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ABSTRACT ARTICLE HISTORY

A prototype of an air cleaner was investigated for its ability to inactivate airborne MS2 Received 25 March 2024
viruses via UV-C irradiation. AGI-30 impingers were used to measure virus concentrations Accepted 8 September 2024
and RNA copy numbers at the air cleaner’s inlet and outlet, which was integrated into a
testing system. UV-C doses were estimated by modeling the viruses’ dwell times in the
device and measuring the UV-C radiance level. The appliance reduced infectious viruses by
99% to 92% in airflows ranging from 113 to 153 m>/h, with the reduction rate decreasing
as airflow increased. Estimated UV-C doses ranged between 2.11 and 2.95 mWs/cm?. There
was a significant correlation between the virus reduction and corresponding doses
(Spearman p =0.77, p=0.0092; Kendall's t=0.60, p =0.0157). Modeling showed that assum-
ing laminar flows or air exchange rates would overestimate the viral particles’ residence
time in the device. Measurements indicated that viral particles remained partly trapped in
the device, and RNA copy numbers did not correlate with the number of infectious viruses.
RNA copy number concentrations were up to 3.7 log units above plaque-forming units
(PFU) levels (for non-irradiated samples) and reduced only by 19% following UV-C exposure.
This discrepancy could be attributed to the RT-PCR used, which also detects RNA fragments
from incomplete or noninfectious virus particles. The mismatch between RNA copy detec-
tion and the number of infectious viruses raises questions about the appropriateness of
using nucleic acid copy numbers for risk assessments or modeling.
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Introduction

The SARS-CoV-2 pandemic has significantly increased
the demand for air purifiers, which operate on various
principles. The airborne transmission of the virus in
indoor settings is undeniable, and using air purifiers —
either standalone ones in rooms or those integrated
into ventilation systems - is a recommended strategy
for curbing the risk of infection (Shen et al. 2021).
Among the options available, filtration systems and
UV irradiation systems are widely used for both pub-
lic facilities and for homes (Szczotko et al. 2022).

Numerous studies have outlined the effectiveness of
UV-C irradiation in eliminating airborne bacteria, viruses,
molds, and yeasts (Kowalski 2010). However, research on
the efficiency of commercial UV-C air purifiers is scarce,
which could be useful to manufacturers, vendors - as a sell-
ing point - and customers who desire assurance of efficacy.

A testing technique for evaluating the performance
of air purifiers against airborne viruses involves the
use of surrogate viruses. These surrogate viruses are
less dangerous compared to pathogenic ones, thus
enabling investigations to take place in lower-level
biosafety labs, such as BSL 1 or 2. The phage MS2 is
often chosen as a surrogate for small airborne viruses
and can be used to assess the inactivation of airborne
viruses by UV-C irradiation (Beswick et al. 2023).

Although studies on MS2 can deliver insights appli-
cable to pathogenic viruses, it is important to note
that UV-C dosage required to inactivate 90% of MS2
is likely higher than that needed for SARS-CoV-2 but
has also been reported to be lower than influenza
viruses in some studies. (e.g., Allen, Benner, and
Bahnfleth 2021).

A variety of systems have been utilized to detect
airborne viruses in field samples (Bhardwaj et al. 2021;
Cox et al. 2020). However, not every bioaerosol sam-
pling method is effective for assessing virus concentra-
tions in ventilation ducts, especially when operating
within a virus-enriched air stream. This circumstance
leads to contamination of the devices and complicates
the sample exchange process. In this instance, stack
sampling methods may prove more beneficial. The
AGI-30 Impinger and the Andersen sampler, for
example, have been employed for stack sampling to
detect live microorganisms or active viruses (Jensen
1964; Walker and Ko 2007; Yang et al. 2018). Sampler
inlets can be linked to a duct via tubes or probes.
Moreover, filtration, washing or reincorporation of
particles back into the ducts can control particles that
have not been collected and have been re-aerosolized
from the outlet of the samplers. This control is of par-
ticular importance when the equipment setup cannot

be positioned in a chamber that can protect from
released aerosols.

Walker and Ko (2007) studied the impact of UV-C
irradiation on airborne MS2 phages using AGI-30
impingers. The study, conducted within a biological
safety cabinet, evaluated UV-C’s effect on various
airborne viruses, particularly the phage MS2, using a
pre-determined dosage. This dosage only inactivated a
portion of MS2. However, the dosages needed for
significant 90% (Dgg value) and 99% (Dgy value)
inactivation are a key consideration in the creation of
UV-C-based air purifiers (Kowalski 2010; Montalli
et al. 2021).

In another study, survival rates were measured by
an Andersen sampler in a system with an airflow
rate of 3.6m> per hour. The researchers calculated
0.3 to 0.4 mWs/cm” and 0.8 to 0.9 mWs/cm” dosages
are required to inactivate 90% and 99% of airborne
MS2, respectively (Tseng and Li 2008). Other authors
cited a requirement of 12 mWs/cm® for the Dy,
value of airborne MS2 (Allen, Benner, and Bahnfleth
2021).

Certain factors such as test conditions, particle sizes,
detection methods, and UV susceptibility influence the
data on airborne viruses, making comparisons between
studies a difficult task (Abkar et al. 2022). Moreover,
practical aspects must be considered when assessing
the efficiency of a UV-C device. For instance, the
device design might impact particle flow uniformity,
and cause turbulence or electrostatic precipitation.
This might assist the reduction of airborne viruses but
would overestimate the efficiency at a certain UV-C
dose.

Other influencing parameters, such as airflow rate
and the duration airborne viruses remain within the
irradiated section, also determine the dose. Hence,
efficiency outcomes that consider these variables could
provide beneficial information for both the designers
and users of the devices.

This study sought to assess the ability of a prototype
UV-C device, designed to decrease airborne viruses in
enclosed spaces, by using airborne surrogate MS2
viruses. The device was integrated into a test system
that facilitated virus collection at both the apparatus’s
inlet and outlet, employing a stack sampling method
across various air volumes. We simulated the residence
times of virus particles in the device and computed
UV-C doses. Additionally, the ongoing pandemic high-
lighted the significance of RNA copy numbers in exam-
ining airborne virus transmission (Buonanno et al.
2022). Consequently, this study included the detection
of RNA copy numbers as well.
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Figure 1. Test system to analyze the reduction of airborne viruses through an integrated UV-C device (prototype).

Material and methods
Test system

Figure 1 presents a test system schematic that includes
the embedded UV-C device. At the sample sites tempera-
ture, humidity, and air velocity were measured using the
Testo 400 instrument (Testo SE & Co. KGaA, Lenzkirch,
Germany). The system’s interconnected devices utilized
circular tubes with a cross-section of 0.01227 m®. The sys-
tem’s fan (S&P Deutschland GmbH, Darmstadt,
Germany) was adjustable, achieving a maximum velocity
of 3.6m/s in the tubes when at full power, which is
equivalent to a maximum flow rate of 159m’h. The
intake air was initially filtered with a F9 Filter (ISO 16890
classification: ePM1 filter, with 80% efficiency for particles
ranging from 0.3-1 um) to prevent the room air’s poten-
tial airborne bacteria from contaminating the surrogate
viruses’ growth medium and causing disruptions in detec-
tion. To eliminate the test viruses from the expelled air,
UV-C radiation was applied in a high-output section car-
rying two low-pressure mercury lamps (254nm) (TUV
55W LL lamps, UV-Technik Speziallampen GmbH,
Ilmenau, Germany) behind the sampling site O. Per the
manufacturer’s statement, the radiation flow of both
lamps was 36 Wyvy.c. At the inlet of the section a stain-
less steel knitted mesh filter is incorporated to avoid add-
itional UV-C reflections at sampling site O. UV-C
irradiance was not detectable behind this filter
(<0.05 mW/cm?) by the UV-C sensor SI 1 (A002072, uv-
technik meyer gmbh, Ortenberg, Germany). The output
air finally passed through a H14 filter (with a minimum
99.995% particle filtration efficiency for 0.3 um particles).
The UV-C prototype device was located between two rec-
tifiers that minimize the turbulence at the sample loca-
tions. This prototype device was equipped with two low-
pressure mercury lamps (ozone free, 254 nm) linked to
the test system with welded flanges and rubber sleeves.
Not equipped with its own fan, it relied on the test sys-
tem for air supply.

Virus production and nebulization

We used the single-stranded (+) RNA coliphage MS2
virus (ATCC 15597-B1) as surrogate virus. Following
Uhde et al. (2022) protocol with minor modifications,
the virus was propagated and purified in Escherichia
coli (ATCC 23631), abiding by ISO 10705-173 stand-
ards. We prepared a large virus stock and preserved it
at 4°C. Fresh 1:100 dilutions were made using sterile
deionized water.

Subsequently, this suspension was administered
into a medical nebulizer (PARI BOY® Pro. PARI
GmbH, Weilheim, Germany) for each of the 20 trials.
To quantify the viral concentration in the nebulized
suspensions, an immediate sample was obtained from
the nebulizer before each sampling commenced. The
viral concentration was appraised via the plaque-form-
ing units (PFU) count obtained through plaque assay
method, as described in source (Uhde et al. 2022).

The plaque assay involved the propagation of
phages using a two-layer agar overlay procedure. The
bottom agar layer was made using tryptone-yeast
extract-glucose agar (TYGA). Meanwhile, the upper
semi-solid agar layer mixed with a calcium-glucose
solution was combined with 1ml of bacterial culture
(in the logarithmic growth phase) and 1ml of freshly
prepared suspensions for nebulizing. After pouring
this mixture over the bottom layer, the plates were
incubated at 37°C for 20h, and the PFU was
recorded.

Each measurement involved operating the nebulizer
filled with freshly prepared phage suspension for
15min. The amount of nebulized phages ranged from
approximately 1.5 x 10° to 4.4 x 10° PFU.

Sampling of airborne viruses and RNA copies

Stack sampling was executed at the I and O sites
using identical circular stainless steel probes with a
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0.009 m inner diameter, concurring with the inlet size
of the sampling devices (Impinger, AGI-30, LAT,
Garbsen, Germany). The probes were curved at a 90-
degree angle to face the airflow. They connected to
the impinger via sterilized silicon tubes. Before estab-
lishing the connection, the impingers were filled with
30 ml of sterile PBS buffer.

The impingers” outlets are linked to a gas-washing
bottle containing a 30% glycerol and 70% ethanol
solution aimed at purifying the air of phages.
Rotameters (Analyt-MTC, Miillheim, Germany) placed
between the gas wash bottle outlet and plunger pumps
adjusted and regulated the flow rates.

Flow rates were adjusted to match the different
volumes: 10l/min at volumes ranging from 111 to
114m>h, 111/min at volumes from 120 to 123m>h,
121/min at volumes from 135 to 137 m>/h, 131/min at
volumes from 144 to 147 m>/h, and 141/min at volumes
from 157 to 161 m>/h. This configuration resulted in a
near-uniform air velocity in the tubes, sampling probes,
and impinger inlets (isokinetic sampling).

Air sampling at I and O sites ran for 15min paral-
lel to the virus suspension nebulization process. We
undertook four measurements at each of five sampling
days: two trials with UV-C exposure and two without,
in alternating order. Before samples were taken with
UV-C, lamps were turned on 20-min prior to sam-
pling. Overall, 20 samples were taken from I and 20
samples were taken simultaneously from O (10 with
and 10 without UV-C irradiation). Due to variations
in the recorded air velocities, calculated air volumes
differed up to 4m’/h between the four trials at one
day. Day one (111, 113, 114 and 112m’/h), day two
(122, 122, 120 and 123 m>/h), day three (136, 135, 138
and 137 m’/h), day four (146, 144, 146 and 147 m’/h)
and day five (161, 157, 159 and 158 m’/h).

The mean room air temperature upon entering was
23.3°C+1.3°C with relative humidity at 52.1% =+
4.8%. UV-C treatment induced an increase in tem-
perature to 26.3°C+1.3°C as the relative humidity
dropped to 44.6% + 4.2%.

After the day’s sampling, the entire system was disin-
fected. To achieve this, an ozone generator was positioned
facing the box (F9 filter). We adjusted the air velocity to
1m/s and let the generator produce 10,000 mg of ozone
per hour. The proceeding 60 min involved a thorough gas-
flushing of the system. The calculated ozone concentration
was 226.2 mg/m”. The resulting dose (13,560 min (mg/m’)
is sufficient to inactivate more than 99% of DNA and RNA
viruses (including MS2) on surfaces and reduces RNA cop-
ies below the detection limit (Tseng and Lee 2008; Volkoft
et al. 2021).

Quantification of airborne viruses and RNA copy
numbers

To determine the remaining volume of the sample
buffer post-sampling, the impingers filled with it were
weighed prior to and post-sampling. At room tem-
perature, the density of the PBS buffer stands at 1.0,
making 1g equal to 1ml Subsequent to sampling, a
serial dilution was assembled using 1ml of the sam-
pling buffer. 1 ml from the dilutions was then mixed
with 1ml of the E. coli propagation strain in the top
layer. The samples underwent incubation as described
earlier, and PFU were counted from decimal dilutions
resulting in 35-350 plaques. In cases of two countable
plates from consecutive dilutions, the weighted mean
was calculated for PFU/ml. Finally, Equation (1) was
used to compute the concentration per cubic meter.

PFU PFU

m3 Vplated aliquote [ml]

y dilution factor X Viuger afier sampling [M1]
Vair sample [m3]

(1)

The RNA copy numbers from PCR samples were
calculated using a calibration curve produced from
RNA extracted from the stock solution of the virus. The
RNA extraction was conducted using the QIAamp Viral
RNA Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. RNA concentration from
both the virus stock suspension and air samples was
measured  photometrically  utilizing a  BioDrop
Duo + spectrophotometer (BioDrop, UK). A calibration
line (Figure 2) was generated using a serial dilution of
the extracted RNA from the stock (96.54 pg/ml). The
reverse transcription PCR (RT-PCR) process was carried
out in line with Dreier, Stormer, and Kleesiek (2005),
except for the fluorescence marker used. The fluores-
cence marker (CY5) and quencher (BHQ2) were

attached to the probe in this sequence: CY5-

LOE+13
LOE+12
LOE+11 y =1E+1getaom

1.0E+10

1.0E+09

RNA copies/ml

1.0E+08

1.0E4+07
10 15 20 25 30 35 40 45

Ct-values

Figure 2. Calibration line to calculate the RNA copy numbers
from air samples by One-Step RT-PCR.



ACCTCGGGTTT CCGTCTTGCTCGT-BHQ2. Probes
were designed by Eurofins Genomics Germany GmbH.
PCR was performed using the SUPERSCRIPT III One-
Step RT-PCR with PLATINUM Taq kit (Fisher
Scientific GmbH, Schwerte, Germany). The cycle thresh-
olds (Ct) were determined thrice for each dilution, and
the average Ct value was plotted against the RNA cop-
ies/ml (Figure 2). The number of RNA copies per ml of
each dilution was estimated using the molecular weight
of the MS2 RNA molecule (1147411.8 g/mol), the initial
RNA concentration measured from the virus stock, and
the corresponding dilution factor. The calibration line
equation in Figure 2 was employed to quantify airborne
RNA copy numbers using the Ct-values measured from
impinger sample buffers.

Modeling residence times of particles and doses at
different flow rates

To calculate the UV-C doses to which viruses were
exposed at different air flows, the times spent in the
device’s irradiated channels were modeled via flow
simulations. These simulations relied on OpenFOAM-7
(Weller et al. 1998), an open-source software. For this
process, the geometry of the device prototype was illus-
trated (Figure 3). Subsequently, a computational mesh
was made using the simplified geometry, employing
the meshing utility of the Siemens StarCCM —+ software
package. This mesh is unstructured and incorporates
added prism layers to enhance computational precision
in areas near the wall. It consists of approximately 1.5
million polyhedral cells.

The Navier-Stokes solver pimpleFoam, a solver for
transient, incompressible problems based on the com-
bined PISO and SIMPLE algorithms for pressure cou-
pling, was used to compute the velocity and pressure
fields for five different flow rates (100, 150, 200, 250
and 300 ’"73), resulting in a Reynolds number range of
Re ~ [12,000; 37,000] based on the hydraulic diameter
of an irradiated channel.

The k-»-SST model was chosen to model turbulent
effects due to its good performance and robustness in
wall-bounded internal turbulent flow (Menter, Kuntz,
and Langtry 2003). Boundary conditions for the tur-
bulence model were estimated using best practices
(OpenCFD Limited 2021) with an assumed inlet tur-
bulence intensity of Tu = 10% and a mixing length of
=24 mm. The kinematic viscosity of air was
approximated as v = 10‘5’"72. Gravitational effects
were neglected. Adaptive time-stepping has been used
with the convergence condition limited by Co < 0.3.
The boundary conditions chosen for the simulations
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are denoted in Table 1. Each simulation was run for
t =10 s of physical time on 80 CPUs. The results
were visualized using ParaView (Ahrens et al. 2005).

To calculate the residence times, we seeded par-
ticles in the inlet area of the device, as shown by the
green surface in Figure 3a, utilizing ParaViews’
StreamTracer utility. We then traced these particles
through the velocity field by integrating the path line
equation (Spurk and Aksel 2020)

7 —d%/dt )

with a time step chosen sufficiently small so no particle
skips mesh cells. The integration was stopped when the
particle crossed the outlet of the second irradiated
channel (the blue surface in Figure 3a) or a fixed
amount of time steps that amount to a residence time
of tresidence > 35 is surpassed. The total physical time

—_____Outlet

C1

Start
Pathlines

(a)

(b)

Figure 3. (a) Simplified geometry of the device with starting
and end surfaces for path lines. The light green dashed lines
in the starting area of the pathlines indicate the seeding lines.
(b) Wireframe of a segment of the mesh. The area shown is
indicated in light blue in (a).
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Table 1. Boundary conditions for velocity U, pressure p, turbulent kinetic energy k and dissipation rate w as used for the

pimpleFoam-based URANS simulations.

Boundary Patch U k w

Inlet fixed value zero gradient fixed value fixed value
Outlet zero gradient fixed value zero gradient zero gradient
Walls no slip zero gradient wall function wall function
Co multiplied by the UV-C irradiance to estimate the
1 H‘ \ | ' W I ‘M (J i doses absorbed by the viruses when they passed
= 22z through the device (Equation (3)). The UV-C irradi-
' - ance was gauged by a sensor (SI 1, A002072, uv-tech-
nik meyer gmbh, Ortenberg, Germany) at three

L
Witvmy,
‘\'”“““f";'fli'if’ )

H N

U Magnitude
0.0 2 4 6.5

|
— - m
Figure 4. Pathlines of particles in the device at V = 100’"73.
Color visualizes local velocity [m/s].

required for the particles to reach the terminating sur-
face was deemed the particle’s residence time in the
irradiated section of the device. It is important to note
that the complete time integration at each seeding time
was conducted on a consistent, unchanging snapshot of
the velocity field at that point in time.

Particles were evenly distributed across 18 lines
within the six inlet slits at ten distinctive, nonspecific
starting times. This was done to ensure the time
between each seeding burst exceeded the average resi-
dence time of a particle within the device. Consequently,
approximately 110,000 particles were traced throughout
the device for each velocity. A sample result is shown in
Figure 4 for the flow rate of V = 100”173.

The modeled residence times were utilized to com-
pute the residence times corresponding to varying air-
flows under test conditions. These times were then

different points, namely the beginning, middle and
end, along the irradiated channel as well as the UV-C
irradiators. The sensor was set in the exterior wall of
the channel, with the photodetector aimed toward the
centrally located UV lamp in the channel. The distances
from the sensor to the lamp were approx. 5cm at the
beginning and the middle of the channel and approx.
8cm at the end. Measurements were taken under room
temperature conditions and with the fan operating.
Prior to each measurement, the UV lamps were pre-
heated until there was no increase in irradiance. The
average irradiance detected at the three points was con-
sidered the minimum irradiance because the distance
between the sensor points and the centrally positioned
UV lamp roughly corresponds to the greatest distance a
particle can have from the irradiator.

Statistics

Data was processed using Excel 2016 (Microsoft
Corporation, Redmond, WA, USA). The UNIVARIATE
procedure, the CORR procedure, and the TTEST proced-
ure were used for data analysis in SAS 9.4 (SAS Institute,
Cary, NC, USA). Plots were generated with sgplot.

Results

Figure 5 presents the concentrations recorded at both
the inlet (I) and the outlet (O) of the device, corre-
sponding to different air flows and UV-C irradiation
states. RNA copy numbers were three to four logs
higher than PFU. While RNA copy numbers did not
exhibit any consistent trends between positions I and O,
PFU O was consistently lower than PFU I. This implies
a PFU loss as the viruses traversed the system. This
reduction was more pronounced with UV-C activation.
However, the concentration of cultivable viruses after
irradiation (PFU O UV) tended to increase with higher
air flows. Moreover, when UV-C was on, the RNA copy
number was typically lower at the outlet (RNA copies O
UV) compared to the inlet (RNA copies I).
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Figure 5. Concentrations (LOG;o/m>) at different air flows. Shown are the number of airborne RNA copies and PFU at the inlet (1)
and outlet (0). Concentrations at the outlet at active UV-C irradiation are marked with UV in the figure legend.

Table 2. Average concentrations and standard deviation
(LOG10/m3) at the inlet () and outlet (O) at non-active and
active UV-C irradiation (UV).

Variable Arithmetic average Standard deviation
PFU | 747 0.17
PFU | UV 743 0.22
PFU O 7.21 0.21
PFU O UV 5.83 0.27
RNA copies | 10.98 0.25
RNA copies | UV 11.07 0.21
RNA copies O 10.92 0.32
RNA copies O UV 10.93 0.31

The recorded concentrations exhibited a normal distri-
bution (Shapiro-Wilk test, all P-values > 0.15). Average
concentrations and standard deviations are presented in
Table 2. The outlet’s average concentrations were generally
lower, and in cases of PFU I and PFU O compared to PFU
O UV, areduction of > 1 LOG,, PFU/ m? was observed.

Samples taken simultaneously at the device’s inlet and
outlet were tested for significant differences using the
paired T-test. Table 3 details the results of the paired T-test,
revealing significant differences in PFU between the inlet
and outlet. Nonetheless, the difference in RNA copies was
only significantly different from zero when UV-C was acti-
vated. Conversely, PFU was also notably reduced when
UV-C was deactivated, suggesting a varied foundational
population of the two variables. There was no significant
correlation (p > 0.05, Kendall’s 7) between PFU and RNA
copy numbers, indicating no significant dependency
between these variables.

UV-C irradiation and residence time for particles
in the irradiated sections of the device

The UV-C irradiations measured near the surface of one
channel were 122 W/m” at the beginning, 139 W/m® in

the middle and 21 W/m® at the end. The average was
94 W/m? (9.4 mW/cm?), representing the estimated min-
imum exposure for a virus particle. Given that particles
flow through two identical channels equipped with simi-
lar UV-C lamps, it is reasonable to assume that the
irradiation in the second channel mirrors the first.
However, the third channel lacked a UV lamp. For dose
calculations, we factored in the modeled residence time
for the irradiated channels. The residence times for par-
ticles, derived from modeled trajectories relative to the
volume of passed air, are presented in Table 4. As the
effective dose is proportional to residence time, quickly
moving particles dictate the necessary timeframe for
accurate dose estimation. Thus, the minimum required
dose for virus particle exposure was ascertained from the
Ist percentile of particle residence times while traversing
the irradiated channels of the device. Please refer to
Figure 3 for the corresponding deduced function.

The resulting residence times of particles at all times
are cumulated by flow rate to form a discrete probabil-
ity distribution, as displayed in Figure 6a for the flow
rate of V = 150’”73, where the number of samples in
each bin is normalized with the total number of sam-
ples. The probability distributions for all flow rates are
shown in Figure 6b, where it can be seen that—as was
expected—the whole distribution shifts to lower resi-
dence times with increasing flow rate.

The dashed lines in Figure 6a demonstrate that both
average and median residence times are largely inef-
fective for interpreting this data due to considerable
positive skewness in the distributions. Furthermore, the
bulk residence time, defined by fyui = %, ie.,
the ratio of the volume of the irradiated channels and
the flow rate vastly overestimates the residence time
for most particles. Note that all characteristic numbers
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Table 3. Results of the paired T-test to analyze significant differences between simultaneously taken samples at the

inlet and outlet of the UV-C device.

Variable 1 Variable 2 Average of difference Standard deviation 95% confidence interval P-value

PFUI PFUO 0.2636 0.1351 0.1670-0.3603 0.0002

PFUILV PFUOUV 1.6034 03526 1.3512-1.8556 < 0.0001

RNAI RNAO 0.0615 0.1931 ~0.0766-0.1996 0.3400

RNAIUV RNAOUV 0.1352 0.1278 0.0437-0.2266 0.0086
Table 4. Modeled residence time of particles depending on 040
air volumes passing the UV-C irradiated channels of the 038 .
device. ’ )

Residence time [s] = 950 V=?1'127"0'm
o S o Al R?=0.9999
v {%} 1** particle 1** percentile Mean Median 5 om0 ’
o .
100 03146 0.3509 0.7339 06179 5 o Yo,
150 02122 02378 0.4864 0.4075 - M Froreeend
200 0.1526 0.1774 0.3694 0.3156 = 010
250 0.1268 0.1442 0.2890 0.2424
300 0.1095 0.1206 0.2448 0.2101 0.05
0.00
0 50 100 150 200 250 300 350
: m3/h
V=150 m3/h; N= 111296
N i : . . .

oaad 1T o EZZI’;;‘*:‘:Z';?CE’S;E Figure 7. Residence time versus flow rate calculated by the 1st

‘ i il ——- first percentile percentile of determined particle residence times. The function
012 mill — bulk residence time y=f (x) of the hyperbola and the coefficient of determination

i } : are shown in the diagram.
1 H
0.10 4 : | :
T il
;0_08. i i of Figure 6 are further summarized in Table 4, and the
< i findings and insights are further elaborated below in

0.06 1 i ; . .

i i the Discussion section. Consequently, we selected the

0.041 (]I significant residence time as the longest time in the Ist
0021 i : percentile. This choice means that if the device’s UV

i radiation power is high enough to inactivate a virus
0.00 1 1 4 ] s ; ; . . . . . . . . . .
Py 15 v " = particle within this timeframe, it is likely to inactivate
Residence time [s] 99% of incoming virus particles.
(@) The device’s residence time, in comparison with
0,20 P o ] the traversing air volumes, exhibited a strong correl-
. 100 ation and resulted in a power function (Figure 7).

' 150 . — T
. — 200 The function [s] =31.127 % x *°”* when multiplied
o — ;gg with the recorded UV-C irradiance, provided the UV-

' C activated doses relative to adjusted air volumes

T 0.12 .
< (Equation (3) and Table 5).
Z 0.10
= 2 _ . .
- Dose [mWs/cm?| = Residence time [s]
0.06 x 9.4 mW/cm2 (3)
0.04 4 . . s
Table 5 shows the estimated minimum doses for
0.02 . . . . .
) 99% of airborne virus particles, as determined using
e 82 82 G a8 1s i3 i the maximum distances from the UV-C lamp to UV-C
ResrderELe) time [s] sensor positions within the device. These calculations

Figure 6. Residence times of particles in the irradiated chan-
nels of the device extracted from the flow simulations.
(@) Normalized histogram of the residence times of particles
in the irradiated channels of the device for \'/:150’"73.
(b) Normalized probability distributions for all flow rates.

were instrumental in analyzing the correlation between
the doses and reduction of cultivatable viruses
(Table 6). Spearman’s p correlation coefficient was
found to be 0.77 (p=0.0092), and Kendall’s 7 correl-
ation was 0.60 (p=0.0157), suggesting a strong



dependency between these variables. Every measured
dose resulted in over 91% reduction, with some reach-
ing as high as 99%. The trend showed that as the doses
decreased, so did the level of reduction. However,
reductions varied, indicating the influence of other fac-
tors. As seen in Tables 2 and 3, a significant reduction
in PFU was observed when the UV-C was inactive,
while no significant change in RNA copy numbers was
observed between the inlet and outlet when the UV-C
was switched off. Influencing factors will be discussed
further.

Discussion

Commercially available air cleaners and prototypes are
typically not designed for laboratory research.
However, investigating their efficiency in realistic
usage conditions is crucial. The prototype analyzed in
this study was observed at standard room tempera-
tures and moderate relative humidity, similar to what
one might find in offices or healthcare facilities. The
design of this prototype was not entirely suitable for
studying particle effects, as expected turbulences could
have occurred due to its internal structures (e.g., metal
sheets, fixed irradiators). This is distinctly different
from laboratory studies that measure bioaerosols in a
laminar flow field, for example, Zhen et al. (2014).

In the conducted study, it was noticed that a signifi-
cant natural loss of virus particles occurred when the
viruses transited the device without UV-C irradiation.

Table 5. Calculated UV-C minimum doses for 99% of particles
at adjusted air flows.

T
Sample no. (UV-C active)* 4 {T} Dose [mWs/cmz]
2 113 2.93
4 112 2.95
6 122 2.72
8 123 2.70
10 135 2.46
12 137 243
14 144 2.31
16 147 2.27
18 157 2.13
20 158 2.11

*No doses for samples with odd numbers because UV-C was inactive.
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This observation stressed the importance of measuring
virus load before it enters a device to ensure accurate
interpretation of results. Although Knaus, Vatter, and
Hessling (2021) implemented a different test setup to
measure the UV-C effects on airborne viruses, they
also recorded a loss of bioaerosols when UV-C was
deactivated. The cause of this loss was not easily identi-
tiable but was accounted for in their findings.

Regarding the present study, the air was stream-
lined prior to reaching the sampling sites and the
magnitude of loss via the sampling technique is
assumed to be relative. Concerning impaction, it can
be mostly ruled out due to the nanometer scale of the
nebulized viruses (Uhde et al. 2022). Regrettably, we
were unable to measure nanometer particles at both
the inlet and the outlet of the test system, which
might be considered as one of this study’s limitations.
Factors such as agglomeration and electro-precipita-
tion may have contributed to the natural loss of virus
particles in the device. These are mere speculations,
and the actual reasons remain unknown.

One essential consideration is that virus particles
residing in the irradiated section of the system would
have had to endure considerably higher UV-C doses.
On the off chance some particles crossed into the third,
non-irradiated section, those particles had already trav-
eled through the irradiated section. The survival rate
would be quite low. A case in point is the comparison
between average concentrations at the outlet PFU O
(7.21 LOG,o PFU/m®) and PFU O UV (583 LOGy,
PFU/m’), where a reduction of 95.8% was observed.
Hence, it is safe to infer that over 90% unaccounted
virus fraction would have been inactivated by UV-C
while crossing the system via the airborne route. Given
this, any significant effect on the reduction efficiency of
UV-C could be neglected.

The primary aim of the study was to assess the effi-
cacy of a UV-C device in reducing airborne surrogate
viruses, using phage MS2 as an example. This small
virus surrogate is frequently studied and is often used
as a surrogate for rhinoviruses. As stated in the intro-
duction, the published Dyg and Dgg values for UV-C

Table 6. Reduction of airborne viruses relative to minimum doses.

Dose [mWs/cm?] Measured PFU IUV [LOG10/m?]

Measured PFU OUV [LOG10/m?] Total reduction

293 7.32
2.95 7.26
2.72 7.52
2.70 7.75
2.46 7.61
243 7.48
2.31 7.69
2.27 7.52
213 7.02

2.1 7.16

5.53 98.37
5.44 98.50
5.66 98.64
5.64 99.23
5.75 98.62
6.04 96.36
6.37 95.24
5.87 97.76
5.93 91.88
6.08 91.75
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irradiated viruses are useful for comparative purposes.
Under the selected test conditions, the total reduction
in viruses due to UV-C irradiation varied between
92% and 99%, resulting in equivalent Dgy and Dy val-
ues. Viral reduction was noted to decrease with
increased airflow, a result of the reduced UV-C dosage
due to decreased residence time.

To determine the minimum exposure to viruses
within the device, UV-C measurements were con-
ducted in the prototype, providing an estimation of
the minimum residence time required for 99% of
particles. This approach was
designed to ensure the effectiveness of UV-C on bio-
aerosols. The UV-C irradiation was measured within
the prototype at room temperature with a constant
airflow. The output of UV-C from mercury low-pres-
sure lamps can be affected by temperature fluctuations
(Lau et al. 2012). As air exchange rates increased for
the tests, temperatures in the UV-C irradiated section
may have declined at higher air volumes. However,
the recorded temperatures at the system’s outlet
during UV-C irradiation showed a standard deviation
of £1.3°C, leading us to anticipate no significant
impact on calculated dosage (Lau et al. 2012).

The model used to calculate particle residence
times showed a reduced time of approximately one-
third when comparing the lowest and highest airflows.
Calculated doses dropped by about 28%, while the
corresponding numbers of PFU decreased by around
6%. This study found higher doses were needed for
effective MS2 virus inactivation than the ones cited in
the introduction. The doses and reduction efficiency
in the current investigation correlate well despite
minor fluctuations, which may be due to methodo-
logical factors. One question that arises is whether the
study doses may have been overestimated.

For instance, if the modeled residence time is com-
pared to the 147 m’/h air exchange rate (sample No.
16), the exchanged air volume would theoretically be
40.8L per second. Considering the volume capacity of
the two irradiated channels is 22.5L, the full air
changeover would take 0.55s. This is a longer resi-
dence time than the modeled average of 0.47s, pos-
sibly on account of pathlines with high velocities
(Figure 4). This led us to suggest that estimating resi-
dence time via flow rate and device volume could
result in an overestimation for virus particles, thereby
leading to inflated calculated doses.

Tseng and Li (2005) employed air exchange to cal-
culate exposure time and used a single sensor to gauge
average facial intensity. The photon density dimin-
ishes with distance from the source, and photon

virus conservative

output varied over the low-pressure mercury lamps’
length (Lau et al. 2012). Utilizing average facial inten-
sity may not accurately depict the average doses
exposed to the viruses. The computed low doses from
0.8 to 0.9 mW s/cm” required to inactivate 99% of the
airborne MS2 virus contradicts findings by Walker
and Ko (2007). They found that about 31% of the
MS2 virus remained infectious at 2.6 mW s/cm’. An
attempt was made to measure irradiation using AGI-
30 impingers for PFU detection. This method mirrors
the current study, but the dose needed for a nearly
two-thirds reduction was greater than the Dy, values
in Table 5. A minimum dose of >2.1mW s/cm? was
adequate to inactivate over 90% of the virus, and the
Doy value could potentially be expected at doses
higher than 2.7 mW s/cm®. UV-C irradiation measure-
ments considered different photon densities across the
length of the irradiators. However, the three sensor
positions and sensor orientation probably missed
reflecting photons from the stainless steel surface,
which has a UV-C reflectance ratio of 24.5%, for
example, Endo et al. (2021). Consequently, the calcu-
lated doses for the prototype might have been slightly
underestimated. On the other hand, Snelling et al
(2022) measured UV-C irradiation precisely and found
a requirement of 20J/m* (equivalent to 2 mWs/cm?)
to inactivate 90% of airborne MS2, which aligns with
our findings. We conclude that the prototype’s dosage
is adequate to effectively inactivate various airborne
infectious viruses at all tested airflows. For instance,
SARS-CoV-2 requires significantly lower doses (0.28
mWs/cm?) for a reduction of >99% (Garg et al. 2023).
The airborne influenza A virus is also susceptible to
UV-C irradiation, reducing by 98.2% at maximum
doses of 1.5mW s/cm? (McDevitt, Rudnick, and
Radonovich 2012). A high inactivation rate (>99%) is
desirable for airborne viruses in general. Based on
these findings, it is suggested that commercial devices
based on this prototype operate at lower flow rates
(below 135m?, for instance) to ensure high reduction
rates. In this context, it should be considered that air-
borne viruses in mucus droplets (e.g., SARS-CoV-2) or
in fecal particles (e.g., Highly Pathogenic Avian
Influenza) could be less susceptible to UV-C irradi-
ation. Unfortunately, data about that are scarce. Hill,
Doughty, and Mackowski (2024) tested the effectivity
of UV-C (222nm and 254nm) on SARS-CoV-2 in
host particles. The average survival fraction in mucus
particles irradiated with 2 mWs/cm? (254 nm) was less
than 10%. Hence, it can be assumed that the tested
prototype in the present study would reduce more
than 90% of the virus in aerosols from humans.



In future, it would be interesting to compare the
efficiency of the UV-C device with other types of air
cleaners and to estimate the clean air delivery rate
(CADR). Data of CADR from different air cleaning
devices tested with the same surrogate (MS2) and the
same detection method (all glass impinger, AGI.30)
are available (Beswick et al. 2023). Further, the useful-
ness of UV-C
account. An advantage of using UV-C (254 nm) could
be the reduced noise compared to HEPA filters and
that no toxic or oxidizing compounds (HO, O;) are
released into the air when ozone free irradiators are

irradiation should be taken into

used. An alternative to inactivate airborne viruses
with 254 nm irradiators could be the use of excimer
lamps with 222nm. These lamps can be operated in
rooms without inducing acute reactions in the skin or
eyes of humans (Eadie et al. 2022). However, under
discussion is the production of levels of ozone, OH
radicals, and secondary organic species by excimer
lamps which may have negative health impacts and
should be ideally mitigated (Barber et al. 2023).

The non-irradiated RNA copy numbers detected by
RT-PCR were 3.6 and 3.7 logs higher than the corre-
sponding PFU count. Dreier, Stormer, and Kleesiek
(2005) recorded a 2 LOG,q discrepancy between PFU
per ml and RNA copies per ml in an MS2 stock solu-
tion. For air filter samples, the difference between PFU
and copy numbers generally fell between 2 LOG;, and
5 LOGj, as shown in Bild 3 (means Figure 3) of an
article from a German journal (Dreier et al. 2008).
This discrepancy could be attributed to the presence of
RNA fragments and incomplete virus particles in the
nebulized suspension.

During virus production for virus isolation from
the bacterial solution, some viruses were not fully
formed, and some infected cells died before the virus
production was completed. The detected RNA frag-
ment (60bp) was quite small, implying that RT-PCR
could still detect partially synthesized RNA strands.

Notably, no significant correlation was observed
between RNA copy numbers and respective PFU at
the sampling sites. The changing relationship between
PFU and RNA in the stored solution cannot be ruled
out. However, this consideration does not clarify why
the RNA concentration between the system’s inlet and
outlet did not significantly differ, like the PFU count.
A possible explanation is a variation in particle sizes,
with virus and RNA fragments being smaller than
complete viruses. Thus, the impact on PFU losses,
stronger for larger particles, could be less for these
smaller fragments.
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A significant reduction in RNA copies was
recorded following UV-C irradiation. Although sig-
nificant, this decrease was notably less substantial
compared to the difference in PFU. The probability of
UV-C photo lesions occurring in a small region for
RNA amplification is lower than in an entire RNA
strand of an infectious virus particle. Therefore, the
reduction in RNA copy numbers under activated
UV-C was only 19% when comparing arithmetic
means between inlet and outlet.

The substantial differences between RNA copy num-
bers and active viruses are not unique to the tested
virus; they are also observed in cases of influenza
viruses, for example, Brown et al. (2015). Nevertheless,
during an infection, there can be significant variations
in the exhaled concentrations of active viruses and
RNA copy numbers among infected individuals (Fabian
et al. 2008). Moreover, while the range of an infectious
dose of viral particles may be known, RT-PCR analysis
only provides information about total viral particles, not
active viral particles (Nikitin et al. 2014). Therefore,
modeling virus spread, or risk assessment based on
RNA fragment detection without knowledge of the rela-
tion between active particles and copy numbers would
be speculative and unsuitable for such applications.
Estimations based on viral RNA recovery could become
even more complex when environmental factors affect
both virus tenacity and nucleic acid detection as shown
by Richter et al. (2023) who exposed SARS CoV-2 by
heat. Surveillance and/or disinfection testing using RT-
qPCR analysis may overestimate the presence of
residual infectious virus (Hardison et al. 2022). Our
study has shown, that degradation of irradiated RNA
did not align with the loss of PFU. Desiccation, sun-
light, and oxidation processes are examples of such fac-
tors in a natural environment.
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