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Abstract

Atmospheric cold plasma (ACP) is a nonthermal technology that is extensively used in several industries. Within the scopes
of engineering and biotechnology, some notable applications of ACP include waste management, material modification,
medicine, and agriculture. Notwithstanding numerous applications, ACP still encounters a number of challenges such as
diverse types of plasma generators and sizes, causing standardization challenges. This review focuses on the uses of ACP in
engineering and biotechnology sectors in which the innovation can positively impact the operation process, enhance safety,
and reduce cost. Additionally, its limitations are examined. Since ACP is still in its nascent stage, the review will also propose

potential research opportunities that can help scientists gain more insights on the technology.

Key points

o ACP technology has been used in agriculture, medical, and bioprocessing industries.
o Chemical study on the reactive species is crucial to produce function-specific ACP.
o Different ACP devices and conditions still pose standardization problems.

Keywords Atmospheric cold plasma - Waste management - Material modification - Medicine - Agriculture

Introduction

Plasma is the fourth state of matter along with the solid,
liquid, and gas that is composed of high-energy positively
charged ions, electrons, and neutrals (atoms, molecules,
and radicals) (Boyd et al. 2003). During plasma generation
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process, the gas introduced into the system is ionized by
electric current. This electrical resistivity produces sig-
nificant heat which strips electrons away from the gas
molecules, forming an ionized gas stream called plasma
(Gomez et al. 2009). The plasma technique can be sepa-
rated into two types based on the temperature of produced
ions: thermal/hot and non-thermal/cold plasma (Hoffmann
et al. 2013). In the thermal plasma, the plasma is pro-
duced at high pressure wherewith all the gas particles are
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strongly ionized which result in ions, atoms, electrons,
and neutral species retaining the same high temperature
range of 4000 to 20,000 K (Ruj and Ghosh 2014). Due to
its high temperature and energy density, thermal plasma
has a highly destructive ability and is suitable in degrad-
ing various types of waste such as organic (Huang and
Tang 2007), medical (Cai and Du 2021), electronic (Rath
et al. 2012), and radioactive wastes (Prado et al. 2020). In
addition to waste degradation, thermal plasma can also
provide rapid quenching to keep some chemical materi-
als in the metastable stage under ambient conditions to
improve their modification or synthesis. This particular
advantage makes thermal plasma valuable in material pro-
cessing including coating technologies, synthesis of fine
powders, densification of powders, and slag metallurgy
(Samal 2017). In contrast to thermal plasma, non-thermal
plasma refers to the production of low-temperature parti-
cles like charged particles and radicals under atmospheric
condition. Because of its low temperature property, non-
thermal plasma is also called atmospheric cold plasma
(ACP) (Hoffmann et al. 2013).

As previously stated, thermal plasma presents great
efficacy for various waste decomposition owing to its
high energy and temperature. However, a concern regard-
ing cost-effectiveness should also be considered since the
consumption of electrical energy is relatively high (Samal
2017). In contrast, ACP utilizes much lower electrical
energy and can generate plasma at low or atmospheric
pressure (Laroque et al. 2022). Consequently, ACP is
more energy efficient for pollutant destruction compared
to thermal plasma.
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Fig.1 The mechanism of ACP and generation of its products
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Electrical fields

Depending on the ACP generation system and working
gas (inlet gas), a variety of active species can be produced
for specific applications. Figure 1 illustrates how the gas
undergoes through ionization and electric breakdown to gen-
erate reactive species and other products in ACP.

Presently, many investigations on ACP focus on food
modification and processing since it has an ability to inac-
tivate pathogens and undesirable food compounds while
exhibiting minimal effects on the desired attributes. Moreo-
ver, ACP devices have been improved continuously which
enable them to consume less energy by 55% from 0.03-0.10
to 0.017-0.051 kWh, thereby being more economical
(Niemira 2012).

Therefore, with its high effectiveness combined with
low cost of operation, ACP has gained a growing interest in
other fields such as waste management, material modifica-
tion, medicine, and agriculture as it can contribute to safety,
operation process, and cost reduction within these sectors.
In spite of the progress, this highly functional technology
still has slight drawbacks that may require additional studies
prior to being readily employed in diverse fields. This paper
explores current applications of ACP in agricultural, medi-
cal, and bioprocessing industries, in addition to proposing
current limitations and future research opportunities.

ACP devices

Among the atmospheric cold plasma devices, the dielectric
barrier discharge (DBD), plasma jet, gliding arc discharge
(GAD), and corona discharge are the most extensively
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studied (Bermudez-Aguirre 2019; Stryczewska 2020).
DBD is consisted of two parallel metal electrodes which
are coated with dielectric materials such as quartz, poly-
mer, or plastic. The main function of these materials is
required to help regulate the consistency of output plasma
(Nasiru et al. 2021). In the device, one electrode is con-
nected to a voltage source while another is grounded.
When DBD is operated, a carrier gas introduced into the
parallel electrodes will be ionized by Coulombic force and
disintegrated, essentially producing several reactive spe-
cies. DBD cold plasma is well-recognized for the high
energy of free electrons because particles would be accel-
erated into a gap of electric field and collided, promoting
high kinetic energy and momentum (Choudhury 2017).

Plasma jet shares the similar concept to that of DBD
in regard to cold plasma generation, but the schematic
design differs. The needle electrode within the plasma
jet is attached to the voltage source whereas the ground
external electrode surrounds the needle. As the carrier
gas passes between the two electrodes at a high speed,
it becomes ionized, excited, and dissociated to produce
various reactive species prior to being accumulated and
exited through a nozzle as a beam. The beam stability is
highly dependent on the type of carrier gas (Umair et al.
2021). In gliding arc discharge (GAD), air is pumped into
electrode gaps which results in the formation of an arc
between the electrodes (Ekezie et al. 2017). On the other
hand, corona discharge employs two or more sharp pointed
electrodes to generate an ionized electric field of reactive
species. Generally, a point electrode with a high electric
field breaks down inlet gas, creating a non-homogeneous
discharge when this ACP device is in use. Nevertheless,
corona discharge is inexpensive and relatively simple to
operate (Ekezie et al. 2017).

Among all the devices, DBD possesses several advan-
tages compared to other ACP generators. Firstly, DBD does
not require a high area output unlike plasma jet. Moreo-
ver, compared to corona discharge, DBD is only limited by
the power voltage (1 to 160 kV) whereas corona discharge
depends on both the power supply and operation distance
of a few millimeters. Furthermore, the ability to regulate
current in DBD can help improve safety by avoiding spark
which is normally present in gliding arc discharge (Nasiru
et al. 2021). With these previously mentioned benefits com-
bined with low maintenance and operational cost, DBD has
become one of the most common atmospheric plasma gen-
erators to eliminate pathogens (Kilonzo-Nthenge et al. 2018;
Mahnot et al. 2019; Roh et al. 2020), deactivate enzymes
(Chang et al. 2021; Gu et al. 2021; Tolouie et al. 2018),
and degrade pesticides (Cong et al. 2021; Liu et al. 2021a;
Mousavi et al. 2017). However, microdischarges from DBD
plasma still hinders its application as they cause non-uni-
form treatment of the sample (Choudhury 2017).

Applications of ACP in sewage disposal
and waste management

ACP has been integrated in sewage disposal and wastewa-
ter management because of its antimicrobial and chemi-
cal decomposition properties. Relevant publications about
waste management are summarized in Table 1.

Food waste

An annual average of 1.3 billion tons of food waste reflects
an inefficient utilization of global resources and hence
the need to develop a more efficient management method
(Tkac et al. 2022). Food waste is defined by UN Environ-
mental Program as any food parts that undergo through
every process of the food supply chain, but still do not get
consumed and are thus discarded, which are subsequently
left to spoil or expire (UNEP 2021). Pawtat et al. (2021)
indicated that ACP treatment can decrease a number of
microorganisms from municipal waste such as vegeta-
tive bacteria and endospores, mold fungi, actinobacteria
Escherichia coli, and facultative pathogens, i.e., Staphy-
lococcus spp., Salmonella spp., Shigella spp., Enterococ-
cus faecalis, and Clostridium perfringens. Based on the
study, ACP as sterile pretreatment of municipal waste can
mitigate environmental contamination during transfer and
storage. Nevertheless, the caveat in regard to ACP is that
microbial sterilization efficiency is highly dependent on
diversity of microorganisms and plasma treatment time.

In addition to microbial inactivation, ACP may have the
potential to produce value-added products from food waste
by assisting in the bioconversion process. In the lignocellu-
losic waste pretreatment, ACP has been shown to degrade
some toxic compounds that inhibit bioethanol fermenta-
tion (Nishimwe et al. 2021; Shi et al. 2017a, 2017b). Lin
and colleagues (2020) successfully removed fermentation
inhibitors including hydroxymethylfurfural (HMF), formic
acid, and furfural from sugarcane bagasse acid hydrolysate
using ACP. The detoxified hydrolysate was then used as
nutrients for bioethanol production (5.24 g/L). By incorpo-
rating ACP into the pretreatment process to remove these
toxic compounds, the bioethanol production industry may
obtain benefits from the technology. In the similar study,
Santoso et al. (2021) selected pineapple peel waste hydro-
lysate and exploited ACP for the detoxification process
(argon based ACP under 80-200 W and air based ACP
under 500-600 W) to produce bacterial cellulose. Since
bacterial cellulose has extensive applications especially in
the biomedical field, this study demonstrates that low-cost
plant cellulose from food waste can actually be recycled to
produce value-added bacterial cellulose.
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Table 1 Applications of ACP in sewage and waste management

Waste and sewage disposal

Treatment target ACP generator Treatment Reference
Exposure Gas Time (min)  Input power (W) Voltage (kV)
distance
(mm)
Municipal waste Mini glide-arc 15 Air 5,15,and 45 - 3.8 (Pawtat et al. 2021)
treatment
Industrial waste salt DBD - Air and O, 0~25 - 12~16 (Wang et al. 2021)
treatment
Olive mill wastewa- Plasma jet - - 15 and 30 3500 0.2 (Ibrahimoglu and
ter treatment Yilmazoglu 2018)
Textile wastewater ~ DBD - 0, 45 and 90 - - (Tecer et al. 2020)
treatment
Azo dye treatment ~ DBD - Air, N, and O, 1~15 - 20 (Iervolino et al. 2020)
Dye wastewater Plasma jet 6 Air, N,, Ar,and O, 10 - 3 (Pandiyaraj et al.
treatment 2021)
Pesticide degrada-  DBD 37 Air 1~5 - 70~90 (Moutiq et al. 2020)
tion
Sugarcane bagasse  Plasma jet 10 Air 25 200 - (Lin et al. 2020)
hydrolysate
Pineapple peel waste Plasma jet 10 Air and Ar 60 80-600 - (Santoso et al. 2021)

Industrial wastewater

Industrial waste presents a recurring challenge in waste
management not only due to a large amount of discarded
materials across variety of industries, but also the com-
plexities within the waste itself. Over 20% of water pollu-
tion comes from textile dyeing process, and a large amount
of potable water is used along with more than 8000 syn-
thetic chemicals in the process (Kant 2011). Approxi-
mately 280,000 t of highly contaminated wastewater are
released during production process in textile industries
worldwide; these wastewaters are highly toxic, causing
enormous damage to the environment (Nippatla and Philip
2019). Nonetheless, the issue with textile wastewater is
extremely difficult to solve because of its complex compo-
sitions including dyes, textile auxiliaries, and other textile
chemicals (Arslan-Alaton and Alaton 2007). Nippatla and
Philip (2019) attempted to use underwater parallel-multi-
tube atmospheric pressure plasma to decrease textile dye
dissolved in textile wastewater and discovered that almost
70% of dyes could be degraded within 10-min plasma
treatment. The increased dye degradation with decreased
0;, H,0,, and NO;™ suggests that these active species par-
ticipate in the dye decomposition. This result provides a
competitive technology for conventional decomposition of
textile dyes. Tecer et al. (2020) also established an ACP
reactor to reduce different reactive azo dyes for at least 30
L textile wastewater. The chemical oxygen demand (COD)
of ACP treated wastewater was decreased by 99%, and
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its color became transparent after 90-min treatment. The
treated wastewater was then recycled in the new dying
process, and the fabric was found to have a similar quality
in terms of color, levelness, and speed performance com-
pared to the one from osmosis water (Tecer et al. 2020).

Moreover, some chemicals can be used to assist non-
thermal plasma to enhance dye removal efficiency or deg-
radation. Iervolino and team (2020) found that an addition
of hydrogen peroxide can improve the azo dye removal
from 60 to 80% within 2.5 min because more hydroxyl
radicals are released from hydrogen peroxide during the
process. Pandiyaraj et al. (2021) also demonstrated that
the addition of Cu-TiO, nanoparticles to dye wastewater
can synergistically improve the degradation effect. The
photocatalytic activity of Cu-TiO, nanoparticles leads to
the formation of oxygen vacancies after plasma stimula-
tion. Thereafter, the electrons from plasma will interact
with oxidized Ti** to form unstable Ti** on the surface of
Cu-TiO, nanoparticles resulting in triggering more reac-
tive species production. The synergistic effect of nano-
particles and plasma therefore enhances the capability of
dye degradation.

Furthermore, olive mill wastewater is a byproduct of olive
oil production process which is composed of organic mat-
ter, suspended solids, oil, and grease. After ACP treatment,
its chemical oxygen demand (COD) and biological oxygen
demand (BOD) both decreased by 94.42% and 95.37%,
respectively. In addition, the dissolved oxygen also increased
from 0.36 to 6.97 mg/L. (Ibrahimoglu and Yilmazoglu 2018).
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Additionally, industrial salt can cause a serious harm to
the environmental (Li et al. 2019). When Wang et al. (2021)
used ACP to treat the salt waste, they demonstrated that
the physical components of ACP such as heat, light, and
shock wave, as well as active species (O3, H,O,, and «OH)
can decrease the salt content in the industrial wastewater.
According to their result, the original total organic carbon
(TOC) was decreased to 10 mg/kg after using the dielectric
barrier discharge system, and the process did not generate
additional wastewater. Although it can be observed that
ACP can effectively treat various types of industrial waste-
water, it should also be noted that the results generated vary
which may require additional research and standardization
experiments.

Agricultural wastewater

Besides industrial wastewater, agricultural wastewater is also
another subject of concern due to the amount of pesticide
residues. Moutiq et al. (2020) selected three types of carba-
mates to study the efficacy of ACP on pesticide degradation.
Based on their results, 50.5%, 99.6%, and 99.3% of carbaryl,
methiocarb, and aminocarb could be degraded respectively
when the conditions were set at 90 kV for 5 min. While
these findings suggest that ACP exhibits high potential in
the wastewater treatment process, the results also confirm
that the efficacy of ACP is undeniably dependent on the
interactions between reactive species and initial substrates.
This means that the treatment conditions should be carefully
characterized to accommodate specific medium.

Applications of ACP in material modification

With an increasingly aggressive innovation in modern
industrial processing, material surface modification is more
essential than ever. Conventionally, material modification
procedures often involve chemical processes which can be
highly toxic and costly (Cheng et al. 2006). This ongoing
issue urges the need to find an alternative approach. ACP
can provide a non-destructive and environmental friendly
method for surface modification due to its low temperature
and electrical energy consumption (Hoffmann et al. 2013).
As shown in Table 2, most studies have found that the use
of ACP in various material alterations can achieve great per-
formance in both metal and polymer.

DSSC

Weerasinghe and colleagues (2021) demonstrated that
argon ACP treatment can increase surface roughness of
SnO, photoanode, thereby inducing more nitrogen species

incorporation and improving dye adhesion. This process-
ing enhances the efficiency of the SnO, applied in dye-sen-
sitized solar cells (DSSCs) by at least five folds. Further-
more, Wante et al. (2021) used dielectric barrier discharge
ACP to improve DSSC fabrication. The hydrophilicity of
polyetherimide (PEI) was augmented after using air ACP
system under 20.5 kV with 1 min of treatment time. Moreo-
ver, the power conversion efficiency of ACP-PEI DSSC was
increased evidently by 60% compared to the untreated group.

In addition to boosting the conversion efficiency of DSSC,
ACP flow could also be exploited to deposit titanium dioxide
on the silica substrates as solar cell photoanode (Perraudeau
et al. 2019). ACP promotes an alignment of anatase crystals
microstructure on the silica scaffold which provides higher
specific surface area of perovskite layer and dye, ultimately
improving solar energy conversion. However, it may also
cause the deposit of amorphous TiO, particles on the silica
surface which can decrease photoanode optical transmission.
Hence, the extra step to remove the amorphous TiO, parti-
cles is necessary in this method. On the other hand, different
type of gas used in ACP is also an important factor in TiO,
deposition related study. Okuya et al. (2021) discovered
that TiO, layer formation of DSSC becomes more porous
under an ACP treatment with the flowing mixture of nitrogen
and oxygen gases. This porous structure can help decrease
internal resistance within the layers and thereby enhance the
conversion efficiency of DSSC. With the improved porosity,
Mahmoudabadi et al. (2018) indicated that Ag/TiO2 nano-
composite can promote DSSC conversion efficiency due to
the higher specific surface area of deposition and decline of
band-gap energy which usually delay charge recombination.
Essentially, the studies examine multiple DSSC layers with
ACP processing instead of a single layer with TiO, coating.

Omelianovych et al. (2020) also developed a Co,Sn,_,/
reduced graphene oxide (RGO) nanohybrids synthesized on
DSSC by utilizing ACP which resulted in 5.36% of power
conversion efficiency. This improved efficiency was caused
by higher surface area which in turn increased stability of
the alloy structure. The successful research would not only
lead to a cost-effective production of dye-sensitized solar
cells, but it would also provide a great potential in long-
term operation. The other research teams employed ACP to
synthesize Pt/Fe as photoanode in DSSC (Cao et al. 2021) or
ZnO nanosheets (Zhang et al. 2021b), which show the same
positive results in terms of higher catalytic activity, stability,
and durability. These publications suggest that composite
material photoanode through ACP synthesis presents an
extremely effective technique. Moreover, another team of
researchers is able to exploit properties of ACP to create
a low-cost counter electrode by modifying Ni-doped TiN
nanowires with graphite carbon nanofibers (CNF). Accord-
ing to the results, the Ni/TiN/CNF counter electrode shows
high performance and stability for as long as 5 h under
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irradiation, highlighting its potential to replace the expensive
platinum counter electrode (Liu et al. 2021b).

These studies indicate that ACP processing provides an
efficient cleaning and coating method, in addition to increas-
ing dye adhesion and improving multiple modified particles
on the DSSC surface.

Polymers and films

Most studies of ACP on polymer modification are focused
on celluloses (Kusano et al. 2019), proteins, and polysac-
charides due to their huge applications in medical, food, and
textile industry (Peran and Ercegovi¢ Razi¢ 2020; Shak-
eri 2020). ACP with He/NH; gas mixture can be used to
enhance the oxidation and wettability of cellulose nanofib-
ers coating layer (Ferreira et al. 2019). Jannat Amani et al.
(2019) modified bacterial cellulose using ACP and dis-
covered that exposure time longer than 3 min can improve
water vapor permeability of cellulose due to the removal
of low-molecule cellulose fragments. Furthermore, ACP
can also play an important role in modification of plastics.
In polypropylene (PP), ACP creates an etching effect and
causes a rough surface. The treatment results in a decrease
in contact angle and an improvement of hydrophilicity
caused by an increase of polar functional groups (Baniya
et al. 2020). Wong et al. (2020) successfully coated gallic
acid on polyethylene (PE) to create an antibacterial film.
Characterization analysis revealed that the ACP-treated PE
film has a rougher surface which is conducive to gallic acid
coating. Furthermore, the film with 1% concentration of gal-
lic acid or higher could effectively reduce Escherichia coli
and Staphylococcus aureus bacteria from 4 to 0.5-0.6 log
CFU/mL (Wong et al. 2020). Zaidy and team (2019) pub-
lished the application of ACP on waterless dyeing technol-
ogy and found that ACP-treated polyethylene terephthalate
(PET), cotton, and nylon possess greater bonding ability
to azo dye. The plausible explanation is that multiplex of
energy and particles released from ACP alter the polymeric
surface without changing the bulk properties of the mate-
rial. Consequently, the material like PET shows an enhanced
surface wettability which essentially reduces the time and
temperature required for dye binding (Zaidy et al. 2019).
Similarly, carboxymethyl cellulose (CMC) and collagen
(COL) can be used to coat cinnamaldehyde on low-density
polyethylene (LDPE) to improve the quality of active pack-
aging films (Loke et al. 2021). Chang et al. (2021) stud-
ied ACP-modified LDPE with different concentrations of
CMC and COL coatings to gain a better understanding on
the gas barrier effect. The paper reported that adding either
1% CMC or COL can inhibit the activity of polyphenol oxi-
dase and f-1,3-glucanase, although the 1.0% COL film after
plasma treatment exhibited higher effectiveness in maintain-
ing the composition of carbon dioxide and oxygen during

storage by 10-15% and 8-15%, respectively (Chang et al.
2021). When the polypropylene/LDPE film was coated with
nanofibrillated cellulose and nisin using ACP, the film illus-
trated improved oxygen barrier performance to as low as
24.02 cc/m?-day in addition to inhibiting the growth rate of
Listeria monocytogenes by up to 94% (Lu et al. 2018).

In another study, chitosan was combined with the plasma-
treated zein film to enhance its application. The tensile
strength and water vapor barrier property were improved
by 40.67% and 46.39%, respectively. The researchers also
asserted that the film’s thermal stability was increased due
to the higher content of hydrogen bonds and secondary
structure according to the results from ATR-FTIR (Chen
et al. 2019). While the aforementioned publications high-
light various advantages of ACP in a model system of active
packaging, the technology is still in its infancy and should be
further tested before integrating into the packaging industry.

Conclusively, these studies illustrate that the active spe-
cies generated from ACP possess a surface etching ability
which can be useful in cleaning and coating. In fact, one
study also integrated ACP with ellipsometry to help remove
human fingerprints from a surface, successfully performing
contactless fingerprint detection by transferring the impurity
into the gas phase (Koulouris et al. 2021). Regardless, addi-
tional research is mandatory to thoroughly evaluate its exact
mechanism particularly on the physicochemical interactions
between the materials’ surface and active species. In doing
s0, we may gain a deeper insight on its efficacy.

Applications of ACP in medicine

In medicine, ACP is a versatile technology which is com-
monly employed to inactivate pathogens. However, research-
ers has begun to discover other useful properties such as
cancer therapy, wound healing, and dentistry. Some selected
publications of ACP in the medical industry is shown in
Table 3. Moreover, indirect plasma treatment presents a
viable method to perform off-site treatments where direct
plasma treatment is difficult to reach. In this sense, ACP is
used to treat water or medium to produce plasma-activated
water (PAW) and plasma-activated medium (PAM) (Kaushik
et al. 2019).

Microbial decontamination

The common medical applications of ACP are relevant
to antimicrobial uses including anti-bacteria (Brun et al.
2018), anti-fungi (Riintzel et al. 2019), anti-parasites (Adil
et al. 2019), and anti-virus (Filipi¢ et al. 2020). Many stud-
ies illustrate that ACP can promote faster wound healing
due to its ability to deactivate pathogenic growth (Brany
et al. 2020). In addition, the evaluation of PAW on bacteria
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Table 3 Applications of ACP in the medical field

Medical applications

Treatment target ACP generator Treatment Reference

Exposure distance (mm) Gas Time (min) Input power (W) Voltage (kV)

Drug-resistance bacteria inhibition DBD 2 Air 8 — 14 (Liao et al. 2018)
Fungicidal activity of A. pullulan DBD 30 Ar 30 and 60 — 93 (Fukuda et al. 2019)
Anti-cancer Plasma jet 6 Ar 5 min — 17 (Biscop et al. 2019)
Wound healing Plasma jet 15 He+Ar 15~90 sec — 15 (Lou et al. 2020)
Wound healing Plasma jet — Air 90 sec — 0.1~0.24 (Wen et al. 2022)

indicated that the reactive species show higher inactivation
efficiency on gram-negative than gram-positive bacteria
(Kaushik et al. 2019).

Nosocomial infections have become a serious threat
and are getting more difficult to control due to generation
of drug-resistant bacteria. Liao et al. (2018) evaluated the
effect of ACP for methicillin-resistant Staphylococcus
aureus (MRSA). The results demonstrated that the antibiotic
resistance gene-mecA expression of MRSA decreased after
ACP treatment. This study highlights the potential of ACP to
eliminate medical risks related to the propagation of antibi-
otic resistance. Aureobasidium pullulans (A. pullulans) is a
known pathogen that possesses hyper-resistance to extreme
conditions and can cause various human diseases (Hawkes
et al. 2005). Fukuda et al. (2019) showed that A. pullulan can
be efficiently killed by argon ACP treatment, but melanized
A. pullulan shows high resistance to plasma. Therefore, the
fungicidal effects of ACP on melanized fungi should be fur-
ther investigated. As an effective sterilization tool, ACP is
also expected to be applied to Covid-19 disinfecting strategy.
Zhang et al. (2021a) used surface discharge ACP to treat air
by deactivating the pseudovirus with the SARS-CoV-2 and
the result indicated that ACP is more effective than conven-
tional ozone in terms of virus inactivation.

Cancer therapy

Although ACP can effectively kill cancer cells in vitro using
direct or indirect treatments during cancer therapy, the selec-
tion of ACP generator is necessary to avoid normal cells
being harmed (Yan et al. 2018). Biscop et al. (2019) selected
five cancer cell lines (A549, U87, A375, and Malme-3 M)
and three normal cell lines (BEAS-2B, HA, and HEMa) as
the targets in order to evaluate the effect of ACP treatment
in the same type of cells. The result indicated that there is
no apparent difference in sensitivity for the malignant mela-
noma lines (A375 and Malme-3 M) in direct ACP treat-
ment. Moreover, in different types of cancer cell (U87 glio-
blastoma and A549 lung carcinoma), the experiments also
demonstrated similar results which means that direct ACP
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treatment has no selection in regard to these cancer cell lines
(Biscop et al. 2019).

In addition, since certain cultural media are optimal for
cell growth, different types of PAM (DMEM, RPMI1640,
BEGM, AM, AND DCBM) were analyzed. The findings are
unexpected as the authors concluded that the media have
little to no influence on the efficacy of ACP. Nevertheless,
Malme-3 M cells presented low sensitivity compared to
A375 cells when they are treated with PAM. Furthermore,
the U87 cells also exhibited lower sensitivity compared
to A549 cells (Biscop et al. 2019). These results illustrate
the potential of indirect ACP treatment to reduce negative
side effects of cancer therapy. Conclusively, the next step
of indirect ACP treatment on cancer may require cell based
experiments to further evaluate selected media on different
cancer cells.

Recently, a study of glioblastoma in a murine brain aims
to develop a micro-sized ACP for cancer therapy. Treatment
conditions such as electron density and voltage were investi-
gated, and the authors discovered that the efficacy of tumor
cell death was directly proportional to the treatment dos-
age (Chen et al. 2017). If a micro-sized ACP is successfully
developed, it may allow oncologists to improve their treat-
ments by accessing restrictive areas such as in intracranial
or any small regions within a human body.

Wound healing

ACP plumes possess antisepsis characteristics and stimu-
late tissue regeneration which are advantages in promoting
wound healing (Bekeschus et al. 2022). Lou et al. (2020)
tried to assess the effect of ACP by using a mixture gas
(helium and argon). The result illustrates the enhancement
of N-cadherin, cyclin D1, Ki-67, Cdk2, and p-ERK levels
in human keratinocytes (HaCaT cells), which means that
ACP treatment on fresh wounds can improve cell prolifera-
tion and migration (Lou et al. 2020). ACP engenders nitric
oxide production and triggers endothelial cell to assemble,
promoting angiogenesis and collagen synthesis (Duchesne
et al. 2019). These are important features of wound healing
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steps. The possibility of ACP to accelerate wound closure
is also confirmed in several in vivo experiments, including
diabetic ulcers (He et al. 2020), bed sores (Chatraie et al.
2018), and burn wound (Duchesne et al. 2019). In addition
to a direct ACP treatment, ACP-treated dressings also has
the ability to promote wound healing with lower pain com-
pared to the untreated counterparts (van Welzen et al. 2021).
Furthermore, ACP can also be developed as a non-invasive
pretreatment on skin to improve transdermal permeation of
drug (Wen et al. 2021).

According to European Council Directive 93/42/EEC, 4
ACP devices are European Conformity (CE) certified with
class-ITa for medical use: they are argon-operated glassy
vacuum electrode (HF) plasma jet kINPen Med and micro-
wave plasma torch SteriPlas, as well as air-operated DBD
device PlasmaDerm FLEX and Dress and Plasma Care.
These devices are specifically employed to treat pathogenic-
associated skin diseases and chronic wounds (Metelmann
et al. 2022).

Dentistry

In dentistry, ACP has currently been applied in several pro-
cesses including instrument sterilization (Sung et al. 2013),
dental caries (Kermanshah et al. 2020), root canal infection
(Armand et al. 2019; Wen et al. 2022), and tooth bleaching
(Paveli¢ et al. 2020).

Dental caries is a major oral disease caused by teeth
acidification of bacteria. Conventionally, the procedure to
clean the infected area involves mechanical or laser tech-
niques. However, vibration, noise, and heat from these
methods can cause discomfort to a patient which leads
to the undesirable anxiety during dental treatment. Being
vibration-free, ACP has the potential to be an alternative
decontamination treatment to remove necrotic or non-rem-
ineralizable tissues within the infected area. The strategy
could accommodate children or patients who are anxious
of drilling noises (Lata et al. 2021).

In addition, ACP also has a good bleaching effect which
can be applied in teeth whitening (Nam et al. 2021).

Even though it can be seen that ACP can potentially
cater to numerous applications within dentistry, it should
be noted that the technology still have some drawbacks.
One of the limitations is the fact that this innovation may
be costly to maintain due to its novelty. Despite its effec-
tiveness, the cost that must be paid to ensure its consistent
performance (Lata et al. 2021). Most importantly, studies
related to ACP in dentistry may require more clinical trials
as most publications are limited to in vitro experiments
on agar plates or selected substrates. As dental bacteria
frequently conceal themselves within tooth enamel, ACP
may not always be a practical method for the operation.

Applications of ACP in agriculture

Using ACP, research confirms various positive effects
on crops such as breaking dormancy (Chou et al. 2021),
germination enhancement (Barba-Espin et al. 2012; Liu
et al. 2018), increasing enzyme activity (Sajib et al.
2020), and promoting seedling growth (Chou et al. 2021;
Ling et al. 2014).

Plant development

ACP is shown to increase the biologically active ingre-
dient of sprouts such as Y-aminobutyric acid (GABA)
by 2.98 times, in addition to promoting the length and
diameter of hypocotyl by 110.61% and 139.60% com-
pared to the control group (Chou et al. 2021). A study
of a plasma-activated water (PAW) irrigation system on
tomato’s growth and pathogenic defense mechanism was
carried out. RONS were shown to induce plant growth
and endogenous defense hormones in plants. As reported
by the research group, ACP can be a highly efficient
method to improve plant development and immunity
(Adhikari et al. 2019).

Despite the advantages previously mentioned, another
research group stated that the growth of sprout is not
directly proportional to plasma energy since the long
treatment time can severely damage the seed surface
(Chou et al. 2021). Consequently, additional studies to
optimize the effect of ACP is still vital to prevent oxida-
tive damage and seed destruction (Sajib et al. 2020).

Seed germination

Research of ACP on seed germination has been con-
ducted on many crops including soybeans (Ling et al.
2014), mung beans (Chou et al. 2021), corn (Selcuk
et al. 2008; Volin et al. 2000), rice (Khamsen et al.
2016), cotton (de Groot et al. 2018), oat (Selcuk et al.
2008), wheat (Dobrin et al. 2015; Jiang et al. 2014),
and tomato (Midgureanu et al. 2018). Volin et al. (2000)
published one of the earliest researches on the effect of
ACP technology on seeds and proposed that suitable
parameters for ACP treatment depend on the seed’s
water uptake ability. Some studies also note the etch-
ing effect of plasma on the surface which improves sur-
face hydrophilicity, thereby promoting seedling growth
(Chou et al. 2021; Ling et al. 2014).

In regard to PAW, it is observed to provide two main
advantages on seed promotion. First, the reactive species
can inactivate microorganisms on the seed surface. In addi-
tion, nitrite and nitrate ions can serve as nutrients for plant
growth. The H,0, in PAW can also promote the early growth
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of pea seedlings (Barba-Espin et al. 2012). Liu et al. (2018)
studied the effects of direct and indirect ACP treatment on
eight different seeds and discovered that the same param-
eters may have different effects depending on the types of
seeds. Another study reported the similar result using rad-
ishes, tomatoes, and peppers as models; a set condition may
stimulate the growth of radish, but hinders that of tomato
(Sivachandiran and Khacef 2017). Interestingly, although
ACP could amplify the level of signal molecules like hydro-
gen peroxide, and nitric oxide, Sajib et al. (2020) discover
that only the concentration of hydrogen peroxide in the
seeds, roots, and leaves of black gram plants increases.

Based on these findings, ACP has the potential to promote
biochemical substances in plants, but it is still limited by the
differences in sample sources or plasma devices. Therefore,
further studies are necessary to elucidate the mechanism
of ACP.

Benefits and limitations

The low electrical requirement without the need of a vacuum
pump makes ACP a viable operating device in many indus-
tries. In waste management, ROS generated by ACP created
sterilizing effects which can be used to eliminate microor-
ganisms (Pawtat et al. 2021), degrade pesticides (Moutiq
et al. 2020), and remove textile dye from water (Iervolino
et al. 2020; Pandiyaraj et al. 2021). Furthermore, while addi-
tion of hydrogen peroxide (Iervolino et al. 2020) and TiO,
(Pandiyaraj et al. 2021) showed synergistic effect of azo dye
removal, it is not a mandatory procedure which makes ACP
a cheaper and more eco-friendly technology compared to
conventional wastewater treatments. Furthermore, ACP’s
antimicrobial property is also useful in the medical field
for instrument cleaning (Sung et al. 2013) and wound heal-
ing (Bekeschus et al. 2022; Duchesne et al. 2019; Lou et al.
2020), in addition to showing potential of killing cancer cells
(Biscop et al. 2019).

Likewise, in material’s surface modification, ACP can be
a less expensive and safer strategy than using toxic chemi-
cals to improve functional properties on the surface of DSSC
(Weerasinghe et al. 2021), polymers (Zaidy et al. 2019), and
films (Ferreira et al. 2019; Jannat Amani et al. 2019). Addi-
tionally, ACP under specific conditions can accelerate seed
germination (Chou et al. 2021) and plant growth (Chou et al.
2021; Ling et al. 2014). At this pace, it is highly probable that
researchers may discover other novel applications of ACP.

Nevertheless, this innovation still encounters a number
of limitations. According to several studies mentioned,
it can be observed that the size of ACP still presents a
challenge during operation (Chen et al. 2017; Feizollahi

@ Springer

et al. 2021; Nwabor et al. 2022). Once this surmountable
problem is achieved, the technology can undoubtedly be
engineered to cater to various scales of processes, allow-
ing experts to apply it in many areas. For instance, the
medical and related fields may gain remarkable advantages
in a micro-sized ACP, whereas waste management and
engineering sectors can quickly thrive in the scale-up cold
plasma system that provides a homogenous and continu-
Ous process.

Moreover, the wide variety of plasma generators may
pose potential difficulty in standardization. As can be
observed in the summary Tables 1, 2, and 3, treatment con-
ditions designed by researchers may vary significantly even
within the same industry. This issue stems from the avail-
ability of ACP at laboratory-scale. Hence, a variety of ACP
processing in diverse fields may instigate the need to design
the device to cater to specific applications. When the tech-
nology is developed to support clinical or industrial scale
processing, the issue regarding standardization difficulty
may eventually be reduced.

Furthermore, while many scientists have begun to study
chemical interactions of ACP, additional research is still
required to shed light on the chemistry of these operations.
This may perhaps be the most challenging aspect within the
field since the effectiveness of reactive species produced by
ACP not only relies on electrode material, gas, voltage, time,
and treatment distance but also depends on the sample’s con-
stituent, surface characteristic, shape, and size. Based on
this, it can be concluded that the roles of reactive species,
UV, and ions are still poorly understood. Upon gaining an
in-depth knowledge of its complexity, more researchers may
be encouraged to implement the device into their studies
that may subsequently lead to an explosive progress of this
technology.

Conclusion and future outlook

Although the effects of ACP on food, microorganisms and
polymeric materials are widely studied in recent years, the
ongoing challenges regarding its underlying chemistry and
industrial design are still unresolved. As a result, ACP would
significantly benefit from additional chemical research on
the roles of each reactive species. Once scientists can unravel
this issue, it may subsequently give rise to design construc-
tions of ACP that specifically cater to food treatment, medi-
cal use, or other industrial processing. After we can compre-
hend the mechanism this technology, it may promote process
standardization and other research opportunities in which
ACP can be beneficially integrated.
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