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Abstract: Effective detection of methamphetamine (Met) requires a fast, sensitive, and cheap testing assay. However, commer-
cially available methods require expensive instruments and highly trained operators, which are time-consuming and labor-in-
tensive. Herein, an antibody-modified graphene transistor assay is developed for sensitive and minute-level detection of Met in
complex environments. The anti-Met probe captured charged targets within 120 s, leading to a p-doping effect near the
graphene channel. The limit of detection reaches 50 aM (5.0 x 10-17 M) Met in solution. The graphene transistor would be a valu-

able tool for Met detection effective prevention of drug abuse.
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1. Introduction

It is becoming a global public health problem that drugs
are frequently abused by drug addicts, athletes, and recreation-
al users in many countries as central nervous system stimu-
lant, becoming a global public health problem!" 2, Among
the abused illicit drugs, methamphetamine (C;yH;sN, molecu-
lar weight 149.24, abbreviated as Met) is the most widely
used in many areas of the worldBl, It is essential to determ-
ine the concentration of stimulants in biological materials for
forensic and clinical purposes. In many cases, the confirma-
tion of stimulant abuse in body fluid is generally done by gas
chromatography-mass spectrometry (GC-MS), liquid chromato-
graphy-mass spectrometry (LC-MS), high-performance liquid
chromatography-mass spectrometry (HPLC-MS), capillary elec-
trophoresis (C.E.)*-6l. For example, Hisao reported a method
to detect Met in human urine at the lowest concentrations of
3.75 ng/mL with matrix-assisted laser desorption ionization
time-of-flight mass spectrometer analysisi. However, these
analytical methods have disadvantages, such as being time-
consuming and labor-intensive. In addition, the methods
need expensive instruments and highly trained operators.
Therefore, a rapid, ultrasensitive and easy-to-use assay is ur-
gently required to detect Met in drug abusers' body fluid
which is badly needed.

Graphene field effect transistor (GFET) device, especially
graphene field effect transistor-based biosensor (GFET bio-
sensor) device as a next-generation bioelectronics device, has
become a research hotspot in microfabrication techniquesl’l.
GFET biosensor is particularly attractive in point-of-care test-
ing due to lower detection limits, low cost, high sensitivity
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and rapid response, and reduced need for skilled person-
nel® 9, Past works have reviewed the large number of app-
lications and possibilities that GFETs offerl’0-151. Although
different types of sensors for Met detecting which are irrelev-
ant to GFET have been developed, and still have disadvant-
ages!* 16-181_ For instance, the cucurbit[7]uril (C.B. [7]) macro-
cycle as a chemical receptor to detect Met has been repor-
ted in 2017 and 2020, respectively!'6: 171, Both of them show
that C.B. [7] as a receptor can be highly sensitive detection of
Met without screening fentanyl. However, C.B. [7] shows the
highest affinity with Met and fentanyl because of the phen-
ethyl ammonium binding epitopel'?,

Here, we develop an antibody-modified GFET biosensor
for the real-time monitoring of Met levels (Fig. 1). After immob-
ilizing the Met-mAB on the graphene surface as the probe,
the GFET biosensor efficiently converts Met's specific binding
into the conductance changes in the graphene channel and
detects Met with an LoD down to 50 aM (1 aM = 10-'8 M).

2. Materials and methods

2.1. Graphene synthesis and transfer process

Fig. 1 schematically shows the solution-gated graphene-
FET fabrication processes. In this work, the GFET biosensor
was fabricated on a high-resistance silicon substrate with
1 um thick silicon oxidel2%, Monolayer graphene was grown
on Cu foils by a low pressure CVD method2", then trans-
ferred to the SiO,/Si substrate with a "bubble-free" electro-
chemical delamination transfer22l. The bare graphene sheet
was patterned through photolithography and plasma etch-
ing to define the channel region. The FET had a channel with
the length of 100 um and a width of 2 mm (W/L = 200).

2.2. Functionalization and immobilization

The anti-Met was immobilized on the graphene channel
via a linker molecule 1-pyrenebutanoic acid succinimidyl es-
ter (PASE) which attached to the graphene surface through
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Fig. 1. (Color online) (a) Schematic diagram of GFET. (b) The Image of the GFET and zoomed-in chip. (c) The fabrication process of the biosensor

on graphene surface.

nm-n stacking (Fig. 1(c)). To functionalize anti-Met on
graphene, the GFET device was immersed in a dimethyl sulfox-
ide solution of 5 mM PASE for 2 h at room temperature. After
removing the excess PASE by rinsing with DMF and DI water
several times, a polydimethylsiloxane (PDMS) open well was
placed on top of the GFET device to hold the sample solu-
tions. Then, the phosphate buffer saline (PBS) solution of
100 nM Met-mAB was dropped onto the PDMS open well
and was reacted with PASE for over 6 h. The unbound Met-
mAB was washed away by PBS solution. Finally, 10 mM ethano-
lamine was used to deactivate the excess reactive groups of
PASE and avoid nonspecific binding events. The graphene
with/without Met-mAB functionalization was investigated by
binding energy and shown in Fig. S1. At the same time, the
histogram of the variation in the initial characteristics of the
transistors was shown in Fig. S2.

2.3. Characterization

The electrical properties of the GFET device were recor-
ded by a semiconductor parameter analyzer (Keithiey
B1500A). The test conditions were Ag/AgCl as standard elec-
trodes with a source leakage voltage of 25 mV. The different
concentrations of Met BSA conjugant (Met-BSA) were pre-
pared by serially diluting the stock solution of Met-BSA. Be-
fore the electrical characterization of the device, the GFET
was immersed in 100 uL diluent overnight. In order to keep
the same total volume (100 ulL), 50 uL solution was taken out
before an analyte solution (50 plL) was injected into the
PDMS open well in electrical measurements. The /g~ Vg, curve
was measured to obtain Vp;, after the analyte solution was in-
jected for 20 min. The time-resolved Iy response was meas-
ured with Vg = 50 mV and Vg = 0 mV. When the Iy re-
sponse entered saturation without significant change, an ana-
lyte solution with a higher concentration was injected.

3. Schematic design of the proposed GFET

Because PBS buffer can resist little change in acidity or al-

kalinity and it is isotonic with human blood, it is commonly
used as a dilution of biologically active biologics. The 4~V
transfer characteristic curve of PBS solutions with different
concentrations of Met-BSA was tested to study the influence
of the concentrations of Met-BSA and Vpj.e, as shown in
Fig. 2(a). After modifying the GFET device, the Vp;ac is a posit-
ive offset value, meaning Met-mAB might form a p-doped ef-
fect on the graphene surface. With the concentration of Met-
BSA increasing from 50 aM to 5 nM, the Vp; 5 is a negative off-
set value. Precisely, the value of Vp;,e shifts for a total of
14 mV. In the meantime, the value of ly is gradually reduced
by 1 uA in the total test concentration of Met-BSA. With the
concentration of Met-BSA increasing from 500 pM (5.0 x
10-10 M) to 5 nM, the value of Vp;, doesn't change. The res-
ult suggests that the GFET device reaches a near-saturation
state at the concentration of 5 nM Met-BSA. From the results
observed, the proposed mechanism and the change of Dirac
cone for the Met detection by using Met-mAB based bio-
sensor is shown in Fig. 3. Briefly, the Met not only facilitates an-
tibody binding but also accelerates electron transfer, thus amp-
lifies electrochemical detection signal.

In addition to the PBS buffer system, artificial urine,
bovine serum fluid, and artificial saliva, commonly used as arti-
ficial body fluids, have been studied. Under the same test con-
ditions, the Iy—-V; transfer characteristic curve of artificial
body fluids with different concentrations of Met-BSA was
tested to study the influence of the artificial body fluids and
Vbirar @S Shown in Fig. 2. After adding the three artificial body
fluids with Met-BSA at 50 aM to the GFET device, the GFET
device has a clear response, and all of the Vp; is a negative
offset value. With the concentration of Met-BSA in the three ar-
tificial body fluids increasing from 50 aM to 5 nM, the Vp; .. is
also a negative offset value. In artificial saliva and bovine ser-
um fluids, the shifted value of Vpj,c is 16 and 24 mV, respect-
ively. Furthermore, the value of Iy is reduced by about 9 and
8 UA, respectively. In artificial urine, the shifted value of Vp;ac
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Fig. 2. (Color online) Iy~ V, transfer characteristic curve in (a) PBS solution, (b) fluidartificial saliva, (c) bovine serum fluid, and (d) artificial urine.
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Fig. 3. (Color online) (a) Schematic illustration of the detection mechanism. (b) Schematic illustration of the change of Dirac cone causing by elec-

tron doping.

is 24 mV, and about 1 A increased the value of Iy. Similarly,
there is no shift after the GFET device reaches a near-satura-
tion state at the concentration of 5 nM Met-BSA.

The real-time response of GFET to increasing Met-BSA con-
centrations is expressed as |(lys—lys0)/lyso| Vs. time, where 0
is the drain current at V=0V (Fig. 4). With the concentra-
tion of Met-BSA in the PBS buffer system increasing from
50 aM to 5 nM, the total current reduction (Aly(max)) is
about 13% of the initial current Iy ratio (Fig. 4(a)). After adding
the concentration of 50 aM Met-BSA to the PDMS well of
the device, the response current Iy, changes significantly with-
in 30 s, and the Aly, is about 20% of the Aly(max) (Fig. 4(b)).
With the concentration of Met-BSA increasing, its response
tends to be weaken. At the concentration of 5 nM Met-BSA,

the GFET device test obtains a similar result as shown in
Fig. 4(b), in which the GFET device reaches a near-saturation
state. That is because most of the monoclonal antibody Met-
mAB modified on the surface of the graphene channel binds
specifically to the antigen Met-BSA, resulting in no active anti-
body binding to the antigen.

As shown in Fig. 4(c), the GFET device response rate to
the Met-BSA in the PBS buffer system includes three pro-
cesses: fast (ca. 30 s), slow (ca. 100 s), and fast (ca. 60 s). Al-
though the GFET device shows two fast processes, the reas-
ons behind the two processes are different. At the first fast
process, the amount of antibody Met-mAB on the surface of
the graphene channel is much more than that of antigen
Met-BSA which can quickly bind specifically to the antibody
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Fig. 4. (Color online) GFET sensor devices in PBS solution detect Met-BSA in real time. (a) /y—t output characteristic curve. (b) Normalized treat-
ment. (c) Response time. (d) Schematic diagram for Met detection in biological fluids using the GFET.

Met-mAB within a short response time. As the antibody Met-
mAB on the surface binds to antigen Met-BSA, the amount of
antibody with specific binding activity decreases, the bind-
ing time increases, and the response speed becomes slower.

At the second fast process, the amount of antigen Met-
BSA which is added into the PDMS well of the GFET device is
much more than the residual amount of the antibody Met-
mAB. The antigen Met-BSA can quickly bind to the residual an-
tibody Met-mAB, and the response time is shortened again.
Therefore, in view of the above results, the antibody-modi-
fied GFET assay has a potential application for Met detection
in biological fluids (Fig. 4(d)).

4, Conclusion

In this work, a liquid-gated GFET biosensor based on the
antigen-antibody specificity binding is fabricated successfully.
Not only can the GEFT biosensor have detection limits as low
as 50 aM, which is much lower than the currently reported de-
tection methods, but the detection speed is fast, and it takes
only about one minute to complete the detection. The GFET
biosensor exploring fast and sensitive properties has opened
up a bright prospect for the medical diagnostics. Although
the GFET biosensor has the characteristics of fast and effi-
cient detection, the quantitative relationship between Met-
BSA antigen concentration and electrical response signals
needs to be further studied.
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