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Abstract

COVID-19 is a highly transmissible respiratory illness that has rapidly spread all over the world
causing more than 115 million cases and 2.5 million deaths. Most epidemiological projections
estimate that the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) virus causing
the infection will circulate in the next few years and raise enormous economic and social issues.
COVID-19 has a dramatic impact on health care systems and patient management, and is delaying
or stopping breath research activities due to the risk of infection to the operators following contact
with patients, potentially infected samples or contaminated equipment. In this scenario, we
investigated whether virus inactivation procedures, based on a thermal treatment (60 °C for 1 h) or
storage of tubes at room temperature for 72 h, could be used to allow the routine breath analysis
workflow to carry on with an optimal level of safety during the pandemic. Tests were carried out
using dry and humid gaseous samples containing about 100 representative chemicals found in
exhaled breath and ambient air. Samples were collected in commercially available sorbent tubes,
i.e. Tenax GR and a combination of Tenax TA, Carbograph 1TD and Carboxen 1003. Our results
showed that all compounds were stable at room temperature up to 72 h and that sample humidity
was the key factor affecting the stability of the compounds upon thermal treatment. Tenax
GR-based sorbent tubes were less impacted by the thermal treatment, showing variations in the
range 20%—-30% for most target analytes. A significant loss of aldehydes and sulphur compounds
was observed using carbon molecular sieve-based tubes. In this case, a dry purge step before
inactivation at 60 °C significantly reduced the loss of the target analytes, whose variations were
comparable to the method variability. Finally, a breath analysis workflow including a SARS-CoV-2

inactivation treatment is proposed.

1. Introduction

About one century after Spanish flu, COVID-19 is
making us pay a terrible death toll, deeply modi-
fying our behaviours, causing enormous economic
losses, and widening social inequalities [1-3]. After a
period of bewilderment and confusion, during which
all efforts concentrated on avoiding the collapse of
health care systems by using the only possible control
measures (e.g. hand hygiene, use of personal protect-
ive equipment (PPE), restrictions of movements and
social distancing), nations are preparing to live in an
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unfortunately unavoidable stage of coexistence with
the virus.

Short- and long-term projections are under con-
struction by epidemiologists to get ready for future
outbreaks. Although forecasts and timelines vary, on
two things modellers agree: COVID-19 is here to stay,
and unknowns such as the duration of the immunity,
the seasonality effects, and governmental and indi-
vidual choices will shape our future [4]. With an
immunity duration shorter than a year, as for other
human coronaviruses, annual surges of infections are
assumed until 2025 and beyond [5].
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Given the nature and the characteristics of the
infection, COVID-19 poses both opportunities and
risks for researchers who deal with breath analysis. In
fact, the virus causing the infection (Severe Acute Res-
piratory Syndrome, Coronavirus 2 SARS-CoV-2) is
transferred from host to host by respiratory droplets
and secretions or by direct contact [6]. The virus
infects the respiratory tract and is predominantly
expressed in the lungs [6]; however, scientific evid-
ence exists of virus replication in the upper res-
piratory tract [7]. If volatiles are generated either
from virus action or from the reaction of the host
to the infection, as in-vitro studies with other vir-
uses may suggest [8, 9], these are likely emitted in
breath. For this reason, several research groups are
trying to develop a fast diagnostic test that would
rapidly become a breakthrough application of breath
analysis [10].

The success of such a test would depend on many
factors, such as the capability for early identifica-
tion of infected subjects (i.e. still asymptomatic), reli-
ability, speed of response, throughput, and cost. If
a breath fingerprint of infected subjects were avail-
able, high throughput online instruments (e.g. PTR-
TOF, SIFT-MS, and GC-IMS) could deliver quick dia-
gnostic tests wherever needed.

Present competitors, namely molecular and ser-
ological tests, have their own strengths and weak-
nesses [11]. Molecular tests quantify the virus ribo-
nucleic acid (RNA) in nasopharyngeal swabs, from
which the occurrence of an active infection and the
risk of transmission are inferred. They are mainly
based on the reverse transcription-quantitative poly-
merase chain reaction, a highly selective and specific
molecular biology technique combining reverse tran-
scription of RNA into deoxyribonucleic acid (DNA)
and the subsequent amplification of specific DNA tar-
gets by polymerase chain reaction [12]. Even if it is
the gold standard method suggested from the World
Health Organization (WHO), it has limitations. All
steps must be carried out by highly specialized per-
sonnel in the safe conditions of a biosafety level 2
(BLS-2) lab to avoid possible errors (e.g. sample
degradation and contamination) and false positives.
In addition, it requires relatively expensive and ded-
icated reagents and equipment. Typically, up to 94
samples can be processed, under optimal conditions,
in about 5 h [13].

Serological tests exploit the formation of the
antigen—antibody protein bond to detect antibodies
produced by the host’s immune system in response
to a viral infection. However, in the case of SARS-
CoV-2 infection, the time required for the immune
response to develop is still uncertain and a negative
result does not exclude the possibility of an infec-
tion at an early stage and the related risk of conta-
giousness [14]. Additionally, a positive result demon-
strates an infection but gives no information about
the infection time and subject conditions. The WHO
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recommendation is not to take clinical decisions
based on immunodiagnostic tests, but to limit their
use to epidemiologic research and disease surveillance
[15].

So, the unmet demand for a fast, sensitive, but at
the same time inexpensive test for the diagnosis of
COVID-19 infection and the management of these
patients offers a big payback for developers of a dia-
gnostic breath test. However, many in the breath
community remain sceptical about the possibility of
a breath test to distinguish between different viral
infections causing lung inflammation, as emission of
the same set of volatile organic compounds (VOCs),
such as alkanes, aldehydes, and ketones, is expected
[16]. Respiratory infections and lung inflammation
caused by bacteria, fungi and other microbial spe-
cies could also release similar VOCs in breath [17].
More importantly, it is very difficult to imagine how a
breath test could identify asymptomatic subjects, who
are the most dangerous category because of their abil-
ity to unknowingly spread infection in the absence
of an apparent lung inflammation, and lead to early
identification of infected subjects.

In addition to the opportunity to bring breath
analysis to the fore by developing an effective dia-
gnostic test, COVID-19 also brings the remarkable
risk of delaying or stopping breath research activity.
The breath community should identify procedures
to ensure the safety of donors and operators during
breath collection and analysis if it does not want to
condemn itself to a prolonged stop until the end of
the pandemic. In our view, the inclusion of a virus
inactivation procedure in the measurement workflow
would be quite helpful.

The SARS-CoV-2 virus, responsible for the
COVID-19 infection, can survive for 2-3 d on sur-
faces such as plastic, stainless steel, and copper,
although with a titre reduced by more than three
orders of magnitude [18]; it can also survive at
—80 °C, whereas it is inactivated by chemicals such as
ethanol, sodium hypochlorite, and hydrogen perox-
ide [19]. The authors of a recent review recommend
heating objects containing SARS-CoV-2 for 20 min
at a temperature above 60 °C for a near complete
(4 logyo) thermal destruction of the virus [20]. Longer
times guarantee a reduced viral load and improve
safety. Moreover, the viral load can be also reduced
by the same order of magnitude by keeping objects at
room temperature for 72 h [18].

The typical protocols used for breath collec-
tion are not included among the high-risk aerosol-
generating procedures, though there is not an offi-
cial comprehensive list [21]. In fact, breath collec-
tion is typically performed during tidal breathing
in which droplet generation is minimal [22]. How-
ever, incorrect procedures could modify the ventila-
tion pattern and lead to a marked increase in aero-
sol generation [23]. Unless previously checked with
molecular tests or quarantined, which would be the
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optimum condition, breath donors should be man-
aged as if they were infected. Breath collection should
be performed in an adequately ventilated room by the
absolute minimum number of people required, who
should wear the correct PPE, such as medical mask,
goggles or face shield, gown and gloves; for specific
procedures, respirators and aprons are recommended
in guidelines [24]. A detailed description of PPE is
beyond the scope of this paper. However, as a rule of
thumb, it should cover the whole upper body and be
simple to remove after use without contaminating the
user. It should also be disposable whenever possible,
and disposed of appropriately immediately after use
[25].

Many breath collection methods have been pro-
posed in the literature that pose at present different
levels of risk [26, 27]. Breath analysis by online instru-
ments does not need specific collection procedures
and has a good level of safety, as the transfer lines con-
veying the sample into the instruments are typically
heated and the conditions inside the measurement
devices (temperatures close to 40 °C-50 °C and the
presence of reactive ions) rapidly inactivate the virus.
When sterile and disposable mouthpieces are used,
both the breath donor and the researcher wearing
appropriate PPE are safe. Breath collection with can-
isters and polymeric bags (e.g. Tedlar and Nalophan)
are problematic for carrying around large volumes
of potentially contaminated biological specimens that
have to be properly disposed of after analysis. Further-
more, the risk of rupture cannot be excluded for the
bags, as well as the risk of spillage during the manipu-
lation needed to transfer sample aliquots to the sorb-
ent devices before the analyses. To minimise these
issues, analytical procedures must be carried out in a
BLS-2 lab by specialized operators and in accordance
with the recommended safety protocols. Virus inac-
tivation procedures are necessary before disposing of
the residual sample and recycling (when possible)
the collection materials. For this purpose, the usual
thermal treatments employed to clean the devices can
be applied.

Solid phase extraction (SPE) or needle trap
microextraction (NTME) may be considered safe if
the transfer of the breath sample into the sorption
tube/needle trap is directly performed at collection
[28]. After collection, tubes/needles are sealed with
caps to avoid spilling or contaminating the sample,
and possible contamination of the external surface
can be removed by cleaning with an alcoholic solu-
tion. Compared to canisters and bags, SPE and NTME
produce no waste and also improve the stability of
certain analytes (e.g. aldehydes), as recently repor-
ted for Tenax TA-based sorbent tubes [29, 30]. On
the other hand, a main drawback of sampling bags
is their permeability to most compounds [31]. This
paper presents a contribution to the development of
a safe procedure for breath analysis based on direct
sample collection at the sampling site into solid phase
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devices such as sorbent tubes, needle traps or solid
phase micro-extractio (SPME) fibres, either by self-
made or commercial (e.g. ReCIVA) sampling systems.
This approach limits sample volume to the minimum
amount needed for the analyses and produces min-
imal contaminated waste. To increase safety, we tested
the effect of three virus inactivation procedures (heat-
ing to 60 °C for 1 h with or without a dry purge step
and storage at 25 °C for 72 h) on the stability of a large
number of representative chemicals found in exhaled
breath [29, 30, 32, 33] and ambient air [34-37]. We
only tested single- and triple-bed sorbent tubes com-
monly used for off-line breath analysis, but we believe
that our results could be extended to the other SPE
devices.

2. Materials and methods

2.1. Chemicals and materials

Stock liquid mixture of CI-C5 alcohols (meth-
anol, ethanol, 1-propanol, 2-propanol, 1-butanol,
2-butanol,  2-methyl-1-propanol, = 2-methyl-2-
propanol, 1-pentanol, 2-pentanol, 3-pentanol,
2-methyl-1-butanol, 3-methyl-1-butanol, 2-
methyl-2-butanol), C4-C9 ketones (2-butanone,
2-pentanone, 3-pentanone, 2-hexanone, 4-
heptanone, 3-heptanone, 2-heptanone, 3-octanone,
2-methylcyclohexanone,  3-methylcyclohexanone,
4-methylcyclohexanone, 2-octanone, 5-nonanone,
2-nonanone), C4-C8 branched ketones (3-methyl-
2-butanone,  3,3-dimethyl-2-butanone, = 2-met
hyl-3-pentanone, 4-methyl-2-pentanone, 2,4-dim
ethyl-3-pentanone,  2-methyl-3-hexanone,  5-
methyl-2-hexanone, 2-methyl-3-heptanone, 5-met
hyl-3-heptanone, 2,6-dimethyl-4-heptanone, 4-
methylpent-3-en-2-one, acetophenone, cyclopentan-
one, cyclohexanone), 27 VOCs (certified reference
materials, 0.2 mg ml~! in methanol: benzene, bro-
modichloromethane, bromoform, tetrachlorometh-
ane, chloroform, chlorobenzene, dibromochloro-
methane, 1,2-dichlorobenzene, 1,4-dichlorobenzene,
1,2-dichloroethane,  1,1-dicloroethene,  cis-1,2-
dichloroethene, trans-1,2-dichloroethene, dichloro-

methane,  1,2-dichloropropane,  ethylbenzene,
styrene, tetrachloroethene, toluene, 1,2,4-
trichlorobenzene, 1,1,1-trichloroethane, 1,1,2-

trichloroethane, trichloroethene, vinyl chloride, m-
xylene, 0-xylene, and p-xylene) were purchased from
AccuStandard, Inc. Chemical Reference Standard
(USA). Stock liquid mixture of C5-Ci8 n-alkanes
(pentane, hexane, heptane, octane, nonane, decane,
undecane, dodecane, tridecane, pentadecane, hexa-
decane, heptadecane and octadecane) was pur-
chased from Merck. Pure methacrolein, acrolein, 2-
methylpropanal, 3-methylbutanal, 2-methylbutanal,
acetaldehyde, propanal, butanal, hexanal, heptanal,
benzaldehyde, isoprene, acetone, 2-methylpentane,
2,3-butandione, 3-hydroxy-2-butanone, dimethyl
sulphide, dimethyl disulphide, and carbon disulphide
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were purchased from Fluka, Sigma-Aldrich (Italy).
Methanol at HPLC grade was purchased from Merck
(Italy). All compounds were at a purity higher
than 99%.

Labelled D-toluene was purchased at a purity of
99.8% from ARMAR Chemicals (Switzerland) and
used as an internal standard (IS).

Helium 5.6 IP, synthetic air 5.0 IP, and nitrogen
5.0 IP and medical air were purchased from Sol Group
Spa (Italy). These gases were further purified with a
super clean filter (Agilent Technologies, USA).

A calibration solution loading rig (CSLR, Markes
International) and stainless-steel sorbent tubes (O.D.
6.4 mm, IL.D. 5 mm, 89 mm length), packed with
250 mg of 60/80 mesh Tenax GR phase (single-bed
tubes, SBTs) and with 200 mg of a combination of
Tenax TA (60/80 mesh size), Carbograph 1TD (60/80
mesh size) and Carboxen 1003 (40/60 mesh size)
(1:1:1) (triple-bed tubes, TBTs), were purchased from
Markes International (UK).

A 65 mm aluminium rotameter equipped with
a stainless steel float was purchased from Aalborg
(USA).

Amber glass vials (1 ml) equipped with screwcap
mininert valves were purchased from Sigma-Aldrich
(Italy).

A 1 pl syringe was purchased from Hamilton
(USA).

A mini-BUCK M-5 primary gas flow calibrator,
operating in the range 1-6000 ml min~!, was pur-
chased from A. P. Buck Inc. (USA).

A thermo-hygrometer, equipped with an immer-
sion probe (O.D. 2 mm, 230 mm length) and operat-
ing between 5% and 98% relative humidity (RH), was
purchased from Delta Ohm (Italy).

The amount of water was estimated from the
difference in weight (XP26 microbalance, Mettler
Toledo, Italy) before and after gas and vapour
sampling or dry purge.

2.2. Preparation of standard solutions

An aliquot (20 pul) of each pure liquid compound was
weighed directly into a 1 ml amber glass vial to pre-
pare a stock solution (MIX13). Stock liquid mixtures
(i.e. MIX13, C1-C5 alcohols, C4—C7 ketones, C4—-C8
branched ketones, 27 VOCs, and C5—C18 n-alkanes)
were mixed all together with the IS and then diluted
with methanol into a 1 ml vial to prepare a work-
ing solution (TMIX) at ~50 ng ul~! of each target
compound. This mixture was immediately stored at
4 °C for 1 month. The n-alkane series was also used
to calculate the Kovats retention indices for each tar-
get compound.

2.3. Preparation of sorbent tubes

SBTs were conditioned at 300 °C for 15 min using a
helium flow of 70 ml min~!. TBTs were conditioned
using the same He flow rate by applying four tem-
perature steps (100 °C, 200 °C, 300 °C, and 320 °C)
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Figure 1. Schematic of the system used to spike sorbent
tubes with known amounts of target analytes using a dried
(A) or humidified (B) synthetic air flow. The loading
system consisted of a synthetic air supply (1), a needle

valve (2), a rotameter (3), three-way stopcocks (4) and (6),
a glass bubbler humidifier filled with 10 ml of LC-MS grade
water (5), and a CSLR system (7). Full line arrows indicate a
pressurized system that generates a flow rate of

50 ml min~". Grey triangles represent the open position of
the valve.

for 10 min each. After cleaning, sorbent tubes were
capped at both ends with %" Swagelok caps, to avoid
contamination of the sorbent material, and stored at
room temperature (25 =+ 2 °C) until use.

A loading system (figure 1) was specifically
designed to load a known amount of TMIX in SBTs
and TBTs and simulate sampling at different RH val-
ues. An aliquot (1 ul) of TMIX was then injected
through the injector port of the CSLR system and
vaporized by flowing (50 ml min~!) a volume of
250 ml of dried or humidified synthetic air through
the tube . The excess methanol was removed by pur-
ging the tube.

The loading system was made of inert materials
(e.g. polypropylene and polytetrafluoroethylene) to
minimize the release of contaminants and the pos-
sible loss of target analytes due to chemical interac-
tion with the materials’ surface. The needle valve was
slightly opened to obtain a flow rate of 50 ml min—!
through the sorbent tube. The rotameter was calib-
rated by plotting the height of the float versus the
actual flow rate measured through the sorbent tubes.
Each experiment was performed in triplicate.

The RH of the synthetic air flowing out of sorbent
tubes was 87 + 2% (n = 5).

Twenty sorbent tubes (ten of each type) were
weighed before (wy) and after (w,) spiking known
amounts of target analytes (figure 1) as well as after
dry purge (w.). These weights (mean + standard
deviation) were compared with those obtained when
transferring breath samples directly into both SBTs
and TBTs (n = 10, each type). No statistically signific-
ant differences (p < 0.05) were observed between the
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two groups, confirming the reliability of the proposed
procedure for the simulation of breath sampling.
Moreover, regardless of the type of tube, w,-wy, and
we-wp, were close to zero when tubes were flushed
with dry air, whereas w,-w}, was lower in SBTs than
in TBTs flushed with humid air, a logic consequence
of the different water retention of sorbent materials
(~2 mg g~ ! for Tenax GR and ~400 mg g~! for Car-
boxen 1003 [38, 39]). After the dry purge, w.-w, was
negligible for SBTs and slightly higher than 1 mg for
TBTs. This amount of water neither compromises the
performance of thermal desorption coupled with gas-
chromatography and mass spectrometry (TD-GC-
MS) systems nor damages components such as the
cold trap, GC column, or MS filament.

2.4. Experimental plan and sample analysis

Three sets of experiments were carried out to test the
impact of SARS-CoV-2 inactivation procedures on
the stability of target VOCs loaded in SBTs and TBTs
by dry and humid air. The presence of water vapour
and oxygen in the tube was investigated as it could
affect the stability of more reactive species, such as
aldehydes [40, 41].

The first set of experiments (SET1) (figure S1(A)
(available online at stacks.iop.org/JBR/15/037102/
mmedia)) was carried out to assess the effect of inac-
tivation at 60 °C for 1 h. Even though 20 min at
56 °C would have been sufficient for SARS-CoV-2
[20], we increased the temperature and tripled the
duration of treatment to stay on the safe side. Tubes
were spiked with 1 ul of TMIX while flushed with a
stream of dry or humid synthetic air to purge off the
excess methanol, then capped at both ends with tight
seal caps (Swagelok) or DiffLok caps (Markes Interna-
tional). DiffLok caps contain a helical path (150 mm
long and 0.4 mm wide) that preserves the integrity
of sample and tube before and after desorption but
at the same time allows the removal of VOCs during
thermal desorption using Markes” TD instruments.
The use of these caps from sample collection (typ-
ically performed in hospital) would avoid manipula-
tions of the tubes in the lab, but at the same time puts
the stability of analytes at risk due to the possible dif-
fusion of chemicals.

Eighteen sorbent tubes were immediately ana-
lysed (reference value), while twelve tubes (six of each
type) were capped at both ends with Swagelok caps
and six tubes (three of each type) with DiffLok caps
before keeping all of them at 60 °C for 1 h and per-
forming the analyses. DiffLok caps were not used in
tubes flushed with humid air due to the poor per-
formance observed with dry air (see section 3.2). Each
test was performed in triplicate (n = 3) for a total of
36 analyses.

The second set of experiments (SET2) (figure
S1(B)) aimed to verify the stability of analytes after
72 h at room temperature, conditions which also
reduce the viral load to safe levels [18]. In this case,
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SBTs and TBTs were spiked with 1 pl of TMIX in
both dry and humid conditions. Twelve tubes (six of
each tube type) were immediately analysed (reference
value), while the remaining tubes (six SBTs and six
TBTs) were capped at both ends with Swagelok caps,
kept at room temperature (25 + 2 °C) for 72 h and
then analysed. Each test was performed in triplicate
(n = 3) for a total of 24 analyses.

The third set of experiments (SET3) (figure
S1(C)) was used to clarify the effect of water vapour
and oxygen contained in the tube on the stability of
target analytes. Sorbent tubes (12 of each type) were
spiked with 1 pul of TMIX while flowing both dry and
humid air. Twelve of them (six of each tube type)
were immediately analysed (reference value), while
the remaining tubes were dry purged with 50 ml (in
the case of single-bed tubes) or 150 ml (in the case
of triple-bed tubes) of nitrogen to remove water and
oxygen from the sorbent tubes. Tubes were immedi-
ately capped at both ends with Swagelok caps, kept at
60 °C for 1 h and then analysed. Each test was per-
formed in triplicate (n = 3) for a total of 24 analyses.

Ten conditioned tubes (five of each type) were
closed with Swagelok caps. The external surface
of each tube (stainless steel) was cleaned with an
alcohol-based solution (70% v/v ethanol). Sorbent
tubes were analysed to test the possible contamina-
tion of the sorbent materials due to cleaning.

All heated sorbent tubes were allowed to reach
room temperature before replacing the Swagelok
caps with the DiffLok caps required for thermal
desorption.

Sorbent tubes were thermally desorbed using
a TD-100 multi-tube autosampler equipped with
an automated re-collection system (Markes Interna-
tional, UK). Primary desorption was carried out in
spitless mode at 300 °C for 8 min by applying a helium
flow rate of 35 ml min~! and keeping the internal
focusing trap (70 mg of graphitized carbon) at 5 °C.
Secondary desorption was carried out in split mode
(split ratio of 11) by heating the cold trap up to 300 °C
at 100 °C s~ ! for 30 min. During all the TD steps,
the flow path temperature was set to 140 °C. The TD
unit was directly connected to the GC column via
a fused silica transfer line (I.D. 0.25 mm). Analyses
were performed using a modified method reported
elsewhere [28]. Briefly, a 7890B GC (Agilent Tech-
nologies, USA) coupled to a 7010 triple quadrupole
mass spectrometer (Agilent Technologies, USA) with
an electron ionization source operating at 70 eV was
employed. Chromatographic separation was carried
out using a DB-5 ms ultra inert capillary column
(60 m x 0.25 mm, 1.0 pm film thickness) from Agi-
lent Technologies (USA) at a constant helium flow
of 1 ml min~!. The oven temperature program was:
30 °C for 13 min, 4 °C min~! to 130 °C (3 min
hold time) and 10 °C min~"' to 220 °C (1 min hold
time). Post-run time was 15 min with an oven tem-
perature of 250 °C. The triple quadrupole acquired in
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both full scan (m/z 30-300) and selected-ion monit-
oring mode. The temperature of the transfer line, ion
source, and quadrupoles were set at 260 °C, 250 °C,
and 150 °C, respectively. Helium was used as the
quench gasata flow of 4 ml min~! and nitrogen as the
collision gas at a flow of 1.5 ml min~"'. The retention
times of the target analytes, qualifier and quantifier
ions and qualifier/quantifier (q/Q) ratios are shown
in table S1.

2.5. Validation of the TD-GC-MS method

The analytical performance of the TD-GC-MS
approach was evaluated by determining carry-over
effect, retention capabilities of the sorbent materials,
method precision, relative response factors (RRFs),
and instrumental detection limit (IDL).

2.6. Data analysis

All data were analysed using GraphPad Prism (v. 8.0)
from GraphPad Software Inc. (La Jolla, USA). Stat-
istical significance of differences between groups was
evaluated by ¢-tests, and a two-tailed p-value of <0.05
was considered significant.

3. Results and discussion

3.1. Analytical performance of the TD-GC-MS
method

Figure S2 shows illustrative chromatograms res-
ulting from a working standard gaseous solution
(~50 ng ul™!) spiked in both SBTs and TBTs by a
humid air stream.

Only a few coelutions were obtained, as
those observed between 5-methyl-2-hexanone and
chlorobenzene (retention time of 35.45 min) and
2,6-dimethyl-4-eptanon and 4-methylcyclohexanone
(retention time of 41.67 min), which were solved by
acquiring different m/z ions (table S1).

After conditioning, SBTs and TBTs still released
relatively large amounts of benzene and sulphur diox-
ide, respectively. SBTs also released benzaldehyde and
acetophenone at trace level. The thermal desorption
efficiency was evaluated by spiking sorbent tubes with
~50 ng of the target analytes under both a dry and
humid air stream. The carry-over effect was calcu-
lated as the percentage ratio between the peak area
measured in the first desorption run and the sum
of the peak areas obtained with the first and second
desorption runs. As expected, SBTs showed a neg-
ligible carry-over effect (<1%) whereas, a memory
effect of 5%—10% was observed in the case of TBTs.
The retention capability of TBTs was strongly affected
by humidity. For example, alcohols showed a decrease
of signal in the range 11%-56%, probably due to
the competition for the active sites of the less hydro-
phobic sorbent material (i.e. Carboxen 1003) between
water and target analytes [42, 43].

SBTs were less affected by the presence of water
vapour in the sample, according to the limited water
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retention of Tenax GR, i.e. ~2 mg g~' of water

[38, 39]. In this case, the signal variation was in the
range 10%—-15%.

Table 1 reports the calibration range, IDL, intra-
day (within the same day) and inter-day (on three
consecutive days) RRFs, and their corresponding rel-
ative standard deviation (RSD) values for the target
analytes using SBTs and TBTs loaded under a humid
air stream. Method precision was evaluated in triplic-
ate by analysing SBTs and TBTs spiked with ~50 ng
of each analyte.

Regardless of the humidity, most analytes showed
amethod precision in the range 10%-15% and 15%-—
20% for SBTs and TBTs, respectively. These val-
ues comply with the replicate precision level (within
25%) indicated by the compendium method TO-15
EPA [44].

The IDL, evaluated for each analyte as the
amount producing a signal-to-noise ratio equal to
3, was in the range 1-10 pg. For all the analytes
and sorbent tubes, the RSD values of the RRFs
(Aanalyte/Ats X s/ Manalyie) Was below 30%, indicat-
ing a high degree of linearity over the amount range
tested [44].

The performance of the TD-GC-MS method was
also checked by monitoring the ®D-toluene signal
over time. A control chart was drawn with the daily
average S8D-toluene peak areas over 2 months of
experiments. The warning limit and the control limit
were set at the average value £1 standard deviation
and +2 standard deviations, respectively. The overall
variability was close to 15% for both SBTs and TBTs,
confirming that our TD-GC-MS method was highly
reproducible and allowed a reliable determination of
VOCs in gaseous samples.

Regardless of the humidity, the results highlighted
a good stability of the target analytes at about the
50 ng level when SBTs and TBTs were closed with
DiffLok caps and kept for 24 h in the TD-100 auto-
sampler at room temperature (25 & 2 °C) to simulate
a typical TD-GC-MS sequence.

3.2. Impact of SARS-CoV-2 inactivation treatments
on VOC stability

Figures 2 and 3 show the heatmaps that plot the per-
centage change in the concentration of the target ana-
lytes measured in all the experimental tests involving
SBTs and TBTSs, respectively. The percentage change
was calculated with respect to the baseline samples
(untreated tube analysed immediately after loading)
and are reported in tables S2 and S3.

Use of DiffLok caps to close the sorbent tubes just
after the breath sampling in the hospital environment
would minimize the handling of the tube by the ana-
lyst in the laboratory before the TD-GC-MS analysis
and decrease the risk of infection. Unfortunately, res-
ults obtained from SET1 experiments (inactivation
at 60 °C) revealed that these caps do not guarantee
proper storage conditions, since a marked loss (up
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Table 1. Calibration range, IDL, intra- and inter-day RRFs and their corresponding RSD values for the target analytes in humid
conditions using SBTs and TBTs.

IDL (pg) Mean RRF (RSD)
SBT TBT

Analyte Range (ng) SBT TBT Intra-day Inter-day Intra-day Inter-day
Vinyl chloride ~ 1.0-50 N.A. 450 N.A. N.A. 0.01 (14%)  0.01 (16%)
Acetaldehyde 1.5-59 310 170 0.07 (28%)  0.08 (18%)  0.22(48%)  0.17 (51%)
Ethanol 1.2-47 95 60 0.28 (3%) 0.25 (13%) 0.17 (0%) 0.18 (11%)
Acrolein 1.3-52 15 5 0.07 (15%) 0.07 (18%) 0.50 (6%) 0.54 (10%)
Acetone 0.4-14 3 2 1.40 (3%) 1.23 (16%) 1.75 (11%) 1.77 (7%)
Propanal 0.7-26 10 8 0.48 (2%) 0.44 (10%)  0.47 (14%)  0.47 (9%)
2-Propanol 1.2-47 40 25 0.90 (3%) 0.82 (10%)  0.83(23%)  0.93 (14%)
Pentane 1.2-46 8 4 0.73 (5%) 0.65(14%)  0.81(15%)  0.71 (10%)
Isoprene 0.5-20 150 20 0.05 (6%) 0.04 (20%) 0.46 (24%) 0.44 (17%)
1,1- 1.3-50 35 25 0.03 (6%) 0.03 (14%) 0.02 (9%) 0.02 (7%)
Dichloroethene
Dimethyl 0.5-18 6 6 0.34 (8%) 0.29 (20%) 023 (26%)  0.23 (15%)
sulphide
2-Methyl-2- 1.2-46 3 2 0.62 (6%) 0.56 (13%)  0.42 (5%) 0.45 (7%)
propanol
Dichloromethane 1.3-50 20 20 0.03 (5%) 0.03 (11%) 0.02 (26%) 0.02 (16%)
Carbon 0.9-35 12 10 0.46 (13%)  0.41(16%)  0.43 (28%)  0.40 (19%)
disulphide
1-Propanol 1.2-48 90 95 0.16 (3%) 0.15(12%)  0.09 (22%)  0.11 (16%)
2- 1.2-46 15 20 0.23 (3%) 0.20 (22%)  0.14 (6%) 0.13 (13%)
Methylpropanal
2- 0.5-21 12 10 0.29 (8%) 0.25 (18%) 0.20 (11%) 0.21 (8%)
Methylpentane
trans-1,2- 1.3-50 30 25 0.04 (6%) 0.03(12%)  0.08(11%)  0.09 (11%)
Dichloroethene
Methacrolein 1.2-47 120 75 0.17 (1%) 0.15(15%)  0.03(27%)  0.03 (18%)
2,3- 0.9-35 3 4 0.84 (2%) 0.76 (11%) 0.52 (10%) 0.54 (7%)
Butanedione
Butanal 0.7-28 25 20 0.25 (4%) 0.22(15%)  0.49 (14%)  0.59 (20%)
2-Butanone 1.2-48 4 3 0.97 (3%) 0.87 (13%)  0.57 (9%) 0.59 (7%)
Hexane 0.7-26 3 6 0.90 (7%) 0.80 (15%)  0.15(13%)  0.17 (15%)
2-Butanol 1.2-48 3 4 0.55 (5%) 0.48 (15%) 036 (18%)  0.36 (11%)
cis-1,2- 1.3-50 20 25 0.05 (1%) 0.04 (11%) 0.04 (13%) 0.04 (8%)
Dichloroethene
2-Methyl-1- 1.2-48 7 12 0.10 (3%) 0.09 (7%) 0.08 (10%)  0.15 (15%)
propanol
Chloroform 1.3-50 10 12 0.22 (5%) 0.20 (7%) 0.14 (15%)  0.18 (7%)
2-Methyl-2- 1.2-48 2 15 0.53 (4%) 0.48 (14%)  0.08 (10%)  0.08 (17%)
butanol
1,1,1- 1.3-50 25 10 0.18 (4%) 0.17 (12%) 0.29 (22%) 0.32 (17%)
Trichloroethane
1,2- 1.3-50 15 20 0.05 (3%) 0.05 (6%) 0.05(23%)  0.04 (8%)
Dichloroethane
3. 1.2-48 10 8 0.29 (3%) 0.26 (13%) 033 (11%)  0.38 (18%)
Methylbutanal
3-Methyl-2- 1.2-48 4 3 0.65 (3%) 0.59 (11%) 0.47 (25%) 0.59 (15%)
butanone
Benzene 1.2-49 10 4 0.22 (4%) 0.20 (15%)  0.40 (18%)  0.43 (9%)
1-Butanol 1.2-48 25 40 0.54 (2%) 0.50 (11%)  0.17 (18%)  0.19 (17%)
Tetrachloro 1.3-50 25 15 0.05 (4%) 0.05(10%)  0.20(17%)  0.20 (14%)
methane
2- 1.2-48 3 3 0.27 (2%) 0.25 (12%) 0.26 (13%) 0.25 (12%)
Methylbutanal
2-Pentanone 1.2-48 2 3 1.24 (1%) 1.14 (10%)  0.76 (6%) 0.80 (7%)
3-Pentanone 1.2-49 3 4 0.37 (1%) 0.35 (7%) 0.26 (5%) 0.28 (6%)

(Continued.)
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Table 1. (Continued.)

IDL (pg) Mean RRF (RSD)
SBT TBT

Analyte Range (ng) SBT TBT Intra-day Inter-day Intra-day Inter-day
2-Pentanol 1.2-48 20 15 0.72 (4%) 0.65 (13%) 0.64 (8%) 0.64 (5%)
3-Hydroxy-2-  0.9-36 25 20 0.56 (4%) 0.46 (13%)  0.58 (13%)  0.66 (15%)
butanone
Heptane 0.7-28 2 4 0.79 (4%) 0.73 (10%)  0.29 (15%)  0.32 (14%)
3-Pentanol 1.2-49 2 3 0.26 (4%) 0.24 (11%)  0.36 (29%)  0.35 (18%)
Trichloroethene 1.3-50 20 30 0.05 (1%) 0.05 (6%) 0.05 (11%) 0.04 (8%)
1,2- 1.2-49 80 30 0.15 (0%) 0.14 (8%) 0.28 (8%) 0.31 (9%)
Dichloropropane
3,3-Dimethyl-  1.2-48 3 3 0.41 (1%) 0.37 (10%)  0.42(17%)  0.53 (19%)
2-butanone
Bromodichloro  1.2-49 10 10 0.08 (2%) 0.07 (5%) 0.07 (3%) 0.07 (4%)
methane
3-Methyl-1- 1.2-48 5 4 0.32 (3%) 0.29 (11%) 0.19 (29%) 0.22 (20%)
butanol
2-Methyl-1- 1.2-49 5 5 0.34 (3%) 0.31(12%)  0.20 (26%)  0.23 (19%)
butanol
4-Methyl-2- 1.2-48 2 5 0.54 (2%) 0.49 (12%)  0.35 (4%) 0.38 (9%)
pentanone
Dimethyl 0.9-36 1 2 1.11 (2%) 1.01 (11%) 1.23 (11%) 0.95 (9%)
disulphide
2-Methyl-3- 1.2-48 6 10 0.24 (3%) 0.22 (8%) 0.54 (22%)  0.61 (17%)
pentanone
1-Pentanol 1.2-48 15 15 0.31 (5%) 0.28 (13%)  0.19(22%)  0.20 (16%)
Toluene 1.1-44 1 1 2.66 (2%) 2.49 (8%) 2.14 (0%) 2.15 (0%)
1,1,2- 0.7-28 20 40 0.08 (1%) 0.09 (5%) 0.06 (1%) 0.06 (3%)
Trichloroethane
2-Hexanone 1.3-50 2 4 0.68 (2%) 0.70 (11%)  0.56 (1%) 0.60 (8%)
2,4-Dimethyl-  1.2-48 2 3 0.58 (4%) 0.52 (11%)  0.37(14%)  0.41 (15%)
3-pentanone
Cyclopentanone 1.2-48 1 1 0.41 (2%) 0.38 (9%) 0.35 (13%) 0.33 (9%)
4-Methylpent- 1.4-57 2 2 0.23 (3%) 0.20 (11%) 0.29 (18%) 0.28 (13%)
3-en-2-one
Octane 1.3-51 1 2 0.95 (2%) 0.89 (9%) 0.62 (6%) 0.63 (4%)
Hexanal 2.7-29 30 20 0.50 (1%) 0.47 (8%) 043 (11%)  0.43 (6%)
Dibromochloro  1.2-49 15 10 0.08 (1%) 0.08 (4%) 0.08 (5%) 0.07 (8%)
methane
Tetrachloroethene 1.2-49 20 15 0.07 (3%) 0.07 (6%) 0.07 (9%) 0.06 (8%)
2-Methyl-3- 1.2-50 2 3 0.21 (4%) 0.27 (12%)  0.32(24%)  0.37 (18%)
hexanone
5-Methyl-2- 1.2-49 2 3 0.19 (1%) 0.16 (7%) 0.26 (19%)  0.30 (17%)
hexanone
Chlorobenzene  1.2-49 1 2 0.52 (4%) 0.47 (14%) 0.44 (12%) 0.54 (7%)
4-Heptanone 1.2-50 6 10 0.26 (3%) 0.24 (11%) 0.26 (26%) 0.34 (17%)
Ethylbenzene — 1.3-50 5 6 0.25 (2%) 0.16 (9%) 0.17 (19%)  0.19 (15%)
p-Xylene 1.3-50 7 8 0.20 (4%) 0.19 (11%)  0.19(14%)  0.18 (11%)
m-Xylene 1.3-50 7 9 0.21 (3%) 0.19 (11%) 026 (13%)  0.23 (9%)
3-Heptanone 1.2-49 2 2 0.53 (3%) 0.49 (10%)  0.43 (7%) 0.42 (5%)
2-Heptanone 0.8-49 2 3 0.50 (2%) 0.51 (10%) 0.57 (12%) 0.47 (7%)
Nonane 1.3-30 2 4 0.86 (2%) 0.80 (9%) 0.17 (12%) 0.17 (6%)
Styrene 1.2-50 15 10 0.14 (2%) 0.13 (9%) 0.27 (4%) 0.26 (5%)
0-Xylene 1.2-49 6 7 0.34 (3%) 0.31(11%)  0.19 (5%) 0.39 (15%)
Heptanal 1.4-49 320 250 0.23 (3%) 0.22 (6%) 0.36 (22%)  0.19 (12%)
Cyclohexanone  1.3-56 2 1 0.34 (0%) 0.31 (11%) 0.31 (21%) 0.35 (3%)
Bromoform 1.2-50 10 2 0.08 (1%) 0.08 (4%) 0.30 (5%) 0.30 (1%)

(Continued.)
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Table 1. (Continued.)

IDL (pg) Mean RRF (RSD)
SBT TBT

Analyte Range (ng) SBT TBT  Intra-day Inter-day Intra-day Inter-day
2-Methyl-3- 1.2-49 3 3 0.38 (0%) 0.35 (11%) 0.37 (2%) 0.41 (18%)
heptanone
2-Methyl 1.4-55 15 15 0.48 (3%) 0.33 (11%) 0.58 (24%) 0.47 (4%)
cyclohexanone
3-Methyl 1.2-54 15 15 0.46 (1%) 0.42 (11%) 0.45 (2%) 0.43 (10%)
cyclohexanone
2,6-Dimethyl- 1.4-48 30 25 0.55 (2%) 0.52 (7%) 0.48 (15%) 0.37 (16%)
4-heptanone
4-Methyl 1.4-54 15 15 0.32 (2%) 0.23 (8%) 0.20 (17%) 0.29 (1%)
cyclohexanone
Benzaldehyde 1.6-62 30 40 0.73 (1%) 0.67 (8%) 0.67 (1%) 0.57 (3%)
2-Octanone 1.2-49 1 1 0.87 (3%) 0.82 (12%) 0.93 (1%) 0.90 (10%)
Decane 1.3-63 1 1 0.13 (2%) 0.15 (6%) 0.22 (10%) 0.19 (21%)
Octanal 1.3-49 1 2 0.17 (8%) 0.16 (19%) 0.20 (23%) 0.18 (11%)
1,4- 1.2-50 15 12 0.17 (1%) 0.16 (7%) 0.18 (10%) 0.17 (5%)
Dichlorobenzene
1,2- 1.5-50 15 15 0.15 (1%) 0.20 (7%) 0.23 (9%) 0.23 (8%)
Dichlorobenzene
5-Nonanone 1.2-49 2 2 0.94 (4%) 0.84 (12%) 1.08 (5%) 1.02 (5%)
Acetophenone  0.8-61 15 25 0.75 (3%) 0.66 (14%) 0.48 (9%) 0.58 (9%)
2-Nonanone 1.2-49 2 3 0.99 (4%) 0.92 (16%) 0.99 (8%) 0.85 (19%)
Undecane 332 1 1 0.16 (0%) 0.14 (8%) 0.22 (18%) 0.22 (10%)
Nonanal 1.3-46 5 4 0.44 (7%) 0.41 (19%) 0.36 (9%) 0.35 (5%)
Dodecane 3.3-132 1 1 0.14 (5%) 0.13 (10%) 0.24 (1%) 0.23 (13%)
1,2,4- 1.3-50 10 7 0.65 (3%) 0.54 (15%) 0.78 (13%) 0.72 (6%)
Trichlorobenzene
Tetradecane 1.7-69 1 1 0.69 (5%) 0.55 (27%) 0.63 (1%) 0.71 (8%)
Pentadecane 0.9-35 1 1 0.58 (8%) 0.49 (35%) 0.46 (6%) 0.50 (8%)
Hexadecane 1.8-70 2 2 0.63 (6%) 0.51 (27%) 0.57 (0%) 0.46 (4%)
Heptadecane 0.9-35 1 1 0.51 (6%) 0.49 (29%) 0.54 (10%) 0.54 (6%)

N.A. not available.

to 100%) of target analytes was observed using both
SBTs and TBTs. We hypothesize that heating at 60 °C
leads to a partial desorption and diffusion of the target
analytes through the DiffLok cap. Interestingly, the
loss was more pronounced for SBTs than TBTs, prob-
ably due to the lower retention capability of Tenax GR
[45, 46]. The same experiments with Swagelok caps
showed that the humidity of the gaseous sample was
the key factor affecting the stability of VOCs. In fact,
treatment at 60 °C for 1 h of tubes spiked under a dry
air stream did not significantly change the concentra-
tion of most analytes (figure 2), whose variations were
generally within the experimental error (table 1). For
example, analyte variations in SBTs ranged between
—17% (isoprene) and +18% (acetaldehyde), and in
TBTs between —26% (decane) and +22% (5-methyl-
2-hexanone).

In the case of tubes loaded by a humid air stream,
the stability of VOCs depended on the sorbent mater-
ials. In fact, in the case of SBTs most analytes showed
variations slightly exceeding the method variability,
with a maximum decrease of about 25% for alco-
hols. Marked decreases (50%-100%) of the amount
of many analytes were observed with TBTs, likely due

9

to the higher hydrophilicity of its sorbent materials
compared to SBTs [45, 46]. In fact, Carboxen 1003
retains much more water (~400 mg g~!) than Tenax
GR (~2mgg~!) [38, 39]. Surprisingly, the recovered
amount of target analytes increased with retention
time, suggesting a possible correlation between ana-
lyte loss and hydrophobicity of compounds. Recently,
Wilkinson et al found an inverse correlation between
the octanol-water partition coefficient and the per-
centage recovery of VOCs loaded under a wet versus
dry gas stream [47]. The presence of water at 60 °C
may enhance the spontaneous oxidation of alde-
hydes to carboxylic acids [48], promoting a type
of on tube oxidation as discussed elsewhere [40].
Such behaviour was confirmed by the presence of
carboxylic acids in samples analysed after heating at
60 °C for 1 h. For example, a decrease of butanal in
humid samples of 38% corresponded to a concom-
itant increase of butanoic acid (~25%). Moreover,
we found a loss of sulphur-based compounds in SBTs
after heating at 60 °C for 1 h. The amount of dimethyl
sulphide, carbon disulphide and dimethyl disulphide
decreased by about 20% in tubes loaded under both a
dry and humid air stream, confirming the difficulties
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Figure 2. Heatmap showing the percentage variations of the target analytes in SBTs measured in SET1 (inactivation at 60 °C for
1h), SET2 (storage at room temperature for 72 h) and SET3 (dry purge to remove water and oxygen) experiments. Legend:
Swagelok caps (SW); DiffLok caps (DL); loaded with dry air (D); loaded with humid air (H). Percentage variations were
calculated with respect to the reference values (untreated tube analysed immediately after loading).
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Figure 3. Heatmap showing the percentage variations of the target analytes in TBTs measured in SET1 (inactivation at 60 °C for
1h), SET2 (storage at room temperature for 72 h) and SET3 (dry purge to remove water and oxygen) experiments. Legend:
Swagelok caps (SW); DiffLok caps (DL); loaded with dry air (D); loaded with humid air (H). Percentage variations were
calculated with respect to the reference values (untreated tube analysed immediately after loading).
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associated with the reliable determination of these
compounds in gaseous samples [49, 50]. This beha-
viour could be due to the high reactivity of sulphur-
based compounds [50, 51], as well as to the limited
retention capability of Tenax GR at 60 °C [48].

To propose an alternative SARS-CoV-2 inactiva-
tion treatment with a lower impact on analyte stabil-
ity, we carried out two further sets of experiments.
In SET2, tubes were stored at room temperature for
72 h to reduce significantly the SARS-CoV-2 viral
load (~1250 times after 48 h on stainless steel at
21°C-23°C [18]). Under these condition, storage
did not alter the amount of most chemicals loaded in
both types of tube, independent from sample humid-
ity, apart from a few aromatics and ketones (e.g. 1,2-
and 1,4-dichlorobenzene and 3-heptanone) whose
amounts increased slightly when loaded with dry air.
In SET3, a dry purge step was added to remove water
and oxygen from the sorbent tubes after loading the
sample and reduce reactivity of the retained com-
pounds before raising the temperature to 60 °C for
1 h.

Regardless of the sample humidity, the amounts
of the target analytes were not significantly altered
when sorbent tubes were stored at ambient temperat-
ure for up to 72 h. Our results were generally in agree-
ment with those reported by Harshman et al for Tenax
TA-based sorbent tubes [40]. These authors evaluated
the stability of 74 VOCs in Tenax TA tubes over a
period of 31 d by using TD-GC-MS, and concluded
that low temperatures (i.e. 4 °C and room temper-
ature) provide the most consistent and reliable con-
ditions to preserve breath samples due to the higher
stability of exhaled breath VOCs when compared to
higher storage temperatures (37 °C [40]).

In the case of TBTs, the removal of water and
oxygen before heating the tubes at 60 °C signific-
antly reduced the loss of the target analytes (figure 3),
whose variations were always close to the variability
of the analytical method. These latter findings were
in accordance with those observed within the first set
of experiments of SET'1, confirming the key role of the
sample humidity in the stability of analytes.

It is worth noting that the use of Swagelok caps to
seal sorbent tubes avoided any contamination of the
sample when the external surface was cleaned with an
alcoholic solution. We did not observe any additional
peaks in the GC chromatograms relevant to both SBTs
and TBTs.

3.3. Possible breath analysis workflow including a
SARS-CoV-2 inactivation treatment
Based on previous findings, we speculate that the
inclusion of a SARS-CoV-2 inactivation treatment in
the breath analysis workflow may allow off-line meas-
urements to be made safely without decreasing per-
formance. A possible protocol could be:

Step 1: breath is collected into sorbent tubes by
an appropriate sampler at the sampling site. This
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approach reduces sample volume to the minimum
amount needed for the measurement and avoids
transportation and storage of biohazardous speci-
mens. The operator wears the correct PPE recom-
mended by guidelines [24] to avoid the risk of
infection;

Step 2: sorbent tubes are immediately capped at
both ends with tight seal caps and the external sur-
faces are cleaned with a 70% v/v ethanol solution
to remove possible contaminations. Mouthpieces, fil-
ters and other consumables in contact with subject’s
breath are disposed of following the procedures for
infected materials, and the breath sampler is thor-
oughly cleaned for further use;

Step 3: sorbent tubes are either heated at 60 °C for
1 h or kept at room temperature for 72 h to inactivate
the SARS-CoV-2 possibly contained within them;

Step 4: sorbent tubes are analysed by routine TD-
GC-MS methods.

When sorbent tubes packed with carbon molecu-
lar sieves are used, a dry purge step before heat-
ing at 60 °C is recommended to preserve the initial
chemical composition. A dry purge unit (e.g. TC-20
from Markes International) or a home-made gas line
coupled to a mass flow controller are both suitable.
For safety reasons, we recommend either perform-
ing the dry purge step in a biological cabinet or con-
necting a second sorbent tube to the sampling tube to
block any viral particles conveyed from the gas carrier.

4. Conclusions

Literature reports describe inactivation of SARS-
CoV-2 after 20 min at 56 °C or 72 h at room tem-
perature. With the aim of designing a safe protocol to
run breath analyses during the pandemic, we invest-
igated the effect of three SARS-CoV-2 inactivation
treatments on the stability of a large number of rep-
resentative compounds of breath and environmental
samples collected in single- and triple-bed tubes.
Storage of SBTs and TBTs at room temperature did
not alter the amount of target compounds. Inactiva-
tion at 60 °C for 1 h before the analysis can be used
with SBTs, whereas the protocol needs to include a dry
purge step to remove water and oxygen before heating
in the case of TBTs.

The thermal inactivation procedure at 60 °C
reduces the analysis time and can be easily implemen-
ted in the clinical setting, but capping of the tubes and
cleaning of the external surface with a 70% v/v eth-
anol solution allow the tubes to be transported to the
laboratory without significant risks.
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