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ARTICLE INFO ABSTRACT

Keywords: Graphene nanogap electrodes are reported here for the first time in an electrical biosensor for the detection of
Chemical vapor deposition biomolecular interactions. Streptavidin-biotin was chosen as a model system for evaluating the sensor’s per-
Graphene formance. High-affinity interactions of streptavidin-gold nanoparticles (strep-AuNPs) to the biotin-functiona-

Nanogap electrode

lized nanogap localizes AuNPs, thereby bridging the gap and resulting in changes in device conductance.
Electrical biosensor

Biosensing performance was optimized by varying the gap size, AuNP diameter, and streptavidin coverage on
AuNPs. The sensitivity and limit of detection (LOD) of streptavidin detection with the optimized parameters
were determined to be 0.3 pnA/nM and 0.25 pM, respectively. The proposed platform suggests high potential as a
portable point-of-use biosensor for the detection of other affinity-based biomolecular interactions, such as an-
tigen-antibody, nucleic acid, or chemo-selective interactions.

1. Introduction

Nanogap electrode as biosensors is a new concept that is rapidly
gaining prominence as a powerful platform for ultrasensitive detection
of biomolecules. The most salient characteristic of the platform is the
direct transduction of the biospecific or chemospecific binding event
into an electrical signal, such as resistance/impedance (Lu et al., 2016;
Singh et al., 2010), capacitance (Hsueh and Lin, 2016; Mannoor et al.,
2010; Yi et al., 2005) or field-effect (Gu et al., 2009; Kim et al., 2009).
Additional features include compatibility with semiconductor manu-
facturing technology, miniaturization, and low cost. Two nanogap
electrodes architectures, planar (single or interdigitated) (Singh et al.,
2010) and vertical (Jang et al., 2007; Strobel et al., 2007), are generally
used in these biosensors. The former is used primarily in devices
measuring resistance as a signal while the latter is employed in devices
largely measuring capacitance.

Target-probe binding events in the planar gap have been shown
previously as a detection method via change in conductivity (Ahn et al.,
2011; Cheng et al., 2005; Fang et al., 2008; Kong et al., 2008; Marcon
et al., 2007; Park et al., 2002; Tsai et al., 2005; Velev and Kaler, 1999).

However, the large gap size (ranging from 300 nm to tens of microns) in
the earlier reports limited the sensitivity and limit of detection (LOD) of
these sensors. These reports of electrical detection in large gap elec-
trodes commonly use silver deposition post-capture of nanoparticle-
tagged target in the gap to enlarge the captured nanoparticle to create a
conductive bridge across the insulating nanogap. A detection limit of 50
fM for 22 bases-long DNA (Fang et al., 2008) and 1 pg/ml of human IL5
(Ahn et al., 2011) was realized using 300 nm gap electrodes through
aggregates of AuNPs followed by a silver enhancement step catalyzed
by the AuNPs on the captured ligand to bridge the gap. Even though
promising, the silver enhancement step is time-consuming, costly,
complex, and can generate background current from non-target related
silver precipitation on gold electrodes. A solution that can alleviate
these problems is narrowing the gap size between planar electrodes to
less than 100 nm. (Haguet et al., 2004; Marcon et al., 2008a,b). While
the reports of electrical biosensors based on gap size less than 100 nm
demonstrated that sensing was feasible without silver enhancement, to
the best of our knowledge, the important analytical figures of merit of
sensitivity and LOD have not been reported. Additionally, a systematic
investigation of the interplay between the gap size, AuNP diameter and
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the surface coverage of analyte, has not been conducted to fully opti-
mize the sensor performance towards the goal of making it an ideal
platform for highly sensitive detection.

Graphene is a sp® hybridized carbon allotrope with atoms arranged
in a honeycomb structure to form a 2D monolayer of graphitic structure
analogous to a polycyclic aromatic hydrocarbon of quasi-infinite size
(Fitzer et al., 1995). It has become an attractive material in the devel-
opment of electrochemical/electrical biosensor devices due to its ex-
cellent electrical, chemical, and mechanical properties, which include
large surface area per unit weight, high charge carrier concentrations,
and exceptional electron mobility. Owing to its two-dimensional
structure, graphene is an ideal material for creating atomically thin
nanogaps of width down to the dimension of a single molecule com-
pared to more bulky metal electrodes (Prins et al., 2011). Carbon na-
notubes (CNTs) are also suitable for making atomically thin nanogaps,
but the ease of device fabrication using large area chemical-vapor-de-
position-grown (CVD) graphene makes it more favorable (Kong et al.,
1998). Additionally, we hypothesize that such atomically thin graphene
(thickness ~0.33 nm) nanogap electrodes would allow us to capture
AuNPs of size greater than the gap width while maintaining the bios-
pecific interaction of analyte compared to metal nanogap electrodes of
thickness of 20-200 nm (Kim et al., 2009; Marcon et al., 2008a,b). As a
result, only a small number of AuNPs is required to bridge the nanogap,
which in turn yields a higher sensitivity.

Graphene-based planar nanogap electrodes have been previously
fabricated using methods such as feedback controlled electroburning
(Prins et al., 2011) and divulsion (Wang et al., 2010) for applications in
molecular electronics. There are also different methods reported which
can be potentially used to make graphene nanogap electrodes such as
atomic force microscopy (AFM) lithography (Lu et al., 2010), electrical
breakdown of graphene sheets (Standley et al., 2008), and anisotropic
etching of graphene using metallic nanoparticles (Datta et al., 2008).
Even though these methods are promising in fabricating nanogaps with
widths varying between less than 20 nm to few nanometers, they ex-
perience several limitations in terms of reproducibility and producing
well-defined patterns. In our work, reproducibility and uniformity of
nanogaps are crucial because our biosensor involves the capture of
AuNPs of well-defined sizes across the nanogap. Owing to these rea-
sons, we have studied three different methods of nanogap fabrication
including focused ion beam milling (FIB), nanoindentation, and elec-
tron-beam lithography (EBL) to produce reproducible and uniform gap
size of less than 100 nm. FIB and EBL methods have been reported in
the literature for patterning graphene such as making graphene na-
noribbons (Abbas et al., 2014; Chen et al., 2007; Tan et al., 2013).
However, nanoindenter has not been investigated for patterning gra-
phene nanostructure. Nanoindentation is otherwise a common tech-
nique used in testing the mechanical properties of materials such as
modulus of elasticity, hardness, yield strength, fracture toughness,
scratch hardness, and wear properties, including that of graphene and
graphene composites (Han et al., 2016; King et al., 2015; Kumar et al.,
2016; Martinez-Asencio et al., 2016; Suk et al., 2015).

We report, a proof-of-concept study where highly conductive,
monolayer graphene is used as an electrode material for nanogap
electrodes for electrical biosensing using AuNPs. We fabricated re-
producible graphene nanogap electrodes using a combination of pho-
tolithography (PL) and EBL. The streptavidin-biotin interaction was
chosen as a model system for evaluating the graphene nanogap sensor’s
performance. We also investigated the interplay of the gap size, AUNP
diameter and protein coverage on the AuNP in the device. This simple
electrical transduction-based biosensor platform has great potential as a
portable point-of-care/use device with a handheld multimeter.
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2. Experimental
2.1. Materials

Strepatavidin-labeled gold nanoparticles (strep-AuNPs) solution
(25 pg streptavidin per ml of AuNP) of 10 and 60 nm diameter con-
taining 2.8 x 10'2 nanoparticles/ml and 2.3 x 10'! nanoparticles/ml,
respectively, were purchased from Nanocs, Inc. (Boston, MA, USA). In-
house AuNPs for bioconjugation of streptavidin were synthesized using
sodium citrate reduction method (Storhoff et al., 1998). Biotinamido-
hexanoic acid N-hydroxysuccinimide ester (Biotin-LC NHS) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sodium phosphate
buffer (PB) 50 mM of pH 7.4 was used as incubation buffer and PB with
0.5% Tween 20 (PBT), PB with 1% bovine serum albumin (PBA) or PB
with 0.5% Tween 20% and 1% BSA (PBTA) was used as the blocking
buffer. All organic solvents were of analytical grades and purchased
from Fischer Scientific (Hampton, NH, USA). Water used in the sensing
experiments is purified using Milli-Q purification system (Millipore,
Burlington, MA, USA).

2.2. Instruments

Graphene was grown by CVD using a tube furnace (Lindberg/Blue,
Mini-Mite, Thermo Scientific, USA). A Suss MicroTech mask aligner
(Model MA6, SUSS MicroTec SE, Garching, Germany) was used for
standard photolithographic patterning of microelectrodes followed by
deposition of metal contact pads using an e-beam evaporator (Temescal
BJD-1800, Temescal, Livermore, CA, USA). A Leo SUPRA 55
(Thornwood, NY, USA) was employed for EBL and a Leo XB1540
(Thornwood, NY, USA) was used for FIB. A Hysitron Inc. TI-950 tri-
boindenter (Billerica, MA, USA) was used for nanoindentation of gra-
phene. Electrical measurements were performed using a semiconductor
parameter analyzer (HP Agilent 4156B, CA, USA). Scanning electron
microscopy (SEM) images were obtained on a Philips XL30-FEG system
(Hillsboro, OR, USA).

2.3. Graphene synthesis and transfer

Graphene was synthesized by CVD method using copper (Cu) foil
(99.98% purity, 25 pm thickness) as a substrate for growth. Cu foil was
sequentially cleaned in 10% acetic acid, deionized water, acetone, and
isopropanol (IPA) for 10 min/each to remove any oxide and organic
impurities. The Cu foil was dried under nitrogen gas, placed inside a
fused silica tube (5 cm inside diameter X 100 cm long) and annealed for
2h at 1030 °C under a flowing mixture of Argon (Ar) at 300 sccm and
hydrogen (H,) at 15 sccm at atmospheric pressure. For growth of gra-
phene, diluted methane (CH,4) (90 ppm in Ar) at 350 sccm and H, were
supplied for 26 min. In the final step, CH,4 flow was turned off and the
furnace was cooled to room temperature by flowing Ar and H,.

To transfer graphene from the Cu foil to silicon dioxide/silicon
(SiO,/Si) substrate, poly (methyl methacrylate) (PMMA) 950 KA4 so-
lution was spin coated onto the graphene/Cu foil and baked at 60 °C for
10 min. The PMMA/graphene/Cu foil was then cut into desired size
pieces and Cu was etched in 0.3 M ferric chloride (FeCls) solution. The
resulting PMMA/graphene film floating on FeCl; solution was cleaned
with aqueous hydrochloric acid (HCl, 5%) followed by deionized water
to ensure no copper or FeCl; traces were left. Finally, the PMMA/gra-
phene film was transferred to a SiO,/Si substrate followed by sequential
drying in air and in an oven at 50 °C for 1 h. To remove the PMMA from
the graphene a drop of fresh PMMA solution was placed on the PMMA/
graphene film for 1 min, thinned out by spinning at 3000 rpm for 30 s
and finally dipped in an acetone bath at 60 °C.

2.4. Fabrication of graphene microelectrodes

Channel regions with dimensions of L. = W, = 10 um were defined



T. Terse-Thakoor et al.

A

Graphene

PL1

Si0,/Si Si0,/Si

Graphene on Patterned
Si0,/Si substrate graphene strips
(10 x40 pm?)

EBL-Patterned
nanogap on PMMA
1

Biosensors and Bioelectronics 126 (2019) 838-844

Si0,/si
r Gr 1 r Gr 1
Sensor design with micropatterned
multi-electrode pairs

Si0,/Si

Reactive-Ion Etched
Nano Gap on Graphene

1) PMMA spin
coat and bake

2) EBL pattern
nanogap

Si0,/Si

in graphene on SiO,/Si substrate using standard photolithography
(PL1), followed by oxygen-based reactive ion etching (O,-RIE). Contact
pads were patterned using a second photolithography step (PL2), fol-
lowed by deposition of 20/120 nm layer of Cr/Au using e-beam eva-
poration and lift-off. Fig. 1A illustrates the fabrication process for
planar graphene electrodes.

2.5. Nanogap fabrication

Graphene microelectrodes were cleaned with acetone and IPA fol-
lowed by drying with nitrogen gas. The EBL resist, i.e. PMMA 950 KA4,
was spin coated onto the chips in two steps, step I: 1000 rpm at the
ramp of 300 rpm/s for 3 s and step II: 5000 rpm at the ramp of 1000
rpm/s for 45 s. The chips were then baked at 180 °C for 30 min. A line
pattern was fabricated in the center of the graphene electrode by EBL
writing (20 keV, varying beam current and electron dose). The line
pattern transferred on the PMMA was developed using 1:3 solution of
MIBK: IPA (MIBK - methyl isobutyl ketone, IPA — isopropyl alcohol)
solvent for 70-90 s. The exposed graphene in the line pattern was re-
moved using O,-RIE. Finally, PMMA was removed by immersing in and
washing the chip with acetone. A schematic of nanogap fabrication by
EBL is shown in Fig. 1B.

2.6. Functionalization of nanogap with biotin

During initial experiments, the nanogap space of SiO, substrate
between the pair of graphene electrodes was treated with piranha so-
lution (sulfuric acid: hydrogen peroxide, 5:1) for 30 min and washed
thoroughly with water. The hydrophilic SiO5 surface was then modified
with a self-assembled monolayer (SAM) of 3-aminopropyl triethox-
ysilane (APTES) by incubating the chips in APTES solution for 1 h
followed by washing with water and drying by flowing N,. A 10 mM
Biotin-LC NHS solution in dimethylformamide (DMF) was drop-casted
(5 pL) to cover the electrode area and incubated for an hour. Chips were
then washed with water, dried gently by blowing nitrogen and in-
cubated with aqueous PBT for 30 min to block nonspecific adsorption of
strep-AuNPs on the graphene surface and then thoroughly washed with
water and buffer.

Based on the observations (discussion section) of initial experiments

840
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Fig. 1. A) Schematic of the photolithographic writing of the planar micropatterned graphene electrodes and B) Schematic for planar nanogap electrode fabrication.

with above method of biotin functionalization, an alternative functio-
nalization protocol was used in the later experiments. In this modified
protocol, after EBL development and O,-RIE step (before PMMA lift-
off), an additional step of plasma ashing for 30 s at 100 W was per-
formed. Plasma ashing is used to activate SiO, in the nanogap for ef-
ficient functionalization with APTES instead of piranha treatment. After
APTES treatment, the chip was washed with acetone to remove PMMA
resist protecting graphene electrodes. For better passivation of gra-
phene, PBTA solution was used. Schematics of original and modified
protocol for nanogap functionalization are shown in Figs. S1A and S1B,
respectively.

2.7. Biosensing of strep-AuNP

Chips were incubated for 1 h with 2 pL of each dilution of strep-
AuNP, washed with PB buffer followed by water, and dried gently with
N,. Electrical measurements were performed before and after strep-
AuNP incubation using a semiconductor parameter analyzer (HP
Agilent 4156B) by sweeping the potential from —5 to +5 V with 50 mV
steps. Fig. S1C illustrates a schematic of strep-AuNP capture on the
chip.

2.8. Optimization of biosensor performance

The nanogap biosensor performance was optimized by varying the
gap size, AuNPs diameter, and protein coverage on AuNPs. The sensing
performance was measured in terms of the lowest concentration of
streptavidin on AuNPs that first bridge the gap (LCFB), resulting in
conductance change. The gap size of 30 and 60 nm with strep-AuNP of
10 and 60 nm diameter were used in the testing. To vary the protein
coverage on AulNPs, streptavidin conjugation was carried out using
passive adsorption method. Streptavidin needed for 100% coverage of
each size AuNP was first determined using sodium chloride titration
method (Thobhani et al., 2010). Based on protein required for 100%
coverage, different dilutions of streptavidin solutions were then in-
cubated with AuNPs dispersion in PB for 30 min at room temperature.
The unbound streptavidin was determined from the supernatant and
buffer washings, by measuring the absorbance (at 280 nm). Protein
coverage on AuNPs was estimated based on the bound streptavidin
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concentration and AuNPs density. Amount of streptavidin required for
10%, 25%, and 40% coverages were then incubated with AuNPs solu-
tion and unfunctionalized surfaces on the AuNPs were further blocked
by incubating it with BSA (1%) solution in PB overnight at 4 °C. This
mixture was then centrifuged to collect the strep-AuNPs, followed by
two buffer washings to remove any unbound protein and finally dis-
persed in known volume of buffer. Different dilutions of respective
coverage strep-AuNP were incubated on the biotin functionalized chips
for measuring LCFB values.

3. Results and discussion
3.1. Fabrication of graphene nanogap electrode

We investigated three different methods of fabricating planar na-
nogap of less than 100 nm in graphene. These methods were namely,
focused Ga™-ion beam milling, nanoindentation, and EBL. When com-
pared to EBL, FIB, and nanoindentation methods are resist free. Our
goal was to find a method that can reproducibly make less than 100 nm
sized nanogaps without affecting graphene properties and result in a
device suitable for detecting the biomolecular interaction at the na-
noscale. Based on the ability of the three methods to make reproducible
nanogaps combined with their pros and cons summarized in Table S2
(see Supplementary Information), we selected the EBL as the method
for making nanogap graphene electrodes for further work. Details of
experimental methods and results for FIB and nanoindentation to make
graphene nanogap electrodes are provided in the Supplementary
Information (Table S1, Figs. S2 and S3).

In EBL optimization, for patterning the nanogap in graphene film,
first, the resist thickness and baking time was set to 180 nm and 30 min,
respectively. Experiments with a higher thickness of up to 350 nm and
baking time of 2 h, as reported for sub 100 nm patterns on SiO, using
EBL (Chen et al., 2006), resulted in non-continuous line pattern across
graphene electrode. On the other hand, resist thickness less than 180
nm was found to be too thin, such that PMMA was overexposed even
during pattern alignment and damaged the graphene. Next, the beam
current, line dose, and aperture size were varied. Varying the combi-
nation of line dose and beam current (Fig. 2) and aperture size (Fig. 3A)
resulted in nanogap width of 400 nm to ~34 nm. [-V curves after O,-
RIE of graphene in the developed line pattern exhibited the desired high
resistance, confirming a clean gap formation (Fig. 3B).

3.2. Electrical biosensing using graphene nanogap electrode

The principle of electrical detection of streptavidin in the proposed
biosensor is based on the electrical current/conductivity change asso-
ciated with the bridging of the nanogap between two planar electrodes
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by metallic nanoparticle(s). This bridging event occurs as a result of
biospecific binding of streptavidin captured on AuNP to the biotin
immobilized within the nanogap.

Graphene nanogap with 65 nm gap width and commercial
strep—AuNP of 10 nm diameter was first tested. A chip with five pairs of
electrodes, which consists 65 nm gap in each, were incubated with ten
times diluted strep-AuNP of 10 nm followed by measuring the current
(I) when the potential (V) was scanned from +5 to —5 V and SEM
observation. I-V curve was measured after biotin functionalization and
blocking step (original method as described in experimental section)
and then after incubation with strep-AuNP. As illustrated in Fig. 4A, the
current measured after blocking step (without strep-AuNP) over the full
potential window was less than 10™° A, attributed to background
current. This background current varies from chip to chip between
107% to 10~ '3 A depending upon the uniformity of $iO, grown on Si
wafers, resulting in varied leakage current. With the subsequent in-
cubation with strep-AuNP, the current increased to 10~7 A due to the
capture of strep-AuNP (Fig. 4A) at a threshold voltage of = 1 V. A non-
linear I-V (S-shaped) curve is attributed to the presence of AuNP in the
nanogap (Marcon et al., 2008b). In contrast, there was no change in
current when just PB was incubated with biotin functionalized nano-
gaps (negative controls) and also when strep-AuNPs were incubated
with nanogaps without biotin (positive controls; data not shown). This
corroborates that the strep-AuNP were selectively captured in the biotin
functionalized nanogap area. Next, we investigated the I-V response
(Fig. 4C) when the different concentration of strep-AuNPs (10 nm) was
applied to the nanogap electrode (65 nm gap width).

As can be seen in I-V curve in Fig. 4C, the LCFB for 10 nm strep-
AuNPs and 65 nm gap width is 0.95 uM. Such high LCFB clearly in-
dicates that large number of 10 nm AuNPs are required to bridge the
large gap width (65 nm). Once the gap is bridged, the current increased
with further incubations with higher concentration but as most of
binding sites are already occupied by AuNPs at such high LCFB, the
current increase with increasing concentrations is not perfectly linear.
High LCFB with 10 nm AuNP with 65 nm gap width, was the motivation
to study the effect of gap width and AuNPs size on LCFB.

As seen in Fig. 4B, the strep-AuNP were captured not only in the
nanogap, but also on the graphene electrodes which also contributed to
high LCFB. We hypothesize this is due to the formation of graphene
oxide during piranha treatment, which creates the active sites for
chemical bonding to APTES and in turn leads to attachment of Biotin-
LC-NHS. In order to alleviate oxidation of graphene, we replaced pir-
anha treatment step with plasma ashing followed by a treatment with
PBTA after APTES and Biotin-LC-NHS functionalization to effectively
prevent nonspecific binding of strep-AuNP to graphene. As shown in
Fig. 5, the modified method significantly reduced strep-AuNP binding
on the graphene electrodes.

Fig. 2. SEM images showing different gap widths (in nm)
obtained from varying beam current (in pA) and line dose
(in nC/cm). A) 408 nm using 70 pA and 6 nC/cm, B) 304
nm using 65 pA and 4 nC/cm, C) 132 nm using 20 pA and
2 nC/cm, D) 121 nm using 1.75 nC/cm, E) 110 nm using
20 pA and 1.5 nC/cm. A and B shows SEM images of na-
nogaps after O»-RIE of graphene in the nanogap whereas
C, D and E are SEM images of nanogaps with metal de-
posited in the nanogap for better visualization.
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Fig. 3. A) SEM images showing the effect of aperture size on gap width (in nm) at beam current and line dose of 20 pA and 2 nC/cm, respectively. B) I-V curve of

graphene electrode before and after nanogap (width of 65 nm) by EBL.

3.3. Optimization of biosensor performance

The response and, in-turn, the sensitivity and LOD of the present
nanogap biosensor are inter-dependent on the size of nanogap and size
and streptavidin coverage of AuNP. To study this interdependency, we
first determined LCFB for nanogap sizes of 30 and 65 nm using AuNPs
of 10 and 60 nm with 20% coverage on chips functionalized with
modified method and better passivation. The results are summarized in
Table 1. Fig. 5 shows the capture of 60 nm of strep-AuNP across 30 nm
and 65 nm of gap width. The results show that for a constant strep-
AuNP size, LCFB was lower for smaller nanogap, whereas for a constant
nanogap size, LCFB was lower for larger strep-AuNP. Furthermore, the
lowest LCFB was obtained for smaller nanogap (30 nm) and larger
AuNP (60 nm). This shows that a smaller gap width and larger AuNP
size leads to a fewer number of AuNPs required to bridge the gap and
resulted in the lowest LCFB. This also proves our hypothesis that use of
atomically thin graphene (~0.33 nm) as an electrode material is crucial
in allowing efficient binding of analyte coated larger AuNP to its re-
ceptor in the nanogap without any hindrance from thickness/height of
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the electrode (Fig. 5B).

Based on our other hypothesis that streptavidin coverage (number
of streptavidin molecules) on the AuNPs will be crucial for LCFB, we
investigated the effect of streptavidin surface coverage (10%, 20% and
40%) on AuNP of 10 and 60 nm and nanogap width of 30 and 60 nm on
LCFB. The LCFB data for 10% covered 10 nm and 60 nm AuNP is not
included in the table as they failed to bridge the gap. This might have
resulted from scarcity of streptavidin molecules on the AuNP surface, as
well as the available number of strep-AuNP (needed for bridging the
gap) that could not come in the vicinity of biotin for binding in stipu-
lated incubation time of 1 h. As shown in Table 2, the lowest LCFB (0.24
nM) was attained for the combination of 20% streptavidin coverage on
AuNP of 60 nm with graphene electrode gap size of 30 nm.

Analytical characterization was carried out for the optimized com-
bination of gap size (30 nm), and strep-AuNP size (60 nm) and protein
coverage (20%) by measuring response with increasing concentration/
number of strep-AuNP (Fig. 6). Sensitivity and LOD of streptavidin
detection with optimized parameters were found to be 0.3 pA/nM and
0.25 pM, respectively. LOD is estimated using the relationship of
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Fig. 4. A) I- V curve with biotin functionalized and after incubation with strep-
AuNP. B) SEM image of nanogap with captured strep-AuNP. C) I-V curves after
incubation with different concentration of strep-AuNP.

H 74.1 nm

a8
HSG.? nm

.6&.7 nm

f——— 200 nm
CAE2_AuNP

Fig. 5. SEM images showing capture of strep-AuNP (~60 nm) across gap width
of A) 65 nm and B) ~30 nm.

Table 1
Effect of gap size and AuNP diameter on LCFB at streptavidin coverage of 20%.
Parameter combinations  Gap size AuNP diameter (nm) LCFB (nM)
(nm)
1 65 10 97
2 30 10 19
3 65 60 64
4 30 60 0.24
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Table 2
Compilation of nanogap sensor parameters studied and their LCFB.
Gap size (nm) AuNP size (nm) Streptavidin coverage (%) LCFB (nM)
65 10 20 97
65 10 40 424
65 60 20 64
65 60 40 121
30 10 20 19
30 10 40 42
30 60 20 0.24
30 60 40 4.3
8x107
y=3E-07+5E-08
7x1079  R?=0.9126 . {
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Fig. 6. Calibration plot for optimized combination i.e. 30 nm gap width, 60 nm
strep-AuNP with 20% coverage. The data points are average measurements of 5
electrodes and error bar represents + 1 standard deviation.

LOD = (3 x SD)/m where SD is the standard deviation of blank and m
is the sensitivity of the sensor, i.e. slope of the calibration plot. These
results are better than previously reported detection of streptavidin
using streptavidin-biotin interaction, including amperometric bio-
sensors using metallic nanocube augmented CNT network (Claussen
et al., 2009) (LOD of 2.3 nM), ELISA (Lakshmipriya et al., 2016) (LOD
of 0.25 nM), ZnO nanorod-based FET (Kim et al., 2006) (LOD of 25
nM), and single-walled CNT thin film transistor (Lamberti et al., 2014)
(LOD of 0.1 nM). We are optimistic that performance of the proposed
nanogap biosensor can be further improved using nanogap width of less
than 30 nm. Our group will also work on exploring this platform in the
detection of a single analyte coated nanoparticle from complex samples
using multi-electrode array-based chip design.

4. Conclusion

For the first time, graphene nanogap based electrical biosensing
platform was successfully developed, tested with their analytical char-
acterization in terms of sensitivity (0.3 pA/nM) and LOD (0.25 pM).
Graphene nanogaps fabricated using EBL were reproducible without
affecting the graphene properties compared to FIB and nanoindenta-
tion. We also established the interdependency between gap size, AuNP
diameter, and protein coverage, in developing a high sensitivity elec-
trical biosensor platform. With AuNPs larger than the gap width, op-
timum analyte coverage on AuNPs and monoatomic thin graphene as
an electrode material, we obtained the lowest limit of detection. This
biosensor platform has the potential for use as a portable point-of-care/
use device in areas where high sensitivity detection is crucial, such as
clinical diagnosis, environmental monitoring or even food monitoring.
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