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A B S T R A C T   

The ability of bacteria to form biofilms that enhance their resistance to disinfectants and antibiotics is a matter of 
concern in the fields of food processing and healthcare. Since culture conditions in laboratories are not exactly 
the same as in the real environments where bacterial infection takes place, developing models that rapidly 
produce biofilm on test surfaces has become an interesting topic of research. In this work, Pseudomonas aeru-
ginosa biofilm production on polystyrene Petri dishes was promoted by atmospheric-pressure plasma-polymer-
ization of 3-(Aminopropyl)triethoxysilane (APTES). Different coatings were deposited varying only the number 
of plasma-polymerization passes. Biofilm productions, ranging from 157% to 457% relative to that on the un-
coated dishes, were quantified after 24-h incubation. According to morphological and chemical characteriza-
tions, the APTES precursor promoted biofilm production in several ways: providing amines that facilitated the 
attachment of more bacterial cells than on uncoated dishes, inducing an oxidative stress to the attached bacteria 
that caused an overproduction of extracellular polymeric substances, and generating siloxane-based particles that 
formed a granular pattern that facilitated bacterial accumulation in its valleys. Comparing the coatings, a direct 
relationship was identified between the number of plasma-polymerization passes, the roughness and the biofilm 
production.   

1. Introduction 

Bacterial populations inhabit innumerable environments, and their 
growth in surfaces is mostly associated with biofilm formation [1]. The 
biofilm is a complex aggregate of bacteria encased in a self-generated 
matrix of extracellular polymeric substances (EPS), and is one of the 
key strategies for the survival of species during unexpected changes of 
living conditions such as temperature fluctuation and nutrient avail-
ability. Proper elimination of biofilms from, for example, food-contact 
surfaces, processing equipment, medical devices and implants plays a 
vital role in guaranteeing an optimal microbiological state of quality 
[2–5]. In fact, it is known that the bacteria of clinical relevance —such as 

Pseudomonas aeruginosa, Staphylococcus aureus, and Acinetobacter bau-
mannii, among others— encased in a biofilm are up to 1,000 times more 
resistant to host defense mechanisms and antibiotics when compared to 
planktonic cells [6,7]. Biofilms account for 80% of chronic microbial 
human infections, leading to increased rates of hospitalization, elevated 
health care costs, and increased mortality and morbidity rates [5]. 
Therefore, significant efforts are being made to design novel antibiofilm 
surfaces in food industry and medicine [8–12]. More specifically, 
P. aeruginosa is a common Gram-negative and notoriously resistant 
bacterium, able to adapt and survive in unfavorable environmental 
conditions which can cause a wide range of illnesses and food spoilage 
[13]. The great impact of P. aeruginosa infection is mainly due to its 
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capability to form biofilm [14]. P. aeruginosa also effectively colonizes a 
variety of surfaces including medical materials (urinary catheters, im-
plants, contact lenses, etc.) [12], and food industry equipment (mixing 
tanks, vats and tubing) [15]. P. aeruginosa is a well-known biofilm 
former, which makes it an excellent model to study biofilm formation 
and has been used during the last years in many studies aiming at the 
prevention of bacterial adhesion and biofilm formation [16–18]. 
Furthermore, biofilms are commonly used in the water treatment tech-
nology. There is an increasing need for application of biofilm process in 
the upcycling of wastewater treatment plants all around the world in 
recent years. They are formed on the fixed media whether it is sand, 
gravel, plastic or activated carbon. They are part of the water treatment 
units such as the trickling filters, single pass filters, recirculating filters, 
rotating biological contactors, and submerged filters [19]. Food industry 
is another field in which biofilms is used to produce fermented food as 
cheese, pickle, among others. 

However, there are other fields, such as in clinical microbiology, 
biotechnology or basic research where the overproduction of biofilm can 
be an advantage. The main objectives in clinical microbiology are the 
identification of the pathogen that causes an infection and the analysis 
of the antimicrobial susceptibility of this pathogen, determining the best 
antibiotic to combat the agent and the optimal antimicrobial dose to be 
used. However, the classic antimicrobial susceptibility tests (from disk 
diffusion to automatic broth microdilution methods) that provide the 
minimal inhibitory concentration (MIC) used to define the susceptibility 
breakpoints and the PK/PD parameters to predict therapeutic success, as 
well as the current antimicrobial susceptibility testing methods used in 
routine clinical practice are based on the study of bacteria in planktonic 
state. This approach is not adequate to determine the antimicrobial 
phenotype of bacteria growing in biofilms, and subsequently is not 
adequate to determine the correct treatment. Thus, the lack of correla-
tion between conventional susceptibility test results and therapeutic 
success in chronic infections is probably a consequence of the use of 
planktonic-growing instead of biofilm-growing bacteria [20,21]. 

On the other hand, in the laboratory the generation of a mature 
biofilm usually takes at least 24–72 h, and then, antimicrobial pheno-
type would be determined. However, patient’s care demands fast sus-
ceptibility testing against infectious diseases. Hence, new analytical 
methods should surmount challenges on different aspects such as 
sensitivity (avoiding tedious bacterial cultures and contamination 
chances), accuracy, reproducibility, fastness, simplicity, cost- 
effectiveness, multiplexing capabilities and portability possibilities, 
among others. 

Since 80% of the bacterial infections are produced by bacteria in 
biofilm form [5], it is desirable that the studied pathogenic microor-
ganism in the laboratory produces as much biofilm as it would produce 
in a patient in a short period of time. For all the aforementioned, with 
the objective of facilitating drug and disinfectant testing against biofilms 
of P. aeruginosa and other bacterial species, several recent works have 
been carried out to develop in vitro [20,22–24] and ex vivo models [25] 
that rapidly mimic biofilm formation in patients (i.e., in vivo) and on 
surfaces of healthcare facilities. 

The use of atmospheric-pressure plasma for biomedical and food 
applications has been explored in various ways in the last few years and 
have shown promising effects such as bactericidal, antifouling or 
biocompatibility [4,26–32]. In fact, this technology is considered one of 
the most promising approaches to tune surface properties via coating 
deposition for several reasons: (a) it is able to modify thin surface layers 
of conventional materials with no alteration of the bulk, (b) it produces 
continuous, homogeneous, and pinhole-free coatings, (c) it is a dry 
technology with no use of solvents (gas-phase dry processes), (d) it 
makes a reduced and effective use of chemicals that promotes economic 
and environmental benefits, (e) it has great versatility, being applicable 
to a broad range of substrates and complex-shaped structures, facili-
tating the development of universal polymer coatings, and (f) its inte-
gration in industrial processes is relatively easy [33–36]. Nevertheless, 

to the best of our knowledge, the use of atmospheric-pressure plasma to 
promote biofilm production on surfaces for laboratory studies remains 
unexplored. 

Considering the interest that has recently aroused in the develop-
ment of models for rapid biofilm formation, this paper aims to promote 
the production of bacterial biofilm through the plasma-polymerization 
of (3-aminopropyl)triethoxysilane (APTES) coatings produced by an 
atmospheric-pressure plasma system on polystyrene (PS) Petri dishes. 
APTES is used as the precursor because, as we observed in previous 
works, it can produce plasma-polymerized coatings that are stable in 
humid environment [37]. Different numbers of plasma-polymerization 
passes will be used in order to identify the process conditions that pro-
mote the pro-biofilm characteristics of the coatings. The coatings ob-
tained will be subjected to morphological and chemical 
characterization, as well as to measurements of their water contact angle 
(WCA). Biofilm production during 24-h incubation will be quantified 
using P. aeruginosa PAO1 strain as the reference microorganism, and the 
mechanism by which biofilm is produced on the coated Petri dishes will 
be discussed. 

2. Experimental 

2.1. Materials 

The silane (3-Aminopropyl)triethoxysilane (APTES; (CH3CH2O)3-Si- 
CH2CH2CH2NH2, Sigma–Aldrich) was the liquid precursor used in this 
work. PS Petri dishes (in advance, samples) with a diameter of 30 mm 
were used as substrates. The samples that have been used in this study 
were previously plasma-treated by their manufacturer (Thermo Scien-
tific™ Nunc™ Cell Culture/Petri Dishes) for surface activation. 

2.2. Plasma-polymerization process 

The samples were coated by a plasma-polymerization process with a 
rotational pattern by the Atmospheric Pressure Plasma Jet (APPJ) sys-
tem of the University of La Rioja (PlasmaSpot500® purchased from 
MPG, Luxembourg). This APPJ system (Fig. 1) has two coaxial elec-
trodes and the plasma is generated from a gas that flows between them. 
The internal electrode is grounded and the external one is excited with a 
68 kHz frequency by a high voltage source. The atomized precursor is 
introduced through the internal electrode until it arrives to the action 
zone of the plasma. Then, the precursor is transformed by the reactions 
that take place in the gas phase of the plasma. The parameters that were 

Fig. 1. Scheme of the plasma-polymerization process with a rotational pattern.  
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used in the plasma-polymerization process are shown in Table 1. The 
process had two stages. In the first stage, the sample was treated with 4 
passes of the plasma generated from nitrogen to clean and activate its 
surface. In the second stage, the sample was coated with several passes 
adding APTES to the plasma, according to the specifications in Table 2. 
A “pass” is defined as each time that the plasma jet travels over the 
whole base of the Petri dish. The rotational pattern of movement that 
was used during the process was designed in a way that the whole 
surface of the sample was homogeneously coated by maintaining a 
constant linear speed (50 mm/s). A scheme of the plasma- 
polymerization process is shown in Fig. 1, which includes a represen-
tation of the rotational pattern. With these linear speed and rotational 
pattern, each pass was performed in 8.3 s. 

2.3. Morphological characterization 

The surface morphology of the studied samples was analyzed by 
Atomic Force Microscopy (AFM) in tapping mode using a Multimode 
AFM (Bruker Corporation) atomic force microscope with a Nanoscope V 
controller. The analyzed images were obtained by scanning 40 × 40 µm 
areas. The arithmetic average roughness (Ra) values for each sample 
were calculated as the average of three different measurements per 
sample by means of NanoScope Analysis 1.4 software. Furthermore, the 
distance between peaks was obtained from the AFM data. First, 2D 
profiles were extracted from the 3D AFM images. In order to prevent the 
detection of false peaks, the signal distortion was attenuated through 
profile smoothening. Then, the amplitude of the peaks was compared to 
a threshold to exclude very small peaks and detect the major peaks. 
Finally, the positions of these peaks in the profiles were determined and 
the distance between consecutive peaks was averaged. 

A Scanning Electron Microscope (SEM) HITACHI S-2400 operating at 
18 kV was used to examine the surfaces of the coated and uncoated 
samples. The samples were made conductive by plasma gold–palladium 
sputtering before SEM examinations to prevent charging. 

2.4. Chemical characterization 

Attenuated Total Reflectance-Fourier Transform Infrared Spectros-
copy (ATR-FTIR) by means of a Perkin Elmer Spectrum Two FTIR 
spectrometer was used to investigate the chemical composition of the 
coated samples. The spectra were collected in the transmission mode 
using 32 scans per spectrum at a resolution of 4 cm− 1. The data were 
analyzed using the Spectrum software (version 10.4.3.339); automatic 
base line correction was applied to all spectra. 

The surface chemistry of the samples was determined using an X-ray 
Photoelectron spectrometer (XPS-AES) Kratos AXIS Supra (Kratos 
Analytical) with a multi-channel hemispherical analyzer to quantify the 
relative atomic percentages of the elements at the coatings and the un-
coated PS. The samples were irradiated with a monochromatic AlKα X- 
ray source (225 W, 15 kV, 1486.69 eV). The spectra were acquired at a 
constant pass energy of 160 eV (general spectra) and 20 eV (high-res-
olution spectra) using the Kratos ESCApe software. Chemical constitu-
ents were identified using the observed peak positions in the measured 
spectra [38]. Results were obtained from three different measurement 

locations on each sample surface. Spectra post-processing was done 
using Casa XPS software (version 2.3.16, Casa Software Ltd.). All spectra 
were charge-corrected by adding 4.3 eV to give the adventitious C 1s 
component a binding energy of 285 eV. Finally, the C 1s signal of the 
XPS spectra of some of the samples were deconvoluted by means of 
PeakFit 4.12 (SPSS Inc.) software. 

2.5. Wettability measurements 

The wettability of the studied samples was assessed through static 
water contact angle (WCA) measurements by the sessile drop method. 
10 μL water droplets were placed on the samples’ surface and the WCA 
was determined by image analysis using the software ImageJ [39] with 
the plugin for low-bond axisymmetric drop shape analysis [40]. For each 
sample, the WCA was calculated as an average of three measurements. 
Furthermore, the work of adhesion (Wadh) between water and the 
studied samples was calculated using the formula 

Wadh = γlv*(1 + cos θ)
where γlv is the surface tension of water (72.8 mJ/m2) and θ is the 

WCA [41]. 

2.6. Bacterial strain and growth conditions 

The reference P. aeruginosa PAO1 strain was obtained from type 
culture collection. It was routinely cultivated in Brain Heart Infusion 
Agar (CondaLab, Spain) and incubated for 24 h at 37 ◦C. 

2.7. Biofilm quantification and bacterial growth 

The capacity of bacteria to form biofilm in uncoated and coated 
samples was evaluated. For this purpose, an initial 106 cfu/mL inoculum 
of P. aeruginosa PAO1 in Müeller Hinton broth (CondaLab, Spain) was 
added to Petri dishes (PS 30 mm) using 3 ml per sample. Plates were 
incubated for 24 h at 37 ◦C to obtain a mature biofilm. 

For the quantification of biofilm, Fluorescein Diacetate (FDA) 
method was used. Non-specific intra and extracellular esterases of viable 
microbial cells are capable of converting non-colored, non-fluorescent 
fluorescein diacetate (FDA) into yellow, highly fluorescent fluorescein. 
FDA (Sigma) has been used for measuring total microbial activity in 
different substrates, as well as for the quantification of biofilm biomass 
[42]. In this way, after 24 h of biofilm formation, the supernatant was 
removed, and the plates were rinsed with 3 ml of 100 mM MOPS buffer 
(pH7, MOPS, Sigma). FDA was dissolved in acetone in a concentration of 
10 mg/ml, and this stock solution was stored at − 20 ◦C. Starting from 
the stock solution, a 1:100 FDA working solution in MOPS buffer was 
freshly prepared before each assay. Then, 3 ml of FDA working solution 
was added to each sample that were incubated 1 h at 37 ◦C in a dark 
atmosphere. After this time, fluorescent measures using an excitation/ 
emission wavelength of 494/518 nm were performed using a POLARstar 
Omega microplate reader (BMG Labtech) [20]. All the assays were 
performed in triplicate. 

For each sample tested, the relative biofilm production (%) was 
calculated as follows: 

Table 1 
Parameters of the plasma-polymerization process.  

Parameter  

Plasma gas Nitrogen (99.999%) 
Plasma gas flow (slm) 80 
Plasma power (W) 300 
Precursor APTES 
Precursor carrier gas Nitrogen (99.999%) 
Precursor gas flow (slm) 1.5 
Step (mm) 2 
Lineal speed (mm/s) 50  

Table 2 
Codification of samples according to the 
number of plasma-polymerization passes.  

Sample Passes 

S0p 0 
S4p 4 
S8p 8 
S12p 12 
S24p 24 
S48p 48 
S72p 72 
S96p 96  
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Relative biofilm production =
(
Fluorescencecoated sample/Fluorescenceuncoated sample

)
*100 

Values of relative biofilm production lower than 100% indicate a 
potential anti-biofilm activity and values higher than 100% indicate a 
potential pro-biofilm activity of the tested coatings. 

In addition, the bacterial growth of each sample was determined 
measuring the absorbance at 620 nm using a Microplate Reader 680XR 
Bio-Rad photometer after 0, 3, 6 and 24 h of incubation of 106 cfu/mL 
P. aeruginosa PAO1 inoculum in Müeller Hinton broth. 

2.8. Biofilm visualization through SEM 

The biofilm that was produced on coated and uncoated samples after 
24-h incubation was examined by SEM. After incubation, the samples 
were washed twice with Ringer buffer. Biofilm fixation was done 
applying 2.5% glutaraldehyde phosphate buffered saline (TAAB Labo-
ratories, UK) at 4 ◦C for 2 h, followed by three times washing with 
phosphate buffered saline (PBS, Sigma). Then, the samples were treated 
for 2 h with 2% osmium tetroxide PBS (TAAB laboratories, UK). After-
wards, they were washed three times with PBS and dehydrated with 
ethanol (Panreac) in increasing concentrations: 30% (30 min), 50% (30 
min), 70% (30 min), 90% (30 min), 3 × 96% (30 min) and 3 × 100% (30 
min). Then, the samples were dried by a CDP 030 critical point dryer 
(BAL-TEC Inc., Liechtenstein) and gold-coated by a SCD 004 sputter 
coater (BALZERS, Liechtenstein). Finally, the samples were observed 
using a JEOL JSM-6480 LV scanning electron microscope (JEOL, Japan). 

3. Results and discussion 

3.1. Morphological characterization 

The surface morphology of the uncoated PS substrate (sample S0p) 
and coated samples was studied through AFM and SEM. Fig. 2 depicts 
the average roughness of all samples. Fig. 3 illustrates SEM images, 
whereas Fig. 4 shows AFM images of all samples. Fig. 5 shows the AFM 
profiles of samples S4p, S8p, S12p and S72p. 

Fig. 2 shows that the roughness increased as the number of passes 
increased. SEM and AFM images of the uncoated PS substrate (Fig. 3[a] 
and 4[a]) exhibited a smooth appearance, although it was also possible 
to observe numerous marks and particles of the PS substrate (Fig. 3[a]). 
As successive passes were applied, the surface of the coated samples 
(Fig. 3[b]-[h] and 4[b]-[h]) changed from being practically smooth 
(S4p) to showing a granular structure with peaks and valleys (S96p) that 
is typical of silicon oxide-based coatings [43,44]. As observed in other 
works in which APTES-based coatings have been applied [44], the marks 
and particles of the PS substrate seem to have acted as nucleation sites 
from which the granular structure of the coatings was formed. An in-
crease in the number of passes implies prolonging the treatment time, 
which favors precursor fragmentation and recombination of different 

particles during the plasma-polymerization process [45]. This finally 
causes an increase in the size of the granules that form the coating. This 
granular growth is also a consequence of the geometric interaction be-
tween the angular direction of the coating species that arrive to the 
surface under treatment and the topography of the growing film, which 
causes a shadowing effect. This makes the deposition rate of the coating 
species to be higher at the top of the surface features (i.e., marks and 
particles), where they have a wider incident angle for arrival than at the 
valleys between those features [46,47]. As a result of this growth 
mechanism, there was an increase in roughness (S4p: 16.5 nm → S96p: 
105 nm). 

Comparing the AFM profiles of the coatings shown in Fig. 5, it can be 
confirmed that the size of the granules increased as the number of passes 
increased. For each AFM profile, a scheme of the growth of the coating 
and the average distance between its granules were included. This dis-
tance increased as the size of the granules increased. As indicated in 
Section 3.5.1. Effect of coating morphology, the size and distance between 
the granules that form the coating can explain the observed tendency in 
the biofilm production in this work. 

3.2. Attenuated total Reflectance-Fourier Transform Infrared (ATR- 
FTIR) Spectroscopy 

ATR-FTIR analysis was conducted to chemically characterize the 
coated samples. The peaks in the IR spectra of Fig. 6 were used to 
confirm the different functional groups present in the APTES molecule. 
As it was confirmed in a previous work [44] that used the same plasma- 
polymerization system and precursor, three main regions can be iden-
tified. In Region A (960–1260 cm− 1), a broad band can be observed that 
corresponds to the overlapping of SiOSi, SiOC and OCH2CH3 functional 
groups. In Region B (1500–1800 cm− 1), peaks related to amines, amides, 
imines and C = O are identified. Finally, the wide adsorption band 
around 3000–3700 cm− 1 (Region C) is due to the OH and NH functional 
groups. In addition to the abovementioned, other overlapped peaks 
could be identified that belong to the plasma treated polystyrene’s ATR- 
FTIR spectrum: C-O stretching at ~ 950 cm− 1, C = C stretching and C =
O groups around 1600 cm− 1 and hydroxyl groups at ~ 3650 cm− 1. The 
remaining observed peaks corresponded to the ATR-FTIR spectrum of 
PS, as other authors have identified [48]: C-H out of phase bending at ~ 
695 cm− 1, CH2 bending at ~ 1320 cm− 1, and stretching of aliphatic and 
aromatic C-H in the range 2800–3000 cm− 1. 

It is worth noting that the detected functional groups were the same 
for all the coated samples. Nevertheless, a variation in the intensity of 
the spectra was observed, and related to the number of passes that were 
applied to coat the samples (Fig. 6). The higher the number of passes, the 
higher the intensity of the ATR-FTIR spectrum was. As other authors 
explained, the relative thickness of a coating can be quantified from the 
area under an ATR-FTIR peak that is associated with a chemical bond 
that is unique of a coating and not present in the substrate [49]. 
Therefore, although the coating thickness was not measured in this 
work, the observed variation in the intensity of the ATR-FTIR spectra, 
which was particularly remarkable at the wavenumbers of the bonds of 
silicon from APTES (Region A), seems to be a clear sign of the variation 
in the coating thickness according to the number of passes. The higher 
the number of passes, the higher the intensity of the ATR-FTIR spectrum 
and the area below it and, therefore, the higher the thickness of the 
plasma-polymerized coating was. Considering these results, it can be 
inferred that increasing the number of passes caused an increase in the 
coating thickness, while the chemical composition remained similar for 
all the coated samples. 

3.3. X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis was carried out to determine the atomic chemical 
composition of the samples within the first 3–5 nm in depth. Table 3 
shows the atomic percentage of the chemical elements for each analyzed Fig. 2. Average roughness (Ra) of all the analyzed samples.  
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sample. The uncoated sample (S0p) contained carbon (C), oxygen (O) 
and nitrogen (N), and the coated samples harbored silicon (Si), in 
addition to the foregoing elements. The presence of these elements (C, O, 
N and Si) in the coated samples comes from the plasma-polymerization 
of APTES and from the surrounding air of the coating process. 

Regarding the uncoated sample (S0p), its atomic percentages of C, O 
and N were similar to those associated with plasma treated polystyrene 
[28,48,50], and significantly different from those of the coated samples. 
Regarding the coated samples, it is worth noting that APTES layers were 
quite homogeneous. The percentages of the identified elements were 
similar among them and quite similar to those previously computed by 
these authors in other works using both the same precursor (APTES) and 
the same deposition technology (APPJ) on other polymeric substrates 
[37,44,51]. So, no significant difference was observed among samples. 
This means that, although the thicknesses of the coatings were different, 
the layers that were deposited in successive passes did not provoke 
chemical alterations to each other. 

Since no significant differences were found among the elemental 
compositions of the different coated samples, the deconvolution of C 1s 
high-resolution spectra of samples S0p, S4p and S72p was carried out to 
analyze their surface chemistry more thoroughly. Fig. 7 shows these 
deconvolutions, and Table 4 the corresponding peak positions of the 
functional groups in the C 1s spectra. 

The deconvolution of the uncoated sample (S0p, Fig. 7[a]) showed 
the functional groups that are typically associated to carbon in a plasma- 
treated PS surface: [A] C-C and C-H (aromatic rings), [B] C-C y C-H 
(aliphatic carbons), [C] C-O/C-N groups, [D] O-C = O groups and [E] 

π-π* component [50]. Groups [A], [B], [C] and [E] come from the PS 
molecule. The presence of C-O (~286.5 eV) can be attributed to either 
additives in the polymer or partial oxidation of the PS surface, and the 
π-π* component is characteristic of aromatic rings of the PS macro-
molecule [50]. On the other hand, the plasma treatment that was 
applied by the manufacturer to the PS Petri dishes exhibited the 
following groups: [C] C-N bonds at ~ 286.5 eV and [D] O-C = O groups 
at ~ 289.5 eV characteristic of carboxylic acids. When the PS Petri 
dishes were coated by plasma-polymerization of APTES, groups [A], [D] 
and [E] disappeared, and groups of [F] C-Si and [G] C = O that come 
from the polymerized APTES appeared [52,53]. Finally, groups [B] and 
[C] were common of both the plasma-activated PS and the plasma- 
polymerized APTES (Fig. 7 [b],[c]), as it was also previously reported 
[52,53]. Oxygenated carbon groups (i.e., C-O, O-C = O and C = O) have 
been reported to cause oxidative stress to cells in contact with them 
[54]. Therefore, their presence in the C 1s region of the analyzed sam-
ples was quantified as the percentage of the area under each XPS spec-
trum that corresponded to the sum of the areas of peaks [C], [D] and [G]. 
A more prominent presence of oxygenated carbon groups was detected 
in the coated samples S4p (40.4% ± 1.8) and s72p (44.2% ± 0.7) than in 
the uncoated sample (24.5% ± 3.1). 

The analysis of the atomic percentages and chemical groups could 
conclude that the surface chemical structures of the coated samples (S4p 
and S72p) and of the uncoated sample (S0p) were very different due to 
both their elemental composition (atomic percentages of C, O, Si and N 
in Table 3) and the bonds associated to carbon (Fig. 7). The chemical 
structures of the coated samples S4p and S72p, which are representative 

Fig. 3. SEM images (x2000) of all the analyzed samples.  

Fig. 4. AFM images (40x40µm) of all the analyzed samples.  
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of all the samples that were coated with APTES in this work, were very 
similar to each other regardless the considerable difference in their 
roughness (Ra values of 16.50 nm and 55.10 nm, respectively, in Fig. 2 
and Table 5). 

3.4. Wettability 

When a solid surface is exposed to a liquid, an angle is formed be-
tween the liquid–vapor interface and the solid surface where they meet. 
This is known as the contact angle, whose value depends mainly on the 
relationship between the liquid–solid adhesive forces and the cohesive 
forces of the liquid. Surfaces with higher WCA have lower droplet ad-
hesive forces [55]. According to the literature, the wettability of a sur-
face is one of the factors influencing its interaction with bacterial cells. It 
is considered that hydrophobic (WCA > 90◦) and superhydrophobic 
(WCA > 150◦) characters favor the achievement of antibacterial effects 

Fig. 5. AFM images, 2D profiles along the dashed lines and coating growth schemes of samples [a] S4p, [b] S8p, [c] S12p and [d] S72p.  

Fig. 6. ATR-FTIR spectra of samples S4p, S12p, S24p and S48p.  

Table 3 
Atomic percentages of C, O, N and Si of all the analyzed samples.  

Sample Elemental composition (at. %)  

C1s O1s N1s Si2p 

S0p 83.00 ± 1.23 13.17 ± 0.76 2.96 ± 0.48 0.77 ± 0.17 
S4p 48.10 ± 0.81 34.88 ± 0.82 4.97 ± 0.15 12.05 ± 0.31 
S8p 48.68 ± 1.09 34.06 ± 1.03 5.09 ± 0.22 12.17 ± 0.14 
S12p 49.63 ± 2.28 33.13 ± 1.84 5.10 ± 0.26 12.14 ± 0.90 
S24p 49.19 ± 0.92 33.72 ± 1.04 5.30 ± 0.59 11.79 ± 0.42 
S48p 50.53 ± 3.49 31.99 ± 3.46 4.81 ± 0.35 12.39 ± 0.09 
S72p 48.87 ± 1.16 33.80 ± 1.68 4.92 ± 0.31 12.51 ± 0.98 
S96p 51.01 ± 1.53 32.39 ± 1.07 4.80 ± 0.12 11.80 ± 0.59  
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because they weaken the adhesion of biofilm and bacteria to the surface 
[33]. The wettability of the analyzed samples was determined by mea-
surements of the static WCA, and the average WCA and Wadh of each 
sample are shown in Table 5. All the studied samples were hydrophilic 
(WCA < 90◦), and in addition, all the coated samples (except S96p) had 
very similar WCA and Wadh values. In the particular case of sample S96p, 
it seems that although its chemical composition was similar to those of 
most of the coated samples, its much higher roughness (105 nm) 
resulted in a higher WCA (64.44◦) and a lower Wadh (104.21 mJ/m2) 
than those of the remaining coated samples. 

3.5. Biofilm and bacterial quantification 

Total biomass formation in the biofilm was evaluated using FDA 
method. The amount of biofilm that was generated on the uncoated 
sample (S0p: 100%) was used as the control for the comparative study of 
the coated samples. Thus, the coatings that generated an amount of 
biofilm < 100% are defined as anti-biofilm whereas those that generated 
an amount of biofilm > 100% are defined as pro-biofilm. 

3.5.1. Effect of coating morphology 
Fig. 8 shows the relationship between the roughness of the APTES- 

based coatings and the percentage of biofilm that was produced on 
their surfaces by P. aeruginosa after 24-h incubation. As it is shown in 

Fig. 8, all the coatings of this work were pro-biofilm (>100%). In 
addition, a direct relationship between the number of passes, the 
roughness and the biofilm production can be identified in all samples 
except S8p. The higher the number of plasma-polymerization passes, the 
higher the roughness and the biofilm production were. As Fig. 3 and 
Fig. 4 show, when the number of passes increased, the coating became 
rougher and changed from a smooth morphology to a granulated 
structure that is typical of silicon oxide-based coatings. 

As other authors identified, while a large surface area with rough 
topography can promote bacterial adhesion, topographical patterns that 
are favorable for bacterial adhesion cannot be generalized because the 
shape and size of bacteria also play roles in bacterial interactions with 
the surfaces of materials. As schematized in Fig. 9, the spatial distribu-
tion of roughening structures and macroscopic/microscopic patterns on 
surfaces, relative to bacterial size and shape, are important parameters 
for bacterial adhesion [56–61]. This fact was corroborated by SEM im-
ages of the biofilms. In this sense, Fig. 10 shows the SEM images of 
sessile bacteria on biofilms for samples S0p and S72p. Although the 
initial amount of bacteria in the inoculum was the same on coated and 
uncoated samples, a higher accumulation of sessile bacteria seemed to 
take place in the valleys of the granular pattern of the coating and 
resulted in a higher biofilm production (S0p: 100%; S72p: 359%). This 
tendency of bacteria to accumulate in the valleys of surface topography 
is widely described in the scientific literature [62–64]. 

Regarding sample S8p, it is of great interest to understand why its 
behavior was different to the rest of the samples. Fig. 5[a],[b] shows the 
AFM images, as well as a transversal profile (40 µm) obtained from the 
AFM image, of samples S4p and S8p. According to the general trend that 

Fig. 7. High-resolution C 1s spectra of samples [a] S0p, [b] S4p and [c] S72p.  

Table 4 
Binding energies and functional groups of C 1s deconvolutions.   

Functional groups Peak position (eV) References 

A C-C/C-H aromatic rings  ~284.6 [50] 
B C-C/C-H aliphatic carbons  ~285.0 [50,52,53] 
C C-O/C-N  ~286.5 [50,52,53] 
D O-C = O  ~289.5 [50] 
E π-π*  ~291.3 [50] 
F C-Si  ~284.4 [52] 
G C = O  ~288.2 [53]  

Table 5 
Ra, WCA and Wadh of all the analyzed samples.  

Sample Roughness (Ra, nm) WCA (⁰) Wadh (mJ/m2) 

S0p 4.87 ± 1.13 54.72 ± 2.30  114.85 
S4p 16.50 ± 0.28 56.58 ± 0.81  112.79 
S8p 17.27 ± 1.83 55.67 ± 1.57  113.86 
S12p 21.55 ± 2.19 57.06 ± 1.49  112.39 
S24p 33.45 ± 1.34 56.76 ± 2.87  112.71 
S48p 45.80 ± 1.56 56.23 ± 1.77  113.27 
S72p 55.10 ± 5.44 56.59 ± 2.02  112.89 
S96p 105.00 ± 9.00 64.44 ± 3.05  104.21  

Fig. 8. Relationship between the roughness of the coatings and the biofilm 
produced (shown as percentage respect to the uncoated PS, S0p, 100% biofilm). 
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was identified in Fig. 8, and considering the fact that the Ra of sample 
S8p is somewhat higher than that of sample S4p (S4p: 16.50 nm; S8p: 
17.27 nm), a similar or higher biofilm percentage could be expected on 
sample S8p compared with sample S4p. Nevertheless, the biofilm per-
centage of sample S8p was lower than that of sample S4p (S4p: 157%; 
S8p: 129%). As Fig. 5[b] shows, the granular pattern of sample S8p had 
a peak-to-peak distance of 0.83 µm. On the other hand, the size of the 
bacterial cells is in the range of 2–4 µm [65]. The ratio between that 
peak-to-peak distance (0.83 µm) and the size of the bacteria (2–4 µm) 
reduces the contact area between the bacteria and the coating, thus 
leading to lower bacterial adhesion [62] and even to the elongation of 
the cell membrane, which may cause bacterial damage and death [66]. 
This would explain the lower biofilm production of sample S8p, 
compared with the production of sample S4p. 

3.5.2. Effect of coating chemistry 
Until now, the pro-biofilm behavior of the APTES-based coatings has 

been explained only as a function of their roughness. Nevertheless, some 
studies [67] argue that the increase in the biofilm percentage is also due 
to the modification in the surface chemistry, which causes an increase in 
the attachment of biofilm-forming microorganisms. The chemical nature 
of the coatings was analyzed by ATR-FTIR and XPS. The ATR-FTIR 
spectra of all the coated samples showed the same peaks (Fig. 6), 
including those associated with amines (NH2) and siloxanes (SiOSi) from 
the APTES precursor, and their intensities were proportional to the 

number of passes. Furthermore, the XPS analysis showed a more 
prominent contribution of oxygenated carbon groups to the bonds of 
carbon at the surface of the analyzed samples. 

Amine groups have been reported to accept protons from adsorbed 
water and generate sites with positive charge [68]. Since P. aeruginosa 
bacteria have a negative charge, they could be electrostatically attracted 
by the positively charged sites of the amine groups (Fig. 11). This fact 
may have facilitated the attachment of more bacterial cells to the 
coatings than to the uncoated PS during the first stages of surface 
colonization (Fig. 11[b]). Furthermore, oxygenated carbon groups 
induce oxidative stress [54], and it has been previously reported [69,70] 
that P. aeruginosa bacteria overproduce EPS to protect themselves from 
oxidative stress (Fig. 11[c]). The more prominent presence of oxygen-
ated carbon groups at the surface of the coatings than at the uncoated PS 
would have induced a higher degree of oxidative stress, thus leading to 
the overproduction of higher amounts of EPS. Therefore, the differences 
in the chemistry of the coatings respect to that of the uncoated PS seem 
to have contributed to the pro-biofilm character of all the coatings. 

Comparing the coatings, no significant differences were found in 
their elemental composition or in the amount of the identified chemical 
groups that could directly explain their different biofilm productions. 
Nevertheless, the presence of silicon oxide-based groups in the coatings 
has been confirmed by their chemical characterization. Indeed, as dis-
cussed in Section 3.5.1, the differences in their pro-biofilm behavior 
have been explained as a function of their roughness, which rises from 

Fig. 9. Behavior of P. aeruginosa bacteria according to the surface topographies of the coated samples [a] S4p, [b] S8p, [c] S12p and [d] S72p.  

Fig. 10. SEM images of biofilms: [a] sample S0p and [b,c] sample S72p.  

Fig. 11. Scheme of P. aeruginosa biofilm formation on [a] the uncoated sample and [b,c] the coated samples.  
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the accumulation of silicon oxide particles coming from the APTES 
precursor as successive plasma-polymerization passes are applied. 

3.5.3. Effect of coating wettability 
Regarding the wettability of the studied samples, Fig. 12 shows that 

the observed differences in the roughness of the coatings do not entail 
significant variations in their WCA values. In fact, all the coated samples 
(except S96p) had similar WCA and Wadh values (Table 5) to the un-
coated sample (S0p). This fact suggests that the surfaces of the coatings 
may lead to adhesive forces of a similar magnitude to those of the un-
coated sample (S0p). The sample S96p showed the highest WCA (64.4◦) 
and the lowest Wadh (104.21 mJ/mm2), assuming lower adhesive forces 
than the other samples, and that would have presumably led to weaker 
bacterial attachment and lower biofilm production. However, the sam-
ple S96p showed the highest biofilm production of this study (452%) as 
well as the highest roughness (105 nm). Therefore, no clear association 
was identified between the wettability of the analyzed samples and the 
biofilm production on their surfaces. 

Considering all the aforementioned, it can be concluded that higher 
biofilm production on the coated samples than on the uncoated one is 
due to an increase in the number P. aeruginosa microorganisms adhered 
to the coatings, as happened in other studies [55,67], which was fol-
lowed by oxidative stress induction and EPS overproduction. Since the 
coated samples were generally similar in terms of chemistry and 
wettability, the increase in their roughness was the main cause of the 
increased biofilm production. 

3.5.4. Bacterial growth 
P. aeruginosa growth was determined by measuring the absorbance of 

the same bacterial inoculum (106 cfu/mL) incubated for 0, 3, 6 and 24 h 
on the uncoated and coated samples. The employed method was based 
on the measurement of the turbidity of the cellular mass, so as the 
bacterial concentration increases, the measured absorbance increases. 
This method does not distinguish between planktonic and sessile 
bacteria. 

Bacterial growth on the uncoated sample (S0p) showed a very similar 
behavior to that on the coated samples for all the incubation times 
(Fig. 13). It is worth noting that the sample coated with 12 passes (S12p) 
is the only one that had more bacterial growth than the S0p sample. On 
the other hand, in the sample coated with 8 passes (S8p) the bacterial 
growth was the lowest of all the samples in this study. This lowest 
bacterial growth in sample S8p is in accordance with the fact that its 
biofilm production was the lowest of all coated samples (Fig. 8), being 
even lower than that of sample S4p. The suggested bacterial damage and 
death that seem to have been caused by the granular pattern of sample 
S8p with a peak-to-peak distance of 0.83 µm would have resulted in the 

lowest bacterial growth in the current study, thus producing the lowest 
amount of biofilm of the coated samples. Nevertheless, more biofilm 
production was obtained on the coatings than on the uncoated PS while 
the total amount of bacteria (planktonic and sessile) in the Petri dishes 
was practically the same for all the studied samples at all times. These 
results demonstrated that the presence of higher amounts of sessile 
bacteria on the coated than on the uncoated PS (Fig. 10) was associated 
to the coating characteristic of promoting the bacterial attachment. 

3.5.5. Biofilm production speed 
The speed of the biofilm production was quantified during 24 h by 

taking measurements after 6, 12 and 24 h of incubation, and comparing 
samples S0p and S48p (Fig. 14). The maximum biofilm production 
measured on sample S48p was produced 6 h after the inoculation, being 
significantly higher than the biofilm produced on the uncoated sample 
(S0p) at the same time. 

3.6. Proposed pro-biofilm mechanism 

The use of APTES as the precursor in atmospheric-pressure plasma- 
polymerization processes has led to the deposition of coatings that, as 
our results of this work show, promote the formation of P. aeruginosa 
biofilm. According to the analyses that have been performed on coated 
and uncoated PS samples, the following mechanism leading to the 
promotion of biofilm formation on the coatings is suggested. 

During the first stages of surface colonization, the electrostatic 
attraction between the bacteria and the amine groups (NH2) of the 
coatings promotes the attachment of more bacterial cells than at the 
surface of the uncoated PS. Subsequently, the oxygenated carbon 
groups, which are more abundant on the coatings because they are 
provided by the APTES molecules and the surrounding atmosphere in 
the plasma-polymerization process, induce an oxidative stress to the 
attached bacteria that promotes an overproduction of EPS as a 

Fig. 12. Relationship between the roughness and the WCA values of the 
studied samples. 

Fig. 13. Bacterial growth after incubation for 0, 3, 6 and 24 h.  

Fig. 14. Biofilm production (measured by FDA method) generated on samples 
S0p and S48p after incubation for 6, 12 and 24 h. 
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protective response. Furthermore, once the bacteria are attached to the 
surface of the coatings, biofilm production is also influenced by the 
surface topography and roughness. As the number of plasma- 
polymerization passes increases, the roughness and the biofilm pro-
duction increase. The increase in the roughness of the coatings is pro-
moted by the deposition of silicon oxide particles. These particles tend to 
accumulate on the surface features of the PS substrate and give rise to 
granules that become greater as the number of passes increases. The 
obtained granular pattern facilitates the formation of bacterial colonies 
by accumulation and attachment of bacterial cells in its valleys, thus 
leading to the higher biofilm production as the size of the granules and 
the roughness increase. 

4. Conclusions 

The non-thermal plasma jet operating at atmospheric pressure has 
been revealed as a promising candidate for the preparation of pro- 
biofilm coatings based on the deposition of siloxane precursor APTES 
on PS Petri dishes. 

The chemical and morphological characteristics of the coatings 
promoted the higher P. aeruginosa biofilm production on their surfaces 
than on the uncoated PS one. On the one hand, the amine and oxygen-
ated carbon groups that were provided by the APTES molecules pro-
moted the attachment of more bacterial cells and the overproduction of 
EPS, respectively. Furthermore, the deposition of silicon oxide-based 
particles gave rise to a granular topographical pattern that increased 
the roughness of the surface and facilitated the accumulation of bacterial 
cells in the valleys between granules. 

Comparing the coatings, their different biofilm productions were 
mainly influenced by their roughness, which was directly related to the 
number of plasma-polymerization passes. Therefore, the higher the 
number of passes was, the higher the roughness and the biofilm pro-
duction were. Regarding the chemistry and wettability, no significant 
enough differences were observed among the different coatings to 
identify any clear relationship between these characteristics and the 
different biofilm productions. 

Although biofilm in this work was quantified on all the studied 
samples after 24-h incubation for the sake of a more efficient data 
management, obtaining a maximum biofilm production after 6-h incu-
bation, as observed on sample S48p, would be of vital importance in real 
applications (e.g., when proper antibiotic treatment and dose for a pa-
tient with a specific infection have to be urgently determined). 

It is believed that these findings represent a significant step forward 
within the fields of disinfectants and antibiotics, and shows promising as 
a system for testing doses in a simple and fast way. 

Considering the identified direct relationship between the coating 
roughness and the biofilm production, future work will focus on the 
development of a model that enables the determination of the specific 
roughness required for the production of a desired amount of biofilm. 
Also, in order to accelerate the preparation of the surfaces for antibiotic 
testing as much as possible, biofilm formation for incubation times 
shorter than 24 h will be more thoroughly studied. 

CRediT authorship contribution statement 

Elisa Sainz-García: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Data curation, Writing – original draft, 
Writing – review & editing, Visualization. María López: Conceptuali-
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