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ARTICLE INFO ABSTRACT

Nowadays, monitoring of volatile organic compounds (VOCs) is very important in various domains. In this work,
we aimed to develop sensitive olfactory biosensors using odorant binding proteins (OBPs) as sensing materials.
Three rat OBP3 derivatives with customized binding properties were designed and immobilized on the same chip
for the detection of VOCs in solution by surface plasmon resonance imaging (SPRi). We demonstrated that the
proteins kept their binding properties after the immobilization under optimized conditions. The obtained ol-
factory biosensors exhibited very low limits of detection in both concentration (200 pM of B-ionone) and in
molecular weight of VOCs (100 g/mol for hexanal). Such a performance obtained with SPRi in solution is
especially remarkable. We hypothesized that the binding of VOCs to the active sites of OBPs induced a local
conformational change in the proteins. This change would give rise to a variation of refractive index, to which
SPRi is extremely sensitive. In addition, the olfactory biosensors showed a high selectivity especially at relatively
low VOC concentrations. With optimized regeneration procedures, they also showed very good repeatability not
only from measurement to measurement but also from chip to chip with a lifespan up to almost two months.
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These olfactory biosensors are particularly interesting for trace detection of VOCs in solution.

1. Introduction

Volatile organic compounds (VOCs) are the major components of
odors and abound in our environment. Over the past decades, the
monitoring of VOCs has become an important concern in several do-
mains including environment for on-field air quality control, industrial
manufacturing process for the quality control of beverages, food and
cosmetics, public safety, and healthcare for disease diagnosis. Classical
analytical methods such as gas chromatography coupled to mass spec-
troscopy, although reliable and accurate, are often time-consuming and
require expensive equipment and skilled staff. To meet this growing
need, sensors inspired from the biological nose such as electronic noses
have been developed. Most of them are based on a combination of few
non-specific sensing materials such as metal oxides or polymers (Chiu
and Tang, 2013). Although these systems have good sensitivity, they
generally lack selectivity between VOCs. Consequently, their ability to
discriminate between odors in complex media can be compromised.

Thanks to great progress in the field of biology, genetic engineering
and biotechnology, it is now possible to use biological materials as
receptors, including whole tissues and cells (Hou et al., 2012a; Lee
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etal., 2015; Liu et al., 2010). These bio-receptors are very promising for
the analysis of VOCs with a high sensitivity and selectivity (Wasilewski
et al., 2017, 2018). However, the main difficulties are related to their
stability. Besides, olfactory cells or nanovesicles are hard to manu-
facture and manipulate. In literature, two families of proteins from the
olfactory system of animals have particularly garnered attention for
their role in the design of olfactory biosensors: olfactory receptors
(ORs) (Du et al., 2013; Gomila et al., 2006; Hou et al., 2007) and
odorant binding proteins (OBPs) (Barou et al., 2015; Hou et al., 2005;
Kotlowski et al., 2018; Lu et al., 2017c; Manai et al., 2014). However,
for membrane proteins such as ORs, their stability and functions can be
easily lost after their immobilization onto a sensor. Moreover, their
mass production and purification are still very complicated today. In
contrast, OBPs are ideal candidates for such applications. (Pelosi et al.,
2014). First, they are stable to temperature and pH change, organic
solvents and proteolytic digestion. Second, they are soluble and thus
easy to produce and purify. Finally, their binding properties can be
tailored through site-directed mutagenesis.

Vertebrate OBPs are small soluble proteins of the lipocalin family (~
20 kDa), highly secreted in the olfactory mucus covering the olfactory
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epithelium. They have a calyx structure with eight beta-sheets forming
a hydrophobic binding pocket, in which they reversibly bind VOCs with
dissociation constants in the micro-molar range (Heydel et al., 2013).
Although the physiological role of OBPs is not completely elucidated,
one of their speculated functions is to transport VOCs through the
aqueous mucus, release them to ORs, and even facilitate their interac-
tion with ORs. In rats, three OBP subtypes have been identified with
complementary binding spectra (Lobel et al.,, 2002). Rat OBP1 binds
with heterocyclic compounds such as pyrazine derivatives, OBP2 is
specific for aliphatic aldehydes and carboxylic acids, while OBP3 in-
teracts with VOCs possessing saturated and unsaturated ring structures.
Herein, OBP3 was chosen as a base to design three different re-
combinant proteins. The amino acid residues composing the binding
pocket of the rat OBP3 were modified to create synthetic OBPs with
varied binding properties. To date, only a very few olfactory biosensors
described in literature used more than one kind of OBP. Di Pietrantonio
and colleagues used a combination of two bovine and one porcine OBP
(Di Pietrantonio et al., 2013), and Kotlowski and collaborators made
slight modifications of an insect OBP to improve its orientation and
rigidity (Kotlowski et al., 2018) To our knowledge, this is the first time
that custom-made OBPs with controlled binding properties are used for
the development of olfactory biosensors.

So far, different transduction techniques have been used to develop
OBP-based olfactory biosensors, including electrochemical impedance
(Hou et al., 2005; Lu et al., 2016), field-effect or capacitance-modulated
transistors (Kotlowski et al., 2018; Larisika et al., 2015; Mulla et al.,
2015), localized surface plasmon resonance (Zhang et al., 2015), micro-
cantilevers (Manai et al., 2014), surface acoustic wave (SAW) (Di
Pietrantonio et al., 2013), and solidly mounted resonators (Cannata
et al., 2012). These studies showed that OBPs are stable and active after
the immobilization and the obtained biosensors are efficient for VOC
analysis. It is noteworthy that in literature, none of the OBP-based
biosensors utilized surface plasmon resonance imaging (SPRi) for the
detection of VOCs. However this optical transduction method has been
widely applied for the development of biosensors and biochips, al-
lowing in real-time, label-free and high-throughput monitoring of
binding events (Daniel et al., 2013; Homola, 2008; Lu et al., 2017a;
Maillart et al., 2012; Wang et al., 2010). SPRi is generally considered
unsuitable and limited for the analysis of low-weight molecules such as
VOCs (molecular weight < 300 g/mol). Interestingly, some previous
studies showed that the binding of VOCs might induce local con-
formational changes in OBPs (Hajjar et al., 2006; Nespoulous et al.,
2004). Herein, this phenomenon will be used to challenge the analysis
of VOCs by SPRi in solution. The idea is to immobilize OBPs in the close
proximity of the SPRi prism through self-assembly without using an
intermediate layer and cross-linker. In this way, their conformational
change is expected to give rise to a variation of local refractive index, to
which SPRi is very sensitive (Gestwicki et al., 2001).

In this study, three derivatives of OBP3 were used with customized
binding properties for VOCs of interest. In addition, a cysteine was
added at the N-terminal end for their direct immobilization on the gold
surface of a prism by self-assembly. The proteins were immobilized on
the same chip in a microarray format, and their density on the chip was
optimized. The efficiency of SPRi for VOC sensing in solution was as-
sessed using three VOCs. Finally, the performances of the obtained ol-
factory biosensors were evaluated in terms of sensitivity, selectivity,
repeatability and stability.

2. Materials and methods
2.1. Materials

Potassium nitrate (KNOj3), sodium dihydrogen phosphate
(NaH,PO,), sodium acetate (CH3CO»Na), glycerol and acetonitrile were

purchased from Sigma Aldrich. B-ionone (> 97%), hexanoic acid
(> 98%), and hexanal (> 95%) were also bought from Sigma Aldrich.
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Methanol and ethanol were provided by Thermofisher and water was
provided by Carlo Erba. All the solvents were HPLC-MS grade to avoid
any possible contamination by undesired VOCs that may block the
binding sites of OBPs.

Three derivatives of the third rat odorant binding protein (OBP3)
were used in this work, including a “wild type” protein (OBP3-w), and
two modified proteins named OBP3-a and OBP3-c. The binding prop-
erties of these proteins were customized by modifying the amino acid
residues of their binding pockets. In addition, a cysteine was included at
the N-terminal end of the three OBPs to enable their immobilization by
self-assembly on the gold surface of a prism. The general method used
for the production, purification and characterization of such re-
combinant proteins was previously described in (Barou et al., 2015) and
are briefly summarized in the following. The recombinant His-tagged
proteins were expressed using Escherichia coli. The purification of the
proteins was performed using immobilized metal affinity chromato-
graphy (IMAC). The protein purity was assessed by SDS-PAGE. The
binding properties of the three OBPs for different VOCs were measured
using isothermal titration microcalorimetry (ITC) at 25 °C, which re-
vealed a 1:1 stoichiometry for binding.

2.2. Preparation of protein microarray

The three OBPs were immobilized in a microarray format onto a
prism covered with a thin gold layer (SPRi-Biochip, Horiba Sci, Orsay,
France). The gold surface of the prism was cleaned 48 h before func-
tionalization, with a Femto plasma cleaner (Diener Electronic,
Germany) for 3 min using these parameters: 75% oxygen, 25% argon,
0.6 mbar, 40 W. Then, droplets of 6 nL of proteins in phosphate buffer
(50 mM NaH,PO,4, pH 7.5) with 5% (v/v) glycerol were deposited on
the prism by a non-contact spotting robot (sciFLEXARRAYER, Scienion,
Germany). In this study, for each OBP, spotting solutions at four dif-
ferent concentrations (2 uM, 4 pM, 8 uM and 16 uM) were used and
compared in order to optimize the protein density on the chip.
Moreover, for each condition, six replicates were randomly deposited
on the prism to avoid any bias due to the position effect on the mi-
croarray. In this way, 72 biosensors in total were integrated on the same
prism.

Afterwards, the prism was placed in a humidity-controlled chamber
(relative humidity of 96%) at 4 °C overnight for the immobilization of
the proteins by self-assembly. Finally, the prism was rinsed thoroughly
with phosphate buffer to eliminate unfixed OBPs, and stored in phos-
phate buffer, at 4 °C, before use.

2.3. Analysis of VOCs by SPRi

The detection of VOCs was performed using a commercial SPRi
apparatus (Horiba Scientific) placed in an incubator at 25°C. A colli-
mated, polarized light beam at 663 nm was sent through the prism to
illuminate the whole microarray. The analysis of VOCs was achieved at
a fixed working angle. Upon the injection of VOCs, the variations of
reflectivity for all the spots were simultaneously monitored and re-
corded with a CCD camera, with each pixel mapping a specific position
on the prism. A measurement was taken every three seconds.

The detailed setup was described previously (Hou et al.,, 2014,
2012b). The prism with immobilized OBPs was mounted into a 10 pL
PEEK flow cell with hexagonal shape. This cell was connected to a
fluidic system. Running buffer (50 mM NaH,PO,, pH 7.5) was pushed in
the PEEK tubing by a computer-controlled syringe pump (Cavro Sci-
entific Instruments, USA) at a constant flow of 1.56 uL/s. It was filtered
beforehand and passed through a degassing system (Alltech, France)
before arrival in the flow cell to avoid dust and air bubbles.

Prior to each experiment, all the tubing was rinsed carefully with
methanol and water to ensure that no pollutant would remain from
previous experiments. Before any VOC sample injection, a blank in-
jection of running buffer was systematically performed to control the
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Table 1
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Characteristics of the three VOCs used in this study and their respective dissociation constants at
equilibrium with OBP3-w and OBP3-a, determined in solution by ITC.

Skeletal Molecular K,y with K, with
Odorant formmla weight OBP3-w OBP3-a
(g-mol) (nM) (nM)
HeC. CHy ©
) X
B-ionone CHs 192.3 0.18 0.52
CHs
. (0] * *
Hexail(nimc /\/\)j\ 116.16 Negative Negative
£ OH control control
O
Hexanal /\/\/U\ 100.16 4.6 0.026
H

cleanliness of the fluidic system. VOC samples were prepared by di-
luting pure products in the filtered running buffer. Then, they were
manually injected through a six-port injection valve (Upchurch Sci.,
USA) using a syringe. The volume of the injection loop was 1 mL or
2mlL. Under these conditions, it took approximately 4 min between the
injection and the moment the VOC samples reached on the prism, and
around 10 min to complete an injection. Furthermore, (3-ionone, se-
lected as a reference compound, was injected systematically at the
beginning and the end of any session in order to assess the functionality
and stability of the chip with time.

2.4. Regeneration process

After the injection of B-ionone at low concentrations (< 800 pM),
the regeneration was completed simply by keeping the buffer solution
running for additional 30 min. After an injection of 3-ionone at higher
concentration (> 800pM) or after the injection of hexanal, another
regeneration strategy was needed. In this case, the running buffer was
changed to acetate buffer (CH3CO,Na at 50 mM, pH 7.5). Then, three
successive injections were performed using 20% ethanol (v/v) in
acetate buffer, and then 30% acetonitrile (v/v) in acetate buffer, twice.
All the procedure was performed in situ with the chip mounted on the
SPRi setup, with an optimal flow rate of 1.04 uL/s.

2.5. Data analysis

For an easy comparison, all the curves were brought to zero at the
beginning of an injection by subtracting the respective mean reflectivity
measured for 1 min before the VOC injection. Then, assuming that the
drift was linear with time, it was evaluated and subtracted to the signal
for each spot. The signals obtained on the 6 replicate spots of OBPs were
averaged, and a standard error was calculated between them. The
average reflectivity given by the spots of OBP3-c, used as negative
control, was subtracted to the signals of OBP3-w and OBP3-a at all time.
It allowed to get rid of refractive index variation effects. These effective
signals are given in percentage of variation of reflectivity (A%R). They
were used for the calculation of the signal to noise ratio (SNR). A one-
minute rolling average was performed on the curves presented herein.

The noise value was calculated using the following equation, with
StdError the standard error calculated between the n replicates.

StdError
Jn

Noise =

In this way, the calculated value gives a direct indication of the
repeatability between replicates on the same chip. All the experiments

presented thereafter were performed on at least three different chips.

The SNR was then calculated by dividing the effective signal by the
noise. The effective signals obtained with OBP3-w and OBP3-a were
considered valid if the SNR was above three.

3. Results and discussion

As mentioned before, in this study, three OBP derivatives of the
third rat odorant binding protein OBP3 were used. Their binding
properties were customized by modifying the amino acid residues of
their binding pockets. The engineering and the characterization of these
particular derivatives of OBPs will be published elsewhere. The “wild
type” protein (OBP3-w) corresponds to the natural OBP3. The OBP3-a
variant was designed by introducing a lysyl residue in the binding
pocket. This modification was inspired by the human OBP, to which this
residue confers a higher affinity for aldehydes through the formation of
H-bond with the added amine function (Tcatchoff et al., 2006). Thus,
the affinity of OBP3-a towards aldehydes is improved. For the last de-
rivative OBP3-c, bulky amino acids were introduced in its binding
pocket. Consequently, the binding site is cluttered and it is incapable of
binding any VOCs. Herein, it was used for negative control.

Three VOCs were tested: f-ionone, hexanoic acid and hexanal. Their
characteristics are presented in Table 1. -ionone is an aroma com-
pound found in a variety of essential oils, contributing significantly to
the odor of violets and the taste of raspberries. It can bind to both
OBP3-w and OBP3-a but with a higher affinity for OBP3-w. It was
chosen as the reference VOC during all experiments. On the contrary,
hexanal whose scent resembles that of freshly cut grass was shown to
bind preferentially to OBP3-a in solution. As for hexanoic acid, a car-
boxylic acid with a fatty and cheesy odor, did not bind to any of the
three recombinant proteins during ITC tests. It was, therefore, used as a
negative control. The analysis of these three VOCs would allow us to
assess the activity of the proteins after their immobilization on the
prism as well as the sensitivity and selectivity of the obtained olfactory
biosensors.

3.1. Optimization of OBP density after immobilization on the microarray

The density of OBPs grafted on the microarray is a key point. It may
have influence on the binding properties of the proteins as well as on
the signal intensity. It is related to the concentration of OBPs in the
spotting solution and the conditions under which the self-assembly of
proteins takes place. In an ideal case, the proteins would form a well-
organized monolayer with their binding pockets pointing upwards to
facilitate the access of VOCs. If the density of OBPs is too low, the
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Fig. 1. a) SPR image of the microarray after
self-assembly of the OBPs at different con-
centrations (2uM, 4pM, 8uM and 16 uM),
showing non-uniform spots. Red circles define
the regions of interest, where the interactions
with VOCs are followed and analyzed. b)
Effective signals obtained with OBP3-w im-

‘[ mobilized at the four different concentrations

and after exposure to B-ionone (200 pM). The

]_ corresponding SNR values are presented in the

table below. ¢) An SPR image of all the spots

2pM 4pM 8 puM 16 pM
[OBP3-w] in spotting solution

obtained after self-assembly of OBPs with the
optimized concentration (8 uM). (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

[OBP] | 2 uM

4 uM

8uM | 16 pM

SNR 1.92

2.08

3.40 4.02

adsorbed quantity of VOC will be low. It could be critical for the ana-
lysis of small VOCs by SPRi, often considered as an optical scale.
Furthermore, in this case, the gold surface may not be completely
blocked, allowing the VOCs to adsorb non-specifically onto it. On the
contrary, if the concentration of protein is too high, the formation of
additional disordered layers could be favored. In this case, the proteins
on the top layer would have random orientation and may block access
to the binding sites of the proteins in the underlayer. Moreover, it
would be difficult to prepare reproducible biosensors under such con-
ditions.

To optimize the density of OBPs, four concentrations of OBP3-w and
OBP3-a (2 uM, 4 uM, 8 uM and 16 uM) were tested in the spotting so-
lution. As shown in the SPR image (Fig. 1a), the spots obtained after
protein self-assembly at different concentrations are not identical. For
the highest concentration at 16 pM, non-homogeneous spots with a halo
and even coalescence with other spots nearby were observed. It is likely
that at this concentration additional disordered layers were formed.
During the storage of the prism in phosphate buffer, the proteins from
the top layer tend to spread and self-assemble around the spot to form
the halo.

Furthermore, when the microarray was put in contact with -ionone
at 200 pM (Fig. 1b) the SNR were both below 3 for the spots of OBP3-w
deposited at 2 uM and 4 uM. Thereby, these signals were considered as
unreliable, probably due to too low density of OBPs as mentioned
earlier. For all the spots of OBP3-w deposited at 8 uM and 16 pM, the
SNR was above 3. Thus, in both cases the signals were valid.

Taking into account these two observations, we assumed that at
8 uM, a dense monolayer was formed, since an additional layer would
have spread around like at 16 uM, and a monolayer not dense enough
would have led to a weaker signal. Thus, the microarray was prepared
using spotting solutions at 8 uM for all the OBPs for the following study.
Satisfyingly, under this condition, all the spots were dense, homo-
geneous and uniform (Fig. 1c), with an estimated density of 6 x 10'?
proteins/cm?.

3.2. VOC sensing by SPRi

The three VOCs (f3-ionone at 68 nM, hexanal at 2.3 uM, hexanoic
acid at 680 nM) were successively injected onto the microarray. The
interaction between each VOC and the three OBPs were simultaneously
monitored by SPRi. The effective kinetic responses for the biosensors
based on OBP3-w and OBP3-a are presented in Fig. 2. For example, with
B-ionone at 68 nM (Fig. 2a), nothing happened during the first 4 min
following the injection. It corresponds to the time needed for the sample
to go through the injection valve and reach the microarray. As soon as
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the sample came into contact with the olfactory biosensors, the re-
flectivity of the spots of OBP3-w and OBP3-a increased and reached
equilibrium about 10 min after the injection.

In order to confirm that these signals resulted from the binding of
VOCs to OBPs rather than optical sensitivity differences between the
spots of different protein derivatives, hexanoic acid (negative control)
was injected and analyzed. Indeed, in practice, any injection of VOCs
induced a slight shift in refractive index, which, in this case, could re-
sult in different variations of reflectivity. Satisfyingly, in Fig. 2b, no
increase of signals was observed. OBP3-w and OBP3-a were sensitive to
B-ionone and hexanal (Fig. 2c), but not to hexanoic acid. Therefore,
these results demonstrated that the different OBPs conserved their ac-
tivities and their specificity towards a range of VOCs even after the
addition of a cysteine residue at their N-terminal end and their im-
mobilization onto the prism.

On top of that, the kinetic responses obtained with (-ionone were
different from those obtained with hexanal. For example, hexanal gave
a more intense effective signal on the biosensors based on OBP3-a than
on the ones based on OBP3-w, which is consistent with the ITC mea-
surements. The binding of hexanal to OBP3-a was also much quicker
than its binding to OBP3-w. These results confirmed that the mod-
ification of the binding pocket of OBP3-a yielded new binding proper-
ties, which were preserved after immobilization of the proteins onto the
prism. Moreover, these kinetic features could be useful for the dis-
crimination between different VOC families, for instance using prin-
cipal component analysis based on kinetic models (Genua et al., 2014).

In all the cases, the variation of reflectivity was low (< 0.15%). It
was expected that a detection of VOCs using SPRi would give rather low
signal. To determine whether it is possible to obtain such a variation
simply by virtue of the binding of the VOCs on a monolayer of OBPs, we
made a comparison with the typical variation obtained for the detection
of biomolecules by SPRi in literature. For instance, an adsorbed layer of
thrombin (37 kDa) gave rise to a variation of reflectivity of 6-7% on an
aptamer chip (Daniel et al., 2013). A reflectivity increase of about 1%
was found with the ligation of a DNA fragment (6 kDa) (Lu et al.,
2017a). Extrapolating to VOC detection (200 g/mol), it is expected to
obtain a reflectivity variation around [0.03 * 0.01] %. In fact, the
observed signal intensity is much higher.

Since SPR is very sensitive to the optical properties of the sensing
layer on the prism surface, any phenomena having impact on the local
refractive index, which are not due to direct mass addition, can be
observed (Sota et al., 1998). In particular, in the field of biosensors,
such phenomena can amplify the SPR signal. For instance, Miyazaki and
his collaborators successfully detected uric acid and glucose despite
their small size through the variation of polarization of specific
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a) p-ionone 68 nM

b) Hexanoic acid 680 nM
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Fig. 2. Sensorgrams showing kinetic responses of the two active OBPs after exposure to a) -ionone, b) hexanoic acid and c) hexanal. The average reflectivity
obtained with the biosensors based on OBP3-c was subtracted to the signals of the ones based on OBP3-w and OBP3-a.

enzymes (Miyazaki et al., 2017). More interestingly, the conformational
change of immobilized proteins after the binding of a ligand may result
in a modification of their hydrodynamic radius (Gestwicki et al., 2001)
and, consequently, a variation of the refractive index. It enabled the
detection of targets as small as calcium ions (40 Da), in a dynamic way
(Dell’Orco et al., 2012) by SPR and SPRi (Kim et al., 2005). All these
small molecular mass ligands would not give valid signals with these
methods if only based on mass variation on the sensor.

To our knowledge, no study has been led on the conformational
change that could occur in the rat OBP3 upon ligand binding.
Nespoulous and collaborators showed that ligand binding induces local
structural change in the rat OBP-1F (Nespoulous et al., 2004). Slight
shifts of tyrosine residues are likely to induce a rearrangement of the
protein backbone, which modifies its circular dichroism spectrum. This
experimental observation was confirmed by molecular dynamics si-
mulations, implying that in the presence of a ligand, a strand pair se-
paration yields to an “open barrel” conformational state (Hajjar et al.,
2006). If we cannot assert that the same type of behavior is observed for
OBP3-w and OBP3-a solely based on the results presented here, we
hypothesized that the binding of VOCs to the active OBPs most likely
induced a conformational change of the proteins. Such a change would
give rise to a variation of local refractive index detectable by SPRi.
Further characterization will be needed to confirm it.

Furthermore, in order to check if these signals were reliable, the
effective signals obtained with the three olfactory biosensors after ex-
posure to PB-ionone, hexanal, and hexanoic acid were presented in
Fig. 3, together with their corresponding SNR values. Satisfyingly, the
SNR calculated for the responses of the biosensors based on OBP3-w
and OBP3-a to (3-ionone and hexanal was greater than three. Therefore,
these results confirmed that SPRi is efficient for the direct detection of
VOCs and for the development of novel olfactory biosensors.

3.3. Sensitivity and selectivity of the olfactory biosensors

In order to evaluate the sensitivity of the olfactory biosensors to 3-
ionone, a set of measurements was performed using different con-
centrations ranging from 10 pM to 68 nM. The minimum concentration
detected with a valid signal (SNR > 3) was 200 pM (Fig. 1b), which was
validated on at least three different microarrays. However, it was found
that the signal intensity was not proportional to the VOC concentration.
In fact, for the concentrations above 200 pM, valid signals were ob-
tained but with comparable intensity.

In literature, most of the OBP-based biosensors used for the detec-
tion of VOCs in solution have a limit of detection in the micro-molar
range. Therefore, the limit of detection obtained with our olfactory
biosensors is among the lowest ones. Zhang et al. (2015) obtained a
limit of detection of 26.7 pM for B-ionone using insect OBPs and loca-
lized surface plasmon resonance as a transduction method. However,
this value was extrapolated from the calibration curve as the
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OBP3-¢c OBP3-w OBP3-a
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E B-ionone 68 nM
O Hexanal 2.3 pM
@ Hexanoic acid 680 nM

0.15

=
o
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A%R at equilibrium

-0.05

SNR OBP3-c(OBP3-w|OBP3-a
p-ionone 0.01 8.33 4.55
Hexanal 0.50 2.56 4.37
Hexanoic acid| 0.31 0.11 0.46

Fig. 3. Effective signals obtained with the three olfactory biosensors after ex-
posure to -ionone, hexanal, and hexanoic acid. The corresponding SNR values
are presented in the table below.

concentration corresponding to 3 times the noise of detection and the
lowest concentration tested was 10 nM. More recently, Lu and colla-
borators (Lu et al., 2017b) developed an olfactory biosensor using
human OBPs based on electrochemical cyclic voltammetry for the de-
tection of aldehydes and fatty acids. The concentrations tested ranged
from 5 pM to 500 nM. They estimated a limit of detection, once again by
calculation, around 0.5 pM.

Furthermore, it is particularly remarkable that our olfactory bio-
sensors based on SPRi are able to detect these small VOCs in solution,
especially at such low concentrations. The limit of detection in mass
commonly admitted for commercial SPRi apparatus is 200 g/mol,
without any amplification (Campbell and Kim, 2007). Herein, we ob-
tained a valid signal with hexanal, which has a molecular weight of
100 g/mol. On top of that, an analyte concentration above K4/1000 is
generally required to obtain a reliable signal without signal amplifica-
tion in SPRi. Yet, a valid signal was observed using a concentration at
K4/5000 for the binding of (-ionone to OBP3-w. This is purely in-
dicative since the Ky on chip probably differs from the K4 in solution.
Nevertheless, these results supported our hypothesis that the re-
flectivity variation is not simply due to the binding of the VOCs to the
OBPs, but rather to the conformational change of the proteins, which
acts as an amplifier. As a result, the linear range of the sensor is shifted
to lower concentrations of VOCs. Furthermore, the relatively high
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Fig. 4. Effective signals obtained with the two active olfactory biosensors after
exposure to B-ionone and hexanal at low concentrations, showing their high
sensitivity and selectivity. The corresponding SNR values are presented in the
table below.

amplitude of the noise narrows the measurable part of this linear range
of concentrations from 100 pM to 1nM, which is unsuitable for the
quantitative detection of VOCs. Improvements to the sensors will be
needed to increase the signal-to-noise ratio so as to construct a cali-
bration curve.

Concerning the selectivity, as shown in Fig. 3, at relatively high
concentration, B-ionone bound to the two olfactory biosensors with a
higher affinity for the OBP3-w-based olfactory biosensor. In contrast,
hexanal bound preferentially to the biosensor based on OBP3-a. This is
consistent with the results obtained in solution by ITC measurements.
Most importantly, it was observed that at much lower VOC con-
centrations, the biosensors exhibited an extremely high selectivity
(Fig. 4). Indeed, at 360 pM -ionone bound only to the olfactory bio-
sensors based on OBP3-w. Similarly, at 460 nM, hexanal bound only to
the OBP3-a-based biosensor. All these results demonstrate that our ol-
factory biosensors are relevant for the trace detection with a high se-
lectivity, rather than for quantitative analysis of VOCs.

3.4. Optimized regeneration procedures for the improvement of biosensor
performances

As mentioned before, OBPs can reversibly bind VOCs with dis-
sociation constants in the micro-molar range. In this study, after the
injection of B-ionone at relatively low concentrations (< 800 pM), it
was sufficient to keep the buffer solution running to obtain a complete
regeneration of the two active olfactory biosensors. In this case, the
reflectivity went back spontaneously to its original baseline in 25 min
(see Fig. S2a in Supplementary material). The microarray was subse-
quently re-used to analyze other samples up to 12 consecutive injec-
tions of (-ionone in a row, with a SNR above 3.

However, after an injection at a concentration above 800 pM and a
spontaneous regeneration, the signal did not go back exactly to the
baseline and a subsequent loss of signal intensity was observed. For
instance, at 6.8 nM, the signal decreased to about half of its intensity
(see Fig. S2a in Supplementary material).

In fact, after an injection of 3-ionone at high concentrations or after
an injection of hexanal, this process did not allow a complete re-
generation of the microarray. Therefore, a new strategy was developed,
taking inspiration from the purification method used after the pro-
duction of OBPs (Barou et al., 2015). The idea was to put OBPs in
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contact with organic solvents such as ethanol and acetonitrile. It al-
lowed, on the one hand, to slightly and reversibly denature the proteins
and thus unfold their binding pocket; on the other hand, to solubilize
the VOCs and facilitate their evacuation out of this binding pocket.
After this procedure, when back in phosphate buffer, the OBPs re-
covered their original structure and activity. All this procedure was
carried out directly in situ in the SPR chamber, using the fluidic system
to convey the solvents to the OBP-based biosensors (see Fig. S1 in
Supplementary material). The complete regeneration took 90 min.

This procedure was very efficient for all the VOCs tested, even at
high concentrations. Thanks to it, our olfactory biosensors demon-
strated a very good repeatability from measurement to measurement.
For instance, we obtained a signal at equilibrium of [0.07 = 0.01]%,
for 9 injections of P-ionone in a row at 68nM (see Fig. S2b in
Supplementary material). Moreover, the lifespan of the olfactory bio-
sensors was increased to about two months, which is remarkable,
compared to other olfactory biosensors in literature. The repeatability
from chip to chip, assessed by injections of -ionone, was also good on 8
chips (not shown).

4. Conclusions

In this work, derivatives of OBPs with customized binding proper-
ties were used for the first time, in association with an optical trans-
duction system, SPRi, to develop olfactory biosensors. Under optimized
deposition conditions, we showed that OBPs directly immobilized on
the chip retained their activity. These biosensors were promising for
highly sensitive and selective analysis of VOCs in solution. First of all,
the detection limits both in concentration (200 pM of (3-ionone) and in
molecular weight of VOCs (100 g/mol for hexanal) are among the
lowest in literature. A valid signal was obtained in both cases. The in-
tensities of the signals could not be explained solely by the mass in-
crease after adsorption of VOCs on the protein layer. We therefore
hypothesized that the binding of VOCs to OBPs induced a conforma-
tional change, which led to a variation in the local refractive index and
amplified the SPRi signals. Moreover, the distinct binding properties of
the OBP derivatives enabled very high selectivity at low concentrations
of VOCs. Finally, different regeneration strategies were established.
With appropriate regeneration procedures, these biosensors showed
good repeatability not only from measurement-to-measurement but
also from chip-to-chip, as well as good stability with a lifespan of up to
nearly two months.

However, the lifespan of these biosensors remains intrinsically
limited by the use of proteins. Besides, the narrow observable part of
linear range (from 100 pM to 1 nM for B-ionone) is not appropriate for
the quantitative analysis of VOCs. Future work will be done on the
passivation of the chip surface to limit non-specific adsorption so as to
reduce the noise. A rational surface chemistry could also be developed
to stabilize the protein layer and so increase the lifespan of the bio-
sensors. Finally, this work showed that the design of new OBPs tailored
to specifically target VOCs allows a gain of sensitivity and selectivity.
Protein engineering could help to increase their robustness. This work
may pave the way for the design and use of new custom-made olfactory
proteins to specifically target a wider range of VOCs with high societal
impact.
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