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Abstract

Airborne spread of coronavirus disease 2019 (COVID-19) by infectious aerosol is all
but certain. However, easily implemented approaches to assess the actual en-
vironmental threat are currently unavailable. We present a simple approach with
the potential to rapidly provide information about the prevalence of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in the atmosphere at any loca-
tion. We used a portable dehumidifier as a readily available and affordable tool to
collect airborne virus in the condensate. The dehumidifiers were deployed in se-
lected locations of a hospital ward with patients reporting flu-like symptoms which
could possibly be due to COVID-19 over three separate periods of one week.
Samples were analyzed frequently for both virus envelope protein and SARS-CoV-2
RNA. In several samples across separate deployments, condensate from dehumidi-
fiers tested positive for the presence of SARS-CoV-2 antigens as confirmed using
two independent assays. RNA was detected, but not attributable to SARS-CoV-2.
We verified the ability of the dehumidifier to rapidly collect aerosolized sodium
chloride. Our results point to a facile pool testing method to sample air in any
location in the world and assess the presence and concentration of an infectious
agent to obtain quantitative risk assessment of exposure, designate zones as “hot
spots” and minimize the need for individual testing which may often be time con-

suming, expensive, and laborious.
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1 | INTRODUCTION

Since the emergence of the first case of coronavirus in Wuhan, China
in December 2019, coronavirus disease 2019 (COVID-19) has in-
fected over 60 million people and claimed 1,412,328 lives worldwide
with a staggering number of 12,754,013 affected individuals in the
United States alone by November 24, 2020. The mortality rate is
estimated to be around 1%, although these figures are not very ac-
curate due to the lack of widespread testing and thereby under-
reported. The unavailability of rapid testing has severely hampered
efforts to manage the disease and assess its risk of transmission.
Furthermore, uncertainty about its mode of spreading has created
much perplexity and resulted in incoherent and constantly changing
guidelines (Lewis, 2020), creating public confusion and non-
compliance. The case of mass infections from the Biogen conference,
the Washington Choir (Hamner, 2020) and the Wuhan restaurant (Lu
et al, 2020) are concrete evidence of the ease with which social
contact can spread the virus. Even as the World Health Organization
(2020) is evaluating the spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), understanding has evolved that the
infection transmission mode is primarily respiratory through air-
borne transmission of aerosols (Prather et al., 2020). Due to the
shared similarities between SARS-CoV-2 and other coronaviruses
like the Middle East respiratory syndrome (MERS-CoV) and severe
acute respiratory syndrome (SARS-CoV), both of which were found
to be airborne and could be potentially transmitted to long distances,
it is essential to investigate this feature of the new virus and mitigate
any plausible risks. Based on aerodynamic analyses in hospital set-
tings, there is growing evidence for airborne transmission of COVID-
19 that causes resurgence of infection in closed network topology
(Chia et al., 2020; Guo et al., 2020; Liu et al., 2020; Ma et al., 2020;
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Morawska & Cao, 2020; Morawska, Tang, Bahnfleth, et al., 2020;
Santarpia, Herrera, et al, 2020; Santarpia, Rivera, et al., 2020;
Stadnytskyi et al., 2020). Recent findings from a study conducted in a
hospital ward further confirmed aerosol-based transmission of viable
SARS-CoV-2 from air samples collected 2-4.8 m away from patients
(Lednicky et al., 2020). This necessitates detection protocols to be in
place for modeling strategic quarantining policies and to assess
transmission dynamics. Hence, understanding of our day-to-day ex-
posure risk to these lethal bioaerosols is vital to implement near real-
time interventions to prevent the spread of the virus as well as
safeguard human health (Prussin & Marr, 2015). This is especially
useful, as several reports indicating the spread of the virus through
asymptotic and presymptomatic patients have surfaced (Furukawa
et al.,, 2020; Lee et al., 2020). A testing device thus placed in areas of
high footfall and capable of bypassing individual testing is an effec-
tive way of controlling the spread of the deadly disease. Therefore, a
simple, robust method, capable of providing rapid and accurate re-
sults on SARS-CoV-2 exposure would be extremely impactful to slow
the spread of the disease and cater to community health at large.
We hypothesized that collecting condensate from the atmo-
sphere could provide a simple means of assessing viral load in the
surroundings. To this end, we set up four portable dehumidifiers at
various test locations around a hospital ward at the University of
Maryland Medical Center in Baltimore and obtained condensate
samples for viral load analysis on different dates (Figures 1 and S1).
The condensate was sampled at three separate time periods be-
tween June 29-July 5, July 22-August 10, and September 3-10, with
the last set of samples being collected in viral transport medium
(VTM). VTM liquid Amies from Innovative Research was used for this
study. This is a clear, colorless liquid and is negative for microbial
growth after 48 h at 37°C. The VTM consists of 1x sterile Hanks

RT-LAMP assay

|
Sampler 3 Sampler 2
Fast track area E())(;r:
Sampler 1
Stairway Waiting room

RT-PCR
_______ FIGURE 1 Schematic representation of
sample collection and analysis for mass
detection (top) and simplified layout of the
hospital ward indicating the positions of
Sampler 4 various dehumidifiers during September 3-10,
?;li;‘::t‘mn 2020 (bottom) [Color figure can be viewed at

wileyonlinelibrary.com]
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balanced salt solution (HBSS) with calcium and magnesium ions, 2%
heat-inactivated fetal bovine serum, gentamicin sulfate (100 pg/ml)
and amphotericin B (0.5 pg/ml).

Our air sampling methodology can be a robust indicator of a
potential contact pool of SARS-CoV-2 which can be used as a tool
to implement strategies in a community bubble. Furthermore it
may help in developing isolation strategies focusing on reducing
disease burden thereby lowering morbidity and mortality. Thus,
community mixing can be restricted through various social be-
havioral patterns by indirectly measuring the surge in COVID-19
as opposed to observing confirmed cases (La Rosa et al., 2020),
many of which could have been arrested beforehand. By em-
ploying this simple methodology (Figure 1) to monitor the pre-
sence of SARS-CoV-2 especially in areas with high human footfall
or mass gatherings, appropriate preventive measures can be
adopted to identify, track possible hotspots, and protect in-
dividuals from being infected. Among other uses, this type of
monitoring can be used to enhance the effectiveness of vacci-

nation strategies as they become available.

2 | MATERIALS AND METHODS

Four identical 900 ml dehumidifiers (ICETEK BO863HNVNS from
Amazon.com) were numbered 1-4 and deployed at the various sites
indicated. These dehumidifiers use a muffin fan that draws room air
past a Peltier-cooled heat exchanger and deposits condensate into a
tank underneath. While one dehumidifier was placed in the com-
mand center of the hospital to serve as a control, the other dehu-
midifiers were placed in staging areas involving the use of automated
external defibrillators and powered air-purifying respirator units.
The condensate tanks were sampled at 24 or 48 h intervals and 50 ml
samples were further processed for analysis. A three-prong approach
was followed for the identification of viral load in the collected
condensate samples. All samples were deactivated in a water bath
set at 65°C for 30 min, following which they were either stored at
4°C for protein detection using a protein enzyme-linked im-
munosorbent assay (ELISA) kit or aliquoted and freeze-dried for
RNA-based analysis employing commercially available RT-LAMP and
reverse-transcription polymerase chain reaction (RT-PCR) kits. It
may be noted that the general targets towards the specific detection
of SARS-CoV-2 are either the spike (S) or nucleocapsid (N) protein.
We, therefore, used an ELISA assay targeted towards SARS-CoV-2
spike (S) protein and designed the primers for RT-LAMP and RT-PCR
assay targeted towards SARS-CoV-2 N gene. Sampling lag, heat
treatment, and 4°C storage time may well have impaired stability and
hence the detection of S protein and N gene. As a parallel third
detection technique, we employed a previously developed nano-
sensing platform from lanthanide-doped carbon nanoparticles
(LCNPs) which provide a distinct fluorescence response in presence
of SARS-CoV-2 (Alafeef et al., 2019, 2020; Moitra et al., 2020). For
samples collected in VTM, 50 ml of each sample was freeze dried and
the residue redispersed in 2 ml of RNase free water and analyzed for
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the presence of RNA. Detailed procedures have been provided in the
supporting information.

To further validate the ability of a dehumidifier to concentrate
an aerosolized substance from the air, a cool-mist humidifier (CVS
Health) and an 1800 cubic feet dehumidifier (ICETEK) were first
placed inside a small, sealed room. After the operation of only the
dehumidifier overnight, the humidifier was turned on. After 2h, 10 g
of sodium chloride was added to the water inside the humidifier. Six
hours later, the humidifier was turned off and removed from the
room. Over the course of the entire experiment, a GSP-6 tempera-
ture and humidity data logger (Elitech) was used to measure the
humidity and temperature of the room and an Orion DuraProbe
4-electrode conductivity probe (Thermo Fisher Scientific) connected
to an Orion VersaStar Pro electrochemistry meter (Thermo Fisher
Scientific) was used to measure the conductivity of the condensate
collected inside the dehumidifier. The temperature was maintained
at 22+ 3°C.

3 | RESULTS AND DISCUSSION

Water samples collected at the University of Maryland Medical
Center between June 29-July 5, 2020 were first analyzed using a
SARS-CoV-2 S-protein ELISA kit. All the experiments were carried
out at room temperature and samples were tested in duplicates. The
mean value obtained was then utilized to determine the final
S-protein concentration. A calibration curve was initially generated
using the known S-protein concentrations (Figure S2) and S-protein
in the samples was then estimated (Table S1 and Figure 2). Only one
sample presented a detectable dose of the virus SARS-CoV-2
S-protein (dated July 5 from AED yellow zone by WGL214 door;
S-protein concentration 2.61 ng/ml) while others were well below
the detection limit of the kit. Interestingly, the virus could be de-
tected only when sampling was continued over the weekend in
comparison with the daily sampling protocol. This indicated the

N

[

COVID-19 S protein
concentration (ng/mL)
N

FIGURE 2 Concentration of SARS-CoV-2 S-protein as
determined by the ELISA assay for the samples collected over the
period of June 29-July 5, 2020. The sample code starts with the date
of sample collection from the hospital followed by the dehumidifier
number, that is, 0630_4 indicates the water sample has been
collected from dehumidifier number 4 on June 30, 2020. ELISA,
enzyme-linked immunosorbent assay; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2
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requirement of concentrate sampling for the successful detection of
the viral spike protein.

As mentioned earlier, we employed a nanosensing platform that
was previously developed in our laboratory as a parallel detection
technique (Alafeef et al., 2019, 2020; Moitra et al., 2020). This
platform was applied to 17 condensate (water) samples collected as
described previously. The sensor consists of lanthanide-doped car-
bon nanoparticles (LCNPs) that provide a distinct fluorescence re-
sponse towards the presence of SARS-CoV-2 specific viral protein
(Table S2). The fluorescence responses obtained from the sensors
were classified using a k-mean clustering machine-learning algorithm
to identify the presence of SARS CoV-2 (Alafeef et al., 2019). The
clustered signature attributes were used to identify the pathogen
type based on the commonalities in the data set (Moitra et al., 2017).
The results obtained were also compared with those from the ELISA
kit to confirm the reliability of the lanthanide sensor matrix.

Based on the promising results just described we next attempted
to quantify the viral SARS-CoV-2 RNA in the water samples. Ac-
cordingly, RNA was extracted from all the samples (Table S3) and RT-
LAMP and RT-PCR were performed to detect the presence of the
viral SARS-CoV-2 RNA results obtained for the water samples in-
dicated that no viral RNA was detected. This was attributed to either
the low detection limit of the methods used or to deactivation or
destabilization of SARS CoV-2 RNA in the dehumidifier chamber. To
remove the possibility of viral destabilization in the sampling meth-
od, we added 50 ml VTM to the dehumidifier chamber. This was done
to ensure the stability of the viral RNA in the condensate.

Following sample collection in VTM, and although we were able
to detect RNA in most of the samples (Table S4), both RT-PCR and
RT-LAMP again did not detect viral RNA. Since sampling was per-
formed at regular intervals and the condensate was collected as a
whole instead of as fractions, this implies the presence of other
detected RNAs alongside the viral RNA. Since VTM stabilizes RNA,
we infer the cohabitation of all RNA types in the sampling chamber.
This indicates that destabilization of viral RNA in the sampler is not
the cause of the lack of viral RNA detection, but instead the cause is
likely due to the relatively low sensitivity of the detection method
used. To confirm this, we performed an experiment using gamma-
killed virions from BEI (sample NR-52287, BEI Resources, NIAID,
NIH, consists of a crude preparation of cell lysate and supernatant
from Cercopithecus aethiops kidney epithelial cells (Vero E6; ATCC
CRL-1586) infected with SARS-CoV-2, isolate USA-WA1/2020 that
was gamma-irradiated (5 x 10° RADs) on dry ice. The viral samples
were diluted to similar concentrations as used for other samples
obtained from the dehumidifier condensate. Two different con-
centrations were used and were spiked into the dehumidifier con-
densate. An RT-LAMP experiment was then performed using these
samples which showed an increase in emission at 520 nm confirming
the presence of SARS-CoV-2 viral RNA (Figure S3). Hence, the dis-
crepancy of RT-LAMP results among the spiked and actual dehumi-
difier condensate samples can likely be attributed to the extensive
dilution of the SARS-CoV-2 virus beyond the detection limit (0.75
copies/pL) of the RT-LAMP assay used in case of the actual samples.

COVID-19 S protein
concentration (ng/mL)

FIGURE 3 Determination of SARS-CoV-2 S-protein
concentration using protein-based ELISA assay. The sample code
starts with the date of sample collection from the hospital followed
by the dehumidifier number, that is, 0910_1b indicates the water
sample has been collected from dehumidifier number 1 on
September 10, 2020. ELISA, enzyme-linked immunosorbent assay;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2

Interestingly, we were still able to detect the presence of
S-protein close to the minimum detectable limit (Figure 3). The
sensitivity of the ELISA kit used (Protein ELISA from RayBiotech) is
relatively lower than some of the recently available S-protein based
ELISA kits. However, at the time of conducting this study, which was
in the early stages of the pandemic, the only commercially available
kit was from RayBiotech. This kit, which was the one employed in
this study, had a detection range of 2.7-2000 ng/ml and therefore a
relatively low sensitivity of 2.7 ng/ml.

To further confirm our results, RT-PCR, RT-LAMP, and protein
ELISA assays were performed with respect to positive and negative
controls. For RT-PCR and RT-LAMP, quantitative PCR (qPCR) con-
trol RNA from heat-inactivated SARS-related coronavirus 2, isolate
USA-WA1/2020, NR 52347, obtained from BEI, was used as
the positive control and RNAse free water was used as the negative
control. For the protein ELISA assay, we used the SARS-CoV-2 spike
protein provided with the kit as the positive control and assay buffer
as the negative control. The standard curve, shown in Figure S2, was
generated accordingly with the kit provided S-protein. Thus, the
positive results from the protein samples can be concluded to be true
positives.

We are pursuing studies with different protein loads and con-
taminants generally encountered in a hospital environment. These
samples will be aerosolized to assess interferences and to obtain
data on false positives and negatives. Based on these studies, we will
develop controls that will be used to assess accuracy and quantify
false alarm rates. We are simultaneously working towards using
Physics-Informed Neural Networks (PINNs) (Raissi et al., 2019) and
deep learning methods for error detection and standardization of the
sampling protocol.

Furthermore, it can be expected that the risk of false positives
and negatives depends upon a variety of diverse factors.
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TABLE 1 Summary of results 100
Number of samples analyzed (Phase | e
without VTM) 25 [ 80
Found positive using Protein ELISA 1 (4% positive) E 70
3 o ¥
Found positive using Lanthanide Array 5 (20% positive) % E
:‘5 Fso 5
Found positive using RT-LAMP Not detected g -
T -
Found positive using RT-PCR Not detected § I 30
Number of samples analyzed (Phase Il 8 [ 20
with VTM) L 10
()

Found positive using Protein ELISA 5 (62.5% positive)

Found positive using RT-LAMP Not detected

Found positive using RT-PCR Not detected

Note: Condensate samples collected during Phase I|: June 29-July 5, July
22-August 10, and Phase II: September 3-10. Phase |l samples included
viral transport medium (VTM) in tank to stabilize any collected virus.
RT-LAMP and RT-PCR analyses were performed on RNA isolated from
samples; ELISA and Lanthanide array were performed directly on the
samples.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; RT-PCR,
reverse-transcription polymerase chain reaction; VTM, viral transport
medium.

For example, if the kit is used to perform either ELISA or RT-PCR is
not sensitive enough towards the target, then a false negative may
occur. Pekosz et al. (2021), recently conducted a study that eval-
uated both RT-PCR and antigen-based COVID-19 diagnosis using the
conventional gold standard technique (i.e., virus culture in Ver-
OE6TMPRSS2 cell). The study revealed that the antigen test de-
monstrated a higher positive predictive value (90%) than RT-PCR
(70%) when compared with the virus culture results. It is worth
mentioning that this report supports the antigen tests over RT-PCR,
however, the RT-PCR kit used in their study for comparison is not a
kit with high sensitivity. Therefore, the choice of the kit could affect
both sensitivity and specificity of the obtained results. In addition, if
the RT-PCR or ELISA technique is not performed following good
molecular biology practices, carryover contamination might be ob-
served in subsequent reactions resulting in false positive or false-
negative results.

The overall results of this study are summarized in Table 1. Most
strikingly, SARS-CoV-2 viral protein was detected over some period in
all the samplers. This could have implications for the efficacy of air
filtration systems currently employed. Although airborne SARS-CoV-2 is
widely implicated in the spread of COVID-19, there is great uncertainty
over the precise mechanisms of exposure and susceptibility. The viral
load in the atmosphere presumably fluctuates depending on the actual
shedding by the infected persons and their number. Our results cast a
new light on this subject. We show that the simple technique of sam-
pling condensate from a dehumidifier can provide evidence of the air-
borne virus. Given the widespread use of air-conditioning equipment in
homes and businesses worldwide, sampling their condensate provides a

simple means of pool testing for virus presence analogous to those

0 5 10 15 20 25 30 35 40 45 50
Time (Hours)

FIGURE 4 Plot of conductivity (blue line) and humidity (red line)
inside the test room. The orange, green, and purple vertical dashed
lines show the time the humidifier was turned on, the time sodium
chloride was added to the water inside the humidifier, and the time
the humidifier was turned off, respectively. Images showing this
arrangement in the room can also be seen in this figure [Color figure
can be viewed at wileyonlinelibrary.com]

proposed for sewage monitoring. This approach also solves the major
problem faced by conventional swab or saliva testing, where results can
take several days. Antibody and point-of-care (POC) tests are more
rapid but are geared towards individual patient testing and do not assess
environmental airborne infection risk.

We further validated the ability of the dehumidifier to collect
aerosolized sodium chloride. The results for the validation study on
the collection of aerosolized substances from the air are shown in
Figure 4. It can be seen that between the time sodium chloride was
added to the water inside the humidifier and the time the humidifier
was turned off, the conductivity of the condensate collected inside
the dehumidifier increases with the humidity inside the test room.
The correlation coefficient of the two variables was calculated to be
0.985, demonstrating that the dehumidifier is capable of collecting
aerosolized components.

Although RT-LAMP and RT-PCR-based analyses did not detect
the virus, as mentioned earlier this may be attributed to the dilution
of the viral concentration in a large volume of media and inherent
instability of the viral RNA in the further processing steps used. In
support of this conclusion, past studies on wastewater sampling and
detection indicate the low concentration of the virus to be a major
limitation (La Rosa et al., 2020). The key to our approach is the ability
to reliably integrate air sampling, virus capture, virus concentration,
virus detection, and virus confirmation. By capturing virus from a
known volume of air (specified by the room dimensions) and then
measuring the amount of virus, it should be possible to determine the
viral load and thereby assess infection risk in the hospital environ-
ment. There are three important parameters for this process: (1) the
flow rate of air through the sampler; (2) the sampler run time; and (3)
the amount of virus collected. The volume of air can be simply cal-
culated by multiplying the flow rate through the sampler by the
sampler run time. However, the capture efficiency is a function of not
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only the viral load but temperature, and humidity parameters in the
sampling environment, in which case inferring the original amount of
virus in the air from the amount of virus captured may be a source of
a significant error in the method.

RT-PCR has a limit of detection (LOD) of 6 copies/ul while RT-
LAMP has a corresponding value of 0.75 copies/ul. It may be pre-
sumed that these LOD values are above the detection limit required
for analyses of the wastewater samples used here where the viruses
are extensively diluted. Typical limits of detection required for
wastewater analyses are in the range of 2 copies/100 ml-3x10°
copies/ml (Foladori et al., 2020). In the current study, we did not
have access to details concerning the persons in the hospital near
our samplers. Instead, the focus of our study was on environmental
monitoring of the viral load in different locations. In addition, any
SARS-CoV-2 infected patients were possibly on closed-circuit ven-
tilators, and the efficiency of air exchanges in different locations of
the hospital also varied. We intend to conduct further studies in the
near future on aerosol collection from patient's breath, cough, and
sneeze to confirm the viral load in those samples. Droplets naturally
emanating from humans during respiration, speech and cough con-
tain epithelial cells and immune system cells, inorganic ions (sodium,
potassium, and chloride) present in mucous and saliva, and infectious
load (bacteria, fungi, and virus). On the other hand, the droplets
generated artificially in hospital settings have sterile water con-
taining saline and pharmaceutical aerosols as the primary con-
stituents. These factors too will be taken into account in our future
studies (Atkinson et al., 2009).

Sampling in the current study was done at regular intervals of
24-72h and the condensate stored at 4°C for further analyses. To
ascertain the stability of the viral RNA, we used VTM for the latter
phase of studies while maintaining the same sampling intervals. We
were able to detect RNA in both phases of the study although the
presence of SARS-CoV-2 viral RNA was not confirmed using both
RT-PCR and RT-LAMP. We presume that this could be due to the
extensive dilution of the viral RNA in the sample chamber and the
limitations of the detection methods for wastewater samples. It is
believed that the inherent instability of the viral RNA in different
processing steps might not be the reason behind this failure in SARS-
CoV-2 detection as is also supported by the recently published re-
ports. The viral RNA remains detectable and does not degrade for up
to 7 days or longer in VTM (Rogers et al., 2020). In fact, stability
studies of the influenza virus A (HIN1) in a similar storage medium
(PrimeStore MTM) indicate that viral RNA can be preserved and
stabilized for up to 30 days under these conditions (Daum et al.,
2011). Since the Coronavirus is an enveloped virus, its recovery rate
from water samples is substantially lower than that of non-
enveloped viruses (Rusifiol et al., 2020). The major approaches to
concentrate water samples include precipitation using polyethylene
glycol (PEG), adsorption/elution, centrifugal ultrafiltration, aluminum
hydroxide flocculation, and electronegative filtration (Ahmed et al.,
2020; Hjelmsg et al., 2017). Recovery rates are also specific to the
strain of the virus, their charge and hydrophobicity, and partition to
solids. Despite these study limitations, our primary results present a

novel method for air sampling in any resource-limited settings across
the globe. Coupled with sensitive and rapid assays that are being
developed, there is the possibility of achieving near real-time sensing
of SARS-CoV-2 in the atmosphere, thereby providing an actionable
threat assessment.

In light of the recent pandemic, most countries are struggling to
strike a balance between protecting their residents and maintaining
their economies. In such unprecedented times, the world has wit-
nessed overburdening of healthcare facilities and increased risk of
transmission via healthcare workers and in places with high human
footfall. In an attempt to reduce the possibility of infection by
adopting testing methods capable of producing effective and fast
results in a cost-effective manner, we have proposed herein a simple,
facile, and affordable testing method for areas with high population
density or footfall by avoiding laborious and time-consuming in-
dividual testing. The use of dehumidifiers in designated areas would
allow for analysis of the collected condensate in a rapid and facile
manner, thus allowing authorities to designate zones as “hot spots” in
case of a positive result. The method of sampling is both novel and
effective, given the nature of transmission of coronaviruses and the
unavailability of individual testing in many remote areas. As more
sensitive tests are developed (Ogata et al, 2020), the approach
outlined in this paper should lead to a novel, compact, and potentially
wearable technology. It may also be useful for rapidly assessing the
prevalence of variants in the sampled location, thereby assisting in
epidemiological studies. Finally, there is still ongoing debate over the
airborne nature of COVID-19 transmission (Greenhalgh et al., 2021).
This study, along with improved approaches for nucleic acid recovery
may help resolve the issue.
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