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Abstract

In this project we aimed to construct an experimental apparatus and process to allow us to measure the
sterilization capabilities of 222 nm ultra-violet light on influenza virus in an aerosol. We updated and
characterized a previously designed piece of equipment in order to create an aerosol in a sealed exposure
chamber, whilst controlling particle size, relative humidity and laminar flow rate. We then tested this
apparatus using active virus and had some success in sampling the virus transported by the aerosol as
well as sterilization of this virus with a 254 nm germicidal lamp. Further work will be completed to extend
this testing to 222 nm UV and fully characterise its sterilization capabilities. This work was completed
during a ten week REU program.

I. Introduction

I nfection control is an important area of
research in modern day medicine. Surgical
wound infection is still a significant

problem in modern day medicine, with
between 200, 000 and 300, 000 cases per year
in the US, accounting for up to 8, 200 deaths
and a large increase in healthcare costs [1].
Furthermore, spread of airborne infection
is commonplace in areas including hospital
wards, school, offices, passenger planes and
public transport.

The use of broadband 200− 400 nm ultra-violet

(UV) radiation for sterilization purposes is well
established, for example it is commonplace for
sterilization of surgical equipment in hospitals.
The UV light causes damage to DNA, and
therefore is effective against viruses and
bacteria including drug resistant pathogens
such as MRSA. However, current germicidal
lamps have major safety drawbacks in that they
are carcinogenic and cataractogenic, and so
cannot be used in areas with people present or
during surgery [1, 2]. Based on biophysical
principles and previous studies [1] and [2]
we propose far-UVC light at 222 nm from a
KrCl excimer lamp will not have these safety
drawbacks, yet will remain antimicrobial.
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Our proposition comes from the absorption
data for UV light of different wavelengths.
Proteins rapidly absorb UV near 200 nm,
particularly the peptide bond [3, 4], meaning
that the UV is not very penetrating in protein
rich material such as human cells and tissue.
Figure 1 demonstrates this.

Figure 1: Absorption against wavelength averaged over
8 common proteins [1].

Because of this rapid protein absorption, UV
light near 200 nm cannot penetrate the cell
wall or cytoplasm of a human cell, nor the
human stratum corneum1 or the cornea in the
eye. However, due to the smaller size of viruses
and bacteria, which are typically smaller than 1
µm compared to a human cell varying between
10 − 25 µm micrometers, the radiation can still
reach and damage the DNA in a bacterium
or virus, therefore will still have the desired
germicidal properties. Figure 2 illustrates this
effect.

222 nm light in particular was chosen due to
our ability to produce this light using KrCl
excimer lamps [5]. Excimer lamps work by
exciting a molecular complex, in this case
KrCl, which then emits specific wavelength
light [6, 7]. The excimer lamp we will use is
shown in figure 3. These lamps are relatively
inexpensive, long-lived and readily available
meaning they have promise for widespread
usage. With these lamps we could sterilize a
wound throughout surgery by leaving them
running, without causing harm to the patient;
research has been done previously on this
application in vitro and in vivo [1, 2].

Figure 2: UV light indicated by the purple arrows incident on a human cell, MRSA and human skin. The diagram
shows the UV light cannot reach the nucleus in a human cell or penetrate human skin, but can penetrate the
smaller bacteria and viruses such as MRSA.

1The layer of dead surface skin cells.
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Figure 3: A KrCl flat excimer 4”× 4” lamp. The 222 nm
light is emitted by excited KrCl entrapped in
the microcavities. More information of the
lamp can be found in [5] and [6].

Here we will focus on the application of these
lamps to sterilize pathogens in the air, in
such areas as hospital wards as previously
mentioned. We hypothesise that these lamps
will also have sterilizing effects on aerosols2,
and therefore could be an effective means of
combating airborne infection.

II. Experimental

Apparatus

In order to test the effectiveness of radiation on
an aerosol, we needed a way of producing the
aerosol with our virus in. We also needed the
aerosol to be produced in a contained chamber
to stop the virus escaping; we would use
influenza A virus (A/PR/8/34 (H1N1)) as it is
commercially available and relatively safe. We
would need a UV transparent window to allow
UV into this chamber, as regular glass would

absorb the radiation. Furthermore we needed
a laminar flow so that we could accurately tell
the dosage given to the aerosol particles by
the lamp, and we wished to control the relative
humidity (RH) also. Lastly, we needed a way of
measuring particle size and how many viruses
were deactivated.

II.i. Previous Design
Previous work had been done on designing
this experiment and so our starting point was
shown in figure 4 and a schematic of this
shown in figure 5. This design was influenced
by similar designs from the Harvard School of
Public Health [8] and [9].

Figure 4: The previously designed experiment.

Firstly we produced the aerosol by pumping air
into a high-output extended aerosol respiratory
therapy (HEART) nebulizer (Westmed, Tucson,
AZ), part C in figure 5. The aerosol produced
went into a chamber which had baffles
(labelled D) and a second port to allow for
an RH control system input.

Figure 5: Schematic diagram of the previously designed experiment.

2A suspension of droplets in the air.
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The baffles promoted droplet drying
and mixing to produce an even particle
distribution [8], before the RH is measured
by E, an RH meter. Next, F was a 28 × 30 cm
window into the exposure chamber, which was
made of UV transparent fused silica quartz;
this allowed the UV light to enter the chamber
with no virus release. The chamber itself
was modelled to give a laminar flow past the
window, so that the exact dosage given to the
aerosol could be accurately calculated. Lastly,
H and I in the schematic were the particle sizer
and BioSamplersr receptively.

The Hal Technologies HAL-HPC300 particle
sizer uses the refraction of laser light by
the aerosol droplets to infer their size and
a vacuum pump pulls the air through the
entire chamber and through two SKC Inc.
BioSamplersr. The BioSamplersr direct
the air through 3 nozzles aimed towards
the glass wall of the vessel, which is filled
with 20 ml of Hank’s balanced salt solution
(HBSS); this forces the HBSS to swirl and
wash any viruses off the glass wall and
capture the viruses, with the laminar motion
of the HBSS preventing any re-emission of
the viruses through aerosol production in
the BioSamplersr. Two BioSamplersr were
required as the narrow nozzles limited the
flow rate to 12.5 LPM, but having two
BioSamplersr attached in parallel increased
this flow rate analogous to current in parallel
resistors in circuit theory. The machine was

connected together using Tygonr PVC tubing
with a 3/8" inner diameter, except for the tube
attaching the nebulizer, which used a tube with
a 3/4" inner diameter.

II.ii. Updated Design

Figure 6 shows the apparatus after the
following updates had been made. Firstly,
the pump requirements were reconsidered as
a stronger pump was required to reach the
limiting flow rate of 12.5 LPM (26.4 SCFH)
through each of the BioSamplersr; this limit is
required to get maximum collection efficiency
in the BioSamplersr. When the BioSamplersr
were added in parallel, the limiting flow
rate through both of them combined became
42 SCFH, and so a new MILLIPORE vacuum
pump (model number WP6111560) was used
which could provide a large enough pressure
drop to create this flow rate. Previously a
Thermo Scientific Dual-head pump (model
number 420-2901-00FK) was being used as
both the nebulizer and the vacuum pump;
now it would just be used for the nebulizer
input. We also added GE Healthcare
Life Sciences Whatman™ HEPA-VENT filters,
which stopped particles, bacteria and viruses
entering the system through the pumps from
the room air. The HEPA filters stop almost
all particles, with weakest filtration at around
0.3 µm where at least 99.7% are still stopped.

Figure 6: Schematic diagram of the updated experiment. The additions include a desiccator, A, a water vessel to add
humidity, B and a pressure gauge, G.
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The machine was tested for the first time with
the quartz windows, as previously only sheets
of acrylic had been used. We found that air
could enter our machine through small gaps
around the windows, so we inserted a 1/32"
silicone rubber gasket (VIP Rubber and Plastic
Company, Inc.), which prevented the majority
of the leak. Upon testing we found that a
few particles, of the order of hundreds per
minute, were still leaking into the machine;
however this would be negligible compared to
the hundreds of thousands that were typically
measured per minute when operating with the
nebulizer running. Furthermore, any leaks
would flow into the box due to slight negative
pressure inside the box, meaning no virus
should escape, and as the lab air should be
virus free, no contamination would enter the
machine.

Lastly we re-tubed the equipment, allowing
the BioSamplersr to be bypassed, so that
when we run the equipment steady state
could be reached without passing air through
the BioSamplersr, and then we could begin
sampling with the switch of a valve. A 3-port
plastic ball valve was used to direct the flow
either to the bypass or the BioSamplersr.
A King Instrument Company, Inc. brass
valved 6-60 SCFH acrylic tube flow rate meter
(7530 series) was placed in the bypass so
that the flow could be sufficiently lowered
until it matched the flow rate through the
BioSamplersr. Then the flow through the
rest of the system would be unchanged when
passing through the bypass, meaning we could
reach the same steady state through the bypass
as would be reached when running through
the BioSamplersr.

The biggest change we made was creating the
RH control system. To do this we connected a
Wilkersonr X06 desiccant air dryer to provide
dry air, and a 2 litre conical flask filled with
water which we bubbled air through to give
moist air. We attached to each of these another
valved flow rate meter so that we could control
relative amounts of them, and therefore the

RH, but we HEPA filtered them to ensure no
aerosol got into the main chamber, only vapour.
However, we found that controlling the RH
created pressure build up in the box, which
meant the thin quartz would not withstand the
pressure and therefore would not be suitable
for the window material. Through re-tubing
the RH control system, using two tubes to
bubble the air through the conical flask in
order to allow more airflow, and adding in
extra HEPA filters in parallel to again allow
more airflow, the maximum pressure in the
chamber was reduced to 0.04 atm below the
lab pressure when running. We would now
use a UV transparent plastic film (TOPASr
8007X10) with a metal supporting frame, see
figure 7, instead of a quartz window to ensure
the chamber seal would not be compromised
during machine operation.

Figure 7: The supporting frame for the film windows.
The vertical bar design ensures all aerosol will
still be irradiated, the bars just reduce the UV
exposure time, which we can factor into our
calculations. The airflow is in the direction
indicated (perpendicular to the steel bars), and
will be laminar past the window.

The window dimensions, accounting for the
two steel beams and any parts of the window
cut off by the rim of the chamber mount,

Connor Crickmore et al. 5
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became 26×25.6×6.3 cm, meaning the total
volume of air which would be irradiated by
the beam was 4.2 litres. By using the overall
flow rate for two BioSamplersr in parallel
as 42 SCFH and assuming the flow is truly
laminar, the total exposure time will be 12.7 s.
This exposure time can be lowered by covering
up part of the lamp, so that only part of this
volume of air is irradiated. The exposure time
can be increased by slowing down the overall
flow rate through the chamber, for example
slowing the flow to 24 SCFH would result in a
exposure time of 22.2 s, however this will cause
a reduction in the BioSamplerr sampling
efficiency, so tests would be conducted to find
the lowest flow rate where normal machine
operation was still possible.

III. Preliminary

Testing and Discussion

Before conducting biological testing with our
apparatus we first wished to fully characterize
the machine, to understand the effect of each
variable on our aerosol. Research conducted in
[10] and [11] suggested that the size of aerosol
droplets expelled by humans are roughly
distributed around 1 µm, with many less than
1 µm, and a large variation between subjects.
Figures 8 and 9 show this. Therefore we would
aim to be in this range when producing our
aerosol, in order to replicate conditions in an
environment with infection spreading between
humans via the air.

During each experiment we could control the
RH inside the box by varying the wet and
dry inlet flow rates, we could control the flow
rate into the nebulizer, as well as the volume
and composition of its contents, and we could
control the overall flow rate through the system
and the time we sampled particles for with the
particle sizer. The RH and temperature of the
lab were not controlled, but the RH in the box

could still be controlled by allowing more air
through one inlet to counteract any changes in
the lab RH. We were interested in measuring
the particle size and the amount of virus in the
BioSamplersr, comparing tests with the lamp
on and lamp off to see if the virus numbers
were reduced. For our preliminary testing we
would not use any lamp or virus, but would
purely characterise the effect of our controlled
variables on the particle size.

Figure 8: Data from [10] for one subject of the study,
showing the aerosol particle distribution for
different respiratory actions.

Figure 9: Data from [11] showing particle size against
the concentration of droplets from a cough.

Various tests were conducted by using different
combinations of the controlled variables and
observing the particle sizes that resulted; this
data is presented in figures 10 to 15.
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Figure 10: Data for a test with 75 ml of tap water in a nebulizer labelled D. The flow rate through the RH system
was set to 100% dry air and the flow rate into the nebulizer was set at 10 LPM. The particle distribution
produced was comparable to the literature [10, 11].

Figure 11: This test kept all variables constant except for increasing the volume of the liquid, in this case water, in the
nebulizer. The data shows that the liquid volume had virtually no effect on the particle distribution. The
temperature was 28.1°C, the RH in the box was 37%, the nebulizer flow rate was 8 LPM and the overall
flow rate was 42 SCFH.

Figure 12: This test kept all variables constant except for increasing the RH in the chamber by increasing the wet air
flow rate. The data shows RH has a significant effect on the particle distribution. The temperature was
28.1°C, the nebulizer was filled with 150 ml of water, the nebulizer flow rate was 8 LPM and the overall
flow rate was 42 SCFH.

Connor Crickmore et al. 7
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Figure 13: This test kept all variables constant except for changing the nebulizer flow rate. The data shows this rate has
a significant effect on the particle distribution. The temperature was 28.3°C, the nebulizer was filled with
75 ml of water and the overall flow rate was 42 SCFH. The RH in the box was 50% at 10 LPM and 53% at
12 LPM; the increase is because less air is pulled through the RH control system and also due to increased
evaporation from the larger droplets. Therefore some of the particle size increase seen here comes from the
increase in RH between the tests.

Figure 14: This test kept all variables constant except for changing the nebulizer liquid from water to 100% HBSS. The
data shows the liquid composition has a very large effect on particle sizes. The temperature was 28.4°C, the
RH in the box was 43%, the nebulizer was filled with 75 ml of liquid, the nebulizer flow rate was 10 LPM
and the overall flow rate was 42 SCFH.

Figure 15: This test kept all variables constant except for changing the total flow rate from 42 to 26 SCFH. The data
shows the change in particle distribution, however this is caused by a change in the RH. The same amount
of air comes from the nebulizer at both total flow rates and therefore less air is pulled through the RH control
system so it is less effective. The temperature was 28.3°C, the RH in the box was 53% for 42 SCFH and
67% for 26 SCFH. The nebulizer was filled with 75 ml of water and its flow rate was 12 LPM.

Connor Crickmore et al. 8
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Through further testing with a similar
approach, we also found that changing the
nebulizer unit for a brand new unit had a
negligible effect on the particle distribution
compared to other factors. Also DI water was
tested, however almost no particles above our
0.3 µm lower bound were produced. This
made sense as the increase in the salinity
from water to HBSS increased the particle
sizes, so reducing salinity from water to DI
water reduced the particle sizes until they were
below the precision of our particle sizer. We
hypothesise this change in particle size with
liquid is driven by surface tension effects.

HBSS in particular was investigated as it
would be used as our collection liquid in the
BioSamplersr. Also, unpublished data from
the laboratory suggested both HBSS and water
have minimal UV attenuation and so would be
suitable for use as the aerosol liquid.

One thing that was apparent from this testing,
especially the total flow rate test in figure 15,
is that all of these variables are closely linked.
If any of the flow rates on the nebulizer or
RH control or output change, then they all
change due to the combined effect of the RH on
particle size and the fact that the nebulizer flow
rate and total flow rate out are set, and the flow
rate through the RH is the difference between
these. However, we could simply set up the
conditions we want, then keep everything fixed
and just sample the output of viruses without
and then with the lamp, which would tell us if

the lamp is an effective method for sterilization.

IV. Biological Testing

and Discussion

IV.i. Set Up

In order to conduct testing with influenza
virus in the machine, we moved the equipment
into a LABCONCOr Purifier Biological Safety
Cabinet (Class II, Type A2), and directed the
tubing so that the RH inputs and the pumps
were outside the cabinet, so that virus free lab
air would be drawn in. We also directed the
output of the vacuum pump into two 1800 ml
conical flasks filled with water mixed with
10% bleach, in order to create a bleach tap to
kill any viruses that were not stopped by the
BioSamplersr or the HEPA filters, meaning
they would not be released into the lab air.

Next, we considered how to sterilize the box
once an experiment had been conducted. We
hypothesized that using aerosol produced by
putting 10% bleach in the nebulizer could work.
To test this we ran this set up for 15 minutes
with food dye in the BioSamplersr. A colour
change was observed as shown in figure 16,
which confirmed that the bleach was being
spread throughout the system.

Figure 16: The left-hand image shows the BioSamplersr filled with diluted yellow and green food dye. The right-hand
image shows the colour change due to bleach which was collected during a 15 minute run of the nebulizer
filled with 10% bleach. The colour change showed the bleach penetrated the entire system.

Connor Crickmore et al. 9
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Afterwards, we would wash the nebulizer and
BioSamplersr with 10% bleach and then with
DI water, and then we would run the machine
with just DI water in the nebulizer to flush out
any remaining bleach aerosol. This should
fully sterilize the internals of the machine,
and to sterilize the outside the equipment was
left in the biosaftey cabinet overnight with a
germicidal UV light running in order to kill
any surrounding virus. Furthermore, the virus
would die once it had dried out, and so any
left in or out of the machine would become
inactive once left overnight to dry.

At this point, we decided that we would only
use one BioSamplersr for our initial biological
testing, as we realised by investigating the
power output of the excimer lamp that
we would likely want to have a longer
exposure time than the 12.7 seconds from two
BioSamplersr at maximum flow rate. We
could just slow down the overall flow rate
with two BioSamplersr, but this would likely
cause issues with the capture efficiency. Using
only one BioSamplerr would mean that the
overall flow would be lower, capped at the
12.5 LPM limit of the BioSamplerr, yet as
the limiting flow for this single BioSamplerr
was reached the efficiency would still be
optimized. However, due to decreasing the
total flow rate whilst the nebulizer flow rate
remained fixed, the flow rate through the
RH control would be lower, making it less
effective, but still giving us RH control over
a decent range. Furthermore, having only
one BioSamplerr cup to sample from would
simplify experimental operation. The option
to reintroduce the second BioSamplerr for
shorter exposure times would now become
a simple adjustment we could make to
the machine, without changing any other
characteristics except for the total flow rate
(and therefore the effectiveness of the RH
control). For the one BioSamplerr set up
operating at the 12.5 LPM total flow rate limit,
the exposure time would be 20.2 s, which again
could be increased by using the valved flow

rate meter to reduce the overall flow, with
the effects of this on the sampling efficiency
needing to be investigated.

Lastly, as mentioned in the preliminary testing
section, changing the nebulizer liquid has a
large effect on particle size distribution. So
that we could use could use sterile controlled
substances, rather than using tap water, yet
still get a human-like particle distribution,
we investigated different mixtures of HBSS
and DI water to give us the desired particle
distribution. We found that 0.25% HBSS in DI
water gave a similar distribution to tap water;
this is shown in figure 17, and it gives a similar
distribution to figure 10.

Figure 17: Data for a test with 20 ml of DI water with
0.25% HBSS added. The particle distribution
produced was comparable to data given in
figure 10, and therefore with the literature
data in figures 8 and 9.
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We would use a DI water HBSS mix in the
range close to 0.25% as starting point for
the tests run with the virus, but this was in
fact one of the most important variables we
varied during the tests that we ran, which are
discussed in the following.

IV.ii. Testing and Results

A series of five tests were ran with active virus,
each testing a number of conditions. During
these tests the particle sizer took continuous
one minute samples, and provisionally the
BioSamplerr would sample each condition
for 15 minutes whilst filled with 20 ml of HBSS
to capture the virus. By passing the air through
the bypass for 5 minutes at the start of each
run, steady state would be reached; the two
3-port vales would then be switched so that the
flow went through the BioSamplerr for the 15
minutes of sampling time.

Once the sample was complete, we centrifuged
the contents of the BioSamplerr and then took
250 µl from the bottom 1 ml of the centrifuged
solution and deposited this onto a plated layer
of Madin-Darby Canine Kidney Epithelial cells
(MDCK). These were incubated at 37°C for
45 minutes and then washed with HBSS and
put into fresh Gibcor Dulbecco’s Modified
Eagle Medium (DMEM) to be left overnight. A
standard immunocytochemistry protocol was
then conducted, including fixing the cells and
adding a primary antibody (Anti-Influenza A
Virus Nuceloprotien antibody [C43]) to identify
the infected cells. A secondary antibody (Goat
anti-Mouse Alexa Fluorr 555) was then added,
which would attach to the primary antibody
and can fluoresce, thus allowing identification
of the infected cells when observed under the
microscope at ×10 magnification.

For the first test, 100 ml of DI water was used in
the nebulizer with 0.5 ml of HBSS added. The
nebulizer flow rate was set at 10 LPM, the total
flow rate was the maximum 26 SCFH and the

RH control valves were both fully opened. We
ran a control test by sampling for 15 minutes
with this solution and then we added the virus
into the nebulizer and sampled again for 15
minutes. The virus we used was separated
into vials of 108 fluorescent forming units per
millilitre (FFU/ml) in 1 ml of DMEM. For this
test we diluted a 1 ml vial in 20 ml of DI water,
and then added 1 ml of this diluted mixture to
our nebulizer fluid, effectively adding 1 ml of
DI water with 5% DMEM and 5 × 106 FFU/ml
of virus. After sampling the solutions in the
BioSamplerr and nebulizer and completing
the immunocytochemistry on the cells, the
virus was clearly absent in the BioSamplerr
for the control test and present in the nebulizer
solution for the virus test, figures 18 and 19.

Figure 18: The results of the cell analysis for the control
test BioSamplerr sample. The top image
shows the cell layer under a bright field.
The lower image shows the cell layer under
fluorescence, where any cells infected with the
virus fluoresce. This means no contaminating
virus was present for the control.
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Figure 19: These were the results of the cell analysis
for the nebulizer contents in the virus
test. Unlike the BioSamplerr sample, the
250 µl were taken straight from the nebulizer
without centrifuging. The top image shows
the cell layer under a bright field. The lower
image shows the cell layer under fluorescence,
with a large number of infected fluorescing
cells showing the nebulizer contained active
viruses.

No virus was detected in the BioSamplerr
for the virus run, giving similar images to the
control test in figure 18. This meant virus
was not being successfully transported and
sampled by the system, which also meant the
next test we conducted with virus at a slower
flow rate gave a virus free result. The RH
was 55.5% for the control test and 57% for
the virus test, at a temperature of 29.9°C for
both. For the control test the average particle
distribution throughout the test was 40.5%,
31.0% and 28.4% in the 0.3 − 0.5 µm, 0.5 − 0.7
µm and 0.7+ µm ranges respectively. For the

virus test the average particle size increased
slightly to 37.1%, 31.0% and 31.9% in the same
ranges, due the addition of the diluted solution
of the virus in DMEM increasing the particle
size and also the RH.

In an attempt to get virus detection, we made
the following adjustments in test 2. Firstly, we
lowered the volume of the DI water, HBSS mix
in the nebulizer from 100 ml to 20 ml; this
would have little effect of the aerosol produced
as shown in our preliminary testing but would
allow us to have a high concentration of virus
without having to use as much as we would
for 100 ml. We also used 0.25% HBSS in
this mix, rather than the 0.5% used in test
1, in order to achieve the smaller human-like
particles. Testing on the 20 ml of water, 0.05 ml
HBSS mix indicated 11 LPM should be used for
the nebulizer flow rate to get a good particle
distribution. The RH was found to increase
when running with less liquid in the nebulizer,
perhaps due to a larger area of plastic for the
liquid to spread over, thus aiding evaporation;
therefore only the desiccator valve was be
opened in the RH control system for test 2.
Lastly, we added the full 1 ml of 108 FFU/ml
virus in DMEM to the nebulizer, straight from
the vial, in order to have more virus to start
with.

Both a 15 minute and a 30 minute sample
were taken, with the hope that the longer
sample would allow for more detection. Virus
was sampled and successfully detected in
both samples. The additional sampling time
did have the desired effect of increasing the
amount of virus collected. However, we
had not accounted for the effect of the virus
medium on the particle size, and so for these
tests we had an average particle distribution
of 2.5%, 3.1% and 94.4% in the 0.3 − 0.5 µm,
0.5 − 0.7 µm and 0.7+ µm ranges respectively.
Therefore we hypothesized that the virus
detection was caused by very large aerosol
droplets, which were not representative of
a human-like aerosol. For these tests the
temperature was 29.6°C and the RH was
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between 53% and 57% throughout the tests.
The results from test 2 are shown in figure 20.

Figure 20: These were the results of the cell analysis for
test 2. The top image shows the cell layer
under a bright field (for the 15 minute test,
the 30 minute test had a similar appearance).
The middle image shows the cell layer from
the 15 minute test under fluorescence, which
reveals a few infected cells. The lower image
from the 30 minute test has more fluorescing
cells due to the longer sample time meaning
more viruses were collected and detected.

As in test 1, the nebulizer liquid was sampled.
However no fluorescence was seen because
the high concentration of virus was enough
to disrupt the cell layer, meaning the cells died
before fixing and so were lost in the washing
processes. This was not an issue however,
as we could infer from the disrupted layer
that there was virus present, and we could
dilute down the nebulizer liquid and apply the
diluted sample to the cells to obtain fluorescing
cells.

For the third virus test we repeated the
30 minute run from test two, except we
centrifuged the virus vial and removed the
medium, and then re-suspended the virus in
1 ml of DI water. We then attempted this
same test at various lower total flow rates. For
the 26 SCFH test we had a more human-like
particle distribution of 43.4%, 24.8% and 31.8%
in the 0.3 − 0.5 µm, 0.5 − 0.7 µm and 0.7+ µm
ranges respectively; the RH was 52% and
the temperature was 29°C. However at this
lower particle size distribution we found no
fluorescing cells at any flow rate, meaning
the virus was again not being transported and
sampled at a detectable level. The sample from
the nebulizer contents was similar to the result
of test 2, confirming virus was active in the
nebulizer, therefore we concluded the smaller
droplets simply didn’t transport enough virus.
This made sense as the volume of the droplet
goes as the radius cubed, so reducing the
particle radius rapidly reduced the volume of
liquid transported, and therefore amount of
virus transported.

From testing the 20 ml DI water, 0.05 ml HBSS
mix without the virus, we found the particle
distribution to be almost identical to that in
test 3, which indicated that adding the virus
re-suspended in DI water would not change
the particle size, only the DMEM would alter
the particle size distribution. Therefore for test
4 we tested different concentrations of HBSS
without the virus, knowing adding the virus
in DI water would not alter the particle size.
We also tested 20 ml DI water with 0.05 ml
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HBSS and 1 ml DMEM, and knowing the virus
itself doesn’t have an effect on particle size, we
could recreate the particle distribution of the
aerosol in test 2 that successfully transported
virus through. We found that the distribution
was 17.8%, 13.5% and 68.6% in the 0.3− 1.0 µm,
1.0 − 2.0 µm and 2.0+ µm ranges respectively
(note the change in size ranges to the previous).
We decided we would add 0.5 ml of HBSS to
the 20 ml of DI water, which would give a
particle distribution of 41.1%, 29.1% and 29.9%
in the 0.3 − 1.0 µm, 1.0 − 2.0 µm and 2.0+ µm
ranges respectively. This would be a good
compromise between having a human-like
distribution from [10] and [11] and having the
larger particles from test 2 which carried the
virus through the system.

For test 4 we also re-suspended each vial in
0.5 ml of water and then added 2 vials worth
of virus for one 30 minute run, and all 4 vials
for a second 30 minute run. Despite having
up to 4 times the virus in the larger particles,
no virus was detected in the cells, meaning
we still did not have large enough droplets to
transport detectable amounts of virus.

Lastly for test 5 we characterised exactly what
the particle distribution was for the test 2
aerosol with the full 1 ml of DMEM. We then
compared this to the same mixture with 1 ml
of HBSS instead of DMEM, shown in figure
21. The distributions are similar for the two
mixtures, and so we decided to run the 30
minute sample from test 2 again, and then run
it with the 1 ml of DMEM replaced with 1 ml
of HBSS, to see if somehow the DMEM was
helping the virus transport. We also ran the
1 ml DMEM mixture with a Hygeaire 254 nm
germicidal lamp running for the duration of
the 30 minute sample, to see if any virus
reduction would be detectable. The lamp was
placed 7.5" from the exposure chamber, which
gave a power of 0.95 mW at the centre of the
chamber, including the attenuation from the
window. Over the 20.2 s transit time this would
give an average dose of 19.2 mJ to the virus,
which we expect to sterilize it.

Figure 21: The upper table shows the particle
distribution of the 20 ml DI water with
0.05 ml HBSS and 1 ml DMEM at 54%
RH and a nebulizer flow rate of 11 LPM.
The lower table shows the distribution of the
20 ml DI water with 1.05 ml HBSS at 49%
RH and a nebulizer flow rate of 11 LPM.

The results for the repeat of test 2 without
the lamp are shown in figure 22 and the test
with the UV lamp in figure 23. The RH was
between 50% and 57%, the temperature was
between 27.5°C and 27.9°C and the average
particle distribution over these two tests was
25.5%, 18.0% and 56.5% in the 0.3 − 1.0 µm,
1.0 − 2.0 µm and 2.0+ µm ranges respectively.

Figure 22: Cells fluorescing from the test using the 20 ml
DI water with 0.05 ml HBSS and 1 ml
DMEM mix with 108 FFU/ml of virus.
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Figure 23: The cells from the UV lamp test for 20 ml DI
water with 0.05 ml HBSS and 1 ml DMEM
mix with 108 FFU/ml of virus. Two different
areas of the cell layer are shown. Most of
the virus was inactivated except for a few
concentrated areas shown by the fluorescence.

Much more virus is seen in figure 22 in
comparison to the lower image in figure 20
as the cells were left for a longer time period
before fixing. The test with the lamp shows
a large reduction in the florescence, meaning
the virus was successfully deactivated by the
germicidal lamp.

The results of the test replacing the DMEM
with HBSS are shown in figure 24. The
virus is found to have not transported into
the BioSamplerr even though the HBSS and
DMEM size distributions were similar, with a
distribution for the HBSS case of 40.7%, 24.6%
and 34.7% in the 0.3 − 1.0 µm, 1.0 − 2.0 µm
and 2.0+ µm ranges respectively. The RH was
56.6% and the temperature was 28.3°C.

Figure 24: Only one cell can be seen fluorescing for
the test replacing DMEM with HBSS,
even through the particle distributions were
similar.

The contents of the nebulizer were checked
for the HBSS test and there was the expected
amount of active virus in the nebulizer,
therefore the washing and re-suspending
process could not have been deactivating
the virus, and the virus can survive in the
HBSS alone without the DMEM. Therefore we
must conclude that changing the DMEM to
HBSS is preventing our virus from travelling
through the machine or from being sampled
or both of these. We considered a number
of explanations for this. Firstly, the slight
reduction in particle size distribution with
HBSS could be preventing transportation; this
seems unlikely as this would cause a reduction
at best rather than a full eradication of the virus.
However, we believe the DMEM evaporates
much faster than the HBSS, meaning we could
have started with much larger droplets when
using the DMEM mix, which had become
much smaller by the time they reach the
particle sizer, and therefore may have been
much more concentrated in virus. It is possible
that a combination of these two factors could
account for the reduction seen, otherwise we
must assume that somehow the virus will only
travel through our system in DMEM and not
HBSS.

The only tests we have done as of yet with
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DMEM are with 1 ml (except test 1 which used
much less virus), so next it will be worth testing
using less virus medium with the same amount
of virus and seeing if this gets virus through.
This would help us tell if the reduction we see
is caused by a particle size effect or due to the
contents of the aerosol liquid. Furthermore,
if transmission is successful with less virus
medium it would be desirable as it would
give us smaller more human-like particles, yet
still get the virus through to the BioSamplerr.
However, the 222 nm UV transmittance of an
aerosol containing DMEM must be checked,
as the high protein content may prevent the
lower wavelength UV reaching the virus, even
though the 254 nm lamp was clearly able to.
The small droplet size in our aerosol may mean
any attenuation of the 222 nm light due to the
DMEM can be ignored.

In addition to more DMEM tests, we should
now test using more than 1.05 ml of HBSS,
to recreate exactly the particle sizes measured
with the DMEM mixture, to ensure the slight
reduction in particle size we had for this test is
not the main factor in the virus reduction. The
evaporation rates of HBSS and DMEM should
also be accurately measured and compared
to judge the importance of any evaporation
effects. Lastly, an alternative medium should
tested, such as phosphate-buffered saline (PBS),
which may lead to more insight.

V. Conclusions

Overall, I feel great progress has been made
with this project during the 10 weeks of
my REU program. We have successfully
set up and run our aerosol machine and
completed a good numbers of virus tests
with it, some of which had successful virus
detection. Furthermore, we have had clear
indication from the germicidal UV lamp test
that we can measure if the virus is being
deactivated by the irradiation source.

However, there are still a number of hurdles to
overcome before getting conclusive results on
the effectiveness of 222 nm UV on sterilizing an
aerosol. Firstly the issue of not sampling any
virus through the machine at lower particle
sizes must be addressed. This could be due
to needing DMEM to transport the virus
successfully, which we aim to investigate
in the tests outlined previous. Therefore
moving forwards our focus will be on fully
understanding the role of DMEM in the virus
transport. If in fact the DMEM and HBSS turn
out to be equally as effective at transporting
virus then the solutions to this problem could
be a combination of producing more aerosol,
using larger particles, sampling for longer and
using more virus. The latter three options are
undesirable for practical reasons and because
using larger particles would not represent
the data that has been measured for human
aerosol production. Therefore we would
aim to produce a larger number of aerosol
droplets that are still in the human-like range,
with a change of nebulizer or using multiple
nebulizers being potential options to achieve
this.

Furthermore, no tests have yet been performed
with the 222 nm excimer lamp. We will
need to figure how to fit the lamp so that
we can irradiate the aerosol. We will also
need to fit dosimeters either behind or inside
the chamber to measure how much dose the
lamp is producing. Moreover, testing on the
current lamp suggests the beam produced
may not provide sufficient intensity over the
entire chamber window, so we may need to
investigate reducing the size of the exposure
chamber. A plan we are considering is to insert
implants inside the chamber to reduce the
internal volume of the chamber, and therefore
reduce the area we would need to irradiate.
This lack of lamp intensity is the reason we
have attempted to investigate slowing the total
flow rate down, as by slowing the flow rate
down the exposure time is increased, meaning
a higher dose can be given from a lower
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intensity. As our flow rate tests have not yet
been successful, we will need to redo these
after solving the virus sampling yield issue.
This will tell us the highest exposure time
for which we can still sample virus effectively,
which will then give the minimum intensity
required to provide a certain dose.

Ultimately we should be able to use this
machine to record data on how 222 nm UV
effects the virus count for a variety of different
humidities, particle distributions and lamp
intensities, which will potentially aid infection
control, both airborne and surgical.
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