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Novel, highly chlorinated surface coatings were produced via 

a one-step plasma polymerization (pp) of 1,1,1-

trichloroethane (TCE), exhibiting excellent antimicrobial 

properties against the vigorously biofilm-forming bacterium 

Staphylococcus epidermidis.  

Biofouling with its implications causes reoccurring substantial 

financial loss.1 Bacteria are a major contributor to biofouling, 

this urges the need for permanent antibacterial coatings for a 

variety of applications, such as water filtration, bioreactor 

membranes, food packaging and biomedical devices. 2, 3 

Because biofouling is such a serious problem, the approaches to 

combat its formation are manifold, such as using biocidal 

coating containing organo-tin or quarternary amine 

compounds.3 However, these coatings bear certain drawbacks. 

For example, the well-known antibacterial quaternary 

ammonium compounds usually require a wet-chemical 

activation step using toxic and carcinogenic alkylation reagents 

in the presence of solvents or the use of expensive and exotic 

starting materials.4-6  

An all-embracing solution however, has not been found so far. 

Colonization of a surface by bacteria is a stepwise process 

starting with planktonic bacteria attaching to a surface upon 

which they start multiplying and secreting a thick extracellular 

matrix forming a biofilm. Bacteria imbedded within this 

biofilm are much more resistant to outside xenobiotics which is 

why it is of importance to kill them at the surface in their 

planktonic before attachment.7   Highly desirable in the design 

of antibacterial surfaces is the goal of generating robust, yet 

financially affordable coatings that withstand bacterial 

colonization over long periods of time. Due to its scalability, 

speed of process and lack of solvent usage, plasma 

polymerization is used to generate thin functional coatings on 

an industrial scale. These process advantages have led to the 

research of antimicrobial coatings generated via plasma 

polymerization.8 However, all reported plasma polymerized 

coatings so far involve several production steps and often 

include the use of solvents, nullifying the advantage of being 

solvent free.  
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Various chlorinated hydrocarbons, such as dichlorobenzene, are 

being used for sanitary purposes which gave rise to the 

inspiration to utilize them in our study as a starting material.9 

1,1,1-trichloroethane was selected due to its low toxicity when 

compared to other halogenated solvents. Plasma polymerization 

of chlorinated monomers has been reported previously.10, 11 

However, to the best of our knowledge their potential short and 

long-term antibacterial properties were never reported. The aim 

of this study was to investigate the chlorinated monomer TCE 

as a promising candidate to generate antibacterial plasma 

polymer coatings in one step, which represents a potentially 

considerable improvement in comparison to multi-step 

approaches.” 

We report the use of TCE as a volatile precursor to generate 

surface coatings via reduced pressure radio frequency plasma 

polymerization in one step yielding surfaces which are highly 

bactericidal to the vigorously biofilm producing Staphylococcus 

epidermidis (S.epi). Furthermore, those surfaces exhibit 

persistent antimicrobial properties even after soaking or 

washing with water.  

 

The plasma polymerization and deposition onto polyethylene 

terephthalate (PET) coverslips was carried out in a custom-built 

reactor as reported before.12, 13 In short, PET coverslips were 

first treated with air plasma to clean the surface. Subsequently, 

TCE vapours were introduced into the chamber; followed by its 

plasma deposition at a fixed monomer flow rate and power 

input. Afterwards, the plasma polymerized TCE (TCEpp) 

surfaces were either stored in air (Dry), covered with 1 ml of 

deionized water (Wet) or washed 20 times × 1 ml with 

deionized water over the course of 1 month (Washed). The 

surfaces were characterized using X-ray photoelectron 

spectroscopy (XPS), time of flight secondary mass 

spectroscopy (ToF-Sims) and ellipsometry. All of which are 

methods commonly used to characterize plasma polymer 

films.14, 15 Bacterial testing was carried out using the clinically 

isolated S.epi strain (ATCC 35984), in either a 24 h test 

utilizing Safranin or a time lapse experiment using the live-

dead BacLightTM stain. All spectra and detailed testing protocol 

are provided in the supporting information.  

 

As can be seen in Table 1 and Figure 1, TCEpp stored in air 

exhibits a high chlorine content of more than 43 %. This is 

somewhat lower compared to the chlorine content of TCE 

itself; which suggests fission of carbon-chlorine bonds of TCE 

during the polymerization and the elimination to some degree. 

The very low concentrations of nitrogen and oxygen are most 

likely a result of post plasma polymerization aging, as has been 

observed in other plasma polymers.16 The ToF-Sims spectra in 

negative mode (see supporting information) of TCEpp stored in 

air is dominated by peaks at 34.97 / 36.97 and 69.95 / 71.95 

amu; corresponding to Cl- and Cl2
-. In positive mode two 

characteristic peaks can be seen at 82.94 and 84.94 amu; 

indicating that the molecule fragments contain chlorine. Many 

more fragments in pairs 2 amu apart and with a “less than 

whole” amu can be found throughout the spectra, all pointing to 

a multitude of fragments containing at least one chlorine. On 

the other hand, “more than whole” fragments such as 91.05 and 

105.07 amu can be found. These are most likely alkyl chain 

fragments coinciding with the aforementioned carbon-chlorine 

fission and chlorine elimination. The measured thickness via 

ellipsometry (supporting information) was 169.4 ± 0.2 nm after 

2 minutes of total polymerization time. This indicates a fast pp 

growth rate compared to other monomers such as n-

heptylamine.17  

The bacterial testing results, as seen in Figure 2, indicate a 

considerable reduction of bacteria and biofilm after 24 h when 

compared to the reference for all bacteria seeding 

concentration. Only at very high seeding concentrations did the 

TCEpp show decreased efficacy; however, such high seeding 

concentrations are less realistic in real life situations such as 

wound healing.18 The time lapse experiment, presented in 

Figure 3, further solidifies the antibacterial properties of 

TCEpp.  Here, mostly dead bacteria (orange/red) could be seen 

at all time intervals and their overall number hardly increased 

even after 6 h of incubation. This is especially the case when 

compared to the reference on which the bacteria showed 

vigorous proliferation.  

 

Cytotoxic measurements have shown the toxic effect of the 

synthesized TCEpp surfaces towards certain mammalian cell 

lines (see supporting information and Figure S1). These results 

reflect the limitations of the chlorinated plasma polymers and 

would probably preclude their use in implantable materials.  

Regardless of these limitations, the authors envision numerous 

other applications such as air-filters and disposable surgical 

gowns, just to name a few. 

 

A desirable aspect for antibacterial surfaces is their longevity 

and resistance to external factors such as washing. For this 
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purpose TCEpp coated coverslips were either immersed in 

deionized water for at least 24h  or washed with distilled water 

twenty times over the course of one month prior to bacterial 

testing. TCEpp that came into contact with water showed in 

comparison to its dry stored counterpart a decrease in chlorine 

content, as seen in the XPS results in Table 1. Wetting led to a 

decrease of the overall chlorine content to 31.9% and to 27% in 

the case of repeated washing. Interestingly, the carbon 

percentage seems to undergo only small changes whereas the 

biggest difference is the decrease of chlorine, which is 

counterbalanced mostly by an increasing oxygen content. The 

slight increase of nitrogen and moderate one in case of oxygen 

for the wet and washed TCEpp was most likely due to post 

polymerization aging in water.19, 20 It appears that the plasma 

polymer network contains chlorinated, non-crosslinked 

fragments, which can leach into solution as implied by the loss 

of chlorine seen in XPS. The loss of chlorine could suggest a 

release mechanism of bactericidal chlorinated oligomers into 

solution and is subject of further research. Minute traces of 

silicon were observed; most likely in form of silicone 

contaminations; however, at such low concentration they were 

very unlikely able to influence the surface chemistry. 

Altogether, the XPS confirms the presence of a chlorinated 

plasma polymer even after contact with water. The ToF-Sims 

spectra in negative mode of the wetted or washed surfaces did 

not change compared to the dry TCEpp with Cl- and Cl2
- still 

being the dominant peaks. Conversely though, in positive 

mode, the intensity of lower molecular “more than whole” 

peaks increased. More interestingly however, these small 

chemical differences did not impair its antibacterial activity; as 

can be seen in the almost identical bacteria reduction on surface 

in Figure 2.  

These coatings undergo chemical changes upon contact with 

water as could be seen from the XPS and Tof-Sims results; 

nevertheless, this did not affect their excellent short and long 

term antibacterial properties showing that TCEpp performs well 

even after extensive washing. Time lapse bacterial testing 

revealed the immediate reduction of bacteria, an effect that 

persisted even after 24 h. This most likely hints at a fast killing 

mechanism, dispatching the bacteria before any adhesion to the 

surface can take place. The beneficial qualities of plasma 

polymerization, combined with the affordability of the 

monomer and potential for scale-up make this method 

commercially attractive. Possible applications could be the 

coating of surgical gowns or air filters, to name a few. 

 

In summary, this study showed that “one step” plasma 

polymerization of TCE leads to robust antibacterial surface 

coatings, which exhibit excellent, fast acting, antibacterial 

activity regardless of being washed with water or not. The 

mechanism of action, as well biocompatibility and range of 

other chlorinated monomers will be published in a follow up 

study.  
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