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Flexible endoscopes are ubiquitously used in modern medicine to diagnose and treat a variety of gastrointestinal
ailments; however, the inner channels of these complex devices provide an ideal environment for biofilm
development. Incomplete or ineffective endoscope reprocessing introduces the potential for cross-contamination
between patients, highlighting the need for a new approach to disinfection. In this study, the antibiofilm po-
tential of a two-step disinfection process using cold atmospheric pressure plasma and plasma activated water is
considered. It was revealed that the combined approach achieved a 5.72 log reduction of clinically relevant
mixed species biofilms from the narrow lumens found within a typical endoscope. To investigate potential
surface damage resulting from the decontamination process, the surface composition and morphology were
examined using XPS, FTIR and AFM. Following multiple disinfection cycles, few changes to the surface
composition or morphology were detected and the corresponding ability of bacteria to adhere on the surface was

not enhanced.

1. Introduction

The use of flexible endoscopic devices has become a major feature of
modern clinical practice, both for diagnostic applications and surgical
interventions [1]. Endoscopic procedures are conducted with thin,
tubular reusable devices, the nature of which presents an ideal envi-
ronment for biofilm development inside the narrow lumens known as
the inner channel system of flexible endoscopes [2,3]. Endoscopic pro-
cedures are often conducted within non-sterile body cavities exposing
the endoscope to the patient’s natural microbiota [3,4]. This results in
endoscopes becoming heavily contaminated with bioburdens and
potentially infectious microorganisms [2,5]. Ensuring endoscopes are
safe for patient use involves multiple cleaning steps; including pre-
cleaning to prevent biofilm formation, manual cleaning and brushing
to remove residual organic material, and high-level disinfection (HLD)
[6-8]. Endoscope reprocessing techniques are time-consuming, costly
and involve the use of hazardous chemical agents, such as peracetic acid
and glutaraldehyde [6,9,10]. Peracetic acid is often used as a preferred
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method due to its efficiency against a large range of microorganisms and
its use results in a reduced amount of protein fixation, preventing build-
up of biofilms [2,11]. While development over the past few decades has
resulted in the use of automated endoscopes reprocessors (AERs),
reprocessing still primarily involves manual cleaning [5]. Standards and
recommendations have been developed to ensure suitable disinfection of
devices. These are constantly revised and republished; however,
reprocessing across sites can differ greatly and deviations from protocols
can arise over time. Several studies have highlighted a lack of compli-
ance with established guidelines for endoscope reprocessing [3,12].
While this human error can result in increased risk of infection trans-
mission, flaws in the AER process, delayed reprocessing, incorrect se-
lection or use of disinfectants, and insufficient drying can all contribute
[5]. Although rare, reports of patient cross-contamination have risen in
recent years, however due to lack of transparency a true estimate of the
incidence rate of post-endoscopy infection is lacking [2,13].

There is increasing recognition of the presence of residual microbial
contamination in reprocessed patient-ready endoscopes [2,3].
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Fig. 1. Experimental setup: (a) schematic of device used for plasma generation and water activation, (b) flow system used to contaminate endoscopic test pieces, and
(c) decontamination procedure showing the PAW flush, GAS flush and combined PAW + GAS process.

Reprocessing has therefore come under scrutiny because of infectious
outbreaks as a result of multi-drug resistant organisms transmitted by
contaminated endoscopes [14]. To ensure HLD of flexible endoscopes,
reprocessing involves multiple stages of meticulous cleaning and disin-
fection followed by drying [6]. Due to the nature of most flexible en-
doscopes, they are not suitable for heat sterilisation and thus extra care
must be taken to ensure complete removal of potentially hazardous
microorganisms [6]. Organic contamination from bodily fluids can bind
to the inner channels increasing bacterial adherence to the surface and
creating a physical barrier shielding microorganisms from HLD [15]. It
is likely that multiple cycles of use, disinfection, and cleaning of endo-
scopes can lead to an accumulation of organic material over time [5,6].
It has been reported that insufficient reprocessing as a result of even the
smallest breakdown in protocol can result in a build-up of material
within the endoscope encouraging biofilm development [16,17].

Cold atmospheric pressure plasma (CAP) is an emerging disinfection
technology that has shown great promise in several applications from
food safety to dental disinfection, and is now being applied for wound
healing and cancer treatment [18-21]. CAP produces a plethora of
reactive oxygen and nitrogen species (RONS), which have been shown to
possess antimicrobial, antifungal and antiviral properties [22-24].
Several studies have highlighted the use of CAP to modify surfaces,
introducing antimicrobial characteristics; however, other studies have
shown that direct plasma treatment of a surface can cause negative
changes in surface topology leading to increased bacterial adhesion
[20,25,26]. Plasma activated water (PAW) offers an alternative
approach to disinfection that may overcome these issues. PAW is
generated via the exposure of water to CAP, creating an acidic solution
containing a cocktail of RONS [27-29]. Many studies have demonstrated
the antimicrobial potential of PAW, even demonstrating its efficacy after
several hours to days in storage [30,31]. The concentration and
composition of reactive species present in PAW strongly depends upon
the chemical composition of the exposed liquid, the mode of plasma
generation, and the distance between the plasma and liquid sample
[29]. Several past studies have shown that PAW is able to penetrate and
eliminate biofilm contamination, making it an extremely effective and
convenient antimicrobial agent [32,33].

This study investigates a unique combined disinfection approach,
which exploits both CAP and PAW treatments, to eradicate build-up

biofilms representative of those found within the narrow lumens of
flexible endoscopes. By combining PAW exposure with the gas phase
RONS produced by CAP, herein referred to as GAS; an efficient and
effective antibiofilm process has been developed which is suitable for
the rapid decontamination of endoscopic devices. To ensure the com-
bined disinfection process causes minimal adverse changes to the sur-
face of the endoscope channels AFM, FTIR and XPS were used to probe
the morphology and composition of the exposed surface after multiple
disinfection cycles.

2. Materials and methods
2.1. Bacterial strains and cultivation

The following bacterial strains were chosen based on their associa-
tion with endoscopic contamination: methicillin-resistant Staphylo-
coccus aureus USA300 JE2, Staphylococcus epidermidis 1457, Pseudomonas
aeruginosa PAO1 and Escherichia coli Bw25113. E. coli was grown on Luria
broth (LB) agar, and S. aureus, S. epidermidis and P. aeruginosa were
grown on Tryptic soy agar (TSA). A single colony from all strains was
used to inoculate 10 mL of broth (LB or TSB). Inoculated media was left
to incubate overnight at 37 °C, shaking at 210 rpm, then the concen-
tration adjusted by broth dilution to 1 x 108 CFU/mL.

2.2. Plasma device and liquid activation

A low-temperature, surface barrier discharge (SBD) plasma source
was positioned above 200 mL of stirred liquid to produce the PAW,
shown in Fig. 1(a). During operation a thin layer of plasma was formed
within the hexagonal gaps of a grounded mesh stainless steel electrode
on the surface of a dielectric material. The mesh electrode was separated
from a high voltage copper plate electrode by a 1 mm thick, 100 x 100
mm quartz plate acting as the dielectric barrier. During plasma gener-
ation, long-lived RONS including O3, NO, N2O and NO, were able to
traverse the gas gap and reach the liquid interface [29]. At the liquid
interface a plethora of chemical reactions take place to form a variety of
known antimicrobial agents, such as HyO2, HNO3 and ONOO™ [34,35].
In all cases, PAW was produced using a 25-minute exposure. The SBD
was operated at low (12 W) and high (30 W) power to manipulate the
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reactive species produced, with low power favouring the production of
reactive oxygen species and higher power operation favouring reactive
nitrogen species production, as described in previous works [36].The
gas phase RONS created by the same SBD device using the same gen-
eration conditions were also flushed through the endoscopic test pieces
using a small gas pump (1 L/min) to simultaneously dry and disinfect.

2.3. Contamination of endoscopic test pieces

A flow system, shown in Fig. 1(b), was developed to contaminate
endoscope surrogate test pieces prepared from translucent polytetra-
fluoroethylene (Teflon) tubing with 2.0- or 6.0- mm lumen diameter. A
well-established contamination method was used with minor modifi-
cations [17,37]. Test pieces were each 10 cm long. Prior to contami-
nation, TSB containing 1 % human serum was pumped into the test
pieces using a peristaltic pump at a rate of 100 mL/min until filled. This
was kept at 37 °C for 24 h to allow attachment of organic matter to the
inner surface of the channels, and thus increase bacterial adherence
potential. Media was drained from the test pieces and the system rinsed
with 200 mL sterile water. Fresh media was inoculated with the cultured
strains and circulated through the system using the previously
mentioned flow rate for 45 min. The contamination media was drained,
the system rinsed with sterile water and cultivated with discharged
contamination liquid from a previous stage. The contaminated test
pieces were left to incubate for 24 h at 37 °C. The system was again
rinsed, and control test pieces removed for analysis of biofilm formation.

2.4. PAW and GAS disinfection

Disinfection of the contaminated test pieces involved circulation of
PAW through the flow system at a flow rate of 100 mL/min, or a GAS
flush through the flow system at approximately 1 L/min, shown in Fig. 1
(c). A two-step disinfection method was also tested using both PAW and
GAS disinfection, with PAW being pumped through the system first
followed by a GAS flush. For all disinfection methods, 5 min and 10 min
disinfection times were used and compared to control test pieces.

2.5. Optical emission spectroscopy (OES)

OES was used to obtain a qualitative indication of the excited states
produced in the plasma layer. Light from the plasma was guided into a
spectrometer (Andor Shamrock 500i) via a UV-VIS fibre optic of
diameter 200 pm. In all cases, a grating of 600 lines/mm and entrance
slit of 100 um was used. An iCCD camera (Andor iStar 334) was used to
capture spectral data using an exposure time of 10 ms which was not
synchronized to the plasma generating voltage. Spectral data was
created using an accumulation of 100 individual measurements.

2.6. Fourier transform infrared spectroscopy (FTIR)

FTIR was used for characterisation of reactive species between the
plasma and liquid, and to provide insight into which reactive species
may “activate” the water. To perfrom FTIR measurements, the plasma-
generating electrodes were sealed in the box used for water activation
and operated under the same conditions as used for gas disinfection. The
plasma effluent was drawn from the reactor into a 10-cm path length gas
cell and analysed with an FT/IR-4200 spectrometer (JASCO, Tokyo,
Japan). A spectral resolution of 2.0 cm ™! was used, and each absorption
spectrum was acquired over 25 scans.

2.7. Measurement of PAW chemical composition

Spectrophotometric assays (SPECTROstar Nano, BMG LABTECH)
were used to measure concentrations of various RONS within the PAW.
All measurements were conducted immediately after liquid activation,
including pH using a pH probe (Hanna Instruments 9813-6 with pH
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probe HI-1285-6). Griess reagent (Supelco Ltd, MFCD01866819) was
added to the liquid and the concentration of NO3 measured by spec-
trophotometry at 548 nm. The concentration of NO3 was also measured
using a colorimetric assay based on the interaction of nitrate ions with
sodium salicylate (Sigma-Aldrich Ltd, CAS 54-21-7) in a sulfuric acid
medium after evaporation and quantified using spectrophotometry at
420 nm. Hydrogen peroxide concentrations in the treated solution were
measured according to the protocol described by Dringen et al. using the
ferrous-xylenol orange assay [38].

2.8. Analysis of biofilm inactivation, biomass, bacterial viability, and
intracellular nitrogen

Biofilm inactivation following plasma treatment was determined by
the Miles-Misra plating method. Control and treated test pieces were
transferred to a 15 mL falcon tube (Appleton Woods Ltd, Birmingham,
UK) containing 5 mL of TSB and left shaking for 15 min at 1800 rpm
(VXR basic Vibrax®; IKA, Staufen, Germany). Samples from each tube
were taken and serially diluted to use for plating on TSA. Plates were left
to incubate for 24 h at 37 °C and then colonies counted. Various assays
were used to assess the impact of plasma treatments. Crystal violet
staining was conducted to measure remaining bacterial biomass. Bac-
terial metabolic activity was assessed using an MTT assay (Merck KGaA,
Darmstadt, Germany) performed according to the manufacturers pro-
tocol to investigate cell viability. A 50 pl sample of each biofilm sus-
pension was combined with 50 pl of MTT solution in the well of a
microplate. Following 3 h of incubation at 37 °C, 150 pl of MTT solvent
was added into each well and left shaking for 15 min. Viability was
measured at 590 nm using a microplate reader (SPECTROstar Nano,
BMG LABTECH). Intracellular nitrogen was assessed using a nitrite/ni-
trate assay (Merck KGaA, Darmstadt, Germany) following the manu-
facturer protocol.

2.9. Surface characterisation

2.9.1. X-ray photoelectron spectroscopy (XPS)

The chemical composition of the endoscopic test pieces was deter-
mined by XPS analysis. A TFA XPS spectrometer, produced by Physical
Electronics Inc. operating under ultra-high vacuum (10”7 Pa) and
equipped with a monochromated Al Ko X-ray source (1486.6 eV) was
used. The take-off angle of the electron analyser in the XPS spectrometer
was 45° with respect to sample surface. Three different locations were
analysed on each sample and the data averaged. The XPS spectra were
processed using the software MultiPak, Version 9.5.0. Quantification of
the surface composition was performed from XPS peak intensities
considering the relative sensitivity factors provided by the instrument
manufacturer.

2.9.2. Atomic force microscopy (AFM)

The surface roughness and morphology of the endoscopic test pieces
was assessed using AFM (Solver PRO, NT-MDT, Russia). Silicon canti-
levers with a typical resonant frequency of 240 kHz and a spring con-
stant of 11.8 N/m were used to acquire images in semi-contact mode at
room temperature under ambient conditions. The scanning rate was 1.5
Hz. Flattening of the raw images was performed before surface rough-
ness analysis. The average surface roughness was determined from im-
ages with an area of 5 pm x 5 pm.

2.9.3. Attenuated total reflectance - fourier infrared transform spectroscopy
(ATR-FTIR)

The chemical structures of the endoscopic test pieces were charac-
terised using ATR-FTIR (Spectrum Two, PerkinElmer, USA) following 1x
and 5x 5 min plasma treatments at room temperature. Spectra were
obtained at a resolution of 4 cm™! with 32 scans per measurement,
probing the range of wavelengths from 4000 cm™! to 350 cm™L.
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Fig. 2. Gas phase characterisation: (a) Normalised emission intensity from plasma generated after 5 mins of operation at low power (12 W) and high power (30 W)
conditions, measured using OES, (b) FTIR absorbance spectra obtained after plasma generation for 5 min at 12 W and 30 W, and (c) Evolution of Ozone concentration

measured in-situ at a constant dissipated plasma power of 12 W and 30 W.

2.10. Statistical analysis

All experiments were conducted with at least 3 biological repeats and
3 technical repeats. Results are presented as mean or mean =+ standard
deviation. Statistical analysis was performed using GraphPad Prism 9.0
and OriginPro 2022b. Significance was established using the two-way
analysis of variance (ANOVA) test. Due to the nature of the study, a p-
value of < 0.05 was considered as significant.

3. Results and discussion
3.1. Plasma and gas phase characteristics

Plasma generation in the humid air between the electrode and liquid
surface results in ionisation, excitation, and dissociation reactions of O,
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Ny and H50 creating an abundance of reactive species, including O, N,
OH, and NO [29,39]. Fig. 2(a) shows the optical emission spectra from
the discharge operating at 12 and 30 W; strong emission from the Ni-
trogen second positive system was observed which is typical of atmo-
spheric pressure air plasma [40]. Beyond the visible plasma region,
short-lived species react to form secondary compounds, such as Ogs,
H30,, NO3, HNO3, NO3 and HNOg, it is these longer-lived species that
diffuse to the liquid interface where they can form NO3, NO3 and Hy04
[29]. The evolution of reactive species within the gas phase was char-
acterised using FTIR spectroscopy. Fig. 2(b) shows the absorbance
spectra of the CAP effluent under 12 W and 30 W operating power after
5 min of generation. Exploration of the absorption spectrum using FTIR
showed domination by RNS under higher power conditions, and ROS
under lower power generation conditions. A significant ozone peak was
detected at around 1056 cm™* when the device was operated at 12 W,
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Fig. 3. Kinetic evolution of: (a) pH, (b) nitrite concentration, (c) nitrate concentration, and (d) hydrogen peroxide concentration.
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however minimal ozone was detected by FTIR at an applied power of 30
W. When operated at 30 W prominent peaks were observed for N3O
around 2235 cm ™! and NO, around 1629 cm™!. In comparison a much
smaller peak was found for N3O at 12 W, and no NO; detected. Peaks
around 1299 cm™! indicated the presence of N2Os and HNO3 at both
operating powers; however, the peak was smaller for 12 W compared to
30 W indicating a lower concentration. No HoO4 was detected within the
system. Further ozone quantification, shown in Fig. 2(c) showed a
distinct difference between high and low power, with 30 W resulting in a
high peak of ozone after 90 s, followed by accelerated quenching.
Compared to 12 W which had a high peak after 250 s, followed by a
gradual decrease over the duration of the plasma activation. This vari-
ation in gas plasma chemistry has been reported by several past studies,
which detail the reaction between vibrationally excited N3 and O found
within the discharge forming NO, which readily reacts with Os to form
NO,, [25,29].

3.2. Liquid characteristics

During plasma exposure, reactive species in the gas phase diffuse to
the water interface where they can either dissolve into solution or react
to form other compounds [41,42]. As shown in Fig. 3(a) the pH of the
water decreases over the treatment time. This is similar to that observed

in other studies using similar plasma devices [43]. It can also be
observed that under 12 W CAP generation conditions the decrease in pH
was somewhat slower but still resulted in a PAW with a low pH value of
3.95 (£0.15). Many studies attribute the decrease in pH with the for-
mation of nitrites (NO3) and nitrates (NO3) [43,44]. During plasma
exposure, reactions between nitrogen oxide compounds, specifically
NOy, and the liquid form nitrites and nitrates, as shown in R1 [43,45].

2NO; + H,0 — NO3+NO3 +2H* (RD)

Nitrites further react to form nitrous acid resulting in a decreased pH,
and an oxidoreduction reaction occurs in the presence of ozone leading
to conversion of nitrites to nitrates:

NO>+H"—-HNO, (R2)

NO3+03 = NO3+-0, (R3)

Fig. 3(b) details the kinetic evolution of nitrite within the PAW.
Interestingly, past studies have shown that PAW can exhibit a sudden
decrease in nitrite concentration to negligible quantities after just a few
minutes of plasma exposure, as a result of the conversion of nitrites to
nitrates and the use of nitrites for nitrous acid production, resulting in
the further acidification of the PAW [43]. However, the nitrite con-
centration within the PAW in this study continued to increase for 20
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min, where it then began to decrease. This phenomenon was previously
observed using a similar SBD system and was linked to the generation of
NOj3 in combination with dissolved ozone or via reactions of NO3 and
H»0; leading to the formation of ONOO™ under acidic conditions [46].
The low power setting produced an effluent dominated by ROS as
opposed to RNS which explains the slower increase and significantly
lower nitrite concentration (4.56 + 0.23 uM) compared to the high-
power setting (131 + 11.82 uM). Fig. 3(c) details the kinetic evolution
of nitrate within the PAW. Both powers showed a similar linear increase
and final concentration for nitrates, 0.77 (+0.07) mM and 1.00 (£0.02)
mM, for the 12 W and 30 W case, respectively. The linear increase in
concentration has been reported by other studies [29,43,47].

No hydrogen peroxide was detected within the PAW produced with
12 W, while the concentration of HyO5 started to increase after 10 min of
treatment time when plasma was generated at 30 W as shown in Fig. 3
(d). Ho03 can be created in gaseous or aqueous phase via different re-
actions, however it is commonly assumed that the main reaction
responsible for HyO, generation is via OH radical recombination:

‘OH +OH — H;0, (R4)

It is assumed that the presence of these reactive species within the
water creates an antimicrobial solution capable of bypassing the com-
plex defence systems present within bacteria by act of simple diffusion
[25,48,49]. Preliminary antimicrobial testing (data not shown)
demonstrated that PAW generated at 30 W was significantly more
effective than PAW generated at 12 W. The reason for this is likely two-
fold: (i) a higher operating power produced more gas phase species
which ultimately translate into more aqueous phase species; and (ii) a
number of previous studies have detailed the link between the dissolu-
tion of RNS, which are created in abundance under high power condi-
tions, and antimicrobial activity [50]. Consequently, for all of the
antimicrobial and surface analysis tests reported, PAW generated at 30
W was used.

3.3. Effect of plasma treatment on single species biofilms

Single species biofilms of four clinically relevant bacteria: E. coli,
S. aureus, S. epidermidis, and P. aeruginosa, were formed within endo-
scopic test pieces following repeated rounds of cultivation and rinsing.
Fig. 4 details the colony forming units (CFU) remaining following PAW,
GAS and PAW + GAS disinfection. During the disinfection stage PAW
was circulated through the flow system and/or GAS flushed through the
channels for a total time of 5 min or 10 min. Results showed all plasma
treatments were capable of a significant reduction in biofilm contami-
nation. Notably, as shown in Fig. 4(a,b), a 5 min PAW + GAS treatment
was capable of achieving a 4.29 and 4.35 log reduction of E. coli biofilms
and a 4.35 and 5.52 log reduction of P. aeruginosa biofilms within lu-
mens of a 6.0 mm and 2.0 mm diameter, respectively. S. aureus and
S. epidermidis showed higher resistance to all plasma treatments, dis-
played in Fig. 4(c,d); however, a 5 min PAW + GAS treatment still
resulted in a 3.88 and 4.11 log reduction in S. aureus and a 4.18 and 3.43
log reduction in S. epidermidis, for the 6.0 mm and 2.0 mm diameter
lumens, respectively. PAW treatment alone resulted in significant log
reductions ranging from the lowest at 2.76 for S. epidermidis up to 3.87
for P. aeruginosa. While GAS treatment alone resulted in log reductions
ranging from 2.85 for S. epidermidis to 4.55 for P. aeruginosa. E. coli and
P. aeruginosa are Gram-negative bacteria, while S. aureus and
S. epidermidis are Gram-positive bacteria. Several previous studies have
shown that Gram-positive species are more resistant to plasma treat-
ments [25,29,51]. Gram-negative bacteria possess a thin peptidoglycan
cell wall surrounded by a lipopolysaccharide outer membrane; however,
Gram-positive bacteria are surrounded by thicker layers of peptido-
glycan instead of the outer membrane [52]. The thicker peptidoglycan
layers provide greater protection from environmental stress [51,52].
The greater protection provided by peptidoglycan can be seen from the
results with S. aureus and S. epidermidis proving to be the most resistant
to all plasma treatments. E. coli is one of the most prevalent microor-
ganisms forming biofilms on medical devices and often used as a model
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Fig. 6. Influence of plasma treatment on: (a) percentage biomass measured using a crystal violet assay after a 5 min treatment, (b) percentage cell viability measured
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organism for biofilm disinfection [53]. P. aeruginosa is an opportunistic
pathogen often associated with acute and chronic infections [54]. Its
complex biofilms consist of significant amounts of extracellular matrix
material [25,55]. Despite this, results have shown the P. aeruginosa
biofilm had high susceptibility to all plasma treatments. Previous studies
have detailed the bacterium’s increased susceptibility to RNS-
dominated conditions. In summary, the results indicate all methods
were capable of significant biofilm reduction, however a combination of
PAW + GAS treatment was the most effective. This is consistent with
findings shown in Fig. S1, where a 10 min PAW + GAS was most
effective and resulted in 5.58, 5.91, 4.60, and 5.01 log reductions in
E. coli, S. aureus, S. epidermidis and P. aeruginosa biofilms respectively.

3.4. Effect of plasma treatment on mixed species biofilms

While a large proportion of studies are conducted using simplified
single species biofilms models as a starting point, they are not fully
representative of real-world medical device contamination where the
devices are exposed to an array of species within the patient’s micro-
biome [3,4]. Therefore, following confirmation of plasma treatment as
an effective method of biofilm reduction, mixed species biofilms were
explored. Mixed species biofilms contained E. coli, S. aureus,
S. epidermidis, and P. aeruginosa strains. Due to the complex nature of
mixed species biofilms, it was expected that these would be more
resistant to treatment than the single species biofilms [25,56]. The same
test piece contamination procedure was followed, with minor adjust-
ments in order to obtain similar starting bacterial concentrations for
each strain [17,37]. Disinfection methods were the same as for single
species biofilms. Again, the results demonstrated that all plasma treat-
ments were capable of achieving a significant reduction in mixed species
biofilms recovered from the test pieces. PAW treatment showed the
lowest reduction in biofilm with 2.0 mm test pieces showing a 3.07- and
3.54 log reduction after 5- and 10- min treatment, shown in Fig. 5(a). In
test pieces with a larger diameter, log reductions were 2.38, and 2.79 for
5- and 10- min treatment times, respectively. A GAS treatment showed

larger log reductions, reaching up to a 4.48 log-reduction after 10 min,
displayed in Fig. 5(b). However as shown in Fig. 5(c), a 10 min PAW +
GAS treatment was the most effective approach resulting in a 5.45 and
5.72 log reduction in 6.0- and 2.0- mm test pieces, respectively. Results
detailed in Fig. S2 highlight that, under certain conditions, a 10 min
PAW and GAS treatment offered enhanced antimicrobial performance
compared to a 10 min treatment with a commercially available pH
buffered peracetic acid commonly used for endoscope disinfection. It is
important to note that the disinfection stage of endoscope reprocessing
is not expected to remove all biocontamination, hence the need for
multiple stages in the AER process [3,5]. As the disinfection process
requires the use of harmful chemicals, a fine balance between disin-
fection and resulting damage to tubing must be struck. There are
differing reports of what log reduction is required at the disinfection
stage to ensure the lowest risk of human disease transmission, some EN
standards require a 5 log reduction and consider this the gold standard
in reducing risk as much as possible, while other standards require a 6
log reduction to achieve high-level disinfection [57-60]. Critically, the
results presented in this study demonstrate that a 10 min combined
PAW + GAS treatment can reach the gold standard disinfection levels of
mixed species biofilms, nearing high-level disinfection.

Responses across individual species within the mixed species biofilm
are detailed in Fig. 5(d-f). Notably, P. aeruginosa single species biofilms
showed a higher log reduction than other species, however within the
mixed species biofilms growth remained higher than other species. This
has been observed in other studies [36]. S. epidermidis single species
biofilms were the most resistant to plasma treatments, however within
the mixed species biofilm environment they exhibited significantly
lower growth, particularly following PAW treatment. It has been
detailed in various other studies that P. aeruginosa thrives in a mixed
species environment [61,62]. These results highlight the importance of
the complex nature of mixed species biofilms as the bacterial species
within are not only responding to outside influence but also working
both synergistically and antagonistically with each other.
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Fig. 7. High-resolution carbon C 1s spectra with corresponding deconvolution of peak components.

3.5. Impact of plasma treatment on biofilm biomass, cell viability, and
intracellular nitrogen

The impact of plasma exposure on biofilm biomass, cell viability, and
intracellular nitrogen was assessed by various assays. Mixed species
biofilms were evaluated after 5- and 10- min plasma disinfection treat-
ments using crystal violet staining, MTT assay, and an intracellular ni-
trate/nitrite assay. Following plasma treatment, all test pieces had
significantly reduced biomass present within the narrow lumens, shown
in Fig. 6(a,d). Most notably, 5 min of PAW + GAS treatment resulted in
the largest reduction in biomass with a 58% reduction for 6.0 mm test
pieces and an 81% reduction in 2.0 mm test pieces. Following 10 min of
PAW + GAS treatment biomass reduced by 75% and 84% in test pieces
of 6.0 mm and 2.0 mm respectively. While there was a significant
reduction in resulting biomass between 5 min and 10 min treatment
within the 6.0 mm test pieces, there was no significant difference be-
tween 5 min and 10 min PAW + GAS treatment for 2.0 mm test pieces. A
GAS plasma treatment resulted in less biofilm biomass than PAW
treatment for both 5- and 10- min treatment times; however, decreases
in biomass following GAS treatment were not significantly different
across treatment times. While PAW showed the lowest reduction in
biomass, it can still be noted that the decrease was statistically different
from the control and followed a consistent reduction across treatment
times. Biomass in this instance takes into account biofilm components
and not just bacterial cells [63,64]. While a high bacterial log reduction
can be shown, a tailing off of the kill rate could be attributed to the build
up of cellular debris resulting in reduced biomass removal and poten-
tially providing protection for active cells below [63,65]. Interestingly,
Flynn et al. showed that no significant changes in viable cell counts of

biofilms grown at 24, 48 and 72 h, however the resulting biomass of the
formed biofilms were significantly different [64]. This highlights the
need for both log reduction and biomass to be taken into account to
provide a full picture of bacterial response to plasma treatments. Fig. 6
(b, e) highlights the impact of all treatments on cell viability. Again
PAW + GAS treatment showed the largest reduction in cell viability for
both treatment times, reaching a 93% and 96% reduction in cell viability
following 10 min of treatment in 6.0- and 2.0- mm test pieces. Inter-
estingly, other studies have shown that despite CAP treatment reducing
bacterial population to undetectable levels, metabolic assays still indi-
cated presence of viable cells [66]. Exposure to stress often triggers a
switch to a viable but non-culturable state, highlighting the need to not
solely rely on log reductions from plate count techniques for an accurate
picture of the effect of plasma on biofilms [67]. Due to the high log
reduction and large reduction in cell viability being in agreement it
suggests a PAW + GAS treatment is sufficiently killing the bacteria
within the biofilm. However, lower reductions in biomass may suggest
an extra step may still be needed to remove remaining debris, like the
brushing step currently used in endoscope reprocessing.

Due to the large presence of RNS within the gas phase effluent and
the liquid analysis, intracellular NO (NO3 + NO3) was assessed using an
intracellular nitrite/nitrate colorimetric assay and shown in Fig. 6(c, f).
Fold change in intracellular NO was found to be similar for PAW and
PAW + GAS treatments. Following 5 min PAW treatment intracellular
NO had a 1.35/1.31 fold increase within test pieces with a diameter of
6.0 and 2.0, and PAW + GAS had a 1.25/1.06 fold increase, showing no
significant difference. A 5 min GAS treatment resulted in a lower fold
change in intracellular NO, with a 1.06/0.72 fold increase. A 10 min
PAW treatment resulted in a 1.98/2.23 fold increase in intracellular NO,
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and for PAW + GAS a 1.74/1.83 fold increase. A 10 min GAS treatment
caused a 1.14/0.72 fold increase, significantly lower than other treat-
ments. It is assumed that the high nitrate/nitrite concentrations within
the PAW are responsible for these results. Bacteria possess a variety of
defences against RNS used as a response to NO released by mammalian
cells during infection; however, these vary across species [68,69]. For
example, NO can cause nitrosylation of terminal respiratory cyto-
chromes, however as S. aureus can generate ATP via oxidative and
substrate-level phosphorylation it is more resistant to NO than bacteria
who rely on the electron transport chain for ATP [69]. This could also
explain why S. aureus proved most resistant to plasma treatments within
single species biofilms and showed consistency across treatments within
the mixed species biofilm. NO has been found to be involved in biofilm
formation, however altering levels of NO can trigger biofilm inhibition
and cause dispersal of cells within formed biofilms, thus overcoming the
resistant nature of mixed species biofilms and increasing bacterial sus-
ceptibility to antimicrobial agents [63,70,71]. Bhatt et al. detailed a high
log reduction in bacterial biofilms in response to plasma treatment,
however most notably they detail plasma treatment caused dispersal of
luminal biofilms [72]. Further insight into whether a combination of
PAW + GAS treatment triggers biofilm dispersal is needed.

3.6. Influence of plasma treatment on the inner surface of endoscopic test
pieces

The influence of plasma treatment on the surface composition and
chemical bonding of the endoscopic test pieces was investigated using
XPS. Fig. 7(a) shows the C 1s spectra for the endoscopic test pieces, this
is a typical spectrum of Teflon and displays no environmentally

absorbed oxygen [73,74]. Investigation of the surface composition of
plasma treated endoscopic test pieces displayed the characteristic peaks
of C, O and F. High resolution C 1s spectra for test pieces treated with
PAW, GAS and PAW + GAS are shown in Fig. 7(b-d). For all samples, the
dominant C-F; bonds are centred at 292 eV with accompanying satellites
placed on both sides of the parent peak. For all plasma treatments there
were very minor relative peak increases in the C-F; peak in comparison
to the control. This indicates very minor chemical modifications of the
surface saturated bonds. Conversely, C-F and C-F3 peaks showed a slight
decrease in their fitted areas (peak areas detailed in Table S1). For all
treated samples there was occurrence of trace levels of C-C/C-H and C-
O after 5x plasma treatments, with the peaks for PAW and PAW + GAS
treatments being higher than for GAS treatment.

High resolution O 1 s and F 1 s XPS-spectra for control and treated
test pieces are shown in Fig. 8. With Fig. 8(a) displaying an increase in
the broad peak at ~533 eV for both PAW and PAW + GAS treatments,
indicating an increase in absorbed oxygen. It is suggested that this is a
result of the endoscopic test pieces coming into contact with O-H pre-
sent in the water, which explains the lack of peak increase following GAS
treatment. It could also be said that it is a result of F-O or C-O binding
components, however this is less likely. Fluorine peaks (F 1s) displayed
in Fig. 8(b) show a minor unshouldering at the lower energy side related
to C-F binding. These results are in good agreement with C 1s fittings
mentioned previously. It is also important to note that nitrogen con-
taining compounds were not detected on the endoscopic test pieces
suggesting it is unlikely that any nitrates or nitrites were deposited on
the surface during the disinfection process. The results indicate practi-
cally negligible changes occur to the surface composition regardless of
the plasma treatment used and indicate that the surface is not affected or
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Table 1

Mean surface roughness obtained from three randomly selected 5 pm x 5 pm
scanning areas. Treatment cycles were each 5 min and measurements taken
before and after plasma treatment.

Treatment Cycles R, [nm]
X sd

Control 0 21.50 2.62
PAW 1 19.35 1.60

5 15.62 2.24
GAS 1 27.57 3.01

5 17.34 4.54
PAW + GAS 1 23.15 3.90

5 19.23 2.62

functionalised by the disinfection procedure. This is supported by ATR-
FTIR absorbance spectra shown in Fig. S3 where no changes were seen to
the endoscopic test pieces as a result of plasma treatments. Negligible
changes to the surface of the endoscopic test pieces could be attributed
to the use of an indirect plasma treatment. Direct plasma systems have
previously been shown to cause significant wanted and unwanted
chemical changes to the surface [75-77].

3.7. Influence of plasma treatment on endoscopic test piece surface
roughness and morphology

The impact of plasma treatment on surface roughness and
morphology was examined using AFM. A minimum of three randomly
selected areas on the endoscopic test pieces were selected for surface
visualisation and calculation of mean surface roughness (R,). Results are
presented as mean value and standard deviation in Table. 1. Control test
pieces were found to have an average surface R, of 21.50 (£+2.62) nm.
Plasma treatment was carried out 1x 5 min and 5x 5 min to assess
changes following multiple uses. Following PAW treatment for 1x 5 min
and 5x 5 min the R, was found to be 19.35 (+1.60) nm and 15.62
(£2.24) nm. Treatment using GAS plasma followed a similar trend, with
1x resulting in the R, being 27.57 (+3.01) nm and 5x being 17.34
(£4.54) nm. The mean surface roughness for PAW + GAS treatment
shows the least variation from the control sample. For 1x the calculated
R, was 23.15 (£3.90) nm and 19.23 (+2.62) nm for 5x PAW + GAS
treatment. No significant difference was found.

AFM analysis revealed very minor changes in morphology between
the control and plasma treated test pieces, shown in Fig. 9(a-d).
Following plasma treatment, no significant changes to the surface

(a) Control (b) PAW
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roughness and morphology of the test pieces were found. Previous
studies have shown that bacterial adherence is influenced by the
morphology of a surface, and changes in surface morphology can
negatively impact bacterial recolonisation [25,78]. While no significant
changes were found, it was important to confirm the impact of plasma
treatment on recolonisation. Fig. S4 details microbial recolonisation
following multiple PAW + GAS treatment cycles. Results showed
recolonisation did not increase, and was in fact significantly lower than
control test pieces in 6.0 mm diameter endoscopic test pieces.

4. Conclusion

This study demonstrates that CAP can be used in a two-step approach
to effectively disinfect a wide range of pathogens involved in medical
device cross-contamination. The results provide a strong basis for
further exploration of a multistep CAP treatment as a method for the
high-level disinfection of flexible endoscopes. Not only does the use of
the combined approach result in significant removal of single species
biofilm contamination, it can provide up to a 5.72 log reduction in
mixed species biofilms, reaching the gold standard for reducing patient
cross-contamination and nearing high-level disinfection levels. Howev-
er, it is important to note that the nature of the biofilm used in this study
can be considered more rigorous than would be typically be used for
usual disinfection tests. Critically, the surface composition and rough-
ness of endoscopic test pieces following the two-step disinfection process
were assessed and no significant changes were identified, even after
multiple disinfection cycles. These findings, combined with an assess-
ment on the ability of bacteria to recolonise the surface, provide
encouraging evidence that the two-step CAP based approach is not only
effective, but is safe to use on expensive reusable medical devices and its
repeated use may even inhibit future biofilm formation. Ultimately, it is
clear that the developed approach is viable and warrants further
exploration into how it can play a role within automated endoscope
reprocessing.
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