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Abstract: The airborne route of transmission of SARS-CoV-2 was confirmed by the World Health
Organization in April 2021. There is an urge to establish standardized protocols for assessing the
concentration of SARS-CoV-2 RNA in air samples to support risk assessment, especially in indoor
environments. Debates on the airborne transmission route of SARS-CoV-2 have been complicated
because, among the studies testing the presence of the virus in the air, the percentage of positive
samples has often been very low. In the present study, we report preliminary results on a study
for the evaluation of parameters that can influence SARS-CoV-2 RNA recovery from quartz fiber
filters spotted either by standard single-stranded SARS-CoV-2 RNA or by inactivated SARS-CoV-2
virions. The analytes were spiked on filters and underwent an active or passive sampling; then,
they were preserved at −80 ◦C for different numbers of days (0 to 54) before extraction and analysis.
We found a mean recovery of 2.43%, except for the sample not preserved (0 days) that showed a
recovery of 13.51%. We found a relationship between the number of days and the recovery percentage.
The results presented show a possible issue that relates to the quartz matrix and SARS-CoV-2 RNA
recovery. The results are in accordance with the already published studies that described similar
methods for SARS-CoV-2 RNA field sampling and that reported non-detectable concentrations of
RNA. These outcomes could be false negatives due to sample preservation conditions. Thus, until
further investigation, we suggest, as possible alternatives, to keep the filters: (i) in a sealed container for
preservation at 4 ◦C; and (ii) in a viral transport medium for preservation at a temperature below 0 ◦C.

Keywords: aerosol; SARS-CoV-2 RNA; SARS-CoV-2 virions; quartz filter; recovery

1. Introduction

The airborne route of transmission of SARS-CoV-2 was confirmed by the World Health
Organization in April 2021 [1], after several publications on the topic, both theoretical and
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experimental [2,3]. The numbers of papers concerning the air sampling of SARS-CoV-2
for assessing the presence and possible infectivity in indoor and outdoor environments
are growing continuously. Different sample collection methods can be used, such as solid
impactors, liquid impactors, and filters [4].

The relationship between COVID-19 spread due to SARS-CoV-2 infection and air
pollution has been considered [5,6], and the collection of particulate matter aiming to
identify the pollutants therein is widely conducted both indoors and outdoors, using
sampling pumps connected to a filtering system. The most used filtering materials are
polytetrafluoroethylene (PTFE), glass fiber, and quartz fiber. Thus, several researchers have
adapted this method for finding SARS-CoV-2 RNA in the collected particulate matter and,
in some cases, for assessing infectivity [7].

There is an urgent need to establish standardized protocols for assessing the concentra-
tion of SARS-CoV-2 RNA in air samples (viral copies/m3) for supporting risk assessments;
one of the focuses is on the recovery capability of the methods. Gaining information about
the loss of analytes during the different phases of sampling and analyses will support
the assessment of the original concentration of RNA in the air sample. Furthermore, this
concentration can be related to possible residual infectivity to establish a concentration
threshold or interval pointing at significant infection risks [8].

Debates on the airborne transmission route of SARS-CoV-2 have been complicated
because among the studies testing the presence of the virus in the air and/or on surfaces,
the percentage of positive samples collected on surfaces was considerably higher than the
air samples [4,7].

Table 1 illustrates information from a selection of papers that report results concerning
air samples collected on filters (glass fiber, quartz fiber, PTFE) by samplers usually utilized for
aerosol sampling for pollution assessment, and not explicitly dedicated to bioaerosol collection.

Table 1. Selection of papers that report results concerning air samples collected on filters.

Article Sampling Area Sampler Filter
Material

Sample
Preservation No. of Samples % of Positive

Samples 1

Barbieri et al.,
2021 [8]

Indoor air of a
hospital in Italy

Low-volume
sampler quartz fiber immediately

analyzed 5 20% (Ct < 40)

Chirizzi et al.,
2021 [9]

Indoor
environments

in Italy

Low-volume
and sequential

samplers
quartz fiber −25 ◦C (in

Petri dish) 60 0%
(>0.8 copies/m3)

Conte et al.,
2021 [10]

Indoor
environments

in Italy

Various high-
and

low-volume
samplers

quartz fiber
either −25 ◦C

or
−80 ◦C

69 0%
(>0.58 copies/µL)

Linillos-
Pradillo et al.,

2021 [11]

Outdoors
in Spain

High-volume
samplers quartz fiber liquid nitrogen

(in Falcon tube) 18 0% (Ct < 35)

Pivato et al.,
2021 [12]

Outdoors
in Italy

Low-volume
sampler quartz fiber −20 ◦C (in

Petri dish) 44 0% (Ct < 40)

Setti et al.,
2020 [13]

Outdoors
in Italy

Low-volume
sampler quartz fiber 4 ◦C (in sealed

container) 34 24% (Ct < 40)

Stern et al.,
2021 [14]

Indoor air in
hospitals and

temporary
quarantine

facility

Low-volume
sampler glass fiber 4 ◦C (in sealed

container) 98 8% (Ct < 39)

Hadei et al.,
2021 [15]

Indoor
environments

in Iran

Medium- and
low-volume

samplers

PTFE;
glass fiber

4 ◦C (in sealed
container)

23;
5

65%;
60%
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Table 1. Cont.

Article Sampling Area Sampler Filter
Material

Sample
Preservation No. of Samples % of Positive

Samples 1

Kayalar et al.,
2021 [16]

Outdoors in
Turkey

Various high-
and

low-volume
samplers

PTFE;
glass fiber

−20 ◦C (in
Petri dish)

117;
76

13%;
7%

(>0.1 copies/m3)

Robotto et al.,
2021 [17]

Indoor air in
private house of

COVID-19
patients in Italy

Low- and
high-volume

samplers

PTFE;
glass fiber

−80 ◦C
(in medium)

4;
10

75%;
100% (Ct < 40)

Bazzazpour
et al., 2021 [18]

Indoor air of
dental clinics in

Iran

High-volume
sampler PTFE 4 ◦C (in

Petri dish) 36 36%

Ghaffari et al.,
2021 [19]

Indoor air of
hospitals in Iran

Low-volume
sampler PTFE −20 ◦C

(in medium) 16 12.5%

Grimalt et al.,
2022 [20]

Indoor air of a
hospital in

Spain

Low-volume
sampler PTFE

immersed in
medium and

analyzed
47 68% (Ct < 44.25)

1 In parenthesis, the threshold above which the sample is considered positive is reported.

It is worth noting that none of the studies reported the number of days of preservation
before the analysis, except for some studies, which reported that the analysis was carried
out right after the sampling.

Robotto et al. [17] recently published a validated sampling and analytical method
based on the use of surrogate HCoV-OC43 for highlighting the influence of the filter
material, temperature of conservation, sampling time, type of extraction medium, technique
of RNA recovery, and residual infectivity. Then, they tested the method for indoor sampling
in real conditions to recover SARS-CoV-2 RNA from air samples collected in a private
house with isolated COVID-19-positive persons, finding 13/14 positive samples. (Table 1).

In the present study, we report preliminary results evaluating the parameters that
can influence SARS-CoV-2 RNA recovery from quartz fiber filters spotted either with
standard single-stranded SARS-CoV-2 RNA or inactivated SARS-CoV-2 virions. These
results are part of a study on the recovery of SARS-CoV-2 RNA from filters of different
materials spotted with standard RNA, inactivated SARS-CoV-2, and the viable one. The
parameters taken into account are sampling conditions (temperature and relative humidity)
and sampling flow. The duration and temperature of sample preservation have been
considered as well.

2. Materials and Methods

In brief, quartz fiber filters were spiked with the analyte (standard single-stranded
SARS-CoV-2 RNA or inactivated SARS-CoV-2 virions), subjected to air sampling, stored,
and finally, the RNA was extracted from samples, purified, and analyzed. The workflow
detail and the considered options for each step are reported in Figure 1.
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Figure 1. Factors determining the recovery (Workflow) and considered options for each factor (Choices).

2.1. Standard SARS-CoV-2 RNA and Inactivated SARS-CoV-2

Fifteen quartz fiber filters (FILTER-LAB® MFQ 47 mm-Filtros Anoia, S.A., Barcellona,
Spain) were heated at 400 ◦C in a muffle furnace for 3 h before use to eliminate possible
organic residues. After cooling, the filters were placed in a sterile Petri dish.

Two different types of spiking substances were employed to assess the recovery of
SARS-CoV-2 RNA from filters:

(a) Single-stranded RNA fragments of SARS-CoV-2 EURM-019 (European Commission
Joint Research Centre, Brussels, Belgium);

(b) Whole SARS-CoV-2 virions, previously isolated in the BLS3 facility of San Polo
hospital (ASUGI, Monfalcone, Italy) and inactivated with ethanol 75% (Sigma-Aldrich
Corporation, St. Louis, MO, USA) for 30 min.

The genome copies of SARS-CoV-2 present in both solutions were determined by
real-time PCR before spotting on the filters.

Seven filters were spotted with solution “a”, and eight with solution “b”.
Two regions of the same filter were identified marking the diameter. Then, 10 µL of the

same standard solution was spotted on each half of the filter (Figure 2). All the operations
were carried out in a biosafety cabinet with the use of gloves and handling the filters with
sterilized tweezers to avoid environmental contamination of the filters before sampling.
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Figure 2. Filter spotting procedure and filter cutting before analysis.

2.2. Sampling Procedure

Five filters were preserved as blanks and not subjected to any sampling procedure.
They were immediately stored in a closed, sterilized Petri dish after the spotting procedure.
For details on the storage, see Section 2.3 The other filters were not preserved before
sampling; they were used immediately after the spotting procedure. Six filters were placed
in a PM10 sampling device (SILENT Air Sampler, FAI, Rome, Italy) with a nominal flow
of 10 l/min for 24 h (active sampling). Four filters were left in an open Petri dish close
to the sampling apparatus for the same time period (passive sampling). The active and
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passive sampling procedures were carried out in a 3 × 3 m room, as shown in Figure 3, in
the absence of people. The room was isolated from the general air conditioning system of
the academic department hosting the experimentation.
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2.3. Sample Storage

Fourteen of the fifteen spotted filters were stored at −80 ◦C in a sealed Petri dish in
an ultra-freezer NEXUS H (110-370-550 L) (Angelantoni Life Science, Massa Martana (PG),
Italy). Indications of virus stability at temperatures lower than −70 ◦C are reported in [21]
or [22]. A temperature of −80 ◦C was indicated as the “ideal one” by Robotto et al. [23] for
RNA preservation in air samples.

The duration of preservation (number of days) before extraction and analysis has been
recorded. One filter was not frozen; the extraction procedure was carried out immediately
after gene spotting.

2.4. Extraction and Purification Procedure

Each filter was cut along the diameter in two halves (Figure 2) that were separately
extracted and purified using a ZymoBIOMICS RNA Miniprep Kit (Zymoresearch, Irvine,
CA, USA), modified as reported by Setti et al. (2020). The RNA obtained from the samples
was eluted from the column Zymo-Spin IIIGC (provided in the extraction kit) with 50 µL of
RNase-free water (Fisher BioReagents™-Fisher Scientific International, Hampton, NJ, USA).

2.5. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

The eluate obtained after the extraction and purification of RNA from each half of the
filter was analyzed in duplicate through RT-qPCR CFX96 (Bio-Rad Laboratories, Hercules
(CA), USA). The SARS-CoV-2 N gene (the analysis target) was amplified with the use of the
2019-nCoV_N1-CDC-RT-PCR-Assay (Centers for Disease Control and Prevention, Atlanta,
GA, USA). The sequence of primers and probes are reported in the Supplementary Material.

For the reverse transcriptase reaction and cDNA qScript XLT 1-Step RT-qPCR, Tough-
Mix (QuantaBio, Beverly, MA, USA) was used as a reagent.

Two aliquots of 6.5 µL were taken from the eluate. Each aliquot was loaded in the
RT-qPCR plate with 7.5 µL of qScript XLT 1-Step RT-qPCR ToughMix solution and 1 µL
of 2019-nCoV_N1-CDC-RT-PCR-Assay solution (final primer concentration: 500 nM, final
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probe concentration: 125 nM). Two controls were loaded in each plate: (A) a positive control
(containing the reagents for RT-q-PCR and EURM-019 Single-Stranded RNA fragments
of SARS-CoV-2); and a (B) negative control (containing the reagents for RT-q-PCR and
RNase-free water).

After incubation at 50 ◦C for 20 min and 95 ◦C for 3 min to activate/inactivate the
reverse transcription reaction, 50 cycles of 95 ◦C for 3 s and 55 ◦C for 30 s were set to carry
out amplification of the target gene.

The instrument automatically determined the cycle threshold values (Ct) for every
reaction. A quantification curve was determined using EURM-019 Single-Stranded RNA
fragments of SARS-CoV-2 at five different concentrations, which were analyzed in duplicate.
The lowest concentration (corresponding to 45 copies of the N1 SARS-CoV-2 gene and
30.85 Ct) was considered the applicability limit of the curve. The samples with Ct > 30.85
are reported in the text as NQ (not quantifiable).

2.6. Statistical Analysis

The means, standard deviations, and 95% confidence intervals of the RT-qPCR results
were evaluated for each duplicated sample (two halves of the filter). R software [24] was
used for both the statistical analysis and graphical representation of the results.

3. Results

In Table 2, the SARS-CoV-2 RNA recovery results are reported, as well as the sam-
pling conditions (temperature and relative humidity) and the number of days of sample
preservation at −80 ◦C before analysis.

Table 2. Sample characteristics and extraction results.

Sample Analyte Sampling T RH% Days at
−80 ◦C

Spotted
Copies

Extracted
Copies

% of
Recovered

Copies

RNA1p RNA passive 19.5 48.44 26 1.46 × 106 NQ -
RNA1a RNA active 19.27 46.00 26 1.46 × 106 NQ -
RNA2a RNA active 20.20 63.09 19 1.46 × 106 NQ -
RNA3a RNA active 20.41 49.66 21 1.46 × 106 NQ -
SCV1p SARS-CoV-2 passive 21.67 48.22 6 9.30 × 107 1.25 × 106 1.34%
SCV1a SARS-CoV-2 active 21.67 48.22 6 9.30 × 107 1.58 × 106 1.70%
SCV2p SARS-CoV-2 passive 20.86 51.39 1 7.98 × 107 4.95 × 106 6.20%
SCV2a SARS-CoV-2 active 20.86 51.39 1 7.98 × 107 4.66 × 106 5.84%
SCV3p SARS-CoV-2 passive 22.06 56.17 28 2.51 × 107 1.76 × 105 0.70%
SCV3a SARS-CoV-2 active 22.06 56.17 28 2.51 × 107 2.95 × 105 1.17%

RNA1blank RNA - - - 27 1.46 × 106 NQ -
RNA2blank RNA - - - 27 1.46 × 106 NQ -
RNA3blank RNA - - - 0 4.75 × 108 6.42 × 107 13.51%
SCV1blank SARS-CoV-2 - - - 54 9.30 × 107 8.14 × 104 0.09%
SCV2blank SARS-CoV-2 - - - 40 1.90 × 107 NQ -

NQ, not quantifiable.

All standard RNA-spotted samples were not quantifiable by RT-qPCR. The percentage
recovery of spotted copies was negligible, except for a filter that was analyzed immediately
after preparation, which showed the highest percentage of recovery among all samples.

Among the inactivated SARS-CoV-2-spotted samples, the mean recovery percentage
was 2.43% (recovered copies 104:106).

Considering these data, we decided to explore a possible correlation between the
recovery percentage and preservation duration at −80 ◦C.

In Figure 4, all results are presented in a graph. It can be observed that the behavior mimics
an exponential decay of the percentage of recovery versus the number of days of preservation.
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In Figure 5, the log of the ratio between recovered copies and spotted copies concerning
the inactivated SARS-CoV-2-spotted samples is reported. The trend shows a negative linear
correlation and there are no significant differences between the active and passive sampling.
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Figure 5. Logarithm of the recovered copies and spotted copies ratio of SARS-CoV-2 RNA in relation
to the number of preservation days at −80 ◦C.

4. Discussion

This is the first study presented in the scientific literature that employs, as standard,
either single-stranded SARS-CoV-2 RNA or inactivated SARS-CoV-2 virions to assess the
percentage of recovery from quartz fiber filters.
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The preliminary results show a possible issue that relates to the quartz matrix and
SARS-CoV-2 RNA recovery. A possible explanation is that, during the defrosting process,
the local pH variations in the quartz filter surface rich in acidic silanol groups [25] can lead
to a pH lower than 7–8, which is ideal for virus preservation [21].

We have already explored published papers that used quartz, glass, and PTFE filters
for collecting particulate matter for identifying SARS-CoV-2 RNA; summarized in Table 1.
It can be observed that all studies which collected the samples on quartz or glass filters
and preserved them at temperatures below−25 ◦C found no RNA, whereas the studies
that used quartz or glass filters and preserved them at 4◦C, or at lower temperatures but
immersed in a medium, found positive samples. All studies that used PTFE filters found
positive samples.

Robotto et al. [17], using the surrogate virus HCoV-OC43, tested the recovery at differ-
ent temperatures of preservation of the sample and found no significant difference in the
recovery of infective particles, except for a virus spiked on glass fiber filters and left at room
temperature for 24 h. Nevertheless, the RNA recovery for the latter was comparable with
the other samples. It is worth noting that the protocol by Robotto et al. [17] included the
immersion of the sampled filters in a medium (elution buffer) before preservation at −80 ◦C.

The preliminary results obtained from our study, together with the results already
present in published papers focused on air sampling of SARS-CoV-2 on quartz and glass
filters, show that the time of preservation of the filters, if not immersed in a medium, is a
crucial factor for the reliable evaluation of the concentration of SARS-CoV-2 RNA present
in the air.

5. Conclusions

In the absence of a standardized method, different instrumentation and protocols for
sampling air/aerosols for determining the presence of SARS-CoV-2 have been proposed,
merging standard atmospheric particulate monitoring and virus preservation procedures.
We considered the until-now unclarified issue of viral RNA recovery from quartz (or
glass) filters that have been used in some published papers. Procedures implementing
the storage of sampled dry filters at ultra-low temperatures appear to introduce a bias,
implying low RNA recovery. Studies conducted with such procedures are thus prone to
false negative results and unfit for quantitative air/environmental viral copy assessments.
Quartz (or glass) filters available for standard PM monitoring could be used for checking
RNA presence with the precaution of storing them in a proper way after sampling. We
suggest, as possible alternatives, to keep the filters:

− In a sealed container for preservation at 4 ◦C;
− In a viral transport medium for preservation at a temperature below 0 ◦C (e.g., −20 ◦C

or −80 ◦C).

The results presented are further evidence of the urgent need to optimize and stan-
dardize environmental sampling, storage, and quantitative analysis of airborne viruses for
better understanding of the spread and transmission processes, as well as for assessing
the efficacy of air quality management strategies. Moreover, the PM composition and its
interactions with RNA can play an important role in the detection capability of the method
employed, and there is a need for further investigation in the field, as shown in [26–28].
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