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Abstract— Background: Fluctuation in serotonin (5-HT)
level is an essential manifestation of several neurological
disorders. In view of such importance, it is necessary to
monitor the levels of 5-HT with good sensitivity, selectivity,
affordability and low response time. Zinc oxide (ZnO) based
field effect transistors (FET) with attributes like minimized
noise levels and large on-off ratio are regarded as emerg-
ing high performance biosensor platforms. However, their
response is significantly non-linear and there has been
no appreciable endeavor for improving the non-linearity.
Method: In this paper, we have introduced embedded gate
electrode encompassing the channel of the FET which
improves the uniformity in electric field line distribution
through the electrolyte and proportionately enhances the
capture of target biomolecule at ultra-low concentrations,
thereby increasing the linearity. Further, we have incorpo-
rated the optimized parameters of ZnO nanorods reported
previously, for rapid and selective detection of 5-HT.
Results: It has been observed that the fabricated ZnO FET
biosensor lowers the detection limit down to 0.1fM which
is at least one order of magnitude lower than the existing
reports. The sensor also has wide linear range from 0.1fM to
1nM with a detection time of about 20 minutes. Conclusion:
The proposed zinc oxide nanorod-basedsensor can be used
as an excellent tool for future diagnosis of neurological
disorders.

Index Terms— Serotonin, zinc oxide nanorod, neurologi-
cal disorder, optimization.

I. INTRODUCTION

MONITORING of serotonin (5-hydroxytryptamine,
5-HT) using biosensors is a potent research area

because imbalanced 5-HT in blood causes depression,
a major world-wide public health problem. [1]–[5]. Moreover,
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a low level of 5-HT can also lead to numerous abnormal
physiological conditions like kidney disorder, regulation
of blood pressure, hypertension, fibrotic syndrome and
others [6]–[10]. Therefore, trace level detection of 5-HT
is necessary for early diagnosis and prevention of various
neurological diseases [11], [12]. Few basic criteria for
large scale monitoring of 5-HT include good sensitivity,
high selectivity, affordability, low response time and
superior portability. Moreover, due to the complicated
matrix of physiological analytes, it is highly challenging
to develop a sensing strategy, which combines all the
required criteria. For instance, the widely deployed laboratory
based methods for 5-HT detection include high-performance
liquid chromatography (HPLC), capillary electrophoresis,
coulometry, fluorescence, mass spectrometry and enzyme-
based immunoassay, which have good sensitivity as well
as selectivity, but require sophisticated instrumentation
and tedious sample pre-treatment, in addition to being time
consuming [13]–[17]. Various electrochemical techniques have
also been deployed for precise detection of 5-HT, because they
are simple, economical and enable rapid, label free detection
in a real-time manner [18], [19]. Despite, these advantageous
features, it is often difficult for electrochemical based methods
to achieve high selectivity towards the target molecule,
especially in case of neurotransmitters because the oxidation
potential of these small molecules are significantly close and
is often difficult to differentiate their electrical signals [20].

Recent evidences suggest that immunoassays are highly
advantageous for specific and sensitive measurement of target
antigen. Immunoassays are capable of detection without any
analyte enrichment, purification or pretreatment, which is
generally needed by standard methods such as HPLC, mass
spectrometry or gas chromatography. In this regard, photoelec-
trochemical (PEC) immunoassays have attracted substantial
research scrutiny for its desirable combination of the inherent
sensitivity of the PEC bioanalysis and the specific bioaffin-
ity properties of the immunomolecules towards detection of
biomolecules [21]–[24].

Further, evidences suggest that various nanostructured FET
based biosensors have shown remarkable output for fast
clinical diagnosis applications [25]. For instance, multiple
silicon nanowire (SiNW) FETs connected in parallel has

1558-2639 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Tsinghua University. Downloaded on November 04,2022 at 15:50:20 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-6534-0944
https://orcid.org/0000-0002-9479-3966
https://orcid.org/0000-0001-9619-4150
https://orcid.org/0000-0001-6318-6058
https://orcid.org/0000-0002-7245-4736


66 IEEE TRANSACTIONS ON NANOBIOSCIENCE, VOL. 21, NO. 1, JANUARY 2022

been reported to successfully detect dopamine (DA) down to
10 picomolar (pM) with superior specificity in presence of
other structurally similar chemical analogues [26]. A recent
study with SiNW-FET immunosensor has been evidenced for
detection of γ -amino butyric acid (GABA) with a detection
limit as low as 970 femtomolar (fM) [27]. In addition, nano-
materials such as carbon nanotubes (CNTFETs) have also been
implemented for detection of DA non-enzymatically with high
sensitivity and selectivity enabling detection limit down to fM
range [28]. Most of the reported works are mainly focused
on SiNW and CNTs, only few studies have been evidenced
to be focused on the detection of neurotransmitters using
oxide semiconductor. However, the unstable SiNW surfaces
can be easily oxidized and form an insulating layer which
may degrade the device reliability and sensitivity, while the
chirality of CNTs remains an unsolved problem. Thus, it’s
worthwhile to investigate metal oxide material for biosensing
application [29].

Zinc oxide (ZnO) based thin film transistors have some
attributes like minimized noise levels with large on-off ratio
and are regarded as emerging high performance sensor plat-
forms [30], [31]. High isoelectric point (9.0) and adequate
electron transfer features have made ZnO a significant matrix
for biosensing applications. Compared to other matrices, bio-
compatibility of ZnO hinders denaturation and conserves the
critical structure of the captured protein [32]. Motivated to
push down the limit of detection and overcome the disadvan-
tages of prolonged response time with low binding kinetics
of 2D nanostructure, 3D biosensors using ZnO has been devel-
oped by growing vertically directed ZnO nanorods for virus,
proteins, macromolecules and enzyme diagnosis [33]–[44].
Single crystalline ZnO nanorods are structurally uniform with
minimal dislocations and the spacing can be reduced to size
scales that are commensurate with the size of the biomole-
cular analytes. FETs with nanorods are found to be impres-
sive, robust and economically feasible platforms to achieve
high current amplification and sustain an enhanced signal-
to-noise ratio among all the detection methodologies owing
to their excellent sensitivity, label-free, real-time response for
biomolecule detection [45]. Moreover, ZnO nanorods based
biosensors have paved their path into wearable since they can
be fabricated on flexible substrates [46], [47].

Recently, a novel NaYF4:Yb,Tm@ZnO-based photoelectro-
chemical biosensor has been evidenced for determination of
carcino-embryonic antigen (CEA). In this experiment ZnO has
been uniformly covered on the surface of NaYF4: Yb, Tm by
the process of calcination so that ZnO can be excited in situ by
ultraviolet light from NaYF4: Yb, Tm to generate photocur-
rent, extending the application of metal-organic frameworks
(MOF) derived photoelectric materials. The biosensor showed
excellent selectivity and sensitivity with a detection limit of
0.032 ng mL-1 [48]. However, this detection limit may not
be satisfactory for all types of biomolecules. In view of
performance enhancement, ZnO nanorod FET-based biosensor
has been fabricated for phosphate detection [36]. Recently,
ZnO nanorods based FET biosensor has been reported towards
rapid sensing of 5-HT with 1fM detection limit [49]. As ZnO
is polycrystalline, it has got several defect states. These defect

states regulate some effective FET parameters such as: on-off
ratio, threshold voltage, field-effect mobility and transconduc-
tance. Therefore, it is significant to examine the effect of
the above-mentioned defects on the detection limit as well as
the sensitivity of FET biosensors. Besides, roughness of the
surface also changes due to the presence of surface defects,
which is expected to determine receptor binding density,
longevity and selectivity of these sensors. Thus, optimization
of the effect of defect state density in ZnO FET based
biosensor is an essential criterion to enhance the performance.
Surface roughness and defect state density related to ZnO
FET have been optimized in a previous work [50]. Though
ZnO based FET sensors have attracted considerable attention,
their response is significantly non-linear and there has been no
appreciable endeavor for improving the non-linearity, which is
also beneficial for translation of such devices to point-of-care
applications.

In this communication, we have introduced embedded
gate electrode encompassing the channel of the FET which
improves the uniformity in electric field line distribution
through the electrolyte and proportionately enhances the cap-
ture of target biomolecule at ultra-low concentrations, thereby
increasing the linearity. Further, we have incorporated the
optimized parameters of ZnO nanorods reported previously,
for rapid and selective detection of 5-HT. Key to our biosensor
is its capability of selective, sensitive and linear detection
down to 0.1fM in buffer as well as in real samples by electrical
change on the basis of immunoreactions.

II. MATERIALS/EXPERIMENTAL

A. Chemicals

Monoclonal antibody against 5-HT (MAB 352),
clone YC5/45 has been purchased from Merck, EMD
Millipore. Serotonin hydrochloride (C10 H12N2O.HCl),
ascorbic acid (AA) (C6H8O6) and dopamine hydrochloride
(C8H11NO2.HCl) have been procured from Sigma-Aldrich,
USA. Distilled and de-ionized water (DI) has been
obtained from the Milli-Q system (18.52 M� cm). Ethyl
alcohol (C2H5OH), 3-mercaptopropyltrimethoxysilane (MTS),
N-γ -maleimidobutyryloxysuccinimide (GMBS), sulphuric
acid (H2SO4) and all other chemicals have been procured
from Sigma-Aldrich, USA. Therefore, these chemicals have
been utilized without further purification.

B. Synthesis of ZnO Nanorod-Based FET

Embedded gate electrode and interdigited source, drain
electrodes have been fabricated on top of glass substrate
using photolithography. The detailed lithography procedure
has been indicated in earlier report [45]. This is followed by
deposition of a layer of Cr (20 nm)/Au (100 nm) by thermal
evaporation and the electrode patterns have been defined by
lift-off process. In the next step, the poly methyl methacry-
late (PMMA) solution has been spin coated on the substrates
at 3000 rpm for 30 s. After baking at 180 ◦C for 30 mins, a
1.3 μm thick PMMA layer has been obtained. The predesigned
patterns with opening on the ZnO regions have been trans-
ferred on the PMMA photoresist layer by the mask aligner.
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Fig. 1. The schematic of the sensor.

The substrate with exposed PMMA layer has been dipped into
a developing solution (methylisobutylketone and isopropanol
at volume ratio of 1:3) to produce the patterned features.
After developing for 60 s, the substrate has been dipped into
isopropanol for 60 s to wash off the developing solution and
then dried under nitrogen flow. In the next step, ZnO seed layer
has been synthesized incorporating E-beam deposition method.
Time of deposition has been set to 120 sec. The detailed
synthesis method has been reported in previous work [50].
ZnO nanorods have been synthesized on top of the ZnO seed
layer using hydrothermal technique as indicated in earlier
report [45]. The ZnO nanorods were mainly synthesized
using equimolar zinc nitrate hexahydrate [Zn(NO3)2,6H2O]
and hexamethylenetetramine (HMTA:C6H12N4). 50mM zinc
nitrate hexahydrate was mixed with 100 ml of DI water
in order to prepare the ZnO precursor solution. Following
this, the solution bath was heated by keeping on a magnetic
stirrer. Finally, the bath temperature reaches to 60 ◦C then
4 ml of ammonium hydroxide [NH4OH] was added to the
solution. Next, the entire solution was kept on stirring for
another 30mins and was kept undisturbed for another 24 hours.
Again equimolar concentration of zinc nitrate hexahydrate and
hexamethylenetetramine was mixed respectively with 50ml of
DI water and stirred for 10mins. After this both the bath
solutions have been mixed together and gradually stirred at
260rpm. Finally, for better crystallization the ZnO nanorods
were properly annealed at 350 ◦C for approximately 5mins by
using rapid thermal annealing method. The whole hydrother-
mal method has been represented chemically by Eqs. (i-iv):

C6H12N4 + 6H2O → 6HCHO + 4NH3 (i)

NH3 + H2O → NH+
4 + OH− (ii)

2OH− + Zn2+ ↔ Zn(OH)2 (iii)

Zn(OH)2 ↔ ZnO + H2O (iv)

Next, the substrate has been immersed in acetone for
30 mins to dissolve the PMMA templates. The sample has
been then removed from acetone and dried in air. The
schematic of the sensor is depicted in Fig.1.

C. Functionalization of ZnO Surface

Fabricated ZnO nanorods have been treated with oxygen
plasma to overcome various fluctuations occurring during
the positioning of solution droplets and hence ensure the
repeatability of measurements. After plasma treatment, the
silanization process has been executed, followed by crosslinker

Scheme 1. The functionalization and antibody immobilization mecha-
nism of the sensing surface.

attachment. In the next step, the sensors have been incubated
with the optimized concentration of monoclonal antibody
against 5-HT (1:1000) dilution to allow maximum binding of
the antibody. Then, the non-specific adsorption of antibody has
been removed by washing in 20mM phosphate buffer saline
(PBS) (pH 7.2).This has been followed by blocking the sensor
surface using 10μl bovine serum albumin(1mg/ml). The steps
have been schematically represented in Scheme 1 and the
detailed procedure has been outlined in previous report [45].

D. Serotonin Solution Preparation
Serotonin hydrochloride (1mg/ml) with ≥98% purified has

been used as the target molecule to carry out the electrical
measurements. Serial dilutions have been performed using
100mM PBS (pH 7.2) to produce concentration ranging from
0.1fM-1nM. Moreover, spiking of serotonin hydrochloride
in human blood serum has been done to carry out further
measurements in the physiological sample.

E. Preparation of Human Serum Samples
5ml each of 5 human blood samples have been collected

from healthy volunteers with proper consent. The blood has
been secured in sterilized plastic containers and further cen-
trifuged at 3,000 rpm for 10 min, not later than 30 min after
blood sampling. The obtained serum has then been kept in
sterilized plastic containers and has been equilibrated with
PBS (pH 7.2) for further utilization in electrical studies.

F. Electrical Measurement of Serotonin
A sensor holder set up has been used to interface each

sensor chip with the PC. In the experimental setup, sensors’
bond pads have been set just beneath the sensor holder
probes. Then, the sensor holder probes have been connected
with the drain, as well as source electrodes, and are mainly
spring-loaded along with the adjustment screws which align
them with the bond pads. The liquid gate electrode has
been fitted by means of a small gap in the experimen-
tal setup and has been soldered to a metallic intercon-
nect. Furthermore, the gate electrode has been fixed to a
dc power supply (Keysight technologies). A high-frequency
signal of 20 mV amplitude has been applied at the drain
electrode through a signal generator (Agilent33521 A) with
the frequency ranging from 200-1000 kHz. A lock-in amplifier
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Fig. 2. (a) FESEM image of ZnO seed layer, (b) FESEM image of ZnO
nanorod.

(Stanford Research, SR 830) has been used for modulation of
high- frequency signal with a reference signal of 1.43 kHz
and has been provided to the ZnO nanorod FET at the source
terminal. When the root mean square value of the mixing
current stabilizes after application of 100 μl buffer, 10 μl of
analyte has been pipetted. For both before and after analyte
applications, the root mean square value of the mixing current
has been recorded at the modulated frequency through the
drain terminal. The steady-state analysis has been performed
with spiked 5-HT solutions, both in buffer and serum samples.
For real-time analysis, measurements have been recorded with
a computer interface using a control solution at a sampling rate
of 0.075 kHz.

A set of five parallel replicates has been recorded for each
sample. The mean values along with the standard deviations
have been plotted. Limit of detection (LOD) has been esti-
mated as that 5-HT concentration for which the mixing current
is at least 3 times the standard deviation from the mean
baseline value. The accuracy of the detection method has been
calculated as the percentage of recovery by adding 0.1 fM,
1 pM and 1 nM solution of 5HT to aliquots of a blank serum
sample. Percent of recovery is the ratio of the amount of
antigen solution which actually gets collected to the amount
of antigen solution which is supposed to collect.

G. Implementation of Characterization Techniques

The morphological characterization of the surface has been
conducted by the field-emission scanning electron microscopy
(ZEISS EVO-MA 10).The crystal structure and unit cell
dimensions of ZnO has been carried out by X-Ray diffraction
(XRD) (Rigaku SmartLab X-ray diffractometer). On the other
hand, Raman spectroscopy and photoluminiscence spectrome-
try (PL) measurements of the ZnO nanorods have been carried
out using Raman and MicroPL System (HORIBA-LabRAM
HR Evolution).

III. RESULTS AND DISCUSSION

A. Characterization Results of Optimized Sensor

The surface morphology has been evidenced by high-
resolution FESEM setup. Fig. 2a depicts the formation of ZnO
seed layer and Fig.2b shows the profusely dense and vertically
arranged ZnO nanorods with the length to be approximately
1.54μm along with the diameter of around 230 nm. PL has
been done at room temperature and Fig. 3 depicts the PL
spectrum for ZnO nanorod grown on glass substrate. Two main
peaks can be observed from the spectrum: first, near band

Fig. 3. PL spectrum for ZnO nanorod at room temperature.

Fig. 4. Raman spectrum of ZnO.

edge emission (NBE) and second, deep level emission (DLE).
NBE peak gets generated due to the excitonic recombination
around bandgap of ZnO in the ultra violet (UV) region. DLE
peak corresponds to the existence of several defects such as
oxygen antisite (OZn), oxygen vacancy (VO) and zinc vacancy
(VZn). From Fig. 3 it can be seen that NBE of ZnO nanorods
occur at 389 nm and distinct DLE peaks are at blue (458 nm),
green (519 nm, 541 nm and 565 nm) and orange (592 nm
and 609 nm) range. Presence of defects in ZnO gives rise to
various defect energy states in between the bandgap of ZnO
which can tune ZnO based FET devices’ performance. It may
be observed from the PL measurements that the NBE/DLE
ratio of the optimized sensor is 1.206.

The Raman spectra of the grown ZnO FET fabricated on
glass substrates represented at Fig. 4. In the spectra, sev-
eral Raman modes have been identified near 441 cm−1 and
571 cm−1. The E2 (high) mode of ZnO was represented by
the band at 441 cm−1whereas, the A1 longitudinal optical
(LO) mode was represented at 571 cm−1. The E2 (high) mode
corresponds to the characteristic of wurtzite lattice. The A1
(LO) mode generates from the defects of VO.

The crystallinities of ZnO nanorods have been examined by
XRD patterns. It is evident from the XRD spectrum that (002)
is the preferred direction of hexagonal wurtzite crystalline
ZnO nanorods. ZnO nanorods have a tendency to grow with
a preferable c-axis orientation due to (002) plane’s lowest
surface free energy. A competitive growth occurs between
the adjacent crystallites, until the rapid generation crystallite
overcomes the ones with sluggish growth and proceeds to the
free surface. (002) peak intensity at 2θ = 34.24◦ is quite sharp
as can be confirmed from the Fig. 5.

B. Finite Element Simulation

For estimating the biomolecule capture using the embedded
electrode, electric potential distribution in the electrolyte has
been simulated using finite element method of COMSOL
Multiphysics 4.3b. AC/DC module has been selected to
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Fig. 5. XRD spectrum of ZnO nanorods.

Fig. 6. Schematic of case 1 (Not drawn to scale).

incorporate required physics. Two cases have been studied
here. In case 1, positive potential has been applied at the
two embedded electrode terminals (A and B) and the bottom
electrodes (C and D), corresponding to source and drain have
been kept grounded. All other boundaries have been indicated
as insulation. The distance between the embedded electrodes
and the active regions is 500 μm and the height of the
electrolyte is 1 mm. The sensor geometry has been simplified
showing a few nanorods of length 1.5 μm and diameter
230 nm(in accordance with the FESEM results), to reduce
the computational complexity. The schematic representation
of the structure simulated is shown in Fig.6. A high-density
mesh has been considered within the constraint of executing
the simulation in reasonable time. Computational domain has
assumed room temperature with the parameters, εr = 81,
η = 2 × 10−5Pa.s, σ = 1.6 S/m where εr is the relative
permittivity, η is the dynamic viscosity and σ is the conduc-
tivity of the electrolyte. In the steady state continuum regime,
the electric field distribution is guided by Maxwell-Boltzman
theory (Eq. (1)) which describes the potential distribution
within nanorods:

∇ · (ε∇V ) = −q(p − n − C) (1)

where C = ND−NA+ρp−ρn , q is the electron charge, ε is the
permittivity, p and n are the hole and electron concentrations
respectively and C is the concentration of additional, typically
fixed, charges. These fixed charges can originate from charged
impurities of donor (ND) and acceptor (NA) and from trapped
holes (ρp) and electrons (ρn).

To solve the model, current continuity equations (Eq. (2))
have been used:

1

q
∇ · Jn = −Un; 1

q
∇ · Jp = −Up (2)

where Un = ∑
Rn,i −∑

Gn,i is the net electron recombination
rate from all generation (Gn,i ) and recombination mechanisms

Fig. 7. Potential distribution of case 1.

Fig. 8. Schematic of case 2 (Not drawn to scale).

(Rn,i ). Similarly Up is the net hole recombination rate from
all generation (G p,i ) and recombination mechanisms (Rp,i ).

Potential distribution plot related to case 1 has been depicted
in Fig. 7. The nanorods are not prominently visible since
their dimensions are much smaller than the electrodes and
the spacings. This situation corresponds to uniform field
line distribution within the electrolyte which is expected to
result in electrophoretically driven proportional biomolecule
capture over the entire range, unless steric hindrance effects
appear for very high concentration. Case 2 represents the
suspended gate electrode which is conventionally deployed in
FET biosensor. In majority of the cases, the gate electrodes
are significantly larger in dimension than the FET channel and
hence may be positioned anywhere in the electrolyte volume.
Thus, the probability of asymmetric placement with respect
to the active sensor region is considerable. Positive potential
has been provided at terminal A which refers to the liquid
gate electrode. The bottom electrodes (C and D) have been
kept grounded. Schematic has been shown in Fig. 8. It is
observed from the potential distribution plot in Fig.9 that,
uniform distribution of electric potential cannot be seen as
the electrolyte solution amount is different in both sides of
the liquid electrode terminal. This is expected to result in
disproportionate capture of biomolecules in the low concen-
tration regime due to their non-uniform distribution, which
in turn is responsible for the non-linearity. This highlights
the importance of a uniformly encompassing embedded gate
electrode in ZnO FET biosensors.

C. FET Measurements and Limit of Detection (LOD)
The measurement of 5-HT is of importance because it

can provide supporting information to understand the role of
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Fig. 9. Potential distribution of case 2.

Fig. 10. (a) Curve showing variations in drain current (Id) with gate
to source voltage (Vgs) after antibody immobilization and after capture
of different 5-HT concentrations in presence of 100 mM buffer (pH 7.2)
and (b) variation of sensor response with different 5-HT concentrations
in 100 mM buffer.

5-HT in neurological disordered syndromes, thereby improv-
ing clinical treatment efficiency. For this purpose, the FET
response of the ZnO nanorods has been applied to detect
5-HT in real samples and 100 mM PBS solution (pH 7.2).
The fabricated ZnO nanorods are of 230 nm diameter and
length of 1.54 μm approximately. In Fig. 10(a), the curve
of drain current variations (Id ) with gate to source voltage
(Vgs), after antibody immobilization and after capture of
various concentrations of antigen (5-HT) registered in 100 mM
buffer (pH 7.2) has been recorded at 1MHz frequency keeping
drain to source voltage (Vds) fixed at 5V. The selection of
frequency has been optimized earlier for ZnO nanorods [45].
The data represented is the mean value of Id along with the
standard deviations recorded for every antigen concentration,
after testing with five sensors. In this whole experiment, every
sensor has been exposed to only one concentration of antigen
and after that the sensor has been discarded since for practical
applications, each sensor is used once to ensure reliability.
Thus, every sensor has undergone random exposure and not
any systematic increase or decrease in antigen concentration.

It has been observed that Id increases by one order of
magnitude in case of a typical change of Vgs from 0 to
5 V, thereby indicating high transconductance. This may be
attributed to the fact that the surfaces of the n-type ZnO
nanorods are usually depleted due to the chemisorptions of
oxygen molecules while the core which is electrically neutral,
is conducting. As gate voltage increases, the width of the
depletion region decreases significantly which leads to a
noticeable increase in conductance. The relationship between

Fig. 11. Real-time response of the ZnO nanorod FET based biosensor
in three different 5-HT concentrations spiked in controlled solutions.

Id and Vgs can be expressed by Eq. 3 which has also been
reported by other researchers [51].

Id =
(

V 2
gs + C1Vgs + C2

)
C3 (3)

where, C1, C2 and C3 are fitting constants.
It can be evidenced that with increasing concentration of

5-HT within the wide dynamic range of 0.1fM to 1nM,
there is a remarkable increase in Id of the transistor. As the
5-HT molecules are positively charged, carrier accumulation
takes place on the ZnO nanorods surface, since ZnO is
intrinsically n-type. Thus, the electron accumulation within
nanorods results in increase of Id and a decrease in net
resistance after antigen capture. As the current characteristics
along with its standard deviation for 0.1 fM concentrations of
5-HT shifts by more than 3 times from the standard deviation
of Id curve after antibody immobilization, the LOD achieved
is 0.1 fM in buffer. Sensor response was evaluated as the
fractional change in Id corresponding to Vgs of 5V, for a
particular concentration of 5-HT and this has been expressed
as percentage in Fig. 10(b). It has been observed that the
relative standard deviations (RSD) obtained from the replicates
are within 5%. From Fig. 10(b) it is also evident that the nature
of sensor response depicts linearity with antigen concentration
in buffer.

Fig. 11 shows the real-time response of the ZnO nanorod
FET based biosensor in three different 5-HT concentrations
spiked in controlled solutions. The change in Id has been
recorded with time to study the stability of current after
5-HT capture. It has been observed from the normalized
Id characteristics that the time taken to achieve steady-state
is around 15 min for 0.1 fM and only 2 min for 1 nM
concentration. This may be attributed to the fact that lower
the concentration of the analyte, slower is the rate of diffusion
towards the sensor surface [52]. Hence, a detection time of
approximately 20 min for a trace concentration of 0.1 fM is
remarkably better than that of the conventional methods which
requires around 3hr for detection of 26 nM concentration of
5-HT [53]. Further the standard deviations obtained from the
replicates are within 6% for all the concentrations.

D. Interference Studies
5-HT is found only in minimal amount in the human

body. Hence, the presence of similarly structured molecules
or physiological compounds or various medicinal drugs might
influence the accuracy of existing detection methods for this
analyte. In the present study, the selectivity of the ZnO FET for

Authorized licensed use limited to: Tsinghua University. Downloaded on November 04,2022 at 15:50:20 UTC from IEEE Xplore.  Restrictions apply. 



SINHA et al.: SELECTIVE, ULTRA-SENSITIVE, AND RAPID DETECTION OF SEROTONIN 71

Fig. 12. Specificity of the ZnO nanorod FET based biosensor towards
5-HT detection.

5-HT detection has been examined by means of competitive
binding tests with similar catecholamine structure such as DA
and other biological molecules like AA with redox potential
close to that of 5-HT. Moreover, these compounds exist
simultaneously in physiological fluid and due to their identical
structure, might hamper the binding of 5-HT to the antibody
sites. The specificity experiments was executed by monitoring
the sensor response, keeping Vgs constant at 5V using AA
and DA molecules at 1nM buffer. Therefore, the resulted
observation from Fig. 12 depicted that the sensor response
was found to be within 9% for such high concentration, which
indicates appreciable specificity of the ZnO biosensor.

E. Real-Sample Analysis
A huge number of pathophysiological conditions have been

attributed to the various levels of 5-HT in blood [54]. There-
fore, to investigate the suitability of the proposed biosensor in
complex biomatrix, serum samples have been used for analysis
using the potent spike method under optimized conditions [55].
In this study, different 5-HT concentrations have been spiked
in serum and tested with the same sensor. The non-specific
molecules present in the serum which are outside the Debye
length do not modulate the gate voltage significantly and hence
the FET response is not affected, leading to real time detection
even for complex samples [27]. It has been deciphered that
the sensor response decreases for real sample in comparison
to buffer solution, and this phenomenon can be justified by
the fact that lower number of target molecules gets captured
for the equal quantity of pipetted solution. Detection limit has
been considered to be that concentration of 5-HT for which the
deviation of the sensor response is less than 1/5th of the mean
value of the signal. Here detection limit is 0.1 fM. From the
sensor response, the concentration of 5-HT has been estimated
with the help of the characteristics shown in Fig. 13.

The sensor response depicted in Fig. 13 is the calibration
curve. Sensor response has been calculated as the fractional
change in current before and after antigen capture as given in
equation 4:

S = ∂ Id

Id
(4)

where, S is the sensor response. It is observed that the sensor
response in serum is appreciably linear with logarithm of 5-HT
concentration in the range of 0.1 fM to 1 nM. The mean
characteristics have been fitted by a linear function as depicted

Fig. 13. Variation of sensor response with different 5-HT concentrations
in buffer and serum for 1MHz frequency.

TABLE I
RECOVERY STUDY OF THE BIOSENSOR

by equation. 5:

y = a + blog(x) ± δ1 ± δ2 (5)

where, a and b are fitting parameters along with respective
standard deviations of δ1 and δ2, y is the sensor response and
x is the concentration of 5-HT.

In order to assess recovery of the developed biosensor,
the sensor has been exposed to three different concentrations
of spiked serum samples, as indicated in Section IIF. For
unknown samples, experimental data provides the values of
y obtained from five sensors. For different values of y, x have
been extracted from equation 5 and the corresponding mean
along with standard deviations have been estimated. This mean
value is the 5-HT concentration actually recovered from the
sample. Satisfactory recovery has been achieved, as shown
in Table I. The sensor performance has also been validated
by means of conventional immunoreactions enzyme-linked
immunosorbent assay (ELISA) (ImmuSmol ELISA Kit). For
this purpose, seven test solutions of 5-HT in real sample
such as blood serum was prepared and the obtained results
from both the methods are indicated in Table II. As the
detection limit of the proposed sensor is lower than the
ELISA kit, higher concentrations of 5-HT solutions have been
prepared for testing with the latter which then was diluted by
a known factor, before undergoing experimentation with the
sensor. Next, the measurements obtained from the commercial
system was further divided by the known dilution factor and
thereby, correlated with that from the sensor. Though the
sensor equation and the ELISA reader generate output up
to three places of decimal, it does not have much practical
significance since the actual concentration of the molecule in
the solution which has been prepared by serial dilution cannot
be measured with such precision. Thus the data has been
represented with one place of decimal. Each unknown sample
has been tested with ten different sensors. Table II shows that
both the mean results and the standard deviations obtained
from our sensor and the ELISA method is close. However,
the accuracy of the biosensor is slightly degraded from that of
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TABLE II
COMPARISON OF THE RESULTS OBTAINED FROM ZNO NANOROD FET

BASED BIOSENSOR WITH ELISA METHOD

TABLE III
COMPARISON OF THE FABRICATED BIOSENSOR

WITH EXISTING BIOSENSORS

the ELISA. This does not have significant clinical impact [56].
Hence, the proposed label free sensor has potential for point-
of-care applications, even if the accuracy is marginally low
in comparison to labelled ELISA techniques. For the sensor
to be commercialized, a dedicated signal processing unit
needs to be interfaced along with appropriate packaging. Most
importantly, extensive clinical trials have to be performed by
collecting patients’ samples from hospitals, after which the
proposed system may receive formal approval for practical
deployment.

The performance of the biosensor has been compared with
existing reports as shown in Table III. Selectivity issue has
not been addressed by most of the reported articles whereas
this work demonstrates selectivity of the biosensor with ascor-
bic acid. It has been found that the fabricated ZnO FET
biosensor lowers the detection limit to 0.1fM which is at
least one order of magnitude lower than the existing reports.
Compared to other reports, our FET biosensor has got wide
linear range from 0.1 fM to 1 nM and detection time is
about 20 mins.

Fig. 14. Variation of sensor response with different 5-HT concentrations
in serum after 30 days, 40 days and 60 days.

F. Reproducibility and Stability Studies of the ZnO
Nanorod FET-Based Biosensor

Reproducibility, as well as stability, are crucial analyti-
cal parameters in terms of commercialization of the sen-
sor [60], [61]. In order to examine the reproducibility of
the fabricated ZnO nanorod FET based biosensor, current
responses have been simultaneously recorded for five separate
batches of sensors. The result depicted that both the base-
line current and the modified current after analyte exposure
changes within 4% from one batch to another, thereby proving
that the fabricated sensor is significantly reproducible. In order
to study the stability of the fabricated ZnO nanorod FET
based biosensor, the sensor response has been taken into
consideration for 60 days after immobilization of antibody and
refrigerating at −20◦C. There has been a negligible change
in baseline Id and 90% of the original current signal has
been observed to be preserved after 40 days, which has
been evaluated at a regular interval of 10 days, while Id

gradually decreases to 60% after 60 days, proving that the
sensor is stable for maximum 60 days. Fig.14 displays sensor
response with various antigen concentrations after different
storage times. A 3%, 30% and 40% reduction in original
sensor response values have occurred after 30 days, 40 days
and 60 days respectively. The decay may be attributed to the
denaturation of the antibody molecules.

IV. CONCLUSION

In this study, it has been summarized that ZnO nanorod FET
based biosensor with embedded gate electrode encompassing
the FET channel improves the uniformity of the electrical
field line distribution through the electrolyte and thereby,
increases the capture of the targeted biomolecule at very low
concentrations, resulting in enhanced linearity. Additionally,
the optimized defect states and surface roughness along with
immobilized antibody enable label-free detection of 5-HT with
detection limit as low as 0.1fM in buffer as well as in real
serum. Several concentrations of 5-HT ranging from 0.1fM
to 1nM have been efficiently measured by the sensor and
validated with commercially available assay kits. Moreover,
the detection time for 0.1 fM is approximately 20 mins,
which is much better than the existing methods. The fabricated
biosensor also possesses excellent selectivity, reproducibility
and stability. In addition, this ZnO nanorod FET based system
can be anticipated towards a potent miniaturized biosensing
device for accurate diagnosis of various central nervous system
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disorders and also can be further exploited for providing a
low-cost platform for the development of implantable biochip
for detection of 5-HT as disease biomarker within the brain.
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