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Preface to ”State-Of-The-Art Sensors Technology

in France 2016”

The french community of sensors and microsystems is structured around three organizations:

- Chemical Microsensor Club (CMC2): chemical sensors and biosensors
- French Group of Bioelectrochemistry (GFB): biosensors and biofuel cells
- Electronics, Electrical Engineering, Automatic (EEA) club : physical sensors and systems

These organizations are active in the animation of the french communities: annual meeting,

thematic meetings and information letters and websites. In 2017, CMC2 organized the European

conferences Bioelectrochemistry 2017 (3–7 July 2017 in Lyon) and Eurosensors 2017 (3–6

September 2017 in Paris). Sensors was then the editor of the Proceedings of Eurosensors 2017.

In order to be able to reflect the research activity in France, in 2016, in the field of sensors and

microsystems, the guest editors contacted the researchers through the cited three organizations.

11 contributions were then published in this book. The book includes research articles that

consolidate our understanding of the state-of-the-art in this area and also four reviews on hot fields

in sensor technology (nanomaterials, electronic tongue and optical fibre networks).

We thank all the contributors, CMC2, GFB, EEA club and Sensors’ staff for giving us the

opportunity to spread throughout the world, the research activity in France, in 2016, in the field of

sensors and microsystems.

Nicole Jaffrezic-Renault, Gaelle Lissorgues

Special Issue Editors
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Abstract: P-type semiconducting copper oxide (CuO) thin films deposited by radio-frequency
(RF) sputtering were integrated onto microsensors using classical photolithography technologies.
The integration of the 50-nm-thick layer could be successfully carried out using the lift-off process.
The microsensors were tested with variable thermal sequences under carbon monoxide (CO),
ammonia (NH3), acetaldehyde (C2H4O), and nitrogen dioxide (NO2) which are among the main
pollutant gases measured by metal-oxide (MOS) gas sensors for air quality control systems in
automotive cabins. Because the microheaters were designed on a membrane, it was then possible to
generate very rapid temperature variations (from room temperature to 550 ◦C in only 50 ms) and a
rapid temperature cycling mode could be applied. This measurement mode allowed a significant
improvement of the sensor response under 2 and 5 ppm of acetaldehyde.

Keywords: gas sensor; RF sputtering; thin film; CuO; tenorite; photolithography; metal oxide
microsensor; micro-hotplate; pulsed temperature

1. Introduction

Metal-oxide (MOS) gas sensors based on a micromachined silicon substrate [1] were a disruptive
development which led to a mature and robust form of technology [2]. There are a few examples
of devices on the market, which are notably based on SnO2 and WO3 metal oxides. To lower the
resistivity of the sensitive film and improve the kinetics of the chemical reactions, commercial MOS gas
sensors are operated in constant temperature mode (isothermal) knowing that the interactions between
the sensitive material and the surrounding gases are temperature-dependent. Because the temperature
dependence is not similar for all gases, the operation of a sensor at different temperatures can provide
discrimination of several gases with one single sensor [3,4]. It has also been shown that with very short
temperature pulses, transient sensor responses are strongly dependent on the ambient mixture of gases,
which provides a good opportunity to enhance sensor selectivity [5–8]. These micro-hotplates can
now be elaborated with different types of semiconducting sensitive layers, with the very interesting
possibility of modulating the operational temperature and integrating the electronics with the sensor
silicon chip. Current technologies allow temperature cycling up to several millions of cycles without
failure. Despite their increased system-level complexity, microsensors have many advantages, such
as, for example, high performance, small size, low cost, and low power consumption [9]. The latter

Sensors 2017, 17, 1409 1 www.mdpi.com/journal/sensors
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requires on the order of a few or tens of mW for continuous operation, but sub-mW consumption can
be reached by using a pulsed operating temperature [3]. Such microsensors are particularly suitable
for air quality control systems in automotive cabins.

The literature therefore shows many examples of microsensors onto which sensitive layers
have been deposited by using various methods, such as for example micropipetting [10–13],
sputtering [14–21], precipitation–oxidation [22,23], stepwise-heating electrospinning [24], flame
spray pyrolysis [25], spin coating [26], carbo-thermal route [27], evaporation [28], metal-assisted
chemical etching [29], or organic binder printing [30]. Radio-frequency sputtering is a method
compatible with the industrial fabrication of miniaturized sensors by microelectronics and MEMS
(microelectromechanical systems) technologies. Radio-frequency (RF) sputtering has many other
advantages, like the possibility of obtaining thin films with nanometric-scale grain sizes and very easy
control of the inter-granular porosity by varying the deposition parameters [31,32]. Such films with
controlled nanostructure are of great interest as sensitive layers [33–35] and can be integrated in gas
sensing devices.

Cupric oxide (copper(II) oxide: CuO) is an intrinsically p-type semiconductor [36,37]. Among all
other p-type semiconducting oxides it is the most studied for gas sensing applications [38] due to its
low-cost, high stability and non-toxicity. Many researchers have focused on the development of novel
CuO nanostructures for the detection of a large range of gases, such as for example organic gases [39],
hydrogen sulfide (H2S) [40–46], CO [47–50], NO2 [50,51], ethanol gas [52–54], or NH3 [55].

In this work, we show the interest of using fully compatible micromachining technologies to
elaborate microheaters and deposit CuO-sensitive layers to obtain sensors at the micronic scale.
Elaboration of micro-hotplates, as well as photolithographic steps for layer integration, were
carried out using the micromachining facilities of the Laboratory for Analysis and Architecture
of Systems (LAAS-CNRS). The sensor is based on a p-type CuO resistive layer that was deposited by
radio-frequency (RF) sputtering in the Interuniversity Center of Materials Research and Engineering
(CIRIMAT). The microsensors were tested with variable thermal sequences with CO, NH3, C2H4O,
and NO2, which are among the main pollutant gases found in automotive cabins. Many works have
focused on the sensing properties of pure or doped CuO as the main sensitive material or as an additive
for other semiconducting oxides. There are fewer articles related to the sensing properties of CuO
layers integrated on microhotplates. For example, Walden et al. [56] tested inkjet-printed CuO layers
for NH3 detection in rapid temperature cycled mode. Kneer et al. [57] used similar inkjet-printed CuO
nanoparticles deposited on a microsensor and obtained good H2S selectivity in the NO2, NH3 and
SO2 atmosphere but with a time pulsation of few minutes. However, there are no articles relating to
acetaldehyde detection with a CuO-sensitive layer deposited on a microsensor and operated in pulsed
temperature mode, although temperature cycling gives good results for acetaldehyde detection with
other sensitive oxides [58].

2. Experimental

Thin sensitive films were deposited with an Alcatel SCM 400 apparatus using sintered ceramic
targets of pure CuO with a relative density around 75% (10 cm in diameter). The RF power was
lowered at 50 W to avoid target reduction [59] and the pressure inside the chamber was lower than
2 × 10−5 Pa before deposition. During the deposition of the films, the target-to-substrate distance
was fixed at 7 cm (Table 1). The thicknesses of the deposited films were set to 50 nm on microsensors
and 300 nm for the structural characterizations on fused silica substrates. In the case of copper oxides
that can have multiple valences of copper, like in tenorite CuO (CuII), paramélaconite Cu4O3 (mixed
CuI/CuII) or cuprite Cu2O (CuI), high deposition pressure could lead to a reduction [60] of the CuO
target and the deposition of a phase with lower valences states. Moreover, as the layer had to be
integrated by a wet process, a low deposition pressure of 0.5 Pa was preferred to obtain dense [61]
oxide layer. These deposition conditions are then adequate to avoid the filling of the intergranular
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porosity of the sensitive layer with dye or any residue obtained during photolithographic process but
should lead to layers with not optimized sensitivities.

Table 1. Deposition parameters of thin sensitive films.

Target material CuO
Magnetron Yes
Substrates Fused silica and micro-hotplate

Power 50 W
Argon pressure 0.5 Pa

Target to substrate distance 7 cm
Deposition rate 6.1 nm/min

Thickness calibrations were performed with a DEKTAT 3030ST profilometer. The structure
properties were determined by grazing incidence X-ray diffraction (GI-XRD) using a Bruker-AXS
D8-Advance X-ray diffractometer equipped with a copper source (λCuKα1 = 1.5405 Å and
λCuKα2 = 1.5445 Å) at 1◦ incidence, a Göbel mirror and Bruker LynxEye detector used in 0 D mode.
The GI-XRD data were analyzed with the Bruker-EVA software and the JC-PDF database, and refined
with the Rietveld method implemented in the FullProf-Suite program. Raman spectra were collected
under ambient conditions using a LabRAM HR 800 Jobin Yvon spectrometer with a fiber coupled
532-nm laser. Spectra acquisition was carried out for 150 s using a ×100 objective lens and 600 gr/mm
grating. During the measurement, the resulting laser power at the surface of the sample was adjusted
to 1.7 mW. Examination of multiple spots showed that the samples were homogeneous. Microscopic
studies were realized with a Veeco Dimension 3000 Atomic Force Microscope (AFM) in tapping mode
equipped with a super sharp TESP-SS Nanoworld tip (nominal resonance frequency 320 KHz, nominal
radius curvature 2 nm). The scanning rate was fixed at 1 Hz (1000 nm/s).

For sensing measurements, the sensors were placed into a chamber flown by different gases.
The composition and humidity of the gas mixture were controlled by mass flow controllers (MFC).
The heating and the sensing resistors of each sensor were connected to a source measurement unit
(SMU). The whole test bench was automatically controllable thanks to a suitable interface and dedicated
software. After a period of stabilization of 2 h under synthetic air, the target gases were introduced
alternatively. The global flow (200 sscm) and the relative humidity (30%) remained constant during
both air and target gas sequences. Response of gas sensor toward the four gases (CO, NH3, C2H4O
and NO2) has been calculated according to the formula (1).

S(%) =

(
Rgas − Rair

Rair

)
× 100 (1)

where, Rair and Rgas, are resistances in air and test gas, respectively.

3. Preparation of Microheaters

The devices have been developed on an optimized microheater that can work at high temperature
and low power consumption (500 ◦C and ~55 mW, respectively). In order to avoid edge effects, circular
membrane geometry (Figure 1a) was chosen. Figure 1b shows the resulting thermal distribution
simulated by Comsol Multiphysics software in such geometry. It can be observed that the temperature
is homogeneous in the center of the heated area onto which the measurement electrodes are placed
(Figure 1a).

Micro-hotplates have been elaborated by photolithographic process. The detailed microfabrication
steps are presented in Figure 2. The platform consists of a silicon bulk on which a thermally resistive
bilayer SiO2/SiNx membrane was grown. Afterwards, Pt metallization was carried out by lift-off process
to obtain the heating resistor. A passivation layer was then deposited (a 0.7-μm thin PECVD SiO2 layer)
and contacts were opened. Finally, a new lift-off step was used to elaborate the electrodes necessary

3
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for measuring the resistance of the sensing layer, and the rear side of the bulk was etched to release the
membrane in order to increase the thermal resistance and then to limit thermal dissipation. Figure 1a
shows the top view of the final membrane. Figure 1d shows a sensor mounted in its housing (TO5).

Figure 1. (a) Top view of the micro hotplate elaborated onto a membrane; (b) thermal simulation made
with Comsol Multiphysics; (c) schematic view of a platform; (d) sensor packaged on TO5 housing.

Figure 2. Main steps of platform elaboration process.

Thermal measurement of the surface of the platform performed with a Jade MWIR infra-red
camera (CEDIP) allowed the calibration between the power applied and the resulting heating
temperature onto the membrane. The results given in the Table 2 show a good linear relation between
the power applied and the temperature measured. The heating platform makes it possible to heat from

4
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room temperature to 550 ◦C in 50 ms and the cooling time is of the same order of magnitude [62]. This
type of platform can thus generate very rapid temperature variations, which is suitable for operating
the sensor in pulsed mode. At the end of the step 6 and before dicing the chips, it is possible to locally
deposit a metal-oxide layer onto the electrodes to form the sensing thin film resistor. This will be
described below in the Section 4.

Table 2. Temperature reached in the center of the center of the microheater vs applied heating power.

Power (mW) Temperature (◦C)

55 500.7
45 402.7
35 304.8
30 255.8
25 206.9

4. Integration of P-Type CuO Layer by Photolithography Process

4.1. Structural Characterizations of CuO Layer

Figure 3 shows XRD pattern of copper oxide thin film deposited on a fused silica substrate and
annealed at 500 ◦C. Measurement was carried out with a 50-nm-thick sample, similar to that deposited
on the microsensor for gas sensing tests. The X-ray diffractogram clearly shows the presence of a pure
tenorite phase (CuO: JCPDF 45-0937). The XRD patterns do not show any presence of extra phases
with copper oxidation state lower than +II (like for example paramelaconite Cu4

II/IO3, cuprite Cu2
IO,

or metallic copper Cu).

Figure 3. X-ray diffraction (XRD) pattern of CuO thin film annealed at 500 ◦C (thickness = 50 nm).

The Raman spectrum of a sample annealed at 500 ◦C is presented in Figure 4. The 50-nm-thick
sample was too thin to be measured and a 300-nm-thick sample deposited with the same deposition
conditions was characterized. Raman spectrum shows three vibration modes at 296, 346 and 636 cm−1,
which are characteristic of the CuO phase [54,63,64] and can be attributed to Ag, B(1)g, and B(2)g
modes, respectively. Raman spectra of the reduced phases containing Cu(I) such as paramelaconite
Cu4O3 or cuprite Cu2O may be easily differentiated from those of tenorite phase CuO. In particular,
paramelaconite provides a characteristic Raman peak at about 520–530 cm−1 and cuprite at 110 cm−1

and 220 cm−1. In the Raman spectra of as-deposited and annealed films, none of these signals are
visible, confirming the absence of such phases.

5
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Figure 4. Raman spectra of CuO thin film annealed at 500 ◦C (thickness = 300 nm).

In conclusion, the data obtained by XRD and Raman spectroscopy show a pure CuO phase in the
deposited films.

The image of the surface of CuO thin film, obtained by AFM, has been reported in Figure 5a.
To ensure consistency with the layer used for sensing tests, a 50-nm thin film was observed. The surface
consists of circular grains with surface domes (top of the grown column) which is a typical morphology
in the case of the sputtered thin films. The distribution of the grains size shown in Figure 5b was
estimated by an immersion threshold thanks to the Gwyddion software. The median grain size (d50)
was found to be equal to 27.6 nm, which is close to the half thickness of the sample.

Figure 5. (a) Atomic force microscope (AFM) image of a 50-nm-thick CuO film annealed at 400 ◦C for
1 h under air atmosphere; (b) Grains size distribution deduced from the image analysis.

4.2. Description of the Integration Process

The integration of the copper oxide layer was performed using a classical photolithographic
process (Figure 6). The lift-off resist was deposited in step 1. In the second and third steps the photoresist
layer was exposed and then developed. The deposition of the 50-nm-thick CuO layer was undertaken
using RF sputtering in step 4. Finally, all the unwanted parts were removed in step 6 by dissolution of
the resist, thus leaving the sensitive layer in the desired areas.

The deposition of the sensitive layer is a critical step, as the bombardment occurring during the
sputtering process is able to damage the photoresist used to mask the part that does not have to be
covered by the oxide layer. Figure 7 shows the successful integration of copper oxide onto a microheater.
The diameter of the area covered by the sensitive CuO layer is around 400 μm. The diameter of the
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electrodes used for the electrical measurement was approximately 200 μm, which was then totally
covered by the sensitive layer.

Figure 6. Main steps in the integration process of CuO-sensitive layers.

Figure 7. Images obtained by optical microscopy of a micro heater coated in the center with a p-type
CuO semiconducting layer.

5. Sensing Tests

At first, the sensing device with integrated CuO layer (as-deposited) was annealed from 0 mW
(room temperature) to 55 mW (~500 ◦C) in step at 5 mW/10 min and kept for 120 min at 55 mW to
stabilize both the sensing layer and the microheater (Figure 8). XRD showed (Figure 3) that the CuO
phase is stable up to 500 ◦C, and then only microstructural reorganization and a possible formation of
slight over-stoichiometry in copper oxide (CuO1+δ) are expected.

Figure 8b shows the evolution of the layer resistance during initialization in the 50–55 mW heating
power range. A decrease of the resistance was observed during annealing with 50 and 55 mW heating
power. After 120 min at 55 mW the resistance of the sensitive layer was stabilized.

The microsensor based on the CuO semiconducting layer (thickness 50 nm) was tested under
carbon monoxide CO, ammonia NH3, acetaldehyde C2H4O, and nitrogen dioxide NO2 according to

7
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the gas concentrations shown in Table 3. Each gas concentration was chosen close to the threshold
concentration given by the various national (ANSES, French Agency for Food, Environmental and
Occupational Health and Safety) [65] and international (WHO, World Health Organization) [66]
health-based guidelines and guidance values for short time exposure in the case of indoor polluting
gases. This is the reason why the concentration ranges are different for the four target gases.

Figure 8. (a) Initialization program and (b) variation of the electrical resistance of the sensitive layer
during the initialization (zoom in the heating power range of 50–55 mW, ~450–500 ◦C).

Table 3. Gases and concentrations used during the sensing tests with the CuO-sensitive layer.

Gas Concentration (ppm)

CO 100 200
NH3 2 5

C2H4O 2 5
NO2 0.2 0.5

In a first step, a “classical” constant temperature profile has been used. In this case the temperature
is maintained at a constant temperature, while the gas composition and its concentration are alternated.
The Figure 9 shows the response obtained at 400 ◦C (45-mW heating power) and at 200 ◦C (25-mW
heating power) with the gases and the concentrations presented in the Table 3. Before starting the gas
alternation, the resistance was stabilized under air for 2 h. For each gas, two concentrations were used
for 15 min, and this sequence was repeated twice. Before changing the composition of the gas, the
sensor was returned to air for 30 min.

The CuO layer showed decreases in resistance upon exposure to oxidizing gas (NO2) and increases
in resistance upon exposure to reducing gases (C2H4O, NH3, and CO). This is consistent with the
p-type semiconducting behavior of copper oxide. The results show that the response of the sensor is
very low for carbon monoxide and almost zero for ammonia. On another hand, significant response
values were obtained for acetaldehyde at 400 ◦C and for nitrogen dioxide at 200 ◦C. It can be noted in
contrast that the response of the CuO layer under acetaldehyde at 200 ◦C and under nitrogen dioxide
at 400 ◦C is roughly equal to zero.

These results are in accordance with the bibliography which shows that the sensitivity of CuO
toward C2H4O and NO2 in constant temperature mode is dependent on the temperature measurement.
For NO2 gas sensing, various studies [50,57,67] have shown that higher sensitivity is obtained at low
or moderate temperature (150–250 ◦C). For acetaldehyde it is more difficult to refer to sensing studies
as there is no article related to the detection of this gas by CuO. However, Cordi et al. [68] have carried
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out temperature-programmed oxidation (TPO) measurements on CuO for catalytic applications, and
they showed that C2H4O is oxidized at higher temperatures (340 ◦C). By alternating high and low
measurement temperature, the discrimination of C2H4O and NO2 can then be improved. Even if the
response values remain quite low, it should be borne in mind that the gas concentrations used for the
test are also very low.

 

Figure 9. Response of the CuO-sensitive layer at 400 ◦C and 200 ◦C with constant temperature mode.

In a second step, a dynamic test profile was carried out with the same gas and concentrations.
Many works have already shown the interest of operating the sensor with temperature cycling by
using different profile shape and plateau duration in order to rapidly change its sensitivity and then
the selectivity after suitable data treatment. Among the thermal cycle approaches, one consists of
making the temperature vary with stair shape from ambient to high temperature or vice-versa. Another
consists of using short heating or cooling pulses from a reference temperature which can be set at
ambient, high or intermediate temperature [69]. The pattern we chose in this study is the latter, with
two-second steps at each target temperature and a baseline fixed at 500 ◦C. The measurement pattern
had already been optimized in the past and the temperature profile that allowed a good reproducibility,
the fastest stabilization, and the best discrimination was selected [70]. The short plateau duration is
well-adapted to only observe transient phenomena, while the high baseline temperature allows regular
cleaning of the surface of the sensitive layer to obtain good reversibility and reproducibility. Moreover,
this profile is easy to implement in embedded electronics. The temperature profiles are presented in
the Figure 10a,b: each step lasts 2 s; the temperature baseline is the highest operating temperature
(500 ◦C), while the other steps are at lower temperatures (400, 300, and 200 ◦C for high temperature
measurements and 50, 30, and 20 ◦C for low-temperature measurements), and a complete cycle lasts
12 s. This profile is repeated throughout the test under various gaseous atmospheres.

The Figure 11 shows an example of resistance measurement under pulsed temperature mode
over one hour with a relative humidity (RH) of 30%. The sensor has been set successively under four
different “ambiances”: (1) synthetic air; (2) 2 ppm of acetaldehyde; (3) 5 ppm of acetaldehyde; and
finally (4) synthetic air. During these “sequences”, the sensor is periodically powered (on the heater)
with the four different two-second steps (0, 5, 10 and 55 mW) as seen before in Figure 10b, considering
that 55 mW is the reference or the base-line. In this view the resistance values at all temperature steps
are multiplexed, and it is hardly possible to guess all the step transitions and the behavior of the
resistance at each power step. For this reason, it is necessary to extract or separate results from the
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different power-steps in order to calculate their associated normalized response in the same way as it
was done for the static operating mode.

Figure 10. Power profiles in (a) high temperature range and (b) low temperature range.

Figure 11. CuO sensor operated with dynamic temperature cycling mode (temperature cycle of the
Figure 10b has been used). Resistance measurement under 30% RH for 1 h with a first injection of
2 ppm of acetaldehyde (15 min), then a second injection of 5 ppm (15 min). The resistance values
corresponding to the four temperatures (or heating power) are multiplexed due to two-second step
temperature cycling.

The detailed views of the resistance variation under the same pulsed temperature cycles are
shown in Figure 12a for the last three cycles just before the injection of acetaldehyde and in Figure 12b
for the last three cycles at the end of the gas sequence under 5 ppm of acetaldehyde. The small red
lines correspond to the penultimate point of each step in the last cycle before a gas transition. For the
calculation of the response ΔR/R given in the Formula (1), the reference values (Rair) have been taken
in the last cycle under air for each heating power, while the Rgas values have been taken in the last
cycle under target gas (acetaldehyde in the example of the Figure 12).
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Figure 12. Detailed view of resistance variation during (a) the last three cycles under air and (b) the last
three cycles under 5 ppm of acetaldehyde. The sensor was operated with dynamic temperature cycling
mode (the sequence presented in the Figure 10b has been applied), under 30% relative humidity, and a
55 mW baseline. Rair: resistance in air; Rgas: resistance in test gas.

Pulsed temperature cycling mode has been carried out under the same gases and concentrations
which were used in static mode previously (Table 3), during 15 min for each target gas and with 30%
RH. The response has been calculated according to the procedure explained just before. The sequence
from the Figure 10a was used first. Every 12 s (i.e., one complete cycle) the power was switched
between 100 μA and 1 mA to study, in addition to the gas pulse, the influence of the current applied
during the electrical resistance measurement. Because all this information was multiplexed in the same
experimental file, the normalized responses for each gas, concentration and current were extracted
and presented as a synthetic result in the form of bar-graph in the Figure 13. It can be seen that the
values of the bias current have almost no influence on the response. On the contrary, the measurement
temperature has a strong effect and it can be seen that the best results have been obtained for the
lower power step (25 mW~200 ◦C). Even if the response under CO and NH3 has been slightly
increased in dynamic mode, the maximal change in resistance remains less than about 10% for
200 ppm of CO and 5% for 5 ppm of NH3. The strongest improvement has been obtained for the
measurements under C2H4O, which show an improvement of the response that has been multiplied
by 4 in comparison with the tests carried out with constant temperature profiles. Moreover, the trend is
reversed between the two measurement modes. In constant temperature mode the response decreases
when the measurement temperature (i.e., the heating power) is lowered, whereas the response increases
strongly in dynamic mode.

The use of a pulsed-temperature operating mode promotes the transient chemical reactions.
The difference observed between constant and modulated temperature mode can be due to the fact
that the adsorption/desorption and reaction phenomena occur in out of equilibrium conditions in this
last mode [71]. The effective adsorption, which is the result of the competition between OH−, O2

−,
O2−, O− and the target gas, is thus modified when the sensitive layer is brought to high temperature
and then cooled very rapidly [72]. Another consequence of this rapid thermal cycling mode is the
total disappearance of the resistance variation under NO2, which is not observed even at low heating
power. It has already been shown in the literature that NO2 has a complex interaction with oxide
surface [73] which can lead in some cases to a transition from reducing to oxidizing behavior with
the operating temperature [74]. The lack of response of NO2 on the surface of CuO in quick pulsed
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temperature mode can be due to kinetic reactions longer than pulse duration and/or opposite reactions
that counteract each other in the high and low temperature alternate steps.

Figure 13. Comparison of the response obtained under dynamic tests at high temperature range
(200–500 ◦C) by using two different bias currents (100 μA and 1 mA).

To further explore the effect of the decrease in the measurement temperature, three additional
powers (10, 5 and 0 mW) have been used according to the cycle shown in Figure 10b. The comparison
of all measurements carried out between 20 ◦C (0 mW) and 500 ◦C (55 mW) with 100-μA bias current
are shown in the Figure 14. The results show that the increase of the response observed when the
measuring heating power was decreased from 55 mW to 25 mW continues to occur when it is lowered
down to 0 mW. Finally, the response under C2H4O could be multiplied by 7 in comparison with
constant temperature mode when a thermal cycling mode was applied. This last measurement also
confirms that cycled mode allows total selectivity with respect to NO2, which is not detected whatever
the temperature applied.

Figure 14. Comparison of the response obtained under dynamic tests in the full temperature range
(20–500 ◦C). Bias current has been fixed at 100 μA.
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6. Conclusions

Micro-hotplates were first prepared by using silicon microtechnologies. P-type semiconducting
CuO layers deposited by RF sputtering were integrated onto these microsensors by using classical
photolithography technologies that were used for the preparation of micro-hotplates. Even if this route
has the disadvantage of exposing the sensitive layer to chemical products which are able to attack it
(acidic or basic solutions), the integration of the copper oxide layer could be successfully carried out.
Because the microheater was designed on a membrane, it was then possible to generate very rapid
temperature variations and a rapid temperature cycled mode could be applied. This measurement
mode showed a strong improvement, by of a factor of 7, in the sensor response under 2 and 5 ppm of
acetaldehyde and by a factor 2 in the case of carbon monoxide.
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Abstract: We present an innovative electrochemical probe for the monitoring of pH, redox potential
and conductivity in near-field rocks of deep geological radioactive waste repositories. The probe is
composed of a monocrystalline antimony electrode for pH sensing, four AgCl/Ag-based reference
or Cl− selective electrodes, one Ag2S/Ag-based reference or S2− selective electrode, as well as
four platinum electrodes, a gold electrode and a glassy-carbon electrode for redox potential
measurements. Galvanostatic electrochemistry impedance spectroscopy using AgCl/Ag-based
and platinum electrodes measure conductivity. The use of such a multi-parameter probe provides
redundant information, based as it is on the simultaneous behaviour under identical conditions of
different electrodes of the same material, as well as on that of electrodes made of different materials.
This identifies the changes in physical and chemical parameters in a solution, as well as the redox
reactions controlling the measured potential, both in the solution and/or at the electrode/solution
interface. Understanding the electrochemical behaviour of selected materials thus is a key point of
our research, as provides the basis for constructing the abacuses needed for developing robust and
reliable field sensors.

Keywords: multi-parametric probe; all-solid-state electrodes; reference electrodes; pH sensor; redox
potential; conductivity; galvanostatic electrochemistry impedance spectroscopy (GEIS); nuclear waste
disposal monitoring

1. Introduction

Near-neutral pH and low redox potential (Eh) are considered to be favourable conditions for
nuclear waste disposal in clay formations, because most radionuclides, including actinides, have a
low solubility under such conditions [1]. Radioactive waste-management programmes today mainly
focus on deep geological storage as this is currently the most appropriate strategy for ensuring the
long-term safety of people and environment. “Cigeo” is the name of a future deep geological disposal
facility for radioactive waste, to be built between 2020 and 2025 in France, at 500 m depth within the
clayey Callovian-Oxfordian (COx) formation.
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Sensors 2017, 17, 1372

The COx formation is an assembly of mineral complexes dating back to 160 million years ago and
lying at a depth of 400 to 600 m. It is a water-saturated environment with extremely low permeability,
porosity and hydraulic conductivity. The temperature, pH and CO2 partial pressure of the COx
pore-water solution are constant at 25 ◦C, 7.3 (±0.1) and 8 × 10−3 atm, respectively [2]. Anoxic
conditions prevail in the COx formation. Within the mineralogical assemblage [3,4], geochemical
models predict EH values ranging from −180 to −200 mV, corresponding to an equilibrium between
pyrite and pore-water sulphate [S(+VI)] concentrations, and iron-bearing phases such as Fe-bearing
carbonates or nanogoethite [4–7].

The French National Radioactive Waste Management Agency (Andra) is in charge of the long-term
radioactive waste management in France. Its technical specifications for the development of monitoring
techniques are based on: (i) Requirements due to the specific nature of parameters that need to
be measured on key thermal-hydraulic-mechanical-chemical and radiological (THMCR.) processes;
and (ii) Requirements due to the minimum accuracy and long-term stability of the monitoring
methods—considering that there will be little or no access for re-calibrating the sensors—for the
accurate monitoring of the evolution of the near-field around the radioactive waste.

Some constraints specific to on-site conditions must be considered for developing the sensors:

1. The progressive alkalization of the COx pore water due to degradation of concrete casings (pH up
to 11.7).

2. The wide range of redox potentials over the Pourbaix diagram due to: (i) gas emissions such as
O2 due to excavation, H2 due to release from radioactive waste and metal corrosion, CO2 due
to organic-matter degradation, H2S due to the activity of sulphate-reducing bacteria (SRB), or
CH4 due to the activity of methanogenic bacteria; (ii) sulphide (HS−/S2−) production due to the
activity of SRB; and (iii) nitrate (NO3

−) production from the chemical and bacterial denitrification
of the bitumen coating the concrete casings.

3. The temperature increase due to radioactive disintegration (25 ◦C ≤ T ≤ 90 ◦C).

The three key parameters for monitoring the above parameters are thus pH, conductivity and
redox potential [8]. The objective was to design, create and optimize a robust multi-parameter probe
for on-site monitoring of pH (±1 pH unit), redox potential (±100 mV) and electrical conductivity
(±50 mS·cm−1), in order to ensure the long-term safety of the operation.

We present an innovative electrochemical multi-parameter probe device carrying up to
20 electrodes for such long-term monitoring. To achieve our objective, various types of electrode made
of different sensitive materials were studied: a monocrystalline antimony electrode investigated as pH
sensor; four silver-chloride-coated silver (AgCl/Ag) based electrodes and a silver-sulphide-coated
silver (Ag2S/Ag) one investigated as reference electrodes and Cl−/S2−-selective electrodes; four
platinum electrodes, one gold electrode and one glassy-carbon electrode, all investigated as
redox-potential electrodes. AgCl/Ag and platinum electrodes were also used for conductivity
measurements by galvanostatic electrochemistry impedance spectroscopy (GEIS).

We calibrated the developed sensors under conditions similar to those that will be met on-site.
Overall performance, reliability and robustness were examined by electrochemical measurements at
25 ◦C, at atmospheric pressure and/or in a glove box (PCO2 = 8 × 10−3 atm; PO2 ≈ 10−6 atm).

2. Methodology

Using a multi-parameter probe offers an important advantage, because it provides redundant
information, based on the simultaneous behaviour under identical conditions of different electrodes
of the same material as well as that of electrodes made of different materials. This information
identifies the redox reactions controlling the measured potential, both in solution and/or at the
electrode/solution interface. The objective is the development of robust and “frustrated” electrodes:
departing from a calibrated state, all sensors show potentiometric drift due to aging and alteration
of the sensitive materials; such drift must be known and mastered for a correct interpretation of the
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recorded signals at any time. Knowledge of the electrochemical behaviour of the selected materials
described below thus is a key point of such research, as it will help in establishing reliable abacuses.

2.1. Antimony-Based Electrodes for pH Sensing

Based upon reversible interfacial redox processes involving H+, metal/metal-oxide electrodes
are a promising technology for the monitoring of pH in underground nuclear-waste disposal sites,
due to their physical and chemical stability [9] concerning temperature, pressure and aggressive
environments [10,11]. Metal/metal-oxide electrodes present the additional advantage of being easily
miniaturized [12–14].

Among the metal/metal-oxide group, the antimony/antimony-oxide system, whose properties
were improved by using monocrystalline antimony [15–17], has been the first [18,19] and most
investigated (and disputed) one for pH sensing. The fact remains that it is the most commonly
used system for practical pH measurements [8,20,21]. The antimony electrode potential is governed by
the Sb2O3/Sb couple, since the electrode surface is spontaneously oxidized to form a thin antimony
oxide film in the presence of oxygen [8,15,22].

The merits and applications of this electrode have been described for bio-medical
applications [12,13,23–26], gas-sensing [27], industrial applications such as water-treatment systems,
soda ash neutralization, sulphite solutions, etc. [28], or for environmental measurements [14]. It is thus
of great interest to use this type of electrode for on-site pH monitoring of the near-field of a nuclear
waste disposal site. However, numerous conflicting data concern the disturbance of its potential
by various physical and chemical parameters [20,28–30]. Several authors published the influence of
oxygen or certain anions, such as carbonates and phosphates, on the open circuit potential (OCP) of
the antimony electrode [12], indicating that the electrode must be calibrated under conditions similar
to on-site ones.

Three types of antimony-based electrodes are reported in the literature: cast electrode, plated
electrode, and antimony powder electrode. The last, made of compacted of Sb(0) and Sb(+III) powders,
has been little investigated [26], probably because of the need of a supporting electrolyte saturated by
Sb2O3 to stabilize the electrode potential, which is unsuitable for continuous sensing.

Cast antimony-based electrodes in the form of a metal stick are the most common ones. The inner
diameter of the glass capillary used for fabricating governs the size (macro/micro) of the electrodes.
Moreover, cast antimony-based electrodes have the advantage of being relatively rugged and present a
low electrical resistance, provided the electrode surface area is not too small. The electrical resistance of
an electrode is an important characteristic since it is directly linked to the electrode response time [12].
Although some authors prefer to add some Sb(+III) oxide to the antimony melt before casting the
electrode as a cylindrical rod [20], the use of pure antimony is considered to improve the electrode
characteristics with respect to reproducibility and stability of the electrode potential over long periods.
The way of casting the electrode is important as well: antimony needs to be melted (T ≥ 631 ◦C,
Sb melting point), sucked into a glass capillary and cooled down to solidify [10,12,31]. Slowly cooled
electrodes are said to have a faster response than rapidly cooled ones. Furthermore, oxygen should
be excluded during casting to avoid oxides in the bulk material. In addition, most methods include
polishing the metal surface [12], followed by a treatment to obtain superficial oxidation, like the
cumbersome oxidation method via KNO3 powder heated to 500 ◦C in a furnace for two hours under
air atmosphere [10,31]. However, it must be noted that antimony spontaneously oxidizes by the oxygen
contained in air [22,32]. In case of malfunction, the electrode surface can be renewed by polishing and
re-oxidizing the surface. A resting period of a few days is recommended afterwards in order to relieve
strain in the metal surface [33].

The literature also describes the making of antimony-coated electrodes via cathodic polarization of
the sensor immersed in a solution containing Sb(+III) ions [8]. Several supports such as copper, platinum
and mercury-coated platinum electrodes were investigated [33], but the literature also mentions a
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pronounced non-reproducibility as well as fragility of the coating, limiting the lifetime of the system to
about five measurements.

The first aim of our work was to investigate the reliability of monocrystalline antimony-based
electrodes for their possible incorporation into a multi-parameter device for the observation and
monitoring of the near field of a nuclear waste disposal site. The choice of such sensors was
motivated by the high binding energy of monocrystalline antimony [23], leading to a low corrosion rate.
Therefore the surface is only slowly changed and an occluding oxide is almost completely avoided [23].
The uniform binding energy promotes a general surface corrosion. Thus, only the next crystallographic
plane with the same orientation and characteristics as those of the original one is exposed to corrosion.
At the same time, experiments were also conducted on antimony-based screen-printed electrodes
(SPEs). The reliability of SPEs has already been demonstrated for various applications in earlier papers:
semi-continuous monitoring of trace metals [34], and the development of screen-printed pH electrodes
based on ruthenium dioxide [32,35], cobalt oxide [36], phenanthraquinone [37] and, more recently,
cerium-oxide [38]. Moreover, screen-printing is a simple and fast method for the large-scale production
of reproducible low-cost sensors, which allows quick generation of reliable data [39,40]. In this study,
antimony-based screen-printed electrodes were used as tools for demonstrating the reliability of
monocrystalline antimony electrodes. To ensure accurate measurements, SPEs were renewed every
48 h.

2.2. Inert Electrodes for Redox Measurements

Platinum is considered as an inert indicator electrode for redox-potential measurements of
Ox/Red systems in a solution [41–43]; note that platinum is easily oxidized into PtO, a well-conductive
oxide that completely covers its surface. The results from platinum electrodes in well-defined
concentrations of dissolved species in a solution, are stable and precise; however, in the absence
of a well-defined Ox/Red system, platinum results strongly depend on its surface properties, typically
the nature of the oxide covering it [41–43].

As part of subsurface redox monitoring in and around a nuclear waste disposal site, gold (Au) and
glassy carbon (GC) as inert indicator electrodes were investigated in addition to platinum. Platinum
differs from gold in that it has a higher exchange current density (10 mA/cm2 for Pt, 0.3 mA/cm2 for
Au regarding the O2/H2O redox couple) [44]. But gold is known as a more inert material since Pt can
catalyse reactions, form oxides and adsorb H2, which gold cannot [9]. Gold also has a greater potential
range (−0.8 to 1.8 V/NHE) towards positive potentials (≈400 mV) than Pt [45]. In comparison, glassy
carbon has a larger potential range (−1.0 to 1.0 V/NHE) toward negative potentials (≈−200 mV) than
Au and Pt.

2.3. Ag-Based Electrodes Acting as Reference or Selective Electrodes

Reference electrodes are as important as indicator electrodes [46–48]. Nevertheless, compared
to all-solid-state indicator electrodes, the research effort into all-solid-state reference electrodes
is smaller [46,48]. In their publication, Blaz et al. [48] listed the different types of existing
reference electrodes. However, the interest in conducting polymer-based all-solid-state reference
electrodes—equitransferent salts dispersed in polymer or compensated cationic and anionic response
in polymer—grows each day [48–50].

Existing electrodes essentially use AgCl/Ag-based systems because of the invariability of their
potential to pH changes, or to the presence of redox species, unless the temperature and/or the
chloride ions vary. In the absence of AgCl/Ag-based systems, it is reported that the OCP of
the developed electrode is influenced by redox couples, such as O2/H2O [48,50]. Whatever the
investigated methodology, Ag-based electrodes predominate and seem essential. Comparatively
speaking, macro-metric all-solid-state Ag-based electrodes appear stronger in the design field, as they
are based on an important reserve of raw material. Moreover, Ag electrodes can either be coated
by AgCl for making Ag/AgCl-based electrodes or by Ag2S for making Ag/Ag2S-based electrodes.
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Given the quasi-invariability of the on-site Cl− concentration (0.04 M) [5] of the COx pore-water and
the very low permeability of the COx formation, the AgCl/Ag/Cl− 0.04 M electrode could prove
to be of primary interest for monitoring the physical- and the chemical parameter variations within
and around a radioactive waste disposal site. A priori, such electrodes present a certain robustness
because of: (i) the absence of feeling electrolyte; (ii) the very weak solubility product constants of AgCl
(Ks = 10−9.75); and (iii) the invariability of their potential to pH changes or to the presence of redox
species, unless the temperature and/or the chloride ions vary.

In comparison with AgCl/Ag-based electrodes, an Ag2S/Ag-based electrode (Ag2S (Ks = 10−49.2)
should be less soluble because of its higher pKs value. In the absence of S(−II), its potential will be
a constant OCP. The comparison of potential values measured with both of these electrodes could
help in demonstrating any changes over time of chloride and sulphide concentrations in the medium.
Understanding of the electrochemical behaviour of selected materials is the second key point of our
research, as it will help in constructing abacuses ([Cl−] = 0.04 M; S(−II) = 0, in this study) that are
needed for monitoring of the physical and chemical parameters of the clay barrier.

2.4. GEIS for Conductivity Measurements

Geophysical methods are standard tools for obtaining information on the volumetric distribution
of subsurface physical properties of rocks and fluids. One of several electrical methods that measure
electrical properties of the ground is electrical resistivity (ER). In a typical ER measurement [51],
four electrodes are used for measuring potential differences between pairs of electrodes, where
the potentials result from a current applied between two other electrodes. By measuring at
different locations, an electrical resistivity section is reconstructed as a 2D slice of the porous
material [51]. Geophysical electrical methods are similar to galvanostatic electrochemistry impedance
spectroscopy (GEIS) techniques. In the context of monitoring the surroundings of the radioactive waste
disposal site, GEIS was selected as an alternative robust technique for conductivity measurements.
A potentiostat/galvanostat was used as this investigates a larger frequency domain, in the range from
mHz to MHz.

3. Materials and Methods

3.1. Materials

3.1.1. Description of the All-Solid-State Electrode Surface Materials

Silver Chloride/Silver-, Silver Sulphide/Silver-Based Electrodes for the Development of Reference or
Specific Electrodes

A three-electrode cell (100 cm3) was used for creating AgCl coatings on bare Ag electrodes by
oxidation. Chronopotentiometry applied a fixed anodic current density of around 0.5 mA/cm2 (below
the chloride diffusion limited current of the oxidation of silver) between the working Ag electrodes
and a platinum counter electrode, using a PAR 273A potentiostat/galvanostat (Princeton Applied
Research, Oak Ridge, TN, USA). The electrodes were immersed in a 0.1 M HCl solution. The potential
was monitored over the time versus a saturated calomel electrode (SCE) [52,53]. Similar experiments
used silver immersed in a 0.1 M NaOH solution containing 0.1 M of Na2S for making Ag/Ag2S-based
electrodes; the working electrode potential was measured with respect to a mercury/mercurous
sulphate electrode (MSE).

Antimony-Based All-Solid-State pH Electrode

We used a monocrystalline antimony (99.999%, m = 500 mg and d = 6.7) electrode without any
pre-treatment or treatment over 16 months, in order to investigate its long-term robustness for pH
monitoring. Carbon-based screen-printed electrodes (SPEs) [34,38,40,54], with a working surface of
9.6 mm2, were conditioned in a stirred solution containing Sb(III) (10−2 M SbCl3) and HNO3 (pH = 0)
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by applying four cycles of cyclic voltammetry (potential range −0.1 V to +0.8 V, scan rate 100 mVs−1).
The Sb crystals (Sb3+ + 3e− → Sb) were then deposited at −0.5 V/SCE during 1600 s. These two steps
were performed without removing oxygen from the solution. Figure 1 shows surface analyses carried
out by scanning electron microscopy coupled to energy dispersive X-ray (SEM/EDX) on a freshly
antimony-coated SPE. Experiments were performed using a TESCAN MIRA XMU scanning electron
microscope (TESCAN ORSAY FRANCE, Fuveau, France). Figure 1A exhibits a representative picture
of the working surface. Approximately 80% of its surface is coated with antimony. As shown on
Figure 1B, shape and size (≈13 μm) of grains are homogeneous. The EDX spectrum presented on
Figure 1C demonstrates the attainment of a composite material consisting in Sb-coated SPE.

 

Figure 1. SEM-EDX analyses carried out on a freshly antimony-coated SPE. (A) Global view of the
Sb-coated SPE working surface; (B) Close view of the Sb-coated SPE working surface; (C) EDX spectrum
resulting of the analysis of the spot shown on Figure 1B.

Whatever the Sb-based sensors used, no preliminary anodic process took place on the electrode
surface. Sb metal is slowly oxidized in air to form antimony oxide (Sb2O3) [55].

Platinum, Gold and Glassy Carbon as Inert Electrodes for Redox Potential Measurements

The experiments used a 10 mm disk-shaped Pt electrode (78.54 mm2), a 10 mm disk-shaped Au
electrode (3.14 mm2), and a 5 mm disk-shaped glassy carbon electrode (3.14 mm2).
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3.1.2. Description of the Experimental Device and Its Components

A schematic representation of the electrode mounting is presented on Figure 2A. Two seals are
first inserted on the sensitive element. The sensitive material is welded to the cable. Then, the assembly
is slipped until the stop of the electrode body coated with glue. Finally, the body is filled with a liquid
resin (molding step) which stiffens the interior and infiltrates the two molding grooves. The sensitive
element is thus anchored to the body. A real view of the electrode, built according to the mounting
process described above, is shown on Figure 2B. Electrode bodies are made of polyether ether ketone
(PEEK), a semi-crystalline thermoplastic with excellent mechanical and chemical resistance properties,
resistant to aging over several decades and stable at temperatures up to 100 ◦C. A maximum of
20 electrodes can be introduced within the probe-holder that is entirely made of polyvinylidene
fluoride (PVDF, also called Kynar, made by Arkema, Colombes, France), which is a highly non-reactive
and durable thermoplastic fluoropolymer. The internal volume of the column is about 210 cm3.
To ensure water- and air-proofing between intra-column fluid and the exterior, each electrode has a
screw-thread with stuffing box and O-ring (O-ring VITON®, Dieppe, France).

 

Figure 2. (A) Schematic representation of electrode construction; (B) Actual view of a gold-based
electrode; (C) View of the entire experimental set-up.

The whole experimental device, composed of probe holder, electrodes and the other operational
elements is shown on Figure 2C. The experiments took place under dynamic conditions. The probe-
holder was fed from an electrochemical cell using a peristaltic pump (Figure 2C); the fluid flowed from
bottom to top of the probe-holder to avoid bubble formation and thus two-phase flow. The flow rate of
the pump was set at an average of 20 mL/min to reduce long-term electrode erosion.
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3.1.3. Supporting Electrolytes: Buffers and Solutions

The experiments were performed at a constant temperature (25.0 ± 0.1 ◦C), either at atmospheric
pressure or in a thermo-regulated glove box under N2/CO2 (99/1%) atmosphere (PCO2 = 8 × 10−3 atm,
PO2 ≈ 10−6 atm).

pH buffers were prepared either using milliQ water (18 MΩ) or 0.1 M NaCl solution. The different
conjugate acid-base pairs with their effective pH range are listed in Table 1. For all experiments
investigating the influence of pH on electrode OCP, measurements were successively made by
increasing then decreasing the pH values in order to highlight hysteresis effects.

Table 1. The different buffer species with their effective pH range.

Buffer Species Effective pH Range

NH4
+/NH3 7.2–11.0

HCO3
−/CO3

2− 9.1–11.1
H2PO4

−/HPO4
2− 5.5–7.8

Measurements were also carried out in the presence of a synthetic solution, called reconstituted
COx pore water, whose major-element composition and pH at 25 ◦C were representative of the COx
pore water (Table 2) [4,5,56,57].

Table 2. Composition of the reconstituted COx solution at 25 ◦C.

Species in Solution Concentration (M) Species in Solution Concentration (M)

Ca2+ 0.0074 SO4
2− 0.0156

Mg2+ 0.0067 Cl− 0.0400
Sr2+ 0.0002 Total Carbon 0.0032
Na+ 0.0450 pH 7.0–7.4
K+ 0.0010 Ionic strength 0.1

3.2. Methods

3.2.1. Potentiometric and/or pH Measurements

OCP values were recorded continuously with a data acquisition device (Keithley Instruments,
model 2700, Cleveland, OH, USA). Three different reference electrodes were used: (i) An internal
reference electrode of a combined pH electrode (Fischer brand, AgCl/Ag/KCl sat./AgCl sat.
E = 197.0 mV/SHE); (ii) SCE inserted in a lugging capillary containing KCl 3 M (SCE/KCl sat.
E = 244.4 mV/SHE); and (iii) An MSE electrode inserted in a lugging capillary containing saturated
K2SO4 (MSE/K2SO4 sat. E = 640 mV/SHE). This lugging capillary introduces a junction potential of
1 mV at 25 ◦C. All potential values were converted with respect to the standard hydrogen electrode
(SHE). During experiments, pH was also monitored with a commercial glass electrode that was
calibrated daily using commercial standard buffer solutions (4, 7 and 10).

3.2.2. Conductivity Measurements

GEIS measurements used the previously defined PAR 273A. Measuring of the conductivity with
the multi-parameter probe was based on the same principle as a 4-pole conductivity meter, which
applies a known alternating current (AC) value of 10 μA between two electrodes in the frequency
range from 0.1 to 105 Hz and measures the induced potential between two other electrodes. From
these two parameters, the resistance of the solution (R) is obtained via the ohm law. The solution
resistivity (ρ), which is the reciprocal of the conductivity, σ = 1/ρ, was determined from the relation
R(Ω) = ρ(Ω×m) × l(m)/S(m2), where l(m)/S(m2) represents the geometric factor k (m). Since this factor k
depends on the inter-electrode distance, it has to be determined for each electrode couple studied.
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A schematic representation of the multi-parameter probe with the electrodes used for measuring
the conductivity is shown on Figure 3. This also shows the four electrode couples that were tested
measuring the conductivity. The first electrode couple is I-F4F1_E-F3F2 (AgCl/Ag-based electrodes);
the second is I-F5F2_E-F4F3 (AgCl/Ag-based electrodes); the third is I-F5F1_E-F4F2 (AgCl/Ag-based
electrodes); and the fourth is I-F4F1_E-F3F2 (Pt electrodes). The letter “I” is associated to the
electrodes used for current injection and the letter “E” is associated to those used for measuring
the induced potential.

Figure 3. Schematic representation of the multi-parameter probe as well as the different electrode
couples used for conductivity measurements.

3.2.3. Geochemical Modelling

The PHREEQC® (USGS, Denver, CO, USA) geochemical code (see also the PHREEQC web
site: https://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/) was used for thermodynamic
investigation of the Eh of the measured sample with the appropriate associated THERMODEM® [58]
thermodynamic database generated by BRGM (Orléans, France). Redox potential values were
calculated by using speciation data provided by UV-spectrometry (ISO 6332:1988) [59].

4. Results

4.1. All-Solid-State Monocrystalline Antimony pH Electrode

The performances of the monocrystalline antimony electrode (Sb(s)) were investigated by
monitoring OCPs on pH values ranging from 5 to 12, in accordance with those anticipated in the COx
formation once radioactive waste is buried. The reliability and robustness were investigated in the
presence of several anions such as chloride, phosphate, nitrate and hydrogenocarbonate/carbonate,
since these are or are susceptible to be present on site and are likely to cause OCP drift. Throughout
the 18 months of experiments, monocrystalline antimony electrodes were used without any treatment.
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For a better insight, data were compared to those acquired with antimony-based screen-printed
electrodes (Sb(SPEs)) that were renewed every 48 h. First, several experiments were conducted
in ammonia pH buffer solutions from pH 7.3 to 11, which includes the major pH values that are
anticipated in the COx formation during its evolution as radioactive waste repository. The influence of
either chloride (NaCl, 0.1 M) or nitrate (NaNO3, from 1.0 × 10−3 to 6.0 × 10−3 M) was investigated in
the same way.

Afterwards, phosphate pH buffers were used to calibrate the electrodes from pH 5.5 to 7.7.
To investigate their influence, measurements made in a phosphate pH buffer solution were compared to
those made in an ammonia pH buffer solution. Because the pH of the clay-rock’s pore-water is controlled
by carbonate-system equilibria, electrodes were also tested in hydrogenocarbonate/carbonate buffers of
various ionic strengths (IS from 0.05 to 0.2 M), from pH 9.2 to 10.2.

The influence of oxygen was investigated by comparing experiments run at atmospheric pressure
to experiments run in the glove box, comparing the effect of oxygen on antimony and platinum
electrodes. Finally, the monocrystalline antimony electrode was immersed in the reconstituted COx
pore-water solution during one month in the glove box. The average potential recorded during this
month was compared to our calibration curves, to investigate the reliability and the accuracy of
the electrode.

4.2. Influence of Anions at Atmospheric Pressure

4.2.1. Feasibility Study and Influence of Chloride on the OCP of Antimony-Based Electrodes

The influence of chloride on the antimony electrode OCP was investigated in ammonia pH buffer
solutions. Results obtained from both the monocrystalline antimony electrode and antimony-based
screen-printed electrodes are shown on Figure 4.

Figure 4. Eh-pH diagram of both the monocrystalline antimony electrode (Sb(s)) and antimony-based
screen-printed electrodes (Sb(SPEs)) in ammonia pH buffer solutions, in the absence or presence of
0.1 M NaCl (25 ◦C, at atmospheric pressure).

The general convergence of the stabilization potential of the two types of electrode showed that
an equilibrium state was reached under the experimental conditions. The potential-pH dependence of
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all electrodes over the investigated range is similar and linear. The fact that there are no significant
differences between the monocrystalline-antimony and screen-printed electrodes demonstrates the
reliability and robustness of the monocrystalline-antimony electrode. Overall, results agree with
previous studies on the potential-pH relationship of antimony electrodes [8,20,33]: Ives [33] obtained
E◦ = 0.245 V and Glab et al. [8] obtained a slope of 52 mV/pH. The Eh-pH slopes obtained from Sb(s)
and Sb(SPEs) are both close to the theory (−59.1 mV/pH, according to Nernst equation, T = 25 ◦C [9]).
As Sb spontaneously oxidizes in air or in water in the presence of oxygen, the electrode potential
should be governed by the Sb2O3/Sb couple (E◦(Sb2O3/Sb) = 0.152 mV/SHE). Our results confirm the
metal-cell action theory of metal corrosion [8,33,55] that mentions that a small portion of the antimony
electrode surface is the siege of oxygen reduction, causing positive drift of the antimony electrode
potential (E◦(O2/H2O) = 1.23 V/SHE). Those results not only show that monocrystalline Sb is an
electrode material of interest for measuring pH, but also that it is not affected by the presence of
chloride in solution, which agrees with previous results obtained by Uhl and Kestranek in 1923 [18].

4.2.2. Influence of Nitrate on the OCP of Antimony-Based Electrodes

The presence of oxidizing reagents in solution is highly likely to induce drift in electrode potential.
Consequently, experiments tested both Sb(s) and Sb(SPEs) electrodes in the presence of different
amounts of nitrate (NO3

−, N(+V)) in solution. Nitrate was chosen as oxidizing reagent since it is
present in bituminized sludge as nitrate salts, such as NaNO3. Bituminized sludges are going to be
stored as long-lived intermediate-level radioactive waste within the COx formation and could diffuse
in the long-term. The results are shown on Figure 5A,B.

Figure 5. Eh-pH diagram of both Sb(s) (A) and Sb(SPEs) (B). Experiments were done at 25 ◦C, at
atmospheric pressure, in ammonia pH buffer solutions (IS = 0.1) containing NaNO3 (0, 1.0 × 10−3,
2.0 × 10−3, 4.0 × 10−3 and 6.0 × 10−3 M).
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Antimony electrodes (Sb(s) and Sb(SPEs)) were not significantly influenced by the presence of
nitrate. The monocrystalline antimony electrode behaves in the same way as in ammonia (with or
without chloride) pH buffer solutions, i.e., its Eh-pH slopes as well as its standard potential remain in
the same range of values. Conversely, Eh-pH slopes and standard potential values measured from
antimony-based screen-printed electrodes show a tendency to increase in the presence of nitrate.
The higher OCP value of the Sb(SPEs) over the whole pH range can be explained by interfacial Sb
oxidation via NO3

− such as:

NO−
3 + 2H+ + 2e− ↔ NO−

2 + H2O (1)

E′◦
NO−

3 /NO−
2
= 0.4 +

RT
F

× ln
(

10−pH
)

(2)

Sb2O3(s) + 6H+ + 6e− ↔ 2Sb(s) + 3H2O (3)

3 NO−
3 + 2Sb(s) ↔ Sb2O3(s) + 3NO−

2 (4)

A small Sb(SPEs) part of the antimony electrode surface is the seat of nitrate reduction, which
leads to a slight positive drift of the OCP. The measured values can be interpreted as a mixed potential
between Sb2O3(s)/Sb(s) and NO3

−/NO2
− redox couples. These results demonstrate the robustness

and the usefulness of the massive monocrystalline antimony electrode for monitoring pH within
repositories dedicated to nuclear waste disposal.

4.2.3. Influence of Phosphate on the OCP of Antimony-Based Electrodes

The influence of the presence of phosphate P(V) on the electrode OCP was studied by means of
phosphate buffer species (NaH2PO4/Na2HPO4 − IS = 0.1) from pH 5.6 to 7.7, comparing the data to
those obtained from ammonia chloride free pH buffer solutions. The results are shown on Figure 6.

Figure 6. Eh-pH diagram of both the Sb(s) and Sb(SPEs) acquired at 25 ◦C, at atmospheric pressure, in
phosphate and ammonia pH buffer solutions (IS = 0.1).

The electrodes present a near-Nernstian behaviour over the investigated range. The standard
potential is slightly lowered in the presence of phosphate. One of the early investigations of phosphate

28



Sensors 2017, 17, 1372

influence was made by Gysinck [60], who observed a kink in the calibration curve between pH 7.1
and 8.2. Green and Giebish [29] and Perley [28] also investigated the influence of phosphate on the
Sb electrode, and observed electrode potential drift. Nevertheless, our results show that the presence
of phosphate species does not significantly influence the analytical response of the Sb electrodes.
Work carried out by Glab et al. (1981) [16] is in better agreement with our results, showing very little
dependence of the Sb electrode to phosphate concentration.

4.2.4. Influence of Carbonate and Ionic Strength on the OCP of Antimony-Based Electrodes

In natural water samples, ionic strength is a variable chemical parameter [61]. Its influence on
Sb-based-developed electrodes was investigated in NaHCO3/Na2CO3 at different ionic strengths
ranging from 0.05 to 0.2 M. The results are compared to those obtained in ammonia pH buffer solutions
and shown on Figure 7. Measurements in a carbonate pH buffer solution at different ionic strengths
are close to those measured in ammonia buffers, demonstrating the insignificant influence of carbonate
species on electrode OCP. Green and Giebisch [29] studied the influence of ionic strength on a micro
antimony electrode by means of a phosphate buffer and showed that, independently of hydrogen
activity, electrode potential variations occurred when varying the ionic strength. Our results are in
better agreement with those published by Caflisch et al. [12], demonstrating that antimony electrodes
are not quantitatively influenced by the presence of hydrogenocarbonate/carbonate anions in solution
(from 0.05 to 0.2 M).

Figure 7. Eh-pH diagram of both Sb(s) and Sb(SPEs). Experiments were run in carbonate pH buffer
solutions with various ionic strength (IS) and ammonia pH buffer solution under atmospheric pressure
at 25 ◦C.

All our results show that the potential of a massive monocrystalline antimony electrode is not
influenced by chlorides (from 0 to 0.1 M), or phosphates (from 0 to 0.1 M), or nitrates (from 0 to 6 mM),
or carbonates (from 0 to 0.2 M), demonstrating its robustness and thus its interest for pH monitoring
within repositories dedicated to nuclear radioactive waste disposal, such as the one at Bure in France.
Moreover, no hysteresis effects affected the antimony electrodes.

Overall, our results demonstrate the interest of screen-printed electrodes for generic studies of
electrode materials. It also should be noted that the antimony-based screen-printed electrodes made
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for this study present a better behaviour than other Sb-based screen-printed electrodes described in
the literature [8,32]. Koncki and Mascini [32] mentioned a certain irreproducibility of antimony-based
sensors made by screen-printing as well as hysteresis effects. Our antimony-based SPEs were renewed
every 48 h and, as shown by the different calibration curves, there are no doubts regarding the
reproducibility of the measurements or the absence of hysteresis effects. Moreover, our results in
various buffers showed no effects of complexing ligands as was the case for some authors [8,16,32].
Compared to the −40/−45 mV/pH sensitivity obtained by Koncki and Mascini [32] under specific
conditions (i.e., the only suitable results were obtained in TRIS buffer and in the absence of chloride),
the sensitivity of our antimony-based SPEs is around −50/−55 mV/pH and does not depend on
the nature of buffer species. Our antimony-based SPEs show a near-Nernstian response (an average
of −53.6 mV/pH) and thus appear to be suitable electrodes for accurate pH measurements. As pH
sensors, the performance level of Sb-based screen-printed electrodes can be compared to that obtained
with CeO2-based [38] or RuO2-based [32] SPEs.

4.3. Calibration Curve of the Monocrystalline Sb Electrode at Amospheric Pressure and in the Glove Box.
Comparison with a Pt Electrode. Investigation of Measurement Accuracy in the Reconstituted COx Pore Water

In the same way as the experiments conducted at atmospheric pressure, experiments were also
performed in the glove box. In parallel and for comparison, the same measurements were performed
with four Pt electrodes. The results are presented on Figure 8, where “Sb” represents all data obtained
from Sb(s) and Sb-based SPEs.

Figure 8. Comparison of calibration curves obtained from antimony (Sb(s) and Sb(SPEs)) and platinum
electrodes obtained at 25 ◦C, under atmospheric pressure and in the glove box. An antimony potential
value (vs. SHE) representing the average potential of the electrode in the reconstituted COx solution
over one month was added.

As well as Sb electrodes, Pt electrodes present a Nernstian behaviour as a function of pH at
atmospheric pressure. In absence of any other redox couple except O2/H2O, the potential of the Pt
electrode is governed by the PtO/Pt couple (E◦ (PtO/Pt) = 900 mV/SHE).

Measurements acquired with Pt electrodes are in good agreement with published data [43,61]. At a
given pH at atmospheric pressure and in the absence of any species able to fix the redox potential except
O2/H2O (PO2 ≈ 0.2 atm), a difference of 700 mV (at pH 0) exists between E◦

PtO/Pt and E◦
Sb2O3/Sb.

This difference is reduced to about 330 mV in the glove box. The Sb-based sensitivity to pH change
is not affected (−48.1 pH vs. −48.7 pH) with regard to the investigated conditions. The intercept at
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pH = 0 differs by approximately 50 mV, demonstrating the low dependence of the Sb electrode versus
oxygen and, consequently, the interest of electrodes based on Sb for pH measurement.

To verify the reliability of a Sb(s)-based electrode in our context of pH monitoring within a
radioactive waste-disposal site, the monocrystalline antimony electrode was tested for about one
month in the reconstituted COx pore-water solution in the glove box. Measurements using the four Pt
electrodes were done every 5 min in the same reconstituted COx solution, for a total of 8640 measures
over the month. Average pH values determined from the Sb(s) electrode and Pt electrodes are
summarized in Table 3.

Table 3. Average pH and OCP of Sb electrode measured over 1 month in the reconstituted COx solution
in the glove box.

Electrode Average Value (pH Units) Standard Deviation

Commercial pH electrode 7.42 ±0.03
Monocrystalline Sb-electrode 7.37 ±0.06

Pt electrodes (mV/SHE) 7.32 ±0.07

The average potential of the Sb-electrode over one month was added on Figure 8 (−203.1 mV vs.
SHE). The calculated standard deviation is low (2.9 mV), again demonstrating the robustness of the
electrode. From the figure it is clear that the measured potential over one month in the reconstituted
COx solution in the glove box agrees very well with our calibration curve and the same is true for the
Pt electrodes whose average potential is also very stable (151.2 ± 2.88 mV/SHE).

Concerning the relative standard deviation of the commercial pH electrode, the monocrystalline
Sb electrode and the platinum electrodes, the measured pH values are in line with our expectations,
which confirms the reliability and so the interest of the monocrystalline Sb electrode for monitoring
pH within a future radioactive waste disposal site.

4.4. Investigation of Inert Pt, Au and GC Electrodes for Redox Potential Measurements

This experiment consisted in investigating the behaviour of gold, glassy carbon and platinum
electrodes in samples where iron dominated redox reactions. The investigation was conducted in a
0.1 M NaCl solution containing 100 mg of Fe◦ powder at pH 8 (not balanced system, Figure 9) in the
glove box. Prior to measurements, the solution was stirred during 24 h.

Figure 9. Evolution of Au, GC and Pt OCP electrodes as a function of time. The experiment was
conducted in 0.1 M NaCl solution containing 100 mg of Fe◦ powder at pH 8 and 25 ◦C, in the glove box.
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4.4.1. Electrode Performances and Robustness—Inert Electrodes

Potentials recorded by all immersed inert electrodes converge to a value of the same order of
magnitude. This fact demonstrates that, under the same experimental conditions, the same equilibrium
state has been reached on all inert electrodes.

4.4.2. Comparison between Measured Potential, Speciation Measurements and Geochemical Modelling

At pH 8, the redox couple fixing the potential should be H+/H2(g). There is no thermodynamical
equilibrium between Fe◦ and H2O, as Fe◦ corrodes under anaerobic conditions. In the presence of
O2, Fe◦ also corrodes to form Fe2+, which can then be oxidized in Fe(3+) that can precipitate. Thus,
Fe(III)/Fe(2+) progressively becomes the predominant redox couple leading to a progressive increase of
the redox potential. The presence of dissolved Fe(3+) (provided by speciation measurements obtained
by UV-visible spectroscopy (Fe(3+) 3 × 10−7 M, Fe(2+) 2.95 × 10−6 M) corroborates the presence of
oxygen. The convergence to a stabilized potential close to −140 mV/SHE at pH 8 and 25 ◦C (Figure 9)
demonstrates the limitation of the O2 intrusion (absence of total oxidation), and the qualitative
agreement between the acquired OCPs of all inert electrodes argues for an influence of O2 trace
concentrations originating from the gas phase in the glove-box. Considering the disturbance by O2 in
the sample, the geochemical modelling predicts:

1. Eh = −165 mV/SHE in the presence of lepidocrocite + 0.10 × 10−6 M Fe2+ in solution.
2. Eh = −157 mV/SHE in the presence of goethite + 0.07 × 10−6 M Fe2+ in solution.

Nevertheless, problems of solubility uncertainty are assumed in the database. The redox potential
was probably fixed by the Fe(OH)3/Fe2+ redox couple, which depends upon Fe(OH)3 solubility as
a function of pH. While limitations to the interpretation of Eh remain, the interest in continuous
monitoring of voltage measurements using multiple redox electrodes is clearly shown in order to
ensure reliable qualitative measurements.

This example highlights that for not well-balanced oxygen-sensitive systems, speciation should
absolutely be preserved to provide qualitative information on redox conditions. Nevertheless,
preserving the initial conditions is extremely difficult. A complementary approach by successively
coupling amperometric and potentiometric measurements, in which an electro-active redox mediator
improved the rate of electron transfer from the redox active solid phases to the electrode, has been
developed for redox-potential measurements of minerals [62].

4.5. All-Solid-State AgCl/Ag- and Ag2S/Ag-Based Electrodes as Reference or Selective Electrodes

The long-term behaviour of AgCl/Ag- and Ag2S/Ag-based electrodes was investigated in the
reconstituted COx pore water in the glove box, at constant pH (7.4) and by varying the pH by means of
addition of NaOH and K2CO3 solutions in the range 7.4 to 11. Measurements were made with respect
to MSE.

4.5.1. Experiments Performed at Constant pH (7.4)

Figure 10 shows the potentiometric response of three AgCl/Ag/[Cl−] = 0.04 M electrodes over
almost two months in the reconstituted COx solution at a constant pH of 7.4. It also shows the
theoretical OCP calculated from the Nernst equation by considering a chloride concentration of 0.04 M
as well as the ionic strength of the solution (I = 0.1 M). The activity coefficient of chloride (γCl-) was
calculated from the Debye-Hückel model and is equal to 0.75. An increase of chloride-ion activity
leads to a decrease of the AgCl/Ag-based electrode potential, according to the Nernst equation.

The electrochemical behaviour at zero current of the three AgCl/Ag/[Cl−] = 0.04 M electrodes
is very similar. A very slight decrease of the potential is observed over time: 4 mV loss over 1200 h
for all electrodes, corresponding to an increase in chloride activity of 14.4%. This small deviation is
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consistent with the 13.7% water loss measured in the cell due to evaporation, leading to an increase of
the chloride activity over time.

Figure 10. Evolution of the potentiometric response of the all-solid-state AgCl/Ag-based electrodes at
constant pH (7.4) as a function of time over 54 days. Measurements were made in the reconstituted
COx solution, at 25 ◦C in the glove box.

In comparison to the behaviour observed at constant pH when using a solid-state AgCl/Ag/KCl
reference electrode based on carbon nanotubes and polyacrylate membranes [63], our results obtained
on massive AgCl/Ag/[Cl−] = 0.04 M electrodes thus showed encouraging results: 4 mV loss over
1200 h due to evaporation compared to an average 1 mV loss per hour obtained by [63]. The potential
response of AgCl/Ag/[Cl−] = 0.04 M electrodes when subjected to pH variations was then investigated.

4.5.2. Experiments Performed under pH Variations

To investigate the influence of pH on the potentiometric response of AgCl/Ag/[Cl−] = 0.04 M
electrodes, NaOH was added continuously to the reconstituted COx solution. At the same time,
another experiment was conducted on an Ag2S/Ag-based electrode (Figure 11).

Figure 11. Eh-pH diagram of both AgCl/Ag- and Ag2S/Ag-based electrodes. Experiments were done
in the reconstituted COx solution at 25 ◦C, in the glove box. NaOH was used to increase pH. Theoretical
Eh-pH variation curves of the Ag2S/Ag-based electrode in the presence of [S2−] at total concentrations
of 1.0 × 10−6 M and 1.0 × 10−9 M were added for comparison.
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As well as at constant pH, the potential of the AgCl/Ag/[Cl−] = 0.04 M electrodes was not
significantly influenced by pH variations. This is in good agreement with the theoretical electrode
behaviour (19) and encourages their utilization as reference electrodes for further experiments such as
to calibrate the electrodes for monitoring the near field of a nuclear waste disposal site.

In comparison to AgCl/Ag/[Cl−] = 0.04 M, the Ag2S/Ag-based electrode is characterized by an
OCP that is constant (E = 151 ± 4.6 mV) in the investigated pH range.

Similar to the AgCl/Ag/[Cl−] = 0.04 M electrodes, the results obtained from an Ag2S/Ag-based
electrode are encouraging for further experiments in the presence of S(−II).

4.6. Measurements of the Conductivity in Solution from the Multi-Parameter Probe

Multiplying electrode couples for accurate conductivity measurements appears to be crucial.
For this purpose, the accuracy of the conductivity measurements was investigated on the four electrode
couples I-F4F1_E-F3F2(AgCl), I-F5F2_E-F4F3(AgCl), I-F5F1_E-F4F2(AgCl) and I-F4F1_E-F3F2(Pt),
as shown on Figure 3.

Prior to any measurement on a real sample, it is necessary to determine the geometric factor (k) of
each investigated electrode couple. The calibration step of the multi-parameter probe was done by
measuring the impedance (|Z|) of four sodium chloride solutions whose concentrations ranged from
10−4 to 10−1 M. The resistivity values of these solutions were measured by means of a commercial
conductivity probe, and are reported in Table 4.

Table 4. Conductivity and resistivity values of the four sodium-chloride solutions used to determine
the geometric factor value of each electrode couple.

NaCl (M) σ (S·m−1) ρ (Ω·m)

10−1 1.2155 0.8227
10−2 0.12 8.3333
10−3 0.0126 79.3651
10−4 0.001274 784.9294

The influence of the frequency of the AC current applied between the two injection electrodes was
investigated by calibrating the four electrode couples at various frequencies ranging from 0.1 to 105 Hz.
The objective of this investigation was to determine the optimal frequency range for measuring the
conductivity in the range from 10−4 to 10−1 M (i.e., from 1.28 × 10−3 S·m−1 to 1.22 S·m−1).

4.6.1. Influence of the Alternating Current Frequency

In order to investigate the frequency influence on our experiments, impedance measurements were
carried out at different frequencies ranging from 0.1 to 105 Hz for each of our electrode couples and in
each sodium-chloride solution (10−4, 10−3, 10−2, 10−1 M). The results and conclusions being the same
for all electrode couples, only the one obtained from the second electrode couple (I-F5F2_E-F4F3_AgCl)
will be discussed (Figure 12).

As shown on Figure 12, impedance values measured in low-conductive solutions (Figure 12A,B)
are fairly stable at low frequencies, but vary significantly at high frequencies. The inverse is observed
in more conductive solutions (Figure 12C,D), where the impedance values are fairly stable at high
frequencies, but not at low frequencies. This shows that the less the solution is conductive, the lower
the frequency should be. As it was decided to calibrate the device in a concentration range of 10−4 M
to 10−1 M, i.e., to determine a geometric factor “k” that would allow the conversion of impedance
(|Z|) into resistivity (ρ) over this concentration range, the alternating current (AC) frequency had to
be chosen carefully, considering the impedance variation as a function of AC frequency. For instance,
regardless of the concentration of the solution, the impedance remains constant as a function of the
frequency from 10 Hz to about 1500 Hz (Figure 12). Therefore, the geometric factor was determined
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with a 1373 Hz AC frequency (10 μA). The determination and comparison of the geometric factors of
each electrode couple is presented in the next section.

Figure 12. Variation of the impedance values as a function of alternating current frequency resulting
from measurements carried out on the second electrode couple (I-F5F2_E-F4F3_AgCl) in sodium
chloride solutions of different concentrations: (A) 10−4 M, (B) 10−3 M, (C) 10−2 M, (D) 10−1 M.

4.6.2. Determination of the Geometric Factors

By applying the procedure described earlier in the Section 4.6 (Measurements of the conductivity
in solution from the multi-parameter probe), the geometric factors of each electrode couple were
calculated. Table 5 summarizes the measurements at different concentrations ranging from 10−4 to
10−1 M. The geometric factor "k" was obtained by plotting the resistivity of the solutions (Table 5) as a
function of impedance, since it corresponds to the slope.

Table 5. Summary of the impedance measures realized on the different electrodes couples for the
determination of the geometric factors. An AC of 10 μA at a frequency of 1373 Hz has been applied
during these experiments.

N◦ Couple
Injection

Electrodes (I)
Induced Potential

Electrodes (E)

|Z| (Ω) at Different NaCl Content (M) and at
Frequency = 1373 Hz k (m−1)

10−1 M 10−2 M 10−3 M 10−4 M

1 F4F1_AgCl F3F2_AgCl 58.98 475.55 3684.48 26,849.22 0.0296
2 F5F2_AgCl F4F3_AgCl 60.37 484.18 3736.20 26,975.55 0.0294
3 F5F1_AgCl F4F2_AgCl 119.39 957.7 7377.56 53,710.79 0.0148
4 F4F1_Pt F3F2_Pt 58.45 472.20 3661.99 26,417.52 0.0301

Comparing the geometric factors obtained from couples 1 and 2 (AgCl/Ag-based electrodes)
shows that measurement reproducibility is good.

Comparing the results obtained with silver chloride/silver electrodes and platinum electrodes,
i.e., couples 1, 2 and 4, shows that the geometric factor does not depend on the type of electrode.
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Finally, comparing the results of electrode couple 3 with those of the other electrode couples
shows that the geometric factor value depends on the distance between electrodes. However, this
dependence on the distance between electrodes seems only to concern the distance between electrodes
for measuring the induced potential. As shown on Table 5, when the distance between these electrodes
is doubled, the geometric factor increases by a factor of two as well.

Geometric factors were also calculated for a lower AC frequency (79 Hz) following the same
approach as above. The results (not presented) are very similar to those just described, showing a
relative gap of the geometric factors ranging from 0.75 to 3%, depending on the electrode couple
considered. The calibration of the device allowed measuring the resistivity of the reconstituted COx
pore water from impedance measurements at 1373 Hz. The good agreement between the conductivity
value measured with the multi-parametric probe (0.78 ± 0.02) S·m−1, the mean value of the data
acquired by the four electrode couples) and that acquired with a conventional four-cell conductivity
electrode (0.85 S·m−1) shows the accuracy of our new probe (relative gap of 8.2%), which can be used
for punctual conductivity measurements. It can also be used for establishing a vertical conductivity
profile of the solution flowing through the multi-parametric probe, by injecting the current between
floors 1 and 5, and by successively measuring the induced potential between floors 5–4, 4–3, 3–2 and
2–1. If the conductivity of the solution changes, then the flow of the solution through the device can
be estimated.

5. Conclusions

We present an innovative electrochemical device for pH, redox potential and conductivity
monitoring in near-field rock of deep geological radioactive waste repositories. A monocrystalline
antimony electrode was tested over 16 months. Both reliability and robustness of this electrode were
clearly demonstrated for pH monitoring in the range of 5.5–12 within a radioactive nuclear-waste
disposal site.

OCP measurements provided by Pt, Au and glassy carbon (GC) electrodes for determining the
Eh value confirmed the robustness of platinum as an indicator electrode for this purpose. Voltage
measurements by gold and GC electrodes tended towards those provided by platinum ones (same order
of magnitude), demonstrating the analytical feasibility of redox measurement via other inert electrodes.

All-solid-state AgCl/Ag/[Cl−] = 0.04 M electrodes showed a constant OCP value (E = 319.2 ± 1.4 mV)
over one month of analyses of reconstituted COx pore water in the 7.4–11 pH range. Under the investigated
conditions, the electrodes did not show potential drift when subjected to pH variations which opens the
possibility of using them as reference electrodes. Under the same conditions and in the absence of S(−II),
the OCP of an Ag2S/Ag-based electrode acquires the constant OCP value of E = 151 ± 4.6 mV in the
pH range of 7.4 to 9.

The multi-parametric device can also be used for conductivity measurements by GEIS.
The good agreement between the conductivity value measured with the multi-parametric probe
(0.78 ± 0.02 S·m−1), which is a mean of the data acquired by the four electrode couples, and the one
acquired with a conventional four-cell conductivity meter (0.85 S·m−1) testifies to the accuracy of
the method.

Overall, the bundle of electrodes as designed by us appears suitable for monitoring the COx
formation during its envisaged use for hosting a nuclear waste repository. Further is ongoing to
develop abacuses for an accurate calibration of the new probe. Experiments for estimating corrosion
rates of the different electrode materials in the reconstituted COx solution are planned as well.
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Abstract: Spectral filter arrays imaging exhibits a strong similarity with color filter arrays. This permits
us to embed this technology in practical vision systems with little adaptation of the existing
solutions. In this communication, we define an imaging pipeline that permits high dynamic range
(HDR)-spectral imaging, which is extended from color filter arrays. We propose an implementation
of this pipeline on a prototype sensor and evaluate the quality of our implementation results on
real data with objective metrics and visual examples. We demonstrate that we reduce noise, and, in
particular we solve the problem of noise generated by the lack of energy balance. Data are provided
to the community in an image database for further research.

Keywords: spectral imaging; spectral filter arrays; high dynamic range; image database

1. Introduction

Spectral filter arrays (SFA) technology [1] provides a compact and affordable means to acquire
multispectral images (MSI). Such images have been proven to be useful in countless applications,
but there extended use to general computer vision was limited due to complexity of imaging set-up,
calibration and specific imaging pipelines and processing. In addition, spectral video are not easily
handled either. SFA, however, developed around a very similar imaging pipeline to color filter arrays
(CFA), which is rather well understood and already implemented in many solutions. Indeed, SFA,
similarly to CFA, is a spatio-spectral sampling of the scene captured by a single shot of a solid-state,
single, image sensor. In this sense, SFA may provide a conceptual solution that improves vision
systems by trading spatial resolution for more spectral information.

Until recently, only simulations of SFA cameras were available, which made its experimental
evaluation and validation difficult. Recent works on optical filters [2–4] in parallel to the development
of SFA camera prototypes in the visible electromagnetic range [5], in the near infrared (NIR) [6] and in
combined visible and NIR [7,8] permitted the commercialization of solutions, e.g., Imec [9], Silios [10],
Pixelteq [11]. In addition, several color cameras include custom filter arrays that are in-between CFA
and SFA (e.g., [12,13]). Recent applications in medical imaging [14], agriculture and environment [15]
have been published. This indicates that we could consider the application of this technology to large
scale use soon after the development of standard imaging pipelines and drivers.

We define and demonstrate the imaging pipeline in this communication. One strong remaining
limitation of SFA is to preserve the energy balance between channels [16,17] while capturing a scene.
Indeed, due to the large number of filters and their spectral characteristics, i.e., narrow band sensitivities
and inadequacy with the scene and illumination, or large inhomogeneity between filter shapes, it is
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frequent to observe one or several channels under- or over-exposed for a given integration time and
illumination, which is common to all filters. This may be solved in theory, by optimizing the filters
before to create the sensor [17]. But filter realization is not yet very flexible. Another way to solve this
issue would be to develop sensors with per-pixel integration control. This is in development within some
3D silicon sensor concepts [18,19], but this technology is at its very beginning, despite recent advances.

On the other hand, in gray-level and color imaging, the problem of under and over-exposure of
parts of the scene is addressed by means of high dynamic range (HDR) imaging [20,21]. HDR imaging
permits to potentially recover the radiance of the scene independently of the range of intensities
present in the scene. Since the dynamic range of a given sensor is limited, the quantization of the
radiance values is a source of problems. The signal detection of very low intensity is limited by the
dark noise. On the other hand, high intensities of the input signal cannot be completely recovered and
are sometimes voluntarily ignored (saturated pixels). To overcome these problems, a low exposure
image could be used to quantify the highest intensities, whereas a high exposure allows us to quantify
relatively low light signals well. Such an approach may also be used to bring less and more sensitive
channels to a common representation space with a reduced noise amount.

In an ideal configuration, an HDR image is created by bringing standard dynamic range (SDR,
typically 8 bits per channel) images in the same domain by dividing each image by its particular
exposure time, and then by summing the corresponding pixel values. However, due to the effect of
electronic circuits, most of the cameras have a non-linear processing regarding to the digitization of
intensities, leading to a finite pixel brightness range and definition. This non-linear transformation
is materialized by the camera response function, denoted g(i), where i indexes the pixel value. It is
assumed that this curve is monotonic and smooth. Some algorithms have been developed to recover
this characteristic [21–23]. The most common method is the non-parametric technique from Debevec
and Malik [21]. For a given exposure time and camera pixel value, the relative radiance value is
estimated by using the integration times, g(i) and a weighting function ω(i). Debevec and Malik use a
“hat” function as weighting function, based on the assumption that mid-range pixels (values close to
128 for 8-bits sensors) are the most reliable and the best exposed pixel for a given scene and integration
time. In addition, recent advances have been done on the capture and processing of HDR video with
low latency, using hardware-based platform [24–26]. For HDR video, merging images captured at
different sequential moments could lead to ghost artifacts when there are moving objects. This has
been largely studied in recent years [27,28]. So, we argue that such methodology could be embedded
in the SFA imaging pipeline without breaking the advantages of SFA technology for computer vision.

HDR multispectral acquisition is already treated by, e.g., Brauers et al. [29] and Simon [30].
However, they consider the problem of HDR using individual bands acquired sequentially, so
each band is treated independently for potentially different integration times. In the case of SFA,
we may consider specific joined processes. We communicated preliminary qualitative results at the
Scandinavian Conference on Image Analysis (SCIA 2017) [31], and this paper extends, generalizes, and
evaluates widely our preliminary results. We compare the HDR resulting images with an SDR database
of the same objects [32]. In addition, we make our HDR database available for further research as
supplementary material.

In this paper, we first generalize the imaging CFA pipeline to SFA in Section 2. This new SFA
imaging pipeline embeds the HDR concept; It is based on multiple exposure spectral raw images.
Then, the experimental implementation is developed in Section 3, the implementation is based on real
data acquired with a prototype state-of-the-art camera [8] that captures visible and NIR information.
Description of the database of images are provided in Section 4. Results and analysis are based on
objective metric scores and visual examples in Section 5.
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2. Imaging Pipelines

2.1. CFA Imaging Pipeline

Several CFA imaging pipelines exist. We can classify them in two large groups: one concerns the
hardware and real-time processing community [33–35], the other concerns the imaging community [36–38].
A very general distinction is that the former one often considers the problem from the sensor and signal
point of view and demosaics the raw image in very early steps, rather the latter considers the problem
from a visualization point of view, and demosaics after or jointly with other processing such as white
balance. In this work, we design the pipeline after the generic version defined by Ramanath et al. [37],
which is shown in Figure 1.

Figure 1. Color filter arrays (CFA) imaging pipeline similarly defined as in [37]. The pipeline contains
pre-processing on raw data, which include for instance a dark noise correction and other denoising.
Raw data would be corrected for illumination before to be demosaiced. Images are then projected into
an adequate color space representation and followed by some post-processing, e.g., image enhancement,
before coming out of the pipeline on a visualization media. Alternatively, this information could be
compressed before archiving or be used for machine vision through adequate image processing.

2.2. HDR-CFA Imaging Pipeline

HDR imaging has been developed mostly within monochromatic sensors for the acquisition
of HDR data. Indeed, the HDR capture is mostly an intensity process performed by channel [30].
However, there is a huge amount of work that developed the tone-mapping of HDR color images for
visualization, (e.g., [39,40]).

We encapsulate a general HDR imaging process in the previous pipeline such as shown in Figure 2.
This pipeline is based on sequence of images of the same scene having different integration times.
The HDR pipeline may have distinguished outputs: one leads to HDR radiance images, which can be
stored or used for automatic application. Another leads to a display-friendly visualization of color
images. Note that these two outputs may overlap in specific applications.

2.3. SFA Imaging Pipeline

SFA sensors are currently investigated and developed, however beside demosaicing and
application dedicated processing, the rest of the pipeline is not very well defined, thus understood,
to our knowledge. We argue that a similar pipeline than CFA may be considered, which is then
defined in Figure 3. In this pipeline, we still consider pre-processing as denoising and an equivalent
to white balance as gain adjustment channel balance (referred to as multispectral constancy by some
research). In the visualization pipeline, the color transform shall project the multispectral data into a
color space representation.
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Figure 2. High dynamic range (HDR)-color filter arrays (CFA) imaging pipeline. In this case, the
pre-processing is typically performed per image, similarly to the standard dynamic range (SDR)-CFA
case. Then, radiance estimation is performed based on the multiple images, providing radiance raw
images. White balancing and demosaicing are performed on this data. Then, the HDR image may
be used as is for machine vision, or it continues into a visualization pipeline, where color transform,
tone-mapping and image-enhancement may be applied before visualization. Bridge between the
different output may occur if, for instance, the machine vision is designed to SDR content.

Figure 3. SFA imaging pipeline. At the instar of CFA, this pipeline defines some illumination discarding
process and demosaicing. The spectral image would be typically used for application after demosaicing.
However, these data may not be observable as they are, so the pipeline is prolonged for visualization.
The color transform is ought to be slightly different than CFAs, for several channels are present and out
of the visible range information, NIR, may be present in the spectral image. Compression of spectral
data and spectral image processing, for, e.g., material identification or texture classification, are yet
active research fields.

2.4. HDR-SFA Imaging Pipeline

According to the introductory discussion, we propose to extend the SFA pipeline to an HDR
version. Beside the advantage of increasing the dynamic range of our images, we are also particularly
interested in a better balance between channel sensitivities and to the reduction and an homogeneous
distribution of noise by channel thanks to the increase of information. We propose to consider the raw
SFA image as a gray-level image for relative radiance estimation, since this process is essentially a
per-pixel operation. Thus, we perform all radiance reconstruction prior to any separation between
bands. The pipeline is defined in Figure 4. We insist on the fact that this is only one possibility to consider
the HDR pipeline for SFA, which has the advantage to imply only little modifications of the gray-level
HDR pipeline and to permit the embedding of any individual algorithms in any of the boxes.
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Figure 4. Our HDR-SFA imaging pipeline. The radiance estimation is performed on the list of raw
image taken as a whole (DB1 in the database), which permit to create the HDR raw images (DB2 in
the database). The raw HDR image may be corrected for illumination [41,42] and demosaiced by
state-of-the-art methods (DB3 in the database). After this, a visualization process projects the data into
a HDR color representation CIEXYZ (DB4 in the database), which is tone-mapped (DB5 in the database)
and processed for visualization on SDR media. Other outputs of the pipeline may be considered
similarly to the previous pipelines.

3. Implementation of the HDR-SFA Imaging Pipeline

This section explicitly defines what processing is embedded in each of the pipeline box in our
experiment. We selected well-established and understood methods from the state-of-the-art in order
to provide benchmarking proposal and analysis and not go towards the evaluation of each of those
methods individually. Those methods are combined into the pipeline. Our proposal is not exclusive in
the sense that any method may be used and different order of processing or joint processing may also
be considered in the future.

The prototype SFA camera from Thomas et al. [8] is used in this study. Detailed information on
sensitivities, spatial arrangement and other aspects may be found in their article. The raw images
are pre-processed and denoised according to what is performed in their article, which is essentially
a dark noise removal. Then, following the pipeline, HDR data are computed. Section 3.1 covers the
HDR radiance estimation. HDR images are balanced according to each channel and illumination and
demosaiced, according to Miao et al. [43] algorithm, which form the full resolution HDR multispectral
images. The output of the pipeline and the visualization procedure are developed in Section 3.2.
Discussion on the role of illumination is provided in Section 3.2.1.

3.1. HDR Generation

Debevec and Malik radiance reconstruction [21] is probably the most understood HDR imaging
pipeline. The model is based on the assumption that pixel values can be related to the physical
quantity of radiance, by using a computed camera response function, which is recovered through a
self calibration method. Due to the digitization process that converts radiance into pixel value in the
image, this mapping is generally nonlinear and a calibration should be done before any estimation. To
reconstruct HDR images, the camera response function (CRF) must be estimated. We captured 8 SDR
bracketed images at different exposure times, from 0.125 ms to 16 ms with a one-stop increment, see
Figure 5. This leads to a good response curve estimation in term of robustness to noise.
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Figure 5. The set of SDR raw mosaiced images acquired with different exposure times:
{0.125, 0.22, 0.5, 1, 2, 4, 8, 16} ms (all spaced by one stop). These exposures are used to compute the
global response curves of the prototype camera, shown in Figure 6a.

The algorithm to recover the CRF is based on the resolution of a set of linear equations by the
singular value decomposition method. The algorithm is generally applied on RGB cameras, and it
recovers 3 different response curves, one by channel. In our case, as we get eight spectral channels, we
recover eight curves (see Figure 6a). We notice that the dispersion is relatively low between each of the
channels, so in the following, we use the median of these curves for all channels, allowing us to work
directly on the raw data at once to generate HDR values.

(a) (b)

Figure 6. (a) Camera response functions to correct for the non-linearity between relative real radiance
values and pixel intensities in the images. It is recovered from a complete image set shown in Figure 5.
In the pipeline, the median of these curves is used to treat all of the pixels, independently of their
spectral sensitivities; (b) The well-exposedness hat function used in this implementation.

As described in the pipeline, we recover the relative radiance values directly from the preprocessed
raw data (mosaiced data). A number of 3 exposure times is selected. We chose only three exposures
because it is a number commonly used in the literature [24,28], as it gives relatively high dynamic
range and not too much ghost effects in case of video capture. The radiance values are recovered using
the CRF, and by combining the pixel value with its corresponding exposure time [21]. A weighted sum
of the radiance values computed from all exposure times is done using the hat weighting function, that
gives more contribution to mid-range intensity pixels during the HDR reconstruction (see Figure 6b).

After the radiance is estimated by pixel, we apply a balance that compensates for the different
spectral sensitivities of each band i ∈ N and i ∈ [1, 8] and for the illumination spectral power
distribution. We implement a linear correction similarly to a white balance in color camera based on
Equation (1).

ρi =
∫ 1100

400
IIll(λ).Si(λ)dλ, (1)
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where IIll(λ) is the spectral emission of the illuminant used, Si(λ) is the measured camera spectral
sensitivity of each channel (see Figure 7c). We then can compute the multiplication gain factors F to
correct the data and balance their energy as in Equation (2).

Fi =
max{ρ1, ..., ρ8}

ρi
(2)

We obtain 8 factors FS1−S8 = {3.15, 2.86, 3.29, 2.90, 4.34, 5.39, 6.41, 1.00} that are applied to each of
the channels. This can be performed independently of the illumination by removing its contribution in
Equation (1). In this case, illuminant compensation would not be taken into account and should be
handled in another process.

The raw HDR image is then demosaiced to recover the spatial resolution of each of the HDR
spectral channels. We then obtain the HDR multispectral image.

3.2. Visualization and Other Output

Visualization is the traditional use of HDR data. To this end, we project the radiance data
into an HDR coded CIEXYZ color space according to a linear color transform computed on the
24 Macbeth ColorChecker reflectance patches, and the scene acquisition illumination measured in
situ. This colorimetric image may be tone mapped by state-of-the-art algorithms. We used four
tone-mapping techniques later for a representative illustration of visualization experience. We used
the code furbished in the Matlab HDR Toolbox [44].

Although the visualization process has the very well defined goal of producing a pleasant and
informative visual experience, machine vision output may target several purposes and specific HDR
spectral image processing must be considered depending on the task. One particular challenge lies in
the best way to handle 32-bit wide pixel information per spectral channel in real time applications.
This is also a challenge to compress and store this information, but these aspects are not addressed in
this communication.

3.2.1. Illumination Constraints on the Pipeline

The role of illumination is major in any imaging system. The first constraint on illumination is
that its spectral distribution must be compatible with the camera sensitivities so that it maximizes the
signal to noise ratio of the measurement. If there are a priori assumptions on the material surface, it
may also be used to tune the illumination. The impact of illumination on the pipeline itself depends
highly on the method that is implemented in each of the blocks. First, we assume here that there is
no illumination change between the multiple frames that permits multi-exposure. Second, radiance
estimation is sensitive to illumination as mentioned in Section 2.6 of Debevec and Malik [21] for
the color case. That means that, if the illumination does not change, there is no issues with the
reconstruction of radiance of multiple bands and means also that if there are changes in spectral
distribution of the illumination, scaling terms should be adjusted for each of the bands. This is handled
in the “Gain adjustment/Channel balance” block of our pipeline. In the article, we measured the light
source. We could consider an unknown light, but then the channel balance would benefit from some
additional tuning that may be scene dependent. This could be done in several ways: by having a white
patch or calibration tile within the scene; by estimating and correct for the illumination based on a
priori assumption and statistics of the image [41,42,45]. Demosaicing is not necessarily dependent on
illumination, but usually methods based on learning are trained on white balanced images, which
makes them sensitive to this aspect. Subsequent color transform and mapping are also dependent on
the illumination to guarantee the neutrality of the color image appearance.
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4. HDR SFA Database

We created a database of images of real scenes, while using this SFA HDR pipeline on the
prototype camera defined on Figure 7.

(a)

S1 S5 S2 S6

S7 S3 S8 S4

S2 S6 P1 S5

S8 S4 S7 S3

(b)

(c) (d)

Figure 7. The hardware and acquisition procedure, from the illuminant source to the digitized output of
the camera. (a) D65 simulator emission spectra used during the experiment; (b) Spatial distribution of
filters over the sensor; (c) Joint spectral characteristics of optical filters and CMOS sensor [8]; (d) Camera
and electronic architecture, composed of a FPGA (Field-Programmable Gate Array) board and an
attached daughter card holding the SFA sensor.

A total of 18 scenes were captured using hardware and conditions shown in Table 1. Care was
taken to select three adequate exposure times. A high exposure was selected for which only a few
pixels are saturated in low intensities, and a low exposure was selected for which only a few pixels are
saturated in high intensities. In the experiment, relatively good highlight conditions were found, and
these exposure times were selected to 4, 8 and 16 ms (by doubling the amount of photons hitting the
sensors between exposures).

Table 1. Summary of the global parameters and the SFA camera characteristics used during the acquisition.

Camera Sensor E2V EV76C661 + MSFA-Global Shutter Mode

Camera resolution 1280 × 1024 (sensor native)–319 × 255 (image pre-processed)
Number of bands 8 (7 visible and 1 NIR)

Wavelength (calibrated) 380–1100 nm
Exposure time 3 exposure times: 4–8–16 ms

Illuminant D65 simulator (see Figure 7a)
Optics/Aperture Edmund optics 12 mm 58001–F/1.8

Focus Fixed (20 cm)
Image format Tiff 8 bits
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All raw images have been pre-processed to remove the dark noise and the neighboring effects due
to NIR blooming, by applying the procedure according to paper [8]. A file set from raw to tone-mapped
processed data is available according to the following organization:

• DB0: A raw HDR scene with image data stored as single page Tiff files. It contains a set of 8
images (see Figure 5), which are used to reconstruct the camera response (see Figure 6).

• DB1: The raw image data for the 18 scenes at the three integration times, stored as single
page Tiff files.

• DB2: The mosaiced HDR data in .hdr files, which contain raw radiance recovered from the three
exposures, following the method by Debevec and Malik [21].

• DB3: The demosaiced HDR multispectral images in .mat files, which contain the demosaiced
radiances by channel, recovered with the demosaicing algorithm by Miao et al. [43] after that
channel sensitivities and illumination are discarded.

• DB4: The HDR color CIEXYZ images in .hdr files are computed from the multispectral HDR
image by a linear colorimetric calibration computed on the Macbeth ColorChecker.

• DB5: The RGB tone mapped .png files for visualization. Four tone-mapping techniques were
implemented for comparison, spanning different processing complexities.

Table 2 gives details about the content of the HDR SFA database, including the scene description,
the file names and the file extensions. The demosaiced and color transformed HDR images can be, for
example, visualized by any software implementation of the PFSTools framework by Mantiuk et al. [46]
(e.g., Luminance HDR software). By using these tools, the user could visualize on his screen the 8-bits
data per RGB channels, enables a HDR rendering and select a tone-mapping algorithm among several
methods to visualize the file. Along with the complete database of images, a Matlab script, named
Script.m is provided to load data into the workspace. The user can select which scene data to load
amongst the 18 scenes available.
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5. Analysis

5.1. Qualitative Evaluation

We provide an exhaustive example of images at each step of the pipeline for one scene in Figure 8.

(a)SDR exposure 4 ms (b)SDR exposure 8 ms (c)SDR exposure 16 ms

(d)SDR well-exposedness (4 ms) (e)SDR well-exposedness (8 ms) (f)SDR well-exposedness (16 ms)

(g)HDR mosaiced radiance
visualization in false color
representation

(h)HDR mosaiced radiance
visualization in false color
representation after channel
balance

(i)Color version of the 4 ms
SDR image

(j)sRGB linear mapping of
the HDR image)

(k)Tone-mapped RGB
image by Krawczyk et al.
tone-mapping [48]

Figure 8. Illustration of the pipeline results for the Macbeth ColorChecker image (a typical low dynamic
range scene). (a–c) Raw images at different exposures; (d–f) false color well-exposedness representation
that use the Jet colormap from MATLAB; (g,h) HDR radiance mosaiced image estimated from the
three exposure set (a–c) and visualized before and after the channel balance using the Jet colormap
from MATLAB; (i-k) color representation of the image based on the SDR single acquisition or after
tone-mapping of the HDR images.

We observe that channels are unevenly affected by noise at the different exposures. This phenomenon
is highlighted in Figure 8d–f, where a pixel position could hold a good intensity for a given exposure
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time (reddish colors of the Jet colormap), and a bad exposition in another (bluish colors). If we look at
the raw images of Macbeth ColorChecker, at one neutral patch, we can clearly distinguish the inherent
energy balance problems between pixel values through the 8 channels. In the white neutral patch, the
NIR channel called S8 is saturated in the middle integration time. These problems lead to visual noise
when visualizing a single SDR reconstructed image (see Figure 8i). Our HDR-SFA imaging pipeline
corrects the problem by a certain amount. On Figure 8g, we can observe the HDR mosaiced image of
radiance, that exhibits unbalanced sensitivities by channel. After we applied the balance correction,
we observe on Figure 8h that we have a more homogeneous representation of the achromatic patches
through the different channels.

The global effect of applying our HDR pipeline can be visually appreciated on the color tone-mapped
version of the image on Figure 8i,k.

In terms of scene dynamic range, we know that the Macbeth ColorChecker scene is a typical
low dynamic range scene. We could capture the whole dynamic range of the scene with only one
exposure (i.e., Figure 8i) and the HDR process used permits only to reduce the noise and to solve the
energy balance issue. However, for a higher dynamic range scene (like the CD scene), in addition
to balancing the exposure among the pixels, we also extend the dynamic range by a certain amount.
This is evaluated below.

Figures 9–12 show the tone-mapped color images of the database processed with different
algorithms. Namely, we applied a simple logarithmic mapping, Krawczyk et al. [48], Fattal et al. [49]
and Banterle et al. [50].

Global impression is that noise is reduced and that the quality of the images is better than the best
SDR versions of these images shown in Figure 13. Difference in the tone-mapping algorithms seems to
impact mostly the global brightness of the images, which also depends on the scene. Highlights that
are not handled by the shortest integration time are still not handled after the process. This is due to
the selected exposure time, which may not be optimal for some scenes with high dynamic range of
radiance. However, the quality of the scenes or part of the scenes of low dynamic have been greatly
improved, such as in the Macbeth ColorChecker image. Spatial artifacts, such as seen on the SD card
image, are due mostly to other optical and sampling effects, which we do not assess in this work
(non-uniform illumination, optical effects, and aliasing in demosaicing).

(a)CD (b)Knife (c)Water

(d)Train front (e)Pens (f)Kerchief

Figure 9. Cont.
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(g)Kiwi (h)Macbeth ColorChecker (i)Black swimsuit

(j)Orange object (k)Origan (l)Pastel

(m)Battery (n)Train side (o)Raspberry

(p)Ruler (q)SD card (r)Painting

Figure 9. Database visualization of all scenes using a global logarithmic tone-mapping. In case of a
high dynamic range scene with high specular reflection, good details are accomplished in specular
regions, at the expense of a global image contrast reduction.

(a)CD (b)Knife (c)Water

(d)Train front (e)Pens (f)Kerchief

Figure 10. Cont.
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(g)Kiwi (h)Macbeth ColorChecker (i)Black swimsuit

(j)Orange object (k)Origan (l)Pastel

(m)Battery (n)Train side (o)Raspberry

(p)Ruler (q)SD card (r)Painting

Figure 10. Database visualization of all scenes using a tone-mapping that is a combination of local
and global anchoring of brightness values; the Krawczyk et al. [48] tone-mapping. Global contrast is
preserved even in the presence of high specular reflections.

(a)CD (b)Knife (c)Water

(d)Train front (e)Pens (f)Kerchief

Figure 11. Cont.
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(g)Kiwi (h)Macbeth ColorChecker (i)Black swimsuit

(j)Orange object (k)Origan (l)Pastel

(m)Battery (n)Train side (o)Raspberry

(p)Ruler (q)SD card (r)Painting

Figure 11. Database visualization of all scenes using the gradient domain compression tone-mapping
by Fattal et al. [49]. We can see that this technique highlights details well in areas affected by shadows.
It gives good details in specular regions, preserving a relatively good global contrast in the scene.

(a)CD (b)Knife (c)Water

(d)Train front (e)Pens (f)Kerchief

Figure 12. Cont.
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(g)Kiwi (h)Macbeth ColorChecker (i)Black swimsuit

(j)Orange object (k)Origan (l)Pastel

(m)Battery (n)Train side (o)Raspberry

(p)Ruler (q)SD card (r)Painting

Figure 12. Database visualization of all scenes using a tone-mapping that is a combination of local and
global tone-mapping developed by Banterle et al. [50] tone-mapping. We observe that this technique
achieves good rendering in term of local and global contrasts.

(a)CD (4 ms) (b)Knife (4 ms) (c)Water (4 ms)

(d)Train front (16 ms) (e)Pens (4 ms) (f)Kerchief (8 ms)

Figure 13. Cont.
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(g)Kiwi (4 ms) (h)Macbeth CC (4 ms) (i)Black swimsuit (16 ms)

(j)Orange object (k)Origan (4 ms) (l)Pastel (4 ms)

(m)Battery (4 ms) (n)Train side (16 ms) (o)Raspberry (8 ms)

(p)Ruler (4 ms) (q)SD card (4 ms) (r)Painting (16 ms)

Figure 13. Visualization of SDR color versions of the scenes without using any HDR processing.
Integration times was selected to be the best exposure as described in [32]. Those SDR versions of
scenes could be compared to the output images of HDR pipeline with tone-mapping.

5.2. Quantitative Evaluation

We propose to evaluate our pipeline quantitatively by several strategies. Difficulty in this task
comes from the fact that no ground truth is available and from the fact that there are a great number
of factors that affect the final image quality. We propose to evaluate only two aspects: The radiance
estimation and the final tone-mapped color image.

5.2.1. Radiance Estimation

We are interested first in evaluating the estimation of the radiance of the scene. We propose
three indicators:

• We first investigate the relation between the achromatic patches radiance of the Macbeth
ColorChecker evaluated by the camera and computed theoretically by spectral simulation on
Figure 14. The curves do not exhibit a very good linear behavior and show an offset. The CRF
estimation may be impaired by the very high radiance of the lamp in the scene. However, issue
with this evaluation is that it is quite affected by the spatial non-uniformity of the illumination,
so it is not easy to draw strong conclusions from it. Indeed, the achromatic patches are distributed
horizontally across the image, so vignetting and illumination shift impact the results. The curve
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of the channel sensitive to the NIR is showing an outlying behavior. This specific channel is not
very well evaluated by this indicator due to lack of measurements of the illumination between 1000
and 1100 nm for material limitation (our measurement device did not reach beyond that limit).

Figure 14. Study of the channel camera response according to the achromatic patches in the Macbeth
ColorChecker chart. A theoretical response has been computed, taking into account the illuminant and
the camera response (see Figure 7a,c).

• To produce a better evaluation and break the limitation of the above bullet point, we argue that
the ratio of intensities, by channel, between patches in simulation and in practice should be the
same if the radiance is well evaluated. In addition, if we compute only ratio between adjacent
patches, the effect of the illumination and vignetting should be minimum. Difference in ratio r

between a couple of horizontal adjacent patches is computed such as ΔR =
√
(r̂j

i − rj
i)

2, with
i ∈ N and i ∈ [1, 8] being the channel considered and j ∈ N and j ∈ [1, 20], indexing the ratio
between each pair considered.

Results are shown on Table 3. It is shown that we have a minimum and maximum error in
the range 0% to 46%. This evaluation demonstrates that we obtained a rather good radiance
estimate with an average of 5% of error among patch couples and 5% of error among channels.
Moreover, the error among channels is near to constant, which indicates that we have a good
uniformity in radiance recovery over wavelengths. It appears that the maximum error is reached
when couple of patches shows a large difference in intensity values like 4/5, 10/11, 13/14, 15/16.
We investigated this point separately and found out that the signal to noise ratio is rather high for
specific combinations of radiance and sensor spectral sensitivity. This is due to low radiance from
the patch. When the sensor value is high for one patch and very small for another one, this noise
is amplified. This creates those huge errors. It is yet to be investigated how this effect impacts the
evaluation of HDR radiance accuracy.

• Image quality does not depend only on radiance accurate evaluation, so we also make a tentative
to evaluate the process by means of established no-reference metric. This is an attempt to evaluate
the global quality of the HDR images. BRISQUE [51] no-reference metric scores are computed per
channel on the demosaiced HDR multispectral images. The scores are shown and averaged by
channel on the right part of Table 4. The best scores of BRISQUE are close to 0 and the result on the
HDR images are closer to 100, which should indicate a very bad quality. However, those results
are difficult to interpret since we do not have very natural content, a consistent pixel intensity
range, neither any data to compare with. In addition, we did not re-trained BRISQUE for those
specific data, so that scores over 100 occurs, meaning that the quality of the image is worse than
the training data set wost image quality, according to the measure. Also, HDR linear data may
exhibit different statistics than usual gamma corrected SDR images. This is supported by the
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fact that the magnitude of the score seems not to correlate very well with the observation of the
color images (see next paragraph). We observed similar difficulties with scores from NIQE [52]
or BLIINDS-II [53] image quality measures. The scores of the two last metrics are not presented
in the article because we consider that using those no-reference metrics for this purpose is not
adequate. BRISQUE is shown to report an example of this attempt. We cannot state here how
BLIINDS-II and BRISQUE would become efficient if they were trained on adequate images of
radiance. Nevertheless, we could still observe that the quality of each channel for one image is of
similar quality across channels, and since BRISQUE is computed based on image statistics, this
indicates that we have an homogeneous quality, which is very good.

Table 3. Ratio difference between radiance computation and estimation between adjacent patches of
the Macbeth ColorChecker. The index refers to the number of the patch on the chart. Except for some
specific couple of patches, we could consider a good estimation at less than 5% in average.

- S1 S2 S3 S4 S5 S6 S7 S8 Mean STD

1/2 0.01 0.03 0.05 0.03 0.00 0.03 0.02 0.04 0.03 0.02
2/3 0.10 0.09 0.08 0.08 0.05 0.05 0.04 0.09 0.07 0.02
3/4 0.04 0.03 0.02 0.03 0.03 0.03 0.04 0.02 0.03 0.01
4/5 0.46 0.31 0.07 0.08 0.15 0.17 0.23 0.11 0.20 0.03
5/6 0.01 0.03 0.02 0.02 0.00 0.01 0.01 0.02 0.01 0.01
7/8 0.07 0.08 0.06 0.04 0.03 0.02 0.00 0.04 0.04 0.03
8/9 0.06 0.05 0.07 0.08 0.10 0.19 0.23 0.10 0.11 0.07

9/10 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.00
10/11 0.04 0.03 0.09 0.09 0.08 0.06 0.06 0.04 0.06 0.02
11/12 0.02 0.00 0.01 0.01 0.03 0.01 0.03 0.00 0.01 0.01
13/14 0.07 0.04 0.14 0.20 0.20 0.19 0.19 0.12 0.14 0.06
14/15 0.07 0.07 0.03 0.05 0.03 0.02 0.05 0.09 0.05 0.02
15/16 0.05 0.04 0.06 0.07 0.09 0.06 0.05 0.05 0.06 0.02
16/17 0.01 0.03 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01
17/18 0.00 0.01 0.04 0.02 0.01 0.00 0.00 0.00 0.01 0.01
19/20 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.07 0.06 0.01
20/21 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.06 0.05 0.01
21/22 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.06 0.04 0.01
22/23 0.04 0.03 0.03 0.03 0.02 0.02 0.01 0.06 0.03 0.01
23/24 0.06 0.04 0.06 0.05 0.03 0.02 0.00 0.09 0.04 0.03
Mean 0.06 0.05 0.05 0.05 0.05 0.05 0.06 0.06 - -
STD 0.10 0.06 0.03 0.04 0.05 0.06 0.07 0.04 - -

Table 4. BRISQUE [51] no-reference metric computed on the SDR color images and also on each channel
of the multispectral HDR images. Results estimate that the best exposure SDR color image is better than
any of the tone-mapped. This is different to what is observed and we may discard BRISQUE to analyze
such data. The results on the spectral channels shows very bad BRISQUE scores, but again, they are
hardly comparable to anything we know. Nevertheless, they also show that scores are relatively similar
across the channels, indicating stability. Red cells with the worst score are highlighted, whereas green
cells mean best scores.

Image
SDR

TM TM TM TM
S1 S2 S3 S4 S5 S6 S7 S8

Scene Banterle Fattal Log Krawczyk

black_swimsuit 50.2 63.5 72.1 77.5 54.6 88.4 90.4 88.3 92.6 90.2 88.8 78.7 87.5
train_side 29.4 56.8 53.8 65.8 50.7 84.9 85.2 78.8 81.8 87.8 83.4 66.4 89.5

cd 34.0 53.5 53.9 59.7 46.2 54.0 52.5 48.9 47.7 53.5 50.1 44.4 44.2
kiwi 28.4 45.7 39.9 47.0 44.3 46.9 49.3 42.0 42.1 36.5 41.4 32.1 37.3
sd 36.4 50.8 52.0 51.6 47.6 51.7 51.4 49.1 50.8 53.1 56.9 49.5 45.3

pens 18.4 58.1 60.0 63.1 59.3 74.7 76.2 69.0 70.7 73.9 76.0 64.2 75.8
origan 26.9 52.0 50.2 53.1 50.4 55.3 60.7 49.4 57.3 53.1 52.8 49.3 50.3

painting 42.4 45.9 41.2 46.4 39.5 58.6 54.9 52.5 54.2 42.7 51.2 47.7 49.6
macbeth 29.6 61.2 46.1 69.1 66.2 62.0 67.1 63.8 67.5 69.9 69.9 54.4 65.1
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Table 4. Cont.

Image
SDR

TM TM TM TM
S1 S2 S3 S4 S5 S6 S7 S8

Scene Banterle Fattal Log Krawczyk

knife 32.0 53.3 62.0 58.9 47.9 51.0 49.0 46.4 50.9 54.8 43.4 33.3 44.7
water 24.4 52.4 49.2 53.3 51.9 59.3 56.4 54.3 54.9 52.2 53.8 47.2 53.8

train_front 34.9 60.5 58.4 77.5 51.4 84.1 85.0 77.1 81.6 82.6 79.9 64.2 85.8
kerchief 87.4 102.6 97.5 105.0 105.1 93.6 96.5 98.8 99.0 102.3 99.4 52.9 45.9
pastel 52.1 71.9 59.6 69.7 67.8 70.4 73.5 71.3 69.9 73.9 73.8 68.0 68.3

orange_object 31.5 59.2 49.8 67.5 54.9 60.7 69.9 55.5 59.7 65.8 68.8 56.0 46.5
battery 42.7 56.7 48.4 60.3 49.8 55.0 57.4 55.8 51.3 52.6 49.8 48.7 50.5

raspberry 45.7 59.7 50.7 60.5 56.1 71.0 71.0 63.6 65.1 65.1 66.6 61.8 63.8
ruler 34.5 53.8 49.2 68.3 39.5 44.8 45.6 48.7 47.7 53.1 52.3 46.3 39.3
Mean 37.8 58.8 55.2 64.1 54.6 64.8 66.2 61.8 63.6 64.6 64.3 53.6 58.0
STD 15.2 12.6 13.0 13.7 14.7 15.0 15.6 15.8 16.3 17.7 16.6 12.0 17.0

5.2.2. Evaluation on Color Images

We are interested in the evaluation of the tone mapped color images to demonstrate that we
improved the overall quality. For that, we used again the BRISQUE [51] no-reference metric, and
evaluate the results on the left part of Table 4. Red cells with the worst score are highlighted, whereas
green cells mean best scores. Results are somehow surprising, since the best observed visual quality
is not indicated by the metric (cf. qualitative analysis). We still can explain the worst results by
the dark low contrasted images tone-mapped by the global logarithm. Best results of BRISQUE
indicates that SDR images are best, that probably satisfy more to the conditions evaluated by the
metric. As mentioned above, scores higher than 100 mean that the quality of the image is worse than
the set of training images. It seems however that BRISQUE is not the adequate metric to evaluate the
quality of tone-mapped images. BLIINDS-II [53] exhibits generally similar results in giving generally
the color SDR image as the best between the color images. NIQE [52] does not seem to provide any
strong tendency. The scores of the two last metrics are not presented in the article because we estimate
that using those no-reference metrics for this purpose is not adequate. BRISQUE is shown to report an
example of this attempt.

New metrics are specially designed to evaluate tone-mapped HDR images. We evaluated the
different color images by using a state-of-the-art method called HIGRADE [54]. HIGRADE is a
dedicated method for non-reference image quality assessment. It evaluates the SDR images obtained by
algorithms such as tone-mapping, multi-exposure fusion, or other dedicated processing. This method
is dedicated to perceptual evaluation of HDR images and has been considered as the most efficient
algorithm on a large database of HDR images, called ESPL-LIVE HDR Image Quality database [55].
Table 5 shows the output of the algorithm for SDR images. This evaluation clearly demonstrates that the
HDR versions of the images are better than the SDR one, especially when using the Krawczyk et al. [48]
technique. This technique is based on both local and global contrast enhancements, that seems to give
a good general rendering, as the metric suggests. Other tone-mapping techniques have relatively good
scores, and all provide better scores than the SDR one after averaging. Standard deviation remains
quite stable, except for Banterle tone mapping.

Table 5. HIGRADE [54] results for evaluation of color images. Scores indicate that the HDR
tone-mapped color images are always better than the SDR single exposure version. Scores indicate also
that Krawczyk et al. tone-mapping provide best results amongst the tested algorithms, which is also
supported qualitatively by visualization of the images.

Image SDR TM Banterle TM Fattal TM Log TM Krawczyk

black_swimsuit −1.33 −0.84 −0.92 −0.91 −0.57
train_side −0.79 −0.94 −0.96 −1.19 −0.71

cd −0.72 −0.12 −0.09 −0.93 −0.08
kiwi −1.07 −0.86 −1.02 −0.62 −0.45
sd −1.31 −0.39 −0.13 −0.45 −0.47
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Table 5. Cont.

Image SDR TM Banterle TM Fattal TM Log TM Krawczyk

pens −1.23 −0.54 −0.70 −0.56 −0.46
origan −0.90 −0.41 −0.44 −0.13 −0.14

painting −0.60 −0.64 −0.84 −0.47 −0.43
macbeth −0.90 −0.50 −0.42 −0.45 0.02

knife −0.79 −0.39 −0.49 −0.87 −0.07
water −1.01 −0.92 −0.80 −0.86 −0.70

train_front −0.95 −0.64 −0.66 −1.18 −0.72
kerchief −2.02 −2.05 −1.53 −1.77 −1.46
pastel −1.13 −0.59 −0.55 −0.73 −0.32

orange_object −0.99 −0.96 −0.42 −0.61 −0.73
battery −0.92 −0.34 −0.38 −0.79 −0.14

raspberry −0.95 −0.81 −0.89 −0.93 −0.24
ruler −0.40 −0.74 −0.77 −1.21 0.02
Mean −1.00 −0.70 −0.67 −0.81 −0.42
STD 0.34 0.40 0.34 0.36 0.36

5.3. Discussion

The implementation of the HDR-SFA pipelines produce images of better visual quality that its
SDR counterpart. In the previous section, we made a tentative to evaluate the quality of data which are
not easy to handle by quality procedures. First because we do not have references, neither groundtruth
or good knowledge on HDR scenes. Indeed, in general HDR images are evaluated visually after being
tone-mapped. In our context, it is a little more complex since we also add some spectral dimension to
the problem. We try in the following to discuss this according to our evaluation.

One major aspect of SFA images is that we do not have ground truth, for both SDR and HDR
domains. For spatial information, we are limited to the result of the demosaicing method or by the fact
that the information is sparsely distributed over the whole sensor. For spectral information, we are
limited to visual evaluation of content projected in a color space. Evaluation may however be produce
on usability on a specific vision task, which is out of the scope of that article.

In our tentative to produce an evaluation on data quality, it appears that we cannot directly
compare SDR, HDR and HDR tone-mapped results using a SDR image quality metric (such as
BRISQUE). Generally, it is understood that a tone-mapped HDR result tends to compress a high
dynamic range of radiance into a displayable range of intensity (e.g., 8-bits), as the logarithmic
tone-mapping do. It often leads to an image of rather “washed and gray” appearance and devoid
of local and global contrast. In other words, the quantity of visual information is enhanced at the
expanse of the naturalness. So evaluation fails when trying to use SDR metrics to evaluate the image
quality. That is why dedicated HDR quality metrics, such as HIGRADE [54], have been introduced in
the literature, along with emerging perceptual-based tone-mapping techniques [48].

Although we hardly evaluate the radiance estimation, we validated the pipeline for the
visualization output by examples and by objective metrics.

Based on this pipeline, we consider two typical types of potential applications. SFA camera are
being used in several applications, with promising recent results in, e.g., medical imaging, where
the snapshot aspect is rather important to have stability over physiological parameter changes [56].
However, the dynamic of the scene may be very large in such applications (for instance specular
reflections on wet tissues or difference of intensity light between outside body and inside an opening
in the body). In this case, such pipeline can be useful in situations that are well controlled, including
knowledge about the illumination. Evaluation on how three consecutive image captures generate
noise for a specific application is yet to be investigated. Temporal corrections of the time-dependent
artifacts introduced are well understood in the literature [28]. On the other hand, general computer
vision tasks, e.g., background subtraction [57], within uncontrolled illumination, where the dynamic
range of the scenes could also be great can be targeted (for instance, automotive car getting out of a
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tunnel). One of the major constraint in this case is to handle the changes of illumination within the
pipeline. Recent works on illuminant estimation from multispectral images [41,42,45] shall permit
to implement correction in real time as for camera white balancing. Further works are required to
investigate the impact of illumination in those applications. In any application, the HDR imaging
pipeline permits to solve issues with energy balance of the sensor, i.e., when two bands have very
different sensitivities for a similar integration time.

6. Conclusions

We defined a generalized imaging pipeline for HDR-SFA cameras. This is a similar pipeline to
CFA architecture, adding spectral processing blocks and HDR enhancement for the channel balance
correction and noise reduction. By demonstrating the pipeline, we enable the use of SFA camera in
computer vision systems at reduce modification of the existing CFA pipeline.

Further works include the evaluation of the impact of each of the imaging pipeline components
with respect to either visualization or usability of the HDR spectral data. We presented one instantiation,
while many are possible. Further works also include standardization of camera and pipeline as well as
file format and transmission line mixing multiple channel and HDR radiance data.
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Abstract: Here, we present a surface-enhanced Raman spectroscopy (SERS) nanosensor for
environmental pollutants detection. This study was conducted on three polycyclic aromatic
hydrocarbons (PAHs): benzo[a]pyrene (BaP), fluoranthene (FL), and naphthalene (NAP). SERS
substrates were chemically functionalized using 4-dodecyl benzenediazonium-tetrafluoroborate and
SERS analyses were conducted to detect the pollutants alone and in mixtures. Compounds were
first measured in water-methanol (9:1 volume ratio) samples. Investigation on solutions containing
concentrations ranging from 10−6 g L−1 to 10−3 g L−1 provided data to plot calibration curves
and to determine the performance of the sensor. The calculated limit of detection (LOD) was
0.026 mg L−1 (10−7 mol L−1) for BaP, 0.064 mg L−1 (3.2 × 10−7 mol L−1) for FL, and 3.94 mg L−1

(3.1 × 10−5 mol L−1) for NAP, respectively. The correlation between the calculated LOD values and
the octanol-water partition coefficient (Kow) of the investigated PAHs suggests that the developed
nanosensor is particularly suitable for detecting highly non-polar PAH compounds. Measurements
conducted on a mixture of the three analytes (i) demonstrated the ability of the developed technology
to detect and identify the three analytes in the mixture; (ii) provided the exact quantitation of
pollutants in a mixture. Moreover, we optimized the surface regeneration step for the nanosensor.

Keywords: polynuclear aromatic hydrocarbon (PAH); surface-enhanced Raman spectroscopy (SERS);
nanosensor; diazonium salt; surface functionalization; detection

1. Introduction

As part of the latest European Water Framework Directives (Directives 2000/60/EC, 2006/118/EC,
and 2006/11/EC), the development of analytical tools allowing on-site, accurate, and sensitive
detection of pollutants in environmental waters is of primary importance. Although extensive efforts
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have been devoted to developing highly sensitive, reproducible, accurate, and robust analytical sensors
for on-site or in situ monitoring of trace elements (i.e., qualitative and quantitative analysis) [1–7],
organic contaminants have received less attention.

Among the strategies investigated to meet the need for detecting organic contaminants in water,
novel extraction techniques have been widely reported. Solid phase microextraction (SPME) [8–11]
or stir-bar sorptive extraction (SBSE) [12] combined with gas chromatography (GC) [13–15],
high performance liquid chromatography (HPLC) [15,16], mass spectrometry (MS) [17], Raman
spectroscopy [10], or capillary electrophoresis (CE) have led to accurate results down to pg L−1

concentrations for chlorinated solvents [16], benzene, toluene, ethylbenzene, and xylenes (BTEXs) [10],
and polycyclic aromatic hydrocarbons (PAHs) [9,15]. Despite their high sensitivity, procedures
using these passive sensors are ill-suited for on-site monitoring due to their limitations regarding
the co-injection of solvents [18,19] and the desorption procedure under high temperature and/or
pressure [20].

New alternative methodologies with similar efficiencies are thus needed for detecting organic
contaminants. Given their low limit of detection on the order of ng L−1, piezoelectric chemical sensors
(quartz crystal microbalance, QCM) [21–31] have attracted considerable attention. Although QCM
is suitable for investigating the preconcentration of organic contaminants using coated polymers or
calixarenes [22–29,31,32], the use of QCM-based sensors for the detection of various organic compounds
in natural samples has not been reported as far as we know, probably because they cannot identify
individual compounds.

In comparison, issues related to compound identification in complex environmental conditions
can be overcome by exploiting surface-enhanced Raman spectroscopy (SERS). SERS is a powerful
technique based on nanostructured metallic surfaces that greatly enhance the Raman signal via
both electromagnetic and chemical effects. The first effect arises from the interaction between the
incident light and the metallic nanostructures, inducing local enhancement of the electromagnetic field
through the excitation of localized surface plasmons [33–37]. As a result, the Raman signal of any
molecule located in close vicinity to the nanostructured surface can be enhanced up to 108-fold [38–42].
The second effect contributing to Raman signal enhancement by up to 102-fold is due to the electronic
interaction between the molecules and the metallic nanostructures (i.e., charge transfer between surface
and chemisorbed molecules) [43]. SERS nanosensors can detect very low concentrations of analytes
and thus, attain high sensitivity and low limit of detection (LOD) values, down to the individual
molecule [44–46]. Most importantly, SERS provides a molecular fingerprint, thus molecules can be
individually identified and deciphered in complex mixtures [47,48].

Finally, due to the improvements in Raman spectrometer miniaturization [11], the innovations
in nanoscale technologies applied to sensors (essentially based on colloid systems [49,50]), and the
implemented surface chemistry strategies (i.e., surface functionalization by using Self-Assembled
Monolayers (SAMs) for analyte preconcentration), SERS has already been recognized as a powerful
tool for on-site monitoring of organic contaminants at the ng L−1 level [50–57]. However, despite great
improvements made to produce colloidal nanostructures with controlled sizes and shapes [49,50],
SERS nanosensors have a major drawback related to poor SERS signal reproducibility due to the
uncontrollable aggregation of metal colloids. To overcome the lack of reproducibility and capitalize on
the increasing number of SERS substrates available commercially, we selected substrates (Wavelet)
based on supported gold nanorod arrays produced and distributed by the S.T. Japan company. These
SERS substrates are devoted for highly reproducible and very sensitive measurements.

Regarding surface functionalization, SAMs are widely recognized as excellent systems for sensing
applications because they offer well-defined organization and densely-packed structures [58]. However,
there are limitations with regard to the stability of the bond between the thiol and the metallic
surface and hence the stability of the resulting SAMs [59,60]. As a powerful, innovative alternative
to SAMs, we adopted a diazonium salt-based surface functionalization strategy. Immobilization of
aryldiazonium has been described as a versatile method, providing surface properties that can be
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fine-tuned given the wide variety of available diazonium salts and stable grafted organic layers [61–68],
thereby ensuring sensor robustness. Therefore, we studied a diazonium-salt-functionalized SERS
sensor for the detection and the quantitation of three PAHs. Among the 130 PAHs released into the
environment, benzo[a]pyrene (BaP), fluoranthene (FL), and naphthalene (NAP) belong to the priority
substances under the European Water Framework Directive (2000/60/EC) and the United States
Environment Protection Agency. The investigation of selected pollutants was conducted to demonstrate
the proof-of-concept of this novel SERS nanosensor for compound sensing. PAH compounds were
analyzed alone and in mixture. Investigations of the targeted compounds were carried out with
different concentrations prepared in water-methanol (9:1 volume ratio) solutions. Calibration curves
and detection limits were established for each compound. Moreover, given that the preconcentration of
targeted molecules at the nanosensor surface is essentially based on weak molecular forces, we tested
the possibility of regeneration and reuse of the developed nanosensor.

2. Materials and Methods

2.1. Reagents

Diethyl ether (≥98%), tetrafluoroboric acid (49.5–50.5%), sodium nitrite (≥97%), 4-dodecylaniline
(97%), benzo[a]pyrene (≥96% HPLC), fluoranthene (98%), and naphthalene (99%) were purchased
from Sigma-Aldrich and used without further purification. Ethanol (96%) and methanol (100%) were
purchased from VWR; sulfuric acid (95–98%) was purchased from JT Baker. Milli-Q water (resistivity
of 18.2 MΩ cm−1) was used in all experiments.

2.2. Diazonium Salt Chemical Synthesis

4-dodecyl benzenediazonium-tetrafluoroborate (DS-C10H21), was synthesized regarding the
reaction between aryl amines and sodium nitrite at 0 ◦C [69]. Briefly, the primary amine
(4 × 10−3 mol L−1) was dissolved in a tetrafluoroboric acid (HBF4) solution and the mixture was
then cooled for 15 min. A precooled aqueous sodium nitrite (4.3 × 10−3 mol L−1) solution was added
dropwise to the acid amine mixture under stirring. The mixture was then allowed to react for 40 min.
The obtained precipitate was filtered through a 0.2 μm cellulose ester filter (Whatman) and generously
washed with milli-Q water. The diazonium salt was purified by re-crystallization in diethyl ether for
48 h at 6 ◦C. Afterwards, the prepared salt was dried under vacuum and preserved at −20 ◦C.

The synthesized diazonium salt was characterized by nuclear magnetic resonance (NMR). Spectra
were recorded using a Bruker Avance III 400 MHz instrument in a d6-DMSO solvent. Tetramethylsilane
(TMS) was used as an internal standard. DS-C10H21:1H NMR (400 MHz, DMSO-d6): d (ppm) 0.84–0.87
(t, J = 6.4 Hz, 3H); 1.25 (s, 14H); 1.61 (s, 2H); 2.81–2.85 (t, J = 7.6 Hz, 2H); 7.81–7.83 (d, J = 8.4 Hz, 2H);
8.55–8.57 (d, J = 8.4 Hz, 2H).

2.3. SERS Substrate

Commercially available gold nanorod arrays (Wavelet) (hereafter referred to as gold nanostructures,
GNSs) were purchased from S.T. Japan and were used in this study as SERS active substrates.

2.4. Surface Functionalization

Chemical (spontaneous) grafting of the diazonium salt was performed by immersing SERS
substrates in a 30 mL solution containing the diazonium salt (10−3 mol L−1) dissolved in H2SO4

(10−3 mol L−1). Substrates were then incubated for 12 h at +4 ◦C. They were then rinsed under mild
stirring by immersion in (i) milli-Q water (3 times) and (ii) pure methanol (3 times), for 10 min for each
immersion. Afterwards, the functionalized substrates were dried under a mild nitrogen flux.
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2.5. Solutions of the Targeted Compounds

Benzo[a]pyrene (BaP), fluoranthene (FL), and naphthalene (NAP) were used in this study to
test the ability of the diazonium-salt-based SERS sensor to detect the PAH compounds. These PAHs
were selected for their different solubility values related to their polarity defined by the octanol-water
partition coefficient, KOW. The KOW of each compound is summarized in Table 1.

Table 1. Physical properties of the selected targeted pollutants [70].

Polycyclic Aromatic Hydrocarbon Structure Solubility in Water (mg L−1) Kow

Benzo[a]pyrene (BaP)
 

0.0038 at 25 ◦C 106

Fluoranthene (FL)
 

0.26 at 25 ◦C 3.4 × 105

Naphthalene (NAP)  32 2.3 × 103

Due to solubility issues, stock solutions were prepared by dissolving the targeted pollutants in
pure methanol (MeOH). Stock solutions of BaP, FL, and NAP were prepared at different concentrations
as follows: 10 mg L−1 for BaP, 200 mg L−1 for FL, and 1000 mg L−1 for NAP, and were stored at
−20 ◦C. Stock solutions were diluted daily with milli-Q water (10% of pollutant stock solution in 90%
of water % v/v) to obtain stock solutions which were then stored at +4 ◦C and used for further dilution,
keeping a constant volume ratio (9:1) between milli-Q water and MeOH.

2.6. Nanosensor Surface Regeneration

The preconcentration of the targeted pollutants on the SERS nanosensors was driven by
weak interactions with the DS-C10H21 layer, such as hydrophobic interactions and/or π−π

stacking (Scheme 1). To regenerate the surface, MeOH was found to be an efficient solution. Thus,
after performing the detection of the targeted pollutants, the SERS nanosensors were regenerated with
MeOH for 30 min.

Scheme 1. General illustration of nanosensor surface functionalization and preconcentration of
the targeted compounds via weak interactions. Gold Nanostructures GNSs, DS-C10H21, 4-dodecyl
benzenediazonium-tetrafluoroborate diazonium salt.
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2.7. Raman and SERS Measurements

Raman and SERS measurements were performed using a transportable micro-Raman spectrometer
prototype designed by HORIBA Scientific for on-site applications. The instrumental set-up was
equipped with a 691 nm laser diode (Ondax) and a 60× magnification objective (0.7 N.A.) with a
collar for glass correction (Olympus). The spectral range was recorded from 400 to 2100 cm−1 with
a spectral resolution better than 4 cm−1. For SERS experiments, the laser power was set to 4 mW to
avoid molecular degradation induced by photochemical or thermal effects. The integration time for
SERS measurements was set to 20 s with three accumulations to reach a relevant signal-to-noise ratio.
Spectral calibration was performed daily on a crystalline silicon sample (peak position at 520 cm−1).
A fluidic cell located above the microscope objective allowed the sample solutions to flow onto the
SERS substrate.

2.8. Chemometrics

To remove the Raman and SERS spectral background in a similar way for all spectra, leaving the
analytical signal intact, an algorithm was programmed in MatLab 7.0.1 based on [71,72]. Background
correction was possible by minimizing the following S function:

S = ∑
(i)

κi(yi − zi)
2 + λ∑

(i)
(Δ2zi)

2
(1)

where y is the signal intensity for each i wavenumber, z is the baseline, λ is the smoothing parameter,
and p is the asymmetric parameter as κi = p if yi > zi and κi = 1 – p otherwise. The last term was defined
as follows:

Δ2zi = (zi − zi−1)− (zi−1 − zi−2) (2)

The two parameters needed for the calculations, p and λ, were set to 103 and 10−3, respectively.
However for the diazonium-salt-based system during the detection of BaP, the λ value was set to 104

to remove fluorescence induced by impurities. Figure S1 illustrates the background removal process.

3. Results and Discussion

3.1. Diazonium Salt Based Surface Functionalization

Surface functionalization by aryldiazonium is a convenient method leading to a robust, grafted
organic coating. Grafting can be accomplished by either chemical (spontaneous grafting) [65–68],
electrochemical [62–64], or photochemical methods [73,74]. A spontaneous grafting strategy was used
in this study to functionalize SERS-active substrates. The substrates were immersed in a diazonium
salt (DS-C10H21) solution and incubated at +4 ◦C for 12 h. The temperature control during the
functionalization step is important to drive the covalent grafting and at the same time reduce the rate
of spontaneous polymerization [75]. Functionalized substrates were then investigated using SERS.
The SERS spectra for DS-C10H21-GNSs are shown in Figure 1. These spectra are presented in real
intensities with the SERS spectral background removed using the algorithm detailed in the Material
and Methods section. Because the complete characterization of DS-C10H21-GNSs can be found in the
literature [61], here we just briefly mention that the recorded spectra have a number of features in
the spectral ranges that represent the vibrations related to the aromatic ring (see Figure S2 for direct
comparison between the SERS spectra of the grafted phenyl derivative and the Raman spectrum of
the synthesized diazonium salt). The peak at 1079 cm−1 for DS-C10H21 assigned to the C-H in-plane
bending mode coupled with the C-N stretching mode [76] constitutes the signature of the coating.
Thus, this peak was used as an internal reference during the quantitation of the detected pollutants.
Moreover, this peak does not overlap with the Raman signature of the targeted pollutants (see Figure 1),
providing further support for selecting this internal reference.
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3.2. Detection of PAHs

Diazonium-salt-based SERS substrates were then evaluated on the sensing of the targeted
compounds. Thus, functionalized SERS substrates were incubated in pollutant solutions for 30
min. Investigated concentrations for the initial test were 0.75 mg L−1 for BaP, 5 mg L−1 for FL,
and 50 mg L−1 for NAP. After incubation, SERS spectra were measured in six different randomly
selected areas on the substrates, covering the entire substrate surface. Averaged spectra for BaP, FL,
and NAP detection are shown in Figure 1A–C, respectively. All SERS spectra are presented with
removed background.

 
Figure 1. Detection of benzo[a]pyrene (BaP) at 0.75 mg L−1 (A), fluoranthene (FL) at 5 mg L−1

concentration (B) and naphthalene (NAP) at 50 mg L−1 (C) using gold nanostructures (GNSs)
functionalized with diazonium salt (Au-Phi-C10H21). The black and red spectra correspond to the
SERS signals before and after incubation in the pollutants solutions, respectively. Blue spectra in (A–C)
correspond to the Raman reference spectra for BaP, FL, and NAP, respectively, acquired on powder.
Red and blue spectra are shifted vertically for better visualization. Red arrows indicate the peaks of
detected pollutants.

The successful preconcentration and sensing of the targets by the DS-C10H21-based SERS sensor
was validated after the observation of characteristic fingerprint peaks of each pollutant as summarized
in Table 2.

Table 2. Positions in cm−1 of the main polycyclic aromatic hydrocarbon (PAH) bands observed in the
Raman and SERS spectra (see [77,78] for assignments).

Benzo[a]Pyrene (BaP) Fluoranthene (FL) Naphthalene (NAP)

Raman SERS Raman SERS Raman SERS
615 615 562 562 509 511

1215 1215 671 672 762 762
1236 1239 803 803 1021 1021
1345 1345 1018 1018 1382 1382
1389 1385 1104 1104 1577 1577
1623 1623 1269 1270

1612 1612

The interaction between the analyte and the coating layer did not induce important shifts in the
position of the pollutant peaks. Hence, most of the peak positions were nearly identical to those of the
Raman reference spectra. However, in the case of the preconcentration of BaP (Figure 1A), the peak
at 1236 cm−1 corresponding to the ring stretching and the C-H stretching modes was found shifted
3 cm−1 upwards towards higher wavenumbers after adsorption on the nanosensor surface, whereas
the peak observed at 1389 cm−1 assigned to C-C ring stretching shifted 4 cm−1 downwards to lower
wavenumbers. Spectral differences mostly related to the vibrational mode intensities were observed
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for FL (Figure 1B). For instance, the peaks around 1400 cm−1 were very weakly enhanced in the SERS
spectrum. Such weak spectral modifications may be due to weak interactions between the pollutants
and the functionalization layer.

3.3. Sensing Performance

After having first proven the ability of the developed DS-C10H21-based nanosensor to
preconcentrate (the targeted) compounds, calibration curves were established to compare the analytical
performance of the nanosensor for each pollutant. To do so, the substrate was fixed on the microfluidic
cell of the Raman set-up and solutions with increasing concentrations of pollutants were injected onto
the substrate at a flow rate of 3 μL min−1 for 30 min for each solution.

3.4. Benzo[a]pyrene (BaP) Calibration Curve

BaP solutions with concentrations increasing from 0.1 mg L−1 to 0.75 mg L−1 (0.4–3.0 μmol L−1)
were tested to establish the calibration curve. Between each concentration, SERS measurements were
carried out on six different areas on the surface. Averaged spectra are shown in Figure 2A, focusing
on the peak of BaP at 1239 cm−1 (the full spectral range of averaged SERS spectra can be seen in
Figure S3). The calibration curve was plotted using the relative intensity of this peak compared with
the intensity of the characteristic peak of the coating (i.e., the peak at 1079 cm−1) as a function of the
analyte concentration (Figure 2B).

Figure 2. (A) Surface-enhanced Raman spectroscopy (SERS) spectra of benzo[a]pyrene (BaP) detection
for concentrations from 0 up to 0.75 mg L−1; (B) calibration curve of BaP detection (blue circles:
experimental data, dotted line: Langmuir adsorption isotherm fit). Insert: zoom on the concentration
range from 0 to 0.5 mg L−1 (blue circles: experimental data, dotted line: linear fit). The hatched area
corresponds to the noise level.

The calibration curve was then fitted using the Langmuir adsorption isotherm expressed
as follows:

I =
ImaxKc
1 + Kc

(3)

where I is the normalized SERS intensity, K is the adsorption constant, and c is the analyte
concentration.

The calibration plot was found to be linear over the range of 0.1–0.5 mg L−1 (0.4–2.0 μmol L−1)
but surface saturation was not reached. The limiting factor was the solubility of BaP in the milli-Q
water-MeOH (9:1 volume ratio) solution.
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The slope of the linear regression on the low concentrations (insert in Figure 3B) was used for
the calculation of the LOD and the LOQ. LOD is defined as the lowest concentration of analyte in the
sample that can be detected [79] and can be calculated using the following formula [80]: LOD = 3 σ/s,
where s is the slope of calibration curve and σ is the standard deviation of the blank response.
LOQ is the lowest concentration of an analyte that can be determined with acceptable precision and
accuracy. LOQ was calculated using the same formula that was used for the calculation of LOD
with a confidence level increased to 10: LOQ = 10 σ/s. The calculated LOD and LOQ for BaP were
0.026 mg L−1 (0.10 μmol L−1) and 0.087 mg L−1 (0.34 μmol L−1), respectively (Table 3).

3.5. Fluoranthene (FL) Calibration Curve

The calibration curve for FL was performed using the same protocol as that for BaP. In comparison
with BaP, the investigated concentrations of FL ranged from 0.1 mg L−1 to 5 mg L−1 (0.5–25 μmol L−1)
due to its higher solubility (see Table 1). As before, between each concentration, SERS was measured
on six different areas on the surface. Averaged spectra are shown in Figure 3A, focusing on the peak
at 1104 cm−1 (the full spectral range of the averaged SERS spectra is given in Figure S4). Assigned
to the FL C-C in-plane stretching mode, this peak was the most intense band observed in the SERS
spectrum (Figure 1B). It was thus selected to establish the calibration curve (Figure 3B), in which the
relative intensity of this peak compared with the intensity of the peak at 1079 cm−1—characteristic of
the diazonium salt DS-C10H21—was plotted as a function of the FL concentration.

Figure 3. (A) Surface-enhanced Raman spectroscopy (SERS) spectra of fluoranthene (FL) detection
for concentrations ranging from 0 to 5 mg L−1; (B) calibration curve of FL detection (blue circles:
experimental data, dotted line: Langmuir adsorption isotherm fit). Insert: zoom on the concentration
in the range from 0 to 0.5 mg L−1 (blue circles: experimental data, dotted line: linear fit). The hatched
area corresponds to the noise level.

At values greater than 3 mg L−1, there is a plateau, indicating that the adsorption equilibrium
was reached. The calibration curve can be considered linear in the range of 0.1–0.5 mg L−1. The LOD
of FL was calculated to be 0.064 mg L−1 (0.32 μmol L−1). The calculated LOQ value was 0.214 mg L−1

(1.06 μmol L−1).

3.6. Naphthalene (NAP) Calibration Curve

For the study of NAP pre-concentration and detection, SERS measurements were carried out as
previously described in milli-Q/MeOH (9:1 v/v) media containing different concentrations of NAP
ranging from 1 mg L−1 up to 50 mg L−1 (7.8–390 μmol L−1). NAP peaks observed in the SERS spectra
are shown in Figure 1C and summarized in Table 2. Figure 4A focuses on the increase in the intensity
of the peak located at 1382 cm−1, assigned to the C=C stretching mode (the full spectral range averaged
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SERS spectra are shown in Figure S5). This peak was chosen to establish the calibration curve shown
in Figure 4B since it is the only one that does not overlap with the vibrational signature of the grafted
diazonium salt.

 

Figure 4. (A) Surface-enhanced Raman spectroscopy (SERS) spectra of naphthalene (NAP) detection
for concentrations ranging from 0 to 50 mg L−1; (B) calibration curve of NAP detection (blue circles:
experimental data, dotted line: linear fit). The hatched area corresponds to the noise level.

The calibration curve was found to be linear over the investigated range. The calculated LOD and
LOQ values were 3.9 mg L−1 (30 μmol L−1) and 13 mg L−1 (0.1 mmol L−1), respectively (Table 3).

Table 3. Summarized limit of detection (LOD) and limit of quantitation (LOQ) values for all
targeted pollutants.

Polycyclic Aromatic Hydrocarbon LOD LOQ

(mg L−1) (mol L−1) (mg L−1) (mol L−1)
Benzo[a]pyrene (BaP) 0.026 10−7 0.087 3.4 × 10−7

Fluoranthene (FL) 0.064 3.2 × 10−7 0.214 1.1 × 10−6

Naphthalene (NAP) 3.9 3 .0× 10−5 13 1.0 × 10−4

3.7. Analysis in a Mixture of Analytes

An experiment using a mixture of the three investigated pollutants was performed to further
assess the feasibility of the designed nanosensor for PAHs sensing in water samples and to demonstrate
the SERS spectra suitability for on-site screening purposes. For this experiment, a mixed solution of
BaP (0.75 mg L−1, 3.0 μmol L−1), FL (5 mg L−1, 25 μmol L−1), and NAP (5 mg L−1, 39 μmol L−1) was
prepared in pure water-MeOH (9:1 volume ratio) media. The concentration of BaP was notably lower
due to the solubility issue discussed above. The SERS substrate was exposed to the prepared mixture
for 30 min before starting SERS measurements. The averaged SERS spectra obtained before and after
substrate exposure to the pollutants are shown in Figure 5. At the selected concentrations, BaP and
FL were detected and well identified. However, most NAP peaks overlapped either the signal of the
coating (i.e., at 1022 cm−1) or the signal of the other analytes (i.e., the peak used for establishing the
calibration curve for NAP at 1382 cm−1 was found combined with the signal of BaP). Nonetheless,
it showed one weak, but characteristic peak at 762 cm−1. Together, these results demonstrate that
the SERS nanosensor can detect the different pollutants in a mixed solution and that we can clearly
identify them by using their spectral signatures. However, the quantitation of BaP, FL, and NAP in the
mixture is more problematic, as discussed below.
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Figure 5. Black spectrum corresponds to the surface-enhanced Raman spectroscopy (SERS) spectrum
obtained for the analysis of a mixed solution composed of benzo[a]pyrene BaP (0.75 mg L−1,
3 μmol L−1), fluoranthene FL (5 mg L−1, 25 μmol L−1), and naphthalene (NAP) (5 mg L−1,
39 μmol L−1). The red spectrum shows the SERS signal of the DS-C10H21 diazonium-salt-based
gold nanostructures (GNSs) for comparison. The black spectrum is vertically shifted for clarity.

3.8. Feasibility of the Nanosensor for Sensing Polycyclic Aromatic Hydrocarbons

The results obtained on targeted pollutants in their individual solutions and in mixture provide
important information on (i) the sensor effectiveness for PAH sensing and (ii) the sensor selectivity for
BaP, FL, or NAP. First, the LOD concentrations for the investigated PAH compounds varied by two
orders of magnitude (Table 3) between BaP and NAP. The correlation of the observed LOD values
versus the log of the Kow factor of the investigated analytes is given in Figure 6. This curve suggests
that the hydrophobic coating of the sensor is more suitable for the preconcentration of highly non-polar
PAH compounds.

Figure 6. Correlation of the limit of detection (LOD) concentration (crossed circles) and the observed
related surface-enhance Raman spectroscopy (SERS) intensities of the analytes in the mixed solution
(blue circles) plotted as a function of the Kow factor of the investigated compounds.
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This relationship is confirmed by the results obtained from the detection of pollutants in the
mixed solution. Figure 6 shows the relative SERS intensity of the pollutant peaks calculated as follows:

Relative Intensity(%) = 100% ∗ I′Peak o f Analyte

I′Peak o f DS−C10 H21

∗ IPeak o f DS−C10 H21

IPeak o f Analyte
(4)

where I’ is the SERS intensity of the selected peaks measured in the mixed solution and I is the SERS
intensity of the peaks measured for each individual PAH at the same concentration as that used in
the mixed solution (0.75 mg L−1 for BaP and 5 mg L−1 for FL and NAP). The peaks used for this
calculation are those used for the establishment of the calibration curves (the peak of DS-C10H21 at
1079 cm−1 and the peaks at 1239 cm−1, 1104 cm−1, and 1382 cm−1 for BaP, FL, and NAP, respectively).
With this formula, the relative SERS intensity of the PAH signal obtained in the mixed solution was
directly compared with the relative SERS intensity given by the calibration curve for the same pollutant
concentration and it was then expressed as a percentage. For instance, for BaP, at a concentration of
0.75 mg L−1, the relative intensity of the peak at 1239 cm−1 measured in the calibration curve and in
the mixed solution were found to be almost identical, leading to a calculated relative intensity of 98.7%.
This value shows that the adsorption of BaP onto the nanosensor surface was not restricted by the
presence of competitive analytes. The FL calibration curve indicates that at a concentration of 5 mg L−1,
the adsorption equilibrium was reached with a maximum relative intensity of 0.22 ± 0.01. At the same
concentration, FL in the mixed solution exhibited a relative intensity of 0.140 ± 0.012. This corresponds
to 64% of the relative intensity reached with FL alone. The calculation of the NAP signal recorded in
the mixed solution was more challenging. Due to the low intensity of the non-overlapping peak, it was
not possible to quantify the intensity with the same formula. The approximate contribution of NAP
was calculated indirectly. Since NAP and BaP both have peaks around 1382 cm−1, we subtracted the
SERS spectra of BaP detection at 0.75 mg L−1 concentration from that measured in the mixed solution.
The relative intensity of NAP was then found to be 0.14%.

The calculated relative intensities of the PAHs peaks in the SERS spectra obtained in the mixed
solution confirmed that the strength of the interaction between the coating layer and the analyte
have a strong influence on the preconcentration and thus on the detection of the analytes. Highly
hydrophobic molecules having a high Kow value will be easier to detect and will exhibit lower LOD.
Moreover, the SERS nanosensor allowed the detection of BaP with a sensitivity comparable to the
detection carried out using colloidal nanoparticles [81,82].

3.9. Surface Regeneration

To demonstrate the reusability of the developed nanosensor, we performed regeneration
experiments using a pure MeOH solution to remove the adsorbed PAHs from the sensor surface.
For each step of regeneration, MeOH was injected and circulated in the fluidic cell for 30 min.
To determine the impact of the surface regeneration step on the nanosensor performance, we screened
for BaP at a concentration of 0.75 mg L−1. For this demonstration, BaP was selected for its strong
interaction with the coated layers (as discussed above). Figure 7 summarizes the results of (i) SERS
signal intensities for the peak at 1079 cm−1 assigned to the DS-C10H21 coating and (ii) the SERS
intensity ratio between the peak of BaP at 1236 cm−1 and the peak of the DS-C10H21 coating for each
experimental step (detection and washing). The surface regeneration process did not affect the stability
of the functionalization layer, and the average intensity of the peak was found to be nearly constant
with a variation of 11% between the different experimental steps. Moreover, several cycles of BaP
screening show highly reproducible SERS signals of the analyte with an average intensity ratio of 0.152
with a standard deviation lower than 5%. This result demonstrates that the nanosensor surface can be
washed and therefore reused several times without affecting the detection efficiency.
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Figure 7. Surface-enhanced Raman spectroscopy (SERS) intensity variations for the peak at 1079 cm−1

of the diazonium salt (DS-C10H21) coating measured after each procedure (open black circles); SERS
intensity ratios between the peaks at 1236 cm−1 and 1079 cm−1 for benzo[a]pyrene (BaP) and the
DS-C10H21 coating, respectively (filled blue circles).

3.10. Detection Reproducibility and Repeatability

The high reproducibility and repeatability of the SERS signal of the developed nanosensor is
of primary importance for its application to quantitative analyte detection. Statistical analysis was
carried out to estimate the repeatability of the SERS signal intensity between various spots on the
substrate as well as to define reproducibility between two functionalized nanosensors. For this, SERS
spectra of BaP at a concentration of 0.75 mg L−1 were recorded on six individual spots for two
substrates. By comparing the calculated relative intensity ratios between the signal of BaP and the
signal of the coating (I1236 cm

−1/I1079 cm
−1), we attained very reproducible targeted pollutant detection.

Calculated average values were 0.147 and 0.152 for different substrates with a coefficient of variation of
15% and 13%, respectively. These results indicate that commercially available Wavelet SERS substrates
functionalized with a diazonium salt can be considered as a repeatable and reproducible SERS
solution. To further demonstrate the suitability of our diazonium salt-SERS solution, we compared
it with a popular commercial SERS substrate, Klarite, for which a coefficient of variation of 45%
has been reported from the measurement of benzenethiol grafted to the surface [83]. Moreover,
the low coefficient of variation observed from spot-to-spot measurements suggests that DS-C10H21

diazonium-salt-based surface functionalization offers robust and homogeneous surface coverage.

4. Conclusions

Here, we demonstrated a novel approach for the decoration of a SERS nanosensor for the
reversible and reproducible detection of non-polar pollutants. Diazonium salt (DS-C10H21) was
tested for substrate surface functionalization and for subsequent preconcentration of the targeted
compounds. Spontaneous DS-C10H21 layer formation was found to be highly reproducible under
the operating conditions. During this conceptual study, we demonstrated the detection of BaP,
FL, and NAP with LOD values of 0.026 mg L−1 (0.1 μmol L−1), 0.064 mg L−1 (0.32 μmol L−1),
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and 3.94 mg L−1 (31 μmol L−1), respectively. The LOD concentrations of the detected compounds
were strongly correlated with their physicochemical properties. The observed selectivity of the coated
nanosensor favoring highly non-polar molecules such as BaP suggests that the preconcentration
of aromatic pollutants can be optimized by varying the nature of the aryldiazonium salt used for
surface functionalization.

The level of BaP detection obtained in this study is comparable with that documented in the
literature using colloidal nanoparticles. Given that the major drawback of colloidal nanoparticles’
application for pollutant monitoring is signal reproducibility, our proposed nanosensor functionalized
with diazonium salt holds great promise for applications to in situ measurements due to its
demonstrated sensitivity, reproducibility, repeatability, and reusability.

Supplementary Materials: The Supplementary Materials containing Figures S1–S5 are available online at http:
//www.mdpi.com/1424-8220/17/6/1198/s1.
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Abstract: This paper reports on the development of an autonomous instrument based on an array
of eight resonant microcantilevers for vapor detection. The fabricated sensors are label-free devices,
allowing chemical and biological functionalization. In this work, sensors based on an array of silicon
and synthetic diamond microcantilevers are sensitized with polymeric films for the detection of
analytes. The main advantage of the proposed system is that sensors can be easily changed for another
application or for cleaning since the developed gas cell presents removable electrical connections.
We report the successful application of our electronic nose approach to detect 12 volatile organic
compounds. Moreover, the response pattern of the cantilever arrays is interpreted via principal
component analysis (PCA) techniques in order to identify samples.

Keywords: microcantilevers; electronic nose; VOC discrimination; gas sensors; sensor arrays;
synthetic diamond

1. Introduction

A recent study revealed that humans can discriminate among more than a trillion different
smells [1] and the mammalian nose remains the primary “apparatus” used in many applications to
evaluate the smell of products. Despite the recent progress in research in the field, the mammalian
olfactory system is complex and mechanisms of olfaction are still not fully understood [2]. Driven by
the needs of odour detection for medical applications, environmental monitoring, security or food
monitoring, the development of electronic noses has increased over the years [3–9]. These sensing
technologies operate by mimicking the manner that mammalian noses proceed to discriminate odorant
volatile compounds. The first study in this field [10] reported that a system aiming to mimic the
mammalian olfactory system may be composed of two main elements: roughly tuned receptor cells,
not selective toward specific odorant molecules and a system capable of performing parallel processing
of the output signals. The processing may include qualitative analysis of sensor signal reports, by using,
for example, pattern recognition techniques. Since then, various electronic noses have been developed
based on different sensor technologies and different identification and classification methods [11].

Multi-gas detection using portable systems requires the use of sensors adapted for this specific
application, especially in terms of sensitivity, response time and recovery time, selectivity, application
to a wide range of gases, simplicity and convenience with respect to the use and replacement of sensors,
and equally important, the sensor life-time. To meet this demand, a large number of technologies,
based on optical, mechanical and electrical techniques, have been developed for chemical transduction.
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Regarding the choice of these sensor techniques, solutions are distinguished by the type of
sensitive layer and the principle of transduction. The most used for electronic nose applications are:
semiconductor metal oxides gas sensors, conducting polymer sensors [12], Surface Acoustic Wave
(SAW) sensors [13], Quartz Crystal Microbalance (QCM) [14] and optical fibre sensors [15]. Gas sensors
differ in size, sensitivity, operating temperature, response and recovery times.

Electronic noses technologies offer a cheaper alternative to existing analytical instruments such
as gas chromatography, mass spectrometry or ion mobility spectrometry [16]. They are supposed to
be an alternative mobile or transportable and easy to use. In this context, the size and the number of
sensors are important parameters, not only to obtain a smaller instrument but also to promote the use
of smaller gas volumes, smaller detection surfaces and shorter detection times.

In the last two decades, advances in the micro-electromechanical systems (MEMS) field have
promoted the development of miniaturized sensors that are able to transduce mechanical energy
(e.g., gravitational potential energy) to electrical energy. The operation principle of MEMS sensors
is that chemical, physical or biological stimuli can be transduced to mechanical stimuli and affect
mechanical characteristics of the sensor structure in a manner that these changes can be measured
by electrical or optical means. In this context, bio-chemical detection is possible by measuring mass
or surface stress changes. In particular, microcantilevers, the simplest MEMS structures, offer the
possibility of label-free biochemical detection with very high sensitivity [17]. The sensitivity of resonant
microcantilevers is related to the dimensional scale of these devices.

In this perspective, a microcantilever-based electronic nose can offer highly desirable
characteristics, including fast responses, height sensitivity and being able to accommodate a large
number of sensors in a small volume. Moreover, they are suitable for mass production, taking
advantage of micro-machining techniques and circuit integration.

In this work, we report the fabrication and the development of a silicon and synthetic diamond
microcantilever array-based electronic nose. In the MEMS field, silicon is widely used. In fact,
processing methods such as etching and photolithography have been thoroughly developed by
the electronics industry, and have been easily adapted for MEMS production. As a consequence,
the development of new techniques has not been favoured. Nonetheless, diamond is expected to be a
very promising alternative in the micro-sensors field. In fact, diamond is a highly suitable material
for the manufacture of resonant microcantilevers because of its exceptional mechanical and thermal
properties, biocompatibility as well as excellent hardness and robustness. Polycrystalline diamond can
be an excellent choice for the fabrication of resonant sensors due to its high elasticity modulus (in the
order of 103 GPa [18]). Moreover, because of its carbon nature, this material is convenient for stable
grafting of a wide range of bio-receptors by covalent C–C binding [19].

The originality of the study reported in this paper is related to the development of a complete
modular and autonomous system which is designed from sensors (silicon and diamond) to signal
processing to be low noise, sensitive and easy-to-operate. In order to increase the sensitivity of our
microcantilever sensors to volatile organic compounds detection, a variety of polymer coatings has
been used to coat microcantilever surfaces. These sensors present mass resolution down to the ng
range. Finally, we report the successful application of this electronic nose approach to discriminate
some volatile organic compounds.

2. Material and Methods

2.1. Microcantilevers

The MEMS sensor presented in this paper consists on an array of independent microcantilevers
attached to a chip (2 cm × 5 cm) in which we can find electrical pads. We have fabricated silicon
and polycrystalline diamond cantilevers using same geometry (same masks) in order to use in the
functionalization step, a priori, silicon cantilevers for polymer coatings and diamond cantilevers for
direct proteins binding. As diamond sensors have presented higher mass sensitivity than silicon ones,
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they have also been used with polymer coatings. The fabrication process of silicon and diamond
cantilevers takes advantage of thin film technology and surface micro-machining techniques. In both
cases, three metallic contact pads allow electrical connection to the integrated pair of poly-silicon strain
gauges that serve as transducer elements. The piezoresistors in the cantilevers are connected to form a
Wheatstone half-bridge circuit per chip as shown in Figure 1a. A silicon-based sensor is illustrated in
Figure 1b.

(a) (b)

Figure 1. (a) Schematic of the placement of the piezoresistive gauges at the microcantilever anchorage
and its equivalent circuit (b) A microscope picture of a silicon microcantilever with the three
contact pads.

The fabrication of silicon cantilevers follows well-known techniques using a silicon-on-insulator
wafer (SOI) as substrate [20]. In order to produce diamond microcantilevers, a novel polycrystalline
diamond structuration method was developed and sensors were fabricated following a process
previously described in [18]. Briefly, the fabrication process shown in Figure 2 starts with a four-inch
single-side-polished silicon substrate. The wafer is thermally oxidized in order to create an electrical
insulation layer (step 1). The strain gauges are created by sputter-deposition of polysilicon which is
then patterned by etching (step 2). In order to prepare the wafer-to-diamond growth steps, a layer
of tungsten has been deposited and patterned serving as an etch stop layer for a later etching step of
synthetic diamond (step 3). In this work, diamond layer is structured by chemical vapor deposition
(CVD). This technique consists of depositing carbon atoms over a substrate from methane gas using
specific concentration, pressure and temperature conditions. Since polycrystalline diamond does not
grow spontaneously on non-diamond materials, we seeded diamond nanoparticles over the substrate
before proceeding to CVD steps. Nano-seeding of diamond is realized by incorporating a solution of
diamond nanoparticles in Poly-vinyl alcohol (PVA) and by spin coating the solution over the substrate
(step 4) using the process described in [21]. The wafer is then submitted to a Microwave Plasma
Enhanced Chemical Vapor Deposition (MPECVD) reactor to synthesize diamond (step 5). After step 5,
one can note that the diamond film is not homogeneous. The thickness varies over the wafer and on
the zones protected by tungsten, the structure of diamond is fragile and thinner. In order to remove
this layer, aluminium is sputter-deposited and structured using photolithography as a masking layer
in opposition to the tungsten layer to generate the microcantilever shape and openings to access strain
gauges (step 6). Subsequently, exposed diamond is removed by the Deep Reactive Ion Etching (DRIE)
process (step 7). The aluminium mask and tungsten etch-stop layer are chemically removed (step
8). Immediately thereafter, the electrical contacts (chromium and gold) are structured by standard
photolithography and etching techniques (step 9). Another aluminium masking layer is used to release
the microcantilevers by performing DRIE etching of silicon on the wafer back side (steps 10 and 11).
Diamond cantilevers have been designed to resonate at similar frequencies than silicon cantilevers of
same length and width which means that diamond microcantilevers are thinner than the silicon ones.
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Figure 2. Polycrystalline diamond cantilever fabrication process. Fabrication steps start by structuring
polysilicon gauges in order to place them at the bottom of the cantilever structure. Such a configuration
is necessary to prevent the crystalline diamond layer from oxidising, which could occur during a
subsequent step of depositing polysilicon. A layer of tungsten has been deposited to avoid diamond
growth in the protected zones, since the diamond nanoparticles are spread on the whole wafer.

Our sensors have been conceived to operate in dynamic mode to detect changes of the device’s
mass due to adsorption of analytes on the microcantilever surface. For a microcantilever uniformly
loaded on one side, as is the case of cantilevers coated with a sensitive layer, the mass change can
be calculated from the measured resonance frequency shift using the following equation (model of
harmonic oscillator):

Δm =
k

4π2

(
1
f 2
2
− 1

f 2
1

)
(1)

where Δm is the mass variation of the sensor, or the adsorbed mass, k is its spring constant,and f2

and f1 are the final and initial frequency, respectively. The equation is valid when coating layers
does not significantly change the cantilever spring constant. In order to characterize our MEMS
devices, resonance frequency measurements have been performed using a Micro Scanning Laser
Doppler vibrometer (Polytec). Grain size and morphology of the fabricated cantilevers have been
verified using scanning electron microscopy (SEM).The average size of the diamond grain is 1 μm.
Regarding frequency profiles characterizations, sensor responses are comprised between 20 kHz and
150 kHz for all geometries. This range of values corresponds to cantilevers of different lengths (five
geometries). The thickness of diamond films can also vary over the wafer, producing sensors with
different resonance frequency. After fabrication and measurement tests, cantilevers were selected
regarding their quality factor (greater or equal to 600) and mass sensitivity (in the range of hundreds
of Hz/ng). Figure 3 shows some examples of SEM images of diamond microcantilevers of different
geometries (A,B,C) and a photo of a diamond cantilever during one of the rising steps (D).

Figure 3. Pictures of some of manufactured devices: (a) SEM image of a beam Diamond L = 360 μm,
(b) Same beam (a) with lower magnification (c) SEM image of a diamond beam L = 660 μm
(d) Photography of a diamond cantilever during one of the rinsing steps.
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2.2. Microcantilever Functionalization

Silicon microcantilevers conceived to be used as chemical sensors must be adapted so that their
surface acquires high affinity to the target analyte. Many types of coating layers can be used to increase
cantilevers chemical sensitivity and selectivity. Noble metal coating layers have been used because
they can provide surfaces which can be modified to bind biological or synthetic receptors [22,23].
These materials can also be used for chemical detections, particularly for gases such as hydrogen and
mercury, for which we can use palladium and gold coatings respectively [24,25]. In the field of vapor
detection, gas sensors are conceived to detect complex volatile organic compound (VOC) mixtures.
Many studies have demonstrated that the use of polymeric materials in the form of thick films can
increase the sensitivity of mechanical sensors to several volatile organic compounds [26–28]. Inorganic
coatings such as zeolithes have also been used for VOC detection [29].

In terms of diamond chemical sensors, several possibilities can be envisaged to increase sensor
sensitivity. Because of their carbon nature, diamond sensors are good candidates for stable grafting of
a wide range of biological receptors via covalent C-–C binding [30–33]. In addition to present excellent
chemical properties, diamond is well rated for sensors development due to its very high hardness and
its inertness. As a bulk material, diamond sensors can also be used with other types of coatings as well
as silicon sensors.

In this study, polymeric materials have been used as thin film coatings for silicon and diamond
microcantilevers. Polymer solutions were deposited on diamond and silicon microcantilevers by
a spray coating and in some cases, by spreading a droplet. A commercial airbrush (Evolution
Silverline FPC, Harder & Steenbeck GMBH & CO., Norderstedt, Germany) was the equipment used
for spray coating. The devices were cleaned prior to the polymer solution deposition (deionized
water). Moreover, distance between sample and nozzle together with the pressure have been
optimized to allow reproducible layer deposition and avoid the formation of droplets. Freshly coated
microcantilevers were brought to 40 ◦C in an oven for 30 min in order to evaporate solvents. Film
thickness was controlled by varying the concentration of the polymer solution and the number of
depositions steps. Figure 4a presents the results for the characterization of the spray coating process.
A shadow mask was fabricated to determine the area to be exposed (Figure 4b).

Figure 4. (a) Polymer film thickness as a function of the number of depositions for four microcantilevers
of width = 140 μm and length = 260 μm (b) Schematic of the spray coating technique using a shadow
mask to limit the area to be exposed over the microcantilever.

Film thickness was measured using a mechanical profilometer. Because microcantilevers are
flexible, it is not possible to measure polymer thickness on the microcantilever surface. Therefore, film
thickness can be measured over the immobile part of the device thanks to the shadow mask corners.
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The validity of thickness measurements was confirmed by estimations of the deposit mass of polymer
via the measurements of resonance frequency shifts of bare and coated microcantilevers. The thickness
of the layer can be calculated from the estimated added mass, the density of the polymer and the
area of the coated surface. Figure 5 presents a SEM image of a silicon microcantilever coated with
poly(epichlorohydrin) (PECH) polymer.

Figure 5. Silicon microcantilever coated with a film of polyepichlorohydrin (PECH) polymer by spray
coating. The polymer solution was prepared by dissolving PECH on tetrahydrofuran (THF) at less
than 5% of the mass of THF. Final polymer thickness = 2.42 μm.

The impact of coating on microcantilever sensors regarding energy losses depends on the geometry
and the material of the sensor. We have observed that, for polymer thin layers (low added mass), the
quality factor does not present significant changes for silicon cantilevers as can be observed in Figure 6.
In the case of diamond sensors, the quality factor seems to increase when we add mass. In fact, this
behaviour remains unexplained. One possible explanation is that as diamond cantilevers present a
higher spring constant (due to the high elastic modulus), the added polysilicon acts like an added
mass to a resonant system and does not degrade the equivalent elastic modulus. Thus, the quality
factor of the systems may increase with increasing of mass.

Figure 6. Relative changes in quality factor for diamond (blue) and silicon (red) for microcantilevers
of different geometries.
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2.3. Gas Cell and Electronic System

Detection of vapors using MEMS sensors relies on real-time measurements of cantilever deflection
or cantilever resonance properties with high accuracy. Therefore, actuation and readout systems are a
very important part of the development of resonant microcantilever-based sensors. The first aspect to
consider is a practical aspect: microcantilevers must be placed inside a hermetically sealed gas cell
which may also allow the direct actuation and read-out of the sensors. Another important characteristic
of the cell is its volume size and geometry. In order to reduce time of detection, it is necessary to
work with small volumes of gas. Internal geometry may also be optimized to avoid dead corners and
provide a homogeneous gas flow.

In this context, a customized gas analysis cell has been conceived to accommodate up to eight
sensors. The cell consists of a stainless steel chamber which presents eight cavities to accommodate
sensors. A 2 mm rigid conduit is attached to the chamber serving as a gas inlet/outlet (Figure 7). Sensor
chips are organized radially on a removable part (shown in green in Figure 7). A piezoelectric cell
placed under the removable part is used to excite each microcantilever to its resonance frequency (first
transverse mode). The design and volume of the chamber was optimized to create a homogeneous
flow over all sensors and to avoid the dead corners using a minimum sample volume of gas. The cell is
hermetically sealed and electrical contacts to the sensors are provided by using 24 spring-loaded pins
(eight times three pads per cantilever). These pins are soldered to a PCB board screwed on the chamber
cover. In this configuration, no wire-bounding is needed and sensors can be easily and individually
changed for maintenance or for use in another application.

Figure 7. Three-dimensional drawing of the gas analysis cell showing the MEMS cantilever sensors
placed inside (left) and a photo of the gas cell with eight diamond sensors placed inside (right).
The internal volume of the cell is 1 cm3, small enough to ensure homogeneity of the gas inside.
Furthermore, the main advantage of this gas cell is that it is easily adaptable to other applications,
since it is possible to easily exchange one or more sensors in order to take account of the gases
detected (patented).

In order to properly interface our microcantilevers, we need to have an autonomous and stable
electronic circuit that can detect very small changes in sensor resonance frequency (typically a few
hertz in tens of kilohertz) over very long periods of time (minutes to hours). In recent years, the need
to design superior instruments for electronic nose applications has drawn researchers attention to the
development of new solutions [34,35]. In this context, we propose a low-noise and reconfigurable
system as well as a dedicated human–machine interface. The major requirements in the design of this
system are:

- Small dimensions: for electronic nose applications, it is not possible to use a measuring instrument
such as gain-phase analyzers;

- A human–machine interface: an interface is necessary for the visualization of the data in real time
and for the intervention on the measurement configurations;

- An analog processing interface to detect the responses of the sensors with sufficient resolution;
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- A memory to store a certain quantity of measurements and calibration data of the sensors;
- An autonomous architecture: calibration and diagnostics executed autonomously, without

user intervention;
- Communication interfaces: to communicate with other modules (pump control system,

human–machine interface, etc).

With regard to the operation principle, in dynamic mode, the electronic system can operate
following two methods of frequency shift detection: oscillator configuration or frequency sweep mode.
In this work, the variations caused by dispersions during sensors manufacturing and the fact that we
use an array of sensors make the sweep mode the best choice since it allows modularity and is easy to
implement. In this operation mode, a sine-sweep signal is used to excite sensors near their resonance
frequency while measuring sensors’ response for each frequency. The resonance frequency (maximum
amplitude response) is recorded while sensors are submitted to a reference gas in order to generate a
baseline. As the sensor response is continuously monitored, when gas samples are sent to the sensors,
shifts on the frequency response can be detected.

Figure 8 provides a functional diagram of the electronic signal processing architecture. The left
hand-side of the figure shows the interface circuit to the cantilever sensors. The piezoresistive gauges
integrated in the microcantilevers allow an electronic reading of the resonance frequency. To obtain a
compensation for the effects of temperature, another gauge is integrated in the substrate (fixed part)
and is used as a reference gauge. Under the operating conditions used, our microcantilevers can
vibrate at amplitudes of the order of a few tens of nanometers to a few hundred nanometers. For small
oscillations, it is preferable to work in Wheatstone bridge configuration. This front-end interface allows
the differential reading between the voltages of each half bridge. Low noise reference voltages have
been used in order to maximize the signal-to-noise ratio. The pre-amplification stage is based on
eight fixed gain instrumentation amplifiers (Analog Devices - AD8428) connected to the Wheatstone
bridge. In order to balance each Wheatstone bridge and optimize the dynamic range of the output
signal, digitally controlled potentiometers are connected in series with sensors resistances. In order to
optimize the signal-to-noise ratio, this analog front-end is mounted straight on top of the gas cell as
shown in Figure 9.

Figure 8. Functional architecture of the electronic processing circuit. The left part shows the biosensor
interface corresponding to the board in Figure 9 (left). The analog signal processing circuit (right)
corresponds to the board in Figure 9 (right).
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Figure 9. Gas analysis cell and electronic system—On the left: Bio-sensors interface circuit. On the
right: Analog signal processing circuit.

The second part (Figure 8, right) of the electronic system starts with a second amplification
stage (Analog Devices—AD8429) with digitally programmable gain. Sensor signals are then
time-multiplexed in order to use a single chain circuit. The signal is then treated through a digitally
programmable low-pass filter (Linear Technology—LTC1565-31) which presents a cut-off frequency
ranging from 10 kHz up to 150 kHz. To detect the maximum amplitude (related to the resonance
frequency), the Root Mean Square (RMS) value of the filtered signal is computed using a delta-sigma
RMS-to-DC converter (Linear Technology—LTC1968). The amplitude information is converted from
analog to digital and sent to an embedded microcontroller (NXP LPC1768) which correlates each
sensor amplitude response to an excitation frequency and builds up the eight corresponding frequency
profiles. The sensors actuation signal sent to the piezo-electrical cell is generated through a Direct
Digital Synthesizer (DDS—Analog Devices—AD5932). The sensors interface and processing board
have been built apart in order to simplify mechanical assembly and reduce noise injection on the
sensors interface board.

A dedicated LABVIEW application was developed to ensure communication between the
micro-controller and the user. Figure 10 presents a picture of the LABVIEW interface showing the
real-time measurement of the frequency response profile of eight cantilevers. This interface also
allows the control of filters’ cut-off frequency and gain and the set-up of the frequency step and
frequency span.

Figure 10. A picture of one of the screens of the Labview interface showing the real-time measurements
of eight resonant microcantilevers. The curves are the frequency response profile of each sensor.
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3. Experimental

3.1. Sensor Preparations

Eight cantilever sensors were functionalized by coating individual microcantilevers with six
different polymer layers using the techniques presented in the previous section. Two diamond
cantilevers have not been coated, but their surfaces were treated in order to change their hydrophobic
properties. After the functionalization steps, we verified the mass changes and thickness of each
cantilever in order to estimate the minimum concentration of volatile organic compounds to be used
in this experiment. Table 1 summarizes the cantilever coatings used for this experiment.

Table 1. Cantilever coatings, surface treatment and resonance properties.

Cantilever Material Sensitive Layer (Solvent > 90%) Resonant Frequency [Hz]

1 Silicon PDMS Polydimethylsiloxane 113,954
2 Diamond Hydrophile treatment - 28,026
3 Diamond Hydrophobic treatment - 31,549
4 Silicon PMMA Polymethylmethacrylate 127,136
5 Silicon PAC Poly(acetylene) 59,769
6 Silicon PECH Polyepichlorohydrin 126,627
7 Silicon P(EM)MA Poly(ethylene-co-methyl methacrylate) 124,236
8 Silicon PIB Polyisobutylene 125,388

3.2. Measurement Set-Up

The eight microcantilevers are placed on the gas analysis chamber in which gases and vapors can
be introduced. The exposure to different VOCs was carried out by using a gas generator calibrated
using a photon ionization detector (PID). Analytes in liquid phase are placed in a temperature
controlled enclosure and headspace above the sample is carried in a stream of dry nitrogen gas to the
measurement chamber via flow controllers and pumps. Detection set-up is completely independent
on the system as can be seen in Figure 11.

Figure 11. Picture of detection test set-up—1: volatile organic compound (VOC) generator; 2: photon
ionization detector (PID) for real-time calibration; 3: the system under test; 4: PC to read-out of
detection results.

Before using the sensors for the detection of vapors, we first checked the possible variations of
original resonance frequency that are not related to the detection of analytes. Microcantilevers (bare or
coated) are sensitive to pressure, temperature and humidity. We ensure the validity of the experiment
by controlling the temperature and setting a constant flow of nitrogen at 0% RH.
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Test conditions may also vary depending on the acquisition configurations of the electronic
system. Indeed, the number of points (sampling step) and the frequency span of measurement are
configured for each case so as to optimize the response time without deteriorating the accuracy of the
measurement. This consists of reducing the frequency band to the minimum possible and also the
sampling step in order to keep the maximum number of points focused on the resonance peak.

4. Results

In this experiment, the detection of vapors is achieved by the diffusion of the analyte into the
polymer layer and also by surface interaction with diamond sensors (bare cantilevers). As the operation
mode for this application is the dynamic mode, changes in the polymer layers lead to an increase
of sensor total mass, resulting in a negative frequency shift. Shifts of resonance frequency of each
microcantilever are specific to the interaction between vapor molecules and the polymer. When we
change to a flow of pure nitrogen in the same temperature and flow rate conditions, the trapped analyte
starts to diffuse out of the sensitive layer, back to the environment, causing a decrease of mass and
a positive resonant frequency shift. Figure 12 presents some examples of cantilever-array responses
in dynamic mode. Considering the frequency shift as the system output signal, the signal-to-noise
ratio will depend on the sensitive layer and the substance to be detected. However, in any case, the
estimated noise level (fluctuation of the output signal when the system receives reference gas) is 4 Hz.

Figure 12. Cantilever responses for 6-Methyl-5-hepten-2-one at 103 ppm, 406 ppm and 509 ppm. Each
concentration was generated many times in order to verify the repeatability and stability of our sensor
array. Each colour in the graph represents the response of one sensor.
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For each vapor tested, we have generated different concentrations in order to verify the linearity
of the microcantilever sensors. Each concentration was also repeated at least three times in order to
ensure that the response is reversible as shown in Figure 12.

This procedure was repeated for 13 substances : Toluene; Styrene; Pentanal; Octanal; Hexanal;
Ethanol; 2-Methyl-1-propanol; Butanol; Benzadehyde; Acetone; 6-Methyl-5-hepten-2-one; Phenyl
acetate; Isopropanol. Each vapor was generated at 500 ppm and sensor response (resonance frequency
shift) was measured. Relative response patterns for 12 of 13 vapors are shown in Figure 13. The best
sensitivity was estimated for the couple “Ppy-Phenyl Acetate” and is about 1.62 Hz/ppm. Considering
the noise level of 4 Hz, the limit-of-detection in this case is 7.5 ppm. The relative response of a sensor
(coating) is equal to the frequency shift of the sensor divided by the sum of the shifts for all eight sensor
coatings. The sum of these scaled responses is the unity for each vapor, which facilitates comparisons.
As sensor 2 was a diamond cantilever without coating, it was used as reference. Therefore, the response
of this sensor is close to 0 Hz and was not represented in Figure 13. As we can observe, patterns of
vapors are all different from each other. From Figure 13, we have an indication of the discriminating
capability of our sensor array for this group of solvents. Some similarities can be found among the
patterns from the same chemical class. For example, response patterns for ethanol and acetone are
similar. One can also notice the complexity of the problem of recognizing and discriminating among
more than a few vapors.

In order to identify the tested samples and evaluate the selectivity of the system, cantilever-array
responses of different concentrations have been used to generate a set of “time-shift” vectors that
corresponds to the dynamic development of the detection curves for each analyte. The data set was
evaluated using principal component analysis (PCA) techniques, allowing to extract the most dominant
deviations in the responses for the various sample vapors. In order to reduce the complexity of the
analysis, we have only kept eight analytes, the best represented on the PCA first plane. As shown in
Figure 14, each VOC is comprised of a cluster without any overlap. This result demonstrates the ability
of the system to discriminate a large number of VOCs in dynamic mode.

Figure 13. Relative response patterns for 12 vapors on seven microcantilevers with different coatings.
The eighth one was used as reference and is not shown. The highest sensitivity was estimated for the
couple “Ppy-Phenyl Acetate” and is about 1.62 Hz/ppm. For this case, LOD is estimated at 7.5 ppm.
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Figure 14. Principal Component Analysis (PCA) performed on results of some detected VOCs in a
two-dimensional principal component space—Components 1 and 2. PCA shows good discrimination
between species.

5. Conclusions

In this work, we have reported the development of a system for vapor detection. Firstly,
development results address the fabrication and characterization of silicon and diamond
microcantilever-based sensors for VOC detection. In this study, microcantilevers were coated
with different polymer layers in order to improve the sensitivity of the sensor array. A complete
three-element electronic nose system (sensors, electronics and data treatment) was developed and we
have demonstrated that an array of resonant micromechanical cantilevers can be used as chemical
sensors for electronic noses. The system developed is completely autonomous and modular. One of
the most important results of the present work is the development of a gas analysis cell (patented)
able to hold up to eight sensors which are exposed to a homogeneous gas flow while providing
electrical read-out of sensors. Moreover, the gas cell also provides an easy and reliable actuation
method employing a piezo-electrical cell. A dedicated electronic read-out circuit has been conceived
in two different boards which provides low-noise detection of sensor output signals and accurately
tracks frequency shifts. Sensor frequency profiles are updated to the user interface every second, which
allows detections to be followed in real-time, during field operation. The system was used to detect 13
volatile organic compounds in the range of hundreds of ppm and PCA techniques were applied to
identify samples. In conclusion, we have developed a microcantilever sensor array-based system that
exhibits significant potential as a tool for vapor analysis. Improvements in the sensor quality factor,
sensitivity and specificity of sensitive layers may be considered in future work in order to improve the
identification and separation of samples.
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Abstract: The integration of a 50-nm-thick layer of an innovative sensitive material on microsensors
has been developed based on silicon micro-hotplates. In this study, integration of ZnO:Ga via
radio-frequency (RF) sputtering has been successfully combined with a low cost and reliable stencil
mask technique to obtain repeatable sensing layers on top of interdigitated electrodes. The variation
of the resistance of this n-type Ga-doped ZnO has been measured under sub-ppm traces (500 ppb) of
acetaldehyde (C2H4O). Thanks to the microheater designed into a thin membrane, the generation of
very rapid temperature variations (from room temperature to 550 ◦C in 25 ms) is possible, and a rapid
cycled pulsed-temperature operating mode can be applied to the sensor. This approach reveals a
strong improvement of sensing performances with a huge sensitivity between 10 and 1000, depending
on the working pulsed-temperature level.

Keywords: gas sensors; ZnO:Ga; RF sputtering; stencil mask; metal-oxide microsensor; acetaldehyde;
pulsed temperature

1. Introduction

In 1988, Demarne et al. [1] patented the first metal-oxide semiconductor (MOS) gas sensors based
on a micromachined silicon substrate. It was a groundbreaking development that has since led to
mature and robust technology [2] with few examples of devices on the market, notably based on SnO2

and WO3 metal oxides. To decrease the resistivity of the gas sensitive film, as well as to improve the
kinetics of the chemical reactions, commercial MOS-type gas sensors are operated in constant high
temperature mode (isothermal), knowing that the interactions between the sensitive material and
the surrounding gases are temperature-dependent. The most important disadvantage of MOS-type
sensors is their well-known poor selectivity [3]. Functionalization of sensitive materials with suitable
catalytic elements including noble metals or metal oxides can be used to improve the selectivity [4].
Recently, it has been shown that the well-defined pore structure of metal-organic frameworks was able
to provide molecular sieving at the surface of ZnO nanowires [5]. Another common method to enhance
selectivity is to use sensor arrays based on two or more sensing elements in order to detect gas with
data of higher dimensions [6]. On the other hand, because the temperature dependence is not similar
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for all gases, operating a sensor at different temperatures can provide pertinent information about
the gas matrix composition, or the concentration of a specific gas in a background of other gases [7].
A cycled temperature mode allowed by the low thermal mass of micro-hotplates (the thermal time
constant ranges from a few to tens of milliseconds) was first introduced by Sears et al. [8] in 1989 in an
attempt to avoid the interference of humidity and to enable the discrimination of several gases with a
single sensor. The sensitivity can be further improved by changing the number of oxygen species at
the surface of the metal-oxide when its temperature is changing. Thus, Llobet et al. [9] showed that
the transient response of thermally cycled metal oxide sensors decreases the influence of humidity on
sensor response and the drift in the resistance of the gas sensitive layer. In this approach, it has been
shown that, with very short temperature pulses, transient sensor responses are strongly dependent on
the ambient mixture of gases, so this approach can enhance sensor selectivity [10].

Because the heater operates at a relatively high temperature, the reliability of micromachined
hotplates is important for MOS-type gas sensors. Since the end of the 1980s, the technology has
evolved significantly and has led to performing devices at operational temperatures up to 500 ◦C,
with a homogeneous temperature distribution over the sensing area and with minimum power
consumption [2,11]. Power consumption for continuous operation is in the order of a few tens of
mW, but sub-mW consumption can be reached only by using a pulsed operating temperature. These
micro-hotplates can now be elaborated in an array configuration with different types of semiconducting
sensitive layers and with the very interesting possibility of modulating independently of their own
operating temperature [12]. Current technologies allow temperature cycling up to several millions
of cycles without failure. Finally, the sensors and the near electronics can be integrated into a small
substrate to obtain an autonomous embedded system.

Microsensors have many advantages as, for example, high performance, small size, low
cost, and low power consumption [7]. The bibliography therefore contains many examples of
microsensors onto which various sensitive layers have been deposited by different methods such
as micropipetting [13–16], sputtering [17–24], precipitation–oxidation [25,26], stepwise-heating
electrospinning [27], flame spray pyrolysis [28], spin coating [29], a carbo-thermal route [30],
evaporation [31], metal-assisted chemical etching [32], and organic binder printing [33].

Radio-frequency (RF) sputtering is a method compatible with the industrial fabrication of
miniaturized sensors by microelectronics and MEMS technologies. RF sputtering has many other
advantages, such as the possibility of obtaining very thin films with nanometric scale grain sizes
and very easily controlling the inter-granular porosity by varying the deposition parameters [34,35].
Films with a controlled nanostructure such as these are of great interest for their potential of acting as
sensitive layers [36–38] and of being integrated into gas sensing devices.

In this work, we explore the use of fully compatible micromachining technologies to elaborate
microheaters and deposit sensitive layers to obtain sensors at the micron scale. An elaboration of
micro-hotplates was performed, and photolithographic steps and shadow masks for layer integration
were investigated, with micromachining facilities at the CNRS-LAAS (Centre National de la Recherche
Scientifique - Laboratoire d’Analyse et d’Architecture des Systèmes) laboratory. The sensor is based
on semiconducting layers that were deposited via RF sputtering in the CIRIMAT laboratory. From
many different semiconducting materials that could be deposited by this technique, an example of
a very interesting one—the n-type ZnO:Ga—has been chosen in this study. Zinc oxide has received
considerable attention from the scientific community for gas detection. Although ZnO is interesting
because of its low cost, non-toxicity, and fast and strong response values, it can be greatly improved
by doping [39]. Ga dopants have many advantages, such as the rather similar radius as compared to
that of Zn, the easy substitution of Zn2+ by Ga3+ without lattice distortion, and the decrease in the
resistivity of the sensor [40].

Acetaldehyde (C2H4O) is considered an air pollutant and its known to have a carcinogenic effect
on humans—especially with respect to nose cancers [41]. Recent studies have highlighted the potential
of pure [42–49] or doped [50–52] zinc oxide for the detection of this pollutant. While Ga doping has
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been shown to strongly improve CO sensing [53], there have hitherto been no results as to the detection
of acetaldehyde using Ga-doped ZnO sensitive layers. In the present work, the objective was first to
demonstrate the feasibility of the integration of a ZnO:Ga sensitive layer via a stencil mask technique
and second to present its high level of sensing performances under acetaldehyde. The microsensors
were tested with variable thermal sequences under a low-level concentration (0.5 ppm) of acetaldehyde.

2. Experimental

Thin sensitive films were deposited with an Alcatel SCM 400 (Alcatel, France) apparatus using
a homemade sintered ceramic target of pure ZnO:Ga with a relative density around 70% (9 cm in
diameter). The RF power was lowered at 50 W to avoid target reduction [54], and the pressure inside
the chamber was lower than 2 × 10−5 Pa before deposition. During the deposition of the films, the
target-to-substrate distance was fixed at 7 cm (Table 1). The thicknesses of deposited thin films have
been set to 50 nm on microsensors and 100 nm on glass substrates for structural characterizations.
A pressure of 2 Pa was set to promote the intergranular porosity [55].

Table 1. Deposition parameters of thin sensitive films.

Target Material ZnO:Ga

Magnetron Yes
Substrates Glass and Micro-Hotplate

Power 50 W
Argon pressure 2 Pa

Target to substrate distance 7 cm
Deposition rate 2.3 nm/min

Film thicknesses were measured using a Dektak 3030ST stylus profilometer across a step obtained
by the lift-off of a felt pen line in acetone after deposition. The structural properties were determined by
X-ray diffraction (XRD) using a Siemens D4 diffractometer with the Cu Kα radiation (Kα = 1.5418 Å).
Microscopic studies were realized with a Veeco Dimension 3000 atomic force microscope (AFM)
equipped with a super sharp TESP-SS Nanoworld tip (nominal resonance frequency 320 KHz, nominal
radius curvature 2 nm).

For sensing measurements, sensors were placed into a chamber with an alternating flow of air
and 0.5 ppm of acetaldehyde. The composition and humidity of the gas mixture were controlled via
mass flow controllers (MFCs). The heating and the sensing resistors of each sensor were connected to
a source measurement unit (SMU). The entire test bench was automatically controllable thanks to a
suitable and compatible interface and dedicated software. After a period of stabilization of 2 h under
synthetic air, 0.5 ppm of acetaldehyde was introduced 5 times for 15 min with return periods in air of
30 min between each exposure to the target gas. The global flow (200 sscm) and the relative humidity
(50%) remained constant during both air and target gas sequences. The response of gas sensor was
calculated according to the formula: S = Rgas/Rair (where Rair and Rgas are the resistance in air and
0.5 ppm of C2H4O, respectively).

3. Preparation of Microheaters

The tested devices were developed on optimized micro-hotplates that can work at high
temperatures and low power consumption (500 ◦C; ~55 mW) with a very good stability and
reproducibility. These silicon structures were elaborated using standard photolithographic processes.
In order to avoid edge effects and to improve thermo-mechanical behavior, a circular membrane
and heater geometry (Figure 1) were chosen. The design was elaborated to optimize temperature
homogeneity in the center of the heated area onto which the sensing electrodes were deposited.

The platform consists of a silicon bulk on which a thermally resistive bilayer SiO2/SiNx membrane
was grown. Afterwards, Pt metallization was realized via lift-off to define a heating resistor and the
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sensing electrodes. Contacts were opened in a previously deposited passivation layer. Finally, the rear
side of the bulk was etched to release the membrane in order to increase the thermal resistance and
then to limit thermal dissipation. Figure 1b shows the top view of the final membrane. This technology
can prepare multi-sensors on which more than one sensing chip can be obtained in the same device
(a 4-chip sensor is presented as an example in Figure 1c). This type of multi-sensor is especially
suitable for operation in complex atmospheres containing various interfering gases and obtaining a
good selectivity.
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Figure 1. Micro-hotplate gas sensor: (a) a cross-sectional schematic view; (b) a chip top view; (c) the
multi-sensor (4 chips) packaged on a TO-9 support.

Thermal measurement of the micro-hotplate surface with an IR camera allowed the calibration
between the power applied and the resulting heating temperature of the membrane. The results given
in Figure 2 show a good linear relation between the power applied and the temperature measured.
The heating platform makes it possible to heat from room temperature to 550 ◦C in 25 ms, and the
cooling time is of the same order of magnitude. This type of platform can thus generate very rapid
temperature variations, which is suitable for operating the sensor in a pulsed mode. At the end of the
process (before dicing the chips), it is possible to locally deposit a metal-oxide layer onto the electrodes
to form the sensing thin film resistor. This will be described in the paragraph below, which is dedicated
to the integration of ZnO:Ga by using a deposition through a shadow mask.
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4. Integration of N-type ZnO:Ga by the Shadow Mask Process

4.1. Characterization of the ZnO:Ga Layer

For structural characterization, 100-nm-thick films have been deposited on glass substrates in
the condition defined in Table 1. The XRD patterns acquired at room temperature for as-deposited
and annealed ZnO:Ga thin films have been reported in Figure 3. The results confirm that zinc oxide
is crystallized (space group P63mc with lattice parameters a = 3.35(1) Å and c = 5.22(6) Å according
to L. Weber [56]) with a single growth orientation along the (001) direction, which is largely reported
in the bibliography for ZnO thin films deposited by physical vapor deposition techniques [57,58].
The lattice parameter c calculated from the (002) peak using a pseudo-voigt function is equal to 5.23(0)
Å for the as-deposited thin film and becomes equal to 5.21(3) Å after a 400 ◦C annealing treatment
under air for 4 h. The decrease of the c parameter after annealing could be due to a possible zinc
substitution by silicon from the substrate [59], the removal of a lattice disorder, and the effect of
the film/substrate interface strength due to the difference of the thermal expansion coefficients [60].
We noticed an increase in the (002) peak intensities after air annealing, which might be explained by
the increase in the ZnO crystallized fraction caused by the annealing process.

The Scherrer relation [61] is defined by Equation (1):

d =
K × λ

FWHMsample × cos θ
(1)

where d is the size of the crystallites, K a shape correction factor, λ the X-ray wavelength, FWHMsample
the width of the peak at its half maximum amplitude (corrected from instrumental contribution), and θ

the peak position. The widths of the (002) peaks were calculated from a pseudo-voigt function after
removing copper Kα2 using EVA software. Considering isotropic shape crystallites, where K is equal
to 0.9, and by neglecting the possible micro-strain component, the crystallites sizes were estimated.
The average crystallites sizes of the 100 nm as-deposited ZnO:Ga thin film were about 33 nm. Thermal
treatment increased the mean crystallite size by 5 nm, and the behavior is in agreement with the
literature [62,63].

Figure 3. XRD pattern of a 100 nm ZnO:Ga film deposited on glass, before and after annealing under
air at 400 ◦C.

In the sensor device, thinner zinc oxide layers were deposited to attain better sensitivity. As a
result, the observation of the surface of the ZnO:Ga layer by AFM has been made on films deposited
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with a thickness of 50 nm (after annealing). The AFM image reported in Figure 4a shows a classical
grain morphology, which consists of surface domes (top of the grown column). This characteristic is
often mentioned in the literature [64,65]. The in-plane average grain size distribution (Figure 4b) was
estimated by an immersion threshold thanks to the Gwyddion software [66].

The average grain size determined as the diameter of 50% of the total cumulative frequency (d50)
is 28 nm for the 50-nm-thick film annealed at 400 ◦C, and the maximum peak-to-valley amplitude
was found to be equal to 11 nm. In the case of the 100-nm-thick films (used for the XRD analysis),
the surface morphology (not exposed here) was similar to the 50-nm-thick films, except that the median
grain size was larger (60 nm).

Figure 4. (a) AFM image of a 50-nm-thick ZnO:Ga film annealed at 400 ◦C for 1 h under an air
atmosphere. (b) Grain size distribution deduced from the image analysis.

4.2. Description of the Integration Process via Stencil Mask

The main disadvantage of the lift-off technique is the complexity of the various and necessary
steps, which involve expensive equipment. Moreover, during the deposition of the photoresist, its
development, and the removal of the remaining resist mask, the interaction of the solutions used
with the sensitive layer can lead its dissolution and/or contamination. These are the reasons why the
possibility of depositing the layer through a stencil mask has been evaluated. The entire process is
shown in Figure 5. The mask has been opened in an adhesive film made of polyvinyl chloride with a
thickness of 75 μm. The holes made with a simple cutting laser machine had a diameter close to 600 μm.
The mask diameter was chosen to be lower than that of the membrane (1.2 mm) but higher than the
active area (400 μm) where the interdigitated sensing electrodes are located. The mask with 100 cut
out holes (Figure 5, Step 1) was aligned and stuck onto the surface of a quarter of a micro-machined
silicon wafer (with 100 sensing chips). To achieve mask placement with high accuracy, this step was
performed with an optical microscope and a manual pick-and-place machine (Figure 5, Step 2). After
vacuum deposition of the 50-nm-thick ZnO:Ga sensitive layer via RF sputtering (Step 3), the stencil
mask was simply peeled off after a 120 ◦C thermal treatment over a few tens of seconds (Step 4).
Figure 6 shows the resulting ZnO:Ga layer, which is located on top of the membrane and, above all,
well covering the sensing electrode area.
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Figure 6. Optical microscopy image of (a) the stencil mask (hole diameter: 600 μm) and (b) the ZnO:Ga
layer deposited onto the electrode area after the removal of the stencil mask.

5. Sensing Tests

In this first study, the microsensor based on ZnO:Ga semiconducting layers have only been
tested under sub-ppm concentrations (500 ppb) of acetaldehyde (C2H4O). Five levels of power were
applied to the heater to explore the sensing performances from 10 to 45 mW. The sensor was held at
each heating step for 1 min, and every 5 min, this basic cycle was repeated. During the sensing test,
a dissymmetrical procedure has been used: Three cycles were repeated under target gas (acetaldehyde),
while 6 cycles were used in air to ensure total recovery of the signal. The target gas was introduced
5 times throughout the experiment to test the repeatability. Figure 7 shows the last 2 of the 6 previous
cycles under air, the three cycles under 500 ppb of acetaldehyde, and the first 4 of the following 6 cycles
under air.

We observed that, before the introduction of C2H4O, the evolution of the resistance during the
power ramp was stable from one cycle to another. On the other hand, when the atmosphere switched
from air to 500 ppb of acetaldehyde, the sensing resistance was substantially shifted to higher values.
The stabilization of the resistance was typically obtained from the second cycle. When the atmosphere
was switched again to pure air, recovery was achieved after the third power ramp cycle. The cycle
obtained in the fourth cycle was similar to the last cycle under air before introducing acetaldehyde.

The estimation of the gain of resistance was difficult to obtain directly from the variation of the
signal reported in Figure 7. This is the reason why the response Rgas/Rair was presented in Figure 8.
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As the resistance of the sensitive layer was constantly changing with the value of the power and during
each power step, it was therefore not possible to take a fixed value as a reference. The entire variation
of the resistance during the last power ramp cycle before gas introduction was then taken as a reference
(Figure 7). In Figure 8, for each cycle under acetaldehyde, the values of the resistance are divided by
the values of the last cycle under air. From these curves, the very high response of the ZnO:Ga sensitive
layer is highlighted. The best values were obtained from the lowest power heating, even though at
10 and 20 mW the stabilization could never be reached, while at 30, 40, and 45 mW the stabilization
could be obtained after approximately 30 s. Regardless of the power applied, the signal was significant
even at the highest power value of 45 mW for which the response Rgas/Rair remains around 20. It is
difficult to compare the present results with those of the other authors because, to our knowledge,
nobody has yet published a study concerning the sensitivity of ZnO:Ga toward acetaldehyde. However,
the bibliography confirms that doping, for instance, with Co [50,51], Cu [50], or Ru [51], improves the
sensing performance of ZnO toward acetaldehyde in comparison with undoped ZnO.

Figure 7. Variation of the resistance of the sensing layer with the heating power and the gas composition.

Figure 8. Response of the sensor (Rgas/Rair) under 500 ppb of acetaldehyde in a temperature-cycled mode.
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For now, it is not yet known if heating cyclically to high power values (40 and 45 mW for instance)
has a significant effect. This is the reason why more experiments and investigations are in progress.
Actual power cycles will be compared to other measurement modes as a constant temperature mode
and a cycled mode with a high-temperature baseline. Moreover, it is necessary to corroborate the
current results with complementary experiments under various acetaldehyde concentrations.

6. Conclusions

Micro-hotplates were first prepared using silicon microtechnologies. Because the microheater was
designed for use on a thin membrane, it was possible for us to generate very fast temperature variations
(from room temperature to 550 ◦C in 25 ms), and a rapid temperature cycled mode could be applied.
A method using a stencil mask was developed so that the sensitive layer can avoid contact with the
products used during the photolithography steps. This process was successfully tested during the
integration of the ZnO:Ga sensitive layer. The variation of the resistance of this 50-nm-thick sensitive
layer was measured under 500 ppb of acetaldehyde. The very high response obtained was between
10 and 1000, depending on the working temperature. Using a rapid temperature cycled mode is a
good opportunity to evaluate the selectivity of the sensor in other interfering gases, and such a study
will be carried out in a next step.
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Abstract: The flexibility of amorphous Giant Magneto-Impedance (GMI) micro wires makes them
easy to use in several magnetic field sensing applications, such as electrical current sensing, where
they need to be deformed in order to be aligned with the measured field. The present paper deals
with the bending impact, as a parameter of influence of the sensor, on the GMI effect in 100 μm
Co-rich amorphous wires. Changes in the values of key parameters associated with the GMI effect
have been investigated under bending stress. These parameters included the GMI ratio, the intrinsic
sensitivity, and the offset at a given bias field. The experimental results have shown that bending the
wire resulted in a reduction of GMI ratio and sensitivity. The bending also induced a net change in the
offset for the considered bending curvature and the set of used excitation parameters (1 MHz, 1 mA).
Furthermore, the field of the maximum impedance, which is generally related to the anisotropy field
of the wire, was increased. The reversibility and the repeatability of the bending effect were also
evaluated by applying repetitive bending stresses. The observations have actually shown that the
behavior of the wire under the bending stress was roughly reversible and repetitive.

Keywords: Giant Magneto-Impedance (GMI); amorphous wire; bending stress; flexible

1. Introduction

The use of Giant Magneto-Impedance (GMI) wires as sensing elements for electrical current
sensors in real industrial environments raises important issues related to the parameters that influence
the sensor. These parameters can dramatically affect the accuracy and reliability of the measurement.
They may include—but are not limited to—the temperature and the surrounding magnetic fields
produced, for example, by other conductors in close proximity to the conductor of interest.

Mechanical effects can also be encountered in a number of structures of GMI-based current
sensors. In fact, in some situations, the GMI wire has to be deformed since it needs to be aligned with
the magnetic field produced by the conductor carrying the measured electrical current. Indeed, this is
typically the case in some prototypes of current sensors where the sensor has a toroidal structure [1–7],
unlike other prototypes that do not involve deformation [8,9].

In the case of toroidal configuration, some studies have already been conducted to evaluate the
impact of the deformation of the amorphous wire on the GMI effect [1].

The effects of tensile [10–17] and torsional [18,19] stresses have been intensively investigated in
amorphous microwires with low (to vanishing or slightly negative) magnetostriction. Stresses induced
during certain fabrication processes, such as cold drawing, can also affect the domain structure of the
wires and influence the GMI ratio and field sensitivity [20].

By far, the bending stress effect in GMI amorphous wires is actually less known. Nevertheless,
the investigation of this effect is particularly important in applications such as current sensors. In fact,
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it is important to ensure that the potential variations of the intrinsic relevant quantities of the GMI
curve due to bending stress will not affect the final response of the sensor. Or at least, the knowledge of
the impact of the bending on these relevant quantities has to be developed so as to allow for adequate
solutions to minimizing this impact.

In a sensor application, the relevant quantities to be considered include the offset resulting from
the field biasing, the intrinsic sensitivity at the bias point, and the GMI ratio.

These quantities are illustrated in Figure 1, which presents typical nonlinear GMI characteristics
(modulus of the impedance, |Z(H)|, as a function of the magnetic field H) for an amorphous wire.

Figure 1. A typical Giant Magneto-Impedance (GMI) curve, |Z(H)|.

As is well-known, in the classical use of a GMI wire for developing a linear sensor, the wire
must be biased by a magnetic field, Hb, in the region that exhibits near-linear behavior. This field
biasing gives rise to an offset voltage at the final sensor output when the measured magnetic field is
zero, since the output voltage is directly proportional to the value of the impedance at the bias field
(|Z(Hb)| in Figure 1). Electronic canceling of the offset voltage is usually employed. However, this
canceling should be effective only if the value of |Z(Hb)| does not change under the parameters
of influence.

In addition to linearity considerations, the bias point is also chosen to obtain a maximum
sensitivity. At the bias point, the intrinsic sensitivity of the sensor is defined by

S(Hb) =
∂|Z|
∂H

∣∣∣∣
H=Hb

. (1)

This quantity ∂|Z|
∂H

∣∣∣
H=Hb

will dramatically determine the final sensitivity of the sensor in open-loop

operation and, if it is not high enough, it could also impact the sensitivity in closed-loop operation.
A third quantity to be considered is the GMI ratio, ΔZ/Z, defined as

ΔZ
Z

(%) =
|Z(H)− Z(Hmax)|

|Z(Hmax)| × 100 (2)

where a commonly used value for Hmax is the saturation field of the magnetic material. In practice,
Hmax is generally the maximum field available in a given setup. The GMI ratio obviously contributes
to fixing the total dynamic range of the open-loop sensor. In fact, a higher GMI ratio allows more
excursion of the measured field around the bias point.

Under the parameters of influence, the offset, the intrinsic sensitivity, S, and the GMI ratio
are potentially subject to changes that can largely degrade the sensor’s performance and reliability.
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According to the requirements of each application, one or several of these quantities have to
be optimized.

In this paper, an experimental study is conducted to evaluate the impact of the bending stress,
as an influence parameter, on the offset, the intrinsic sensitivity, and the GMI ratio of an amorphous
wire. A full description of the measurement setup and experimental conditions are given. The first
obtained results are illustrated and discussed. Tests of the repeatability and reversibility of the bending
stress effect are also included.

2. Materials and Methods

Figure 2 shows the developed experimental setup. The used amorphous Co-rich wires (Co-Fe-Si-B)
with a 100 μm diameter were from Unitika Ltd., obtained with the in-rotating-water spinning process.
No additional treatments were performed on these wires.

Current source (DC) Impedance Measurement

GMI wire
(in a flexible sheath)

Bending stress applied
with a minimum radius 
of curvature of 1 cm

Figure 2. The experimental setup. The GMI wire was 90 mm in length and excited by an AC current
with a 1 mA amplitude and a 1 MHz frequency. In this figure, the wire is in a bent position.

For all experiments, a wire 90 mm long was cut and placed inside a flexible envelope (sheath).
The extremities of the wire were soldered to copper wires for electrical connections and measurement
purposes. The external magnetic field, H, was applied to the wire using a 270-turn coil placed around
the flexible sheath. The maximum available field Hmax was 1 kA/m.

In all the experiments, the impedance was measured when the GMI wire was supplied by a high
frequency (HF) current, iac, with a 1 MHz frequency and a 1 mA amplitude. These values were only
justified by the requirements of our application, where the sensor’s energy consumption and the
simplicity of implementation of the conditioning electronics are issues. Additionally, with relatively
low AC currents, the nonlinear effects of the GMI (nonlinearity between the current and the voltage
across the wire) were avoided [21].

The bending stress was simultaneously applied to the GMI wire, sheath, and coil. The minimum
measured a radius of curvature, which is representative of the applied strain, was about 10 mm.
This yields a calculated stress of approximately 800 MPa in tension and compression along the wire.

3. Results and Discussion

Figure 3 shows the change of |Z(H)| and ΔZ/Z with the applied bending stress.
One could note that the |Z(H)| curves of Figure 3 are slightly asymmetric, in both straight and

bent positions. This intrinsic asymmetry, which has been intensively investigated in the literature,
could have several causes [22]. While the study of the asymmetry is well beyond the scope of this
paper, it seems that its origin is related to the hysteresis of the GMI material. The curves of Figure 3
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have actually been plotted in the case of an increasing magnetic field (the asymmetry is reversed for a
decreasing field). The asymmetry does not, however, withdraw the validity and the generality of the
obtained results.

Figure 3. Change of |Z(H)| and ΔZ/Z with the bending stress.

3.1. GMI Ratio and Anisotropy Field

For simplicity of illustration and explanation, we are interested, without a loss of generality, in the
positive fields region only.

When the used sample was not bent (straight position), a typical maximum GMI ratio, (ΔZ/Z)max,
of more than 220% was obtained. The field of the maximum impedance and the GMI ratio, Hpeak,
which is related to the anisotropy field Hk, was nearly equal to 64 A/m.

In the bent position, a decrease in the ratio (ΔZ/Z)max to less than 160% was observed with Hpeak,
increasing to more than 100 A/m.

This result seems to be in agreement with the one that could be obtained with a tensile stress [10–17].
The used amorphous wires have a nearly zero magnetostriction [23]. Nevertheless, the domain structure
of these wires is often considered to be similar to that of negative magnetostrictive wires [22]. In such
a case, the quenched-in stresses due to fabrication by rapid solidification may cause the surface
anisotropy to be circular and the inner anisotropy to be perpendicular to the wire axis, thereby leading
to the formation of a specific domain structure, which consists of outer shell circular domains and
inner core roughly axial domains [22]. This means that the anisotropy is circumferential in the outer
shell of the wire.

In a first approximation, a bending stress could be assumed to be a combination of tensile stress
along the outer fiber and compressive stress along the inner fiber of the wire, as illustrated by Figure 4.
There is no deformation of the fiber along the neutral axis.

Compression

Tensile

y

xz

Figure 4. Representation of a bending stress.
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In fact, the amplitude of the strain, σ, applied on the section of the wire can be calculated using
the following formula:

σ = −E × y
ρ

(3)

where E is the Young’s modulus of the wire (16,000 kg/mm2 in our case), y is the distance of a given
fiber to the neutral axis, and ρ is the radius of curvature.

According to this formula, σ is positive when the distance y is counted negatively (outer fibers
of the wire), and σ is negative when the distance y is counted positively (inner fibers of the wire).
Therefore, the strain should theoretically be compensated in the total volume of the wire, as there is the
exact same amount of tensile and compressive stress along the wire. However, this simplified model
should be considered cautiously, as it appears from our experiments that there is a change in |Z(H)|
with the applied bending stress. This would actually suggest that the effect of the compressive stress is
not exactly opposed to the effect of the tensile stress. It seems that the two effects are mixed in some
manner, resulting in a dominating tensile stress effect.

The effect of the tensile stress has been intensively studied [10–17]. For a negative magnetostrictive
wire, a tensile stress applied along the longitudinal axis will inhibit the orientation of the domains
along this same axis, giving rise to a favorable domain orientation along the radial and azimuthal
axes. This could cause an enhancement of the GMI ratio at low frequencies. However, at high
frequencies, the wall mobility is extremely reduced, resulting in a very strong decrease in magnetic
permeability [12]. The transverse anisotropy caused by the tensile stress in amorphous wires with
vanishing (or slightly negative) magnetostriction reduces the GMI change when the value of the
applied stress is large enough. For smaller stresses, the circumferential domain structure of the wires
is refined, and the magnitude of the GMI effect can increase [15]. Many works have demonstrated that
a commonly observed aspect, resulting from tensile stress, is that the field of the maximum impedance,
Hpeak (which is related to the anisotropy field Hk), is shifted towards higher values [10–17]. This shift
is generally accompanied by a decrease in the value of maximum impedance and consequently of the
GMI ratio. In our bending stress experiments, all of these observations were verified.

While the current study deals only with amorphous wires, it could be of great value to perform
a similar investigation for the case of nanocrystalline materials in the future. These materials are usually
processed with a controlled annealing of an amorphous precursor. Due to their nanometric grain
sizes, these alloys exhibit outstanding soft magnetic proprieties, which make them good candidates
for the occurrence of the GMI effect. In Fe-rich alloys, nanocrystallization produced by annealing
largely enhances the magnitude of the GMI effect [24]. The same behavior as in amorphous alloys
could appear in nanocrystalline alloys with an applied tensile stress, provided that they have the same
sign of magnetostriction constant [25]. The tensile stress would enhance the transverse anisotropy of
the material. The effect could be larger in amplitude, as the transverse anisotropy induced by tensile
stress is larger in nanocrystalline alloys than in amorphous alloys [26]. Nevertheless, nanocrystalline
materials are less adapted than their amorphous counterparts for our sensing application, as they
exhibit poor mechanical properties.

The behavior of the GMI amorphous wires under compressive stress is, to our knowledge,
not frequently investigated, despite a very recent experimental study in ribbons [27]. One might,
however, argue that, as the magnetostriction constant is negative, a compressive stress applied along
the longitudinal axis of the wire will induce a favorable orientation of the domains along this axis,
reducing consequently the GMI effect, as the anisotropy is no more circumferential. More quantitative
analysis of the wire’s behavior under compressive stress is still, however, necessary.

The effect of bending or flexion stress on the GMI is even less known than the tensile and
compressive stresses. In our results, and for the used length and bending curvature of the wire,
it seems that this effect gives similar results to those of tensile stress. This observation should be
considered cautiously, since the observed effect could be actually dependent on the bending curvature
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and on the parameters (frequency and amplitude) of the HF excitation current iac. According to this
curvature, some competition could exist between tensile and compressive stress.

3.2. Sensitivity, Offset, and Reversibility

The change of the GMI ratio and the anisotropy under a bending stress is important to allow for
a fundamental and rigorous understanding of the involved physical phenomena. However, the change
in the local sensitivity at a given bias field, the change of the offset, and the reversibility are,
from a practical point of view, crucial criteria in a real implementation of a GMI sensor involving
bending. The quantification of these parameters is therefore essential.

In the absence of a bending stress, the maximum sensitivity for the used sample was achieved at
a field of about 32 A/m (remember that we consider, and without loss of generality, the positive fields
region only). In a sensor realization, this is generally chosen as a bias field (Hb in Figures 3 and 5).
The associated sensitivity is noted S(Hb).

Figure 5. Change of the normalized sensitivity 1
S(Hb)

∂|Z(H)|
∂H , under bending stress. The sensitivity was

normalized with respect to the maximum sensitivity, S(Hb) , obtained in a straight position of the wire.

In our experiments, the sensitivity S(H) =
∂|Z(H)|

∂H was obtained by differentiation of the |Z(H)|
curve of Figure 3. For simplicity reasons, we consider a normalized sensitivity with respect to the
maximum sensitivity obtained in a straight position of the wire at Hb (i.e., S(Hb)).

This normalized sensitivity is then defined by S(H)
S(Hb)

= 1
S(Hb)

∂|Z(H)|
∂H and is plotted in Figure 5 for

both straight and bent positions of the wire.
Then, when the wire is bent, the maximum sensitivity (in the region of positive fields) decreases

to about 58% of S(Hb). Moreover, this new maximum is obtained at a higher field of about 45 A/m
(Figure 5). This obviously means that, for the design of GMI-based sensors, the value of the initially
chosen bias field Hb (in the straight position of the wire) will not allow a maximum of sensitivity in
bent positions. In fact, at this bias field Hb, the sensitivity in our sample was reduced to about 52% of
its initial value.

The reduction of the maximum sensitivity was roughly consistent with the change of the field of
maximum impedance, Hpeak, and the value of the impedance at this same field

∣∣∣Z(
Hpeak

)∣∣∣. In fact,

a rough estimation of the maximum sensitivity could be given by
∣∣∣Z(

Hpeak

)∣∣∣/Hpeak [28]. In our
experiments, this ratio was decreased in the bent position to about 51% of its value in a straight
position. The general trend between the changes of this ratio and the sensitivity is at least consistent.

In the applications of the GMI sensor that involve repetitive bendings, the quantification of the
loss of sensitivity is then required. When the sensor is operating in a closed loop, it is important
to ensure that the lower sensitivity, obtained in the bent position, will still be “high” so that the
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final sensor response will be dependent only on the parameters of the feedback (which could be
developer-defined) [6].

Another practical issue to be considered is the change of the offset. At the bias field, Hb,
the impedance |Z(Hb)| was roughly equal to 64 Ω. Under bending, the change of |Z(H)| at this
same field was as high as 38% with |Z(Hb)| = 40 Ω. The instability of the offset is actually a major issue
in a practical realization. An efficient offset canceling device has to be incorporated. Solutions could
include the use of a difference amplifier [5] or a symmetrical AC bias field [4]. Each of these techniques
has limitations that will not be discussed in this paper.

All the experimental results are summarized in Table 1.

Table 1. Summary of the results obtained with an amorphous Co-rich wire, with a bending
stress applied.

Physical Quantities
With No Bending

Stress Applied

With a Bending Stress Applied
(Maximum Strain Applied along

the Wire: 800 MPa)
Relative Change (%)

Maximum GMI ratio, (ΔZ/Z)max 220% 160% −27%

Peak field, Hpeak (Hpeak ≈ Hk) 64 A/m 100 A/m +56%

Maximum normalized sensitivity,
1

S(Hb)
∂|Z(H)|

∂H max
1 0.58 −42%

Normalized sensitivity at Hb

(bias field), 1
S(Hb)

∂|Z(H)|
∂H (Hb)

1 0.52 −48%

Offset, |Z(Hb)| 64 Ω 40 Ω −38%

While some solutions could be used to reduce the influence of the variations of the offset and
to compensate for the loss in sensitivity in the practical utilization of the sensor (utilization that
continuously involves bending stress of the sensitive element), one question must be carefully
addressed. The reversibility and repeatability of the bending effect is actually a major concern.
In the case of poor reversibility and repeatability, the efficiency of solutions that cancel the offset
and compensate for the loss of sensitivity will actually be limited. This is why experimental tests of
reversibility and repeatability were conducted on the same sample.

The wire was bent under the same conditions described in Section 2 and then relaxed to return to
its initial straight position. For example, Figure 6 presents the change in the impedance |Z(H)|.
with a first applied stress followed by a relaxation step (a return to the straight position) and
then a second applied bending followed by relaxation. Figure 7 shows also the related curves of
normalized sensitivities.

(a) (b)

Figure 6. Cont.
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(c) (d)

Figure 6. Reversibility and repeatability of the impedance curve, |Z(H)|, following two consecutive
bending stresses. (a) Change in the modulus of the impedance, |Z(H)| , with a 1st bending stress
applied; (b) Comparison between the modulus of the impedance after the relaxation of the bending
stress (1st bending) and the initial straight position; (c) Change in the modulus of the impedance,
|Z(H)| , with a 2nd bending stress; (d) Comparison between the modulus of the impedance after the
relaxation of the bending stress (2nd bending) and the initial straight position.
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End of 1st bending
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(a) (b)

(c) (d)

Figure 7. Reversibility and repeatability of the sensitivity following two consecutive bending stresses.
(a) Change in the normalized sensitivity with a 1st bending stress; (b) Comparison between the
normalized sensitivity after the relaxation of the bending stress (1st bending) and the initial straight
position; (c) Change in the normalized sensitivity with a 2nd bending stress; (d) Comparison between
the normalized sensitivity after the relaxation of the bending stress (2nd bending) and the initial
straight position.
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We have shown, for illustration purposes only, the effect of two consecutive bendings.
About 10 consecutive bendings were conducted and showed that the change in the |Z(H)| curve
did not exceed a few percent of the absolute value of |Z(H)|. This value can be included in the error
margin of two consecutive measurements (within our current experimental setup, two consecutive
applied stresses can slightly differ).

Nevertheless, we can conclude that the first observations showed that the effect of the bending
stress was roughly reversible and repetitive (obviously within the limit of elasticity of the wire).
This result is actually of great value for sensor applications.

While this study has addressed an initial overall behavior of amorphous GMI Co-rich wires under
bending stress, it is still obviously required that these experimental results be confirmed by theoretical
analysis of model and completed by further experimental investigations. First of all, and unlike
the effect of tensile stress, which has been largely studied in the literature, the effect of compressive
stress should be carefully addressed from theoretical and experimental points of view. The general
approximation made in considering that the bending effect is a combination of tensile and compressive
effects must be refined. One of the two effects could dominate according to the diameter of the
curvature of the bent wire. The influence of the frequency and of the amplitude of high frequency
excitation current, iac, should also be considered.

All of these issues comprise the subject of our ongoing and future works.

4. Conclusions

We addressed an experimental study to evaluate the impact of the bending stress on the GMI
effect in amorphous Co-rich wires. This bending stress was considered an influential parameter in
our application of electrical current GMI sensors. Its effect on the relevant quantities for GMI sensor
implementation was investigated. The results show that the GMI ratio, the intrinsic sensitivity, and the
offset in the studied sample were affected by the bending. For the considered experimental conditions
of bending and the used parameters of excitation current of the wire, both GMI ratio and maximum
sensitivity were reduced (by roughly 50%). A net change in the offset was also observed. It has also
been shown that the effect of bending seemed to be reversible and repetitive. However, more intensive
work is still necessary to allow for a better understanding of the physical phenomena related to bending
and compression. This understanding must also be confirmed by more experimental investigations.
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Abstract: Electrospinning has emerged as a very powerful method combining efficiency, versatility
and low cost to elaborate scalable ordered and complex nanofibrous assemblies from a rich variety
of polymers. Electrospun nanofibers have demonstrated high potential for a wide spectrum of
applications, including drug delivery, tissue engineering, energy conversion and storage, or physical
and chemical sensors. The number of works related to biosensing devices integrating electrospun
nanofibers has also increased substantially over the last decade. This review provides an overview of
the current research activities and new trends in the field. Retaining the bioreceptor functionality is
one of the main challenges associated with the production of nanofiber-based biosensing interfaces.
The bioreceptors can be immobilized using various strategies, depending on the physical and chemical
characteristics of both bioreceptors and nanofiber scaffolds, and on their interfacial interactions.
The production of nanobiocomposites constituted by carbon, metal oxide or polymer electrospun
nanofibers integrating bioreceptors and conductive nanomaterials (e.g., carbon nanotubes, metal
nanoparticles) has been one of the major trends in the last few years. The use of electrospun nanofibers
in ELISA-type bioassays, lab-on-a-chip and paper-based point-of-care devices is also highly promising.
After a short and general description of electrospinning process, the different strategies to produce
electrospun nanofiber biosensing interfaces are discussed.

Keywords: electrospinning; biosensing devices; bioreceptor immobilization; carbon nanofibers; metal
oxide nanofibers; polymer nanofibers; metal nanoparticles; carbon nanotubes

1. Introduction

Recent advances in nanoscience and nanotechnology have opened up new horizons for the
development of biosensors of enhanced sensitivity, specificity, detection time, and low cost. Sensors
miniaturization provides great versatility for incorporation into multiplexed, portable, wearable, and
even implantable medical devices [1–4]. Engineering of the transducer surface using nanomaterials
(i.e., nano-sized objects or nanoengineered/nanostructured materials) brings novel and sometimes
unique properties that have been extensively harnessed in the past few years and addressed in several
recent reviews [5–9]. The nanostructures used in the construction of biosensor devices vary in size (1 to
100 nm in at least one of their dimensions), shape (nanoparticles, nanotubes, nanorods, nanowires,
nanofibers, nanosheets . . . ), chemical nature (carbon-based materials, metals, metal oxides, polymers

Sensors 2017, 17, 1887 119 www.mdpi.com/journal/sensors
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. . . ) and physicochemical properties (electronic, optical, magnetic, mechanical, thermal . . . ). The
attractiveness of such nanomaterials relies not only on their ability to act as efficient and stabilizing
platforms for the biosensing elements, but also on their small size, large surface area, high reactivity,
controlled morphology and structure, biocompatibility, and in some cases electrocatalytic properties.
Structuring the transducer at the nanoscale contributes to enlarge the overall surface available for
bioreceptor immobilization. Incorporation of nanomaterials into the sensing layers is also often
associated with higher mass transfer rates, acceleration and magnification of the transduction process,
contributing to signal amplification and faster biosensor response.

Among the variety of nanostructuring materials, nanofibers (NFs) produced by electrospinning
have been the object of growing interest during the past decade and the technique has been extensively
reviewed with respect to its setup, mechanism, applications, advantages, technical issues, and
prospective developments [10–27]. Electrospinning is a convenient and powerful technique to
generate uniform sub-micron fibers in a continuous process and at large scale from a rich variety
of polymers. Fiber mats, exhibiting large surface areas, may be produced on a support or used as
self-standing substrates [10–12]. Compared to the techniques commonly used for fibers production
(i.e., drawing, phase separation, template assisted or self-assembly techniques), electrospinning
combines simplicity, versatility and low cost with superior capabilities to elaborate scalable ordered
and complex nanofibrous assemblies [13]. Electrospun NFs have demonstrated high potential
for a wide spectrum of applications such as drug delivery [13–16], tissue engineering [13–15,17],
water treatment [18], energy conversion and storage [19,20], or electronics [21]. Due to their large
surface areas, high porosity and their ability to be easily functionalized, nanofiber mats produced by
electrospinning have also been increasingly exploited to enhance performances of analytical devices.
Many papers have been recently dedicated to the various and exciting potentialities existing in the
field. NFs can be used as sorbents in microextraction techniques [22], as chromatographic phases [23],
as separators, concentrators or mixers in microfluidic systems [24–26]. A large number of physical
and chemical sensors based on electrospun NFs have been reported, mostly for gas sensing [27,28].
The number of works related to the fabrication of electrospun NFs-based biosensing devices is also
growing fast. One of the critical points to achieve efficient biosensing devices, regardless of their type
(biosensors or bioassays, static of flow systems) and of the nature of biosensing elements (enzymes,
antibodies . . . ), is to elaborate functional NFs biointerfaces. This means biointerfaces where the
bioreceptors’ activity and accessibility, binding events, and signal transductions are optimal. The
optimization should be performed considering the analytical performances targeted, some of them
(e.g., accuracy, sensitivity, selectivity) being often prioritized compared to others (e.g., response time,
long-term stability).

Herein, we intend to provide the reader with a comprehensive overview of the application of
electrospun NFs to the biosensing area, reporting the more recent contributions and advances in the
field. Very few reviews have been dedicated to the topic [29–32] and none of them provide a complete
survey, focusing more on some specific materials used to produce NFs scaffolds (e.g., metal oxides [29],
nanomaterial/polymer composites [30]), the formation of biomolecules/NFs biocomposites [31], or
the detection of specific target analytes (e.g., glucose [32]). After a short and general description of
electrospinning process, the different strategies used in the elaboration of electrospun NFs biointerfaces
for biosensor applications will be discussed. Then, recent developments in the area of ELISA-type
bioassays and point-of-care devices, with a special attention to lab-on-a chip and paper-based systems,
will be addressed. All kinds of bioreceptor and transduction mode, immobilization strategy, NFs
material and field of application will be considered.

2. General Overview of Electrospinning Process

Electrospinning is an electrostatically-driven process ideally conducted under controlled
temperature and humidity conditions [10]. Two standard set-ups, i.e., vertical or horizontal, are
currently available to produce single fibers or NF mats. Both consist of four major components: a
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high-voltage power supply, a spinneret with a metallic needle, a syringe pump and a grounded collector
(Figure 1). A polymer melt or solution is dispensed at a constant and controlled rate through the
spinneret into a high voltage electrical field generated between the end of the needle and the collector.
The droplet formed at the end of the needle tip, subjected to the electrical field, is first elongated into a
conical shape termed as the Taylor cone. When the repulsive electrical forces overcome the surface
tension forces, an electrified polymer jet ejects from the apex of the cone. The jet is then elongated
and whipped continuously by electrostatic repulsion forces. Thinning of the jet results in solvent
evaporation or solidification of the melt, and the deposition of a nonwoven web of solid NFs on the
collector. The electrospinning process is therefore governed by a variety of forces, e.g., the Coulomb
force between charges on the jet surface, the electrostatic force due to the external electric field, the
viscoelastic force of the solution, the surface tension, the gravitational force (Figure 1b). The technique
is highly versatile since, besides the conventional non-oriented fibers, a variety of morphologies and
structures (e.g., aligned or crossed fiber arrays, ribbon, necklace-like, nanowebs, hollow, helical or
coil fibers . . . ) can be obtained by modifying electrospinning conditions or set-up (e.g., collector
configuration) [33].

(a)

 
(b)

Figure 1. Typical horizontal (a) and vertical (b) electrospinning set-ups. They are represented with a
static collector plate but other configurations exist. Reprinted with permission from [16]. Copyright
2016 Elsevier.

For specific applications, e.g., drug delivery or biosensing, where bioactive molecules should
be entrapped in the fibers but should not be in direct contact with organic solvents, core-shell type
NFs can be produced using modified spinneret/pump configurations, as shown in Figure 2 [16]. The
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thickness of the sheath and the size of the inner part of the fiber can be easily controlled by tuning the
ratio of inner-outer injection speed during electrospinning.

Figure 2. Coaxial (a) and triaxial (b) electrospinning set-ups. Reprinted with permission from [16].
Copyright 2016 Elsevier.

NFs’ diameter and morphology can be controlled by a proper selection of a variety of
parameters related to spinning process (i.e., applied voltage, flow-rate, collector type, needle diameter,
tip-to-collector distance), polymer solution (i.e., concentration and molecular weight of the polymer,
solution viscosity, surface tension, conductivity), and ambient conditions (humidity, temperature,
pressure, type of atmosphere). Generally speaking, NFs’ diameter increases with increasing viscosity
and polymer concentration and with decreasing conductivity, while fiber beading can be avoided
in rising viscosity or using polymers with higher molecular weight. High surface tension favors jet
instability. As regards as processing parameters, high voltage and low feed rate tend to decrease NFs
diameter, while fiber beading is observed when the tip-to-collector distance and the polymer solution
feed rate are not sufficient. Humidity and temperature conditions are also of uppermost importance,
since excess of humidity results in pores formation and too high temperature leads to decreased fibers
diameter [10,13].

Electrospun NFs may be fabricated from a remarkably wide range of polymers, either natural
(e.g., silk fibroin, collagen, chitosan, gelatin . . . ) or synthetic (e.g., polyacrylonitrile (PAN), polystyrene
(PS), polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP), polyethylenimine (PEI) . . . ) incorporating
or not fillers such as metal salts, metal nanoparticles (NPs), carbon nanotubes (CNTs), graphene,
fluorescent or photoluminescent markers to provide additional advanced functionalities [28,30,34].

3. Electrospun NFs in Biosensors

Electrospun NF-based biosensors reported in the literature mostly rely on electrochemical
transduction. Sensing elements are principally enzymes, antibodies, more scarcely DNA strands
or aptamers.

The bioreceptors can be immobilized using various strategies, depending on the physical and
chemical characteristics of both the recognition elements and the NF scaffolds, and on their interfacial
interactions. The most common methods proposed to generate bioreceptor-NF hybrid assemblies
consist in the attachment of the biomolecules onto the fiber surface by physical or chemical sorption,
covalent binding, cross-linking or entrapment in a membrane. This approach has been extensively
used to immobilize enzymes [35–61], antibodies [62–70], DNA strands [71–73] and aptamers [74,75].
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Another way to proceed, more specifically developed for enzyme biosensors, consists in entrapping
the bioactive molecules inside the NFs by electrospinning a blend of enzymes and polymer [76–85].

Retaining the bioreceptor functionality is one of the main challenges associated with the
production of NF-based biosensing interfaces. An important requirement for the immobilization
step is that the matrix provide a favorable and inert environment for the biomolecules, i.e., it should
not induce severe modifications in their native structure, which would compromise their biological
activity (recognition capacities, reactivity, and/or selectivity). From that point-of-view, hydrophilic
polymers such as PVA or PEI are particularly well-suited and have been extensively used in the
entrapment immobilization strategy. However, the resulting water-soluble NFs must be treated to
guarantee further operational stability of the biosensor in aqueous media. This is generally done by
cross-linking using liquid or gaseous glutaraldehyde (GA). The operational stability issue can also
be solved by generating NFs of low water solubility (hydrophic polymers, carbon, or metal oxide
NFs) further used to attach the bioreceptors. In this case, a post-treatment of the fibers is generally
performed to improve the biocompatibility of the surface and introduce functional groups if needed.

To obtain highly sensitive biosensors, the fiber mats produced by electrospinning should also
provide a large active surface area. This means that high bioreceptor loadings are requested and that
the biomolecules should, not only keep their biological functionality, but also remain accessible to the
molecules to be detected.

To achieve highly effective biosensors, it is finally very important that the biorecognition processes
occurring at biointerfaces should be efficiently transduced into measurable signals. Different strategies
have been proposed, e.g., the production of NFs doped with conducting NMs for electrochemical
biosensors. Electrospinning process enables for the homogeneous distribution of nanoobjects
(NPs, CNTs . . . ) inside the fibers, resulting in enhanced electron transfers from the recognition
sites to the electrodes.

3.1. Attachment of Sensing Biomolecules onto Electrospun NFs

NFs fabricated from a variety of materials, including metal oxides, carbon, and polymers doped or
not with conductive nanomaterials (e.g., metal NPs, CNTs) or covered with a conductive polymer layer,
have been explored as functional platforms for immobilizing the biosensing molecules. A summary
of the enzymatic biosensors prepared this way is given in Table 1. As shown in the table, the
different immobilization strategies, i.e., covalent binding, cross-linking, sorption, and entrapment
in a membrane, have been used. Due to its simplicity and versatility, adsorption approach is the
most commonly employed, but entrapment and covalent strategies may be preferred to avoid
leaching issues. It has been shown, in many cases, that appropriate grafting of the biomolecules
onto surfaces can prevent molecular movements that typically lead to conformational changes and
enzymes inactivation [86].
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3.1.1. Metal-Oxide NFs

New developments in metal-oxide NFs-based electrochemical biosensors have been discussed
in a recent review [29]. Metal-oxide NFs can be produced by electrospinning a solution containing
an inorganic precursor (metal alkoxide or metal salt) and a sacrificial polymer carrier. PVP is one
of the most current polymers used for this purpose. The as-spun inorganic/organic composite is
further calcinated at high temperature to remove the polymer and oxidize the precursor to produce the
metal-oxide phase by nucleation and growth. The fabrication of metal-oxide NFs is more complicated
than the production of polymer NFs. Apart from solvent evaporation, reactions such as hydrolysis,
condensation and gelation of the inorganic precursors occur once the liquid jet is ejected from the
needle. If gelation process is too rapid, clogging effects are observed, and the jet becomes less
elastic, preventing the electrospinning process from running properly. Controlling all the solution
and process parameters precisely (i.e., type and concentration of the precursor, concentration of the
polymer host, incorporation of suitable additives) is therefore essential [87]. During calcination, the
polymers decompose while the inorganic precursors oxidize and crystallize forming nanocrystals
aligned along what used to be the as-spun fibers. The resulting polycrystalline metal-oxide NFs exhibit
unique morphologies with large surface areas, nanopores coexisting with larger pores in the structure.
As such, they possess enhanced mass transfer capacities and improved electronic and optical properties
compared to thin films of the same nature. Moreover, the metal-oxide NFs can be collected using a
metal-frame collector to obtain aligned configurations, which facilitates the production of transistor
based biosensors.

Due to the removal of the polymer and sintering of the metal oxide phase during calcination,
shrinkage in NF diameter is observed, accompanied by thermal and internal mechanical stress,
resulting in brittle NFs. The poor mechanical strength of metal-oxide NFs might impede the long-term
stability of derived biosensors, but this issue can be solved by incorporating suitable additives in the
electrospinning solution or to the NFs before heating [29].

ZnO NFs-based biosensors have been produced for the detection of various target analytes of
biomedical interest. For example, Ahmad et al. [35] reported the successful fabrication of ZnO NFs
from PVP and Zn acetate for amperometric glucose determination. After calcination, the NFs were
transferred onto a gold electrode and covered with a PVA film to ensure their firm attachment to the
electrode. Glucose oxidase (GOx) was further immobilized on the surface through physical adsorption.
The biosensor response to glucose injection was very rapid (4 s) and a linear range from 0.25 to
19 mM with a low limit of detection (LOD) of 1 μM could be achieved. Immunosensors based on
ZnO NFs prepared from PAN/Zn acetate blends have been also developed for the electrochemical
detection of histidine-rich protein-2, synthesized and released into the blood stream by the most
lethal and prominent malarial parasite Plasmodium falciparum [62], epidermal growth factor receptor
2ErbB-2, a breast cancer biomarker [63] and carcinoma antigen-125, an ovarian cancer biomarker [64].
To decrease the intrinsic resistivity of ZnO, and therefore improve the biosensor sensitivity, it was
proposed to dope the NFs with Cu [62] or multiwall carbon nanotubes (MWCNTs) [64] by incorporating
copper nitrate or MWCNTs in the electrospinning solution. Reactive carboxyl groups were generated
on the NF surface by oxygen plasma treatment [64], thermal oxidation of MWCNTs [62], or by
assembling mercaptopropionic acid on ZnO via interaction of hydrosulphide groups (HS−) with
Zn2+ [63]. These groups were subsequently used to conjugate antibodies with the NF platform via the
amino groups of the proteins using the well-established EDC/NHS coupling reaction.

In a similar way, TiO2, Mn2O3 and IrOx NFs produced by electrospinning have been reported
as very promising interfaces for biomolecules immobilization and successfully used for the
elaboration of ultrasensitive biosensors. The TiO2 NFs were prepared from PVP and Ti butoxide or
propoxide [36,37,66]. Tang et al. [36] modified Pt electrodes with TiO2 electrospun fiber mats and
adsorbed GOx on them by drop coating. They proposed to improve immobilization by adding
a chitosan film (Chit) on the GOx/TiO2 NFs/Pt electrodes. The addition of the TiO2 NFs helped
increasing the biosensor response towards glucose by a factor 2.7. The Chit/GOx/TiO2 NFs/Pt
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electrode response to 100 μM glucose was respectively 4.6 and 74 times higher than those of
Chit/GOx/Pt and Chit/GOx/TiO2 film/Pt, demonstrating the positive effect of NFs structuring. The
same authors investigated the influence of TiO2 NFs density on the biosensor signal and demonstrated
that there was an optimal value. The quantity of TiO2 NFs had to be sufficient to guarantee the
immobilization of a large amount of GOx molecules, but too high densities resulted in a strong
electron transfer resistance at the interface. More recently, Mondal et al. [37] produced partially aligned
mesoporous TiO2 NFs at the surface of an indium tin oxide (ITO) electrode. Two enzymes, cholesterol
oxidase and cholesterol esterase, were immobilized covalently to the NFs previously treated by oxygen
plasma. Esterified cholesterol could be successfully detected by cyclic voltammetry with a low limit of
detection (0.49 mM) and response time (20 s). In another study, a cell capture immunoassay based on
electrospun TiO2 NF mats was proposed and applied to the detection of circulating tumor cells from
colorectal and gastric cancer patients [65].

Mn2O3 NFs have been also reported as efficient platforms for the immobilization of GOx or DNA
probes in view of the electrochemical detection of glucose [38] or dengue consensus primer [71]. Mn
salts and PVP [38] or PAN [71] were used as inorganic precursors and sacrificial polymers, respectively.
In the first work, AgNO3 was also added to the electrospinning solution. The morphology of Mn2O3-Ag
NFs produced after calcination of electrospun PVP/Mn(NO3)2/AgNO3 was different from that of the
Mn2O3 NFs obtained from PVP/Mn(NO3)2. Ag NPs coalesced together, generating highly porous NFs
with enhanced enzyme loading capacity and improved electrochemical features, could be observed by
TEM. The NFs, dispersed into a 1 wt % Nafion solution and mixed with GOx, were further dropped
onto the electrode and GOx was finally cross-linked using glutaraldehyde (GA) vapour. Glucose
could be detected by amperometry with a low limit of detection (1.73 μM) and selectivity towards
uric and ascorbic acids was demonstrated. In the second work, label-free zeptomolar detection of
DNA hybridization was achieved and a dengue consensus primer was successfully quantified both in
control and spiked serum samples (limit of detection: 120 × 10−21 M).

Li et al. [66] recently proposed a label-free immunosensor based on a glassy carbon electrode
(GCE) modified by IrOx NFs/CS (Figure 3). IrOx composition (0 ≤ x ≤ 2) could be controlled by
changing the annealing temperature. At 500 ◦C, wire-in-tube nanostructures of high surface area and
rapid electron transfer kinetics were produced. TEM analysis evidenced that independent nanowires
are embedded in the NFs and that the wire-intube nanostructures possess separated walls along nearly
their entire length (Figure 4). The average diameter of the inside wire and whole NF was around 70
and 110 nm, respectively, and the detailed nanostructure can be observed more clearly in the inset of
Figure 4a. Antibodies were adsorbed on the modified electrode and the biosensor was successfully
used for amperometric detection of the cancer biomarker α-fetoprotein in human serum, with a limit
of detection of 20 pg mL−1.

 

Figure 3. Principle of the electrospun NFs-based immunosensor for amperometric detection
α-Fetoprotein proposed by Li et al. Reprinted with permission from [66]. Copyright 2015 American
Chemical Society.
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Figure 4. (a) TEM, (b) HRTEM, and (c) STEM images of IrOx nanofibers after annealing at 500 ◦C. The
inset of panel (a) is the enlarged TEM image and inset of panel (b) is the SAED pattern. Panels (d,e) are
the corresponding EDX mapping of Ir and O elements. Reprint with permission from [66]. Copyright
2015 American Chemical Society.

3.1.2. Carbon NFs

Owing to its excellent mechanical and chemical resistance as well as its superior electronic
properties, carbon is one of the most commonly used electrode materials in the elaboration of
electrochemical sensors and biosensors. Carbon-based NMs, such as CNTs, have been extensively
integrated within electrochemical biosensors to improve their sensitivity. Compared to CNTs, carbon
electrospun NFs (CENFs) can provide higher surface areas for biomolecule immobilization and are
more easily produced. They offer similar conductivities and can be modified to introduce suitable
functional groups or combined with conducting NMs, e.g., metal NPs, to generate hydrophilic surfaces
of enhanced electronic properties and larger biomolecules loading capacities.

Among the variety of polymers usable to produce CENFs, PAN is the most commonly employed,
as it offers both a high carbon yield and the capacity to generate NFs of superior mechanical
properties [39–41]. Carbonaceous NFs are fabricated from electrospun polymer NFs following a
two-step process. First, NFs are stabilized at relatively low temperatures (200–300 ◦C) in an oxidative
atmosphere to convert thermoplastic polymer NFs to condensed thermosetting NFs. Second, the
NFs are carbonized at higher temperatures (typically 800–1300 ◦C) in an inert atmosphere. The
microstructural and electronic properties of the fibers as well as their surface chemistry can be
modulated by changing the composition of the electrospun solution, adapting the thermal treatment
conditions or by adding a suitable post-modification process.

Doping CENFs with metallic nanoparticles (MNPs), for example, has been shown to be an efficient
method to enhance the sensitivity and stability of CENF-based biosensors. CENF-MNP composites
are generally produced by electrospinning a precursor containing the polymer and a metal salt, the
latter being converted into MNPs during the thermal treatment process [88]. Fu et al. [42] reported the
fabrication of CENFs doped with Cu from a solution containing PAN, PVP and copper acetate. The
electrospun NFs were further calcinated and dispersed in 0.1 M acetate buffer (pH 4), mixed with a
laccase (Lac)/Nafion solution and casted on a glassy carbon electrode for amperometric detection of
catechol. A CENF/Lac/Nafion/GCE without Cu was also produced for comparison. The CENFs, as
observed by SEM (Figure 5a), exhibited a fibrous structure with an average diameter of 170 nm and
fiber to fiber interconnections due to PVP carbonization.
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Figure 5. SEM images of (a) CENFs and (b) Cu/CENFs. Reprint with permission from [42].

In comparison, Cu NP/CNFs were more uniform, did not exhibit any interconnections, and the
average diameter was significantly higher (300 nm, Figure 5b). The Cu NPs/CENFs/Lac/Nafion/GCE
response to catechol was linear over a wide range of concentrations (9.95 μM–9.76 mM) and a low LOD
(1.18 μM) was achieved, this value being 2.8 times lower than the LOD obtained in absence of Cu NPs.
The stability was also slightly improved by loading the NFs with Cu NPs. Cu NPs/CENFs/Lac/Nafion
biosensor retained 95.9% of the initial response after 22 days, while the CENFs/Lac/Nafion biosensor
ended up with only 89.1%. The same group proposed another strategy to improve the performance
of the biosensor [43]. The NFs were doped with Ni instead of Cu. A PAN-Ni acetate solution was
first electrospun, then carbonized into a nitrogen atmosphere, and the resulting Ni NPs/ECNFs were
mixed, after grinding, with Lac and dopamine (DA). The Lac-catalyzed oxidation of DA enabled the
production of polydopamine (PDA) which efficiently embedded the enzymes into the Ni NPs/ECFs
composite. PDA/Lac/Ni NPs/ECNFs aqueous suspension was finally casted onto a bare magnetic
GCE and the resulting biosensor was assessed for catechol detection. Again, a control biosensor
without Ni was prepared. LOD was improved by a factor of 1.7, compared to that of the Cu-doped
CENFs mentioned before, and the linear range was also slightly wider (1 μM–9.1 mM). A good
selectivity and stability was observed and the biosensor was successfully applied to the detection of
catechol in spiked real water samples.

In another study, nitrogen-doped carbon nanosphere/ECNF composites (NCNS@ECNFs) were
prepared by electrospinning polypyrrole nanosphere/PAN suspensions with subsequent controlled
thermal treatment in a N2 atmosphere and GOx immobilization by absorption [44]. Then, the
NCNSs@ECNFs composite was fixed on a GCE and recovered with Nafion. Doping CNSs with
nitrogen was an effective way to improve their hydrophilicity (and therefore biocompatibility), as
well as their electron-donor ability and electrical conductivity. Combining the large surface area of
ECNFs and the enhanced electrocatalytic activity of NCNSs allowed the development of a sensitive,
stable and selective glucose biosensor based on the direct electron transfer of GOx, with a low
LOD (2 μM) and wide linear range (12–1000 μM). SEM images revealed that the NCNS@ECNFs
exhibit a three-dimensional incompact porous structure, providing a large effective area for GOx
immobilization. NCNSs of 53 ± 9 nm average diameter, well-dispersed on the surface of ECNFs or
embedded within the matrix, could be also observed. The hydrophilicity of the ECNF surface was
considerably increased by incorporating NCNSs, creating a favorable environment for GOx and for the
direct electron transfer between the enzyme and the carbon electrode. The electron-transfer was higher
with NCNS@CNFs/GCE than with the bare GCE or the CNFs/GCE, demonstrating the positive effect
of doping.

Another method to produce ECNF-based enzyme biosensors with enhanced analytical performances
was recently reported by Bae et al. [45]. Higher and controlled porosity was generated by incorporating
silica NPs (average size: 16 ± 2 nm) into the precursor PAN solution. After electrospinning, the NPs
were removed by HF treatment and the resulting PAN NFs were carbonized. Mesosized pore carbon
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structures fabricated this way were very beneficial for an efficient immobilization of GOx and the
embedded enzyme remained very accessible to glucose substrate. Characterization of the ECNFs by
Raman spectroscopy evidenced the positive effect of heat treatment on the crystallinity and orientation
of carbon, and a significant increase of the conductivity was observed after thermal treatment.

Another strategy to improve bioreceptor loading or attachment to the ECNFs, and therefore
biosensors’ analytical features, is to introduce post-treatments of the fibers using physical or wet
chemical processes.

Cui et al. [46] functionalized carbonized PAN NFs with carboxylic groups using a wet chemical
acidic treatment and used the carboxylated CENFs to synthetize hydroxyapatite (HA)-CENFs.
Cytochrome c, further cast onto the microporous HA-CENFs composite, exhibited good electrocatalytic
activity and fast response to H2O2.

Wang et al. [47] used the same protocol to produce ECNFs. Prussian Blue (PB) nanostructures
could be subsequently grown in a controllable manner onto the carboxylic group-functionalized
ECNFs. The PB-ECEF composite, coated on the surface of a GCE, was covered with a GOx/Chit film
and an amperometric biosensor offering a wide linear range (0.02–12 mM) and low limit of detection
(0.5 μM) was proposed for glucose detection.

Mondal et al. [67] first electrospun PMMA onto Si substrate, then the NFs were covered with a
PAN/chloroplatinic acid film. High-temperature treatment of the composite film decomposed the
PMMA NFs and generated embedded microchannels in the PAN-derived amorphous monolithic
carbon electrode. The channels were decorated with Pt NPs by in situ thermal decomposition of the
precursor metal salt. Carboxylic groups were generated at the composite surface by plasma treatment
and anti-aflatoxinB1 (AFB1) antibodies were grafted using the EDC/NHS conjugation chemistry. The
nanochannels aligned in the porous carbon film acted as a reaction chamber for antigen–antibody
interactions and was beneficial for fast electron transport toward the electrode. AFB1 could be detected
as low as 1 pg/mL with a linear range of 10−12–10−7 g/mL.

Kim et al. [74] fabricated a potentiometric aptasensor based on ECNFs for bisphenol A
(BPA) detection. Electrospinning of a PAN/PPMA phase-separated blend, followed by thermal
treatment, generated multi-channel ECNFs of large surface area, clearly evidenced by SEM. The fibers
were subsequently functionalized with carboxylic groups using an acidic oxidative treatment and
BPA-binding aptamers were attached to the surface via covalent binding. The biosensor was highly
sensitive (LOD: 1 fM) and could be reused over a period of 4 weeks.

3.1.3. Electrospun Polymeric and Composite NFs

As already mentioned, among the NF-based biosensors reported in the literature, only a few
of them rely on optical [61,69] or mechanical [70] detection modes, and most of them are associated
with electrochemical transduction. In this case, NFs must be conductive. Apart from the metal-oxide
and carbon NFs described in the previous sections, composite NFs based on polymers incorporating
conductive materials have been reported. The conductive materials may be metallic NPs (MNPs),
carbon nanotubes (CNTs), conducting polymers or combinations [28].

Electrospun Polymer NFs Doped with CNTs

The straightforward strategy to produce CNT-polymer NF composites is to disperse CNTs into
the polymer solution before electrospinning. Following this approach, Manesh et al. [48] fabricated a
glucose biosensor by immobilizing GOx onto a polymer-CNTs composite. Multiwall carbon nanotubes
(MWCNTs), wrapped by a cationic polymer [poly(diallyldimethylammonium chloride)] (PDDA), were
dispersed into PMMA, and a nanofibrous membrane was produced by electrospinning the blend onto
an ITO electrode. Wrapping PDDA over the surface of the MWCNTs helped prevent the aggregation
of the MWCNTs and was used to attach the negatively charged enzyme onto the modified electrode
surface. A thin layer of Nafion was added over the electrode surface to decrease the interferences
caused by anions present in biological media. The fabricated Nafion/GOx/MWCNT(PDDA)-PMMA
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NFs/ITO electrode exhibited excellent electrocatalytic activity towards hydrogen peroxide (H2O2)
with a pronounced oxidation current at +100 mV. Glucose was amperometrically detected at +100 mV
in 0.1 M phosphate buffer solution (PBS, pH 7), with a fast response time (4 s). The response to glucose
was linear in the 20 μM–15 mM range and LOD was 1 μM.

Wang et al. [49] prepared CNT-doped poly(acrylonitrile-co-acrylic acid) (PANCAA) NFs
by electrospinning and further modified the NFs with GOx by covalently immobilizing GOx
on the membranes through the activation of carboxylic groups on the PANCAA NF surface.
The electrochemical properties of enzyme electrodes were characterized by chronoamperometric
measurements, which showed that MWCNT filling enhances the electrode current and sensitivity.
Combined with the results of kinetic studies, it was concluded that the interactions between MWCNT
and FAD play a significant role in enhancing the electroactivity of the immobilized GOx, even though
the secondary structure of the immobilized GOx is disturbed in the presence of MWCNT.

Numnuan et al. [50] proposed an amperometric biosensor based on electrospun Chit-CNTs
NFs for uric acid detection. A Ag NPs layer was first electrodeposited on a gold electrode.
A Chit/PVA/MWCNTs mixture was then electrospun and, after removal of PVA by NaOH treatment,
uricase was immobilized on the Chit-CNTs NF film through cross-linking between its amine groups
and the Chit amino groups. The fabricated uric acid biosensor had a wide linear range (1.0–400 μM),
with a LOD of 1.0 μM and a storage life of more than six weeks. The values measured for blood plasma
samples using the proposed biosensor were in good agreement with those obtained by a standard
enzymatic colorimetric method.

More recently, Bourourou et al. [51] dispersed MWCNTs into a PAN solution to produce
electrospun NF mats that were used directly as electrodes. The nitrile groups of PAN polymer
were subsequently reduced into amino groups, and polyphenol oxidase (PPO) was immobilized onto
the PAN-MWCNTs NFs through covalent bindings using GA. The PAN-MWCNTs-PPO electrode
was successfully used for the sensitive amperometric detection of catechol, with a wide linear range
(1 μM–0.4 mM) and a LOD of 0.9 μM.

Electrospun Polymer NFs Doped with MNPs

The electrochemical properties of MNPs are extremely sensitive to their sizes, shape, and
dispersion. A high dispersion of MNPs in functional materials is important to provide high
electrochemical activity, while the associated tendency of MNPs to aggregate would lower their
catalytic activity and reuse lifetime. Therefore, how to design and prepare MNP-based materials
with long-term dispersion stability and high catalytic efficiency is a primary challenge for their
wide applications. MNP-doped NFs can be prepared, as described for CNTs, by dispersing
the NPs into a polymer solution and spinning subsequently. Devadoss et al. [52] synthetized
Au NPs-Nafion-polyacrylic acid (PAA) NFs by electrospinning a blend of the three components.
N,N′(4-dimethylamino) pyridine (DMAP)-protected Au NPs (5.0 ± 0.5 nm) were used. TEM images
evidenced the uniform inclusion of Au NPs in the composite NFs, which was attributed to a strong
electrostatic interaction between the positively charged DMAP-protected Au NPs and the negatively
charged sulfonate groups in Nafion. Au NP-composite NFs exhibited higher conductivity than
the Nafion-PAA NFs. Horseradish peroxidase (HRP) was further immobilized on the nanofibrous
electrode via electrostatic interactions with the negatively charges of PAA. It was demonstrated that
the incorporation of Au NPs in the NFs improved the amperometric detection of H2O2. The biosensor
LOD was decreased by a factor of 2.6.

MNPs-polymer hybrid NFs can be also synthetized through in situ reduction of metallic
precursor ions, either introduced in the electrospun solution, or dropped on the polymer NFs after
electrospinning. Zhu et al. [53] reported a facile and green approach to prepare Ag NPs-PVA NFs
and Ag NPs-PVA/PEI NFs using the first and second strategy, respectively (Figure 6). The freshly
prepared NFs were cross-linked using GA vapors to improve their water stability. Ag NPs were
generated within the PVA NFs or on the surface of the PVA/PEI NFs by in situ reduction of AgNO3
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precursor with the green reductant, epigallocatechin gallate. Then, HRP was dropped onto the
fiber mats. The HRP/AgNPs/PVA/GCE and HRP/AgNPs/(PVA/PEI)/GCE biosensors exhibited
high amperometric sensitivity to H2O2 and glucose, the best analytical performances being obtained
for the HRP/AgNPs/(PVA/PEI)/GCE biosensor. In another work of the group, PVA/PEI NFs
were elaborated and immersed into a PdCl2 solution for subsequent reduction of the Pd salt with
NaBH4 [54]. TEM characterization evidenced a good dispersion of Pd NPs on the NFs, which was
attributed to the complexation between Pd(II) and the free amine groups of PEI. The average diameter
of the produced Pd NPs was 3.4 nm, some aggregation being noticed. The HRP/AgNPs/PVA/PEI
NFs/GCE biosensor, obtained after adsorption of HRP, exhibited higher CV response to H2O2 than the
HRP/AgNPs/PVA/PEI NFs/GCE biosensor, demonstrating that Pd NPs play a key and positive role
in the electron transfer between the redox-active site of H2O2 and the electrode. Jose et al. [55] proposed
to combine the advantages of electrospinning with those of both CNTs and Au NPs to produce an
amperometric glucose biosensor of enhanced performances. In this approach, PAN NFs, were first
decorated with Au NPs using a seed-mediated electroless deposition method. Carboxylated MWCNTs
were further coated onto the Ag NPs/PAN NFs by electrophoretic deposition. SEM images revealed
a complete and uniform coating of the fibers surface with MWCNTs. The carboxylated MWCNTs
provided the anchor for covalent immobilization of GOX. The direct electron transfer between GOx
and the electrode surface was demonstrated. The LOD for glucose was as low as 4 μM.

 

Figure 6. Fabrication process of the (a) AgNPs embedded in the PVA water-stable nanofibers
and (b) AgNPs immobilized on the functionalized PVA/PEI water-stable nanofibers Reprint with
permission from [53]. Copyright 2013 Elsevier.

Conducting Polymers in the Fabrication of Electrospun NFs

Conducting polymers (CPs), such as polyaniline (PANI), polypyrrole (PPy) or poly(3,4-
ethylenedioxythiophene) (PEDOT) are of particular interest in the elaboration of electrochemical
biosensors due to their unique electrical properties. They possess fascinating chemical and physical
properties, such as intrinsic conductivity, derived from their conjugated π-electron system and so
they have been used to enhance the speed, sensitivity and versatility of many biosensors. Direct
electrospinning of CPs would therefore be a facile and rapid way to create conducting NFs. However,
processing intrinsically conducting polymers has always represented a challenge. Indeed, most of them
are insoluble and infusible due to the stiffness of their all-conjugated aromatic backbone structures,
which renders them hardly electrospinnable.
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To overcome this issue, different approaches may be used. The first strategy consists in blending
the CP with a non-conducting spinnable polymer. The latter serves as a carrier to improve the CP
spinnability. Gladish et al. [56] created polymer NFs based platforms for enzymes immobilization by
electrospinning blends of PAN and highly conductive sulfonated PANIs on ITO electrodes. Apart
from sulfonic acid groups, the polymers exhibit carboxylic acid groups which were used for covalent
immobilization of the pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH). The
modified electrodes demonstrated high catalytic current responses to glucose and a wide range of
detection (2.5 μM–1 mM) could be achieved.

In a second approach, electrospun NFs are covered with a CP. Fu et al. [57] prepared
hierarchical PANI/carboxymethyl cellulose (CMC)/cellulose NFs on GCE electrodes by in situ
polymerization of aniline on the CMC-modified cellulose NFs (Figure 7). Highly dense PANI nanorods
(60 nm × 180 nm) grown onto the surface of CMC/cellulose NFs could be visualized by TEM (Figure 8).
The NFs exhibited an average diameter of 310 ± 8 nm. A Nafion/Lac solution was dropped at the NFs
surface for Lac fixation. The fabricated Lac/PANI/CMC/cellulose/GCE exhibited a highly sensitive
detection toward catechol with a broad linear range and low detection limit (0.374 μM).

 

Figure 7. Preparation of PANI/CMC/cellulose nanofibers. Reprinted with permission from [57].
Copyright 2015 Elsevier.

 

Figure 8. TEM images of PANI/CMC/cellulose nanofibers at different magnifications. Reprinted with
permission from [57]. Copyright 2015 Elsevier.

In a similar approach, electrospun poly(L-lactide) (PLLA) NFs were produced onto Pt
microelectrode arrays and covered with GOx-PEDOT films by electropolymerization of EDOT
monomer in presence of poly(sodium-p-styrene sulfonate) and GOx [58]. The analytical performances
of the NFs modified electrodes were compared to those of Pt electrodes covered with PEDOT/GOx
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films of similar thickness (around 330 nm). In addition to improved sensitivity, the PEDOT NFs-GOx
biosensors exhibited a lower LOD for amperometric glucose detection (0.12 mM at +700 mV)
than the PEDOT film-GOx biosensors (0.45 mM). Guler et al. [72] also reported the fabrication of
poly(ε-caprolactone) (PCL) NFs onto an ITO-PET electrode followed by in situ chemical polymerization
of pyrrole with Fe3+ as an oxidant and Cl− as a dopant. The PCL/PPy NFs were functionalized with
calf thymus ssDNA, used as model, by physical immobilization. Different techniques evidenced the
effective incorporation of PPy and ssDNA on PCL NFs, and demonstrated the possibility of using the
PCL/PPy NFs as electrochemical DNA biosensor after immobilization of a specific probe DNA onto
the fibers.

To improve the electrochemical properties of the final nanofibrous membranes, some authors
proposed to make the electrospun polymer conductive by integrating CNTs into the electrospun
solution. Uzun et al. [59] fabricated a glucose sensor by preparing electrospun nylon 6,6 NFs
incorporating MWCNTs, which were further coated with a conducting polymer named PBIBA
[poly-4-(4,7-di(thiophen-2-yl)-1H-benzo[d]imidazol-2-yl)benzaldehyde] to covalently attach GOx on
the surface of the fibers through the free aldehyde groups of the conducting polymer. The resulting
novel amperometric glucose biosensor revealed higher stability and sensitivity in presence of MWCNTs.
The linear response for glucose detection is in the range of 0.01 mM to 2 mM with a LOD of 9 μM.
In the same way, MWCNTs-doped nylon 6,6 composite NFs were prepared using electrospinning,
and served as backbone for pyrrole electropolymerization [73]. The functional composite was used
to immobilize wild type p53 ssDNA for hybridization detection of a specific mutation in the p53
tumor suppressor gene. Ekabutr et al. [60] reported the fabrication of PAN-MWCNTs hybrid NFs on a
screen-printed carbon electrode. The NFs were covered with PPy using an original approach by vapour
phase polymerization (VPP) of pyrrole using Fe(III) p-toluenesulfonate as oxidizing agent. GOx, used
as a model enzyme, was subsequently adsorbed on the modified electrode and the biosensor was
evaluated for amperometric detection of glucose. The LOD was 0.98 mM. The VPP approach was
also employed in another study by Jun et al. [75] to cover carbon NFs scaffold decorated with ZnO
nanonodules with carboxylated PPy. The platelet-derived growth factor-B (PDGF-B) binding aptamer
was conjugated to the NFs at the surface of a FET transducer via PPy carboxyle groups. The biosensor
was highly sensitive (5 fM) and extremely selective for isoforms of PDGFs.

3.2. Enzyme Entrapment into the NFs

When enzymes are attached to NFs after electrospinning, only the external surface of the NFs
may be used for immobilization, without taking full advantage of the internal volume of fibers that
can protect enzyme molecules from harsh conditions. Enzyme loading is therefore rather limited.
Therefore, another way to proceed consists in electrospinning a blend of enzymes and water-soluble
polymer. This approach might be also used to entrap antibodies, but has been rarely investigated
due to the high amount of biomolecules required and their high cost [31]. In contrast to the protocols
described in the previous sections, the entrapment does not involve any bond between the enzyme
and the NFs surface that helps preserving their biological activity [77]. The major drawback of the
approach is that some enzymes may be shielded inside the NFs and are not accessible to the substrate.
A summary of the enzymatic biosensors prepared this way may be found in Table 1.

PVA is the most common water-soluble polymer employed for enzyme entrapment into NFs as it
is a non-toxic, hydrophilic and highly biocompatible synthetic polymer. However, data reported in
the literature are not easy to compare. Indeed, PVA displays various degrees of polymerization and
hydrolysis (DP and DH, respectively). These parameters highly affect the viscosity and conductivity of
PVA solutions, and therefore the electrospinning conditions and the morphology of electrospun NFs
produced. Ren et al. [78] proposed an amperometric glucose biosensor prepared by electrospinning a
mixture of PVA and GOx in PBS followed by cross-linking using GA in solution to form water-insoluble
NFs. The NF diameters obtained in this work were somewhat heterogeneous, ranging from 70 nm
to 250 nm in the absence of GOx, as observed by SEM. In the presence of GOx, the fibers became
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irregular and were interspersed with shuttle-shape beads. The presence of GOx in the NFs was
evidenced by IR spectroscopy. The amperometric response to 0.5 mM glucose was more rapid (1 s)
than the response observed for PVA/GOx films (5.2 s) under the same conditions. The enzymes
remained active when entrapped in the NFs and a LOD of 0.05 mM was measured. Oriero et al. [79]
immobilized tyrosinase onto an ITO-coated glass substrate modified with silica-tyrosinase-PVA NFs
for amperometric detection of catechol, phenol, and p-cresol. The biosensor sensitivity decreased in
the order catechol > phenol > p-cresol, with a LOD of about 10 μM for each compound and a linear
response up to 100 mM.

To enhance the conductivity of PVA NFs, the incorporation of carbon NMs, mostly graphene
oxide (GO) and MWCNTs, or Au NPs has been proposed. Su et al. [80] developed a novel biosensing
platform for glucose detection, by electrospinning a solution containing PVA, Chit, GO and GOx as
model enzyme to fabricate NFs. After electrospinning, the Pt electrode modified with electrospun
Chit-GOx-GO-PVA NFs was placed in glutaraldehyde vapor for cross-linking to form water-insoluble
NFs. Then, a thin layer of Nafion was deposited on the surface of the matrix, and the prepared
electrode was used for glucose amperometric detection. The electrode exhibited high sensitivity, good
stability, low detection limit (5 μM) and wide linear range (5 μM–4 mM). Glucose concentrations
determined in human serum samples by the NF-based biosensor were in good agreement with the
values obtained using a standard clinical assay. The same methodology was used to entrap choline
oxidase. The choline biosensor exhibited excellent analytical features, demonstrating the versatility of
the proposed method. A GOx-GO-PVA NFs modified Pt electrode was also constructed for glucose
detection [81]. The highest sensitivity was obtained by incorporating 20 ppm GO in the electrospun
solution. The biosensor response was very rapid, the steady-state current being achieved only 10–14 s
after glucose injection.

Our group has proposed two strategies to produce enzyme NF-based electrochemical biosensors
from enzymes-polymer blends [82]. GOx was chosen as model enzyme. In a first approach, we
reported the one-step and facile fabrication of water-stable NFs from blends of the photochemically
cross-linkable polyvinyl alcohol styrylpyridinium polymer (PVA-SbQ), MWCNT and GOx. MWCNTs
were functionalized with carboxyl groups to improve their compatibility with PVA and PVA/GOx
aqueous solutions The NFs were stabilized by UV-cross-linking of PVA-SbQ, which enabled a fast, easy
and soft cross-linking step without any added chemicals. The enzyme conformation and activity could
be preserved. The addition of MWCNT resulted in a significant decrease in the average fiber diameter,
from 350 ± 20 nm to 250 ± 50 nm, as evidenced by SEM. In addition, embedded nanotubes, well
dispersed in the polymer matrix and aligned along the NFs direction, could be detected by TEM for
the lowest MWCNT loadings (Figure 9b,c). MWCNTs tended to agglomerate at the highest MWCNTs
loading, and clusters of coiled/bundles nanotubes were observed (Figure 9d). The combination of
MWCNT and PVA-SbQ polymer improved electron transfer ability of the generated nanofibrous mats.
The resulting enzyme voltammetric biosensor was linear in a wide range of glucose concentration
(up to at least 4 mM) and a very low LOD (2 μM) was achieved.

In a second study [83], aqueous solutions of GOx-PEI-PVA were electrospun on Au electrodes
and the NFs were decorated with Au NPs. It was shown that adhesion of the fibers mat onto gold
electrodes could be improved by modifying the surface with a self-assembled monolayer of 4-ATP
bearing thiol groups for covalent binding to the gold surface and amine groups to react with the amine
groups of PEI in a subsequent cross-linking step. This step also helped improving the water stability of
the produced NFs. A significant enhancement of the NFs’ conductive properties, as characterized by
cyclic voltammetry, was achieved by decorating the NFs with AuNPs. The highest density of particles
was observed using Au colloidal solutions of pH 5, which could be attributed to hydrogen bondings
and ionic interactions between the amine groups of PEI and the carboxylic groups of citrate-stabilized
Au NPs (Figure 10). Glucose could be successfully detected by impedimetry, the response being linear
in the 10–200 μM range. A very low limit of detection (0.9 μM) could be achieved and the biosensor
exhibited good operational and storage stabilities.
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Figure 9. TEM images of (a) pure PVA-SbQ NFs, (b) PVA-SbQ/MWCNTs (1 wt %) NFs,
(c) PVA-SbQ/MWCNTs (5 wt %) NFs, (d) PVA-SbQ/MWCNTs (10 wt %). Reprinted with permission
from [82]. Copyright 2015 The Electrochemical Society

Figure 10. SEM images of water-stable electrospun PVA/PEI NFs before immersion in the Au NPs
solution (a), after immersion in colloidal Au NPs solutions of pH 7.0 (b), pH 6.0 (c), pH 5.0 (d).
Reprinted with permission from [83]. Copyright 2016 Elsevier.

4. Electrospun NFs in ELISA-Type Bioassays and Point-of-Care (POC) Devices

Owing to their high surface area and their ability to bind biomolecules, electrospun NFs have
also been exploited to the elaboration of improved Enzyme-Linked ImmunoSorbent Assays (ELISAs)
and of advanced point-of-care (POC) devices. The analytical performances of these devices of course
depends strongly on the immobilization of the affinity elements (mostly antibodies) to the assay
substrate. Random adsorption is by far the most common immobilization technique, but bioaffinity
attachment, using for example the specific binding of biotin to avidin and streptavidin, is also relatively
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widespread [89]. Covalent attachment has been also investigated to limit antibodies leaching and
loss of functionality that physical adsorption could induce, and to achieve a better distribution of
the biomolecules onto the surface. Both electrochemical and optical detection are employed, with a
predominance of the latter.

ELISA is perhaps the most well-known and widely used immunoassay for the detection of proteins
(antibodies, biomarker proteins), pathogens (bacteria, virus) and smaller molecules of toxicological or
environmental interest. However, it suffers from several major weaknesses. The conventional test is
time-consuming and laborious, requires large amounts of sample and exhibits low sensitivity, which
impedes early diagnosis of diseases. In addition, it is a single target analyte test, whereas it is known,
for example, that the combined measurement of several biomarkers is required to increase the accuracy
of disease diagnosis. Finally, samples must be purified before the test in order to avoid interferences.
Different strategies have been proposed to overcome these different issues, resulting in the development
of improved ELISA-type assays and advanced POC devices, among which lab-on-a-chip/lab-on-a-disc
devices, lateral flow and microfluidic paper-based bioassays [90–94]. The following sections will show
how the integration of electrospun NFs in such systems can contribute to improve their performances.

4.1. ELISA-Type Bioassays

Conventional ELISA relies on two-dimensional surfaces of planar substrates to immobilize the
capture molecules. Due to their large surface area-to-volume ratio, the three-dimensional electrospun
NF mats have the capacity to immobilize larger amounts of capture molecules, resulting in higher
expected sensitivities. Wang et al. [95] recently proposed a high-throughput immunoassay based on
electrospun PS NFs and compared its performance with conventional PS substrate. A plasma treatment
was applied to make PS NFs hydrophilic, facilitating infiltration of antibodies into the NFs scaffold.
Three different cancer biomarkers (AFP, CEA, VEGF) were further used to compare the analytical
performance of the two substrates using a sandwich approach and fluorescence detection. A 300-fold
decrease of the LOD was achieved by replacing the planar PS substrate by electrospun PS NFs.

Other polymers of various levels of hydrophilicity and functionalities have been investigated to
evaluate their ability to generate sensitive and more rapid ELISA. Sadir et al. [96] produced NF mats
from two polymers: poly-L-lactic acid (PLLA) and cellulose acetate (CA). The CA NFs were treated
with GA to enhance their water stability. Electrospun NF membranes were placed in a microwell
plate and the sensitivity of the two bioassay platforms were compared for the detection of CRP
cardiac biomarker using a colorimetric sandwich ELISA approach. The LODs were 13 pg mL−1 and
53 pg mL−1 for PLLA and CA, respectively, lower than that of the conventional ELISA. Moreover,
the total analysis time was reduced by a factor 2. It was shown that the amount of antibodies
adsorbed on PLLA was higher than on CA and that the proteins were more stable. In another work,
polyhydroxybutyrate (PHB) NF membranes were produced by electrospinning and were coated
with poly(methylmethacrylate-co-methacrylic acid) co-polymer, poly(MMA-coMAA) [97], which was
synthetized with different molar ratios of the monomers, to achieve nanofiber membranes combining
the high surface area of PHB NFs with functional carboxylic groups inherited from MMA segments of
the copolymer. The hydrophobicity of PHB NFs gradually decreased and the number of functional
groups increased as the number of MAA segments introduced via poly(MMA-co-MAA) coating
increased. The coated and uncoated PHB NF membranes were placed into a PS ELISA well-plate
for subsequent colorimetric detection of dengue virus using a sandwich approach. Two modes
of primary antibodies immobilization were tested, i.e., physical adsorption and covalent binding
through EDC/NHS chemistry method. Covalent binding generally yielded lower signals than physical
adorption but higher than conventional ELISA. The coated NFs with 9:1 MMA:MAA molar ratio of
exhibited the lowest LOD and highest specificity. In a recent work, Mahmoudifard et al. [98] reported
the fabrication of electrospun NF mats from the hydrophobic polysulfone polymer. Oxygen plasma
treatment enabled the creation of carboxylic functional groups at the surface of the nanofibrous
membrane and monoclonal IgG antibodies were further immobilized covalently or by physical
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adsorption to perform a simple colorimetric sandwich ELISA in well-plate format. Covalent attachment
resulted in higher signals compared to those obtained with adsorption approach. In addition, it
was shown that the proposed platform integrating electrospun NFs was more sensitive than the
standard ELISA.

Polymers with biocompatible and antifouling properties have been also proposed to reduce
the background noise coming from nonspecific adsorption of proteins in ELISA. Using electrospun
NFs prepared from a functional polymer bearing both phosphorylcholine and active ester groups,
Chantasiricot et al. [99] developed an ELISA for human IgG detection. The LOD was improved by
a factor 4.6 compared to the conventional ELISA performed on PS substrate and 1.8 compared to
the test performed with a dip-coated polymer substrate. A much wider linear range could be also
achieved. In addition, the blocking step could be omitted, resulting in a significant decrease of the
total time of analysis. Hersey et al. [100] synthetized a set of water insoluble poly(oxanorbornene)
derivatives with biotin (bioactive) and triethylene glycol (antifouling) functionalities. Electrospun NF
meshes were generated from these copolymers with the ability to specifically bind streptavidin while
minimizing the nonspecific binding of other proteins. The protein binding capabilities of NF meshes
were evaluated using a simplified colorimetric ELISA for a model target protein, mouse IgG, under
both static (26 h) and flow conditions (1 h). Under flow conditions, the LOD was 2.2-fold lower than
the LOD of the conventional ELISA in streptavidin coated plates.

Recent works have also been devoted to the development of original microarray-based
immunoassays using either hydrogel-micropatterned PS-based NFs [101] or droplets immobilized on
polycaprolactone NFs [102].

4.2. Lab-on-a Chip/Lab-on-a-Disc POC Devices

The integration of bioaffinity tests into more compact, rapid, simple and easy-to-use devices usable
on-site by non-qualified persons have been the subject of tremendous research works over the past
decades, resulting in the development of POC devices. In these devices, minimal human intervention
should be achieved, ideally only for sample introduction, signal read-out and interpretation. The
consumption of minimal volumes of sample is also targeted. Lab-on-a chip [90] or lab-on-a-disc [91]
devices integrate sample preparation and detection in one system. They can address the requirement
of providing a fast and multiplexed diagnostic at the point-of-need.

Electrospun NFs can contribute to the improvement of biosensing lab-on-chip devices in several
ways. It has been shown recently that they can be very useful as passive mixers, with capacities
comparable to or better than many passive mixers already reported [26]. Jin et al. [103] developed a
capillary flow microfluidic bio-chip for chemiluminescence detection of E. coli 0157 cells combining
lateral flow assay and microfluidic technology, demonstrating the applicability of water soluble
NFs for on-chip reagent delivery. In this work, PVP NFs containing HRP tagged antibodies were
produced and incorporated into the chip and the delivery of binding reagents, i.e., antibodies, was
achieved by dissolution of PVP NFs. Electrospun NFs can be also used to specifically capture and
concentrate the analytes for enhanced purification and detection. One major difficulty comes from
the integration of NFs into the microchannel of the lab-on-a-chip system. Cho et al. [104] fabricated
patterned aligned PVA NFs using gold microelectrodes array into PMMA microchannels. The same
group later evaluated the approach for specific liposomes retention [24]. Very recently, they proposed
a more simple fabrication method, where thin layer of NFs were first prepared, then manually peeled
off the grounded collector and stacked together to create multilayer mats with more homogeneous
morphologies [25]. The mats were finally transferred to PMMA substrates, cut into small strips and
incorporated into the microchannels. Positively and negatively charged PVA NFs were prepared. The
negatively charged PVA mats bearing carboxylate groups was used to attach anti-E. coli K12 antibodies
via EDC/NHS chemistry. Positively charged NFs enabled 87% retention of negative E. coli K12 bacterial
cells through non-specific electrostatic interactions, while antibody-functionalized negatively mats
were capable of the specific capture of 72% of the cells while reducing non-specific analyte retention
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due to the repealing effect of the polymer. This work therefore demonstrated the potential of the
method for efficient capture and concentration of microbial cells. Lee et al. [105] exploited these
attractive properties to immobilize high amounts of suitable antibodies on TiO2 NFs integrated in a
lab-on-a-disc device. The TiO2 NFs had been previously treated with O2 plasma and functionalized
for antibodies binding. The chemiluminescence biosensing device enabled the sensitive and rapid
(30 min) detection of two cardiac biomarkers (CRP and cTnl). LODs were 0.8 pg/mL and 37 pg/mL,
respectively, and the method required only 10 μL of sample. Ali et al. [106] reported the development
of a label-free electrochemical immuno-biochip detection of breast cancer biomarkers. The biosensor
utilized a uniquely structured working electrode made of porous hierarchical graphene foam modified
with electrospun carbon-doped TiO2 NFs inserted in the microchannel of the PDMS microfluidic
device. Antibodies were immobilized covalently onto the electrode. High sensitivity and specificity
could be achieved.

4.3. Paper-Based POC Devices

Due to their low-cost and various easy-to-use formats, paper-based devices have appeared for
many years as very appealing and cheaper alternatives to lab-on-a-chip systems. The porous structure
of paper allows fluid flow by capillary action without the need of additional pumping systems. The
paper-based devices exist under various formats, from the basic dipsticks and lateral flow assays
(LFAs) to the more advanced and complex forms, i.e., microfluidic paper-based analytical devices,
with possible multiplexing [92–94].

LFA format typically consist of four segments, including the sample pad, the conjugate pad,
reaction membrane and an adsorbent, all being enclosed in a plastic cassette [93]. Luo et al. [107]
reported the fabrication of a LFA using nitrocellulose nanofibrous membranes functionalized with
antibodies directed against bovine viral diarrhea virus (BVDV) as the capture pad. The capillary action
of the membrane was enhanced using oxygen plasma treatment. LFA was very rapid (8 min) and
a good LOD (103 CCID/mL) was obtained. Reinholt et al. [108] also demonstrated that PLA-based
electrospun nanofibers could be successfully incorporated as platform in paper-based biological
LFAs. Antibodies were attached to the NFs by adsorption and a colorimetric enzymatic sandwich
immunoassay was developed for the detection of E. coli O157:H7.

5. Conclusions and Future Prospects

A number of electrospun NFs-based biosensors have been developed, using a large variety of
approaches, polymers, integrating or not organic or inorganic fillers (e.g., conducting NMs) and
post-treatment processes to generate robust biosensing platforms with enhanced functionalities and
analytical performances. There is no doubt that the design and fabrication of NFs-based biosensors is
an expanding area of research but it is still in an early stage of academic study in laboratory.

At present, most of the biosensors reported use enzymes as sensing elements and electrochemical
transduction. Electrospun NFs are excellent supports for enzyme immobilization, providing large
surface areas, porosity, functionalized surfaces for attachment or entrapment, favorable environments
around the biomolecules to improve enzyme stability and activity. In addition, most enzymatic
biosensors based on electrospun NFs have been designed and evaluated using a model enzyme, GOx.
The high versatility of electrospinning process and of the methodologies developed open the way to
their application to the immobilization of a wider range of biomolecules, i.e., other enzymes, antibodies,
DNA or aptamers, and other transduction modes, e.g., optical. Table 2 shows that very good analytical
performances, at least in terms of linear range and LOD, can be achieved for electrochemical detection
of glucose using NF-modified electrodes. However, only a very limited number of them has been
applied to real samples analysis and no commercial devices are yet available. Electrospun NFs have
also demonstrated high potential for the elaboration of advanced POC devices, acting as efficient
supports for antibodies capture, analyte concentration, signal amplification, with interesting capillary
properties for integrating in paper-based devices.
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Although significant progress has been made in the past decade in the field, there is still some
areas where further improvements and refinements are required, i.e., a better control of the NF
production, diameter and arrangement on the transducers, as well as of the immobilization of
the biomolecules and of the physico-chemical and biological processes occurring at the NF-based
biointerfaces. More fundamental and modeling approaches will be very helpful to better understand
and control the interactions between the polymers, fillers and biomolecules (both before and after
electrospinning), and the effect of the various electrospinning/immobilization parameters on the size,
morphology and electrochemical/optical properties of the NF-based biohybrid materials produced.
It will be also interesting to explore new strategies of producing NFs with enhanced electronic/optical
properties or functionalities. An original approach has been recently proposed, which combines
electrospinning and atomic layer deposition technique to generate controlled ZnO nanocristalline
layers and ZnO/Al2O3 nanolaminates at the surface of PAN electrospun NFs used as template.
The enhanced photolelectronic and photoluminescence features of the NFs allows applications in
optical and electrochemical biosensors [109,110]. Gonzales et al. [111] reported the successful one-step
production of a biotin surface functionalized hydrophilic non-water soluble PLA NFs. Incorporation of
PLA-b-PEG copolymer together with biotin in the spinning solution significantly increased the amount
of biotin available at the fibers surface able to bind avidin. The functional hydrophilic NFs proposed
in this work are really promising for use in POC devices.

Finally, the conventional electrospinning process, used in most of the works reported, generates
NFs of random orientation, limiting the repeatability of biosensors fabrication and therefore hampering
a future reliable and consistent production at the industrial scale. Some strategies and advanced
electrospinning set-ups have been recently proposed for a more accurate deposition of various patterns
of polymer NFs with controlled orientation and spacing [10,84]. The development of new devices,
such as coaxial set-ups, which enable the production of core-shell NFs, is also very promising in the
biosensor area. Using this approach, Ji et al. [85] recently reported the fabrication of a colorimetric
ready-to-use glucose test strip based on GOx and HRP co-immobilized with two commonly used
chromogenic agents, in the hollow chamber or shell of polyurethane hollow NFs.
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Abstract: This paper presents the state of the art distributed sensing systems, based on optical fibres,
developed and qualified for the French Cigéo project, the underground repository for high level and
intermediate level long-lived radioactive wastes. Four main parameters, namely strain, temperature,
radiation and hydrogen concentration are currently investigated by optical fibre sensors, as well as
the tolerances of selected technologies to the unique constraints of the Cigéo’s severe environment.
Using fluorine-doped silica optical fibre surrounded by a carbon layer and polyimide coating, it is
possible to exploit its Raman, Brillouin and Rayleigh scattering signatures to achieve the distributed
sensing of the temperature and the strain inside the repository cells of radioactive wastes. Regarding
the dose measurement, promising solutions are proposed based on Radiation Induced Attenuation
(RIA) responses of sensitive fibres such as the P-doped ones. While for hydrogen measurements,
the potential of specialty optical fibres with Pd particles embedded in their silica matrix is currently
studied for this gas monitoring through its impact on the fibre Brillouin signature evolution.

Keywords: optical fibres; optical fibre sensors; Raman; Brillouin; Rayleigh scatterings; temperature;
strain; radiation effects; hydrogen

1. Introduction

In the Cigéo project, the French underground repository for high-level and intermediate level
long-lived radioactive wastes program, monitoring in the civil engineering structures used and host
rock is planned in order to confirm the long-term safety evaluation and recoverability of wastes during
the exploitation period. Work is in progress in order to select the exact parameters to monitor. Andra,
the French national agency for radioactive waste management, supports sensor developments and
qualification tests for the most relevant processes that will be developed during Cigéo implementation,
namely thermal, hydraulic, mechanical, chemical and radioactive (T-H-M-C-R).
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To ensure long-term monitoring despite harsh conditions, several and diverse monitoring
technologies are considered and would be combined inside the repository cells: both non-destructive
evaluation and embedded sensors, as well as electronic and optical sensors, including direct
and indirect measurements of parameters of interest, mixing traditional and innovative
sensing technologies.

Optical fibre sensors (OFS) are found to be exceptional tools, as they enable distributed
measurements, thus providing data over the entire structure. Monitoring with a single fibre can
provide information all along the structure behavior, and thus overcome limitations of traditional
sensors, whose information is restricted to local effects. Moreover, optical fibre’s small size enables one
to reduce invasiveness. Remote sensing would enable the maintenance of the optoelectronic devices
during the facility lifetime; only the optical fibre, that is known to be more resistant than electronics, can
be exposed to the harsh conditions during the operating period. This explains why, since 2006, Andra
has deployed a large qualification process on distributed optical fibre sensing systems in collaboration
with several companies and research laboratories.

Optical fibres are known and widely spread in industry to provide strain and temperature
measurements. Yet they must be designed to resist to the specific environmental conditions of Cigéo:
presence of hydrogen, relatively high temperature (100 ◦C) and gamma rays. This article presents
the target application in a first part (Section 2), and the qualification methodology in a second part
(Section 3). State of the art temperature sensing is presented in Section 4, while strain sensing is
detailed in Section 5, hydrogen and radiation sensing are reported in Sections 6 and 7, respectively.
The updated knowledge is quoted in Technology Readiness levels (TRL, [1]). This overview includes
developments supported by Andra in France or reported in literature by other French labs.

2. The Target Application: Monitoring the Underground Repository of High Level and
Intermediate Level Long-Lived Radioactive Wastes

2.1. Repository Cells

Cigéo is designed to isolate the radioactive waste from humans and the biosphere and to confine
it within a deep geological formation to prevent dissemination of the radionuclides contained in this
waste. In the French design, the disposal takes placed in a clay formation, an argillaceous rock (clay
rock) known as the Callovo-Oxfordian formation, which is approximately 155 million years old and
lies at a depth of 400 to 600 m.

As sketched in Figure 1, the underground facility has separate areas designed for high-level
waste (HLW) and intermediate-level long-lived waste (ILW-LL) in order to limit phenomenological
interactions between these different waste categories. The cells are spherical or ovoid underground
excavations on a horizontal axis or slight slope dug out of the Callovo-Oxfordian formation. There
are two categories of cells. HLW micro-tunnel cells would contain only one disposal package per cell
section; with main dimensions of 0.7 m diameter, 100 m long, and a metallic liner. ILW-LL tunnel cells
would contain several disposal packages per cell section (in the order of 9 m size diameter). Their
mechanical stability during operation is guaranteed by a concrete liner, left in place at closure. Length
would be on the order of 600 m.
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Figure 1. Preliminary design of Cigéo, the underground repository for high level and intermediate
level long-lived radioactive wastes.

2.2. Monitoring Objectives

An appropriate level of monitoring and control will be applied to Cigéo during its construction
and its operation, to ensure the protection and preservation of the passive post-closure safety features.
Observation and surveillance parameters are not fully stated yet. A global analysis based on safety
analysis, technology readiness level [1] of monitoring technologies and risks is currently performed
within Andra, and also at the European level within the MoDeRn and MoDeRn2020 European
projects [2,3].

OFS are mainly envisioned for temperature and mechanical evaluations. Temperature monitoring
contributes to the assessment confirmation basis for long term safety, by quantifying margins of
prior predictions for the duration of the thermal period and the expected thermal peaks. Mechanical
parameters are also required, to confirm that the waste recoverability is possible, if decided; indeed
repository reversibility is stated by the French Planning Act No. 2006-739 dated 28 June 2006 on the
sustainable management of radioactive waste.

To provide accurate and verified measurements, it is also important to characterize all parameters
influencing the sensing chain performances. This is why hydrogen and radiation also appear in the
target monitoring parameters of Table 1. Gamma radiation dose rate ranges from 1 to 10 Gy(SiO2)/h
depending on the waste category. Over the target lifetime of 100 years, the sensors could experience
ionizing doses up to 10 MGy(SiO2). The atmosphere will become hydrogen-rich because H2 emissions
originating from anoxic corrosion of metallic materials or some specific radioactive IL waste release
hydrogen (cf. [2]). Measuring either hydrogen or oxygen (related to corrosion speed) or both would
assess chemical evolutions.

Possible target monitoring parameters, expected sensing range and uncertainties are detailed in
Table 1. As most phenomena kinetics are slow, their corresponding measurement frequencies can be
selected on a daily basis.

As the parameters are not homogeneously distributed around the repository cells, it is
important to develop sensors able to perform truly distributed sensing, to characterize a spatial
mapping distribution.
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Table 1. Main parameters to be monitored in the underground repository.

Parameters Typical Range Target Sensitivity Spatial Homogeneity

Temperature [20–90 ◦C] ±0.1 ◦C 20 cm

Displacement +0.5 mm/m to 2.5 mm/m 1 μm/m 10 cm

Strain in concrete 10 μm/m 3 μm/m 10 cm

Concrete Crack Threshold for openings: 200
μm 10 cm

Gap evolution inside the cell 10 mm (in 100 years) 0.5 mm 1 m

Hydrogen [0–4%] sensitivity of 500 ppm
[4–10%] sensitivity of 1%

100 ppm
<1%

3 m (ILW-LL waste package size)
~1.5 m (HL waste package)

Gamma radiation
0.1–1 Gy/h

Total cumulated dose 10 MGy
(100 years)

50 mGy ~1.5 m (HL waste package)

2.3. Envisionned Implementation of OFS in Repository Cells

In the reference monitoring system design, sensors are embedded in concrete liners of
Intermediate—level (IL) repository cells, as sketched in Figure 2, or on the external surface of the
metallic liner of High-Level (HL) repository cells. Regarding the application, more details can be found
in [2].

 

Figure 2. Envisioned monitoring system for ILW-LL repository cells.

2.4. Environmental Conditions in the Repository Cells

Improving and hardening the sensor radiation tolerance is a major issue for the design of reliable,
long-term equipment. Worst case will be considered for the qualification process performed by Andra,
namely the vicinity of HLW repository cell. At the extreme conditions, humidity will reach 100%,
hydraulic pressure 6 MPa, lithostatic pressure 12 MPa, dose rate 1 Gy/h and temperature 90 ◦C.
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3. Materials and Methods

3.1. Qualification Method

To fulfill these challenging application requirements, several monitoring technologies are
considered and would be used in combination inside the repository cells. For each sensing chain, a
qualification method in several steps is deployed. First we select the most promising technologies
which are tested in controlled situations. If these tests are successful, the sensor can be implemented
into real structures, to quantify its impact, integration and response in representative environments. A
last step is devoted to the harsh environments vulnerability study: accelerated aging tests, for instance
radiation exposure, are organized. This methodology is summarized in Figure 3.

Figure 3. Sensing chain qualification methodology.

In the present review, we will summarize and point out developments realized in France by
Andra and its research partners to qualify a sensing chain and provide truly distributed measurements
of temperature, strain, hydrogen and radiation dose levels.

3.2. Choice of Sensing Principle—Scatterings in Optical Fibres

Distributed sensing provides a versatile and powerful monitoring tool. The term distributed
optical fibre sensor designates the case in which the silica-based material becomes a sensor. It is thus no
longer necessary to implement anticipated sensor positions since measurements are being performed
all along the optical fibre connected to the probe/reading device (as well as within the extension
cables). Truly distributed measuring systems for temperature and strain sensing were transposed from
labs to industrial applications in 2000 s. Instruments combine (i) a sensitive phenomenon based on
Brillouin, Rayleigh or Raman scatterings with (ii) a localization process, usually Optical Time Domain
Reflectometry (OTDR), Optical Frequency Domain Reflectometry (OFDR, as in Luna-OBR device
mentioned later) or coherent probe-pump techniques (as in the Neubrescope device mentioned later).

Rayleigh and Brillouin scatterings are sensitive to both strain and temperature whereas Raman
scattering depends only on temperature. More precisely, the Raman Anti-Stokes intensity is
significantly more sensitive to temperature than the Stokes component. Most commercial devices
determine the optical fibre temperature from the spectral analysis of the scattered light, by computing
the ratio between the Anti-Stokes and Stokes intensities from the Equation (1) [4]:

IAS

IS
=

(υ0 + ΔυRaman)
4

(υ0 − ΔυRaman)
4 . e−

h .ΔυRaman
KB.T (1)

where IAS and IS are the Anti-Stokes and Stokes intensities respectively, h is Planck’s constant
(given as 6.62607004 × 10−34·m2·kg·s−1), ΔυRaman is the Raman frequency shift (13.2 THz for
silica) and υ0 is the probe laser pulse frequency (in Hz), KB is the Boltzmann constant (given as
1.38064852 × 10−23 m2·kg·s−2·K−1) and T the absolute temperature (in Kelvin, K).

The Brillouin frequency shift ΔυB is known to be proportional to temperature and strain (ε)
variations [5], so it can be defined as:

ΔυB = Cε
Bε + CT

B ΔT (2)

where CT
B and Cε

B are the sensitivity coefficients for both temperature and strain, respectively.
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If measured at a single wavelength, Rayleigh scattering provides only a detection of events along
an optical fibre. To supply temperature and strain measurements, commercial devices exploit the
temperature and strain sensitivities of the Rayleigh backscattered intensity over a spectral window.
Two measurements should be acquired and correlated, this technique being able to follow the strain
or temperature changes occurring with respect to an initial condition considered as a reference. The
scattered profiles from the two datasets are cross-correlated along the perturbed portion of the fiber to
obtain the spectral shift in this part of the fiber caused by temperature and /or strain change. We call
this change of the correlation peak position “Rayleigh spectral shift”, ΔυR. It is related to both strain
and temperature via calibration coefficients CT

R and CR
ε [6]:

ΔυR = Cε
Rε + CT

R ΔT, (3)

Detailed description of s truly distributed sensing scheme is available in [7] and more recently
in [8]. Performances are summarized in Table 2 for comparison. Values are orders of magnitude;
performances may significantly change with the operation wavelength, the device supplier, the sensing
optical fibre type... Raman device performances should reach 0.1 ◦C uncertainty over 30 km, with
a length resolution of 1m. Brillouin systems provide 1 ◦C or 20◦·μm/m uncertainties, over 30 km,
with a spatial resolution of 1 m. Rayleigh scattering sensing devices exhibit higher performances than
Brillouin based systems. Depending on the localization process, there is a trade-off to find between the
maximal sensing range and the spatial resolution. For OFDR [9] (and tunable-OTDR, respectively [10])
the measurement distance range is 70 m (or 20 km, respectively), and spatial resolution in the order
of 1 cm (resp. 20 cm). It is worth noticing that both Rayleigh and Brillouin instruments are using
single-mode fibres (SMF) and operate at wavelength around 1.55 μm. For distance range smaller than
20 km, most commercially-available Raman devices use multi-mode fibres (MMF) at around 1064 nm.
It implies that the three device types cannot be paired with the same optical fibre. Raman singlemode
devices exist but are less efficient on short distance consistently with [11] (and more expensive).

Table 2. Typical performances of distributed temperature and sensing systems based on Rayleigh,
Brillouin and Raman scatterings in optical fibres.

Scattering Rayleigh Brillouin Raman

Process Elastic Inelastic Inelastic

Optical fibre type Single-mode Single-mode Mainly
multi-mode

Measuring principle OFDR TW-COTDR BOTDR BOTDA R-OTDR

Acces to fibre Single end Single end Loop
configuration Single end

Maximal distance
range 70 m 20 km 30 km 30 km

Best spatial resolution 10 mm 20 cm 1 m 10 cm 1 m

Temperature
sensitivity CT

R = −1.5 GHz/◦C 1 MHz/◦C 0.1 ◦C

Strain sensitivity CR
ε = −0.15 GHz/με 0.05 MHz/με Not sensitive

Measurement
Uncertainty 0.1 ◦C 0.5 ◦C 5 ◦C 1 ◦C 0.01 ◦C

Measurement duration 10 s 10 min 10 min 1 min

Optical budget 70 dB 10 dB 10 dB 10 dB

Performances summarized in Table 2 are obtained with optical fibres in laboratories and would
be significantly degraded in real application. More precisely, although Andra’s application is limited
to the kilometer range, with the high excess of optical losses induced by radiations, optical budget
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would reach 10 dB after a propagation length of 1 km only. One should wonder whether short distance
with high losses equals long distance and low-loss, on the sensing performance point of view.

Because of the complementary performances, of these various techniques for strain and
temperature distributed sensing, qualification procedure has been realized on the sensors exploiting
the three scattering processes.

Influences of hydrogen and radiations presence on strain and temperature distributed sensing
were poorly known in 2008 when Andra started its qualification process. The first studies were devoted
to the vulnerability of those technologies to radiations. It was demonstrated that the sensors based on
the three scattering processes are significantly influenced by: (i) radiation; (ii) hydrogen diffusion into
the optical fibre and (iii) their coupled effects. The main results of these analyses as the outcomes of the
next projects devoted to the hardening of these technologies are discussed in the following sections of
this review (Sections 3.8 and 3.9). Recent works and related methodologies for radiation and hydrogen
sensing are detailed in sections Sections 6 and 7, respectively.

3.3. Optical Fibre Choice/Design: Dopant and Primary Coatings

Claimed performances are obtained with standard telecommunication fibres, usually single-mode
G652 type for temperature sensing, G657 type for strain sensing based on Brillouin or Rayleigh
scatterings, graded-index 50 μm core multi-mode fibre for temperature sensing based on
Raman scatterings.

These properties might not be preserved under harsh environmental conditions of Cigéo. Optical
fibres darken under radiation through a phenomenon called Radiation-Induced Attenuation (RIA).
The amplitudes and kinetics of these excess losses depend on many parameters including the fibre
composition and the operation wavelength. Standard telecommunication fibres usually possess
Ge-doped core and various possible cladding compositions. Both core and cladding dopants strongly
impacts the fibre radiation response [12]. They are known to handle low gamma irradiation doses.
For harsh environments such as Cigéo, pure silica core fibres with F dopants in the optical claddings
have been developed [13]. On the opposite, P and Al dopants are used to obtain radiation sensitive
fibres [14]. This is why Andra’s qualification procedure has been implemented with this variety of
optical fibres, from the highly sensitive fibre to the most resistant one. More precisely, Andra’s partners,
Laboratoire Hubert Curien, (LabHC—Université de Lyon, CNRS UMR 5516), selected a large variety
of optical fibres. Samples whose results are presented in the article are detailed in Table 3.

Table 3. Optical fibers selected for the ANDRA qualification process.

Type Core Cladding Coating Names

SM-Ge Ge-SiO2 (28 wt %) Pure silica Acrylate CMS
SM-F F-SiO2 (0.2 wt %) F-SiO2 (1.8 wt %) Acrylate SIO2/F
MMF Pure Silica Core F-SiO2 Acrylate Fibre I
MMF P-SiO2 Doped-SiO2 Carbon HDR MMF

Regarding primary coatings, acrylate is used for telecommunication fibres and it is able to
withstand temperatures up to 80 ◦C. As the 20–100 ◦C range is expected for Cigéo application, it
appears mandatory to consider alternative coating materials able to resist to higher temperatures. For
such conditions, High-Temperature (HT) acrylate, polyimide coatings and metallic ones (Al, Au, Cu)
can be used. Carbon layers deposited between the fibre glass and its coating also endure 100 ◦C and are
incorporated to prevent the hydrogen diffusion from the surrounding environment into silica-based
optical fibres [15]. As regards the various fibre prices, availability and optical performances, Andra
selected HT-acrylate, polyimide and carbon-coated fibres. Au coating has been tested in France by
EDF for Raman sensing in the 300–350 ◦C temperature range [16].

Samples were either purchased from the suppliers of Draka (Douvrin, France) and Fibercore
(Southampton, UK) commercial off the shelf samples (COTS in the following), or ad hoc samples
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manufactured by the French iXBlue Photonics company (Lannion, France), allowing us to have a better
control on the preform composition and its drawing conditions.

3.4. Optical Fibre Sensing Cables

On top of measuring principle and optical fibre type, selection of the sensing cable is of crucial
importance. The external sheath ensures protection of the optical fibre (mechanical, chemical,
hydraulic) and drives the strain transfer from the structure to sense/supervise to the optical fibre
where sensing is performed. These two requirements are somehow opposite.

Electricité de France (EDF, the French Electricity Company) and Andra have selected and tested
several sensing cables, for soil monitoring, as illustrated in Figure 4 [17]. Similar comparative tests can
be also performed for concrete and metallic structure monitoring [18,19]. The selected cables present
advantages and drawbacks regarding handling (flexible and easy to install) and durability (metallic
reinforced cable).

 
Figure 4. (Left) Picture of a one-to-one scale mock-up of dyke where several strain sensing cables
(whose zooms are provided on the right) were tested.

3.5. Strain and Temperature Metrological Benches

Several metrological benches were developed in order to impose controlled solicitation on
optical fibre samples with several meter lengths (longer than the 1 m spatial resolution of most
optoelectronic devices).

3.5.1. Temperature Metrology

In collaboration with Andra and EDF, the Laboratoire National d’Essai (LNE, in Trappes near
Paris, France) has built a dedicated facility in order to evaluate and to qualify distributed temperature
sensing chains. Spatial resolution of the instrument is typically 1 m; the furnace had thus to be longer
than 10 m for ensuring a spatially resolved measurement. As described in extended details in [20] and
sketched in Figure 5, the horizontal furnace has a tubular configuration arranged as an assembly of five
concentric stainless steel tubes. The central tube (internal diameter of 18 mm) can host 25 m of unrolled
optical fibre. This furnace enables to perform temperature measurements with optoelectronic devices,
by controlling the stability and homogeneity of the temperature around the fibre and by avoiding
any mechanical stress. The fibre is fully free to move inside the tube, and free from any mechanical
constraints, besides its own weight. The furnace temperature is controlled and stabilized by a water
jacket. Enclosure is insulated to ensure a homogenous temperature field.
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Figure 5. Schematic view of the 25 m horizontal furnace. Adapted with permission from [20]. Copyright
2016 IOP Publishing.

The 25 m long bench enables one to evaluate temperature sensing chain performances with
temperature homogeneity and temperature stability over a duration of 20 h better than 0.1 ◦C and
0.05 ◦C, respectively [20].

3.5.2. Strain Metrology

Andra and LabHC use two different techniques to evaluate strain sensitivities of optical fibres.
The first design is based on pulleys [21]. Several meter-long fibre is supported by several pulleys, fixed
at the two extremities; and strained over a length section L by applying a stepwise displacement ΔL
using a micrometer screw gauge (Figure 6, right). The strain applied along the fibre is given by the
relation: ε = ΔL/L, where L and ΔL are the length of stretched fibre and the displacement respectively.
The total sample length was 8 m while the strain step was 100 με in our case. As illustrated in Figure 6
left, the bench enables to create several controlled and homogeneous strain levels over more than one
meter of fibre, between the fixation points.

Figure 6. (Left) Example of distributed strain measurement obtained with TW-OTDR while a fibre is
pulled at 10 different stress levels on the strain sensing bench (sketched on the right).

Another solution is to coil the Fibre Under Test (FUT) around a borosilicate [21] or a quartz [22]
tube, by applying different controlled strains along the sample length. An illustration is reported in
Figure 7 with a step strain every 15 m. Borosilica has a thermal expansion coefficient (TEC) identical
to that of silica. As a consequence, such a setup permits one to verify in situ the impact of radiation
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on the fibre strain sensitivity coefficient. However, to transform weight into strain, the optical fibre
Young modulus is required. It is proved to change with the optical fibre type and its influence is not
negligible. This is why both strain calibration methods are useful.

Figure 7. Schematic representation of the fibre coiling and picture of fibre sample strain steps.
Borosilicate holder darkened under irradiation.

Finally, more robust bench designs must be used when sensing cables (opposite to optical fibres
in primary coating), have to be characterized. Previous studies [23] demonstrated that the fibre strain
coefficients of the Rayleigh and Brillouin responses are affected by the fibre packaging. Andra has used
the testing bench of the Marmota company (Zurich, Switzerland), illustrated in Figure 8 to characterize
the coefficients of the fibre cable. The fixation is designed in such way that it fixes the cable properly
with a specific attention of no slippage effect between the cable and the clamp. The total length of
the sample is about 5 m; the applied strain step can be controlled down to 100 με while the room
temperature is regulated.

Figure 8. Schematic representation (left) of the bench used to determine fibre optic cables’ sensitivities
to strain and pictures (right) from Marmota Company. Adapted with permission from [23]. Copyright
2016 Optical Society of America Publishing.
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3.6. Outdoor Tests

Andra has created an Underground Research Laboratory (URL, see Figure 9) at the beginning of
2000 in the town of Bure in Meuse district, at −490 m under the surface inside the Callovo-Oxfordian
clay rock targeted for Cigéo project. Several one-to-one scale demonstrators of repository cells have
been realized. Civil engineering designs are similar to those of the target application, but there is
no radiation.

Figure 9. Schematic representation of the Andra’s URL and instrumented galleries (GER and GCR).

Two ILW-LL cell monitoring demonstrators were realized [24,25]. They are tunnels of 5 m
external diameter, with a shotcrete layer covering the host rock, a layer of poured concrete covering
the shotcrete, basement construction, then slab and finally vault. In 2011 (respectively 2015), the
“GCR” (resp. “GER”) gallery was dug according to the major (resp. minor) horizontal stress field.
In these two galleries, several instrumented sections were implemented (see Figure 10), equipped
with both classical and innovative sensor technologies (i) Fibre Optic Sensors (FOS), Vibrating Wire
Extensometers (VWE), total pressure cells in the shotcrete; (ii) FOS, displacement sensors and pore
water pressure in boreholes; (iii) FOS, VWE, Time Domain Reflectometry sensors (TDR) for water
content measurement, permeability pulse sensor, total pressure cell. Such structures allow to test
temperature and strain measurement solutions in real operating conditions. An instrumented HLW-LL
demonstrator had also been realized and is depicted in details in [26].
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Figure 10. Schematic view of the monitoring section in the GCR gallery and pictures of implemented
sensors, including optical fibre sensors.

3.7. Aging Tests

3.7.1. Methodology for Aging Tests under Radiation

As it is usually the case for radiation environments, it is not possible to qualify the radiation
response of the developed technologies in conditions representative of the application. At the external
surface of the metallic liner of HLW repository cell, the total ionizing dose of 10 MGy will be deposited
on the sensor in one century. As a consequence, it is mandatory to perform accelerated tests on the
sensors and to extrapolate the expected radiation response of the system in the targeted environment.
The strategy selected by Andra and LabHC consists in a three stage qualification. First the optical fibres
have been irradiated passively (without monitoring) at the maximal dose expected for Cigéo: 10 MGy
and the irradiated samples have been characterized post irradiation to evaluate the levels of permanent
damages after such a huge dose. In a second step, the radiation response of the OFS are characterized
online at a dose rate representative of the application but for a limited period (typically one or two
weeks), providing information on the impact of such dose rate on their performances. Finally, a last
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campaign is achieved where the OFS performances are measured in situ at higher dose rate than the
application and up to its maximal dose (here 10 MGy). This last campaign is considered as a worst
case scenario. Indeed, it is well known that the degradation of the fibre in terms of RIA depends on
both dose and dose rate and that for passive optical fibres, the degradation levels increase at higher
dose rate and at fixed doses [27]. To perform this vulnerability study, Andra used the IRMA 60Co.
source of the Nuclear Safety and Radiation Protection Institute (IRSN, Fontenay-aux-Roses, France) as
this irradiation facility offers dose rates representative of the ones expected for the Cigéo project. The
second used facility is the Big Radius Installation under Gamma Irradiation for Tailoring and Testing
Experiments (BRIGITTE) 60Co facility of SCK-CEN (MOL, Belgium) that allows to obtain MGy doses
representative of the total dose after one century of monitoring in Cigéo. These two irradiators are
illustrated in Figure 11.

 

Figure 11. Picture of IRMA (left) and BRIGITTE (right) facilities used for irradiation of optical
fibre sensors.

3.7.2. Methodology for Aging under Hydrogen

The impact of the presence of hydrogen into optical fibres has been widely studied in the past,
as loading germanosilicate fibres with this gas allows to increase its photosensitivity to ultraviolet
laser light, opening the way to the photo-inscription of Fibre Bragg Grating [28]. As a consequence,
tools exist allowing to saturate the fibres with hydrogen (or sometimes deuterium) gas in a few days,
the kinetics of loading being adjusted by the pressure and temperature of the gas tank used for
the treatment.

To investigate the effect of the presence of hydrogen molecules in the fibre core and cladding
on the various technologies of OFS, the following procedure has been used. First, the various types
of optical fibres (single-mode, multi-mode, different coatings . . . ) have been treated under several
conditions of temperature and pressure to reach different hydrogen saturation states. As soon as the
fibre is removed from the gas tank, desorption process starts and the concentration of gas in the fibre
core decreases with time. For a given fibre structure, known temperature and pressure conditions, the
kinetics of gas absorption, the saturation level and the gas desorption kinetics can be calculated ([29]
Figure 12).

The presence of H2 molecules can be monitored (as well as an estimation of its concentration)
through the well-known absorption bands of the hydrogen in the IR part of the spectrum [30].Then
the impact of the hydrogen (or other gas) on the performances of an OFS can be evaluated for the
whole range of hydrogen concentration (from zero to maximal initial concentration) by continuously
monitoring the OFS performance during the long desorption period (typically a few day or weeks). In
the framework of Andra research, existing tools and facilities of LabHC in Saint-Etienne, and iXBlue in
Lannion have been used to perform such hydrogen loading in various experimental conditions.
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Figure 12. Theoretical values of the pressure and temperature dependence of the H2 saturation
concentration in the fibre core center (left) and the related refractive index variation (right).

3.8. Methodology for Radiation Sensing

Most of the studies about radiation effects on optical fibres are done to improve their radiation
hardness to ensure the systems exploiting these fibres will be able to survive to the harsh environment
of interest. However those studies also permit to identify radiation-sensitive optical fibres and it has
been shown that their radiation response can be diversely exploited to monitor either the TID (total
ionizing dose) and/or the dose rate. Optical fibres can then act as dosimeters. For some applications,
the thermoluminescence or optically-stimulated luminescence (OSL) properties of optical fibres have
been shown to be very attractive for post-irradiation dose measurements of various irradiation types
with performances exceeding those of COTS Thermo-Luminescent Dosimeters (TLDs) [31]. Even
more attractive, some fibres emit light (radioluminescence, RIL) when exposed to radiation, the RIL
intensity being for adequate composition related to the dose rate or particle flux [32,33]. Most of
the COTS scintillating fibres are based on polymer matrix [34], able to resist to low TID but recent
progresses were done to achieve highly sensitive fibres in highly radiation resistant silica-based
matrixes. However, these dosimeters exploiting the radiation induced emission of light are today
mainly punctual sensors and more work is needed to design distributed measurements based on
this RIE phenomenon in an unique fibre. Another class of fibre-based dosimeters exploit the dose
dependence of the radiation-induced attenuation (RIA) in sensitive fibres such as those containing
phosphorus, aluminium . . . Using reflectometry technique (OTDR, OFDR), the spatial distribution of
the RIA can be monitored along a fibre exposed to irradiation and for each portion of the fibre, the
deposited TID can be recovered from the RIA value (supposing the RIA vs dose dependence is known).
Among the most promising fibres for such distributed dose measurements are the Phosphorus-doped
ones as it was shown that the RIA levels at specific wavelength increase almost linearly with the dose
and is quite insensitive to dose rate or temperature fluctuations [35].

3.9. Methodology for Hydrogen Sensing

Many types of H2 optical fibre sensors based on H2-sensitive materials such as WO3 [36], yttrium
oxide (Y2O3) [37] or Pd compounds have been studied for several years. In contact with H2 gas, Pd
forms an hydride PdHx (with x is a functions of the gas rate) leading to a variation of both the material
refractive index [38] and lattice cell volume [38,39]. Efficient hydrogen sensing was achieved by using
standard optical fibres (like G652 fibres used for telecommunications) with (i) Pd films deposited on the
fibre cross-section [40] (ii) laid around the fibre [39,41]; (iii) around the core [42] or (iv) around tapered
fibre [43]. However, these sensors are mainly dedicated to local gas detection, and they suffer from
untimely deterioration in harsh environments and poor robustness [44]. They are mainly dedicated to
local gas detection only.
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Recently, Andra has demonstrated that H2 rich atmosphere leads to a very large shift of the
backscattered Brillouin spectrum (around 21 MHz) in H2-loaded standard single-mode fibres [45].
Andra and Xlim intent to take advantage of this sensitivity for developing distributed hydrogen
sensors. In this prospect, the Brillouin frequency shift induced by H2 diffusion in optical fibres need to
be studied and finely quantified for dissociating H2 variation to others ones (temperature, pressure
. . . ). In contrast to most H2 sensing application that requires fast response time, slow variation of H2

concentration has to be monitored in Cigéo project which is compatible with the kinetic of H2 diffusion
in silica fibre.

In this context, the methodology developed for sensing H2 is based on continuously recording
simultaneous Brillouin and Rayleigh backscattering measurements during the H2 desorption process at
ambient temperature and atmosphere. Following the methodology for hydrogen influence evaluation
(cf. Section 3.7.2), optical fiber samples are H2 saturated in gas tank (at the iXBlue company in Lannion,
France). Then, the fiber samples are sent to the Xlim Research Institute for desorption measurements.

Rayleigh and Brillouin backscattering measurements are realized simultaneously, on H2-loaded
and pristine fibre samples with the instrument Neubrescope NBX-7020F (Neubrex Co. Ltd., Kobe,
Japan) by tunable wavelength optical time domain reflectometry (resolution 1 GHz) and Brillouin
optical time domain analysis (resolution 1 MHz) methods respectively [46]. Furthermore, a white
light source and an optical spectra analyzer (ANDO AQ-6315A, Yokogawa, Tokyo, Japan) are used
for measuring the attenuation of the peak at 1.245 μm induced by hydroxyl formation in the optical
fibre [28]. This measure gives additional information on H2 concentration in the fibre during the
desorption process. Contributions from acoustic velocity and refractive index variations induced H2

diffusion in the optical fibres are dissociated from Rayleigh and Brillouin backscattering measurements.
To confirm the measurement of the refractive index variation, a fibre sample composed of a Bragg
grating could be also inserted into the gas tank during H2 loading. An ASE light source and an optical
spectra analyzer are then used for measuring the shift of the Bragg wavelength during H2 desorption,
with a resolution of 50 pm. Experiments are realized with different H2 concentration at saturation that
are obtained by H2 loading fibre samples with different temperature and pressure. All measurements
in desorption are realized at room temperature (22 ± 1 ◦C), atmospheric pressure, and the fibre samples
have been kept loose to minimize bias measurements.

Nevertheless, this methodology requires to send the H2 loaded fibre samples from the two French
research partners, namely from Lannion to Limoges, which limits accurate measurements at the first
desorption time, even if the desorption kinetic is strongly reduced by packing the fibre samples with
ice blocks during the travel. In this context, the hydrogen setup developed by Mons University in
Belgium (through MODERN2020 EU-project) that enables in situ measurements during H2 loading
and desorption (with pressure and temperature continuously monitored) offers great prospects for
pursuing our developments.

4. Results on Distributed Temperature Measurements

Andra plans to use Rayleigh and Brillouin scatterings for strain sensing after temperature
characterization through Raman sensors. Based on its unique properties, Raman-based sensing
is the Andra reference solution for temperature measurements.

4.1. Distributed Temperature Measurements Based on Raman Scattering

4.1.1. Metrological Evaluation

The implemented methodology enabled to demonstrate the importance of wording, namely
“spatial resolution” versus “sampling”. DTS response to a temperature variation step over one meter
(spatial resolution typically claimed by the manufacturers) of sensing optical fibre corresponds to
only 90% of the temperature step magnitude, whereas the full DTS response is obtained in fact
for 10 m (the practical spatial resolution) of sensing optical fibre solicited by this temperature step
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variation [20]; depending on the instrument under test it can be 90% over 50 cm and 97% over 1 m [16].
Within METRODECOM project [47], Andra, EDF and LNE are performing a benchmark. Up to
now, five commercially-available instruments were tested and compared and the results will soon
be released [48]. Temperature uncertainty reaches 0.1 ◦C and degrades with distance along fibre,
improves with measurement duration and spatial resolution (see Figure 13). Each instrument presents
advantages and drawbacks to be confronted to the target application. For Cigéo monitoring, Andra
presently prefers instrument specialized for short distance range, high spatial resolution and high
Mean-Time Between Failure (MTBF).

 
Figure 13. Measured temperature uncertainty (◦C) as a function of the optical fibre length (m) at
different averaging measurement times over at 23 ◦C and 1m spatial resolution.

4.1.2. On-Site Evaluation

OFS were implemented in 2011 in the “GCR” gallery of the Andra URL. Fibre-optic Raman
temperature monitoring systems were installed in three boreholes and in the concrete liner. The
instrument has been working continuously for 5 years and must have been replaced in 2017. The
second Raman device hold by Andra also failed after 5 years, despite exclusive use in laboratory
conditions and several transportations. Similarly, Andra partners faced durability limitation: in the
Mont Terri underground laboratory, Nagra had to improve the dust protection after failure of the
Raman device during tunnel construction [49]. This is why MTBF is now an important criteria in
device selection.

If the OFS cables are compressed or pinched, losses are created and measurement noise increases.
What is more, as the bending losses are different at the Stokes and Anti-Stokes wavelengths, intensity
ratio exploited to determine the temperature will be false (Equation (1)). Special tools were designed
to limit the puncturing of the optical fibre, at both extremities of the borehole, that is to say the sealing
and the far extremity (see Figure 14 [49]).

To enable high-quality measurement provided by loop configurations (also required for radiation
tolerance), the sensing fibre was installed with a U-shape. However, borehole diameter (8 cm and 13 cm)
was smaller than the minimum curvature radius of the optical fibre. We took the risk and developed a
curvature guide to optimise the position of the fibre. Measurements errors were noted anyway, and
could be totally compensated subtracting the first measurement taken after the installation. This is
why we conclude that the installation was successfully accomplished and Raman measurements are
efficient as a relative temperature measuring system.
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Figure 14. Pictures of distributed temperature system implementation inside vertical borehole (left).
Example for a curvature guide (middle) and connector (right) to get the sensing cable through packers.

Another difficulty that must be faced is how to extract the interesting measurements among the
whole sensing line. From this point of view, distributed measurements are a powerful tool which
might rapidly become time-consuming if not carefully configured. The device provides temperature
as a function of a location in the optical fibre, which is never placed straight in the structure. To match
Euclidien distance and curvilinear abscissa, it is of utmost important to realize a dynamic a map after
installation, for instance, by heating or cooling remarkable locations. More industrial reference
points can also be included in the sensing lines [50]. Under these precautions, as illustrated in
Figure 15, distributed Raman systems produced good quality data over several hundred meters.
This measurement was acquired during the concrete liner pouring and reveals heat propagation in
the clay rock. Resolution and accuracy are satisfactory and in the same range as standard platinum
probe temperature sensors (0.1 ◦C) placed nearby. The distributed temperature measurements along
the fibre-optic cable reveal detailed insights into the spatio-temporal varying temperature field in the
rock around the gallery. During the last four years, the most fragile parts proved to be the connectors
on the multiplexor, which must be cleaned occasionally, unlike the sensing cables placed in the rock
that resist very well [49].

Figure 15. Distributed temperature measurement obtained with Raman OFS during concrete liner
pouring (left) and comparison with collocated platinum probes as a function of time during concrete
liner pouring (right).

4.1.3. Accelerated Aging Tests: Hydrogen Influence

As detailed in [51,52], large temperature errors were observed along fibre samples exposed to
hydrogen (80 ◦C with 202 bars of pressure for 62 h) then removed from the hydrogen tank, while the
ratio between Stokes and Anti-Stokes Raman scattering (see Figure 16) was measured and interpreted
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in temperature following Equation (1). We also verify (Figure 16 right) that the presence of a carbon
layer is efficient (and mandatory) to prevent hydrogen diffusion and degradation of the Raman
distributed temperature sensors.

Figure 16. Influence of hydrogen exposure on temperature sensing based on Raman scattering for
standard (left) and carbon (right) primary coating. Adapted with permission from [52]. Copyright
IEEE 2015.

4.1.4. Accelerated Aging Tests: Radiation Influence

Regarding radiation influence on temperature measurement based on Raman scattering, dramatic
influence is observed (Figure 17): up to 50 ◦C error on a 100 m sample. Error increases with
distance. Transient response significantly differs from post-mortem measurements, which enhances the
importance of our methodology, with representative dose rate and cumulated dose, both post-mortem
and on-line tests. Appropriate composition for the fibre (F-doped) allows reducing the amplitude
of the temperature errors due to permanent effects of radiations but this is not sufficient to obtain
acceptable resolution. The pre-treatments of the fiber, i.e., the ex situ pre-irradiation at 10 MGy(SiO2)
reduces temperature measurement error (≤2 ◦C) [52].

 

Figure 17. Distributed temperatures measurement performed, on Fiber I. Results obtained both during
and after the γ-irradiation at 1 kGy(SiO2)/h dose rate. The red line indicates the first measurement
from the start (our reference) and the dot line designates the room temperature (RT) at the beginning of
the irradiation run. Copyright IEEE 2015.

Clear explanation of this phenomenon has been provided [51–53]. It is due to the differential
attenuation at the Stokes and Anti-Stokes wavelengths created by RIA. αS and αAS differ rapidly under
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radiation, and the factor in Equation (1) will become unneglectable. To solve this wrong signal analysis,
double-end measurements are promoted in literature [54]. New devices based on double-Raman
probes are also to be considered [55]. Measuring RIA along the sensing device at S and AS wavelengths
is another solution.

4.1.5. Accelerated Aging Tests: Coupled Hydrogen and Radiation Influence

Finally, it is worth notifying that hydrogen and radiation aging influence should not be considered
independently. As illustrated in Figure 18 and detailed in [56], radiation impact is different whether
the fibre has been previously exposed to hydrogen. We observe a meaningful negative effect of γ-rays
on the sample H2-loaded two months before irradiation campaign and left to desorb naturally at
ambient condition. Indeed, the response of the sensor is worse than without the H2 pre-treatment. We
observe a temperature error exceeding the one of the 10 MGy irradiated sample (not reported in the
figure). At the opposite, the sample irradiated in presence of H2 during the irradiation is only slightly
affected by this combined treatment one month after the end of the irradiation.

Figure 18. Distributed Temperature measurement performed on Fiber I, at room temperature. Results
of pristine (light blue line), γ-irradiated at 6 MGy (red line), γ-irradiated at 6 MGy with H2 inside
(green line) and γ-irradiated at 6 MGy two months after H2-loading (blue line) samples are shown.

4.1.6. Conclusion for Temperature Measurements Based on Raman Scattering

Studies have shown that carbon coating is mandatory and fully satisfactory to perform
temperature measurements in hydrogen rich atmosphere. Concerning radiation hardening, transient
effects proved to be very important: post-mortem analysis cannot replace on-line testing. F-doped
optical fibre (eventually pre-irradiated) is mandatory to limit RIA value and maximize the possible
distance sensing range but is not efficient enough to reduce temperature measuring errors based on
single-ended RDTS A solution is to implement other Raman scattering measuring configurations,
such as double-end measurements (but sensing range is limited by a factor of 2) or to use innovative
RDTS architectures.

We have shown that hydrogen and radiation effects are coupled. In Cigéo, there is also
temperature to take into account. Andra has recently launched evaluation of coupled temperature
influence (100 ◦C for Cigéo monitoring) on aging tests. Results will be released soon. Recent French
study shows it should minimize radiation impact [16].
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Regarding temperature measurements based on Raman scattering, TRL is presently estimated
at 6 for Cigéo application: with all the listed precautions, OFS are ready to be implemented into the
Pilot Phase.

4.2. Distributed Temperature Measurements Based on Loose Tube

Rayleigh or Brillouin scatterings are attractive for temperature sensing because both
measurements can be performed in a single single-mode fibre. It fastens on-site implementation
and thus reduces cost; a single device paired with a multiplexor could be used for both temperature
and strain measurements, reducing costs.

Because of strain sensitivity, temperature measurement with these scatterings requires to isolate
the sensing fibre from mechanical influence of the structure. This is called a loose optical fibre sensing
cable. Andra has conducted several tests on “loose tubes” in the past, which revealed difficulties to
isolate an optical fibre over very long distances [18]. Friction was unneglectable.

Overlength must carefully be selected as a function of the application and the maximal
temperature range. Implementation procedure must also be carefully adapted to ensure free dilatation.
Meanwhile, the cable has to walk along and around the structure to provide a 3D characterization,
but it is necessary to respect the radii of curvature to reduce friction. As detailed in [57], during a fire
test performed at Efectis (Maizières-lès-Metz, France), to reduce the influence of differential thermal
expansion, the cable was disconnected from the demonstrator. The selected process relied on curved
copper tubes fixed to the structure. The sensing cables were threaded through these tubes. With
such precautions, we managed to perform distributed temperature measurements with Brillouin and
Rayleigh scattering acquired in a 50 m long loose tube. Brillouin and Rayleigh measurements were
compared to Raman temperature measurements and to reference probes. Accordance was very good:
Strain influence could not be distinguished. Slight discrepancies were observed on few locations (see
for instance Figure 19). They attributed to the different acquiring spatial resolution (5 cm for Brillouin
and Rayleigh versus 25 cm for Raman), while spatial gradients were important.

Figure 19. Loose tube implementation and test. (left) Picture of the emplacement of a demonstrator of
primary waste package, instrumented with optical fibres (right) measured temperature on the waste
demonstrator, obtained with Raman Rayleigh and Brillouin devices versus reference sensors.

As a conclusion, distributed temperature based on Brillouin or Rayleigh scattering is now
validated up to step 3 (over 4) of the qualification procedure for Cigéo monitoring. Compared
to Raman scattering, implementation is more difficult, this is why it is not the reference solution. Aging
tests will be presented in the following part, dedicated to strain sensing.
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5. Results on Distributed Strain Measurements

5.1. Metrological Evaluation

From 2008 to 2012, Andra, EDF, Telecom-ParisTech and IFSTTAR have characterized many
different single-mode optical fibres to evaluate their Brillouin scattering properties, both spectrum
and: thermal and mechanical sensitivities. The goal was to evaluate whether the several Brillouin
peaks could have significant sensitivities, in order to separate the two parameters to sense. Numerical
modeling was also implemented; the influence of draw tension on the Brillouin peak position (up to
−20 MHz/100 g) and its linewidth was quantified [58,59].

More recently, the strain sensitivity of the sensing cables were characterized. As detailed in [23],
they may differ from the optical fibre’ sensitivity. For instance, following the methodology described
in Section 3.2.5, Rayleigh strain coefficients of 0.79 με−1 for the optical fibre versus 0.77 με−1 for the
fibre cable were obtained. For Brillouin scattering paired on two different strain sensing cable, we
measured 0.0394 MHz με−1 for the soft cable and 0.0465 MHz με−1 for the reinforced cable [25].

These values were obtained on laboratory. Once embedded or attached to the structure to monitor,
strain profiles measured in the optical fibre may differ from the actual strain in the structure, due to the
shear transfer through the intermediate material layers between the optical fibre and the host material
(i.e., in the protective coating of the sensing cable and in the adhesive).

The influence of the external sheath, both the geometry and the constitutive materials, has driven
extensive evaluation in France these last years. In [60,61], EDF, in collaboration with Andra, and
IFSTTAR have developed a methodology for the qualification of strain sensing cables in the host
material. It relies on a numerical modelling of the cable, in which the mechanical parameters are
calibrated from experiments. Once the transfer function is determined, measured strain into the
optical fibre can be transformed into the strain in concrete. This work has been performed on a
soft sensing cable, meant for embedment into concrete, illustrated in Figure 4. As detailed in [60], a
four-point bending test was realized on a meter-long instrumented concrete beam. Crack openings
were detected and quantified before it could be seen on external surface. It has also been shown the
sensing cable could be attached on concrete rebars, there were no difference if placed between rebars.
This eases and fastens real site implementation. Later, EDF developed an algorithm to automatically
analyze crack evolution [62]. This process provided a precise map of cracks with the evolution of their
amplitudes. Recent work focused on the transfer function of a sensing cable attached on the surface of
structures [63]. It is of prior importance for old structure where sensors cannot be implemented inside
materials anymore (which is not the case for Cigéo however Andra has application for the monitoring
of short-lived waste repositories presently in exploitation).

5.2. On-Site Implementation

Truly distributed optical fibres strain sensing systems have been implemented in France in many
civil engineering structures, including dykes [64], bridges, roads, tunnels and the nuclear power plant
under construction, the EPR [65].

Andra and its industrial partners (IDIL Fibres optiques, EGIS, Cementys, Marmota, Solexperts
and GTC) have implemented distributed strain sensing systems into concrete slab, during a building
construction on surface [18], two concrete tunnels in the Andra URL (similar to a ILLL repository cell)
and one horizontal tunnel with metallic liner (representing a HL cell demonstrator).

Obtained performances were reported in [19,24,25]. Specific one-site implementation difficulties
were detailed in [49]. Similarly with temperature sensing, a key issue with OFS implementation was
the pressure induced by clamps. Pinches generated high losses along the optical lines and poor signal
to noise ratio. Unlike temperature sensing cables, where the fibre is protected from the host material,
strain sensing optical lines suffered during the tunnel construction. The weakest part proved to be
the interface between the sensing cables and communication cables. They could be repaired at the
expense of total length change. Such slight changes (in the order of 20 cm of 500 m) in the total distance
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range and in the sensing area location proved to be very difficult to manage; On-line references are a
promising solution [50].

At this stage we showed that in the concrete liner, the tested strain optical fibre cables were
sufficiently robust to tolerate construction conditions (with several dB losses in only few hundred
meters). In GCR gallery, after 6 years more than 95% of the sensors still provide measurements, without
any drift. What is more, strain measurements obtained in concrete liners with optical sensing cables
are very in good accordance with collocated reference sensors, namely VWE [19,24]. In GER gallery,
for FOS placed in the poured concrete layer, survival rate is 100%, after more than 1.5 year and good
accordance is also obtained [25] (cf. Figure 20). Colocated optical lines were implemented, either
spliced or equipped with connectors. Both survived to installation and provide accurate measurements.
Since connected sensors allow faster operation than on-site splices, such configuration results much
cheaper and will be promoted for future monitoring system implementation.

Figure 20. Strains measured by FOS (blue segments) and VWE (red squares for intrados location and
green diamonds for extrados) around the cross section of the GER gallery (0◦ in vault and 180◦ in the
bottom). FOS measured is the average stain over segments of 0.5 m. Blue line represents the moving
window average of 12 h, with 95% confidence interval.

Feasibility of implementation in the shotcrete layer has been demonstrated in the GER gallery. FOS
distributed strain measurements showed a good correlation with VWE’s [23]. However, as expected
due to high strain in the shotcrete, the optical loop became too noisy after the first days, forbidding the
use of stimulated Brillouin measurements. Strain measurements using Rayleigh instruments remained
possible several weeks but also failed rapidly. New sensing cable that would tolerate larger strain and
local pressure are under design in ITN-FINESSE project [66].

Finally, in Bure we also implemented strain optical fibre sensors in the HLW demonstrator [26].
An armored cable was placed at the interface between a metallic liner and the Callovo-Oxfordian
clay. The cable endured very large stresses during liner pushing operations. However, the furthest
extremity broke: at this location, the sensing cable was open inside a connection box, where the two
optical fibres were spliced to provide a loop. It enhances the importance of the measuring device to
be able to perform measurements on open loops and well as connected loops. Strain sensing cables
implemented in the inner surface of the liner have been providing strain measurements for the last
five years. Regarding durability of strain sensing devices [49], in Bure, a Brillouin device is running
continuously since October 2011. We faced two returns to supplier over the three last years (one hard
disk’s breakdown). The Rayleigh device test failed three times in Bure (contrary to several successful
laboratory experiments and tests in HADES). We suspect the instrument to be totally incompatible
with vibrations, created by permanent digging in several galleries of the Bure URL.

5.3. Aging Tests: Hydrogen Influence on Strain Measurements

Similarly with temperature sensing, single-mode fibres were hydrogenated. H2 rich atmosphere
leads to large shifts of the backscattered Brillouin spectrum (around 21 MHz) in single-mode fibers
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loaded under 200 bars and 80 ◦C [45]. This corresponds to huge strain measuring errors, on the order
of 400 με.

Optical fiber dopant type slightly changes the kinetics, not the Brillouin shift value (see Figure 21
and [67]). Carbon primary coating proved to be efficient to prevent hydrogen migration into silica [45].
This is why this primary coating is mandatory for strain sensing in hydrogen rich atmosphere, such as
several repository cells of Cigéo (depending on radioactive waste type).

 
Figure 21. Brillouin frequency shift during the sorption and desorption period for CMS fiber (purple),
Fluorine (green) and the most standard commercial G652 type fibre (red).

5.4. Aging Tests: Influence of Radiations

Radiations are known to influence the optical properties of silica-based optical fibres through
ionizing or displacement damages. Depending on the irradiation conditions (nature of particles, dose,
dose rate, temperature of irradiation), the observed changes in the optical and structural properties
of the pure and doped amorphous silica of the fibre core can strongly differ. Regarding sensing
applications, all OFS will be affected by the radiation-induced attenuation (RIA) that by decreasing the
transparency of the fibre glass limits the sensing distance. Depending on the physical process used to
functionalize the optical fibre as a sensor and of the sensor architecture, other phenomena can alter the
OFS performance, such as radiation-induced refractive index change, glass compaction . . .

5.4.1. On the Single-Mode Fibre Attenuation

The amplitudes and kinetics of the RIA depend on many parameters that have been previously
reviewed [68]. Among them, a crucial one is the composition of the fibre core and cladding that can
totally change the RIA levels. Some compositions have to be avoided in radiation environments,
such as the phosphorus doped or codoped optical fibres (except for dosimetry). Telecom-grade
germanosilicate optical fibres present an intermediate radiation response that is acceptable for steady
state kGy dose levels in the IR part of the spectrum but RIA is usually too high for applications at
the MGy dose levels of CIGEO project, implying to select so-called radiation-hardened optical fibres
that are usually designed either with fluorine or pure-silica core and fluorine-doped claddings [13].
Orders of magnitudes of the room temperature stable γ-ray RIA are provided in Figure 22 [69] at the
wavelength of 1550 nm for a radiation hardened pure-silica core fibre and two germanosilicate fibres
with moderate or high levels of Ge in their cores. If before irradiation, those fibres present attenuation
below a few dB/km at this wavelength, the losses increase up to 400 dB/km after a 10 MGy dose. An
important outcome of these studies is that at high radiation doses, the 1.3 μm RIA becomes below the
one at 1.55 μm [69] but even by optimizing the fibre choice and operating wavelength, the OFS range
will be reduced from several kilometres before irradiation to hundreds of meters after MGy irradiation.
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Figure 22. Measured RIA at 1.55 μm after different doses of irradiation from 1 to 10 MGy for three
single-mode optical fibres: pure silica core fibre (SiO2/F), Telecom-grade germanosilicate (SMF28) and
highly Ge-doped (CMS).

5.4.2. Radiation Impact on Brillouin Scattering

The radiation effects on Brillouin based sensors have been studied in the recent years in the
frameworks of PhD thesis between Andra and LabHC. Radiations affect the performances of those
sensors by two mechanisms. First, as for other technologies, the RIA limits the possible sensing range,
reducing it to hundredths of meters at MGy doses for radiation-hardened optical fibres. Furthermore,
radiations also induce a Brillouin frequency shift (RIBFS, see Figure 23) that causes a direct error on the
measurement of the strain and or the temperature. Our studies shows that the amplitudes and dose
dependences of this RIBFS depend on the fibre composition. Indeed, Figure 23 compares the RIBFS
in a germanosilicate and a pure-silica core optical fibres. An outcome of our work is that selection
of a pure or fluorine doped optical fibres appears the best choice to reduce simultaneously the RIA
issues and the RIBFS. Doing this, Brillouin sensing remains possible for Cigéo application with limited
expected errors on temperature (below 2 ◦C) and strain (below 40 με) [70].

Figure 23. Measured Brillouin frequency shift for standard fibre with Ge dopants and F-doped fibre [69].

More recently, Andra and LabHC have also checked with on-line tests that transient effects were
not important for Brillouin sensing, at least for moderate doses [21,51,71]. Based on promising results
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from [72], N-doped fibre has also been tested but it revealed less adapted to Cigéo than the qualified
F-doped fiber [21].

5.4.3. Radiation Impact on Rayleigh Scattering

The radiation effects on Rayleigh-based sensors have been studied in France in the recent years in
the frameworks of PhD theses between Andra, LabHC and AREVA [21,73–75]. The same methodology
as described in Section 3.7.1 was applied, either with OBR instrument [9] or TW-OTDR [10]. It
was shown that the Rayleigh signature of various types of optical fibres (from radiation sensitive
to radiation hardened) was not affected by irradiation up to 10 MGy, the temperature and strain
coefficients being stable at 5%; this percentage can be improved by appropriate pre-treatment of the
fibre coating (80 ◦C and/or pre-irradiation up to 3 MGy) to stabilize it for large irradiation tolerance.
Furthermore, online testing up to 1 MGy dose and at various temperatures (from −40 ◦C to 75 ◦C)
demonstrates the feasibility of temperature monitoring in such harsh conditions.

In conclusion, Rayleigh scattering seems then poorly sensitive to gamma rays. This is promising
for Cigéo application, as the main remaining issue will be the RIA and its induced limitation in terms
of sensing range.

5.5. Conclusion on Strain Sensing

Laboratory and in-situ tests were successful. Based on the presented aging tests, we are confident
that Brillouin scattering performed in a carbon-coated F-doped fibre should handle 100 years of
use under both radiation and hydrogen exposure. This conclusion has been reached based on the
hypothesis that: (i) measuring device turns from 1.55 μm to 1.3 μm; (ii) post-mortem measurements
at higher doses are similar or a worst case compared with the on-line influence at lower dose rate
(iii) carbon primary coating remains efficient after radiation exposure. In a near future, on-line
measurements must be performed to check that these results remain valid in case of on-line irradiation
(the case of Cigéo application). It will also be important is to evaluate possible coupled impacts of
both temperature, radiation and hydrogen on Brillouin and Rayleigh scatterings, similarly with the
phenomenon observed for Raman scattering. Tests are on-going and results will be published soon.

Strain sensing will also be possible with Rayleigh measurements; on-line irradiations at high
doses are on-going to check that the transient effects remain low. With these two qualified measuring
methods (Brillouin and Rayleigh scatterings), a perspective is to perform both temperature and strain
measurements in a single sensing cable, linked with the structure.

For Cigéo, the main perspective is to insert the qualified optical fiber into the qualified strain
sensing cable (see Section 5.2); this work is on-going within MODERN2020 project. TRL is presently
estimated at 5 for distributed strain sensing in the Cigéo application.

6. Results on Distributed Hydrogen Measurements

The Xlim research institute (CNRS and Limoges University, France) in collaboration with Andra,
exploits hydrogen diffusion into silica and induced effects (see Figure 21) to realize distributed
hydrogen measurements. This work initiated in 2014 was in first focused in understanding the
diffusion mechanism of hydrogen inside silica optical fibre and its dependency to conditions (both
temperature and pressure of the tank), and the geometry of the optical fibre. As illustrated in Figure 12,
H2 concentration (in the fibre core) at saturation increases with larger pressure and lower temperature.
This theoretical study is currently experimentally tested. It is of prior importance because it links
optical properties such as variation of the refractive index, acoustic velocity) with external hydrogen
quantities, the real sensing parameter.

This theoretical work has allowed us to investigate the physical mechanisms that provokes
Brillouin frequency shift when H2 diffuses into silica. We have experimentally demonstrated that the
Brillouin frequency shift is not only due to refractive index change with H2 concentration, but also to
a variation of the acoustic velocity that increases with H2 concentration [29]. For example, we have
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measured a Brillouin frequency shift of 21 MHz induced by 1.7 %mol of H2 in silica that was obtained
by exposing, until saturation state, a sample of standard single mode fibre (G652-type) to pure H2

gas at 25 ◦C with a pressure of 150 bars [45]. By decreasing the concentration of H2 at saturation in
the fibre, we have measured a smaller shift of the Brillouin frequency (19 MHz for 1.14 %mol of H2

in silica) confirming the influence of H2 concentration on Brillouin frequency and its interest for H2

sensing applications. This smaller concentration at saturation was mainly obtained by increasing the
temperature of the gas chamber (from 25 ◦C to 80 ◦C) as theoretically predicted and illustrated in
Figure 12. Furthermore, the association of Brillouin and Rayleigh backscattered measurements allowed
us to measure, during H2 outgassing period (13 days), a variation of the fibre core refractive index of
the fibre core of 12 × 10−4 leading to a variation of the acoustic velocity by +6 m/s at saturation state.

In addition to these studies, specialty optical fibres have been developed to enhance hydrogen
sensitivity. Andra and Xlim proposed to introduce Pd particles into the silica cladding of optical fibres
in order to protect the sensing metal from harsh environments and for enabling distributed sensing of
H2 gas along long lengths. Embedding Pd into fibres might improve the sensitivity and the response
time of the distributed fibre gas sensor, by exploiting the mechanical strain induced by the crystal
lattice expansion of Pd particles in contact with H2 gas. The fabrication feasibility of this kind of
optical fibre has been demonstrated by exploiting an original fabrication process (based on powder
technology) developed at Xlim [76].

Different optical fibre topologies with Pd particles embedded into the silica cladding are
presented in Figure 24. The fibres have been fabricated with lengths of several hundred meters
and PdO concentration ranging from 0.01% to 5% mol (in addition to silica). Structural and
microstructural characterizations of the preforms and fibres demonstrate that the fabrication process
yields homogenous long lengths of fibres with metallic Pd particles randomly spread concentrically
in the external cladding. However, the interest of Pd particules embedded into the silica cladding
to enhance H2 sensitivity remains to be proved. Up to now, fibres were exposed to hydrogen. Then
removed from exposure and measured when hydrogen was diffusing out of the fibre. It was difficult to
start measurements at saturation, that is to say as soon as the fibres were removed from the hydrogen
tank. The novel setup developed by Mons University will allow us to continuously measure Brillouin
frequency shift during H2 loading and desorption. These on-line measurements will be performed in
the coming months. Presently, we rate these developments at TRL 3 (laboratory stage only) level.

Figure 24. SEM (in the backscattered configuration) pictures of cross-sections of two optical fibres with
Pd particles embedded into the silica cladding realized by the powder in tube process: (a) a pure silica
core microstructured fibre; (b) a SiO2-GeO2 step index core with a microstructured cladding fibre; (c):
zoom-in the cladding region of the fibre.

7. Results on Distributed Radiation Sensing

Several studies have been conducted to investigate the potential of OTDR or OFDR measurements
of the radiation-induced attenuation (RIA) to monitor the distribution of TID along the optical fibre.
Usually, those studies focused on the well-known radiation sensitive optical fibre such as those
containing the Al or P dopants [14], but recently more radiation sensitive fibres (×10 times) have
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been reported in the framework of the DROID project from Universities of Perpignan and Nice [77].
A recent work was achieved by CERN on this topic combining commercial multimode P-doped fibres
with COTS OTDR [78]. The authors demonstrate their ability to follow the dose distribution, with
meter scale spatial resolutions and dose resolution down to 10–15 Gy, into the CERN High energy
AcceleRator Mixed field facility, CHARM facility, that has an environment similar than the one of the
Large Hadron Collider. One of the difficulties with such COTS solution is the trade-off between the
mandatory high sensitivity to be able to detect the low dose RIA over typically one meter of the fibre
and the range of measurements limited by the dynamics of interrogators. Preliminary study has been
performed in Mons to investigate the potential of OFDR measurements of RIA offering higher spatial
resolution (a few mm) than OTDR solution [14]. The authors demonstrate that such sensor can be used
to monitor the dose increase up to 9 kGy with 15 cm resolution over about 1 m fiber length, the sensing
length can be increased but only if lower dose levels are considered. In addition to these crucial issues,
the integration of such solutions into facilities implies to calibrate the fibre RIA in function of not only
the dose but also the temperature, the dose rate, the photobleaching effects that affect the RIA dose
dependence [31]. Such a work is currently under progress in the framework of a PhD thesis between
CERN and LabHC with the recent deployment of an OTDR-based dosimetry system exploiting the
RIA at 1.55 μm in a P-doped multimode fiber at the Proton Synchroton Booster at CERN [79]. TRL is
in the order of 3 (feasibility demonstrated in laboratory).

As a perspective, in 2017, the SURFIN project (a consortium between the Universities of Lille,
Nice, Clermont Ferrand and Saint-Etienne (LabHC)) has been awarded for a grant by Andra within
the framework of the French State “d'Investissements d’Avenir” program to investigate the feasibility
of innovative dosimetry techniques to perform first punctual dose and dose rate measurements over
a large range of doses, second to identify how the radioluminescence (RIL) or optically-stimulated
luminescence can be exploited in a spatially-resolved dose and dose measurement and third how fiber
materials can be adapted to discriminate between ionizing and non-ionizing radiations. Preliminary
results have been obtained by University of Lille and LabHC with Cu and Ce-doped fiber materials,
demonstrating their capability to monitor through RIL, X-ray [32] and proton [33] flux well lower than
1 Gy/s whereas being able to resist to more than 10 kGy accumulated doses.

8. Conclusions

We have presented the French state of the art distributed sensing systems, based on optical fibres,
developed and qualified for the French Cigéo project, the underground repository for high level and
intermediate level long-lived radioactive wastes. Four main parameters, namely strain, temperature,
radiation and hydrogen concentration are currently investigated by optical fibre sensors, as well as
the tolerances of selected technologies to the unique constraints of the Cigéo’s severe environment
(temperature, hydrogen and radiation). A qualification method in four steps is being deployed:
sensing chains are tested in laboratory, implemented into real structures, then evaluated in accelerated
aging tests.

The performances of Raman, Brillouin and Rayleigh scattering have been studied for many optical
fiber types, such as F-doped, Ge-doped, N-doped fibers and P-doped fibers, and several sensing cables.
Succeful on-site implementation were reported; feedback enables to list several recommandations for
tunnel monitoring with distributed OFS. The influences of both representative gamma radiation
dose rates and total dose were estimated, as well as hydrogen influence. Cross-influences of
hydrogen and radiations proved to be important. F-doped fiber (eventually pre-irradiated) and
carbon primary-coatings are mandatory to limit RIA value and maximize the possible distance sensing
range. The additional temperature influence on aging tests is still under evaluation, with the final
objective to insert the selected optical fibre into the qualified strain sensing cable.

Strain and temperature distributed measurements based on Raman, Brillouin and Rayleigh
scattering signatures now reach high TRL, suitable for implementation into the repository cells of
radioactive wastes in the Cigéo Pilot Phase. Double-ended Raman-based sensing is the Andra reference
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solution for temperature measurements, with TRL6. Brillouin scattering proved to be appropriate for
strain sensing (TRL5) but Rayleigh scattering is also studied as a back-up solution.

Future work will turn towards methodologies for fine measurement interpretations (from strain
measurements to the real target parameters, such as tunnel convergence for instance). Metrology of
optoelectronics is also driving much attention. Several optoelectronic devices endure failure or require
maintenance after 5 years; methodology to characterize MTBF and interoperability of instruments are
becoming a major issue.

Regarding distributed hydrogen and radiations sensing, developments presently remain at the
laboratory stage. Promising solutions are proposed based on Radiation Induced Attenuation (RIA)
responses of sensitive fibres such as the P-doped ones. While for hydrogen measurements, the potential
of specialty optical fibres with Pd particles embedded in their silica matrix is currently studied for this
gas monitoring through its impact on the fibre Brillouin signature evolution.
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Abstract: Nowadays, there is a strong demand for the development of new analytical devices with
novel performances to improve the quality of our daily lives. In this context, multisensor systems
such as electronic tongues (eTs) have emerged as promising alternatives. Recently, we have developed
a new versatile eT system by coupling surface plasmon resonance imaging (SPRi) with cross-reactive
sensor arrays. In order to largely simplify the preparation of sensing materials with a great diversity,
an innovative combinatorial approach was proposed by combining and mixing a small number of
easily accessible molecules displaying different physicochemical properties. The obtained eT was
able to generate 2D continuous evolution profile (CEP) and 3D continuous evolution landscape
(CEL), which is also called 3D image, with valuable kinetic information, for the discrimination and
classification of samples. Here, diverse applications of such a versatile eT have been summarized.
It is not only effective for pure protein analysis, capable of differentiating protein isoforms such
as chemokines CXCL12α and CXCL12γ, but can also be generalized for the analysis of complex
mixtures, such as milk samples, with promising potential for monitoring the deterioration of milk.

Keywords: electronic tongues; cross-reactive sensor array; surface plasmon resonance imaging;
pattern recognition; continuous evolution landscape; protein; beverages; milk

1. Introduction

At present, the development of sensors with improved performances and new capabilities is
driven by the ever-expanding monitoring needs of a variety of gases and liquid species in diverse
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domains, including environment monitoring such as air/water quality control, the detection of
pollution or leaks of hazardous materials for personal and public safety, food safety and quality control,
and non-invasive medical diagnostics. In this context, the electronic noses (eNs) and electronic tongues
(eTs) have emerged as promising alternatives. They are engineered to mimic the mammalian olfactory
system, consisting of an array of low-selective sensors with cross-sensitivity to different species in
complex mixtures and using advanced mathematical procedures for signal processing based on pattern
recognition and/or multivariate analysis. Herein, eNs refer to cross-reactive sensor arrays dedicated
for the analysis of gas samples and eTs for liquid samples. Unlike gas or liquid chromatography, these
devices do not provide information on sample composition in detail, but rather give a characteristic
fingerprint through pattern recognition, thus allowing the identification of the sample as a whole.

The last three decades have witnessed great progress in the domain of eNs/eTs thanks to
the improvement of sensor technology combined with the artificial intelligence approach. When
considering the development of eT systems for analysis of liquid samples, the most common technique
is based on electrochemical [1,2], potentiometric [3,4], voltammetric [5], amperometric [6], and
impedimetric [7–9]) sensors. The potential of these systems for applications in the food and beverages
industries as well as the pharmaceutical industry have been reported in several reviews [4,10–13].
In general, most eT systems developed in Europe are based on electrochemical sensors. For example,
the leading company in the eN/eTs domain, Alpha MOS (Toulouse, France), has developed an eT based
on the ChemFET (Chemical modified Field Effect Transistor) sensor technology using potentiometric
measurements. Remarkably, in the past decade, new eT systems have emerged based on mass sensors
(multichannel quartz crystal microbalance (QCM) [14,15] and surface acoustic wave (SAW) [16–18])
and optical sensors. In particular, in the US, several groups have worked on cross-reactive sensor arrays
using optical sensing approaches and novel sensing materials for the analysis of proteins and complex
mixtures. For example, colorimetric sensor arrays were developed by two groups: Suslick’s group,
based on a series of functional dyes (solvatochromic dyes, pH indicators, and metalloporphyrins)
for analysis of different beverages [19–21], and Anslyn’s group, by using an array of 29 boronic
acid-containing oligopeptide functionalized resin beads for discriminating proteins [22]. Other groups
have focused on fluorescence sensor arrays. Hamilton and co-workers designed and prepared synthetic
tetra-phenylporphyrin derivatives as differential receptors for protein sensing [23,24]. More recently,
Rotello’s group developed a more sensitive system based on nanoparticle-fluorophore complexes.
They carried out the identification of proteins, in serum, at physiologically relevant concentrations [25],
which is promising for future application of eTs in the diagnosis of disease states. However, until now,
most of the eTs’ application domains remain limited. Thus, there is an identified and current need
for the development of new measurement methods and for the search of novel sensing materials to
promote a more versatile eT system.

Very recently, our laboratories developed a novel eT by combining surface plasmon resonance
imaging (SPRi) with cross-reactive sensor arrays [26]. It is well known that SPRi has been
widely applied for “lock-and-key”-based biochips to investigate and quantify biomolecules and
interactions [27,28]. To the best of our knowledge, our laboratory was the first to use it for nonspecific
and cross-reactive sensor arrays. Indeed, the ability to immobilize many receptors (up to hundreds)
on the same surface and to monitor the interactions simultaneously with kinetic information, in a
real-time and label-free microarray format, is particularly interesting for eT development. In order to
largely simplify the preparation of a diverse variety of sensing materials, an innovative combinatorial
approach was proposed. The idea was to use a small number of molecules as building blocks
(BBs). BBs were defined as small and easily accessible molecules displaying various physicochemical
properties; these BBs are hydrophilic, hydrophobic, negatively charged, positively charged, etc. They
can be mixed in varying and controlled proportions, and the different mixtures are arrayed to give
combinatorial cross-reactive receptors (CoCRRs) with an exceptional potential for rapid growth in
diversity. For example, 11 combinations can be obtained using only two BBs mixed in concentrations
varying from 0 to 100% in 10% increments, while 66 can theoretically be accessed by adding a third
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BB. Moreover, such growth can be generalized to n BBs and i % concentration increments, leading
to [(100/i) + n − 1]!/[(n − 1)!(100/i)!] potentially different CoCRRs. The obtained eT is capable
of generating 3D images as fingerprints for samples, providing useful kinetic information for
discrimination and identification purposes. This mini-review will concentrate on diverse applications
we carried out with such a versatile eT [26,29–31].

2. Electronic Tongue Based on SPRi and Cross-Reactive Sensor Array

For the proof-of-concept study, two small molecules with different physicochemical properties
were used as BBs, such as disaccharides lactose (BB1, hydrophilic and neutral) and sulfated lactose
(BB2, hydrophilic and negatively charged). A CoCRR array was then constructed, containing 11
cross-reactive receptors made of pure and mixed solutions of BB1 and BB2 at different ratios, as shown
in Figure 1.

Figure 1. Schematic illustration of the CoCRR array prepared with only 2 building blocks (BBs) such as
lactose (BB1) and sulfated lactose (BB2). Reprinted from [30] with permission from JoVE.

In practice, at a constant concentration of 20 μM for [BB1 + BB2], 11 pure and mixed solutions
with [BB1]/([BB1] + [BB2]) ratios of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100% were prepared.
They were deposited by an automated micro-spotter on a prism surface covered with a thin gold
layer. A quadruplicate was deposited for each cross-reactive receptors. The immobilization of the BBs
was carried out by the interaction between the disulfide bond and gold surface via the formation of
self-assembled monolayers (SAMs). Thanks to SAMs, the physicochemical properties of the CoCRRs
can be easily modulated by simply varying BB proportions in the mixtures.

The SPRi apparatus was placed in an incubator at 25 ◦C. It was connected to a microfluidic system
composed of a syringe pump, a degassing system, a 10 μL PEEK flow cell in a hexagonal configuration,
and a 6-port injection valve (for more details, see [30]). The chip containing the CoCRR array was
mounted on SPRi device. Upon sample injection on the CoCRR array, molecular binding gave rise
to a light-up of spots on the prism with different intensities, as shown in the SPR image (Figure 2a).
The signal was then converted to variations of reflectivity (expressed as R%) versus time, yielding
sensorgrams composed of kinetic binding curves for all the spots (Figure 2b). Afterwards, based on
the sensorgrams, a classical pattern was generated in the form of a histogram by combining the signals
obtained with all of the receptors at equilibrium. However, thanks to our combinatorial approach
and array design, the composition of each sensing receptor was linked closely to that of its neighbors,
giving each receptor a signal that is correlated to that of its neighbor. Thus, all signals generated
by the CoCRR array can be considered continuous. In this way, for each sample, we obtained a 2D
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continuous evolution profile (CEP) by plotting the variation of reflectivity (R%) at equilibrium versus
BB1% evolution (Figure 2c). In addition, “time” was added as the third dimension, since SPRi is
capable of monitoring the binding events in real time, thereby generating a 3D continuous evolution
landscape (CEL), also called a 3D image, as shown in Figure 2d. The 2D CEP and 3D CEL can be used
as fingerprints for the discrimination and identification of samples. Moreover, principal component
analysis (PCA) was utilized for the classification of samples. Finally, it is important to mention that the
obtained eT is reusable after regenerating with an appropriate solution.

Figure 2. Data treatment for the generation of continuous recognition patterns. (a) SPR image recorded
by a CCD camera; (b) Sensorgrams for all the spots; (c) a 2D continuous evolution profile (CEP) and
(d) a 3D continuous evolution landscape (CEL), also called a 3D image, generated by the electronic
tongue (eT). Reprinted from [30] with permission from JoVE.

3. Diverse Applications of the eTs

3.1. Analysis of Pure Proteins

Given that the CoCRR array is composed of receptors with different charge densities, we
have assumed that such an array can be effective for common protein analysis. For this purpose,
a preliminary test was carried out using three proteins, Arachis hypogaea lectin (AHL) (isoelectric point
(pI) 6.0), myoglobin (pI 7.2), and lysozyme (pI 11). They have different charges under experimental
conditions in HEPES (pH 7.4). Satisfyingly, as shown in Figure 3, the eT generated unique response
patterns (2D profile and 3D image) for each protein. Based on them, the three proteins were easily
distinguishable. For AHL, though slightly negatively charged under such experimental conditions, it
has a stronger interaction with the CoCRRs rich in negatively charged BB2, which is possibly due to the
interaction between the positively charged domain of the protein and negatively charged CoCRRs. For
neutral myoglobin, there is not much difference between its interactions with all of the CoCRRs. As for
positively charged lysozyme, as expected, the maximum signal was observed for the CoCRR of pure
BB2 with a much higher signal intensity. These preliminary results are very promising, showing that
the eT is sufficiently sensitive and selective for the discrimination and the identification of proteins.

It is important to mention that this model array was initially designed by taking inspiration
from the way that cell surface heparan sulfates (HSs) recognize HS binding proteins (HSbps). HS are
negatively charged polysaccharides with different negatively charged topologies in accordance with
cell type and activation state so as to promote selective interactions with HSbps. We hypothesized that
the CoCRR array may be more sensitive to HSbps and may promote differential binding for different
HSbps, such as chemokines CXCL12α and CXCL12γ. From a structural point of view, they both have
the same first part of 68 amino acids, which are folded in a similar manner with a HS binding site
(K24-K27-R41) located in a highly structured domain. In addition, CXCL12γ has a second HS binding
site composed of 30 amino acids in the unfolded C-terminal extension with good flexibility. For this
study, a third protein Erythrina cristagalli lectin (ECL) was added. It is a non-HSbp and thus used as a
negative control for its binding to CoCRRs rich in BB2. Meanwhile, ECL is known to bind lactose and
could thus play the role of a positive reference for the CoCRRs with a high ratio of BB1.
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Figure 3. Analysis of common proteins by the eT: CEPs and CELs of Arachis hypogaea lectin (AHL)
(500 nM), myoglobin (1 μM), and lysozyme (500 nM). Adapted from [30] with permission from JoVE.

Upon the injection of these proteins, it was confirmed that the eT was much more sensitive to
HSbps and was able to detect CXCL12α and CXCL12γ at low nanomolar concentrations. In Figure 4,
the CEPs of the three proteins are given. For ECL, it clearly has a higher affinity for BB1-rich CoCRRs
with a maximum for the CoCRR containing 70% of BB1. In contrast, CXCL12α and CXCL12γ have
a higher affinity for BB2-rich CoCRRs, displaying maximal signals at 10%. More importantly, the
combinatorial surfaces do deliver new and supplementary information compared to the pure ones since
the signals of all receptors are non-linear. For instance, it is not possible to differentiate CXCL12α and
CXCL12γ based on the signals obtained on the two pure receptors containing 100% of BB1 and 100%
of BB2. However, their 2D continuous profiles obtained with all the CoCRRs are clearly distinct from
each other. Moreover, for those CoCRRs with the BB1 content at 50% or higher, the obtained reflectivity
for CXCL12α is nearly zero. In contrast, CXCL12γ binds significantly on the CoCRRs containing up to
70% of BB1. This can be explained by the difference in global HS binding site(s) topologies and/or
rigidity for those two isoforms (see above): the two distant HS binding domains in CXCL12γ can
bind in a cooperative way, thus enhancing the affinity for low charge density CoCRRs. Moreover, the
second HS binding domains in CXCL12γ is located in an unfolded part of the protein with flexibility.
Thus, it could maximize contact points with their ligands through conformational fluctuations.

Thus, from these results, it is evident that the CEPs are correlated with the structures of the
proteins so that they are characteristic of the proteins. In consequence, the obtained eT is also efficient
for protein identification. Importantly, the continuous evolution of patterns are advantageous when
compared with uncorrelated discrete data sets obtained using traditional eT systems, since a defective
sensing receptor providing an abnormal signal can be easily identified. Thus, it provides unique
“auto-corrective” behavior to the eT.
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Figure 4. Discrimination of heparan sulfate binding proteins (HSbps) such as CXCL12α and CXCL12γ
by the eT. 2D CEPs of ECL (200 nM) used as a non-HSbp for control, CXCL12α and CXCL12γ (both at
100 nM). Adapted from [26].

3.2. Analysis of Protein Mixtures

Furthermore, we have investigated the capacity of the eT for the analysis of protein mixtures.
Some preliminary tests were carried out using simple protein mixtures. As an example, CEP of the
Mix1 containing 200 nM ECL and 100 nM CXCL12α was shown in Figure 5a together with the CEP of
ECL and CXCL12α at the same concentration for comparison. Gratifyingly, the CEP of the Mix1 is
distinct from that of the individual pure proteins. Further observations revealed that the CEP of the
Mix1 was the combination of the signals obtained from the pure proteins. An identical response was
also observed with some other protein mixtures, confirming the potency of the eT for the identification
of components in this kind of mixtures by a simple linear decomposition of the CEP into the pure
analytes [26].

 

Figure 5. Analysis of simple protein mixtures by the eT. (a) CEPs of Mix1 (ECL + CXCL12α) compared
to the ones of pure Erythrina cristagalli lectin (ECL) and CXCL12α; (b) CELs of ECL, CXCL12α, and
their mixture Mix1. Adapted from [26].

In addition, as mentioned before, one of the main advantages of SPRi is the ability to monitor the
binding events in real time with useful information on adsorption and desorption kinetics, which could
serve as a supplementary parameter for sample discrimination. For example, in Figure 5b, the 3D
recognition patterns for ECL and CXCL12α are displayed. It is evident that the association phase and
dissociation phase of the two proteins on the CoCRR array are different. In particular, the desorption
of ECL is much faster than that of CXCL12α. Consequently, discrimination between the two proteins
based on the CEL 3D patterns is more straightforward compared to 2D CEP. Thus, such 3D images
clearly demonstrate the added value of SPRi for eT development. Furthermore, when compared with
the CEL of the Mix1, satisfyingly, it follows the additive behavior found for the CEP. We anticipate that
such supplementary discrimination information should facilitate the future identification of analytes
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in a mixture, since two samples with the same relative affinity for the eT may still differ in their
interaction kinetics.

3.3. Analysis of Complex Mixtures

Beyond the detection and identification of pure samples, the main goal of the eT technology is
to analyze complex mixtures in diverse domains for exploring their potential applications. Quality
control of food and beverages is an important issue for both industrial and personal concerns. In the
last two decades, eTs have been developed as promising tools in these fields. We thus decided to
challenge the capacity of the eT for the study of complex mixtures, such as beverage samples including
wines, beers, and milk. Our main concern was whether the 11 sensing receptors, prepared by mixing
only two small disaccharides, were able to respond differently to these complex mixtures so as to give
good selectivity. Thus, for this study, we attempted to see, on the one hand, whether the eT was able
to differentiate between different kinds of beverages and, on the other hand, whether it was able to
discriminate different brands of the same species.

To our delight, the eT responded very differently to these samples with quite good sensitivity, as
we can see from their CEPs and CELs, given in Figure 6. The sample of red wine (Bourgogne) had
a maximum signal for the CoCRR with 100% BB1. Its CEP was clearly distinct from those of beer
and milk. Notably, the milk sample had very low signal intensity on the CoCRRs rich in lactose BB1,
which is most likely due to the competition of abundant lactose present in milk. In contrast, its signal
intensity on the CoCRRs rich in sulfated lactose BB2 was much higher even using a highly diluted
samples, most likely due to the high protein content in the milk sample. These results demonstrated
that both their CELs and CEPs can be used as “fingerprints” for differentiation and identification of
each sample.

Figure 6. Differentiation of complex mixtures such as beverages by the eT. CEPs and CELs of red wine
(Côtes du Rhône), beer (Leffe), and milk (UHT demi-écrémé). Reprinted from [29].

Moreover, the eT was used for the classification of a larger number of samples by principal
component analysis (PCA). For this study, three different brands of red wines (Côtes du Rhône,
Bordeaux and Bourgogne) and beers (Stella Artois, Leffe and Pelforth-dark), as well as UHT milk were
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analyzed. As shown in Figure 7, the clusters of the three species were well separated using the two
principle component axes corresponding to 97% of the variance. However, the eT was not able to
differentiate between different brands for wine and beer, which was probably limited by the low signal
intensity. This would require the design and introduction of more appropriate BBs.

 

Figure 7. Classification of complex mixtures by the eT based on principal component analysis (PCA)
with the two principal components representing 97% of the variance. Reprinted from [29].

On the other hand, our eT gave a very good signal for samples rich in proteins like milk. In this
regard, the milk sample could be a good model for further study. We then analyzed five different milk
samples either animal-based or plant-based, including UHT pasteurized cow milk, unpasteurized cow
milk, soy milk, soy milk with chocolate, and rice milk. As demonstrated in Figure 8, their 3D CELs
show evident differences. Therefore, these results demonstrated that the eT is very efficient for the
analysis of complex mixtures such as milk samples.

 

Figure 8. Analysis of protein-rich complex mixtures by the eT. CELs of various milk samples. Adapted
from [31].

To further evaluate the discrimination capacity of the eT, PCA was performed to classify all these
milk samples. For this, initially, PCA was performed using the data of 2D CEPs for all 20 milk sample
injections with parameters in 11 dimensions corresponding to the 11 CoCRRs. As shown in Figure 9a,
there was distinct separation between different milk clusters, except for some overlap between the
UHT cow milk and the soy milk with chocolate. However, from their CELs, we can see that the kinetics
of cow milk and soy milk are quite different, particularly during the dissociation phase. Thus, we
decided to take into account all the kinetic information, including the association/dissociation phase
and performed PCA based on 3D CELs. To do so, parameters in more than 300 dimensions were
analyzed for each sample using 30 cross sections of CEL, taken every 30 s after the beginning of sample
injection for 15 min. Notably, a much better discrimination for all the milk samples was achieved, as
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shown in Figure 9b. This confirms that 3D CEL-based PCA is more efficient and reliable. Consequently,
the kinetic information obtained thanks to SPR imaging is also very important for eT development.

 
  (a)   (b)

Figure 9. Classification of different milk samples by the eTs with PCA based on 2D CEPs (a) and
3D CELs (b). For each sample quadruplicate measurements were performed. Reprinted from [31]
Copyright@American Scientific Publishers.

3.4. Monitoring Spoilage of Milk

During the experiments for the analysis of milk samples, we observed a quite large distribution
of data points in the milk cluster in contrast to those of beers and wines, see Figure 7. This is most
likely due to the age difference between the 15 milk samples. In fact, all of them were from the same
bottle. So their freshness at the moment they were analyzed was not exactly the same; some were
used immediately after opening the bottle, and some others were used after 24 h storage at 4 ◦C. Thus,
it is very probably that the eT is sensitive to the minor changes in such complex mixtures, showing
potential for quality control applications. To verify this, we conducted a systematic study to distinguish
fresh milk from spoiled milk and to follow the spoilage of milk at room temperature. In practice,
immediately after opening, undiluted aliquots of milk samples were stored at 25 ◦C in an open tube
and measured by the eT 1, 24, 48, and 72 h after exposing the sample to air.

As shown in Figure 10, the CEL of the milk sample 1 h after opening was difficult to distinguish
from that obtained after 24 h. There was no major difference on the pattern profile. Nevertheless, it
was observed that the signal intensity especially for the CoCRRs rich in BB2 continuously increased
over storage time. Therefore, it is most likely that the large distribution of data points in the milk
cluster in PCA is due to such signal intensity variation. Satisfyingly, CELs of the 48th and 72nd hours
were distinct from those collected in the 1st and 24th hours since there were major modification in
the samples in this stage, as confirmed by the PCA plot. According to these preliminary results, the
eT is sensitive to the changes associated with the milk spoilage and thus has a potential for quality
control applications.

Finally, it is important to mention that the eT demonstrated good repeatability and stability.
In practice, for all the applications, pure protein ECL at 200 nM was used as a reference sample and
was systematically analyzed at the very beginning, several times in the middle in a random order, and
at the end of each analysis set. For each sample to analyze, at least triplicates were used. As reported
in our previous work, for both the reference sample and the complex mixture samples, there was a
correlation of >99% between any two full patterns of their replicated CEP [29]. A good correlation of
>93% was obtained for batch-to-batch reproducibility [26]. Furthermore, the eTs remained very stable
under continuous use for at least 50 sample injection/regeneration cycles and for at least two weeks
without any loss in sensitivity or sensibility. It had also good stability upon storage at 4 ◦C over a
period of 5 months with no significant loss of signal.
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Figure 10. Monitoring spoilage of milk by the eTs: (a) 3D CELs of the milk sample in the 1st, 24th, 48th,
and 72nd hours after opening; (b) PCA score plot derived from the data obtained using these milk
samples. Reprinted from [29].

4. Conclusions

In summary, a novel eT was developed by combining an innovative combinatorial approach,
which simplifies largely the preparation of sensing materials, with the optical detection technique of
SPR imaging. Such an eT approach presents certain advantages over existing eT methods. Firstly,
based on the combinatorial approach, a great diversity of sensing receptors can be obtained without
increasing the cost of the synthesis of new molecules. Secondly, the continuous evolution of patterns
(such as 2D profiles and 3D images) are advantageous compared to uncorrelated discrete data sets
obtained using traditional eT systems. Abnormal signals obtained with a defective sensing receptor
can be easily identified and excluded if necessary, providing a unique “auto-corrective” behavior to
our eT system. Third, thanks to SPR imaging, the eT is able to provide a temporal response with
vivid 3D images as “fingerprints” for the samples, giving valuable information on adsorption and
desorption kinetics. We have demonstrated that the eT is not only effective for pure protein analysis,
especially with the ability to differentiate protein isoforms with good sensitivity and selectivity, but can
also be generalized for the analysis of complex mixtures with promising potentials for quality control
applications. In the future, new building blocks with complementary physico-chemical properties will
be designed and introduced to greatly improve the performances of the device.
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Abstract: Nanomaterials have become essential components for the development of biosensors
since such nanosized compounds were shown to clearly increase the analytical performance.
The improvements are mainly related to an increased surface area, thus providing an enhanced
accessibility for the analyte, the compound to be detected, to the receptor unit, the sensing element.
Nanomaterials can also add value to biosensor devices due to their intrinsic physical or chemical
properties and can even act as transducers for the signal capture. Among the vast amount of examples
where nanomaterials demonstrate their superiority to bulk materials, the combination of different
nano-objects with different characteristics can create phenomena which contribute to new or improved
signal capture setups. These phenomena and their utility in biosensor devices are summarized in a
non-exhaustive way where the principles behind these synergetic effects are emphasized.

Keywords: nanomaterials; biosensors; hybrids; carbon; metals; semiconductors; energy transfer

1. Introduction

The particularity of biosensors, compared to classic sensors, is that the sensing element, also
called the receptor unit, is a biological entity or a bioinspired compound which confers an excellent
selectivity towards the analyte to be detected. The unique specificity of such bioreceptors represents
the main advantage within all sensor devices and the development of biosensors has become a huge
research topic since highly complex solutions like blood can be analyzed for one specific target [1–3].
Biosensors are mainly used for the monitoring of diseases and are based on the recognition event of
immune systems, viruses, bacteria, or cells, but also find utility for the detection of chemicals like
blood sugar or pollutants [4,5]. One challenge is the signal capture during the biological recognition
event [6,7].

Voltammetric biosensors rely on a redox process where the involved electron transfers are
proportional to the analyte concentration [8]. For instance, the enzyme glucose oxidase (GOx)
recognizes very specifically β-D-glucose, which is oxidized to gluconolactone. The reduced enzyme
generally regenerates itself by reducing oxygen to hydrogen peroxide [9], a electroactive molecule
which can be detected by the electrode. For immunosensing and the detection of DNA, more
sophisticated setups are needed since an immune reaction or a hybridization of DNAs does not
produce an electrochemical signal. For these cases, labeled secondary antibodies or DNA strands
have to be involved after the recognition event where these labels will give the electrochemical
signal. To avoid such supplemental time consuming preparation steps, electrochemical impedance
spectroscopy (EIS) represents a very appropriate tool for immune and DNA sensors. EIS works with
alternating currents (ACs) of small amplitude within a wide range of frequencies. The biorecognition

Sensors 2017, 17, 1010 192 www.mdpi.com/journal/sensors



Sensors 2017, 17, 1010

event changes the sensing capacitance and interfacial electron transfer resistance of the electrode
leading to a highly sensitive signal capture down to the femtomolar range [10,11].

Gravimetric biosensors are mostly piezoelectric devices where the detection of biological targets
provokes a change of the resonance frequency related to the mass of the analyte [12,13]. One famous
example is quartz crystal microbalance (QCM) but also micro- (or nano-) mechanical cantilever
setups [14] are promising candidates for highly sensitive label free transduction techniques.

Most optical biosensors are based on a change in fluorescence or color during or after the
recognition event [15]. As for electrochemical biosensors, some techniques need the use of
supplemental labelling steps to introduce a photosensitive probe. Label-free optical detection can
be achieved using surface plasmon resonance (SPR), which is a highly sensitive and quantitative
transduction technique. The principle is based on the change of light-induced electron oscillations
(surface plasmons) in the conduction band of metallic coatings (usually gold) when the dielectric
constant of its environment changes [16]. This is the case, among others, for immune reactions or DNA
hybridization where the recognition event changes the oscillation frequency which results in an angle
change of the reflected light, its change of intensity, refractive index, or its phase [17,18].

The use of nanomaterials clearly already enhances the signal capture of all these transduction
techniques used for biosensing thanks to their enhanced specific surface which allows the
immobilization of an enhanced amount of bioreceptor units with an improved accessibility for
the analytes. The advantages of different nanomaterials for biosensors are summarized in many
review articles [19–27]. Here, we want to present some selected examples of synergetic effects
achievable by combining different nanomaterials, thus enabling new or original transduction of
biorecognition events.

2. Nanoparticles

Nanoparticles have become important components in biosensing devices since almost every
material can be shaped into nanosized structures, thus conferring specific properties to the sensing
element [28]. For instance, noble metal particles like silver and gold are famous for their localized
resonant surface plasmons tremendously enhancing SPR or Raman signals [29–31]. These and other
materials like platinum nanoparticles [32], or metal oxide nanoparticles [33] also provide improvements
in catalysis and conductivity in electrochemical biosensors, while original setups were developed
using magnetic nanoparticles [34]. Since many of these materials shows synergetic effects with other
nano-objects, several examples will be described in more detail in the following sections. The most
exploited synergetic effect between nanostructured materials is based on non-radiative energy transfer
using upconverting nanoparticles (UCNPs) and quantum dots (QDs).

2.1. Upconverting Nanoparticles

UCNPs have the capacity to absorb several photons in the infrared range and to convert this
absorbed energy into an emission in the visible range via a nonlinear optical process [35]. Contrary to
common multiphoton absorption materials, these nanoparticles do not need high excitation densities
for efficient anti-Stokes type emission. The phenomenon of high wavelength absorption and low
wavelength emission strongly depends on the ion-ion distance of a dopant (mostly lanthanides)
in a host material (generally Na+ or Ca2+ fluorides). The confinement of the lanthanides in the
matrix also determines the color of emitted light [36,37]. UCNPs became promising alternatives to
other fluorescent labels for biosensing applications since they have very low background emissions
and the high excitation wavelength does not provoke luminescence or absorption effects with other
components of the biosensor [38,39]. UCNPs can be used as simple labels but more interesting are
transduction principles based on non-radiative resonance energy transfer (RET) from the exited UCNPs
to an acceptor where it should be emphasized that lanthanides are luminescent and not fluorescent
and the RET is called luminescent resonant energy transfer (LRET) contrary to fluorescent (or Förster)
resonant energy transfer (FRET) using fluorescent dyes [40]. The acceptor also plays a crucial role
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for this type of transduction because RET can only be achieved at corresponding quantum yields
and cross sections, donor-acceptor distances, and their spectral emission and absorption overlap [41].
Furthermore, when the acceptor is a fluorescent probe, it can be excited by the UCNP leading to a
change of the emission spectrum or simply to a change of the color of emitted light, or, when the
acceptor is not a fluorophore, this results in the quenching of the emission of UCNPs [42] as illustrated
in Figure 1.

 
Figure 1. Schematic presentation of an UCNP and its anti-stokes type emission (top) and their
functioning as bioanalytical transducer using a nanosized quencher (left) or a fluorescent dye (right).

Many approaches have been proposed relying on a quenching effect. For instance, Wang
et al. demonstrated LRET between biotin-functionalized UCNPs and biotin-functionalized gold
nanoparticles in the presence of avidin, which served here as the analyte which brings the two
nano-objects in close contact leading to a linear reduction of the intensity of emitted light as a function
of the avidin concentration [42]. A more sophisticated strategy was applied for the detection of
thrombin in human plasma [43]. The specific thrombin aptamer was attached to the UCNPs while
its luminescence is quenched in presence of carbon nanoparticles which form weak interactions with
the aptamer. When the analyte is added, the carbon nanoparticles are released due to the stronger
interaction between the aptamer and thrombin leading to a linear luminescence increase. A similar
transduction principle was chosen by Zhang et al. who modified UCNPs with concanavalin A which
interacts with saccharides. As quencher, chitosan-labeled graphene oxide was chosen and, due to
the concanavalin A-chitosan interaction, the two components are assembled in close contact leading
to the extinction of light. Then, glucose was used as analyte which forms stronger interaction with
concanavalin A than chitosan leading to a glucose concentration dependent increase of emitted
light [44].

The possibility to transfer upconverted energy to fluorophores thus changing the emission band
after a biorecognition event has been extensively studied by Mattsson et al. [45]. For the proof
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of concept the biotin-streptavidin binding event was also used here as model recognition system.
Streptavidin-modified UCNPs were attached to biotin-modified quantum dots leading to a change of
the emission wavelength (the one for the quantum dots). In the presence of free biotin, mixed emissions
or only the UCNPs’ luminescence could be observed. The possibility to calibrate the intensities of
different wavelengths might represent a promising platform for multiplex biosensing.

However, one drawback of UCNPs for biosensing applications has to be noted. All mentioned
examples need an excitation wavelength of 980 nm which is right in the absorption band of water
and heats the sample. This inconvenience can be overcome by doping UCNPs with neodymium
ions lowering the excitation wavelength to 808 nm. Sample heating can thus be avoided which is of
particular importance for in vivo bioimaging [46] and this approach also shows advantages in the
monitoring of enzymatic reactions [47].

2.2. Quantum Dots

QDs have become almost the nanomaterial of choice for fluorescence-based transduction in
bioanalytics. QDs are luminescent semiconducting nanocrystals principally based on cadmium
chalcogenides [48–50]. Most of them are available as core-shell particles coated with ZnS or CdS for
enhanced quantum yields and photostability [51,52]. They can absorb in a large wavelength range but
have a narrow emission spectrum which is dependent on the particle size [53] (Figure 2).

Figure 2. Illustration of QDs with different sizes and the related band gaps leading to different emission
wavelengths after excitation with UV light.

The availability of QDs with different emission wavelengths has made them promising candidates
for multiplexed analysis [54–56], as depicted in Figure 3. Furthermore, a final coating of QDs allows
efficient functionalization with bioreceptor units and can overcome possible toxicity issues [57].

QDs are, as UCNPs, excellent optical transducers in combination with other nanomaterials.
The principle is mostly based on the release of a quencher after the recognition event and the recovery
of fluorescence. This strategy is particularly efficient for aptamer- and DNA sensors [58,59]. As a
representative example, the assembly of a QD-labeled receptor DNA with a shorter corresponding
DNA tagged with a gold nanoparticle is cut by the (longer) analyte DNA due to its higher hybridization
kinetics. The gold nanoparticle is released and the QDs start to emit light again where the intensity is
proportional to the analyte concentration [60,61] (Figure 3).

195



Sensors 2017, 17, 1010

Figure 3. Scheme of a multiplex sensing principle using QDs and quenchers.

Gold nanoparticles are not only used as non-radiative quenchers, but can also act as antennas
for increased fluorescence of QDs due to their high plasmonic behavior. When gold nanoparticles
are localized at around 30 nm to the QD surface, the gold nanoparticle provokes an increase of the
excitation rates of the QDs and hence the intensity of the fluorescence [62]. Further non-radiative
energy transfer leading to QD fluorescence can be achieved using emitting protein labels which
eliminate the need of external excitation light source [63]. There are also charge transfer quenching
and chemiluminescence resonance energy transfer phenomena [64] to complete the most common
applied principles of FRET-based biosensing using QDs [65–67].

QDs were also combined with magnetic nanoparticles for improved biodetection [68].
The magnetic nanoparticles are used for the separation of biological analytes in complex media
like blood or any type of body fluids. In detail, receptor unit-modified magnetic nanoparticles are
introduced in the analyte solution and interact specifically with the target molecule. The particles
then migrate in a magnetic field until settling to form a deposit. The remaining solution can then be
removed and the deposit can even be rinsed to eliminate any trapped species. QDs functionalized
with a secondary receptor unit interact with the analyte on the magnetic particles and can quantify
the detection via the intensity of the QD emission. A more sophisticated setup was proposed by
Kurt et al. [69]. QDs and UCNPs, functionalized with different aptamers for different targets, served
as recognition and transduction element in combination with magnetic nanoparticles modified with
corresponding short DNA strands. The principle is based on the affinity interaction between aptamers
and DNA linking weakly the magnetic nanoparticles with QDs and UCNPs which can then be
separated from the solution in a magnetic field. In presence of the analytes (here the pathogens
Salmonella typhimurium and Staphylococcus aureus), the DNA-aptamer link is broken by the competitive
interaction with the target and the luminescent particles remain in solution after applying a magnetic
field. The Salmonella typhimurium-UCNP and Staphylococcus aureus-QD assemblies can then be removed
by washing thus leading to reduced intensities of emitted light. The authors observed a linear
decrease of luminescence intensity with the analyte concentration. For the multiplex sensing setup, the
remaining Staphylococcus aureus specific QDs and Salmonella typhimurium specific UCNPs are exited at
325 nm and 980 nm. UCNP excitation at 980 nm cannot excite the QDs since the energy of photons
is below the band gap of the QDs. The authors observed negligible excitation of the QDs by the
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emission of UCNPs at 470 nm and could also exclude FRET. This setup might be a promising strategy
for facilitated multiplex analysis but will need materials with narrower excitation and emission lines
to prevent overlap or crosstalk effects.

Besides FRET with other nanomaterials, QDs can also interact with propagating surface plasmons
of gold surfaces leading to light emission of the QDs or the light induced excited state of QDs are
transferred to the surface plasmons [70] as illustrated in Figure 4. The second effect led to clear signal
enhancements in SPR setups where a 25-fold increase was observed for ss-DNA and a 50-fold increase
could be obtained with prostate-specific antigens compared to bare gold surfaces. [71].

Figure 4. Schematic illustration of SPR signal amplification after the biorecognition event using QD
labeled biomarkers.

QDs also show remarkable properties in electrochemical biosensing devices in combination with
CNTs [72]. The distribution of these semiconductors within a CNT composite matrix forms domains
with altered conductivities behaving like a microelectrode array. This phenomenon results in a clear
reduction of the double layer capacitance and thus to an improved noise signal ratio. This setup was
validated for the detection of hydrogen peroxide and ascorbic acid.

3. Carbon Nanomaterials

Carbon is a privileged material for biosensing applications, especially for electrochemical
transduction due to its excellent conductivity and biocompatibility [73]. Carbon appears in many
different allotropes based on graphite (sp2), diamond (sp3) and intermittent sp2-sp3 hybridized
macroscopic structures generally called amorphous carbon, from which vast amounts of substructures
can be synthesized [74]. For electrochemical biosensing, glassy carbon, doped diamond, and
graphite are standard materials for electrodes [75]. Their nanostructured part in the form of carbon
nanotubes [76], fullerenes [77], or graphene [78] partly became the material of choice for improved
performances of bioanalytical devices [79]. More recently, fluorescent carbon nanodots have attracted
attention as non-toxic alternatives to quantum dots for optical biosensing and bioimaging [80].
Efficient functionalization techniques were established for carbon nanomaterials which allow the
formation of bioassemblies and to combine the beneficial properties with those of other nanosized
materials [81]. This also allows reproducible processing and shaping to obtain the desired properties.
An elegant way to assemble different materials is the formation of composites. As an example for
electrochemical transduction, carbon paste electrodes provide unlimited possibilities to combine any
type of carbon material with (nanosized) fillers conferring improved performances to the biosensor
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device. Selected examples and procedures of customized carbon paste-based biosensors were
summarized by Muñoz et al. [82]. The following section presents some further examples of successful
combinations of nanostructured carbon allotropes with other materials with synergetic effects for
enhanced biosensor performance.

3.1. Graphene

Graphene has become a fashionable material for biosensing because it is considered less toxic than
CNTs [83,84]. Even though graphene is per definition not a nanomaterial [85], it is worth summarizing
some examples of its synergetic effects with other nano-objects since it belongs to the rich carbon
allotrope family.

For electrochemical transduction, graphite-based layered materials are used in bulk form
but are also often called graphene or graphene-like 2D materials [86]. Obtained after mechanic
exfoliation [87,88], chemical oxidation of graphite [89] and/or subsequent reduction [90], these carbon
materials are represented in many biosensor application examples [91] such as electrochemical
immunosensors [92] or enzymatic biosensors [93]. In terms of synergetic hybrid materials, and similar
to CNT hybrids, many different metal nanoparticles like gold [94], platinum [95–99], or palladium [100],
or metal oxide nanoparticles [101] clearly improved the sensing performance when combined with
graphene and graphene-like 2D materials.

For optical transduction, graphene materials can also act as non-radiant energy acceptors in
FRET-based biosensors using organic dye- [102] or quantum dot [103] -labeled bioreceptors like DNAs,
aptamers, or proteins [104]. Graphene oxide itself shows photoluminescence and can act as both,
energy donor and energy acceptor [105] with excellent quenching efficiency [106].

In particular, graphene can interact with DNA or oligonucleotide receptors in a non-covalent and
reversible manner, contrary to CNTs, and these dye-labeled receptors desorb after the recognition,
recovering the fluorescence of the labels. This principle could even be applied for a multiplexed
colorimetric DNA sensor [107]. Weak interactions with graphene oxide can also be obtained with
antibodies labeled with QDs, which were exploited for the detection of the model pathogen E. coli [108].
The fluorescence of a corresponding antibody-modified QD is quenched in the presence of graphene
oxide and recovered after the recognition event with the bacteria. This setup was successfully applied
on nanocellulose-based papers for fluorescence biosensing using QDs and UCNPs [109]. Furthermore,
such papers also provide an excellent platform for colorimetric sensing of biorelevant chemicals when
functionalized with silver or gold nanoparticles.

Furthermore, real monolayer graphene provides impressive beneficial properties in resonant
plasmon transduction techniques [110]. Firstly predicted by theoretical models, these plasmonic
properties of a single layer of graphene can interact with the surface plasmons of gold surfaces thus
significantly amplifying the optical sensitivity of surface plasmon resonance (SPR) sensors [111].
By excitation in the visible light range [112] the propagation constant of surface plasmon polaritons
(SPPs) is changed and the refractive index response in particular is amplified [113]. An almost
two- fold increase of the SPR signal could be obtained just in presence of a graphene monolayer on
gold which was validated in a highly sensitive anti-cholera toxin SPR sensor [114]. This phenomenon
can in theory be further optimized using intermittent MoS2 layers [115]. Due to the improved optical
absorption efficiency, the graphene-MoS2 layer can transfer this energy to the underlying gold layer
thus further exciting and amplifying the resonant surface plasmons (Figure 5).

The authors calculated an up to 500-fold increase of phase sensitivity of the SPR signal with
theoretic models when a biomolecule is adsorbed on the graphene layer via π-π stacking interactions.
The authors unfortunately did not precise which biomolecule these calculations were based on.
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Figure 5. Principle of improved SPR signals after adsorption of a biomolecules using MoS2 as
intermittent layer between monolayer graphene and the gold surface.

3.2. Carbon Nanotubes

Carbon nanotubes (CNTs) can be seen as seamlessly rolled up graphene with one to up to
hundreds of concentric wall layers and provide excellent 1D conductivity and high aspect ratios
which form entangled porous structures in bulk, drastically increasing the accessible surface area of
electrodes [116–118]. Furthermore, efficient and reliable functionalization methods were developed for
the immobilization of bioreceptor units on CNTs without altering the biological activity [119].

CNTs were confined with Pt nanoparticles in a Nafion matrix for improved DNA sensing using
daunomycin, a redox active compound which intercalates hybridized DNAs [120]. Single stranded
receptor DNA was immobilized on this composite and was exposed to different concentrations of the
analyte, the corresponding ssDNA. Since daunomycin only intercalates after the recognition event, the
differential pulse voltammetric signal increased for the electrocatalytic reduction of the electrochemical
probe. The combination of the enhanced specific surface area of CNTs and the catalytic properties of Pt
led to clearly improved performances compared to setups using the individual compounds.

CNT-gold nanoparticle (AuNPs) assemblies clearly improve electrochemical transduction due to
enhanced electron transfer rates between an enzymatically generated substrate and the AuNPs-CNT
composites. A highly sensitive choline biosensor was developed based on choline oxidase modified
AuNPs-CNT electrodes [121]. After the enzyme-catalyzed oxidation of choline, hydrogen peroxide is
released which is finally oxidized on the electrocatalytic nanocomposite electrode. Beside the beneficial
effect of AuNP-CNT assemblies for electrochemical biosensors [122,123], other metal or metal oxide
nanoparticles showed improved biosensing performances when combined with carbon nanotubes.
Most examples describe the improved electrocatalytic oxidation of enzymatically generated H2O2

using cobalt hexacyanoferrate nanoparticles [124], Pt nanoparticles [125], or ZnO nanoparticles [126]
while for this example CNT-graphene hybrids were used. There are many further examples of using
different nanomaterials in combination with CNTs which are summarized in reference [127].

3.3. C60 Fullerenes and Carbon Dots

C60 is the first fully characterized carbon nano-object and is classified as a 0D material. Its
molecular structure is composed of 12 five-membered rings surrounded by a total of 20 six-membered
rings and it obeys perfectly Euler’s rule [128]. The particular electrochemical properties of
C60 [129] evoked much attention for its possible application as a redox mediator in enzymatic
biosensors [130]. C60 also showed remarkably enhancements of the specific surface of electrodes
and was used as a building block for original nanoscaffolds [131]. An electrochemical aptasensor was
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reported where an electrode surface is modified with onion-like mesoporous graphene sheets, gold
nanoparticles, and a first aptamer receptor. Prussian Blue-modified gold nanoparticles were adsorbed
on amine-functionalized C60 together with a second aptamer receptor and alkaline phosphatase as
label. After the recognition event of the model target platelet-derived growth factor B-chain, and the
formation of the sandwich structure, the immobilized enzyme label hydrolyzes ascorbic acid phosphate
to ascorbic acid which is then oxidized on the Prussian Blue/gold nanoparticles/C60 electrode.
Further examples describe the combination of C60 with mostly gold or platinum nanoparticles for
improved electrochemical [132] or gravimetric [133] immunosensors, or an electrochemiluminescent
aptasensor [134] but all of them rely on the electrochemical behavior of C60 or the capability to enhance
the surface area and not on synergetic phenomena between these nano-objects.

Carbon dots or carbon quantum dots, sometimes also called graphene quantum dots, can be
considered further 0D carbon nanomaterials. Accidently discovered as a side product during arc
discharge synthesis of single walled CNTs [135], these carbon QDs are promising candidates to
replace heavy metal semiconductor QDs since they are still considered as a non-toxic carbon material
with very satisfying quantum yields where even upconverting nanoparticles could be isolated and
studied [136,137]. The fluorescence phenomenon is related to isolated domains of conjugated sp2

carbon surrounded by diamond like sp3 carbon [138] as depicted in Figure 6.

Figure 6. Sketch of a carbon QD with its defined sp2 domains isolated and surrounded with diamond-
like carbon which is highly oxidized on the surface of the particle.

The fluorescence is also influenced by the mostly carboxylated surface which confers carbon
QDs excellent solubility, but also strong pH-dependent fluorescence emission [139]. Even when
great progress was achieved in the synthesis and isolation of carbon QDs with specific properties, the
controlled synthesis of defined domain distribution and surface functionalities leading to distinguished
absorption and emission spectra, as it is the case for semiconductor QDs, remains a challenge [140,141].
In terms of biosensing applications, carbon QDs show similar performances as semiconductor
QDs concerning FRET-based biosensing and as fluorescence labels [80]. Efficient FRET between
gold nanoparticles and carbon QDs could be achieved when each nano-object is modified with a
corresponding antibody-antigen system [142]. In the presence of the analyte, in this example an
organic pollutant, these assemblies are broken, leading to the recovery of fluorescence. Based on the
same principle, a DNA sensor was proposed using assemblies of carbon QDs and fluorescence dye
quenching each other whereby fluorescence reappears after the recognition event [143]. It would be
interesting to study the efficiency and performances of carbon QDs and semiconductor QDs under
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identical condition to gain insight into the real potential of carbon QDs. It might be assumed that such
studies will be reported in the near future.

4. Conclusions

Synergetic effects of different nanoparticles became promising tools for highly sensitive
biodetection applications where the FRET effect is at the moment the most promising example where
QDs were shown to be particularly versatile when combined with nanosized acceptors. Carbon QDs
or UCNPs are promising candidates with lower toxicity issues to one day replace semiconductor
QDs. In regards of the steady growing availability of different nanomaterials with different properties
revealing new phenomena when in contact, other original electronic, electrochemical, or magnetic
transduction methods can be developed. There remains one famous example of a nano-object with
synergetic properties to which a section was not dedicated in this review: gold nanoparticles. This is
simply due to the fact that nanosized gold was mentioned with almost all discussed materials and to
avoid repetition, a separate discussion about gold-hybrids was intentionally omitted. However, for
more information, examples of the beneficial properties of gold nanoparticle hybrids for biosensing
and diagnostics are summarized in reference [144].
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