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Abstract: The achievement of large-scale applications of plasma-based polymers in biomedical sectors
does not satisfy the appropriate level although a substantial amount of research is already performed.
In this context, further investigations are necessary to design and synthesize plasma polymers for
biomedical applications. Among the polymeric materials, plasma-based polymers have attracted sub-
stantial attention owing to their numerous advantages like faster processing, lower costs, eco-friendly
waste, biocompatibility, and versatility, making them excellent materials for biomedical applications.
Further, polymer synthesis using plasma polymerization techniques can avoid the time-consuming
conventional multistep synthesis procedure. Plasma polymerization also offers a significant solution
to overcome the numerous difficulties in the traditional approach where polymers can be directly at-
tached to the desired surface using a plasma process, without disturbing the growing chain, and, thus,
prevent an additional process such as grafting. Nevertheless, the design of appropriate plasma-based
synthesis methods, optimization of the plasma process parameters, and exploration of polymer-based
biocompatibility approaches are still challenging research areas. Regarding the surface morphological
features of these plasma polymers, they possess several characteristics, such as wettability, adhesion
capacity, and so on, that are important considerations in biomedical applications. In this review,
numerous recent approaches to plasma polymerization methods along with different precursor
phases used for such kind of synthesis of polymeric materials are discussed. The morphological
aspect of the synthesized plasma polymers connected with biomedical applications is also reported
in this review. Finally, promising aspects of plasma polymers for biomedical applications are briefly
reported in this work. This review may offer an extensive reference for upcoming perceptions of
plasma-based polymers and their applications in biomedical sectors.

Keywords: plasma-based polymers; plasma; synthesis; morphology; biomedical applications

1. Introduction

Plasma is matter that consists of ionized gas in equilibrium or nonequilibrium situa-
tions. Plasmas comprise many states of electrons, ions, atoms, radicals, and molecules. In
addition, they emit UV and visible light. In free space, plasma that has the identical density
of negatively charged particles (electrons) and positively charged particles (ions) behaves
neutrally [1–3]. Numerous technologies have already been developed based on plasma,
leading to surface alteration processes, including etching and managing chemical moieties.
Thus, research based on plasma-based technologies has led to many large-scale industrial
applications [4]. Plasma-enhanced technologies are also applied, to a large degree, to mod-
ify the characteristics of biological materials and their fabrications where plasma-generated
species can act as catalysts for the optimizations of the chemical properties of materials,
including surface properties [5–8]. In this connection, plasma-based polymers are usu-
ally employed in various biomedical applications [9]. In a typical plasma polymerization
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synthesis process, the required monomers are usually reactive chemical compounds. But
plasma polymerization does not require a reactive chemical species like monomers; in-
stead, plasma can initiate the polymerization reaction [9]. Concerning material processing,
low-pressure plasmas are typically used for polymer synthesis and modification.

Among the plasma-based polymer synthesis, the focus on using an atmospheric-
pressure plasma (APP) approach with specific application processes can be found in very
few review reports in the literature. N. Bondt et al. [10] reported the plasma-based polymer
synthesis using an electrical discharge process is considered one of the first reports on
plasma polymerization. The first applications of the synthesized plasma polymers were
reported in Ref. [11]. Further studies on enhancing material properties through plasma-
based polymers were vigorously carried out, emphasizing the interaction between plasma
and different substances [12–15]. Nowadays, plasma-based polymer synthesis is popular
owing to the numerous antimicrobial or biomaterial applications [16–18], use in electrical
devices [19–21], and surface modification [22–24].

Plasma can be produced artificially using lasers, waves, flames, nuclear reactions, etc.
However, the ubiquitous method of plasma initiation is the electrical discharge process
originating from electric power sources [25,26]. The plasma produced by electric power
is referred to as “nonequilibrium plasma” because heavy particles, such as ions, have a
different temperature (or kinetic energy) than electrons. This plasma generation using
electric power is known as ‘cold plasma’ or ‘non-thermal plasma’ [26]. Such a cold plasma
polymerization approach comprises comparatively low temperatures of the heavy particles,
which can avoid the damage to the substrates. This method is useful for several reasons,
such as the generation of free radicals from precursors, high concentrations of reactive
species, the ability to optimize the insolubility problems of materials, and the capacity to
reduce the necessity of oxidant or reductant in the synthesis process [26–31]. Moreover,
plasma polymerization also offers fast processing, high reactivity, low cost, green synthesis,
and so on [32,33]. Depending on the necessary plasma operating pressure, the non-thermal
plasmas are broadly divided into vacuum plasma and APP. The conditions required for
plasma generation and the characteristics of plasma-based polymer synthesis are reported
in Refs. [22,32–36]. Such reports will help further investigations of plasma polymerization
methods and their applications in various biomedical sectors. The numerous synthesis tech-
niques of the plasma polymerization are presented in Figure 1, and the schematic outline
depending on the employed precursors of the plasma-based polymerization approaches is
shown in Figure 2 [3,37,38].

Polymers 2024, 16, x FOR PEER REVIEW 2 of 22 
 

 

polymers are usually employed in various biomedical applications [9]. In a typical plasma 

polymerization synthesis process, the required monomers are usually reactive chemical 

compounds. But plasma polymerization does not require a reactive chemical species like 

monomers; instead, plasma can initiate the polymerization reaction [9]. Concerning ma-

terial processing, low-pressure plasmas are typically used for polymer synthesis and mod-

ification. 

Among the plasma-based polymer synthesis, the focus on using an atmospheric-

pressure plasma (APP) approach with specific application processes can be found in very 

few review reports in the literature. N. Bondt et al. [10] reported the plasma-based poly-

mer synthesis using an electrical discharge process is considered one of the first reports 

on plasma polymerization. The first applications of the synthesized plasma polymers 

were reported in Ref. [11]. Further studies on enhancing material properties through 

plasma-based polymers were vigorously carried out, emphasizing the interaction be-

tween plasma and different substances [12–15]. Nowadays, plasma-based polymer syn-

thesis is popular owing to the numerous antimicrobial or biomaterial applications [16–18], 

use in electrical devices [19–21], and surface modification [22–24]. 

Plasma can be produced artificially using lasers, waves, flames, nuclear reactions, etc. 

However, the ubiquitous method of plasma initiation is the electrical discharge process 

originating from electric power sources [25,26]. The plasma produced by electric power is 

referred to as “nonequilibrium plasma” because heavy particles, such as ions, have a dif-

ferent temperature (or kinetic energy) than electrons. This plasma generation using elec-

tric power is known as ‘cold plasma’ or ‘non-thermal plasma’ [26]. Such a cold plasma 

polymerization approach comprises comparatively low temperatures of the heavy parti-

cles, which can avoid the damage to the substrates. This method is useful for several rea-

sons, such as the generation of free radicals from precursors, high concentrations of reac-

tive species, the ability to optimize the insolubility problems of materials, and the capacity 

to reduce the necessity of oxidant or reductant in the synthesis process [26–31]. Moreover, 

plasma polymerization also offers fast processing, high reactivity, low cost, green synthe-

sis, and so on [32,33]. Depending on the necessary plasma operating pressure, the non-

thermal plasmas are broadly divided into vacuum plasma and APP. The conditions re-

quired for plasma generation and the characteristics of plasma-based polymer synthesis 

are reported in Refs. [22,32–36]. Such reports will help further investigations of plasma 

polymerization methods and their applications in various biomedical sectors. The numer-

ous synthesis techniques of the plasma polymerization are presented in Figure 1, and the 

schematic outline depending on the employed precursors of the plasma-based polymeri-

zation approaches is shown in Figure 2 [3,37,38]. 

 

Figure 1. Numerous synthesis approaches of plasma-based polymerization. Figure 1. Numerous synthesis approaches of plasma-based polymerization.



Polymers 2024, 16, 2701 3 of 21Polymers 2024, 16, x FOR PEER REVIEW 3 of 22 
 

 

 

Figure 2. Schematic illustration of the synthesis approach using plasma: (a) gas/aerosol-through-

plasma approach (left: jet type, right: dielectric-barrier discharge form) and (b) solution plasma tech-

nique (left: in-solution plasma, right: on-solution plasma) [3]. 

The surface morphology of the synthesized polymers is also a vital concern in their 

biomedical applications. For example, R. Seeböck et al. [39] reported the modifications of 

surface topography (for example, surface roughening) of the polyimide. K.L. Mittal re-

ported that the physical surface roughening plays a substantial role in the improvement 

of adhesion in organic polymers [40]. Moreover, the synthesis process of polymeric mate-

rials using plasma polymerization, their morphology, and their application in biomedical 

sectors are also a vital concern for researchers. In this context, numerous studies can be 

found in the literature in which the research topic is intended for biomedical applications 

of plasma polymers [9]. In this review, the biomedical applications of such plasma-based 

polymers and related phenomena are briefly discussed.  

This review aims to present a summary of current research on the plasma-based pol-

ymer synthesis processes using different approaches. Furthermore, the numerous poly-

mer synthesis methods based on the precursor phase used are also discussed. The mor-

phological aspect of the synthesized plasma polymers is also reported in this study as 

such morphological topography is still a challenging area for large-scale applications. Fi-

nally, the present review intends to provide the idea and promising aspects of these 

plasma polymers for biomedical applications. 

2. Synthesis Approaches Used for Polymer Synthesis Using Plasma 

Numerous synthesis approaches to plasma polymerization are reported by the re-

searchers as presented in Figure 1 [3,41–59]. Synthesis techniques are classified according 

to the precursors utilized, plasma techniques used, etc., in the polymerization process. In 

the following sections, we will review the details of such synthesis techniques of plasma 

polymerizations. 

  

Figure 2. Schematic illustration of the synthesis approach using plasma: (a) gas/aerosol-through-
plasma approach (left: jet type, right: dielectric-barrier discharge form) and (b) solution plasma
technique (left: in-solution plasma, right: on-solution plasma) [3].

The surface morphology of the synthesized polymers is also a vital concern in their
biomedical applications. For example, R. Seeböck et al. [39] reported the modifications
of surface topography (for example, surface roughening) of the polyimide. K.L. Mittal
reported that the physical surface roughening plays a substantial role in the improvement of
adhesion in organic polymers [40]. Moreover, the synthesis process of polymeric materials
using plasma polymerization, their morphology, and their application in biomedical sectors
are also a vital concern for researchers. In this context, numerous studies can be found in
the literature in which the research topic is intended for biomedical applications of plasma
polymers [9]. In this review, the biomedical applications of such plasma-based polymers
and related phenomena are briefly discussed.

This review aims to present a summary of current research on the plasma-based
polymer synthesis processes using different approaches. Furthermore, the numerous
polymer synthesis methods based on the precursor phase used are also discussed. The
morphological aspect of the synthesized plasma polymers is also reported in this study
as such morphological topography is still a challenging area for large-scale applications.
Finally, the present review intends to provide the idea and promising aspects of these
plasma polymers for biomedical applications.

2. Synthesis Approaches Used for Polymer Synthesis Using Plasma

Numerous synthesis approaches to plasma polymerization are reported by the re-
searchers as presented in Figure 1 [3,41–59]. Synthesis techniques are classified accord-
ing to the precursors utilized, plasma techniques used, etc., in the polymerization pro-
cess. In the following sections, we will review the details of such synthesis techniques of
plasma polymerizations.

2.1. Polymer Synthesis Using Gas/Aerosol-Type Precursors

In the synthesis of polymers using gas/aerosol-type precursors, first, a discharge gas
is needed to generate “atmospheric pressure plasma”. Aerosol or gaseous-type precursors
are used in this type of polymerization process (Figure 2a). In this case, materials that
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exist in a gaseous state at room temperature are utilized as precursors and liquid-state
materials are mostly used with plasmas that act as aerosols through atomization with gas.
This type of method is typical for the accumulation of polymer films [41–59]. Actually,
the “Atmospheric Pressure Plasma” synthesis technique involves two types, subject to the
phase of the applied precursor. The first category of this type of polymerization is the use
of gas or aerosol as a precursor [17,60], and the second type is the use of liquid/solution [3],
as displayed in Figure 2a,b.

2.1.1. Atmospheric Pressure Plasma Jet Method

An “Atmospheric Pressure Plasma Jet” used for the polymerization process is a device
that can generate directional plasma from a narrow nozzle. In this process, gas flow occurs
with high input energy. Further, local processing is made possible by polymerization with
atmospheric pressure plasma jet devices since the process region is constrained to the
size of the jet plasma plume [41,44]. In this technique, precursors like gas/aerosol are
fragmented by passing through the area of plasma generation. Afterward, fragmented
precursors become neutral, or they can recombine elsewhere in the plasma stream, which
is finally accumulated on a substrate. Such substrate lies outside the plasma area [61].

In this context, pin–ring electrodes comprising different metals such as Al and Cu
were used in the atmospheric pressure plasma jet method for the synthesis of polymers
by the researchers [41,42,46]. For instance, Zhang et al. [41] applied an “Atmospheric
Pressure Plasma Jet” for the coating on rough surfaces using poly(methyl methacrylate)
(PMMA) with the pin electrode (Cu rod). In this case, the plasma discharge gas was argon,
which was introduced over the domain of the quartz body in an aerosol state. The authors
reported the use of alternating current (AC) as a power generation source in the range of
10 kHz to 60 kHz with the highest voltage of 17 kV delivered by the pin electrode [41].
Pandiyaraj et al. [42]. reported the use of “Atmospheric Pressure Plasma Jet” for polymer
synthesis where both the pin and ring electrodes were Cu. The author claimed that the AC
power was provided with the highest voltage of 40 kV, current of 30 mA, and frequency of
50 kHz to generate the “Atmospheric Pressure Plasma”. Doherty et al. [46] synthesized
polystyrene from heptylamine using a particular powered ring electrode and He gas for
plasma discharge. The monomer heptylamine in the aerosol state was bubbled by the He
gas for this polymerization process. The applied power was a sinusoidal current using a
voltage of 8 kVp–p and a frequency of 10 kHz.

Simple pin-type electrodes were used for the generation of “Atmospheric Pressure
Plasma Jet” by researchers, as reported in Refs. [43,62,63]. This type of arrangement for the
polymerization process is shown in Figure 3. Kodaira et al. [62] reported the investigation
of the polymerization of hexamethyldisilane (HMDSN) by “Atmospheric Pressure Plasma”
without using a grounded ring electrode (Figure 3a). The authors applied a voltage of
12 kVp–p, and the discharge gas and the monomer carrier gas were Ar [62].

The “Atmospheric Pressure Plasma” polymerization tetramethylsilane (TMS) and 3-
aminopropyl(diethoxy) methylsilane (APDMES) were reported for the superhydrophobic
coating purposes on glass [43]. In this process, three-pin electrodes were used to generate
“Atmospheric Pressure Plasma”. These electrodes comprised stainless steel needles, which
were situated at 120◦ interims in a glass reactor. In this case, a mixture of TMS and APDMES
was used as a precursor, which was bubbled with Ar gas. This type of plasma process was
operated by the AC power at a frequency of 11.5 kHz to create an “Atmospheric Pressure
Plasma” discharge.
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Three array-type jets and an exceptional kind of shielding system have been reported
and explained in Refs. [44,45,64,65], and this technique is called the “guide-tube and bluff-
body (GB) system”. The authors claim that with the help of this approach, the area of high-
density plasma can be expanded more than 60 times [65]. The significance of this synthesis
approach is that it is possible to synthesize a copolymer [59], a pin-hole-free polymer [45], a
conducting polymer [64], and a single-crystalline polymer [65] successfully. A conducting
polymer and a transparent polymer were synthesized by Kim et al. [47] utilizing a pin-type
“Atmospheric Pressure Plasma Jet” with the GB system. The experimental arrangements,
as explained by the authors, involved applying a wide glass tube as the guide tube and
polytetrafluoroethylene support as the bluff body. The plasma was generated with the
help of a tungsten wire electrode. For the polymerization process, the sinusoidal power
with a voltage of 4–5 kV and a frequency of 30 kHz were utilized via the tungsten wire
electrode where a diffused-glow plasma was formed. Commercial “Atmospheric Pressure
Plasma Jet” devices were used to polymerize hexamethyldisiloxane (HMDSO) [48–50].
For this polymerization, the plasma was generated by applying a frequency of 19 kHz
and a plasma voltage of 285 V. The discharge gases were N2, O2, and air in this case.
Moosburger-Will et al. reported that such “Atmospheric Pressure Plasma Jet” method was
useful for in-line processing [66].

In summary, the “Atmospheric Pressure Plasma Jet” approach has numerous advan-
tages as reported by the scientists. Such advantages and/or particularity depend on the
applied precursors and instrumental techniques, especially on the power sources used
for plasma generation. The particularity of such a process includes the enhancement of
the flashover functioning of a polypropylene surface, easy deposition of polymer film,
copolymerization, PMMA film deposition, polymerization of PMMA, etc. The important
precursors utilized for this approach were methyl-methacrylate (MMA), heptylamine,
acetylene, aniline, pyrrole, tetramethylsilane (TMS), etc. For this approach, the plasma was
produced by employing an AC (pulse sine) power in the range of 2–2.8 W, a frequency of
11.5–50 kHz, and a voltage of 2–40 kV. The used discharge gases for each of the processes
were Ar, He, N2, O2, and air. Although numerous advantages have been reported utilizing
this approach, it is still a challenging area to design the appropriate precursors, power,
and discharge gases for the plasma-based polymerization process to attain the expected
large-scale industrial applications. The proper precursor with a suitable instrumental
design and adjustable power sources can enhance the performance of this “Atmospheric
Pressure Plasma Jet Method”.
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2.1.2. Dielectric-Barrier Discharge Method

Researchers’ contributions to the polymerization processes include the functionaliza-
tion of different types of polymer coatings using the planar dielectric-barrier discharge
(DBD) method [67]. For example, to attain amine-functionalized polymer coatings, an
atmospheric pressure surface dielectric-barrier discharge (SDBD) was produced in the
He gas by Jumal Ibrahim et al. [67]. The authors investigated the electrical and optical
properties of the surface plasma-produced SDBD comprising a mesh electrode, along with
its applications in cell therapy. The schematic form of the experimental setup that was
employed for this investigation is presented in Figure 4. A sinusoidal high-voltage source
that could deliver 1 to 40 kVpk-pk at a frequency of 20 to 70 kHz was used to run the
SDBD. Using a mass flow controller, the He gas was utilized as a process gas and presented
into the area near the plasma source at a flow rate of 8 standard Lmin−1. At applied
voltages ranging from 3.5 kV to 5 kVpk-pk, the plasma device may produce glow-like
discharge structures that are steady over the electrode region according to current-voltage
measurements and increased charge-coupled device (ICCD) camera images [67].
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Regarding the planar-type DBD, the used electrodes are planar and are concealed by
dielectric material [68,69]. The intention to use covered electrodes is to avoid possible arc
formation from them. Plasma forms between the electrodes when one side of the electrode
receives a high-voltage current. The advantages of using this method are that it is simpler
to cover a larger area than with the “Atmospheric Pressure Plasma Jet” method since the
size of the electrodes determines the size of the plasma area.

For example, polymer deposition utilizing a planar DBD approach with permanent
electrodes is reported in references [51,52,68–70]. To enhance the antifouling characteristics
of low-density polyethylene (LDPE) films through the copolymerization process, a plasma
generator is used by Pandivaraj et al. [68]. In this process, plasma was produced by
AC power with a voltage of 40 kV and a frequency of 50 Hz by the powered electrode.
Ramkumar et al. [69] also used the same method where the authors utilized PEG methyl
ether methacrylate (PEGMA) as a precursor to increase the biocompatibility of LDPE films.
In addition, the diffuse coplanar surface barrier discharge (DCSBD) technique was adopted
in reference [70], where the authors showed that the thin-layer plasma was produced on
DCSBD surfaces using a high-voltage sine wave.

The adjustable upper electrode was utilized by the researchers to enhance the de-
position uniformity [53,54,71]. For instance, the mechanical properties of the generated
coating were improved by Bardon et al. [54] by utilizing DBD plasma. In this case, the
plasma was produced with the use of AC power of 110 W with a peak-to-peak voltage of
11 kV [54]. Manakhov et al. [71] also used the same technique for the copolymerization of
maleic anhydride (MA) and C2H2 for carboxyl-rich coatings in a metallic cube chamber.
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Patterned hydrophilic/phobic coatings were deposited on any material surfaces utilizing
acrylic acid and propargyl methacrylate by DBD approach [55]. The authors used Ar for
both the purpose of discharge gas and precursor carrier gas for this process. DBD plasma
polymerization was employed by Jalaber et al. [72] to create environmentally friendly,
catalyst-free polymer synthesis. The plasma was created by passing a 10 kHz sinusoidal
voltage between two plane-parallel electrodes. The dopamine acrylamide precursor was
atomized with a nebulizer [72]. The plasma-initiated chemical vapor deposition (PCVD)
was employed for the polymerization process in reference [57–59]. This technique involved
igniting the DBD plasma with an ultra-short square-wave pulse power to deposit a polymer
layer with a high degree of polymerization.

In summary, the use of the Dielectric-Barrier Discharge (DBD) Method for the poly-
merization process has numerous advantages, as reported by the researchers, where the
authors used different types of precursor and plasma sources. The significance and par-
ticularity (for example, enhancement of biocompatibility, surface hydrophilization) are
varied for the synthesis process depending on the nature of precursors and used plasma
sources. Among them, the significance and particularity of each approach depending on
the applied precursor and plasma sources for the process include the enhancement of
antifouling properties, biocompatibility, surface hydrophilization, improvement of me-
chanical properties, copolymerization, age-resistant coatings, hydrophilicity, etc. Examples
of utilized precursors for these processes are acrylic acid (AA) and poly (ethylene glycol)
(PEG), poly (ethylene glycol) methyl ether methacrylate (PEGMA), etc. It is noteworthy
that different gases like Ar, N2, He, and O2 were used for the plasma sources. In most of the
cases, plasma was generated with the use of AC power of 3.3–110 W with a peak-to-peak
voltage of 4–15 kV and at a frequency of 4–70 kHz. Focus can be provided on the use of
precursor plasma sources and techniques of the process to get better performance of the
polymerization process which can be useful for large-scale applications.

2.2. Polymer Synthesis Using Liquid-Type Precursors

The synthesis process of functional films onto substrates directly from the liquid phase
plays an important role in coating technologies. This process offers the prospects for the
deposition of thin films based on the structures of the liquid phase used in the synthesis
process. For example, a method based on initializing the synthesis using an “atmospheric
pressure plasma jet” running with argon over a thin liquid layer of the starting material
was reported by Jan Schäfer et al. [73]. In this synthesis, a plasma-enhanced chemical vapor
deposition (PECVD) process is employed for the formation of organosilicon films using the
liquid compounds of hexamethyldisiloxane (HMDSO), octamethyltetrasiloxane (OMCTS),
and tetrakis(trimethylsilyloxy)silane (TTMS). The schematic illustration of this process
along with the applied process parameters is displayed in Figure 5.

According to the authors, following the plasma procedure, a constant internal polymer-
ization was made possible by the molecular network‘s stability [73]. This process‘s primary
benefit is its ability to work with colloids or liquids that have a lower vapor pressure
than what is required for vapor transport in PECVD setups. The disadvantage of this ap-
proach owing to a relatively high amount of interstitial water that was initially introduced
into the films is post-treatment, such as annealing, that is required to improve the film
characteristics. As a result, LA-PECVD is a technique that shows promise and opens up
new avenues for thin film technology applications. Thus, the interaction of “atmospheric
pressure plasma” and a bulk liquid precursor is the force in “atmospheric pressure plasma”
synthesis techniques employing liquid-type precursors. The numerous complex chemical
and physical reactions at the plasma–liquid interface reason for the reduction, oxidation,
and sputtering process. It is important to mention that nanoparticle-like materials are
mostly prepared from various radicals produced by the plasma–liquid reactions [38]. There
are two categories for this procedure based on where the “atmospheric pressure plasma” is
generated. These two types, namely, outside and inside bulk liquid precursors for plasma
generation, are reviewed in the following subsections.
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Figure 5. Different process steps of liquid-assisted plasma enhanced chemical vapor deposition
(LA-PECVD). Applied process parameters are as follows: laboratory temperature 25 ◦C, humidity
30%, surface temperature (TS) ≈ 25 ◦C, S = 26 mm2 for HMDSO; for OMCTS, volume of pressure
(Vp) = 100 µL, Vp/S = 3.8 mm; for TTMS, Vp = 60 µL, Vp/S = 2.3 mm. For HMDSO, plasma
treatment time (∆t) =10 min, number of cycles (N) = 10; for OMCTS and TTMS, ∆t = 5 min, N = 1 [73].
Reproduced with permission from Ref. [73]. Copyright 2017, Elsevier.

2.2.1. Plasma Generated by the Outside Bulk Liquid Precursor

“Atmospheric Pressure Plasma” produced outside of the bulk liquid precursor is
also called on-solution plasma influenced by the natural air. The integration between
the “Atmospheric Pressure Plasma” and different components of air like O3, N2O, H2,
etc. can occur at the plasma–liquid interface [28]. The generation of on-solution plasma
using different methods is reported in Refs. [74–76]. For example, Tan et al. [74] utilized an
“Atmospheric Pressure Plasma Jet” and tungsten electrode for this process using Ar as a
discharge gas. In this case, MMA is the liquid precursor where the “Atmospheric Pressure
Plasma” deals with the surface of styrene [74]. To activate the “Atmospheric Pressure
Plasma”, an AC power source is used from a neon sign transformer at a voltage of 15 kV
and a frequency of 60 Hz.

The metal nanoparticles introduced by a conducting polymer were synthesized by
Zhang et al. [75] where the authors used the stainless steel capillary and a carbon rod as the
electrodes and the liquid surface. Such capillary electrode plays a role in the “Atmospheric
Pressure Plasma Jet” for the generation of the He plasma. For this synthesis, the liquid
precursor was an aqueous solution of HauCl4, which was added to poly(3,4-ethylenedioxy
thio- phene) polystyrene sulfonate (PEDOT:PSS). The “Atmospheric Pressure Plasma”
was exploded by direct current (DC) maintaining a voltage of 0.8 kV [75]. To synthesize
nanographene, a pin-type Cu electrode was employed for the production of on-solution
plasma where C2H5OH acted as a precursor, as in Ref. [76].

In brief, polymer synthesis using liquid-type precursors has numerous particularities
reported by researchers [3]. The authors utilized thin solid films, plasma-treated styrene
and MMA, nanographene, nanoparticle-incorporated conducting polymer, etc. For this
type of synthesis, the employed precursors are styrene, HMDSO, OMCTS), TTMS, HAuCl4,
PEDOT:PSS, and C2H5OH. To generate plasma an AC/DC power source was applied at a
voltage of 15 kV and a frequency of 60 Hz to 1.5 MHz. Thus, designing appropriate precur-
sors and generating suitable plasma sources can improve such polymerization process.
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2.2.2. Plasma Generated by the Inside Bulk Liquid Precursor

This method is also known as in-solution plasma where the “Atmospheric Pressure
Plasma” is generated in liquid precursors. The key point of this technique is the gap
between two electrodes. This gap induces the breakdown of plasma in liquid media [77,78].
The tungsten electrode employs an in-solution plasma approach owing to its numerous
advantages, such as high melting point and stability, anticorrosion property, and high
electrical conductivity [79]. This in-solution plasma approach is mainly utilized by re-
searchers for the fabrication of nanoparticles [80–84]. Other than nanoparticle synthesis,
liquid precursors are also used to synthesize nitrogen–carbon nanosheets [80]. In these
cases, pyrrolidine, pyrrole, N-methyl-2-pyrrolidone, 2-pyrrolidone, 1-methylpyrrolidine,
cyclopentanone, and cyclohexanone were utilized [80]. In most of the cases, researchers
utilized a bipolar pulse with an amplitude in the range of 1.7–16.4 kV and a frequency of
5–200 kHz to produce in-solution plasma in the Ar bubble outlet, and the bipolar pulse
duty ratio was 1–100 µs [80–84].

In summary, polymer synthesis using liquid-type precursors has significance and
particularity, as mentioned in the literature, that depend on the used precursor and plasma
source. The significance and advantages include the potential plasma treatment of MMA
and styrene, incorporation of metallic NPs on conducting polymers, formation of thin
and solid SiOx films, and so on. The utilized precursors for these purposes are styrene,
MMA, HMDSO, HAuCl4, PEDOT:PSS, C2H5OH, etc. The plasma sources used for these
processes are Ar and He, and the plasma is generated with the use of AC/DC pulse
power of 5–450 W with a voltage of 2–15 kV and at a frequency of 60 Hz–1.1 MHz. Thus,
more focus can be provided on the utilization of appropriate precursors, suitable plasma
sources, and the overall technique of the polymerization process to achieve large-scale
industrial applications.

2.3. Polymer Synthesis Using Plasma Techniques

As the multistep preparation is time-consuming and complex in many cases, poly-
mer synthesis using plasma techniques is very useful in those circumstances. For in-
stance, acrylic acid (AAc) is a tremendous origin of carboxylic-rich (-COOH) coatings for
polypropylene (PP), which are appropriate for this issue, but their multistep fabrication
process is slow. In this case, plasma polymerization offers an exceptional solution to this
challenging process since the polymerization approach and grafting to the substrate occur
concurrently, as reported by Dušan Kováčik et al. [85]. The authors suggested a compar-
atively fast and efficient technique for AAc plasma polymerization, utilizing a pulsed
immersed diaphragm electrical discharge that worked in an aqueous solution of AAc. The
AAc layers were effectively grafted onto PP nonwoven, which are always rewound over
the slit [85]. For this purpose, the experimental setup of the diaphragm discharge reactor
for the treatment of plasma is presented schematically in Figure 6a.

The parameters of this experiment were as follows: 100 Hz, 25 kV, 75 ns, and 400 ns for
the half-width of the pulse, peak voltage, rising time, and frequency [85]. Figure 6b–d rep-
resents the image that depicts how the discharge appears in tap water, NaCl solution, and
AAc solution, respectively. In conclusion, the ability to execute grafting of AAc to fibrous
substrate and plasma-initiated polymerization in the continuous regime presents opportu-
nities for the use of this modified material in biomedical applications. Asandulesa et al. [86]
revealed a polymerization mechanism related to this plasma polymerization approach by
characterizing “Atmospheric Pressure Plasma”-polymerized films that were synthesized
from different monomers and determining the chemical structures of polymer films. Such
kind of chemical structures depend on the plasma settings that were employed, for example,
in the case of polymerized films based on benzaldehyde [86].
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In addition, plasma polymerization follows complex physicochemical reactions that
are different from the usual polymerization approach. The high cross-linking feature of
plasma polymers is easily created by continuous fragmentation and random recombination,
in contrast to traditional chemical polymerization techniques, such as self-assembly, layer-
by-layer, or spin coating [87]. Enhanced mechanical stability and fewer morphological
modifications can be carried out through the excessive cross-linking ability of plasma
polymers [54,88,89].

The economic impact of the numerous synthesis methods of plasma polymerization is
a vital factor to be considered. The methods of plasma polymerization are regarded as a
green process as the approaches require less amount of chemicals than the conventional
synthesis approach and generate a minimum amount of waste products. So, these methods
do not require an additional environmental remediation process. These green aspects
of polymer synthesis have become significant in the sense of the cost of environmental
remediation, which is less expensive than the conventional synthesis approach. The
following aspects can be considered for the reported numerous plasma polymerization
methods: (i) green processing; (ii) the synthesis process requires fewer precursors; (iii) the
process requires no additional environmental remediation process; and (iv) coating based
on plasma polymerization can be attained with a low production cost. Besides the economic
impact, the yield of plasma-based polymers is also an important factor for large-scale
applications. The deposition yield of plasma-based polymers depends on the operational
parameters of the synthesis process even if the same monomers and reactors are used
for the polymerization process. For instance, Park et al. [90] reported that the specific
energy per mass is the vital controlling parameter for the yield of deposition in the case
of plasma polymerization of hexamethyldisilazane. The authors also mentioned that
such yield differs from the conventional polymer materials obtained from the synthesis
approach. Thus, to attain a higher yield of plasma-based polymers, focus can be given
to the controlling operational parameters of the synthesis process wherever the synthesis
approach is followed.
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3. Morphological Features

The morphological features of the polymeric materials obtained by employing the vari-
ous synthesis methods are significant owing to their possible applications in the biomedical
field. The obtained polymers also possess numerous features, including smooth surfaces,
highly porous nonuniform surfaces, and so on. For example, the plasma-polymerized
(ppAAc) layer, with a smooth surface, attached to the polypropylene nonwoven textile
(PPNT) fibers, which are separated, is displayed in Figure 7 [85]. Plasma polymerization
results in the vastly porous nonuniform PPNT surface with a higher homogeneity. The
authors claimed that the diaphragm discharge-initiated polymerization of acrylic acid is
stable even after rinsing and ultrasonic cleaning, as evidenced by the existence of a ppAAc
layer on the surface, as presented in Figure 7c,d,f [85].
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Figure 7. SEM micrograph of (a) reference PPNT, (b) ppAAc layer from a 5% solution (AAc solution
in deionized water) (non-rinsed), (c) ppAAc layer from a 5% solution (rinsed), (d) ppAAc layer from
a 30% solution (AAc solution in deionized water) after 2 rinsing cycles with marked thickness of the
layer, (e) ppAAc layer from a 30% solution (non-rinsed), and (f) ppAAc layer from a 30% solution
(rinsed) [85]. Permission from the Ref. [85]. Copyright 2014, Springer.

The formation of PANI films by plasma polymerization with distinct morphological
features is reported by G. J. Cruz et al. [91], as shown in Figure 8a,b. The plain morphology
of the film is evident in some regions whereas the randomly distributed bubbles with
1–6 mm diameter are visible in the synthesized PANI film (Figure 8a). On the other
hand, a continuous surface without any bubbles or discontinuities is seen in the PANI
film (Figure 8a). Such morphological characteristics may impact the thermal stability and
electrical conductivity of the polymer film obtained through plasma polymerization [91].
J. Y. Kim et al. [91] reported the plasma polymerization of PANI films along with their
distinct morphological features. The authors synthesized PANI films on the glass substrate
with smooth, homogeneous, and flat morphology having a thickness of 450 nm (Figure 8a).
Further, the surface roughness and root mean square roughness values of 1.03 nm and
1.32 nm, respectively, of such PANI film were observed by the authors (Figure 8b) [92].
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(a) FESEM micrographs of the top and a cross-sectional view of the PANI film; (b) two-dimensional
and three-dimensional AFM micrographs [92]. Copyright 2021, MDPI.

Therefore, the material‘s surface morphology plays a crucial role in determining
its physical and biological characteristics, including surface area, porosity, and rough-
ness [93,94]. For instance, morphology analysis reported by Pankaj Bhatt et al. [94] showed
that comparing the internal structures of polymer-based microspheres treated by adsorption
and plasma methods with those of non-modified poly(D, L-lactide-co-glycolide) micro-
spheres revealed no appreciable changes. Fluorescence microscopy analysis revealed
that cross-sectioned PDLLGA microspheres that were altered by plasma and entrapment
techniques had a fluorescent layer on their exteriors. Moreover, internal fluorescent de-
position was observed in the entrap-modified microspheres but not in the plasma- or
adsorption-modified microspheres [94–96]. The SEM micrograph of PDLLGA microspheres
is displayed in Figure 9.
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adsorption, (C) surface frame-up, and (D) oxygen plasma treatment. Cross-sectioned SEM photos
show that in entrapment-modified microspheres, the porous structure gets smaller and smaller as it
approaches the surface. Each figure is displayed with a 50 µm scale bar with magnified images of
5 µm [93]. Copyright 2023, MDPI.

4. Biomedical Applications
4.1. Biocompatibility Enhancement

The use of plasma is a significant technique for the treatment of polymeric materials
to improve their biocompatible properties. Biocompatible properties are influenced by
the attainment rate of surface endothelialization, which is highly associated with surface
characteristics such as surface wettability, topography, and related phenomena. In this
context, plasma treatment is an efficient way to adjust the polymer surface by incorporating
functional groups like amine, hydroxyl, and carboxyl groups, etc. Such modification can en-
hance the respective polymer interactions with cells, drugs, and other related materials [97].
By increasing the surface roughness of the polymer-based nanoparticles utilizing plasma
treatments, the cell adhesion properties of the polymers can be improved. In addition, the
plasma treatment of the polymeric nanomaterials can enhance their stability by modifying
the electrostatic as well as steric stabilization of the concerned polymers [60]. The numerous
types of plasma treatment of the polymers as well as their significance and particularity
in the context of biocompatibility are listed in Table 1. In summary, plasma treatment of
N2, O2, Ar, radiofrequency (RF) plasma, etc. are used for the treatment of natural and
synthetic polymers, as reported by researchers [98–104]. All of these treatments have some
effectiveness in enhancing biocompatibility, as presented in Table 1. However, more focus
can be provided on the suitability of the polymers, copolymers, polymer composites, and
polymer-based nanoparticles to achieve better performances of biocompatibility.

Table 1. Numerous polymers, the plasma treatment used, and their significance and particularity
are listed.

Polymer Plasma Treatment Significance and
Particularity Ref.

Starch in film form N2 plasma Enhanced cell adhesion [98]
Cellulose in nanocrystal form O2 plasma Enhanced cell viability [99]

Polycarbonate (coated with
diamond-like carbon film)

Radiofrequency
(RF) plasma

Inhibition of protein
adsorption, less

platelet adhesion
[100]

Poly(dimethylsiloxane)
(coated with diamond-like
carbon film)

Ar plasma Cellular responses in
mammalian cells. [101]

Pectin hydrogels Ar plasma Enhanced cell adhesion [102]

Low-density polyethylene Plasma source ion
implantation

Enhanced surface
hydrophobic features [103]

Polymerized nanoparticles Reactive gas
emissions plasma

Considerably lessened
tumor growth in mice [104]

4.2. Uses as Antimicrobial Coatings

Biomedical device-associated infections owing to the microbial colonization of surfaces
and subsequent biofilm formation are a vital concern nowadays. Since such infections
can originate from surgical tools and other related sources, the treatment process becomes
complicated and there may be a need to repeat surgery. In those cases, as plasma polymers
can coat a wide variety of materials, they are considered promising for these issues. In this
connection, the application of plasma polymers for antibacterial coatings with discussions
of the state of the art can be found in the literature [105–107].

The deposition of a plasma polymer film like chlorinated organic compounds has an
intrinsic antimicrobial property. For example, Michl et al. [108] reported that the plasma
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deposition of chlorinated hydrocarbons exhibited enhanced antibacterial surface perfor-
mance against Staphylococcus epidermidis depending on the Cl/C ratios. Nitric oxide (NO) is
another molecule that can possess biologically important signaling; however, this molecule
needs to diffuse into and within biological systems to work properly. Such capability can
be attained by plasma polymerization of isopentyl nitrite (C5H11ONO) [108] against S.
epidermidis by releasing NO, which can delay bacterial growth without killing adhering
bacterial cells. Such bacteriostatic behavior was thought to have potential applications in
medicine as a coating for medical equipment that could inhibit the creation of bacterial
biofilms [109]. Pegalajar-Jurado et al. [110] applied 1,8-cineol plasma polymer coatings and
assessed their efficacy against Staphylococcus aureus and Escherichia coli. The authors found
a substantial decrease in bacterial adhesion for both types of bacteria.

Al-Jumaili et al. [111] investigated plasma polymer films fabricated on a glass sub-
strate utilizing geranium oil (a mixture of organic compounds) to evaluate antibacterial
performance against S. aureus, Pseudomonas aeruginosa, and E. coli. The authors showed
that during the colonization of bacteria in plasma polymer coatings, the adherence was
lower for the deposited films, utilizing less power (W). This behavior indicates the antiad-
hesive impact against such type of bacteria [111]. Kumar et al. [112] employed the plasma
polymerization of terpinen-4-ol to generate antibacterial surface coatings. The authors
conducted an antibacterial experiment exploiting P. aeruginosa and observed the existence
of dead cells on the coatings with a substantial decrease in live bacteria [112]. Other or-
ganic compounds, like diethyl phosphite, were also used by Kaleli-Can et al. [112] for the
deposition of the plasma polymer coating. Another category of plasma polymer coatings
that possess inherent anti-biofouling characteristics was developed by Vasilev et al. where
the authors have shown that these coatings are based on films that are accumulated from
precursors of oxazolines, such as 2-methyl-2-oxazoline and 2-ethyl-2-oxazoline [113–115].
Such coatings can reduce biofilm growth by up to 90% compared with glass slides or Ther-
manox controls [114,116]. This kind of study exhibits the prospect of substantially lessening
bacterial adhesion to the surfaces compared with restraint biomaterials for bacterial and
fungal pathogens, which are human concerns. The study also assessed the human cell
compatibility of plasma-based polymers [109,110,117,118].

4.3. Uses in Attachment of Mammalian Cells

Plasma polymers bear significant capabilities for their application in the biomedi-
cal field. For biomedical applications, attaching and adhering the cells to surfaces like
synthesized materials and devices is necessary. In this context, plasma polymers can be
an exceptional support surface for the attachment and adherence of feasible cells and
tissue [119]. Plasma polymers can also afford exceptional surfaces of cell attachment by
developing scaffold forms useful for tissue engineering and regenerative medicine. Further,
double plasma polymerization is able to create gradients of hydrophilicity and enhance cell
adhesion ability, which can increase the rate of cell colonization [120–122]. Despite several
advantages of plasma polymerization in biomedical applications, there are still challenges
in the engineering of plasma processes to adapt to complex 3-D geometries. In this regard,
some of the challenges have already been addressed by researchers [121–126]. So, more
focus and effort are needed to overcome the challenges of using plasma polymerizations
for more compatible applications in biomedical sectors.

4.4. Silver Coating Using Plasma-Based Polymer

Plasma polymers have attracted interest in investigating the release of silver ions
and nano/biocomposite coatings for intended biomedical applications. For example,
silver nanoparticle (SNPs)-containing materials can be enclosed by n-heptylamine (HA)
polymer without depriving the antibacterial activity of planktonic bacteria existing in the
surrounding nanoparticles [127]. The authors showed the antibacterial effects of the SNPs
on adhered bacteria and the number of bacteria was lessened with the thickness of the
second layer provided by HA. The authors also established that the antibacterial effect
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originated from the incorporation of HA with SNPs by diffusion assays on nutritive agar
plates. The existence of bacterial growth inhibition zones (IZs) surrounding the materials
containing SNPs, as well as the nonexistence of IZs for the SNPs-free HA polymer, is
presented in Figure 10a [127]. These outcomes confirm the capabilities of the antibacterial
effect of the SNPs-containing HA films against E. coli growth. Such an antibacterial effect
was not observed without the loading s of SNPs with HA polymer.
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plate). (b) Quantitative outcomes of diffusion test on agar plates for five different kinds of materials.
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reference [127]. Reproduced with permission from Ref. [127]. Copyright 2012, Wiley.

Further, the area of IZ is insignificantly wider for the HA + SNPs materials compared
with only SNPs-containing materials enclosed with a second HA layer (Figure 10b). In
addition, IZ area assessments (Figure 10b) show that HA + SNPs material led to an in-
considerably wider IZ than SNPs-containing materials enclosed with a second HA layer.
These results indicate that antibacterial activity from Ag+ produced by implanted SNPs
can occur even in the presence of an 18 nm-thick HA layer [127]. Thus, such a study
indicates the importance of the antibacterial activity of silver coating materials utilizing
plasma-based polymer.

Owing to the great antibacterial properties of silver-containing materials, they have
potential applications in medical devices and industrial sectors [128–130]. These silver-
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containing materials can kill both Gram-positive and Gram-negative bacteria and fungi.
Due to the ability of silver to target multiple sites of the bacterial cells, it is much harder for
bacteria to show resistance against silver than against common types of antibiotics [108].
Thus, the silver-comprising coatings motivated the plasma polymer-based approaches
to contribute to areas of commercial and even clinical purposes [105,107,131]. So, it is
hard to cover all aspects of this context by describing each report in this subsection.
The intention is rather to provide a taste of the promising probabilities presented by
plasma-based polymers.

5. Summary and Future Perspective

There are many advantages of plasma polymerization for synthesizing plasma-based
polymeric materials, including quicker processing times, reduced expenses, environmen-
tally friendly waste, and so on. The present review describes the topical studies on the
synthesis of polymers utilizing various plasma-based approaches. The synthesis techniques
are also sorted according to the state of the utilized precursor, such as the gas/aerosol phase
or liquid phase. Polymer synthesis utilizing plasma techniques is convenient and can avoid
the usual time-consuming multistep preparation process. Thus, plasma polymerization
provides a beneficial solution to overcoming a challenging conventional polymerization
process. Distinct morphological features of polymeric materials like surface topography
attained through the plasma polymerization process impact the biomedical field’s appli-
cations. Such possibilities and already reported information are briefly discussed in this
review. The utilization of plasma is an excellent technique for treating polymers to enhance
biocompatibility, antimicrobial coatings, and silver coating, which is also described in
this review. The aim is to provide a perception of plasma-based polymers for biomedical
applications. It is anticipated that in the future, different methods for polymer synthesis
will serve as models for industrial and large-scale applications while preserving the en-
vironment. The appropriate plasma-based synthesis methods to attain desirable surface
morphology and the enchantment of their biocompatibility for biomedical applications is
still a challenging area of research. Thus, it is noteworthy to perform further investigations
of the design and synthesis of polymeric materials utilizing the plasma polymerization
process to overcome these challenges and ensure large-scale applications in biomedical
sectors. More focus should be provided on the plasma processing for biomaterial coat-
ings necessary for biomedical functions. Thus, research should concentrate on improving
plasma sources and technologies, especially the optimization of plasma process parameters
and further investigation of polymer-based biocompatibility strategies to improve the field
of biomedical applications.
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and grafting of acrylic acid on the polypropylene nonwoven fabric using pulsed underwater diaphragm electrical discharge.
Plasma Chem. Plasma Process. 2024, 44, 983–1001. [CrossRef]

86. Asandulesa, M.; Topala, I.; Pohoata, V.; Legrand, Y.M.; Dobromir, M.; Totolin, M.; Dumitrascu, N. Chemically polymerization
mechanism of aromatic compounds under atmospheric pressure plasma conditions. Plasma Chem. Plasma Process. 2013, 10,
469–480. [CrossRef]

87. Vandenbossche, M.; Hegemann, D. Recent approaches to reduce aging phenomena in oxygen-and nitrogen-containing plasma
polymer films: An overview. Curr. Opin. Solid State Mater. Sci. 2018, 22, 26–38. [CrossRef]

88. Hegemann, D.; Hossain, M.M.; Korner, E.; Balazs, D.J. Macroscopic description of plasma polymerization. Plasma Process. Polym.
2007, 4, 229–238. [CrossRef]

89. Ligot, S.; Bousser, E.; Cossement, D.; Klemberg Sapieha, J.; Viville, P.; Dubois, P.; Snyders, R. Correlation between mechanical
properties and cross-linking degree of ethyl lactate plasma polymer films. Plasma Process. Polym. 2015, 12, 508–518. [CrossRef]

90. Park, S.Y.; Kim, N.; Kim, U.Y.; Hong, S.I.; Sasabe, H. Plasma polymerization of hexamethyldisilazane. Polym. J. 1990, 22, 242–249.
[CrossRef]

91. Cruz, G.J.; Morales, J.; Castillo-Ortega, M.M.; Olayo, R. Synthesis of polyaniline films by plasma polymerization. Synth. Met.
1997, 88, 213–218. [CrossRef]

92. Kim, J.Y.; Iqbal, S.; Jang, H.J.; Jung, E.Y.; Bae, G.T.; Park, C.S.; Shin, B.J.; Tae, H.S. Transparent polyaniline thin film synthesized
using a low-voltage-driven atmospheric pressure plasma reactor. Materials 2021, 14, 1278. [CrossRef] [PubMed]

93. Dang, Y.; Guan, J. Nanoparticle-Based Drug Delivery Systems for Cancer Therapy. Smart Mater. Med. 2020, 1, 10–19. [CrossRef]
[PubMed]

94. Bhatt, P.; Kumar, V.; Subramaniyan, V.; Nagarajan, K.; Sekar, M.; Chinni, S.V.; Ramachawolran, G. Plasma modification techniques
for natural polymer-based drug delivery systems. Pharmaceutics 2023, 15, 2066. [CrossRef] [PubMed]

95. Baki, A.; Rahman, C.V.; White, L.J.; Scurr, D.J.; Qutachi, O.; Shakesheff, K.M. Surface modification of PDLLGA microspheres with
gelatine methacrylate: Evaluation of adsorption, entrapment, and oxygen plasma treatment approaches. Acta Biomater. 2017, 53,
450–459. [CrossRef]

96. Lieberman, M.A.; Lichtenberg, A.J. Principles of Plasma Discharges and Materials Processing; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2005; ISBN 9780471724254.

97. Farr, N.; Thanarak, J.; Schäfer, J.; Quade, A.; Claeyssens, F.; Green, N.; Rodenburg, C. Understanding surface modifications
induced via argon plasma treatment through secondary electron hyperspectral imaging. Adv. Sci. 2021, 8, 2003762. [CrossRef]

98. Ghobeira, R.; Philips, C.; Declercq, H.; Cools, P.; De Geyter, N.; Cornelissen, R.; Morent, R. Effects of different sterilization methods
on the physico-chemical and bioresponsive properties of plasma-treated polycaprolactone Films. Biomed. Mater. 2017, 12, 015017.
[CrossRef]

99. Bullard, K.K.; Srinivasarao, M.; Gutekunst, W.R. Modification of cellulose nanocrystal surface chemistry with diverse nucleo
philes for materials integration. J. Mater. Chem. A 2020, 8, 18024–18031. [CrossRef]

100. Yoshida, S.; Hagiwara, K.; Hasebe, T.; Hotta, A. Surface modification of polymers by plasma treatments for the enhancement of
biocompatibility and controlled drug release. Surf. Coat. Technol. 2013, 233, 99–107. [CrossRef]

101. Nagashima, S.; Hasebe, T.; Tsuya, D.; Horikoshi, T.; Ochiai, M.; Tanigawa, S.; Koide, Y.; Hotta, A.; Suzuki, T. Controlled formation
of wrinkled diamond-like carbon (DLC) film on grooved poly(dimethylsiloxane) substrate. Diam. Relat. Mater. 2012, 22, 48–51.
[CrossRef]

102. Tan, G.; Chen, R.; Ning, C.; Zhang, L.; Ruan, X.; Liao, J. effects of argon plasma treatment on surface characteristic of photopoly-
merization PEGDA–HEMA hydrogels. J. Appl. Polym. Sci. 2012, 124, 459–465. [CrossRef]

103. Kim, Y.; Lee, Y.; Han, S.; Kim, K.-J. Improvement of hydrophobic properties of polymer surfaces by plasma source ion implantation.
Surf. Coat. Technol. 2006, 200, 4763–4769. [CrossRef]

104. Michael, P.; Lam, Y.T.; Filipe, E.C.; Tan, R.P.; Chan, A.H.P.; Lee, B.S.L.; Feng, N.; Hung, J.; Cox, T.R.; Santos, M.; et al. Plasma
polymerized nanoparticles effectively deliver dual SiRNA and drug therapy in vivo. Sci. Rep. 2020, 10, 12836. [CrossRef]
[PubMed]

105. Vasilev, K.; Griesser, S.S.; Griesser, H.J. Antibacterial surfaces and coatings produced by plasma techniques. Plasma. Process.
Polym. 2011, 8, 1010. [CrossRef]

106. Nikiforov, A.; Deng, X.L.; Xiong, Q.; Cvelbar, U.; De Geyter, N.; Morent, R.; Leys, C. Non-thermal plasma technology for the
development of antimicrobial surfaces: A review. J. Phys. D Appl. Phys. 2016, 49, 204002. [CrossRef]

107. Sardella, E.; Palumbo, F.; Camporeale, G.; Favia, P. Nonequilibrium plasma processing for the preparation of antibacterial surfaces.
Materials 2016, 9, 515. [CrossRef]

https://doi.org/10.1021/acsanm.9b01915
https://doi.org/10.3390/polym11010105
https://doi.org/10.3390/polym12091939
https://doi.org/10.1007/s11090-024-10454-y
https://doi.org/10.1002/ppap.201200068
https://doi.org/10.1016/j.cossms.2018.01.001
https://doi.org/10.1002/ppap.200600169
https://doi.org/10.1002/ppap.201400162
https://doi.org/10.1295/polymj.22.242
https://doi.org/10.1016/S0379-6779(97)03853-8
https://doi.org/10.3390/ma14051278
https://www.ncbi.nlm.nih.gov/pubmed/33800238
https://doi.org/10.1016/j.smaim.2020.04.001
https://www.ncbi.nlm.nih.gov/pubmed/34553138
https://doi.org/10.3390/pharmaceutics15082066
https://www.ncbi.nlm.nih.gov/pubmed/37631280
https://doi.org/10.1016/j.actbio.2017.01.042
https://doi.org/10.1002/advs.202003762
https://doi.org/10.1088/1748-605X/aa51d5
https://doi.org/10.1039/D0TA05757F
https://doi.org/10.1016/j.surfcoat.2013.02.042
https://doi.org/10.1016/j.diamond.2011.12.013
https://doi.org/10.1002/app.35110
https://doi.org/10.1016/j.surfcoat.2005.04.035
https://doi.org/10.1038/s41598-020-69591-x
https://www.ncbi.nlm.nih.gov/pubmed/32732927
https://doi.org/10.1002/ppap.201100097
https://doi.org/10.1088/0022-3727/49/20/204002
https://doi.org/10.3390/ma9070515


Polymers 2024, 16, 2701 21 of 21

108. Michl, T.D.; Coad, B.R.; Husler, A.; Valentin, J.D.P.; Vasilev, K.; Griesser, H.J. Effects of precursor and deposition conditions on
prevention of bacterial biofilm growth on chlorinated plasma polymers. Plasma Process. Polym. 2016, 13, 654. [CrossRef]

109. Michl, T.D.; Coad, B.R.; Doran, M.; Osiecki, M.; Kafshgari, M.H.; Voelcker, N.H.; Husler, A.; Vasilev, K.; Griesser, H.J. Nitric oxide
releasing plasma polymer coating with bacteriostatic properties and no cytotoxic side effects. Chem. Commun. 2015, 51, 7058.
[CrossRef]

110. Pegalajar-Jurado, A.; Easton, C.D.; Styan, K.E.; McArthur, S.L. Antibacterial activity studies of plasma polymerised cineole films.
J. Mater. Chem. B 2014, 2, 4993. [CrossRef]

111. Al-Jumaili, A.; Bazaka, K.; Jacob, M.V. Review on the antimicrobial properties of carbon nanostructures. Nanomaterials 2017, 10,
1066. [CrossRef]

112. Kumar, A.; Al-Jumaili, A.; Prasad, K.; Bazaka, K.; Mulvey, P.; Warner, J.; Jacob, M.V. Pulse plasma deposition of Terpinen-4-ol:
An insight into polymerization mechanism and enhanced antibacterial response of developed thin films. Plasma Chem. Plasma
Process. 2020, 40, 339. [CrossRef]

113. Macgregor-Ramiasa, M.N.; Cavallaro, A.A.; Vasilev, K. Properties and reactivity of polyoxazoline plasma polymer films. J. Mater.
Chem. B 2015, 3, 6327. [CrossRef] [PubMed]

114. Ramiasa, M.; Cavallaro, A.; Mierczynska, A.; Christo, S.; Gleadle, J.; Hayball, J.; Vasilev, K. Plasma polymerised polyoxazoline
thin films for biomedical applications. Chem. Commun. 2015, 51, 4279. [CrossRef]

115. Cavallaro, A.A.; Macgreggor-Ramiasa, M.N.; Vasilev, K.A. Plasma Polymerised Oxazoline Coatings and Uses Thereof.
WO2017035566A1, 9 March 2017.

116. Cavallaro, A.A.; Macgregor-Ramiasa, M.N.; Vasilev, K. Antibiofouling properties of plasma-deposited oxazoline-based thin films.
ACS Appl. Mater. Interfaces 2016, 8, 6354–6362. [CrossRef]

117. Chan, Y.W.; Siow, K.S.; Ng, P.Y.; Gires, U.; Yeop Majlis, B. Plasma polymerized carvone as an antibacterial and biocompatible
coating. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 68, 861. [CrossRef]

118. Kaleli-Can, G.; OOzguzar, H.F.; Kahriman, S.; Turkal, M.; Gocmen, J.S.; Yurtcu, E.; Mutlu, M. Improvement in antimicrobial
properties of titanium by diethyl phosphite plasma-based surface modification. Mater. Today Commun. 2020, 25, 101565. [CrossRef]

119. Gombotz, W.R.; Hoffman, A.S. Gas-discharge techniques for biomaterial modification. Crit. Rev. Biocompat. 1987, 4, 1–42.
120. Barry, J.J.A.; Howard, D.; Shakesheff, K.M.; Howdle, S.M.; Alexander, M.R. Using a core-sheath distribution of surfacechemistry

through 3d tissue engineering scaffolds to control cell ingress. Adv. Mater. 2006, 18, 1406–1410. [CrossRef]
121. Intranuovo, F.; Gristina, R.; Brun, F.; Mohammadi, S.; Ceccone, G.; Sardella, E.; Rossi, F.; Tromba, G.; Favia, P. Plasma modification

of pcl porous scaffolds fabricated by solvent casting/particulate-leaching for tissue engineering. Plasma. Process. Polym. 2014, 11,
184. [CrossRef]

122. Sardella, E.; Salama, R.A.; Waly, G.H.; Habib, A.N.; Favia, P.; Gristina, R. Improving internal cell colonization of porous scaffolds
with chemical gradients produced by plasma assisted approaches. ACS Appl. Mater. Interfaces 2017, 9, 4966. [CrossRef]

123. Barry, J.J.; Silva, M.M.; Shakesheff, K.M.; Howdle, S.M.; Alexander, M.R. Using plasma deposits to promote cell population of the
porous interior of three-dimensional Poly (D, L-Lactic Acid) tissue-engineering scaffolds. Adv. Funct. Mater. 2005, 15, 1134–1140.
[CrossRef]

124. Intranuovo, F.; Sardella, E.; Gristina, R.; Nardulli, M.; White, L.; Howard, D.; Shakesheff, K.M.; Alexander, M.R.; Favia, P. E-CVD
processes improve cell affinity of polymer scaffolds for tissue engineering. Surf. Coat. Technol. 2011, 205, S548. [CrossRef]

125. Sardella, E.; Fisher, E.R.; Shearer, J.C.; Garzia Trulli, M.; Gristina, R.; Favia, P. N2/H2O plasma assisted functionalization of
poly(ε-caprolactone) porous scaffolds: Acidic/basic character versus cell behavior. Plasma. Process. Polym. 2015, 12, 786.
[CrossRef]

126. Armenise, V.; Gristina, R.; Favia, P.; Cosmai, S.; Fracassi, F.; Sardella, E. Plasma-assisted deposition of magnesium-containing
coatings on porous scaffolds for bone tissue engineering. Coatings 2020, 10, 356. [CrossRef]

127. Ploux, L.; Mateescu, M.; Anselme, K.; Vasilev, K. Antibacterial properties of silver-loaded plasma polymer coatings. J. Nanomater.
2012, 2012, 674145. [CrossRef]

128. Vasilev, K.; Cook, J.; Griesser, H.J. Antibacterial surfaces for biomedical devices. Expert Rev. Med. Devices 2009, 6, 553. [CrossRef]
129. Chernousova, S.; Epple, M. Silver as antibacterial agent: Ion, nanoparticle, and metal. Angew. Chem. Int. Ed. 2013, 52, 1636–1653.

[CrossRef]
130. Haidari, H.; Garg, S.; Vasilev, K.; Kopecki, Z.; Cowin, A.J. Silver-based wound dressings: Current issues and future developments

for treating bacterial infections. Wound Pract. Res. 2020, 28, 173–180. [CrossRef]
131. Vasilev, K. Nanoengineered antibacterial coatings and aaterials: A perspective. Coatings 2019, 9, 654. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ppap.201500191
https://doi.org/10.1039/C5CC01722J
https://doi.org/10.1039/C4TB00633J
https://doi.org/10.3390/ma10091066
https://doi.org/10.1007/s11090-019-10045-2
https://doi.org/10.1039/C5TB00901D
https://www.ncbi.nlm.nih.gov/pubmed/32262751
https://doi.org/10.1039/C5CC00260E
https://doi.org/10.1021/acsami.6b00330
https://doi.org/10.1016/j.msec.2016.07.040
https://doi.org/10.1016/j.mtcomm.2020.101565
https://doi.org/10.1002/adma.200502719
https://doi.org/10.1002/ppap.201300149
https://doi.org/10.1021/acsami.6b14170
https://doi.org/10.1002/adfm.200400562
https://doi.org/10.1016/j.surfcoat.2011.04.069
https://doi.org/10.1002/ppap.201400201
https://doi.org/10.3390/coatings10040356
https://doi.org/10.1155/2012/674145
https://doi.org/10.1586/erd.09.36
https://doi.org/10.1002/anie.201205923
https://doi.org/10.33235/wpr.28.4.173-180
https://doi.org/10.3390/coatings9100654

	Introduction 
	Synthesis Approaches Used for Polymer Synthesis Using Plasma 
	Polymer Synthesis Using Gas/Aerosol-Type Precursors 
	Atmospheric Pressure Plasma Jet Method 
	Dielectric-Barrier Discharge Method 

	Polymer Synthesis Using Liquid-Type Precursors 
	Plasma Generated by the Outside Bulk Liquid Precursor 
	Plasma Generated by the Inside Bulk Liquid Precursor 

	Polymer Synthesis Using Plasma Techniques 

	Morphological Features 
	Biomedical Applications 
	Biocompatibility Enhancement 
	Uses as Antimicrobial Coatings 
	Uses in Attachment of Mammalian Cells 
	Silver Coating Using Plasma-Based Polymer 

	Summary and Future Perspective 
	References

