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Abstract: Antibiotics are increasingly used to treat certain bacteria that are harmful to humans.
However, their inadequate or excessive use can lead to the proliferation of certain more resistant
strains, which ultimately reduces their effectiveness. To counter this, it is essential to limit the amount
of antibiotics ingested, particularly through animal food, if the animals themselves have received
antibiotic treatment. In the case of milk, it is necessary to be able to detect quantities of antibiotics
in the range of a few parts per billion. A sensor has therefore been developed for this purpose. The
sensitive layer that we propose to use in this study, is based on a molecularly imprinted conductive
polymer (MICP) that allows a very specific interaction and have been integrated into electrochemical
detection approaches by polymerization on electrodes. The sensor is based on the measurement of the
variation in conductivity of a sensitive layer deposited between two electrodes, which is influenced
by the presence of the antibiotic. Although it seems possible to further improve the performance of
these sensors, their use in this field seems very promising considering the obtained results.

Keywords: chemical sensor; molecularly imprinted polymer (MIP); conducting polymer; antibiotic
detection

1. Introduction

A significant increase has been observed in the use of antibiotics, which is generally
due to their specific activity against bacteria or fungi in human and animal organisms
and, in addition, to their ability to increase growth rates and improve feed efficiency [1] in
the field of animal husbandry. The presence of antibiotics in the environment leads to an
increase in the number of multi-resistant bacteria, with serious consequences for human
and animal health [2–4].

In Europe, in order to protect consumers from excessive consumption of these products,
strict legislation has been imposed on the treatment of farm animals with antibiotics.
Following this idea, food products of animal origin are subject to maximum residue limits
(MRL). These limits differ for each of the antibiotics used in this field [5]. Their detection
has become a major issue in many fields such as water analysis, food control, health, etc.
An interesting example concerns the wide variety of antibiotics that might be found in milk,
the milk matrix being one of the most complex ones.

The case of penicillin G (hereafter called PenG) is no exception to this rule. European
Commission established a maximum residue limit (MRL) in milk of 4 µg/L (which is
equivalent to 4 ppb or to 12 nmol/L) mentioned in its council regulation 2377/90/EC [2,5].
The choice of PenG lies essentially in the fact that this MRL imposed by the European
Union is the lowest among the various potentially undesirable compounds in milk. If we
manage to achieve this detection, we can assume that it will be possible to detect other
compounds in higher concentration ranges.

Nowadays, the methods used for antibiotic detection in milk are mainly based on
chromatographic, immunological, and microbiological test approaches [6–10]. The use of
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chromatographic methods, even if they are very sensitive, are not adapted for simple, cheap,
and fast measurements, which would be the most suitable method to perform antibiotic
detection in the agri-food industry. The most appropriate detection method for this type of
measurement would therefore be the use of sensors.

There are a wide variety of sensors aiming to detect antibiotics, many of them are
biosensors. The first specific kind of antibiotic sensors is the enzyme-based biosensors.
These biosensors use enzymes to generate a specific bio-recognition reaction. This usually
generates electrochemical or optical response that is often measured by surface plasmon
resonance (SPR). However, these sensors are often more expensive, and the assay time is
often a bit long [11–13].

Besides that, there are a few biosensors based on the enzymatic activity of microorgan-
isms. In general, those kinds of biosensors are based on the measurement of the inhibition
of bacterial growth due to the presence of antibiotics [6–9]. The main drawbacks of these
sensors are their response time and their implementation.

The largest group of antibiotic biosensors for detection in milk is the immunosensors.
They are based on the exploitation of immunochemical biorecognition reactions. Even
if this kind of sensors is very selective, they suffer from long response and regeneration
time [12].

Another kind of sensor used to detect antibiotics is the aptasensors. These sensors
use aptamers which can be considered chemical or synthetic antibodies. They are indeed
produced in vitro based on the systematic evolution of ligands by exponential enrichment.
However, this kind of sensor presents a major problem in milk analyses due to the presence
of proteins and fat. Moreover, the non-transparency of the samples prevents the use of
optical methods. The only way to solve the problem is to perform pretreatment on milk
samples [14].

A rapid, easy, and sensitive immunochromatographic test strip has been developed for
the detection of Ciproflaxin in milk [15]. This method is based on antibody-antigen affinity.
These tests are in the form of small narrow sheets impregnated with various compounds
which show the presence or absence of molecules of interest in a medium when the strips
are dipped into it. This method is one of the most used for the detection of PenG in milk.

In this method, the first antibody, labeled with a tracer (usually a dye) and complemen-
tary to the antigen to be detected, is impregnated on the surface of the strip but remains
mobile. Two others are immobilized on the surface of the strip at two specific locations
corresponding to the test and control windows (Figure 1).
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Figure 1. Diagram of an antibody-antigen test strip with its different constituents (sandwich method).

During the analysis, the strips, often made of nitrocellulose, are dipped into the
solution to be analyzed. The solution flows through the strip by capillary action and first
passes through the area containing the labeled antibodies. If the antigen is present in
the solution, the immune complex is formed. The solution then continues its journey to
the two test windows. The test window interacts with the antigens bound to the labeled
antibodies whereas the control window binds the labeled antibodies alone and not the
immune complex. By comparing their coloration, it is possible to determine if the antigen
to be detected is present or not in the solution being tested. Depending on the presence or
absence of antigens, the test area will be colored or not, while the control area will always
be colored [16].
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It must be noted that it is also possible to determine the antigen coloration using
spectrophotometer analysis. This makes it possible not only to determine whether or not
the molecule of interest is present, but also to know in which quantity. However, this kind
of device is way more cumbersome and expensive than the test strips cost.

A more recent and promising development in antibiotic sensors are the molecularly
imprinted polymers (MIP) sensors. These are synthetic materials resulting from biomimicry
of antibody/antigen interactions (key/lock system). The properties obtained are com-
parable to those of biological receptors in terms of sensitivity, but especially in terms of
selectivity [17]. They present the advantage of being able to perform measurements in milk
without the interference of the milk matrix [12]. This kind of materials can be coupled
to chemical sensors through their combination with conducting polymers (CPs). Indeed,
conducting polymers can be doped or undoped by a molecule and, hence, see their physical
properties modified.

It is more interesting to choose conducting polymers because of all the quantifiable
properties linked to the conductivity variation. However, lots of conducting polymers are
not stable under ambient conditions. Among the stable CPs, polyanilines and polypyr-
role are the two most interesting. Since the properties of polyaniline also vary with pH,
polypyrrole is preferred for more stable measurements [18].

MIPs are obtained by polymerization of monomers around a template molecule. After
the elimination of this molecule, the polymer obtained contains cavities, and imprints,
with specific recognition sites (see Figure 2) [19]. These cavities are specific to the template
used while doing the polymerization. This template will be the analyte to be detected and
significantly increase the selectivity. This recognition technique is strongly inspired by
the key-lock interaction process allowing the antibody to recognize antigens by binding
with antigen epitopes. Molecularly imprinted polymers have therefore been nicknamed
“antibody mimics”. It has been shown that they can be substituted for biological receptors
in certain formats of immunoassays and biosensors.
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Figure 2. Schematic representation of the synthesis and the extraction of a MIP.

In the case of conductive polymers, they are called molecularly imprinted conductive
polymers (MICPs). For each MIP synthesis, a similar polymer without imprint will be
synthesized. This is called a non-imprinted polymer (NIP or NICP in the case of a non-
imprinted conductive polymer). The comparison between the MIP and the NIP will allow
us to point out the interest of an imprint in the polymer instead of using the raw polymer.
However, with all the polymers presented here being conductive, it will be simpler to
speak about MIP and NIP. MICPs can be directly deposited on electrode surfaces by either
chemical or electrochemical polymerization [4].

This work aims to develop and characterize a new sensing material based on MICPs
to specifically and easily detect PenG in the liquid phase.

2. Materials and Methods
2.1. Interdigitated Electrodes on PET Substrates

Homemade interdigitated electrodes (IDE) are disposed of on polyethylene tereph-
thalate (PET). They are made by printing the negative part with a classical printer. The
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printing is then covered with a 200 nm thick gold layer using the sputtering method. Then,
the substrates are immersed in an acetone solution for 2 h.

The substrates produced are shown in Figure 3.
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Figure 3. Substrates samples, from left to right, after printing: after gold deposit: after ink acetone
removal (measurement scale in centimeters).

Before doing the deposition, these substrates are cleaned with technical grade iso-
propanol and dried with laboratory paper. To ensure that the contact points are always
accessible, these parts of the IDE are covered with adhesive paper before the polymerization
step.

2.2. Chemicals

The chemicals used are mentioned below with their reference:

• Deionized water as solvent and rinsing liquid.
• Penicillin G (PenG) from Merck™: CAS 69-57-8 (C16H17N2NaO4S), (>96 wt.%),

356.38 g/mol.
• Pyrrole-3-carboxylic acid (PyCOOH) from Merck™: CAS 931-03-3 (C5H5NO2)

(96 wt.%), 111.10 g/mol.
• Pyrrole (Py) from Merck™: CAS 109-97-7 (C4H5N) (98 wt.%), 67.09 g/mol.
• Sulfuric Acid from Merck™: CAS 7664-93-9 (H2SO4) (95 wt.%), 98.08 g/mol.
• Ammonium persulfate (APS) from Merck™: CAS 7727-54-0 ((NH4)2S2O8) (>98 wt.%),

228.2 g/mol.
• Methanol (MeOH) from M Supelco™: CAS 67-56-1 (CH3OH) (>99 wt.%), 32.04 g/mol.
• Hydrochloric acid from VWR Chemicals™: CAS 7647-01-0 (HCl) (>37 wt.%),

36.46 g/mol.

2.3. Equipment

Gold deposition is performed by sputtering an EM SCD 500 from Leica®.
During the polymerization, thermoregulation is guaranteed thanks to a VTF Digital

Thermoregulator from VELP Scientifica®.
The potentiostat used to characterize the performances of the sensor is a Parstat® 2273

from Princeton Applied Research.
The Thickness measurements have been performed with a non-contact confocal pro-

filometer Surface Metrology System NJHP 115/105/505™ from Nano Jura™.

2.4. Synthesis of the MICP

As is often the case when we speak about a molecularly imprinted polymer, it is more
precisely a copolymer as it includes a cross-linking monomer and a functional monomer.
In this work, we used pyrrole (Py) and pyrrole-3-carboxylic acid (PyCOOH). The interest
of this functional monomer is essentially its ability to create hydrogen bonds with other
compounds, due to its carboxylic acid function, especially with other carboxylic acid
functions.
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The polymerization method used is oxidative polymerization. An electron is removed
from the monomer, reacting with other monomers, and leading to the beginning of poly-
merization.

Depending on the standard potential of the chosen oxidant, we will be in the presence
of a more or less strong oxidation. However, it was observed [20] that the strength of the
oxidant used will influence the crosslinking rate of the obtained polymer. It is obvious that
this cross-linking will decrease the conductivity of the polymer. However, in the case of a
MICP, this cross-linking will also make it possible to rigidify the structure and to ensure
that a correct imprint is preserved after extraction of the target molecule. Hence, a strong
oxidant will be used for the synthesis which is ammonium persulfate (APS).

For all the syntheses, the molar ratios will be respected from one synthesis to the other.
The aimed ratio in accordance with what has been observed in the literature for PenG is
12 molecules of Py and 4 molecules of PyCOOH for 1 molecule of PenG. This ratio will be
regularly noted as 12/4 [21,22]. The composition of the MICP polymerization solutions is
the following: 8.97 × 10−4 mol/L of PenG, 3.555×10−3 mol/L of PyCOOH, 10−2 mol/L
of Py, 0.158 mol/L of H2SO4, and 0.0355 mol/L of APS. The polymerization takes place
for 20 min at 30 ◦C in 25 mL of water at pH 2 (adjusted with H2SO4). The APS is added
about 15 min after all the other chemicals. This is the time needed to reach the working
temperature, but it also allows molecules to correctly perform self-assembly before the
beginning of polymerization. In order to increase the thickness of the sensitive layer, the
polymerization is repeated twice in a row on the same substrate.

The SO4
2− ions come from H2SO4 and especially from the reduction of APS, are used

as dopants for our polymer and will allow us to stabilize the charges which will travel
there. However, during this synthesis, the objective is not to realize the most conductive
polymer. Indeed, with a polymer that is too conductive, especially at the core, it would be
difficult to see a small variation in the conductivity of the material at the surface, when in
contact with the target molecule. The ideal is therefore to have a conductivity just sufficient
to ensure the charge transfer from one electrode to the other. The polymer is therefore not
overly doped.

The kinetics analysis of this oxidation has been performed at different temperatures
in order to fully understand the polymerization mechanisms. Yet, the mechanisms of PPy
polymerization are not unanimously accepted. The most known and the most widely
accepted mechanism consists in the coupling of 2 radical cations resulting from 2 pyrrole
monomer oxidation as presented in Figure 4a (resulting from a potential applied at an
anode for the electropolymerization, or from the reaction with a chemical oxidizing agent,
for chemical oxidation) [23]. Then the coupling may occur, forming bipyrrole, the dimer
(cf. Figure 4c,e) [24]. This bipyrrole dimer is oxidized again and may couple with another
monomer, dimer, or oligomer (cf. Figure 4f) to finally end up with a polypyrrole chain after
the reaction between two cations (cf. Figure 4g).

However, some more recent studies showed that the polymerization steps in water
are a bit different. Indeed, NMR studies demonstrated that the initiation step is composed
of pyrrole radical cation reacting with pyrrole monomers (cf. Figure 4b) to give a dimeric
radical cation which will eventually be oxidized into a dication (cf. Figure 4d) which will
be reduced into the pyrrole dimer. Following that, the propagation step will consist of the
oligomer chains reacting with oxidized cationic monomers or oligomers. The termination
step is the same as the one presented in the first mechanism (cf. Figure 4g) [25].

Pyrrole and 3-carboxylic acid copolymer follow the same polymerization behavior
as polypyrrole. At the studied temperature, 30 ◦C, the polymerization kinetics between
the copolymer and the homopolymer are comparable. However, it has been observed that
varying the polymerization temperature can greatly alter the nature of the copolymer. It
will therefore be very important to control and keep this temperature at a constant value
for the different syntheses to come [26]. The main point is that the polymerization of this
copolymer will be similar to that of the homopolymer, and that the functional monomer
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will be well integrated into the polymer alongside the cross-linking monomer. This is
encouraging for the synthesis of a molecularly imprinted polymer [27,28].
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This reaction decreases the pH of the solution. Under pH 4, the polymerization of
pyrrole is little affected by the pH value. Above this value, the reaction is slower and
requires a strong oxidizing agent.

A NICP is systematically synthesized with each MICP in order to provide a compara-
tive analysis of the results obtained in terms of sensitivity. Their synthesis simply consists
in replacing the PenG with an equivalent volume of demineralized water.

After every synthesis, samples are immersed in a mixture of methanol (98% wt.) and
hydrochloric acid (fuming, 37% wt.) in a respective volume ratio of 9:1 for 2 h [29]. Then,
the substrates are immersed for around 1 min in demineralized water.

Samples are stored in Petri dishes at least 24 h after the extraction step before doing
any measurement.

3. Results and Discussion
3.1. Characterization
3.1.1. Extraction Efficiency

The extraction step operation is checked with a quartz crystal microbalance (QCM)
device and reveals a deposit mass of 47 µg/cm2 and a negative variation mass of that
deposit of 0.5 µg/cm2 after the extraction step, which represents about 1% of the total mass.

3.1.2. SEM Observation

Morphological analysis has also been made on the sensitive layer. Pictures have been
taken by Scanning Electron Microscopy (SEM) (see Figure 5). It clearly appears that the
obtained microstructure corresponds to the common polymer microstructure, which is a
cauliflower structure.
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3.1.3. Thickness Measurements

Glass slides were used to conduct thickness measurements of the deposited polymer,
with the profilometer, since this is one of the most uniform and planar substrates. After
about 20 min of polymerization, the optimal deposit thickness is reached. The polymeriza-
tion is interrupted to begin the extraction step and drying step of the polymer. Then mea-
surements are made on multiple substrates. The mean thickness is about 1.5 µm ± 0.1 µm.
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3.2. Sensor’s Performances

As the final objective of these sensors is to perform measurements in milk, in order to
get as close as possible to this type of media, a phosphate-buffered saline (PBS) solution
(twice diluted) is used to perform the measurements. This means that instead of using a
1× PBS solution, a 0.5× PBS solution is used. This solution has a similar conductivity and
pH as milk. The measurements are performed by electrochemical impedance spectroscopy
(EIS) in this solution.

3.2.1. Sensitivity

Classical EIS measurements are performed with them samples electrically linked to
a potentiostat. This implies the use of a 3-electrodes system. The counter and working
electrodes are linked to the two electrodes of the IDE samples (see Figure 3). As we do not
need a referenced value for the potential, the reference electrode is short-circuited to the
counter electrode. The measured frequencies are taken in 40 points going from 16 mHz to
1 mHz (voltage amplitude = 10 mV, 0 V bias). They are performed in 40 mL of a 0.5 PBS
solution at 25 ◦C. Each PenG addition is performed after a measurement is done, in the
PBS solution, which is stirred strongly for a minute, while the sensor is emerged. Later, the
sensor is immersed again in the PBS solution and left in contact with that solution without
agitation for 15 min, in order to allow the PenG to diffuse on and in the polymer matrix.

The EIS curves show indeed a clear signal variation. An example of a sensor is
presented in Figure 6. The graphs show the modulus (on the upper part) and the phase
(on the lower part) of the impedance. The MIP results are shown on the left and the
corresponding NIP results are shown on the right. On these graphs, each data curve
corresponds to a PenG concentration increase of 12.5 ppb. At 63 Hz for the magnitude and
1000 Hz for the phase, significant signal variation can be observed, and it seems quite linear.
These chosen frequencies are highlighted with the red line in Figure 6.

To make the choice of the frequency more reproducible than a simple observation, an
automatic analysis is performed thanks to a MatLab code designed for this analysis at all
frequencies between 20 mHz and 100 kHz. Within this frequency range, the program will
therefore define the frequency for which the relative variation of the phase and modulus
values is the most important between the first and the last measurement. A frequency will
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then be chosen in each case, and the values observed for these frequencies will then be
compared as a function of the concentration.
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The response signal variation is presented in percent and is calculated as follows:

Signal response variation (in percent) = (R − R0)/R0 · 100

With R0, the first response signal before any addition of analyte, and R, the response
signal at a given concentration.

To ensure this, it is important to draw a graph of the signal response versus the PenG
concentration, as it is presented in Figure 7. The curves are obtained thanks to the MATLAB
code explained earlier. There, it is possible to observe the difference between the response
signal of MIP and NIP. Here, it can clearly be seen that the MIP give significantly better
results than the NIP, both in phase and in modulus. This demonstrates the MIP effect and
its efficiency as well as the fact that the sensor is working properly.
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3.2.2. Reproducibility and Selectivity

To quantify the efficiency of the detection, we characterize the evolution of the slope
of the curve before and after the detection. In practice, measurements are conducted at
15 min intervals until stability is observed (characterized by at least three overlapping
curves, especially on Bode diagrams). PenG is added to reach a solution concentration of
15 ppb. This addition is made just after obtaining the last stability curve. The following
measurements are made 15 min later and every 15 min as well, until at least three measure-
ments are obtained. To quantify the efficiency of the detection, the most relevant method is
to characterize the evolution of the slope of the response curve (as Figure 7, for example)
before and after the detection. In other words, the greater the angle between the two, the
better the detection.

In the example presented in Figure 8, we can conclude that the MIP exhibits a better
detection efficiency than the NIP since we measure:

MIP efficiency: |c − d| > NIP efficiency: |a − b|
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Hereafter, for these experiments, the results will be expressed in this way. Since we are
dealing with the slopes of lines characterizing a response in percent as a function of time,
we will qualify the importance of this efficiency by arbitrary units (noted “a.u.”, thereafter).

The signal variation measured for these different sensors in module and phase is
presented in Figure 9a. This graph shows data from five MIP samples and four NIP
samples. As expected, and as often observed, the sensitivity measured when observing
the modulus is bigger than when observing the phase. It clearly appears that, for the
phase as for the modulus, the sensitivity of the sensors is better for the MIPs than for the
corresponding NIPs and this seems reproducible.

This kind of sensor analysis also allows to observe the reliability of the obtained
measurements. In module, the average of the sensitivities is approximately 0.27 with a
standard deviation of 0.05. This represents a variation of almost 20%, which is quite high. In
phase, on the other hand, the results are less good. Indeed, in Figure 9a, it can be observed
that the phase variation is much lower than the Modulus variation. Moreover, some phase
results obtained for MIPs are close to the ones obtained for NIPs. This highlights the fact
that it is preferable to work in modules and not in phases to obtain the most accurate
measurements possible.

Demonstrating the selectivity of a MIP sensor is a necessary step to demonstrate the
primary value of a MIP. This verification is therefore crucial to be able to affirm that this
sensor is relevant. In the case of interference measurements, only MIPs are used to conduct
the tests.

To verify this selectivity, the added molecule for the detection tests is generally close
to the target molecule, in terms of size, functional groups, and shape. But it can also be a
molecule often present in the medium interfering with the other measurement methods.
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Chloramphenicol (CAP) belongs to this category. It is a natural antibiotic that is artificially
manufactured for veterinary and human medicine (cf. Figure 10a).
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Figure 10. Molecular structure of chloramphenicol (a), Cefacetrile (b), Ceftiofur (c).

Other interferents were also used to verify the selectivity of PenG. In particular,
molecules strongly similar to PenG and from the same family will be used: the β-lactams.
The focus here is on Cefacetrile (cf. Figure 10b) and Ceftiofur (cf. Figure 10c).

For the interference measurements, the 15 ppb of PenG are replaced by 15 ppb of
the tested interferent. The results obtained for these measurements can be observed in
the Figure 9b. From left to right, the measurements are compared for CAP, Cefacetrile,
and Ceftiofur for the modulus measurement. The sensitivity value is compared, for each
interferent, for the addition of 15 ppb. Finally, all these values are compared with one of
the sensors in contact with a solution of 15 ppb of PenG (in green).

The easiest conclusion to draw from this graph is that the modulus response when the
sensor is subjected to a concentration of 15 ppb of PenG is always much higher (at least
four times higher) than those observed for the same amount of the different interferents
tested. We can therefore deduce from all this that the sensor seems more sensitive to PenG
than to the other interferents tested, despite their similarity.

4. Conclusions

The results show the feasibility of using conductive polymers as the basis for impedi-
metric penicillin G sensors. In particular, a pyrrole/pyrrole-3-carboxylic acid molecularly
imprinted co-polymer seems to be a suitable material for this application. The obtained
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sensors give good sensitivity to penicillin G. This shows the interest in synthesizing MICP
instead of a common co-polymer. It has also been shown that these sensors provide re-
producible and trustworthy results. Moreover, the sensors exhibit good selectivity and
are less sensitive to common interferents of penicillin. The obtained response for a 15 ppb
solicitation gives reproducible results, at least for the modulus.

The best sensors presented in this experimental part exhibited interesting perfor-
mances. Their sensitivity seems to be nearly linear over the 12.5–100 ppb range. These
detection performances are in perfect accordance with what was initially required in the
specifications of the sensors.
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