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Abstract: Analysis of salivary volatile organic compounds (VOCs) may offer a novel noninvasive
modality for disease detection. This study aims to optimise saliva headspace VOC analysis and assess
longitudinal variation of salivary VOCs. Whole saliva from healthy participants was acquired in order
to assess four methodological parameters: saliva collection, volume, dilution, and acidification. Saliva
VOCs were analysed using untargeted proton transfer reaction time-of-flight mass spectrometry.
Using the optimised method, five saliva samples collected over 3 weeks assessed the longitudinal
VOC variability and reproducibility with targeted selected ion flow tube-mass spectrometry analysis.
The method of saliva collection influenced VOC detection and was a source of contamination. An
amount of 500 µL of whole saliva by passive drool yielded optimal VOCs. Longitudinal variation was
negligible with target short chain fatty acids and aldehydes. However, certain compounds showed
variability suggesting the influence of potential exogenous factors. Overall, there was an acceptable
range of inter- and intraindividual VOC variability. Standardisation with morning sampling after a
6 h fast is recommended demonstrating minimal intersubject variability. Future studies should seek
to establish salivary VOC levels in healthy and diseased populations.

Keywords: volatile organic compounds; saliva; headspace; variation; direct mass spectrometry;
selected ion flow tube-mass spectrometry; proton transfer reaction-mass spectrometry

1. Introduction

Volatile organic compounds (VOCs) have the potential to be noninvasive biomarkers
of disease. Variations in VOC levels in various biological matrices, such as breath and urine,
have been extensively described and linked to a number of disease states [1,2]. Comparably
little is known about the VOC profile of saliva and its link to health and disease.

Saliva is a complex liquid composed of electrolytes, enzymes, mucin, and microbiota
suspended in water [3]. Disease-specific salivary VOCs have been reported in benign
(halitosis, oral abscess, and diabetes) and malignant (gastrointestinal cancer) states [4,5].
However, the oral cavity is influenced by multiple endogenous and exogenous factors
that contribute to VOC production. Local modifiable factors include oral hygiene and
smoking status, as well as systemic factors, including disease, medications, and diet [6,7].
The molecular composition of saliva is also altered with autonomic stimulation result-
ing in compositional differences between unstimulated and stimulated saliva [3,8]. As a
consequence of autonomic stimulation, salivary flow rates can reach up to 4 mL/minute
compared to unstimulated baseline flow rates of 0.3–0.4 mL/minute [9]. Various meth-
ods have been used in salivary VOC analysis, largely with indirect gas chromatography
platforms. Stimulated methods may allow the acquisition of larger volumes. However, it
is recognised that morning unstimulated saliva sampling in keeping with the circadian
cycle may reduce bias from exogenous influences [4,5,10,11]. Other studies have allowed
patients to rinse their oral cavities with water to encourage saliva production; however,
dilution methods may affect VOC detection [4,10]. Similarly, others have centrifugated
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and removed cellular debris to analyse the supernatant, which may eliminate important
salivary components for analysis.

This study reports on direct headspace VOC analysis with real-time quantification
and elimination of preprocessing steps. To mitigate any bias, the collection and analysis of
salivary VOCs need to be standardised. Furthermore, before the wider adoption of salivary
volatolomics, it is important to establish the variation in VOC profiles both within and
between healthy subjects over a defined period.

This study aims to (i) establish an optimised method to standardise collection for
salivary VOC analysis and (ii) assess the intra- and interindividual variability of VOC levels
within whole saliva as a potential method for clinical diagnostics.

2. Material and Methods
2.1. Participant Selection

All healthy participants were recruited from St Mary’s Hospital (Imperial College
Healthcare NHS Trust London) between February 2020 to July 2021. Inclusion criteria
included: age > 18 years and the ability to provide written informed consent. Exclusion
criteria included: current smoker, known oral disease, uncontrolled systemic disease, use
of immunosuppressive medications, and use of antibiotics within four weeks.

All participants provided written informed consent. Ethical approval was obtained by
the Health Research Authority National Research Ethics Service (NRES) Committee London
Camden and Islington (REC number: 14/LO/1136), and Imperial College Healthcare Tissue
Bank (REC Wales approval: 17/WA/0161 (R20059)).

2.2. Optimal Saliva Sampling Parameters

For methodological optimisation of salivary VOC analysis, a standardised approach
was taken across all participants, who maintained a clear fluid diet for a minimum of
six hours and subsequently provided whole saliva between 07:00 and 09:00 h. Each
participant maintained their normal oral hygiene routines at least two hours prior to
saliva sampling.

Five sampling conditions were evaluated to establish the optimal sampling method
for VOC headspace analysis of whole saliva: (i) method of collection; (ii) sample volume;
(iii) sample dilution; (iv) sample acidification; (v) negative controls (background contamination)

Saliva collection method: Saliva (n = 11) was collected using three techniques, (i) passive
drool into a sterile container over 5 min, (ii) unstimulated saliva by holding the Salivette®

(Sarstedt, Nümbrecht, Germany) between the lateral teeth and buccal mucosa, or beneath
the tongue, for two minutes, and (iii) stimulated saliva by chewing the Salivette® for one
minute. The Salivette® is a commercially available saliva collection device composed of
a cotton roll within a plastic collection tube suitable for centrifugation. As per the manu-
facturer’s instructions, the tube was centrifuged for two minutes at 1000 g. Salivette® was
selected due to the ease of saliva sampling and simple instructions for potential patients.
The osmolality of saliva was determined for each method using an osmometer (Advanced
Instruments OsmoTech Promulti-Sample Micro Osmometer; Advanced Instruments, Wim-
borne, UK). Salivary flow rates (mL/min) were also calculated by saliva volume (mL)
divided by time (minutes).

Saliva volume: The headspace of 500 µL and 1000 µL saliva (n = 11) was selected
according to literature findings for headspace VOC assessment.

Saliva dilution: The headspace of 500 µL of whole saliva (n = 11) was compared to
500 µL of whole saliva diluted to 1 mL with deionised water.

Saliva acidification: A standardised protocol within the institution was used to acidify
each sample (n = 11) with pure hydrochloric acid to pH 2.0 (FiveGoTM pH meter F2, Mettler
Toledo, Columbus, OH, USA). An average of 3.7 µL hydrochloric acid was used (range
3–5 µL). Calibration checks were performed with standard buffer solutions of pH 4.0 and
pH 7.0.
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Negative controls: A baseline of headspace VOCs produced by the experimental mate-
rials was assessed to define their potential contribution to background VOCs. Triplicate
negative controls included: (i) a dry Salivette® (cotton roll); (ii) a Salivette® saturated with
deionised water for two minutes; (iii) a Salivette® saturated with deionised water followed
by centrifugation; (iv) 20 mL headspace vials containing 500 µL, 1000 µL and 1500 µL of
deionised water.

Saliva samples were stored at 4 ◦C and analysed within 2 h of collection. Samples
were aliquoted into 20 mL glass headspace vials sealed with 18 mm screw-tops and a
polytetrafluoroethylene (PTFE) septum. Vials were incubated for 30 min at 37 ◦C in a hot
water bath to reflect the physiological body temperature. Septa were pierced with a sterile
blunt needle (18 G, 1 1⁄2 (1.2 mm × 40 mm)) for real-time direct headspace VOC analysis.

Analysis: Direct injection mass spectrometry platforms provide soft chemical ionisation
reducing fragmentation rates and allowing tentative compound annotation using specific
molecular weights. The proton transfer reaction time of flight-mass spectrometer (PTR-ToF-
MS; Ionicon Analytik GmbH, Innsbruck, Austria) uses an untargeted analytical approach
with a hydronium ion (H3O+) as the primary reagent ion. The proton (H+) is transferred
from the hydronium ion (H3O+) to the volatile compounds (VOC) due to their proton
affinity being greater than water (VOC.H + H2O). Hydronium ions formed from humidified
air within the ionisation chamber are propelled by electric fields into the drift tube to interact
with the injected sample (inlet flow 40 sccm). The protonated analyte is detected by the
time-of-flight (ToF) detector according to their mass-to-charge ratio (m/z), with heavier
ions travelling at a slower pace. The drift tube parameters are optimised at a temperature
of 110 ◦C, a pressure of 2.29 mbar, and a voltage of 350 V, resulting in an E/N of 84 Td
(E = electric field, N = gas number density). Quality control checks were employed for the
characterisation of impurities, accuracy, fragmentation rates, and resolution of the three
reagent ions. Select compounds from a permeation unit (ES 4050P, Eso Scientific, Stroud,
Gloucestershire, UK) provided a steady flow of acetone, benzene, and phenol directly into
the PTR-ToF-MS. Twenty seconds of headspace sampling (19–19.5 mL headspace volume)
was followed by a 10 s interval. PTR-ToF-MS data was extracted using PTR-MS Viewer
version 3.2.8.0 (Ionicon Analytik) and analysed using an in-house generated R script.

2.3. Longitudinal Assessment of Salivary VOCs

Saliva (3 mL) from 10 participants were collected using the optimised methodology
(as determined by the above experiments) on five mornings: three samples in week one,
one sample in week two, and one sample in week three. The timings were selected to assess
intra- and interindividual day-to-day and week-to-week variability of the saliva of salivary
VOC analysis.

Sample processing: All saliva samples were frozen at −80 ◦C until batch analysis.
Samples were aliquoted into 20 mL glass headspace vials sealed with 18 mm screw-tops
and a polytetrafluoroethylene (PTFE) septum. Vials were incubated for 30 min at 37 ◦C in
a hot water bath to reflect the physiological body temperature. Septa were pierced with
a sterile blunt needle (18 G, 1 1⁄2 (1.2 mm × 40 mm)) for real-time direct headspace VOC
analysis. Longitudinal saliva analysis was performed in triplicates of 500 µL.

Analysis: Selected ion flow tube-mass spectrometry (SIFT-MS) was chosen for the
longitudinal analysis of salivary VOCs owing to its ability to perform online and real-
time analysis of target VOC coupled with a user-friendly interface that is well suited to
applications in large-scale clinical trials.

SIFT-MS (VoiceUltra 200; Syft Technologies, Anatune, UK) used a real-time targeted ap-
proach for VOC quantification based on soft chemical ionisation between selected reagent
ions and the gaseous sample. Reagent ions (H3O+, NO+, and O2

+) produced by a mi-
crowave discharge source and selected by a quadrupole mass filter are injected into an
inert helium carrier gas via a flow tube to react with the sample. Product ions are separated
and detected according to their mass-to-charge ratio with multiple simultaneous ion quan-
tification. Automated daily validation cycles for data quality assurance, with an ambient
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operating temperature between 10–30 ◦C, were employed. An inlet flow rate of 25 mL/min
and an analytical time frame of 20 s was selected for a 19.5 mL headspace volume. Targeted
VOCs included short chain fatty acids (C2–C6) and aldehydes which have been shown to
be linked to human disease [12]. Data were retrieved using the LabSyft v1.7 Software Suite.

3. Statistical Analysis

Descriptive statistics were used for data interpretation. Absolute VOCs were compared
using the median and interquartile range (IQR). The coefficient of variation was used
to assess the reproducibility of the longitudinal data, with <20% considered acceptable.
Friedman’s test identified statistical differences in VOC variability in the longitudinal
assessment (IBM SPSS Statistics version 25; Armonk, NY, USA).

4. Results
4.1. Optimal Saliva Sampling Parameters

Eleven healthy participants were recruited with a median age of 25 years (IQR:
20–29 years), and 7 (58%) were female. Details of the concentrations (ppbv) of headspace
saliva VOC across all four methodological parameters and saliva collection methods are
presented in Table 1 and Figure 1.

Table 1. Influence of sampling methodology on the selected salivary VOC concentrations (ppbv).

Acetone
(m/z 59)

Acetic Acid
(m/z 61)

Butyric Acid
(m/z 89)

Pentanoic Acid
(m/z 103)

Hexanoic Acid
(m/z 117)

Saliva collection

Passive drool 60 (46–86) 14 (13–14) 2.5 (2.4–4.0) 1.0 (0.8–1.1) 0.8 (0.7–0.9)

Unstimulated saliva 104 (61–1793) 14 (14–37) 3.2 (1.8–11.1) 0.7 (0.6–3.2) 0.7 (0.6–2.3)

Stimulated saliva 866 (278–1365) 24 (16–27) 6.1 (2.6–9.8) 2.0 (0.8–2.3) 1.1 (0.8–1.5)

Volume

Passive drool

500 µL 57 (46–90) 14 (13–14) 2.5 (2.3–3.9) 0.9 (0.8–1.1) 0.8 (0.7–0.9)

1000 µL 51 (37–58) 13 (13–14) 2.3 (1.6–3.2) 0.8 (0.7–1.0) 0.8 (0.5–0.8)

Unstimulated saliva

500 µL 1430 (390–1883) 28 (16–44) 8.2 (4.0–12) 2.0 (0.9–3.9) 1.8 (0.8–2.3)

1000 µL 581 (213–1538) 18 (15–44) 4.2 (3.3–12) 1.2 (0.8–4.3) 1.0 (0.7–2.4)

Stimulated saliva

500 µL 866 (453–1365) 24 (19–27) 6.1 (3.2–9.7) 2.0 (1.3–2.6) 1.3 (0.9–1.6)

1000 µL 173 (71–946) 14 (13–26) 4.5 (1.9–6.5) 0.8 (0.6–2.9) 0.7 (0.6–1.6)

Dilution

Passive drool

500 µL saliva 60 (46–86) 14 (13–14) 2.5 (2.4–4.0) 1.0 (0.8–1.1) 0.8 (0.7–0.9)

500 µL saliva + 1 mL
deionised water 41 (29–59) 13 (13–14) 2.3 (1.8–4.0) 0.9 (0.7–0.9) 0.8 (0.7–0.9)

Unstimulated saliva *

500 µL saliva 104 (55–104) 14 (14–14) 1.8 (1.6–3.2) 0.7 (0.6–0.7) 0.6 (0.6–0.7)

500 µL saliva + 1 mL
deionised water 43 (40–55) 14 (14–15) 1.7 (1.7–1.9) 0.7 (0.7–0.7) 0.6 (0.6–0.7)

Stimulated saliva †
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Table 1. Cont.

Acetone
(m/z 59)

Acetic Acid
(m/z 61)

Butyric Acid
(m/z 89)

Pentanoic Acid
(m/z 103)

Hexanoic Acid
(m/z 117)

500 µL saliva 1589 28 8.9 2.2 1.8

500 µL saliva + 1 mL
deionised water 512 19 4.0 1.3 1.0

Acidification

Non-acidified 761 (635–1500) 85 (43–108) 16 (13–21) 3.9 (2.6–6.0) 2.0 (1.2–2.7)

Acidified (pH 2.0) 692 (556–932) 91 (47–160) 17 (10–22) 3.1 (2.6–5.7) 2.0 (1.2–2.5)

Values are median concentration, ppbv (interquartile range). All experiments included 11 participants unless
otherwise stated. * Five participants; † three participants.
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Negative controls: Headspace concentrations (ppbv) and coefficient of variation (%)
using the Salivette® (various treatment conditions) and aliquots of deionised water (n = 3)
were used as negative controls. Across all compounds of interest, all VOCs remained
consistent with a low coefficient of variation (<10%) (Supplementary File S1). The dry
Salivette® cotton roll demonstrated a high concentration of all SCFA (e.g., butyric acid at
23 ppbv) and acetone (3649 ppbv). The cotton roll saturated with deionised water showed
reduced levels of butyric acid at 11 ppbv and acetone at 444 ppbv. Following centrifugation,
headspace VOC analysis of the supernatant showed further reduction in butyric acid to
3.1 ppbv. This was consistent across the remaining compounds suggesting this method of
collection posed a potentially significant source of contamination to saliva samples.

Saliva collection method: Saliva collection method by passive drool and unstimulated
saliva yielded comparable concentrations of acetone and SCFA of interest; acetic acid
14 (IQR: 13–14) vs. 14 (IQR: 14–37) ppbv, butyric acid 2.5 (IQR: 2.4–4.0) vs. 3.2 (1.8–11.1)
ppbv, respectively. Stimulated saliva generated up to 2-fold higher VOC concentrations.

Saliva volume: Both 500 µL and 1000 µL volumes of saliva across the three collection
methods with a negligible variation of VOC concentrations with the passive drool method
(butyric acid: 2.5 (IQR: 2.3–3.9) vs. 2.3 (IQR: 1.6–3.2) ppbv). In comparison, 500 µL
of unstimulated and stimulated saliva using the Salivette® generated a 2-fold higher
concentration of VOCs, with wide variability, suggestive of contributory effects from the
Salivette® cotton roll.

Saliva dilution: Saliva dilution with deionised water demonstrated minimal variability
with the passive drool method, including between participating subjects (butyric acid:
2.5 (IQR: 2.4–4.0) vs. 2.3 (IQR: 1.8–4.0) ppbv).

Saliva acidification: Saliva acidification to pH 2.0 did not influence the concentrations of
volatile SCFA with comparable results to nonacidified saliva (butyric acid 16 (IQR: 13–21)
vs. 17 (IQR: 10–22) ppbv).

4.2. Longitudinal Assessment of Salivary VOCs

The methodology experiments suggested 500 µL of passive drool saliva sample
yielded optimal results. Ten healthy participants were recruited with a median age of
30 (IQR: 25–32), with seven (70%) females. Saliva (3 mL) was collected via the passive
drool method with a mean salivary flow rate of 0.7 mL/min (IQR: 0.5–0.9) and osmolality
77 mOsm (IQR: 57–89).

Intraindividual variability: For most compounds, there was an acceptable variation in
levels of selected VOCs over the five assessed time points.

Concentrations of salivary VOCs over a three-week period demonstrated SCFA, in-
cluding hexanoic- and pentanoic acids, were consistent, with an acceptable CV < 20%. The
remaining SCFAs, butyric-, propanoic-, and acetic acids showed a wider range of variabil-
ity, with CV reaching 50%. A similar trend was observed for aldehydes with acceptable
concentrations between days and weeks for saliva; for example, butanal ranged from 3.3 to
4.4 ppbv (CV 12%), and pentanal from 8.3 to 14.0 ppbv (CV 19%). Concentrations of VOCs
and the associated coefficient of variation across the 3 weeks are presented in Table 2.

Interindividual variability: Interindividual variability, assessing daily and weekly vari-
ation over 3 weeks, was minimal for all target compounds. Butyric acid had a CV 6.3%
(concentrations of 4.2, 4.1, 3.6, 3.8, and 3.9 ppbv; p = 0.28), suggesting adequate reproducibil-
ity and limited influence from external factors. Butanal and pentanal also showed a narrow
range of variation with a CV of 12.5% (p = 0.05) and 10.1% (p = 0.3), respectively. Five
of the 15 compounds were statistically different, although CV% was deemed acceptable
(acetic acid CV 9.6%, p = 0.03, propanoic acid CV 15.5%, p < 0.001, and heptanal CV 12.9%,
p < 0.02). Acceptable VOC variability as a cohort is presented in Figure 2.
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Table 2. Longitudinal variation of the concentrations (ppbv) of target short chain fatty acids and
aldehydes in saliva.

Compound
Median Concentration (ppbv)

CV% p Value
Day 1 Day 2 Day 3 Day 10 Day 17

Acetone 179 145 184 196 246 19 0.06

Short chain fatty acids

Acetic acid 8.2 6.7 6.5 6.9 6.7 9.6 0.03

Butanoic acid 4.2 4.1 3.6 3.8 3.9 6.3 0.28

Hexanoic acid 1.4 1.3 1.0 1.2 1.0 15 0.15

Pentanoic acid 4.3 3.7 3.7 3.5 3.8 7.9 0.12

Propanoic acid 5.3 4.2 3.9 3.6 4.2 16 <0.001

Aldehydes

Acetaldehyde 153 175 207 135 210 19 0.049

Butanal 3.9 3.1 3.6 3.1 2.8 13 0.05

Decanal 1.6 1.5 1.8 1.8 1.5 8.1 0.71

Heptanal 2.4 2.3 2.6 2.5 1.8 13 0.02

Hexanal 6.7 4.8 5.6 4.3 4.5 19 0.4

Nonanal 3.2 2.9 3.4 3.1 2.9 6.7 0.03

Octanal 2.8 2.2 2.6 2.3 2.2 11 0.69

Pentanal 14.8 13.5 12.0 11.5 12.6 10 0.3

Propanal 28.2 20.0 28.5 19.9 28.3 18.4 0.69
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5. Discussion

The principal findings of this study were the following: (i) saliva collected by the
passive drool method presents the least contaminated collection method, with negligi-
ble variability between subjects, (ii) a volume of 500 µL of saliva is acceptable for VOC
headspace analysis, and (iii) salivary VOCs have an acceptable level of day-to-day and
week-to-week variation. This study presents the simplest form of saliva collection with no
preprocessing steps, which can introduce contamination. Salivary VOCs may therefore
offer a simple, inexpensive, and acceptable method for noninvasive assessment of health
and disease.

The composition of saliva is influenced by factors such as flow rate and time of sam-
pling, which are interlinked. Unstimulated saliva flows at 0.3–0.4 mL/min and is reduced
by a further 0.1 mL/minute during sleep [9]. Therefore, morning saliva samples following
an overnight fast are likely to be more concentrated with reduced flow. Stimulated saliva
associated with higher flow rates has demonstrated a different electrolyte profile com-
pared to unstimulated morning saliva [13]. Zheng et al. reported the expression of genes
associated with circadian patterns and supported by varying concentrations of salivary
electrolytes [14]. This was supported in this study with higher osmolality and reduced flow
rates identified in unstimulated samples (i.e., passive drool; 99 mOsm, 0.7 mL/min) com-
pared with stimulated samples with higher flow rates and reduced osmolality (64 mOsm,
1.9 mL/min). The passive drool and unstimulated method yielded comparable results;
however, the Salivette® cotton roll introduced significant contamination of target com-
pounds. Sample collection by passive drool is simple and inexpensive and minimises
potential sources of bias. To establish a standardised method, we suggest a collection
of morning saliva samples to reduce potential exogenous sources of bias/contamination
introduced by daily activities.

With a standardised methodology, the reproducibility of headspace salivary VOCs
showed that longitudinal VOC variation was specific to target VOCs. Acetaldehyde
and propanal showed wide variation over a three-week period with a high coefficient of
variation > 50%. This suggests that certain VOCs may be labile either due to their volatility
or systemic factors. However, the majority of compounds were stable, with a comparable
median and low coefficient of variation. Comparisons between VOCs in healthy controls
and disease-specific states should consider the range and variation. A narrow range of
concentrations may not be as important as the differences in levels between both control
and disease groups. Higher levels of certain VOCs in disease states relative to healthy
states can mean that a wider variation is acceptable.

Although this study presents a standardised model for saliva collection, the lack of
normalisation of the results has been considered. Saliva normalisation has largely been es-
tablished in the field of proteomics research, where osmolality or protein content, a measure
of solute concentration within the given volume, can be used effectively. Consideration has
been given to a variety of normalisation techniques; however, they did not yield valuable
information. In this case, salivary flow rates and osmolality were within acceptable ranges
supporting the reported study outcomes. The current study relied on two direct injection
mass spectrometry methods for VOC analysis. Future biomarker discovery studies may
benefit from using alternative analytical platforms, such as gas chromatography–mass
spectrometry, that may provide broader untargeted analysis of the salivary volatilome.

6. Conclusions

Whole saliva collected by a passive drool method at a minimum volume of 500 µL is
sufficient for direct headspace analysis of VOCs. Standardisation with morning sampling
after a fasted state of six hours is recommended and supported by this study demonstrating
minimal intersubject variability. Increased volume and dilution techniques to concentrate
headspace VOCs demonstrated no significant benefit. Saliva collection tools have been
shown to be a potential source of contamination for VOC analysis. Therefore, the simplest
method of saliva collection and pre-processing is considered optimal for headspace VOC
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analysis. Negligible longitudinal changes in the level of target VOCs suggest salivary VOCs
may be a feasible method for clinical diagnostics. However, it is important to carry out
further studies to establish a normal range of VOCs in healthy and diseased populations to
ascertain clinically significant VOCs. Optimising salivary VOC methods is critical with a
view of its importance in clinical translation. Salivary VOCs present a simple, cost-effective,
and acceptable method for noninvasive assessment of health and disease.

Supplementary Materials: The following supporting information can be downloaded: https://
www.mdpi.com/article/10.3390/app13074084/s1. File S1: Background concentrations (ppbv) of
selected VOC originating from saliva collection equipment.
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