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S U M M A R Y

Background: Sink drains can be a significant source of microbial contamination in
healthcare settings due to aerosolization and splashback of pathogens caused by flowing
water.
Aim: To demonstrate a method of ozone disinfection of drains using a novel generation
process that suppresses pathogen growth in the drain sump, whether planktonic or
dwelling in biofilms.
Methods and results: Highly biocidal ozone was generated in situ in the drain using the
ambient air sealed between the water trap and a portable cold plasma device. Safety
mechanisms in the device ensured that the operator was not exposed to ozone. Sub-
sequent bacterial recovery illustrated an approximate bioburden reduction of 5 log10 for
biofilms in the drain itself, and 6 log10 for biofilms located in the sink.
Conclusions: Plasma-generated ozone is a safe and effective method for controlling
bioburden in periodically wetted, otherwise inaccessible pipework and drains.
Significance and impact of study: The portable ozone disinfection system described has
demonstrated potential for controlling the escape of pathogens from drains. Compared
with conventional liquid-based disinfection techniques, the portable ozone disinfection
system has the following advantages: (i) a gaseous biocide can reach all surfaces inside the
treatment target, without any restriction from orientation or surface tension; (b) ozone is
effective in reducing planktonic and biofilm bacterial counts; and (c) ozone is generated at
the point of use from air, using minimal electrical power, requiring no chemical delivery or
storage, and producing no toxic residues.

ª 2025 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Drains and other (partially or periodically) water-submerged
pipework, such as general sanitary plumbing and tap outlets,
present a unique challenge to decontamination in that they are
difficult to access, and provide ideal conditions for the growth
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w G12 8QQ, UK.
uk (D.A. Diver).

Elsevier Ltd on behalf of The
mons.org/licenses/by/4.0/).
of micro-organisms that produce biofilms, and the consequent
aerosolization and splashback of pathogens [1e8].

This article reports the preliminary results from a novel
solution that reduces such risks significantly: the safe and
controlled deployment of ozone into the sink drainage,
resulting in measurable and significant reductions in bioburden
when biofilms are present.

The technique uses cold plasma to generate ozone from the
ambient air; ozone e O3, a variant of standard oxygen O2 e is a
gaseous biocide that is effective against both planktonic
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Figure 1. (A) Schematic picture of the model wash basin with the dielectric barrier discharge (DBD) plasma source placed over the basin
aperture, and the placement of the coupons in the drain. (B) The model wash basin enclosed in an acrylic tank separating the test rig from
the rest of the laboratory.
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bacteria and biofilm contamination [9,10]. The novel device
allows the safe and practical use of ozone in a sink drain, and
has no requirements other than electrical power (which could
be delivered by batteries) and ambient air. The advantages of
this system are essentially three-fold: (i) proven efficacy
against biofilm contaminations, given that biofilms are gen-
erally resistant to liquid disinfection [11] but are gas per-
meable; (ii) all internal drain surfaces are exposed to gaseous
ozone e there are no limitations due to surface tension or
orientation; and (iii) minimal logistical requirements: no pur-
chasing and storage of hazardous chemicals, and no disposal or
waste effluent concerns. The article concludes with a dis-
cussion of existing methods for drain decontamination.

Methods

Ozone device and model drain

The cold plasma source is contained within a concave unit
that forms a seal against the drain opening in the sink. When
the plasma creates the ozone, the latter is contained safely
between the impermeable surfaces of the device and the drain
plumbing, plus the water layer in the U-bend (into which ozone
may dissolve). At all stages, environmental monitoring via an
ozone personal monitor (BW GasAlert Extreme; BW Tech-
nologies, Schaumburg, IL, USA), placed adjacent to the
equipment to alert users to ozone detection beyond the
workplace exposure limit of 0.2 ppm in air averaged over
15 min (Health and Safety Executive, 2014), confirmed that no
ozone escaped into the wider environment.

A model wash basin and drain assembly was constructed
using commercially available parts, consisting of a 290-mm
stainless steel square mini-wash bowl (no overflow or tap
holes and a central drain), a vertical polypropylene outlet pipe
ending with a polypropylene bottle trap (Floplast; B 40 mm
inlet and outlet, compression fittings) and an effluent pipe. The
system rested on a speed frame (Rexroth aluminium strut
20 mm � 20 mm). The bottle trap was filled with fresh tap
water just below the overflow level to the effluent pipe. An
experiment diagram and a picture of the model wash basin and
drain assembly are shown in Figure 1.

Rather than having to dismantle the plumbing to test effi-
cacy after each experiment, inoculated coupons were placed
in various strategic parts of the drain system, and tested for
viable colonies after the sink treatment.

Microbial strain and culture media

Pseudomonas aeruginosa NCTC 10662 was used in all
experiments. If not otherwise specified, tryptic soy broth (TSB)
(Sigma-Aldrich, Gillingham, UK) was used as a rich nutrient
medium, and recovered bacteria were cultured on to tryptone
soy agar (TSA) plates (E&O Labs, Bonnybridge, UK).

Biofilm formation on coupons

A CDC bioreactor (BioSurface Technologies Corporation,
Bozeman, MO, USA) was used to generate a reproducible
P. aeruginosa biofilm in high shear conditions. The method is
described in ASTM Standard E2562-12 [12], with the temper-
ature modified in some of the experiments (20e22 �C instead of
30 �C). The arms of the CDC bioreactor were fitted with ½ inch
polycarbonate or polytetrafluoroethylene coupons, and the
bioreactor was filled with 35 mL of TSB and 315 mL of sterile
deionized water. It was then inoculated with 1e1.6 mL of
P. aeruginosa culture [approximately 109 colony-forming units
(CFU)/mL]. The biofilm was grown with agitation (130 rpm) for
up to 24 h at 20e22 �C. For more mature biofilms, the



Table I

Inactivation of biofilms grown for up to 72 h on polytetrafluoroethylene coupons

Biofilm maturity (h) Mean recovery � SEM (CFU/mL) Log10 reduction Ozone treatment

Untreated control Ozone Max (ppm) Total (mg)

12 (5.9 � 1.6) � 107 <LOD >5.9 1589 3.10
24 (2.6 � 1.8) � 108 <LOD >6.2 1614 3.20
48 (2.2 � 0.9) � 109 <LOD >7.4 1810 3.56
72 (3.0 � 0.2) � 108 <LOD >6.7 1888 3.47

SEM, standard error of the mean; CFU, colony-forming unit; LOD, limit of detection.
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bioreactor was run for an additional 48 h in the continuous
phase, which entailed feeding the bioreactor with diluted
medium (16.7 mL of TSB per 5000 mL of sterile deionized
water) at 5 rpm. Each arm (eight in total) can accommodate
three coupons, allowing for a total of 24 biofilms to be cul-
tured. The temperature is kept consistent across all arms for
any given experiment. Upon reaching a defined timepoint for
growth, the arms are removed from the bioreactor and gently
submerged in a tube with 50 mL of sterile PBS or ¼ strength
Ringer’s solution with 0.05% polysorbate 80 to dislodge plank-
tonic cells and provide consistently biofouled coupons.

Method of biofilm recovery by sonication

ASTM Standard E2562-12 was modified by replacing scraping
as a method of recovery with sonication. Sonication has been
demonstrated to be more reproducible, as well as being the
most effective method for removal of biofilms from medical
devices [13e15]. For this method, treated or untreated bio-
films, grown on the specified coupon type and under the
desired conditions, as required, were transferred aseptically to
glass universal containers filled with 10 mL of a sterile neu-
tralizer (PBS or ¼ strength Ringer’s solution with 0.05% poly-
sorbate 80) and sonicated for 10 min in an ultrasonic bath
(Medisafe Reliance PCþ 5L; Medisafe UK Ltd, Bishop’s Stort-
ford, UK). The resultant bacterial suspension was then diluted
as required, plated on TSA plates, incubated at 37 �C overnight
and enumerated. Verification of a P. aeruginosa biofilm was
confirmed by colony morphology and Gram stain.
Initial 21 coupons

CDC reactor biofilm

growth

18 coupons O3 treated bo 3 not exposed O3 b

9 left uncleaned bo 9 coupons cleaned boc 3 cleaned bc

CDC reactor biofilm growth on all coupons

bob, bocb and bcb created – bocb and bcb are functionally identical

All coupons tested again for biofilm growth 

Check if ozone history compromises efficacy

Figure 2. Flow chart illustrating the history of coupon treatment
for the regrowth experiments. b, biofilm; o, treated with ozone
(O3); c, cleaned conventionally without O3.
Experiments

Ozone treatment of biofilms of different maturity
Biofilms were grown as described above (‘Biofilm formation

on coupons’), on PTFE coupons and at room temperature, with
each set of two arms in the bioreactor containing coupons to be
retrieved after growth timepoints of 12, 24, 48 and 72 h. At the
specified timepoints, coupons were removed aseptically and
bagged individually into generic clear polyethylene grip-seal
bags. Samples from the first arm in each set were treated
using plasma generated in situ for 100 s at 4.7 kV. Control
samples were left untreated with ozone. Bacterial population
growth was quantified as described above (‘Method of biofilm
recovery by sonication’). The results are shown in Table I.

Ozone treatment of a model wash basin and drain
A 13-h biofilm was grown on several PTFE coupons in the CDC

bioreactor, at room temperature, as described above (‘Biofilm
formation on coupons’). All coupons had a short piece of PTFE
tubing (inner B 1 mm, 3e4 mm length) attached to one side
using silicone, and placed in a manner that they faced the
bioreactor wall. Three coupons were placed in the model wash
basin, spaced equally. Another three coupons were suspended
on a nylon filament and hung in the vertical outlet pipe: the
bottom coupon was suspended just above the surface of the
water, the top coupon was suspended just below the drain, and
the middle coupon was suspended approximately mid-way
between the top and bottom coupons, as shown in Figure 1.

After treatment, all coupons were removed, along with the
PTFE tubing and silicone. One set of three sterile PTFE coupons
was used as the negative control, and one set of three untreated
coupons from the same biofilm production batchwas used as the
positive control. Bacterial population growth was quantified as
described above (‘Method of biofilm recovery by sonication’).
The treatment protocol consisted of a series of brief plasma
pulses,with the resulting ozonemeasured using an ozonemeter.

Biofilm regrowth on ozone-inactivated biofilm
This study investigated whether previously biofouled and

ozone-treated coupon surfaces had increased potential for
bacterial growth e a vital consideration if drains are to be
decontaminated routinely using this technique. The process is
captured schematically in Figure 2. Biofilm was initially grown
on polycarbonate coupons at 30 �C for 24 h, as described above
(‘Biofilm formation on coupons’). The methodological process
can be described by labelling an episode of biofilm growth as
‘b’. Each experimental batch initially comprised 21 coupons
with biofilm ‘b’, of which 18 were placed into individual
generic clear polyethylene grip-seal bags and treated with
ozone as in previous experiments (plasma generated for 100 s,
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Figure 3. Recovery of total culturable Pseudomonas aeruginosa
after previous ozone treatment, with statistical error bars. These
results show that using ozone on coupons does not enhance biofilm
formation; if it did, this would make such an approach to dis-
infection impractical, as it could worsen contamination. CFU,
colony-forming units.

M.Z. Pajak-Zajac et al. / Journal of Hospital Infection 159 (2025) 100e105 103
4.7 kV) and then labelled as ‘bo’ (biofilm and ozone). Three
coupons (controls) were not exposed to ozone, and these were
labelled ‘b’ (biofilm alone). From the batch of 18 ‘bo’ coupons,
nine had their biofilm quantified as described above (‘Method
of biofilm recovery by sonication), and were decontaminated
by cleaning and steam sterilization; these were labelled ‘boc’
(biofilm, ozone and cleaning). The three untreated control
coupons were also decontaminated and labelled ‘bc’ (biofilm
and clean). These 12 coupons (nine ‘boc’ and three ‘bc’) were
then fitted back into the bioreactor, along with the remaining
nine previously ozone-treated coupons (‘bo’). The bioreactor
was used to grow biofilms again on these 21 coupons, resulting
in three different treatment processes, labelled as ‘bob’
(biofilm, ozone and biofilm), ‘bcb’ (biofilm, cleaning and bio-
film) and ‘bocb’ (biofilm, ozone, cleaning and biofilm).

The bioreactor was restarted using the same parameters as
before, with the cleaned and ozone-treated coupons arranged
in opposing arms. Samples were taken from each at 4, 6, 8 and
26 h. The produced biofilm was recovered and enumerated as
described above (‘Method of biofilm recovery by sonication’).
In this way, biofilms were grown again on to surfaces that were:
(i) never exposed to ozone, but cleaned and autoclaved
between biofilm growth episodes (‘bcb’); (ii) treated with
ozone after the first biofilm growth, but cleaned before the
second growth stage (‘bocb’); and (iii) treated with ozone after
the first growth episode, but left with the debris from ozone
treatment, and then exposed to a second round of biofilm
growth (‘bob’)e the latter weremeant to represent surfaces in
practice that have been treated with ozone, but not otherwise
scraped and restored to virgin condition, just like the inac-
cessible regions of a drain. The first two categories are essen-
tially functionally similar, and together serve as a comparator
for (iii). The critical test here is: does prior treatment with
ozone without scraping off the damaged biofilm predispose a
surface to enhanced biofilm growth in a secondary infection
phase? The answer is no: no significant difference was detected
between untreated and pre-treated surfaces (Figure 3).
Coupon cleaning and biofilm recovery
ASTM Standard E2562-12 was modified by replacing scraping

as a method of recovery with sonication. Sonication has been
demonstrated to be more reproducible, as well as being the
most effective method for removal of biofilms from medical
devices [13e16]. For this method, treated or untreated bio-
films, grown on the specified coupon type and under the
desired conditions, as required, were transferred aseptically to
glass universal containers filled with 10 mL of a sterile neu-
tralizer (PBS or ¼ strength Ringer’s solution with 0.05% poly-
sorbate 80) and sonicated for 10 min in an ultrasonic bath
(Medisafe Reliance PCþ 5L; Medisafe UK Ltd). The resultant
bacterial suspension was then diluted as required, plated on
TSA plates, incubated at 37 �C overnight and enumerated.
Verification of a P. aeruginosa biofilm was confirmed by colony
morphology and Gram stain.

Results

Ozone treatment of biofilms of different maturity

The treatment of biofilms grown at room temperature on
PTFE coupons, sampled at 12e72 h and exposed to ozone
rendered no detectable culturable P. aeruginosa, as shown in
Table I. The limit of detection for biofilm recovery via soni-
cation was calculated based on quantities and dilutions used in
a validation of this technique as a method for quantifying
bioburden. This value was estimated at 50 CFU/mL.

Ozone treatment of a model wash basin and drain

The bacterial recovery from untreated coupons was (4.4 �
0.2) � 107 CFU/mL. No culturable organisms were recovered
from the coupons in the model wash basin, while the mean
number of organisms recovered from the drain was (1.9 �
1.8) � 102 CFU/mL. This is a log10 reduction of at least 5.9 for
the wash basin coupons and at least 5.1 for the coupons sus-
pended in the drain. No ozone was detected escaping from the
water trap during this experiment.

Biofilm regrowth on ozone-inactivated biofilm

The number of culturable organisms recovered from PTFE
coupons on which a fresh P. aeruginosa growth cycle has been
induced, after previous biofilm growth and subsequent ozone
treatment, is shown in Figure 3. There was no detectable dif-
ference in biofilm regrowth between coupons with previous
biofilm growth and subsequent ozone treatment (‘bob’) and
previously untreated (i.e. never exposed to ozone) coupons
(‘bcb’).

Discussion

Existing healthcare practice on drain disinfection relies on
liquid cleaners such as sodium hypochlorite, sodium dichlor-
oisocyanurate and peracetic acid [17]. Even with three 15-min
treatments per day, these record, at best, >4 log reductions in
viability in only some sections of a drain [17], even at con-
centrations of 1000 ppm (4000 ppm for peracetic acid). Given
that the standard cleaning cycle in hospital wards suggests that
sinks are cleaned, at best, once daily, this suggests that
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biocontamination control from drains could be improved sig-
nificantly using ozone generated as per this study. Indeed, it
was found that sodium dichloroisocyanurate did not control
biofilms in any part of a drain. The ability of ozone to inactivate
micro-organisms lies in its oxidizing effect on the cell wall,
particularly of lipids, and the induction of cell lysis [18]. Fol-
lowing treatment of biofilms grown for up to 72 h with gaseous
ozone, no culturable P. aeruginosa were recovered, and the
maximum log10 reduction achieved was �7.4.

Testing the efficacy of the plasma technology in more
challenging conditions e by treating biofilm-covered coupons
placed in a model wash basin and drain assembly e was also
successful, given the 5 log10 reduction for biofilms in the drain
itself, and 6 log10 reduction for biofilms located in the sink.
Such experimental set-ups demonstrate the properties of
plasma-generated ozone to penetrate small structures of the
drain, and to successfully inactivate biofilm above the bottle-
trap level, and, most importantly, below the strainer or gas-
ket. This reduces the risk of cross-contamination via back-
splatter during use of the wash basin, which has been proven
to pose an issue in healthcare facilities [19]. Resident biofilms
can promote the recruitment and incorporation of planktonic
cells into an existing biofilm structure [20]; from the authors’
initial experiments, it is clear that plasma-generated ozone
treatment does not promote biofilm regrowth, and so helps to
control spread. The biofilm regrowth on ozone-inactivated
biofilm was an important series of experiments to undertake
if drains are to be decontaminated routinely using this tech-
nique. These biofouled and ozone-treated coupons are meant
to model drain surfaces in practice that have been treated with
ozone, but not otherwise cleaned and restored to pristine
condition. Critically, the outcome tested here was whether
prior treatment with ozone without scraping off the damaged
biofilm would predispose a surface to enhanced biofilm growth
in a secondary recolonization phase. The results (see Figure 3)
demonstrated no significant different between untreated and
pre-treated surfaces in this model.

As an additional guide to the efficacy of the technique, a
trial disinfection of a hospital floor drain was executed at
Queen Elizabeth University Hospital, with before and after
swabs of drain surfaces (but avoiding false-negatives that
might arise from repeated swabbing of identical positions on
the drain structure), with the following results (see online
supplementary material): drain cover contamination reduced
from TNTC (too numerous to count) to 7 CFU; internal drain
surface contamination reduced from TNTC to 15 CFU; and sump
water contamination reduced from approximately 450 CFU to
106 CFU. This outcome has been included in this paper as it is
indicative of efficacy in a real-world situation, supplementing
the activity presented above.

By controlling the treatment zone to the drain and water
trap, preventing transient environmental leakage of ozone,
this technique offers a practical and effective way to minimize
infections in drains. Furthermore, once the treatment is con-
cluded, any unused ozone reverts rapidly to oxygen, leaving no
toxic residues in drain surfaces or the waste water. As the
ozone is generated electrically from the ambient air, no haz-
ardous chemicals need to be manufactured, purchased, stored
or deployed, making this technique not just effective, but
sustainable. Coupled with inherent consistency and ease of
use, this technology is a compelling alternative to existing
techniques.
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