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Abstract: In this study, we explored the use of surface plasmon resonance (SPR) and
Mach-Zehnder interferometry for detecting compounds in complex mixtures separated by
supercritical fluid chromatography. Each molecule was individually injected and analyzed
by supercritical fluid chromatography (SFC) in a 10% alcoholic solution. The fingerprints
obtained via the sensors were then compared to the fingerprints of the same molecules
present in a lemon essential oil (EO) at the same dilution. The results show a remarkable
correlation between UV sensors and electronic noses (e-nose), enabling compound
detection. The obtained signals are normalized and presented as radar charts to visualize
the specific olfactory signatures of each molecule. The olfactory profiles of monoterpenes
CioHi such as a-pinene and limonene show notable differences, as do the C19H150
isomers (citral, geranial, and neral). Mach—-Zehnder interferometry also allows for the
discrimination of limonene enantiomers, a challenging task for current chromatography
techniques. Statistical analysis confirms the ability of these technologies to differentiate
compounds, including isomers. Even if UV detection is more sensitive than SPR,
e-noses (SPR and Mach-Zehnder interferometers) offer the unique advantage of providing
specific signatures for each compound, facilitating real-time identification. This study
demonstrates the effectiveness of combining e-noses with SFC for rapid, non-destructive
detection of volatile compounds. This concept can be extended to other terpenoids
and volatile compounds, and hybridization with gas chromatography could be a future
potential development.

Keywords: supercritical fluid chromatography; olfactometry; surface plasmonic resonance;
Mach-Zehnder interferometry; odorant molecule

1. Introduction

An odor is composed of a single or complex mixture of volatile compounds that
are present in concentrations above the human perception threshold [1]. Olfactometry
is related to all techniques that use sensors to detect and evaluate volatile compounds
eluting from a chromatographic system. Olfactometry (O) coupled with a chromatographic

Processes 2025, 13, 1425

https://doi.org/10.3390/pr13051425


https://doi.org/10.3390/pr13051425
https://doi.org/10.3390/pr13051425
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8106-7287
https://orcid.org/0000-0003-2751-774X
https://orcid.org/0000-0001-7569-1473
https://doi.org/10.3390/pr13051425
https://www.mdpi.com/article/10.3390/pr13051425?type=check_update&version=1

Processes 2025, 13, 1425

20f11

method of detecting volatile molecules, such as gas chromatography (GC), brings an
undeniable advantage for the identification of sulfur and nitrogen volatile molecules and
is complementary to other detection methods, such as flame ionization detection (FID) or
mass spectrometry (MS), for example [2,3].

Currently, other greener separation techniques such as supercritical fluid chromatog-
raphy (SFC) are booming and allow the separation of both volatile and non-volatile organic
compounds [4-7]. The supercritical state was discovered by the French physicist Cagniard
de Latour in 1822. For carbon dioxide (CO,), the most used molecule in the supercritical
state today, the critical point is reached at 31 °C and 74 bar. Most of the physical-chemical
properties of a substance in the supercritical state are close to that of the gaseous and/or
liquid state. For example, density and diffusivity are close to those of the liquid states,
whereas viscosity is similar to the gaseous one. SFC can be coupled with different detectors,
such as evaporative light scattering detectors (ELSD) [8], diode array detectors (DAD) [9],
nuclear magnetic resonance (NMR) [10], or mass spectrometry (MS) [11].

Nevertheless, contrary to FID for GC, few sensors hyphenated with SFC can be con-
sidered as universal. Some articles are available in the literature on coupling with Charged
Aerosol Detectors (CAD) [12,13] but leading to poor physicochemical information. It is cru-
cial to acquire as much chemical data as possible in order to annotate the molecules present
in an extract or an odor during the dereplication process. However, in the case of coupling
with SFC, direct detection by human noise methodology is significantly complicated. In
fact, even if CO; is odorless, its toxicity by inhalation makes direct coupling impossible [14].
To overcome this obstacle, a possible solution would be to use air as make-up gas to dilute
the sample in the gas phase and thus make it breathable. According to the literature [15],
if the level of CO, in the make-up air stream is less than 0.1%, the panelist will be at no
risk of olfaction. This means dilution by 1000 of the sample. However, the dilution factor
will directly decrease the detection threshold of the volatile molecules. This dilution factor
is made up of several steps, the first of which involves splitting the flowrate to limit the
amount of gas sent to the sensor. The second step involves decompressing the CO, from the
supercritical to the gaseous state, leading to a large expansion of the gas (expansion factor
close to 500). And finally, the final step is the complicated transport of these molecules in a
mixture of moist air and gaseous CO,, avoiding precipitation.

In recent years, the development of electronic noses has been growing. These devices
make it possible to smell under extreme conditions without toxicity constraints [16]. A lot
of examples of coupling between GC and e-noses describe systems for which the e-nose
measurements are not real-time like those of classical detectors (FID, DAD). For example, a
cold trap can be used to catch and release selected parts of the eluent getting out of the GC
column [17]. Only one measurement with the e-nose is made per trapped section, since one
measurement needs at least a few min.

In this preliminary study, we studied the feasibility of coupling a fast opto-electronic
nose based on two technologies: first on the principle of surface plasmonic resonance
(SPR) [18-20] and second on the principle of Mach-Zehnder interferometry [21,22].

The typical SPR device comprises a polarized light source, a prism, a metal layer (often
gold), and a detector. Polarized light passes through the prism and is projected onto the
metal layer at the interface between two media of different refractive indices. When the
polarized light reaches the metal layer at a specific angle, it excites free electrons on the
metal surface, creating surface plasmons. This excitation occurs at a precise resonance
angle, where the intensity of the reflected light decreases significantly.

The metal surface is functionalized with specific receptors that can bind the analytes
of interest. When the analytes bind to the receptors, they change the local refractive index
at the metal surface. This change in refractive index leads to a variation in the resonance
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angle, which is detected and measured by the SPR system. Changes in resonance angle are
recorded in resonance units (RU). A typical SPR signal shows a rapid increase when the
analyte binds to the receptor, followed by a plateau phase when equilibrium is reached,
and finally, a decrease when the analyte dissociates. These data make it possible to quantify
molecular interactions, such as dissociation constants and binding kinetics.

The Mach-Zehnder interferometer is an optical device that uses two semi-reflecting
and two full mirrors to split and recombine a coherent light beam. The light beam is first
split into two distinct paths by a semi-reflecting mirror. The two beams follow different
paths before being recombined by a second semi-reflecting mirror. During splitting, each
beam can interact with molecules present in the environment. These interactions slightly
modify the phase of the light beams, depending on the properties of the molecules en-
countered. When the beams are recombined, the phase differences create constructive or
destructive interference, producing an interference pattern that can be analyzed.

In the context of electronic noses, light beams pass through functionalized sensors
that react specifically to certain volatile compounds. The phase changes induced by these
interactions are detected and analyzed to identify the compounds present. The interference
patterns obtained are unique for each type of molecule, enabling precise identification.

One of the main advantages of the Mach—Zehnder interferometer is its high sensitivity.
It can detect very small phase changes, making it ideal for detecting traces of volatile
compounds. What’s more, it enables real-time, label-free analysis, which is crucial for
applications such as perfumery, cosmetics, and flavors.

These noses were hyphenated with an SFC system for the detection of odorous com-
pounds, such as monoterpenes (limonene, x-pinene) and oxygenated monoterpenes (neral,
geranial) families. The high frequency of images acquisition, i.e., up to 60 Hz, allows for
real-time monitoring and analysis of the eluted composition getting out of the SFC.

2. Materials and Methods
2.1. Sample Preparation

The different mixtures of diluted compounds were composed of S-limonene,
R-limonene, x-pinene, and citral (from Sigma-Aldrich, Saint-Quentin-Fallavier, France).
Citral is an isomer mixture composed of geranial and neral. The lemon essential oil (Citrus
limon (L.) Burm. F.) from Italy was supplied by Payan Bertrand (Grasse, France). Each
of the pure compounds and EOs were diluted to 10% w/w in absolute ethanol (from
Sigma-Aldrich, Saint-Quentin-Fallavier, France) suitable for HPLC.

2.2. SEFC Parameters

The full setup is introduced in Figure 1. SFC-UV experiments were performed on a
1260 Infinity Analytical System (Agilent Technologies, Santa Clara, CA, USA) consisted of a
SFC binary pump, a degasser, a SFC autosampler with a 5 uL loop, an Aurora SFC Fusion ™
A5 module, and a column oven compartment. Detection was performed using a diode
array detector (DAD) at a fixed wavelength of 210 nm £ 4 nm (reference 360 nm =+ 10 nm),
and an acquisition frequency of 1.25 Hz. Instrument control and data collection were
carried out using MassHunter Workstation software (B.10.00, Agilent Technologies, USA).

Two columns in a series were used for chromatography, i.e., a Hypercarb®
(150 mm x 4.6 mm, 5 um, Thermo Scientific, Waltham, MA, USA) and a Poly-(butylene
terephthalate) DCpack PBT (150 mm x 4.6 mm, 5 um, DAICEL Corporation, Osaka, Japan).
The mobile phase consisting of 100% CO; was used at a flowrate of 1.5 mL/min. The
column temperature was kept at 40 °C and a backpressure (BPR) gradient was defined
from 90 to 250 bar in 14.5 min.
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Figure 1. Hyphenated setup between SFC and the optoelectronic nose.

2.3. SFC-E-Nose Hyphenation

An SFC-MS Splitter Kit G4309-68715 (Agilent Technologies, USA) was used in order
to divide the flow sent to the sensor (about 1/3 to the sensor and 2/3 to the BPR). The
restriction capillary was 50 um ID x 1 m length (red line in Figure 1). For the hyphenation
with e-noses, a caloratherm (Selerity Technologies Inc., Salt Lake City, UT, USA) was
installed and set at 80 °C.

The variation of the total flow rate of CO; after expansion towards the binary flowrate
was determined (Figure 2). The limit of our gas flowmeter’s maximum flow measurement
restricted us to the 90 to 140 bar pressure range we were able to study. A linear relationship
was determined, and the experiments indicate that an expansion factor of 400 is achieved at
an SFC flowrate of 1 mL/min. This value must be taken into account for the optimization
of the hyphenated system between SFC and an e-nose.
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Figure 2. Cumulative flowrates measured at the capillary outlet “To E-Nose” and “To BPR” as a
function of the flowrate of the SFC and BPR pressure used in the system (90-140 bar, colored spots).
The solvent is pure CO;, and the temperature in the column oven is 40 °C.
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The value of the slope of this straight line therefore represents the expansion factor
of supercritical CO, as it changes state (Figure 2). This factor is 400, which means that
when the SEC flowrate is 1 mL/min, the measured flowrate of the same compound after
expansion to atmospheric pressure will be 405.6 mL/min.

2.4. E-Nose Parameters

E-nose measurements were obtained from a NeOSePro V1 (Aryballe, Grenoble, France)
composed by an SPR sensor engaging an array of 47 different functional sensing areas.
Data were recorded at a framerate of 4 Hz, and from a NeOse Advance (Aryballe, France)
composed by an array of 64 functional MZI sensors integrated in a photonic silicon chip.
Both devices also embedded a temperature and humidity sensor. The pumping system of
the devices were disabled because flowrate is monitored by the SFC system. The normalized
data were reprocessed by calculating the covariance matrix, which enabled us to understand
the relationships between the different variables. An eigenvalue decomposition of the
covariance matrix was then performed to obtain the eigenvectors and eigenvalues. The
eigenvectors represent the new dimensions (principal components), and the eigenvalues
indicate the importance of each dimension.

3. Results
3.1. SPR Detection

First, each compound of the mixture was recorded individually with the detectors
based on the principle of surface plasmonic resonance (SPR). Simultaneous recording of
the UV sensor and the e-nose showed remarkable synchronicity. Detection of the different
compounds was obtained by the UV sensor in the dense SFC phase (Figure 3), and signal
correlations between UV and SPR sensors in terms of retention time can be observed
(Figure 3). On the sensorgrams, each colored curve represents the signal from one of the
sensors in the e-nose (Figure 3).

(a)

Reflectivity, %

t. % sec

(b)

2500

Absorbance (RU)

t (min)

Figure 3. Simultaneously acquired UV chromatograph (b) and e-nose sensorgram (a) at the outlet of
the split eluent with 10% «-pinene outgoing from SFC. In (a), each color represents the signal from
one of the biosensors.
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For a second time, the sensorgrams are then transposed into radar chart [23] form for
visual comparison. For example, for x-pinene molecules, the raw data in Figure 3a are then
transposed into radar chart and visualized in Figure 4a.
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Figure 4. Radar chart at the outlet of the split eluent with 10%: (a) a-pinene, (b) R-limonene,
(c,d) citral isomers (neral and geranial).

E-nose sensors allow the device extract signatures for compound identification, and
the method of extraction can be adapted from Maho et al. [24]. Briefly, a signature for
a measurement is obtained by subtracting the signal of the baseline from signals of the
detected molecules for each sensor. If a baseline correction is performed at the beginning of
the acquisition, the signal is directly readable for each sensor when molecules are detected.
These signals are proportional to the injected quantity of each molecule. In order to obtain
a unique signature independent of the quantity of a volatile organic compound (VOC),
the signals are normalized and depicted with a scale between 0 and 1 for the minimum
and maximum signal, respectively. This normalized signature is presented as a radar chart
for which each radius corresponds to the normalized signal of each functionalized sensor.
This figure allows us to evaluate the relative chemical affinity of each sensor towards the
detected molecule. This leads to a specific pattern, also called “olfactive signature”.

Radar charts of the olfactory signatures for several standards have been produced
(Figure 4). A visual comparison of the two graphs obtained between limonene and o-
pinene (Figure 4a,b), which both belong to the monoterpene family, reveals a notable
difference in profile. The same results were obtained with citral isomers, i.e., neral and
geranial (Figure 4c,d). Moreover, significant differences between monoterpene signatures
and oxygenated monoterpenes were enlightened. Therefore, functionalized SPR technology
is able to differentiate various VOCs bearing small structural differences.

The sensitivity of the presented sensor seems to be very different. In the presented
data, the SPRS/Nis 0.4/0.1 = 4, when for UV SNR, it is 2500/1 = 2500. It must be noted
that a UV detector has the advantage of being in the dense CO, phase, when the e-nose
detection occurs in the expanded gas phase but allocates a unique signature for each
compound. Thus, an e-nose can be employed to recognize the compounds of complex
mixtures separated by SFC, after a learning phase



Processes 2025, 13, 1425

7 of 11

3.2. Mach—Zehnder Detection

Sensorgrams based on the principle of Mach-Zehnder interferometry are obtained and
transposed in the form of radar charts. Figure 5 shows the graphs for all the compounds
studied with this technique. Here, the radar charts are L2-normalized, changing the scale
compared to SPR. L2 normalization of data for a radar chart is a common method of making
data comparable across different dimensions. This technique involves dividing each value
by the L2 norm (or Euclidean norm) of the data vector. This transforms each data point
into a unit vector, enabling values to be compared on a common scale.

@ ) (0

CI ey (e)

Figure 5. Radar chart at the outlet of the split eluent with 10%: (a) a-pinene, (b) R-limonene,
(c) S-limonene, (d,e) citral. In figures, each color represents a biosensors.

Similarly to SPR analysis, it is possible to discriminate between monoterpenes
(Figure 5a—c), oxygenated monoterpenes (Figure 5d,e) and monoterpenes versus oxy-
genated monoterpenes. As with SPR technology [25], Mach—-Zehnder interferometry is able
to discern the enantiomers of limonene (Figure 5b,c) which remains a complicated task in
terms of chromatography.

3.3. ACP Analysis

From the radar chart signature, statistical analysis of the data obtained using Mach—
Zehnder interferometry (Figure 6) were performed. If we express the coordinates of the
different compounds along the different axes as follows [PCA1, PCA2], the following
results are obtained: «-pinene [—1.0, —1.8], R-limonene [—1.3, +2.0], and S-limonene
[+2.6, —0.9], while citral has two isomers (citral and geranial) so two peaks appear on
the SFC chromatogram: isomer number 1 (first retention time) [+3.3, 0.0], citral isomer
number 2 (second retention time) [+2.8, —0.3], a-pinene in essential oil [-1.6, —2.3]. For
x-pinene alone or in essential oil, we used the midpoint between the three injections as
coordinates. A difference between the two monoterpenes (x-pinene and R-limonene) was
revealed on axis PCA 2 (24.5%), and a similarity on axis PCA 1 (49.4%). This confirms
that these molecules are close but with small differences detectable by this technology. For
the comparison between one of the citral compounds (second peak) and «-pinene peaks,
the analysis shows a large difference on two axes, PCA 1 and PCA 2. These molecules
are therefore clearly differentiable by this detector. For the comparison between two
enantiomers R-limonene and S-limonene, the analysis shows a large difference on two axes,
PCA 1 and PCA 2. These molecules are therefore clearly differentiable by this detector as
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well. Now, if we look at an x-pinene component in lemon EO and the same compound as a
pure standard, the statistical analysis shows a fairly small difference on axes PCA 1 and
PCA 2, confirming that these two molecules belong to the same chemical family.

PCA

N
o

PCA 2 (24
o)

@

Figure 6. Principal component analysis of signatures obtained with the measurement of 4 different
VOC: R-limonene (purple), S-limonene (blue), x-pinene (orange), citral isomer 2 (cyan), and o-pinene
in essential oil of lemon (yellow).

4. Discussion

The results obtained from surface plasmon resonance (SPR) detection and Mach—
Zehnder interferometry show a very interesting ability to differentiate volatile organic
compounds (VOCs) with minimal structural differences. The synchronization of UV and
SPR signals, as well as the transposition of sensorgrams into radar charts, allows for precise
identification of compounds through their specific olfactory signatures [26]. Normalized
olfactory signatures, presented in the form of radar charts, reveal notable differences be-
tween monoterpenes and oxygenated monoterpenes, as well as between citral isomers.
These results are consistent with previous studies on SPR detection, which have demon-
strated the sensitivity and precision of this technology for analyzing molecular interactions.
Our findings align with those of previous studies that have utilized SPR technology for
the detection and differentiation of VOCs. For instance, Jia et al. [27] demonstrated the
effectiveness of SPR in distinguishing between various aromatic compounds, highlighting
the technology’s high sensitivity and specificity. Similarly, Cho et al. [28] reported the
successful application of SPR in identifying subtle differences in the molecular structures
of terpenes, which corroborates our observations regarding monoterpenes and oxygenated
monoterpenes. The use of Mach—Zehnder interferometry further supports these findings,
as illustrated by Roy et al. [29], who showed that this technique could effectively differenti-
ate enantiomers of chiral molecules, a task traditionally challenging for chromatographic
methods. The implications of these results are vast. The ability to accurately differenti-
ate VOCs opens up prospects for applications in various fields, such as environmental
monitoring, food safety, and clinical diagnostics [30,31]. SPR technology, combined with
Mach-Zehnder interferometry, offers a robust method for real-time, label-free analysis of
molecular interactions. In the perfumery industry, this capability allows for the precise
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identification and differentiation of fragrance components, leading to the creation of more
refined and unique scents. In cosmetics, the ability to monitor VOCs can enhance product
formulation by ensuring the stability and consistency of aromatic compounds. In the flavor
industry, detecting off-notes in food products can significantly improve quality control
processes, ensuring the authenticity and desirability of flavors. Future research could
focus on improving the sensitivity and specificity of SPR and Mach—Zehnder sensors. The
integration of advanced plasmonic materials and nanostructures could enhance sensor
performance [26]. Recent advancements in nanotechnology suggest that incorporating
nanostructured materials can significantly boost the detection capabilities of SPR sensors,
making them more responsive to minute changes in molecular interactions. Additionally,
the application of machine learning for SPR data analysis could provide deeper insights
and better interpretation of results. Machine learning algorithms, such as neural networks
and support vector machines, have shown promise in analyzing complex datasets, enabling
more accurate and faster identification of VOCs. Moreover, the development of hybrid
models that combine machine learning with traditional analytical methods could further
improve the robustness and reliability of VOC detection systems.

5. Conclusions

We present here the first hyphenation between SFC and an e-noses. The positive
results of this proof-of-concept study provide an interesting basis for implementing this
hyphenation on a larger scale in order to validate these preliminary results. Future tests will
aim to evaluate the effectiveness of these sensors in recognizing a larger number of com-
pounds and chemical families. Detection of components of a mixture has been compared
between chromatographs obtained with UV absorption in the dense supercritical fluid
phase and e-nose chromatographs obtained after expansion in the gas phase. Remarkable
synchronicity of peak detection is observed in terms of retention time. The detection of the
compounds is in relation to the sensitivity of each detector. The crucial advantage of these
two optical e-nose technologies is their fast response, which allows them to distinguish
events within a second. Another advantage of e-noses is the possibility to identify in
real-time the compounds which are detected. Libraries can be created from the signatures
of individual compounds. A comparative search using algorithms can then be used to
identify the molecules in different media. The contribution of artificial intelligence to this
identification process would also seem to be a very interesting next step. Al can be used
in a number of ways. It will be able to extract data automatically from the sensorgram,
which is currently performed manually. Secondly, machine learning algorithms, such as
neural networks, can be trained to classify odors according to the signatures obtained by
the electronic nose. This would enable a wide range of odors to be efficiently recognized
and differentiated. Deep learning techniques will be able to detect complex patterns in
olfactory data, enabling the discovery of non-obvious relationships between different odor-
ant molecules. Al will also be able to help optimize the e-nose’s sensor configuration by
identifying the most relevant sensors for each type of odor, thus improving the device’s
accuracy and efficiency. Finally, using machine learning techniques, it will be possible
to create and maintain databases of olfactory signatures, facilitating the comparison and
identification of new or unknown odors.
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