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Human odorant-binding proteins (hOBPs) not only can bind and transport odorants in the surrounding
environment for sensing smells, but also play important roles in transmitting lots of biomolecules in
different organs. Utilizing the properties of hOBPs, an electrochemical biosensor with nanopore array
was developed to detect specific biomolecular ligands, such as aldehydes and fatty acids. The highly
ordered nanopores of anodic aluminum oxide with diameter of 20-40 nm were fabricated with two-step
oxidation. Through 2-carboxyethyl phosphonic acid, hOBPs were self-assembled on nanopores as the
sensing membrane. With nanopore arrays, the impedance spectra showed quite different electron
transfer processes in the frequency spectra, which could be characterized by the electron transfer re-
sistance and electrical resistance of the porous membrane. Under stimulation of biomolecular ligands,
series resistance of nanopores and hOBPs increased and showed a concentration-dependence feature,
while the electron transfer resistance hardly changed. The nanopore based biosensor could sensitively
detect biological ligands of benzaldehyde, docosahexaenoic acid, and lauric acid, which were closely
related to or were potential biomarkers for cancers and other serious diseases. Equipped with hOBPs, the
sensor exhibited promising potentials both in odorant and biomolecule detection for olfactory biosensing

and in disease diagnosis and evaluation for biochemical detection.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most ancient forms of senses, olfaction of human
beings not only can discriminate different objects and interpret
various environments in real time, but also plays vital roles in
enhancing our life quality (Stevenson, 2010; Semin and De Groot,
2013). It starts with odorants acquisition or sniffing, which is fol-
lowed by transduction at the sensory neurons that line in the ol-
factory epithelium. In order to reach and trigger respective ORs
embedded in cell membrane, however, odorants that are generally
hydrophobic molecules should be firstly conveyed through the
aqueous nasal mucus. The solubilizers and carriers of odorants of
human beings are low-molecular-weight soluble proteins that are
called human odorant-binding proteins (hOBPs), which were
abundantly secreted in the olfactory apparatus (Tegoni et al., 2000;
Charlier et al., 2009).

Except for sensitively binding chemical cues, hOBPs share a
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universal tertiary structure of odorant-binding proteins (OBPs),
which was characterized by a hydrophobic cavity, “calyx” (Lescop
et al., 2009; Schiefner and Skerra, 2015). Depending on the sub-
stantial conformational plasticity of the calyx, hOBPs could ac-
commodate numerous lipophilic molecules of diverse chemical
structures. Moreover, hOBPs have higher affinities for aldehydes
and fatty acids (Tcatchoff et al., 2006). They were treated not only
as important odorants, but also as vital biomolecules or even
biomarkers that have very close relationships with gastrointestinal
disease, angiocardiopathy, and even cancers (Garner et al., 2007;
Bougnoux et al.,, 2010; Du et al., 2015). Structural biology and
synthetic biology have found that they were robust enough to
stand up to wide ranges of pH and temperatures (even to 80-
100 °C), for substantial mistreatments (Hou et al., 2005; Wei et al.,
2008). Additionally, OBPs were easier to be isolated and purified in
the process of production when compared with membrane protein
of receptors, which have seven transmembrane a-helixes (Kaiser
et al., 2008). All of these suggested that as the first sensing filter of
human olfaction, hOBPs based systems will provide good oppor-
tunities to best approximate the natural mechanisms of olfaction
to mimicking the human smells directly.
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Combined with different bio-recognition elements, such as
proteins and ssDNA, nanopore-based devices have fabricated
protein biosensing and even single molecule detection (Stoloff and
Wanunu, 2013; Makra and Gyurcsanyi, 2014). More importantly,
using solid-state nanopores functionalized with proteins or pep-
tides that would induce conformational changes by the corre-
sponding testing substances, the detection signals could be greatly
amplified (Wei et al., 2012; Liebes-Peer et al., 2014). Taking ad-
vantage of the nanoscale holes that the only connection for ions
and fluid be transferred between the two parts of nanopore de-
vices, electrochemical testing, such as electric current and im-
pedance spectroscopy was widely studied, because of the good
stability and no fluorescent labels during the measurement
(Schoch et al., 2008; Santos et al., 2013).

Previous studies suggested that interactions between OBPs and
their ligands could be sensitively detected by electrochemical
impedance with insect proteins immobilized on the electrodes
(Liu et al., 2013; Lu et al., 2015), which inspired us that nanopore-
based devices functionalized with hOBPs might have potentials in
sensing different ligands, including odorants, and even other im-
portant lipophilic biomolecular ligands. Herein we have sought to
utilize the binding properties of hOBPs to develop biosensors for
biomolecule detection. With highly ordered nanopores, an elec-
trochemical biosensor was established to interpret interactions
between hOBPs and different ligands, such as disease related al-
dehydes and fatty acids. As a sensitive and specific method to
detect different biomolecules, this impedance biosensor showed
promising potentials in odorant sensing, human olfaction in-
vestigation, biochemical detection, and disease diagnostics.

2. Experiment
2.1. Recombinant hOBP and reagents

The expression and purification of the active recombinant

(a)

(b)

hOBP were cloned from the full-length cDNA of human in Sino
Biological Inc. (China). Briefly, a DNA sequence encoding the hOBP
was expressed with a polyhistidine tag at the C-terminus in the
host cells of human. After harvesting the host cells, the crude cell
extracts, pellet and supernatant were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The re-
combinant hOBP consisted of 166 amino acids and predicted a
molecular mass of 19.4 kDa. The protein was resuspended (20 pg/
ml) in phosphate buffered saline (PBS; pH=7.4) and saved under
4 °C for the following experiments.

The solvents and reagents, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), potassium fer-
ricyanide/ferrocyanide K4[Fe(CN)g]/Ks[Fe(CN)g], phosphate buf-
fered saline (PBS), 2-(4-Morpholino) ethanesulfonic acid (MES),
2-carboxyethyl phosphonic acid, docosahexaenoic acid, lauric acid,
and benzaldehyde for protein immobilization and impedance de-
tection were all purchased from Sigma-Aldrich, USA.

2.2. Nanopores and biosensor setup

Anodic aluminum oxide nanopore arrays were prepared by the
two-step anodization in LeSen nano science and technology co.,
Ltd. (China). Briefly, the first anodization process has been taken in
0.25 M oxalic acid. Then, the aluminum was etched in chromic
acid and phosphoric acid. The second anodization step was re-
peated in 0.25 M oxalic acid. The detailed fabrication process was
in the Appendix (Fig. Al). Finally, about 5-10 pm thick, free
standing nanopores with uniform pore diameters of 20-40 nm
were fabricated (Fig. 1a).

The experimental apparatus is illustrated in Fig. 1b. A piece of
nanopore membrane with an active area of 3 mm? was placed in
the middle of two equal chambers. Both chambers were filled with
200 pl, 10 mM [Fe(CN)g]®>~/4~, which was selected to indicate the
efficiency of ion blockage. The electrochemical impedance spec-
troscopy measurements were performed using CH Instruments
660E electrochemical analyzer (CH Instruments, Inc.) with
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Nanopore array

Fig. 1. Schematic of the electrochemical hOBPs biosensor system: (a) SEM image of nanopores in top view and (b) experimental setup with nanopore arrays (WE: working

electrode; RE: reference electrode; CE: counter electrode).
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Fig. 2. Immobilization of hOBPs on nanopores: (a) hOBPs immobilized on nanopores with 2-carboxyethyl phosphonic acid via EDC/NHS coupling. (b) Impedance spectra of
hOBPs immobilized on nanopores. (The blank line with squares: three-electrode system without nanopores, the red line with triangles: three-electrode system with
nanopores, the blue line with circles: hOBPs immobilized on nanopores.) (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

electrodes of gold working electrode, silver-silver chloride re-
ference electrode and platinum counter electrode, immersed in
the electrolyte solution of both chambers, respectively.

2.3. Immobilization of hOBPs

Firstly, nanopores were thoroughly rinsed with ethanol and
ultrapure water to remove the organic residues off the substrate.
Subsequently, the nanopores were soaked in an aqueous solution
of 5 mM 2-carboxyethyl phosphonic acid for 72 h for modification
(Kant et al.,, 2014). The two hydroxyl functional groups of 2-car-
boxyethyl phosphonic acid could form P-OH with nanopores,
while the carboxylic groups could offer binding sites for proteins
through amido bonds (Fig. 2a).

After rinsing with a sufficient amount of ultrapure water and
drying in nitrogen, the modified nanopore arrays were used to
immobilize protein via EDC/NHS coupling. EDC and NHS solutions
were prepared in 0.1 M MES buffer (pH=5, contained 0.5 M NaCl)
and 0.1 M PBS buffer (pH="7.4) respectively. Equal volume of EDC
(8 mg/ml) and NHS (16 mg/ml) solutions, 50 pl, was successively
added into nanopores to activate the carboxyl groups for 15 min.
After pH was increased from 7.2 to 7.5 with sodium bicarbonate,
50 pl of hOBPs solution was also added. Finally, the solution in the
plate well was mixed by an oscillator for about 2 min and in-
cubated them for 2 h to allow forming the amide linkages (Fig. 2a).
Then, after rinsing with PBS buffer to remove the unreacted EDC/
NHS solutions and unbound proteins, the device with immobilized
hOBPs was saved under 4 °C. All of the above immobilizing pro-
cesses were performed at room temperature (22 + 2 °C).

2.4. Ligands sensing with the impedance spectroscopy

The tested aldehydes and fatty acids, benzaldehyde, lauric acid,
and docosahexaenoic acid were used as the sensing biomolecular
ligands. Taking methanol as solvent, these ligands were prepared
for different concentrations, 108 mg/ml, 10~7 mg/ml, 10~® mg/
ml, 107> mg/ml, and 10~* mg/ml. The ligands of different con-
centrations, 100 pl, were added to the two chambers containing
100 pl Fe[CN)g]*> /4~ (1:1) respectively for recording the electro-
chemical impedance spectroscopy, as the tested frequencies were
set from 1 Hz to 1 MHz with 5 mV alternating voltage.

After each measurement, the tested solutions were removed

out of the plate wells, and 400 pl PBS was added to soak the na-
nopore arrays for 10 min to eliminate the residual ligands for the
recovery of the proteins (Appendix, Fig. A2). Parallel experiments
for each ligand were tested at least three times. All of the im-
pedance detections were also performed at room temperature
(22 + 2 °C). In the data analysis, characteristic resistances of each
impedance spectrum were extracted to calculate the normalized
impedance changes of different ligands, which was described as
(Zp—2,)|Zp, where Z, and Z, represent half of the characteristic
resistances before and after the ligand stimulation respectively.

3. Results
3.1. hOBPs functionalized nanopore arrays

Electrochemical impedance is a powerful analytical method
that has been used for a wide range of applications from chemical
analysis to biological monitoring. Generally, the impedance spec-
trum of the three-electrode system contains two portions, a
semicircle at high frequencies that represented electron transfer
process, and a straight line at lower frequencies that mainly re-
presented electronic diffusion process. The tested impedance
spectrum without nanopores shared the same features with the
theoretical result (Fig. 2b). The diameter of the semicircle in the
impedance spectrum was equal to the charge transfer resistance,
which was often extracted as the characteristic resistance. How-
ever, when the nanopores were placed between the working
electrode and reference/counter electrodes, they had a great in-
fluence to the whole impedance spectra.

Comparing the impedance spectra of the three-electrode sys-
tem with and without nanopores, it could be inferred that nano-
pores strongly affect the electrochemical process, not only by in-
creasing the charge transfer resistance, but also by introducing
additional electron transfer process (Figs. 2 and A2). Moreover, the
immobilization of hOBPs on self-assembled nanopores led these
two electron transfer processes more difficult, especially that in-
troduced by nanopores. It could be reflected by the increasing
characteristic resistances. Therefore, impedance of the hOBPs
functionalized nanopores was greatly influenced by nanopores
and hOBPs, which might be caused by changing the dielectric
features of the nanopores and nanopore/electrolyte interface. The
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Model of hOBPs

Impedance circuit

Fig. 3. The electrical properties and the theoretical impedance model of hOBPs functionalized nanopore arrays: (a) Randle element for electrochemical impedance;
(b) cartoon of the protein backbone and cavity with the equivalent circuit; and (c) equivalent circuit of hOBPs functionalized nanopores.

impedance changes also suggested that hOBPs have been suc-
cessfully immobilized on the nanopore arrays for ligand
detections.

Usually, the impedance spectrum could be analyzed by the
Randles circuit, with solution resistance (R;), charge transfer re-
sistance (R¢), warburge impedance (Z,,), and constant phase ele-
ment (CPE), as shown in Fig. 3a (Lisdat and Schéfer, 2008). Rs and
Z,, represent bulk properties of the electrolyte solution. CPE and R,
both depend on the dielectric and insulting features at the elec-
trode/electrolyte interface that were often affected by the property
changes occurring at the electrode interface. When aluminum
oxide was made into nanoporous anodic aluminum oxide, the
resistance decreased a lot because of nanoscale pores. However,
for small pores with diameters smaller than 100 nm, the nanopore
resistance Rpore Was usually larger than the solution resistance R;,
which might play an important role in the impedance sensing
(Albrecht, 2011; Vitarelli and Talaga, 2013). Additionally, electro-
lyte around the nanopores could also bring a capacitance Cyor. due
to positive and negative charges on the surface of aluminum oxide.
Both Ryore and Cyore Were used to represent the impedance prop-
erties of nanopores.

In impedance sensing, electrical properties of protein could be
treated as a resistance-capacitance parallel circuit on the elec-
trodes (Lu et al., 2014). To hOBPs of this study, the backbone
structure that was made up by 8-stranded f-barrel and one o-
helix could be represented by a resistance (Rp), while the pre-
dominantly hydrophobic internal cavity was equivalent to a ca-
pacitance (Cp), as shown in Fig. 3b. Therefore, from the impedance
spectra of hOBPs immobilized on the nanopores and the equiva-
lent circuit, the diameter of semicircle at lower frequencies could
be represented by half of the series impedance of R, and Rpore,
while that at higher frequencies was equal to half of R, as shown
in Fig. 3c. Hence, parameters of the parallel circuit could be ex-
tracted to analyze the impedance spectra of the interactions be-
tween ligands and the hOBPs functionalized nanopores.

3.2. Impedance detection of aldehydes and fatty acids

For aldehydes, especially aromatic aldehyde, they belong to

volatile organic compounds that can be sensitively detected by
human olfaction. Meanwhile, studies have been found that hOBPs
have high affinities for aldehydes, such as benzaldehydes, which
could be treated as the potential biomarkers of lung cancer and
melanoma (Hanai et al.,, 2012; Kwak et al., 2013). In our study,
benzaldehyde was chosen as one of the representative odorants
and biomolecules for the impedance detection, firstly.

Under the treatment of benzaldehyde, the impedance spectra
of the biosensor at lower frequencies changed obviously, while
that at higher frequencies hardly changed, which indicated that
interactions between hOBPs and benzaldehyde lead to the series
impedance of R, and Ry to increase (Fig. 4a). As the concentra-
tions of benzaldehyde increased from 10~ 8 mg/ml to 10~* mg/ml,
the series impedance of R, and Ry, rose much obviously. Through
calculating series resistances of R, and Ry, of these different
impedance spectra, we got the normalized impedance change
(NIC) of benzaldehyde, which was described as (Z, —Z,)/Zp, where
Zp and Z, represent half of the series impedance of R, and Ryore
before and after benzaldehyde stimulation respectively. Though
fitting the sigmoidal curve with a Hill equation, we got that the
dissociation constant between hOBP and benzaldehyde was near
10~® M. Moreover, NICs of benzaldehyde had a linear relationship
with the logarithm of the concentrations from 10~ 8 mg/ml to
10~°> mg/ml, which was y=0.188log(x)+1.732 (r*=0.9542),
where x and y represent the concentrations of benzaldehyde and
changes of NIC, respectively (Fig. 4b). The sensitivity was about
19% + 3% for every 10 mg/ml. Meanwhile, the detection limit was
about 10~2 mg/ml. It suggested that interactions between hOBPs
and benzaldehyde could be sensitively detected by the nanopore
based impedance biosensor.

Besides aldehydes, hOBPs also showed high affinities to fatty
acids, which have extensive metabolic, structural and functional
roles within human bodies, such as modulating cellular signaling
and interactions. Docosahexaenoic acid that contains 22 carbon
atoms is one kind of omega-3 polyunsaturated fatty acid, which
has a number of vital functions in vision, neuroprotection, and
memory. Through detecting the impedance spectra of doc-
osahexaenoic acid at different concentrations, the interactions
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Fig. 4. Electrochemical detection for aldehydes: (a) impedance spectra of hOBPs to benzaldehyde from 10~% mg/ml to 10~“ mg/ml and (b) normalized impedance changes
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Fig. 5. Electrochemical detection for fatty acids: (a) impedance spectra of hOBPs to docosahexaenoic acid from 10~% mg/ml to 10~ % mg/ml; (b) normalized impedance
changes (NICs) of hOBPs interacting with docosahexaenoic acid that contains 22 carbon atoms; (c) impedance spectra of hOBPs to lauric acid from 10~ mg/ml to 10~* mg/

ml and (d) NIC of hOBPs interacting with lauric acid that contains 12 carbon atoms.

between hOBPs and docosahexaenoic acid were also analyzed
(Fig. 5a).

Similar to the impedance spectra of benzaldehyde, the series
impedance of R, and Ry, increased when the concentrations of
docosahexaenoic acid were increasing. Moreover, from the sig-
moidal curve of NICs from 10~% mg/ml to 10~% mg/ml, the dis-
sociation constant between hOBP and docosahexaenoic acid was
near 10~ M (Fig. 5b). The best linear relationship with the loga-
rithm of the concentrations was from 10~ mg/ml to 10~> mg/ml,
which was y=0.257 log(x)+3.896 (*=0.8891). The sensitivity
was about 26 + 6% for every 10 mg/ml. Meanwhile, the detection
limit was near 10~ '?> mg/ml. Therefore, this hOBPs functionalized
biosensor provided a potential approach in docosahexaenoic acid
detection with a high sensitivity.

Meanwhile, in order to detect affinities of hOBPs to fatty acids

with different lengths of carbon chains, impedance spectra of
lauric acid, which has 12 carbon atoms and belongs to medium-
chain fatty acids, were detected (Fig. 5¢c and d). From 10~ 8 mg/ml
to 10~% mg/ml, the resistance changes were relatively low. The
dissociation constant between hOBP and lauric acid was near
10~* M. The linear relationship with the logarithm of the con-
centrations ranging from 10 %mg/ml to 107> mg/ml was
y=0.035 log(x)+0.289 (r?=0.7329). The sensitivity was about
44 1% for every 10 mg/ml. And, the detection limit was near
10~ 8 mg/ml. Compared to docosahexaenoic acid, lauric acid had a
much less impact on the series impedance of R, and Ryore, Which
indicated that interactions between hOBPs and lauric acid lead to
small resistance changes of the protein. Moreover, the saturation
concentration of lauric acid should be higher that 10~* mg/ml.
Thus, the nanopore based biosensor showed a promising
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Fig. 6. Maximum NICs of hOBPs-modified nanopore arrays to benzaldehydes (BzH),
lauric acid (LA), and docosahexaenoic acid (DHA), and BSA-modified nanopore
arrays to DHA (n=3).

potential in discriminating fatty acids with different lengths of
carbon chains, which was in accordance with that hOBPs might
bind the larger chains more efficiently (Briand et al., 2002).

To examine that the impedance changes of hOBPs functiona-
lized nanopores were caused by whether the attachment of pro-
teins during measurements, or the different impedance of tested
solution, BSA-modified nanopore arrays were also tested. Under
the treatment of docosahexaenoic acid, resistance of nanopore
arrays hardly changed, even at 10~4 mg/ml (Fig. 6). Thus, it de-
monstrated that impedance changes of hOBPs functionalized na-
nopores with addition of ligands should be generated from the
specific binding of hOBPs and their ligands rather than other
reasons.

In addition, to explore the odorant-binding properties of those
ligands, the maximum values of NICs of the different ligands at
10~ % mg/ml were also compared (Fig. 6). There was a strong in-
teraction between hOBPs and benzaldehyde, which could be re-
flected by the maximum changes of the normalized impedance
(NICpax), almost 80%. Through comparing NIC,,.x of benzaldehyde
to lauric acid, however, it indicated that hOBPs had a relatively
high affinity and sensitivity to benzaldehyde. With the number
and length of carbon atoms of fatty acids increased, NIC,4 in-
creased. For docosahexaenoic acid, NIC;,qx at 10~% mg/ml was near
150%, which was much larger than that of benzaldehyde and lauric
acid. Therefore, hOBPs showed the highest affinity and sensitivity
to docosahexaenoic acid in the tested ligands. These results vali-
dated that hOBPs-modified nanopores could mimic olfactory
ability of human beings to a certain extent.

4. Discussion
4.1. hOBPs functionalized nanopore biosensor

As a cost-effective filtering membrane, nanopores were often
employed in electrochemical testing as insulating membranes to
stochastically sense (bio)molecules in solutions (Makra and
Gyurcsanyi, 2014). Functionalized with proteins that would be
induced conformational changes by the corresponding testing
substances, the detection signals of nanopores could be greatly
amplified. Studies about OBPs showed that concerted dynamic
phenomena might occur at the odorant entry site, which was
likely related to the uptake-release mechanism of the ligands

(Pelosi et al., 2005; Lescop et al, 2009). The conformational
changes of OBPs had strong effects on electrical properties that
could be detected by the nanopore based biosensors with quite
special characteristics and relatively high sensitivities.

In this study, utilizing the conformation properties of hOBPs, an
electrochemical impedance nanopore based biosensor was devel-
oped for both odorant and biomolecular ligand detection. When
introducing nanopores into the three-electrode system, additional
electron transfer process was induced. Before hOBPs immobiliza-
tion, the characteristic resistance approximated half of Rpore. When
the proteins were immobilized, a composite resistance—capaci-
tance parallel circuit was introduced that changed the character-
istic resistance into half of the series resistance of Ryor. and R,.
More importantly, under the treatment of different ligands, only
the series resistance of R,or and R, increased once again, which
indicated that interactions between hOBPs and their ligands also
increased the characteristic resistance of the hOBPs-nanopore
complex.

4.2. Ligand detection with hOBPs based biosensor

As a volatile organic compound, benzaldehyde could be trans-
ported through liquid nasal mucus to make a sense of olfaction.
Generally, aldehyde groups of benzaldehyde could interact with
the lysine residues that located at the entrance and inside of the
binding pocket of hOBPs, through hydrogen bonds, while the
benzene rings of benzaldehyde could form m-stacking with other
amino acids that contain benzene rings (Tcatchoff et al., 2006;
Charlier et al, 2009). Additionally, the hydrophobic cavity of
hOBPs had strong hydrophobic interactions with benzaldehyde.
From the impedance spectra, it could be inferred that forming of
the benzaldehyde-hOBP binding complex increased the resistance
of proteins, and further influenced the whole impedance of the
nanopores, while having little influence to the capacitance of
hOBPs. Different from other benzaldehyde detection biosensors
that based on insect ORs, and even antibodies, this impedance
biosensor utilized hOBPs could provide a novel and sensitive
platform for mimicking the human sense of smell to detect odor-
ants (Gobi et al.,, 2007; Sato and Takeuchi, 2014; Onodera and
Toko, 2014). More importantly, the good heat resistance and acid-
base resistance properties of hOBPs made the nanopore based
biosensor more robust to other biosensors utilized olfactory cells
and ORs, which either needed strict experimental conditions or
the protein expression and purification was often very difficult
(Lee et al., 2012; Oh et al., 2014).

Fatty acids were crucial lipophilic biomolecules in the patho-
genesis of numerous serious diseases, such as cardiovascular and
neurodegenerative diseases, and even cancers (Bazan et al., 2011;
Brasky et al.,, 2013). For the bindings between hOBPs and fatty
acids, except for hydrogen bonds with lysine residues, other forces
were also important, including hydrophobic interactions, and van
der waals forces. Hence, fatty acids, especially those with long
chains, could also change electrical properties of the hOBPs-na-
nopore complex. Thus, the hOBPs based biosensor that used na-
nopores had successfully detected fatty acids with different sen-
sitivities. Compared to other kinds of biosensors, such as ther-
mometric, piezoelectric, and optical biosensors, electrical bio-
sensors with nanomaterials were regarded as strong candidates
for rapid biochemical detections due to diagnosis without labeling
steps, and compatibility with integrated circuits (Zhao et al., 2014;
Roy et al., 2015). Although lacking of the real interference analytes
that can also interact with hOBPs, the detection of different fatty
acids would also be of immense significance not only in biome-
dical chemistry, but also in detecting biological molecules in ser-
um and urine for diagnostic and pathological researches.
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4.3. Applications of the hOBPs for biosensing

As one of the most important proteins in human olfaction,
hOBPs play significant roles in regulating ingestive behavior,
avoiding environmental hazards, and even chemical communica-
tion through transferring signals of outer world to human body.
Meantime, serving for the transport, storage, or sequestration of a
variety of small molecules, hOBPs exhibited good sensing prop-
erties. By directly targeting the sense of smell, this hOBPs func-
tionalized nanopore biosensor could be used as an olfactory bio-
sensor for special odorant detection, such as volatile odor bio-
marker detection.

What is even more amazing is that, except for identifying in
nasal tissues to make sense of smell, hOBPs were also found as the
extracellular carriers of lipophilic ligands in several other organs,
such as lachrymal, prostate, and mammary glands (Schiefner et al.,
2015; Schiefner and Skerra, 2015). Thus, hOBPs were found to be
members of lipocalin superfamily and might be involved in various
physiological processes, including fatty acid and pheromone sig-
naling, immunomodulation, modulation of growth and metabo-
lism, tissue development, and apoptosis. Learning from other hu-
man lipocalins, hOBPs could accommodate a myriad of biological
signal molecules in various physiological processes. Therefore,
through analyzing the interactions between hOBPs and their li-
gands, the hOBPs based nanopore biosensor offered an opportu-
nity to investigate binding affinities of hOBPs to biomolecules in
vitro. It also exhibited a promising potential in evaluating condi-
tions of related organs, and even disease diagnosis through sen-
sing and detecting important biomolecular ligands.

5. Conclusion

Based on conformation changes of hOBPs when binding to li-
gands and the sensing properties of nanopores, we have devel-
oped an electrochemical impedance biosensor for biochemical
sensing. Through detecting benzaldehydes, docosahexaenoic acid,
and lauric acid, which were closely related to cancers and other
serious diseases, the hOBPs based biosensor showed specific
characteristics. The detection limits of these three ligands were
lower than 10~ 8 mg/ml. With the equivalent circuit of the bio-
sensor, the interactions between hOBPs and different biomolecules
were analyzed. The design of the hOBPs based biosensor provides
a label-free platform for detecting odorants and important bio-
molecular ligands related to health. The sensor could be also used
to explore the odorant-binding properties of hOBPs, and functions
of hOBPs in different physiological processes.
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