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A B S T R A C T   

Heart failure (HF) is the number one cause of death in the world. B-type natriuretic peptide (BNP) is a recognized 
biomarker for HF and can be used for early detection. Field effect transistor (FET) biosensors have the ability to 
sense BNP in much shorter times than conventional clinical studies. The lowest limit of detection (LOD) of state- 
of-the-art HF FET biosensors is 100 fM and detection ranges are short, being less than 4 orders of magnitude. In 
this work, a B/N co-doped graphene oxide (GO) gel (BN-GO) was used as the channel material in an FET 
biosensor targeting BNP. The sensor was able to sense BNP in as little as 2 min, with an LOD as low as 10 aM and 
a wide linear detection range of 10 aM–1 μM, stretching over 11 orders of magnitude. The biosensor showed 
great selectivity and minimal response towards K+ and OH− ions and the human epidermal growth factor re
ceptor (HER2) protein. This biosensor serves as a proof-of-concept of the ability of BN-GO gel FETs to be used for 
ultrasensitive biosensors.   

1. Introduction 

Heart failure (HF) currently affects 26 million people worldwide 
(Ferreira et al., 2019) and is the most prevalent cause of death in the 
world (Alawieh et al., 2019). Early diagnosis of HF is vital to improve 
prognosis, but current protocols are time consuming. Thus, there is a 
dire need for a sensitive and faster biosensing platforms to detect HF 
biomarkers, such as B-type natriuretic peptide (BNP) (Li et al., 2019). In 
recent years, many researchers have studied field effect transistors 
(FETs) as a platform for different biosensing applications ranging from 
cancer (Mu et al., 2015) to viruses (Seo et al., 2020) or bacteria (Moudgil 
et al., 2020). These applications are especially attractive for their 
point-of-care applications, sensitivity, fast detection capability, and 
compatibility with complementary metal-oxide-semiconductor (CMOS) 
fabrication. Lately, graphene-based field effect transistors (GFETs) have 
emerged as attractive biosensors for ultrasensitive detection thanks to 
the theoretical extremely-high charge carrier mobility of graphene 

which reaches 200,000 cm2 V− 1s− 1 (Novodchuk et al., 2020). It was 
demonstrated that the charge carrier mobility of GFET has a direct affect 
over its sensitivity and limit of detection (LOD). Nonetheless, very few 
works have demonstrated the ability to fabricate GFETs biosensors 
exceeding a charge carrier mobility of 1000 cm2 V− 1s− 1 at room 
temperature. 

While pristine graphene FETs lack the required charge carrier 
mobility, composites of B, N and graphene have been shown to exhibit 
high charge carrier mobilities. Hybrid structures of graphene and BN 
were shown to have a mobility of ~36,000 cm2 V− 1s− 1 (Stolyarov et al., 
2015). B/N co-doped graphene oxide (GO) gels were shown to have a 
mobility of 9000 cm2 V− 1s− 1 (Novodchuk et al., 2019b), (Novodchuk 
et al., 2019a). And other works (Su, Y., Cao, S., Shi, L. B., & Qian, 2020) 
have shown that the mobility of B/N/C materials can reach ~100,000 
cm2 V− 1s− 1. 

Debye screening (Piccinini et al., 2018) is another limiting factor in 
GFET biosensors since its length is below 1 nm in physiological solutions 
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(Gao et al., 2016), while the typical size of a bioreceptor exceeds this 
length. Lately, researchers were able to overcome this obstacle by either 
using compressed graphene or using concave structures which were 
shown to effectively increase the Debye screening length (Hwang et al., 
2020). 

In this work, a B/N co-doped GO (BN-GO) gel was used for the first 
time as the channel material in a back-gated FET biosensor. The device 
was tested as a proof-of-concept towards its detection ability of BNP. To 
achieve detection, the device was functionalized with a BNP antibody 
(50E1 antibody) without the use of a linker, due to the presence of 
ammine and carboxyl groups in the BN-GO gel (Novodchuk et al., 
2019b), (Martin, 1998). The biosensor exhibits an extremely low LOD of 
10 aM and a large detection range which stretches over 11 orders of 
magnitude (10 aM-1 μM) in buffer solution. This sensitivity is attributed 
to its extremely high mobility and non-flat morphology. The detection 
time is as little as 2 min. 

2. Experimental 

2.1. Fabrication of BN-GO FETs 

BN-GO gel FETs were fabricated in the same process as previously 
reported (Novodchuk et al., 2019b), (Mistry et al., 2020). In short, 
femtosecond laser ablation was used to fabricate the BN-GO gel from a 
BN quantum dot and GO solution by using pulses from a 1 kHz 35 fs laser 
with an average power of 1 W focused by a 5 cm lens, 2 mm below the 
surface of the solution for 50 min while constantly stirring using a 
magnetic stirrer. The gel was spin-coated between pre-patterned Au/Ti 
source and drain electrodes on a SiO2/p-Si substrate. The x-ray photo
electron spectroscopy (XPS) analysis, the schematic structure of the 
BN-GO gel, and the scanning electron microscope (SEM) images of the 
curved gel surface could be seen in Figs. S1–S3 in the Supporting In
formation, respectively. 

2.2. Antibody immobilization 

A pH = 7 buffer solution (Thermo Scientific) was used in all bio
sensing experiments. BNP antibodies (50E1) were diluted in buffer to a 
1 nM solution. 5 μL droplets were dropped onto the BN-GO channels and 
left at 4 ◦C for 48 h. The antibodies attached to the carboxyl groups in 
the channels (Welch et al., 2017). It is well established that carboxyl 
groups can be used for direct immobilization, as discussed in (Filippidou 
et al., 2019). From the XPS analysis (Fig. S1 in the Supporting Infor
mation), the concentration of carboxyl groups in the gel is 9.9 at%. The 
process for bioreceptor immobilization followed the recipe discussed in 
(Ju et al., 2015). The immobilization of the antibodies was confirmed by 
the shift of the Dirac point, similar to observations made elsewhere (Lei 
et al., 2017). To confirm a strong immobilization of antibodies, the de
vice went through three consecutive rinsing rounds. In each rinsing 

round, 10 μL droplets of buffer solution were pipetted on and off the 
device 5 times. 

2.3. Immunodetection 

All electrical measurements were performed using a probe station 
setup connected to a software-controlled source measure unit (KEY
SIGHT B2900A Series). The BNP biomarker was serially diluted to 
multiple concentrations in buffer solution. For the real-time measure
ments, a 2.5 μL BNP solution with increasing concentrations was drop
ped onto the BN-GO gel channel every 50 s, approximately, while 
continuously monitoring the device’s current (for constant drain and 
back gate voltages of − 0.05 V and − 0.6 V, respectively). For the Dirac 
point change monitoring, 2.5 μL of BNP solution with increasing con
centrations was dropped onto the channel, and a drain current vs gate 
voltage plot was obtained after 2 min (at a constant drain voltage of 
− 0.05 V). Then the channel was rinsed with buffer solution and the 
measurement was repeated with a higher concentration of BNP. The 
results for buffer solution were taken as the reference for both mea
surements. Specificity experiments were performed in the same manner 
described above, but for unfunctionalized BN-GO gel FET devices. 
Selectivity experiments were monitored in two ways. First, the device’s 
current was continuously monitored for constant gate and drain voltages 
(of − 1.5 V and − 50 mV, respectively). Different concentrations of K+

and OH− solution in a pH = 7 buffer were pipetted onto the channel and 
the change in current was monitored. Second, the change in the Dirac 
point of the BNP biosensor was monitored in the same way described 
above, but instead of adding BNP solution, different concentrations of 
human epidermal growth factor receptor (HER2) in pH = 7 buffer were 
pipetted onto the channel. The ELISA test for 50E1 and BNP confirming 
the immunoassay was previously reported (Li et al., 2019). 

3. Results and discussion 

3.1. Electrical properties 

GFETs could be used as biosensors when they are functionalized with 
a bioreceptor that would specifically bind to the desired biomarker 
(Novodchuk et al., 2020). The biosensing could be achieved by either 
monitoring the change in their current versus time for constant applied 
biases or by monitoring the change in the Dirac point as a direct result 
from the attachment of a charged biomarker to the bioreceptor. Since 
the biomarker is charged, it will induce a change in the number of 
charges in the semiconductor transducer, translating to a current and 
Dirac point change, respectively. For a p-type channel, a negatively 
charged biomarker would increase the current and shift the Dirac point 
to the left. 

The back-gated BN-GO gel FETs were fabricated in the same manner 
as previously reported (Novodchuk et al., 2019b). The electrical 

Fig. 1. The electrical properties of the BN-GO FET devices. (a) Drain current vs gate voltage for increasing drain voltages. (b) A comparison between the electrical 
performance of gels used in this work with those previously reported (for a drain voltage of − 0.1 V) (Novodchuk et al., 2019b). (c) The electrical performance over 
time (for a drain voltage of − 50 mV). 
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performance of the non-functionalized devices is presented in Fig. 1a. As 
seen from the drain current versus gate voltage (Id-Vg) plot, the Dirac 
point for Vg = 0 V is slightly below 0 V, meaning that the device has a 
slightly more dominant p-type doping (Novodchuk et al., 2020). Since 
the gels were fabricated in the same mechanism previously reported (old 
BN-GO gel) (Novodchuk et al., 2019b), the electrical performance of the 
two gels was compared in Fig. 1b, with the newly fabricated gel denoted 
as “new BN-GO gel”. As seen from the figure, the ON and OFF currents 
(ION and IOFF, respectively) increased for the “new” gel with a new 
ION/IOFF value of ~107, an order of magnitude larger that the “old” gel. 
In addition, the charge carrier mobilities were calculated as 440,000 ±
200,000 cm2 V− 1s− 1 and 8700 cm2 V− 1s− 1 for holes and electrons, 
respectively. This observation was a great increase from the values 
observed for the “old” gel of 5000 ± 2500 cm2 V− 1s− 1 and 8700 ± 3000 
cm2 V− 1s− 1 for holes and electrons, respectively. The difference in 
electrical properties could be a result from the decrease in the laser pulse 
duration (by a factor of three) used in the fabrication of the “new” gels 
(Hamad, 2016). The reduced pulse duration translates to increased laser 
intensity, which in turn can be used to break more bonds in the pre
cursor materials (Roberts, A. et al., 2011), (Ramadhan, A. et al., 2017). 
An XPS analysis of the gel (Fig. S1 in the Supporting Information) 
revealed a higher C–C bond concentration (43.6 at%) compared to the 
“old gel” (41.8 at%) (Novodchuk et al., 2019b). The increased conju
gation is expected to be the main reason for the improved charge carrier 
mobility (Gao et al., 2009). 

The stability of the gels was also studied over a period of 6 months, as 
seen in Fig. 1c. In that time frame, a significant decrease in the hole 
mobility was observed and a 2-fold reduction in the ION/IOFF ratio. The 
charge carrier mobilities of the BN-GO gel after a 6-month storage was 
calculated as 8800 ± 3500 cm2 V− 1s− 1 and 10,000 ± 2500 cm2 V− 1s− 1 

for holes and electrons, respectively. These were the gels used for the 
biosensing experiments in this paper. 

3.2. Antibody immobilization 

Antibody immobilization is one important aspect of the success of a 

biosensor, since it defines its ability to selectively capture the biotarget 
from a complex environment (Morales and Halpern, 2018). However, 
antibodies are large molecules commonly attached to the bioreceptor 
through linker molecules (Novodchuk et al., 2020) which themselves 
add approximately 2 nm to the overall bioreceptor length (Kwong Hong 
Tsang et al., 2019). Considering the length of the Debye layer screening 
in physiological solutions is below 1 nm (Novodchuk et al., 2020), 
increasing the antibody length is unfavorable. The BN-GO gels used in 
this paper were shown to possess pyrrolic N groups, which are catego
rized as secondary amine groups (Novodchuk et al., 2019b), 
(Šindler-Kulyk, M., Tomšić, S., Marinić, Ž., & Metelko, 1995). These 
groups as well as carboxyl groups can be used for covalently immobi
lizing antibodies (Martin, 1998), (Georgakilas et al., 2012). The anti
bodies would be used to capture the BNP, as schematically presented in 
Fig. 2a. 

In this paper, the BN-GO channels were incubated in a 50E1 (anti- 
BNP) solution for 48 h at 4 ◦C. The immobilization of the anti-BNP was 
monitored by the change in the drain current versus gate voltage plot, as 
demonstrated in Fig. 2b. Several changes to the Id-Vg plot are worth 
exploring. First, the Dirac point shifted by approximately − 30 mV, 
confirming that the antibodies (pI = 6.6–7.2) are negatively charged. 
This observation is in line with previous reports (Lei et al., 2017). Sec
ond, a large change in the ON and OFF currents was observed after 
immobilization of antibodies, suggesting the attachment was through 
covalent bonds, since this type of attachment tends to scatter charges 
and decrease the current of GFETs (Fu et al., 2017). Lastly, an additional 
minima point appeared at Vg~0 V, further confirming the attachment of 
the charged antibodies (Kwong Hong Tsang et al., 2019), (Feng et al., 
2014). The addition of buffer solution to the antibody-functionalized 
channels revealed minimal change in the Id-Vg plot, as seen in the 
figure. Similarly, the buffer had negligible effect over the Id-Vg charac
teristics of the bare BN-GO gel, as seen in Fig. S4 in the Supporting 
Information. 

To further confirm the antibody immobilization was through cova
lent bonds, the device was subjected to three consecutive rinsing cycles. 
When antibodies are attached through physical bonds, they can be easily 

Fig. 2. (a) The device schematics and the biosensing principle. The change in drain current vs gate voltage plot (b) of the BN-GO FET after anti-BNP immobilization 
and the addition of buffer and 10 pM BNP, and (c) of anti-BNP functionalized BN-GO FET after the first and third rounds of continuous rinsing. The inset of (c) is an 
enlargement of the Dirac points. 
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detached by rinsing the device in buffer (Fu, H., & Liu, 2019). The 
minimal change in the Id-Vg characteristics following one and three 
rinsing cycles presented in Fig. 2c confirms the covalent binding of the 
antibodies to the BN-GO gel. 

3.3. Sensitivity of BNP detection 

The sensing mechanism used in this work was achieved through 
monitoring the Dirac point change in response to the formation of the 
BNP complex with its antibodies on the BN-GO FET surface (Novodchuk 
et al., 2020). Since the BNP biomolecules are positively charged (pI =
10.95), the Dirac point is expected to increase (Li et al., 2019). The Id-Vg 
were plotted for anti-BNP functionalized BN-GO FET after 2 min incu
bation in various concentrations of BNP in a pH = 7 buffer, as seen in 
Fig. 3a–b. The incubation in pure buffer served as the control. As 

expected, the Dirac point shift towards higher voltages in response to the 
addition of BNP. Furthermore, the shift increased with increased BNP 
concentration, with a limit of detection of 10 aM. In addition, the change 
in the Dirac voltage (ΔVDirac) plotted against the BNP concentration 
(CBNP) presented in Fig. 3c exhibited a linear behavior (R2 = 0.96) over 
the large range of concentrations with the calculated relationship of 
ΔVDirac = 0.0178LogCBNP + 0.321. The figure demonstrates an incredible 
detection range that stretches over 11 orders of magnitude (10 aM–1 
μM). The improved LOD is suspected to stem from two main reasons. 
First, the increased charge carrier mobility of the FET (Novodchuk et al., 
2020), and second, the increased Debye length as a result of curved 
surfaces in the BN-GO gel (Novodchuk et al., 2019b) as seen in Fig. S3 in 
the Supporting Information. The effect of curved surfaces on the Debye 
screening length has been studied elsewhere (Hwang et al., 2020). 

Fig. 3. BNP sensing sensitivity. (a) and (b) the change in drain current vs gate voltage plot in response to increasing concentrations of BNP. (c) The detection range as 
seen from the Dirac point shift in response to increasing concentrations of BNP. 

Fig. 4. (a) Specificity and (c) selectivity of the BN-GO gel FET biosensor as seen from the drain current vs gate voltage curves. (b) and (d) are enlarged view of the 
Dirac points in (a) and (c), respectively. 
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3.4. Specificity 

Specificity of the BN-GO gel FET biosensors were measured by 
monitoring the Dirac point change in response to increasing BNP con
centrations without the immobilization of anti-BNP onto the channel. 
This experiment was performed to make sure that the BNP is affecting 
the electrical change in the channel only through connecting to the 
antibodies, and not through direct immobilization to the gel channel (Li 
et al., 2019). BNP is a small positively charged molecule; were it to 
attach to the BN-GO channel, the expected effect would have been an 
increase in the Dirac point. The experimental results are presented in 
Fig. 4a–b. As seen in the figures, the Dirac point does not shift when the 
BNP is introduced to the channel, even at a high concentration of 1 nM. 
In addition, the BNP has no effect over the charge carrier mobility of the 
device, unlike when antibodies are attached to the channel. 

3.5. Selectivity 

The selectivity of the BNP biosensor was measured against HER2, a 
protein that is over expressed in different types of cancer including 
breast cancer (Novodchuk et al., 2020). As seen in Fig. 4c–d, the Dirac 
point slightly shifted when the HER2 was introduced from − 0.274 V to 
− 0.277 V, but this 3 mV shift is within the noise of the device, and 
approximately 10 times lower than the shift for 10 aM BNP. In addition, 
no further shift was observed for a HER2 concentration of up to 1 μg/mL, 
which is much higher than the normal range in the blood (12.2 ng/mL) 
(Asgeirsson et al., 2007). 

Selectivity towards other interfering species was also performed, as 
seen in Fig. S7a in the Supporting Information. The BNP biosensor was 
continuously monitored when increasing concentrations of K+ OH− ions 
were introduced to the channel. The change in current was up to 3 nA 
which is within the device’s noise. The sensitivity of the sensor was 
compared in Fig. S7b in the Supporting Information. It is clear from the 
figure that the devices sensitivity is much more pronounced to BNP 
compared to HER2 and K+ OH− ions, confirming the selectivity of the 
device. 

3.6. State-of-the-art 

The BNP biosensor was compared to similar FET biosensors reported 
in recent years, as seen in Table 1. The transducer, bioreceptor, target, 
and biosensing capabilities were compared. The BNP biosensor used in 
this work exhibits both superior LOD and detection range compared to 
the recent literature. It also exhibits shorter detection times compared to 

the state-of-the-art with a single exception (Liu et al., 2016). It is 
important however to note, that this device is only aimed as a proof of 
concept, and future works should target BNP in more complex samples. 

4. Conclusions 

In conclusion, the ability to fabricate a BNP biosensor using a BN-GO 
gel FET covalently functionalized with BNP antibodies was demon
strated. The biosensor was able to detect BNP in buffer with an LOD as 
little as 10 aM within 2 min. The superior detection range achieved by 
the biosensor stretched over 11 orders of magnitude (10 aM–1 μM). In 
addition, the biosensor had minimal response towards interfering spe
cies and minimal non-specific reactions. These results show the potential 
towards point-of-care applications of HF monitoring using BN-GO gel 
FET biosensors. Future experiments should target BNP detection in more 
complex metrices, such as blood or serum. 
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Table 1 
A summary of the FET BNP biosensing platforms in the state-of-the-art.  

Biotransducer Bioreceptor Target LOD Range Detection time 
(min) 

Medium Reference 

AlGaN/GaN Aptamer NT- 
proBNP 

0.832 pg/mL 50–10,000 pg/ 
mL 

5 Human 
sample 

Sinha et al. (2019) 

AlGaN/GaN Aptamer and 
antibody 

NT- 
proBNP 

181 pg/mL 200–5000 pg/ 
mL 

5 Serum Sarangadharan et al. 
(2017) 

Reduced GO/Pt 
nanoparticles 

Antibody BNP 0.1 pM 100 fM-1 nM 30 Buffer Lei et al. (2017) 
50 × 103 pM 50–200 nM 30 Blood 

Polyaniline Antibody BNP 50 pg/mL (~14 
pM) 

50–200 pg/mL 1 Buffer Liu et al. (2016) 

~129 pg/mL ~130–300 pg/ 
mL 

– Serum 

MOSFET Antibody NT- 
proBNP 

~100 pg/mL – 5 Blood Sarangadharan et al. 
(2019) 

Reduced GO Antibody NT- 
proBNP 

10 pg/mL 10–1000 pg/mL 15 Buffer Munief et al. (2019) 
104 pg/mL – – Serum 

MOSFET Antibody BNP 100 pg/mL (~30 
pM) 

100–500 pg/mL 5 Buffer Sarangadharan et al. 
(2018) 

140 pg/mL 500–4000 pg/ 
mL 

5 Blood 

BN-GO gel Antibody BNP 10− 5 pM 10 aM-1 μM 2 Buffer This work  
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