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In this research, we have developed a rapid diagnostic assay using a high-electron-mobility
transistor (HEMT)-based biosensor to screen for fibrinogen in clinical plasma samples. High
sensitivity over a wide detection range (0—5 g/L), good selectivity, low-cost fabrication,
portability, and simplicity of use are key features of our biosensor. Early diagnosis of heart
disease in low-, medium-, and high-risk patients is possible with an assay turn-around time of
5 min and a plasma sample volume of 5-10 pL. High sensitivity and low detection limits (0.5
g/L) are made possible in environments with high salt concentrations because the HEMT sensor
design overcomes the charge screening effect associated with a very small Debye length. This
biosensor technology demonstrates the potential for development as a point-of-care or home-
care diagnostic device for quick and easy assessment of cardiovascular disease (CVD) risk.

1. Introduction

Cardiovascular diseases (CVDs) have been the leading cause of morbidity and mortality
worldwide for several years. Every year, 17.5 million people die of CVDs according to
World Health Organization. Ischemic heart disease and stroke are the world’s biggest killers,
accounting for combined 15 million deaths in 2015, which include 80% of CVD deaths.) With
increasing age, the risk of suffering from CVDs increases. In addition to age, other factors
that affect the risk of CVDs in patients are genetics, diet, work, and lifestyle. Recent research
has claimed that about 82% of patients that suffer from coronary heart disease and stroke are
65 years of age or older.?). As the mortality rate due to CVD rises even in this age of medical
advancement, health care facilities and institutions are now paying more attention to CVD
prevention, diagnosis, and treatment. CVDs include hypertension (high blood pressure),
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coronary heart disease, cerebrovascular disease (stroke), peripheral vascular disease, heart
failure, rheumatic heart disease, congenital heart disease, and cardiomyopathies.(3)

Biomarkers have been used for diagnosis and prognosis since the 1980s.Y Fibrinogen, which
is a glycoprotein responsible for forming fibrin and fibrin-based blood clots,”®) is an important
cardiac marker with specific pathophysiology in coronary artery disease and thrombosis.
Studies have shown that people who have a fibrinogen concentration above 402 mg/dl have a 7.7%
mortality rate, while for those with a concentration of less than 402 mg/dl, it was only 3.1%, a
twofold difference between high-level mortality and low-level mortality.(5 ) Plasmatic fibrinogen
is analyzed in clinics primarily using the Clauss method, which is a functional assay used to
determine fibrinogen concentration from the time taken for a clot to form.®) Another method
is a gravimetric assay that measures the weight of the clot formed.”” These techniques have
long turn-around times and are difficult in terms of sample processing. Hence, these assays are
performed only in hospital-based settings. The normal range of plasmatic fibrinogen is 1.5-3
g/L.%9 Fibrinogen concentrations > 3.43 g/L are relevant to CVDs. The traditional assays
suffer from inconsistencies in determining fibrinogen concentration.!% Thus, a rapid and
robust technique for the determination of fibrinogen is important to fully utilize the diagnostic
value of this cardiac marker in CVD risk assessment and prevention.

In this paper, we report the development of a miniaturized electronic sensor for the rapid
screening of fibrinogen, based on the molecular recognition of plasmatic fibrinogen by a single-
stranded DNA probe (aptamer). Field-effect transistors (FETs) are attractive for biosensing
applications due to their high signal-to-noise ratio, ease of integration, and low cost. Compound
semiconductor-based FETs, such as AlGaN/GaN high-electron-mobility transistors (HEMTs),
have been used in biomedical applications owing to their superior electrical and chemical
properties.(“’lz)
of physiological fluids. On the other hand, conventional Si-based FET sensors suffer from

They are chemically inert and hence resistant to the harsh environment

degradation or shift in electrical response due to the hydrolysis of the oxide layer in aqueous
solutions. Moreover, GaN HEMTs can also be batch-fabricated using standard semiconductor
processing and offer superior thermal resistance and high sensitivity. Traditional FET
biosensors, however, suffer from severe charge screening effects in physiological fluids due to
high ionic strength.*™'> Previously, we developed a FET biosensor-based method to directly
detect protein biomarkers in human serum.'* 2! In this study, we have developed an aptamer-
functionalized GaN HEMT biosensor to directly detect fibrinogen in untreated human plasma
samples. The charge screening effect is eliminated using a high-field gating mechanism that is
uniquely employed in this FET sensor methodology. The sensor demonstrates high sensitivity
over a wide dynamic detection range. This technology can be developed as an in vitro
diagnostic device for home-care or point-of-care testing.

2. Experimental Methods
2.1 AlGaN/GaN HEMT fabrication

The HEMT structure includes a 3-pum-thick undoped GaN layer and a 150-pm-thick
Alp25Gag7sN layer. A two-dimensional electron gas (2DEG) forms at the interface between
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the AlGaN and GaN layers. The AlGaN/GaN is deposited by metal organic chemical vapor
deposition (MOCVD). All spatial structures are defined by photolithography. Mesa isolations
are formed on the epi wafer to create a channel (shown in Fig. 1). This is done using inductively
coupled plasma (ICP) in Cl,/BCls gases at an ICP power of 300 W and an RF bias of 120 W
at 2 MHz. Once a channel is formed, the drain-source ohmic metal contacts are deposited
as layers of 200 A of Ti, 400 A of Al, 800 A of Ni, and 1000 A of Au using an electron beam
evaporation system (E-beam). The layers undergo rapid thermal annealing (RTA) twice. The
first annealing is performed at 200 °C for 25 s, and the second annealing, at 850 °C for 40 s in
an inert environment of N». Following this, the metal interconnects and gate electrode separate
from the channel that consists of 200 A of Ti and 1000 A of Au. The entire device is passivated
using a photoresist, and the gate electrode and FET channel are selectively opened using
photolithography. The schematics and top view are shown in Fig. 2. The fabricated HEMT
chip can be embedded in a polymer substrate with in-plane interconnects, which can then be
easily integrated with a portable biosensor system. The FET packaging process is described in

detail in our previous works.(17:22)

2.2 Aptamer selection

The aptamer was selected by the systematic evolution of ligands by exponential enrichment
(SELEX).?Y Initially, magnetic beads surface-coated with fibrinogen were used. Then, the
beads and single-stranded DNA (ssDNA) library (concentration = 1 M, Medclub Scientific Co.,
Ltd., Taiwan) were mixed such that ssDNA with high affinity towards fibrinogen attached to
the surface of the beads. Then, a magnetic field was applied to collect ssDNA-bead complexes.
The unbound ssDNA was removed by washing. The captured ssDNA with high affinity
towards fibrinogen was heated to release ssDNA and amplified by subsequent polymerase chain
reaction (PCR). After several repeated cycles, a specific aptamer with high affinity towards
fibrinogen was obtained.?® The dissociation constant of the aptamer was measured as 100 nM.

(b) (©

@ ©

Fig. 1. (Color online) Schematic of the HEMT biosensor fabrication process: (a) structure of the epi wafer, (b)
defining the active area by ICP etching, (c) ohmic contact metal (Ti/Al/Ni/Au) deposited with E-beam and annealing, (d)
final metal (Ti/Au) deposition with E-beam, and (e) passivation of the photoresist on the device.
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Fig. 2. (Color online) (a) Schematic diagram of GaN HEMT biosensor and (b) top view of the HEMT chip
describing the sensing region.

2.3 Aptamer immobilization

The sensor chip was initially cleaned using a UV-ozone system and washed in dilute acid
and deionized water. The aptamer used for immobilization was fibrinogen-specific ssDNA
with dithiol modification on the 5’ side. A 5 puM solution of aptamer was prepared in Tris-
ethylenediaminetetraacetic acid (EDTA) buffer (TE buffer). Aptamer solution (20 pL) was
mixed with 2 pL of 1 mM tris(2-carboxyethyl) phosphine (TCEP). TCEP is a reducing agent
for the dithiol on the aptamer (ssDNA) 5 side. The aptamer solution was heated to 95 °C and
later dropped on the sensor surface and incubated at room temperature for 24 h. The aptamer
immobilization process is schematically depicted in Fig. 3(a). The surface functionalization can
be electrically verified by measuring the signal before and after aptamer immobilization. The
results are depicted in Fig. 3(b).

2.4 Purified protein samples in 1x phosphate-buffered saline (PBS)

Fibrinogen protein was purchased from Abcam (catalog #ab84410, United Kingdom). It
was diluted to physiological concentrations in 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
NaHPOy4, 2 mM KH,POy4, pH adjusted to 7.4 with NaOH) and contained 4% bovine serum
albumin (BSA) to simulate human blood plasma.

2.5 Clinical human blood plasma samples

Clinical samples of human plasma containing fibrinogen were obtained as per approval by
the institutional review board (IRB) of National Cheng-Kung University Hospital (NCKUH) (IRB.
No. B-ER-104-116) and under the supervision of National Tsing Hua University IRB (10405HEO014).
The concentration range of fibrinogen was 1.72—6.94 g/L.. The clinical plasma samples were
directly used for electrical detection without any preprocessing.
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Fig. 3. (Color online) (a) Schematic diagram of the immobilization process and (b) electrical characteristics before
and after aptamer immobilization. The measurement setup and details of electrical characterization are shown in
Sect. 2.6.

2.6 Measurement using the sensor

The electrical signals from the sensor were measured using an Agilent B1530/B1500A
semiconductor parameter analyzer. The bias condition consisted of a steady DC bias of 2 V
on the drain, here referred to as V. A short-duration (100 us) pulse of 1.5 V was applied to the
gate electrode; V;. When the pulsed V, was applied, the electrical signal passed through the
gate electrode to the channel via the test solution and modulated the channel conductivity.

2.7 Protein elution
After testing the sensor with a fibrinogen-containing solution (buffer and plasma), the sensor
was repeatedly washed in deionized (DI) water heated to 40 °C to elute the bound and unbound

proteins from the sensor surface. The device was later rinsed in 1x PBS. The sensor baseline
was verified electronically to confirm sensor regeneration.

3. Results and Discussion
As FET biosensors are always used in aqueous solutions, charge screening effects occur at
the solid/liquid interface preventing the biomolecule-induced potential changes from modulating

channel conductivity.(16) The thickness of the electrical double layer (EDL) at the interface can
be described by the parameter called Debye length, defined in the Debye-Huckel equation as

k,T
k= /m . 1
2N el M

Here, k! is the Debye length, & is the dielectric constant, & is the free space permittivity, kg
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is the Bolzmann constant, 7 is the temperature, N4 is Avogadro’s number, e is the elementary
charge, and [ is the ionic strength of electrolyte solution. The Debye length decreases as
the ionic strength of the electrolyte solution increases; this phenomenon is called the charge
screening effect. 13719 Typically, this is eliminated by diluting the salt concentration of the
test solution 1000—10000 times so that the Debye length increases and eliminates charge
screening.(24’25) However, such sample processing techniques are tedious and adversely affect
the binding kinetics and activity of biomolecular reaction. Previously, we employed a different
strategy to eliminate the effects of charge screening without the need for sample processing.(16)
A high electric field was applied across the test solution via a separate gate electrode that does
not contact the FET channel. This electric field instantly modulated the EDLs at the gate
electrode and HEMT dielectric (AlGaN) interfaces within the solution, creating a solution
capacitance. This capacitance modulates the potential drop across the HEMT dielectric and
hence the channel conductivity. If V, is the voltage applied to the gate electrode, V, drops across
the solution and HEMT dielectric before grounding, as described in Eq. (2):

V,=AV.+AV,, 2

where V5 and Vj are the potential drops across the test solution and FET dielectric, respectively.

Considering the impedance across the sensor structure, the solution capacitance generated by
EDL formation and the HEMT dielectric capacitance are assumed to be a parallel combination
of capacitors. Thus, we can represent V; in Eq. (2) as

1
joC, C
AV, = V,= 2 V
L T ve, e ®
.]a)cd .]a)cs

where Cy, Cs, and w are the dielectric capacitance, solution capacitance, and angular frequency,
respectively.

This means that, when Cs changes, the potential drop across the dielectric, V; changes,
resulting in changes in HEMT drain current. As seen in Fig. 3, when the sensor surface is
functionalized and a high field is applied across the test solution, the EDL in the gate electrode
region is modified, which subsequently changes the EDL charge distribution in the dielectric
region, thereby changing C;. As a result, }; changes and the drain current is modulated
accordingly. This is depicted in the graph in Fig. 3(b), which shows the changes in sensor signal
upon surface functionalization. Similarly, when a target molecule binds with the receptor, the
aptamer in this case, the sensor signal changes as a result of changes in C and V5.

3.1 Detection of purified fibrinogen in 1x PBS with 4% BSA

Different concentrations of fibrinogen prepared in buffer solution were measured after
aptamer immobilization was confirmed. The protein solutions were prepared in 1x PBS
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with 4% BSA. The sensor measurement results for different fibrinogen concentrations are
shown in Fig. 4. The drain current signal was measured at a sampling rate of 10 ns during the
period of gate pulsed voltage application. The graph of drain current versus time for different
fibrinogen concentrations is shown in Fig. 4(a). To distinguish the signal from different protein
concentrations, we used another sensor index called total charge. It is defined as

0= [1,d1, @)

where Q is the calculated total charge and /; is the drain current. The O value does not
represent the physical surface charges that accumulate on the sensor but is rather a sensor index
used for calibration. Upon integrating the drain current, we can obtain good separation between
different fibrinogen concentrations, as seen in Fig. 4(b). Using this graph, we can derive a
sensor calibration curve, as seen in Fig. 4(c), which shows the total charge versus fibrinogen
concentration. The drain current decreased as the fibrinogen concentration increased. The
sensor exhibited a high sensitivity with a linear response over a wide dynamic range (0—4.5 g/L).
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Fig. 4. (Color online) Fibrinogen detection in 1x PBS with 4% BSA: (a) graph of drain current versus time, (b)
graph of total charge versus time, and (c) sensor calibration curve.
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3.2 Detection of plasmatic fibrinogen

After validating the assay using purified proteins prepared in 1x PBS with 4% BSA, we
carried out experiments with human plasma. Previously, we evaluated the electrical response
of human serum to a sensor without receptors.!®2028) The background biomolecules present
in human serum did not cause a nonspecific signal. We used a sample incubation period of 5
min, during which the specific aptamer-protein binding dominated other nonspecific binding
processes. The strong electrostatic interaction of the aptamer-protein moiety created a local
charge redistribution at the EDL, which resulted in changes in C;. However, nonspecific
binding did not create such strong electrostatic interactions and hence did not significantly alter
the sensor response. This behavior contributed to good sensor selectivity, which is an important
characteristic for clinical diagnostics. To evaluate the sensitivity and selectivity of our sensor,
we obtained clinical samples of human plasma containing different fibrinogen concentrations:
1.72, 2.73, 3.54, 4.21, and 5.21 g/L. The plasma samples were untreated and used for electrical
measurements without any further processing. The electrical characteristics of the tests using
plasmatic fibrinogen are shown in Fig. 5. The graph of drain current versus time and the
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Fig. 5. (Color online) Detection of fibrinogen in clinical plasma samples: (a) graph of drain current versus time, (b)
graph of total charge versus time, and (c) sensor calibration curve.
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corresponding graph of total charge versus time are shown in Figs. 5(a) and 5(b), respectively.
Figure 5(c) shows the sensor calibration curve. Similar to the sensing characteristics in buffer (as
seen in Fig. 4), we observed good sensitivity over a wide dynamic detection range. The clinical
plasma samples also contained a large variety of background proteins and other biomolecules,
but the sensor exhibited good dependence on fibrinogen concentration. The sensor response to
nonspecific entities in different patient samples has also been evaluated and demonstrated in
our previous works.%2®) The plasma samples were obtained from different patients at different
times, but the sensor calibration curve displays good sensing characteristics, which means that
nonspecific binding did not adversely affect the sensor response. This is mainly due to the short
sample incubation period of 5 min during which nonspecific binding is relatively much lower
than specific aptamer-protein binding, owing to its much lower reaction rate.

3.3 Sensor regeneration

The sensor could be regenerated by eluting the bound target proteins from the sensor surface.
After each sample (in buffer and clinical plasma) was measured, the sensor was washed in
DI water heated to 40 °C. In DI water, because there are many fewer ions, the electrostatic
interaction of aptamer and protein is disrupted, and protein can be effectively washed away
from a sensor. After washing, the device was rinsed in 1x PBS to restore the native structure of
the aptamer. Electrical measurements uisng the sensor, which are shown in Fig. 6, demonstrated
that the electrical baseline corresponding to the initial aptamer level was restored after elution.
Between sample measurements, the sensor surface was regenerated by eluting the bound
fibrinogen and other background proteins. In this way, during every test, we could control
the electrical response from the sample background by keeping the nonspecific binding to a
minimum. In both cases of fibrinogen in buffer and clinical plasma samples, the sensor surface
could be cleaned effectively [Figs. 6(a) and 6(b)] using the protein elution-washing procedure.
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Fig. 6. Electrical baseline after protein sample measurement in (a) 1x PBS with 4% BSA and (b) clinical sample.
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4. Conclusions

In this work, we utilized an aptamer-functionalized AlGaN/GaN HEMT biosensor to
detect plasmatic fibrinogen. The unique sensor design provides high electric field modulation,
which eliminates the charge screening effect in high salt environments. This facilitates
direct protein detection, even in clinical human plasma samples, without extensive sample
pretreatment. Because a nucleotide-based receptor is employed as opposed to a conventional
protein-based receptor, the biosensor has a higher stability and a longer shelf life, which are
critical characteristics for an in vitro diagnostic device. We demonstrated the sensing and
selectivity characteristics of a GaN HEMT biosensor using purified protein samples in 1x PBS
with 4% BSA and in clinical samples. The HEMT biosensor can be used in personal health
care products as it is inexpensive, easy to integrate into a portable system, and can be used by
anyone without prior training or knowledge.*” In the future, this technology can pave the
way for rapid diagnostics of a panel of CVD biomarkers for better disease risk assessment and
prevention.
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