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Abstract

In this study, the surface microdischarge (SMD) device was used to modify the

mechanical properties of decellularized porcine aortic valve leaflets (DPAVL). It

was found that SMD treatment under NOx mode considerably improved the

ultimate tensile strength and the Young's modulus of DPAVL, whereas treatment

under O3 mode had no effect. The absorbance band peak at ~1,375 cm−1, mea-

sured by Fourier‐transform infrared spectrometer, increased with treatment time

in the freeze‐dried DPAVL group under NOx mode treatment. The microstructure

was not destroyed and blood compatibility test showed no toxicity. The reaction

between plasma‐activated spe-

cies and the DPAVL and the pH

change, other than tempera-

ture/UV irradiation, plays a

major role. All of the results

indicate that cold atmospheric

plasma treatment seems to be a

potential alternative for DPAVL

modification.
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1 | INTRODUCTION

According to statistics, the incidence rate of valvular
diseases in the United States is about 2.5%, of which the
incidence rate for people over 75 years old is about
13.2%.[1] The root cause of valvular diseases is the ab-
normal shape of the heart valves, so the fundamental
treatment for valvular diseases is heart valve replacement

surgery, which is achieved by removing the diseased
heart valves and replacing them with the prosthetic heart
valves.[2] The most commonly used prosthetic heart
valves are mechanical and bioprosthetic valves.[3] How-
ever, a common disadvantage of mechanical and bio-
prosthetic valves is that they are both nongrowing valves.
With the development of regenerative medicine, tissue‐
engineered heart valves are expected to be a kind of
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promising valve replacement.[4] Among them, decel-
lularized valves have received extensive attention for
their similar structure with the natural valves and low
immunogenicity.[5] Nevertheless, there are still some is-
sues of decellularized valves that need to improve. For
example, the mechanical properties of the valve leaflets
are important indicators to measure the performance of
the decellularized valve, which is of great significance for
clinical application.[6] The strength, durability, and flex-
ibility of the decellularized valve may be reduced by poor
mechanical properties of the valve, which contribute to
calcification, mechanical fatigue, tissue degradation of
the valve, and even clinical failure.[7,8]

Cold atmospheric plasmas (CAPs) have been widely
used in the biomedical field in recent years.[9–15] Due to
the high‐energy charged particles, active oxides and ni-
trides, free radicals, electric fields, ultraviolet rays, and
others, CAPs have been proved to be beneficial for dis-
infection,[16] wound treatment,[17] cancer treatment,[18]

material modification,[19] stem cell differentiation,[20]

cytoprotection,[21] and dentistry applications.[22] CAPs
also have potential in tissue engineering and regenerative
medicine.[23,24] CAP treatment under certain conditions
can enhance the surface activity of biological functional
materials without destroying the original structure and
characteristics of biological materials, which makes it a
competitive candidate in the field of biomedical tissue
engineering.[25,26]

On the basis of the application defects of the existing
decellularized porcine aortic valve leaflets (DPAVL), CAP
generated by surface microdischarge (SMD) device was

adopted here to treat the DPAVL. The sketch of SMD and
the experimental setup is shown in Figure 1a. The pow-
ered electrode made of copper is 20 mm in diameter and
5mm in thickness, covered by polytetrafluoroethylene for
insulation shielding. A stainless steel woven wire mesh
(wire diameter: 0.5 mm and the mesh density: 4 × 4
mesh/cm2) is used as the ground electrode. A ceramic
sheet (40 mm in diameter and 1mm in thickness) is fixed
between the copper sheet and the woven wire mesh. The
SMD device was placed on the top of a cylindrical acrylic
chamber (60mm in diameter and 22mm in height)
during operation. During treatment, the DPAVL samples
were placed on a circular quartz glass (30 mm in dia-
meter and 1.2 mm in thickness), which was located at the
bottom center of the cylindrical chamber. The distance
between the ground electrode and the circular quartz
glass was fixed at 15mm. Two ZnSe windows were in-
stalled in the walls of the chamber for the Fourier‐
transform infrared spectroscopy (FTIR) measurements.
An AC power supply (CTP‐2000K; Corona Lab) was ap-
plied to generate the sinusoidal AC voltage with a specific
peak‐to‐peak value and frequency.

Depending on the gas‐phase product, the operating
mode of the SMD device can be generally divided into
NOx mode and O3 mode.[27] For the NOx mode and O3

mode, the dominating gas‐phase product is mainly ni-
trogen oxides and O3, respectively. In this study, both the
NOx mode and the O3 mode were applied to treat the
DPAVL. When operated in the NOx mode, the peak‐to‐
peak value of the applied voltage Vp‐p was fixed at 11 kV
with a power density of ~1.767W/cm2. When operated in

FIGURE 1 (a) The sketch of surface microdischarge (SMD) and the experiment setup. (b) The typical U‐I waveform and the
power consumption versus applied voltage. (c) The Fourier‐transform infrared spectra of SMD operating in O3 and NOx mode at 4.7
and 11 kV, respectively. (d) The optical emission spectra of SMD operating in O3 and NOx mode
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the O3 mode, the peak‐to‐peak value of the applied vol-
tage Vp‐p was fixed at 4.7 kV with a power density of
~0.027 W/cm2. For all the experiments, the frequency
was fixed at 8 kHz. The voltage and current waveforms
were recorded and the power density was calculated by
using the Lissajous method (seen in Figure 1b). The
qualitative analysis of the gas‐phase products was con-
ducted by Fourier‐transform infrared spectrometer
(VERTEX 70; Bruker), seen in Figure 1c. The gas‐phase
products are different in the NOx mode and O3 mode,
which are similar to those in other reported studies.
Figure 1d shows the optical emission spectrum (OES;
FLAME‐S‐UV‐VIS‐ES; Ocean Optics). The results of OES
also confirms the existence of NO in the gas phase and
the difference between the O3 and NOx mode.

Fresh hearts of adult pigs were harvested from a local
slaughtering factory. A total of 240 porcine aortic valve
leaflets used in this investigation were obtained from over
80 pigs. The dissection of porcine aortic valve leaflets and
decellularization procedures used here is similar to that
reported in Qiao et al.[7] After washing with phosphate‐
buffered saline (PBS), the DPAVL were stored at 4°C in
PBS for use. The DPAVL treatment processes by SMD
device are as follows: (a) a piece of DPAVL is randomly
taken out from the pre‐prepared samples, and one side of
the selected sample is placed at the bottom center of the
cylindrical chamber. The specified sinusoidal AC voltage
is turned on to generate plasma, and the DPAVL is trea-
ted in the chamber for 12min. (b) The AC power supply
is shut down after 12min and the selected sample is ta-
ken out. The electrodes and the cylindrical chamber are
cooled simultaneously. (c) The other side of the selected
sample is placed at the bottom center of the cylindrical
chamber after the electrodes and the cylindrical chamber
are sufficiently cooled. The treatment process in Step (a)

is repeated. (d) The AC power supply is shut down after
another 12min and the selected sample is taken out. The
electrodes and the cylindrical chamber are cooled again
before the next treatment.

The DPAVL treated following the above procedure
under the NOx mode of SMD were marked as DPAVL‐PL
(NOx), and the DPAVL treated following the above proce-
dure under the O3 mode of SMD were marked as DPAVL‐
PL(O3). For each treatment condition, at least six samples
were repeated. After treatment, the samples were put into
PBS and stored at 4°C for other measurements.

The mechanical properties of the DPAVL, DPAVL‐PL
(NOx), and DPAVL‐PL(O3) were tested by the electronic
mechanical testing machine (CMT 2102) after treatment.
The mechanical test method is similar to that reported in
Liu et al.,[28] and the results are shown in Figure 2.
Young's modulus is a physical quantity describing the
deformation resistance of a solid material, which can be
obtained by measuring the slope of the stress–strain
curve in the high‐strain region. As can be seen from
Figure 2a, the overall mechanical properties of the
DPAVL‐PL(NOx) are improved. The ultimate tensile
strength and the Young's modulus of the DPAVL,
DPAVL‐PL(NOx), and DPAVL‐PL(O3) are compared in
Figure 2b,c. The ultimate tensile strength and the
Young's modulus of the DPAVL‐PL(NOx) were increased
by 19.98% and 52.15%, compared with that of the un-
treated DPAVL, respectively. However, the results in
DPAVL‐PL(O3) group basically remain the same as the
DPVAL, which indicates that SMD in the O3 mode has no
effect on the properties of DPAVL.

To find out why the SMD treatment in NOx mode could
effectively improve the mechanical properties of DPAVL,
the possible factors related to the process such as tem-
perature, UV irradiation, and pH were all tested. The

FIGURE 2 The mechanical property results of the DPAVL, DPAVL‐PL(O3), and DPAVL‐PL(NOx). (a) The overall mechanical
properties of the three groups. (b) The ultimate tensile strength of the three groups. (c) Young's modulus of the three groups. Data are
expressed as mean values ±SD; n= 6. *p< .05, ***p< .0005, compared with untreated DPAVL. DPAVL, decellularized porcine aortic
valve leaflets; SD, standard deviation
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average temperature inside the treatment chamber under
the NOx mode was measured as ~20°C; therefore, to de-
termine the role of temperature, the DPVAL were tested at
an ambient temperature of 20°C for 24min. To analyze the
role of UV irradiation, a piece of quartz sheet was located
directly above the chamber to prevent the plasma‐activated
species to act with the DPVAL, and then the DPAVL were
treated under the same conditions as the DPAVL‐PL(NOx).
The results in Figure 3 show that the temperature and UV
irradiation have no effect on the mechanical properties of
the DPVAL, which also illustrates that the temperature and
UV irradiation are not responsible for the improvement of
mechanical properties.

As it is known, there are various active species in the
gas phase created by SMD in the NOx mode. When they
come in contact with water, the pH will decrease to some
value and form plasma‐activated water. The pH value on
the DPAVL‐PL(NOx) surface was measured as ~6; there-
fore, to determine the role of pH, the DPVAL were tested in
dilute nitric acidic solutions (HNO3) with pH 3 and pH 6 for
12min. As can be seen in Figure 4, the dilute acidic solution
of pH 3 and pH 6 can slightly improve the mechanical
properties of the DPAVL, but the values of ultimate tensile
strength and the Young's modulus are obviously lower than
those of the DPAVL‐PL(NOx), which also indicates that the
pHmay contribute to a part of the effect. Also, it is observed
that low pH or longtime treatment using acid will cause
serious dehydration of the DPAVL.

One of the other possible reasons is the reaction be-
tween the plasma‐active species in the NOx mode and the
DPAVL materials. Attenuated total reflection Fourier‐
transform infrared spectroscopy was used to check the
functional group change on the surface of the DPAVL after
SMD treatment in both the NOx and O3 mode, as can be
seen in Figure 5. Some pronounced absorbance bands can
be identified: the amide A band in the vicinity of 3,300 cm−1

(vNH), the amide B band in the vicinity of 3,100 cm−1

(vNH), the amide I band in the vicinity of 1,640 cm−1 (vCO),
the amide II band in the vicinity of 1,550 cm−1 (δNH), and
the amide III band in the vicinity of 1,240 cm−1 (vCN).[29] In
this test, samples of freeze‐dried DPAVL were used. An
absorbance band peak at ~1,375 cm−1 in the freeze‐dried
DPAVL‐PL is steadily enhanced with treatment time in the
NOx mode, as seen in the zoomed FTIR results in Fig-
ure 5b,ii. However, this absorbance band is not enhanced in
the freeze‐dried DPAVL‐PL(O3), even for a longer treat-
ment time.

To check the surface morphology change of the
DPAVL, scanning electron microscopy (SEM; JSM‐6510;
Japan Electronics Co., Ltd.) was applied, and the ex-
perimental method is similar to that reported in Liu
et al.[28] The SEM images of the DPAVL‐PL(NOx) and
DPAVL are shown in Figures 6a,i and 6a,ii, respectively.
The results show that there is no significant difference in
the microstructure between the DPAVL‐PL(NOx) and
DPAVL. Meanwhile, some gas‐phase products of SMD
under the NOx mode are toxic, such as nitric oxide, ni-
trogen dioxide, and so on. It is necessary to check whe-
ther the treated DPAVL are safe for clinical application.
To verify the toxicity of the DPAVL‐PL(NOx), the blood
compatibility test was carried out as follows: (a) both
DPAVL and DPAVL‐PL(NOx) were sterilized with 75%
alcohol and then rinsed in PBS three times, 5 min each
time. (b) DPAVL, DPAVL‐PL(NOx), and negative control
were immersed in 1‐ml normal saline, the positive con-
trol was immersed in 1‐ml distilled water, and each group
was preheated at 37°C for 30min. (c) Each group was
added with 0.5‐ml fresh human blood donated by healthy
volunteers and incubated at 37°C for 60min. As can be
seen in Figure 6b,i–iv, no significant hemolysis is found
in the DPAVL‐PL(NOx), compared with the negative
control.

FIGURE 3 (a) The overall mechanical properties. (b) The influence of temperature and UV radiation on the ultimate tensile
strength. (c) The influence of temperature and UV radiation on Young's modulus. Data are expressed as mean values ± standard
deviation; n= 6. p> .05, compared with untreated decellularized porcine aortic valve leaflets
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FIGURE 4 The mechanical properties of the DPAVL, DPAVL‐PL(NOx), and DPAVL treated by a dilute nitric acid solution with
pH 3 and pH 6. (a) The influence of pH on the overall mechanical properties of the DPVAL. (b) The influence of pH on the ultimate
tensile strength. (c) The influence of pH on Young's modulus. Data are expressed as mean values ±SD; n= 6. *p< .05, **p< .01,
****p< .0001, compared with DPAVL. DPAVL, decellularized porcine aortic valve leaflets; SD, standard deviation

FIGURE 5 The infrared absorption spectra of the freeze‐dried decellularized porcine aortic valve leaflets (DPAVL). (a) Fourier‐
transform infrared (FTIR) spectra of the freeze‐dried DPAVL‐PL (O3). (b) FTIR spectra of the freeze‐dried DPAVL‐PL(NOx). (a,i) The
spectra in the 400–4,000 cm−1 of the freeze‐dried DPAVL‐PL(O3). (a,ii) The spectra in the 1,340–1,440 cm−1 of the freeze‐dried
DPAVL‐PL(O3). (b,i) The spectra in the 400–4,000 cm−1 of the freeze‐dried DPAVL‐PL(NOx). (b,ii) The spectra in the
1,340–1,440 cm−1 of the freeze‐dried DPAVL‐PL(NOx)
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In this study, the SMD device was used to treat
DPAVL and was shown to be a good method to enhance
the mechanical properties. The ultimate tensile strength
and the Young's modulus of DPAVL‐PL(NOx) were con-
siderably improved as compared with the untreated
sample, whereas there was no difference after SMD
treatment in the O3 mode. Temperature and UV irra-
diation did not affect the mechanical properties of
DPVAL during SMD treatment. However, surface reac-
tion and pH may be two of the main factors. The mi-
crostructure of the DPAVL was not destroyed and the
toxic component of DPAVL‐PL(NOx) was low after SMD
treatment. In conclusion, CAPs treatment may be a po-
tential alternative for the modification of the biological
heart valve for clinical application. Further works such as
condition optimization, cell adhesion test, and animal
test need to be conducted in the future.
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