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1. The fabrication of graphene-based field effect transistor (GFET)
1.1 Au electrode fabrication

The fabrication of the Au electrode was shown in Fig.S1. Firstly, the photoresist
LOR 3A was rotated onto the surface of the Si substrate (3500 r/min, 1min), and then
the Si substrate was heated on a hot plate at 170°C for Smin to solidify the photoresist.
Secondly, the photoresist AZ1512 was rotated on LOR 3A similarly (4000r/min, 1min,
heated at 110°C for 2min). Then, the Si substrate was exposed for 7s by the lithography
machine and subsequently immersed in the developer for 30s. The developer was
washed with deionized water. To increase the adhesion between Au and substrate, 10nm
of Cr was evaporated on the surface of the substrate before evaporating 30nm of Au.
After deposition of Cr and Au, the substrate was finally immersed in Remover PG to
remove the photoresists.
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Fig.S1 Fabrication process of the Au electrode on Si
substrate 1.2 Transfer process of graphene

Before transferring the graphene, 5% Ammonium persulfate (APS) solution was
prepared to etch the copper substrate. Chemical vapor deposition (CVD) graphene
grown on a copper substrate was cut into pieces of 3mm X 3mm. The graphene pieces
were floating on the APS solution for 3 hours, with copper contacting with APS. After
etching Cu, the graphene pieces were transferred onto the surface of DI water by a glass
slide and stayed for 30 min to wash APS. The graphene was finally transferred on the
Au electrode to fabricate the graphene-based field effect transistor (GFET).

After transferring the graphene, the GFET was stored overnight in a vacuum
chamber to make the graphene stick to the Si substrate. After that, the GFET was heated
at 180°C for an hour to remove the internal stress. Finally, the GFET was immersed in
acetone to remove PMMA, which covered on the graphene as a protective layer, and
then was washed with isopropanol and DI water successively.

2. Detecting principle of A-GFET platform

In this study, PASE was used as a binding molecule to achieve the immobilization
of the Cd*>" aptamer on the surface of graphene. As shown in Fig.S2, the pyrenyl
group at one end of the PASE molecular was combined with graphene by n-m
stacking, ester group at the other end was combined with the amino group on aptamer
by Schiff Base Condensation to achieve modification of the aptamer on the graphene
surface. During



detection, the aptamers transform from an extended long-chain structure into a compact
and stable structure after combing with Cd**, which can pull more negative charges
produced by the hydrolysis of phosphate groups in aptamers close to the surface of the
graphene (Fig.S3). This change introduces N-type doping to graphene, resulting in a
left shift of the graphene transfer characteristic curves along the X-axis. And the curves
shift to the left continually as the Cd*" concentrations increase within the range of a

certain density.
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Fig.S52 The principle of modifying PASE and aptamer on graphene surface
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Fig.S3 Detecting principle of A-GFET for Cd**

3. Calculation of the limit of detection (LOD)
As shown in Fig.3d, the normalized data can be fitted by the function (1):
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Taking concentration ( C) as the dependent variable and signal AV, / AV 1o

(y) as the independent variable, the inverse function of function (1) can be obtained:
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According to the 39 principle, the response signal of the sensor at the limit

concentration can be expressed as: y=3c ,where O is the standard deviation between

the actual signal and the fitted value, and can be calculated by the function (6):
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Where Vi is the actual value, Yi' is the fitted value.

In conclusion, the limit of detection (C, ) can be obtained by the be function (7):
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By calculation, the CLop s 0. 125pM.

4. The physical model of the oleophobic/hydrophilic membrane

As shown in Fig.S4, the oleophobic/hydrophilic membrane is based on stainless
steel mesh covered with TiO2 nanoparticles and fluorosurfactant FS-50. The
fluorocarbon chain in the structure of FS-50 can reduce the surface energy, making the
surface appear to be oleophobic. While the polar group can increase the polar
component of the surface energy, making the surface appear to be hydrophilic. TiO:
nanoparticles attached to the surface of stainless-steel mesh can increase the surface
roughness, enhancing the selective wettability of the surface. Contact Angle of water
and oil on stainless steel mesh, stainless steel mesh sprayed with FS-50, stainless steel
mesh sprayed with FS-50 and TiO: nanoparticles are shown in Fig.S5 and Fig.S6
respectively.

R,
| I
: : _|fluorocarbon
FS-50—» E E “ chain
] 1
I [ ]
nanoparticles group

s

Fig.S54 The physical model of the oleophobic/hydrophilic membrane

contact angle: 127.5° contact angle: 0° contact angle: 0°
penetration time: 3s penetration time: at once

Fig .85 Contact Angle (CA) of water on stainless steel mesh(a), stainless steel mesh sprayed
with FS-50(b), stainless steel mesh sprayed with F'S-50 and TiO; nanoparticles(c)




contact angle: 0° contact angle: 123.8° contact angle: 143.9°

Fig.56 Contact Angle (CA) of oil on stainless steel mesh(a), stainless steel mesh sprayed with
FS-50(b), stainless steel mesh sprayed with FS-50 and TiO; nanoparticles(c)
5. The composition of monitoring system and alarm experiment

Fig.S8 Alarm experiment
To prepare oily wastewater, firstly, water samples without cadmium ions
were obtained by mixing deionized water with soil. Secondly, 10mL oil was added to
90mL water sample to obtain artificial oily wastewater. The Cd*" concentration is
controlled by adding cadmium chloride (CdCL) to the artificial oily wastewater.
6. IV transfer characteristics of the experiment of selectivity
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Fig.89 IV transfer characteristic curves of the response signal of GFET detecting platform to
Cr*, Pb**, Mg®*, Fe’" and Cd**

In the figure of the IV transfer characteristic curves, the gate voltage (Vg) of Dirac
point changes very little (within 13mV) when the four control ions were detected.
In contrast, the Vg of Dirac point was reduced by 45mV when the detecting
platform exposure to Cd*" solution. The signal response of this detecting platform
to Cd*" is more than three times than that of the control ions, indicating that
this detecting platform has good selectivity for Cd*".

7. Emission standards of some heavy metals

Table S1 The maximum allowable emission concentration of some heavy metals in wastewater

mg/L
Number Contaminants Maximum allowable emission concentration
1 Hg 0.05
2 Cd 0.1
3 Cr 1.5
4 As 0.5
5 Pb 1.0
6 Ni 1.0
7 Be 0.005
8 Ag 0.5

8. Measurement of the oil concentration in water after oil-water separation

Before measurement, the oil in water after separation is first extracted
with tetrachloroethylene. This operation is done by a jet extractor. The specific
experimental steps are as follows:

(1) Add 10ml water sample and 50ml tetrachloroethylene to the extraction bottle;

(2) Set the extraction time to 2 minutes. Then click the “Start” button and wait for
the end of the extraction process.

(3) Place the glass wool in the glass funnel. Take an appropriate amount of
anhydrous sodium sulfate and spread it on the glass wool.

(4) Open the knob under the extraction bottle. Collect tetrachloroethylene at the
bottom of the extraction bottle into the volumetric flask through the funnel containing



anhydrous sodium sulfate.

During measurement, firstlyy, we need to input the relevant
measurement parameters. For example, the volume of the water sample is 10ml, the
volume of the extracting solution is 50 ml. Secondly, a blank spectrogram is
measured by putting tetrachloroethylene into the cuvette. Finally, we pour the
solution in the volumetric flask into the cuvette for measurement to obtain the
concentration of the oil in the water after the separation.

9. The explanation of different doping of graphene by PASE and aptamer

Before detecting Cd**, The transfer characteristic curves of graphene after PASE
and aptamer modification was firstly measured. The results show that transfer curve
of graphene shifts to higher gate potentials while immobilizing PASE and lower
gate potentials while grafting the aptamer.
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Fig. 10 Electrical characterization of graphene, graphene after modifying PASE and graphene
after modifying aptamer.

This experimental phenomenon can be explained as:

The molecular structure of PASE includes a hexagonal pyrene group and a N-
hydroxysuccinimide group. The positive and negative charge centers of PASE
molecular do not coincide. The negative charge is concentrated on the pyrene group
while the positive charge is concentrated on the N-hydroxysuccinimide group (Hao et
al., 2020). Since the ability of the N-hydroxysuccinimide group to attract electrons is
greater than that of the pyrene group to repel electrons, the electrons will be
transferred from graphene to PASE when the PASE molecules are modified on the
surface of graphene by n-n stacking. This change will lead to a decrease in the number
of free electrons in graphene (the number of holes increases). This results in P-type
doping of graphene, causing the transfer characteristic curve of graphene to shifts to
higher gate potentials.

In the liquid environment, the phosphate groups in the aptamer will hydrolyze
and become negatively charged (Stotzky, 2000). When the aptamer is modified on
graphene, the same amount of positive charges will accumulate on the surface of
graphene under the action of electrostatic induction. This change will lead to an
increase in the number of free electrons in graphene according to the conservation of
charge. This results in n-type doping of graphene, causing the transfer characteristic
curve of graphene to shifts to lower gate potentials.



In the process of detecting Cd**, the aptamers transform from an extended long-
chain structure into a compact and stable structure after combing with Cd**, which
can pull more negative charges produced by the hydrolysis of phosphate groups in
aptamers close to the surface of the graphene. This change further increases the
number of free electrons in graphene, causing N-type doping in graphene.
Therefore, the transfer characteristic curve of graphene in the detecting process shifts
to lower gate potentials.

10. The comparison of some important characteristics of the proposed detecting
method to Cd?* with the previously reported studies.

Table S2 Comparison of the proposed detecting method to Cd*" with the
previously reported studies.

Method? Sensing material®  LOD (nM) Response  Sensitivity reference
time
(min)
SPR pHEMA 2.10X 10! 6-7 — (Bakhshpour
and Denizli,
2020)
DPASV Cd-11P 3.13 5 0.92uA/ppb (Ghanei-
Motlagh and
Taher, 2017)
Voltammetry MPA-GSH 5 10 — (Chow et al.,
2005)
CR IP/rGO 17.3 — 0.14ppb! (Hu et al.,
2021)
DPASV APT-GCN 0.337 — 0.083VuA/dec (Wang et al.,
2018)
optical MoS:@TMPyP 72 20 — (Yin et al.,
detection 2017)
SWASV HP-B-CD- 6.73 X102 2 0.281luA/nM (Lv et al,
RGO/Nafion/GCE 2013)
TCC APT-GO 1.25X10# 8 7.643x102nM-! this work

a: SPR: surface plasmon resonance; DPASV: differential anodic stripping voltammetry; CR: chemiresistor;

SWASV: square wave anodic stripping voltammetry; TCC: transfer characteristic curve

b: pHEMA: Poly(hydroxyethyl methacrylate); Cd—IIP: nanostructured cadmium ion imprinted polymer;

MPA-GSH: 3-mercaptopropionic acid-glutathione; IIP/rGO: ion imprinted polymer-functionalized reduced

graphene oxide; APT-GCN: aptamer-graphene oxide/graphitic carbon nitride; MoS2@TMPyP :  a

nanocomposite consisted of MoS2 nanosheets and 5,10,15,20-tetrakis(1-methyl-4-

pyridinio)porphyrintetra(p-toluenesulfonate); HP-B-CD-RGO/Nafion/GCE: hydroxypropyl-p-cyclo-dextrin

decorated reduced GO/Nafion/glassy carbon electrode; APT-GO: aptamer-graphene
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