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Abstract

Far-UVC irradiation at a 222 nm wavelength is a promising technology for inactivating
microorganisms in indoor environments to mitigate transmission of infection. Here we report
experimental measurements in a room-scale chamber to evaluate the performance of filtered
Krypton-Chloride (KrCl) lamps in reducing the steady-state concentration of Staphylococcus
aureus and Pseudomonas aeruginosa under different ventilation rates in indoor
environments. The results showed a mean 95.5% lowering of S. aureus load and 94.9% of
P. aeruginosa load at 3 air changes per hour (ACH) using one Far-UVC lamp and 97.8%
and >97.5% using five lamps. At 1.5 ACH, the mean microbial reduction for S. aureus was
>94.6% and >99.5% and at 9 ACH, it was 66.3% and 91.9% for 1 lamp and 5 lamps,
respectively. Initial results at a shorter distance between the microbial source and collection
sampling show a reduced but still substantial effect of the Far-UVC. The findings indicate
that within these experimental conditions, Far-UVC can be effective at room-scale
inactivation of a range of pathogens in a range of ventilation scenarios and also show
promise at short-range inactivation. This research paves the way for future work to explore
efficacy in real-world scenarios and to quantify usability and acceptability.
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Highlights

o Far-UVC effectively inactivated multiple airborne pathogens in a room-sized chamber
¢ Inactivation was good at all mechanical ventilation regimes

¢ Inactivation was consistent across ventilation regimes

e At a short distance, Far-UVC inactivation was reduced but remained significant

1. Introduction

Managing exposure to microorganisms in the air and on surfaces is critical for controlling
transmission of infection, particularly in high-risk environments such as healthcare. Data
from 2016-17 suggests that hospital acquired infections cost the NHS in the UK over

£2.7 billion per year and affected over 834,000 people [1]. COVID-19 has substantially
raised this figure with around 20% of patients in hospitals acquiring infection in the UK during
the first wave of the pandemic [2]. Airborne transmission of infection is already recognised
for many diseases including Tuberculosis, Measles, SARS, Influenza, and COVID-19 [3, 4],
and airborne dispersion including deposition onto surfaces has been indicated for several
other pathogens including methicillin-resistant S. aureus (MRSA), Clostridium difficile,
Pseudomonas and Norovirus [5, 6].

Ventilation is well recognised as a key strategy for controlling airborne exposure. It is
embedded in UK healthcare guidance [7] and there is also evidence that effective ventilation
and air cleaning can reduce contamination of surfaces [5, 8]. However, ventilation in a large
proportion of buildings within the healthcare sector and in other settings does not meet
current standards and improving ventilation can be costly and practically difficult to achieve
[9]. Air cleaning strategies are increasingly being recommended to enhance infection control
without the complexity of installing new ventilation equipment [10]. Some of these
technologies, including HEPA filters and 254nm ultraviolet (UVC), have significant evidence
base whereas other emerging technologies, including Far-UVC, show promise. However, the
evidence for emerging technologies is largely based on small-scale experiments and many
lack data to support full-scale application.

Krypton-Chloride excimer lamps produce germicidal UVC across a broad spectrum with a
peak wavelength around 222 nm. This is known as Far-UVC with current evidence
suggesting that 222nm does not cause the acute effects of other UVC wavelengths, with no
evidence to date that it harms skin or eyes when used within current guidance exposure
values [11, 12]. Research continues to explore the effects of Far-UVC on tissue [13]. Far-
UVC exposure limits in the UK and EU follow the International Commission on Non-lonizing
Radiation Protection (ICNIRP) [14] guidelines which recommend an 8-hour exposure limit of
23 md/cm?at 222 nm. In the US, higher 8-hour threshold limit values of 160 mJ/cm? for eyes
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and 478 mdJ/cm? for skin (when eyes are protected) at 222 nm are recommended by the
American Conference of Governmental Industrial Hygienists [15]. With the use of
appropriate filters to significantly reduce emissions at more hazardous UVC (and UVB)
wavelengths, Krypton-Chloride based lamps can be used as an effective source of Far-UVC
light.

Evidence from small-scale laboratory studies indicates the potential for Far-UVC to
inactivate a wide range of microorganisms in air and on surfaces including SARS-CoV-2,
influenza and several bacterial pathogens [16, 17]. Our previous work carried out the first full
room scale experimental chamber study and showed over 90% inactivation of
Staphylococcus aureus under steady contamination conditions with lamps that generated a
UV field meeting the ICNIRP exposure guidelines [18]. A chamber study measuring
aerosolised E. coli under decay conditions indicates rapid inactivation due to Far-UVC and
better relative performance at lower ventilation rates [19]. Experimental comparison of Far-
UVC with conventional 254nm UVC against a range of bacteria in a duct suggests the
technology can be effective when installed in an HVAC system, but highlights the
performance depends on the ventilation rate [20]. A real-world study carried out in a meeting
room showed an average 66% reduction in total bacterial count after 1 hour of Far-UVC
operation, but a smaller impact on fungal concentrations [21]. Buonanno et al. demonstrated
a 99.8% reduction of infectious airborne murine norovirus in a mouse-cage cleaning room
[22]. A study applying a 222nm lamp in a bathroom environment indicated an overall 64%
reduction in colony forming units for aerobic bacteria on surfaces, indicating there is also a
potential benefit for mitigating surface concentration of bacteria [23, 21] . Far-UVC light has
been shown to inactivate bioaerosols in a variety of settings, including common office areas,
air-conditioned rooms, and upper-room systems [24, 25]. This has been shown by both
experimental protocols and computer models. Research shows that the proper optimization
of lamp intensity and positioning creates safe opportunities for maximizing disinfection
effects. This paper builds on our previous room-scale bioaerosol chamber studies to
compare the performance of Far-UVC in reducing the concentration for two bacteria,
Staphylococcus aureus and Pseudomonas aeruginosa which are both representative of
hospital pathogens, and to explore the effectiveness under a range of different ventilation
rates and ventilation regimes. We consider the impact of Far-UVC on both air and surface
microbial contamination under steady-state contamination conditions and carry out

preliminary experiments to explore the influence of distance from the microbial source.
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2. Experimental Methodology

Bioaerosol chamber and Far-UVC lamps

The experimental approach was similar to our previous study [18]. Experiments were
conducted in a controlled bioaerosol chamber at the University of Leeds; the dimensions are
comparable to a single-bed hospital room (32.25 m?): 4.26m (L) x 3.36m (W) x 2.26m (H).
The ventilation air was HEPA filtered at the supply and the extract to provide contaminant-
free inlet air and ensure safe discharge, and all experiments were carried out with no
occupants in the room and with the ventilation operating under negative pressure for safety.
Air was supplied through either high- or low-level mounted wall grilles and extracted through
similar grilles mounted on the diagonally opposite wall (Figure 1). Throughout the
experiments, the temperature and relative humidity were maintained at 22°C + 1°C and 48%
* 2%, respectively.

Microorganisms Source

S

Air Inlet t
High (1.7 m height) ——

Low (0.5m height)

Air Outlet
| —— High
Low

226 m(Z . . .
m(2) Collection point of bioaerosols

/

| _— Collection point of surfaces

N _ 336 m (X)

,—’f =

X=0,
Y=0,
z=0

Figure 1: Bioaerosol chamber dimensions, ventilation regime and microorganism release
and air and surface sample locations used in the majority of experiments. Ozone

measurements were made close to the low air outlet.

Five Krypton Chloride excimer lamps (U3, Ushio Inc., Tokyo, Japan) were mounted close to
the ceiling of the chamber in a quincunx formation as described in Eadie et al [18]. The
lamps each had a luminous flux of 86 mW with thin PTFE diffuser and operated continuously
during all experiments. The thin PTFE diffuser was used to maximise the UVC irradiation
volume in the room by spreading the angle of the lamps’ emissions. Experiments were
carried out with one or five lamps operating, equivalent to room average fluence rates of
0.56 uWcm™ and 2.54 yWcm2 respectively.’ [14, 15, 18]. As this study represents whole-
room irradiation, rather than upper-room irradiation, it is most appropriate to calculate the

average fluence rate by the entire volume.
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Generation and sampling of microorganisms

Laboratory strains of Staphylococcus aureus (ATCC 6538) and Pseudomonas aeruginosa
(NCIMB 10848) culture were prepared by transferring a loopful of bacteria into a 100ml of
sterilised nutrient broth (Oxoid Ltd, UK) and incubating at 37°C for 48 hours. The
concentration of the strain in the culture broth was determined through serial dilution to be
~1 x108 cfu/ml. A Collison 6-jet nebuliser (BGI, USA) was used to generate the aerosolised
microorganisms in the range of 0.3-10 ym diameter [8]. The suspension fluid inside the
nebuliser vessel was created by adding 1ml from the culture broth to 99 ml distilled water to
achieve a concentration of ~1 x108 cfu/ml. The nebuliser operated at 12 L.min' and was
located outside the chamber with microorganisms injected into the room and released at one
of three locations at coordinates (X, Y, Z).

e Lgi: Through a tube and near the high-level supply of fresh air (0.5 m, 3.55 m, 1.7 m).

e Lg2: Through a tube and near the middle Far-UVC lamp (0.68 m, 2.1 m, 1.7 m).

e Las: Through a hole in the wall directly to the centre of the long wall of the chamber (0 m,
2.1m, 1.2 m).

The location of the source point Lg+ is as in Eadie et al [18] and was selected for the majority

of experiments as it was not located directly under a Far-UVC source. Location Lg2 was

used to explore the influence of distance and was located 2 m away from the sample point

with a single Far-UVC lamp directly between the two locations. Location Lgs was used to

release Pseudomonas aeruginosa as it was challenging to create sufficient aerosol in the

room (extremely low generation) and this location prevented losses in tubing that are present

with other release locations.

Tryptone Soya Agar (TSA) (Oxoid Ltd, UK) was used to prepare 90 mm and 55 mm petri
dishes for air and surface sampling respectively. Microorganisms sampled from the air were
collected using an Anderson 6-stage impactor air sampler that was operated at a flow-rate of
28 I.min’"; only the sixth stage is used as the focus is on total concentration rather than size
distribution of the aerosol [8]. Positive hole correction was applied for the air samples to
correct for potential over-counting under higher bioaerosol concentrations [26]. The sampler
was located externally to the chamber in the ante-room, and air samples were taken using
tubes via a sampling port at one of these three locations at coordinates (X, Y, Z):

e Las: Near the low air extract (2.85 m, 0.65 m, 0.5 m).
e La2: Near the high air extract (2.85 m, 0.65 m, 1.7 m).
e Las: Through a tube and near the middle Far-UVC lamp (2.68 m, 2.1 m, 1.7 m).

The location of the collection points (Lai and Laz) is representative of the average bioaerosol
concentration of the whole chamber [27]. Location Las was chosen to present a social
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distance of 2 m away from the source of infection (Lg2) with the Far-UVC lamp in between
LG2 and LA3.

Airborne pathogens were directly deposited onto agar plates contained within custom
Automated Multiplate Passive Air Sampling (AMPAS) device located on the floor of the room
[8]. The device comprises a series of 6 Petri dishes arranged in a circle, covered by a
rotating tray controlled by a stepper motor. The device is programmed to expose five of the
agar plates at pre-determined times and for pre-programmed periods before covering them,
without human intervention, to ensure they are no longer exposed to air. Four AMPAS
devices were put close together in front of the low grid outlet Figure 1. This location was
selected as previous experiments and simulations suggest that concentrations in air at this
location are most representative of average room conditions and the surface analysis here
focuses on providing an initial indication of the impact of Far UVC on airborne

microorganism deposition and was not chosen to explore surfaces with high-touch potential.

Microbial experimental process

In each experiment, the nebuliser and ventilation operated continuously over 180 and 210
minutes respectively (Figure 2); this replicates a realistic scenario in an indoor setting where

an infectious person continuously releases a pathogen over a long period. The first 60
minutes of each experiment were used to let the room achieve steady-state conditions, then
ten replicate air samples were taken over the next 50 minutes with the Far-UVC device(s)
off. The device(s) were then turned on and left for 20 minutes before taking ten more
replicate samples over a 50-minute period. A small number of air samples were also taken
during the 20 min transition period between the two conditions. These are not used in the
experimental analysis which focuses on steady-state conditionsError! Reference source
not found.. For air sampling, the duration time of sampling was 1-5 minutes (according to
the type of experiment), and for surface sampling, it was in 10-minute cycles and was
repeated five times (ten plates with Far-UVC device off and ten plates with Far-UVC device
on). Following sampling, the nebuliser and Far-UVC devices were switched off, and the
room ventilation rate was increased to 12 ACH for 30 minutes to flush any remaining
airborne microorganisms from the room. Following the experiment, the agar plates were

incubated at 37 °C for 24 hours. Most experiments were carried out using S. aureus.
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Ventilation rate comparison experiments were carried out at airflow rates of 0.013 m3®s™,
0.027 m3s', 0.054 m3s™'and 0.081 m3®s" equivalent to 1.5, 3, 6 and 9 air changes per hour

(ACH), respectively with the ventilation regime high grid inlet- low grid outlet (Table 1).

Sampling type and time
X Airsamplingfor 5 min (10 replicates)
= Surface sampling for 10 min intervals
(5 plates * 2 AMPAS)
@ Additional airsamples during
transient period

XX XXXXXXXX

= e = e = ¥
=200 =

XXXXXXXXXX

- = - -
(— N N W

Concentration of microorganisms

0 60 70 80 90 100 110 130 140 150 160 170 180 210
Time (min)
Build up Steady-state/ Transient Steady-state/ Decay /cleaning
(60 min) (50 min) period (50 min) (30 min)
device off device off (20 min) device on device off

device on

Figure 2: Graph of experimental procedure with samples and timing.

The location of generation sources was Lg1, and the collection point of air sampling was Las.
Ventilation regime comparison experiments were carried out at high grid inlet- low grid outlet
and low grid inlet- high grid outlet at a constant ventilation rate of 3 ACH. The location of
generation sources was Lg1 and the collection points of air sampling were Las and Laz.
Spatial comparison experiments were carried out at high grid inlet- low grid outlet at 3 ACH.
The location of the generation source was Laz, and the collection points of air sampling were
La1 and Las. Microbial species comparison experiments were carried out with S. aureus and
P. aeruginosa at 3 ACH with high grid inlet- low grid outlet and source locations were Lg1and
Les and the collection points of air sampling was Las.

Table 1: Summary of Comparison of Experimental Factors in Far-UVC irradiation at 222 nm.

Comparison Experiments

Experiment

Ventilation short-range Microbial
factors Ventilation rate _ o .g _

regime inactivation species

No. of Far-UVC
. 1&5 1&5 1 1&5
light (222 nm)
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Ventilation rate

experiments

15,3,6&9 3 3 3
(ACH)
ventilation high grid high grid inlet- high grid high grid
regime inlet- low low grid outlet inlet- low inlet- low
grid outlet & grid outlet grid outlet
low grid inlet -
high grid outlet
Microorganisms S. aureus &
S. aureus S. aureus S. aureus _
P. aeruginosa
La1 (near the Laz (near the
Generation ) La1 & Las (centre
high-level La1 middle Far-UVC
source of the wall)
supply) lamp)
. _ Lat & Laz(Near Lat & Laz(near the
Collection point  Lai (Near the low _ _ .
_ _ _ the high air middle Far-UVC La
of air sampling air extract)
extract) lamp)
Collection point  close together in
of surface front of the low _ _ _
sampling grid outlet
Temperature 22°C £1°C 22°C £1°C 22°C £1°C 22°C £1°C
Relative
- 48% * 2% 48% £ 2% 48% + 2% 48% * 2%
Humidity
Total
8 4 1 1

Statistical analysis

Appendix B - 400 Hole Count Correction Table was used to apply positive hole correction for

the sampler [28] to correct for potential over-counting under higher bioaerosol

concentrations. The reduction percentage represents the proportion of microorganisms

inactivated by the Far-UVC treatment and is calculated as:

Reduction Percentage = [(Initial Concentration — Post Exposure Concentration) / Initial

Concentration] x 100
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The remaining percentage indicates the proportion of microorganisms left after exposure to
Far-UVC and is calculated as:

Remaining Percentage = (Post Exposure Concentration / Initial Concentration) x 100

Experiment resolution is the limitations of detection of the experiment and is defined as 1
divided by the average number of CFU/plate in the steady state / device off collection period.
R version 4.2.0 was used to process the data and generate the graphs. A t-test with Welch
correction for groups with unequal variances was performed to assess the separate
hypothesis that sampling location and ventilation regime were similar. The significance level
used throughout was 0.05.

3. Results

Far-UVC and mechanical ventilation

Figure 3: The performance of Far-UVC (222 nm) irradiation in reducing the concentration of
S. aureus in the air under steady state contamination at different ventilation rates (The box
represents the interquartile range (middle 50% of results), the line inside indicates the
median, and the whiskers extend to show variability).Figure 3 and Table 2 show the impact
of Far-UVC on reducing the airborne steady state concentration (i.e. with continuous
contamination) of S. aureus under four ventilation rates with either one or five UVC lamps
switched on. Results illustrate that the Far-UVC devices significantly impact on steady state

reduction of microorganisms across a wide range of ventilation rates in the chamber.
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234  Figure 3: The performance of Far-UVC (222 nm) irradiation in reducing the concentration of
235 S aureus in the air under steady state contamination at different ventilation rates (The box
236  represents the interquartile range (middle 50% of results), the line inside indicates the

237  median, and the whiskers extend to show variability).

238 As expected, the relative benefit of the Far-UVC is greater at a lower ventilation rate and
239  with a greater number of devices. At a high ventilation rate, there is more removal of

240  microorganisms by the ventilation air, and hence the additional benefit measured by the
241  experiments is relatively less than at a low ventilation rate. This concurs with the findings of
242 Xia et al [19]. In addition, at a higher ventilation rate, the airflow in the room is at a higher
243 velocity and therefore the aerosolised bacteria will have a lower residence time within the
244  UVC field. The relative reduction is in line with data previously reported at 3 ACH (Eadie et
245  al. 2022), confirming consistency of findings between the two studies. At the lowest

246  ventilation rate of 1.5 ACH, the measured data reaches the limit of detection with all five
247  devices operational with no colonies of S. aureus cultured from any of the air samples in the
248  period after the UVC lamps had been turned on. Although this is reported in the table as
249 100% reduction, this value should be treated with caution as it is relative to the concentration
250 in the room with no lamps operational. The experiments were conducted on different days,
251  which leads to variations in concentration and the absolute values are less significant than
252  the relative values.

253  Table 3 shows the impact of the Far-UVC on the deposition rate of microorganisms on the

254  AMPAS sampler located on the floor of the chamber under different ventilation rates.

255  Table 2: Far-UVC impact on airborne microorganisms at various ventilation rates.

No: of |iFgar:{l(Jz\/2C2 Ventilation | Bioaerosols Ioad_(cfu/m3), % Reduction E)ézglrﬁgr?t
devices rate (ACH) Mean + SD (Min-Max) i
nm) Median IQR
1.5 711 £ 162 (536 — 1071)
Off 3 1711 £ 391 (1286 — 2393)
6 800 + 180 (583 — 1000)
1 9 1800 + 313 (1357 — 2286)
1.5 11 £17 (0 — 36) 100% - 5.4%
on 3 75 £ 32 (36 — 143) 95.5% 93.3% - 97.8% 2.2%
6 58 + 21 (24 — 95) 92.8% 91.4%-93.9% 1.3%
9 650 + 124 (536 — 893) 66.3% 61.4% - 68.3% 2.0%
1.5 2456 + 388 (1702 — 2845)
Off 3 3339 t 424 (2714 — 4000)
5 6 1167 £ 99 (1036 — 1357)
9 1486 + 479 (893 — 2250)
On 1.5 0+0(0-0) 100% 0.5%
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3 64 + 38 (0 —107) 97.8% 97.0% - 98.9% 1.1%
6 27 £ 14 (0 —54) 97.4% 96.8% - 98.8% 1.0%
9 114 £54 (36 — 179) 91.9% 87.2% - 94.6% 2.7%

256
257  Table 3: Far-UVC impact on floor-deposited microorganism concentrations at various

258 ventilation rates.

i . Experiment
device nm) (ACH) concentration (cf_u/plate*), Median IQR
Mean £ SD (Min-Max)
1.5 0.30+0.48 (0-1)
Off 3 1.30+£1.16 (0-3)
6 0.20£0.42 (0—1)
1 9 2.00£1.25(1-5)
1.5 0+0(0-0) 100.0% - -
on 3 0+£0(0-0) 100.0% - -
6 0+0(0-0) 100.0% - -
9 0.60 £ 0.97 (0-3) 100.0% 0.00% - 50% 50.0%
1.5 0.50£0.71 (0—-2)
Off 3 3.10£2.02 (1-8)
6 1.40 £ 1.07 (0-3)
5 9 1.30 £ 1.25(0-4)
1.5 0+0(0-0) 100.0% - -
on 3 0.30£0.48(0—1) 100.0% 0.00% - 25% 33.3%
6 0+0(0-0) 100.0% = 50.0%
9 0.20£0.63 (0—-2) 100.0% - 100.0%

259

260 The impact of Far-UVC on reducing the load appears to be significant, with the majority of
261  samples detecting no deposited colonies after the lamps were switched on. However, the
262  concentration of deposited microorganisms was low even when the Far-UV light was off as
263  experiments were carried out with small diameter aerosols with a relatively low deposition
264 rate. Furthermore, it should be pointed out that concentration levels differed across different
265  experimental days, implying that the relative reduction in microbial load is more informative
266 than the absolute concentration values.

267  Far-UVC and changes to air flow (Ventilation regime)

268 Table 4 and Figure 4 show the impact of changing the ventilation supply and extract

269 locations and the sampling location on the inactivation of S.aureus in air at a ventilation rate
270 of 3 ACH. Under a high-low ventilation regime for a single lamp setup, bioaerosol reduction
271  was observed at 95.5% at location Las (near the low air extract). While with low to high, a
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reduction of 90.3% was recorded at the Lai location and 93.1% at Laz (near the high air
extract).

12

Table 4: Far-UVC performance in reducing airborne microorganisms under varied ventilation
regimes (Lai: Near the low air extract and La2: Near the high air extract).

No. of
devices

Far- .
llfg\;/h(t: Venti_lation Sampling Ioz:gazgfrg/srﬁlf?), % Reduction Experim.ent
regime point Mean £ SD Resolution
(nzrfﬁ (Min-Max) ~ Median  LOG IQR
Highlow L (60 5
Off | Low-High  Lay (12982885_i3587033)
LowHgh e 01~ 7500
High-Low  Lay G0 14s  9550% 135 93.3%-978%  220%
On | Low-High  Las (212%_1 Lug) 90.30% 1.01 87.3%-920%  0.60%
LowHigh L 6 uah  9310% 116 928%937%  0.30%
High-Low  Las (23731349:-’ 2102;0)
Off | Low-High  Lay (égglﬁggi)
Low-High  Laz g%%%f ;14‘?25)
High-Low  La (84_113% 97.80% 167 97.0%-98.9%  1.10%
on | Low-High  Laj 214:518% 98.60% 1.85 i 1.40%
LowHigh  Le 02 e 9710% 153 965%-97.8%  030%

Percentage remaining of S. aureus load

15

10

-

High-Low (LA1)

Low-High (LA1)

==

The ventilation regime
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Low-High (LA2)

No. of devices
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m 5
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Figure 4: The performance of Far-UVC (222 nm) irradiation in reducing the concentration of
S. aureus in the air at 3 ACH under different ventilation regimes (La1: Near the low air extract
and La2: Near the high air extract).

The percentage reduction difference is more noticeable in cases with only one lamp. On the
other hand, with five lamps, the percentage reduction is more consistent in varying
ventilation regimes and sampling locations. The Far-UVC appears to be slightly more
effective when the ventilation air is supplied from a high-level diffuser and extracted at low
level with one lamp. However, there is not a clear pattern between ventilation regime and
sample location seen in the results, and it is likely that in a reasonably well-mixed room, the

ventilation rate is a more important parameter.

Far-UVC and short-range inactivation

The influence of Far-UVC on inactivation based on the distance from the microorganism
source of infection was investigated as illustrated in Figure 5. Here the Far-UVC lamp was
located centrally between the source and sampling points, with a distance of 2m between
the two locations. The source and sampling location were selected to represent a typical
head height distance between people which was recommended as a mitigation measure by
a number of countries including the UK during the pandemic. This is compared to results
with the same lamp but with the release and sample locations as in the scenarios above
where the separation is 2.87m. Results indicate that in the closer proximity case where the
exposure time will be lower, the inactivation during steady-state contamination conditions
due to Far-UVC is reduced from 88.5% to 57.4% (Figure 6 and Table S1).

2
‘%‘
® 21l &

Le> Las

2.1m 1.7m

Figure 5: Graphical representation of the short-range distances experiment setup showing
source (Lg2: near the middle Far-UVC lamp), Far-UVC lamp and sample locations (Las: near
the middle Far-UVC lamp).
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Figure 6: Far-UVC (222 nm) effectiveness in reducing airborne S. aureus at 3 ACH across

varying distances.

Far-UVC and different pathogens

Results from the final set of experiments with two different microbial species (S. aureus and
P. aeruginosa) at 3 ACH are shown in Figure 7 and Table S2. While the inactivation of both
microbial species was significantly impacted by the Far-UVC light, the reductions were
substantial. The reduction achieved for S. aureus was 95.5% with one lamp and 94.9% for
P. aeruginosa. As the numbers of lamps used increased to five, reductions for S. aureus
were 97.8% and for P. aeruginosa were 100%. Care must be taken when comparing these
results because experimentally the release locations of the two pathogens differed. The
source of P. aeruginosa was released at the centre of the wall (Lgs) and S. aureus near the
high-level supply (La1), which could affect efficacy. This is because P. aeruginosa proved to
be sensitive to the tube initially used from outside the chamber used to release
microorganisms leading to very low concentrations prior to the device being switched on.
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However, it is important to note that in both cases we report the relative concentration rather

than absolute numbers, enabling better comparison within and between experiments.

120

I

® Far-UV status
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- On (5 devices)

30

Percentage remaining of P. aeruginosa load
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J .
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Number of Far-UVC devices

Figure 7: The performance of Far-UVC (222 nm) radiation in reducing the concentration of P.

aeruginosa in the air at 3 ACH.

4. Discussion

The experimental study shows that Far-UVC effectively reduces the airborne pathogen load
in a room under controlled conditions. We have tested devices against two microorganisms,
Staphylococcus aureus, and Pseudomonas aeruginosa, with all experiments carried out to
measure inactivation under continuous contamination conditions. The results demonstrate
both are inactivated, with room scale reductions of over 90% in the majority of experiments,
suggesting that Far-UVC is very likely to inactivate pathogens that are relevant to healthcare
settings. Lab scale studies carried out by other groups internationally suggest that Far-UvC
is also effective against a range of viruses and other pathogens [29] although we have not
been able to test these at chamber scale.

The results from our preliminary work that demonstrated inactivation at one ventilation rate
Eadie et al [18] have been shown in this study to be robust to changes in ventilation regime,
ventilation rate and sample location. As expected Far-UVC is more effective when more
lamps are used and hence there is a higher level of UVC in the room; experiments with 5
lamps lead to typical reductions of over 95% except at the highest air change rate, while
those with one lamp are closer to 90%. We also see in experiments that having lamps
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distributed across the room leads to results that have less variability than having a single
UVC lamp in the room. Experimental results show that the difference with ventilation regime
and sample location are small, and it is likely that the differences we see are driven by
variations in experiments more than the influence of the set-up. As expected, the relative
performance of the Far-UVC is better at a lower ventilation rate, where we also see less

variation in the results.

Initial experiments to explore the ability of a Far-UVC device to inactivate microorganisms at
closer proximity to a source show promise, with a reduced but still substantial reduction in
concentration seen at the closer source-sampling distance set up. Similar findings were also
seen in Xia et al [19] who measured E.coli concentrations of a small aerosol at much closer
distances. Experiments to measure the influence of distance are challenging to set-up and a
more detailed study is required to evaluate the impact of distance and orientation from a
directional source to represent for example a cough. Results to show the impact of Far-UVC
at reducing microbial deposition onto surfaces are also promising, however the very low
values measured both with and without the devices in operation mean that confidence in
these findings is lower. Further experiments carried out over longer time periods or using a
different aerosol source that generates larger particles may enable a higher particle
deposition rate and hence a more reliable determination of the effect of the Far-UVC
devices.

A number of recent studies have shown that Far-UVC lamps can produce small amounts of
ozone in indoor environments and that this may be a concern, particularly when ventilation
rates are low [30]. As part of our studies, we attempted to measure ozone concentrations in
the chamber under comparable conditions to the biological experiments. We detected small
increases in ozone with generally higher concentrations with more lamps. However, our
experimental results were inconsistent and further investigation suggested that the data was
significantly influenced by the external air being brought into the chamber. We therefore
calculated the theoretical ozone production rate, using the measured spectral irradiance of
the lamp and the oxygen cross-section, as described by Peng et al [31]. The result was a
ratio of ozone generation rate to fluence rate of 7.13 ppb h™'/(uWcm). This is in excellent
agreement with Peng et al., where a similar lamp (Ushio B1.5 (with diffuser)) had a ratio of
7.7 ppb h''/(uUWem2). The resulting production rate is 4 ppb h™' or 18 ppb h™' for 1 (0.56
uWem2) or 5 (2.54 pWem2) lamps respectively [31], which produces a range of additional
steady state ozone values of between 0.4 ppb (1 lamp, 0.56 uWcm2 at 9 ACH) and 12 ppb
(5 lamps, 2.54 uWcm2 at 1.5 ACH) for our experimental conditions. It is likely to be feasible

to implement Far-UVC to provide a good inactivation of microorganisms but without posing
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an unacceptable risk from the generation of ozone or secondary chemistry. This trade-off
may depend on the setting where the Far-UVC is deployed and may need to consider other
air quality risks together with the vulnerability of occupants and the time of exposure to
identify an appropriate balance. Further experiments are needed to more robustly quantify
the generation of ozone in chamber scale studies; however, this is a longer-term goal for our
studies as it will require significant modification to the chamber environment to provide a
better control and measurement of the chemical composition of the outdoor air that enters
the facility.

There were a number of limitations in our experiments. We have only considered two
microorganisms, both bacteria in the timescale of this study. Although there is small scale
laboratory data against a wider range of microorganisms including viruses [32, 33] it would
be important to test against further microorganisms at full scale, as in Lu et al. [34].

Our experiments were all carried out at normal-to-warm room temperatures and normal
indoor humidity (22°C £ 1°C and 48% * 2%, respectively), so are representative of a large
proportion of indoor spaces. Further research is needed at various temperatures and
humidity levels, particularly as evidence from 254nm UVC work suggests that performance
may be lower in higher humidity environments [35]. We have focused on the impact of Far-
UVC on microorganisms in air, and alongside the air samples we have measured the impact
on deposition onto surfaces which suggests a beneficial effect. However, we have not
looked at the impact of Far-UVC on surface contamination over time and in environments
where contamination can happen due to hand contacts as well as deposition. As Far-UVC is
a technology which exposes the whole room to UVC light, this means that it has the potential
to more widely contribute to surface hygiene. It is not considered as a decontamination
technology in this study; however, it would be beneficial to understand the routine impacts
on surface bioburden.

A further limitation is that our experiments are carried out using aerosolisation of the
microorganisms in distilled water using a Collison nebuliser. This is a very common
approach for aerosol chamber studies as it is a reliable method that generates a consistent
aerosol with a narrow size range 0.3-3 um with mean of 0.6 um with geometric standard
deviation of 1.6 [36]. However, this does not fully represent the aerosol size range or
composition of human respiratory aerosols [37, 38] or other aerosol sources such as bed
making or toilets that may be present in real world settings. Future experiments that consider
a wider aerosol size at source and more realistic respiratory or environmental fluids are

needed.
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Our experiments were designed to consider the average whole-room reduction in pathogen
load for a well-mixed room. This provides controlled experimental conditions which enabled
us to investigate and compare the variables described here. Our experiments were not
designed to consider real-life situations, where an infectious source and one or more
recipients could be located anywhere within the room. Previous published studies have
investigated such scenarios [39, 19, 40]. It will be important for future studies to investigate
pathogens that are more resistant to UVC than those used in our study, as well as explore
inactivation in realistic scenarios that consider different source locations and characteristics

as well as the risk reduction for different occupants due to the Far UVC.

The study carried out here also focused primarily on the relationships with ventilation but did
not consider detailed aspects around design, particular around how to optimise the
application of Far UVC in terms of number and positioning of lamps or with other
technologies such as filtration. Considering the results of our previous work [18] with our
current study, we can see a 92% reduction in steady-state pathogen load when 5 lamps
operate at around 14% (Medium) of their total output. In such a scenario the whole room
average fluence rate is approximately 0.35 pyWcm-2, producing 2.49 ppb h-1 ozone, which is
less than a 1 ppb increase in the steady state ozone concentration. This provides excellent
pathogen reduction without apparent significant photochemistry. Operating in a room at a
lower ventilation rate would increase the photochemistry but allow for less Far-UVC to
achieve the same inactivation (Figure 3). Further research is needed to investigate

pathogens that are more resistant to UVC than those used in our study, as well as to look in
detail at design parameters and interactions with other technologies. Approaches that use
design optimisation, such as we have applied to 254nm upper room UVC [41, 42] could be a
viable approach to exploring these trade-offs and interactions between technologies.

5. Conclusions

From the results in this study, we conclude that Far-UVC has substantial potential to reduce
the concentration of microorganisms in the air. Experiments show that Far-UVC can
effectively inactivate both S. aureus and P. aeruginosa bacteria in air at 3ACH, and for
testing under different ventilation rates and ventilation regimes S. aureus was used in the

experiments.

The Far-UVC light technology has shown significant microbial inactivation particularly at
lower ventilation rates. This shows its robust applicability and efficacy in indoor settings. The
effectiveness of inactivation increases when using a higher number of lamps which confirms

the importance of the applied dose in the inactivation efficacy. A balance can be struck
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between sufficient pathogen inactivation with minimal additional photochemistry. The
differences in results with varying ventilation regime and sample location are marginal, and it
may be due to variations in experiments more than the influence of changing the ventilation
regimes. The microbial inactivation at short distances between the source and the collection
point (such as a cough situation) showed a lower efficacy due to the short contact time with
the Far-UVC light. Application of Far-UVC in real-life requires pairing it with ventilation and
filtration systems to achieve maximum coverage through multiple low-powered lamps which
maintain exposure safety parameters. User safety depends on correct positioning of lamps
and proper ozone management during implementation. Further research is still necessary to
understand interactions between Far UVC and environmental conditions and with other

technologies such as filtration, and to confirm the findings in this study in real-world settings.

Acknowledgements

The research in this study was supported by NHS Scotland Assure grant reference 21-0001.
The authors would like to thank the support of the project steering group for helpful
comments and feedback on the study, and manufacturers of 222nm lamps who have kindly
loaned or gifted Far-UVC lamps for our studies. These contributions have been made
without any interference or influence on the research undertaken and without financial

contribution.
Author contributions

KW, EE, DJB, CJN conceived the study and secured funding, KW, EE, CJN, LAF, CSA
designed the experimental protocol, WH, ET carried out the experiments, WH, EE, MFK
carried out the experimental analysis, KW, EE, CJN, WH led the evaluation of results, all
authors contributed to writing and editing the manuscript.

Competing interest declaration

CJN was co-chair of the Environment and Modelling sub-group for the Scientific Advisory
Group for Emergencies (SAGE) and has provided scientific advice on transmission of Covid-
19 across UK government and to WHO. DJB and other coinventors have a granted US
patent entitled ‘Apparatus, method and system for selectively affecting and/or killing a virus’
(US10780189B2). Columbia University (the parent institution of DJB) has licensed aspects
of filtered UV light technology to USHIO Inc, and has received a research gift from Lumen
Labs, a company producing Far-UVC sources. The remaining authors have no competing
interests to declare.



20

476 References

477

[1]

[2]

3]

[4]

[5]

[6]

J. F. Guest, T. Keating, D. Gould and N. Wigglesworth, “Modelling the annual NHS costs
and outcomes attributable to healthcare-associated infections in England,” BMJ open,

vol. 10, no. 1, p. e033367, 2020.

G. Knight, T. Pham, J. Stimson, S. Funk, Y. Jafari, D. Pople, S. Evans, M. Yin, C. Brown, A.
Bhattacharya and R. Hope, “The contribution of hospital-acquired infections to the
COVID-19 epidemic in England in the first half of 2022,” BMC infectious diseases, vol.

22, no. 1, pp. 1-14, 2020.

J. Tang, P. Wilson, N. Shetty and C. Noakes, “Aerosol-transmitted infections—a new
consideration for public health and infection control teams,” Current treatment

options in infectious diseases, vol. 7, no. 3, pp. 176-201, 2015.

C. Wang, K. Prather, J. Sznitman, J. Jimenez, S. Lakdawala, Z. Tufekci and L. Marr,
“Airborne transmission of respiratory viruses,” Science, vol. 373, no. 6558, p. 9149,

2021.

T. Boswell and P. Fox, “Reduction in MRSA environmental contamination with a
portable HEPA-filtration unit,” Journal of Hospital Infection, vol. 63, no. 1, pp. 47-54,

2006.

C. Beggs, L. Knibbs, G. Johnson and L. Morawska, “Environmental contamination and
hospital-acquired infection: factors that are easily overlooked,” Indoor air, vol. 25, no.

5, pp. 462-474, 2015.



21

[7]1 NHS, “(HTM 03-01) Specialised ventilation for healthcare buildings,” 2021.

[8] W. Hiwar, M. King, H. Kharrufa, E. Tidswell, L. Fletcher and C. Noakes, “The impact of
ventilation rate on reducing the microorganisms load in the air and on surfaces in a

room-sized chamber,” Indoor air, vol. 32, no. 11, p. 13161, 2022.

[9] L. Morawska, J. Tang, W. Bahnfleth, P. Bluyssen, A. Boerstra, G. Buonanno, J. Cao, S.
Dancer, A. Floto, F. Franchimon and C. & Haworth, “How can airborne transmission of
COVID-19 indoors be minimised?,” Environment international, vol. 142, p. 105832,

2020.

[10] SAGE-EMG, “Potential application of air cleaning devices and personal
decontamination to manage transmission of COVID-19,” Environmental and Modelling

Group, 2020.

[11] T. Fukui, T. Niikura, T. Oda, Y. Kumabe, H. Ohashi, M. Sasaki, T. Igarashi, M. Kunisada,
N. Yamano, K. Oe and T. Matsumoto, “Exploratory clinical trial on the safety and
bactericidal effect of 222-nm ultraviolet C irradiation in healthy humans,” PLoS One,

vol. 15, no. 8, p. e0235948, 2020.

[12] S. Kaidzu, K. Sugihara, M. Sasaki, A. Nishiaki, H. Ohashi, T. Igarashi and M. Tanito, “Re-
evaluation of rat corneal damage by short-wavelength UV revealed extremely less
hazardous property of Far-UV-C,” Photochemistry and Photobiology, vol. 97, no. 3, pp.

505-516, 2021.

[13] J. Fain, A. M. Senna, J. C. Osorio, L. Silva, M. T. Cruz, M. C. Lopes, A. Oliveira, H. Ribeiro,

P. Di Mascio and F. & Ricardo, “Proteomic, oxidative, and inflammatory alterations in



22

human skin exposed to UV 222 nm: Implications for safety,” Journal of Photochemistry

and Photobiology B: Biology, vol. 231, p. 112713, 2023.

[14] ICNIRP, “Guidelines on limits of exposure to ultraviolet radiation of wavelengths

between 180 nm and 400 nm (incoherent optical radiation),” 2004.

[15] ACGIH, 2022 Threshold limit values (TLVS) and biological exposure indices (BEIS),

American Conference of Governmental Industrial Hygienists, 2021.

[16] D. Welch, M. Buonanno, V. Grilj, I. Shuryak, C. Crickmore, A. Bigelow, G. Randers-
Pehrson, G. Johnson and D. Brenner, “Far-UVC light: A new tool to control the spread

of airborne-mediated microbial diseases,” Scientific Reports, vol. 8, no. 1, pp. 1-7,

2018.

[17] B. Ma, P. Gundy, C. Gerba, M. Sobsey and K. Linden, “UV inactivation of SARS-CoV-2
across the UVC spectrum: KrCl* excimer, mercury-vapor, and light-emitting-diode
(LED) sources,” Applied and environmental microbiology, vol. 87, no. 22, pp. e01532-

21, 2021.

[18] E. Eadie, W. Hiwar, L. Fletcher, E. Tidswell, P. O’'Mahoney, M. Buonanno, D. Welch, C.
Adamson, D. Brenner, C. Noakes and K. Wood, “Far-UVC (222 nm) efficiently
inactivates an airborne pathogen in a room-sized chamber,” Scientific reports, vol. 12,

no. 1, pp. 1-9, 2022.

[19] T. Xia, K. Guo, Y. Pan, Y. An and C. Chen, “Temporal and Spatial Far-Ultraviolet
Disinfection of Exhaled Bioaerosols in a Mechanically Ventilated Space,” Journal of

Hazardous Materials, p. 129241, 2022.



23

[20] H. Zhang and A. Lai, “Evaluation of Single-Pass Disinfection Performance of Far-UVC
Light on Airborne Microorganisms in Duct Flows,” Environmental science & technology,

vol. 56, no. 24, pp. 17849-17857, 2022.

[21] C. H. Leow, L. H. Saw and F. S. & Low, “Investigations of the UVC 222 NM air cleaning
system in an air-conditioned room,” Building and Environment, vol. 265, p. 111990,

2024.

[22] M. Buonanno, N. J. Kleiman, D. Welch, R. Hashmi, I. Shuryak and D. J. & Brenner, “222
nm far-UVC light markedly reduces the level of infectious airborne virus in an occupied

room,” Scientific Reports, vol. 14, no. 1, p. 6722, 2024.

[23] H. Kitagawa, Y. Kaiki, K. Tadera, T. Nomura, K. Omori, N. Shigemoto, S. Takahashi and
H. Ohge, “Pilot study on the decontamination efficacy of an installed 222-nm
ultraviolet disinfection device (Care222™), with a motion sensor, in a shared

bathroom,” Photodiagnosis and Photodynamic Therapy, vol. 34, p. 102334, 2021.

[24] M. H. Wang, H. H. Zhang, C. K. Chan, P. K. H. Lee and A. C. K. & Lai, “Experimental study
of the disinfection performance of a 222-nm Far-UVC upper-room system on airborne
microorganisms in a full-scale chamber,” Building and Environment, vol. 236, p.

110260, 2023.

[25] K. Guo, Y. Pan, H. F. R. Chan, K. F. Ho and C. & Chen, “Far-UVC disinfection of airborne
and surface virus in indoor environments: l[aboratory experiments and numerical

simulations.,” Building and Environment, vol. 245, p. 110900, 2023.



24

[26] J. Macher, “Positive-hole correction of multiple-jet impactors for collecting viable
microorganisms,” American Industrial Hygiene Association Journal, vol. 50, no. 11, pp.

561-568, 1989.

[27] M. King, C. Noakes, P. Sleigh and M. Camargo-Valero, “Bioaerosol deposition in single
and two-bed hospital rooms: A numerical and experimental study,” Building and

environment, vol. 59, pp. 436-447, 2013.

[28] S. L. Cantium, “Bioaerosol Sampler Operating Manual MicroBio MB2 Bioaerosol

Sampler Operating Manual.,” 2018.

[29] C. Tucciarone, M. Cecchinato, L. Vianello, G. Simi, E. Borsato, L. Silvestrin, M. Giorato,
C. Salata, M. Morandin, E. Greggio and M. Drigo, “Evaluation of UVC Excimer Lamp
(222 nm) Efficacy for Coronavirus Inactivation in an Animal Model,” Viruses, vol. 14,

no. 9, p. 2038, 2022.

[30] S. Park and D. Rim, “Human exposure to air contaminants under the far-UVC system
operation in an office: effects of lamp position and ventilation condition,” Scientific

Reports, vol. 1, no. 24465, p. 14, 2024.

[31] Z. Peng, D. Day, G. Symonds, O. Jenks, H. Stark, A. Handschy, J. de Gouw and J.
Jimenez, “Significant Production of Ozone from Germicidal UV Lights at 222 nm,”

medRxiv, pp. 2023-5, 2023.

[32] M. Buonanno, D. Welch, I. Shuryak and D. Brenner, “Far-UVC light (222 nm) efficiently
and safely inactivates airborne human coronaviruses,” Scientific Reports, vol. 10, no. 1,

pp. 1-8, 2020.



25

[33] D. Welch, N. Kleiman, P. Arden, C. Kuryla, M. Buonanno, B. Ponnaiya, X. Wu and D.
Brenner, “No Evidence of Induced Skin Cancer or Other Skin Abnormalities after Long
Term (66 week) Chronic Exposure to 222-nm Far-UVC Radiation,” Photochemistry and

Photobiology, 2022.

[34] Y. H. Ly, R. X. Wang, H. L. Liuand A. C. K. & Lai, “Evaluating the Performance of UV
Disinfection across the 222—365 nm Spectrum against Aerosolized Bacteria and

Viruses.,” Environmental Science & Technology, vol. 58, no. 16, pp. 6868-6877, 2024.

[35] F. Lazzerini, M. Barnini, L. Busoni and I. & Palchetti, “Ultraviolet C lamps for
disinfection of surfaces potentially contaminated with SARS-CoV-2 in critical hospital
settings: examples of their use and some practical advice,” BMC Infectious Diseases,

vol. 23, no. 1, pp. 1-13, 2021.

[36] T. Reponen, K. Willeke, V. Ulevicius, S. Grinshpun and J. Donnelly, “Techniques for
dispersion of microorganisms into air,” Aerosol science and technology,, vol. 27, no. 3,

pp. 405-421, 1997.

[37] S. A. Grinshpun, H. Haruta, R. M. Eninger, T. Reponen, R. T. McKay and S. A. & Lee,
“Performance of an N95 filtering facepiece particulate respirator and a surgical mask
during human breathing: two pathways for particle penetration,” Journal of

Occupational and Environmental Hygiene, vol. 6, no. 10, pp. 593-603., 2009.

[38] L. Morawska, G. R. Johnson, Z. D. Ristovski, M. Hargreaves, K. Mengersen, S. Corbett

and D. & Katoshevski, “Size distribution and sites of origin of droplets expelled from



26

the human respiratory tract during expiratory activities,” Aerosol Science and

Technology, vol. 43, no. 3, pp. 256-269., 2009.

[39] W. Huang, Y. Pan, Y. Zhou and C. & Chen, “Optimal location design for multiple Far-
UVC lamps to enhance indoor bioaerosol disinfection by CFD-based Bayesian

optimization,” Building and Environment, vol. 264, p. 111948.

[40] Y. Pan, T. Xia, K. Guo, Y. An and C. & Chen, “Predicting spatial distribution of ultraviolet
irradiance and disinfection of exhaled bioaerosols with a modified irradiance model,”

Building and Environment, vol. 228, p. 109792, 2023.

[41] C. A. Gilkeson, C. J. Noakes and M. A. |. & Khan, “Computational fluid dynamics
modelling and optimisation of an upper-room ultraviolet germicidal irradiation system
in a naturally ventilated hospital ward,” Indoor and Built Environment, vol. 23, no. 3,

pp. 449-466, 2014.

[42] C. J. Noakes, M. A. I. Khan and C. A. & Gilkeson, “Modeling infection risk and energy
use of upper-room ultraviolet germicidal irradiation systems in multi-room

environments,” Science and Technology for the Built Environment, vol. 21, no. 1, pp.

99-111, 2015.

[43] A. Buchan, L. Yang, D. Welch, D. Brenner and K. Atkinson, “Improved estimates of 222
nm far-UVC susceptibility for aerosolized human coronavirus via a validated high-

fidelity coupled radiation-CFD code,” Scientific Reports, vol. 11, no. 1, pp. 1-9, 2021.



27

[44] C. Pefialoza, A. Wood, E. Eadie, C. Noakes, M. King and K. Wood, “Validated
computational modelling to evaluate spatial inactivation of airborne pathogens by Far-

UVCirradiation,” 2023.

[45] M. King, C. Noakes and P. Sleigh, “Modeling environmental contamination in hospital

single-and four-bed rooms,” Indoor Air, vol. 25, no. 6, pp. 694-707, 2015.

[46] C. Noakes and P. Sleigh, “Mathematical models for assessing the role of airflow on the
risk of airborne infection in hospital wards,” Journal of the Royal Society Interface, vol.

6, no. 6, pp. $791-S800, 2009.

[47] C. Gilkeson and C. Noakes, “Application of cfd simulation to predicting upper-room
uvgi effectiveness,” Photochemistry and photobiology, vol. 89, no. 4, pp. 799-810,

2013.

[48] K. Wood, A. Wood, C. Pefialoza and E. Eadie, “Turn Up the Lights, Leave them On and
Shine them All Around—Numerical Simulations Point the Way to more Efficient Use of
Far-UVC Lights for the Inactivation of Airborne Coronavirus,” Photochemistry and

Photobiology, vol. 98, no. 2, pp. 471-483, 2021.

[49] M. First, R. Weker, S. Yasui and E. Nardell, “Monitoring human exposures to upper-
room germicidal ultraviolet irradiation,” Journal of occupational and environmental

hygiene, vol. 2, no. 5, pp. 285-292, 2005.

[50] O. Kousha, P. O'Mahoney, R. Hommond, K. Wood and E. Eadie, “222 nm Far-UVC from
filtered Krypton-Chloride excimer lamps does not cause eye irritation when deployed

in a simulated office environment,” medRxiv, 2022.



28

[51] N. Yamano, M. Kunisada, S. Kaidzu, K. Sugihara, A. Nishiaki-Sawada, H. Ohashi, A.
Yoshioka, T. Igarashi, A. Ohira, M. Tanito and C. Nishigori, “Long-term effects of 222-
nm ultraviolet radiation C sterilizing lamps on mice susceptible to ultraviolet

radiation,” Photochemistry and photobiology, vol. 96, no. 4, pp. 853-862, 2020.

[52] K. Sugihara, S. Kaidzu, M. Sasaki, S. Ichioka, Y. Takayanagi, H. Shimizu, I. Sano, K. Hara
and M. Tanito, “One-year Ocular Safety Observation of Workers and Estimations of
Microorganism Inactivation Efficacy in the Room Irradiated with 222-nm Far

Ultraviolet-C Lamps,” Photochemistry and Photobiology, 2022.

[53] W. Hiwar, M. King, F. Shuweihdi, L. Fletcher, S. Dancer and C. Noakes, “What is the
relationship between indoor air quality parameters and airborne microorganisms in

hospital environments? A systematic review and meta-analysis,” Indoor Air, vol. 31,

no. 5, pp. 1308-1322, 2021.

[54] D. Welch, M. Buonanno, A. Buchan, L. Yang, K. Atkinson, I. Shuryak and D. Brenner,
“Inactivation rates for airborne human coronavirus by low doses of 222 nm far-UVC

radiation.,” Viruses, vol. 14, no. 4, p. 684, 2022.

[55] M. Link, A. Shore, B. Hamadani and D. Poppendieck, “Ozone Generation from a
Germicidal Ultraviolet Lamp with Peak Emission at 222 nm,” medRxiv, pp. 2023-5,

2023.

[56] V. Barber, M. Goss, L. Deloya, L. LeMar, Y. Li, E. Helstrom, M. Canagaratna, F. Keutsch
and J. Kroll, “Indoor Air Quality Implications of Germicidal 222 nm Light,” chemrxiv,

2023.



478

479

480

481

482

483
484
485

486

29

[57] WHO, “WHO global air quality guidelines: particulate matter (PM2.5 and PM10),

ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide,” World Health

Organization, 2021.

[58] WHO, “Household air pollution,” World Health Organization, 2022.

Supplementary information

Table S1: The performance of one Far-UVC light device to reduce the concentration of

airborne microorganisms at different distances between source and sample with mechanical
ventilation of 3 ACH.

5323 Bioaerosols % Reduction Experiment
i . . : . load (cfu/m3), Resolution
ight Air sampling collection point M
ean £ SD
(222 (Min-Max) Median LOG IQR
nm)
2m away from the source,
1.08m from the Far-UVC
device 2436 + 227
(Las: Near the middle (2054 - 2696)
device [2.68 m, 2.1 m, 1.7
Off m])
2.87m away from the
source, 2.46m away from
the Far-UVC device (Lar: (125’;88 _12%316)
Near the low air extract
[2.85m, 0.65m, 0.5 m])
2m away from the source,
1.08m from the Far-UVC
device 1045 + 124 o 55.1% - o
(Lna: Near the middle (857 -1268) °74% 04 600, O
device [2.68 m, 2.1 m, 1.7
On m])
2.87m away from the
source, 2.46m away from 282 + 44 (214 87.4%-
the Far-UVC device (La1: ~375) 88.5% 0.9 89.4.7% 0.7%

Near the low air extract
[2.85m, 0.65m, 0.5 m])
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490
491
492
493
494
495

496 Table S2: The performance of Far-UVC light to reduce the concentration of airborne

497  microorganisms for different species with mechanical ventilation of 3 ACH.

Far- . . Experiment
Bioaerosols % Reduction :
No. of QVC Generation . load (cfu/m3), Resolution
device Igzh; source Species Mean + SD .
( (Min-Max) Median LOG IQR
nm)
Le1: Througha SA
tube and near
the supply 1711 £ 391
fresh air (0.5 (1286 - 2393)
m, 3.55m, 1.7
Off m).
Las: Througha PA
hole in the wall
directly to the (55(?77 _16‘;87)
chamber (0 m,
1 2.1m, 1.2 m).
Le1: Througha SA
tube and near
the supply 75+ 32 o o o o
fresh air (0.5 (36 - 143) 95.5% 1.3 93.3% - 97.8% 2.2%
m, 3.55m, 1.7
On m).
Las: Througha PA
hole in the wall 31+ 11
directly to the (14 ?50) 94.9% 1.3 93.6% - 94.9% 1.4%
chamber (0 m,
21 m,1.2m).
Lai: Througha SA
tube and near
5 Off the supply 3339 + 424
fresh air (0.5 (2714 - 4000)

m, 3.55m, 1.7
m).
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On

Las: Througha PA
hole in the wall
directly to the
chamber (0 m,
2.1m,1.2m).

Lei: Througha SA
tube and near

the supply

fresh air (0.5

m, 3.55m, 1.7

m).

Les: Througha PA
hole in the wall
directly to the
chamber (0 m,

2.1 m,1.2m).

471 + 51
(345 - 524)

64 + 38
(0 - 107)

2+6
(0-12)

97.8%

100.0%

1.7 97.0% - 98.9%

31

1.1%

2.5%




