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ABSTRACT 

This paper presents a differential method based on the 
graphene field effect biosensor for the rapid and specific 
quantification of environmental pollution-related 
biochemical analyte. Selectively functionalizing one of the 
two identical graphene channels and calibrating the 
sensitivity difference of the two channels allowed us to 
extract analyte binding-induced signals by subtracting 
irregular and unpredictable background. Using this method 
we demonstrated real-time monitoring of 17β-estradiol in 
electrolytes with varying pH value. This work represents 
important progress of graphene field effect sensors toward 
use with complex real samples. 
 
INTRODUCTION 

17β-estradiol (E2), the most active estrogen classified 
as a typical environmental endocrine disrupting chemical, 
has been widely used in the medical treatment, and the 
livestock and poultry breeding. It also becomes a priority 
in the environmental estrogen pollution [1]. Numerous 
biosensors have been developed to complement the 
shortage in chemical analytical instruments for the rapid E2 
detection [2-5]. However, most of these biosensors were 
only demonstrated in the buffer, an ideal stable testing 
environment, and few of them were tested in the complex 
sample condition due to the background disturbance. 
Signals, arising from the variation of pH value, ionic 
strength and even unpredictable in the complex sample, can 
overlay the binding-induced signal from E2, and prevent 
these sensors from the further application. 

To eliminate the disturbance signal from the resultant 
signal in the multi-variable testing environment, the 
differential method, normally required for an extra 
reference detection, is a feasible and straight-forward way 
to achieve this goal. Although it has been applied in the ion 
and the DNA detection [6-8], however, the sensitivity 
difference between channels has not been considered yet. 
Thus, the reported method still has defect in the application. 

Here, we present a differential method for the E2 
detection using the graphene aptasensor. The detection is 
based on the platform of graphene field-effect transistor 
(FET), and the polydimethylsiloxane (PDMS) microfluidic 
channel was employed to package the sensor. We verified 
our method on the detection of E2 by comparing the 
differential results measured in the condition of one 
variable, a stable testing environment, and the condition of 
the dual variable. In contrast to the reported work, our 

differential method has introduced the sensitivity factor, 
based on the graphene transconductance, to calibrate the 
sensitivity difference. In addition, the real-time monitoring 
of E2 was taken in the dual variable sample, which is a 
more complex testing environment and much closer to the 
real sample detection condition. 

Our results show that the disturbance from pH value 
variation can be effectively eliminated using our 
differential method, and that the similar limit of detection 
(LOD) in the E2 detection, as low as ~1 pM, can be 
achieved with and without the disturbance from pH. These 
results demonstrate the feasibility of this novel differential 
method in the undisturbed detection of E2. 

 
DESIGN AND PRINCIPLE 

The integrated FET sensor is configured as shown in 
Figure 1. Two groups of FETs were fabricated in one piece 
of the substrate, and modulated by the same integrated 
planar gate electrode. Graphene was used as the conductive 
and sensitive material. Packaging with PDMS microfluidic 
channels, these two groups of FETs were separated and 
defined as the testing channel and the reference channel, 
respectively. As Figure 1(b) shown, the tubing was used to 
deliver and drain liquid chemicals and samples. 

 

 
Figure 1: Fabricated FET sensor. (a) Optical micrograph 
of a fabricated FET sensor. (b) FET sensor packaged with 
PDMS microfluidic channels. Each microfluidic channel 
covered the corresponding sensitive area of one group FET. 
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Chemicals and samples were introduced into the channel 
using syringe pump (shown by red and blue arrow). 

 
The sensing principle is designed as shown in Figure 

2. An electrical double layer (EDL) is formed between the 
hydrophobic graphene surface and the electrolyte. The 
aptamer, of which one end is immobilized on the graphene, 
is negative charged, and electrostatically induces holes 
carrier in graphene through the EDL capacitance. The 
Debye length (λD) in our testing phosphate buffered saline 
buffer (PBS, pH 7.4) is around 7.5 nm, while the length of 
aptamers is around 11.9 nm. In the absence of E2, only part 
of charged nucleotides are within the Debye length, and can 
effectively induce holes in graphene due to the Debye 
screening effect. Thus, a slight p-type doping is observed. 
When binding with E2, the aptamer switches its secondary 
structure, and more charged nucleotides are pulled into the 
induction range, which results in the charge redistribution 
and the holes density increase in graphene. Therefore, the 
p-type doping is enhanced in the graphene, and the 
response could be measured by the drain-source current 
(Ids). 

 

 
Figure 2: Sensing principle and electrical response 
mechanism. (a) The schematic diagram of the reaction 
process. The distance from the 3’ end of the single-strain 
DNA aptamer to the graphene surface is changed with or 
without the existence of 17β-estradiol. The shadow 
represents the charge distribution on the aptamer. (b) The 
electrical response mechanism. The increase of holes 
density in the graphene can be understood as a p-type 
doping. 
 

As our previous work reported [9], the sensitivity of 
graphene conducting channel is related to the total gating 
capacitance per unit area (Ctot) and the carrier mobility (µ) 
in graphene, and the transconductance parameter (gm) can 
be used to evaluate the overall sensitivity performance, 
which can be described using 

= ∂
=

∂
g ds

m tot ds
g

I W C µV
V L

                          (1) 

Where Vg is the gate voltage, Vds is the drain-source voltage 
supplied in the FET sensor, W and L are the width and the 
length of graphene conducting channel, 

Normally, there are two extremum points on the 
transconductance curve. The negative extremum (denoted 
g-m_max) on the hole branch was selected as the sensitivity 

indicator in our work due to the low operated Vg. To 
compare and calibrate the sensitivity between different 
channels, we defined the transconductance ratio of testing 
channel to reference channel on the hole branch as the 
sensitivity factor (denoted α). 

 
EXPERIMENTAL METHODS 
Fabrication 

Standard MEMS fabrication procedure was taken to 
fabricate the sensor. Briefly, gate, drain and source 
electrodes were patterned onto the 285 nm SiO2/Si 
substrate through photolithography and E-beam 
evaporation techniques with Cr/Au (3 nm/40 nm) layers. 
Monolayer graphene was transferred onto the electrodes 
using wet etching method [9, 10], and then patterned to the 
determined size. 

SU-8 photoresist was used to fabricate the 
microfluidic mold on Si wafer. PDMS precursor and curing 
agent were mixed at 10:1, and poured into the mold. After 
the vacuum degrassing and baking on the hotplate (72℃ 
for 1 h), PDMS was peeled off. Finally, PDMS surface was 
treated using oxygen plasma (120 W, 500 mTorr, 20s), and 
then bonded with the sensor. 

 
Functionalization 

First, the 1-pyrenebutanoic acid succinimidyl ester 
(PASE) molecule dissolved in N,N-dimethylmethanamide 
(DMF) (2 mM) was introduced and retained in the chamber 
for 2 h to make the PASE adsorbed onto the graphene 
surface through π-π stacking. After rinsed by DMF and 
PBS sequentially, single-strained DNA (1 μM) was 
pumped into the microfluidic channels. Through the 
amino-group condensation with PASE, DNAs were 
immobilized onto the graphene surface. It is important to 
note that the DNA sequences were different in these two 
channels, and that only the testing channel was selectively 
functionalized with the aptamer that can bind with E2 [2, 
11]. Therefore, testing channel should response to our 
target analyte while reference channel cannot, theoretically. 

 
Operation 

All detections were taken in the testing buffer (pH 7.4, 
0.05 × PBS with 5% dimethyl sulfoxide (DMSO)). E2 was 
dissolved in DMSO (5 mM) as stocking solution and 
diluted with testing buffer for variable concentrations. 
During the detection, Vgs, Vds and Ids were supplied and 
measured using digital sourcemeters (Keithley 2400, 
Tektronix). All the measurement were controlled and 
recorded through a Labview program. 

 
RESULTS AND DISCUSSION 
Functionalization Characterization 

The whole functionalization process was 
characterized using the electrical measurement method. 
Transfer characteristic curves at each step were measured 
as Figure 3 shown. After the PASE adsorption, Dirac point 
(VDirac) moved from 0.26 V to 0.29 V because of the p-type 
doping arising from PASE, and the VDirac moved back to 
0.18 V due to the n-type doping caused by the negative-
charged aptamer, which is in consistence with the previous 
work [10, 12, 13]. Therefore, the functionalization of the 
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sensor is verified and ready for the detection. 
 

 
Figure 3: Transfer characteristic curves of graphene 
before and after PASE, aptamer functionalization. 
 
E2 Detection 

Before the detection of E2 in the dual variable 
condition, the sensing capability of this FET sensor was 
tested in the testing buffer, where the concentration of E2 
was the only variable. The drain-source voltage was fixed 
at 10 mV.  

 

 
Figure 4: Detection results of the 17β-estradiol in testing 
buffer. (a) Original drain-source current variation 
response to the 17β-estradiol over time at various 
concentrations. The response in the testing channel (blue 
line) reflected the change from the concentration and the 
testing environment, while the response in the reference 
channel (red line) only reflected the change from the 
environment. (b) Transconductance curves. (c) Differential 
and normalized response extracted from (a) with α value. 

Real-time current responses in both channels were 
achieved simultaneously, and plotted using the current 
variation (ΔIds) as Figure 4(a) shown. The current response 
in testing channel (blue curve) increased mainly arising 
from the change of E2 concentration, while the response in 
the reference channel (red curve) showed a little fluctuation, 
which might result from the pulse and the surface 
disturbance created by the solution change. To eliminate 
the pulse and the surface disturbance effect, the α value was 
obtained through the transconductance curve as shown in 
Figure 4 (b). Then, we amplified the response in the 
reference channel with α value to calibrate the sensitivity 
difference, and subtracted the amplified response from the 
response in the testing channel. The normalized result was 
shown in Figure 4 (c), and the result was fitted using Hill-
Langmuir equation. The limit of detection (LOD) was 
estimated to be 0.22 pM using our previous method [10]. 

Next, we introduced another variable, the pH value, to 
the detection. The testing buffer was adjusted to different 
pH values (pH = 6.5, 7.4, 8.0), and other detection 
conditions were set the same as before. As Figure 5(a) 
shown, signals in both channels responded to the pH 
variation, which could be regarded as the disturbance 
response, and which could cover the response to the E2 
concentration change during detection. To eliminate the 
disturbance, the same differential method was used. As 
Figure 5 (b) shown, the differential result indicated that the 
current response in the testing channel changed with the 
concentration variation, and that the disturbance from pH 
was almost eliminated. We also fitted the result using Hill-
Langmuir equation, and achieved the LOD (1.48 pM), 
which was similar to the LOD value calculated in the one 
variable detection. As the pH value might fluctuate in the 
natural water and disturb the detection signal, our results 
demonstrate that this differential method has the potential 
to realize the detection in the complex testing condition. 

 

 
Figure 5: Detection results of the 17β-estradiol in the dual 
variable condition. (a) Original current variation response 
to the 17β-estradiol over time at various pH value and 17β-
estradiol concentrations. (b) Differential and normalized 
response. 
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CONCLUSIONS 
In this paper, we presents a differential method for the 

E2 detection using the differential graphene FET biosensor. 
Compared with the reported work, E2 was detected in the 
dual variable condition which is closer to the condition of 
the real complex sample. The sensitivity factor, based on 
the transconductance of graphene, was introduced for the 
first time to calibrate the sensitivity difference between 
channels. In the E2 detection, the detection result, 
measured in the dual variable testing environment, shows 
that the disturbance response, caused by the pH variation, 
can be eliminated using the differential method, and the 
LOD is similar to the result achieved in the one variable 
testing environment. Thus, this novel differential method 
can achieve the undisturbed detection of the E2 in the 
complex testing environment, and it can be reference for 
the undisturbed detection in other sensor platforms. 
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