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ARTICLE INFO ABSTRACT

Keywords: The COVID —19 pandemic reminded us that we need better contingency plans to prevent the spread of infectious

E“f’eIOPed viruses agents and the occurrence of epidemics or pandemics. Although the transmissibility of SARS-CoV-2 in water has

l;:’]fs Cov.2 not been confirmed, there are studies that have reported on the presence of infectious coronaviruses in water and
_CoV-

wastewater samples. Since standard water treatments are not designed to eliminate viruses, it is of utmost
importance to explore advanced treatment processes that can improve water treatment and help inactivate vi-
ruses when needed. This is the first study to investigate the effects of hydrodynamic cavitation on the inacti-
vation of bacteriophage phi6, an enveloped virus used as a SARS-CoV-2 surrogate in many studies. In two series
of experiments with increasing and constant sample temperature, virus reduction of up to 6.3 logs was achieved.
Inactivation of phi6 at temperatures of 10 and 20 °C occurs predominantly by the mechanical effect of cavitation
and results in a reduction of up to 4.5 logs. At 30 °C, the reduction increases to up to 6 logs, where the
temperature-induced increased susceptibility of the viral lipid envelope makes the virus more prone to inacti-
vation. Furthermore, the control experiments without cavitation showed that the increased temperature alone is
not sufficient to cause inactivation, but that additional mechanical stress is still required. The RNA degradation
results confirmed that virus inactivation was due to the disrupted lipid bilayer and not to RNA damage. Hy-
drodynamic cavitation, therefore, has the potential to inactivate current and potentially emerging enveloped
pathogenic viruses in water at lower, environmentally relevant temperatures.

Virus inactivation
Hydrodynamic cavitation
Water decontamination

1. Introduction

The 12 families of enveloped viruses (i.e., Coronaviridae, Cystoviridae
(such as phi6), Filoviridae, Hepadnaviridae, Herpesviridae, Orthomyxovir-
idae, Paramyxoviridae, Pneumoviridae, Poxviridae, Retroviridae, Rhabdo-
viridae, Togaviridae) have been the cause of numerous epidemics and
pandemics over the past decade [1]. Key examples include outbreaks of
Ebola virus (EBOV), Zika virus (ZIKV), Dengue virus (DENV), hantavi-
ruses, Lassa virus, and human respiratory viruses (e.g., coronaviruses
(CoVs), influenza viruses) [2,3], while hepatitis B and C viruses continue
to cause problems worldwide [2]. The severity of outbreaks has
increased over the years, and the last one, caused by the severe acute
respiratory syndrome coronavirus (SARS-CoV-2), affected the entire
world in a way that modern society had not experienced before. The
COVID-19 pandemic is currently in decline, but the world is still

recovering, and fears of new global outbreaks of similar or even more
contagious diseases have not yet dissipated.

The persistence of enveloped viruses in the aquatic environment and
their transmission via water, including wastewater (WW) always raises
concerns especially when dealing with highly infectious viruses such as
Ebola virus and SARS-CoV-2 [3-8]. Even though enveloped viruses are
usually not transmitted via water, the recent outbreak of SARS-CoV-2
has again sparked a heated discussion about different possible routes
of their transmission [3,5,9,10]. Moreover, studies demonstrating new
routes of viral particle transmission via water, such as adhesion to
plastics, which could promote the survival and spread of enteric and
respiratory viruses in water matrices [11], could only add fuel to the fire
in the future. Although respiratory viruses are primarily airborne, some
virus particles may still enter aquatic matrices via excretions, which is
why studies on WW as a possible route of transmission have flourished
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[6-8]. In the case of SARS-COV-2, these concerns likely stemmed from
the fact that for some enveloped viruses like CoVs, influenza virus and
Ebola virus, it has been reported that they can survive in various water/
WW samples for long periods of time especially at lower temperatures
[5-7,9,12], and from recently published data confirming faecal shedding
of SARS-CoV-2 RNA from COVID-19 patients, which can last between 14
and 21 days [13-15]. If we consider that during an outbreak, the amount
of virus particles in WW increases substantially, this may further in-
crease the risk of their transmission through WW or other water sources
that come into contact with WW [7,16].

Working with pathogenic viruses can be challenging as they pose a
health risk to laboratory workers, so all work must be handled in labo-
ratories with higher biosafety levels. As a result, scientists often resort to
appropriate surrogates in their investigations. The bacteriophage phi6 is
often used as a surrogate for enveloped viruses such as Ebola virus,
influenza viruses, or CoVs [3,4,7,9], because of its similar size
(~80-100 nm), and lipid envelope with spike proteins [17-19]. It has
often been used as a surrogate for enveloped viruses to either learn about
their fate in the environment under various conditions [3,4,9,20,21] or
their susceptibility to inactivation by advanced treatment processes
[7,18,21-23] or materials [19,24]. Due to their lipid bilayer, enveloped
viruses are susceptible to inactivation by chemical agents [25-28] as
well as harsher environmental conditions such as elevated temperatures
[3,4,20,21] or high humidity [20,29]. They have also been successfully
inactivated by UV [5,26] and advanced treatment processes such as
photocatalysis, ozonation, and chlorination [5,26,30-32]. The same is
true for phi6, which has been shown to be susceptible to inactivation by
advanced treatments such as UV irradiation (200 — 320 nm) [7,18,23],
IR radiation [22] and free chlorine [21,23].

Because the main route of enveloped viruses transmission is usually
not through water, studies on inactivation of enveloped viruses in water
and at lower temperatures are lacking [8]. However, the recent COVID-
19 outbreak showed us that we must be prepared for the worst, as the
emergence of enveloped viruses or virus strains that could be trans-
mitted through water or WW is possible in the future. Current virus
elimination methods all have some limitations: they are either expen-
sive, time-consuming, require a large infrastructure (heat treatment at
95 °C, various filtrations and sedimentation), or, more importantly, they
generate undesirable disinfection by-products that can be toxic in the
long term (chlorination and UV light treatment) [33]. The only logical
alternative, therefore, is to research and develop simple, environmen-
tally friendly, economically feasible, robust, and easily scalable
advanced technologies that could help us effectively and efficiently
control potential future outbreaks, even at lower environmentally rele-
vant temperatures. One such process with much potential is cavitation
(hydrodynamic or acoustic).

Cavitation is a physical phenomenon that describes a phase transi-
tion from liquid to gas and back to a homogeneous liquid at approxi-
mately constant temperature. The effects of cavitation are in large part
contributed to the bubble implosions. During the growth of cavitation
bubble the energy is collected from the surrounding liquid, leading to
bubble collapse in a very small spatiotemporal region, resulting in
extreme mechanical effects (e.g. extreme shear forces, shock waves,
pressure pulsations, high temperatures and micro jets) [34,35]. These
result in decomposition of water molecules into species with high
oxidation potential, especially *OH, *H which drive the chemical effects
of cavitation [34]. Destruction of enveloped viruses could occur by two
routes: (i) mechanical and thermal or (ii) chemical - *OH formed at the
interface between the bubble and the surrounding area. There are some
data describing virus inactivation by cavitation, but the exact mecha-
nisms are not yet clear. For example, Su et al. [36] suggested that the
damage caused during acoustic cavitation (AC) to the outer protein
capsid itself or to recognition sites on the capsid surface may be the
reason for the inactivation of the non-enveloped viruses studied
(bacteriophage MS2, murine norovirus MNV-1, and feline calicivirus
FCV-F9). In another study using hydrodynamic cavitation (HC), Kosel
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et al. [37] suggested that *OH, together with mechanical effects, could
be responsible for MS2 inactivation by affecting the viral capsid or
genome. Filipi¢ et al. [38] used similar HC reactor to treat potato virus Y
(PVY). Their results suggest that mechanical effects involved in PVY
inactivation most likely involve high-pressure gradients at the transition
of shockwaves generated during bubble collapse in HC. However,
studies addressing the inactivation of enveloped viruses with HC are
lacking. To the authors’ knowledge, this is the first study on inactivation
of any enveloped virus by HC.

Because it has been shown that MS2 and PVY, both non-enveloped
viruses, can be successfully inactivated with HC in a Venturi constric-
tion [37,38], the same device was chosen to investigate whether it can
also effectively inactivate enveloped viruses. Therefore, the objectives of
this study were to determine: i) whether HC can inactivate bacterio-
phage phi6 virus, ii) which HC effects, chemical or mechanical, are
predominately responsible for its inactivation, and iii) whether sample
temperature plays a role in the inactivation.

2. Materials and methods
2.1. Water samples

Water samples were inoculated with bacteriophage phi6 (DSM
21518) to a final concentration of 10° 107 plaque-forming units (PFU)/
mL. Prior to each treatment, the pH of the samples was lowered with HCI
and ranged from 4.8 to 5.8 for the purpose of the assessment of virus
inactivation due to reasons discussed in Section 2.4. Assessment of virus
inactivation. For experiments in HC test rig with either Venturi or con-
trol constriction, 1 L of tap water was prepared, while 100 mL of water
was prepared for controls that included just stirring or incubation.

2.2. HC device and cavitation characterization

The HC test rig (Fig. 1), first described by Zupanc et al. [39], con-
sisted of two reservoirs (1), each with a volume of 2 L, connected by a
symmetrical Venturi double inclined constriction (2) made of trans-
parent acrylic glass. The described device is operated with compressed
air and an UNI-AIR automated 5/3 way double sided pneumatic valve
(3) via National Instrument (NI) measurement card USB-6002, and NI
Labview software. Once the sample is introduced into the first reservoir,
the pressure difference between the reservoirs pushes the liquid through
the Venturi with a height of 1 mm and a width of 5 mm, behind which
cavitation forms due to the created low-pressure region. In addition to
the original design [39], a cooling coil (4) was installed in the reservoir
connected to an external cooling unit Polyscience - DuraChill CAO3 with
1.28 kW cooling capacity (5) to maintain the desired temperature of the
sample. The temperature was monitored by a built-in 4-wire Pt100
resistance temperature sensor (6). Liquid level switches — Materm
NS120 (7) were also installed in both reservoirs to precisely control the
pneumatic valve when switching the direction of the pressure difference
between the vessels to change the direction of the liquid flowing through
the Venturi constriction.

Sample volume of 1 L and a pressure difference of 7 bar between the
reservoirs, were kept constant for all experiments performed in HC test
rig with Venturi constriction. The passage through the Venturi
constriction (Fig. 1: A) lasted 4.5 s and is defined as one cavitation pass.
Control experiments, in which the Venturi constriction was replaced by
a non-cavitating test section - control constriction (Fig. 1: B) made of the
same material as the Venturi constriction, were performed with a 1.2 bar
pressure difference, resulting in a duration of 9 s for a single Np. Also
here, the sample volume was 1 L. The control experiments were
designed to determine whether virus inactivation was due to factors
other than HC. Operating conditions for both Venturi and control test
sections are gathered in Table 1, where Reynolds and cavitation
numbers are calculated as:
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B: Control constriction

Fig. 1. Experimental setup scheme with visible HC test-rig elements (left): (1) reservoirs, (2) Venturi constriction, (3) 5-way pneumatic valve, (4) cooling coil, (5)
cooling unit, (6) thermometer Pt100 and (7) level sensor. Dimensions of the Venturi (A) and control constriction (B) are presented on the scheme on the right. ROI -

region of interest.

Table 1

Operating conditions for HC and control runs.
Experimental run HC Control
Test section geometry Venturi Control

constriction constriction
Cross section at the narrowest part (mm 1x5 2x3
X mm)

Pressure difference (bar) 7 1.2
Time for a single pass (s) 4.5 9
Flowrate (L/min) 13.3 6.7
Top velocity (m/s) 44.4 18.5
Reynolds number () 6 x 10° 2 x 10°
Cavitation number () 0.8 1.3

uel Po—p.

L ou2
2Pu

Re = ,ando =

with u as velocity, L as channel cross section perimeter, v as kinematic
viscosity, p, as vapour pressure and p as density.

Cavitation characterization was performed using the high-speed
visualisation method. We used Photron Fastcam SA-Z at a frame rate

Table 2
Experimental design.

of 90,000 fps and resolution of 1024 x 208 pixels. Region of interest
(ROI) is marked by red dashed rectangle on Fig. 1. Backlight illumina-
tion with high power LED lamp allowed a shutter time of 1 ps, with
medium opened aperture on a 105 mm Nikkor lens.

2.3. Experimental design

In the present study, the effect of sample temperature alone or in
combination with HC on the enveloped bacteriophage phi6, was inves-
tigated. Firstly, the effectiveness of the HC device was investigated
under increasing (IT) and constant temperature (CT). During the IT
experiments (Table 2: HC - IT, HC + M - IT30), when cooling was turned
off, the temperature of the samples rose from initial 11.2 °C 4 0.8 °C up
to 30.1 °C £ 1.5 °C. In the Exp. V6* 1 mL/L of methanol [38], known
°OH scavenger was added, to determine whether the virus is susceptible
to the *OH formed during HC. In addition, the effect of scavenger alone
on the virus was investigated in a beaker under constant stirring
(Table 2: Exp. S2*). During the CT experiments (Table 2: HC — CT)
temperature was maintained constant at 10, 20 and 30 °C + 1 °C. To
determine the effect of temperature on virus inactivation, we performed
3 sets of control experiments (Table 2: C - IT20, C —IT30, C - CT). In the

Exp. Exp. set HC T (°C) Sampling after Np HC constriction Pressure difference
0 60 125 250 500 750 1000
A% HC - IT30 + IT30 + + + + + - - Venturi 7 bar
V2 + + + + + + - - 1 x 5mm
V3 + + + + + + - +
v4 + + + + + + - +
V5 + + + + + + - +
Ve6* HC + M - IT30 + + + + + + - +
V7 HC-CT + CT: 10 + + + + + + +
V8 + CT: 20 + + + + + + +
V9 + CT: 30 + + + + + + +
Cl C-1T20 - IT20 + + + + + - - Control 1.2 bar
Cc2 - + + + + + - + 2 x 3mm
C3 - + + + + + - +
Cc4 + + + + + - +
C5 C-1IT30 - IT30 + + + + + - +
C6 - + + + + + - +
Cc7 - + + + + + - +
Cc8 C-CT - CT: 10 + + + + + + +
Cc9 - CT: 20 + + + + + + +
C10 - CT: 30 + + + + + + +
S1 - - CT: 30 + + + + + + + Stirrer
S2* - RT + - - - + - +
0 - CT: 33 + + + + + + Incubation
V: Venturi; *: addition of methanol (M); C: control; S: magnetic stirrer; 0: incubation experiment; HC: hydrodynamic cavitation; IT: increasing temperature; CT:

constant temperature; RT: room temperature; IT20: increasing temperature up to 20 °C; IT30: increasing temperature up to 30 °C; Np: number of HC passes; +: sample

collected; -: sample not collected.
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first set (Table 2: C — IT20), the temperature was allowed to increase
uncontrolled up to 20 °C. In the second set (Table 2: C — IT30), the
temperature increase was controlled to imitate the increase during HC
experiments up to 30 °C. The final set of control experiments was per-
formed at CT (Table 2: C — CT) of 10, 20 and 30 °C. We performed two
additional experiments to assess the influence of the T and/or stirring on
the virus infectivity: incubation at 30 °C in a beaker under constant
stirring (Table 2: Exp. S1) and same incubation at 33 °C but without
stirring (Table 2: Exp. 0). The treatment times equalled to the number of
cavitation passes (Np) of HC treatments.

For all experiments performed in the HC device, 10 — 12 mL of
representative aliquots were collected after 0, 60, 125, 250, 500, 750,
and 1000 Np, depending on the experiment (Table 2), whereas for ex-
periments performed on the magnetic stirrer, 4 — 5 mL of representative
aliquots were collected after times corresponding to these Np. A smaller
portion of each aliquot was taken for further PCR analysis and stored at
—80 °C. pH was measured before and after every sampling using a Hach-
Lange multimeter HQ430d and Intellical PHC725 probe. At the begin-
ning of the experiments, pH ranged from 5 to 5.5 and rose for approx-
imately 1.5 during the experiments, to around 6.5 — 7 at the end
(Supporting information Table S1).

2.4. Quantification of infective phi6 with double-layer agar (DAL) assay

In order to assess the virus inactivation, the concentration of infec-
tive viruses before and after treatments was determined using double-
layer agar assay (DAL) as described in [40]. In the initial HC experi-
ments we observed that the pH of water containing phi6 increased after
cavitation treatments from ~ 7.5 to 8.3 after 500 or more Np. This in-
crease in pH affected the linearity in the dilutions used for phi6 (PFU/
ml) quantification with DAL through an underestimation of the plaque
count in samples taken at higher Np (higher pH), which led to an
overestimated inactivation. This effect was likely triggered by aggre-
gation of bacteriophages at pH above pH 7.5, which made difficult to
pipette a representative viral population at non diluted concentrations.
This was confirmed with experiments where we lowered the initial pH
using HCL. In those experiments the pH never exceeded 7.4 and the
linearity in the dilutions for quantification was optimal. Use of buffering
to keep pH constant was avoided as any additives can influence the
cavitation process, as was shown in one of our previous studies [41].
Therefore, for all further experiments included in this study, the initial
pH was lowered (as described in Section 2.1), which did not affect the
infectivity of the virus nor the cavitation process.

2.5. RNA degradation

To examine the effects of HC on viral RNA degradation, longer
fragment reverse transcription (RT)-PCRs were performed for the ex-
periments treated in the HC device at CT (e.g., Exp. V7, V8, V9, C8, C9,
C10). First, RNA was extracted using the QIAmp Viral RNA Mini Kit
(Qiagen) according to the manufacturer’s instructions, with minor
modifications, including the final elution step with 45 uL RNase-free
water. A sample of RNase-free water was included in each extraction
round as a negative control to exclude possible contamination during
extraction.

Extracted RNA was amplified using RT-PCR with two primer sets
(~1200 bp), L1 and L2 (Table 3), targeting two regions of one of three
phi6’s genomic segments (e.g. Large, Medium, Small), namely the large
genome segment. Primer sequences were designed using primer- BLAST
(NSBI, USA). For the preparation of the RT-PCR mixture, the OneStep
RT-PCR kit (Qiagen, Germany) was used without the Q solution, ac-
cording to the manufacturer’s instructions, with minor modifications
including smaller reaction volumes of 25 uL, which contained 5 pL of
template RNA. Cycling conditions were: 30 min at 50 °C, 15 min at 95
°C, 35 cycles of 30 sat 94 °C, 60 s at 58 °C and 120 s at 72 °C, 10 min at
72 °C, and an infinite hold at 4 °C. A non-template control, i.e., sterilized
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Table 3
Primer sequences used for RT-PCR.

Primer Length of Position in the L Primer sequences
names amplified genomic segment
product (bp)

L1F 1203 327-346 5 TTCACTGCTCGCTCGTTTCT
3

L1R 1529-1510 5
ATTTGGTGGAGCTGGTAGGC
3/

L2 F 1217 1903-1922 5" TGCGTCGCTACTGACGTATC
3

L2R 3119-3100 5' CAACGAACCACCTTGCTTGG
3

F: forward; R: reverse.

water, was included in each PCR run to monitor for possible contami-
nations of reagents during preparation of the PCR mixtures. Amplified
PCR products were detected by 1 % agarose gel electrophoresis and
visualized with ethidium bromide. The size of PCR products was esti-
mated using a 1 — kb ladder. RNA was considered degraded if there was a
noticeable difference in the intensity of the bands of both targets after
the selected treatment time compared with the corresponding bands at
time 0.

2.6. Statistical analysis

To determine whether there exist statistically significant differences
in the obtained viral inactivation between different experimental runs, a
two-sample Kolmogorov-Smirnov test was conducted for each pair of HC
treatment and its corresponding control run.

The effectiveness of HC in relation to control treatment was further
quantified by linear regression of the obtained viral log reduction in the
following manner:

*
R, = k R, control

where R, and Ry, conirot denote the log reduction of virus concentration for
HC treatment and control treatment, respectively. The intercept term is
presently omitted, since initially (Np = 0) there is no virus inactivation
to be expected. Regression coefficient k thus serves as the only fitting
parameter, which can be understood as a measure of efficiency of HC
treatment in comparison to the control treatment, e.g., the value of k = 2
would indicate a one-fold increase in the rate of virus inactivation when
HC treatment is considered with respect to the control.

3. Results
3.1. Increasing sample temperature

The obtained results for experiments with IT (Table 2: Exp. sets HC —
IT30, HC + M - IT30, C - IT20, and C - IT30) are gathered in Fig. 2,
while the corresponding data are given in tabular form in the Supporting
information (Tables S2 and S3). We observed that the reduction of virus
concentration, Rv (measured in log;o plaque forming units (PFU)/mL)
during the HC runs (Table 2: Exp. set HC — IT30) follows an increasing
trend with the Np and reaches a peak of Ry = 5.87 + 0.33 at Np of one
thousand (Fig. 2 — left, solid blue line). The sample temperature during
the HC runs gradually increased from the initial 11.2 + 0.9 °C to 29.7 +
1.0°C at 500 Np, and then remained almost constant until the end (Fig. 2
— right, solid blue line). The occurrence of a gradual sample heating is
not surprising, as a constant flux of mechanical energy that drives water
flow through the system ultimately dissipates into heat. The system
eventually reaches a new equilibrium point, which is also a reason for
sample temperature staying practically constant at approximately 30 °C
beyond 500 Np. During control experiments with temperatures reach-
ing ~ 20 °C (Table 2: Exp. set C — IT20) the sample underwent heating
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Fig. 2. Reduction of virus concentration (log10 PFU/mL, Rv) (left) and sample
temperature (right) in relation to the number of passes (Np) through Venturi
(Table 2: Exp. sets HC — IT30 and HC + M - IT30) and control (Table 2: Exp. sets
C - IT30 and C - IT20) constrictions. Shown data are mean =+ s.d. of each
experimental set. The mean initial (Np = 0) virus concentrations were between
3 x 10° PFU/mL and 10 x 10° PFU/mL, which corresponds to log-values be-
tween 6.5 and 7.0.

with a slower rate due to a smaller expenditure of mechanical energy to
drive flow in a control setup (Fig. 2 — right, yellow dashed line). For this
reason, an additional set of control experiments was performed (Table 2:
Exp. set C — IT30; Fig. 2 — right, orange dashed line), where sample
temperature was controlled to match the ones from the HC runs,
therefore reaching ~ 30 °C. Additionally, experimental set with the
addition of methanol (Table 2: Exp. set HC + M — IT30) is included in
Fig. 2 (left, blue dotted line).

Comparing the Ry of 5.87 + 0.33 for HC runs with Ry of 0.69 + 0.26
(Np = 1000) for control experiments with sample temperatures
increasing until roughly 20 °C (Table 2: Exp. sets HC —IT30 and C - IT20;
Fig. 2 — left, solid blue and dashed yellow line), one can observe a large
difference of roughly 5-log reduction. However, we can also observe a R
of 3.2 + 1.0 (Np = 1000) for control runs (Table 2: Exp. set C — IT30;
Fig. 2 — left, dashed orange line) with the matched sample temperature
increase to the HC runs, which lowers the difference towards the HC run
below 3-log reduction. A more detailed consideration of the obtained
results reveals an uneven rate of virus reduction through time, which
can be deducted from a non-linear relation between the Np and R,
(Fig. 2 - left, solid blue line). From there, two regions can be observed: an
initially slow response with a gradual increase in virus inactivation rate
between Np of 0 and 500, which is then again decelerated between Np of
500 and 1000. A similar accelerating trend can be also observed for the
corresponding control runs (Table 2: Exp. set C — IT30; Fig. 2 — left,
orange dashed line), which reach virus inactivation rate of roughly 4.7-
log per 1000 sample passes between Np of 500 and 1000.

Two additional control runs were performed to ensure that phi6
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virus remains viable at 30 °C in the absence of external mechanical
loads. Solely incubation at 33 °C (Table 2: Exp. 0) and mixing on a
magnetic stirrer at 30 °C (Table 2: Exp. S1) did not affect the virus
infectivity. The obtained log reduction at exposure times equivalent to
1000 Np was 0.04 and 0.14, respectively (Supporting information
Table S2).

3.2. Constant sample temperature

To further determine the effect of temperature on phi6 inactivation,
additional HC experimental runs were conducted (Table 2: Exp. set HC —
CT), where sample temperature was controlled and held constant at
approximately 10, 20, and 30 °C. The corresponding data in tabular
form are given in Supporting information Tables S2 and S3. The ob-
tained results are gathered in Fig. 3, where Ry is shown in relation to the
Np through a Venturi constriction (Fig. 3 — left, solid lines). These results
show a more evenly increasing trend with Np. Additionally, we can
observe a consistent increase in virus inactivation rate with higher
sample temperature across all data points. For example, the final log
reduction at 1000 Np amounts to 3.5 log, 4.5 log, and 6.3 log, for the
cases with sample temperatures of 10, 20, and 30 °C, respectively. All
these observations generally confirm the previous hypothesis of virus
inactivation rate being temperature dependent.

Further statistical analysis (see Section 2.6) reveals that HC treat-
ment (Table 2: Exp. set HC — CT) exhibits a significantly higher effec-
tiveness at virus inactivation in comparison to the control treatment
(Table 2: Exp. set C — CT) at sample temperatures of 10 and 20 °C (p-
value 0.038). However, the same cannot be said for both treatments at
sample temperature of 30 °C. There, the results suggest no difference
between the HC and control treatment (p-value 0.44). The effectiveness
of HC in relation to control treatment was further quantified by linear
regression of viral log reduction Rv (see Section 2.6). Results (Fig. 3 —
right and Table 4) show that HC at 10 °C and 20 °C presents with a
roughly 7- and 3-fold virus inactivation effectiveness of the control ex-
periments. Furthermore, the differences seem to be greater at lower

Table 4

Virus inactivation effectiveness of HC (Table 2: Exp. set HC — CT) in comparison
to the control (Table 2: Exp. set C — CT) treatment. Results of the fitted linear
model are presented for three different sample temperatures. Coefficient k can
be understood as a measure of HC treatment effectiveness in comparison to the
corresponding control. Subscript of k denotes the sample temperature.

Temperature Coefficient k Value 95 % conf. int. R-squared
10°C kio 7.20 [5.70,8.70] 0.91
20 °C k2o 3.02 [1.85,4.18] 0.70
30°C k3o 1.06 [0.88,1.24] 0.88
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Fig. 3. Left: Reduction of virus concentration (logio
PFU/mL, Rv) in relation to the number of sample
passes (Np) through Venturi (solid lines, Table 2: Exp.
set HC — CT) and control (dashed lines, Table 2: Exp.
set C — CT) constrictions. The initial (Np = 0) virus
concentrations were 6.4 x 10° PFU/mL + 4.9 x 10°
PFU/mL and 4.4 x 10° PFU/mL =+ 4.3 x 10° PFU/mL
for HC and control experiments, respectively. Right:
HC treatment (Table 2: Exp. set HC — CT) effective-
ness in comparison to the control (Table 2: Exp. set C
— CT) at constant sample temperatures of 10 °C (blue),
20 °C (yellow), and 30 °C (orange). A linear model
(solid line) is fitted to the data (dots). The 95 %
confidence intervals of the obtained regression co-
efficients k are denoted by a coloured fill. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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temperatures and disappear at 30 °C.

Despite high viral inactivation after some treatments, results from
RT-PCR showed no degradation of viral RNA after HC (Table 2: Exp. set
HC - CT) and control (Table 2: Exp. set C — CT) treatments at constant
temperature.

In addition, high-speed visual visualization of HC in a Venturi
constriction was performed to evaluate whether the developed cavita-
tion characteristics are affected at water temperatures between 10 °C
and 30 °C. Fig. 4 presents typical cavitation sequences with 1 ms time
resolution in water at 10, 20, and 30 °C. The water flows from right to
left in all three cases. As can be seen, there are no major differences in
the macroscale cavitation structures, including their magnitude and
dynamics. In all three cases, cavitation is fully developed with intense
cloud shedding. When cavitation is fully developed (t;), the cloud begins
to detach from the main cavitation structure (t; + 1 ms) and collapses
(approximately at t; + 3 ms) downstream from the Venturi throat. This
results in a few rebounds and produces a large number of individual
vapor—gas bubbles (t; + 4 ms, t; + 5 ms) ahead of the newly developing
cavitation cloud, which again reaches its maximum size at t; + 6 ms.
Concentration of methanol used in this study did not change cavitation
dynamics in general, which was already confirmed in our previous study
[38] by high-speed visualization. Additional cavitation comparison is
included in the Supporting information Fig. S4.

4. Discussion

Results show that the rate of virus inactivation Ry is not constant
during HC - IT experiments (Table 2: Exp. set HC — IT30; Fig. 2 — left,
blue solid line). Two distinct regions of inactivation rates can be
observed. In the first region (Np = 0 — 500) the rate of Ry increases as the
sample temperature rises from 10 to 30 °C, while in the second region
(Np = 500 - 1000) the Ry rate slows down and the temperature remains
constant at 30 °C. The first set of control experiments (Table 2: Exp. set C
- IT20; Fig. 2 - left, yellow dashed line) implied that the presence of HC
is necessary to achieve substantial virus inactivation in both regions. The
results achieved in the first region can be to some extent explained by
the observations during CT experiments, where higher R, was deter-
mined at higher temperatures (Fig. 3). Whereas the results achieved in
the second region could be due to a decrease in the probability of viruses
coming into the proximity of destructive hydrodynamic forces when the
remaining viable virus concentration becomes sufficiently small. The
results suggested that there must be a significant change in either
cavitation conditions and/or viral susceptibility to the cavitation treat-
ment during IT experiments. Since in our case the temperature increased
with Np, this could influence both. It is known that cavitation dynamics
and erosion potential are temperature dependent, where increase of
cavitation extent with increasing temperature occurs due to changes in
vapor pressure [42,43]. In our case, however, the difference in tem-
perature between 10 °C and 30 °C does not change the vapor pressure
significantly, and thus no major changes in visualization of cavitating

Fig. 4. High-speed visualization of cavitation in Venturi constriction at water
temperature of 10, 20 and 30 °C.

Ultrasonics Sonochemistry 95 (2023) 106400

flow with high-speed camera (Fig. 4) were noticed. For this reason, it is
highly unlikely that even if the micro changes in cavitation dynamics
(below the visualization threshold) did occur, they would be the primary
reason behind the observed inconsistencies in Ry rate after 500 Np. This
was additionally confirmed by the second set of control experiments
(Table 2: Exp. set C — IT30; Fig. 2 — left, orange dashed line), which
imitated the temperature trend observed in HC experiments. From Fig. 2
it can be deducted, that once the temperature reaches a certain value
(between 20 and 30 °C) it makes the virus more susceptible to inacti-
vation by cavitation (Table 2: Exp. sets HC — IT30 and HC + M - IT30) or
mechanical loads in absence of HC (Table 2: Exp. sets C — IT30 and C -
IT20). The same Ry, trend between HC — IT30 and C- IT30 after 500 Np
confirms this. To determine if OH radicals are involved in phi6 inacti-
vation during IT experiments we performed an additional experiment
with a radical scavenger (Table 2: Exp. set HC + M - IT30). We found no
statistically significant differences in virus inactivation between exper-
imental sets HC-IT30 and HC + M—IT30 (Fig. 2 — left, blue solid and
dashed line), as a two-sample Kolmogorov-Smirnov test for mean Ry
along Np yields a p-value > 0.99. Thus, we can deduce that *OH do not
have a prominent role in the phi6 inactivation. Based on this, the
observed phi6 inactivation is most probably due to mechanical effects of
HC, which was determined also in our previous study regarding potato
virus Y [38]. After 250 Np, when the sample’s temperature increases, a
slight decrease in virus inactivation can be seen, indicating that *OH
might play a role. However, further, more detailed studies are needed to
confirm this.

Constant temperature experiments (Fig. 3) clearly corroborate the
importance of temperature in phi6 inactivation. Data from the existing
literature show that temperature can significantly affect the phase, i.e.,
liquid or gel, and mechanical characteristics of lipid bilayers. These
together with glycoproteins comprise the membrane of enveloped vi-
ruses and play an important role in their resistance to environmental
temperature changes [44]. For example, it was shown that phase change
of the lipid bilayer of the influenza virus envelope to a gel phase occurs
below 22 °C, which helps them withstand low environmental tempera-
tures [45]. Similarly Morris et al. [29] showed that SARS-CoV-2 survives
the longest at low temperatures and extreme relative humidity.
Furthermore, Rath et al. [44] reported that the dynamics of the protein-
membrane system of SARS-CoV-2 changes significantly between 30 and
40 °C. At 41 °C when the lipids transition from gel to liquid crystalline
state their disorderliness increases, which also affects the M—protein
embedded in the lipid membrane. Increased susceptibility to inactiva-
tion at higher temperatures was also shown for phi6 [3,20]. These data
indicate that higher temperature is important for increased suscepti-
bility of enveloped viruses to inactivation, which was also shown in our
study. In HC — CT the lowest phi6 reduction of around 3-log occurred at
10 °C, approximately 1-log higher one was achieved at 20 °C, while
around 6-log reduction can be observed at the highest investigated
temperature of 30 °C (Fig. 3). The C - CT at 10 and 20° C clearly show
that HC is the one responsible for the observed inactivation at these
temperatures. Based on the result from the IT experiments with meth-
anol (Table 2: HC + M - IT30), we speculate that mechanical effects of
cavitation are the reason. This finding also corresponds well with the
recent experimental and numerical research on cavitation bubble
interaction with liposomes [46,47] and bacteria [48,49], where it was
shown, that microstreaming is the primary mechanical driver of lipo-
some deformation and bacterial cell damage, and that poration of cell
membranes could be explained solely by mechanical effects.

At 30 °C in comparison to 10 °C and 20 °C, the inactivation of phi6
was noticeably higher, which can be due to the changes in virus’ lipid
bilayer due to elevated temperature. C — CT experiments clearly show
that the effects of HC only play an important role at 10 and 20 °C, as the
achieved phi6 inactivation at 30 °C in HC and control experiment was
practically the same (Table 2: Exps. V9 and C10). Nevertheless, control
experiments (Table 2: Exps. 0 and S1) revealed that a certain magnitude
of mechanical load is still necessary to cause viral inactivation at around
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30 °C as shown in control runs C — IT30 and C — CT30. This could be
attributed to the different magnitude of hydrodynamic forces between
the magnetic stirrer and control constriction. S1 experiment indicates
that even though the viral lipid bilayer is weakened at 30 °C, this is still
not sufficient to cause inactivation unless mechanical input, harsher
than present under constant stirring, is applied. These however are not
the well-known raw mechanical effects generated due to cavitation
bubble collapses like thermal hot spots, shock waves, and bubble jetting,
but milder ones like hydrodynamic forces in the form of local shear and
pressure forces, which are also present in the control HC constriction.
The slightly lower inactivation observed in experiment V6* (Fig. 2 — left,
blue dotted line) also indicates that when cavitation is present, the
changes that elevated temperature leaves on the virus envelope, open
the way for both mechanical and chemical effects of cavitation. The
weakened envelope could also be more susceptible to radical attack in
addition to mechanical forces. In other studies, investigating the inac-
tivation of phi6 under various advanced treatments different modes of
action have been reported. The proposed mechanisms mostly revolve
around the disruption of the viral lipid bilayer [17,19], damage to
genome and membrane proteins [3,18,23], and oxidation of proteins in
the nucleocapsid or polymerase complex [23], which all affect the viral
infectivity. It seems that the chemical oxidants like chlorine mostly
affect the viral proteins [23] while in the case of virus contact with
different surfaces or advanced materials [17,19] the lipid envelope is the
one affected. In this study, no damage was observed in the viral RNA.
This, and the fact that mechanical effects were crucial for inactivation,
suggest that the damage invoked on the lipid bilayer was the main cause
of the virus inactivation.

Studies dealing with the behavior of enveloped viruses in WW ef-
fluents indicate that the inactivation of enveloped viruses is always
slower at 20 °C and increases at 30 °C. Casanova et al. [4] showed that at
30 °C it takes 48 h to reach 5-log reduction of phi6, whereas 6 days are
necessary to reach the same degree of reduction at 22 °C. Since the
average yearly temperature of WW is around 15-20 °C (data for the EU),
having a treatment technology available that can inactivate enveloped
viruses, if the need arises, also at these temperatures, is very important.
In addition to WW, this technology could also be applied for the treat-
ment of other water sources. Our results clearly show that the effects of
HC are the primary drivers of phi6 inactivation at lower sample tem-
peratures (10 and 20 °C). Therefore, HC has a potential to become an
advanced treatment of choice for inactivation of enveloped viruses in
various water matrices. Even though our experiments were performed in
tap water, they could be an indicator of what might happen to enveloped
viruses in WW under HC treatment. Even more, higher degree of inac-
tivation can be expected in more complex matrices due to the presence
of other constituents that can accelerate the inactivation, such as en-
zymes [21]. We are aware that the presently employed treatment times
(Np = 1000) are still far beyond feasible for real-world applications.
Nevertheless, we see this as a challenge for our further studies and not as
a setback.

5. Conclusions

The present study reports the inactivation of a phi6 virus commonly
used as a surrogate for several enveloped viruses, including coronavi-
ruses. At the beginning of the COVID —19 pandemic, many questions
emerged about the transmissibility of SARS-CoV-2, and water was
considered as one of the transmission routes. Since some studies have
confirmed the presence of infectious coronaviruses in water and
wastewater samples, it is important to investigate alternative treatment
methods that could complement conventional treatment methods and
be used when needed. In this study, the effects of an advanced oxidation
process - hydrodynamic cavitation - on phi6 virus were systematically
investigated. The main conclusions from the study are as follows:
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1. Experiments performed under increasing sample temperature during
cavitation resulted in a high, 5.78-log reduction of phi6 after 1000
cavitation passes. The experiments suggest that mechanical effects of
cavitation are the main cause of the observed inactivation, but
chemical effects cannot be excluded with certainty.

2. Two sets of control experiments indicated that temperature around
30 °C affected virus inactivation, so further experiments were per-
formed at constant sample temperature.

3. The constant sample temperature experiments resulted in a reduc-
tion of phi6 by up to 6.3 logs at 30 °C. They showed that inactivation
at 10 and 20 °C was predominantly due to mechanical effects of
cavitation, while at 30 °C the lipid envelope of phi6 was affected,
increasing its susceptibility to inactivation. RNA degradation results
confirmed this, as no degradation was detectable.

4. Additional control experiments showed that elevated temperature
alone is not sufficient for pronounced virus inactivation, but that
some mechanical stress is also required.

5. Hydrodynamic cavitation has the potential to be used as an extension
of water treatment systems for inactivation of enveloped viruses at
environmentally relevant temperatures.
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