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Atmospheric plasma treatment is an effective and economical surface treatment technique. The main advantage of this
technique is that the bulk properties of the material remain unchanged while the surface properties and biocompatibility
are enhanced.

Keywords: plasma ; atmospheric pressure ; cell cultivation ; polymer ; surface modification

| 1. Introduction

In the past decades, scientific advances in tissue engineering have created a unique opportunity to fabricate or improve
biological substances that replace, repair, maintain, or enhance tissue functions. Biomaterial engineering is an essential
aspect of the tissue engineering field that relies on a combination of materials, cells, and bioactive molecules; to cause a
desirable cell-biomaterial interaction within the host environment 2. polymers have been widely utilized in biomedical
applications due to their bulk properties including physical, chemical, and biological properties. In addition to bulk
properties, specific surface properties, such as surface free energy, hydrophilicity, and surface morphology, are required in
particular medical applications B4, However, polymers do not possess the desirable surface properties required for these
applications .

In cell-material interaction, the initial and most essential event is protein adsorption. The adsorbed protein layer
composition and structure depend on the material surface chemical and physical properties; and determine the cellular
response and adhesion strength as illustrated in Figure 1. The adhesion of cells is initiated by the adhesion of integrins,
which are a receptor protein that is located on cell membrane, with adsorbed protein layer. Following this process, the
spreading of cells and enhancing their surface contact area are initiated due to the formation of stress fibers, which are
filaments of actin. Finally, strong points of attachment “Focal adhesion” are formed, and the cells are strongly attached to
the biomaterial surface. In order to induce cell adhesion, a moderately wettable material surface is preferred [BIZIE]
However, polymer’s surfaces are mostly hydrophobic with low surface energy. In this regard, surface modification of
polymers is needed to form a cell-biomaterial bonding surface.
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Figure 1. lllustration of cell-biomaterial interaction and its relationship with the strength of adhesion. Adapted with
permission from ref. [81. Copyright 2005 Elsevier.

Several methods for surface modification to enhance cell-polymer interaction have been reported in the literature;
including physio-chemical, mechanical, and biological treatments [&. For instance, Suggs 2% used Kr-F excimer laser,
which is one of the physio-chemical surface treatments, to modify polymethylmethacrylate (PMMA), polyethylene (PE),
terephthalate (PETG), and polytetrafluoroethylene (PTEF) surfaces. The observation was that a high level of UV radiation
was sufficient to cause surface damage on PMMA and PTEF; while low radiation dose increased surface roughness of
treated polymers, which resulted in increased cell adhesion on PMMA, PETG, and PTEF surfaces. Moreover, UV surface
modification was investigated by Olbrich and coworkers M. A nanocomposite surface for human umbilical vein
endothelial cell (HUVEC) cultivation was modified. It was shown that the formation of N and O functional groups have



increased cell growth significantly. Svorcik et al. 12 grafted carbon nanoparticles (CNPs) onto a polyethylene
terephthalate (PET) and high-density polyethylene (HDPE) surfaces previously treated with argon plasma. Adhesion and
proliferation of vascular smooth muscle cells (VSMC) showed a positive effect for surface CNPs grafting.

Any type of surface modification techniques will affect surface chemistry and morphology, which will modify the substrate
mechanical, optical, adhesive, electrical, and morphological properties. These changes should occur in small depth, while
the bulk properties remain unaltered 13 During the last years, atmospheric pressure plasma treatment has been
confirmed to be an effective technique for modification of polymer’s surface, especially polymers that are utilized in
biomedical applications. The main goal of atmospheric plasma treatment generally is the formation of functional groups on
the surface of the polymer. Consequently, polymer’s surface properties including wettability, biocompatibility, and surface
chemistry are enhanced. In this technique, only surface properties are changed, the bulk properties of the polymers
remain unaffected. Furthermore, it is a solvent free technique that has the ability to modify complex-shaped surfaces.
Several methods have been reported in the literature to generate atmospheric pressure plasma according to excitation
energy including corona discharge 4], dielectric barrier discharge 3], and atmospheric pressure plasma jet 8. Several
research groups investigated the atmospheric pressure plasma surface modification of polymers and its influence on cell
cultivation. For instance, Poly (I-lactic acid) surface modification with corona discharge has been evaluated by Dolci et al.
17 Fibroblast cells ware cultivated on plasma treated surface, in order to evaluate the surface treatment technique. The
results showed that the fibroblasts morphology that adhered on the treated surface was enhanced. Moreover, dielectric
barrier discharge plasma treatment of PCL scaffold surface was investigated by Yildrem et al. 28l The cultivation of
osteoblasts on plasma treated surface enhanced the initial attachment, proliferation, and migration of cells.

In this review, we focus on atmospheric pressure plasma treatment of polymeric materials surface and its effect on
different cell line cultivation. In the beginning, a brief overview of plasma generation mechanism and the difference
between thermal and non-thermal plasma have been mentioned. Furthermore, atmospheric pressure plasma
classifications have been discussed in detail, in addition to the plasma gas active species. The second section in this
review, describes different modifications of atmospheric pressure plasma treatment on polymer surface including removal
of contamination, etching, introducing functional groups, and grafting. The following section demonstrates the cell-
biomaterial interaction mechanism and its relationship with biomaterial surface physical and chemical properties. In this
section, several studies regarding the interaction of different types of cell lines, including fibroblast, osteoblast,
osteosarcoma, endothelial cells, cardiomyocytes, and mesenchymal stem cells with atmospheric pressure plasma treated
polymers, have been discussed and summarized. Finally, the challenges and future aspects from our point of view, in
addition to the conclusion are mentioned.

| 2. Atmospheric Pressure Plasma Technology

Plasma is usually referred to as the fourth state of matter. The “plasma” concept was first introduced by the scientist Irving
Langmuir in 1928. It consists of atoms, molecules, ions, which are atoms with some removed orbital electron, electrons,
and radicals. Plasma can be artificially generated by applying energy to a gas in order to produce ionized gaseous
substances containing positive ions and negative electrons. Therefore, from a macroscopic point of view plasma is
electrically neutral, even though it contains free charge carrier and it is electrically conductive, so generally plasma
exhibits “quasi-neutral” Behavior 19. The energy that is used to generate plasma can be thermal energy or carried out by
applying electrical field, magnetic field or even nuclear reaction 29,

2.1. Plasma Generation

The atmospheric pressure plasma, described in this review, is generated by applying electrical field to a neutral gas.
Either direct current excitation or alternating current excitation, at a frequency range that lies from low frequencies to
several GHz, are applied to a gas at atmospheric pressure. The selected plasma gas or gases mixture is generally
performed between two plates for plasma generation. Three major reactions that take place in plasma generation are
excitation, ionization, and dissociation. Any volume of neutral gas contains few charge carriers, which are electrons and
ions. After applying the electrical field to the plasma gas these free charge carriers are accelerated and may collide with
atoms in the gas or with the surface of the electrodes. Therefore, the excitation process increases the translational energy
of the gas atoms, and transitions internal energy to higher state. If sufficient energy is applied in excitation process, the
most loosely bound electrons are removed from the atom, which is ionization. Both excitation and ionization may be due
to the reaction by electron collision, ion collision, neutral particle collision, and radiation. On the other hand, dissociation is
a result of an inelastic collision of a molecule with an electron, ion, or photon 2. Generally, a vacuum pump is applied to
the plasma generator chamber in order to generate plasma, but in atmospheric pressure plasma generation no need for
vacuumed chamber. Figure 2 shows the general plasma generator scheme.
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Figure 2. Schematic diagram of general plasma generator.

The plasma can be classified into two groups according to the temperature of electrons or thermodynamic equilibrium;
which are:

« Local thermodynamic equilibrium (LTE) (or thermal) plasma, and
« Non-local thermodynamic equilibrium (non-LET) (or non-thermal) plasma.

The LET or thermal plasma is composed of electrons, ions, and neutrals in thermal equilibrium with each other, and
background gas is heated up to a few thousands of Kelvin degrees. On the other hand, the non-LET or non-thermal
plasma temperature of electrons, ions, and neutrals are quite different, generally, the electron temperature is at a much
higher temperature than other particles. The background gas temperature in non-thermal plasma is quite low. Therefore,
the discharge energy mostly goes into the production of energetic electrons. Owing to the low temperature of non-thermal
plasma, it is capable to treat thermolabile materials with this plasma. Moreover, non-thermal plasma is easily adapted to
complex geometric. Therefore, it is widely used in material surface modification, medical sterilization, and microbial
decontamination applications 22,

Plasma is generated under different gas pressure. In the past several decades, atmospheric pressure plasma has been
explored to avoid the expensive and complicated vacuum system. As described above, atmospheric pressure plasma can
be classified as thermal and non-thermal plasma 23, Mostly, in polymeric material surface treatment application non-
thermal plasma has been utilized, also it is generated by applying electrical field at atmospheric pressure.

2.2. Classification

Atmospheric pressure plasma is an economical and easy-to-use technology utilized in many applications including
surface modification. Several methods have been reported in the literature to generate plasma at atmospheric pressure.
In general, these methods can be classified according to excitation frequency as follows:

+ DC and low-frequency discharges such as corona discharges and dielectric barrier discharges,
« Radiofrequency discharges such as atmospheric pressure plasma jets, and
« Microwave induced plasmas.

The DC and low-frequency discharge can work either with a continuous or a pulsed mode depending on their design. The
continuous working mode; for example, the arc plasma torches, are mostly thermal plasma. On the other hand, the pulsed
mode; such as corona and dielectric barrier discharges (DBD), are generally non-thermal treatment which is suitable for
polymer surface treatment.

The radiofrequency discharge is generated by applying a radiofrequency electrical field on a flow of gas or a mixture of
gases. Regarding their structure, the radio frequency discharge can be classified as capacitive or inductive coupled. The
capacitively coupled plasma discharge (CCP) is a low power discharge; in contrast, the inductively coupled plasma (ICP)
is a high-powered discharge working in the kW range 24!,

The microwave induced plasmas (MIPs) are electrode-less systems. All the MIPs work under the same principle that is
microwaves guided along the system, and the energy is transmitted to plasma gas. Several elastic collisions between
plasma gas electrons and heavy particles occur. Therefore, the electron gets enough energy to produce inelastic
collisions and the gas is partially ionized and becomes plasma. All the MIPs consist of:



A microwave power source;

« microwave equipment for example waveguide;

an ignition system; and

« gas injection system. As shown in Figure 3.
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Figure 3. Schematic diagram of microwave induced plasma system. Adapted with permission from ref. 22, Copyright
1984 IOP Publishing LTD.

The microwaves are generated using a magnetron at a frequency of a few GHz. It is guided to the system by a waveguide
or coaxial cable. The gas temperature of the plasma can vary from room temperature to few thousand degrees.
Microwave plasma torch is an example of MIPs which creates plasma that flows in the air. The electrodes-free system
allows it to be used as a torch which is easily used and applied. Furthermore, the ease of ignition utilizing any gas or gas
mixture is also another advantage of the MIP system (28],

Although different atmospheric pressure plasma sources have been studied through the years for surface modification
applications, the vast majority of studies are dealing with corona discharges, dielectric barrier discharges, and
atmospheric pressure plasma jet. Therefore, here we discuss these plasma sources in detail, mentioning their basic
configurations, applications, advantages, and disadvantage.

2.2.1. Corona Discharges

Corona discharge generates plasma on a sharp point, edge, or thin wire, under atmospheric pressure with mostly air as a
plasma gas. The corona discharge is spatially non-uniform, and the ionization and the electrical field mostly are located
near the pin-shaped electrode. The most popular configuration of corona discharge is the point-to-plane, whereas the
strong electrical field generated between the sharp point and the flat electrode results in ionization of the gas
plasma. Figure 4 demonstrates the point-to-plane corona discharge general configuration. However, the most popular
corona discharge configurations in industrial applications are the wire-to-cylinder, wire-to-plane, and saw-to-blade 4. The
reasons for that are the homogeneous distribution of plasma discharges, and the ease of implementation. The sharp
electrode in corona discharges is either positive or negative and accordingly the discharge is called positive or negative
corona, respectively (28],
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Figure 4. Schematic diagram of general point-to-plane corona discharge. Adapted with permission from ref. [22. Copyright
1969 Elsevier (Open Access).

Although corona discharge is a versatile and environmentally friendly technique for surface treatment and ozone
generation, it is still not gained much commercial momentum due to some disadvantages with such discharge such as
non-uniformity and power loss. Furthermore, corona discharge volume is very small and due to that, the treatment surface
is very small B9, Because of the corona discharge advantages, including the ease of implementation, it has numerous
applications for example, removal of unwanted volatile organics from the atmosphere B, material's surface treatment 22,
gaseous contamination treatment 31, water purification 24, and ozone production B2l Furthermore, the negative corona
discharge have been studied for the possible use for treatment of microscopic cavities in dentistry due to its antibacterial
effect and hairline geometry [2€l,

2.2.2. Dielectric Barrier Discharges

The dielectric barrier discharge (DBD) is plasma established in a gas gap between different electrodes configurations,
with an insulating material between the electrodes. Typically, the insulating materials “barrier” such as glass, quartz,
ceramics, plastics, and silicon rubber are used. The classical configurations of DBDs are either planar or cylindrical with at
least one of the electrodes is covered with dielectric layer, typical electrodes arrangements are shown in Figure 5.
Furthermore, several novel configurations of DBDs have been developed in order to adapt with many different
applications, including sliding discharge, capillary plasma electrode discharge, microcavity plasma array, and coplanar
configurations B2, Plasma in DBDs is generated by applying high voltages; in the range of some kV. In order to achieve
stable performance, the alternating current frequency range from low frequencies up to the order of several MHz. The gap
between the electrodes is usually filled with gas or a mixture of gases and can vary from a few micrometers to some
centimeters [BAB8I391140 pBD ysually exhibits two different modes depending on electrode geometries and setups; which
are Filamentary and diffuse discharges. The filamentary mode is non-uniform discharges with many small discharge
channels along the electrode called microdischarges. However, the filamentary DBD appears to be uniform to the naked
eye or slow cameras after a long duration treatment or if the number density of microdischarges per cycle is high 4142l
(43 On the other hand, DBD diffuse mode is a uniform and homogeneous discharge 2. Generally, the filamentary mode
are utilized in DBD applications, because the diffuse mode operates under special conditions 24145,
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Figure 5. General planer and cylindrical dielectric barrier discharge geometrical configurations. Adapted with permission
from ref. 45, Copyright 2003 Elsevier.

The DBDs have many advantages, including low energy consumption contrary to corona discharges, low operational cost,
scalability, effectiveness, and short processing time. Whereas, the main drawbacks are the high ignition voltage, and
limited discharge gap height that is directly related to plasma homogeneity 48l Many applications of DBD plasma,
according to its advantages, are available such as ozone generation, excitation of CO, lasers and excimer lamp,
wastewater purification, plasma chemical vapor deposition, and surface modifications. Furthermore, DBD plasma has a
huge antimicrobial potential, therefore it is used to improve food safety and extend the food shelf life 2. Moreover, DBD
has been widely used in medical applications including cancer treatment, dentistry, and regenerative medicine &,

2.2.3. Atmospheric Pressure Plasma Jets

The atmospheric plasma jet (APPJ) is a plasma that is generated in non-sealed electrode arrangement and projected
outside the electrode arrangement into the environment. The unique feature of APPJ resides in the fact that the plasma is
generated within the device and extends in the open space in the form of “plasma plume”. Many different APPJ devices
have been developed so far, differing in the electrode’s arrangement, strategy exploited for plasma generation, and shape
and dimension of plasma plume. Generally, almost all the plasma jets generated within a duct through which the plasma
gas or gases mixture flows and propagates. Furthermore, the plasma propagates through the duct and ejected outside the



device, along the gas flow direction. The APPJ can be classified according to the electrode configuration and power
supplies into corona plasma jet, DBD-based plasma jet, radiofrequency (RF)-generated plasma jet, and microwave (MW)-
driven plasma jet.

The RF-generated plasma jet can be capacitively driven or inductively driven, and usually operate in the frequency range
1-100 MHz. The RF-generated plasma jet general capacitive configuration is reported in Figure 6a. The RF-generated
plasma jet operates in RF power, which generates a very uniform and stable discharge between two concentric metallic
electrodes.
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Figure 6. Schematic diagram of general APPJ: (a) RF-generated plasma jet; (b) DBD-based plasma jet. Adapted with
permission from ref. 49, Copyright 2017 Elsevier.

On the other hand, the general DBD-based plasma jet is shown in Eigure 6b, two ring electrodes are coaxially arranged

around a dielectric tube. The application of gas flow is parallel to the electrical field generated in the ring electrodes.
Different parameters control the propagation of plasma plume from the device exist, including the electrical field geometry,
the gas flow conditions, and the source design BA[E1]149],

In addition to the advantages of the atmospheric pressure plasma including manageability and cost-effectiveness, the
APPJ small plasma dimensions, penetrability, and distinctive remote operation, give the ability for plasma jet to treat
materials with complex geometries and micro-structured pores. Nevertheless, the main drawback of APPJ is the small
spot size which makes it inappropriate for homogeneous treatment of large surfaces 2. The APPJ has received a
significant attention, due to its advantages, in various fields of science and technology. For instance, deposition of coating,
generation of nanoparticles, surface modification, and biomedical applications are some of APPJ applications 3. As an
example, Bernhardt and coauthors B4 have showed that different APPJs could be a promising and inexpensive
treatments for many diseases, including atopic eczema, itch, pain relief, and epidermal barrier defects. Whereas APPJ
already reached standard medical care status for wound healing and scar treatment.

2.3. Active Species

Plasma treatment is a widely used technique to modify polymeric surfaces. Argon (Ar), helium (He), nitrogen (N;), and
oxygen (O,) are mainly the gases used in plasma generation for polymeric surface modification. The interaction between
the active species in plasma generation using these gases and the polymer’s surface leads to the formation of free
radicals at the surface of polymers 25, For instance, using oxygen as plasma gas leads to a functional group containing-
oxygen atom, for example, hydroxyl group, carbonyl group, and in some cases carboxylic group. A different functional
group can be introduced into the surface of polymers depends on the gas or gases mixture used in plasma generation .
Alist of plasma gases and their applications is listed in Table 1.

Table 1. A representative overview of atmospheric pressure plasma treatment of polymers and influence on fibroblast cell

cultivation.
Grafted or
Substrate Plasma Plasma Deposited Cell Observation Reference
Type Gas Type
Layer
hom:(i)I; mer Enhancement in cell adhesion,
PCL APPJ Ar PCI?IPI)E,G L929 proliferation and growth for 561

deposited PCL/IPEG scaffold
copolymer



Grafted or

Substrate Plasma Plasma Deposited Cell Observation Reference
Type Gas Type
Layer
ArIO, Increased cell viability, attachment

PCLI/Chitosan/PCL DBD - L929 and proliferation for &7

AriN ArlO; treatment.
Enhancement of initial cell
DBD ArlO, attachment and seven-day cell
PCLI/Chitosan/PCL ArIN; - MRC5 viability, proliferation, and growth 58]
Plasma jet Dry air for both treatments in comparison
with the untreated scaffold.
NIH Improvement in adhesion and [59]
LDPE DBD Arl0, ) 3713 cytocompatibility of cells.
Higher field/body area ratio
Linear Reduced percentage of apoptotic
PLLA corona N2 - MEF nuclei e
discharge elongated with dendritic
morphology
PTFE and DCsBD Arlair - 3T3 Increased cells adhesion number (60l
POy copolymer
Increase in the number of the
PS APPJ Air ) L929 attached fibroblast [61]

Wider spreading phenotype
Vinculin protein and PTK2 increased

Generally, plasma gases are classified into five different types, which are:

Oxidizing gases such as O,, air, N,O, and H5,0O;
Reducing gases such as Hy.

Nitrogen containing gases such as NHs,

Fluorine containing gases such as CF4 and SFg, and

Polymerizing gases which use monomer gases to direct polymerize or graft a layer onto a substrate.

Each type of plasma gases has different application, especially in surface modification. For instance, oxidizing gases are

utilized in leaving oxygen species on polymer surface or removal of organic contamination by oxidation, while reducing

gases provide replacement of F or O in surface. On the other hand, nitrogen containing gases are used to generate amino

group on substrate surface, which improve biocompatibility, wettability, and bondability of substrate. Whereas fluorine

containing gases provide surface etching and plasma polymerization which make surface inert and hydrophobic 21631,
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