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Abstract

The rapid spread of the SARS-CoV-2 in the COVID-19 pandemic had raised questions on the route of
transmission of this disease. Initial understanding was that transmission originated from respiratory
droplet from an infected host to a susceptible host. However, indirect contact transmission of viable virus
by fomites and through aerosols has also been suggested. Herein, we report the involvement of fine
indoor air particulate with the diameter of < 2.5 pm (PM, 5) as the transport agent of the virus. PM, s was

collected over four weeks during a 48 hours measurement intervals in four separate wards containing
different infected clusters in a teaching hospital in Kuala Lumpur, Malaysia. Our results indicated highest
SARS-CoV-2 RNA on PM, 5 in the ward associated with a lavatory. We suggest a link between the virus-

laden PM, s and the ward’s design. Patients’ symptoms and numbers that govern the magnitude of viral
shedding may also influence the number of airborne SARS-CoV-2 RNA on PM, 5 in an enclosed
environment.

Main Text

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)is primarily transmitted via
respiratory droplets of varioussizes'. Large respiratory droplets (> 5 pm)transmission occur when a
person is in close contact with someone(WHO 2014)* who has respiratory symptoms such ascoughing or
sneezing®, whereas finer virus-ladenrespiratory droplets and particulate matters (<5 pm) can remain inthe
air for an extended period and be carried over greaterdistances® > 6 m (such as the outbreak
oftuberculosis, measles and chickenpox)’. Despite numerousstudies that have demonstrated the
transmission route of SARS-CoV-2via respiratory droplets, evidence on aerosols-borne
transmissionremains limited'®°. Recently, the transmission ofvirus via solid aerosols has been reported
in several hospitals inWuhan. The study indicates positive detection of SARS-CoV-2 in arange of
particulate matter (PM) from submicrometer and/orsupermicrometer 19, suggesting that SARS-CoV-2
can betransported via solid aerosols. No correlation was found betweenvirus concentration and
particulate matter as a function ofparticles diameter. Nevertheless, positive correlations betweenPM, 5
and other respiratory viruses such as theinfluenza virus have been reported'?, emphasizing thepossibility
of particulate matter as a transport carrier forSARS-CoV-2.

PM, 5 is fine solid aerosols with a particle diameterof < 2.5 pm that is suspended in ambient air. PM, 5
inindoor environments is largely derived from common outdoor sourcessuch as motor-vehicles, biomass
burning, and industrialemissions?1314. Prolonged exposure toPM, s is particularly detrimental to human
health asthis fine particulate matter can be easily inhaled and penetratedeep into the lungs'>'®. In the air,
PM, sis known to have a significantly longer lifetime where it can besuspended at an extended period
compared to respiratory liquiddroplets. This longer lifetime of particles may pose a significantviral
exposure to healthcare personnel, especially in indoorenvironments. PM, s can also be deposited in
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indoorenvironments such as hospitals’ flooring'”"'® and anysurface materials'®2%. This fine particulate
matter isreadily propagated by tiny turbulent eddies in the air that arisefrom physical activities such as

human movements andwalking?'?2. Considering the fact that the viabilityof SARS-CoV-2 on many types
of surfaces have been reported(e.g., on metals for 48 hours, plastic for 72 hours,cardboard for 24 hours,

and copper for 4 hours)?324, itis likely that the virus on the surface can be potentially lodgedon the PM, ¢
and redistributed/transported back into theair.

Recent findings based on measurements of air particles havesuggested that SARS-CoV-2 could be re-
suspended in the air whenhealthcare workers remove their personal protective equipment(PPE)%°.
Furthermore, it is also suggested thatsuspended tiny dust in the air could couple with microorganisms
ofdiameter < 5 ym during aerosolization’. Since thediameter of the SARS-CoV-2 is two orders of
magnitude smaller -approximately 70—90 nm?®, the mechanism/mode of theairborne transport is still
unclear and, therefore, worthexploring. In this study, we hypothesize the possible role ofPM, 5 as a carrier

(or transport agent) for SARS-CoV-2.In this study, we aim to investigate the possible link betweenPM,
and SARS-CoV-2 from several wards in ahospital.

Indoor PM, 5: We measuredPM, s using an in-house air qualitysensor'22%, AiRBOXSense (see S|
forspecifications). This was in tandem with sampling ofPM, 5 on filter papers using a Low Volume
Sampler (LVS)(see Sl for details). Air samplings were done for 48 hours in thisstudy to maximise the
potential capture of virus loading onPM, =. Typically, PM, s measurements aretaken in lesser intervals

(e.g., 8 and 24hours)?3. We also used quartz microfiber filters (poresize of 0.6-0.8 um) in this study
instead of nanofiber filters(commonly used in virus filtration) to enable us to link SARS-CoV-
2transmission via PM, s (see Sl for details).

All PM, s measurements and samplings were taken inCOVID-19 wards. General details of patients and
how they weresegregated in wards are described in Table 1 and SI. The highestconcentration of indoor
PM, = was measured in generalward B (Table 1) (13.27 ugm?), while the lowestconcentration was
measured in general ward D (2.63pgm™). General ward B was occupied by a cluster ofpatients from the

same institution and was observed to have themost activity among the patients. Higher
PM, sconcentrations can be contributed by physical activities such asmovements of health workers and

patients?12829 ThePM, ¢ concentrations measured in this study are slightlylower than reported in a

European urban hospitalC.

Virus RNA analysis: Filter membranes collectedfrom the LVS from different wards were used in the
detection of SARS-CoV-2 RNA. The results from the Reverse TranscriptionQuantitative Real Time
Polymerase Chain Reaction (RT-qPCR) showedpositive detection of the SARS-CoV-2 nucleocapsid (N)
gene. Onlythe N1 nucleocapsid gene was successfully detected. According tothe Emergency Use
Authorization (EUA)®", detection ofeither the N1 or N2 gene is considered positive for the presence

of SARS-CoV-2 (Orig3n, Inc. 2020). We detected positive results forSARS-COV-2 genes in the single room
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Ward A (74 + 117.1 copiesul™") and General Ward B (10 + 7.44 copiesuL™). The viral genomes extracted
consist of the totalviral genome from the filter paper. Therefore, the high standarddeviation reported may
be a result of the heterogenous mixture ofgenomic RNA in the RT-gPCR template and the presence of
therelatively low SARS-CoV-2 genome. Nonetheless, the cycle threshold(CT) value was <40 (Orig3n Inc.
2020), confirming the positivedetection of SARS-CoV-2 in our samples (Table 1). Due tooperational
restriction imposed by the hospital, the sample sizewas limited and a very low viral RNA yield was
recovered. Theuniqueness in the result is that viral RNA was still able to bedetected in the single
occupancy ward (Ward A). Ward A is a smallenclosed room (22 m?) with a lavatory attached.
Thefrequent use of the lavatory resulted in the increase ofviral shedding activity. We suspect that virus-
ladenPM, 5 generated from the shedding activity circulatedwithin the enclosed room despite low PM, 5
concentration(11.25 ug m), thus explaining the spike in the data.The degree of viral shedding (from the
patients) due to symptomssuch as coughing, sneezing, diarrhoea, etc. has been reported toinfluence the
number of virus particles in theenvironment'. It is suggested that the increased virusparticles (due to
shedding) in a poorly ventilated environmentmight increase the virus-PM, sassemblage®'%34. A study
done by °reported that they were not able to detect SARS-CoV-2 in all oftheir tested air samples. However,
they highlighted that theirshort sampling time of 15 min - 4 h might not represent total airvolume in the
ward and the presence of SARS-CoV-2 might havepossibly been diluted during air exchanges in the ward.
Thislimitation was modified in our study by extending the air samplingduration.

SARS-CoV-2 RNA was also detected in General Ward B. General WardB is a larger room (100 m?)
consisting of 18 occupiedbeds with two air purifying units installed at a distance of 8 maway from the
LVS. The amount of SARS-CoV-2 collected in theparticulate matter is significantly lower than from Ward

A despitethe higher number of patients and concentration of PM, (17.58 ugm™). Such a low

concentration of viral load inthe aerosol could be attributed to the fact that all the leading tominimal virus
shedding; although higher particulate matter readingin relation to the occupants’ activities that promotes
there-suspension of PM, s from the floor andsurfaces3°3¢.

Virus-laden PM, 5 was not detected in Wards C and Ddespite having similar ward size. The number of
patients in Ward Cis similar to Ward B, whereas the number of patients in Ward D ishalf of that of Wards
C. The patients in Ward C and Ward D werealso diagnosed with mild symptoms. The non-detection of the
virusin these wards may be due to very low virus shedding from thepatients. Another possible factor to
explain the absence of SARS-CoV-2 RNA in PM, 5 is that the LVS in Ward C (andalso Ward D) was

positioned adjacent to an air purifier. Althoughthe effectiveness of air-purifier in removing PM, sremains

unclear, air-filtration has been reported to reduce viralloading in air®°26.

Our results clearly indicated that SARS-CoV-2 RNA is presentwithin PM, 5 particles. Hence, it is crucial

todetermine whether these RNAs came from intact virus particles orare merely RNA from non-infectious
virus particles. The detectionof SARS-CoV-2 viral RNA on surfaces was previously reported on acruise

ship, the Diamond Prince, even after 17 days after theevacuation of passengers®”. In addition, the Centres
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forDisease Control and Prevention (CDC) pointed out that theinfectivity of the detected particles was still
uncertain. A studycarried out in a CDC facility showed that SARS-CoV-2 was able toremain infectious up
to 72 hours on some surfaces?*.Thus, it is suggested that infectious virus be determined byculturing of
virus residing on the PM, s ontoappropriate cell culture. Although our study could not show adirect link
between the concentration of PM, 5 andSARS-CoV-2. We did find that PM, s generated fromhuman
activities in healthcare facilities can influence thepresence of SARS-CoV-2 RNA in indoor environments.
Furthermore, thedegree of viral shedding from symptomatic patients may alsoinfluence the presence of
SARS-CoV-2 RNA on PM, s.Therefore, we recommend that all possible precautions againstairborne
transmission in indoor environments should be takenseriously.

Declarations

Acknowledgements We convey our appreciation toUniversiti Kebangsaan Malaysia (UKM) for permitting
us to performthe sampling at their teaching hospital (Hospital Canselor TuankuMuhriz UKM), despite the
country being held under the MovementControl Order. This study was supported by the UKM Special
Fundgrant no. GUP-2018-135 and GGP-2019-015. Additionally, we wouldalso like to thank the hospital’s
healthcare workers at Ward 7C,6E, and 6H. We would also like to thank the staff from the
HCTMmicrobiology laboratory for helping us in regards to samplestorage. We also thank to Innosens
Technology Sdn. Bhd for theassistance on AiIRBOXSense deployment. we would like to specificallyconvey
his appreciation to Prof Dato' Ir Dr. Abdul Wahab Mohammadand Dr Kuhan Chandru for his
encouragement to conduct this study.Finally, we would like to send our gratitude to all of the
bravehealthcare workers in Malaysia and around the world during thistime of crisis.

Author contributions M.S.M.N conceptualized theidea. M.S.M.N, N.S.M.N, N.I and Z.Z.R aided in the study
design.M.S.M.S performed the indoor air sampling procedures. N.S.M.N Y.C.Wand NI did the gRT-PCR and
rRT-PCR analyses. M.S.M.N, N.S.M.N,Y.C.W and L.C.Y wrote the early versions of the manuscript.
Allauthors contributed equally to the data analysis andinterpretations. All authors co-wrote the final
version of thepaper.

Competing interests The authors declare nocompeting interests.

References

1. Liu, Yet al. Aerodynamic analysisof SARS-CoV-2 in two Wuhan hospitals. Nature.
doi:10.1038/s41586-020-2271-3(2020).

2. Chan, J. F. Wet al A familial cluster ofpneumonia associated with the 2019 novel coronavirus
indicatingperson-to-person transmission: a study of a family cluster.Lancet. 395,514-523 (2020).

3. Huang, C,et al.Clinical features ofpatients infected with 2019 novel coronavirus in Wuhan,
China.Lancet.395,497-506 (2020).

Page 6/10


http://paperpile.com/b/u99KGQ/eOSL
http://paperpile.com/b/u99KGQ/eOSL
http://paperpile.com/b/u99KGQ/eOSL
http://paperpile.com/b/u99KGQ/eOSL
http://paperpile.com/b/u99KGQ/eOSL
http://dx.doi.org/10.1038/s41586-020-2271-3
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/Wbcd
http://paperpile.com/b/u99KGQ/ijOp
http://paperpile.com/b/u99KGQ/ijOp
http://paperpile.com/b/u99KGQ/ijOp
http://paperpile.com/b/u99KGQ/ijOp
http://paperpile.com/b/u99KGQ/ijOp

4.

10.

11.

12.

13.

14.

15.

16.

17.

World Health Organization. Infection prevention and control ofepidemic- and pandemic-prone acute
respiratory infections in healthcare. Geneva: World Health Organization; 2014 Available:from
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf?
sequence=1(2014).

.0ng,S.W,, Tan,Y.K,ChiaPY,LeeTH,Ng O T, Wong M S, et al. Air, surface environmental, and

personal protectiveequipment contamination by severe acute respiratory syndromecoronavirus 2
(SARS-CoV-2) from a symptomatic patient. JAMA. 16, 1610-1612 (2020).

. Dbouka, T., and Drikakisb, D. On coughing and airbornedroplet transmission to humans. Physics of

Fluids,32, 053310 https://doi.org/10.1063/5.0011960(2020).

. Ather, B., Edemekong, P. F. Airborne Precautions. [Updated 2020Feb 17]. In: StatPearls [Internet].

Treasure Island (FL):StatPearls Publishing; 2020 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK531468/(2020).

. Peng, X, Xu, X,, Li, Y., Cheng, L., Zhou, X., Ren, B.Transmission routes of 2019-nCoV and controls in

dental practice./nternational Journal of Oral Science, 12(2020).

. Morawska, L., & Cao, J. Airborne transmission of SARS-CoV-2:The world should face the reality.

Environmentinternational, 105730 (2020).

Zhen-Dong, Get al.Aerosol and SurfaceDistribution of Severe Acute Respiratory Syndrome
Coronavirus 2 inHospital Wards, Wuhan, China. Emerging InfectiousDisease journal. 26, (2020).

Su, W et al. Theshort-term effects of air pollutants on influenza-like illness indinan, China. BMC
PublicHealth. 19,1319(2019).

Nadzir, M. S. M., Ooi, M. C. G,, Alhasa, K. M., Bakar, M. A.A., Mohtar, A. A. A,, Nor, M. F. F. M., Latif, M.
T., Hamid, H. H.A,, Ali, S. H. M., Ariff, N. M., Anuar, J., Ahamad, F,, Azhari, A.,Hanif, N. M., Subhi, M. A,,
Othman, M., and Nor, M. Z. M. Thelmpact of Movement Control Order (MCO) during Pandemic
COVID-19 onLocal Air Quality in an Urban Area of Klang Valley,Malaysia. Aerosol Air Qual.

Res. https://doi.org/10.4209/aaqr.2020.04.0163(2020).

Marcazzan, G. M., Vaccaro, S., Valli, G., Vecchi, R.Characterisation of PM,, and PM, sparticulate
matter in the ambient air of Milan (Italy).Atmospheric Environment. 35, 27, 4639 —4650 (2001).
Zhang, Y-L., Cao, F. Is it time to tackle PM, s airpollutants in China from biomass-burning emissions?
Environmental Pollution. 202,217 — 219(2015).

Xing, Y. F, Xu, Y. H,, Shi, M. H,, Lian, Y. X. The impact ofPM, = on the human respiratory system. J
Thorac2016: 8, 1, 69-74. doi:10.3978/j.issn.2072-1439.2016.01.19 (2016).

Zwozdziak, A., Séwka, ., Worobiec, A., Zwozdziak, J., & Nych,A. The contribution of outdoor
particulate matter (PM;,PM, 5, PM) to school indoorenvironment. Indoor and Built Environment.24,
8,1038-1047 https://doi.org/10.1177/1420326X14534093(2015).

Wang, X., Bi, X., Sheng, G., Fu J. Hospital indoorPM,,/PM, 5 and associated trace elements
inGuangzhou, China. Science of the Total Environment 2006;366, 1, 124-135.

Page 7/10


https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf?sequence=1
https://doi.org/10.1063/5.0011960
https://www.ncbi.nlm.nih.gov/books/NBK531468/
http://paperpile.com/b/u99KGQ/U3nf
http://paperpile.com/b/u99KGQ/U3nf
http://paperpile.com/b/u99KGQ/U3nf
http://paperpile.com/b/u99KGQ/U3nf
http://paperpile.com/b/u99KGQ/ygMq
http://paperpile.com/b/u99KGQ/ygMq
http://paperpile.com/b/u99KGQ/ygMq
https://doi.org/10.4209/aaqr.2020.04.0163
https://doi.org/10.1177/1420326X14534093

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

Gemenetzis, P, Moussas, P, Arditsoglou, A., Samara, C. Massconcentration and elemental
composition of indoor PM, sand PM, in University rooms in Thessaloniki, northernGreece.

Atmospheric Environment. 40, 17,3195 - 3206 (2006).

Qian, J., Ferro, A. R., Fowler, K. R. Estimating theresuspension rate and residence time of indoor
particles.Journal of the Air & Waste Management Association.58, 4, 502 — 516 (2012).

Liu, C., Yang, J., Ji, S, Lu, Y., Wu, P, Chen, C. Influenceof natural ventilation rate on indoor PM, 5
deposition.Building and Environment. 144, 357 - 364.(2018).

Chatoutsidou, S.E. etal. Indoor/outdoor particulatematter number and mass concentration in modern
offices.Build.Environ. 92,462-474 (2015).

Hanninen, O. O., Palonen, J., Tuomisto, J. T et al. Reductionpotential of urban PM, s mortality risk
using modernventilation systems in buildings. Indoor Air.15, 246—256 (2005).

National AmbientAir Quality Standards (NAAQS). doi:10.4135/9781483381503.n817.

van Doremalen, N., Bushmaker, T., Morris, D. H., Holbrook, M.G., Gamble, A., Williamson, B. N., Tamin,
A., Harcourt, J. L., Thornburg, N. J., Gerber, S. I, & LIoyd-Smith, J. O. Aerosol andsurface stability of

SARS-CoV-2 as compared with SARS-CoV-1.New England Journal of Medicine. 382, 16,1564-1567
(2020).

Kim, J. M., Chung, Y. S., Jo, H. J., Lee, N. J,, Kim, M. S, Woo, S. H., Park S, Kim J W, Kim H M, and Han
M G. Identificationof Coronavirus Isolated from a Patient in Korea with COVID-19.0song Public
Health and Research Perspectives.11, 1, p.3 (2020).

Alhasa, K. M., Mohd Nadzir, M. S., Olalekan, P, Latif, M. T.,Yusup, Y., Igbal Faruque, M. R., Ahamad, F.,
Abd Hamid, H. H.,Aiyub, K., Md Ali, S. H.,, Khan, M. F,, Abu Samah, A,, Yusuff, |.,0thman, M., Tengku
Hassim, T. M. F,, Ezani, N. E. Calibration Modelof a Low-Cost Air Quality Sensor Using an Adaptive
Neuro-FuzzylInference System. Sensors. 18, 4380(2018).

Slezakova, K., Pereira, M., Alvim-Ferraz, M. Influence oftobacco smoke on the elemental composition
of indoor particles ofdifferent sizes. Atmos Environ. 43,486—493 (2009).

Arfaeinia, H.Evaluation of public health impacts related to urban air pollutionin Shiraz and Bushehr,
Iran. International Journal ofPharmacy and Technology. 7, 3:9811-9824(2015).

Slezakova, K., Pereira, M., Alvim-Ferraz, M. Influence oftobacco smoke on the elemental composition
of indoor particles ofdifferent sizes. Atmos Environ. 43,486—493 (2009).

Galindo, N.,Yubero, E., Nicolds, J. F,, Varea, M., & Crespo, J.Characterization of metals in PM; and
PM;oand health risk evaluation at an urban site in the westernMediterranean. Chemosphere.201,243-
250 (2018).

Orig3n, Inc. Accelerated Emergency Use Authorization (EUA)summary Orig3n 2019 novel coronavirus
(covid-19) test (Orig3n,Inc.). Orig3n 2019 Novel Coronavirus (COVID-19) Test EUA
Summary.https://www.fda.gov/media/136873/download(2020).

Qian, H., Zheng, X. Ventilation control for airbornetransmission of human exhaled bio-aerosols in
buildings.Journal of Thoracic Disease. 10 (Suppl19), S2295 - S2304 (2018).

Page 8/10


http://paperpile.com/b/u99KGQ/zyNP
http://paperpile.com/b/u99KGQ/zyNP
http://paperpile.com/b/u99KGQ/zyNP
http://paperpile.com/b/u99KGQ/zyNP
http://paperpile.com/b/u99KGQ/zyNP
http://paperpile.com/b/u99KGQ/q31j
http://dx.doi.org/10.4135/9781483381503.n817
http://paperpile.com/b/u99KGQ/q31j
http://paperpile.com/b/u99KGQ/FQ41
http://paperpile.com/b/u99KGQ/CTvi
http://paperpile.com/b/u99KGQ/CTvi
http://paperpile.com/b/u99KGQ/CTvi
http://paperpile.com/b/u99KGQ/CTvi
https://www.fda.gov/media/136873/download

33.

34.

35.

36.

37.

38.

Lowther, S. D., Jones, K. C., Wang, X., Whyatt, J. D., Wild O,Booker D. Particulate matter measurement
indoors: A review ofmetrics, sensors, needs, and applications. 53,11644 - 11656. (2019).

Mainka, A., Zajusz-Zubek, E., Kaczmarek, K. PM, s inurban and rural nursery schools in Upper Silesia,
Poland: TraceElements Analysis. International Journal of EnvironmentalResearch and Public Health.
12: 7,7990 -8008 (2015).

Hagbom, M., Nordgren, J., Nybom, R. et al. lonizing air affectsinfluenza virus infectivity and prevents
airborne-transmission.Nat Sci Rep. 5, 11431 https://doi.org/10.1038/srep11431(2015).

Kujundzic, E., Matalkah, F., Howard, C. J., Hernandez, M., Miller, S. L. UV air cleaners and upper-room
air ultravioletgermicidal irradiation for controlling airborne bacteria and fungalspores. Journal of
Occupational and Environmental Hygiene.3, 536-546 (2006).

Moriarty, L. F.,, Plucinski, M. M., Marston, B. J et al. PublicHealth Responses to COVID-19 Outbreaks
on Cruise Ships — Worldwide,February—March 2020. MMWR Morb. Mortal (2020).

Thedell, T., Boles, C. L., Cwiertny, D. W,, Brown, G. D., Qian,J., & Nonnenmann, M. W. Comparisons of a

novel air sampling filtermaterial, wash buffers and extraction methods in the detection
andquantification of influenza virus. BioRxiv . 441154(2018).

Table

Table 1|Summary of the data collected atHCTM.

Ward? PM,s5 SARS-CoV- No. of Aread
(ugm- 2 occupiedbeds Remarks®
33)b RNAC

Singleroom 11.25 Detected 1 ~ Withoutair purifier
Ward A +2.05 22m?2
GeneralWard 17.58 Detected 18 ~ Two airpurifiers (LVS sampler located
B +4.27 100m2 far from the airpurifier)
GeneralWard 14.66 Notdetected 17 ~ One airpurifier
C +5.59 100m?2
GeneralWard 7.57 Notdetected 8 ~ One airpurifier
D +1.37 100m?

a8 Selected wards thatwere sampled consisting of different patient clusters: Single roomward A, an
executive ward that hosts only one COVID-19 patient;General ward B was occupied an institutional
cluster; General WardC was occupied by patients arriving from overseas; and General WardD was
occupied by migrant workers (see SI fordetails).

bAverage 48 hourlyconcentrations (with standard deviation) of PM, smeasured in different wards at
HCTM.

¢ Detection of SARS-CoV-2RNA on captured PM, 5 at differentwards.

dWard area is anapproximate measurement and not the officialmeasurement.

€ SeeSI for details on air purifiers.
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