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This work reports rapid, label-free and specific detection of the HER2 antigen using a gallium nitride (GaN)

high electron mobility transistor (HEMT). Thiol-based chemistry has been utilized to immobilize the

corresponding HER2 antibody in the sensing area of the sensor. The formation of a gold–sulfur complex

has been confirmed through Raman spectroscopy, giving a peak at around a wavelength of 260 cm−1.

Fourier transform infrared spectroscopy and atomic force microscopy (AFM) also reveal the

functionalization of thiol and free carboxylic groups. On-chip enzyme-linked immunosorbent assay has

been utilized to confirm immobilization of antibody receptors on the sensing area surface, followed by

current–voltage measurement. Morphology of the sensing area using AFM and electrical characterization

of the sensor have been recorded before and after each functionalization process step. The sensor shows

detection of the HER2 antigen in a broad range of 0.7 pg ml−1 to 10 μg ml−1 i.e., (5 × 10−15 to 6 × 10−8 M). A

long-time study and reusability aspect of the sensor have also been investigated that show good viability of

the sensor. For the first time, a three-binding-site model based on the Langmuir isotherm has been

developed for HER2 detection using GaN-HEMTs with three dissociation constants, i.e., 7 × 10−10, 8.8 ×

10−11, and 7.2 × 10−9 M, respectively.

1 Introduction

Human epidermal growth factor receptor 2 (HER2) is a
transmembrane protein with tyrosine kinase activity involved
in the normal growth and differentiation of epithelial cells.1,2

The extracellular domain (ECD) of HER2 can be cleaved from
the surface of cancer cells by matrix metalloproteases and
released into the serum.3 The ECD of the HER2 released in
the blood served as an indicator of the overexpression of the
HER2 antigen that can be detected using a monoclonal
antibody.4,5 Increased levels of HER2 (≥15 ng mL−1) can be
detected in approximately 15 to 30% of unselected presurgical
breast carcinoma samples and in up to 45% of patients with
metastatic breast cancer.5,6 The overexpression of HER2 is not
only limited to breast cancer but also found in various other
human cancers such as non-small cell lung cancer (NSCLC)
(10 to 30%),7 salivary gland cancer (20%),8 gastric or stomach
cancer (10 to 30%),9 esophageal cancer (10 to 50%),10 ovarian
cancer (20 to 30%),11 and endometrial cancer (14 to 50%).12

HER2 testing is commonly carried out by various diagnostic
techniques such as enzyme-linked immunosorbent assay

(ELISA),13 immunohistochemistry (IHC)14 and fluorescence in
situ hybridization (FISH).15 However, these detection
techniques are fraught with labour-intensive, time-consuming
methods and false negative results and require labels, a strict
environment, and sophisticated instrumentation to carry out
HER-2 detection.16–18 Besides that, these methods require
biopsy, an extremely invasive method that carries many risks.
These hurdles make the widespread and frequent diagnosis
of HER2 highly inconvenient, resulting in delayed diagnosis.
These limitations urgently demand the development of less
invasive, simple and low-risk methods suitable for point-of-
care (POC) diagnosis of HER2 levels. Combining the
knowledge of cancer biology, molecular targeting, and
nanotechnology can enable the design of portable or hand-
held devices for diagnosis, monitoring, and treatment of
cancer appropriate for community or field use.19 Gallium
nitride (GaN)-based heterostructure FETs (HFETs), also
known as high electron mobility transistor (HEMTs), provide
high sensitivity and biocompatibility for biosensing
applications due to their stability in chemically harsh and
high-temperature environments.20,21 The two-dimensional
electron gas (2DEG) channel formed at the interface of
AlGaN/GaN is very close to the surface and extremely sensitive
to the surface charges.22 The high sensitivity of GaN HEMTs
towards surface charges facilitates a low-level detection of the
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HER2 antigen, which is the primary requirement for early-
stage detection. Besides, these sensors also have a small size
and low cost and only need a small quantity of test samples,
thanks to the matured semiconductor microfabrication
techniques. GaN HEMTs have been extensively used for pH
detection with and without gate structures.23,24 Nanorod-
functionalized and 3-aminopropyltriethoxysilane (APTES)
functionalized HEMTs have been used to detect glucose, with
the enzyme glucose oxidase located on the sensing area.25

Antibody driven PSA is detected at low concentrations using
Au-gated Al–GaN/GaN HEMTs with a detection limit of 10 pg
ml−1.26 The kidney injury molecule-1 (KIM-1) antigen has
been detected using a GaN HEMT with an LOD of 1 ng
ml−1.27 Sarangadharan et al. have successfully detected
cardiac troponin-I with antibody immobilized extended gate
GaN HEMTs with an LOD of 250 fM.28 Hee Ho Lee et al.
utilized GaN HEMTs for specific detection of C-reactive
protein (CRP) using thiol-based chemistry on the gate area
with an LOD of 0.1 ng ml−1.29 Ubiquitin carboxy-terminal
hydrolase L1 (UCH-L1), also known as BA0127, is a promising
biomarker for traumatic brain injury (TBI) and has been
detected by antibody-functionalized GaN HEMTs. However,
the LOD of the sensor is 20 μg ml−1.30 Chen et al. have shown
a proof of concept of using GaN HEMTs for biomolecule
detection at preliminary levels.31 In our previous studies, we
developed HEMTs for various sensing and biosensing
applications such as heavy metal, pH, polar liquid, C-erbB2/
HER2, and C3G detection.32–37 The previously developed
biosensor shows a reasonably good response for C-erbB2
(HER2) detection; however, it lacks robust surface
biochemistry that limits the low-level detection of the targeted
biomolecules. Also, it was demonstrated in human breast
cancer cell lines that biopsy of the cell tissues from the
affected area is required, making the testing invasive,
challenging and less frequent. Here, we have improved the
surface biochemistry by incorporating some intermediate
steps (discussed in section 2.3) which allows for more
efficient conjugation of the antibodies at physiological pH
that leads to very low level (femtomolar) detection of the
HER2 antigen. The reported biosensor has been successfully
tested in a serum along with the Crk SH3-domain-binding
guanine-nucleotide releasing factor (C3G) antigen as the
control sample. The low level detection of HER2 in a serum
makes this sensor useful for early-stage diagnosis with a non-
invasive methodology. In this reported work, a GaN HEMT-
based biosensor has been developed and tested on the
antigen–antibody interaction principle for detecting HER2.
The sensor has been tested for a broad range of concentration
of HER2 from 0.7 pg ml−1 (5 × 10−15 M) to 10 μg ml−1 (6 ×
10−8 M). The sensing performance has also been explored for
long-term application and degradation. To immobilize the
corresponding antibody on the sensor's gold sensing surface
(gate area), thiol-based surface chemistry has been utilized.
The sensor is characterized at each step of
biofunctionalization to understand their impacts. Material
and electrical characterization is carried out to observe the

sensing area modification and I–V measurements. The
developed GaN HEMT-based sensor has shown excellent
performance and provides a robust point of care diagnostic
tool for HER2 detection.

2 Materials and methods
2.1 Chemicals

Thioglycolic acid, also known as mercaptoacetic acid (HSCH2-
COOH), (98%; lab grade linker) was purchased from Sigma-
Aldrich. Lab grade chemical reagents such as N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) (C8H17N3·HCl) (98%), N-hydroxysuccinimide also
known as 1-hydroxy-2,5-pyrrolidinedione (C4H5NO3) (NHS)
(98%) and sodium hydroxide (NaOH) were purchased from
Sigma Aldrich. Buffer solutions, i.e., phosphate buffered
saline and 2-(N-morpholino)ethanesulfonic acid (C6H13NO4S)
for diluting the antigen and antibody, were procured from
Sigma Aldrich as well. Bovine serum albumin (BSA) (98%)
was procured from Sigma-Aldrich. A stock concentration of
100 μg ml−1 of the HER2 antibody [3B5] (product number
ab16901) and recombinant human HER2 protein (Active)
(product number ab60866) are obtained from Abcam, MA,
USA and stored at −20 °C.

2.2 Fabrication of GaN HEMTs

Our previous studies have shown the fabrication of GaN
HEMTs in detail. Fig. 1(a) summarises the most relevant
steps during the fabrication process and shows an epitaxial
structure of a fabricated HEMT along with the device design
and epi-layer parameters. The molar fraction of aluminium

Fig. 1 GaN HEMT: (a) schematic illustration of the cross section view
of the epitaxial and device design, (b) device with biasing pads and an
active area, and (c) zoomed in view of the source, drain and gate,
respectively.
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in the AlGaN layer is 22%. The fabrication of the HEMT
consists of 5 major process steps, i.e., ohmic contacts,
isolation, Schottky contacts, interconnection (biasing pads),
and sensing area opening. To make ohmic contacts (source
and drain), a metal stack of Ti/Al/Ni/Au with a thickness of
20/150/40/50 nm is deposited using an e-beam evaporation
system followed by rapid thermal annealing at 830 °C for 30
s in a nitrogen environment that gives the ohmic contact
resistance of 5 × 10−6 ohm per cm2.38 Interdevice isolation
has been achieved using bombardment of nitrogen ions
using an ion implantation method, which gives an isolation
resistance of 10 GΩ. Schottky contacts (gate) have been
deposited by a metal stack of Ni/Ti/Au with a thickness of 15/
20/150 nm using an e-beam evaporation system. Finally, the
entire surface of the devices has been coated with a Si3N4

layer with a thickness of 200 nm using the plasma enhanced
chemical vapour deposition (PECVD) method, which is later
selectively etched away from the sensing active area (gate)
and biasing pads of the devices. Fig. 1(b and c) show the
scanning electron microscopy images of the fabricated GaN
HEMT with the labelling of an active area. Fig. 2 shows a

graphical depiction of the process flow related to the
fabrication of GaN HEMTs.

2.3 Antibody immobilization on the sensor

Functionalisation of a sensor aims to immobilise the
antibody on the sensing area. However, the antibody
receptors cannot be immobilised directly on the metal
surface (sensing area). Functionalisation is a multistep
process requiring a linker to bind the antibody receptors. In
our case, thiol-based chemistry has been utilised to
immobilise the HER2 antibodies on the gate area (sensing
surface) of the GaN HEMTs. Thioglycolic acid (TGA) (HSCH2-
COOH) of 1 M concentration has been prepared by diluting 1
ml of concentrated TGA in 9.3 ml of deionised (DI) water.
The GaN HEMTs have been incubated in the TGA solution
for 15 hours at room temperature. Later, the devices are
rinsed three times with DI water. The thiol group (R–SH) in
the TGA is attached to the gold surface (active/gate region)
that makes a gold–sulfur (Au–S) complex, and the carboxylic
group (R–COOH) is accessible at another end.39,40 To confirm

Fig. 2 Graphical illustration of the fabrication flowchart of GaN HEMTs. (a) Bare epitaxial structure, (b) photoresist deposition, (c) ohmic contacts
formation, (d) device isolation, (e) Schottky contacts formation, (f) sensing area opening.
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the formation of the TGA layer on the surface, Raman
spectroscopy and Fourier transform infrared spectroscopy
(FTIR) have been performed along with the electrical
measurement of the sensor.

To improve the robustness of the surface biochemistry,
EDCNHS coupling has been incorporated as an intermediate
step. EDC converts free carboxylic groups (R–COOH) to prime
amines typically via the formation of amine-reactive NHS-
esters that are considerably more stable than amine-reactive
intermediates and provides higher coupling efficiency for
conjugation of the antibodies at physiological pH.41–43 This
coupling is accomplished by mixing EDC with an acid-
containing molecule and adding NHS. In our case, a solution
of EDC and NHS of 1 molar (M) concentration has been
prepared in DI water and to provide an acidic environment,
MES buffer with 6.1 pH has been mixed to prepare the final
EDC/NHS solution. The devices are incubated in the prepared
EDC/NHS solution for 2 hours at room temperature. The
EDC/NHS surface chemistry forms a stable amine reactive
site suitable for antibody binding. To bind the HER2
antibody, the devices are incubated in the diluted HER2
antibody in MES with a ratio of 1 : 1000 for 1 hour at room
temperature. The immobilisation of the antibody receptors
has been confirmed with a popular method in
bioengineering known as enzyme-linked immunosorbent
assay (ELISA). Finally, a blocking layer is formed on the
surface that enhances the reaction between the antigen and
antibody and blocks the unspecific sites that provide higher
specificity for the HER2 antigen. BSA has been used at 2%
concentration in DI water, and the devices are incubated for
2 hours at room temperature. In each process, the devices
are rotated at 150 RPM for uniform coating of the
corresponding layers. The I–V measurement of the devices
has been carried out before and after each functionalisation
step. Fig. 3 shows a graphical illustration of the
functionalisation process along with the surface chemistry
(stick diagrams) on the sensing areas (gold strips).

3 Results and discussion
3.1 GaN HEMT DC characterization

The electrical characterization of the GaN HEMT has been
carried out in a dry environment by measuring the DC output
and transfer characteristics as a function of drain and gate
voltages, as shown in Fig. 4. Output family curves of drain
current–drain voltage (Ids–Vds) are shown in Fig. 4 (left) at
different gate voltages from −3 V to 1.0 V with a 1.0 V step
size. Fig. 4 (right) shows the DC transfer characteristics between
the drain current and gate voltage (Ids–Vgs) at a Vds of +10 V.
The maximum drain current obtained from the Ids–Vds curves
is 53 mA at Vgs = +1 V and the maximum transconductance
(Gm,max) and threshold voltage (Vth) obtained from the Ids–Vgs
curves are 15.4 mS and −2.8 V, respectively. I–V characteristics
of the fabricated GaN HEMT show a well-known transistor
action.

3.2 Immobilization of the HER2 antibody

The immobilization process of the HER2 antibody on the
sensing area of the GaN HEMT begins with the thiol
modification of the surface. Fig. 5(a) shows the Raman
spectra of the sensing area before (black) and after (red) the
incubation of the sensor in 1 M concentration of thioglycolic
acid. The sample has been scanned from a wavelength of 150
to 2000 cm−1 using a 785 nm laser source. Sulphur (thiol
group) present in TGA has a great affinity to bind with the
gold surface and consequently forms an Au–S complex in the
sensing area. The Au–S bond has been confirmed by a peak
at around the wavelength of 260 cm−1. The observed peak is
well reported in the literature that confirms the suitable
incubation of the sensor.44–46

Fourier transform infrared (FTIR) spectroscopy has been
further performed to confirm the thiol functionalization.
FTIR on the sensing surface after thiol modification has been
carried out using FTIR equipment (BRUKER Tensor 37) from
a wavelength of 2000 to 3500 cm−1. IR spectra of TGA have
also been obtained for reference and shows the stretching
frequencies of S–H, C–H and O–H bonds. Thiol molecules
bound to the gold surface through the Au–S bond have been
confirmed by revealing the presence of S–H groups located at
the band of 2565 cm−1 for TGA (Fig. 5(b-1)) and their
disappearance at the same band on the Au surface (Fig. 5(b-
2)), respectively. The most important distinction between the
two FTIR spectra could be clearly determined by the band at

Fig. 3 Graphical illustration of the functionalisation process along
with the chemical stick diagram on the surface. The direction of the
arrows shows the process flow. Parallel yellow strips represent the
gate of the HEMT (not drawn to scale).

Fig. 4 Three terminal DC characterization of the fabricated GaN
HEMT. Output characteristics (left) and transfer characteristics (right).
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2565 cm−1 assigned to S–H bonding on the top spectrum.
However, this band is not present in the bottom spectrum.
This can be attributed to the cleavage of the S–H bond that
led to the formation of a new bond, i.e., the Au–S bond.47,48

This phenomenon proved the fact that thiol-terminated TGA
is bound onto the gold surface. Other peaks related to a
carboxylic group, such as C–H and O–H, are found at a
wavelength of 2920 and 3350 cm−1, respectively.49,50 These
facts further proved that the TGA molecules are bound to the
Au surface through the Au–S bond at one end while the
functional carboxyl groups (–COOH) freely moved to the
other end. These remarks are in good agreement with those
reported by Aryal et al. and Królikowska et al., who have
covered the formation of the COOH-terminated TGA bound
to the gold surface through new Au–S bonding related to the
absence of thiol (S–H) molecules.47,51

The impact of thiol modification on the sensing area has
also been studied electrically by taking the I–V measurements
of the sensor before and after thiol incubation. Fig. 5(c)
shows the I–V measurement of the sensor as a function of
drain to source voltage. The drain current of the sensor
increases after the thiol modification confirms the
abundance of positive charges on the gate terminal. A
biochemical process on the surface of the gate alters the
charge composition on the gate surface, which is reflected by
the change in the drain current that proves the surface
modification due to a specific biochemical process.

To immobilize the antibody receptors on the sensing area,
the activated carboxylic group has been incubated in the
HER2 antibody. The immobilization of HER2 antibody
receptors has been confirmed through the ELISA method.
For reference, the method can be summarized as follows.
The HER2 antibody receptors are immobilized using the

aforementioned functionalization process, and the targeted
HER2 antigen is conjugated on the antibody receptors. Later,
a corresponding secondary antibody linked with a specific
colour-producing enzyme has been used, which binds with
the HER2 antigen. Finally, a substrate is added to the
samples. ELISA is usually chromogenic using a reaction that
converts the substrate (e.g., 3,3′,5,5′-tetramethylbenzidine)
into a coloured product which can be measured using an
optical density spectrometer. The process of performing
ELISA on the GaN HEMTs is graphically illustrated in
Fig. 6(a). Optical images of the diced GaN HEMT sensors
after secondary antibody (AB) and after 3,3′,5,5′-
tetramethylbenzidine (TMB) assays (coloration) along with
the optical density (OD) are shown in Fig. 6(b). It can be seen
that the obtained optical density for the sensors is greater
than 0.6, which generally indicates the formation of the
antibody and antigen conjugate.52 If the primary antibody is
not immobilized on the surface, the TMB will not produce
any colour; however, in our case, the ODs are reasonably
good, which indicates a suitable immobilization of the
antibody receptors.

Apart from ELISA, the antibody immobilization on the
sensing area (gate) has been confirmed by I–V
characterization of the biosensor as shown in Fig. 6(c). The
drain current has been measured before and after the
antibody incubation as a function of the drain to source
voltage. The drain current increases after the antibody
immobilization, which also strengthens the confirmation of
suitable immobilization of antibody receptors. As per the
functionalization process, the sensors are incubated in 2%
BSA solution (2 mg ml−1) to block the unexpected remaining
unspecific sites on the sensing area to avoid cross interaction

Fig. 5 (a) Raman spectroscopy of the sensing area before (black) and
after (red) thiol modification. The Au–S peak is obtained at a
wavelength of 265 cm−1. (b) FTIR spectra (absorbance) of the sensing
area (b-1) before and (b-2) after thiol modification. Disappearance of
the S–H bond in (b-2) proves the formation of the Au–S complex. (c)
Drain current measurement of the sensor before (black) and after (red)
thiol incubation.

Fig. 6 (a) Graphical depiction of the ELISA process on the fabricated
diced GaN HEMTs along with the labelling (not drawn to scale). (b)
Optical images of the diced GaN HEMT sensors (b-1) after the
secondary antibody and (b-2) after TMB assays. An optical density
greater than 0.6 confirms suitable immobilization of the HER2
antibody receptor on the sensing area. (c) I–V measurement of the
sensor before (black) and after (red) the HER2 antibody incubation.
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of nonspecific species present in the test solution. Moreover,
the study of the surface modification of the sensing area after
each biochemical process has also been observed using
atomic force microscopy (AFM), as shown in Fig. 7. The
roughness and morphology of the surface after each process
also prove the surface modification at the physical level. The
surface roughness of the bare device is around 10 nm,
increasing to 146.8, 355 and 770.2 nm after its modification
in thiol, antibody and BSA, respectively. All these presented
results prove the suitable immobilization of antibody
receptors on the sensing area of the GaN HEMT.

3.3 Detection of the HER2 antigen

After the successful immobilization of the HER2 antibody,
the biosensor can be used for testing the HER2 antigen.

Fig. 8 shows the response of the sensor for two different
concentrations of the HER2 antigen (AG), i.e., 0.1 and 1 μM
as a function of the drain to source voltage (navy and olive
lines, respectively) along with the complete functionalization
process steps. A drop-cast method has been used on the
sensing area of the sensor, which requires only 3 μl volume
of the test antigen. The drain current increases after the
HER2 antigen incubation. As BSA incubation is the final step
of the functionalization process, the drain current (magenta)
after the BSA incubation has been taken as the reference for
relative measurements and conclusions. A control sample
has also been used to test the device's specificity. It can be
noted that the change in the drain current after dropping the
control sample (purple) is negligible as compared to the
targeted antigen.

In the colour-based immunoassay, it is well recognized
that BSA improves the specificity of a sensor. However, in the
solid state-based immunoassay, the BSA's role is unclear. To
understand this aspect, testing of the HER2 antigen is carried
out on two different sensors where one is incubated with
BSA, and another is used without incubation. Three different
concentrations of the HER2 antigen i.e., 100 ng ml−1, 1 μg
ml−1 and 10 μg ml−1, have been tested. Fig. 9 shows the
sensor's response at a Vds of +5 V, and it can be clearly
observed that for any concentration, the response of the
sensor incubated in BSA is better. Exposing the sensing area
to BSA after coating causes the free binding sites on the
sensing area to become saturated. This minimizes the
possibility of non-specific binding and significantly improves
the signal-to-noise ratio. This study clearly demonstrates that
the BSA incubation improves the specificity and the
sensitivity of the sensor.

The incubation time of the antigen means the time
required for the antigen to form a suitable antigen–antibody

Fig. 7 Images of the sensor in 2D (first row) and 3D (second row)
obtained using atomic force microscopy at various functionalization
steps. (a and e) Bare gold, (b and f) after thiol incubation, (c and g)
after antibody immobilization and (d and h) after BSA incubation.
Roughness of the surface has been also mentioned in the respective
3D images.

Fig. 8 Drain current measurement of the biosensor as a function of
interactions among TGA, HER2-antibody, BSA, control sample, and
HER2 antigen (0.1 and 1 μg ml−1). The direction of arrows represents
the moment of the drain current after a particular process.

Fig. 9 Percentage change in the drain current for various
concentrations of the HER2 antigen for the BSA coated (block
nonspecific interactions) (red) and without BSA (no blocking) (black)
sensors.
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complex by their interaction with the sensing area. The
impact of the incubation time on the drain current has been
systematically studied. Two different concentrations of the
HER2 antigen, i.e., 10 and 100 pg ml−1, have been prepared,
and multiple experiments have been performed where the
incubation time of the sensors has been varied. The drain
current has been measured after each incubation.
Fig. 10(a and c) show the drain current of the sensor for
various incubation times from instant reading to 45 min for
10 and 100 pg ml−1 concentrations of HER2, respectively. The
output conductance of the sensor has also been measured as

a function of Vds and incubation time as shown in
Fig. 10(b and d). It can be seen from Fig. 10 that for both the
concentrations, the highest change in the drain current and
the output conductance is obtained for an incubation time of
25 min. Insets in Fig. 10 show the zoomed in view of the
drain current and the output conductance for both the
concentrations at Vds from 4.5 to 5 V. Percentage change in
the drain current at the Vds of +5 V vs. incubation time has
also been plotted and is shown in Fig. 11 demonstrating that
the optimum incubation time for the antigen–antibody
interaction is around 25 min. Prolonged incubation (>0.5
hours) of the sensors in the HER2 antigen test solution can
cause the antigen–antibody complexes to dissociate at room
temperature.53,54 The antigen–antibody complex/activity
degradation and washing of the samples reduce the net
charge on the sensing area (gate) for the same concentration.
This charge reduction leads to a smaller change in the drain
current for an incubation time of more than half an hour.

Another set of experiments has been carried out to assess
the long-term performance of the biosensor. In this
experiment, the HER2 antigen is drop-casted on the sensing
area, and the reading of the drain current has been recorded
after a specific time, as shown in Fig. 12. The drain current
after BSA incubation (before HER2 antigen incubation) is
taken as the reference. Fig. 12(a) shows that the drain current
increases at 25 min (blue) and begins to decrease after 18
hours (magenta). The same sample is measured after three
days which exhibited a further reduction in the drain current
(green), and the drain current approximately reaches the value
of before antigen case (after BSA (black)). Fig. 12(b) presents
the summarized form of the experiment where absolute (black)
and relative (red) changes in the drain current with respect to
the BSA level are shown for various measurement times at a
Vds of +5 V. Furthermore, the stability of the biosensor is
tested over 200 hours at room temperature. Throughout the
time period, the biosensor shows a ±2% change in the drain
current.

The biosensor has been tested to detect the HER2 antigen
in a serum in its clinically relevant concentration range from
1 to 50 ng ml−1. At the same time, the specificity study of the
biosensor has also been explored in more detail. The Crk
SH3-domain-binding guanine-nucleotide-releasing factor

Fig. 10 Response of the sensor for various incubation times of the
antigen at two different concentrations of 10 and 100 pg ml−1. (a and
c) The drain current variation and (b and d) the channel conductance
of the sensor. The optimum response of the sensor is obtained for the
incubation of 25 min.

Fig. 11 Percentage change in the drain current as a function of the
incubation time at two concentrations i.e., 10 pg ml−1 (black) and 100
pg ml−1 (red) of the antigen at a Vds of +5 V.

Fig. 12 Long-time testing of the sensor. (a) Drain current
measurement of the sensor at various time intervals. (b) Absolute
change (black) and relative change (red) in the drain current at a Vds of
+5 V.
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(C3G) antigen is used as the non-specific antigen (control
samples) in the same concentration range as the HER2 (1 to
50 ng ml−1). The C3G antigen is found in the human body,
regulates cell proliferation, and helps cell adhesion. C3G also
plays a crucial role in regulating Ras family GTPases, leading
to mitogen-activated protein kinase activation. Ideally, the
biosensor should show a negligible response to C3G (control
samples) compared to HER2 (targeted samples). Fig. 13
shows the response of the biosensor for the HER2 and C3G
antigens at a drain to source voltage (Vds) of +5 V. The
biosensor's response to the HER2 antigen has excellent linear
characteristics and is significantly higher than that to the
C3G antigen. Even for a 50 times larger concentration of C3G
(50 ng ml−1), the sensor's response is almost negligible
compared to the HER2 antigen (1 ng ml−1). The biosensor's
response to HER2 can be easily distinguished from the non-
specific antigens and control samples, showing the developed
biosensor's high specificity.

One of the advantages of using a solid-state-based
biosensor is its reusability. To explore this important aspect,
the sensing area of the biosensor has been rinsed with the
PBS buffer solution first and later washed through the

standard semiconductor cleaning process. Imaging the
surface of the biosensor using scanning electron microscopy
(SEM) and I–V measurement has been performed to assess
the reusability. Fig. 14 shows the SEM images before
(Fig. 14(a)) and after (Fig. 14(a)) the cleaning process. It can
be clearly seen that those patches of the HER2 antigen on the
surface before cleaning are completely removed after
washing. The I–V measurement shown in Fig. 15 also proves
that the antigen–antibody complex has been removed after

Fig. 13 Response of the biosensor for various concentrations of the
HER2 antigen in a serum. The C3G antigen is the non-specific antigen
(control samples) in the same concentration range.

Fig. 14 Images of the sensor obtained using a scanning electron
microscope. The HER2 antibody–antigen complex (a) before and (b)
after washing of the surface along with labels.

Fig. 15 Drain current response of the sensor after BSA and antigen
incubation and washing. After washing, the drain current returns to its
reference (BSA) value. The inset presents the drain current after
washing at a Vds of +5 V.

Fig. 16 Percentage change in the drain current for a broad range of
concentration of the HER2 antigen from 0.7 pg ml−1 to 10 μg ml−1 at a
Vds of +5 V. Control samples show negligible current change as
compared to the HER2 antigen.
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washing, and the drain current returns to its reference value.
An inset is provided in Fig. 15 that shows the drain current
at the Vds of +5 V and compares its value at various
measurement steps. Return of the drain current to its
reference value and the surface imaging captured by SEM
confirm that the biosensor platform is reusable.

Finally, the biosensor has been tested for a broad dynamic
range of the concentration of the HER2 antigen. Fig. 16
presents the performance of the biosensor as a change in the
drain current for the HER2 antigen concentration from 0.7
pg ml−1 to 10 μg ml−1 at a Vds of +5 V. Two control samples
have also been tested to validate the specificity of the
biosensor. The response to the control samples is negligible
compared to that to the HER2 antigen. The voltage sensitivity
of the biosensor for HER2 detection has been calculated
using the same methodology reported in our previous work,37

and it is estimated to be a 124 mV per decade
concentration of HER2. Additionally, the three-sigma method
has been used to extract the biosensor's limit of detection
(LOD).55 The proposed AlGaN/GaN-based biosensor has an
LOD of 0.58 pg ml−1 (4.21 fM) for HER2 detection. The
developed sensor can clearly detect as low as pg ml−1 range
of concentrations of the HER2 antigen. A brief comparison of
our work and previously reported studies is summarized in
Table 1.

Fig. 17 summarizes the result shown in Fig. 16 based
on the Langmuir isotherm that focuses on the
equilibrium surface coverage of the antibody as a function
of the analyte concentrations.56,57 The analysis establishes
a relationship between the source to drain current (Ids)
and the surface coverage of the antibody receptors. Here,
the three-binding-site model has been used to fit the
curve properly, and the antigen–antibody chemical
reactions are described below:

Ab½ �site1 þ Ag½ � ¼h i Ag −Ag½ �site1*KD1

Ab½ �site2 þ Ag½ � ¼h i Ag −Ag½ �site2*KD2

Ab½ �site3 þ Ag½ � ¼h i Ag −Ag½ �site3*KD3

(1)

where KD1, KD2 and KD3 are the dissociation constants for
the binding sites on an antibody receptor. The total
current change is assumed to be the sum of the current
change resulting from the antibody–antigen complex at
three sites, as given in eqn (2):

ΔIds = ΔIds1 + ΔIds2 + ΔIds3 (2)

For the single site model, the surface coverage ratio (θ) can
be obtained in eqn (3) in terms of the drain current and
dissociation constant:

θ ¼ ΔIds
ΔIds;max

¼ 1
1þ KD= Ag½ � ¼

Ab −Ag½ �
Ab½ �max

(3)

where the total antibody concentration [Ab]max is the sum of
the unbound antibody concentration and the antibody–
antigen complex concentration ([Ab − Ag]). For our model,
change in the drain current (ΔIds) can be given as eqn (4) by
following eqn (3):

ΔIds ¼ ΔIds1;max

1þ KD1= Ag½ � þ
ΔIds2;max

1þ KD2= Ag½ � þ
ΔIds2;max

1þ KD3= Ag½ � (4)

The binding sites at an antibody are almost identical, and
thus, it is reasonable to assume equal current contributions
from each side that provide an equal contribution to the
current change at the output. Eqn (4) is fitted into the
experimental results, providing the values of KD1, KD2 and
KD3 being 7 × 10−10 M, 8.8 × 10−11 M, and 7.2 × 10−9 M,
respectively. The obtained dissociation constants are in a
reasonable range of regular antibody–antigen binding
dissociation constants.58–60 According to the values of the
dissociation constants and eqn (3), the surface coverage ratio
of the antibody receptors vs. the concentration of the HER2
antigen is plotted in Fig. 17 exhibiting the expected S-shaped
curve (blue).

Table 1 A comparison of the previously reported work and our work based on the amplification technique, sensing platform, dynamic range and LOD

Ref. Signal amplification Detection method Dynamic range LOD

Joshi et al.61 DSN/ARANPs SERS 12 fM to 18 pM 5 fM
Myung et al.62 APTES Graphene-based FET 12 fM to 1 μM 1 pM
Chen et al.31 Antibody–antigen GaN HEMTs 0.25 to 16.7 μg ml−1 0.25 μg ml−1

Our Work Antibody–antigen GaN HEMTs 5 fM to 60 nM 4.21 fM

Fig. 17 Antibody surface coverage ratio (blue) as a function of the
HER2 antigen concentration. The ΔIds/ΔIds,max ratio (black solid
squares) obtained from the experimental results versus the antigen
concentration is shown as well.
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4 Conclusions

The AlGaN/GaN HEMT-based biosensor demonstrates a
great potential for the quantitative measurements of the
HER2 antigen with morphological confirmation of the
HER2 antibody immobilization. The developed sensor has
shown the detection of the HER2 antigen in the range of
0.7 pg ml−1 to 10 μg ml−1. The sensor offers a good
specificity toward the HER2 antigen, which is demonstrated
using control samples. The thiol-based chemistry has been
utilized to immobilize the antibody on the sensing surface.
Confirmation of the thiol functionalization has been
performed by Raman and FTIR analysis along with the
morphological study using AFM. The immobilization of the
antibody receptors has been verified using the ELISA of the
sensing area and I–V measurements of the biosensor. The
impact of the BSA blocking has also been studied, along
with the optimization of the antibody and antigen
incubation time to obtain a maximum response. A long
time study of the sensor after antigen incubation has also
been performed to understand the practicability of the
sensor. The developed sensor can be reused after washing
the sensing area. The three-binding-site model based on
the Langmuir isotherm has also been developed with the
three dissociation constants extracted from the analysis of
the experimental results. The developed biosensor has a
promising future in the in vitro diagnostics industry,
particularly homecare diagnostics, owing to the short
response time and low sample requirement (2.5–5) μl with
high specificity towards a targeted analyte.
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