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Abstract: Headspace analysis of highly humid samples remains a challenge for artificial olfaction.
Based on surface plasmon resonance imaging and bio-based sensors, the NeOse Pro olfactive
analyzer yields multivariate data and enhances the statistical discrimination capacity of odor patterns.
However, the presence of a high background signal, such as water vapor from aqueous samples, may
deteriorate its discriminant ability. Recently, miniaturized pre-concentrators packed with hydrophobic
adsorbent have been developed to improve the detection limit of gas analysis methods and to enhance
their selectivity by reducing the water’s background signal. This work presents, for the first time,
the coupling of a miniaturized silicon micro pre-concentration unit (µPC) to a bio-based opto-electronic
nose (NeOse Pro). The results showed that the coupling of a silicon µPC with the NeOse Pro led to an
improvement in the detection limit of n-nonane by at least a factor of 125. Additionally, principal
component analysis (PCA) of eight different flavored waters showed an enhanced discrimination
ability of the coupled set-up in highly humid conditions.

Keywords: flavored water analysis; electronic nose; silicon micro pre-concentrator; background
signal removing

1. Introduction

Designed to mimic the human olfactory sense, electronic noses are promising tools for the fast,
reliable, and objective sensory evaluation of volatile aromas. Based on different sensor technologies, they
offer an alternative approach to the use of human sensory panels and standard gas analytical techniques,
which are bulky, expensive, and require expertise and maintenance e.g. Gas Chromatography coupled
with Mass Spectrosopy (GC-MS), Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) [1]. Since
e-noses have reduced size, offer connectivity, and do not require a consumable carrier gas, they
open doors to various applications in air quality, agriculture, cosmetics and fragrances, health, and
public security [2–5]. Food applications are a suitable field for electronic noses, as flavors and
aromas are predominant characteristics. Therefore, artificial olfaction techniques have the potential to
become benchmark technologies in the food industry for food safety, quality control, food design, and
manufacturing [6–11]. However, despite their intrinsic qualities, e-noses still suffer from limitations
that keep their usage on a R&D level. Among these limitations, real challenges still persist, such
as poor detection limits, generally around the ppm level, the poor reproducibility of results since
responses are influenced by environmental conditions, and sensitivity to water vapor, which is
a major drawback for selectivity performance in analyzing humid samples [12–16]. Over the last
few years, the development of new sensors to overcome these limitations have included sensors

Chemosensors 2020, 8, 60; doi:10.3390/chemosensors8030060 www.mdpi.com/journal/chemosensors

http://www.mdpi.com/journal/chemosensors
http://www.mdpi.com
https://orcid.org/0000-0001-7976-3059
http://dx.doi.org/10.3390/chemosensors8030060
http://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/2227-9040/8/3/60?type=check_update&version=2


Chemosensors 2020, 8, 60 2 of 13

with hydrophobic characteristics [17] and new materials with promising sensing capabilities [18,19].
Algorithmic solutions have been proposed (e.g., humidity compensation and drift corrections) for
better analytical performances of electronic noses and analytical gas sensors [20–24]. Original signal
treatment, based on the exploitation of Volatile Organic Compounds (VOC) sensors and metal
oxide semiconductor (MOS) interaction patterns, has also been described for a better sensibility
and selectivity [25,26]. Another way to improve electronic nose capabilities consists of the use of
adsorption/thermo-desorption (ATD) methods, as they offer the advantages of lowering detection
limits and overcoming matrix interferences [27–30]. Among the examined solutions, the use of ATD
seems to be particularly promising for the analysis of humid food samples and aqueous and alcoholic
beverages [31–33]. Indeed, this sample preparation is a well-known approach to enhance the sensitivity
and selectivity of an analytical method. The concentration of VOCs from a large volume of headspace
(HS) by adsorption on a solid sorbent, followed by thermal desorption in a small volume of gas, allows
improvement in the limit of detection (LOD) and limits humidity interference by using a hydrophobic
sorbent (e.g., Tenax TA) [34]. Traditionally, a pre-concentrator system consists of a glass or metal tube
packed with powder adsorbent and a large oven (often larger than the sensor itself), which requires
high power consumption to heat up quickly. In the past ten years, micro pre-concentrators (µPC)
were developed for size and cost reductions, to reduce the form factor, power consumption, and
time between measurements by optimizing the cool-down process [35–39]. Recently, the CEA-LETI
laboratory (Grenoble, France) has developed a silicon µPC with an integrated heating function [40,41].
Filled with Tenax TA, this µPC is associated with the NeOse Pro opto-electronic nose developed
by Aryballe Technologies [42,43]. The association of an ATD unit with an e-nose has already been
described, however, the very specific feature of the NeOse Pro opens new opportunities as its unique
sensory element made of 68 oligopeptides confers a powerful discrimination capacity, including
odorant isomers and optical enantiomers [44].

This paper presents the performances of this association through LOD reduction for nonane
sensing as a model and the gain of selectivity when applied to beverages such as flavored waters, with
typical samples exhibiting a very high background noise.

2. Materials and Methods

2.1. Opto-Electronic Nose

The NeOse Pro v2 device is an opto-electronic nose developed by Aryballe Technologies. Based on
Surface Plasmon Resonance imaging (SPRi), the sensing part of the device consists of an oligopeptide
array constructed on the surface of a gold film [42,43]. The resulting interactions with the VOCs
(electrostatic, hydrogen, and/or Van-der-Waals bonds) are simultaneously tracked for all peptides as
an increase in reflectivity. Generated signals are processed by the NeOse Pro app (v1.7.0) to obtain
a specific olfactive signature. The fluidic part of the device, which ensures the exposition of the peptides
to the VOCs, is composed of a pump (60 mL/min flowrate in standard method) and PTFE tubing (1 mm
inner diameter). Additionally, the device integrates a hygrometer (Honeywell HIH6120) for humidity
measurements of the sensed gas in its fluidic line.

In the direct measurement method, a typical analysis is carried out in a dozen seconds and
is the result of sensing ambient air (as a baseline) and the volatile molecules originating from
the headspace’s sample to be analyzed. The detection limit of the NeOse Pro device ranges from tens of
ppbv to hundreds of ppmv, depending on the nature of the molecule and its affinity to the oligopeptides.

2.2. Silicon Micro Pre-Concentrator and Coupling to NeOse Pro Device

The silicon micro pre-concentrator (µPC) developed by CEA-LETI [40,41] is designed as a miniature
classical thermal desorption device. The chip size is 8 × 21 mm. The central cavity was etched in
silicon on the front side by deep reactive ion etching. The cavity was filled with around 7 mg of Tenax
TA adsorbent (mesh 80–100) and can be seen on Figure 1. The chip was then sealed on top by Pyrex
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glass by anodic bonding. The backside was covered by a thermo-resistive Ti/Pt film heater (Figure 1),
allowing quick heating to 200 ◦C for the thermal desorption of the trapped VOCs. An external thermal
probe stuck on the surface (PT100, RS Pro) was used for thermal control. The fluidic connections were
made of stainless steel tubing (500 µm i.d.; 790 µm e.d.).

Chemosensors 2020, 8, x FOR PEER REVIEW 3 of 14 

 

heater (Figure 1), allowing quick heating to 200 °C for the thermal desorption of the trapped VOCs. 
An external thermal probe stuck on the surface (PT100, RS Pro) was used for thermal control. The 
fluidic connections were made of stainless steel tubing (500 µm i.d.; 790 µm e.d.). 

 
Figure 1. Illustration of µ-concentration system, (a) the Ti/Pt heating film and temperature probe 
deposit, (b) the opposite side cavity filled with Tenax TA (80–100 mesh). 

The µPC was connected to the sample via a 1 mm i.d. PTFE pipe, which ended with a stainless 
steel 18-gauge needle and to the NeOse Pro device via a three-way valve (Figure 2). The valve allowed 
the transition between sample concentration, baseline sensing (room air), and the sensing of desorbed 
VOCs. 

As for the direct analysis method, the measurement of desorbed VOCs is the difference between 
the baseline signals and the one from the sensed desorbed VOCs. 

 
Figure 2. NeOse Pro and µ-preconcentration system coupling. (a) Experimental setup, with the 
sample vial. (b) Schematic view of the NeOse Pro/micro pre-concentrator (µPC) system where the 
blue line represents the sample flow path: the full blue line represents the accumulation of analyte on 
Tenax TA, while the dotted line represents the non-adsorbed compounds during the concentration 
step (e.g., water), the red line represents the thermal desorption from the µPC, and the green line 
represents the reference air input. (c) View of the preconcentration chip on the metalized side. 

2.3. Detection Limit Assays of NeOse Pro Direct and Coupled to the Silicon Micro Pre-Concentrator 

Nonane (Sigma Aldrich, St Quentin Fallavier, France) was used, as a VOC model, to characterize 
the signal amplification capacity of the silicon µPC when coupled with the NeOse Pro sensor. To 
prevent any matrix effect, dilutions of n-nonane were carried out in 80 mL glass tubes with PTFE 
septum screw caps, using low volatile mineral oil. Nonane samples from 0.01% (m/m) to pure nonane 
were analyzed either by direct measurement or coupled with µPC system. Levels of dilutions of the 
samples and corresponding headspace concentration can be found in Table 1. 

The ATD analysis occurred in different steps. The HS sample was firstly injected into the µ-
concentrator at 80 mL/min over 1 min at room temperature and a 1-min purge was performed to 
clean dead volumes. A baseline reference value was then recorded via the valve tube sampling 
ambient air while the µPC system was heated to 200 °C (12 °C/s heating speed). When the targeted 
temperature was reached, the three-way valve switched the gas flow from the ambient air to the µPC, 

8 mm 

Figure 1. Illustration of µ-concentration system, (a) the Ti/Pt heating film and temperature probe
deposit, (b) the opposite side cavity filled with Tenax TA (80–100 mesh).

The µPC was connected to the sample via a 1 mm i.d. PTFE pipe, which ended with a stainless
steel 18-gauge needle and to the NeOse Pro device via a three-way valve (Figure 2). The valve
allowed the transition between sample concentration, baseline sensing (room air), and the sensing of
desorbed VOCs.
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Figure 2. NeOse Pro and µ-preconcentration system coupling. (a) Experimental setup, with the sample
vial. (b) Schematic view of the NeOse Pro/micro pre-concentrator (µPC) system where the blue line
represents the sample flow path: the full blue line represents the accumulation of analyte on Tenax
TA, while the dotted line represents the non-adsorbed compounds during the concentration step (e.g.,
water), the red line represents the thermal desorption from the µPC, and the green line represents
the reference air input. (c) View of the preconcentration chip on the metalized side.

As for the direct analysis method, the measurement of desorbed VOCs is the difference between
the baseline signals and the one from the sensed desorbed VOCs.

2.3. Detection Limit Assays of NeOse Pro Direct and Coupled to the Silicon Micro Pre-Concentrator

Nonane (Sigma Aldrich, St Quentin Fallavier, France) was used, as a VOC model, to characterize
the signal amplification capacity of the silicon µPC when coupled with the NeOse Pro sensor. To
prevent any matrix effect, dilutions of n-nonane were carried out in 80 mL glass tubes with PTFE
septum screw caps, using low volatile mineral oil. Nonane samples from 0.01% (m/m) to pure nonane
were analyzed either by direct measurement or coupled with µPC system. Levels of dilutions of
the samples and corresponding headspace concentration can be found in Table 1.
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Table 1. Liquid dilution of n-nonane in mineral oil and corresponding headspace concentration.

Nonane/Oil (m/m) % 0 0.01 0.05 0.1 0.5 1 5 10 50 100

[TVOC] (ppmv) 1.3 3.6 9 14 62 106 462 646 780 805

The ATD analysis occurred in different steps. The HS sample was firstly injected into
the µ-concentrator at 80 mL/min over 1 min at room temperature and a 1-min purge was performed to
clean dead volumes. A baseline reference value was then recorded via the valve tube sampling ambient
air while the µPC system was heated to 200 ◦C (12 ◦C/s heating speed). When the targeted temperature
was reached, the three-way valve switched the gas flow from the ambient air to the µPC, carrying
the desorbed analytes to the NeOse Pro. On the resulting SPRi sensorgram, a thermo-desorption peak
could be observed for each curve representing the %Reflectivity evolution of an oligopeptide.

2.4. Signal Interpretation of n-Nonane Assays

To define a significative signal, a threshold value was calculated using the signals gathered by
the mineral oil solvent measurement and the three-sigma approach, leading to the determination of
the limit of the significance threshold (threshold = mean blank + 3σblank, with σblank = blank standard
deviation). The chosen criterion from the nonane measurements to be compared to this threshold
was the Imax value, defined as the average intensity of all oligopeptides when the signals reached
their maximum.

2.5. Flavored Water Samples

Eight flavored waters were purchased from a local supermarket (Grenoble, France) and stored at
(5 ± 3) ◦C until their analysis. The sample list is available in Table 2.

Table 2. Headspace Volatile Odor Compounds (VOC) concentration for each flavored water sample.

Sample Code Flavored Water Descriptive Flavor PID (ppmv)

Water - Non-flavored <0.001

A Volvic Juicy Agrumade
Pamplemousse Grapefruit 111.0

B Volvic Juicy
Citronade Lemonade 17.0

C Volvic ZEST
Citron Lemon 10.5

D Volvic Thé Vert
Pêche Blanche White Peach 12.5

E Volvic Juicy Bio
Fraise Organic Strawberry 11.0

F Volvic Juicy
Fraise Strawberry 7.0

G Volvic Juicy Bio
Pomme Organic Apple 66.5

H Volvic Infusion Rooibos
Mangue & Fruits de la passion Mango & Passion fruit 17.0

2.6. NeOse Pro Direct Analysis of Flavored Waters

NeOse direct analysis of flavored waters was carried out using an eight-way valve (Heptavalve
from Aryballe) coupled to the NeOse olfactive analyzer device (flow rate: 30 mL/min). This system,
run by the NeOse App (v1.0.7), allowed automatic and periodic measurements of the samples.
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Before analysis, 5 mL of each flavored water were added into 50 mL headspace bottles and
immediately sealed using crimp caps (silicone/PTFE septum). To allow headspace formation, bottles
were stored for 2 h in the dark at room temperature. Prepared samples were connected to the Heptavalve
by tubing made of 1 mm i.d. PTFE. A vent made by a Sterican 18 G needle was used during the analysis
to allow a pressure equilibrium in the headspace bottles. During the analysis, sample and headspace
homogenization were performed using a magnetic stirrer. For each sample, three measurements were
performed using ambient air as a baseline.

2.7. NeOse Pro/ATD Analysis of Flavored Waters

Ten milliliters of each flavored water and a non-flavored water sample (control) were added into
100 mL headspace bottles which were immediately sealed using crimp caps with PTFE septa. To allow
headspace formation, bottles were stored for 2 h in the dark at room temperature. For each sample,
three bottles were prepared for triplicate analysis.

During the concentration step (30 mL/min flow rate, 180 s, room temperature), a vent, made by
a Sterican 18 G needle, was used to allow the pressure equilibrium of the headspace bottles. Before
the thermo-desorption measurement, samples were disconnected, and the µ-PC purged with ambient
air. Desorbed VOCs were measured while Tenax TA was heated at 200 ◦C (heating slope 20 ◦C/s,
10 mL/min flow rate, 30 s).

2.8. Data Processing for Multivariate Analysis of Water Samples

As the resulting sensorgram differs from the two compared measurement modes, the signal
processing of direct measurement records was based on the plateau part of the signal (signals gathered
from 20 s to 30 s of measurement). For ATD measurement records, the part of the signal used for
signal processing was based on the reflectivity variation observed within 40 to 50 s. To ease data
interpretation, multivariate datasets were compared using principal component analysis (PCA) after
zeroing using the baseline signal and L2 normalization.

To objectively delimit sample clustering, the statistical dispersion of the replicates was represented
on the PCA plot. After calculating the centroid of each population, solid and dotted line circles,
both centered on the centroid, respectively represent the average PCA distance of the replicates to
their centroid and the average PCA distance plus 2σ dispersion, where 95% of the population would
be found.

2.9. Total VOC Measurement

To get an indication of the gas phase concentration of the nonane and the flavored water assay,
the total VOC concentration of headspaces was measured with a photo-ionization detector (PID Mini
RAE 3000—RAE Systems by Honeywell, Charlotte, NC, USA). Sample measurements were done in
the same conditions as the NeOse direct and ATD sensing.

As the calibration of the PID was done with 10 ppmv isobutylene, the given values of
the measurements were expressed in ppmv equivalent to isobutylene for the flavored samples
and in corrected ppmv for nonane measurements (correction factor given by the manufacturer).

3. Results and Discussion

In order to characterize the analytical performances of the µPC/NeOse Pro coupling, detection
limit and discrimination capacity assays were performed using direct and ATD measurement methods.

3.1. NeOse Pro Direct and Thermo-Desorbed Sensing of Nonane Dilutions

The detection limits of the direct and ATD measurement methods were determined by using
different dilutions of n-nonane in low volatile mineral oil and by comparing the intensity of the gathered
signals to a threshold calculated using the 3σ approach.
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The gas concentration of nonane in the HS of each dilution was measured using a PID.
Concentrations were found to range from 3.6 ppmv for the highest dilution rate (0.01% m/m) to
805 ppmv for the non-diluted nonane sample. The PID measurement of the mineral oil solvent also
showed some VOCs in the headspace at a concentration of 1.3 ppmv, while VOC concentration in lab air
was under the detection limit (<1 ppbv) (Table 1). As for the lowest dilution rates, gas concentrations
of nonane were not linearly proportional to their liquid concentrations, so the gas concentration values
were used for the LOD comparisons.

Using the two methods, the recorded signals showed two different and typical patterns (Figure 3).
With direct measurement, the NeOse sensing of a sample generated an increase in reflectivity until it
reached a maximum value (plateau). Then, the signal remained stable as the sensing of the sample
continued (Figure 3b,c). A decrease in reflectivity to the baseline level was reached within a few
seconds when disconnecting the sample and flushing the biosensors with ambient air (data not shown).
With the use of the µPC, the signal generated an increase in reflectivity when the sorbent affinity for
nonane decreased under the effect of heating. Then the reflectivity went back to the baseline level as
all the trapped VOCs were released (Figure 3d–f).Chemosensors 2020, 8, x FOR PEER REVIEW 6 of 14 
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Figure 3. Sensorgram comparison of n-nonane headspace analysis with direct measurement (a–c)
and with concentration technique (d–f) for three different gas concentrations: 3.6 ppmv, 462 ppmv,
and 780 ppmv of n-nonane. Direct measurement generates a steady signal to a plateau, while
the concentration technique generates a desorption peak.

Due to this difference in sensorgram patterns and for comparison purposes, the Imax value
criterion was chosen. The direct measurement of mineral oil led to a calculated significance threshold
of 0.1% reflectivity. Using the NeOse Pro/ATD approach, the calculated significance threshold was
found to be = 0.4%R.

The significance threshold was found to be higher for the ATD measurement method than for
the direct one. This result was due to the presence of volatile compounds in the mineral oil HS, which
was not detected by direct sensing but did generate a signal using the silicon µPC.

Hence, according to their respective thresholds and the Imax value calculated for each nonane
dilution, signals recorded from samples with a nonane concentration under 5% (m/m) were not
considered as significant signals in the direct measurement mode, whereas with the ATD setup,
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the highest dilution of nonane tested (0.01% m/m) gave a significant signal. In the present experimental
conditions, the detection limit of nonane was found to be around 462 ppmv for NeOse Pro direct
sensing and around 3.6 ppmv for the NeOse Pro ATD sensing (Figure 4).Chemosensors 2020, 8, x FOR PEER REVIEW 7 of 14 
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Figure 4. Detected max intensity vs. nonane gas concentration for both acquisition methods.

Hence, when coupling the NeOse Pro to the micro pre-concentrator device, the detection limit was
found to be lowered 125-fold. As 80 mL of headspace content were trapped and released in a volume
of 1.3 mL, it is worth noticing that the 125-fold LOD reduction was led by an HS concentration factor
of 61-fold. Therefore, the LOD reduction factor could be optimized by concentrating a higher volume
of HS, until reaching the Tenax TA breakthrough volume for n-nonane. Considering that NeOse Pro
sensibility and Tenax affinity vary with the chemical nature of the analyzed VOC, the performance
based on the nonane assay should be considered as a model rather than a generalized characteristic of
the tested set-up. Despite these considerations, the results remain consistent with the ones described
in similar studies. In 2015, Thomas C.M. et al. coupled a conducting polymer olfactory sensor with an
enrichment desorption unit filled with Tenax TA for the detection of different VOCs and described
the sensing performance enhancement, ranging from a dozen to a thousand times [29]. Additionally,
the µPC has been characterized in a previous study, in which the authors concluded a concentration
factor of a thousand times for toluene [40].

3.2. Flavored Water Sensing

Discrimination capacity in saturated humidity conditions was investigated using the silicon µPC.
To perform these tests, eight flavored waters and a non-flavored one were analyzed with the direct
sensing and ATD methods.

3.2.1. Total VOC Measurements

PID measurements of the flavored waters showed two levels of VOC concentration: samples A
and G with HS contents of several dozen ppmv and the other samples with concentrations around
10 ppmv. As PID measurement is not sensitive to humidity, the non-flavored water measurement was
under the ppbv level (Table 2).

3.2.2. NeOse Pro Direct and ATD Sensing of Flavored Water

Despite the difference in VOC concentrations, direct sensing of the water samples showed
equivalent signal intensities for all the waters, including the non-flavored one (Figure 5a–c). During
these assays, the relative humidity levels of the samples were found to be equivalent and around
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70%, indicating a water concentration in the HS of around 16,000 ppmv. Those results showed that
water vapor can interact with the NeOse Pro bio-based sensors. Hence, the signals gathered from
the flavored waters were mostly related to the presence of water in their gas phase.
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Figure 5. Examples of sensorgrams obtained from three water samples using direct measurement
(a–c) and Adsorption Thermal Desorption (ATD) techniques (d–f). The gray window corresponds to
the baseline signal and the blue one corresponds to the sample signal part used for data treatment.

As described for the nonane detection limit assays, the shapes of the signals obtained with
the use of the µPC differ from the ones in the direct analysis. Figure 5d–f show examples of signals
gathered from different water samples. When using the ATD sensing method, the first noteworthy
point is the absence of a significant signal for the non-flavored water, while all the flavored ones led
to a significant signal (according to the three-sigma approach). This finding is due to the very low
affinity of the Tenax TA sorbent for small polar molecules, like water vapor. Therefore, the signals
gathered for the flavored samples can be easily correlated to the presence in their HS of VOCs other
than gaseous water.

To standardize the calculation of odor patterns, the plateau part of the signals was used for all
the samples sensed with the direct method (signals recorded from 20 to 30 s). For the ATD sensing
method, pattern calculation was based on the signal variation recorded from 40 to 50 s, as this period
fits for all the tested samples (data not shown).

A deeper multivariate data analysis of the odor pattern datasets generated from these two
measurement methods were performed using principal component analysis (PCA). PCA is a well-known
analytical tool in the domain of sensor arrays, as it offers the advantages of visualizing in two dimensions
multidimensional data and highlighting the relations between the analyzed samples [45]. However,
despite those major advantages, the reading and interpretation of a PCA plot could be difficult to
handle for a non-initiated user. Therefore, objective criteria are needed when it comes to differentiating
closely related samples. In this work, we propose to ease the reading and the interpretation of
the PCA representation by showing on the graphic probabilistic areas calculated from the replicates of
each sample. Areas delimited by dotted circles denote the probability of 95% of sample occurrence
(see Section 2.8). Therefore, sample clusters with non-overlapping certainty areas are considered
as differentiated. Additionally, previously to any statistical analysis, the datasets were tested using
the Shapiro–Wilk test with a p-value threshold of 0.05 and were found to follow the normal distribution.
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The PCA built with the direct sensing datasets (Figure 6), shows that samples A and G (Grapefruit
and Organic Apple) could be well separated from the others. This finding contrasts with the observations
made for the other samples. Indeed, as the certainty areas of samples E, F, and H (Strawberry, Organic
Strawberry, and Mango & Passion fruit) overlapped with the non-flavored water, they could not be
differentiated. Samples B, C, and D (Lemonade, Lemon, and White Peach) also showed overlapping
areas, but formed another distinct cluster. A dendrogram representation of the PCA distances can be
seen in the supplementary file. As the first two components of the PCA explain 85% of the variance,
we can conclude a non-differentiation of the samples in the direct measurement mode except for
the samples A and G. Those two well-separated samples exhibited the highest VOC rates, while
the other samples were found to be up to 10 times less concentrated (Table 2). Therefore, a clear link
of these results with the VOC concentration is shown and might be explained by the competition on
the surface sensor between the targeted VOCs and water molecules [11–15]. Indeed, it is not obvious
to look for a compound present at a ppmv range in a headspace containing a saturated concentration
of water vapor, i.e., ~16,000 ppmv. This finding also shows that, in the direct sensing method,
the differentiation of flavored waters seems to be possible when the ratio of targeted VOC/water VOC
is around 1/100. However, the quantitative characteristic of the HS seems to not be enough to explain
the discrimination capacity of flavored water. Indeed, the direct measurement samples B, C, and D
could be differentiated from the non-flavored water, while they presented the same VOC concentration
rate as samples E, F, and H. Hence, a difference in the peptide sensor sensitivities to the nature of
the VOCs might complete the 1/100 ratio explanation.Chemosensors 2020, 8, x FOR PEER REVIEW 10 of 14 
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Figure 6. Principal component analysis plot based on the direct sensing of nine different waters. Dots
represent replicates of sample measurements and dotted line circles represent the statistical dispersion
calculated for each sample (color code for samples: blue = Grapefruit; orange = Lemon; green =

Lemonade; red = Mango & Passion Fruit; purple = Organic Apple; brown = Organic Strawberry; pink
= Strawberry; yellow = White Peach).

The principal component analysis 2D plot built with the ATD sensing datasets and totaling 94%
of the variance shows clear discrimination of all the samples since none of the certainty areas overlap
(Figure 7). A dendrogram representation of the PCA distances can be seen in the supplementary
file. The discrimination performance of the NeOse Pro sensing, when coupled with the silicon µPC,
contrasts with the direct sensing method. The use of the hydrophobic Tenax TA sorbent allows for
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the removal of the common and abundant interferent water compounds, enhancing the discrimination
ability of the NeOse Pro. This well-known characteristic of Tenax TA has been previously exploited
to successfully differentiate eight liquors using semi-conductor gas sensors coupled with a Tenax
concentration unit [46]. In addition, it is interesting to compare this discrimination performance with
the results published in 2011 by Cole et al. In their study, they achieved complete discrimination
between three aqueous samples (orange juice, water, and milk) by using a combined electronic
tongue and nose system for both liquid and gas phase sensing. However, the authors concluded
that the discrimination performance was mostly due to the electronic tongue, the electronic nose
having shown a little contribution to the sample discrimination [33]. In our study, we have shown that
the NeOse Pro device, when combined with a µPC, could achieve the same discrimination performance
for aqueous beverages by only focusing on HS analysis.Chemosensors 2020, 8, x FOR PEER REVIEW 11 of 14 
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Lemonade; red = Mango & Passion Fruit; purple = Organic Apple; brown = Organic Strawberry; pink
= Strawberry; yellow = White Peach).

In addition to the gain of selectivity provided by the use of the µPC, the mechanism of VOC
concentration might also play a role in the differentiation ability for the flavored samples since it
allowed us to lower the detection limit of the targeted VOCs.

Moreover, the ATD method managed to separate the two citrus samples, B and C, and the two
strawberry ones, E and F. As their food label did not indicate their chemical compositions, it is difficult
to conclude the reason for this separation, but as they are commercialized by the same manufacturer
under different references, we can suppose that qualitative and/or quantitative differences exist in
their compositions.

Among the reported solutions dealing with water interference removing, the use of hydrophobic
sensors, such as modified polyaniline, seems to constitute a limited alternative, as its utilization
is limited to headspace with no more than hundreds of ppmv of water, while aqueous samples
exhibit thousands of ppmv [17]. Multiple algorithmic approaches have been described and seem to
constitute a credible way for managing humidity interferences, as their use can improve the analytical
performances of the gas sensors [21]. However, a calibration step is often needed and it has to be
regularly updated because of sensor drift [20]. The use of ATD methods also seems to be very efficient
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for strong background removal since they were successfully applied in different application fields and
particularly in the food analysis domain. Using a traditional 150 mg Tenax TA tube, Muenchmeyer et al.
were able to lower, by a factor 10, the detection limit of toluene in the presence of ethanol [34]. In
this study, the authors also showed the usefulness of the ATD method for the analysis of alcoholic
beverages. In another study, the authors managed to differentiate mushrooms of the same variety
using a carbon graphite-based ATD method, which was not possible by direct measurement because
of the presence of water and ethanol in the sample headspace [32]. However, since the qualitative
and quantitative composition of the collected VOCs will be influenced by their affinity to the sorbent,
the use of an ATD method can influence the measured flavor. In addition, the heating of the sorbent
to high temperatures can impact the chemical nature of the VOCs, and consequently change their
native interactions with the sensors [47]. Therefore, the choice of the method for dealing with water
interferences for the analysis of highly humid gas samples must take into consideration its intrinsic
advantages and limits.

4. Conclusions

The use of a silicon micro pre-concentrator allows for enhancement of the NeOse Pro detection
limit and the selective sensing of a low level of flavor compounds in the presence of a high concentration
of water vapor. Associated with the high power of chemical discrimination of the opto-electronic
nose, this coupling opens up high-resolution analysis, dealing with aqueous media found in food and
beverage applications. This approach can be further extended to the analysis of products containing
a high concentration of polar solvents, such as ethanol, opening the field of the e-nose-based quality
control of alcoholic beverages and perfumes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/8/3/60/s1,
Figure S1: Dendrogram representation of PCA distances based on direct measurements of nine different waters.
Figure S2: Dendrogram representation of PCA distances based on ATD measurements of eight flavored waters.
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