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Objectives: As the world transitions to COVID-19 endemicity, studies focusing on aerosol shedding of
highly transmissible SARS-CoV-2 variants of concern (VOCs) are vital for the calibration of infection con-
trol measures against VOCs that are likely to circulate seasonally. This follow-up Gesundheit-II aerosol
sampling study aims to compare the aerosol shedding patterns of Omicron VOC samples with pre-
Omicron variants analyzed in our previous study.
Design: Coarse and fine aerosol samples from 47 patients infected with SARS-CoV-2 were collected
during various respiratory activities (passive breathing, talking, and singing) and analyzed using reverse
transcription-quantitative polymerase chain reaction and virus culture.
Results: Compared with patients infected with pre-Omicron variants, comparable SARS-CoV-2 RNA copy
numbers were detectable in aerosol samples of patients infected with Omicron despite being fully vac-
cinated. Patients infected with Omicron also showed a slight increase in viral aerosol shedding during
breathing activities and were more likely to have persistent aerosol shedding beyond 7 days after disease
onset.
Conclusion: This follow-up study reaffirms the aerosol shedding properties of Omicron and should guide
continued layering of public health interventions even in highly vaccinated populations.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction strains, including variants of concern (VOCs), further complicating

infection control measures with altered transmissibility, virulence,

The emergence of SARS-CoV-2 causing the prolonged COVID-19
pandemic has had profound public health and socioeconomic con-
sequences worldwide [1]. Throughout the course of the pandemic,
the rapid mutation of SARS-CoV-2 has spawned numerous novel
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and immune evasion [2,3]. Currently, the world is gradually tran-
sitioning to endemicity with the rapid spread and dominance of
the Omicron VOC and its subvariants. As SARS-CoV-2 continues to
adapt to the human airway [4], there are concerns as to whether
Omicron has enhanced aerosol transmission potential that could
further accelerate its spread.

We previously demonstrated that SARS-CoV-2 viral particles
are shed through aerosols emitted during breathing, talking, and
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singing [5]. Other studies also showed that infectious virus can be
cultured from similar samples, albeit from a small number of sub-
jects [6,7]. However, most were conducted before the global domi-
nance of Omicron and before widespread vaccination. Lai et al. has
most recently showed that highly transmissible variants, such as
Omicron, shed higher amounts of virus in exhaled breath aerosols
[7]. However, questions remained on the factors contributing to the
increased aerosol shedding in Omicron VOCs compared with pre-
Omicron variants. Whether these differences would necessitate fur-
ther updates in public health interventions should be investigated
in detail.

Therefore, we conducted a follow-up study using the
Gesundheit-1I (G-II) exhaled breath sampler to collect aerosol
samples from patients infected with Omicron. We analyzed the
aerosol carriage of Omicron VOCs in breathing, talking, and
singing activities from vaccinated patients and compared its
aerosol shedding properties with that of preceding SARS-CoV-2
variants.

Material and methods
Patient recruitment and data collection

Participants were recruited from February 2021 through May
2022 at the National Centre for Infectious Diseases, Singapore. The
inclusion criteria were age 21 years or older, positive for COVID-19
through reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR), and index nasopharyngeal swab qPCR cycle thresh-
old (Ct) value of <25.0. Patients early into the infection phase were
preferentially selected; whereas patients with co-infections, with
severe disease, or requiring supplemental oxygen were excluded
because they were expected to be unable to the complete study
procedures. The data from our previous study were included to fa-
cilitate comparison with non-Omicron variants (n = 23) [5]. The
recruitment and sampling pertaining to this study followed the
same procedures to generate comparable data. This study was ap-
proved by the National Healthcare Group Domain Specific Review
Board (reference number 2020/01113). All study participants pro-
vided written informed consent. In total, accounting for two with-
drawals, 47 participants had samples collected and analyzed for
the study. The summary of recruitment numbers is illustrated in
Figure S1.

Clinical sample collection

Coarse (>5 pm) and fine (<5 pm) fractions of aerosol samples
were collected using the G-Il exhaled breath sampler, as previously
described [5]. Participants performed one to three separate expira-
tory activities in the same sitting, i.e., 30 minutes of tidal breath-
ing, 15 minutes of talking, 15 minutes of singing, with 30 min-
utes of rest between activities. For the talking activity, the par-
ticipants repeated passages read to them from Dr Seuss’ “Green
Eggs and Ham.” For the singing activity, participants sang along to
“Happy Birthday,” “ABC Song,” “Twinkle Twinkle Little Star,” and
“We Wish You A Merry Christmas.” Nasal swab samples were col-
lected for comparison (for participants enrolled from November
2021 onward).

Clinical sample processing

The samples were transported to and processed in the National
University of Singapore Biosafety Level 3 Laboratory on the same
day as the collection. The coarse fraction and nasal swab sam-
ples were vortexed and transferred into screw-capped tubes. Fine
fraction samples were concentrated with Amicon Ultra-15 100-
kDa cut-off centrifugal filter units (Millipore) and filtered through
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a 0.22-um centrifuge tube filter (Corning). The concentrate was
topped up with Dulbecco Modified Eagle Medium, supplemented
with 2% fetal bovine serum and 1 x antibiotic-antimycotic, and
transferred into screw-capped tubes. Aliquots of nasal swab and
fine fraction samples were also subjected to virus culture on the
same day.

Virus culture

VeroE6-transmembrane protease serine 2 (VeroE6-TMPRSS2)
(BPS Bioscience; #78081) or A549-angiotensin-converting enzyme
2 (A549-ACE2) cells were inoculated with samples from nasal
swabs and fine fractions. The presence of cytopathic effect was
monitored every 3-5 days, and a second passage was performed
on either 3 or 7 days after infection, depending on the presence of
cytopathic effect. Supernatants were harvested for RT-qPCR at the
end of each passage (about 14 days).

Viral RNA quantification by RT-qPCR

RNA extraction and RT-qPCR were performed as previously de-
scribed [5]. RNA was extracted using the QIAamp MinElute Virus
Spin Kit (Qiagen), according to the manufacturer’s instructions. The
US Centers for Disease Control N1 assay (Integrated DNA Tech-
nologies) was used for the quantification of SARS-CoV-2. Viral
RNA copies in each original sample were calculated from a stan-
dard curve constructed with the nucleocapsid gene positive control
plasmid (Integrated DNA Technologies).

Classical RT-gPCR and Sanger sequencing

Due to the high prevalence and number of Omicron infec-
tions during the study period, not all samples collected were
sequenced using next-generation sequencing. Hence, Sanger se-
quencing was performed for samples collected from patients with
presumed Omicron infections. A549-ACE2 cells were inoculated
with nasal swab samples before RNA extraction using the Direct-
zol RNA Miniprep kit (Zymo Research), according to the manufac-
turer’s instructions. Partial length SARS-CoV-2 spike (S) gene frag-
ment (733-bp target) was then amplified from extracted viral RNA
using SuperScript™ III One-Step RT-PCR System with Platinum™
Taq High Fidelity DNA Polymerase (Invitrogen) and S gene primers
[8]. The thermal cycling conditions were as follows: 60°C for 1
minute, 50°C for 45 minutes, 94°C for 2 minutes; 40 cycles each,
consisting of 95°C for 15 seconds, 55°C for 30 seconds, 68°C for 1
minute; followed by a final extension step at 68°C for 7 minutes.
RT-PCR products were visualized by 1% agarose gel electrophoresis,
and target amplicon bands purified using the QIAquick Gel Extrac-
tion Kit (Qiagen) according to the manufacturer’s instructions. The
purified amplicons were subjected to Sanger sequencing, and the
resultant sequence data were deposited in GenBank.

Sequence construction and bioinformatics analysis

Sequencing chromatograms were visualized using FinchTV soft-
ware (Version 1.4.0). Partial S gene sequences were constructed,
and pairwise alignment was carried out to screen for relevant mu-
tations with reference to the full-length S gene sequence of the
Wuhan-Hu-1 isolate (NC_045512.2).

Statistical analysis

Statistical analyses and generation of graphs were conducted
using GraphPad Prism version 8.0.2. For the multigroup compari-
son across the variants, Kruskal-Wallis test with Dunn correction
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Figure 1. Detection of SARS-CoV-2 RNA copy numbers in all SARS-CoV-2 infected patients’ aerosol samples from different respiratory activities. (a) SARS-CoV-2 RNA copy
numbers in fine aerosol fractions from breathing, talking, and singing. (b) SARS-CoV-2 RNA copy numbers in coarse aerosol fractions from breathing, talking, and singing. All
plots are shown as median values of SARS-CoV-2 RNA copy numbers from detected samples only. Statistical significance was calculated using Kruskal-Wallis test with Dunn
correction for multiple comparison. A P-value of P <0.05 is considered statistically significant.

for multiple comparison was used. For the two-sample compari-
son, the Mann-Whitney U test was performed. Individual statistical
analyses are denoted in the figure legends. Statistical significance
was defined as a P-value of <0.05.

Results

Fine and coarse aerosol fractions emitted by patients were
collected across three activities, ie., breathing (n = 31), talking
(n = 47), and singing (n = 29). Not all participants completed ev-
ery activity; hence, there were different sample sizes for each ac-
tivity (Figure S1). The data collected from these samples (n = 26)
were then combined with our previous study (n = 23) using the
same methodology [5] to analyze and compare the aerosol car-
riage of SARS-CoV-2 across variants (Table S1). Among the 21 Omi-
cron samples collected, four were sequenced by next-generation
sequencing and the rest by Sanger sequencing. From the sequenc-
ing, three samples were confirmed to be Omicron BA.1 subvariant,
nine were Omicron BA.2 subvariant, and three were Omicron with
unconfirmed subvariant. Six of the sequencing assays were unsuc-
cessful, but these samples were considered as Omicron because
they were collected during a period (March 17 to May 21, 2022)
when 100% of SARS-CoV-2 infections in Singapore were Omicron
infections [9]. The GenBank accession numbers of Omicron sam-
ples that successfully completed an extra round of Sanger sequenc-
ing for confirmation are listed in Table S2.

SARS-CoV-2 RNA can be detected in aerosols of all three activities
(breathing, talking, singing)

The viral RNA loads reported as viral copy numbers in fine
and coarse fractions across the different activities were collated
(Figure 1). All fine and coarse fraction samples passed the ini-
tial quality control, except for one coarse fraction sample from
a talking activity, which yielded unusually low Ct value (lower
than nasal swab Ct value), likely due to an artifact in detection.
The latter sample was thus removed from the subsequent analy-
ses. Similar to our previous study [5], higher viral RNA positivity
was detected in the fine fraction (32.3% breathing, 40.4% talking,
44.8% singing) (Figure 1a) than the coarse fraction (22.6% breath-
ing, 19.6% talking, 31.0% singing) (Figure 1b). Among the positive
samples, talking and singing generated slightly higher viral copy
numbers than breathing in the fine fraction, whereas the reverse
was observed for the coarse fraction. The SARS-CoV-2 copy num-
bers ranged from 93.9 to 5964.9 for the fine fraction and 31.0 to
764.0 for the coarse fraction. All aerosol samples were negative for
infectious viruses after the A549-ACE2 cell culture. However, in-
fectious viruses could be cultured from the nasal swab samples
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collected from the same patients on the same day, prior to per-
forming the G-I activities. The nasal swab samples from patients
infected with Omicron yielded higher viral copy numbers (median
copy number = 8.36 x 106) than those infected with the Delta
variant (median copy number = 2.62 x 10%). However, it should be
noted that this comparison was made between 20 Omicron sam-
ples and three Delta samples, when nasal swabs were available
during the current round of collection (n = 26). Therefore, only
the median copy number is reported here as an observation, and
no further statistical analyses were performed.

Viral RNA in aerosols from patients infected with Omicron are
comparable to earlier VOCs despite widespread vaccination

The collated data were then compared between all patients in-
fected with pre-Omicron variants (pooled) against patients infected
with Omicron (Figure 2). It was observed that the SARS-CoV-2 RNA
copy numbers were comparable between the Omicron and pre-
Omicron variants among the positive aerosol fractions (Figure 2a-
c). Similar viral RNA levels were detected despite the widespread
vaccine coverage of the Singapore population during the second
sampling period [10]. In our study, only 15.4% (4 of 26) of pa-
tients not infected with Omicron had received the primary doses of
SARS-CoV-2 vaccine, whereas 90.5% (19 of 21) of patients infected
with Omicron had received the primary doses, with 57.1% (12
of 21) boosted. In addition, comparing pre-Omicron and Omicron
copy numbers in aerosol emissions, the breathing activity yielded
a significantly higher SARS-CoV-2 RNA copy number in the Omi-
cron fine fraction (Figure 2a; P = 0.006). The samples were then
further categorized according to their VOC to assess whether the
differences in aerosol shedding of SARS-CoV-2 are due to specific
variants (Figure S2). Each of the variants could be detected in ei-
ther aerosol fraction from at least one activity evaluated, with the
lowest detection rate coming from the ancestral SARS-CoV-2, sug-
gesting potential adaptation favoring aerosol shedding of the virus
(Figure S2A-C). It is also interesting to note that among the small
number of vaccinated patients (i.e., at least the primary dose was
completed) infected with the pre-Omicron variants, all of them did
not have detectable viral RNA in their aerosol emissions, except
for one singing emission sample from a patient infected with the
Kappa variant.

Aerosol detection of SARS-CoV-2 RNA extends beyond 7 days from
disease onset, particularly for Omicron VOC

Given that the days of illness of patient samples differed
greatly, we further generated a plot comparing between pre-
Omicron and Omicron samples on their aerosol shedding over day
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Figure 2. Comparison of SARS-CoV-2 RNA copy numbers from patients infected with pre-Omicron vs Omicron variant of concerns. Comparison of viral RNA copy numbers
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samples, whereas the green data points represent the Omicron samples.

of illness (Figure 3). Although we observed decreasing trends of
SARS-CoV-2 copy numbers with time, some subjects continued to
shed virus in their fine or coarse aerosol fractions for all three ac-
tivities up to 11 days after the illness (Figure 3a-c). Interestingly,
patients infected with Omicron generally exhibited detection pos-
itivity (for all three activities tested) that continued later into day
of illness based on the pooled RNA copy number of both fine and
coarse (f + c) fractions. As such, the data points from samples
collected on or after day 7 of illness were extracted to compare
late viral shedding (Figure 4). Among the positive samples at 7
days or later (2 of 8 for breathing, 2 of 9 for talking, 2 of 8 for
singing), it was found that the positive detection rate of Omicron
VOC was higher than that of pre-Omicron VOCs (Figure 4a-c), es-
pecially in the fine fraction. The samples collected on or after day
7 of illness were further stratified according to their SARS-CoV-
2 variants to analyze the rate of viral detection for late illness
shedding. It was observed that, apart from Omicron, other VOCs
with viral RNA-positive samples belonged to the later-emerging
Beta and Delta variants (Figure S3). Interestingly, positive samples
were detected from patients with partial vaccination for Beta and
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Delta VOCs and patients who were not boosted for the Omicron
VOC (Table S1). This suggests that the duration of aerosol shed-
ding of SARS-CoV-2 may be longer, especially for the Omicron vari-
ant. Therefore, further investigations are warranted to determine if
such aerosol shedding late into the disease process is attributable
to viable virus because this will influence public health measures
to mitigate aerosol transmission of SARS-CoV-2.

Discussion

The emergence and current predominance of the Omicron VOC
has ushered in a new normal, where SARS-CoV-2 is being rec-
ognized as endemic in most human populations [11,12]. Because
SARS-CoV-2 would most likely join the ranks of seasonal respira-
tory viruses, it is critical to understand the role of aerosol shedding
of SARS-CoV-2 (especially the Omicron VOC) to devise appropri-
ate control measures against virus transmission [11]. In our study,
we used the G-Il apparatus to collect aerosols in fine and coarse
fractions to detect SARS-CoV-2 using RT-qPCR and compared them
across the variants to assess if differential aerosol carriage occurs.
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After analysis, it was observed that patients infected with SARS-
CoV-2 generated detectable viral RNA in respiratory aerosols (ex-
pressed as viral RNA copy numbers). This observation is similar
to our previous findings in patients infected with previous SARS-
CoV-2 variants [5,6]. Our data also reaffirmed that the fine aerosol
fraction carried more virus particles, corroborating recent studies
[7,13], and that talking and singing generate more viral RNA in
aerosols than breathing. However, culturing of infectious viruses
from aerosol samples continues to be a challenge [5,14], with nu-
merous steps in the collection process that subject viruses to envi-
ronmental degradation and mechanical stress during sampling that
may impact in vitro viability. Therefore, these reasons may explain
why all the collected samples were negative for virus culture, de-
spite the positive virus cultures obtained from direct nasal swabs
from the same patients. Notwithstanding, there are a few reports
where infectious viruses can indeed be isolated from aerosol sam-
ples even through masks [6,7], indicating that aerosol shedding re-
mains an important transmission pathway that necessitates proper
controls in appropriate settings.

As the world shifts toward Omicron predominance, we ex-
tended our previous study and evaluated the aerosol shedding of
the Omicron VOC. In addition, with widespread vaccination that
precedes Omicron emergence, this follow-up study was able to
compare the responses in a vaccinated versus a largely unvacci-
nated cohort. Omicron VOC-specific vaccines were not yet avail-
able in Singapore at the time of this study, and to date, most
variant-specific vaccines tend to lag behind the currently circulat-
ing strains. Despite the high vaccination rates, the Omicron VOC
exhibited comparable aerosol shedding as the pre-Omicron vari-
ants, similar to another study conducted by Lai et al. [7]. This sug-
gests that although vaccination protects against severe disease, the
current vaccines that induce systemic immunity do not prevent
aerosol shedding, especially of the highly mutated Omicron VOC,
which may be related to their relatively poorer immunogenicity for
the development of mucosal antibodies [15]. However, it was ob-
served, in limited capacity, that vaccination may reduce the length
of aerosol shedding because patients with longer aerosol shed-
ding detection were those who were partially vaccinated (Beta and
Delta VOCs) or not boosted (Omicron VOC). Nevertheless, this find-
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ing suggested that the prevention of aerosol shedding may require
mucosal protection against viral infections. As such, mucosal vac-
cines, similar to that of FLUMIST® live attenuated influenza vac-
cine used in influenza infections [16,17], should be developed and
investigated for their efficacy in preventing the aerosol-mediated
transmission of SARS-CoV-2 [18,19].

Furthermore, compared with the pre-Omicron VOCs, Omicron
exhibited a significant increase in aerosol shedding during breath-
ing. This difference may be attributed to greater tropism of
Omicron for the upper respiratory tract and/or bronchial tissue
[4,20,21]. With this change in tropism, the greater concentration
of virus in the upper respiratory tract is more likely to be detected
during tidal breathing, as opposed to the virus concentrating in the
lower respiratory tract that may show up in greater numbers when
deep breaths are taken for talking or singing. In addition, it is also
noted that a fraction of the samples tested positive for viral RNA
despite being collected at 7 or more days from illness onset. This
finding is congruent with the clinical and epidemiological studies
that indicate a more prolonged virus shedding in patients infected
with Omicron, even among those who have received vaccination
[22,23]. This may also help to explain the current global domi-
nance of the Omicron variant.

Therefore, the findings of our study continue to highlight the
importance of other public health interventions that complement
the broad community vaccination. This strategy can be achieved,
along with updating of vaccine formulations, to mitigate the im-
pact of future COVID-19 waves on the health care systems and
community [24]. Our study also observed significant heterogeneity
of viral RNA copy numbers between patients, with some subjects
shedding higher viral RNA loads for longer periods—a potential
feature that may contribute to super-spreading aerosol-associated
transmission [25]. Future studies should focus on identifying the
risk factors that contribute to this heterogeneity leading to super-
spreading events to better ring-fence the infections and transmis-
sion, particularly during seasonal outbreaks of SARS-CoV-2 infec-
tion.

Our study does have certain limitations. First, to make our anal-
ysis more meaningful, the analyses were pooled as Omicron com-
pared with pre-Omicron infections due to the relatively small sam-
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ple sizes across the VOCs, which may dilute the specific differences
found in some VOCs. However, the rationale of the data consol-
idation was that the only strain circulating in most parts of the
world has been Omicron and its subvariants for most of 2022. Sec-
ond, although the sampling methodology was identical for both co-
horts, there may have been differences in terms of community ex-
posures, time from vaccination, and other seasonal factors, which
may have affected the comparison. Nevertheless, the data from this
study revealed that patients infected with Omicron emit similar
aerosol viral loads as other variants, despite widespread vaccina-
tion coverage during the Omicron wave. Therefore, our data indi-
cate that the global dominance of Omicron may not only be due
to the multiple mutations in Omicron culminating in a more eas-
ily aerosolized virus per se. The more persistent and longer du-
ration of shedding of Omicron also suggests enhanced adaptation
to human hosts, thus sustaining the effective generation of viral
aerosols. This, coupled with greater immune evasion and vaccine
escape of the Omicron VOC [26], may better explain its enhanced
transmissibility [27,28] and global dominance.

Conclusion

Our study underscores the transmission potential of the Omi-
cron variants through aerosols during normal respiratory activi-
ties. The persistent and prolonged periods of aerosol shedding of
high viral loads by individuals infected with Omicron (despite be-
ing fully vaccinated and largely asymptomatic) may contribute to
its greater transmissibility. With most countries recognizing that
the virus is endemic, it is vital to remain vigilant with continued
public health interventions, such as adequate ventilation, disinfec-
tion technologies, and high efficiency particulate air (HEPA) filters,
moving away from original strategies, such as quarantine and con-
tact tracing. This applies not only for SARS-CoV-2 but also other
respiratory viruses. Future detailed studies are warranted to ex-
plore the improved building designs, as well as physical, molec-
ular, and host risk factors, that contribute to the transmissibility of
SARS-CoV-2 and other respiratory viruses. Such studies will be in-
strumental in formulating targeted public health interventions to
ameliorate the socioeconomic impact of these viral diseases.
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