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Abstract
Three-dimensional (3D)-printing technology is instrumental in creating devices for 
biological applications, including the exploitation of cold atmospheric plasma (CAP). 
CAP, a partially ionized gas that functions at ambient temperatures, serves as a safe, 
inexpensive, and effective tool for the inactivation of various pathogens on different 
surfaces. In this study, we compared three different 3D-printed devices with respect 
to their ability to provide optimized CAP compositions effective against select 
respiratory viruses (SARS-CoV-2, influenza virus, adenovirus, and rhinovirus) and the 
bacterium Pseudomonas aeruginosa, which is associated with serious lung diseases. 
The transmission of respiratory pathogens via surface contamination may pose 
a serious health threat, thus highlighting the biological importance of the current 
study. The properties of a prototype 3D-printed CAP-generating device and two 
optimized versions were characterized by detecting reactive oxygen and nitrogen 
species (RONS) in a gaseous environment via infrared spectroscopy and analyzing 
the composition of the reactive compounds. The virucidal effects of CAP were 
examined by determining virus infectivity and particle integrity. The bactericidal 
effect was documented by viability testing and visualization via transmission electron 
microscopy. The findings indicate that optimization of the 3D-printed devices for CAP 
production yielded an environment with relatively high amounts of RONS (O3, N2O, 
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NO2, and H2O2), reducing the exposure time required for inactivation of respiratory pathogens by approximately 50%. 
In addition to reducing infectivity and viability, CAP treatment led to the destruction of viral nucleic acids and physical 
damage to bacterial cells. Owing to its flexibility and easy implementation, optimized CAP generated by 3D-printed 
devices provides an attractive inactivation method adaptable for different biological applications, including surface 
decontamination from viral and bacterial pathogens.

Keywords: 3D-printed devices; Adenovirus; Disinfection; Influenza A; Pseudomonas aeruginosa; Reactive oxygen 
species; Rhinovirus; SARS-CoV-2

1. Introduction
Three-dimensional (3D)-printing technology is a powerful 
and readily implementable approach for creating devices for 
diverse biological applications. The moldability provided 
by 3D printing technology, with its highly flexible design of 
external and internal structures, allows for the optimization 
of the physical properties of cold atmospheric plasma 
(CAP) or nonthermal plasma (NTP). These properties are 
significantly influenced by the geometry of 3D-printed 
devices. The biological exploitation of CAP is an emerging 
technology for decontaminating various types of liquids, 
medical materials, devices, and even surfaces across diverse 
industries. Additionally, the antimicrobial effects of CAP 
are well documented.1–7 Compared  with conventional 
decontamination techniques, CAP has several advantages, 
such as on-demand operation (easy on/off switching), 
simple handling, low cost and maintenance, performance 
at ambient temperature and atmospheric pressure, and the 
ability to function in dry conditions. CAP has been applied 
in a wide range of fields, including physics, chemistry, 
biological sciences, life sciences, and medicine.8–14

Biomaterial-associated microbial contamination in 
biologically conducive 3D tissue-engineered constructs 
has greatly limited the clinical application of scaffold 
systems.15,16 Although antimicrobial biomaterials are 
being developed to prevent such infections,17,18 their use 
in bioprinting-based approaches for scaffold fabrication 
has not been thoroughly examined to date. Therefore, 
CAP may emerge as an alternative technical approach for 
surface decontamination of bioprinted materials in the 
future. The bactericidal effects of CAP are well established, 
but research on its effectiveness against pathogenic viruses 
remains relatively limited,19–24 despite several reviews that 
have been published.25–27 The virucidal mechanism of 
CAP is influenced by the characteristics of the plasma-
generating devices, specifically their geometry, electric 
voltage and current applied, and several other application 
parameters.28 CAP is produced by ionizing a neutral gas, 
e.g., ambient air, using a source of energy such as electric 
discharge.29 The ionized gas is composed of reactive 

oxygen and nitrogen species (RONS; e.g., OH, H2O2, NO, 
and NO2), radicals, free electrons, electric fields, heat, and 
other elements.12 In propagating ionization waves, the gas 
draws particles out of the electrode area, forming a stream 
of (re)active particles that fills the entire reaction chamber 
(Figure 1).29 Microbial inhibition by CAP is hypothesized to 
result from several processes. Some researchers discovered 
that active plasma particles target proteins, DNA, the cell 
wall, and membranes. For example, oxygen species, such 
as O (singlet oxygen) and O3 (ozone), may physically affect 
the cell membrane and cause DNA damage.30 O3 has been 
reported as the main24 or additional factor31,32 involved in 
the inactivation of the bacteriophage MS233 and human 
adenovirus (HAdV).34 Hydrogen peroxide (H2O2) has been 
suggested to be crucial for the inactivation of respiratory 
syncytial virus (RSV)35 and influenza A virus (IAV)36 but 
to play only a minor role in the inactivation of HAdV.37 
RONS can damage cells by reacting with various cellular 
biomacromolecules, such as proteins, lipids, and DNA.38 
As CAP components can enter cells, it is not surprising 
that cell organelles, such as mitochondria and nuclei, 
are affected.39 Additionally, direct damage to nucleic 
acids and proteins has been reported.40 These findings 
contribute to the reported effective disinfection of various 
microorganisms.19 Pathogens can undergo oxidative 
damage from various RONS,41 and the synergistic effect 
of combining these reactive species in CAP can increase 
their efficiency. A significant challenge lies in the precise 
control of CAP parameters. Surface decontamination may 
be more effective when physical parameters are optimized 
to produce specific concentrations of individual RONS.

Human respiratory pathogens, including viruses 
(e.g., severe acute respiratory syndrome coronavirus 
2 [SARS-CoV-2], IAV, HAdV, and human rhinovirus 
[HRV]) and bacteria (e.g., Pseudomonas aeruginosa), 
can spread via different modes of transmission, and the 
control of contaminated surfaces is an important measure 
in different settings.42–46 Human coronaviruses, such as 
SARS-CoV-2, frequently emerge globally because of their 
rapid evolution characterized by high rates of nucleotide 
substitution and recombination, as documented by the 
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recent pandemic.47 IAV infects a variety of species and 
mutates frequently, resulting in antigenic drift and shift. 
These processes contribute to repeated seasonal outbreaks 
and epidemics.48 HAdV and HRV are highly contagious 
pathogens linked to a variety of respiratory diseases.49,50 
Although respiratory diseases caused by HAdV and HRV 
typically have moderate effects, they can cause substantial 
morbidity and economic impacts. P. aeruginosa is a 
frequently observed opportunistic pathogen that mainly 
infects the respiratory tract, with potentially severe disease, 
particularly in immunocompromised patients.51,52 Owing 
to the potential role of fomites, such as doorknobs, utensils, 
and other commonly touched surfaces, in the transmission 
of these pathogens, the development of efficient surface 
disinfection strategies is crucial for infection control.

In the present study, we aimed to optimize the CAP 
technology generated by 3D-printed devices for the 
biological inactivation of respiratory pathogens. These 
were represented by four viruses with diverse features 
(SARS-CoV-2, IAV, HAdV, and HRV) and a clinically 
challenging bacterium (P. aeruginosa). The selected 
model microorganisms were included to encompass 
significant and widely encountered pathogens, each 
displaying distinct biological features that could affect 

the efficiency of decontamination. Our 3D-printed 
CAP devices are based on direct current (DC) corona 
discharge, which uses HV sources with low current 
outputs that are inherently safe (i.e., no risk of electric 
shock), and the devices are very cheap. Two optimized 
3D-printed portable CAP-generating devices were also 
created, and their performance was compared to that 
of the original version used in previous investigations  
(Figure 1).19 The detection of RONS produced by individual 
devices displayed obvious differences, which translated 
into enhanced virucidal and bactericidal effects. Unlike 
previous studies, we used a panel of human respiratory 
pathogens with epidemic potential and comprehensively 
investigated CAP efficiency, linking enhanced production 
of RONS species to improved efficiency. The flexibility 
and easy application of CAP decontamination via 
3D-printed devices highlights the significant potential 
of this technology for pathogen inactivation, and the 
presented data pave the way for its further development 
and implementation in various applications.

2. Methods
2.1. CAP devices

Figure 1. Schematic representation of 3D-printed cold atmospheric plasma (CAP)-generating devices: (A) Device 1: Original version with an opening for 
fresh air supply and ventilation; (B) Device 2: Optimized version enclosed in a chamber with a double discharge; (C) Device 3: Optimized version enclosed 
in a chamber with a single discharge. Abbreviations: PET: polyethylene terephthalate; Uin: input voltage; Φ: diameter.
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Cold atmospheric plasma (CAP) was generated by 
corona discharges in three different 3D-printed devices 
(hereinafter referred to as devices 1, 2, and 3; Figure 1). 
The external appearance of the devices is displayed in 
Figure S1 (Supplementary File). The device bodies were 
fabricated via a Prusa i3 MK3 3D printer (Prusa Research, 
Czech Republic) from polyethylene terephthalate glycol-
modified (PETG), which was selected for its superior 
chemical resistance, mechanical strength, and thermal 
stability. These properties ensure structural integrity 
under the thermal stresses encountered during plasma  
operations (Table 1).

These settings were meticulously selected to optimize 
the manufacturing process and enhance the functionality 
and durability of the CAP devices. Precise control of 3D 
-printing parameters, such as the nozzle temperature and 
print speed, plays a critical role in achieving the high-
quality builds required for reliable plasma generation.

Devices with specific dimensions were developed to 
ensure plasma discharge and stability. The selection of 
PETG as the material was crucial because of its mechanical 
properties, ease of printing, and minimal warping 
tendencies, which are essential for maintaining the 
accuracy of the printed components. Furthermore, a 20% 
infill density was selected to provide a balance between 
structural integrity and material efficiency, ensuring 
that the devices remain lightweight yet strong enough to 
withstand operational stresses.

The devices are robust and impact resistant and are 
thus appropriate for daily use in a variety of settings. 
The minimum force capable of damaging the functional 

properties of the device was assessed and demonstrated to 
require dropping the device from at least 1 m onto a hard 
surface. The device resisted a breaking force of up to 500 N 
on the 3D-printed package and a continuous force of 100 
N on the mesh, protecting the electrode hole. At 150 N, the 
mesh was deformed but not destroyed.

2.1.1. Device 1
Device 1, referred to as the original device, was studied 
in our previous work19 and served as a benchmark in the 
current study. CAP is generated by negative DC point-to-
ring corona discharge, where the point electrode is a syringe 
needle (MEDOJECT 0.6 × 25 mm intramuscular injection 
needle; CHIRANA T. Injecta, Czech Republic) and the 
conical-shaped ring electrode consists of brass. The top of 
the ring electrode (~11 mm in diameter) is placed 3.3 mm 
below the tip of the needle and connected to the positive 
terminal of an HV source, whereas the needle electrode is 
connected to the negative terminal. The negative corona 
discharge is formed in the vicinity of the tip, whereas the 
positive corona discharge burns at the edge of the ring. 
This creates a bipolar corona discharge, where reactive 
species are carried with ions accelerated in the electric field 
between the electrodes. The discharge current was set at 150 
μA, and the voltage was set at 7 kV, resulting in a power of 
1.05 W, which was achieved through precise positioning of 
the tip of the needle relative to the ring. The discharge burns 
in pulse-less mode, as previously described.53 The ion wind 
produced by the discharge draws air through the upper holes 
and directs it toward the sample. Cotton wool wetted with 
10 mL of water was placed around the sample to increase 
the humidity, which reached over 90% in all the samples. 
Further details and dimensions are displayed in Figure 1A. 
To optimize the virucidal and microbicidal efficiency, two 
additional devices (devices 2 and 3) were developed.

2.1.2. Device 2
Device 2 is developed with the same type of discharge as 
device 1 but with two discharges. The discharge current 
and voltage were set identically to those of device 1 at 
100 μA and 7 kV, respectively, resulting in a power of 1.4 
W. The internal geometric arrangement was modified to 
prevent fresh air ventilation. The ions circulate from the 
discharge point toward the sample and back to the point 
electrode through the holes around the ring electrode. In 
addition, to improve the direction of the active particle 
stream from the discharge plasma to the exposed sample, 
a “volcano” design was incorporated into this device. The 
design features a tube with an internal diameter of 30 
mm and a height of 10 mm attached to the outlet of the 
ring electrode. A fine metallic mesh (mesh size: 0.5 × 0.5 
mm; wire thickness: 0.2 mm) is placed at the end of the 
“volcano” to ensure safety by preventing electrode contact 
and mediating a more homogeneous distribution of active 

Table 1. Material specifications for 3D printing

Property Specification

Printer model Prusa i3 MK3

Material Polyethylene terephthalate glycol-
modified (PETG)

Layer resolution (mm) 0.05

Nozzle temperature (°C) 240–250

Bed temperature (°C) 75–85

Infill density (%) 20 (for a balance of lightness and 
durability)

Head printing speed 
(mm/s) 60 (optimized for precision)

Shell thickness

Perimeter (mm) 0.4

Top/bottom (mm) 0.2

Filament flow (%) 95

Infill pattern Linear grid (tilted by 45°)



3D-printed plasma devices for decontamination

5Volume X Issue X (2024) doi: 10.36922/ijb.3679

International Journal of Bioprinting

particles within the chamber space. Further details on the 
arrangement and dimensions are displayed in Figure 1B.

2.1.3. Device 3
Device 3 has the same type of discharge as devices 1 and 
3 but with a single discharge copy (power: 0.7 W). The 
internal arrangement is identical to that of device 2, except 
for the inner diameter of the “volcano,” which surrounds 
only one discharge and thus has a smaller diameter of 22 
mm. Further details on the arrangement and dimensions 
are displayed in Figure 1C.

2.2. Characterization of RONS
The production of RONS, which are known virucidal 
and microbicidal agents, can be monitored by detecting 
the long-lived final products NO, NO2, and O3. It is 
assumed that their concentrations are proportional to the 
concentrations of short-lived reactive particles.

The concentrations of NO and NO2 were measured 
via chemiluminescence detection via a Serinus 40H 
NOx analyzer (range: up to 1000 ppm; accuracy: 2%; 
ACOEM Ecotech, UK). Gas from the active region of 
the devices was led to the analyzer through a 1 m-long 
polytetrafluoroethylene (PTFE) tube with an  inner 
diameter of 3 mm, and the measured values were recorded.

The concentrations of O3 and N2O were measured via 
Fourier transform infrared spectroscopy (FTIR; Vertex 80v 
spectrometer; Bruker, Germany). A custom cylindrical 
measurement cell (volume of circa (ca.): 1.7 L) was used. 
The cell features two potassium bromide windows on 
opposite sides to allow the passage of an infrared beam and 
a hole in the lid to insert the source. After preconditioning, 
the CAP device (turned on for 15 min) was inserted into 
the cell. After background determination, the source was 
turned on, and FTIR spectra were acquired every 15 s for 
15 min. The same procedure was repeated for all three 
devices. The O3 density was estimated from the main 
peak at approximately 1055 cm-1 and cross-checked with 
an overtone peak at 2120 cm-1 after the necessary baseline 
corrections were applied. Similarly, the concentration of 
N2O was estimated from the main peak at 2240 cm-1, and 
special care was taken to avoid interference with nearby 
CO2 peaks. Additionally, O3 was measured via an ozone 
analyzer (Figure S2 in Supplementary File).

2.3. Characterization of CAP-exposed saline
Viruses and bacteria were exposed to CAP in suspension. 
RONS production in an aqueous environment was also 
investigated by examining the presence of long-lived final 
products and monitoring the pH value in an exposed 
saline droplet. Drops of saline (30 μL; corresponding 
to the volume used for virus and bacteria testing) were 
placed on parafilm squares and treated with CAP for 120 

min in triplicate. Approximate concentrations of nitrite 
(NO2

-), nitrate (NO3
-), and hydrogen peroxide (H2O2), as 

well as the pH, were semiquantitatively determined via 
indicator test strips (Quantofix nitrate/nitrite; Quantofix 
peroxide 100; and Lachner universal indicator strips for 
pH 0–12, respectively).

2.4. Bacteriology assessment

2.4.1. Assessment of P. aeruginosa viability
P. aeruginosa viability after CAP exposure was evaluated 
as previously described,10 with slight modifications. Briefly, 
1  ×  1-cm parafilm squares were contaminated with a P. 
aeruginosa PAO1 strain suspension, which was adjusted to 
approximately 1 × 107 CFU/mL in 6 × 5-µL droplets. These 
squares were then placed in a Petri dish surrounded by two 
pieces of wet cotton wool to increase the humidity. The 
bacterial suspension was air-dried to stabilize the droplets 
on the parafilm surface for 15 min at room temperature and 
subsequently exposed to CAP for 1, 5, 10, and 30 min. The 
samples at each time point were tested in three technical 
and three independent biological replicates, along with the 
untreated control samples. Exposed P. aeruginosa cells (and 
untreated control samples) were collected from parafilm 
squares into 1 mL of saline in microtubes by vortexing. The 
counts (CFU/mL) were determined by decimal dilution 
of recovered suspensions inoculated directly on Luria–
Bertani agar plates and incubated overnight at 37°C. The 
results were averaged and expressed as log CFU/mL with 
the standard error of the mean (SEM).

2.4.2. Visualization of P. aeruginosa cells via 
transmission electron microscopy
The morphology of P. aeruginosa PAO1 cells after CAP 
exposure was visualized via transmission electron 
microscopy (TEM), as previously reported,54 with slight 
modifications. Briefly, bacterial cells exposed to CAP were 
visualized with negative staining via a JEOL JEM 1011 
microscope (JEOL, Japan) operating at 80 kV. For negative 
staining, parlodion-carbon-coated grids were floated on 10 
µL drops of each sample for 5 min. The grids were washed 
twice on a drop of water and negatively stained with 0.25% 
phosphotungstic acid (pH 7.4). The images are displayed in 
Figure 6 with scale bars of 500 nm.

2.4.3. Assessment of E. coli viability on 
3D-printed objects
We also evaluated CAP-mediated surface decontamination 
via 3D-printed PETG that was exogenously contaminated 
with a wild-type E. coli suspension (~1  ×  107  CFU/mL). 
As an additional control, the E. coli suspension was also 
spotted on other materials, including parafilm and P3 R 
filter tissue, for comparison with measurements performed 
in our earlier studies.18,19 The samples were processed and 
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exposed to CAP generated by device 3, similar to that for P. 
aeruginosa (described in Section 2.4.1.).

2.5. Virologic assessment
The following virus strains and cell lines were used: (i) SARS-
CoV-2 (hCoV-19/Czech Republic/NRL_6632_2/2020) 
was propagated in Vero E6 cells (ATCC CRL-1586) 
cultured in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 2% fetal bovine serum (FBS); (ii) 
IAV (influenza A H1N1/California/07/2009; Diagnostic 
Hybrids, United States of America [USA]) was propagated 
in MDCK (ATCC CCL-34) cells cultured in influenza 
growth medium (DMEM supplemented with penicillin/
streptomycin [Pen/Strep], 0.2% bovine serum albumin 
[BSA], 1 mM HEPES, 13.6 mM l-glutamine, 42 mg/L 
DEAE-Dextran, and 1 mg/L TPCK-Trypsin); (iii) HAdV 
(species C/type 2, ATCC VR-846) was propagated in A-549 
cells (DSMZ ACC107) cultured in DMEM with 10% FBS 
and Pen/Strep; and (iv) HRV (species A/type 2, ATCC VR-
482) was propagated in HeLa Ohio cells (both a kind gift of 
Heinrich Kowalski, Medical University of Vienna, Austria) 
cultured in DMEM with 10% FBS and Pen/Strep.

Parafilm squares (1 × 1 cm) inoculated with 30 µL of 
virus suspension (infectious dose: 103–106 IU/mL) were 
placed in a Petri dish surrounded by two pieces of wet 
cotton wool to increase the humidity. The virus-containing 
suspension was distributed across the parafilm surface 
in six droplets, air-dried for 15 min, and subsequently 
exposed to CAP for 10, 30, 90, and 120 min. Thereafter, 
the residual virus was recovered from the parafilm surface 
using 200 µL of phosphate-buffered saline (PBS), and the 
parafilm was thoroughly washed. To reduce the risk of 
bias, we implemented a control protocol for each sample, 
involving pipetting, 15 min of air-drying, mock exposure, 
and subsequent recovery. The recovered suspension was 
directly used for infecting permissive cells (specified 
above) to determine the infectious titer of each virus. All 
the data were generated from three biological replicates.

The SARS-CoV-2 titer was determined by diluting 20 
µL of each sample in a 24-well plate containing 200 µL 
of cultivation medium in each well. The viral suspension 
was further diluted 1:10. Afterward, 300 µL of Vero E6 
cells (2.5 × 105 per well) was added to the suspension and 
incubated for 4 h at 37°C and 5% CO2. The mixture was 
subsequently overlaid with 500 µL of 3% carboxymethyl 
cellulose and incubated for 5 days at 37°C and 5% CO2. The 
IAV titer was determined by pipetting 50 µL of each sample 
into a 24-well plate containing 300 µL of influenza growth 
medium (IGM) in each well. The viral suspension was 
further diluted 1:5. MDCK cells (1.8 × 105 per well, plated a 
day before the experiment) in a 24-well plate were washed 
once with PBS; 300 µL of IGM-containing serially diluted 

sample (1.5 µL of influenza A H1N1 virus in the first well) 
was added to the cells; the cells were then incubated for 
1 h at 37°C and 5% CO2. After 1 h, the cells were washed 
once with PBS; 300 µL of IGM was added to the cells; the 
medium was overlaid with 300 µL of 1.2% carboxymethyl 
cellulose; and the cells were incubated for 2 days at 37°C 
and 5% CO2. For both SARS-CoV-2 and IAV, the infection 
was terminated by aspirating the medium. The cells were 
washed once with PBS, fixed, and stained with naphthalene 
black. After 45 min of incubation, the naphthalene black 
solution was aspirated, the cells were washed with water, 
and the resulting plaque-forming units (PFUs) were 
counted. The viral titer was expressed as PFU/mL. The 50% 
tissue culture infectious dose (TCID50) of HAdV and HRV 
was determined by inoculating serially diluted (10-fold) 
samples (10 μL/well) in 96-well microtiter plates, in which 
A549 and HeLa Ohio cells were seeded, respectively. The 
infected cells were incubated at 37°C in a 5% CO2 incubator 
for 5 (HRV) or 7 days (HAdV). The cytopathic effect 
(CPE) was visualized via a crystal violet assay as previously 
described.20 The Spearman–Kärber method21,22 was used to 
calculate the respective infectious titers (IU/mL).

Quantitative polymerase chain reaction (qPCR) was 
performed to determine the number of recovered virus 
genome copies. For SARS-CoV-2, a commercial kit (gb 
Sarbeco E, Cat. no. 3227--500; Generi Biotech, Czech 
Republic) was used in accordance with the manufacturer’s 
instructions. IAV genome copies were determined 
via the Luna Universal Probe One-Step RT‒qPCR Kit 
(New England Biolabs, USA), as previously described.55 
Recovered HAdV and HRV genome copies were measured 
via previously described protocols: HAdV (type C)23,24 and 
HRV (multiplex).28

3. Results
3.1 CAP composition produced by the  
3D-printed devices
The concentrations of NO and NO2 in the gaseous 
environment of devices 1, 2, and 3 were measured during 
the generation of CAP over 120 min. While NO levels 
remained undetectable in all cases (data not disclosed), 
NO2 levels displayed an obvious difference between 
optimized devices 2/3 and the original device 1, suggesting 
that the optimized devices are more efficient in producing 
NO2 (Figure 2).

The concentrations of O3 and N2O obtained from the 
FTIR spectra are depicted in Figure 3 as a function of 
the source operating time. The gradual increase in the 
concentration measured inside the reactor suggested stable 
continuous production of O3 and N2O by the devices. 
Device 1 appeared to be less efficient in the production 
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Figure 2. Concentration of NO2 in the gaseous environment of devices 1, 2, and 3 measured over 120 min. Concentrations of NO2 in devices 1, 2, and 
3 in the first 10 min (inset). The concentration of NO2 increases due to its accumulation in the gaseous environment of the devices, with the highest 
concentration noted for devices 2 and 3. The results are averaged from three independent measurements and depicted in ppm ± standard error of the mean.

Figure 3. Concentration of O3 (A) and N2O (B) in the gaseous environment of devices 1, 2, and 3, measured over 15 min of operation in a closed reactor. 
Spectra were sampled every 30 s, and the concentration of gases was determined by integrating the area under the corresponding absorption peaks, after 
correcting for baseline drifting. Due to unavailable cross sections, the measure is reported in arbitrary units (a.u.), which are proportional to the actual 
density. The highlighted areas represent 1σ uncertainty, estimated from spectral analysis. The gradual increase reflects the production and accumulation of 
measured gases, with devices 2 and 3 producing more reactive species than device 1.
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of both species, while the results of devices 2 and 3 were 
comparable (Figure 3). Similar results were obtained via 
an ultraviolet (UV)-100 ozone analyzer, whereby device 1 
produced significantly less O3 compared to the optimized 
devices (Figure S2 in Supplementary File).

To evaluate the CAP environment to which the 
pathogens were exposed, we assessed a drop of saline 
(representing the aqueous environment) exposed to 
CAP in the device chambers. The measured pH value 
indicated that the aqueous environment was highly 
acidic after treatment by all the devices. Specifically, 

Figure 4. Reactive oxygen and nitrogen species (RONS) generated in saline after exposure (of 30 µL saline) to 3D-printed cold atmospheric plasma (CAP) 
in devices 1, 2, and 3 for 120 min. The pH (A) and concentrations of H2O2 (B), NO2

- (C), and NO3
- (D) were measured after 120 min of exposure. Results 

were averaged from three independent measurements and are presented as the mean and corresponding standard error of the mean. Values without 
depicted error bars were identical across all measurements (i.e., standard error of the mean = 0). Abbreviation: c: Concentration.
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Figure 5. Effects of three 3D-printed cold atmospheric plasma (CAP)-generating devices on the viability of P. aeruginosa PAO1 cells. The bacteria were 
exposed to CAP for 1–30 min. Survival was determined by assessing the colony-forming units (CFUs) and plotting them as log CFU/mL.

device 1 reported a pH of approximately 1.3, whereas 
optimized devices 2 and 3 reported pH values of 1.2 and 
0.5, respectively (Figure 4A). H2O2 was almost absent 
when the original device 1 was used, whereas optimized 
devices 2 and 3 reported H2O2 concentrations of up to 
100 mg/L (Figure 4B). In general, the concentration 
of NO2

- appeared to be relatively low (<4 mg/L) for all 
devices. The concentration of NO2

- was, on average, 
the highest for device 1, approximately twice as high 
compared to the optimized devices 2 and 3. However, 
given the large SEM, the values obtained for all devices 
can be considered comparable (Figure 4C). NO3

- levels 
were relatively high for all the tested devices (350–500 
mg/L), with the highest value obtained for device 3 (500 
mg/L) (Figure 4).

3.2. Viability of P. aeruginosa cells after exposure 
to CAP
P. aeruginosa PAO1 cells on parafilm squares were 
exposed to CAP from the three 3D-printed devices for 
1, 5, 10, and 30 min. The results indicated that original 
device 1 exhibited a weaker microbicidal effect compared 
to optimized devices 2 and 3 (Figure 5). In contrast, 
devices 2 and 3, which were decontaminated with 

parafilm squares, displayed 100% efficiency after only 1 
min of CAP exposure. Device 1 reduced P. aeruginosa 
contamination by approximately 1, 2, and 5 log CFU/L 
after 1, 5, and 10 min of CAP exposure, respectively, 
followed by complete decontamination of the parafilm 
squares only after 30 min of CAP exposure.

3.3. Morphology of P. aeruginosa cells after 
exposure to CAP
A visualization of P. aeruginosa PAO1 cells exposed to 
the three different CAP-generating devices via TEM is 
depicted in Figure 6. The control sample (Figure 6A) 
displayed intact rod-shaped cells with flagella. Device 1 
did not cause any significant changes in cell morphology 
after 1 min of exposure (Figure 6B). However, after 5 min, 
visible dimming of the cell surface indicated incipient 
cell membrane damage (Figure 6C), which progressed 
to severely disturbed cell surface features after 10 min of 
exposure (Figure 6D). In contrast, 1 min of exposure to 
devices 2 and 3 (Figure 6E and H, respectively) resulted 
in changes in the cell surface; 5 min of exposure induced 
severe damage to the cell membrane, as indicated by thick 
dark demarcations (Figure 6F and I, respectively); and 
10 min of exposure led to rupture of the cell membrane 
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(Figure 6G and J, respectively). Notably, complete leakage 
of the cell contents was visible after 10 min of CAP 
exposure via device 2 (Figure 6G).

3.4. CAP exposure reduces viral infectivity and 
compromises particle integrity
We directly compared the virucidal effects of the three 
devices by exposing virus-contaminated parafilm squares 
to CAP for 10, 30, 90, and 120 min. SARS-CoV-2 

infectivity in permissive cells was completely eliminated 
by optimized devices 2 and 3 after 90 min of exposure, 
whereas original device 1 required 120 min (Figure 7A; 
Table S1 in Supplementary File). Viral genome copy 
numbers determined by qPCR demonstrated that the 
optimized devices could effectively eliminate over 99.5% 
of SARS-CoV-2 RNA after 90 min, whereas the original 
device reduced the RNA level by 96% after only 120 min 
(Figure 8A; Table S1 in Supplementary File). Hence, the 

Figure 6. Differential effects of three different 3D-printed cold atmospheric plasma (CAP)-generating devices on the morphology of Pseudomonas aeruginosa 
PAO1 cells visualized by transmission electron microscopy (TEM). As observed, increasing the duration of exposure to CAP damages the cell membrane, 
leading to cell disruption and content leakage. TEM images of cells in (A) the unexposed control sample; (B) device 1, exposure for 1 min; (C) device 1, 
exposure for 5 min; (D) device 1, exposure for 10 min; (E) device 2, exposure for 1 min; (F) device 2, exposure 5 min; (G) device 2, exposure for 10 min; (H) 
device 3, exposure for 1 min; (I) device 3, exposure for 5 min; and (J) device 3, exposure for 10 min. Scale bars: 500 nm. Magnification: XXX.Will be done
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virucidal effect of the optimized devices occurred more 
rapidly, with device 3 exhibiting slightly higher efficiency 
than device 2.

All the tested 3D-printed devices completely 
abrogated the infectivity of IAV. The original device 
required 90 min to completely eliminate the infectious 
capacity of IAV, whereas the optimized devices required 
only 30 min (Figure 7B; Table S2 in Supplementary File). 
Device 3 demonstrated significantly better performance 
in terms of particle destruction than did device 2 
(Figure 8B; Table S2 in Supplementary File). The inferior 
performance of the original device was also documented 
by qPCR analysis.

Following CAP treatment using the optimized 
devices, HRV infectivity decreased over time, reaching 
complete elimination after 30 min of exposure, 

whereas the original device was unable to completely 
inactivate HRV even after 120 min (Figure 7D; Table 
S4 in Supplementary File). The number of viral genome 
copies decreased by approximately 75% after 30 min of 
treatment with devices 2 or 3, whereas device 1 produced 
similar results after only 120 min (Figure 8D; Table S4 in 
Supplementary File).

As expected, the HAdV samples were more resistant 
to treatment with CAP than the tested RNA viruses 
were and required longer exposures to decrease their 
infectivity. The optimized devices facilitated the 
complete elimination of the HAdV infectious capacity 
after 120 min, whereas the original device only reduced 
the infectivity by approximately 80% after the same 
exposure time (Figure 7C; Table S3). Viral genome 
copies determined by validated qPCR56 were reduced 

Figure 7. Virus infectivity reduction after cold atmospheric plasma (CAP) treatment for (A) SARS-CoV-2; (B) influenza A H1N1; (C) adenovirus; and 
(D) rhinovirus. The viral inoculum was spotted on parafilm, air-dried, and subsequently exposed to CAP for specific durations. The residual infectivity of 
the viruses was determined in cell culture, and the results are plotted as relative percentages to untreated control samples. The average of three biological 
replicates with the standard error of the mean are displayed for all the measurements. Increasing the duration of CAP exposure resulted in a progressive 
reduction in viral infectivity, and optimized devices 2 and 3 were superior to original device 1. If complete elimination of infectivity was achieved, residual 
infectivity was not analyzed at longer exposure times (n.a.).
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at a slower pace than infectivity (Figure 8C; Table S3). 
Additionally, the efficiency of device 3 was superior to 
that of device 2.

3.5. CAP-mediated decontamination of 
3D-printed material
To assess the ability and efficacy of CAP in decontaminating 
3D-printed materials, a proof-of-concept experiment was 
conducted in which 3D-printed PETG contaminated with 
E. coli was tested. Consistent with our earlier findings, 
exposure to CAP facilitated complete inactivation of the 
bacteria within 5 min (Figure S3).

4. Discussion
Cold atmospheric plasma (CAP) is regarded as a 
groundbreaking disinfection technology with vast 
potential for decontaminating various sensitive surfaces 

from pathogens. It features high effectiveness, nontoxic 
byproducts, minimal side effects, and operates under 
favorable conditions, including low temperatures. CAP 
can be used continuously and is amenable to human 
applications. The effects of CAP on biological samples 
depend on the plasma-generating device used, and 3D 
printing offers the required flexibility to facilitate the 
production of optimized instruments. Production is 
regulated by several critical factors, including construction 
(geometry) and technical parameters, such as applied 
power, voltage, and waveform. Furthermore, ambient 
conditions during application, such as the atmospheric 
composition, humidity, and pressure, influence the efficacy 
of CAP.29 Hence, improving the design of 3D-printed 
devices, operating conditions, and parameters for the 
practical application of CAP is essential.

Figure 8. Viral genome copy reduction after cold atmospheric plasma (CAP) treatment for (A) SARS-CoV-2; (B) influenza A H1N1; (C) adenovirus; and 
(D) rhinovirus. The viral inoculum was spotted on parafilm, air-dried, and subsequently exposed to CAP for specific durations. Residual virus nucleic 
acid copies (genome equivalents) were determined via quantitative polymerase chain reaction (qPCR). The results are plotted as relative percentages to 
untreated control samples. The average of three biological replicates with the standard error of the mean are displayed for all the measurements. Increasing 
the duration of CAP exposure resulted in a progressive reduction of viral copy numbers, and optimized devices 2 and 3 were superior to original device 1. 
If complete elimination of infectivity was achieved, residual virus nucleic acid copies were not analyzed at longer exposure times (n.a.).
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In this study, we examined the efficiency of three CAP 
devices for selecting enveloped and nonenveloped viruses 
and a clinically important gram-negative bacterium. The 
three devices were produced via a 3D printer and could be 
easily adjusted to the desired size, shape, and inner chamber 
geometry. Along with the original device used in earlier 
studies, we tested two optimized versions containing a 
closed chamber that produces a more densely concentrated 
particle environment. These versions incorporated a 
tubular “volcano” design, which accurately directs particle 
flow toward the sample. Another feature of potential 
improvement was the use of two electric discharges in 
parallel (Figure 1). All three devices demonstrated good 
performance in decontaminating surfaces from pathogens, 
but the devices displayed different efficiencies defined by 
the time of exposure to CAP required for inactivation. 
According to the parameters recorded, optimized devices 
2 and 3 were superior to the original device 1 in all analyses 
performed, including the reduction in infectivity, nucleic 
acid degradation, and external membrane damage in 
relation to the duration of CAP exposure.

To characterize the CAP composition produced by 
individual devices, we analyzed the concentration of 
RONS accumulated in gaseous (Figures 2 and 3) and 
aqueous (Figure 4) environments. The optimized devices 
yielded relatively high concentrations of O3, N2O, and 
NO2 in the gaseous environment and relatively high 
H2O2 concentrations in the saline solution. The pH of 
the exposed saline drop was generally low, with the lowest 
value generated by device 3 (pH 0.5). All the tested devices 
yielded comparable concentrations of NO3

- and NO2
- in 

the aqueous environment (based on SEM images). The 
results indicate that the use of closed-chamber formats 
(devices 2 and 3) led to changes in the CAP atmosphere, 
thereby increasing decontamination efficiency. Notably, 
the inclusion of an additional discharge electrode (device 
2) had a minimal impact on decontamination efficiency.

The antibacterial properties of CAP apparently 
correlate with the concentration of RONS produced by 
the devices. This notion is reflected by the greater efficacy 
of optimized devices 2 and 3 in eliminating the viability 
of P. aeruginosa almost instantaneously, whereas device 
1 required 30 min for the same effect (Figure 5). In this 
study, bacteria suspended in saline solution during CAP 
treatment suggested that RONS, specifically H2O2, may 
play a crucial role in antibacterial efficacy, especially in 
direct bacterial exposure to CAP.56 This assumption is 
supported by the considerably greater H2O2 concentration 
in the CAP-exposed saline drop generated by devices 2 
and 3 (Figure 4). The antimicrobial effect of RONS is well 
described in the literature,57–59 and their presence has also 
been validated in a gaseous environment (Figures 2 and 

3). However, H2O2 likely played a significant role in our 
analysis of bacterial inactivation in saline solution because 
of the low solubility of RONS in water. In contrast to the 
long CAP exposure times required for virus inactivation 
(up to 120 min; Figures 7 and 8), bacterial cells were 
inactivated by devices 2 and 3 within 1 min (Figure 5), 
where evaporation of the liquid is not expected to be a 
relevant factor. The antibacterial effect of CAP was also 
reflected by a greater degree of physical damage, including 
membrane impairment and cell content leakage, as 
visualized via TEM. This damage was more rapidly inflicted 
by devices 2 and 3 (Figure 6). CAP exposure damages the 
bacterial cell wall, leading to high levels of oxidative stress 
and cell membrane rupture, as well as bacterial cell death 
due to DNA damage.60–64 Many studies have reported 
pronounced antibacterial effects of CAP generated in 
gaseous environments (i.e., containing a single RONS or a 
combination of RONS), which produces H2O2 and NO2- in 
aqueous environments.58,65–69

The antiviral efficiency exhibited a similar trend as 
described above, with devices 2 and 3 outperforming 
device 1 in all the assays performed (Figures 7 and 8; 
Tables S1–S4). Given the long exposure time required for 
viral inactivation (up to 120 min), significant evaporation 
of the liquid surrounding the viral particles is likely. 
Hence, both RONS detected in a gaseous environment 
and H2O2 detected at high concentrations in the aqueous 
environment upon treatment by devices 2 and 3 appear to 
play a relevant role in the virucidal effects observed. Viral 
infectivity decreased gradually over the CAP exposure 
time, and complete elimination was generally achieved 
more rapidly with the optimized devices. The reduction in 
viral genome copy number, which was analyzed to monitor 
the physical integrity of virus particles, exhibited the 
same trend, albeit more slowly, indicating that infectivity 
was diminished before complete particle disintegration. 
This trend was previously reported by us19 and supports 
the notion that perfect virus fitness viability is required 
for infectivity but does not directly correlate with particle 
integrity. Repeated measurements often reveal fluctuating 
readouts, especially for HAdV and HRV, at shorter CAP 
exposure times. This was also the case for the control 
measurements before CAP exposure, thus reflecting the 
biological complexity of the experimental system. In line 
with previous observations,70 enveloped RNA viruses 
(SARS-CoV-2 and IAV in the present study) and the 
nonenveloped virus HRV were more rapidly inactivated 
by CAP, whereas HAdV displayed a greater degree 
of stability. It has been previously reported that both 
enveloped and nonenveloped viruses can be inactivated 
by reactive plasma particles through oxidative damage to 
proteins, viral envelopes (if present), and nucleic acids.71 
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Various CAP experiments have suggested that O3 might be 
the principal RONS responsible for viral inactivation.72–74 
whereas other observations highlighted the role of H2O2 
and low pH75 in the mechanism of CAP-mediated viral 
inactivation. Mentel et al.76 examined the effects of H2O2 
on different viruses at various concentrations and H2O2 
exposure times. These findings indicate that all viruses 
tested (CoV strain 229E, influenza A and B viruses, 
HAdV, and HRV 1A, 1B, and type 7) were rendered 
inactive by 3% H2O2 within 1–30 min. In agreement 
with our data, the enveloped RNA viruses (SARS-CoV-2 
and IAV) were most susceptible to the effects of H2O2, 
whereas HAdV was most resistant.76 H2O2 is a powerful 
oxidizing agent that causes genetic damage, impairing the 
replicative capacity of both DNA and RNA viruses.77 The 
mechanism of action of H2O2 involves attacking carbon 
double bonds in nucleosides or removing hydrogen 
atoms, leading to single- or double-strand breaks in 
DNA or RNA.77,78 Additionally, CAP-derived RONS 
affect the receptor-binding region of the SARS-CoV-2 
spike (S) protein, which is essential for its attachment to 
host cells and infectivity.79,80 Consistent with published 
data, we observed a substantial improvement in both 
the microbicidal and virucidal efficiency of devices that 
produced O3 and H2O2 at relatively high concentrations 
and more efficiently induced pH acidification.

The impact of the device on decontamination-related 
parameters is relevant not only from a scientific standpoint 
but also for its practical application in daily use. The device 
has the potential to be employed for decontaminating large 
areas and various sensitive materials and objects that are 
impossible or very difficult to disinfect via other methods. 
Specifically, one of our ongoing research objectives is to 
decontaminate children’s plush toys, particularly for their 
use in stem cell transplant wards. Moreover, adapting 
the device for surface decontamination of 3D-bioprinted 
scaffolds for medical applications is also conceivable. In 
the present study, we demonstrated the basic applicability 
and efficacy of CAP for the decontamination of 3D-printed 
PETG, and the observations can expectedly be extended to 
a variety of other bioprinted materials.

In this context, safety is a concern due to the high 
voltages of several kVs used in the device. As outlined 
above, the device presented here is robust and mechanically 
resistant. The HV wires are well embedded in the device, 
and the separating air layer significantly exceeds the 
effective electrical strength. In addition, a significant 
advantage of the HV source used is its low current output. 
While capable of delivering HV, it generates only low 
currents on the order of 100 µA, well below the safety limit. 
In the event of direct contact with the HV wires, the voltage 

drops immediately, resulting in only a mild sensation of 
electrostatic charge for the person involved.

5. Conclusion
In summary, our observations indicate substantially 
enhanced CAP efficiency against all pathogens tested 
when using 3D-printed devices with closed reaction 
chambers and a “volcano” design to guide reactive 
particles. The optimized parameters facilitated complete 
inactivation with shorter CAP exposure times, potentially 
due to the increased accumulation of certain RONS 
in the gaseous environment or H2O2 in the aqueous 
environment. The findings highlight the potential of CAP 
as an easily applicable, inexpensive, and soft technique for 
decontaminating sensitive surfaces from viral and bacterial 
pathogens, particularly when other technical approaches 
based on heat exposure or antimicrobial liquids cannot be 
readily applied.
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