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ABSTRACT 1 

Recently, medical applications for 3D printing are expanding rapidly and are expected to 2 

revolutionize health care, specifically, manufacturing surgical guides and protective face 3 

mask against coronavirus (COVID-19). These instruments come in contact with the human 4 

tissues, being necessary 3D printed materials free of pathogenic microbes or other 5 

contaminants. Therefore, they must be sterilized to avoid that bacteria can attach to the 6 

surface and produce biofilm. With the aim of avoiding bacterial biofilm formation and 7 

minimize the health risks, acrylic acid (AcAc) coatings applied by plasma-polymerization 8 

have been deposited on 3D printed polylactic acid (PLA) Petri dishes. Six antimicrobial-9 

resistant clinical and two susceptible control strains of Pseudomonas aeruginosa and 10 

Staphylococcus aureus species were analyzed. AcAc coatings provide the surface with greater 11 

hydrophilicity and, consequently, the formation of a hydration layer, whose thickness is 12 

related to the surface roughness. This hydration layer could explain the reduction of bacterial 13 

attachment and, consequently, the biofilm formation. Antibiofilm coatings are more 14 

successful against P. aeruginosa strains than against S. aureus ones; due to some coatings 15 

presents a smaller topography scale than the P. aeruginosa length, reducting the contact area 16 

between the bacteria and the coating, and causing a potential rupture of the cellular 17 

membrane. AcAc coatings with less number of plasma passes were more effective, and 18 

showed up to a 50% relative biofilm reduction (in six of the eight strains studied) compared 19 

with the untreated plates. 20 

 21 

Keywords: atmospheric-pressure cold plasma; plasma-polymerization; 3D printing surgical 22 

tools; antibiofilm coatings; antimicrobial resistant strains; hydration layer  23 
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1. INTRODUCTION 1 

The 3D printing technology based on biocompatible printable materials, is capable of 2 

manufacturing devices with a complex, specific and accurate geometry for each patient and 3 

their anatomy [1]. For these reasons, medical applications for 3D printing technology are 4 

expanding quickly [2,3]. In 2006, the 3D printing industry generated $700 million, with only 5 

$11 million (1.6%) invested in medical applications. However, in the next decades, 3D 6 

printing is expected to achieve $9 billion, spending a quarter of the total on medical 7 

applications [4]. The most common medical applications of 3D printing devices are: 8 

preoperatory planification, education, clinical training and surgical use (implants, prosthesis 9 

and protection devices) [5]. In the past few months, the global coronavirus pandemic 10 

(COVID-19) have caused a shortage of personal protective equipment (PPE) worldwide. In 11 

order to avoid the lack of protective medical equipment and prevent the spread of COVID-19, 12 

3D printing makers community have started manufacturing specific facial mask and 13 

respirators for intensive care unit (ICU) patients. Due to the risks associated with 3D printing 14 

medical devices (detailed below) and with the aim of combating COVID-19 disease 15 

effectivelly, the European Commission (DG GROW) has written a list of the 3D printing 16 

resources available in Europe [6]. 17 

Different materials are used for medical applications according to the employed 3D printing 18 

technology: polymers (acrylonitrile butadiene styrene-ABS-, polylactic acid-PLA- and nylon), 19 

metals (titanium) or ceramic materials (hydroxyapatite-HA-) [5]. PLA is the most widely used 20 

polymer in Fused Filament Fabrication (FFF) technology. PLA is a recyclable, biodegradable 21 

and biocompatible thermoplastic; and it is obtained from corn and sugar cane. The low 22 

thermal expansion coefficient of PLA facilitates its printing. Therefore, PLA printed parts 23 

show high precision and surface quality [3]. Additionally, toxicity levels associated with PLA 24 

filaments during 3D printing are lower than those derived from fossil fuels, like (ABS) [7].  25 
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Nevertheless, there are two critical parameters when surgical devices are manufacturing by 1 

3D printing: the porosity and the surface roughness. Surgical instruments require a smooth 2 

surface to avoid that it can damage tissues or wear away the tool over time, to limit the risk of 3 

bacterial contamination and to guarantee a high corrosion resistance. Nowadays, the use of 3D 4 

printing technology is limited in the surgical field because this technology produces rough 5 

tools, so after the initial manufacturing process it is necessary to apply additional processes 6 

such as electro-chemical machining (ECM), thermal deburring or electro-polishing, for 7 

improving the initial surface finish. These processes are critical for 3D printing devices; 8 

compromising its mechanical properties [8,9]. 9 

Besides, the grooves produced on the tool surface by FFF technology favor the adhesion and 10 

proliferation of different microorganisms [10]; requiring sterilization procedures [11]. 11 

Attachment is the most crucial stage, because if bacteria adhere successfully to a surface, they 12 

will begin to proliferate. Bacterial proliferation is often accompanied by production of an 13 

extracellular matrix, leading to biofilm formation [12]. Biofilm production facilitates bacteria 14 

survival, protecting them from hostile environments. For this reason, bacterial biofilm 15 

formation is one of the main concerns in industrial cleanliness and hospital environment [13].  16 

PLA printed tools are not suitable for autoclave sterilization process, due to the low fusion 17 

temperature of PLA (50-60 ºC) [11,14]. Therefore, special sterilization protocols are required 18 

for the medical applications, such as ethylene oxide [15,16]. It has been demonstrated that 19 

sterilization with ethylene oxide is suitable for PLA printed devices without affecting the 20 

geometry, chemical and mechanical properties of the printed pieces [7]. However, some 21 

researches have described a lot of ethylene oxide sterilization inconveniences. The compound 22 

is flammable and toxic, increasing the risk of spontaneous miscarriage; as well as potentially 23 

causing cancer, neurological and cognitive impairment, central nervous system depression, 24 

skin irritation and gastrointestinal problems. In addition to the problems associated with its 25 

https://www.sciencedirect.com/topics/medicine-and-dentistry/extracellular-matrix
https://www.sciencedirect.com/topics/nursing-and-health-professions/biofilm
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toxicity, ethylene oxide sterilization has other disadvantages such as high costs and long 1 

processing times [11]. 2 

Coatings applied by cold atmospheric pressure plasma technology have been very different 3 

industrial sectors: automotive [17], metallurgy [18], renewable energies [19,20], textile [21], 4 

biomedical [22]… In the last decade there has been a significant interest in the deposition of 5 

functional coatings that will be capable of tuning the physical, chemical and morphological 6 

properties of a surface without altering the bulk material. Unlike more traditional methods, the 7 

application of coatings by atmospheric pressure plasma polymerization does not require 8 

working under vacuum conditions or using solvents; so it is cheap, versatile, clean and the 9 

properties of the coatings could be modified by controlling different processing parameters 10 

(e.g., passes, power, speed, etc.). Besides, cold plasma treatments are suitable for PLA 11 

filaments because the low temperature that is reached during these treatments does not cause 12 

damage to heat sensible biomaterials [23]. Many researches have applied atmospheric plasma 13 

coatings to reduce bacterial attachment. Stallard et al [24] quantified the protein adsorption 14 

and bacterial adhesion onto silicon and titanium substrates previously modified by 15 

atmospheric pressure plasma polymerized siloxane coatings. Fluorinated siloxane coatings 16 

increased the hydrophobic wetting behavior and produced a significant reduction of 17 

Staphylococcus aureus attachment and protein adsorption. Hernández-Orta et al [25] 18 

evaluated the bactericidal capacity of atmospheric pressure plasma polymerized 4-vinyl 19 

pyridine (4VP) coatings on high-density polyethylene substrates. The 4VP coatings achieved 20 

a complete E. coli inactivation. Further explanation of these studies is carried out in a 21 

previous work [26], in which we reviewed different mechanisms that employ atmospheric 22 

pressure plasma technologies for the deposition of antibiofilm coatings. Among these 23 

antibiofilm approaches, coatings that modify the physicochemical surface properties stand 24 

out. In food industry, the modification of physicochemical substrate properties can be a good 25 

prospect compared with the disadvantages that may arise with other alternatives, such as 26 
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coatings containing antibacterial and biocidal agents. The coatings that produce a change in 1 

the surface properties can decrease biofilm formation avoiding the bacterial adhesion rather 2 

than killing them once attached. Besides, this approach does not use biocidal agents, so it 3 

gives places to non-toxic surfaces with antibiofilm capacity; which is ideal for food contact 4 

surfaces. Functional groups added in the substrate by the fragmentation of the precursor 5 

molecules, form a layer of water that generates a steric repulsion and prevent direct contact 6 

between bacteria and substrates. However, antibiofilm mechanism is not yet totally 7 

understood. In a recent work [27], we applied acrylic acid (AcAc) and tetraethyl orthosilicate 8 

(TEOS) plasma-polymerization coatings over 3D printed polylactic-acid (PLA) Petri dishes 9 

with the aim of reducing P. aeruginosa, Escherichia coli and Listeria monocytogenes 10 

biofilms, three important species in the food industry. AcAc coatings incremented the amount 11 

of oxygen functional groups and PLA wettability; and therefore, reduced biofilm formation. 12 

PLA substrates coated with one pass of AcAc generated a biofilm production of 47.7% for L. 13 

monocytogenes, 50.4% for P. aeruginosa and 64.1% for E. coli; compared to biofilm 14 

production on untreated PLA plates. 15 

P. aeruginosa and S. aureus are two of the most significant opportunistic pathogens in the 16 

clinical field and are capable of causing a broad range of infections. P. aeruginosa is 17 

responsible of important nosocomial infections, can cause infections normally associated with 18 

hospital instruments where the bacteria adheres and adapts (including catheters, stethoscopes, 19 

drainage implants...) and causes serious infections in patients who have cronical respiratory 20 

issues or immunosuppression [28]. S. aureus causes a range of recalcitrant device-related 21 

infections, such as intravascular catheter infections, prosthetic joint and valve infections, etc. 22 

[29]. The aim of this work was to reduce the microbial adhesion and contamination of PLA 23 

3D printed tools by applying antibiofilm plasma-polymerized coatings using an atmospheric-24 

pressure plasma jet (APPJ) system. Over the last years, numerous studies have described the 25 

benefits of using 3D printed instruments in surgical operations but have warned about the 26 
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risks associated with the contamination of 3D printed surfaces. Hsu et al [30] evaluated the 1 

advantages of employing 3D printing surgical splints and templates during maxillofacial 2 

surgery. The 3D printed surgical devices increased the accuracy in repositioning the chin 3 

segment. Mardini et al [31] employed 3D printed positioning instruments (manufactured by 4 

stereolithography) to guide the location of osteotomies and the fixation of bone segments. It 5 

allowed a more precise and rapid reconstruction. Anton de Vez et al [32] used a 3D printed 6 

PLA surgical guide during a rhinoplasty. They observed that 3D printing technology 7 

incremented the accuracy; making the intervention easier and faster than the conventional 8 

osteotomy. Chuan et al [33] designed a 3D printed ABS armband coated with a gelatinous 9 

substance used to attach the armband to the patient’s burnt skin. This research stablished that 10 

3D printing technology is useful for replacing the current bandages, and consequently, for 11 

reducing patients’ pain and promoting healing. However, they warned that the material for 12 

medical applications should be sterilized easily, so we have to choose them carefully. 13 

Currently, due to the lack of personal protective equipment (PPP) along the current 14 

coronavirus pandemic, Swennen et al [34] designed reusable components of the 3D face mask 15 

manufactured by 3D printing technology. They warned against the infection risks on 3D 16 

printed surfaces and encouraged the worldwide researchers to perform virologic testing on 3D 17 

printed parts. 18 

The effectivity of the coatings was evaluated by measuring biofilm biomass produced by 19 

multidrug-resistant and susceptible P. aeruginosa and S. aureus strains. The influence of the 20 

number of passes (1, 2, 6 and 12) was characterized from a morphological, physico-chemical 21 

and microbiological point of view. For these characterizations, atomic force microscopy 22 

(AFM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and 23 

crystal violet (CV) staining assay for biofilm quantification were used. 24 

2. EXPERIMENTAL 25 
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2.1. Materials 1 

White PLA RS PRO with 1.75 mm diameter (RS PRO, UK) was the filament used for the 2 

printing of PLA Petri dishes. Acrylic acid tech. 90% (AcAc; (C3H4O2)) (Alfa-Aesar, USA) 3 

was used as precursor liquid for the plasma-polymerized coatings. After plasma treatments, 4 

PLA Petri dishes were covered with 35 mm diameter sterilized polystyrene (PS) lids 5 

(Thermo-Scientific, USA) to prevent from environmental contamination. 6 

2.2. 3D Printing process 7 

The 3D printer used was “Original Prusa i3 MK3” (Prusa3D, Czech Republic). According to 8 

manufacturer recommendations [35], the extruder and the print bed temperatures were 215ºC 9 

and 60ºC, respectively. A nozzle of 0.4 mm diameter, a layer thickness of 0.2 mm and a fill of 10 

80% were used for printing the PLA Petris dishes. The 3D printed PLA Petri dishes showed 11 

the following geometry: 31 mm inside diameter, 35 mm outside diameter and 15 mm height 12 

(Fig. 1[a]). These 3D printed dishes were chosen as the most appropiated tools to analyse the 13 

in vitro antibiofilm properties of plasma-polymerized coatings. 14 

2.3. Plasma-polymerization process 15 

Once PLA Petri dishes were printed, the different plasma-polymerized coatings (Table I) were 16 

applied using an APPJ system PlasmaSpot500® (MPG, Luxemburg). This system consists of 17 

an Al2O3 dielectric tube between two cylindrical electrodes, one external connected to a high 18 

voltage source and the other one internal and grounded (Fig. 1[b-c]). 19 

Nitrogen (99.999%) was the gas used for precursor atomization and plasma generation at 1.5 20 

slm and 80 slm, respectively. Plasma power was set at 360 W. Four plasma-polymerized 21 

treatments with different coating passes (1, 2, 6 and 12) and AcAc as precursor liquid were 22 

applied on PLA Petri dishes (Table I). With a scanning pattern, the jet moved over the surface 23 

of PLA Petri dishes at a speed of 100 mm/min, a track pitch of 2 mm and a gap of 10 mm 24 
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between the plasma gun and the PLA Petri dishes. Each analysis was performed in 1 

quadruplicate.  2 

2.4. Morphological and chemical characterization 3 

Roughness and surface topography of PLA Petri dishes were analyzed using a Multimode 4 

AFM Bruker instrument (Bruker Corporation, USA) with Nanoscope V Controller. The 5 

scanned area was 40 μm × 40 μm with a frequency of 50 Hz. NanoScope Analysis 1.4 6 

(Bruker Corporation, USA) software was used in order to determine the morphological 7 

parameters: mean surface roughness (Ra) and developed interfacial area ratio (Sdr). Sdr 8 

parameter was calculated relating the real surface area and the projected area; and it was 9 

expressed as the percentage of additional surface area contributed by the texture compared to 10 

the scanned area [36]. Three areas per sample were studied, so that values corresponded to the 11 

average ones. Scanning Electron Microscope (SEM) HITACHI S-2400 with 18 kV power 12 

was employed to analyze the surface morphology of PLA Petri dishes, that were previously 13 

coated with gold and palladium to made them conductive. 14 

The surface profiles of the dishes were studied from the AFM images. The signal distortion 15 

was firstly attenuated by image smoothing to avoid the detection of false peaks. Then, a 16 

threshold was applied to the peak amplitude to detect the true peaks and to neglect too small 17 

peaks. Finally, the positions of the identified peaks were determined and the distance between 18 

them was averaged. 19 

The XPS analysis was used in order to obtain the chemical characterization of the coatings. 20 

X-ray photoelectron spectra were determined employing a Kratos AXIS Supra system (Kratos 21 

Analytical, England) with an hemispherical electrons analyzer and a Monochromatic AlKα X-22 

ray source (120 W, 15 kV) operating at 1.33 x 10-7 Pa of residual pressure. Spectra were 23 

collected at 160 eV (general spectrums) and 20eV (high resolution spectrums). Binding 24 
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energies were related to C1s signal for the adventitious carbon at 285 eV. These results were 1 

deconvoluted by means of PeakFit 4.12 (SPSS Inc.). Each sample was examined in triplicate. 2 

2.5. Bacterial strains and growth conditions  3 

The antimicrobial susceptible control P. aeruginosa PAO1 and S. aureus ATCC29213 strains, 4 

as well as the multidrug-resistant clinical P. aeruginosa Ps204, Ps713 and Ps1056, and 5 

meticillin-resistant clinical S. aureus W1569, W1570 and W1571 strains from the Molecular 6 

Microbiology Area collection (CIBIR, Spain) were included in all the experiments to perform 7 

the biofilm analysis. The strains were routinely grown onto Brain-Heart Infusion (BHI) agar 8 

(Pronadisa, Conda, Spain) at 37ºC during 18 h for culture and correct isolation of the 9 

colonies.  10 

2.6. Biofilm quantification and bacterial growth  11 

The total biofilm biomass production of the strains was analyzed by the CV staining protocol 12 

[37]. Briefly, an initial 106 CFU/mL bacterial inoculum prepared in 3 mL of Mueller Hinton 13 

(MH) Broth (Pronadisa, Conda, Spain) was inoculated on the PLA Petri dishes, and 14 

subsequently incubated at 37°C during 24 h to obtain a mature biofilm. The medium was 15 

removed at the end of the incubation period, and the biofilm was washed with phosphate 16 

buffer saline (PBS) and fixed with methanol during 15 minutes at room temperature. Plates 17 

were dried during 10 minutes at room temperature after removing the methanol. Then, 3 mL 18 

of CV solution was added (Sigma, final concentration 10% in PBS) and incubated at room 19 

temperature during 20 minutes. The CV excess was removed under running water and dried. 20 

Finally, the cell bound crystal violet was dissolved in 3 mL of acetic acid 66% v/v, incubated 21 

at room temperature for 1 h and quantified by absorbance at 590 nm. Measures were 22 

performed on a plate reader (POLAR star Omega microplate reader, BMG Labtech). Three 23 

PLA Petri dishes with no treatment were included as control in all assays. Four PLA Petri 24 

dishes were used per each treatment and microorganism. ANOVA test has been realized to 25 
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determite if there are statistically significant differences on biofilm formation between coated 1 

and untreated PLA Petri dishes. 2 

3. RESULTS AND DISCUSSION 3 

3.1. Chemical characterization 4 

After applying the different plasma-polymerized coatings on the 3D printed PLA Petri dishes, 5 

the chemical modifications caused on the plates were evaluated by an XPS analysis. Fig. 2 6 

ilustrates the atomic chemical composition of untreated and coated PLA plates. Table II 7 

shows the relative abundances of the groups found in the deconvolution of the C1s high 8 

resolution spectra and the binding energies associated with their respective peaks. 9 

The atomic composition of the untreated 3D printed PLA plate was: 71.80±1.44 % of C1s, 10 

27.88±1.46 % of O1s and 0.06±0.10 % of N1s. This chemical composition was similar to that 11 

previously identified by Zhao et al. [38]. The percentage of carbon measured at the untreated 12 

3D printed PLA was probably due to the presence of adventitious carbon on the plate surface. 13 

The carbon percentages of the different coated plates were due to both adventitious carbon 14 

and the provided one by the AcAc atomization . Higher superficial oxidation degree occurred 15 

in the coated plate than in the untreated plate (Fig. 2). This increase in the superficial oxygen 16 

percentage was significant since the first AcAc pass was applied, and it remained constant 17 

regardless of the number of plasma-polymerization passes. Nitrogen amount, were practically 18 

nonexistent (<1%) for all samples. Three peaks were obtained in C1s spectra deconvolution 19 

(Table II): C-C/C-H at 285 eV, C-O at 286.5-287.2 eV and O-C=O at 288.5-289.3 eV 20 

[27,39,40]. Similar to above mentioned, oxygen functional groups (C-O, O-C=O) increased 21 

and carbon functional groups (C-C/C-H) decreased for Ac1p coatings. The increase in the 22 

superficial oxidation degree (O/C ratio), and especifically in carbonyl groups (O-C=O), could 23 

increase the surface free energy, thereby making the surface more hydrophilic [23,40].  24 

3.2. Morphological characterization 25 
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Fig. 3 ilustrates SEM and AFM images of the untreated 3D printed PLA plates. The 1 

characteristic superficial pattern of FFF printing, with grooves due to the deposition of fused 2 

filament, is showed (Fig. 3[c]). The impossibility of setting up a water drop on those grooves 3 

involved that the wettability (water contact angle, WCA) of the plate surfaces was not 4 

measured. The SEM images magnification, increasing from x100 to x2000, provided a more 5 

detailed view of the PLA surface. The lumpy surface shows many spaces and holes where 6 

bacteria could attach and proliferate (Fig. 3[b,d]). 7 

Fig. 4 shows SEM and AFM images of all the coated 3D printed PLA plates and Fig. 5 8 

illustrates the mean surface roughness (Ra) and the developed interfacial area ratio (Sdr) of all 9 

samples. The so called “shadowing effect” occurredduring deposition of plasma coatings. 10 

Plasma-polymerized particles could easily approach and deposit on higher surface points 11 

(hills). Then, these particles could either stick to such points or bounce off. Nonsticking 12 

particles were re-emitted and could arrive at lower surface points (valleys). This phenomenon 13 

leads to the generation of rougher surfaces [41]. 14 

During the first two passes (Fig. 4[a,b]), some of the plasma-polymerized particles were 15 

deposited on the higher points of the PLA surface whereas other particles were embedded into 16 

the lower points of the PLA surface, filling the surface grooves. This double effect caused an 17 

increment in the surface roughness and in the surface texture (Fig. 5). The most complex and 18 

textured surface was obtained when one AcAc pass was applied (Sdr: 8.6±1.61%, Fig. 5). As 19 

a greater number of passes were applied, the AcAc coating was filling the surface grooves, so 20 

the surface irregularities decreased (Sdr: 2.62±0.09%, Fig. 5). However, the highest surface 21 

roughness was obtained when two passes were applied (Ra: 531.5±31.58 nm, Fig. 5). Most 22 

spaces were filled and disappeared after applying 6 passes (Fig. 4[c,d]), which leds to a 23 

smoother surface and a lower roughness. When the greatest number of passes was applied 24 
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(Ac12p), the plate surface showed lower roughness values than the untreated plates (Ra: 1 

385.5±9.40 nm, Fig. 5). 2 

Fig. 6 shows the AFM profiles and distance between peaks of the untreated and coated 3D 3 

printed PLA plates with one and two plasma passes. The distance between peaks of all 4 

analyzed samples is illustrated in Table III and these values agree with the degree of surface 5 

texturing (Sdr, Fig. 5). AFM profiles (Fig. 6[a2-c2]) confirmed the previously discussed 6 

deposition mechanism. Besides, it is possible to observe how the superficial pattern of 7 

untreated plates changed as the number of plasma passes increased. The distance between 8 

peaks decreased from 3.72±1.89 µm (untreated plate) to 1.22±0.84 µm and to 1.70±1.22 µm 9 

with one (Ac1p) and two passes (Ac2p), respectively (Fig. 6[a3,b3]), but increased when 10 

higher numbers of passes were applied, that is to 6.67±3.05 µm and 8.83±3.67 µm for Ac6p 11 

and Ac12p, respectively (Table III). Fig. 6[a3-c3] shows how the coating formation process 12 

takes place as the successive plasma passes are applied. Fig. 6[b3] is configured from Fig. 13 

6[a2] AFM profile, the deposited AcAc plasma-polymerized layer and the distance between 14 

peaks (which are obtained from Fig. 6[b2] AFM profile). On the other hand, Fig. 6[c3] is 15 

configured from Fig. 6[b3], adding one more AcAc pass and taking into account the distance 16 

between peaks (obtained from Fig. 6[c2]). 17 

Thus, contrary to chemical characterization, the morphology of the coatings underwent 18 

changes that were influenced by the number of plasma-polymerization passes. 19 

3.3. Biofilm quantification 20 

As Fig. 7 illustrates, the relative biofilm percentages calculated by comparing the total biofilm 21 

biomass produced for each analyzed bacterial strain on coated versus untreated samples 22 

(control). The relative biofilm production for each strain on the untreated PLA dishes has 23 

been used as a reference (100%). Therefore, the coatings with relative biofilm productions 24 
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higher than 100% were considered as probiofilm whereas those with relative biofilm 1 

productions lower than 100% were considered as antibiofilm. 2 

A relationship between the number of plasma-polymerization passes and the biofilm 3 

production was characterized. The antibiofilm properties were obtained for all of the coatings 4 

with one pass, two passes (except for S. aureus ATCC29213) and six passes were deposited. 5 

Generally, the antibiofilm capacity increased as the number of passes decreased. Significant 6 

statistical differences (p<0.05) were observed between the coatings applied with one, two and 7 

six passes regarding the untreated PLA plates; in terms of biofilm formation by all P. 8 

aeruginosa strains (except for P. aeruginosa Ps1056). The best antibiofilm capacity in P. 9 

aeruginosa strains was obtained with the coating Ac1p, that showed a relative biofilm 10 

production of 25.75±3.73 % for P. aeruginosa Ps204, 27.71±3.53 % for P. aeruginosa Ps713, 11 

47.68±9.48 % for P. aeruginosa PAO1 and 85.30±19.35 % for P. aeruginosa Ps1056. 12 

Significant statistical differences (p <0.05) in biofilm production were found for all S. aureus 13 

strains (with the exception of S. aureus ATCC29213 on Ac2p samples) when applying one, 14 

two and six passes in relation to untreated PLA plates. Regarding S. aureus strains, the best 15 

antibiofilm capacity (except for S. aureus ATCC29213) was achieved with the coating Ac2p. 16 

The relative biofilm production on Ac2p coatings was 40.14±11.62 % for S. aureus W1570, 17 

40.93±11.87 % for S. aureus W1571, 47.96±14.03 % for S. aureus W1569 and 102.62±13.37 18 

% for S. aureus ATCC29213. 19 

We hypothesize that these results of biofilm production can be explained by the chemical and 20 

morphological characterizations of the samples.  21 

XPS result showed that the chemical nature of the film generated is kept regardless of the 22 

number of passes applied and all the coatings produced carboxyl groups. These chemical 23 

bonds generate the hydration layer, which promote the antibiofilm capacity. The morphology 24 

of the coatings applied, expressed in terms of average roughness (Ra), developed interfacial 25 



17 

 

area ratio (Sdr) and distance between peaks, is determined by the substrate morphology. In 1 

this study, we employed a rough surface (characteristic of FDM 3D printed objects). So, we 2 

need to deposit more than 6 passes of AcAc plasma-polymerized for filling the initial surface 3 

holes and consequently decrease the roughness values. 4 

The chemical characterization results, described under Section 3.1, show an increment in 5 

oxygen-containing polar groups (C-O and O-C=O) when an AcAc coating is applied on 3D 6 

printed PLA plates . As previously reported [27,42], O-C=O groups are related with 7 

carboxylic groups and they are distinghised by their highly hydrophilic character. For that 8 

reason, plasma-polymerized coatings with high density of carboxylic groups can improve the 9 

hydrophilicity of the substrate.  10 

The relationship between bacterial attachment and hydrophilic surfaces has been previously 11 

studied. Attractive interactions between the molecules and the surfaces give place when a 12 

hydrophilic surface is plunged in a fluid, which causes the water molecules to orientate 13 

towards the surface and generate a hydration layer. This layer causes a repulsive force on the 14 

surface resulting in a decrease in the bacterial adhesion (first step of biofilm production) [43]. 15 

Considering that all coatings tested in the present work showed the same surface chemistry 16 

regardless of the number of plasma-polymerization passes (Table II and Fig. 2), the 17 

differences in their antibiofilm capacity must be explained by other factors, such as the 18 

influence of the morphological changes produced. 19 

According to Wenzel’s model [44], a solid substrate with a positive wetting tendency will wet 20 

the more readily, the rougher its surface. On the other hand, if the smooth surface is water-21 

repelling, the roughened surface will be more strongly so. More recently, other authors have 22 

obtained similar results in accordance with Wenzel’s model. Jiang et al. [45], generated gel 23 

films with different surface roughness over glasses and silicon slices with the aim of studying 24 

the bacterial adhesion. They observed the magnification effect of surface roughness in the 25 
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hierarchical structures. The water contact angle greatly decreased when increasing surface 1 

roughness if the surface was originally hydrophilic. This increase in the hydrophilic character 2 

reduced the bacterial adhesion, which was attributed to the formation of a tightly bound water 3 

layer adjacent to the film interface that brought repulsive forces between the bacteria and the 4 

gel films. Yuan et al. [46], applied an air plasma treatment over smooth and fibrous 5 

polystyrene (PS) films. They concluded that the surface roughness attributed to fibrous 6 

topography can amplify the intrinsic wettability or antiwettability. 7 

Likewise, a relationship between the biofilm production (Fig. 7) and the roughness of the 8 

plates (Fig. 5) has been identified in this study. Generally, the higher roughness values and the 9 

better antibiofilm capacities (except for S. aureus ATCC29213) were obtained as the number 10 

of passes decreased from 12 to 2. When the number of passes decreased from 2 to 1, the 11 

surface roughness was reduced, and the biofilm productions of P. aeruginosa strains generally 12 

decreased whereas those of S. aureus strains generally increased. 13 

With the aim of clarifying these aspects, Fig. 8 shows a scheme of the possible interaction of 14 

bacteria with the untreated and AcAc coated plates according to the surface roughness and the 15 

thickess of the hydration layer. As the chemical characterization suggested, the plasma-16 

polymerized coatings may have increased the hydrophilic character of the samples by 17 

providing their surface chemistry with polar groups, which would promote surface hydration 18 

and consequently, a repulsive force (Fig. 8[a,c]). In addition, the reduction of the number of 19 

plasma-polymerization passes caused an increase in the surface roughness. Such roughening 20 

effect could magnify the hydrophilicity of the coatings and hence, the repulsive forces that 21 

would hinder bacterial adhesion (Fig. 8[c-f]). This seems evident for the interaction of the 22 

coatings with S. aureus strains, which showed the highest and lowest biofilm productions on 23 

the coatings with the lowest and the highest roughness values, respectively (with the 24 

exception of S. aureus ATCC29213).  25 
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The different behavior of P. aeruginosa strains on sample Ac1p can be explained by the size 1 

and shape of these bacteria and the profiles of the plates [47]. As other authors have defined, 2 

the rough patterns are propitious to reduce bacterial attatchment and, consequently, biofilm 3 

production. In contrast, the biofilm formation is favored by smooth surfaces, where the 4 

bacteria tend to accumulate in large groups. In particular, when the distance between peaks is 5 

lower than the bacterial size, they undergo structural modifications that hinder the superficial 6 

adhesion [48]. They might even cause an elongation of the cell membrane, its subsequent 7 

rupture and, consequently, the cell death [49]. P. aeruginosa is a Gram-negative and rod-8 

shaped (0.5-1 µm width and 2-4 µm length) bacterium, while S. aureus is a Gram-positive 9 

and round-shaped (0.5-1 µm diameter) bacterium [48]. Ac1p is the coating which presents the 10 

lowest distance between peaks and the maximum Sdr value (1.22±0.84 µm and 8.6±1.61%, 11 

respectively). These spaces between peaks are 2-3 times lower than P. aeruginosa length (Fig. 12 

8[b]) and could reduce their adhesion for any of the aforementioned reasons. For these 13 

reasons, Ac1p coating resulted in the lowest biofilm production by P. aeruginosa strains. On 14 

the other hand, the length of S. aureus bacteria (Fig. 8[c-f]) is lower than the space between 15 

peaks of any of the AcAc coatings in the present study. So, for these strains, the distance 16 

between peaks had no effect on the biofilm production. 17 

4. CONCLUSIONS 18 

In this research, AcAc coatings with different numbers of passes were deposited by plasma-19 

polymerization on the surface of 3D printed PLA Petri dishes with the objective of reducing 20 

the biofilm production ofmultidrug-resistant and susceptible P. aeruginosa and S. aureus 21 

strains. It has been verified that atmospheric pressure plasma technology is useful for this 22 

purpose and an innovative solution for employing 3D printed objects in the clinical field 23 

(nowadays, in constant growing). The disinfectant liquids could damage the printed objects 24 

and significantly reduce the number of uses. And although large reductions in biofilm 25 
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formation have not been obtained, the plasma-polymerized coatings developed in this study, 1 

can reduce the bacteria attachment and biofilm production and disinfectant solutions 2 

concentration; increasing the lifetime of 3D printed elements in facial mask. 3 

The key findings of this study are the following: 4 

 All AcAc coatings applied with 1, 2 or 6 passes, except Ac2p in S. aureus 5 

ATCC29213, showed an antibiofilm capacity for all bacteria analyzed.  6 

 The smaller the number of applied passes, the better the antibiofilm properties of the 7 

coatings. The best antibiofilm coatings for P. aeruginosa and S. aureus strains were 8 

Ac1p and Ac2p, respectively; which reduced biofilm formation more than 50% 9 

regarding the untreated PLA Petri dishes. 10 

 AcAc plasma-polymerized coatings caused an increment of oxygen polar groups (C-O 11 

and O-C=O) on 3D printed PLA substrates. This increment could produce a 12 

hydrophilic character of the coatings. Regardless of the number of passes applied, no 13 

variation in the chemical composition of the coatings was observed. Therefore, the 14 

biofilm reductions could be caused by a combined effect of the new chemical and 15 

morphological surface properties.  16 

 According to Wenzel’s model, hydrophilic surfaces will become even more 17 

hydrophilic as their roughness increases. For this reason, the antibiofilm capacity of 18 

the coatings studied in the present work was generally greater as the coating surfaces 19 

became rougher. This was more evident for the S. aureus strains, with most of them 20 

showing their lowest biofilm productions on the roughest coating (Ac2p). For P. 21 

aeruginosa strains, the Ac1p coating produced greater antibiofilm capacity than Ac2p 22 

coating. This fact may be due to the surface texture modifications produced by Ac1p 23 

coating , which reduced 2-3 times the distance between peaks regarding the bacterial 24 
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cellular length, leading to a reduced contact area between the bacteria and the coating, 1 

as well as to the potential rupture of the cellular membrane. 2 
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TABLES 1 

Table I. Sample identification and number of plasma-polymerized passes. 2 

Samples Passes 

Untreated - 

Ac1p 1 

Ac2p 2 

Ac6p 6 

Ac12p 12 

  3 
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Table II. Relative percentages of groups found in the C1s signal of the analyzed samples 1 

Samples 
C-C/C-H  

(~285 eV) 

C-O  

(286.5-287.2 

eV) 

O-C=O  

(288.5-289.3 

eV) 

Untreated 57.64±2.76 22.68±0.83 19.68±1.52 

Ac1p 37.22±0.29 31.41±0.28 31.37±0.09 

Ac2p 37.60±0.30 31.19±0.14 31.21±0.19 

Ac6p 36.77±0.08 31.41±0.15 31.82±0.14 

Ac12p 36.83±0.16 31.09±0.32 32.08±0.33 

  2 
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Table III. Distance between peaks of the analyzed samples 1 

Samples 
Distance between 

peaks (µm) 

Untreated 3.72±1.89 

Ac1p 1.22±0.84 

Ac2p 1.70±1.22 

Ac6p 6.67±3.05 

Ac12p 8.83±3.67 

  2 
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LIST OF FIGURE CAPTIONS 1 

Fig. 1. Process sequence: [a] 3D printed PLA Petri dishes, [b] Close view of the deposition 2 

process, [c] Plasma-polymerization (APPJ) equipment and [d] Scheme of the plasma-3 

polymerization process. 4 

Fig. 2. Atomic percentages of C, O, N and Si of all the analyzed samples. 5 

Fig. 3. Morphological characterization of the Untreated plate: [a] 3D printed PLA Petri dish, 6 
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Fig. 4. AcAc coated plates: [1] SEM images (x2000) and [2] AFM images (40x40µm). 8 

Fig. 5. Average roughness (Ra, nm) and developed interfacial area ratio (Sdr, %) of untreated 9 

and AcAc coated plates.  10 

Fig. 6. Profiles of untreated and AcAc coated plates: [a] 2D-AFM images, [b] Cross section 11 

along the white dashed line and [c] Scheme of the coating deposition mechanism (d=distance 12 

between peaks, µm). 13 

Fig. 7. Relative biofilm production generated on coated 3D printed PLA plates by P. 14 

aeruginosa and S. aureus strains. The blue dashed line indicates the biofilm production for 15 

each strain on untreated 3D printed PLA plates (100%). 16 

Fig. 8. Scheme of bacterial behavior according to the surface morphology and the consequent 17 

hydration layer generated: [a] Untreated, [b] P. aeruginosa interaction on Ac1p, and S. aureus 18 

interaction on [c] Ac1p, [d] Ac2p, [e] Ac6p and [f] Ac12p. 19 
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