen-
esis19-21 through the formation of NO, a major factor in
angiogenesis22,23 and the main active component of
plasma.24 Many studies have shown that plasma can pro-
mote the proliferation of keratinocytes,18,25-27 thus
enhancing epithelialization. Moreover, plasma can pro-
mote the deposition of collagen via accelerated collagen
synthesis, evidenced by both in vitro and in vivo experi-
ments.13,28 Although the mechanisms and active compo-
nents related to plasma that accelerate wound healing
still require elucidation, the current view focuses on ROS
and RNS, the principal active substances that are present
in plasma.5,9,29,30 The substantial formation of ROS and
RNS (Figure 3) may explain the similar observations of

FIGURE 9 Antioxidant levels in Type I diabetic wounds. A, SOD, B, CAT, C, GPx. *P < .05 compared with control group
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accelerated wound healing following the use of the new
LTP device.

Interestingly, the hot-air group also demonstrated an
acceleration of wound healing compared with the control
group, especially in diabetic rats (Figure 5), suggesting
that temperature is a substantial factor. Further cellular
and molecular examination indicated that the promotion
of wound healing by hot-air is due to the following: a
reduction in inflammation (Figures 6 and 8), promotion
of epithelialization (Figures 6 and 8), and elevation of
TGF-β and antioxidant enzyme expression (Figures 8 and
9). In the present study, the temperature of the hot-air
group was 43 ± 0.5�C, the same temperature of plasma
reaching the skin. Although the temperature of the
plasma in current devices usually ranges from 32�C14 to
40�C,13 it is higher than room temperature and should
exhibit a thermal effect. However, current studies that
focus on the acceleration of wound healing of plasma fail
to also examine the role of temperature.

Previous studies have suggested that thermal effects
can accelerate wound healing. Rabkin et al found that
the local use of warm and moist heat packs on small
experimental wounds in hospitalised patients increases
local perfusion 3-fold greater than baseline values, raising
oxygen tension by 39.5 mmHg from a baseline of
47.7 mmHg.31 This has been further confirmed by
another independent study.32 It is well known that a
principal factor in slow healing in diabetic wounds is
poor blood circulation in these tissues, resulting in insuf-
ficient nutrients or oxygen in the wound closure region.33

Local hyperthermia elevates tissue perfusion with suffi-
cient nutrients and oxygen, playing an important role in
diabetic wound healing. This may explain why the hot-
air group demonstrated significant accelerated wound
healing, especially in diabetic rats (Figure 5). Addition-
ally, studies have demonstrated that thermal effects can
control the number of bacteria and increase the number
of fibroblasts.31,34,35 Furthermore, another important
effect of hyperthermia is the promotion of heat shock
protein (HSP) expression.36,37 HSPs have been demon-
strated to have important roles in the reduction in
inflammation and promotion of epithelialization, secre-
tion of nitric oxide, and angiogenesis.38-43 Consistent with
this, in the present study, a number of these effects were
also demonstrated in the hot-air group, such as a reduc-
tion in inflammation and promotion of epithelialization
(Figures 6 and 8). Therefore, the heat released by the
plasma device during treatment also played a positive
role in wound healing, which cannot be ignored.

In particular, a comparison of the LTP and hot-air
groups indicated that a number of the effects occurred
only with the LTP device, such as neovascularisations
and collagen deposition (Figures 7 and 8). Some effects

were similar in both groups, such as elevation of antioxi-
dant enzymes (Figures 8 and 9), while some of the effects
of LTP were effective than that in the thermal group,
such as a reduction in inflammation, elevation of TGF-β,
and promotion of epithelialization (Figures 6 and 8).
These results distinguished the effects of plasma from
thermal effects, providing the basis for more in-depth
investigation of plasma treatment in the medical field.
However, it should be mentioned that a change in tem-
perature is an aspect of plasma treatment that cannot be
removed. Therefore, the acceleration of wound healing
should be considered a combination of plasma-active
substances and temperature effects.

In addition, although the new LTP device produces
considerably more active substances in the plasma jet (data
not shown), their concentration reaching the skin was not
higher than in other reported plasma devices.44 This may
have resulted from the greater distance (8 cm versus
5 mm) or the different gas source. However, this does not
influence its significantly accelerated effect on wound
healing. Moreover, younger rats were used in the diabetic
wound model (8-week-old), because streptozotocin (STZ)
causes multiple deaths in rats older than 10-weeks. Youn-
ger rats have faster wound healing, so the duration of
wound healing was considerably shorter in the diabetic
wound model than the normal wound model. The
corresponding thermal control group should be used to
investigate the effects of plasma. Because the different
plasma devices have different treatment temperatures, dif-
ferent thermal effects were observed.

5 | CONCLUSION

In summary, the new LTP device used in the present
study has many advantages, such as a free gas source,
long working distance, high gas flow rate, and large effec-
tive treatment area, which were effective in addressing
the shortcomings of current plasma devices, greatly
expanding the clinical and biomedical applications of
plasma devices. In-depth wound healing experiments
confirmed the efficacy of the new LTP device. In particu-
lar, the thermal control group was able to demonstrate
thermal effects distinct from plasma effects, providing a
valuable basis for a more in-depth investigation of plasma
treatment for biomedical fields in the future.
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