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ABSTRACT (ENGLISH)

Exploration of optimal processes on amine 

plasma-polymerization and plasma sterilization 

for biomedical applications

                                      Chang-Min Lee

Advisor: Prof. Byung-Hoon Kim, Ph.D.

Department of Biodental Engineering

Graduate School of Chosun University

Recently, plasma technology was extensively applied in various biomedical field such 

as biomaterial surface modifications, sterilization, and cancer therapy etc. In present 

study, we performed the amine plasma surface modification on high-density polyethylene 

(HDPE) medical grade polymer and Ti dental implant to enhancing the biocompatibility. 

In addition, we sterilized the P. gingivalis, cause of periimplantitis using cold 

atmospheric pressure plasma jet. 

HDFE polymer has been widely used as bone substitute material in bone defect 

reconstruction. However, HDPE has a hydrophobic nature, resulting in poor bioactivities 

such as cell adhesion and proliferation. Therefore, we carried out amine 

plasma-polymerization on HDPE surface to induce the surface functionalization using an 

allylamine (AA), cyclopropylamine (CPA), and 1,2-diaminocyclohexane (DACH) 

monomer.
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The purpose of the first study was to optimize the amine plasma-polymerization 

process through the analysis of surface characterized and then investigate the 

mesenchymal stem cell (MSC) proliferation in this process. 

Optimization of plasma-polymerization was found out by changing process conditions 

such as chamber pressure, plasma power, monomer injection nozzle diameter, and 

sample position in plasma chamber. After amine plasma-polymerization on HDPE, 

surface characterizations were analyzed using FT-IR, XPS, AFM, and contact angle. In 

addition, amine concentration on the HDPE surface was examined the Orange Ⅱ 

method, and MSC proliferation was evaluated by MTT assay.

The results were as follows.

1. From result of FT-IR analysis, it was confirmed that amine polymeric thin film 

deposited on HDPE was partially removed with water or alcohol. 

2. Contact angles of HDPE were decreased regardless of the type of monomers, as the 

distance from the nozzle increased. Amine concentration on the HDPE surface was 

changed with the distance from the nozzle. The distribution of the amine 

concentration with the distance showed a different pattern depending on each 

monomer, but the dispersion was reduced at a distance of 7 cm.

3. Amine concentrations on HDPE surface were distributed from 5 nmol/mm2 to 100 

nmol/mm2. FT-IR result indicated that the NH band at 1640 cm-1 showed an 

increase in the band with the increase in the amine concentration. Contact angles 

were decreased with increasing concentration in AA and CPA monomer, but there 

was no difference in DACH monomer.

4. MSC proliferation was improved in amine plasma-treated samples compared to 

non-treated samples. In particular, on the 18 d, the cell proliferation of 

plasma-polymerized HDPE using AA and CPA monomer increased more than 2 

times as compared to that of the pristine HDPE. At low and high amine 

concentrations, cell proliferation increased with increasing concentration in AA and 

CPA monomer. However, for DACH monomer, there was no difference of 

proliferation to increase of the amine concentration. 

Taken together, we suggest that amine plasma-polymerization technique has potential 
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and usefulness to apply for bone tissue engineering. 

  In the second study, we designed and fabricated the atmospheric pressure plasma jet 

(APPJ) device to apply for surface modification of Titanium (Ti) dental implant. Ti 

implant surface was modified by amine plasma-polymerization using CPA monomer. To 

optimize the APPJ design, we considered as design variables such as shape of plasma 

reactor, He gas flow rate, CPA monomer flow rate, applied voltage, frequency, electrode 

position, and ground electrode. And then, Ti implant surface was characterized by 

amine concentration, contact angle, XPS, AFM, and in vitro test were evaluated through 

MC3T3-E1 preosteoblast cell proliferation, initial adhesion, and differentiation.

The results were as follows.

1. The I-shape reactor deposited more amine groups to the sample surface than the 

Y-shape reactor. At a monomer flow rate over 5 sccm, there was no change in the 

amine concentration on the surface by the number of grounds. As the monomer 

flow rate increased, the amine concentration on the surface increased at 15 sccm, 

but decreased at 20 sccm. 

2. As the applied voltage to the reactor was increased, the amine concentration on the 

surface increased, but decreased at 16 kV. As the frequency increased, the amine 

concentration on the surface increased, and there was no change in increase or 

decrease beyond 60 kHz.

3. Optimization conditions were a voltage of 12 kV, a frequency of 50 kHz, a He gas 

flow rate of 1 slm, and a monomer flow rate of 10 sccm. After amine 

plasma-polymerization, contact angles were 12.3˚ or less compared to 59˚ of the 

control. After 1 d, it was confirmed that the contact angle of plasma-polymerized 

Ti surface showed 34˚ or less

4. Roughness of amine-polymerized Ti surface was greatly reduced, and the RMS 

roughness of the surface also decreased. XPS analysis indicated that nitrogen and 

carbon were increased in the amine-polymerized Ti surface compared to the pristine 

Ti surface. 

5. As a result of examining cell proliferation, the 4 min sample showed the highest 
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proliferation on 2 and 3 d. As a result of observing the initial cell adhesion 

morphology using fluorescence staining, there was no significant difference in the 

cell morphology, but the luminescence of paxillin, an initial adhesion factor, was 

more strongly expressed on the amine surface sample. As a result of confirming 

cytotoxicity using the Live-Dead cell reagent, there was no toxicity on the surface 

of the amine polymerization.

6. Cell differentiation on the amine-polymerized Ti surface increased to less than 30% 

over 14 d. The bone calcification of the amine-polymerized sample was reduced 

compared to the untreated sample. Western blot showed that ALP and OPN were 

strongly expressed in some amie polymerized samples. RUX2 showed no significant 

difference in all samples.

  We have successfully developed a simple and low-cost APPJ device to apply for 

enhancing the oseointegration of Ti implant, and optimal amine plasma-polymerization 

was derived. It is expected that APPJ can be used in the surface treatment of 

commercial Ti implants in the future.

In the third study, we investigated the bactericidal effect of Sandblast, Large-Grit, 

and Acid Etching (SLA)-treated Ti surface by FEDBD plasma. P. gingivalis is well 

known as the main microorganism caused peri-implantitis. Therefore, we performed 

sterilization and remove experiment for P. gingivalis biofilm and evaluated the 

cytotoxicity of human gingival fibroblast-1 (HGF-1) cells.

The results were as follows.

1. As the oxygen concentration in the plasma gas and plasma intensity increased, the 

generation of OH radicals increased.

2. ROS generation was increased as the plasma irradiation time and plasma intensity 

increased. 

3. As the plasma irradiation time and plasma intensity was increased, P. gingivalis 

colony and biofilm decreased. 

4. There was no significant effect on the HGF-1 survival rate until 60 sec of plasma 

exposure, but the survival rate decreased after 90 sec. Cell viability decreased as 
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the ROS inside the cell increased.

Plasma sterilization was confirmed to be very effective method in treating 

peri-implantitis through P. gingivalis sterilization experiment.

In conclusions, surface modification and sterilization using plasma technology could 

provide the introduction of functionalization on biomaterial having poor bioactivity, and 

bactericidal effect. It was that plasma technology will have infinite applications in the 

biomedical field.
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1. General Introduction
  Tissue engineering is the study of restoring, maintaining, or improving the function of 

tissues or organs damaged by accidents or aging. Tissue engineering is composed of 

three main factors include cells, scaffolds, and growth factors. For successful tissue 

regeneration, it is important to select cells suitable for the tissue to be regenerated, 

design a scaffold with a shape and structure suitable for the structure of the tissue, and 

select growth factors suitable for the characteristics of the tissue. Recently, tissue 

engineering is being studied in a variety of fields, from the regeneration of organ 

tissue, which is soft tissue, to bone, which is hard tissue [1]. 

  In particular, the mostly clinical used research is in the field of bone regeneration, 

where bone diseases and bone tissue damage due to aging, obesity, and accidents are 

increasing [2]. 

  Extensive studies have reported the considerable shortcomings, limitations, and 

complications of current clinical treatments for bone repair and regeneration; these 

include autologous and allogenic transplantations using autografts and allografts [3]. 

  The challenging history of grafting procedures has led to increasing demand for 

alternative treatments. Failure rates of nearly 20% due to infections, hematoma, 

immunological rejection, sensory loss and prolonged pain was reported in the last 

decade [4-6]. 

  Synthetic biomaterial devices represent a promising alternative to bone grafts, able to 

remove immunological reactions and mitigate inflammatory responses. Specifically, 

polyethylene (PE) has demonstrated a more consistent, efficient, low-cost alternative to 

some bone grafts able to replace tissue lost and, in only some cases, restore tissue 

function.

PE represent the most popular plastic globally, due to its easy and cheap 

manufacturing processes, and also represents a versatile biomaterial with significant 

clinical impact. PE is categorized by its density and branching and as such, several 

types of PE exist ranging from ultra-high-molecular-weight to medium- and low-density 

PE, each with varying thermal, mechanical, chemical, electrical and optical properties 

relevant for biological mimicry. 
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As representative commercial product using HDPE, MEDPOR® implants, developed 

by Porex Corp (Fairburn, GA, USA) and now owned by Stryker (Kalamazoo, MI, 

USA), have largely dominated the market [7, 8]. Overall, PE is a highly versatile and 

adaptable biomaterial utilized extensively in pre-clinical studies and clinical practice, 

demonstrating superior performance compared to autografting and other biomaterial 

implants, and becoming recognized as the ‘gold standard’ in a wide range of treatment 

[9].

  In recent years, scaffolds for bone regeneration have been widely developed and it 

can be designed as a patient-tailored shape and fabricated 3D printing technique. 

Plasma surface modification is a versatile and economic surface-modification 

technique that alters the functionality of biomaterials. The advantage of this technique is 

that we can attach various functional polymers on the desired surface site. A prime 

attribute of these processes is that materials of different chemistry than the original 

substrate can be incorporated into the biomaterial component so that specific beneficial 

in vivo behaviors can be attained [10, 11]. Bio-integration is the ideal outcome 

expected of an artificial implant. This implies that the phenomena that occur at the 

interface between the implant and host tissues do not induce any deleterious effects 

such as chronic inflammatory response or formation of unusual tissues [12].

In this study, we investigated the surface modification of high-density polyethylene 

(HDPE) by polymerization process using low-pressure plasma. Furthermore, surface of 

titanium (Ti) disks was coated with amine functional group to regulate cell reaction on 

the surface of a Ti disks using atmospheric pressure plasma. Additionally, antibacterial 

efficacy of cold atmospheric plasma (CAP) was also evaluated using Porphyromonas 

gingivalis (P. gingivalis) periodontitis model onto Ti disks.
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2. Backgrounds

2.1. Bone tissue engineering
In recent years, bone tissue engineering is rapidly developing due to the development 

of 3D bio-printing technology. Bio-printing has the ability that it can be customized for 

each patient tissue structure. [13]. Bone tissue engineering strives to replicate the 

osteoconductive, osteoinductive, and osteogenic properties of bone [14]. Despite 

advancements in manufacturing synthetic bone and soft tissue composites, their clinical 

applications have limited. 

Tissue engineering could provide a single-stage solution for surgical treatment of 

segmental long bone defects. The ideal engineered graft would be osteoconductive, 

osteoinductive, promote osteogenesis and angiogenesis, allow load transfer with 

weight-bearing activities, and be biocompatible with host tissue. Many promising 

constructs exist, but none meet all of the qualities outlined above. As shown in Table 

2.1, the list of materials and manufacturing methods that have been trialed in attempt 

to create a better engineered bone scaffold are quite extensive [15]. 
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Table 2.1. Manufacturing methods and materials that have been used in the construction 

of porous scaffolds to replace bone damage [15]

Rigid porous scaffolds
Manufacturing Materials

§ Molding
§ Foaming
§ Leaching
§ Template-casting
§ Machining
§ Layer-by-layer assembly
§ Lithographic techniques
§ Additive manufacturing

§ Metals (titanium, tantalum, magnesium)
§ Ceramics (Calcium phosphate, calcium 
hydroxyapatite, calcium sulfate, Beta-TCP, 
etc.)
§ Polyesters
§ Polyurethanes
§ Polycarbonates
§ polyanhydrides
§ Polyphosphazenes
§ Polypropylene fumarates
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2.2. Biomaterials
Biomaterials can be extracted from nature or made artificially through a variety of 

chemical approaches using polymers, bioceramics, metals, and so on. Accordingly, 

biomaterials may constitute part or all of a living structure or biomedical device that 

performs, enhances, or replaces natural functions. Various biomaterials constituting the 

scaffolds (natural and synthetic materials, biodegradable and permanent materials, etc.) 

have been studied [16]. Most of these are research subjects for use as bioabsorbable 

suture materials, which were known in the medical field before the advent of tissue 

engineering.

Bones are the functional tissue, to provide structural support, protect vital organs, 

store minerals, helps in multi-directional motion and bear load of our body [17]. Bone 

implants are fabricated through biomaterials which are categorized as: (a) first 

generation, (b) second generation, and (c) third generation biomaterials. First generation 

implants are bioinert, second generation implants are biodegradable, bioinert and 

bioactive. Third generation implants focuses on stimulating specific cellular response at 

molecular level along with the properties of second generation [17] (Figure 2.1).
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Figure 2.1. Evolution of biomaterials [17].
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Biocompatibility is clearly important, although it is important to note that 

“biocompatibility” is not an intrinsic property of a material, but depends on the biologic 

environment and the leeway that exists with respect to tissue reaction. Similarly, the 

material must be neither cytotoxic nor systemically toxic. Therefore, it is important to 

be aware of the potential toxicity of the materials’ breakdown products, as well as of 

residual unreacted cross-linking agents (e.g., glutaraldehyde), reactive groups on 

polymers (e.g., aldehydes, amides, hydrazides), and similar issues. 

As alluded to above, the mechanical properties for biomaterials in tissue engineering 

are determined by the target environment and delivered cells. In general, the properties 

of the construct should match those of the surrounding tissue: e.g., relatively tough in 

bone, softer in pliable tissues. The properties will also be defined by the delivered 

cells’ need for porosity for in-growth, delivery of nutrients, or protection from the 

environment, perhaps especially in the case of non-autologous transplants.
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2.2.1. Polymer 
The biomaterials used in tissue engineering can be broadly classified as synthetic 

polymers, which includes relatively hydrophobic materials such as the hydroxyacid [a 

family that includes poly(lactic-co-glycolic) acid, PLGA], polyanhydride, and others; 

naturally occurring polymers, such as complex sugars (hyaluronan, chitosan); and 

inorganics (hydroxyapatite). There are also functional or structural classifications, such 

as whether they are hydrogels, injectable, surface modified, capable of drug delivery, by 

specific application, and so on [18].

Natural polymer

Natural materials used as biomaterials include proteins such as collagen, fibrin, and 

gelatin, and polysaccharides such as hyaluronan, agarose, alginate, and chitosan. 

Scaffolds made of natural materials generally have good biological compatibility, but 

lack mechanical stability, and problems with the supply, processing, and disease 

transmission potential of natural materials may arise [19].

Synthetic polymer

Polymeric biomaterials play important roles in a wide variety of medical devices, 

diagnostic systems, and pharmaceutical formulations. During the past few decades, 

tremendous amounts of new polymeric biomaterials have been developed in association 

with the emergence and fast growth of the field of tissue engineering and regenerative 

medicine. These polymeric scaffolds, most often made of biodegradable synthetic 

polymers and natural macromolecules, play a pivotal role in tissue engineering and are 

used in the regeneration of essentially all tissue types [20]. 

Polylactone and complexes such as polylactic acid (PLA), polyglycolic acid (PGA), 

and polycaprolactone (PCL), which are representative synthetic polymers used as 

biomaterials, are most commonly used as fixtures because of their excellent 

biocompatibility [21].

Polylactic acid, a synthetic polymer well known for sutures, is a polyester that breaks 

down in the body to form lactic acid that can be easily removed from the body [22].
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Polyglycolic acid composed of biodegradable aliphatic polyester is also used in various 

medical fields, and it can be degraded in 2-4 weeks in body [23].

Polycaprolactone decomposes very slowly compared to PLA. Degradation in vivo was 

observed for up to 3 years. Therefore, it is widely used in long-term implantation and 

drug release control applications [24]. 

Polyesters, which are mainly used, have disadvantages including immune rejection due 

to reduced bioactivity. In addition, polylactic acid and polyglycolic acid are decomposed 

by hydrolysis to generate carbon dioxide and lower the pH to create an acidic 

environment. In severe cases, it can induce tissue necrosis [25].

Polyethylene has many advantages as a biomaterial for medical implants and has been 

extensively applied to the fabrication of porous high-density polyethylene implant for 

facial and cranial reconstruction [26].

Other kinds of devices and materials in used with the U.S. Food and Drug 

Administration were given in Table 2.2.

To overcome this limitation, recently, a composite material has been developed by 

integrating polyester and hydrogel materials. Hydrogels are hydrophilic, capable of 

absorbing water, and often exhibit superior biocompatibility compared to hydrophobic 

polymers (such as polyester). However, hydrogels exhibit weak mechanical strength and 

can be easily deformed under pressure or water vapor conditions, so they are often 

used by mixing with materials with mechanical strength such as ceramics [27].
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Table 2.2. List of common medical devices and materials by FDA [28]

FDA Category Common Devices
Synthetic Polymer 

Material Used

Anesthesiology • Epidural catheters • Polythylene

• Polytetrafluoroethylene

• Polyamide
Cardiovascular • Pacemaker

• Implantable 

cardioverter/defibrillator

• Left Ventricular Assist Device

• Mechanical heart valves

• Artificial blood vessels

• Catheters

• Polypropylene

• Polyethylene

• Polytetrafluoroethylene

• Polyamide

• Polyethyleneterephthalate

• Polydimethylsiloxane

• Polyhydroxyalkanoates
Dental • Dentures

• Dental implants

• Polymethylmethacrylate

Ear, nose, 

and throat

• Cochlear implants

• Staples implant

• Nasal implants for nose 

reconstruction

• Polydimethylsiloxane

• Liquid crystal polymer

• Polyethylene

• Parylene

• Silicone
Gastroenterology 

and urology

• Penile implants

• Neurostimulator in sacral nerve 

stimulation

• Foley catheter 

• Artificial urinary sphincter implant

• Hernia or vagina mesh

• Polydimethylsiloxane

• Polyethylene

• Polytetrafluoroethylene

• Polyamide

• Polyhydroxyalkanoates

• Silicone
General and 

plastic surgery

• Synthetic blood vessels

• Breast implants

• Cheek, jaw, and chin implants

• Lip implant

• Titanium surgical implant

• Hip implant

• Polyethylene

• Polyethyleneterephthalate

• Polytetrafluoroethylene

• Silicone

• Polydimethylsiloxane
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Hematology and 

pathology

• Central venous access device

• Peripherally inserted central 

catheter

• Polyethylene

• Polytetrafluoroethylene

• Polyamide
Neurology • Implantable pulse generator for 

deep brain stimulation

• Neuroprosthetics

• Cognitive prostheses

• Catheters

• Poluimides

• Polydimethylsiloxane

• Parylene

• Liquid crystal polymer

• SU-8

• Polyethylene

• Polytetrafluoroethylene

• Polyamide

• Polyhydroxyalkanoates
Obsteric and 

gynecologic

• Intrauterine device (IUD)

• Intravaginal rings

• Etonogestrael-releasing 

contraceptive implant

• Urogynecologic surgical mesh 

implants

• Fetal micro-pacemaker

• Silicone

• Polyurethane

• Polypropylene

Ophthalmic • Dexamethasone intravitreal 

implant

• Retinal prosthesis

• Artificial intraocular lens

• Glaucoma valve

• Fluocinolone opthalmic implant

• Orbital implant

• Catheters

• Polymethylmetacrylate

• Polyethylene

• Polytetrafluoroethylene

• Polyamide

Orthopedic • Orthopedic implants • Polyethylene

• Polyether ether ketone

• Polyhydroxyalkanoates
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2.2.2. Metals
Ti and Ti alloy

Titanium (Ti) has been used for a long time in the medical implant field due to its 

high corrosion resistance in various media such as seawater and aqua regia, as well as 

non-toxicity and biocompatibility in the human body. For many years, commercially 

pure Ti as well as some alloys such as binary and tertiary Ti alloys have been used. 

Ti6Al4V is the most used Ti alloy in dentistry [29].

Ti implant 

Since the 1960s, Ti has become a popular metallic biomaterial because of its 

properties for many biomechanical applications including dentistry. The use of 

bone-anchored titanium implants has become routine treatment modalities in dentistry. 

Chemical and biological interactions between the coated titanium surface and the host 

tissue start with binding of water molecules, ions and biomolecules, followed by 

mineralization at the implant surface. Therefore, the initial state of the titanium surface 

is decisive for the tissue regeneration around the implant [30].

Ti Surface treatment 

Apart from surgical procedures, the success of implants is highly dictated by the 

surface properties of the implant material that influence molecular interactions, cellular 

response and thereby, bone regeneration [30].

Plasma spray coating 

Plasma spraying technique generally involves thick layer of depositions, such as 

hydroxyapatite (HA) and titanium (Ti). The coating process includes spraying thermally 

melted materials on the implant substrates. A combination of HA coating on Ti alloys 

substrate has received many attentions due to their attractive properties such as good 

biocompatibility and mechanical properties [31].
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Grift blasting 

Another route for roughening the surface is grit blasting, through pressurised particle 

projection either using ceramic materials or silica onto the implant surface. Materials 

such as sand, hydroxyapatite, alumina, or TiO2 particles are usually employed for the 

purposes [31].

Acid etching 

In acid etching, the use of acids on metal surfaces is not only to clean the surface 

but also to modify the roughness. A strong acid like hydrofluoric (HF), nitric (HNO3), 

and sulphuric (H2SO4) or a combination of these acids is commonly used in this 

technique. Acid etched surfaces had increased cell adhesion and bone formation, thus 

enhancing the osseointegration [31].

Dual Acid Etching (DAE) 

Similar to acid etching, the DAE is also able to treat the surface via chemical or 

acid whether in sequence or with the combination of both. Rapid osseointegration can 

be achieved by dual etching through micro rough surface. A comparative study between 

a machined surface and those using HF and HCl/H2SO4 (DAE) has shown the acid 

treated surface has greater resistance to reverse torque removal and better 

osseointegration [31].

Sandblast, Large-Grit, and Acid Etching (SLA)

SLA is used to induce surface erosion by applying a strong acid onto the blasted 

surface. This treatment combines blasting with large-grit sand particles and acid etching 

sequentially to obtain macro roughness and micro pits to increase the surface roughness 

as well as osseointegration [31].

Plasma Immersion Ion Implantation [32]

Since the PIII technique enables to embed a great variety of elements into the 

near-surface region of the various substrates, it offers unique advantages for surface 

modification technologies of biomaterials (Lin et al., 2019). The most valuable feature 
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of PIII is that the concentration and depth distribution of the implanted ions in the 

substrate can be strictly controlled by adjusting the implantation parameters (Jin et al., 

2014). In addition, it has been demonstrated that it can enhance the hardness, corrosion 

resistance, wear resistance, bioactivity, and antibacterial properties of biomaterials (Chen 

et al., 2020).

Plasma Immersion Ion Implantation and Deposition [32]

The PIII&D method, invented in 1987 by Conrad et al. (1987), it has become a 

routine surface modification method. It has the advantage to levitate the retained dose 

levels that were limited by the sputtering because of ion implantation. Therefore, using 

PIII&D with relatively low cost, a three-dimensional film with strong adhesion, thick 

and without stress is possible to be produced (Yang et al., 2007).

Physical Vapor Deposition [32]

Physical vapor deposition implies a physical coating strategy, involving the 

evaporation of solid metal under the vacuum environment and depositing it on a 

conductive substrate (Hauschild et al., 2015). Generally, vacuum evaporation, ion 

plating, and sputter coating, etc. are among the main methods of PVD. Among them, 

magnetron sputtering technology has been extensively studied and it results in the 

formation of high-quality films over a large area and at a relatively low substrate 

temperature (Nemati et al., 2018; Hamdi et al., 2019).
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2.3. Plasma surface modifications (PSM)

2.3.1. Plasma

Plasma is defined as a form of fourth matter in nature completely different from 

solid, liquid, and gas. That is an ionized state in which ions and electrons are 

separated at high temperature. In other words, when the temperature exceeds a certain 

temperature, the substance passes through the gaseous state and the gas molecules 

therein violently collide to cause ionization. As a result, a large number of positive 

ions and electrons are generated, leading to a randomly moving state. When gas 

molecules or atoms are ionized, positive ions and electrons are always generated in 

pairs, so the number of positive ions and electrons in the plasma is almost the same, 

so that the overall electrical quasi-neutral state is maintained. Therefore, a gas in an 

ionized state with the same density of ions and electrons can be defined as plasma.

Plasma states that can be observed in the surroundings include fluorescent lamps used 

as lighting lamps and neon signs commonly seen on the street. Plasma is also the flash 

of lightning that occurs frequently during rain showers. The aurora that occurs in the 

night sky in the Arctic region can be seen as the light displayed by plasma. Systematic 

studies of plasma began with the research of Irving Langmuir and his colleagues in the 

1920s. Langmuir also introduced the term "plasma" as a description of ionized gas in 

1928 [33].
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2.3.2. Sources and discharge of plasma generation 
As previously mentioned, for surface modification treatments, various plasma sources 

are available. Each of them has its own characteristics such as density, temperature, 

chemical composition, etc., and leads to different results. The choice of the proper 

source for the specific task requires the study of the characteristics of the various 

plasmas [34].

2.3.2.1. Microwave (MW) plasma [34]

MW discharges are electrical discharges generated by electromagnetic waves with 

frequencies between 300 MHz and 10 GHz. MW discharges represent a simple way of 

plasma generation both with high (> 100 W/cm3) and low (< 1 W/cm3) power levels 

and can be used over a wide region of operating pressures (from 10-3 Pa up to 

atmospheric pressure). Nowadays, these discharges are widely used for generation of 

quasi-equilibrium and non-equilibrium plasmas for different applications because of the 

simplicity of control of the plasma internal structure by means of changes of the 

plasma characteristics and the possibility of plasma generation both in small and large 

chambers. The plasma absorbed power can be high enough and runs up to 90% of the 

incident power.

2.3.2.2. Radio frequency (RF) plasma [34]

RF discharges usually operate in the frequency range f = 1–100 MHz. The power 

coupling in RF discharges can be accomplished in different ways: capacitively coupled 

discharges and inductively coupled discharges.

Capacitively coupled plasma (CCP) 

  CCP is generated with high-frequency RF electric fields, typically 13.56 MHz. In its 

simplest form, the RF voltage is applied across two parallel metal plates, generating an 

oscillating electric field between them. This field accelerates electrons leading to an 

ionization avalanche. The parallel electrodes which are separated by a distance of a few 

centimeters may be in contact with the discharge or insulated from it by a dielectric. 
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Gas pressures are typically in the range 1 ~ 103 Pa. In a capacitively coupled RF 

discharge, the electron density is in the range ne = 109 ~ 1010 cm-3 and densities up to 

1011 cm-3 are possible at higher frequencies.

Inductively coupled plasma (ICP) 

  ICP is similar to CCP but the electrode consists of a coil wrapped around the 

discharge volume that inductively excites the plasma. ICP is excited by an electric field 

generated by a transformer from an RF current in a conductor. The changing magnetic 

field of this conductor induces an electric field in which the plasma electrons are 

accelerated. ICPs can achieve high electron densities (ne = 1012 cm-3) at low ion 

energies.

2.3.2.3. Dielectric barrier discharge (DBD) [34]

Dielectric barrier discharges (silent discharges) are non-equilibrium discharges that can 

be conveniently operated over a wide temperature and pressure range. DBDs are 

characterized by the presence of one or more insulating layers in the current path 

between metal electrodes in addition to the discharge space. At a sufficient AC voltage, 

electrical breakdown occurs in many independent thin current filaments. These 

short-lived micro discharges have properties of transient high pressure glow discharges 

with electron energies ideally suited for exciting or dissociating background gas atoms 

and molecules.

Due to charge build up on the dielectric, the field at the location of a micro 

discharge is reduced within a few nanoseconds after breakdown thus terminating the 

current flow at this location. The current density in a micro discharge channel can 

reach 100 to 1000 Acm-2. Due to the short duration, this normally results in very little 

transient gas heating in the remaining channel. The dielectric barrier limits the amount 

of charge and energy deposited in a micro discharge and distributes the micro 

discharges over the entire electrode surface. As long as the external voltage is rising, 

additional micro discharges will occur at new positions because the presence of residual 

charges on the dielectric has reduced the electric fields at positions where micro 
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discharges have already occurred. When the voltage is reversed, however, the next 

micro discharges will form in the old micro discharge locations.

Its flexibility with respect to geometrical configuration, operating medium and 

operating parameters is unprecedented. Conditions optimized in laboratory experiments 

can easily be scaled up to large industrial installations.

Although DBD configurations can be operated between line frequency and microwave 

frequencies the typical operating range for most technical DBD applications lies 

between 500 Hz and 500 kHz.

Plasma can be used in the continuous wave (CW) or pulsed mode. In the continuous 

wave mode, plasma with a specific power is turned on for a specific amount of time. 

In the pulsed mode, plasma is intermittently generated with a fixed duty cycle (Δ).

Δ = ton / ton + toff (1)

  where ton is the time during which the plasma is turned on and toff is the time 

during which the plasma is turned off. The mean power (Pmean) is then defined by 

equation (2) and represents the average energy dissipated in the plasma period, with 

Ppeak the power injected during ton.

Pmean = Δ * Ppeak (2)
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2.3.3. Plasma surface treatment

2.3.3.1. Surface cleaning
Plasma cleaning has been proven effective for critical surface treatments and can 

effectively clean surfaces without having a negative impact on other properties of the 

surface. Plasma cleaning decomposes chemical and biological contaminants at the 

nano-scale, reducing contamination by up to 6 times, including solvent cleaning 

residues, compared to conventional wet cleaning methods. Plasma cleaning creates a 

clean surface that can be glued or further treated without further removal of residues. It 

is based on the effects of ultra-violet lights and active species from the plasma. 

Ultra-violet light generated in the plasma is very effective in removing surface 

contaminants composed of organic bonds. The second cleaning operation is performed 

by active species generated in the plasma. These species can react with organic 

pollutants to form primarily water and carbon dioxide, or act like molecular sandblasts 

and break down organic contaminants. The cleaning method using plasma is one of the 

methods widely used in various fields of biomaterials such as dental or orthopedic 

materials. Figure 2.2 and 2.3 shown the plasma cleaning process with equipment 

photograph and schematic diagram.

Figure 2.2. Plasma cleaning application from dental materials by Relyon plasma 

company equipment [35].
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Figure 2.3. Schematic diagram of plasma cleaning works to contaminated surface [36].
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2.3.3.2. Surface treatment [18]

Cells are sensitive to the environment in which they exist, responding to chemical 

cues, and morphologic aspects of the surfaces with which they are in contact. Although 

the common synthetic polymeric scaffolds have great advantages in terms of their 

manufacturing process and the reproducibility of their degradability and other properties, 

they suffer from a lack of those finer cues. One approach to providing them is by 

modifying their surfaces, by physical adsorption of compounds, or by chemical 

modification. Apart from immobilizing proteins or other compounds for specific biologic 

effects (e.g., adhesion), this approach can also be used to increase polymer 

hydrophilicity to repel proteins and perhaps reduce the tendency toward adhesion (e.g., 

in the peritoneum). Another common type of surface modification is micro- or 

nanopatterning to create structured cellular arrays and influence cell behavior.

In recent years, numerous advances have been performed in developing plasma 

surface treatments to modify the physicochemical features of polystyrene surface without 

varying its bulk property. Various gas plasma treatments were used to produce desired 

polystyrenes surface properties. For example, oxygen-plasma treatment can increase the 

surface energy of polystyrene surface, whereas inert gas plasma can induce cross-linking 

at polystyrene surface. Hence, atmospheric-pressure-plasma-based processes are the 

potential candidate in PS surface pretreatments as it alters the polymer surface 

outermost layer without changing its bulk properties. Furthermore, atmospheric-pressure 

plasmas have a significant function in simultaneously combining polymer surface 

modification and bio-decontamination with the inherent advantages of gas-phase 

processes [37].

Poly(ethylene terephthalate) (PET) is now one of the most recommended polymers for 

engineering purposes, due to its excellent properties (i.e. transparency, mechanical 

strength, gas permeability and chemical resistance), which are useful in many areas of 

technological interest. Unfortunately, PET is not always suitable due to its low surface 

free energy, which affects its wettability and thus any process involving surface 

interactions, as in printability, biocompatibility and adhesion. This is an important issue, 

bearing in mind the role played by the wetting behavior of polymers in a wide range 
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of potential applications, not only industrial (e.g., nanoparticles grafting), but also 

biomedical areas (e.g., tissue engineering). The key role of wettability has been 

highlighted in the literature dealing with these topics. Thus, Rimpelova et al. [38] show 

the need of significantly increasing the hydrophilicity of polyethylene plates as a 

requisite to improve the adhesion and growth of fibroblasts. Other papers (see 

Kasálková et al. [39]) endorse the potential benefit of grafting of nanoparticles onto the 

activated polymers.

  To overcome the problem brought to the fore above, the surface energy content of 

any polymer, PET plates included, needs to be increased without changing other bulk 

properties of the material. A myriad of scholarly papers has tried to improve wettability 

of a number of mainly hydrophobic polymers. In addition to current methods of surface 

modification, as chemical, thermal, mechanical or electrical treatments, plasma treatment 

has become a popular method with an advantage over the traditional wet chemical 

procedures. Apart from being an environmentally friendly technique because it neither 

needs water nor chemicals, plasma treatment is also a very versatile working method 

that can be used with polymer surfaces of different nature and shape. The efficiency of 

plasmas is based on the ability of active species such as ions, electrons, atoms or free 

radicals to induce chemical and physical modifications on the surface. The so-called 

cold, or low-temperature plasmas, have been found to be most suitable to modify 

surface properties of polymers of interest in industry, such as adhesivity, hydrophobicity, 

oleophobicity and hydrophilicity. Although the success of oxygen plasma is obvious, air 

and noble gases as well as plasma of different gases and vapors like O2, N2, NH3, 

H2O, CO2 can also be used. The mechanisms of surface modification after plasma 

treatment differ depending on the type of gas. In case of noble gases, they do not 

incorporate new chemical species on the surface, and the main mechanisms are selective 

bond breakage and possible desorption of short chain species. During the treatment with 

gases other than noble gases, the predominant mechanism is functionalization (i.e., 

surface formation of new chemical groups). In any case, it is known that surface 

modifications induced on the plates after plasma activation are not sustainable over time 

and may change during sample storage. Wetting properties undergo important 

modifications, manifested by changes in surface free energy, which, in turn, determine 
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the values of the contact angles of liquid drops placed onto the surface. Ageing after 

plasma activation is also related to the undesirable effect of the so-called hydrophobic 

recovery of polymers. This makes the study of the ageing effect on the surface 

properties of plasma pretreated polymer samples an issue open for discussion. Morent et 

al. [40] found, that the effect of film storage time was the smallest for the 

argon-plasma treated polymers and the largest for the air plasma. It was explained by 

the highest crosslinking effect caused by argon plasma treatment. There is no paper in 

the literature which would explain this problem by changes in surface free energy using 

two different calculation approaches. So, the novelty of this paper lies in its 

methodology: both advancing and receding contact angle of probe liquids are measured 

and applied to calculate surface free energy by means of two different approaches; they 

explain the specific role played by the different plasma gases used for treatment of 

PET plates [41]. 



- 24 -

2.3.4. plasma-polymerization [42]
Since a few decades, polymeric materials have played a central role in regenerative 

medicine and tissue engineering as artificial tissue replacements and organ 

transplantation devices. Chemical and topographical surface modifications of biomaterials 

are often required to achieve an overall better biocompatibility. 

Non-thermal plasma is a non-invasive, solvent-free alternative for modifying polymeric 

surface properties without affecting the bulk of the material. Plasma-polymerization of 

organic compounds has proven to be an effective tool for thin film production with 

specific surface chemistries, useful for biomedical applications. These polymer layers 

have received a growing interest in tissue regeneration and biomolecules immobilization 

processes. Many different types of chemical functional groups can be introduced. 

Non-thermal plasmas have gained a great interest in plasma deposition of thin 

polymeric coatings. A plasma pre-treatment was used before the deposition of the 

monomer to increase the adhesion between the polymer surface and the plasma 

polymerized coatings due to the presence of reactive sites. The polymerization itself can 

be performed via two different processes: Plasma induced graft polymerization and 

plasma-polymerization. 

The plasma induced graft polymerization of vinyl monomers has been found to be an 

attractive method of chemically modifying the surfaces of polymeric materials. Polymers 

can be treated with an inert-gas plasma and then exposed to oxygen to generate 

hydroperoxide active species that may initiate the grafting of a desired monomer. 

Nowadays, plasma-polymerization is an inexpensive and versatile tool that can be 

used to coat almost any substrate with a variety of different surface chemistries. 

Compared to plasma induced graft polymerization, it follows a different surface 

modification strategy. Gaseous or liquid precursors undergo a sort of polymerization 

process through a free radical initiation reaction. They are exposed to plasma and 

subsequently converted into reactive fragments, which can initiate polymerization and in 

turn recombine to polymers. This results in the production of thin films (so-called 

plasma polymers) with unique chemical and physical properties. They are pinhole free, 

highly cross-linked, thermally stable, chemically inert coatings and strongly bonded to 
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the surface. They will not necessarily have a chemical structure and composition 

comparable to polymers obtained by conventional polymerization techniques. This 

technique is useful in many applications such as packaging, textiles, corrosion protection 

etc. It has also found a broad field of application in the biomedical field including all 

sorts of implants as well as sensors, wound dressings, contact lenses, etc. 
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2.4. Plasma sterilization 
In the field of medicine, sterilization of medical equipment is an important procedure 

for preventing infectious diseases. Recently, plasma sterilization methods have been 

developed as secure sterilization methods and have already been used for sterilizing 

medical equipment [43-48]. After the treatment, active oxygen species instantaneously 

change to oxygen molecules. Therefore, this method is safe for the human body and 

harmless to the environment [49].

Currently, sterilization of medical instruments is mainly performed by high-pressure 

steam sterilization, ethylene oxide gas sterilization, hydrogen peroxide sterilization. 

However, high-pressure steam sterilization cannot be used for materials with a low heat 

resistance and moisture resistance. Further, ethylene oxide gas sterilization and hydrogen 

peroxide sterilization have drawbacks such as requiring a long processing time and 

using carcinogenic gasses. The plasma sterilization method has attracted attention in 

recent years as a new sterilization method to solve these problems. In the plasma 

sterilization method, microorganisms are sterilized by physical and chemical reactions 

due to active species, metastables, ultraviolet rays and high-energy charged particles. 

The plasma sterilization method has advantages over conventional sterilization methods, 

such as being performed at a low temperature, requiring only a short treatment time, 

and being non-toxic. So far, many kinds of plasma sterilization devices have been 

developed and tested for sterilization of microorganisms [41-45, 50]. 

Sterilization is a physical or chemical process that exterminates or inactivates 

microorganisms [47]. The worldwide accepted definition for medical devices to be 

considered sterile is the security assurance level (SAL). The SAL is a statistical 

parameter that refers to the probability of one surviving viable microorganism after 

sterilization. For medical devices, SAL needs to be below 10−6, meaning 1 in 

1,000,000 chance. Sterilization plays a major role in health-care facilities to prevent the 

spread of disease. Current sterilization methods include using autoclave or heat, ethylene 

oxide gas, hydrogen peroxide gas plasma, and radiation [47]. These sterilization methods 

have their limitations. The use of an autoclave or heat is not advisable for 

heat-sensitive materials because they may be disfigured. Ethylene oxide can be used for 
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heat-sensitive materials, but it presents a risk in its toxicity.

Surfaces treated with ethylene oxide require an airing time before they are safe to 

handle [43]. The use of hydrogen peroxide also requires a long processing time and a 

long ventilation time [43]. Gamma rays have been used in radiation sterilization. Using 

radiation requires protection for the operators and a special site to perform it. Plasma 

sterilization presents an option that is low temperature, efficient, and non-toxic. The 

existing hydrogen peroxide gas plasma process is 'partially' plasma sterilization (Figure 

2.4) [51]. This process includes two phases: a diffusion phase and a plasma phase [47, 

51]. First, the sterilization chamber is evacuated, and hydrogen peroxide solution is 

injected from a cassette and is vaporized in the sterilization chamber. The hydrogen 

peroxide vapor diffuses through the chamber and initiates the inactivation of 

microorganisms on all the surfaces exposed to the sterilant. Second, a gas plasma is 

created in the chamber. The residual hydrogen peroxide is then broken apart by the 

plasma, which aids in the removal of hydrogen peroxide residuals from the sterilizer 

load in order to make the contents safe for handling and use. Hence, the hydrogen 

peroxide plasma treatment is a direct gas plasma sterilization. In the past 15 years, 

low-temperature pure gas plasma sterilization has attracted great interest because of the 

unique characteristics of plasmas. Plasma is quasi-neutral ionized gas, known as the 

fourth state of matter. A large number of gas ions (e.g. O2
+), atoms (e.g. O), and 

excited species (e.g. O*, O2
*) can be created in a plasma. These gas species are highly 

reactive and can effectively destroy or inactivate bacteria. Current literature agrees that 

there are three mechanisms by which plasma sterilizes a surface: ultra-violet (UV) 

irradiation of genetic material, chemical reactions with the plasma species, and plasma 

ion sputtering [52].
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Figure 2.4. Roles of the physical mechanism on the effect of microbubbles and 

plasma-derived NO in biofilm dispersal [51].
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2.5. Applications of plasma
  Plasma research in various fields has not ceased recently. Plasma technology has 

great significance in that it can be applied to various fields, is eco-friendly, and is 

future-oriented. Comprehensively, it is divided into semiconductor, aerospace industry, 

biotechnology, nanotechnology, and information technology fields. It is recognized as an 

eco-friendly technology because there is almost no waste from plasma generation and it 

is used to purify greenhouse gases and polluting gases.
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3. Part Ⅰ: HDPE surface modification by amine 

plasma-polymerization using three kinds of 

monomers 

3.1. Introduction 
  Surface modification is a promising option for modulating the biological response of 

material surface, and there are various physical or chemical techniques to enhance the 

roughness, hydrophilicity, surface charge, surface energy, reactivity and biocompatibility 

[53-56]. 

  For example, surface plasma modification enhances attachment of human umbilical 

vein endothelial cell (HUVEC) of polyurethane copolymer [57]. Furthermore, surface 

coating and patterning technologies using nanomaterials can be used to enhance the 

potential and durability of dental implant [58]. Among various technologies for surface 

modification, plasma technology was introduced to enhance the biological response in 

vitro/in vivo by attaching various functional groups such as carboxyl, hydroxyl, and 

primary amine to the surface of the material [33, 57-59]. 

  Low-pressure plasma technology has been extensively used for surface modification of 

various materials and for deposition of specific functional groups on the material 

surface [60-62]. 

  The advantage of this technology is able to process huge amount of surface 

simultaneously. Therefore, plasma technology can be considered as an useful method for 

formation of polymeric materials by using plasma state of monomers and/or reactive 

species. 

  Especially, plasma-polymerization is a useful technique for ultrathin films deposited 

onto material surface having various properties from surface energy to biocompatible 

functional groups [60-62]. These film properties can be controlled and changed in situ. 

Furthermore, ultrathin films formed by plasma-polymerization can be applicable in 

deposition of specific molecules on the top of existing materials, addition of specific 
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features to the surface, and controlling the biological activity of the surface [63-65]. 

  High density polyethylene (HDPE), which is a synthetic biomaterial, have been 

investigated as a three-dimensional scaffold for bone defect reconstruction [66, 67]. 

Since HDPE provide excellent mechanical properties, low cost and appropriate structure 

as a biomaterial, it has been used to reconstruct bone defects [66, 67]. However, 

disadvantages of HDPE such as inert, hydrophobic, no functional groups, poor reactivity 

limit its application as a biomaterial [68, 69]. From these reasons, many scientists have 

been investigated to modify surface of HDPE to have functional and bioactive surfaces 

[68-70]. For example, Kim et al. reported that collagen was successfully grafted with 

HDPE/poly(ethylene-co-acrylic acid) (PEAA) composites and then HDPE/PEAA/collagen 

scaffold provided excellent foundation for proliferation of osteoblast cells [68].

  Plasma-polymerization of amine-based monomers is an efficient way to prepare 

bioactive amino functionalized polymer surfaces. 

  Especially, primary amine (-NH2) functional groups can promote covalent 

immobilization with biomolecules such as protein like antibodies, collagen, and DNA. 

Moreover, protonated amines can introduce a localized positive charge in aqueous 

solution at physiological pH value, which can potentially be used for electrostatic 

interactions with negatively charged cells and proteins and is propitious to promote cell 

adhesion and proliferation. 

  Mesenchymal stem cells (MSCs) may be the best choice for regenerative medicine to 

check the cellular response on the amine rich surface. In particular, MSCs was cell of 

great interest in regenerative medicine because of their low immunogenicity and 

self-renewal capacity [71].

  In order to successfully carry out the amine plasma-polymerization under low 

pressure RF plasma, plasma process needs to be optimized. Process variables include 

pressure inside the reactor, precursor flow rate, processing time, reaction gas flow rate, 

and a uniform product can be produced by optimizing these variables.

  The aim of this study was to optimize the amine plasma-polymerization on the 

HDPE surface using low-pressure RF plasma equipment and to verify the effect of 

amine surface modification through the proliferation of MSCs. In present study, 

allylamine (AA), cyclopropylamine (CPA), and 1,2-diaminocyclohexane (DACH) were 
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used as monomers for plasma-polymerization. 
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3.2. Materials

3.2.1. Preparation of high density polyethylene samples
  Commercial HDPE (ORBILAN, Rosendahl, Germany) was used as a substrate 

material. HDPE disk was purchased with a diameter of 32 mm and a thickness of 5 

mm. Sample were ultrasonically cleaned in acetone for 10 min and deionized water for 

10 min subsequently (Figure 3.1).

3.2.2. Amine monomers
  Three monomers were selected for use in plasma-polymerization. All monomers have 

amine groups of primary amines, include AA (241075, Sigma-Aldrich, 99% purity, St. 

Louis, MO, USA), CPA (A13844, Alfa Aesar, 98% purity, Haverhill, MA, USA), and 

DACH (132551, Sigma-Aldrich, 99% purity, St. Louis, MO, USA) (Figure 3.2).

3.2.3. Low-pressure RF plasma deposition 
  Plasma-polymerization was performed by radio frequency (RF) discharge device 

(UM1000134-001A mini plasma station, PLASMART, Korea), and its schematic diagram 

was shown in Figure 3.3. The inside of the chamber was maintained in a vacuum state 

using a rotary pump (GHP-800K, Kodivac, Korea). The flow rate of argon (Ar) gas 

required for pre-treatment and post-treatment was controlled by MFC. Plasma power 

was generated through a 13.56 MHz RF generator and adjusted with auto impedance 

matcher (Figure 3.3). 
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Figure 3.1. Photographs of HDPE disk sample used in this study.

(a)                          (b)                     (c)

          

Figure 3.2. Constitutional formula of plasma-polymerization monomers, (a) Allylamine, 

(b) Cyclopropylamine, (c) 1,2-Diaminocyclohexane.

Figure 3.3. Schematic diagram and actual image of low-pressure plasma system.
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3.3. Methods

3.3.1. Plasma-polymerization
  HDPE surface modification was carried out by depositing an ultra-thin polymeric 

layer containing amine groups on the surface through plasma-polymerization using AA, 

CPA, and DACH monomers. HDPE samples were pretreated by Ar gas at 15 mTorr 

for 20 sccm (standard cubic centimeter per minute) and a RF power of 30 W for 10 

sec. Plasma-polymerization was carried out at a discharge power of 60W (for AA and 

CPA), 80W (for DACH) and reactor pressure of 30 mTorr (for AA), 40 mTorr (for 

CPA), 10 mTorr (for DACH), respectively. After plasma-polymerization, poly amine 

thin film was formed on the HDPE surface. These specimens were desinated as 

follows: AA-H, AA-L, CPA-H, CPA-L, DACH-H, DACH-L (Table 3.1).

Table 3.1. Amine plasma-polymerization conditions (Nozzle diameter: 3.5 mm)

Monomers
Plasma power 

(W)
Reactor pressure 

(mTorr)
Distanc from 
center (cm)

Allylamine (AA) 60 30 7

Cyclopropylamine (CPA) 60 40 7

1,2-Diaminocyclohexane (DACH) 80 10 7
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3.3.2. Surface characterizations

3.3.2.1. Contact angle

  The contact angle was examined using a GSX (Surfacetech, Korea) equipped with a 

CCD camera. After 4 sec of dropping 7 μL of deionized water on the surface, the 

GSX instrument automatically measures the contact angle. The contact angles were 

extracted from the captured images using the Surfacetech software (version 1.1.5.6) and 

averaged over multiple readings (n = 3).

3.3.2.2. Amine concentration measurement [72]

  Amine concentration was investigated by Orange Ⅱ method. The Orange Ⅱ sodium 

salt (Orange Ⅱ, 195235, Sigma-Aldrich, 85% purity, USA) was diluted to a 

concentration of 14 mg/mL in pH 3 water for binding to amine functional groups. 

Sample surfaces were place in contact with the Orang Ⅱ solution for 30 min at 40℃. 

After 30 min, each sample was washed two times with pH 3 water to remove any dye 

that did not adsorb onto the surface. The dye was desorbed from sample in a pH 10 

water. Desorbed samples were measured for absorbance at a wavelength of 560 nm 

using an enzyme-linked immunosorbent assay (ELISA) reader (Epoch, BioTek, 

Winooski, VT, USA).
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3.3.3. Mesenchymal stem cells (MSCs) proliferation

3.3.3.1. Mesenchymal stem cell culture

 MSCs (PT-5006, Lonza, Basel, Switzerland), a normal human adipose derived stem 

cells isolated from normal (non-diabetic) adult lipoaspirates collected during elective 

surgical liposuction procedures, were cultured in Dulbecco’s modified eagle medium 

(DMEM, 11885084, Gibco, Waltham, MA, USA) growth media, DMEM supplemented 

with 10% fetal bovine serum (FBS, 26140079, Gibco, Waltham, MA, USA) and a 

penicillin-streptomycin solution (100 units/ml penicillin and 100 unit/mL streptomycin, 

15140122, Gibco, Waltham, MA, USA) as antibiotic. MSCs were plated at 2.875 × 105 
cells on 100 mm culture dish and were cultured until the cell reached 90% confluence. 

Trypsin-EDTA (CC-5012, Lonza, Basel, Switzerland) solution of 3 mL was added in 

the culture dishes to detach adhered cells. Detached cells were added in Trypsin 

neutralizing solution (TNS, CC-5002, Lonza, Basel, Switzerland) 6 mL and aspirated by 

gentle pipetting. The cell suspensions were each transferred to 15 mL conical tube and 

it was spun down at 210 × g (Allegra X-15R, Bechman coulter, Brea, CA, USA) for 5 

min at room temperature. The supernatant were carefully sucked out. Cell pellets were 

resuspended with DMEM growth media of 5 mL. Appropriate aliquots of suspended 

cells were plated in 100 mm culture dish. They were serially subcultured through this 

procedure and passaged at each 90% confluence level. The 5 passages MSCs were used 

for this study. All procedures were carried out at 37℃ in a CO2 incubator 

(MCO-15AC, Sanyo Electric, Osaka, Japan) containing 5% CO2 mixed gas.

3.3.3.2. Cell proliferation 

  Cell proliferation was measured by WST-8 (CM-VA2500, Cellomax Cell Viability 

Assay Kit, Precaregene, Anyang-si, Korea) reagent. A water-soluble yellow dye that can 

be reduced to water-soluble orange formazan crystals by the dehydrogenase system of 

active cells. The third passages subcultured MSCs in 100 mm culture were detached 

with 3 mL of trypsin-EDTA and resuspended in 6 mL TNS to neutralize them. After 

centrifugation the cells were diluted to a final concentration of 3 × 104 cells/mL in the 

prepared DMEM growth media as determined by a cell counter (CountessTM Ⅱ, 
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Thermo Fisher scientific, Waltham, MA, USA). Each of specimen (HDPE, AA-H, 

CPA-H, DACH-H, AA-L, CPA-L, and DACH-L) was sterilized by 70% ethanol. The 

specimens were put in 6 well plate and the cells were seeded at a density of 9 × 104 
cells/well on them. After 6, 12, and 18 d of cultivation of cell, the cells were 

incubated with 300 μL of the WST-8 solution per well at 37℃ for 1 h. A 100 μL 

aliquot of the solution from each well was aspirated and poured onto a 96-well plate 

to measure the absorbance at 450 nm using an ELISA reader.
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3.4. Results

3.4.1. Surface characterizations

3.4.1.1. Allylamine plasma-polymerization for process optimization

  Since plasma-polymerization can be occurred by reaction of activated gas each other 

on the HDPE surface, internal pressure and power of plasma were adjusted to find 

optimal conditions for plasma-polymerization with AA, CPA, and DACH as shown in 

Figure 3.4. The internal pressure of the plasma reactor was varied from 30 to 60 

mTorr with 10 mTorr intervals. The applied plasma power and nozzle size were fixed 

at 80W and 3.5 mm respectively. The polymer film produced by polymerization was 

the thickest at 30 and 60 mTorr.

  Figure 3.5 shows the AA plasma-polymerization pattern in the reactor. Plasma power 

was selected as 30, 60, and 90 W, and internal pressure were set 30 mTorr to and 60 

mTorr. The applied nozzle size was fixed at 3.5 mm. The polymer film produced by 

polymerization was the thickest and darkest at 60 W plasma power, 30 mTorr internal 

pressure.

  Figure 3.6 shows the contact angle and amine concentration for distance from center. 

The contact angle decreased away from center. In addition, the highest concentration of 

amine was detected at a distance of 7 cm compared to other distances.
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Figure 3.4. The effect of chamber inside pressure on the surface distribution patterns of 

allylamine polymeric thin film. The pressure inside the chamber was varied from 30 to 

100 mTorr; (a) 30 mTorr, (b) 40 mTorr, (c) 50 mTorr, (d) 60 mTorr, and (e) 100 

mTorr. Plasma-polymerization was performed on the 19 cm diameter stainless steel plate 

and set up by 80 W power using 3.5 mm nozzle diameter.
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Figure 3.5. The effect of chamber inside pressure and plasma power on the surface 

distribution patterns of allylamine polymeric thin film. The pressure inside the chamber 

was selected to be 30 and 60 mTorr; (a-c) 30 mTorr, (d-f) 60 mTorr. Also, plasma 

power varied from 30 W to 90 W; (a, d) 30 W, (b, e) 60 W, and (c, f) 90 W. 

Plasma-polymerization was performed on the 19 cm diameter stainless steel plate using 

3.5 mm nozzle diameter.
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Figure 3.6. Effect of distance from center on the amine concentration distributions. (a) 

Sample positions marked on surface. (b) Contact angles as a function of distances from 

center and positions marked on surface. (c) The effect of distance from center to 

positions on the changes of amine concentrations. Plasma-polymerization was carried out 

at 60 W power and 30 mTorr chamber pressure.
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3.4.1.2. Cyclopropylamine plasma-polymerization for process optimization

  For CPA plasma-polymerization, since the amine distribution pattern on surface did 

not appear, the optimization of plasma-polymerization was determined by measuring the 

amine concentration on the surface for each condition.

  Figure 3.7 shows that the effect of the plasma reactor internal pressure changed. The 

pressure increased by 5 mTorr from 30 mTorr to 50 mTorr. The applied plasma power 

was fixed at 60 W, and the nozzle size was fixed at 3.5 mm. There was no change in 

the surface due to polymerization, so it was impossible to confirm.

  Figure 3.8 shows the amine concentration with internal pressure and position. The 

experimental conditions were the same as in Figure 3.7. As a result of measuring the 

amine concentration, it was confirmed that it came out most uniformly at 40 mTorr.

  Figure 3.9 shows the amine concentration with plasma power and position. The 

power increased by 10 W from 50 W to 70 W. The internal pressure was fixed at 40 

mTorr, and the nozzle size was fixed at 3.5 mm. As a result of measuring the amine 

concentration, it was confirmed that it came out most uniformly at 60 W.

  Figure 3.10 shows the contact angle and amine concentration for distance from 

center. The contact angle decreased away from center. The amine concentration on the 

surface was increased from the distance of 7 cm from the center of the nozzle.
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Figure 3.7. The effect of pressure inside the chamber on the surface distribution 

patterns of cyclopropylamine polymeric thin film. The pressure inside the chamber was 

varied from 30 to 50 mTorr. (a) 30 mTorr, (b) 45 mTorr, (c) 40 mTorr, (d) 45 mTorr, 

and (e) 50 mTorr. Plasma-polymerization was performed on the 19 cm diameter 

stainless steel plate and set up by 60 W power using 3.5 mm nozzle diameter.
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Figure 3.8. Effect of chamber pressure on the changes of amine concentration 

distributions. The pressure inside the chamber was varied from 30 to 50 mTorr. (a) 

sample positions marked on surface, (b) 30 mTorr, (c) 35 mTorr, (d) 40 mTorr, (e) 45 

mTorr, and (f) 50 mTorr. Plasma-polymerization was carried out at 60 W power using 

3.5 mm nozzle diameter.
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Figure 3.9. Effect of plasma power on the changes of amine concentration distributions. 

The plasma power was varied from 50 to 70 W; (a) Sample positions marked on 

surface, (b) 50 W, (c) 60 W and (d) 70 W. Plasma-polymerization was carried out at 

40 mTorr chamber pressure using 3.5 mm nozzle diameter.
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Figure 3.10. Effect of distance from center on the changes of amine concentration. (a) 

Sample positions marked on surface, (b) Contact angles. (c) Plots of amine 

concentrations vs. distance from nozzle. Plasma-polymerization was carried out at 60 W 

power and 40 mTorr chamber pressure.
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3.4.1.3. 1,2-Diaminocyclohexane plasma-polymerization for process 

optimization

  Figure 3.11 shows that the effect of the plasma reactor internal pressure changed. 

The pressure increased by 5 to 45 mTorr. The applied plasma power was fixed at 50 

W, and the nozzle size was fixed at 2 mm. The polymer film produced by 

polymerization was the thickest and darkest at 10 mTorr. From this result, the internal 

pressure during DACH plasma-polymerization was fixed at 10 mTorr. Finally, amine 

concentration was investigated by changing plasma power and nozzle diameter.

  Figure 3.12 shows the DACH plasma-polymerization pattern in the reactor. Plasma 

power was selected as 50 W and 80 W, and nozzle sizes were set to 0.5, 1, 2, and 

3.5 mm. The applied internal pressure was fixed at 10 mTorr. The polymer film 

produced by polymerization was the thickest and darkest at 80 W plasma power, 3.5 

mm nozzle size.

  Figure 3.13 shows the DACH plasma-polymerization coating was stable in two kinds 

of liquid. In this experiment, linear low density polypropylene (LLDPP) was used for 

measuring for Fourier-transform infrared spectroscopy (FT-IR) after 

plasma-polymerization. The polymerized sample was measured three times in total, and 

the polymerized state, the state after 1 h at 25°C and 100 rpm, and the state after 5 

min in 70% alcohol are indicated. All samples had amine groups on the sample surface 

and showed N-H band at 1640 cm-1. 

  Figure 3.14 shows the contact angle and amine concentration for distance from 

center. The contact angle decreased from 5 cm to 9 cm. In addition, the amine 

concentration of surface was decreased as the distance from nozzle center.
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Figure 3.11. The effect of chamber inside pressure on the changes of surface 

distribution patterns of 1,2-diaminocyclohexane polymeric thin film. The pressure inside 

the chamber was varied from 5 to 45 mTorr; (a) 5 mTorr, (b) 10 mTorr, (c) 15 

mTorr, (d) 20 mTorr, (e) 25 mTorr, (f) 30 mTorr, (g) 35 mTorr, (h) 40 mTorr and (i) 

45 mTorr. Plasma-polymerization was performed on the 19 cm diameter stainless steel 

plate and set up by 50 W power using 2 mm nozzle diameter.
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Figure 3.12. The effect of plasma power and nozzle diameter on the changes of surface 

distribution patterns of 1,2-diaminocyclohexane polymeric thin film. The plasma power 

was selected to be 50 and 80 W; (a-d) 50 W, and (e-h) 80 W. Also, nozzle diameter 

varied from 0.5 mm to 3.5 mm; (a, e) 0.5 mm, (b, f) 1 mm, (c, g) 2 mm, and (d, h) 

3.5 mm. Plasma-polymerization was performed on the 19 cm diameter stainless steel 

plate and set up by 10 mTorr chamber pressure.
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Figure 3.13. FT-IR results of 1,2-diaminocyclohexane plasma-polymerization after washed 

by water or 70% ethanol. (a) no washed. (b) deionized water at 25℃, 100 rpm for 1 

h. (c) 70% ethanol for 5 min. (d) Comparison of each samples of 8 cm distance from 

center. Plasma-polymerization was carried out at 80 W power and 10 mTorr chamber 

pressure.
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Figure 3.14. The effect of distance from center on the changes of amine concentration 

distributions. (a) Sample positions marked on surface. (b) Contact angles. (c) Plots of 

amine concentrations vs. distance from center. Plasma-polymerization was carried out at 

80 W power and 10 mTorr chamber pressure.
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3.4.1.4. Amine concentration analysis after amine plasma-polymerization

  Amine plasma-polymerization was performed under optimized conditions for each 

monomer and established high and low concentrations required for the study. High 

concentration was around 100 nmol/mm2, and low concentration was around 5 

nmol/mm2 (Table 3.2). The concentration of the amine was controlled by 

plasma-polymerization time. The concentration of the sample was measured under each 

condition using the orange Ⅱ method (Figure 3.15(a)). As a result of measuring a 

sample having the same amine concentration using FT-IR, it was observed that a peak 

was generated at a wavelength of 1640 cm-1 indicating the amine (Figure 3.15(b)).

  Figure 3.16 shows the contact angle values of surface modified HDPE surface. This 

result show that amine polymerization was increased of the hydrophilicity on the HDPE 

surface. In particular, AA and CPA showed that the hydrophilicity increased with the 

increase of the amine concentration on the surface.
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Figure 3.15. (a) HDPE disks with low and high amine concentration dyed by orange Ⅱ. 

(b) FT-IR spectrum of disks treated with various monomers. (AA-H, allylamine high 

amine concentration; CPA-H, cyclopropylamine high amine concentration; DACH-H, 

1,2-diaminocyclohexane high amine concentration; AA-L, allylamine low amine 

concentration; CPA-L, cyclopropylamine low amine concentration; DACH-L, 

1,2-diaminocyclohexane low amine concentration). 
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Table 3.2. Low and high amine concentrations

Figure 3.16. The effect of monomers on the changes of contact angles of the samples. 

(AA-H, allylamine high amine concentration; CPA-H, cyclopropylamine high amine 

concentration; DACH-H, 1,2-diaminocyclohexane high amine concentration; AA-L, 

allylamine low amine concentration; CPA-L, cyclopropylamine low amine concentration; 

DACH-L, 1,2-diaminocyclohexane low amine concentration) 

Final
amine concentration

(nmol/mm2)
AA CPA DACH

Low 6.01 5.65 4.45

High 103.2 105.1 113.5
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3.4.2. Proliferation of mesenchymal stem cells 
  Samples were prepared by implementing two concentrations of amine coating using 

three monomers. MSCs were used in samples, and a total of 9 × 104 cells were used 

in each samples. Cell proliferation of AA and CPA were affected by concentration and 

showed a tendency to increase at high concentration. On the other hand, DACH 

showed no difference in cell proliferation by the concentration (Figure 3.17).

Figure 3.17. The effect of various monomers and amine concentrations on the MSCs 

proliferation. (AA-H, allylamine high amine concentration; CPA-H, cyclopropylamine 

high amine concentration; DACH-H, 1,2-diaminocyclohexane high amine concentration; 

AA-L, allylamine low amine concentration; CPA-L, cyclopropylamine low amine 

concentration; DACH-L, 1,2-diaminocyclohexane low amine concentration). 
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3.5. Discussions
  Since synthetic polymer HDPE have favorable mechanical and physicochemical 

properties, they are frequently employed as a bio-implant in dental or orthopedic 

injuries [73, 74]. These kinds of polymeric materials have advantages such as ease of 

processing, appropriate mechanical strength/hardness and ease of modification [75]. Even 

though these materials have long history as a bio-inert material, they are some 

limitation for clinical application [76-80]. For example, these materials in implant 

application have problems in fast integration of healthy tissues and fibrosis by multiple 

corrective surgeries [76-80]. To overcome these obstacles, surface modification of 

implant can be considered to improve implant surface to have required characteristics 

without change of bulk properties [75]. For example, Sengupta et al. reported that 

HDPE surfaces were modified with plasma-treated polyetherimide (PEI) films of gold 

nanoparticles and arginine to have amine-decorated surface [75]. They argued that 

arginine-modified surfaces showed almost similar cell viability compared to the surfaces 

modified with fibronectin. Furthermore, Žáková et al. reported that carbon nanoparticles 

(CNPs) functionalized with amide-amine groups were grafted to the plasma activated 

surface of HDPE and these modified HDPE surfaces showed positive results in 

adhesion, proliferation and viability of vascular smooth muscle cells [81]. It seems to 

be that HDPE surfaces modified with amine groups provide better environment in cell 

adhesion or viability. From these points of view, we studied amine deposition onto 

HDPE surfaces using low-pressure plasma for dental implant application and optimal 

conditions were explored to deposit amine groups onto HDPE surfaces by the types of 

amine monomers.

  In this study, three kinds of monomers having amine group such as AA, CPA, and 

DACH were used to modify HDPE surfaces because they have abundance of primary 

amine groups in their chemical structure and ease of deposition on the hydrophobic 

polymer surfaces. When AA and DACH as a monomer was used for plasma 

-polymerization, polymerization band was visually confirmed as shown in Figure 3.4, 

3.5, 3.11, and 3.12. These results indicated that plasma-polymerization can be 

successfully occurred on the surface of HDPE by low-pressure plasma. Otherwise, 
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polymerization band was difficult to be distinguished when CPA as a monomer was 

used. Then, the final polymerization conditions were confirmed after checking the amine 

concentration by each polymerization condition with the LLDPP sample. Furthermore, 

amine density and chemical architecture on the surface of materials are considered as 

an important factor for the cell attachment and proliferation [75, 81]. The density of 

primary amine groups on the HDPE surfaces were determined as shown in Figure 3.6, 

3.10, 3.14. The results shown that change the amine concentration of surface follow the 

distance from the center, i.e. the density of amine group was maximized at 7 cm from 

the center when AA was used as a monomer. Otherwise, the density of amine groups 

was significantly increased from 7 cm from the center in the case of CPA as a 

monomer. When DACH was used as a monomer, the density of amine group was 

fluctuated. These results indicated that conditions for amine deposition need to be 

optimized with the kind of monomer. Furthermore, these results indicated that 

amine-monomers formed stable thin film on the HDPE surfaces and these thin films 

have structure with high cross-linking degree. Furthermore, amine-deposited thin film on 

the HDPE surfaces was water-insoluble. Thompson and Mayhahn et al. also reported 

that polymer formation was affected by the power level, bleed rate of monomer, 

pressure and reactor geometry of low-pressure plasma [82]. They argued that the higher 

of plasma power level induced increased amount of monomers participated in plasma 

-polymerization and then polymers formed by plasma was cross-linked with a high 

degree. Our results also showed similar tendency to their results. Furthermore, 

amine-deposited thin film was quite stable before and after washing with deionized 

water or 70% (v/v) ethyl alcohol, i.e. as shown in Figure 3.13, amine-specific peaks 

were also observed after washing process even though peak intensity has been changed. 

These results indicated that amine-deposited thin film on the HDPE surface was stable 

in the fabrication process, washing step and cell culture step.

  Since contact angle was decreased with the increase of AA or CPA monomer as 

shown in Figure 3.16, amine-deposited thin film on the surface of HDPE may 

contribute to the improvement of cell proliferation and then biocompatibility. Chen et 

al. reported that polytetrafluoroethylene (PTFE) treated with NH3 + O2 plasma increased 

the attachment of bovine aorta endothelial cells compared to PTFE itself and then cells 
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confluent grew on the PTFE surfaces [83]. In the case of DACH, contact angle was 

not significantly changed by the amine density on the HDPE surfaces even though cell 

growth on the DACH-deposited HDPE surfaces showed positive results. These results 

might be due to the molecular architecture of DACH. As shown in Figure 3.17, cell 

growth at high density of AA or CPA-deposited HDPE surfaces resulted in relatively 

higher cell growth than DACH, indicating that polymer thin film formation by 

low-pressure plasma was changed by the used monomer and then formed thin polymer 

films significantly affected to the cell growth.
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3.6. Conclusions 
  In this study, amine polymeric thin films were deposited on the HDPE surface using 

low-pressure RF plasma through plasma-polymerization, and the following results were 

obtained.

1. The introduction of amine groups on the HDPE surface using low-pressure RF 

plasma was successful.

2. After amine plasma-polymerization, HDPE was modified to hydrophilic surface.

3. The optimization of amine plasma-polymerization process was established by changing 

of plasma process parameters.

4. MSCs proliferation enhanced by the increasing of amine groups on the HDPE 

surface.

From these results, we suggest that amine plasma-polymerization technique is 

potential and useful tool in biomaterial surface modification. 
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4. Part Ⅱ: Preosteoblast behaviors on Ti surface with 

modified by amine plasma-polymerization 

using APPJ device  

4.1. Introduction 
  An atmospheric plasma jet (APPJ) is a plasma (so-called atmospheric pressure) whose 

pressure is nearly equal to that of the surrounding atmosphere. Schütze A et al. 

reported that APPJ generate high-velocity effluent streams of highly reactive species 

with specific heat, high-pressure and uniform glow plasma discharges [84]. APPJ is 

believed to be a superior candidate for surface modification in terms of accessibility 

and convenience compared to other plasma technologies, i.e. it does not require a 

separate reaction tray while low or high pressure plasma normally requires reaction tray 

to maintain low or high pressure [84]. For example, specific chamber is required to 

create the partial vacuum for low pressure plasma technology [85, 86]. Therefore, APPJ 

technologies can be used directly on the production line without specific chamber. 

Furthermore, APPJ technology can be used to activate, clean, thin and/or impart 

functional moieties on the surface of materials or metals [87-89]. In particular, the 

plasma-polymerization and/or surface modification using APPJ technology are similar to 

the effects obtained with the low-pressure plasma [90]. Furthermore, this technology has 

advantages such as coating of variety of surfaces, anti-corrosion and adhesion-promoting 

layers generation onto the metals without solvents [87-90]. For these reasons, this 

technology provides environmentally friendly solution compared to other kinds of 

methods for surface modification. Due to these advantages, plasma-surface modification 

(PSM) using APPJ technology has extensively investigated in the field of biomedical 

engineering due its effective and economical surface treatment option for many kind of 

materials. Especially, surface modifications, including plasma technology, are one of the 

key determinants of the long-term success of dental implants [91].

  Titanium (Ti) is the most widely used material for dental implant materials [91, 92]. 
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Various types of surface modification modalities for Ti such as sandblasting, 

acid-etching, and hydroxyapatite coating have been extensively investigated to improve 

biocompatibility and bone regeneration [92-97]. Recently, plasma technology has 

investigated to endow antibacterial capacity, pore formation, air-powder abrasive system, 

biofilm model formation, protein adsorption and functional group attachment on the 

dental Ti surface [98-102]. For example, some functional groups such as -NH2, -OH 

and -COOH were deposited onto the surface Ti surface using RF glow discharges of 

non-depositing gases [99-102]. Since these functional groups are known to increase 

wettability of conventional polymers, they are frequently employed to improve adhesion 

and the growth of cells on polymer surfaces [103-106]. Among them, the amine (-NH2) 

coating shows an excellent function of the surface of biomaterials in terms of 

wettability, which is an important factor for biocompatibility [107, 108]. Although 

amine coating on the dental Ti surface is effective for improving biocompatibility, it is 

necessary to avoid complex or toxic physicochemical methods such as anodizing or 

sandblasting. However, the use of APPJ technology for coating of Ti with amine 

groups has been rarely reported still now. Since its coating efficiency is frequently 

fluctuated by researcher, manufacturer and/or operating environment, the establishment of 

accurate condition of amine coating using APPJ is most important factor to build 

biocompatible Ti surface. Additionally, it has been reported that the required 

functionality for biocompatible Ti surfaces seriously varied with the amine concentration 

[109, 110]. However, there has been no report in the optimal condition of amine 

creation for bone regeneration. Therefore, the finding of optimal condition of amine 

deposition on the surface of Ti is important to success bone regeneration.

  In this study, we investigate the optimal conditions of APPJ for amine polymerization 

on the Ti surface and their modified Ti surfaces were assessed using preosteoblast cells.
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4.2. Materials

4.2.1. Titanium
  Commercial Ti disk (Grade 4) used as a substrate material was purchased from Zapp 

AG, Germany. Ti disk was further processed to have dimension of 20 mm diameter 

and 1 mm thickness (Figure 4.1 (a)). Sample was cleaned by ultrasonically in acetone 

for 10 min and deionized water for 10 min 5 times.

4.2.2. Amine monomers
  Cyclopropylamine (CPA, A13844, Alfa Aesar, 98% purity, Haverhill, MA, USA) was 

selected for use in plasma-polymerization (Figure 4.1 (b)). 

(a)                              (b)

               

Figure 4.1. Experimental specimen and monomer. (a) Ti disk and (b) chemical structure 

of cyclopropylamine.
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4.3. Methods 

4.3.1. Atmospheric pressure plasma jet setup 
  APPJ is consisted of a quartz tube (100 mm length, 4 mm external diameter and 2 

mm inner diameter), one electrode and two grounds. The electrode was excited by a 

AC voltage (12 k peak to peak voltage (VPP)) at fixed frequency of 50 kHz. He, the 

main gas of plasma generation, was flowed at 1 standard liter per minute (slm), and 

the bubbler containing the monomer for amine coating was bubbled with CPA through 

10 standard cubic centimeter per minute (sccm) of helium at room temperature. The 

CPA precursor is mixed before entering the quartz tube and enters the reactor with He 

gas. An x-y stage was used for the entire plasma treatment of the sample. The x-y 

stage speed was 300 mm/min (Figure 4.2).

4.3.2. Gas species analysis in plasma plume 
  Light emitted from excited atoms and molecules was detected with an Optical 

Emission Spectrometer (OES, Avantes model of AvaSpec-ULS2048CL-EVO-RS, Oude 

Apeldoornseweg, Gelderland, Netherlands). The analysis performed between 200 nm and 

900 nm in wavelength with 1.4 nm in resolution. For the optical fiber, Avantes model 

FC-UV400-2 was used (Figure 4.3).

4.3.3. Electrical characteristic of plasma discharge
  Plasma electrical properties was recorded by Tektronix (Beaverton, OR, USA) 

MDO32 digital oscilloscope. To detect high voltage, Tektronix P6015A 1000:1 HV 

probe was used. Additionally, IPG (phase-to-ground) current transformer (TCP0030A) was 

used to measure the current on the ground side (Figure 4.4).
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Figure 4.2. Schematic diagram and photograph of the atmospheric pressure plasma jet 

device components.

Figure 4.3. Gas species analyzing device. Optical emission spectrometer (left) and 

optical fiber (right).

Figure 4.4. Device for analyzed electrical characteristics of plasma discharge. 

Oscilloscope (left) and high voltage probe (middle) and current probe (right).
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4.3.4. Surface characterizations 

4.3.4.1. Contact angles

  The GSX (Surfacetech, Gwangju-si, Korea) equipment was used to measure contact 

angle. After dropping 7 μL deionized water, the contact angle is automatically measured 

after 4 sec. The captured images were read by the Surfacetech software (version 

1.1.5.6). Following this, these measurements were aggregated and averaged.

4.3.4.2. Surface topologies and roughness

  Atomic Force Microscopy (AFM, XE-100, Parksystems, Suwon-si, Korea) was used 

to investigate the surface topography of APPJ treatment. The root-mean-square (RMS) 

roughness (Rq) were measured by XEI software (version 4.1.1) and each treatment was 

averaged over 4 scans at the center of the sample. The measurement using AFM used 

the non-contact mode, and the PPP-NCHR probe was used.

4.3.4.3. Surface chemistry

  The surface chemistry of CPA coated Ti samples were examined using a 
High-Performance X-ray Photoelectron Spectroscopy (XPS, K-ALPHA+, Thermo Fisher 
scientific, Waltham, MA, USA). The system was equipped with a monochromatic Al K
α radiation source, a 180° double focusing hemispherical analyzer, and an 128-channel 
detector. The survey spectra were collected in an energy range of 0–1350 eV and a 
resolution of 1 eV. The resulting spectra were then analyzed with the Avantage 
software (version 5.966).
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4.3.5. Preosteoblast in vitro evaluations

4.3.5.1. Cell culture 

  MC3T3-E1 cells from clonal preosteoblastic cell line originated from newborn mouse 

calvaria was purchased from ATCC (CRL-2593, Manassas, VA, USA). Minimum 

essential medium α (α-MEM, A1049001, Gibco, Waltham, MA, USA) supplemented 

with 10% FBS and 1% antibiotics was used to culture these cells, and the medium was 

exchanged 2 d intervals. For cell culture, 1 × 105 cells were seeded in 100 mm dishes 

and sub-cultured about 70 % confluence of cells in dish. Cells were detached by use 

of 2 mL trypsin-EDTA solution and then 2 mL α-MEM growth medium was used to 

neutralize Trypsin-EDTA. Detached cells were transferred to 15 mL conical tube. Cells 

in a 15 mL conical tube were centrifuged using a Bechman coulter (Allegra X-15R, 

Brea, CA, USA) and the supernatant was removed. The cell pellet was resuspended in 

5 mL of α-MEM growth medium and an appropriate aliquot of the suspended cells 

was plated in 100 mm culture dishes. In this study the third passages MC3T3-E1 cells 

were used. All processes were performed at 37°C in a CO2 incubator (MCO-15AC, 

Sanyo Electric, Osaka, Japan) maintained with a 5% CO2 mixed gas.

4.3.5.2. Cell proliferation

  Cell proliferation before and after amine coating was compared using WST-8 

(CM-VA2500, Cellomax Cell Viability Assay Kit, Precaregene, Anyang-si, Korea) 
reagent. Cell proliferation was performed using third sub-cultured MC3T3-E1 cells. Cells 

cultured in 100 mm dishes were isolated using trypsin-EDTA and neutralized with 2 

mL of α-MEM growth medium. After centrifugation, the cells were counted through a 

cell counter (CountessTM Ⅱ, Thermo Fisher scientific, Waltham, MA, USA) and diluted 

to a final concentration of 1 × 104 cells/mL. 

  Each of specimen (Con, 2, 4, 6, 8, and 10 min) was sterilized by 70% ethanol for 5 

min. The specimens were put in 12 well plate and the cells were seeded at a density 

of 1 × 104 cells/mL on them. At the target point (1, 2, and 3 d), the cells were 

incubated with 100 μL of the WST-8 solution per well at 37℃ for 30 min. One 

hundred micro-liter aliquots of the solution from each well was aspirated and poured 
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onto a 96-well plate to measure the absorbance at 450 nm using an enzyme-linked 

immunosorbent assay (ELISA) reader (Epoch, BioTek, Winooski, VT, USA).

4.3.5.3. Cell viability

  Cell viability before and after amine coating was compared using Live-Dead cell 

staining kit (K501, BioVison, Milpitas, CA, USA). Cell proliferation was performed 

using third sub-cultured MC3T3-E1 cells. Cells cultured in 100 mm dishes were 

isolated using trypsin-EDTA and neutralized with 2 mL of α-MEM growth medium. 

After centrifugation, the cells were checked through a cell counter and diluted to a 

final concentration of 1 × 105 cells/mL. 

  Each of specimen (Control, 2, 4, 6, 8, and 10 min) was sterilized by 70% ethanol at 

5 min. The specimens were put into 12-well plate and the cells were seeded at a 

density of 1 × 105 cells/mL on them. 1 d later, all samples were washed with 

Dulbecco's Buffered Saline (DPBS, IBS-BP052, iNtRON Biotechnology, Seongnam-si, 

Korea). Staining solution was prepared as follows: 1 mL staining buffer was mixed 

with 0.25 μL Solution A (1 mM Live-Dye) and 1 μL solution B (1 mg/mL Pi). After 

the DPBS removed from samples, Live-Dead staining solution treated for 15 min in 

dark at room temperature. After staining, cells were imaged with an ECLIPSE Ni-U 

fluorescent microscope (Nikon, Tokyo, Japan), with 10× objective and a 20× objective 

for image taken.

4.3.5.4. Focal adhesion

  Cells were grown on the substrates for 4 h. Thereafter, cells were fixed in 4% 

paraformaldehyde in PBS for 15 min, permeabilized with 0.1% triton X–100 solution 

(Sigma-Aldrich, Saint Louis, MO, USA) for 10 min. To prevent or reduce nonspecific 

binding of the primary and secondary antibodies to proteins, 1% bovine serum albumin 

(BSA, Sigma-Aldrich, Saint Louis, MO, USA) in DPBS was used for 30 min. After 

blocking step, primary antibody Paxillin was used overnight at 4℃ for 

immunocytochemistry. Next day, samples were washed 3 times by DPBS. Washed 

samples reacted with secondary antibody (Alexa fluor 488) for 1 h in dark at room 
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temperature. When the reaction is complete, the sample is washed and, then, 1:1 

mixture of rhodamine and 4',6-diamidino-2-phenylindole (DAPI) was applied to the 

sample surface. This was covered with a cover glass. After 15 min, the sample was 

photographed using a fluorescence microscope (ECLIPSE Ni-U, Nikon, Tokyo, Japan).

4.3.5.5. Cell differentiation

  The level of osteogenic differentiation induced by increase of the alkaline phosphatase 

(ALP) activity of the MC3T3-E1 cells were carried out as follows: cells were plated at 

3 × 104 cells in 12-well plates and then, after 1 and 2 weeks, each specimen (Con, 

2m, 4m, 6m, 8m, 10m) was assayed using a standard ALP test procedure. The cells 

were rinsed with PBS two times. The ALP activity in the cell lysates was determined 

by measuring the level of p-NP released from disodium p-NPP. The cells were lysed 

by adding a cell lysis buffer for 30 min. The lysis buffer was prepared by mixing 1% 

Xpert Protease Inhibitor Cocktail Solution (100X, GenDEPOT, Katy, Texas, USA), 1% 

Xpert Phosphatase Inhibitor Cocktail Solution (100X, GenDEPOT, Katy, Texas, USA) in 

RIPA Lysis and Extraction Buffer (89900, Thermo Scientific, Waltham, Massachusetts, 

USA). 150 μL cell lysate was collected and vortexed at 5 min intervals for 30 min. 

Centrifuge was carried out at 12,000 rpm for 10 min at 4℃. The supernatant was 

transferred into a eppendorf tube for determining the alkaline phosphate assay (100 μL) 

and protein concentration (20 μL). 

  For ALP analysis, ALP reaction reagent was prepared in a ratio of 2:1:2 (0.1 M 

glycine-NaOH buffer : 15 mM p-NPP : distilled water). For the ALP assay, ALP test 

premixture (100 μL of cell lysate solution, 100 μL of ALP reaction reagent) was added 

to each tube and incubated at 37℃ for 30 min. After adding 600 μL of 1.2 N NaOH 

to the tubes, the absorbance was measured by ELISA reader at 405 nm.

  The protein concentration of the cell lysates was determined by using BCA protein 

assay reagent kit (Thermo Scientific). 25 μL of cell lysate and BSA standard were 

placed in a 96-well plate and 200 μL of BCA test reagent was added. In order to 

react the BCA reagent, it was reacted in a 37℃ incubator for 30 min and then 

measured at 570 nm using an ELISA reader. Protein concentration of the specimens 
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was determined by BSA standard curve. The ALP activities were normalized determined 

by the protein content of the cell lysate and expressed in μmol p-NP/min/μg protein.

4.3.5.6. Bone mineralization

  To assess bone mineralization, the degree of bone differentiation of each sample was 

confirmed by staining with Alizarin red. Each sample was placed in 12 wells and then 

3 × 104 cells were used for each well. Cell differentiation was performed for 1 or 2 

weeks using a differentiation medium. At the end of the planned period, each sample 

was washed with DPBS to remove medium components and fixed with 4% 

paraformaldehyde for 15 min. After fixing, the sample was washed twice with DPBS 

and reacted at room temperature for 15 min at pH 4.2 with 2% Alizarin red reagent. 

After 15 min, the samples washed twice with DPBS was photographed. For 

comparative analysis of each sample, Alizarin red was eluted by adding 10% (w/v) 

cetylpyridinium chloride to 10 mM sodium phosphate reagent, and the eluted reagent 

was measured at 560 nm.

4.3.5.7. Western blotting 

  Total cell extracts were lysed, subjected to 10% SDS-PAGE, and transferred to 

polyvinylidene difluoride membranes. After blocking in 5% skim milk in Tris-buffered 

saline with 0.1% Tween 20, the membrane was incubated with specific antibodies 

followed by incubation with horseradish peroxidase-conjugated secondary antibodies. 

Antigen-antibody interactions were visualized by incubation with ECL 

chemiluminescence reagent (SuperSignal™ West Pico PLUS Chemiluminescent Substrate, 

34580, Thermo Scientific™).

4.3.6. Statistical analysis 
  Statistical analysis was done using SPSS 26 statistics software (SPSS, IBM) and 

results are reported as means ± standard deviation. Statistical significance was measured 

by one-way ANOVA followed by Tukey's test if homogeneity of variances was upheld 

or violated, respectively. Statistical significance was assumed when p < 0.05.
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4.4. Results 

4.4.1. Surface characterizations 
  A Y-shape reactor was used to create an optimal reactor for applying amine groups 

to the surface of the sample. The Y-shape reactor was manufactured because it was 

judged to be a good design for the activation of amine monomers by plasma in such a 

way that the monomer enters the plasma flame generation position. To optimized the 

plasma-polymerization, the concentration of amines present on the surface was 

investigated by changing the plasma voltage, frequency, duty, and electrode position.    

  Figure 4.5(a), the plasma voltage was fixed at 14 kV and the change of amine 

concentration was investigated to the duty or plasma frequency. The amine 

concentration on the surface was increased with increasing frequency at a duty of 3 μs. 

Under the duty condition of 2.2 μs, the highest surface amine concentration was shown 

at 50 kHz, and then this was set as the standard. 

  In Figure 4.5(b), plasma-polymerization was carried out while changing the voltage 

and frequency, and the concentration of amine groups on the surface was measured by 

dividing it into before and after washing. As for the washing method, 

plasma-polymerized samples were placed in distilled water and washed for 1 h at 25℃ 
and 100 rpm in a shaking incubator. The result shows the highest value at 12 kV and 

50 kHz conditions, confirming that amine polymerization was properly performed and 

the amines on the surface remained properly after washing procedure. 

  Figure 4.5(c) shows the results of amine polymerization by the flow rate of the 

monomer and the distance between the nozzle and the sample. The amine groups 

polymerized on the surface was decreased when the flow rate was increased from 10 

sccm to 20 sccm at a distance of 4 mm. When the distance between the nozzle and 

the sample was decreased to 2 mm at a monomer flow rate of 20 sccm, the amine 

concentration on the surface was increased. 

  In Figure 4.5(d), amine groups on the surface were measured during the change of 

position of high voltage electrode. The voltage was fixed at 12 kV and the electrode 

positions was fixed at 52 mm from the tip of the nozzle. As shown in Figure 4.5(d), 

the amine concentration on the surface was increased with increasing frequency and 
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flow rate of He gas. On the other hand, the amine concentration on the surface 

decreased as the He gas flow rate increased when the position of the electrode was 

fixed at 37 mm from the tip of the nozzle.

  In order to improve the concentration of amines present on the material surface and 

the generation of plasma, a ground was added to the part where the monomer entered 

in the Y-shape reactor. 

  Figure 4.6(a) was the result of measuring the amine concentration on the surface 

with the change of the electrode position and flow rate in the Y-shape reactor with 

application of double ground. The voltage was 12 kV, the frequency 50 kHz, the 

monomer flow rate was 20 sccm, and the distance between the nozzle and the sample 

was fixed at 2 mm. At the electrode positions 35 and 40 mm, the amine concentration 

on the surface increased with the He gas flow rate. On the other hand, at the electrode 

position of 45 mm, the amine concentration on the surface decreased as opposed to the 

increase in the He gas flow rate. 

  The voltage, frequency, and flow rate of the monomer were fixed as shown in 

Figure 4.6(a), and the distance between the nozzle and the electrode was set to 40 mm. 

Variables were time and He gas flow rate, and the amine concentration on the surface 

was measured by changing the time from 4 to 12 min at 4 min intervals and changing 

the He gas flow rate. The amine concentration on the surface increased with the 

increase of polymerization time between 4 and 8 min, but these was decreased at 12 

min. At 4 min, the amine concentration on the surface decreased with the increase of 

the flow rate of He gas but, at 8 and 12 min, the amine concentration on the surface 

increased by the increase of the flow rate of He gas.

  Figure 4.6(c) showed the changes of the amine concentration on the surface of the 

Ti disk used as a sample. Amine concentration was measured at number of points 

subjected to plasma-polymerization. Plasma-polymerization conditions were fixed at 12 

kV, 50 kHz, a monomer flow rate of 20 sccm, a He gas flow rate of 400 sccm, a 

distance between the material and the nozzle was 2 mm, and a polymerization time of 

8 min per location. The amine concentration was increased by the number of 

polymerization sites.

  In Figure 4.6(d), plasma-polymerization was performed on the surface of the Ti disk 
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using optimized plasma-polymerization conditions based on the previous experiment and 

cell proliferation was tested. Samples used for cell proliferation were prepared by 

plasma-polymerization in a total of 5 places for each disk so that the entire surface 

was coated evenly. Cells were measured on 1, 3, and 6 d using 9.5 × 104 cells/well of 

MC3T3-E1 for each sample. There was no improvement by amine polymerization 

compared to the control.

  The Y-shaped plasma reactor showed no difference compared to the untreated sample 

in the cell proliferation experiment because the surface amine concentration was low. 

To increase the surface amine concentration, reactor design changed by I-shape. The 

result of the new designed reactor was shown in Figure 4.7. The variables fixed for 

the experiment were the voltage 12 kV, the frequency 50 kHz, the distance between 

the nozzle and the sample 2 mm, and the He gas flow rate 1 slm. For polymerization, 

5 locations were set on one disk, and polymerization was performed for 4 min per 

location. The amine concentration on the surface was higher in the sample with two 

groundings than in the sample with one ground. Depending on the flow rate of the 

monomer used, the surface amine concentration was increased up to 10 sccm, and the 

surface amine concentration was decreased at 15 and 20 sccm.
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Figure 4.5. Amine concentrations as a function of (a) frequencies (distance between 

nozzle and sample is 4 mm, He flow rate 300 sccm, and CPA flow rate 2 sccm), (b) 

voltages (same condition as (a)), (c) CPA flow rate and distance at 14 kV and 50 kHz 

(M is CPA flow rate and D is distance of reactor and sample), (d) He flow rate and 

frequency (Electrode A was electrode position 52 mm and Electrode B was electrode 

position 37 mm; He 300 sccm and 30 kHz denote 300-30). 
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Figure 4.6. Amine concentrations as a function of (a) He flow rate and electrode 

position at 12 kV (distance between nozzle and sample 2 mm, frequency 50 kHz, 

monomer flow rate 20 sccm), (b) He flow rate and polymerization time (distance 

between nozzle and sample 2 mm, frequency 50 kHz, CPA flow rate 20 sccm), (c) 

number of plasma-polymerization sites on the amine concentration (voltage 12 kV, 

frequency 50 kHz, distance between nozzle and sample 2 mm, He flow rate 400 sccm, 

monomer flow rate 20 sccm). (d) The effect of plasma-polymerization time on the cell 

proliferation (voltage 12kV, frequency 50 kHz, distance between nozzle and sample 2 

mm, He flow rate 400 sccm, monomer flow rate 20 sccm).
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Figure 4.7. The effect of single or double grounds and the flow rate of monomers on 

the amine concentration (S, single ground; D, double ground; CPA flow rate 5 sccm 

denote S-5; -10, monomer flow rate 10 sccm; -15, monomer flow rate 15 sccm; -20, 

monomer flow rate 20 sccm).
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  In Figure 4.8, the shape of the plasma flame in the double ground was observed. 

The flow rate of the monomer was 10 and 20 sccm, and the flow rate of He gas was 

increased by 100 sccm from 400 to 1000 sccm. The variables fixed for the experiment 

were the voltage 12 kV, the frequency 50 kHz, the distance between the nozzle and 

the sample 2 mm. The shape of the flame with the flow rate of each monomer was 

affected by the flow rate of He gas, and the flame was surely generated as the flow 

rate of He gas increased. The lower the flow rate of the monomer, the stronger the 

plasma flame was generated.

  The flow rate of He gas was set to 1 slm, and the optimum polymerization 

conditions were founded by voltage, frequency, and flow rate of monomers. Frequency, 

monomer flow rate, and polymerization time were fixed at 50 kHz, 10 sccm, and 2 

min, respectively. 

  Figure 4.9(a) showed the result of the change in surface amine concentration with the 

increase in voltage. From 10 to 14 kV, the amine concentration on the surface 

increased as the voltage increased, and decreased at 16 kV. The results of the flow rate 

of the monomer at a voltage of 12 kV, a frequency of 50 kHz, and a polymerization 

time of 2 min were shown in Figure 4.9(b). The surface amine concentration showed 

the highest value at 15 sccm, but no significant difference was shown due to error 

values at other monomer flow rates. 

  Figure 4.9(c) showed the results by frequency at a voltage of 12 kV, a monomer 

flow rate of 10 sccm, and a polymerization time of 2 min. The concentration of the 

deposited amine with the increase of polymerization increased with the increase of the 

frequency, and there was no significant difference above 60 kHz. The results by 

polymerization time at a voltage of 12 kV, a frequency of 50 kHz, and a monomer 

flow rate of 10 sccm were shown in Figures 4.9 (d) and (e). The amine concentration 

on the surface increased with the increase of polymerization time, and in particular, it 

increased sharply between 8 and 10 min. The increase in the amine concentration on 

the surface with the change of polymerization time is clearly shown in the photos 

stained with Orange II reagent, and the orange color on the surface indicates the amine 

on the surface (Figure 4.9 (e)).
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Figure 4.8. Generation of a plasma flame with increasing He gas flow rate at a fixed 

monomer flow rate. Monomer flow rate was fixed at 10 and 20 sccm.
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Figure 4.9. The effect of various parameters on the changes of amine concentration. (a) 

Applied voltage at 50 kHz frequency. (b) Monomer flow rate. (c) Frequency. (d) 

Plasma-polymerization time. (e) The effect of polymerization time on the changes of 

amine concentration on the disks.
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  High voltage, current, and plasma power were measured using an oscilloscope for 

plasma discharge and electrical characteristics. Figure 4.10 showed the measured 

waveform and plasma power with the change of frequency at 12 kV voltage.

  As shown in Figure 4.10(e), the plasma power was increased by frequency increased 

except 60 kHz.

  Plasma discharge with the voltage change at a frequency of 50 kHz was measured 

the waveform with the oscilloscope (Figure 4.11). As the voltage increased, the plasma 

power was increased.

  Figure 4.12 showed the effect of monomer rate on the changes of plasma power. 

Waveform did not show change by the flow rate of the monomer, but the plasma 

power decreased as the flow rate of the monomer increased.
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Figure 4.10. The effect of frequency on the changes of waveform 12 kV voltage. (a) 

40 kHz, (b) 50 kHz, (c) 60 kHz, and (d) 70 kHz. (e) plasma power vs. frequency. 

The waveform was measured by changing the frequency by every 10 kHz from 40 to 

70 kHz. 
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Figure 4.11. The effect of voltages on the changes waveform at 50 kHz frequency (a) 

8 kV, (b) 10 kV, (c) 12 kV, and (d) 14 kV. (e) Plots of voltage vs. plasma power. 

The voltage was measured from 8 to 14 kV in every 2 kV increments. 
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Figure 4.12. The effect of monomer flow rate on the changes of waveform at 12 kV 

voltage and 50 kHz frequency. (a) 5 sccm, (b) 10 sccm, (c) 15sccm, and (d) 20 sccm. 

(e) Plots of monomer flow rate vs. plasma power. The voltage was fixed at 12 kV and 

the frequency was set at 50 kHz, and the flow rate of the monomer was increased 

from 5 to 20 in steps of 5 sccm.
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  According to the previous experiment, the voltage, frequency, He flow rate, monomer 

flow rate, and the distance between the nozzle and the sample used for plasma 

-polymerization were selected as shown in Table 4.1. The contact angle was measured 

to confirm the hydrophilicity under the selected conditions. After surface treatment by 

plasma-polymerization, the contact angle of the surface of Ti disk decreased from 59° 
to 12°, and the hydrophilicity increased. To confirm the maintenance of hydrophilicity, 

it was sterilized in 70% ethanol for 5 min, dried overnight, and the contact angle was 

measured. The measured contact angle dried for overnight was 34° or less in the 

samples polymerized for 4 min or more, and then hydrophilicity was maintained even 

after sterilization (Figure 4.13).

  The spectrum of the plasma flame was analyzed using OES to confirm the activated 

nitrogen element through the plasma. There was no significant difference between He 

gas only and the spectrum of the gas mixed with the monomer as shown in Figure 

4.14.

  To investigate the change in surface roughness by plasma-polymerization sample 

surface was measured by AFM. The surface of the Ti disk confirmed by AFM showed 

smooth surface by the polymer film. The roughness of the sample after polymerization 

was significantly reduced compared to the control. Also, the roughness was decreased 

as the polymerization time increased as shown in Figure 4.15.

  XPS was used to characterize the elemental composition on amine 

plasma-polymerized surface. Ti element and oxygen element were significantly decreased 

as shown in Figure 4.16. In addition, nitrogen and carbon, which were constituent 

elements of the amine thin film, was increased (Figure 4.16). As shown in Figure. 

4.17(a), two different carbon peaks were modified at the C 1s binding energy. Pristine 

Ti surface XPS peak was changed from C-O-C (286.0 eV) and O-C=O (288.4 eV) to 

=C-N+ (286.2 eV) and –C=N+ (287.5 eV). The N 1s peak of the amine-coated Ti disk 

was shown in Figure. 4.16 (b). The -NH(399.8 eV), -N-H+(401.0 eV) peaks present in 

the control were replaced with =N-(398.2 eV), -N-(C=O)- (400.0 ev).
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Table 4.1. Conditions of plasma discharge

Selected 
condition

Voltage 
(kVpp)

Frequency 
(kHz)

He flow 
rate (slm)

Monomer flow 
rate (sccm)

Distance of between 
nozzle and sample 

(mm)

12 50z 1 10 2
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Figure 4.13. Contact angles measurement. (a) before sterilization, (b) after sterilization.
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Figure 4.14. Optical emission spectroscopy of plasma flame. (a) He gas plasma, (b) 

amine plasma-polymerization plasma.
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Figure 4.15. Changes of surface topologies with increased plasma-polymerization times 

(a) and root mean square roughness (b).
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Figure 4.16. Analysis of elements on the surface using XPS, (a) XPS wide spectrum, 

(b) carbon element, and (c) nitrogen element.
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Figure 4.17. Analysis of amine plasma-polymerization surface elements using XPS. (a) 

C 1s. (b) N 1s.
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4.4.2. Biological responses of MC3T3-E1 cells
  In order to confirm initial adhesion of cells, MC3T3-E1 cells were seeded on the 

surface of the sample. These were fixed and fluorescently stained after 4 h. Cell 

morphology was stained with Rhodamine, and the initial adhesion factor was 

fluorescently stained with Paxillin antibody. There was no significant difference in cell 

shape at fluorescent staining, but green fluorescent Paxillin was stronger at the surface 

of plasma-polymerization compared to the untreated control. (Figure 4.18)

  Cell proliferation on the amine coated surface by plasma-polymerization was 

compared after for 3 d incubation using WST-8 reagent. The results were statistically 

processed using SPSS 26. The 4 min polymerization sample on the 3 d showed a 

significant difference from the control, 8, and 10 min samples as shown in Figure 4.19.

  The cytotoxicity of the plasma-polymerization surface was tested through Live-Dead 

staining. After culturing the cells on the sample surface for 24 h, the reagent was 

treated. As shown in Figure 4.20, cells stained with green were not significantly 

changed after plasma-polymerization, indicating that surface with plasma-polymerization 

has no intrinsic cytotoxicity against cells.

  ALP, an initial differentiation factor, was examinated on 7 and 14 d to confirm the 

differentiation pattern of cells as shown in Figure 4.21. At 7 d, ALP was increased at 

4 min, but there was no significant difference at the 14 d.

  To compare calcification, samples were stained with Alizarin red reagent as shown in 

Figure 4.22. After 7 d of differentiation, 4, 6, and 10 min treated samples showed a 

decrease compared to the control, and in 14 d differentiated samples, 8 and 10 min 

treated samples showed decreased compared to other samples.

  The results of western blot showed that ALP was higher in the 6 and 8 min amine 

plasma treatment surface on 7 d as shown in Figure 4.23. Furthermore, the higher ALP 

value was observed on 14 d in the 6, 8, and 10 min of amine plasma treatment 

surface. OPN was strongly expressed on 7 d at 2, 6, 8, and 10 min. Furthermore, OPN 

was strongly expressed strongly expressed on 14 d at control, 2 and 4 min. RUX2 

showed no significant difference in all samples.
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Figure 4.18. Fluorescence images of early-adherent cells (green is Paxillin; orange is 

Rhodamine; blue is DAPI, 4hr after seeding).
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Figure 4.19. Proliferation of MC3T3-E1 cells on amine plasma-polymerized surfaces. 

(**p<0.01).
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Figure 4.20. Live-dead cell staining of MC3T3-E1 cells on the amine 

plasma-polymerization surface. (Live cell is green and dead cell is red).



- 95 -

Figure 4.21. The effect of treatment time on the changes of ALP activity at 7 and 14 

d.
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Figure 4.22. The effect of treatment time on the changes of calcium deposition. (a) 

Alizarin red S staining, (b) Plots of treatment time vs. Alizarin red S.
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Figure 4.23. Western blot analysis of osteogenic protein expression.
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4.5. Discussions
  In present study, we designed and developed of atmospheric pressure DBD plasma jet 

to apply the amine plasma-polymerization of Ti implant surface. This plasma device 

was advanced form improvement of based on equipment fabricated in previous research. 

  Surface modification of Ti implant is very important role in osseointegration 

surrounding the bone tissue. Therefor, we performed the surface modification of Ti 

surface, and investigated the preosteoblast biological response. The contact angle was 

decreased as shown in Figure 4.13 (a), indicating that the hydrophilicity and 

biocompatibility were improved after amine plasma-polymerization. Furthermore, the 

sterilization procedure increase contact angle of all samples more than two times. In 

particular, 2 min polymerization sample showed a marked decrease in hydrophilicity and 

increase in the contact angle from 4.7˚ to 48˚. This result indicated that the contact 

angle increased due to the reduction of the amine concentration on the surface. The 

increase of the contact angle was interpreted through the research of D. Magisaans and 

coworkers. D. Magindaan et al. reported that a wettability gradient was formed with the 

concentration gradient of the applied amine functional groups by plasma-polymerization. 

[111, 112]. In samples treated longer than 4 min, the contact angle was maintained to 

34° or less, and hydrophilicity was not changed significantly. The amine polymerization 

film was maintained during the sterilization process at 70% (v/v) ethanol. Furthermore, 

the 4 min polymerization sample showed the best cell proliferation at 3 d of culture 

(Figure 4.19). Cell proliferation result showed that the deposition of the CPA-based 

plasma-polymerization under all examined plasma exposure durations improved initial 

attachment and proliferation of MC3T3-E1. K. V. Chan et al. research show that 

cyclopropylamine plasma-polymerization was no clear trend of deposition time in HFF 

cell attachment and proliferation as a function [113]. 

  To investigate the cytotoxicity, the toxicity of the amine plasma-treated surface was 

examinated using the Live-Dead staining reagent. No red fluorescence was observed, 

indicating that toxicity of the amine plasma-treated surface was negligible. Furthermore, 

no decrease in green fluorescence indicated that live cells were maintained compared to 

control. Therefore, it was confirmed that the amine plasma-treated surface increased the 
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proliferation of cells with negligible toxicity against cells as shown in Figure 4.20. 

  To compare the differences in differentiation on the amine plasma-treated surface, A 

various technique such as ALP activity, Alizarin red S staining, and western blot were 

used. An initial differentiation factor, ALP activity on the amine plasma-treated Ti 

sample tended to slightly increase at 7 and 14 d compared to the untreated control 

sample. On 7 d, 4 min sample showed the higher APL activity was observed compared 

to the other plasma-treated samples. On 14 d, the 8 min sample showed a lower value 

than other plasma-treated samples, and showed negligible difference compared to control 

as shown in Figure 4.21. Alizarin red staining showed that the plasma-treated Ti 

samples had lower values compared to the untreated control on 7 and 14 d. These 

results indicated that calcium production of plasma-treated Ti sample was lower than 

that of the control as shown in Figure 4.22. Western blot results showed that ALP on 

7 d was higher in the 6 and 8 min amine plasma treatment sample as shown in Figure 

4.23. At 14 d, ALP was higher in 6, 8, and 10 min at amine plasma treatment sample. 

M. F. Griffin et al. and X. Liu et al. research show that amine plasma-polymerization 

surface was much more expressed than carboxyl, methyl, hydroxyl chemical groups in 

ALP and Osteocalcin [114, 115]. The difference in these results was depending on 

various variables such as the type of monomer, the type of the base material, and the 

measurement time. F. Mwale et al. also reported that osteogenic differentiation factors 

such as ALP and RUX2 were decreased even in amine plasma treated sample [116].

  OPN expressed in the differentiation stage was strongly expressed at 2, 6, 8, and 10 

min on 7 d and at con, 2 and 4 min on 14 d. The OPN expression increased in the 

osteogenic phase, which represents adhesion of osteocytes to the matrix and 

proliferation/differentiation of osteocytes [117]. The above result could be considered 

that the change into osteocytes does not occur well in the process of cell 

differentiation. This phenomenon was considered to be caused by subtle differences in 

surface chemistry, and further studies are required.
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4.6. Conclusions
In this study, the amine group was deposited on Ti disk surface by APPJ, and the 

following results were concluded.

1. The APPJ device for amine plasma-polymerization was well designed and optimized.

2. Ti surface by plasma-polymerization was increased of hydrophilicity and decreased of 

surface roughness.

3. The amine polymeric thin film deposited by APPJ was maintained after washing with 

70% ethanol and cell culture medium.

4. The amino-functionalized Ti surface has been enhanced proliferation of MC3T3-E1 

cells.

5. The cell differentiation on the Ti surface by amine plasma-polymerization was 

slightly enhanced compared to those of the untreated Ti surface.

  From these results, amine plasma-polymerization by APPJ is a promising candidate 

for dental Ti implant clinical applications.
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5. Part Ⅲ: Feasibility of CAP on the erradication of P. 

gingivalis bioflim for periodontitis treatment 

5.1. Introduction 
  Periodontitis, a serious infection of the gums, may cause frequent tooth loss and a 

variety of disease problems in other organs. [118, 119]. This can lead to inflammation 

of the gums or destruction of bones, ultimately resulting in serious damage to dental 

health. In particular, due to pathogens in the gums and/or oral cavity, a sticky biofilm 

is formed on the tooth surface and finally a hard biofilm is formed [119]. The biofilm 

on the teeth that causes periodontitis is difficult to remove with regular brushing and/or 

flossing. To remove the biofilm on the gums, a mechanical cleaning procedure is now 

a common treatment option. However, mechanical cleaning procedures are usually 

time-consuming and require local anesthesia [119, 120]. Otherwise, systemic 

chemotherapy with antibiotics has delivery problems. In other words, antibacterial agents 

are difficult to penetrate deep into the gingiva at the treatment site and cause drug 

resistance problems to the treated antibiotic [120]. Nakajima et al. reported the 

development of an ion-gel of a deep eutectic antimicrobial agent for improved 

penetration into deep tissues and therapeutic efficacy [120]. They reported that the ion 

gel effectively penetrated the gingival/gingival sulcus within a short period of time and 

that the delivered dose was adequate to inactivate P. gingivalis. Lu et al. reported that 

systemic antibiotics using amoxicillin and metronidazole were helpful in the treatment 

of periodontitis through scalping/root planning [121]. They claimed that the microbial 

benefits were lost after six months of treatment. Polymeric biomaterials for antibacterial 

and antifouling dental applications have also been investigated for sustained drug release 

to inhibit biofilm formation [122]. However, these materials must be approved for an 

extended period of biocompatibility and essential biomaterial features for longevity of 

the material in the oral cavity.

  Cold atmospheric plasma (CAP) has been extensively investigated in the field of 

antibacterial and anticancer therapy over the past few decades [123-125]. Intrinsic 

properties of CAP in biological systems are the generation of reactive oxygen species 
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(ROS) and/or reactive nitrogen species (RNS) and antibacterial/anticancer activity of 

ROS/RNS [123-125]. While adequate levels of ROS/RNS in biological systems are 

required to maintain cell proliferation and differentiation, excessive levels of ROS/RNS 

in biological systems usually induce oxidative stress on target cells or bacteria, 

inhibiting their growth [126-128]. In particular, CAP can be considered to be an ideal 

device for the treatment of local diseases such as periodontitis as side effects on 

surrounding cells/tissues are minimized compared to systemic chemotherapy [128, 129]. 

These clinical properties of CAP make it a safe treatment option for local disease.

  In this study, the ROS generation ability of the CAP device and the antibacterial 

activity against an in vitro periodontitis model were investigated. For the in vitro 

periodontitis model, P. gingivalis was grown on titanium (Ti) disk to create a bacterial 

biofilm, and then the biofilm was used to evaluate the biological capacity of the CAP 

instrument. In addition, the ROS-generating ability of CAP was evaluated in vitro and 

then their antibacterial activity was compared.
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5.2. Materials
  Sand-blasted, large grit, acid etched (SLA)-treated Ti disks were used as a model of 

dental implant. SLA-treated Ti disks have dimension 5 mm diameter and 3 mm height 

in dimension. 

  Brain heart infusion (BHI) broth, yeast extract, bacto agar, resazurin, cysteine HCl, 

hemin and vitamin K1 was purchased from Sigma-Aldrich Chem. Co., (St. Louis, MO, 

USA). Singlet oxygen sensor green (SOSG) was purchased from Invitrogen (Thermo 

Fisher Scientific Co. Ltd., Eugene, Oregon, USA). The live/dead cell staining kit was 

purchased from Biovision (Milpitas, CA, USA). Organic solvents such as ethyl alcohol 

and hexamethyldisilazane were as HPLC grade. 
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Figure 5.1. Surface morphologies of SLA treated Ti disks.
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5.3. Methods 

5.3.1. CAP setup
  To treat bacteria on Ti disks, FEDBD-G (Power&plasma, Incheon, Korea) was used 

as shown in Figure 5.2. They consist of a gas supply system, a plasma jet, a mass 

flow controller (MFC) and a high voltage AC. power supply. Under atmospheric 

conditions, a stable discharge was produced at a 9 kHz radio frequency in this 

instrument, and the discharge power was adjusted to 6.39 W/11.30 kV. For plasma 

treatment, 2 L/min of Ar gas was supplied from the gas supply system, and a gas with 

a purity of 99.9% or higher was used in this experiment. A Ti disk with bacteria was 

placed on the XY stage as shown in Figure 5.2. The distance between the plasma jet 

nozzle and the top of the Ti disk was adjusted to 5 mm. Characterization of frequency 

and power of CAP was presented in Table 5.1. 
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Figure 5.2. Schematic diagram and actual image for treating cold atmospheric plasma 

on the Ti surface with P. gingivalis grown.
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Table 5.1. Characterization of frequency and power of CAP

Intensity-energy 

level ratio
Peak-Peak (kV) Frequency (kHz)* Plasma Power (W)

9-5

9-7

9-9

11.04

13.30

13.91

9

9

9

3.50

6.39

6.99

* Frequency was measured as 111 µs. 1/111 µs = 9.009 kHz. 
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5.3.2. Gas species analysis in plasma plume 
  To analyze the optical emission spectrum of the CAP, the optical properties of the 

plasma jet were measured using a fiber optic spectrum analyzer (Avantes 

AvaSpec-ULS2048CL-EVO-RS, spectral range 200 to 1100 nm) (Figure 3). An optical 

fiber (Avantes, Fiber-optic cable, FC-UV400-2) was placed at a distance of 10 mm 

from the plasma jet nozzle (Figure 5.3).
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Figure 5.3. Gas species analyzing device. Optical emission spectrometer (left) and 

optical fiber (right).
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5.3.3. P. gingivalis culture
  P. gingivalis (KCOM 2796) was provided from the Korean Collection for Oral 

Microbiology (Gwangju, Korea). BHI growth medium for P. gingivalis KCOM 2796 is 

as follows; 1 L solution HCl containing 30 g BHI broth, 5 g yeast extract, 4.0 mL 

resazurin solution (0.025% (w/v) in PBS), 0.5 g cysteine ​​HCl, hemin 1.0 mL of 

solution (5 mg/mL in water) and 0.2 mL of vitamin K1 (10 mg/mL in water). This 

solution was adjusted to pH 7.2. For the agar medium, Bacto agar (20 g) was added to 

the growth medium. Bacteria were cultured for 1 d in anaerobic conditions (GasPak-EZ 

Anaerobic Vessel System; Becton Dickinson Microbiology Systems, Cockeysville, MD, 

USA). The number of bacteria was assessed spectrophotometrically in BHI medium 

containing 1 × 106 colony forming units (CFU)/mL. A sterile Ti disk was placed in a 

12-well plate and then bacteria were inoculated. They were incubated in an anaerobic 

environment for 3~5 d until bacterial confluence on the disk surface. Medium was 

changed every 48 h during incubation.
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5.3.4. P. gingivalis CFU assay 
  Carefully wash P. gingivalis KCOM 2796 on Ti disks with sterile PBS (0.01 M, pH 

7.4, Welgene) as previously described to remove plankton or loosely attached bacteria. 

The CAP treatment conditions were an Ar gas flow rate of 2 L/min, a voltage of 11.3 

kV, and a frequency of 9 kHz for 1, 3, and 5 min. After treatment, the treated sample 

was placed in a 15 mL tube with 10 mL of PBS, and the remaining P. gingivalis 

KCOM 2796 on the Ti disk was separated by sonication for 5 min. Then, the obtained 

suspension was serially diluted on an agar plate with BHI medium, incubated in 

anaerobic conditions, and incubated at 37°C. for 48 h, and then the number of CFU 

was counted.

5.3.5. Human gingival fibroblast culture
  Human gingival fibroblast (HGF-1, CRL-2014, Manassas, VA, USA) cells to be used 

in the experiment were purchased from ATCC. As a culture medium, dulbecco’s 

modified eagle’s medium (DMEM, 11995065, Gibco) supplemented with 10% FBS and 

1% antibiotics was used, and the medium was exchanged every 2 d. For cell culture, 

8×105 cells were seeded in 100 mm dishes and subcultured when 80% confluence was 

reached. 2 mL of trypsin-EDTA solution was used to detach the adherent cells and 

used 2 mL of DMEM growth medium for neutralize Trypsin-EDTA. Detached cells 

were transferred to 15 mL conical tube. Cells in a 15 mL conical tube were 

centrifuged using a Bechman coulter (Allegra X-15R) and the supernatant was removed. 

The cell pellet was resuspended in 5 mL of DMEM growth medium and an appropriate 

aliquot of the suspended cells was plated in 100 mm culture dishes. In this study the 

third passages HGF-1 cells were used. All processes were performed at 37°C in a CO2 

incubator (MCO-15AC, Sanyo Electric) maintained with a 5% CO2 mixed gas.

5.3.6. Morphological analysis
  For morphological observation of P.gingivalis on the Ti disks, bacteria on the Ti 

disks were treated as follows. Samples were immersed for 3 h into mixed solution of 

2.5% (v/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde. They were washed with 
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phosphate-buffered saline (PBS, pH 7.4) and then immersed again into 1% (w/v) of 

OsO4 aqueous solution (O5055, Sigma-aldrich) for 30 min. Following this, they washed 

with PBS and then immersed into ethyl alcohol/water mixtures for dehydrated. For 

dehydration process, samples were immersed into these solutions for 5 min each ethyl 

alcohol/water mixtures with 70, 90, 95, and 100% (v/v), respectively. Dehydrated 

samples were immersed into hexamethyldisilazane solution for 10 min and then dried in 

room temperature. Samples were observed with field-emission scanning electron 

microscope at 15 kV (FE-SEM, S-4800, Hitachi Instruments Ltd., Tokyo, Japan). 

5.3.7. ROS generation in PBS
  ROS generation by CAP treatment in aqueous solution was monitored with a reagent 

singlet oxygen sensor green (SOSG, S36002, Thermo Fisher Scientific Co. Ltd., Eugene, 

Oregon, USA). SOSG stock solution was prepared by dissolving it into methyl alcohol 

(5 mM). Plasma jets under various conditions were exposed to 1 mL PBS using CAP 

equipment. To this solution, 1 µL SOSG stock solution was added and then measured 

fluorescence intensity at 400 nm of excitation wavelength and 525 nm of emission 

wavelength using fluorescence spectrophotometer (RF-5301PC, Shimadzu Co., Kyoto, 

Japan). This procedure was carried out under dark conditions. ROS values are average 

± S.D. (standard deviation) from individual four measurements.

5.3.8. Live and dead cell Staining
  For live/dead staining of bacteria, staining solution was prepared as follows: 1 μL 

live dye (1 mM) and 1 μL dead dye solution (1 mg/mL propidium iodide) (PI) was 

added to 1 ml staining buffer. To observe the viability of bacteria, bacteria on the 

surface of Ti disks was treated with CAP equipment as described above. Then, bacteria 

on the Ti disks were briefly washed with PBS and then incubated for 10 min with 1 

mL of the live/dead cell staining solution at 37°C. Following this, bacteria on the Ti 

disks were observed with a confocal laser scanning microscope under dark conditions 

(Zeiss LSM 800 confocal laser scanning microscope, Carl Zeiss Microscopy, NY, USA).
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5.4. Results 

5.4.1. Gas species analysis in plasma plume 
  The OES of the plasma jet plume measured in the CAP equipment was measured. 

UV range (200 nm to 400 nm) and visible light range (690 nm to 950 nm) as shown 

in Figure 5.4.

5.4.2. P. gingivalis biofilm formation
  P. gingivalis was grown on Ti disk surface under anaerobic conditions. As shown in 

Figure 5.5(a), it was confirmed that P. gingivalis was overlapped on the surface of the 

Ti disk in the FE-SEM image. Then it formed a biofilm-like shape. No bacteria 

appeared on Ti disk without P. gingivalis (Figure 5.5(b)). Otherwise, P. gingivalis on Ti 

disks was well-visualized stained with live dyes as shown in Figure 5.5(c). 

5.4.3. Generation of ROS by CAP
  Figure 5.6 shows ROS generation in PBS using CAP processing to test the ROS 

generating ability of CAP devices. As shown in Figure 5.6(a), ROS generation 

according to treatment time in aqueous solution is shown, which indicates that the ROS 

level gradually increases with treatment time. Also, ROS level gradually increased 

according to the energy level as shown in Figure 5.6(b). These results indicate that the 

CAP device efficiently generates ROS in aqueous solution.
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Figure 5.4. Optical emission spectroscopy spectra of the CAP pillars. (a) Effect of 

oxygen supply. (b) Effect of energy level. 
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Figure 5.5. Morphological observations of biofilm formation on the surface of Ti disks. 

(a) FE-SEM image. (b) Uninoculated Ti surface. (c) Fluorescence image of P. gingivalis 

on Ti disks surface.
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Figure 5.6. ROS generation in PBS (0.01 M, pH 7.4) by CAP treatment. (a) Effect of 

treatment time (intensity, 9, energy level, 7). (b) Effect of energy level (treatment time 

was 60 sec). Relative ROS levels were measured with SOSG reagents. 
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5.4.4. Antibacterial activity of CAP
  Figure 5.7 shows CFU of P. gingivalis to evaluate the biofilm eradication potential of 

CAP devices. As shown in Figure 5.7(a), the number of CFU of P. gingivalis gradually 

decreased according to CAP treatment time and energy level. Figures 5.7(b) and (c) 

show the estimated number of CFU as a function of treatment time and energy level, 

respectively. The experiment was independently conducted 4 times and presented by 

statistical analysis.

5.4.5. Live and dead cell activity of P. gingivalis 
  In addition, to observe live and dead bacteria, viable and/or stained P.gingivalis of Ti 

discs were stained with green dye for live bacteria and red dye for dead bacteria. As 

shown in Figure 5.8, live bacteria were observed with green dye and dead bacteria 

were observed with red dye. As the treatment time increased, the number of dead 

bacteria in red increased relative to the treatment time, whereas the control group or 

shorter treatment time showed a higher degree of surviving bacteria. These results 

suggest that the CAP device has the potential to eradicate P. gingivalis biofilms from 

Ti disks. Furthermore, these results indicate that the CAP device could be an effective 

means to eradicate bacterial biofilms on the implant surface.
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Figure 5.7. CFU analysis of P. gingivalis. (a) Images of surviving bacteria after CAP 

treatment. (b) Effect of treatment time on viability of P. gingivalis (9-7 in Table 5.1). 

(c) Effect of energy on viability of P. gingivalis (treatment time: 60 sec).
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Figure 5.8. Effect of CAP device treatment time on P. gingivalis survival rate of Ti 

disk. P. gingivalis on Ti disk was treated with the CAP device and then stained with 

P. gingivalis live and dead cell dyes. Green and red represent live and dead bacteria, 

respectively.
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5.4.6. Viability of HGF-1 cells after CAP treatment 
  The effect of the CAP device on the viability of HGF-1. This experiment was 

intended to study the deleterious effects of CAP devices on the gingiva. As shown in 

Figure 5.9(a) and (b), the viability of HGF-1 gradually decreased according to the 

treatment time and energy level. In particular, the viability of HGF-1 was significantly 

inhibited at 120 sec of CAP treatment. In addition, higher energy levels induced 

progressive inhibition of HGF-1. The inhibitory effect of the CAP on P. gingivalis was 

due to the generation of ROS in aqueous solution by CAP treatment as shown in 

Figure 5.9(c) and (d). The intracellular ROS level gradually increased with the 

treatment time and energy level. Although plasma irradiation conditions of 9-9 resulted 

in higher ROS levels and increased bactericidal effect, the viability of HGF-1 was also 

lower than that of other protocols. Furthermore, these results indicate that the CAP 

device generates ROS in aqueous solution in biological systems and affects the survival 

of normal cells in the gingiva. In addition, CAP treatment can affect the viability of 

normal cells by raising the temperature of the aqueous solution. Furthermore, these 

results indicate that an appropriate CAP treatment time is important for eradicating 

P.gingivalis biofilms on Ti implant surfaces, although longer CAP treatment times are 

more effective in eradicating P. gingivalis biofilms from Ti disk.
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Figure 5.9. Viability and intracellular ROS levels of HGF-1 after CAP treatment. Effect 

of treatment time (a) and energy level (b) on viability of HGF-1. Effect of treatment 

time (c) and energy level (d) on intracellular ROS levels in HGF-1.
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5.5. Discussions
  Gargles and mouthwashes using antibiotics such as povidone iodine and 

cetylpyridinium chloride are difficult to eradicate biofilms [130, 131]. The use of 

mouthwash antibiotics has a problem with drug resistance [131]. In particular, it is 

difficult for antibiotics to be delivered to the biofilm of teeth or implants through 

mouthwash. For this reason, mechanical removal is still considered a suitable candidate 

for periodontal disease [132]. However, mechanical disruption of biofilms can lead to 

immunological changes in patients with periodontitis [133]. Furthermore, mechanical 

disruption of biofilms is associated with remaining problems of biofilm dysbiosis and 

host inflammation in some patients [133]. Otherwise, ultrasound equipment for 

periodontal disease also has a problem with a risk of recurrence [134]. The ROS 

produced by CAP treatment has a bactericidal effect and can be used to remove the 

biofilm formed by periodontitis. Because CAP treatment is limited to within 100 µm 

from the biological surface, CAP treatment is mainly limited to epidermal diseases or 

bacterial biofilm diseases [135]. Additionally, the lifetime of ROS generated by CAP 

treatment is generally very short in biological systems [136]. CAP treatment is an ideal 

candidate for eradicating periodontal biofilm. Our group previously reported that the 

CAP instrument efficiently inhibits the growth of oral squamous cancer cells by 

overproduction of ROS in vitro [137]. However, there have been few reports on the 

effects of ROS generation and periodontitis biofilm eradication by the CAP device 

[138]. Abnormal levels of ROS can be used to eradicate bacteria and/or cancer cells 

[138, 139]. For example, Thakur et al. reviewed that ROS produced by nanoceria has 

excellent antibacterial activity [139]. Also, Jean et al. reported that ROS-generating 

chemicals such as piperlongumine induce oxidative stress in epithelial cancer [140]. In 

their report, piperlongumine, excessively produced in cancer cells, causes abnormal ROS 

levels to induce apoptosis in cancer cells. In particular, Bekeschus reviewed the use of 

plasma technology for treatment through inactivation of pathogens [141]. In addition, 

CAP treatment is known to effectively eliminate antibiotic-resistant Staphylococcus 

aureus by RAW 264.7 cells by increasing intracellular ROS/RNS levels [142]. Because 

CAP equipment is suitable for surface or near-surface treatment of biological systems 
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and biomaterials, the CAP equipment for P. gingivalis biofilm eradication on Ti disk 

surface was studied. Our group previously reported that atmospheric pressure plasma 

jets (APPJ) could be used to efficiently kill Staphylococcus aureus [143]. In addition, 

APPJ induces rupture of bacterial cell morphology and then inhibits growth. Kim et al. 

reported that cold atmospheric microwave plasma is effective in eradicating planktonic 

bacteria and biofilm formation in P. aeruginosa [144]. Our results showed that P. 

gingivalis biofilms could be eradicated by treatment with the CAP device as shown in 

Figures 5.7 and 5.8. These results are related to ROS generation by the CAP device, 

as shown in Figure 5.6. A concentrated aqueous solution of ROS produced by plasma 

is known. It is effective in inhibiting microbial infection [145, 146]. In our results, 

normal cells and/or tissues of the gingiva may be affected by ROS generation from the 

CAP device. That is, ROS formation progressively increased with treatment time and 

energy level of the CAP device, which induced low viability of HGF-1 in vitro. 

However, other scientists have reported that long-term exposure to plasma activated 

water does not cause side effects. In other words, there were no changes in the organs 

and tissues of mice in histopathological examination in which plasma activated water 

was ingested for 90 d [147]. In our study, we investigated CAP in the presence of 

medium on HGF-1 because normal cells are usually surrounded by extracellular matrix 

and are not directly exposed to plasma irradiation. In any case, an appropriate 

processing time and energy level should be determined to maximize the eradication 

efficiency of bacterial biofilms and to minimize deleterious effects on normal cells.
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5.6. Conclusions
  The CAP device was designed to eradicate biofilm formation by P. gingivalis for 

application in the treatment of periodontitis. True power of plasma jet plume from the 

CAP device gradually increased with increasing intensity/energy level ratio. The OES of 

the plasma jet plume in the CAP instrument showed that the peaks of Ar+, OH and O- 

ions were observed in the UV range (200 nm to 400 nm) and the visible light range 

(690 nm to 950 nm). A biofilm of P.gingivalis was formed on the Ti disk and the 

viability of P.gingivalis was confirmed. The generation of ROS in aqueous solution by 

the CAP device gradually increased with the treatment time and energy level. Increased 

ROS levels induced a decrease in surviving P. gingivalis according to treatment time 

and energy level. In addition, CAP treatment of P. gingivalis biofilms on Ti disk also 

induced apoptosis of bacterial cell. Longer treatment times and higher energy levels of 

the CAP device decreased HGF-1 viability. Appropriate treatment time and energy 

levels are then required to maximize the bactericidal effect while minimizing 

cytotoxicity to normal cells or tissues. These results suggested that CAP devices are 

promising candidates for eradicating biofilms with antimicrobial effects through ROS 

generation in CAP devices.
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6. ABSTRACT (KOREAN)

의생명 응용을 위한 아민 플라즈마 중합 및 
플라즈마 살균에 관한 최적공정 탐색

          이창민
          지도교수 : 김병훈
          치의생명공학과
          조선대학교 대학원

  최근 플라즈마 기술은 생체 물질 표면개질, 살균, 암 치료 등 다양한 생물 의학 분
야에 광범위하게 적용되었다. 본 연구에서는 생체적합성을 향상시키기 위해 의료용 
HDPE 고분자 및 치과용 티타늄 임플란트 소재에 아민 플라즈마 표면개질을 수행하
였다. 또한, 저온 대기압 플라즈마 제트를 이용하여 임플란트 주위염의 원인인 P. 

gingivalis를 살균하였다.

  HDFE 폴리머는 골 결손 재건에서 골 대체 재료로 널리 사용되고 있다. 그러나 
HDPE는 소수성을 가지고 있어 세포 접착 및 증식과 같은 생체 활성이 좋지 않다. 

이에 알릴아민(AA), 시클로프로필아민(CPA), 1,2-디아미노시클로헥산(DACH) 단량체
를 사용하여 HDPE 표면에 아민 플라즈마 중합을 수행하여 표면 기능화를 유도하였
다.

  첫 번째 연구의 목적은 표면 특성 분석을 통해 아민 플라즈마 중합 과정을 최적화
한 다음 중간엽 줄기세포(MSC) 증식을 조사하였다.

  플라즈마 중합의 최적화는 챔버 압력, 플라즈마 출력, 단량체 주입 노즐 직경 및 
플라즈마 챔버 내 샘플 위치와 같은 공정 조건을 변화시켜 조사하였다. HDPE에서 
아민 플라즈마 중합 후 FT-IR, XPS, AFM 및 접촉각을 사용하여 표면 특성을 확인하
였다. 또한, HDPE 표면의 아민 농도는 Orange Ⅱ법으로 조사하였고, MSC 증식은 
MTT assay로 평가하였다.

  

  첫 번째 연구 결과는 다음과 같다.
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1. FT-IR 분석 결과, HDPE에 증착된 아민 고분자 박막이 물 또는 알코올로 부분적으
로 제거되었음을 확인하였다.

2. HDPE의 접촉각은 단량체의 종류에 관계없이 노즐과의 거리가 멀어질수록 감소하
였다. HDPE 표면의 아민 농도는 노즐로부터의 거리에 따라 변화하였다. 거리에 
따른 아민 농도 분포는 각 단량체에 따라 다른 패턴을 보였으나 7cm 거리에서는 
분산이 감소하였다.

3. HDPE 표면의 아민 농도는 5 nmol/mm2 와 100 nmol/mm2 로 나누었다. FT-IR 결
과 1640cm-1의 N-H band에서 아민 농도의 증가에 따라 흡광도가 증가함을 보였다. 

접촉각은 AA와 CPA 단량체에서 농도가 증가함에 따라 감소했지만 DACH 단량체
에서는 차이가 없었다.

4. MSC 증식은 처리되지 않은 샘플에 비해 아민 플라즈마 처리된 샘플에서 향상되
었다. 특히, 18일째에서 AA 및 CPA 단량체를 사용한 플라즈마 중합 HDPE의 세
포증식은 무처리 HDPE에 비해 2배 이상 증가하였다. 낮거나 높은 아민 농도에서 
AA 및 CPA 단량체의 경우 표면의 아민 농도가 증가함에 따라 세포증식은 증가하
였다. 그러나 DACH 단량체의 경우 아민 농도 증가에 따른 차이는 없었다.

  이러한 결과로부터 우리는 아민 플라즈마 중합 기술이 뼈 조직 공학에 적용할 수 
있는 가능성과 유용성을 알 수 있었다.

  두 번째 연구에서는 치과용 티타늄(Ti) 임플란트의 표면개질에 적용하기 위한 대기
압 플라즈마 제트 (APPJ) 장치를 설계 및 제작하였다. 플라즈마 표면개질(PSM)은 
CPA 모노머를 사용하여 Ti 임플란트 소재에 아민 플라즈마 중합을 수행하였다. 

APPJ 설계를 최적화하기 위해 플라즈마 반응기의 형상, He 가스 유량, CPA 단량체 
유량, 인가 전압, 주파수, 전극 위치 및 접지 전극과 같은 설계 변수를 고려하였다. 

그리고, Ti 임플란트 소재표면을 아민 농도, 접촉각, XPS, AFM으로 조사하였고, 체외 
시험은 MC3T3-E1 조골모세포의 증식, 초기 부착 및 분화를 통하여 평가하였다.

  

  두 번째 연구 결과는 다음과 같다.

1. I-형 반응기는 Y-형 반응기보다 시료 표면에 더 많은 아민기를 증착시켰다. 접지의 
증가에 따른 표면의 아민 농도 변화는 5 sccm 이상에서는 보이지 않았다. 모노머 
유속이 증가함에 따라 표면의 아민 농도는 15 sccm까지 증가하였지만 20 sccm에
서는 감소하였다. 
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2. 반응기에 인가되는 전압이 증가할수록 표면의 아민 농도는 증가하였으나 16 kV에
서는 감소하였다. 주파수가 증가함에 따라 표면의 아민 농도가 증가하였고 60 kHz 

이상에서는 증가 또는 감소의 변화가 없었다.

3. 최적화 조건은 전압 12 kV, 주파수 50 kHz, He 가스 유량 1 slm, 모노머 유량 
10sccm 이었다. 접촉각은 대조군인 59˚에 비해 아민 플라즈마 중합 후 12.3˚이거나 
그 이하로 낮았다. 1일 후, 플라즈마 중합된 Ti 표면의 접촉각은 34˚ 이하로 확인
되었다.

4. 아민 중합된 Ti 표면의 거칠기는 크게 감소하였고, 표면의 RMS 거칠기도 감소하
였다. XPS 분석은 질소와 탄소가 깨끗한 Ti 표면에 비해 아민 중합된 Ti 표면에서 
증가함을 나타냈다.

5. 세포 증식을 실험한 결과, 4분 시료가 2일과 3일에 가장 높은 증식을 보였다. 형광
염색을 이용하여 초기 세포 부착 형태를 관찰한 결과 세포 형태에는 큰 차이가 없
었으나 아민 표면 시료에서 초기 부착 인자인 paxillin의 발광이 더 강하게 발현되
었다. Live-Dead cell 시약을 이용하여 세포독성을 확인한 결과, 아민 중합 표면에 
독성은 없었다.

6. 아민 중합된 Ti 표면의 세포 분화는 14일 동안 30% 미만으로 증가하였다. 아민 중
합 시료의 골석회화는 미처리 시료에 비해 감소하였다. Western blot을 통하여 
ALP와 OPN이 일부 아민 중합 시료에서 강하게 발현되었음을 보았다. RUX2는 모
든 샘플에서 유의미한 차이를 보이지 않았다.

  우리는 Ti 임플란트의 골유착 강화에 적용할 수 있는 간단하고 저렴한 APPJ 장치
를 성공적으로 개발했으며 최적의 아민 플라즈마 중합을 유도하였다. APPJ는 향후 
상업용 Ti 임플란트의 표면처리에 활용될 수 있을 것으로 기대된다.

  세 번째 연구에서는 FEDBD 플라즈마에 의한 SLA 처리된 Ti 표면의 살균 효과를 
조사하였다. P. gingivalis는 임플란트 주위염을 유발하는 주요 미생물로 잘 알려져 있
다. 따라서 우리는 P. gingivalis 바이오필름에 대한 살균 및 제거 실험을 수행하고 사
람 치은섬유모세포-1(HGF-1)의 세포독성을 평가하였다.

  

  세 번째 연구 결과는 다음과 같다.

1. 플라즈마 가스의 산소 혼합 비율과 플라즈마 세기의 증가에 따라 OH 라디칼의 생
성은 증가하였다.
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2. 플라즈마 조사 시간과 플라즈마 강도가 증가할수록 활성산소종(ROS)의 생성이 증
가하였다.

3. 플라즈마 조사 시간과 플라즈마 강도가 증가할수록 P. gingivalis의 콜로니와 바이
오필름이 감소하였다.

4. 플라즈마 조사 60초까지는 HGF-1 생존율에 유의한 영향이 없었으나 90초 이후에
는 생존율이 감소하였다. 세포 내부의 ROS가 증가함에 따라 세포 생존율이 감소
하였다.

  플라즈마 멸균은 P. gingivalis 멸균 실험을 통해 임플란트 주위염 치료에 매우 효
과적인 방법임을 확인하였다.

  결론적으로 플라즈마 기술을 이용한 표면개질 및 살균은 생체 활성이 낮은 생체 
물질에 대한 기능화 도입 및 살균 효과를 제공할 수 있다. 플라즈마 기술은 생물의학 
분야에서 무한한 응용이 가능할 것으로 생각된다.
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