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ABSTRACT: Due to its high carrier mobility, graphene is
considered a suitable material for use in field-effect transistors.
However, its application to immunosensing of small molecules is
still elusive. To investigate the potential of graphene field effect
transistors (G-FET) as a sensor for small molecules with small or
no charge, we applied the open-sandwich immunoassay (OS-IA),
which detects low-molecular-weight antigens noncompetitively, to
G-FET. Using an antibody variable fragment VL immobilized on
graphene and a hyperacidic region of amyloid precursor protein fused to the other variable fragment VH, we successfully detected a
small antigen peptide consisting of 7 amino acids (BGP-C7), with a more than 100-fold increase in sensitivity compared with that
measured by enzyme-linked OS-IA. Furthermore, we succeeded in detecting BGP-C7 in the presence of human serum with similar
sensitivity, suggesting its potential application in clinical diagnostics.

KEYWORDS: electrochemical biosensor, immunosensor, clinical diagnostics, graphene, amyloid precursor protein, antibody variable region,
fusion protein

Immunoassays are used to detect and quantify specific
targets in various fields, such as basic biology,1 clinical

diagnostics,2−5 food sanitation management,6−8 and environ-
mental preservation.9−11 Establishment of a sensitive and quick
method of antigen detection is desirable for immunoassays. We
previously developed an open-sandwich immunoassay (OS-
IA), in which the two antibody variable region fragments, VH
and VL, were isolated from an antibody using recombinant
DNA technology.12,13 The underlying principle is that VH and
VL have low affinity for one another in the absence of an
antigen; however, when the antigen is added, the affinity
dramatically increases, and a VH-antigen-VL complex is formed
(Figure 1A).14 This is due to the bridging of two V region
fragments by the bound antigen (ca., ligand), which leads to
higher stability of the resulting complex, especially when the
size of antigen is small enough to be captured inside the cavity
formed by the two fragments. The principal advantage of the
OS-IA is that many antigens of low molecular weight, such as a
bone disease marker,15 an endocrine disruptor,16 an aromatic
aldehyde,17 thyroxine,18 specific protein phosphorylation,19

and oxidized lipids20 can be detected with higher sensitivity
and a wider detection range than that when using
corresponding competitive IAs.14

The enzyme linked immunosorbent assay (ELISA) is the
most popularly used assay format for OS-IAs. In OS-ELISA,
the VL (or VH) is immobilized on the surface of the wells in an
assay plate, after which the VH (or VL) is added along with the
sample. Depending on the antigen concentration, the VH (or

VL) binds to the immobilized VL (or VH) (Figure 1B). Next,
the wells are washed, and the VH (or VL) that remains attached
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Figure 1. OS-IA: (A) Principle of OS-IA. (B) Scheme of OS-IA. In
the case of OS-ELISA, enzyme is attached to VH as a label (marked
yellow).
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is detected by the use of a labeled enzyme, which shows an
antigen-dependent signal. Due to its noncompetitive detection
mode and the wide availability of suitable antibodies that
recognize small antigens (haptens), many small molecules such
as medicines comprising steroids or peptides or chemical
substances and toxins that contaminate food, water, and the
environment have been successfully measured to date.14

In this study, we applied an OS-IA to a graphene field effect
transistor (G-FET) and attempted to make an immunosensor
for an antigen peptide comprising only 7 amino acids.
Semiconductor FET biosensors are portable devices that can
integrate several laboratory functions on a chip. In these FETs,
G-FET is suitable as a highly sensitive biosensor because of the
high electron mobility and chemical stability of graphene.21−27

A change in the electrical conductivity of graphene in the G-
FET leads to a change in the electric current between the
source and the drain ΔId (Figure 2A). Therefore, when targets

bind to the surface of graphene, the electrical conductivity of
graphene changes due to the charge of the targets, and targets
can be detected. Although we previously used silicon FETs for
the OS-IA,16 graphene, unlike other semiconductors such as
silicon-based ones,16,28−31 can be directly modified without
oxidation layers; further, the electron mobility of graphene is
higher than that of silicon. Therefore, it is expected that G-
FETs will be more sensitive to the charge of the target. Here,
we used the G-FET to perform an OS-IA for the detection of
small molecules. Although the sensitivity of the G-FET is high,
the detection of small molecules has been a challenge because
of their small charge and Debye length. One potential
advantage of performing an OS-IA with an FET instead of
performing the conventional competitive immunoassay for
small molecules is that the former uses only the variable region
fragments (∼12 kDa), which are much smaller than the entire
antibody (∼150 kDa). In the assay, the VL fragment derived

from an antibody is immobilized on graphene, and then the VH
fragment from the same antibody is added along with a sample
containing variable amounts of antigen. The current change in
graphene due to the binding of VH is expected to be higher
than that of antigen alone, because of the higher charge of VH
itself or of the tagged charged protein bound (Figure 2B).
In this study, the recombinant variable region fragments of

the anti-bone Gla protein (BGP or osteocalcin) antibody were
prepared and used for OS-IAs to detect BGP-C7, a C-terminal
7-mer peptide of human osteocalcin (bone gla protein, BGP),
which is a minor bone protein utilized as a bone disease
marker. Recently, BGP has also attracted attention for its
unprecedent functions in glucose homeostasis,32 brain
development,33 and male fertility.34 First, the antigen-depend-
ent interaction between the prepared thioredoxin (Trx), biotin
acceptor peptide (BAP)-fused VH, and maltose binding protein
(MBP)-fused VL was confirmed using OS-ELISA (Figure
S1A).
To perform OS-IA using a G-FET, the graphene part of the

FET, which was synthesized on copper foils by a chemical
vapor deposition method, was coated with 1-pyrenebutanoic
acid succinimidyl ester (PBASE), and MBP-VL was reacted
with PBASE to immobilize it with short distance. The
transconductance of the G-FET gm was evaluated based on
the transport characteristics in 10 mM phosphate buffer (PB,
pH 7.0) and 1 μg/mL Trx-BAP-VH solution (Figure S2). A
constant concentration of Trx-BAP-VH and varying concen-
trations of BGP-C7 were added to graphene, and the value of
the normalized drain current change (ΔId/gm) was measured
(Figures S2 and S3) at source drain voltage Vd = −0.1 V and
gate voltage Vg = 0.1 V. An increasing concentration of BGP-
C7 was added at equal time intervals, and the final
concentration was adjusted to 10−1, 1, 101, 102, and 103 ng/
mL. We found that the value of ΔId/gm (V) did not
significantly increase with the increase in the concentration
of BGP-C7.
We reasoned that the negative charge of added Trx-BAP-VH

was not large enough to allow for the sensitive amplification of
the drain current. Next, to enhance the current change of the
G-FET by the binding of VH, VH was fused to an APP tag
derived of an intrinsically disordered region35 of murine
amyloid precursor protein36 that contains many acidic amino
acids, i.e., aspartic acid (D) and glutamic acid (E), to attain a
higher negative charge (Figure 3A). In 10 mM phosphate
buffer, the Debye layer thickness (Debye length) is about 3
nm. The size of VH-antigen-VL complex is also the same (∼3
nm diameter). From the N-terminus of VH, the flexible and
negatively charged APP moiety will move around and is
expected to come closer to graphene surface. The addition of
APP tag was also favorable to enhance the solubility of fusion
protein, which increased its expression in E. coli cytoplasm. It
was confirmed by antigen-binding ELISA that the APP tag-
fused VH was functional and could bind to VL and BGP-C7
(Figure S1B). The MBP-fused VL fragment was immobilized
on the graphene via PBASE as before. Figure 3B shows the
ΔId/gm value at several concentrations of BGP-C7, Vd = −0.1
V and Vg = 0 V. The hole current (ΔId/gm) increased
depending on the concentration of BGP-C7 up to 100 ng/mL,
which indicates that negative ions were adsorbed on graphene
surfaces. Because BGP-C7 and VH bind VL on graphene
surfaces, ΔId/gm was changed by negative ions in the
disordered APP tag-fused on VH. Compared to the results
seen in Figures 3B and S3, the APP tag fused on VH made the

Figure 2. Graphene field effect transistor (G-FET) and its application
to OS-IA: (A) Schematic structure of G-FET. (B) Scheme of OS-IA
using G-FET. The VH fragment can be tethered with a charged
protein to attain an enhanced signal.
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G-FETs more sensitive to detect BGP-C7. Figure 3C shows
the ΔId/gm value at several concentrations of BGP-C10dV;
BGP-C10dV has a sequence very similar to that of BGP-C7
but does not bind to this antibody that specifically recognizes
the C-terminal valine residue of BGP. ΔId/gm did not increase
by addition of BGP-C10dV, which indicates that G-FETs do
not detect BGP-C10dV. These results indicate that G-FETs
can detect BGP-C7 selectively. The limit of detection (LOD)
of BGP-C7 was dramatically improved to 10 fg/mL (Figures
S3, Figure 3B). The sensitivity in terms of the LOD was more
than 100-fold higher than that of OS-ELISA using this
antibody.
Furthermore, to investigate the possible use of this system in

clinical diagnostics, the samples were measured in the presence
of 0.5% human serum in PB (Figures S3, C and D, and Figure
4A). We found that the current increased depending on the
concentration of BGP-C7 up to 1000 ng/mL, although the

current increase on addition of BGP-C10dV was very small.
Taken together, G-FETs can detect BGP-C7 selectively, and
have a low LOD (100 fg/mL) for BGP-C7 in 0.5% serum
(Figure 4B). This concentration translates to 20 pg/mL of
BGP-C7 (mw: 894) in 100% serum. Since the normal ranges
of osteocalcin (mw: ∼6 k) in Japan for healthy women are
7.8−30.8 ng/mL and 14.2−54.8 ng/mL before and after
menopause, respectively, and 8.4−33.1 ng/mL for men, the
obtained LOD (∼130 pg/mL) and the working range are
sufficient enough to cover all these ranges.
There could be four possible reasons for the considerable

improvement of the sensitivity and detection range. First, G-
FETs are suitable for use in immunoassays because of the high
electron mobility of graphene, which causes a large current
change by binding the probe. The second reason is the
application of the OS-IA, which can be used for the detection
of small molecules with high sensitivity. Although small

Figure 3. Use of APP-VH as a hyper acidic detector. (A) Amino acid sequence of APP tag. (B,C) Time course of average ΔId/gm at Vd of 0.1 V, Vg
of 0 V for VL modified G-FETs, various concentrations of BGP-C7 (B) and BGP-C10dV (C) and a constant concentration of APP-VH of 1 μg/mL.
(D) Dose-dependency plot. Error bar, ±1 SD. *LOD.

Figure 4. Measurement in 0.5% human serum. (A) Time course of average ΔId/gm at Vd of 0.1 V, Vg of 0 V for VL modified G-FETs, various
concentrations of BGP-C7 (red) or BGP-C10dV (black) with constant concentration of APP-VH of 1 μg/mL were applied. As a control, BGP-C7
alone (blue) was applied to VL modified G-FET, whereas BGP-C7 and APP-VH were applied to intact G-FET without VL (green). (B) Dose-
dependency plot. Error bars represent ±1 SD. RSD (%) of each point is shown in the parentheses. *LOD.
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antigens typically have small electric charges, one of the probes
(APP-VH), which has a larger negative charge than the charge
of the small antigen, binds to graphene with the antigen
leading current change by not only the charge of the antigen
but also the charge of one of the bound probes. The third
reason is the fusion of VH to the flexible APP tag containing
many acidic amino acids. This fusion dramatically increased
the negative charge of the probe bound to graphene and led to
a large change in the current detected by the FET. Probably,
the intrinsically unstructured and hyperacidic nature of APP
has enabled its spatial approximation to the graphene surface.
The fourth reason is the effect of the electrical potential near
the graphene surface. We applied a negative voltage on
graphene (Vd) and a positive voltage on the solution due to the
standard potential of Ag/AgCl (∼0.2 V). Hence, the positive
ions in the solution move to the graphene surface. The
concentration n(ϕ) is described by the Boltzmann distribution

n n q k T( ) (0) exp( / )Bϕ ϕ= −

where ϕ is the potential, n(0) is the concentration in the
solution at 0 V, q is the charge amount of the ion, kB is the
Boltzmann’s constant, and T is the temperature. As two
positive ions exist in BGP-C7 and the ϕ is 0 ∼ −0.3 V near the
graphene surface, the concentration of BGP-C7 could be
condensed about 1010 times at a maximum on the graphene
surface.
We applied the OS-IA to the G-FET for the detection of a

small antigen with high sensitivity. The use of the G-FETs
resulted in a 100-fold higher sensitivity, mainly due to the use
of APP tag-fused VH and the wider antigen detection range
than that of OS-ELISA was attained. To date, although many
graphene- or carbon nanotube-based immunosensors37 and
other affinity sensors38 are reported, very few report detection
of small molecules.39−41 The high sensitivity attained with our
sensor even in the presence of human serum suggests its
potential application in clinical diagnostics.
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