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ABSTRACT

ARTICLE HISTORY

The inactivation of Pseudomonas aeruginosa biofilms grown on glass under high shear stress and
exposed to a range of dissolved ozone concentrations (2, 5 and 7 ppm) at 10 and 20 min was
investigated. The regression equation, log reduction (biofilm) ¼ 0.64 þ 0.59(C – 2) þ 0.33(T – 10),
described the dependence of biofilm inactivation on the dissolved ozone concentration (C, ppm)
and contact time (T, min). The predicted D-values were 11.1, 5.7 and 2.2 min at 2, 5 and 7 ppm,
respectively. Inactivation of biofilms grown on various surfaces was tested at a single dissolved
ozone concentration of 5 ppm and a single exposure time of 20 min. Biofilms grown on plastic
materials showed inactivation results similar to that of biofilms on glass, while biofilms grown on
ceramics were statistically significantly more difficult to inactivate, suggesting the importance of utilizing non-porous materials in industrial and clinical settings.
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Introduction
Biofilms are surface-associated communities of microorganisms encased in a protective matrix of highly
hydrated extracellular polymeric substances (EPS)
(Flemming and Wingender 2010; Flemming et al.
2016). Biofilms constitute the prevalent way of life for
microorganisms in both natural and man-made environments. They are often found at a solid–liquid interface and exhibit substantially different attributes than
planktonic cells (Donlan and Costerton 2002; Stoodley
et al. 2002; Costerton 2004; Hall-Stoodley et al. 2004).
Microbial control and, in particular, biofilm control remains a major challenge for many industries,
including the food, medical device and pharmaceutical industries (Anicetti et al. 2015). Biofilm formation
follows microbial contamination and is a key strategy
that microorganisms use to adapt to changing environments. Once biofilms are formed, they are difficult
to remove because the EPS is firmly attached to the
surface and can block access of antimicrobial agents
to individual cells, leaving behind a source for recontamination. On the other hand, if a biofilm is
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disrupted by chemical or mechanical action, a number
of compounds can be released that cause immune
responses and other reactions in humans.
Ozone is a powerful oxidizing agent that has been
studied for applications in the food industry (Khadre
et al. 2001; Varga and Szigeti 2016) and in dentistry
(Hems et al. 2005; Knight et al. 2008; Domb 2014) as
a disinfectant. Lower concentrations that are suboptimal for biofilm inactivation (0.1–2 ppm) were examined in these studies. Food industry and dentistryrelated research suggests that ozonated water can be
used to control biofilms by preventing their formation
(Knight et al. 2008), destroying the surrounding
matrix, causing lysis of microorganisms within an
established biofilm (Dosti et al. 2005; Robbins et al.
2005; Huth et al. 2009), and/or by destroying endotoxins and other compounds released upon microbial
lysis (Rezaee et al. 2008).
The aim of this study was to investigate the ability
of ozonated water at 2–7 ppm to inactivate biofilm
grown on various surfaces under high shear stress conditions. Ozonated water was continuously applied to
Pseudomonas aeruginosa biofilms grown with high
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shear and continuous flow in the Center for Disease
Control (CDC) biofilm reactor according to a modified
version of ASTM E2562-12. Buckingham-Meyer et al.
(2007) demonstrated that biofilms grown under high
shear stress were the most difficult to inactivate, which
suggests that such biofilms are the best models when
complete biofilm removal in industrial and clinical settings is targeted. A major advantage of the CDC biofilm reactor (Figure 1) is that it holds 24 coupons (also
known as discs or carriers) for biofilm growth. The
coupon surfaces can be constructed from a variety of
materials (Buckingham-Meyer et al. 2007; Williams and
Bloebaum 2009; Coenye and Nelis 2010; Hadi et al.
2010; Azeredo et al. 2017). In this study, two hydrophilic (glass and ceramic) and five hydrophobic plastic
(chloro trifluoroethylene HALAR 902 (HALAR), polyether ether ketone (PEEK), ultra-high molecular weight
polyethylene Tivar (UHMWPE), ethylene tetrafluoroethylene Tefzel (ETFE), and polyvinylidene difluoride
(PVDF)) surfaces were tested for biofilm growth using
this method. Biofilm inactivation was assessed using the
single tube method (ASTM E2871-13) that was modified for treatment application (Figure 2).

Materials and methods
Biofilm reactor
The CDC biofilm reactor is a continuously stirred
tank reactor that consists of eight polypropylene rods
suspended from a ported UHMWPE lid (Figure 1).
Each rod holds three removable sampling coupons
(24 in total) of a known surface area on which the
biofilms form (Donlan et al. 2004; Goeres et al. 2005).

Figure 1. CDC biofilm reactor.
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The assembled lid is mounted in a 1l glass vessel with
a side-arm discharge port. The rods are oriented with
the coupons perpendicular and equidistant to a
baffled stir bar (Buckingham-Meyer et al. 2007),
which is rotated by a magnetic stir plate to generate
uniform shear.
Coupon materials
Two hydrophilic materials were tested in this study,
borosilicate glass (glass) and glass-mica ceramic
(Macor). The five hydrophobic materials were medical
industry-related plastics: virgin-grade PEEK, HALAR,
UHMWPE, ETFE, and PVDF. From each material,
coupons were made with a diameter of 12.7 mm and
a thickness of 3.81 mm (except HALAR, at 4.5 mm
thick). All the coupons were vertically milled to
achieve radial ridges along the surface at a height of
3.18 mm.
Biofilm growth
ASTM Standard Test Method E2562-12 provides
instructions for growing Pseudomonas aeruginosa ATCC
700888 on polycarbonate coupons. In this study, ASTM
E2562-12 was modified to grow P. aeruginosa ATCC
15442, a thicker biofilm former, on the coupon materials listed above. P. aeruginosa ATCC 15442 was obtained from American Type Culture Collection (ATCC).
In summary, for each experiment, representative morphologies were selected from streak plates made on R2A
agar from frozen stock maintained at 80  C. For
inoculation, P. aeruginosa was grown in 300 mg l1 of
tryptic soy broth (TSB) at 36 ± 2  C in an environmental
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incubator/shaker for 24 h at 110 rpm. One ml of inoculum was injected into a fully assembled, sterile reactor
containing 500 ml of 300 mg l1 TSB. The reactor was
maintained in batch mode (ie baffle stirring and effluent
line clamped) for 24 h at room temperature (22 ± 2  C).
After 24 h, the effluent line was unclamped and a continuous flow of 100 mg l1 TSB was pumped to the
reactor for a residence time of 30 min. After 24 h under
continuous flow, the biofilm was ready for treatment
application.
Ozonated water treatment
Ozone was generated electrochemically using an electrolytic cell composed of a diamond coated anode,
solid phase electrolyte, and stainless steel cathode
sandwiched together (Meas et al. 2011). Two, 5 or
7 ppm ozone concentrations were tested. Reverse
osmosis (R/O) water was run through the electrochemical cell and dissolved ozone was maintained at
the targeted concentration (± 0.5 ppm) in a mixing
beaker by adjusting the current on the cell power supply. The mixing beaker contents were continuously
recirculated through the ozone generator. As the contents were pumped out for treatment application, an

equal amount of R/O water was added back to the
beaker. A separate loop served to hydrate the cathode
(Figure 3).
With the ozonated water stabilized at the targeted
concentration, a coupon was removed from the
reactor, gently dipped in sterile buffered water to
remove any loosely attached or planktonic cells, and
transferred to a modified biofilm treatment tube – a
conical centrifuge tube (Figure 2A) with holes drilled
in it (Figure 2B) to allow for the continuous treatment application of ozonated water to the biofilmcoated coupons. Masterflex silicone tubing size 13
(ID ¼ 0.8 mm) leading from the ozone supply was
inserted into the bottom hole of the treatment tube
(Figure 2B). Ozonated water (or R/O water alone for
controls) was chilled to 15  C and pumped to the
treatment tube at a flow rate of 89.6 ml min1 using a
peristaltic pump (Figure 3). The treatment tube was
suspended in a 2 l sterile beaker for overflow and
placed on a Lab-Line Orbital Shaker set to 120 ±
20 RPM to maximize coupon movement and ensure
treatment contact over the entire surface (Figure 3).
Ozone measurements were taken every 2 min during
the contact time. After treatment application, the coupons were transferred to unmodified conical centrifuge tubes containing neutralizer, 2 Dey Engley
(D/E) neutralizing broth, for harvesting and plating
(see Microbial enumeration section for details).
Dissolved ozone measurement

Figure 2. Treatment tube: (A) according to ASTM E2871-13;
(B) modified treatment tube used in this study.

Dissolved ozone concentrations were measured using
UV-visible spectrophotometry. The analytical principle of the method is based on the absorption of UV
light by the ozone molecule and subsequent use of
UV photometry to measure the reduction of light
intensity reaching the detector at 254 nm.
The UV absorbance profile of ozone has two
regions (Parisse et al. 1996). The absorption spectrum
in the 200–310 nm region (Hartley system) consists of

Figure 3. Experimental set-up for ozonated water treatment of P. aeruginosa biofilm.
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a broad continuum with a maximum at 254 nm. At
longer wavelengths (310–350 nm), more intense but
diffused bands (Huggins system) predominate. The
temperature effect is weak in the Hartley system
(Brion et al. 1993), but increases strongly in the
Huggins system. Therefore, the Hartley system with a
maximum absorbance at 254 nm was used for ozone
measurements. At 254 nm, the molar absorption coefficient of ozone is 2,950 M1cm1 for gas and 3,300
M1cm1 for ozone dissolved in water (Taube 1956).
According to Beer’s Law,
A254 ¼ aCðMÞ

(1)

where A254 is absorbance at 254 nm, a ¼ specific
ozone molar absorption coefficient (3,300 M1cm1),
and C(M) ¼ concentration of ozone (M). Therefore,
CðMÞ ¼ A254=3; 300

(2)

and the concentration of ozone in ppm is:
CðppmÞ ¼ A254  48; 000=3; 300 ¼ A254=0:06875
(3)
Dissolved ozone concentrations were measured
on a Thermo Scientific Genesys 10S UV-vis spectrophotometer (Waltham, MA, USA).
Microbial enumeration
The exposed biofilm was neutralized and harvested
according to ASTM E2871-13. That is, after the contact
time, coupons were transferred to 40 ml 2 D/E neutralizing broth and the biofilm was harvested for enumeration. A Scientific Industries Vortex-Genie 2
(Bohemia, NY, USA) set at maximum (10) vortex speed
for 30 s was followed by 30 s of sonication using a
Transsonic TI-H-15 sonicator at 45 kHz, 10% power,
and sweep mode. These steps were repeated with a final
30 s vortexing. Samples were diluted in sterile buffered
water (0.0425 g l1 KH2PO4, 0.405 g l1 MgCl6H2O)
and plated on R2A agar using the drop plate method
(Herigstad et al. 2001), where 100 ml is distributed
between two plates, with five 10 ml drops per plate.
Plates were incubated at 35 ± 2  C for 24 h. At the end
of the incubation period, plates were counted at the
dilution containing 3–30 colony forming units (CFU).
Experimental design
Five experiments were conducted. In the first experiment, biofilms grown on glass coupons were exposed
to ozonated water at 2, 5 and 7 ppm dissolved ozone
concentrations for 10 min. In the second experiment,
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biofilms grown on glass coupons were exposed to
ozonated water at 2 and 5 ppm dissolved ozone concentrations for 20 min. For the remaining experiments, biofilms were grown on various hydrophilic
and hydrophobic materials and were exposed to ozonated water at 5 ppm dissolved ozone concentration
for 20 min. Control coupons were exposed to R/O
water for only 10 min during the first experiment and
for 20 min during the remaining experiments.
Coupons were sampled in triplicate with the exception of two experiments where one of the three replicate control coupons dropped, resulting in only
duplicate samples, for a total of 28 controls. A total of
42 coupons were exposed to ozone in this study.
Statistical analysis
A log reduction (LR) was calculated for each experiment by subtracting the mean log10(CFU cm2) of the
coupons treated with ozone from the mean log10(CFU
cm2) for the concurrent controls for that same
experiment. A linear mixed effects model (lmm) was
fit to the log10(CFU cm2) for the untreated control
biofilms at 20 min with a random effect for experiment
and a fixed effect for surface material (Pinheiro and
Bates 2000). A separate lmm was fit to the biofilm LRs
at 5 ppm and 20 min that included a fixed effect for
surface material with Tukey follow up tests. The LRs
for biofilm on glass were analyzed with an lmm with
covariates for time and concentration; the corresponding confidence intervals (CI) for the mean LR and prediction intervals (PI) for a LR from a single test were
generated using a t distribution with three degrees of
freedom. All statements of statistical significance are
with respect to a significance level of 5%. All lmm’s
were fit using R (R Core Team 2017) package nlme
(Pinheiro et al. 2017). Model fits, including outlier
detection and assessments of the normality and homogeneity of variance assumptions, were assessed via
individual value, residual and normal probability plots.

Results
Untreated control biofilms
The untreated control data for biofilms grown on the
different materials are presented in Tables S1–S3 in
the Supplemental material and in Figure 4. The
untreated controls contained between 106.4 and 109.7
CFU cm2 of bacteria depending on the material. The
variability of log densities (LD) on the control coupons was analyzed for glass coupons. Glass coupons
were used for initial studies and as a control material
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for inactivation studies for coupons made of various
materials (Tables S1–S3). Forty-three percent of the
repeatability variance in the control experiments was
due to experiment-to-experiment sources.
The solid line for LDs of control biofilms grown
on glass shows the decreasing trend in the LDs
between exposures of 10 min and 20 min as was to be
expected. The longer the exposure of the control coupons to continuously flowing water, the more likely
biofilm cells will be flushed off the coupon surface.
Although the average LD of control biofilms grown
on various materials at 20 min of exposure ranged
from 6.8 (PEEK) to 9.3 (PVDF) (Table S3), the

differences among materials were not statistically significant (p  0.056).
Dissolved ozone efficacy against biofilms grown
on glass
In four of the experiments, the biofilms were grown
on glass to investigate biofilm inactivation at three
different ozone concentrations (C ¼ 2, 5 and 7 ppm)
and two contact times (T ¼ 10 and 20 min) (Figure 5
and Tables S1–S3).
The regression equation that describes the LR of
biofilm caused by dissolved ozone exposure is:

Figure 4. Biofilm abundances recovered from the untreated control coupons over three experiments. The solid line for biofilms
grown on glass shows the decreasing trend between the 10 min and 20 min contact times. The results for each material were
generated by a separate independent experiment except for glass at 20 min, where the results were collected over four experiments. Each point in the figure is the log(CFU cm2) for a single coupon in a single experiment.

Figure 5. The log reductions of biofilms grown on different materials for different ozone concentrations and contact times. The
solid line for biofilms grown on glass shows the increasing trend between the 10 min and 20 min contact times at 2 ppm and
5 ppm. Biofilms on glass were studied in four experiments. Each of the other materials were studied only in a single experiment
for a total of three experiments. Each point in the figure is the LR attained for a single concentration and contact time of ozone
in a single experiment.

BIOFOULING

LRbiofilm ¼ 0:64 þ 0:59  ðC  2Þ þ 0:33  ðT  10Þ
(4)
where C is dissolved ozone concentration (ppm) and
T is contact time (min). This regression equation
allows calculation of a D-value, the time required to
inactivate 90% of cells (one LR). The D-values are
11.1, 5.7 and 2.2 min at 2, 5 and 7 ppm, respectively.
Figure 6 offers a visualization of this equation for
the concentrations tested, overlaid on the LR data
from the four experiments where biofilms were grown
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on glass. The repeatability SD of the LRs for treated
biofilms was 0.61 logs with 38% of the variability due
to experiment-to-experiment sources. This is an
acceptable repeatability as compared to other LRs for
in vitro tests of antimicrobials (Tilt and Hamilton
1999). Figure 7 offers two summaries of the minimal
LR, at 95% confidence, attained for any combination
of ozone concentration and contact time based on the
regression equation. Figure 7A shows the minimum
mean LR over many experiments and Figure 7B
shows the minimum LR for a single experiment, at
95% confidence.

Dissolved ozone efficacy against biofilms grown
on different materials

Figure 6. Predicted log reduction of biofilms on glass. The
regression equation is visualized as a solid line for 2, 5 and
7 ppm, the actual concentrations tested. Each point in the figure is the log reduction attained for a particular concentration
and contact time of ozone in a single experiment.

Inactivation of P. aeruginosa biofilms grown on ceramics and five plastic surfaces was also studied (Table
S3 and Figure 4). At 5 ppm and 20 min, biofilms
grown on ceramics were statistically significantly
harder to inactivate (with a LR ¼ 2.6 attained in a single experiment) compared to any other materials
(p  0.048) except PVDF (p ¼ 0.156). Table 1 shows a
comparison of LR for ceramics vs other materials.
Even though the LR for ceramics was estimated to be
2.07 more than the LR for PVDF, this difference was
not statistically significant (p ¼ 0.156). One reason for
the lack of significance was due to an increased variability owing to the experiments for inactivation of
biofilms grown on ceramics and PVDF were carried
out on different days (ie the difference fell within the
experiment-to-experiment variability).

Figure 7. Predicted minimum log reduction at 95% confidence due to different concentrations and contact times of an ozone
treatment. (A) Minimum mean log reduction over many experiments; (B) minimum log reduction for a single experiment.
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Table 1. Comparison of log reduction (LR) for ceramics vs
other materials.
Materials compared

Difference
between LR

Standard error (SE)

p-value

Glass, ceramics
ETFE, ceramics
HALAR, ceramics
PEEK, ceramics
PVDF, ceramics
UHMWPE, ceramics

3.18
2.78
3.10
2.46
2.07
1.88

0.773
0.464
0.851
0.851
0.851
0.464

<0.001
<0.001
0.004
0.048
0.156
<0.001

No bacteria were detected on 22 of the 42 coupons
after exposure to ozone. In these cases, a value of 0.5
CFU was substituted for the total volume enumerated
at the lowest dilution to enable calculation of a log10transformed CFU cm2 value. This sets the effective
limit of detection for the method at 48.4 CFU cm2
for all coupon materials except HALAR. HALAR coupons had a slightly larger surface area (4.32 cm2),
which sets the effective limit of detection for HALAR
coupons at 46.3 CFU cm2. Hence, the LRs reported
here, and the efficacy of ozone, are underestimated in
this study (Singh and Nocerino 2002).

Discussion
The aim of this study was to investigate the ability of
continuously applied ozonated water at high concentrations (2–7 ppm) to inactivate biofilms grown on
various surfaces under high shear stress. Previous
studies on biofilm inactivation by continuously
applied ozonated water were carried out either at
lower dissolved ozone concentrations (0.6–0.7 ppm
dissolved ozone) (Dosti et al. 2005; Hems et al. 2005)
or with biofilms grown without shear stress (Robbins
et al. 2005). In this study, P. aeruginosa biofilms were
grown under high shear stress using ASTM E2562-12
and inactivated using ASTM E2871-13. Biofilms
grown under high shear stress are better models for
complete biofilm removal in studies relevant to industrial and clinical settings as they are more difficult to
inactivate (Buckingham-Meyer et al. 2007). The treatment tube in ASTM E2871-13 was modified to allow
continuous flow of ozonated water.
Inactivation experiments with P. aeruginosa biofilm
grown on glass allowed the derivation of a regression
equation describing the dependency of the LR on dissolved ozone concentration.
In addition, effect of ozonated water was tested
against P. aeruginosa biofilms grown on various
hydrophilic (glass and ceramics) and hydrophobic
(HALAR, PEEK, UHMWPE, ETFE, and PVDF) plastic surfaces. Several surface properties of the materials
influence biofilm formation and/or removal

(Darouiche 2001), including surface wettability
(Darouiche 2001; Gomez-Suarez et al. 2001). Based
on the results of the current study, surface wettability
did not seem to affect biofilm removal. All the hydrophobic materials, including HALAR, PEEK,
UHMWPE, ETFE, and PVDF showed results similar
to glass. This could be attributed to a conditioning
film being formed during the first stage of the biofilm
development which modified the properties of the
original surface (Daeschel and McGuire 1998; Hori
and Matsumoto 2010; Simoes et al. 2010).
Another important property is the topography of
the surface. A great body of the research has been
carried out into the links between surface topography
and microbial retention in biomedical applications
(Guo et al. 2017; Skoog et al. 2018), food science
(Masurovsky and Jordan 1958; Verran et al. 2001;
Verran et al. 2010), microbial fuel cells (Santoro et al.
2014), material science (Pedersen 1990), and geological microbiology (Miller et al. 2012). A general
observation from these various applications is that
microorganisms attached in greater numbers to and
were better retained on irregular and textured than
regular and smooth surfaces.
In this study all the coupons were machined so
that they had a similar surface finish with an average
roughness of 125 min (3.18 mm). However, the biofilms grown on ceramics were statistically significantly
more difficult to inactivate than the biofilms grown
on glass (p < 0.001). Similar results were obtained for
Acinetobacter baumanii biofilms (Ivankovic et al.
2017): biofilms grown on ceramics were more resistant to inactivation by benzalkonium chloride and
chlorhexidine than the biofilms grown on glass. One
possible explanation for these results is that unlike
glass and the tested plastic materials, ceramic materials can have different degrees of porosity. Multiple
studies have emphasized the importance of nano-and
micro-scale surface features for microbial retention
(Whitehead et al. 2006; Anselme et al. 2010; Verran
et al. 2010; Crawford et al. 2012; Nikkhah et al. 2012;
Hsu et al. 2013; Santoro et al. 2014; Skoog et al. 2018;
Vazquez-Nion et al. 2018), including an open porosity
correlating with the growth of a phototrophic biofilm
on the surfaces of granitic rocks (Vazquez-Nion et al.
2018), scratches and pits on food preparation surfaces
providing niches in which protect microorganisms
from shear forces and cleaning (Verran et al. 2010),
and the quantity of biofilm attached to electrodes in
microbial fuel cell being positively correlated to the
number of small scale (5–10 mm) pores on the electrode surface (Santoro et al. 2014). This collection of
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results suggests that extra care should be taken to
ensure materials with low to zero porosity are utilized
in industrial and clinical settings.
As previously stated by Crawford et al. (2012), a
description of micrometer and sub-micrometer levels
of roughness is essential when investigating the interactions between bacterial cells and the material surface and the minimum set of parameters for such
investigations should include description of both, vertical and horizontal dimensions of the surface. In conclusion more in-depth experiments are required to
correlate porosity and other surface features of ceramics with biofilm inactivation.
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