
© 2020 IOP Publishing Ltd

1. Introduction

Early diagnosis is a key factor in reducing the mortality 
and impact of disease, ranging from various cancers to 
viral diseases such as SARS, Ebola, and influenza [1, 2].  
One disease that particularly benefits from early 
detection is Lyme borreliosis, commonly known as 
Lyme disease. Early diagnosis of Lyme disease coupled 
with treatment can prevent patients from developing 
more serious effects of the disease such as chronic 
arthritis and permanent neurological disorders. This 
has been a central topic in medical diagnosis for the 
past two decades [3]. The current testing paradigm 
recommended by the Centers for Disease Control 
and Prevention (CDC) is 2-tier serology where an 
enzyme immunoassay or immunofluorescence assay 
is performed for Lyme disease antibodies, followed 
by a western blot [4]. Because this testing relies on 
antibodies produced by the patient in response to B. 

burgdorferi antigens after infection, it is challenging 
to detect Lyme disease in its early stages. For example, 
two-tier testing had 29%–40% of samples report 
positive for the acute phase of Lyme disease, with a 
true positive rate of only 14% for patients with a single 
erythema multiforme (EM) lesion tested within a week 
of onset [5, 6]. Therefore, a test for bacterial antigens, 
rather than the antibodies produced in response to 
the bacterium, could provide improved detection 
capability in these early stages. Also, due to disease 
heterogeneity and inconsistent presentation of Lyme 
disease in patients, it is important to assay multiple 
antigen biomarkers rather than single biomarkers to 
enhance diagnostic accuracy.

Graphene field-effect transistor (GFET) arrays, 
due to their excellent biocompatibility and remark-
able environmental sensitivity [7, 8], have shown great 
promise for use as biosensor transduction elements and 
for the development of a rapid point-of-care  disease 
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Abstract
Lyme disease is an infectious disease caused by the Borrelia burgdorferi bacterium. Early diagnosis of 
Lyme disease could prevent patients from developing serious side effects such as chronic arthritis and 
permanent neurological disorders. Lyme disease diagnosis is currently held back by a lack of reliable 
tools that are sufficiently sensitive and specific to allow early stage detection. Here, we demonstrate all 
electronic nano-biosensors for multiplexed detection of antigens of B. burgdorferi at concentrations 
as low as 2 pg ml−1. The sensors are based on graphene field-effect transistors (GFETs) coupled 
with genetically engineered antibody fragments. Single-chain variable fragment (scFv) antibodies 
are used to obtain a closer proximity of the target-binding event to the graphene sensor surface 
and for higher immobilization density. When compared to GFET nano-biosensors that use the 
parental immunoglobulin G (IgG) antibodies, scFv GFET nano-biosensors achieve approximately 
a 4000  ×  improvement to the limit of detection. We also demonstrate multiplexed detection of 
B. burgdorferi antigens through site-specific immobilization of scFvs on GFET arrays, which can 
potentially reduce the false-positive diagnosis ratio of Lyme disease. This work offers a pathway 
towards point-of-care detection of Lyme disease at an early stage.
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diagnosis tool. GFETs functionalized with biological 
recognition receptors, e.g. proteins [9], probe DNA 
[8, 10] and aptamers [11, 12], can specifically bind to 
target biomolecules, leading to easily measured elec-
trical signals. Wafer-scale fabrication of GFET arrays 
with excellent device-to-device uniformity of electrical 
performance [8, 10] offers the prospect of performing 
multiple assays in parallel for maximum diag nostic 
capability. Early detection of Lyme disease could poten-
tially be accomplished by coupling GFETs with Lyme 
disease antibodies to detect the antigens at a clinically 
relevant level. To improve the limit of detection of the 
FET biosensor, besides engineering the band gap of the 
channel material [13, 14], the chemical gating response 
mechanism of FET biosensors [15, 16] suggests the 
approach of reducing the receptor size, which could 
enable both closer proximity of bound target antigen 
to the graphene surface [17] and an increased density 
of immobilized receptors. One promising approach is 
to engineer the parental immunoglobulin G (IgG) anti-
body into a single-chain variable fragment (scFv) anti-
body, which is composed of the variable heavy and vari-
able light domains of the parental IgG, fused by a short 
peptide linker. The scFv retains the antigen-binding 
properties providing a lower limit of detection com-
pared to the parental IgG [18].

Here, we report multiplexed detection of Lyme 
antigens using GFET biosensors with a limit of detec-
tion (LOD) of 2–500 pg ml−1 for four different B. burg-
dorferi antigens. Through antibody engineering of the 
scFvs, we achieved a ~4000  ×  improvement in limit 
of detection as compared to their parental IgG (10 pg 
ml−1 versus 40 ng ml−1), which is ascribed to closer 
proximity of the target-binding event to the graphene 
surface and higher immobilization density of recep-
tors, as confirmed by atomic force microscopy (AFM). 
We also demonstrated multiplexed detection of Lyme 
antigens on a single biosensing chip, which would 
reduce the false positive rate of Lyme diagnosis. This 
work therefore opens a pathway towards a robust sen-
sor technology to diagnose disease based on levels of 
multiple biomarkers.

2. Results and discussion

Figure 1(a) shows a nano-biosensor chip consisting 
of 100 GFET devices fabricated using our previously 
reported photolithography process [8, 19], as 
described in the Materials and methods section. In 
brief, we synthesized monolayer graphene on Cu foil 
(10 cm  ×  15 cm) in a low-pressure chemical vapor 
deposition system and then transferred the graphene 
onto a Si/SiO2 substrate with pre-fabricated Cr/Au 
electrodes. GFET channels with dimensions of 100 
µm  ×  10 µm in a two-probe configuration (figure 
1(b)) were then defined by photolithography and O2 
plasma etching, followed by annealing in a forming 
gas of H2/Ar at 225 °C for 1 h to eliminate photoresist 
residues. Raman spectroscopy was utilized to confirm 

the high quality of the as-fabricated GFETs, which 
showed a D/G intentisty ratio less than 0.05 (figure 
S1 of the supporting information (stacks.iop.org/
TDM/7/024001/mmedia)). Electrical measurements 
of the GFET devices on a single chip showed a high 
fabrication yield (>90%), with a narrow distribution 
of the Dirac point (7.2  ±  2.1 V) and high hole carrier 
mobility (2670  ±  870 cm2 V−1 s−1). These parameters 
reflect the low level of unintended doping induced by 
the fabrication process (figure S2 of the supporting 
information).

To prepare the Lyme disease scFv and antigen, 
housekeeping proteins were selected as likely Lyme 
biomarker proteins as they are constitutively expressed, 
abundant in cells, have low variability among B. burg-
dorferi strains, and are divergent from human pro-
teins. Housekeeping genes are subject to purifying 
selection and slow evolution, and the variation within 
these genes is nearly neutral [20]. There are normally 
fewer polymorphic sites in housekeeping genes com-
pared to hypervariable genes. However, studies using 
housekeeping genes have been used to identify distinct 
genetic populations of B. burgdorferi [21]. The detailed 
preparation processes can be found in Materials and 
methods section. Briefly, using a previously published 
proteomic analysis of B. burgdorferi cultured under 
multiple conditions [22], we identified proteins that 
are consistently abundant in B. burgdorferi. Four were 
selected for this work—FlaB, P66, GroEL and GroES 
(see materials and methods section for details) since 
they are highly conserved within B. burgdorferi strains, 
have almost no sequence similarity with any human 
protein, and are divergent from all other known bacte-
rial proteins (44%–76% protein sequence divergence). 
To generate antibodies, we cloned each protein into 
the restriction sites of the pSYN2 expression vector to 
create His-tagged fusions that were transformed into 
E. coli BL21. We expressed and purified these recom-
binant proteins, using methods similar to our earlier 
reports [23–26]. The monoclonal antibodies and 
corre sponding scFvs against each recombinant pro-
tein were then produced based on the purified proteins 
(ProMab Biotechnologies, Inc.).

GFETs were functionalized with scFv or IgG anti-
body as shown schematically in figure 1(c). We first 
functionalized the GFET with 1-pyrenebutyric acid 
N-hydroxysuccinimide ester (PBASE), a bifunctional 
linker molecule [8, 10]. The aromatic pyrenyl group 
of PBASE binds to the graphene basal plane by the 
π–π stacking interaction [27, 28], leading to a feature 
height increase of ~1 nm as imaged by AFM (figure S3 
of the supporting information). The PBASE-covered 
GFETs were then exposed to an aqueous solution of 
scFv or IgG for one of the Lyme antigens (~5 µg ml−1 
in 0.1  ×  PBS buffer). The succinimide groups of the 
PBASE conjugate with amine groups of the antibody 
molecules to form stable amide bonds and immo-
bilize them on the graphene surface. To validate this 
immobilization chemistry, we performed AFM on 
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GFETs functionalized with the four different types 
of Lyme scFv (P66, GroES, GroEL and FlaB) as well 
as the GroES IgG. The bound scFv molecules on gra-
phene imaged with feature heights of 2.2  ±  0.2 nm, 
while bound IgG were much larger with heights of 
6.9  ±  1.8 nm (figure 2(d)). This is consistent with their 

molecular weights of ~25 kDa and ~150 kDa, respec-
tively. It is noted that the statistics of the feature heights 
can potentially be affected by adsorption geometries 
and molecular  confirmations of the proteins, while 
our result indicates that the weight plays a more cru-
cial role. The density of bound scFv (250–450 µm2 as 

Figure 1. GFET nano-biosensor conjugated with Lyme GroES scFv. (a) Photograph of a sensor array with 100 GFET devices. (b) 
Optical micrograph of a GFET channel with dimension of 100 µm  ×  10 µm, connected to source and drain electrodes highlighted 
in yellow. The light purple region is the 285 nm thick SiO2 substrate, while the darker purple region is the graphene channel. (c) 
Schematic of a GFET functionalized with Lyme disease scFv through a PBASE linker, with the bound antigen.

Figure 2. AFM measurements of antibody immobilization on GFET devices. AFM topography images of (a) graphene with GroEs 
scFv, (b) graphene with IgG GroES antibody and (c) as-prepared graphene without antibody. Scale bars: 100 nm. (d) Histograms 
of antibody feature height on graphene for GroES scFv (red) and GroES IgG antibody (green). Solid lines are Gaussian fits to the 
histograms.

2D Mater. 7 (2020) 024001
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seen in the topological images in figures 2(a) and S4 
of the supporting information) was significantly larger 
than that for IgG (120/µm2) consistent with expecta-
tions given their relative sizes. The combination of the 
smaller size and higher density for immobilized scFvs 
compared to full IgG is expected to offer better sensing 
response for the corresponding GFET biosensors.

To show the sensing performance of the GFET 
Lyme disease biosensors, we performed current–gate 
voltage (I–Vg) measurements in the dry state after 
each functionalization step (figure 3(a)). Immobiliza-
tion of GroES scFv on GFET led to an increase in the 
Dirac voltage (ΔVD  =  30.6  ±  7.8 V), which is attrib-
uted to chemical gating [16] of the GFET by charges 
on the scFv in residual water. As shown in table S1, the 
decreased carrier mobility is ascribed to an increase in 
carrier scattering after PBASE functionalization since 
the NHS group of PBASE is hydrolyzed into carboxyl 
groups, which deprotonate and lead to negatively 
charged sites very close to the graphene surface. In 

target response experiments, we tested functional-
ized GFET sensors against the appropriate Lyme dis-
ease antigen or a related control in 0.0075  ×  dialysis 
buffer (0.75 mM NaCl, 0.375 mM Tris-8). In all cases, 
we observed a positive shift of the Dirac voltage (fig-
ure 3(b)), ascribed to chemical gating due to bound 
antigen. We report the nano-biosensor response as 
∆VREL

D , the Dirac voltage shift relative to the shift meas-
ured upon exposure to pure buffer without any target. 
For all four Lyme disease antigens tested, the relative 
Dirac voltage shifts varied systematically according 
with antigen concentration c (figures 3(b)–(e)), and 
was well fit by a formula based on the Hill–Langmuir 
model for ligand-receptor binding in equilibrium:

∆VREL
D = A

(c/KA)
n

1 + (c/KA)
n (1)

where A is the maximum response with all binding 
sites occupied, KA is the effective dissociation constant, 
and n is the Hill coefficient. The best fit values of the 

Figure 3. GFET Lyme disease biosensor performance. (a) Current–gate voltage curves of a GFET device following different 
chemical treatment and antigen exposure steps. (b)–(e) Sensor response as a function of Lyme disease antigen concentration for 
GFET functionalized with different Lyme scFv against different biomarker targets. Solid curves are fits to the data using equation (1). 
The open data points and green curve in panel (b) are the data and fit, respectively, for sensors based on the full GroES IgG. Error 
bars are the standard deviation of the mean.

Table 1. Summary of best fit parameters for the data in figures 3(b)–(e).

A KA n L.O.D.

P66 scFv 17.0  ±  2.6 V 0.9  ±  1.1 ng ml−1 0.3  ±  0.1 2 pg ml−1

FlaB scFv 5.9  ±  0.3 V 0.4  ±  0.1 ng ml−1 0.7  ±  0.2 10 pg ml−1

GroEL scFv 8.5  ±  0.3 V 17.5  ±  4.0 ng ml−1 0.6  ±  0.1 500 pg ml−1

GroES scFv 12.4  ±  1.5 V 30.3  ±  27.7 ng ml−1 0.3  ±  0.1 10 pg ml−1

GroES IgG 4.4  ±  0.4 V 61.0  ±  18.0 ng ml−1 3.0  ±  0.2 40 ng ml−1

2D Mater. 7 (2020) 024001
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parameters are summarized in table 1. Ka ranges from 
0.4 ng ml−1 to 30.3 ng ml−1, values that are typical of 
antibody-antigen binding. The limit of detection 
(LOD) for the scFv-functionalized sensors ranged 
from 2 pg ml−1 to 500 pg ml−1, clinically relevant levels 
[29] that represent a significant improvement over our 
earlier report based on carbon nanotube FETs and an 

IgG antibody [30].
The AFM data presented above suggest that the use 

of engineered scFv antibodies with smaller sizes should 
enhance both the density of binding sites and the elec-
trostatic coupling of binding events on the GFET sur-
face, leading to a lower limit of detection. Motivated 
by this hypothesis, we performed experiments that 
directly compared the performance of GFET devices 
functionalized with the scFv and the parent IgG for the 
same GroES biomarker target. As shown in figure 3(b), 
the saturation signal for devices based on the scFv is 
doubled compared to its parental IgG, consistent with 
closer proximity of binding and higher functionali-
zation density as observed in AFM (figures 2(a) and 
(b)), while the dissociation constants are comparable  
(table 1), implying that the scFv retains the antigen-
binding properties of the intact IgG. Devices based on 
scFv also exhibited a significantly smaller Hill index 
compared to those using IgG; the origin of this effect is 
unclear. Overall, GFETs coupled with GroES scFv deliv-
ered an LOD of 10 pg ml−1, 4000  ×  lower than the LOD 
of the IgG antibody (40 ng ml−1). These results suggest 
that GFET nano-biosensors conjugated with scFvs 
offer great promise to detect antigen levels of diagnostic 
significance, 12–15 ng ml−1 [31], for the development 
of an early diagnostic tool for Lyme disease.

Multiplexed detection of Lyme disease antigens 
is a critical step to reduce the false positive rate for 
early-stage diagnosis of Lyme disease. To this end, we 
functionalized each quadrant of GFET arrays with 
scFvs against different Lyme disease antigens (see 
inset in figure 4(a)) and tested the multiplexed sen-
sor array against a mixture of Lyme disease antigens 

in 0.0075  ×  dialysis buffer. The sensor responses were 
normalized to the saturation signals shown in table 1. 
Figure 4(a) shows the array responses for a mixture 
containing 200 fg ml−1 P66, 2 µg ml−1 FlaB, 500 fg 
ml−1 GroES, 500 fg ml−1 GroEL (the non-uniform 
concentrations of P66, GroES, and GroEL were all 
selected to be below the limits of detection of the GFET 
sensors). The quadrant functionalized with FlaB scFv 
gave the full response as expected, while the other 
quadrants functionalized with scFv of P66, GroES and 
GroEL displayed negligible response signals even with 
the very high concentration of FlaB antigen. These 
negative controls demonstrate the excellent specificity 
of the GFET sensors, which is ascribed to the effect of 
hydrolyzed NHS groups of residual PBASE that inhibit 
non-specific binding on graphene surface. Exposure to 
an antigen mixture containing all four antigens at rela-
tively high concentration (2 µg ml−1 P66, 2 µg ml−1 
FlaB, 5 µg ml−1 GroES, 5 µg ml−1 GroEL) leads to full 
response for all four modules (figure 4(b)). This data-
set establishes the multiplexing capability of the GFET 
nano-biosensor, which with further development 
should facilitate the accurate diagnosis of Lyme disease 
at an early stage.

3. Conclusions

We have developed a highly sensitive GFET nano-
biosensor coupled with Lyme scFv with a limit of 
detection as low as 2 pg ml−1. To improve sensor 
performance, we used scFv antibodies, whose 
small size compared to the full IgG provided both 
enhanced receptor density on the graphene surface 
and closer proximity of the target-binding event. For 
the GroES Lyme disease antigen, the use of the scFv 
antibody delivered a 4000  ×  improvement in limit 
of detection as compared to the GroES IgG antibody, 
demonstrating the effectiveness of this strategy. Sensor 
responses as a function of antigen concentration 
were well fit by a functional form derived from the 

Figure 4. Multiplexed measurement for mixtures of antigens at different concentrations. Bar plot showing the normalized array 
responses against two different antigen concentration combinations: (a) 200 fg ml−1 P66, 2 µg ml−1 FlaB, 500 fg ml−1 GroES and 500 
fg ml−1 GroEL, and (b) 2 µg ml−1 P66, 2 µg ml−1 FlaB, 5 µg ml−1 GroES and 5 µg ml−1 GroEL. The schematic in the inset of (a) shows 
a single sensor chip with four modules functionalized with a different type of scFv. For both cases the GFET in each array shows an 
appropriate response for the antigen mixtures, establishing the multiplexing capability of the GFET nano-biosensor.

2D Mater. 7 (2020) 024001
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Hill–Langmuir model. Multiplexed detection of Lyme 
antigens was demonstrated with sensor arrays with 
site-specific immobilization of scFvs, which could 
potentially reduce the false-positive diagnosis rate of 
Lyme disease. This work can potentially be developed 
to enable point-of-care detection of Lyme disease at an 
early stage.

4. Materials and methods

4.1. IgG and scFv antibody preparation
FlaB is a major periplasmic flagellar filament protein. 
Multiple molecules of FlaB form the core of the 
flagella [32]. Genetic studies of the flaB gene can 
identify different species of Borrelia indicating that it is 
conserved among Borrelia species [33]. P66 is a surface 
expressed, outer membrane-spanning 66 kDa protein 
and functions as a porin [34]. GroEL is a 66 kDA 
major heat shock protein that is homologous to GroEL 
proteins in E. coli [35]. GroES is a 10-kDA chaperonin 
protein associated with GroEL. GroES regulates the 
ATPase activity of GroEL, and it is required for GroEL 
to function [36].

We grew cells in LB media to mid-logarithmic 
phase (determined by optical density), protein pro-
duction induced by addition of Isopropyl β-D-1-thi-
ogalactopyranoside (IPTG) 1 mM), and the cells were 
harvested after 3 h by centrifugation, re-suspended 
in phosphate buffered saline (PBS)-1%Triton, and 
lysed by sonication. We separated the recombinant 
protein-containing supernatant from the cell pellet by 
centrifugation at 1000 g for 8 min at 4 °C and passed 
over a Ni-nitrilotriacetic acid (Ni-NTA) gravity col-
umn to isolate His-tagged protein. We assessed protein 
purity by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and Mass-Spectrometry. 
The purified proteins were sent to ProMab (Rich-
mond, CA) where monoclonal antibodies against 
each recombinant protein were produced. ProMab 
assayed the specificity and sensitivity of each antibody 
by ELISA and Western blot and provided the purified 
monoclonal antibody and hybridomas for each. Pro-
Mab picked a hybridoma from antigen that had good 
binding according to ELISA to create scFvs.

4.2. Graphene growth
Graphene was grown on a copper foil substrate (Alfa 
Aesar, 99.8%, 25 µm thickness) within a low pressure 
4-inch chemical vapor deposition tube furnace (OTF-
1200X-4-C4-SL-UL, MTI Corp.). The copper foil was 
cleaned by submerging it in 5.4% HNO3 and sonicating 
for 45 s. The foil was then washed with two deionized 
(DI) water baths, dried with high-pressure N2 gas, 
and loaded into the CVD system. The pressure in the 
tube furnace was pumped down to 50 mTorr, and the 
Cu foil was then annealed at 1020 °C for 30 min under 
a flow of H2 at 80 sccm and Ar at 500 sccm. Graphene 
was then deposited on the Cu foil using a CH4 flow of 
5 sccm as a carbon source for 5 min and then 10 sccm 

for 15 min alongside a flow of H2 at 80 sccm. The 
furnace was then rapidly cooled to room temperature 
under the same H2 and CH4 flow conditions.

4.3. Electrode patterning on SiO2 wafer
A 4-inch p-doped Si wafer with a 285 nm SiO2 dielectric 
was used as a substrate. Photolithography and thermal 
evaporation were used to deposit the electrode 
pattern. First, the wafer was prebaked at 210 °C  
for 5 min to remove any accumulated hydration. A 
protective layer of polymethylglutarimide (PMGI, 
Microchem) was spin coated at a spin rate of 4000 rpm 
for 45 s on the wafer and then baked at 210 °C for 5 min. 
Subsequently, s1813 (Shipley) photoresist was spin 
coated at a rate of 5000 rpm for 45 s on the wafer and 
baked at 100 °C for 5 min. The electrode pattern was 
defined using photolithography and developed using 
MF-319 (Microposit). Finally, thermal evaporation 
was used to deposit 5 nm of Cr and 40 nm of Au, 
followed by the lift-off process.

4.4. Graphene transfer
We used a hydrolysis bubble method to transfer a 
graphene film from the Cu foil to the Si/SiO2 chip. 
A 500 nm thick layer of polymethylmethacrylate 
(PMMA) was spin coated on the graphene on Cu 
foil. This PMMA layer was sacrificial and served as 
structural support during the transfer process. To 
increase adhesion between the graphene and the 
PMMA, the sample was baked at 105 °C for 2 min. The 
sample was connected to the cathode of a power supply, 
and the anode of this power supply was a platinum wire 
submerged in a 50 mM NaOH electrolyte solution. 
The sample was then inserted into the NaOH solution 
as 20 V was applied across the sample and the NaOH 
solution. Hydrogen bubbles formed at the interface 
of the copper foil and the NaOH solution, peeling off 
the graphene/PMMA film. Then we transferred the 
film into three DI water baths (resistivity of 18.2 MΩ 
cm) sequentially before transferring it onto the Si/SiO2 
chip. After air drying, we baked the chip at 150 °C for 
3 min to increase adhesion between the graphene and 
Si/SiO2 substrate. Finally, we submerged the chip in 
acetone overnight to remove the PMMA.

4.5. GFET array fabrication
We defined the GFET channel regions using 
photolithography. A protective layer of PMGI was 
spin coated at a spin rate of 4000 rpm for 45 s onto the 
chip and then baked at 125 °C for 5 min. Then s1813 
photoresist was spin coated at a rate of 5000 rpm for 
45 s onto the chip and baked at 100 °C for 2 min. The 
array pattern was defined using photolithography and 
developed using MF-319 (Microposit). Excess graphene 
outside the channel regions was removed via O2 plasma 
etching (1.25 torr pressure; 50 W power; 35 s duration). 
We then removed the photoresist on the graphene 
channels using an N-methylpyrrolidinone photoresist 
remover (NANO Remover PG, MicroChem Corp.), 
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acetone and IPA to obtain the GFET array. Finally, the 
chip was annealed at 225 °C for 60 min under an H2 
flow of 250 sccm and an Ar flow of 1000 sccm.

4.6. GFET array functionalization and 
measurement
The chip was left to soak in a solution of 4 mg of 
1-pyrenebutyric acid n-hydroxysuccinimide (PBASE, 
Sigma-Aldrich) in 50 ml of dimethyl formamide (DMF, 
Fisher) for 20 h to allow the PBASE to adsorb via π–π 
interactions. Then, we washed the chip with DMF, IPA 
and DI water for 2 min each before being gently blown 
dry with N2 in preparation for scFv functionalization. 
10 µl of the scFv solution was pipetted onto each 
quadrant of the chip, and it was allowed to incubate 
in these solutions for 3 h within a container with a hot 
water bath to create a humid atmosphere to suppress 
probe solution evaporation. Afterward, we rinsed the 
chip with DI water and washed with two DI water baths 
for 2 min each, and subsequently dried the chip with 
N2 before performing an I–Vg measurement. We then 
incubated the chip in 200 µl of target antigen solution 
for 1 h under humid conditions. Following this, the 
chip was rinsed with DI water and washed with two DI 
water baths for 2 min each before being dried with N2. 
Finally, we performed I–Vg measurements.

4.7. Electrical measurement and evaluation
We performed electrical measurements using a 
probe station equipped with a probe card capable 
of measuring up to 100 devices simultaneously. We 
conducted current–gate voltage (I–Vg) measurements 
using a Keithley 2400 sourcemeter (bias voltage: 0.1 
V). The gate voltage was applied using a Keithley 6487 
voltage source. No detectable gate leak was observed 
throughout all measurements. Dirac point voltage 
were extracted by fitting the hole branch of the I–Vg 
curve to the equation [37, 38]:

σ−1
(
Vg

)
= [µcg(VD − Vg)]

−1
+ σ−1

s

where cg is the gate capacitance per unit area for the 
285 nm thick SiO2 (12.1 nF cm−2), µ is the hole carrier 
mobility, VD represents the Dirac voltage, and σs 
indicates the saturation conductivity as Vg → −∞.
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