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The detection of dopamine, one of the neurotransmitters in cerebral physiology, is critical in studying brain
activities and understanding brain functions. However, regenerative biosensor for monitoring dopamine in the
progress of physiological and pathological events is still challenging, due to lack of the platform for repetitive on-
line detection-regeneration cycle. Herein, we have developed a regenerated field effect transistor (FET) com-
bined with in vivo monitoring system. In this biosensor, gold-coated magnetic nanoparticles (Fe304@AuNPs)
acts as a regenerated recognition unit for dopamine. Just by simple removal of a permanent magnet, dopamine
on the biosensor interface are catalyzed by tyrosinase, thus achieving the regeneration of the biosensor. As a
result, this FET biosensor not only reveals high sensitivity and selectivity, but also exhibits excellent stability
after 15 regeneration processing. This biosensor is capable of monitor dopamine with a linear range between 1
pmol L™ and 120 pmol L™} and low detection limit (DL) of 3.3 nmol L™}, Then, the platform has been suc-
cessfully applied in dopamine analysis in fish brain under global cerebral cortical neurons. This FET biosensor is
the first to on-line and remote control the sensitivity and DL by permanent magnet. It opens the door to reusable,

inexpensive and large-scale productions.

1. Introduction

During the past decades, technological advances have bloomed to
fields such as artificial intelligence, internet of things and brain-
computer interface, thus stimulating a strongly growing demand for
regenerative sensor devices to specifically detect, quantify, and monitor
varieties of biological and chemical species. Field-effect transistors
(FETs) as one of the most promising platforms provide a tailored solu-
tion to this demand (Artyukhin et al., 2006; Chen et al., 2009; Elnathan
et al., 2012). FETs modified with target-specific receptors could rapidly
detect target molecules (Chen et al., 2019a; Cheung et al., 2019;
Magliulo et al., 2015). Signal transduction and amplification in
FET-based biosensor depend on electrostatic gating of semiconductor
channels by target-receptor interactions (Belyanina et al., 2017; Chen
et al.,, 2019b; Nakatsuka et al., 2018; Singh et al., 2019). Thus, the
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receptor-modified FETs should overcome two fundamental limits: one of
the limits is that small target molecules with few or no charges have
minimal impact on transistor transconductance unless they trigger
conformational changes in charged receptors or induce enzymatic re-
action to extremely amplify the response signal (Hartl et al., 2008; Li
etal., 2011; Wu et al., 2014). Another limit in receptor-modified FETs is
the method of regenerating the device to lower the device price (Gao
et al., 2012; Khoshfetrat and Mehrgardi, 2017; Kwon et al., 2012;
Vijayalakshmi et al., 2008).

Dopamine as one of the important neurotransmitters is produced by
the dopaminergic neurons in the brain (Vasudevan et al., 2019). Owing
to this importance of dopamine, insufficient dopamine levels in the brain
could lead to severe neurological diseases such as Parkinson’s disease,
and schizophrenia, etc (Rakovska et al., 2019). To achieve specific
sensing of no charge molecules (dopamine), FETs biosensors can involve
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Magnetic

Scheme 1. Schematic of magnet controlled Fe304@AuNPs nanoparticles formation magnetic bridge through source to the drain of the FET.

structural and functional integration of bio-receptors, such as enzymes
(Chae et al., 2018; Choi and Yau, 2009; Ogata et al., 2004), antibodies,
aptamers, etc (Hammock et al., 2014; Melzer et al., 2016; Ordinario
et al., 2014). The integration of enzymes and FETs is an attractive and
potential approach for the detection of specific substrates. Enzyme

functionalized FETs (EN-FETs) biosensors can selectively react with
target molecules as substrates (Mao et al., 2017), where the enzymatic
catalysis leads to perturbation of electric potential at the FETs channe-
1/electrolyte interface, or changes of the charge carrier density and the
conductance of FETs devices as readouts instantly (Hafez et al., 2019;

Fig. 1. TEM image of (A) Fe304 nanoparticles, (B) Fe304@AuNPs nanoparticles, (C) enlarged image of Fe304@AuNPs nanoparticles and (D) Electron diffraction

pattern of the selected area from the Fe;0,@AuNPs nanoparticles.
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Fig. 2. Elemental mapping of Fe;04,@AuNPs.

Hammock et al., 2014; Yoon et al., 2008). To overcome another chal-
lenge in regenerating the EN-FETSs, a regenerative recognition unit is
immobilized on the FETs channel (Caras et al., 1985; Kamahori et al.,
2007; Kergoat et al., 2012). Currently, low-dimensional materials (such
as carbon nanotubes, graphene and molybdenum disulfide) are usually
treated as the preferred channel materials for FETs biosensors (Surya
et al.,, 2020; Yang et al., 2005). However, the stringent conditions of
low-dimensional materials transfer and fabrication technologies limit
their applications in real-time monitoring and regeneration (Gao et al.,
2010; Park et al., 2012).

In this work, we designed a regenerated FETSs biosensor to overcome
these challenges. Gold coated magnetic nanoparticles (Fe304@AuNPs)
selected as FETs amplifier and regenerative unit and can remotely
controlled by a permanent magnet. A nanometer-thin HfO, FETs was
prepared by atomic layer deposition (ALD). As shown in Scheme 1, the
magnetic field remotely controlled the paramagnetic Fe304@AuNPs
forming regenerative unit. Through adjusting distance between the
magnet and the HfO, FETs devices, the sensitivities and detection limits
of the EN-FETs biosensors for dopamine were easily controlled. Hence,
combination the advantage of magnetic Fe304@AuNPs and FETs pro-
vides a promising and controllable method to construct a regenerative
EN-FETs biosensor.

2. Experimental section

Chemicals: FeCly, FeCl;, ammonium hydroxide, chloroauric acid
and ethanol were purchased from Macklin (Shanghai, China). Tyrosi-
nase were purchased from Sigma-Aldrich (Beijing, China). All chemicals
were used as received without further purification.

Instrumentation: Transmission electron microscopy (TEM) images
were obtained from a HT7700 TEM (Hitachi Co. Ltd., Japan) with an
accelerating voltage of 120 kV. Scanning electron microscopy (SEM)
images were obtained by a SU8220 SEM (Hitachi Co. Ltd., Japan) with
an accelerating voltage of 1 kV. Fourier transform infrared spectroscopy
(FTIR) was obtained by an IR Tracer-100 (Shimadzu, Co. Ltd. Japan).
UV/Vis spectra were recorded by an Analytik Jena Specord 210 plus
spectrophotometer (Jena Co. Ltd., Germany). The zeta potential was

measured by a Zetasizer Nano ZS (Malvern Panalytical, UK). 18.2 MQ
deionized water was obtained from Milli-Q® Type 1 Ultrapure Water
Systems (Millipore, USA). The drain-source currents were obtained from
Agilent B1500a assisted with Cascade Summit 12000 probe station.

Synthesis of Fe304@AuNPs. Fe304@AuNPs were synthesized by
coprecipitation of Fe (II) and Fe (III) salt in alkaline medium and then
reduction of Au®" onto the Fe oxide surfaces: First, 50 mL of deionized
water and ethanol (volume 1:1) containing Fe(I) and Fe(II) chlorides
(Fe'l/Fe!™ ratio = 1:4) with 1.0 mL NHj3-H»0 as the reductant was placed
in a 250 mL round-bottom flask (with nitrogen gas) and stirred at 25 °C
for 2 h. The product was washed by deionized water for 5 times and
centrifuged under 10000 rpm to obtain the FesO4 nanoparticles. Sub-
sequently, the Fe304 nanoparticles were mixed with chloroauric acid
and reducing agent (sodium citrate) heated at 90 °C and stirred for 1 h.
In this procedure, the Au layer was formed by reduction of Au>* onto the
Fe304 nanoparticles surface. Finally, the Fe3O4@AuNPs product was
collected by applying magnetic field, washed with ethanol for three
times and dispersed in 50 mL ethanol for further use.

Preparation of the FET chip. The fabrication process of a FET chip
was shown in Scheme S1 and tested in a super clean room to ensure the
yield rates. First, a 300 nm SiO, layer was evaporated on the silicon
wafer by thermal oxygen method. Following, the SiO; layer was cleaned
by nitrogen gas. Second, the photoresist was rotated on the SiO, layer,
and the electrode model was transferred to the photoresist by lithog-
raphy method. Oxygen plasma etching was used to move the residual of
photoresist. Third, a 5 nm HfO; layer was deposited on the SiO; layer by
ALD method, a 10 nm Ti layer was deposited on SiO; layer by electron
beam evaporation, and gold electrode was deposited on the Ti layer.
Finally, the FET chip was obtained after lift-off step.

Fabrication of Fe3O4@AuNPs based FET chip. FETs become
attractive biosensors when the standard metal oxide FETs redesigned by
replacing the gate electrode with a reference electrode dipped in solu-
tion to make a contact with the gate oxide. Fe304@AuNPs solution was
coated on the FETs chip as follows: 10 pL of 0.5 mg mL ! Fe304@AuNPs
solution was dropped on the channel of the FETs chip. The density of the
Fe3O4@AuNPs was remotely controlled by the magnetic field. Subse-
quently, 0.05 mg mL™! tyrosinase was immobilized on the previous
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Fig. 3. (A) DLS number of FezO,4 nanoparticles and Fe;04@AuNPs nanoparticles, (B) UV-vis spectrum of Fe304, AuNPs and Fe;0,@AuNPs, (C) XPS spectrum of

Fe304@AuNPs, and (D) The magnetization curves of Fe304, and Fe304@AuNPs.

obtained FETs chip, and the chip was dried by nitrogen stream. The
source-drain current (I3s) was monitored with different gate voltage (V)
to investigate the gate control effect of the device.

Safety Considerations. MSDS information for chemicals must be
consulted, and precautions need to be taken while handling them (i.e.,
wearing gloves, eye protection and a mask).

3. Results and discussion

Morphology characterization of the Fe3gO4@AuNPs. The mor-
phologies and sizes of the Fe304@AuNPs nanoparticles were analyzed
by TEM, DLS and UV-vis. Fig. 1A and B showed that the synthesized
Fe30O4 and Fe3O4@AuNPs nanoparticles appeared nearly a spherical
shape. Fig. 1C and D showed the high resolution TEM image and
diffraction pattern of the Fe304@AuNPs. The high resolution TEM image
displayed one of nanoplate structure with well-resolved (111) type
crystallographic planes (measured D-spacing of approximate 0.3 nm).
The diffraction pattern of Fe304@AuNPs displayed rings corresponding
to the (111), (200), (220), (311) and (222) reflections of the face-
centered-cubic structure of gold. The EDX analysis was shown in
Fig. 2. It could be observed that there was Au element dispersed around
the Fe and O elements. This indicated that the Au nanoparticles had
covered on the surface of Fe3O4.

As shown in Fig. 3A, their sizes increased from 8 nm to 20 nm. The
increase of nanoparticles diameter was due to coating of gold nano-
particles. As shown in Fig. S1, the obtained Fe3O4@AuNPs nanoparticles
were easily enriched nearby the magnet in water solution, proving that
these nanoparticles would be successfully employed as material for
rapid constructing a FET biosensor. Fig. 3B showed the UV-vis spectra of

the Fe3O4, AuNPs and Fe3O4@AuNPs. There was a significant absor-
bance peak at 530 nm ascribed to the AuNPs but no significant absor-
bance peak in the Fe3O4 nanoparticles ranging from 400 to 900 nm.
After coating with the AuNPs, a surface plasmon band was observed in
the Fe304@AuNPs approximately 537 nm. The similar absorbance peak
confirmed a successfully modified with AuNPs. As a magnet was placed
near the wall of the spectrometric cell, no absorbance peak could be
observed. This phenomenon confirmed that the absorbance peak at
530-540 nm was due to the Fe304@AuNPs not the pure AuNPs. We also
employed XPS for further analysis of surface chemistry of
Fe304@AuNPs. The binding energy of electrons of an atom was sensitive
to the local electronic state of adjacent atoms and provided information
about binding and coordination of functional groups. As shown in
Fig. 3C, the binding energy of the Fe?* and Fe>" was found at approx-
imately 710.8 and 724.5 eV, respectively. The binding energy of the Au
4f was found at 92.5 eV. The XPS results provided evidence for the
formation of Fe3O4 and AuNPs. The magnetic performance was inves-
tigated using a superconducting quantum interference device at 300 K in
Fig. 3D. The magnetic saturation of Fe304 was approximate 50 emu g’l.
While the magnetic saturation of Fe3O4@AuNPs was decreased to 20
emu g !. Both of nanomaterials enabled instantaneous magnetic
separation.

Magnetic remote manipulation for the fabrication of EN-FET
biosensors. In conjunction with conventional fabrication methods,
wafer-scale fabrication of FET biosensor was made by several large-scale
nanowire-positioning techniques such as contact printing and physical
manipulation (Fan et al., 2008). We demonstrated the use of a magnetic
remote manipulation post-processing method to form EN-FET bio-
sensors with well-controlled morphologies. Fig. S2 showed the
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Fig. 4. (A) Iy of the Fe304@AuNPs based EN-FET biosensor and the Fe3zO4
based EN-FET biosensor under magnet for 20 pmol L1 of dopamine detection.
(B) The linear curves of I35 and dopamine concentration. (C) The Fe304@AuNPs
based EN-FET biosensor screen dopamine, DOPA, 4-propylcatechol, norepi-
nephrine, 3,4-dihydroxybenzoic acid, 2,4-dihydroxyphenol, epinephrine and
gallic acid at 60 pmol L1, (D) The relationship between storage time and Ig; of
tAhe Fe304@AuNPs based EN-FET biosensor at 4 °C.

photograph of FET chip compared with 50 cents coin. The EN-FETs were
fabricated by using interdigitated gold microelectrodes with 2.5 pm
channels. As shown in Scheme 1, in this configuration the narrow
channel was bridging the source-drain electrode pair by Fe304@AuNPs.
Bridging nanochannels were physically constructed by employing
magnet under the electrode center. Using this method, the fabrication
process was simple and efficient. Under the magnetic attraction, a
nanobridge rapidly connected source and drain contact of the FETs.
Thus, Fe304@AuNPs nanoparticles were well-organized on the FETs
channel/electrolyte interface via magnetic attraction for adjusting
signal output.

Cyclic Voltammetry (CV) is a sensitive technique to monitor the
formation of the adsorption layer on the FET biosensor. Fig. S3 showed
the CVs of the bare FET biosensor, Fe304@AuNPs and Fe3O4@AuNPs
based EN-FET biosensor in the 100 mM PBS solution. It showed that
there were no peaks on the bare FET biosensor. In contract, a redox peak
was observed on EN-FET biosensor. After introduction of Fe304@AuNPs
materials, a significantly well-defined redox peak was observed on
Fe304@AuNPs based EN-FET biosensor. This difference resulted from
the fact that Fe304@AuNPs could significantly enhance the direct
electron transfer between the tyrosinase and the FET biosensor. It
indicated that tyrosinase was successfully immobilized on the FET
biosensor.

Electrical characterization was subsequently performed by Agilent
B1500a to obtain device I-V characteristics. To utilize Fe304@AuNPs as
a signal transducer in the electronic EN-FET biosensor system, we
introduced a tyrosinase which can selectively catalyze dopamine with
high affinity. The reaction mechanism between tyrosinase and dopa-
mine: dopamine was hydroxylated to dopa-quinone in the presence of
tyrosinase. The dopa-quinone could be electrochemical reduced to
dopamine for the next electrode reaction. As shown in Scheme S2, the
abundant H+ produced by tyrosinase catalysis reaction could increase
the current of the FET sensor. To evaluate magnetic field remotely
controlled effects, the current-voltage (I-V) curves were tested. Fig. S4A
showed the I-V curves of the Fe3s04@AuNPs based TYR-FETs with or
without employing magnet. Without magnet, this FET biosensor showed
no minimum conductivity point. Under magnet field, there was an
obvious minimum conductivity point at approximate 0.2 V. The differ-
ence of the curves was presumably due to the difference in the resis-
tance. The results indicated that employing magnet connected the
source-drain electrode pair and the immobilization of the
Fe304@AuNPs nanoparticles under magnet resulting in a reliable elec-
trical contact. As shown in Fig. S4B, I35 was positively enhanced with
positively increasing Vg, meaning that the stable n-type (electron-
transporting) behavior took place after employing magnet (Garrido
et al., 2008). In addition, as shown in the SEM and optical images of
Fig. S5, the dispersed Fe304@AuNPs nanoparticles bridged linearly
between the source and drain electrodes, which was attributed to
remotely control by the magnet field. Remotely controlled the properties
of Fe304@AuNPs based EN-FETs by magnetic field.

Dopamine molecules are catalyzed by tyrosinase, which in turn
transduces a signal in the EN-FET biosensor. Such enzyme reaction can
affect the charge-carrier density on the surface of Fe304@AuNPs, and
thus it may allow label-free recognition of target molecules (dopamine)
on the FET configuration. A typical response of a Fe304@AuNPs@CYS
based EN-FETs and EN-FETs under magnet attraction was shown in
Fig. 4A. As different concentrations of dopamine were added on the
surface of EN-FET, the I4 value of the EN-FET were measured. The



N. Liu et al.

Table 1
Analysis of dopamine by different reported methods.
Sensors Detection Dynamicrange  Reference
limit (nmol (umol L)
LY
Fe30,@AuNPs based EN- 3.3 1-120 Present work
FET
Graphene based sensor 110 0.3-56.8 He et al. (2020)
CNTs and AuCo 150 1.25-281 Bai et al. (2020)
nanoparticles based
sensor
MoS, with manganese 5 0.05-5 Lei et al. (2020)
based sensor
Molecularly imprinted 300 2-160 Li et al. (2020)
polymer with gold
based sensor
FeMn nanoparticles based 5.3 0.020-700 Annalakshmi

sensor et al. (2020)

results showed that the I4s values increased with addition of dopamine,
and the response signal of Fe3O4@AuNPs based EN-FETs was signifi-
cantly higher than that of EN-FETs.

As an EN-FETs biosensor, sensitivity, selectivity and detection limit
are important parameters to evaluate the biosensor performances.
Sensitivity is the magnitude of sensor transduction signal change versus
the change of analyte concentration (Singh et al., 2019). The sensitiv-
ities of EN-FETs biosensors were evaluated using the linear slope at a
certain concentration (as shown in Fig. 4B). The sensitivity of
Fe304@AuNPs based EN-FETs biosensor was 3.16 mA/M, which was
approximately 70 times higher than that of the Fe3O4 based EN-FETSs
biosensor (4.68%1072 mA/M). The calibration curve of the
Fe304@AuNPs based EN-FETs biosensor showed a linear response from
1 pmol L' to 120 pmol L7% It indicated that the magnetic
Fe304@AuNPs played a key role in improving the sensitivity of the

Biosensors and Bioelectronics 188 (2021) 113340

EN-FETs biosensor. Selectivity is the ability of a biosensor to detect a
specific analyte in a sample containing other admixtures and contami-
nants. To explore the selectivity, 60 pmol L™ dopamine and dopamine
analogues (DOPA, norepinephrine, 4-propylcatechol, 3,4-dihydrox-
ybenzoic acid, gallic acid, 2,4-dihydroxyphenol, and epinephrine) were
used to evaluate the specificity of the Fe3O4@AuNPs based EN-FETs
biosensor in Fig. 4C. Their chemical structures were shown in Fig. S6.
Negligible responses were observed by the Fe3O4@AuNPs based
EN-FETs biosensor when dopamine analogues were added at the same
concentration of dopamine. The results clearly indicated that this
EN-FET biosensor possessed an excellent selectivity for dopamine
against other dopamine analogues. The detection limit of this biosensor
was another important parameter, and the detection limit (S/N = 3) of
the Fe3sO4@AuNPs based EN-FETs and the Fe3O4 based EN-FETs bio-
sensors were calculated as 3.3 nmol L™! and 10 pmol L™}, respectively.
As shown in Tables 1 and S1, its detection limit was lower than previous
report. Furthermore, the Fe304@AuNPs based EN-FETs biosensor was
stored in a refrigerator at 4 °C. The stability of this FET biosensor was
monitored through the addition of 60 pmol L™! dopamine and recorded
their response changes in Fig. 4D. The initial signal of the Fe304@AuNPs
based EN-FETs biosensor decreased to approximate 50% after four
weeks. The initial signal decrease of Fe304@AuNPs ENFETs was
ascribed to the loss of tyrosinase activity on the FET sensor. After
tyrosinase immobilized on the Fe304@AuNPs materials, there were only
electrostatic attraction between tyrosinase and Fe304@AuNPs. Thus,
tyrosinase structure was easily broken after four weeks storage.

The Fe304@AuNPs based EN-FETs biosensor was fabricated by using
deposition techniques and remote manipulation by magnetic field. Un-
like single-use biosensor, the sensitivity and detection limit of the
Fe304@AuNPs based EN-FETs can be in-site optimization only in single
biosensor through remote manipulation by magnetic field strength. It
should be stressed that the sensitivity and detection limit of EN-FETSs
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Fig. 5. (A) I4 of the Fe304@AuNPs based EN-FET biosensor and Fe304@AuNPs based EN-FET biosensor with or without magnet for 20 pmol Lt of dopamine
detection. (B) The sensitivity of the Fe304@AuNPs, Fe304 and Tyr based EN-FET biosensors with or without magnet for dopamine. (C) The sensitivity of the
Fe304@AuNPs based EN-FET biosensor for dopamine with different distances of magnet (100, 150, 200 and 250 pm). (D) The recovery number of the EN-FETs
biosensor is controlled by magnet after recycled 5, 10, 15 times. (E) Photo of the crucian fish brain and the EN-FET chip setup on the fish brain. (F) The Iy

output signal of crucian fish brain monitored by the EN-FET chip.
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were influenced by the magnetic field strength. A detailed analysis of
these influencing factors was shown in Fig. 5. The Iys curves with
magnetic field strength versus dopamine concentration of the
Fe304@AuNPs based EN-FETs biosensors were shown in Fig. 5A and B.
It indicated that the magnetic field played as an amplifier and remotely
tuned the sensitivity of these biosensors. Without magnetic nano-
particles, the sensitivity of the EN-FET biosensor showed no difference,
and it is the lowest sensitivity among these sensors. Furthermore, after
modification with Fe3O4 or FesO4@AuNPs, the sensitivity of
Fe304@AuNPs based EN-FETs biosensor (3.16 mA/M) is 3 times higher
than that of Fe304 based EN-FETs biosensor (1.0 mA/M). The magnetic
amplifier ratio of Fe304@AuNPs and Fe304 based EN-FETs biosensors
were 10 and 6, respectively. This conclusion was consistent with pre-
vious report (Li et al., 2018; Ye et al., 2018; Zhang et al., 2007).

To achieve on-line optimization the sensitivity of EN-FETs biosensor,
remote control of magnet has been taken in account. As shown in
Fig. 5C, the sensitivity of the Fe3O4@AuNPs based EN-FETs biosensor
increased with decreasing the magnet distance. Through controlling the
magnet distance, the properties of biosensor could be easily and con-
trollably improved. Without employing magnet, the magnetic nano-
particles on the FETs were randomly distributed, and the sensitivity of
EN-FETs was relatively low. When the distance between magnet and
the EN-FET was larger than 250 pm, the magnet could not play a role in
tuning the sensitivity of the EN-FET. As the distance between magnet
and EN-FET gradually shortened, the sensitivity of EN-FET could in-
crease linearly. This was due to the source and drain electrodes bridged
by magnetic nanoparticles, and the dipoles aligned vertically along the
thickness direction by magnet. The equation for magnetic force was
similar to Coulomb’s Law. The magnetic force (F) was inversely pro-
portional to the distance squared (i.e., it obeys an inverse square law
with distance, F o 1/r%). Where r is the distance between the magnet and
the EN-FET. In the nanocomposite, the Fe3O4 core plays a key role in on-
line optimization the density and morphology of Fe304@AuNPs on EN-
FETs. The AuNPs shell plays as binding sites for the tyrosinase enzyme
and can improve the conductivity of Fe304@AuNPs nanocomposite and
sensitivity of EN-FETs sensor.

Furthermore, as shown in Fig. 5D, the Fe304@AuNPs based EN-FETs
biosensor could be easily regenerated. After this EN-FETs chip dipped in
the deionic water and ultrasonically washed for 5 min, the EN-FETs chip
could be refreshed. After regenerated 15 times, the sensitivities of re-
generated FesO4@AuNPs based EN-FETs only decreased approximate
5%. In this way, the sensitivity of the EN-FET biosensor could be
remotely controlled as you wish. This method was crucial for regener-
ating sensors and other realistic applications. The practicability of the
Fe304@AuNPs based EN-FETs biosensor in the crucian fish brain had
been studied (Fig. 5E and F). The fabricated chip was used for dopamine
monitoring in crucian fish brain using the source-drain current as output
signal. This chip was successfully applied to monitor the concentration
of dopamine in fish brain. As shown in Fig. 5F, the output signals of the
EN-FET chip were correlated with dopamine concentration in the fish
brain.

4. Conclusion

To summarize, we have developed a remotely controlled method for
fabrication of EN-FETs biosensor. The magnetic nanoparticles are
selected as a controllably conductive bridging material and the sensi-
tivity of EN-FET biosensors can be easily adjusted by magnetic field.
With the successful coupling of the magnetism, enzyme, and transistor,
the EN-FET biosensors could effectively control. Notably, this EN-FETSs
biosensor can be easily regenerated only in one EN-FETs chip as you
wish. The integrated devices offer a new technical route coupling
magnetism and transistor, and greatly enrich the exploration and
application in the FET sensor research area, which may be widely
employed in sensor, brain-computer interface, and logic device. More
novel devices and applications based on our study may be explored in
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the future.
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