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SUMMARY

Volatolomics is gaining consideration as a viable approach to diagnose several
diseases, and it also shows promising results to discriminate COVID-19 patients
via breath analysis. This paper extends the study of the relationship between vol-
atile compounds (VOCs) and COVID-19 to blood serum. Blood samples were
collected from subjects recruited at the emergency department of a large public
hospital. The VOCs were analyzed with a gas chromatography mass spectrom-
eter (GC/MS). GC/MS data show that in more than 100 different VOCs, the
pattern of abundances of 17 compounds identifies COVID-19 from non-COVID
with an accuracy of 89% (sensitivity 94% and specificity 83%). GC/MS analysis
was complemented by an array of gas sensors whose data achieved an accuracy
of 89% (sensitivity 94% and specificity 80%).

INTRODUCTION

Since late 2019, COVID-19 spread rapidly worldwide until reaching the status of a pandemic disease
(Wu et al.,, 2020; Xu et al., 2020). The diagnosis of CO2VID-19 is based on the direct detection in pa-
tients’ samples of its etiological agent known as SARS-COV-2. Reverse transcription real-time PCR as-
says performed on nasal-pharyngeal swabs are, to date, the gold standard for diagnosis (Udugama
et al., 2020). These tests are carried out on a massive scale daily worldwide. In the European Union,
from March 2020 to February 2021 about 360 million tests were performed (www.ecdc.europa.eu/en/
publications-data/covid-19-testing). Molecular tests require specialized staff, and they are costly and
time consuming. This last feature is in conflict with the needs in emergency rooms to promptly isolate
COVID-19 patients.

Alternative rapid tests based on the detection of viral proteins (antigens) have been quickly developed
by several companies in order to offer a faster and cheaper detection of the SARS-COV-2 infection. These
tests are currently in use in different countries (https://ec.europa.eu/health/sites/health/files/preparedness_
response/docs/covid-19_rat_common-list_en.pdf). Nevertheless, antigens rapid tests are usually less sensitive
than molecular tests being reliable only at high viral loads (Ciotti et al., 2021). Moreover the performance vari-
ability of different tests produced by different companies is very high.

A strategy to further reduce the complexity of tests and to improve their massive diffusion is the incorpo-
ration of SARS-COV-2 molecular receptors in engineered biosensors (Mattioli et al., 2020). Alternative ap-
proaches could be oriented rather than to the direct detection of SARS-COV-2 to the detection of the ev-
idence produced by COVID-19 (Lin et al., 2020). This is the approach of metabolomics which considers the
systematic study of the chemical fingerprints, the metabolome, that specific processes leave in the organ-
ism (Wishart, 2016).

Among the metabolites the small molecules which are volatile or semi volatile, and can be found in gas
phase, are attracting a large attention. This fraction of the metabolome is sometimes called volatolome.
Human volatolome is very rich, thousands of different molecules, representing a wide variety of chemical
diversity, are present in different human samples (Amann et al., 2014). The volatolome has been shown to
be related to a vast range of phenomena observable in vitro, even at single cell level, and in vivo (Boots
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Gas chromatography and mass spectrometers are the main analytical equipment for volatolomics, and they
provide a thorough investigation into the volatolome composition. On the other hand, portable and easy
to use instruments based on sensors arrays have been demonstrated to be sufficiently sensitive and selec-
tive to identify diseases analyzing various human samples such as breath, urine, and sweat (Haick et al.,
2020; Di Natale et al., 2014).

Since COVID-19 affects mainly the lungs, breath has been considered the most straightforward sample to
analyze (Lamote et al., 2020). Attempts to study COVID-19 induced alteration of breath composition ap-
peared in literature. Proton transfer reaction mass spectrometry has been used to compare the breath
of COVID-19 and non-COVID mechanically ventilated patients in a French hospital (Grassin-Delyle et al.,
2021). Another study used a gas chromatography ion mass spectrometer to investigate the breath of
COVID and non COVID patients recruited at the emergency department of two hospitals in UK and Ger-
many (Ruszkiewicz et al., 2020). Both studies indicate that COVID-19 can be identified by the analysis of
breath. As usually happens in volatolomics, these studies evidenced that it is not a single compound
that can be univocally related to COVID infection but rather a pattern of volatile compounds (VOCs).

The feasibility of sensors approach was investigated with an array of nanostructured sensors that was used
to analyze the breath of subjects in two chinese hospitals (Shan et al., 2020). The results of this study show
that sensors can discriminate COVID-19 respect to healthy subjects and to subjects affected by other lung
pathologies.

Studies on breath analysis carried out with different technologies indicate that volatolomics offer an alter-
native route for COVID-19 detection. On the other hand, breath is also the major vehicle of propagation of
SARS-COV-2, so breath analysis raises safety issues for medical operators and for the analytical equipment.
This concern creates interest in the diagnostic properties of other human samples (e.g. urine and serum)
that are accessible for volatolomic studies.

Serum is particularly interesting. Proteomic, metabolomics, and lipidomic profiles of serum have been
found to be strongly affected by COVID-19 (Bruzzone et al., 2020; Shen et al., 2020; Shi et al., 2021). Addi-
tionally, serum samples are always available since blood analysis is part of routine admission to hospitals
and emergency departments.

Blood serum volatolome is not frequently studied. In most metabolomics studies, the target metabolites
are not volatile and they need to be derivatized in order to become volatile and to be detected with gas
analyzers (Dunn et al., 2011). The analysis of VOCs released by serum without the addition of derivatizating
agents has been rarely considered. For instance, it has been investigated to search for biomarkers of acute
myocardial infarction (Ali et al., 2016).

The above mentioned reasons prompted us to investigate the relationship between the COVID-19 and the
volatolome of blood serum. The study was carried out with a gas chromatography mass spectrometer (GC/
MS) and a gas sensor array. In this paper, the VOCs directly released by the serum of 97 patients in an emer-
gency department have been analyzed. The classification of GC/MS and sensor array data show that
COVID-19 can be identified with accuracies of about 90%.

RESULTS AND DISCUSSION

Ninety seven samples of serum, one per patient, were analyzed by GC/MS and gas sensor array as
described in the STAR Methods section. Table 1 shows the demographic data and major comorbidities.

The measurement setup was adapted from previous literature studies about volatolome analysis of serum
(Ali et al., 2016). Figure 1 shows the observational design and the data analysis flow followed for both GC/
MS and gas sensor array data.

Gas chromatography/mass spectrometer

GC/MS analysis detected a total pool of 184 different VOCs differently distributed among the samples. The
objective of this study was to investigate the correlation between VOCs and the COVID-19 infection. Thus,
GC/MS data were first scrutinized for their capability to discriminate COVID-19 patients from the others. Chro-
matograms are shown in Figure S1 in the supplemental information. Peaks abundance extends for a range of
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Table 1. Demographic data of involved patients and co-morbidities

Characteristic COVID-19 Non-COVID
Male 34 19

Female 20 24

Age (mean =+ standard deviation) 65 + 15 55 + 14
Hypertension 25 (45%) 4 (9%)
Diabetes 12 (22%) 3 (7%)
Obesity 2 (4%) 0 (0%)

Hearth diseases 15 (27%) 3 (7%)
Cancer 8 (14%) 2 (4%)

Lung diseases 8 (14%) 1(2%)

about 3 orders of magnitude, then neither the presence of all peaks nor the differences between COVID-19 and
controls are easily appreciable in Figure S1. To better evaluate the discrimination capability of GC/MS data, the
Kruskal-Wallis rank test was applied to the abundance of each peak detected by GC/MS.

Figure 2 shows the probability of null-hypothesis (p value) of all detected VOCs. Seventeen VOCs, listed in
Table 2, show a p value less than 0.05. These VOCs have been putatively identified by comparing the mass
fragmentation spectra with those in libraries. They are aromatics, methylated alkanes, alkenes, and alco-
hols which are common elements of human volatolome (Amann et al., 2014) and whose concentration
may be altered by cancer and other diseases (Einoch Amor et al., 2019). The presence of ketones among
the selected variables is corroborated by a preliminary study that found an excess of ketones in urines of
COVID-19 patients (Li et al., 2020). Ketones in general are supposed to be linked to protein metabolism and
to an increased rate of fatty acid oxidation while a possible source of alcohols is the metabolism of hydro-
carbons (Haick et al., 2014).

serum sample from 97
patients in emergency
department
A 4
GC/MS and sensor array
analysis
\
COVID-19 vs data vs data vs. || data vs.
non-COVID hypertension sex age

i l i

’ correlation and variance analysis ‘

b

training 70%

v test 30%
GC/MS only t
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variable
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Figure 1. Observational design, and data treatment and analysis plan
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Figure 2. Null hypothesis probability of GC/MS peaks in separating COVID from non-COVID samples
The difference between groups, expressed by the p-value, has been estimated with a Kruskal-Wallis rank sum test.

Some of these compounds have been found in human breath. In particular, toluene, heptane, 2,2,4,6,6-
pentamethyl, benzene, 1,3,5-triethyl, octane, 3,6-dimethyl- (Phillips et al., 2013) (Phillips et al., 1999), and
4-heptanone (Mochalski et al., 2013). Ethanol 2-butoxy-, besides to be a component of breath, is also corre-
lated with gastric cancer (Xu et al., 2013). Furthermore, 1-hexanol 2-ethyl- is a component of the headspace
of human gastric cancer cell lines (Leiherer et al., 2021).

The correspondence of compounds in serum and breath supports the hypothesis of VOCs transfer from
blood to breath at the air/blood interface in the lung (Haick et al., 2014). Furthermore, it suggests that these
compounds could also act as COVID-19 biomarkers in breath.

The Kruskal-Wallis rank test and correlation tests were performed on GC/MS peaks to exclude the influence of
sex, age, and hypertension. Variance analysis was performed on qualitative variables (sex and hypertension),
and Spearman correlation coefficients were calculated respect to age (results are shown in Figures S2-54 in
the supplemental information). The p value of Kruskal-Wallis rank test was larger than 0.7 for both sex and hy-
pertension hypotheses and the Spearman correlation coefficient with age was less than +0.4. The results of
rank-tests and Spearman correlation analysis for the 17 VOCs are listed in Table 2. The results of these analyses
suggest that GC/MS data are not affected by sex, age, and hypertension condition.

Other conditions are numerically marginal and they do not allow for a reliable statistical analysis.

The abundance profiles of the set of compounds in Table 2 have been further investigated with multivariate
analysis. It is important to note that the reduction of VOCs from 184 to 17 improves the reliability of multi-
variate data analysis (Hendriks et al., 2011).

Principal component analysis (PCA) offers a simple method to visualize the relationship between samples
and to infer how each single variable, the peaks in case of GC/MS data, contributes to the multivariate data
(Jolliffee, 2002).

The abundance of the seventeen GC/MS peaks were standardized (zero mean and unitary variance) before
calculating the analysis. PCA results are shown in Figure 3. The scores plot of the first two principal components
(Figure 3A) explains less than 48% of the total variance of the data. In Figure 3A the group of non-COVID subjects
has been labeled according to the pathology: non-inflammatory pathologies, bacterial pneumonia, and other
inflammatory pathologies. No evident separation between these three groups is observed. In particular, data
of bacterial pneumonia do not overlap with those of COVID-19. Owing to the exiguity of the explained total vari-
ance, Figure 3A s only indicative of the whole distribution of data in the multivariate space. Nonetheless, the first
two principal components show that COVID-19 samples tend to be segregated respect to the non-COVID. The
Kruskal-Wallis rank test applied to the first principal component returns p < 10~°. Except the separation between
COVID-19 and non-COVID samples, the scores plot do not show separations between sex, age and hyperten-
sion condition (see Figure S5 in the supplemental information).
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Table 2. List of GC/MS peaks in serum with p value <0.05 respect to COVID-19

Spearman’s

Covid-19 vs Variation correlation
non-covid p vs. non- Sex p coefficient  Hypertension
Volatile compound value covid value with age p value
1  Toluene 0.001 l 0.242 0.404 0.212
2 4-Heptanone 0.041 i 0.805 0.129 0.216
3 3-Heptanol 0.023 il 0.051 0.222 0.071
4 Ethanol, 2-butoxy- 0.022 l 0.281 0.299 0.332
5 Heptane,3,3,5,-trimethyl 0.003 1 0.465 0.286 0.176
6  3-Hepten-2-one 0.035 il 0.519 0.179 0.489
7 1-Hexanol, 2-ethyl- 0.032 1 0.054 0.084 0.074
8 Octane, 3,6-dimethyl- 0.001 l 0.404 0.441 0.074
9  Hexane, 2,4,4-trimethyl- 0.030 1 0.985 0.065 0.109
10 Benzene, 1,3,5-triethyl- <0.001 l 0.137 0.549 0.107
11 Heptane, 3,3,5-trimethyl- 0.009 ! 0.990 0.357 0.960
12 Heptane, 2,2,4,6,6- <0.001 l 0.105 0.472 0.075
pentamethyl-
13 3-Hexanone, 2,2-dimethyl- 0.008 1 0.142 0.229 0.537
14 1-Pentanol, 2-ethyl-4-methyl- 0.029 I 0.073 0.077 0.441
15 1-Hexene, 2,4,4-triethyl- 0.001 l 0.147 0.334 0.202
16 2,4,4-Trimethyl-1-pentanol 0.004 1 0.904 0.173 0.506
17 3-Hexanol, 3,5-dimethyl- <0.001 il 0.054 0.352 0.074

The contribution of peaks to the principal components is described by the loadings. In Figure 3B scores and
loadings are simultaneously plotted in order to compare the relationship between peaks and samples. Peaks
are labeled according the numbers in Table 2. Peaks 2, 3, 6, 7, 9 13, 14, 16, and 17 contribute more to
COVID-19, whereas the others are oriented toward the controls. The compounds oriented with COVID-19
include all ketones and alcohols while aromatics and alkanes point toward the non-COVID samples.

Sensor array

A similar analysis was carried out on sensor array data. Two samples were wrongly prepared, and then 95
samples were measured with the sensor array. Before each sample, to reduce the influence of background
air, sensors were exposed to the air from an empty vial (see Figure Sé in supplemental information). The
response of sensors was calculated as the difference between the frequency shift to serum sample and
empty vial (see Figure S7 in supplemental information).

The capability of each sensor to capture the differences between the group of COVID-19 respect to non-
COVID samples was tested with a Kruskal-Wallis rank test. Figure 4 shows the box-plots of sensors distri-
butions. All sensors show a p value smaller than 0.01.

Most of the sensors show a larger response to non-COVID samples. In principle, the response of sensors
should be predicted from the GC/MS data. However, this is practically impossible because the sensitivity of
sensors to most of the compounds is unknown, and the abundances measured by GC/MS depend on the
affinity of each compound with the Solid Phase Micro-Extraction (SPME) sampler. However, from a quali-
tative point the response of sensor can be compared with the total amount of VOCs in the sample. This
quantity can be estimated by the total abundances of all VOCs detected in each sample. In agreement
to sensors data, the distribution of the total abundance is slightly larger in non-COVID samples (see Fig-
ure S8 in supplemental information).

Variance analysis and correlation tests were performed on sensor’s data to verify the lack of sensitivity of

data respect to sex, age, and hypertension (results are shown in Figures S9-S11 in supplemental informa-
tion). The p value of the Kruskal-Wallis rank test was larger than 0.3 for both sex and hypertension

iScience 24, 102851, August 20, 2021 5
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Figure 3. Plot of the first two principal components of selected GC/MS peaks
(A) scores plot;
(B) loadings plot. In scores plot, non-COVID data are separated in three subgroups.

hypotheses, whereas the Spearman correlation coefficient with age was less than +0.4. These results sug-
gest that sex, age and hypertension do not affect sensors data.

To explore the multivariate distribution of sensors data the PCA was calculated. Figure 5 shows the scores
plot of the first two principal components of sensor array data. The PCA was calculated on standardized
data. The first two principal components account for more than 94% of the total variance of data. With
respect to GC/MS data, sensor data are more correlated. This is a typical situation with sensor arrays
and it is a consequence of the combinatorial selectivity principle (Hierlemann and Gutierrez-Osuna, 2008).

As expected from the box-plots in Figure 4, the two groups are distinct but also rather overlapped.
The three sub-groups of non-COVID samples have been highlighted in the plot, no dependence between
sensors data and the condition of non-COVID samples appears in Figure 4. Sensors’ data confirm that non-

COVID pneumonia is different from those of COVID-19. Eventually, the major discriminant among the data
is the difference between COVID-19 and non-COVID.
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Figure 4. Distribution of sensor response in the two groups of COVID and non-COVID
The p values, calculated with a Kruskal-Wallis rank test, of sensors are indicated in the header of each plot. Sensors are numbered according to the list given
in Table S1. The distributions of responses are represented by a box-plots. In each box, the central mark is the median, the edges are the 25" and 75t
percentiles, the whiskers extend to the most extreme data points not considered outliers. Outliers are labeled with a cross.

Diagnostic performance evaluation

PCA is a powerful and simple algorithm to visualize multivariate data. Nevertheless, it is calculated by an
unsupervised algorithm aimed at maximizing the variance of data. A more efficient indication of the diag-
nostic performance of multivariate data to capture the differences between groups is obtained by a super-

vised classification.

For this aim GC/MS sensor array data were analyzed with Partial Least Squares Discriminant Analysis (PLS-

DA) (Barker and Rayens, 2003).

PCA shows that both GC/MS and sensors data are non-sensitive respect to the differences between the
three sub groups of non-COVID subjects; thus, all non-COVID subjects were joined in a unique group of
controls and PLS-DA was calculated in order to separate COVID-19 from non-COVID samples.

PLS-DA decomposes the multivariate data in a number of latent variables that, similarly to PCA scores, can

be displayed to show the separation between groups. To be reliable, PLS-DA models need to be properly
validated. Thus, the data sets have been split in two portions one used to train the model and the other to
test. Random splitting of data in two groups can result in favorable conditions that could lead to over-opti-
mistic conclusions. To avoid this drawback, PLS-DA was calculated 100 times, and each time a different

iScience 24, 102851, August 20, 2021 7
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Figure 5. Plot of the first two principal components of sensor array data
Non COVID data are separated in three subgroups.

partition of data was used to train and to test the model. At each step, a PLS-DA model was trained by a
cross-validation procedure of training data and applied to the test data. The area under the curve (AUROC)
was calculated as an indicator of the goodness of the model (Szymanska et al., 2012). Eventually, the model
corresponding to the average AUROC was considered as representative for the classification. The confi-
dence intervals of the areas under the ROC, specificity, and selectivity are calculated from the distribution
of results obtained in the 100 random partitions in training and test sets.

In the case of GC/MS data, the large number of variables renders the application of classifiers unreliable, in
particular PLS-DA. To this aim, for each training and test partition, a Kruskal-Wallis rank test was applied to
the training data set and the variables returning the null-hypothesis probability (p value) less than 0.05 were
selected for the PLS-DA calculation.

The dataset of VOCs corresponding to the average AUROC contains the same compounds listed in Table 2. In
practice, with these data Kruskal-Wallis rank test gives similar results when calculated with 70% of samples.

The classification error of the PLS-DA model corresponding to the average AUROC is minimized by three
latent variables. The three latent variables explain about 30% of the total variance of the abundance of the
selected 17 peaks. Thus, 70% of the data variance does not contribute to COVID-19 identification; rather, it
most likely describes the individual peculiarity of each subject. This is an indication of the complexity of the
metabolic profile which only in a limited portion is affected by COVID-19. Figure S12 in the supplemental
information shows the statistical distribution of data in each latent variable and the projection in the planes
defined by the three latent variables.

The results of the classifier are summarized in the confusion matrices in Table 3. The total accuracy is 91% in
training and 89% in test. The sensitivity of the classifier is 94% + 1% and 94% + 2% in training and test,
respectively, while the specificity is 87% + 2% and 83% =+ 3%. Figure 6 shows the ROC curve. The areas
under the ROC are 0.94 £+ 0.02 and 0.94 £ 0.03 in training and test.

The same procedure of calculation was applied to sensor’s data.
Also in this case, the optimal PLS-DA model was made by three latent variables. The total variance ex-
plained by the three latent variables is larger than 93%. This difference with respect to GC/MS is due to

the larger correlation between the sensors. As a consequence, the dominant difference between samples
(COVID-19 vs. non-COVID) tends to incorporate the slight differences due to the peculiar behavior of each
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Table 3. Confusion matrices of PLS-DA classifier in training and test

True
Training Test
COVID Non-COVID COVID Non-COVID
Predicted COVID 35 4 16 2
Non-COVID 2 27 1 10

subject. Figure S13in the supplemental information shows the box plots of the latent variables and the pro-
jection of data in the planes defined by the three latent variables.

In Table 4 the confusion matrices of the sensors data classifier are shown. The accuracy of the PLS-DA
model of sensor array data is about 91% and 89% in training and test, respectively. Figure 7 shows the
ROCs in training and test. The areas under the ROCs are 0.92 £ 0.02 in training and 0.91 £ 0.04 in test.
The sensitivity of the classifier is 94% + 2% in training and 94% =+ 3% in test, and the specificity is
87% =+ 2% in training and 80% =+ 4% in test.

The class of controls was made of patients with different conditions; in particular 14 of the non-COVID
patients were affected by inflammatory pathologies. Figures 3 and 5 show that subjects with inflamma-
tory pathologies in both GC/MS and sensors data tend to be distributed toward the group of non-
COVID. To verify the assumption that inflammatory pathologies are not a confounding factor in
COVID-9 identification, PLS-DA has been calculated to evaluate the discrimination of COVID-19 respect
to inflammations. Data are numerically limited to perform a full training and test, hence the PLS-DA
models have only been cross-validated with a leave-one-out procedure to estimate the classification per-
formance (model details in Figures S14 and S15 in supplemental information). Results show that the ac-
curacy of identification is 91% and 93% with GC/MS and sensor array, respectively. These values are
similar to those obtained with the full set of controls. Thus, although limited by the lack of a proper
test, this result suggests that inflammatory conditions should play a limited confounding factor in the
identification of COVID-19.

Before this study, the serum VOCs involved in the discrimination of COVID-19 were unknown; thus, a gen-
eral purpose sensor array made of porphyrinoids (porphyrins and corroles) coated quartz microbalances
has been used (see STAR Methods section for a description of sensors and sensitive molecules). The
discrimination of COVID-19 samples might be explained considering that the interactions between the
compounds in Table 1 and sensors are expected to be driven by van der Waals forces and hydrogen bonds,
and porphyrinoids coated quartz microbalances are known to be sensitive to these interactions (Paolesse
et al., 2017). Nonetheless, the identification of target VOCs will drive the further design of porphyrinoids
with improved selectivity toward COVID-19 related compounds.

The achieved classification performances are comparable with those obtained analyzing the VOCs in
breath with different instruments such as proton transfer reaction (Grassin-Delyle et al., 2021), gas chroma-
tography coupled with an ion mass detector (Ruszkiewicz et al., 2020) and sensor array (Shan et al., 2020)
(see Table S2 in supplemental information). This result points out the diagnostic properties of serum sug-
gesting that it is a valid alternative to breath in several practical situation where breath analysis may be not
reliable for instance because of a lack of preparation of patients or for safety reasons as in the case of
COVID-19.

Table 4. Confusion matrices of PLS-DA classifier of sensors data in training and test

True
Training Test
COVID Non-COVID COVID Non-COVID
Predicted COVID 33 4 17 2
Non-COVID 2 28 1 8
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Figure 6. Training and test ROCs of the PLS-DA model calculated with the selected 17 peaks of GC/MS
In the header the AUROC:s in training and test are displayed.

Further studies are under development to extend the sample population and to include comorbidities and
additional variables to the classification models. Additionally, the relationship between different stages of
COVID-19 and VOCs should also be investigated to ascertain not only the diagnostics but also the prog-
nostic properties of volatolomics.

As a final remark, it is important to consider that a full comprehension of the relationship between COVID-
19 and VOC:s, either in breath or in serum, is still not available. It will be particularly important to investigate
the uniqueness of the relationship between VOC patterns and COVID-19 in order to improve the predic-
tions of volatolomics based method toward the optimal goal of 100% sensitivity and specificity.

Limitations of the study

This paper provides a proof-of-concept demonstration that the analysis of the volatile compounds
released by blood serum can be used for COVID-19 diagnosis. There were some limitations in the present
study.

The first limitation is concerned with the fact that this pilot study was performed in one location, using one
instrumentation, and for a given time interval. Environmental influences, repeatability, and long-time per-
formance of the adopted instrumentation need to be verified in multicentric studies.

The second is concerned with the selection of patients. All subjects included in the study were recruited at
the emergency department of a large hospital in Rome, Italy. In order to limit any influence of the stability of
sensors it was decided to analyze samples from patients admitted in a range of two days. The group of
COVID-19 patients show more co-morbidities with respect to non-COVID patients and the group of
non-COVID patients included subjects with different pathologies; some of them with symptoms compat-
ible with COVID-19. GC/MS and sensor array indicate that the largest separation among the data is due to
the COVID-19 pathology; however, further studies with larger sample sizes are necessary to elucidate if and
how co-morbidities influence the serum volatolome.

A third limitation is related to the sampling of VOCs for GC/MS. Sampling for GC/MS was made with a
SPME sampler. SPMEs of different composition are available and each provides a different profile of
VOCs. Here the same SPME fiber and measurement conditions adopted in a previous serum volatolome
investigation was used (Ali et al., 2016). It was a wide range fiber aimed at compounds with a molecular
weight in the range 40-275 suitable for untargeted analysis. Comparison between different SPMEs will
be necessary for a thorough appraisal of the volatolome composition.
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Figure 7. Training and test ROCs of the PLS-DA model calculated with the sensor array data
In the header the AUROCs in training and test are displayed.

A fourth limitation concerns the sensor array. This was assembled with sensors used in previous in-vivo and
in-vitro volatolomics studies. An optimal detection of COVID-19 will require the development of sensors
that can maximize the sensitivity toward those compounds that can be associated with the disease.

Finally, a fifth limitation comes from the analysis of data. It is known that PLS-DA models tend to overfit
when the number of variables exceeds the number of samples. For this reason the number of variables
in GC/MS was reduced by selecting those with p < 0.05. However, with a larger sample the whole set of
compounds could have been used for classification. This would lead to an optimal definition of the set
of compounds relevant to the identification of COVID-19.

The overcoming of these limitations is expected to lead to the definition of a procedure for COVID-19 diag-
nosis based on the volatolomics analysis of blood serum. Furthermore, the detection of specific VOCs may
shed additional light on the organisms response to COVID-19.
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REAGENT or RESOURCE SOURCE

IDENTIFIER

Software and algorithms

Matlab, Statistics and Machine Learning toolbox Mathworks matlab.mathworks.com
Others
Solid Phase Micro-Extraction : 50/30 pm Supelco 57328-U

Divinylbenzene/Carboxen/PDMS

Gas Chromatography Mass Spectrometer -QP2010 Shimadzu GCMS-QP2010 SE
Quartz microbalances KVG Quartz Crystal Technology GmbH XA-3828
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Corrado Di Natale, University of Rome Tor Vergata (dinatale@uniromaZ2.it)

Materials availability

This study did not generate new unique materials.

Data and code available
GC/MS, sensor array data and MATLAB code are available from the lead contact.

METHODS DETAILS
Samples selection

97 serum samples were collected from subjects at the Emergency Department of the Policlinico Tor Ver-
gata, a large public hospital in Rome; Italy. COVID-19 was diagnosed in 50 of them.

COVID-19 patients were hospitalized and tested several times by RTPCR to confirm the diagnosis together
with the clinical and biochemical status, CT images and serological tests.

The group of non-COVID included four subjects with bacterial pneumonia, four with Central Nervous Sys-
tem (CNS) disorders, four with fever of unknown origin and one with cholecystis. The remnants of non-
COVID subjects were affected by symptoms not related to inflammatory pathologies.

The study was approved by the Ethics Committee of Policlinico Tor Vergata (Rome, Italy)#77.20).

Samples preparation

Blood samples were transferred in serum separator tubes, then centrifuged at 3000 rpm for 20 min and sub-
sequently stored at —20°C. Prior the analysis, 2 mL of the supernatant serum was picked up and poured in
two 20 mL crimp top HS glass vials (SUPELCO, Bellefonte, PA, USA) and tightly sealed with a crimp cap with
PTFE/silica septum and used for GC/MS and sensor array analysis.3

GC/MSs

Samples were left at room temperature for 5 min then immersed for 10 minutes in a water bath maintain ed
at 50°C by the adjustable heater C-MAG HS 7 IKAMAG coupled to an ETS-D5 thermometer (IKA®-Werke
GmbH & CO. KG, Staufen, Germany). The samples sequence was randomized to avoid memory effects and

drift.
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Volatile compounds were collected with a Solid Phase Micro-Extraction (SPME) sampler. It was a 50/30 um
Divinylbenzene/Carboxen/PDMS (SUPELCO, Bellefonte, PA, USA). The fiber was held in the vial for 60 mi-
nutes keeping the sample at 50°C.

The GC/MS was a GCMS-QP2010 (Shimadzu, Kyoto, Japan). The fiber, removed from the vial was manually
inserted in the injection port and thermally desorbed for 3 minutes at 250°C in spitless mode. VOCs were
separated in the capillary column EQUITY-5 (30 m x 0.25 mm X 0.25 pm) (SIGMA-Aldrich, St. Louis, MO,
USA). The column oven temperature program was initially set at 40°C for 5 minutes, ramped up to 150°C at
the rate of 5°C min~', this temperature was maintained for 2 min, increased to 250°C for 7°C min~", fol-
lowed by a rise to 300°C and then kept for 2 min at the final temperature. Total analysis time was
48 min. The fiber was maintained in the injector for 15 min. The ion source temperature was 250°C. Ul-
tra-high purity helium was used as carrier gas in a linear velocity flow mode, at a total flow rate of
5.9 ml/min.

Mass spectra were acquired at an ionization energy of 70 eV, through electron impact. The detector oper-
ated in the full scan monitoring mode, and the recorded mass range was between 30 and 400 m/z.

To eliminate undesired compounds related to the ambient or the contamination of the SPME fiber, two
blank analysis (not submitted to any extraction procedure) were executed with the same procedure before
the exposure to the first serum sample.

Peaks were putatively identified using NIST 127, NIST 147, and NIST17 libraries.

Sensor array

The gas sensor array was an ensemble of twelve quartz microbalances (QMB). In these sensors, a mass change
(Am) on the quartz surface results in frequency changes (Af) of the electrical output signal of an oscillator circuit
to which each sensor is connected. In the low-perturbation regime, Am and Af are linearly proportional (Oprea
and Weimar, 2019). QMBs had a fundamental frequency of 20 MHz, corresponding to a mass resolution of the
order of a few nanograms. Each QMB was functionalized with a different layer of metalloporphyrins and cor-
roles. These are versatile molecules that can host several interaction mechanisms from weak and non-selective
dispersion forces to the more specific coordination on the central metal ion (Paolesse et al., 2017).

The sensor array used for these experiments was the last version of a series of electronic noses designed
and manufactured, since 1996, at the University of Rome Tor Vergata.

These sensors have been used in several metabolomics studies. For instance, they have been used in
breath analysis to detect lung cancer (Gasparri et al., 2016; Di Natale et al., 2003) and tuberculosis (Zetola
etal., 2017), to study in vivo and in vitro the differentiation processes of stem cells (Capuano et al., 2017;(Ca-
puano et al.,, 2018)), to study the volatile compounds of a murine model of cancer related protein knock-
down (Murdocca et al., 2019), and to analyze the volatile compounds released by malaria murine models
(Capuano et al., 2017) and malaria infected human erythrocytes (Capuano et al., 2019).

The core of the instrument is an array of up to twelve 20 MHz Quartz Microbalances (QMBs). The chemical
sensitivity of the sensors is provided by a molecular layer of porphyrinoids (see below). Sensors are placed
in a measurement cell whose volume is approximately 8 cm®. The gas sensors are complemented by tem-
perature and relative humidity sensors. Each QMB is connected to an oscillator circuit, the frequencies of
the oscillators’ outputs are measured taking advantage of a temperature compensated reference quartz
that allows for a frequency resolution of 0.1 Hz. Electronics is implemented in a FPGA. Gaseous samples
delivery is controlled by an embedded low noise, high-precision and durable miniature diaphragm
pump (0-200 sccm) and an optimized PMMA CNC machined micro channel manifold.

The instrument is connected and powered via a single USB connection with a PC. The electronic nose func-
tions and the data acquisition are controlled with an in-house written software running in Matlab.

Each QMB was functionalized with a molecular film made with porphyrinoids, such as porphyrins and cor-
roles (Paolesse et al., 2017). Porphyrinoids have been synthesized and characterized according to literature
methods (Bhyrappa and Krishnan, 1991; Brand and Arnold, 1995; Buchler, 1978; Paolesse et al., 2003)
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Sensor array measurements

Quartz microbalance sensors must be operated at room temperature and with a constant flux. For these
reasons the protocol used for GC/MS was not applicable to sensors measurements.

Serum samples were maintained at ambient temperature for 10 min before analysis, in order to reach a
steady headspace. Sensor’'s measurements were performed with dynamic headspace sampling (Burla-
chenko et al., 2016). The headspace of the vial was transferred at the rate of 50 sccm and for 30 s to the
sensors. To maintain pressure constant in the vial and to restore the volatile compounds, filtered laboratory
air was reinjected in the vial. Laboratory air was filtered with a CaCl, bed. The sensor’s response was eval-
uated as the difference between the signals achieved with sample and filtered laboratory air. To remove
any influence from changes in the laboratory air an empty vial was measured before each sample. The dif-
ference between the response to sample and the empty vial was considered as sensor response to the sam-
ple. For each serum sample the procedure was performed in triplicate and the average response was
considered for successive analysis. The sequence of samples was randomized to avoid memory effects
and sensor drift.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical differences of GC/MS peaks abundances and sensors data in COVID-19 and non-COVID
samples were evaluated with the Kruskal-Wallis rank sum test.

The absolute abundances of GC-MS identified peaks and the sensor responses were arranged in matrices
and analyzed with multivariate data analysis (Trygg et al., 2007). Principal component analysis (PCA) (Jollif-
fee, 2002) and Partial Least Squares Discriminant Analysis (PLS-DA) (Barker and Rayens, 2003) were calcu-
lated on autoscaled data matrices. In autoscaling each variable of the matrices (GC/MS peaks and sensors
signals) were normalized to null mean and unitary variance.

PLS-DA classifiers were optimized with a k-fold cross-validation procedure. Accuracy, sensitivity, specificity
and area under the curve were evaluated to assess the performance of the classification. Since PLS-DA is
prone to overfit, it is important to evaluate the performance of the classifier with a test data set not used in
training. For this, the whole set of GC/MS and sensor array data were randomly splitin training and test sets
with 30% of samples used for tests. To avoid any bias in the split of data in the two groups, PLS-DA models
were calculated 100 times on random training and test partitions, and the average results were considered
as the performance of the classifiers.

All calculations were performed in Matlab R2020b, PCA and PLS-DA were calculated with the Statistics and
Machine Learning toolbox of Matlab.
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