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In this study, plasma polymerization technique for the production of antimicrobial surfaces was studied to 

inhibit the formation of biofilm of Staphylococcus aureus (S. aureus) and Candida albicans (C. albicans) 

for foreign materials in biomedical application. Low pressure RF-plasma system was used to coat Ti 

surfaces. Ti surfaces were exposed to diethyl phosphite (DEP) plasma generated with different discharge 

power varying from 25-90 W for 1-10 min of exposure times at a constant pressure of 0.15 mbar. Surface 

hydrophobicity and surface energies of unmodified and DEP modified Ti surfaces were used to enlighten 

surface wettability by the sessile drop method using contact angle analyser. All DEP coatings produced 

with different plasma conditions increased both the surface hydrophilicity from 100° to 30-48° and surface 

energies of Ti surfaces from 33mJ/m2 to 61-71mj/m2. Aging of the DEP coatings on Ti surfaces was 

analyzed in terms of change in surface energies by time within 30 days. Even though the stability of 

phosphorus containing thin films has been problematic due to the post-plasma oxidation, thin films 

produced with 25 W-5 min, 50 W-5 min, 75 W-10 min and 90 W-1 min were found more stable compared 

to the others. The antibacterial and antifungal activity of unmodified and DEP modified Ti surfaces was 

studied against S. aureus and C. albicans, respectively. While the adhesion and growth of both bacteria and 

fungi was observed on unmodified Ti surfaces, antimicrobial activity was observed after surface 
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modification with DEP plasma with different plasma conditions. The highest efficiency for anti-fungal 

coating was obtained with 50 W-5 min, 75 W-10 min and 90 W-10 min and the highest antibacterial activity 

was achieved with 25 W- 1min, 50W-5 min, 50 W-10 min and 75 W-10 min. Additionally, surface 

modification with DEP plasma increased L929 fibroblast cell viability of Ti surfaces. The chosen precursor, 

DEP, solves problems in reducing the risk of infection associated with Ti implants with plasma 

polymerization technique. 

 

Keywords: Plasma polymerization; Amphoteric polymer; Titanium; Antimicrobial coating; Fungicidal 

activity; Antibacterial activity. 

 

 
 

 

Increasing lifetimes significantly increase the demand for biomedical devices. Advances in 

nanotechnology and surface modification in recent years allow the design and development of biomedical 

devices with improved function or longer life span [1]. Although many products are commercially 

available, most of them have suffered from polymicrobial infections after implantation due to the adherence 

of bacteria and fungi and the multiplication of these pathogens on the surfaces. This could cause serious 

problems in implant surgery as well as short-term implanted biomedical devices. They often require 

replacing the infected device or implant, and could result in significant costs for the healthcare system [2-

4]. 

 

Surface coating is one of the most effective ways to develop anti-infective biomaterial/medical 

devices. The fabrication of various controlled surface structuring with the use of antimicrobial peptides, 

enzymes, nanoparticles, quaternary ammonium compounds, anti-adhesive polymers, super hydrophobic 

coatings and chitosan based strategies have been used to obtain antimicrobial surfaces [5]. In addition to 

the aforementioned methods, various antibiotics can be immobilized to prevent the formation of biofilms 

on the surface, but the bioactivity and biocompatibility of most of them with host tissues is problematic. 

Plasma technology is a highly effective method for surface structuring with their shorter reaction times, 

single-step process, environmental safety and only changing the surface properties of the material without 

affecting the bulk properties. With proper discharge power and the chemical structure of precursors used 

for modification, the production of antimicrobial surfaces could be achieved [6]. Phosphorus based 

nanomaterials have been used as drug nanocarriers, tumor theranostics, biosensors, and bone formation in 

biomedical application [7]. Diethyl phosphite as a precursor during plasma polymerization has been studied 

by our group and others with the aim of modifying the physical, chemical, electrical, or biological properties 

of the silicon, titanium and polystyrene for mainly biomedical applications [8-10]. Depending upon the 

plasma parameters applied during plasma processing, the surface energy and/or chemical structure could 

be changed. Therefore, it is important to find optimum conditions which inhibit both the growth candida 

and bacteria while keeping their biocompatibility. 

 

1. INTRODUCTION 
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This full text explains the optimization of plasma parameters to inhibit both candida, Candida 

albicans (C. albicans), and bacteria, Staphylococcus aureus (S. aureus) biofilm formation using plasma 

polymerized thin-film coating on Ti surfaces and to evaluate the influence of different thin films produced 

with varying plasma power and exposure time onto the attachment and growth of both microorganisms. Ti 

surfaces were chosen as a substrate due to their frequent usage in orthopedic and dental implant applications 

[11-12]. Furthermore, the biological response of the L929 fibroblast cells incubated with plasma modified 

Ti surfaces with different plasma conditions was monitored and compared with unmodified Ti. 

 

 

 

A. Coating Process 

During research, commercially available Ti coated glass slide surfaces (Ti surfaces) were used as a 

substrate (Oncel Advanced Materials & Surface technologies, Istanbul, Turkey) and surface coating process 

of Ti surfaces was achieved with low pressure plasma produced with radio frequency of 13.56 MHz in a 

stainless-steel plasma chamber of 150 mm radius/320 mm length (Pico, Diener Electronic GmbH, 

Germany). A RF (13.56 MHz) generator was chosen to keep glow discharge in the plasma chamber. Before 

the process, Ti surfaces were placed in the plasma chamber. Before the plasma generation, air in the 

chamber was evacuated until 0.15 mbar with the vacuum pump (Trivac 2.5E, Leybold Vacuum GmbH, 

Germany). Then, precursor, DEP was degassed with the freeze-pump-thaw method. After the degassing 

process, the atmosphere of the plasma chamber was changed from air to DEP for 15 min. Ti surfaces were 

exposed to DEP plasma generated with different discharge power varying from 25-90 W for 1-10 min of 

exposure times at a constant pressure of 0.15 mbar. Discharge power losses during the plasma process were 

kept minimum by the help of a matching network. After the surface modification process, plasma modified 

Ti surfaces were left in the vacuum medium for 15 min to passivate the active radicals. 

 

B. Surface Characterizations 

The contact angle (CA) of water and diiodomethane with the unmodified and DEP modified Ti 

surfaces was measured by monitoring the drop using a contact angle analyser (KSV Instruments Ltd., 

Finland). Five measurements were recorded to calculate the average contact angle and standard deviation 

(±SD). The solid surface free energies (SFE) of the unmodified and DEP modified Ti surfaces were 

calculated using the Young-Dupré’s equation. Hydrophobic recovery of the DEP thin films was analyzed 

in terms of change in surface energies by time within 30 days to monitor air stability (aging). 

 

C. Microbiological Testing 

A modified version of the Japanese Industrial Standard Z 2801 was used to measure both the 

antibacterial activity of plasma polymerized films against the prokaryotic bacterium Staphylococcus aureus 

(S. aureus) (29213 ATCC) and the antifungal activity against the eukaryotic fungus Candida albicans (C. 

albicans) (90028 ATCC) [13]. The details about both antifungal and antibacterial assay were given in 

previous study [9]. 

 

2. METHOD 
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D. Cytotoxicity of Plasma Modified Ti Surfaces 

Cytotoxicity of Ti surfaces after modification with DEP plasma with different plasma powers for 

10 min exposure times at a constant pressure of 0.15 mbar against mouse L929 fibroblasts (ATCC, CCL-

1, Rockwille, USA) were analyzed with a modified version of 3-(4,5-dimethylthiazol- 2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay [14]. 

 
 

 

Since the surface wettability was expected to increase after plasma coating due to polar groups 

found in the chemical structure of DEP, the measurement of water and diiodomethane contact angles is a 

great way to monitor the surface modification of highly hydrophobic Ti. The water and diiodomethane 

contact angle results of unmodified Ti and pp(DEP)-Ti surfaces produced by different plasma parameters 

were given in Table 1. Water contact angles of unmodified and plasma modified Ti surfaces with plasma 

power 25W to 90 W for 10 min exposure time were found 100±7°, 33±1°, 33±3°, 30±2° and 40±13°, 

respectively. A sharp decrement right after DEP plasma coating was seen compared to unmodified Ti 

surfaces and no significant relation between the increment of plasma power applied during plasma 

polymerization and water contact angle was observed. The influence of exposure time on water contact 

angle was also investigated to observe which exposure time provides sufficient polymerization time. 

Although all of the coatings gave more hydrophilic results in contact angle measurements compared to 

unmodified one, more hydrophilic surfaces were obtained with the increment of exposure time from 1 or 5 

min to 10 min as expected. Moreover, the increment of the exposure time from 1 to 5 min at all plasma 

power except 90 W did not change the contact angle. 

 

Surface energies (SE) of unmodified Ti and pp(DEP)-Ti surfaces produced by different plasma 

parameters were also given in Table 1. The SE value of unmodified Ti surfaces were calculated as 33.4 

mJm2. After DEP plasma modification with plasma power 25W to 90 W for 10 min exposure time, two 

times higher surface energies were seen around 70mJ/m2 compared to unmodified one except 90 W-10 min. 

The most striking increase in surface energies can be observed in surfaces which were modified with 25 

W-10 min, 75 W-10 min and 90 W-5 min plasma parameters.  

 

 

 

 

 

 

 

 

 

 

3. RESULTS 
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Table 1. Comparison of contact angles results of unmodified Ti and pp(DEP)-Ti surfaces with different 

discharge power varying from 25-90 W for 1-10 min of exposure times at a constant pressure of 0.15 mbar. 

 

 
 

 

One of the main problems that affect the adaptation of plasma polymerized thin film in surface 

modification of implants have been the aging in ambient air. After surface modification with plasma, 

surfaces face with the hydrophobic recovery over time and this leads to simultaneous decrement in the 

surface energies [15-19]. It has been reported that re-orientation of polar groups located on the surface 

and/or post-oxidation of functional groups on the surface could be causing the decrease in hydrophilicity 

over time. Therefore, the surface energies (SE) between 1 and 30 days were also studied to understand the 

shelf-life of DEP plasma modified Ti surfaces with different plasma parameters and given in Figure 1. The 

clear change in surface energies was seen in the first 5 day due to the post-plasma oxidation except those 

produced with 25 W-5 min, 50 W-5 min, 75 W-10 min and 90 W-1 min [20]. The thin films produced with 

these parameters were found more stable compared to the others. 
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Figure 1. Aging of unmodified Ti and pp(DEP)-Ti surfaces with different discharge power varying from 

25-90 W for 1-10 min of exposure times at a constant pressure of 0.15 mbar. 

 

The effect of different plasma parameters onto the growth of S. aureus on unmodified and pp(DEP)-

Ti surfaces were studied and given in Figure 2. At the end of the 24h incubation time, surface modification 

with DEP plasma decreased the adhesion and growth on Ti surfaces compared to control except surfaces 

modified by 75 W-5 min and 25 W-10 min. The highest antibacterial activity was seen on Ti surfaces 

modified with 25 W-1 min, 90 W-1 min, 50 W-5 min plasma conditions. Because of the fact that incubation 

time could affect the antibacterial activity, bacterial biofilm formation was also evaluated for 24, 48 and 72 

hrs. When DEP plasma polymer films produced with 25, 50, and 75 W of plasma power and 1, 5, and 10 

min of exposure time were analyzed, it was seen that the inhibition was increased with the increment in 

incubation time. However, the plasma power of 90 W behaved differently with the increment of exposure 

time. 

 
 

Figure 2. Growth inhibition of pp(DEP)-Ti surfaces with different discharge power varying from 25-90 W 

for 1-10 min of exposure times at a constant pressure of 0.15 mbar against S. aureus after culturing for 24 

h, 48 h and 72 h. The unmodified Ti surface was used as a control material. The results are averaged from 

three replicates [9]. 
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Ti surfaces that modified with 1 min exposure times were found insufficient to gain anti-fungal 

properties in all plasma powers (Figure 3). Ti surfaces modified by 25 W-1 min plasma parameters showed 

similar trend in terms of the formation of candida colonies. When plasma power increased to 50, 75 and 90 

W, higher candida biofilm formation was observed compared to unmodified Ti at their 72-hour incubation. 

Even though DEP plasma coating was successfully achieved as seen in surface energy results in all 

parameters, some conditions stimulated the formation of candida colonies such as 50 W- 1 min, 50 W-10 

min, 75 W-1 and 75W-5 min. Also, some of them totally behaved like antifungal surfaces like 50W-5 min, 

75W-10 min and 90W-10 min. Such a sharp diversity caused by the nature of plasma polymerization 

technique. According to overall results, while the highest efficiency for anti-fungal coating was obtained 

with 50 W-5 min, 75 W-10 min and 90 W-10 min, the antibacterial surface was produced by 25 W- 1min, 

50 W-5 min, 50 W-10 min and 75 W-10 min. 

 

 
 

Figure 3. Growth inhibition of pp(DEP)-Ti surfaces with different discharge power varying from 25-90 W 

for 1-10 min of exposure times at a constant pressure of 0.15 mbar against C. albicans after culturing for 

24 h, 48 h and 72 h. The unmodified Ti surface was used as a control material. The results are averaged 

from three replicates [9]. 

The proliferation of L929 fibroblast cells on the Ti surfaces modified with different plasma 

parameters after 24, 48 and 72 hrs of culture were shown in Figure 4. The cell viability results were shown 

that unmodified Ti surfaces had the least biocompatibility in all days compared to the plasma modified Ti 

surfaces. The proliferation rate of cells on the DEP plasma modified Ti surfaces with different plasma 

power compared with each other was not significantly different at the end of 24 and 48 hrs. As seen in the 

figure, only surfaces modified with 90 W of plasma power lost their biocompatibility at the end of 72 hrs. 

The DEP plasma modified Ti surfaces could provide a proper surface for the viability of L929 fibroblast 

cells. 
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Figure 4. The biocompatibility of pp(DEP)-Ti surfaces with different discharge power varying from 25-90 

W for 1-10 min of exposure times at a constant pressure of 0.15 mbar after culturing for 24 h, 48 h and 72 

h. The unmodified Ti surface was used as a control material. The results are averaged from three replicates 

[9]. 

 

 

 

In this study, Ti surfaces were modified with DEP plasma under different plasma power for different 

exposure times at a 0.15 mbar pressure and the best conditions to inhibit microbial adhesion on Ti surfaces 

during plasma polymerization was optimized during this study. DEP plasma modified Ti surfaces were 

found to be hydrophilic and have higher surface energy compared to unmodified surfaces regardless of 

plasma power and exposure time. Antibacterial and antifungal tests indicated that dramatic decrement in 

the number of viable pathogen cells was seen at the Ti surfaces produced with 50 W-5 min and 75 W-10 

min compared to unmodified Ti surfaces. The cell viabilities of L929 fibroblast cells on DEP plasma 

modified Ti with 50 W-5 min and 75 W-10 min was also increased compared to unmodified Ti regardless 

of plasma power. 

 

 
 

 

1. Holzapfel, B. M., Reichert, J. C., Schantz, J. T., Gbureck, U., Rackwitz, L., Nöth, U., ... & 

Hutmacher, D. W. (2013). How smart do biomaterials need to be? A translational science and 

clinical point of view. Advanced drug delivery reviews, 65(4), 581-603. 

2. Donlan, R. M. (2002). Biofilms: microbial life on surfaces. Emerging infectious diseases, 8(9), 881. 

3. Meyer, B. (2003). Approaches to prevention, removal and killing of biofilms. International 

biodeterioration & biodegradation, 51(4), 249-253. 

4. Høiby, N., Ciofu, O., Johansen, H. K., Song, Z. J., Moser, C., Jensen, P. Ø., ... & Bjarnsholt, T. 

(2011). The clinical impact of bacterial biofilms. International journal of oral science, 3(2), 55-65. 

5. CONCLUSION 

 

REFERENCES 

 



Natural & Applied Sciences Journal Volume: Special Issue: 2nd International Congress of Updates in Biomedical Engineering 2020 
 

 

                         110 
 

5. Swartjes, J. J., Sharma, P. K., Kooten, T. G., van der Mei, H. C., Mahmoudi, M., Busscher, H. J., 

& Rochford, E. T. (2015). Current developments in antimicrobial surface coatings for biomedical 

applications. Current Medicinal Chemistry, 22(18), 2116-2129. 

6. Yasuda, H., & Gazicki, M. (1982). Biomedical applications of plasma polymerization and plasma 

treatment of polymer surfaces. Biomaterials, 3(2), 68-77. 

7. Tang, Z., Kong, N., Ouyang, J., Feng, C., Kim, N. Y., Ji, X., ... & Tao, W. (2020). Phosphorus 

science-oriented design and synthesis of multifunctional nanomaterials for biomedical applications. 

Matter, 2(2), 297-322. 

8. Akdogan, E., Demirbilek, M., Sen, Y., Onur, M. A., Azap, O. K., Sonmez, E., ... & Mutlu, M. 

(2019). In vitro and in vivo bacterial antifouling properties of phosphite plasma-treated silicone. 

Surface Innovations, 7(2), 122-132. 

9. Kaleli-Can, G., Özgüzar, H. F., Kahriman, S., Türkal, M., Göçmen, J. S., Yurtçu, E., & Mutlu, M. 

(2020). Improvement in antimicrobial properties of titanium by diethyl phosphite plasma-based 

surface modification. Materials Today Communications, 25, 101565. 

10. Kaleli-Can, G., Hortaç-İştar, E., Özgüzar, H.F., Mutlu, M., Mirza, H.C., Başustaoğlu, A., Göçmen, 

J.S. (2020) Prevention of Candida biofilm formation over polystyrene by plasma polymerization 

technique. MRS Communications. 

11. Elias, C. N., Lima, J. H. C., Valiev, R., & Meyers, M. A. (2008). Biomedical applications of titanium 

and its alloys. Jom, 60(3), 46-49. 

12. Özcan, M., & Hämmerle, C. (2012). Titanium as a reconstruction and implant material in dentistry: 

advantages and pitfalls. Materials, 5(9), 1528-1545. 

13. JIS, Z. (2000). 2801: 2000 Antimicrobial Products-Test for Antimicrobial Activity and Efficacy. 

Japanese Standards Association, Akasaka, Minato-ku, Japan. 

14. Yurtcu, E., İşeri, Ö. D., & Sahin, F. I. (2014). Genotoxic and cytotoxic effects of doxorubicin and 

silymarin on human hepatocellular carcinoma cells. Human & experimental toxicology, 33(12), 

1269-1276. 

15. Occhiello, E., Morra, M., Cinquina, P., & Garbassi, F. (1992). Hydrophobic recovery of oxygen-

plasma-treated polystyrene. Polymer, 33(14), 3007-3015. 

16. Behnisch, J., Holländer, A., & Zimmermann, H. (1993). Factors influencing the hydrophobic 

recovery of oxygen-plasma-treated polyethylene. Surface and Coatings Technology, 59(1-3), 356-

358. 

17. Della Volpe, C., Fambri, L., Fenner, R., Migliaresi, C., & Pegoretti, A. (1994). Air-plasma treated 

polyethylene fibres: effect of time and temperature ageing on fibre surface properties and on fibre-

matrix adhesion. Journal of materials science, 29(15), 3919-3925. 

18. Jensen, C., Zhang, C., & Qiu, Y. (2003). The aging of atmospheric plasma-treated ultrahigh-

modulus polyethylene fibers. Composite Interfaces, 10(2-3), 277-285. 

19. Lawton, R. A., Price, C. R., Runge, A. F., Doherty III, W. J., & Saavedra, S. S. (2005). Air plasma 

treatment of submicron thick PDMS polymer films: effect of oxidation time and storage conditions. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 253(1-3), 213-215. 



Natural & Applied Sciences Journal Volume: Special Issue: 2nd International Congress of Updates in Biomedical Engineering 2020 
 

 

                         111 
 

20. Siow, K. S., Britcher, L., Kumar, S., & Griesser, H. J. (2014). Deposition and XPS and FTIR 

analysis of plasma polymer coatings containing phosphorus. Plasma Processes and Polymers, 11(2), 

133-141. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


