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Abstract: The correlation between breath volatilome and health is prompting a growing interest
in the development of sensors optimized for breath analysis. On the other hand, the outbreak of
COVID-19 evidenced that breath is a vehicle of infection; thus, the introduction of low-cost and
disposable devices is becoming urgent for a clinical implementation of breath analysis. In this paper,
a proof of concept about the functionalization of face masks is provided. Porphyrin-based sensors are
among the most performant devices for breath analysis, but since porphyrins are scarcely conductive,
they make use of costly and bulky mass or optical transducers. To overcome this drawback, we
introduce here a hybrid material made of conducting polymer and porphyrins. The resulting material
can be easily deposited on the internal surface of standard FFP face masks producing resistive sensors
that retain the chemical sensitivity of porphyrins implementing their combinatorial selectivity for
the identification of volatile compounds and the classification of complex samples. The sensitivity
of sensors has been tested with respect to a set of seven volatile compounds representative of
diverse chemical families. Sensors react to all compounds but with a different sensitivity pattern.
Functionalized face masks have been tested in a proof-of-concept test aimed at identifying changes
of breath due to the ingestion of beverages (coffee and wine) and solid food (banana- and mint-
flavored candies). Results indicate that sensors can detect volatile compounds against the background
of normal breath VOCs, suggesting the possibility to embed sensors in face masks for extensive
breath analysis

Keywords: breath analysis; face mask; gas sensors; porphyrins; PEDOT:PSS

1. Introduction

The composition of human metabolome depends on natural life events such as the
menstrual cycle [1] and circadian rhythms [2] and by pathophysiological events [3].

The fraction of metabolome made of volatile or semi-volatile compounds, the
volatilome, has been the subject of extensive studies [4]. In particular, evidence about
the diagnostic and prognostic properties of volatilome released by various human com-
partments has been shown [5]. About 34% of the human volatilome is found in breath [6];
thus, also thanks to the high accessibility of the sample, breath analysis has been widely
investigated in order to correlate its composition with different life processes including
those characteristics of pathologies and conditions [7].

The volatile compounds in breath originate in various organs and tissues; they are
collected by blood and transferred to breath at the blood/air interface in the lungs [8]. The
migration from blood to breath depends on the physical characteristics of the molecules and
on their partition coefficient at the respective interfaces. For instance, non-water-soluble
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hydrocarbons are more abundant in breath than in urine, while ketones are more likely
found in urines than in breath [6].

Breath analysis has been mostly based on collecting breath in sterile bags or in an
adsorbant substrates. The sterile bag approach seems the most effective, and it has been
used to study the relationship between breath volatilome and lung cancer [9]. However,
the collection of breath samples may be subject to several drawbacks, not least their
contamination by pathogens. Breath is the preferential way of transmission of bacteria
and viruses. Virus filters enables the collection of breath in sterile bags, as shown by a
study about tuberculosis [10]. The outbreak of SARS-COV-2 shown that the infection can
be spread by both asymptomatic and pre-symptomatic individuals [11]; thus, in the event
of a pandemic virus, the filters should be included in any breath sampler.

A viable alternative to a breath sampler is the use of sensors embedded in face
masks [12]. Masks are mainly made of cellulose, a material that has been investigated as a
substrate for wearable and paper-based sensors [13,14]. Besides being used as substrate
for sensors, cellulose can also act as a sensitive layer for humidity [15,16]; indeed, the
adsorption of water molecules in cellulose layer increases the conductivity, which can be
easily measured by printed electrodes. This mechanism was applied to develop respiration
rate sensors. Furthermore, adsorbed water can also offer the chance to detect water soluble
gases, since these species may dissociate in the moisture, giving rise to ionic charges that
increases the conductivity of the cellulose layer. This method has been demonstrated to be
effective for the detection of ammonia [17].

In this paper, this concept has been further extended, introducing on top of the
cellulose a water-soluble organic film. In practice, the presence of the molecular film
is expected to further interact with hydrophilic molecules, differentiating the response
according to the affinity with the organic layer. For the scope, four different hybrid materials
made of mixtures of porphyrins and a conductive polymer were utilized.

Porphyrin-based gas sensors have been used in several volatilome applications, for
instance, to diagnose lung cancer from breath [18] and COVID-19 from serum [19]. Por-
phyrins are barely conductive; thus, they are mostly used with optical or mass transducers.
Here, resistive sensors are obtained mixing porphyrins with PEDOT:PSS polymer compos-
ite (poly(3,4-ethylenedioxythiophene):polystyrene sulfonate). PEDOT:PSS is a conductive
polymer largely used in organic electronics [20] as a chemical sensor [21].

Porphyrins and PEDOT:PSS are both biocompatible. For instance, PEDOT:PSS is used
to contact human skin for biomedical applications [22], while porphyrins, besides their
biological origin, are utilized for in vivo photodynamic therapy [23].

The change in resistance of sensors deposited onto face masks has been measured in
the presence of a series of volatile compounds representative of different chemical families.
As expected, sensors are not individually selective, but their ensemble can univocally
identify chemical compounds and mixtures implementing the combinatorial selectivity
principle [24].

To test the sensors for breath analysis, they have been deposited on the internal surface
of commercially available FFP2 face masks. The sensors have been tested to discriminate
breath collected after the uptake of different foods. Results show that even a little sensor
array made of only three sensors is enough to discriminate between the different foods,
namely, it can distinguish the addition of compounds to human breath volatilome. These
results illustrate the feasibility of the chemical functionalization of face masks in order to
develop low-cost disposable sensor arrays for breath analysis.

2. Materials and Methods

The sensitive material was designed as a hybrid between a conductive polymer
and a chemically sensitive molecule. Two water-soluble porphyrins were chosen for the
scope: 5,10,15,20-tetrakis-(4-sulfonatophenyl) porphyrin (hereafter, TPPS) and (N-methyl-
4-pyryidyl)porphyrin (hereafter, TPyP). Both molecules were used as a free base (H2TPPS
and H2TPyP) and manganese complex (MnTPPS and MnTPyP). The manganese complexes
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also contain a chlorine atom as counterion. The chemical structure of the four porphyrins
is shown in Figure 1.
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Figure 1. Molecular structure of the four studied porphyrins.

The sensing properties of these porphyrins were studied in the past. TPPS was used
to prepare nanostructured sensors [25] and to functionalize ZnO nanostructures [26], while
TPyP was used to functionalize graphene oxide sheets [27].

Commercial PEDOT:PSS (Clevios PH500, 1.3 wt% in water) 1:2.5 was firstly diluted in
water (1:10 v/v) and then mixed with a proper aliquot of aqueous solution of porphyrin
(1 µM) to obtain porphyrin-polymer 1/1 wt. To facilitate the deposition on face masks,
a small amount of ethanol, 1:10 v/v, was added to the solution. The presence of ethanol
reduces the contact angle between the solution droplets and the surface of the face mask,
favoring the formation of a compact film.

Porphyrins and PEDOT:PSS solutions were spotted onto the internal surface of FPP2
face masks. The deposition protocol consisted of depositing 20 µL of hybrid solutions onto
the internal surface of the mask and left to evaporate overnight under standard laboratory
conditions (20–25 ◦C with humidity levels between 30% and 50%). The drop-casting
procedure was repeated three times to produce a compact film, moderately conductive with
no cracks or macroscopic inhomogeneities. Masks, purchased in a local shop, were duly
certified for human use according to the European Union rules. UV–Vis spectra have been
carried out with Agilent Cary 100 spectrophotometer, and micrographic characterization
using a field emission scanning electron microscope (FE-SEM, SUPRA™ 35, Carl Zeiss
SMT, Oberkochen, Germany).

To measure the electric resistance, each spot was contacted with electrodes made of a
conductive graphite paste.
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In order to characterize the sensor responses, pieces of functionalized FFP2 masks
were accommodated in a sealed chamber. The electric resistance has been measured with
a digital multimeter endowed with a multiplexed input (7 1

2 -digit model 2001, Keithley).
The resistances of sensors in a flux of synthetic air are shown in Table 1. These values
correspond to the baseline of sensor responses to gases. It is interesting to observe that
a noticeable difference in sensor conductivity results from films containing the different
porphyrins utilized. In particular, free base porphyrins are more conductive than their
metal complexes.

Table 1. Baseline resistance of prepared sensors.

Sensor Resistance

PEDOT:PSS 38 kΩ
PEDOT:PSS + H2TPPS 315 kΩ
PEDOT:PSS + MnTPPS 1 MΩ
PEDOT:PSS + H2TPyP 114 kΩ
PEDOT:PSS + MnTPyP 850 MΩ

Sensors were exposed to vapors of ethanol, water, hexane, toluene, acetone, acetic acid,
and triethylamine. These compounds were chosen as representative of different chemical
families. High-grade purity compounds were purchased from Sigma Aldrich and used
without further purification. Double-distilled water was used to test humidity responses.
For each compound, measurements were carried out exposing the sensors to different
concentrations obtained mixing the saturated vapors of liquid compounds with a stream
of nitrogen gas. A pure stream of nitrogen gas was used to restore the sensor response and
to define the sensors baseline. Since saturated vapor pressure depends on temperature, the
liquid compounds were kept at 20 ◦C in a thermal bath. Saturated vapor pressures were
calculated with Antoine’s equation, using the parameters available at the NIST database
(https://webbook.nist.gov/chemistry/ accessed on 10 December 2021). Measurements
were performed at 20 ◦C.

Sensor data were analyzed in Matlab (R_2020b) and using the Statistics and Machine
Learning Toolbox (version 11.7).

3. Results

The interaction between PEDOT:PSS and porphyrins was studied measuring the
optical absorption spectra in water (see Figure 2). The PEDOT:PSS spectrum (data not
shown) is characterized by a broaden peak centered in the near IR region (800 nm) due to
the extended conjugated system responsible for conductivity. The negligible absorbance
for wavelengths up to 550 nm allows the clear emergence of the Soret bands.

The spectra of porphyrins mixed with PEDOT:PSS do not show band broadenings,
indicating the absence of aggregation and a good molecular dispersion in the polymer
matrix. The Soret band of the porphyrin free bases experiences a red shift, probably induced
by the electrostatic interaction with the charged polymer. A different behavior is observed
for the Mn complexes, where a blue shift is present, also with a variation of the relative
intensity of the metal-to-ligand charge transfer band. Both of these features indicate a
variation of the coordinative behavior of the Mn ion upon interaction with the polymer
matrix. These porphyrin–polymer interactions may result in the capability of porphyrins
to interfere or modulate the conductivity properties of PEDOT:PSS once spotted on solid
films. This mechanism is at the basis of developing improved chemical-active materials
based on conductive polymers combined with porphyrins [28]. The different interactions
between porphyrins and PEDOT:PSS is a fundamental feature of these sensors, because it
suggests the possibility to develop sensor arrays.

https://webbook.nist.gov/chemistry/
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Figure 2. Absorption spectra of porphyrins and porphyrins–PEDOT:PSS mixture in water.

Figure 3 shows the SEM images of films produced by spotting porphyrins-PEDOT:PSS
mixtures onto the FFP2 face mask. The polymer forms a continuous layer, porphyrins are
homogeneously dissolved in the polymeric matrix, and neither molecular aggregation nor
clusters are visible in these images.
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Figure 3. SEM image of PEDOT:PSS + H2TPyP on the internal surface of FPP2 face mask. (A) polymer–molecular mixture
is homogeneously distributed onto the surface, and the underlying cellulose fibers are visible. (B) a lateral view of a cracked
film shows the compact layered arrangement of the sensitive film. The stratifications of layers correspond to successive
steps of deposition.

The gas sensitivity was measured exposing the sensors to various concentrations of
the volatile compounds. The sensor response was evaluated as the relative change of the
resistance measured during the exposure to vapors with respect to the resistance measured
immediately before the exposure. Along with hybrid porphyrin–PEDOT:PSS materials,
pristine PEDOT:PSS was tested as reference. Figure 4 shows the response curve of the
five sensors to the tested gases. The response curve is almost linear, and sensors show a
different response to the various gases. The concentration of VOCs has been estimated with
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Antoine’s equation, and it has not been further validated by independent measurements.
However, the almost linear response of the sensors respect to the concentration shows
that at least in terms of changes of concentration the estimates are sufficiently correct.
It is interesting to note that, compared to the bare PEDOT:PSS sensor, the presence of
porphyrins increases the response to acetone and non-water-soluble VOCs (toluene and
hexane). Surprisingly, the sensors show a non-negligible response to hexane, for which the
supposed sensing mechanism is not expected to be valid. The sensitivity to hexane is likely
due only to the polymer swelling consequent to the molecular absorption [29].
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Figure 4. Response curves to the seven studied volatile compounds.

The largest response is achieved for water vapor; this is expected, considering that
water is the solvent utilized to disperse the PEDOT:PSS polymer. However, it is important
also to take into account that, as a result of the diverse saturation pressure, the ranges
of concentration are different. Hexane and acetone, being the most volatile of the tested
compounds, have been measured at the largest concentration. Water was tested in an
extended range (20–60%) due to the large content usually found in both environmental air
and human breath.

To better appraise the sensor response, it is convenient to compare the sensitivity of
the sensors, namely, the slope of the linear fit of response curves (see Figure 5) [30]. The
concentration of VOCs for sensor calibration was obtained by diluting the saturated vapor
pressures with a nitrogen flux. The dilution factor is limited by the mass flow controllers,
and it was settled between 3 and 10%. On the other hand, the calculated sensitivities enable
to extrapolate the sensor response at smaller concentrations. For instance, the sensitivity to
ethanol PEDOT:PSS + H2TPPS is about 0.13 kPa−1 (see Figure 5). At the partial pressure of
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1 Pa, the expected relative change of resistance is ∆R/R= 0.13 × 10−3. Considering that the
baseline resistance of the sensor is 315 KΩ (Table 1), the estimated change of resistance is
about 44 Ω, a value detectable with the used digital multimeter.
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The large sensitivity to water of TPPS was known from previous studies [31]. However,
porphyrins sensors show a rather different pattern of sensitivities respect to the pristine
PEDOT:PSS. Interestingly, in the case of TPyP, the sensitivity to water is reduced in favor of
other compounds that are sensed relatively higher. The different patterns of sensitivities
indicate that these sensors are suitable to implement the combinatorial selectivity, and thus,
they might be used as an electronic nose to identify volatile compounds either pure or in
complex mixtures.

A demonstration of this possibility is achieved by analyzing the sensor data in Figure 4
with the principal component analysis (PCA). Since variable concentration is a confounding
factor, the data have been linearly normalized to reduce the effect of concentration [32].
The normalization consists of dividing the response of each sensor to the norm of the
multivariate sensor response, according to the following transformation:

(
∆R
R

)∗

ij
=

(
∆R
R

)
ij√

∑k

(
∆R
R

)
ij

2
, (1)

where (∆R/R)ij is the response of the ith sensor to the jth compound, and the summation is
extended to all the sensors of the array.

In the case of perfect linearity between sensor response and concentration, the above
transformation gives rise to a novel response, which is independent from the concentration,
and it only contains the sensitivity of the sensor divided by the sum of the sensitivities of all
sensors of the array. The independence of the transformed response from the concentration
enables the appraisal of the sensor response without considering the particular tested range
of concentration. Furthermore, it evaluates the performance of each sensor compared to
the other sensors of the array.

The results of the PCA of transformed responses are shown in Figure 6.
Figure 6A shows the plot of the first two principal components, where about 91% of the



Chemosensors 2021, 9, 356 8 of 13

total variance of the data set is explained. The data related to each compound form close
clusters. Compounds are arranged in groups that are related to the kind of interaction
between sensors and volatile compounds. Hexane and water are largely separated from the
other compounds. This suggests a great difference of interaction between these compounds
and the sensors. Indeed, hexane is expected to establish dispersion interactions with the
organic materials, while in water, hydrogen bonds are dominant. In other cases, a mixture
of interactions including electron–donor and π–π interactions take place. The loadings
plot in Figure 6B shows the relationship between volatile compounds and sensors. PE-
DOT:PSS in mixture with MnTPPS is characterized by the smallest loadings, and it provides
a little contribution to the array. The mutual orthogonal direction of PEDOT:PSS and its
mixtures with Mn-TPyP, H2TPPS, and H2TPyP form a reference base for the compounds
representation in Figure 6A, and it shows good complementarity of the five sensors.
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Figure 6. PCA of volatile compounds data. (A) scores plot of the first two principal components.
(B) corresponding loadings plot.

A breath test was performed by depositing three sensors on the internal surface of
face masks. Based on the loading plot in Figure 6B, the chosen sensors were PEDOT:PSS,
PEDOT:PSS + H2TPyP, and PEDOT:PSS + MnTPyP. These sensors are sufficiently or-
thogonal in the scores plot plane and ensure a good coverage of the tested compounds.
Figure 7A shows a detail of the sensors on the internal surface of the mask. The sensor
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occupies less than 2% of the internal area of the mask, and this amount cannot significantly
reduce the total filtration of the mask. Here, the measurement protocol required short use
of the mask. Sensors were tested by four volunteers. During the measurement, each person
was asked to perform two cycles of respiration at low and normal frequency [33].
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Figure 7. (A) Detail of the sensors deposited on the internal surface of the face mask. (B) Signal
of PEDOT:PSS sensor taken after coffee ingestion. The measurement consists of two sequences of
respirations at slow and normal rates (about 6 and 14 breaths per minute).

A test has been performed to study the capability of the sensors to discriminate breaths
after the ingestion of different foods. The analyzed food stuffs were a mint pastil, 50 g of
banana, 20 mL of espresso coffee, and 10 mL of red wine.

Before each ingestion, the subjects rinsed their mouths with water and wore a func-
tionalized face mask one minute after the ingestion of a foodstuff. The subject freely
breathed for one minute and then performed two sequences of respiration at the rate of 6
and 14 breaths per minute. After each measurement, the subject waited one hour before
testing another food. For each subject, the foods sequence was randomized. Measurements
took place in the afternoon, 2 h after the last meal. Except water, no other beverage was
consumed between the meal and the measurement session.

Figure 7B shows the sequence of measurement of one subject after coffee ingestion.
Due to the sensitivity to humidity, the sensor signal follows the respiration rate.

However, even other compounds in breath are modulated by the respiration. Thus, con-
sidering the results in Figure 6, we may expect that the sensors can detect the differences
between foods.

From the sequence of measurements in Figure 7B, two features have been calculated
for low and normal respiration rates, respectively. The features correspond to the average
difference of maximum and minimum resistance in each respiratory cycle. Figure 8 shows
the distribution of sensor responses of the four subjects taken at low (Figure 8A) and
normal (Figure 8B) frequency rates.
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Figure 8. Distribution of the responses of sensors to the basic breath and the ingested foods. (A) low frequency breath,
(B) normal frequency breath. The response of each subject is indicated by a different marker. The class labelled as breath
indicates the basic breath before the ingestion of food.

Data show that, independently of the modality of breath, porphyrin sensors have
a strong response to mint, but the separation between foods is more evident in the low-
frequency breath rate modality. In the case of PEDOT:PSS, normal frequency data show a
better recognition of mint.

Normal breath rate and slow breath rate features have been separately analyzed with
PCA. Results are shown in Figure 9.
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Figure 9. PCA scores plot of features calculated on the slow breath rate signal (A) and normal breath
rate signals (B).

Figure 9A shows the scores plot in the plane of the first two principal components
calculated with the features extracted from the low frequency respiration rate portion of
the signal. The first two principal components explain about 83% of the total variance.
Background breath samples collected before measurements are clearly separated from the
samples taken after food intake. Foods form close clusters clearly separated each other.
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In Figure 9B, the PCA of normal breath rate data is shown. In this case, the total
variance in the scores plot is 98%, indicating a large correlation among the sensors that
cannot account for the specific differences between the foods. The difference between
background breath and foods is partially lost, and only mint forms a clearly separated
cluster. As shown in Figure 7B, the signal during normal breath rate is characterized by a
reduced number of samples per cycle. Thus, the reduced capability to identify foods with
normal breath rate may be also a consequence of the fact that the evaluation of average
differences between the maximum and minimum signal are more uncertain and fluctuating
respect to the slow breath rate.

4. Discussion

The results described in the previous section support the concept that sensors can be
implemented on the cellulose surface of face masks in order to prepare low-cost disposable
devices for breath analysis. An original sensor material has been prepared, combining
together the conductive properties of PEDOT:PSS with the chemical sensitivity of por-
phyrins. Two different porphyrins have been considered (TPyP and TPPS), each as a free
base and manganese complex. The response of sensors (see Figures 4 and 5) shows that the
hybrid materials behave as a chemoresistance, and the sensitivity is largely determined
by the properties of porphyrins. As usual for porphyrin-based sensors, the devices are
sensitive but scarcely selective. However, the sensitivity patterns (see Figure 5) are suffi-
ciently different to implement the combinatorial selectivity principle, so that, even if each
individual sensor in non-selective, the whole sensor array, as shown by the PCA scores
plot (see Figure 6), identifies pure compounds belonging to a variety of chemical families.

Porphyrins labeled as TPyP show a better cooperation in the array, as evidenced in
the loadings plot in Figure 6B, where these porphyrins are those that contribute most to
the detection of volatile compounds and those that contribute less with respect to water.
As a consequence, these porphyrins have been chosen to be implemented in a face mask in
order to be tested as sensors for breath analysis. The coarseness of the deposition method
and the limited available space inside the mask restricted number of sensors to three.

Functionalized face masks were tested in a simple experiment aimed at identifying
changes in breath composition after the ingestion of various foodstuffs. Sensors are very
sensitive to humidity, so the sensor signals follow the rate of breath. This characteristic
has been used to determine a sensor feature defined as the average difference between the
maximum and minimum signal achieved in a sequenced of breath. In spite of the water
content and the high water concentration in breath, the sensors are shown to be sensitive
with respect to specific food-related compounds. Slow and normal breath rates have been
considered, and results show that the signals obtained during a sequence of slow breaths
can easily identify the foodstuff.

5. Conclusions

In this paper, a proof of concept of face masks functionalized with chemical sensors
has been provided. The low-cost and simplicity of preparation of these sensors allows
for the use of these devices for breath analysis. The final scope is to replicate the results
achieved by porphyrin sensors in breath analysis with disposable and safe sensor systems.

Author Contributions: Conceptualization: C.D.N., R.P. and G.M.; methodology: G.M. and C.D.N.;
investigation: L.D.Z., G.M., M.S. and M.L.; writing—original draft preparation: C.D.N. All authors
have read and agreed to the published version of the manuscript.
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