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Accurate detection of glucose is essential for the diagnosis of diabetes, wherein effective and sensitive biosensors
for glucose detection are needed. Here, we fabricated a glucose sensor based on field-effect transistor (FET) with
bimetallic nickel-copper metal-organic frameworks (Ni/Cu-MOFs) as its channel layers which were grown in-situ
through a simple one-step hydrothermal method and modified with glucose oxidase (GOD) by using glutaral-
dehyde (GA) as linkers. Due to the synergistic effect of Ni ions and Cu ions in MOFs, the sensor (GOD-GA-Ni/Cu-
MOFs-FET) showed good field effect performance and great responses to glucose through enzymatic reactions. It
displayed a piecewise linear relationship in the wide range (1 pM-20 mM), and provided high sensitivity (26.05
pAcm’zmM’l) in the low concentration (1-100 pM) and a low detection limit (0.51 pM). The sensor also had
these advantages of high specificity, excellent reproducibility, good short-term stability and fast response time.
Especially, it is indicated that the Ni/Cu-MOFs-FETs with high performance have the potential to be available
sensors, paving the way for the application of bimetallic MOFs in biosensing.

1. Introduction

Diabetes is a chronic disease caused by insufficient insulin in the
pancreas or the ineffective insulin (King et al., 1998; Colmegna et al.,
2016). It poses a huge threat to human health, inducing cardiovascular,
cerebrovascular, microvascular diseases and even increasing the risk of
cancer (Heidari and Habibi, 2016; Li et al., 2017; Yadav et al., 2015).
Diabetes is closely related to blood glucose levels, and blood glucose
concentration is a key indicator for detecting diabetes (Wang, 2008;
Wang and Lee, 2015). Therefore, accurate detection of glucose in the
blood is of great significance for the diagnosis of diabetes. In recent
decades, various techniques for glucose detection have been developed,
for example, electrochemical methods (ampere method (Roda et al.,
2020)), potential method (Chen et al., 2015; Kim et al., 2017), optical
methods (Raman spectroscopy (Luo et al., 2019), infrared spectroscopy
(Depciuch et al., 2019) and surface plasmon resonance (Vikas et al.,
2020), colorimetry (Zuo et al., 2020) and mass spectrometry (Rahman
et al., 2010). Among these methods, electrochemical methods have
attracted considerable interest due to their simple equipment configu-
ration, high sensitivity and reliability, low detection limits and cost
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effectiveness. Electrochemical glucose sensors can be divided into
enzyme-based sensors and non-enzyme-based sensors (Kou et al., 2020).
The detection principle of the enzyme-based glucose sensors is to utilize
the enzymatic reaction between glucose oxidase and glucose, which has
high sensitivity and good selectivity (Dhanjai et al., 2020; Liu et al.,
2017; Piao et al., 2015).

Metal-organic frameworks (MOFs) possess many special features,
such as high specific surface area, adjustable pore structure, abundant
and modifiable metal sites, etc. (Li et al., 2020; Liao et al., 2019). These
above advantages enable MOFs widely used in electrochemical catalysis,
sensing and energy storage (Abuzalat et al., 2020; Wei et al., 2019; Zhou
et al., 2020). In particular, MOFs can be used to detect many substances
because of their high reactivity (Yang and Yang, 2020), such as Cu-H
MOFs/NECF for detecting trichlorfon (Song et al., 2018), Cu-BTC doped
with ball-milled graphene for detecting bisphenol A and p-chlorophenol.
2 (Chen et al., 2018), and Zr-MOFs modified with Ag nanoclusters for
detecting carcinoembryonic antigen (Guo et al., 2017a). However, there
are few reports on the direct use of MOFs to detect glucose. For example,
metal oxide complexes prepared by calcining MOFs precursors were
tested to catalyze glucose (Zhang et al., 2020), or the MOFs with porous
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structure were used to encapsulate metal nanoparticles for glucose
detection (Zhu et al., 2019). Bimetallic MOFs materials have entered the
research field because of their excellent properties. Bimetallic MOFs
have higher reactivity than monometallic MOFs due to the introduction
of different unsaturated metal ions and the synergistic effect between
metal centers (Shen et al., 2017; Su et al., 2018; Zhou et al., 2019). In
addition, the metal active sites of bimetallic MOFs are more abundant,
which makes them own good electrical conductivity and promotes the
electrons transfer within bimetallic MOFs (Fang et al., 2019; Guo et al.,
2017b; Zhao et al., 2018). Therefore, bimetallic MOFs have great po-
tential for application in chemical and biomolecular detection.

In this work, a new type of glucose biosensor (GOD-GA-Ni/Cu-MOFs-
FET) based on bimetallic Ni/Cu-MOFs was prepared via a simple, one-
step hydrothermal method (Fig. 1). Large and uniform Ni/Cu-MOFs
films were grown in situ on the substrate of pre-prepared FET devices
as channel layers, and modified with glucose oxidase. In order to
immobilize the enzyme and improve the sensitivity of sensing, glutar-
aldehyde was used as a linker between glucose oxidase and MOFs.
Meanwhile, the feeding molar ratios of Ni ions and Cu ions were
changed from 1:7 to 1:1, 7:1, 20:1 and 30:1 to study the effect on the
properties of bimetallic MOFs. The field effect performance test of the
fabricated sensor and its glucose detection were conducted, and
compared with monometallic Ni-MOFs. The Ni/Cu-MOFs-FET had bet-
ter electrical conductivity and excellent specific response to glucose in
the presence of interfering substances (sucrose, fructose, uric acid,
ascorbic acid, galactose and lactose), which exhibited considerable po-
tential for glucose detection.

2. Experiment
2.1. Materials

2,3,6,7,10,11-hexaaminohexatyl hydrogen hexachloride
(HATP-6HCI) was purchased from Chemsoon Co., Ltd. (Shanghai,
China). Nickel chloride hexahydrate (NiCly-6H20), copper sulfate pen-
tahydrate (CuSO4-5H30), absolute ethanol (EtOH), ammonium hy-
droxide (NH3-H0), acetone and glutaraldehyde (GA) were all
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Glucose oxidase (GOD) was purchased from Sigma-Aldrich (St.
Louis, USA). Bovine serum albumin (BSA), glucose, sucrose, fructose,
uric acid (UA), ascorbic acid (AA), galactose, lactose and phosphate
buffer saline (PBS, pH = 7.4) were purchased from Aladdin (Shanghai,
China). All chemicals were used without further purification. Deionized
water was used in this experiment.

2.2. Fabrication of Ni/Cu-MOFs-FET

The FET device was prepared according to the steps in S1(Supple-
mentary Information (SI)). 6.6 g NiCl,.6H20 (0.028 mmol) and 1.0 g
CuS04.5H50 (0.004 mmol) were dissolved in 5 mL deionized water to
obtain a mixed solution of nickel metal ions and copper metal ions with a
molar ratio of 7:1, and then 0.3 mL NH3-H>0 was added dropwise under
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stirring. 10.0 mg HATP-6HCI] (0.028 mmol) was dissolved in 5 mL
deionized water, and the prepared solution with mixed metal ions was
slowly added into the ligand solution. The subsequent steps were the
same as those for preparing Cu-MOFs-FET (SI), and the Ni/Cu-MOFs
(7:1) -FET was obtained. In addition, bimetallic Ni/Cu-MOFs with
different feeding molar ratios of 1:7, 1:1, 10:1, 20:1 and 30:1 were
prepared, and labeled as Ni/Cu-MOFs (1:7)-FET, Ni/Cu-MOFs (1:1)-FET,
Ni/Cu-MOFs (10:1)-FET, Ni/Cu-MOFs (20:1)-FET and Ni/Cu-MOFs
(30:1)-FET respectively.

2.3. Modification of glucose sensor (GOD-GA-Ni-MOFs (7:1)-FET)

Firstly, 1.0 mg/mL GOD solution was prepared with PBS solution,
and GA was diluted with PBS solution to a concentration of 0.25%. Then,
5 pL of diluted GA was pipetted into the liquid cell of the Ni/Cu-MOFs
(7:1)-FET device, which was incubated at room temperature for 60
min and was rinsed with PBS solution several times to remove the re-
sidual GA. Next, 5 pL. GOD solution was added dropwise to the liquid cell
of the FET device, which was placed in a refrigerator and incubated
overnight at 4 °C. After incubation, the FET was rinsed with a small
amount of PBS solution several times to remove the residual GOD. After
drying at room temperature for 5-10 min, the sensor (GOD-GA-Ni/Cu-
MOFs (7:1)-FET) was obtained for glucose test. For comparison, GOD-
GA-Ni-MOFs (7:1)-FET using monometallic Ni-MOFs modified with
GA and GOD, and GA-Ni/Cu-MOFs (7:1)-FET only modified with GA
without GOD were prepared. In addition, GOD-GA-Ni/Cu-MOFs (7:1)-
FET was blocked with 5 pL BSA (1 wt%) for 12 h at 4 °C and marked as
BSA-GOD-GA-Ni/Cu-MOFs (7:1)-FET.

2.4. Characterization of morphology and structure

The scanning electron microscope (SEM, Hitachi SU8020, Japan)
and transmission electron microscope (TEM, JEM, 2010, Japan) were
used to observe the surface morphology and cross-sectional thickness of
the MOFs thin film. Atomic force microscope (AFM, Park System NX-
HDM, Korea) was used to analyze the roughness of materials. Powder
X-ray diffraction (PXRD, Philips X' Pert, Japan), X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250, England),
Fourier transform infrared (FTIR, Thermo Nicolet Corporation NEXUS,
USA), contact angle instrument (Shanghai Solon Tech. Co., Ltd SL 200B,
China), inductively coupled plasma mass spectrometry (ICP-MS, Perkin-
Elmer nexION 1000G, USA) and thermogravimetry analysis (TGA,
Perkin-Elmer SDT Q600, USA, in air atmosphere at a rate of
10 °C-min~') were used to further study the structure and properties of
Ni/Cu-MOFs prepared by the in situ growth method.

2.5. Device’s electrical performance

The electrical performances of Ni/Cu-MOFs (7:1)-FET, GOD-GA-Ni/
Cu-MOFs (7:1)-FET and Cu-MOFs-FET as liquid-gated devices were
measured by using 4200 semiconductor parameter analyzer and four-
point probe station (Keithley 4200-SCS, USA). First, 5 uM PBS solution

Fig. 1. Schematic diagram of the fabrication, modi-
fication and the principle of the glucose detection of
the GOD-GA-Ni/Cu-MOFs-FET. (a) The FET was sus-
pended on the surface of reaction solution with mixed
metal ions. Insert showed the respond time of the
sensor to glucose. (b) The Ni/Cu-MOFs was modified
by dropping GA and GOD sequentially for cultivation.
(c) Ions generated from the enzymatic reaction of
glucose accumulated on the surface of bimetallic
MOFs films, inducing the change of charges
concentration.
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was dropped into the liquid cell of the FET, and the silver probe was
placed vertically in the PBS solution to serve as a gate electrode. The
output characteristic curve (Igs-Vgs) of the device was obtained when the
gate voltage (Vgs) was changed from 0.1 V to —0.1 V in the step of —0.1 V
and the source-drain voltage (V4s) was set in the range of 0 ~ —0.2 V. In
addition, the transfer characteristic curve (Igs-Vgs) was obtained when
the Vg4 was fixed at —0.10 V and the Vg was set in the range of
—0.15-0.15 V.

2.6. Device’s glucose detection capabilities

pH test: PBS solutions with various pH values of 5.8, 6.4, 6.8, 7.4 and
8 were made by mixing a 2 mM NaH,PO4 solution and a 2 mM NayHPO4
solution. When Vg was set to —0.1 V, 5 pL PBS solutions of different pHs
were added dropwise in sequence to the liquid cell of the GOD-GA-Ni/
Cu-MOFs (7:1)-FET, and then the I-Vg4s curves were tested three times
at each pH.

Concentration test: the current that changed with glucose concen-
tration within a period of time (300 s) was measured when the Vg5 and
the V45 were both fixed at —0.10 V. First, 5 pL PBS solution was pipetted
into the liquid cell of the FET device and tested as a blank sample. Next,
5 pL glucose solutions of different concentrations (1 pM-50 mM) were
added respectively from low to high concentration. In order to eliminate
interference, the device was rinsed with PBS solution three times before
the next concentration test. The concentration tests of GOD-GA-Ni/Cu-
MOFs (7:1)-FET, GOD-GA-Ni-MOFs-FET, GA-Ni/Cu-MOFs (7:1)-FET
and Ni/Cu-MOFs (7:1)-FET were conducted respectively according to
the above steps.

Specificity, reproducibility and stability test: sucrose, fructose, UA,
AA, galactose and lactose were used as interferences to explore the
specificity of the GOD-GA-Ni/Cu-MOFs (7:1)-FET for glucose detection.
The current changes of the sensor were tested when 5 pL glucose of 100
pM and interfering substances were added in sequence. Glucose con-
centration tests of three GOD-GA-Ni/Cu-MOFs (7:1)-FET devices were
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conducted under the same condition to study the reproducibility. In
order to evaluate the stability, one GOD-GA-Ni/Cu-MOFs (7:1)-FET was
placed under constant temperature and humidity conditions for a week,
and its glucose detection performance was tested every two days in a
week.

3. Discussion
3.1. Morphology and structure

The PXRD patterns of Ni-MOFs films, Cu-MOFs films and Ni/Cu-
MOFs (7:1) films were shown in Fig. 2a. The diffraction peaks posi-
tions of bimetallic Ni/Cu-MOFs (7:1) were very consistent with those of
monometallic MOFs whose peaks were located at 20 = 4.7°, 9.5°, 12.5°,
16.5° and 27.1° (Sheberla et al., 2014), which indicated that
Ni/Cu-MOFs (7:1) and Ni-MOFs, Cu-MOFs had similar crystal structures.
The diffraction peaks at 4.7°, 9.5° and 27.1° were ascribed to the (100),
(200) and (001) crystal plane of MOFs respectively. The FTIR spectra
(Fig. 2b) of Ni-MOFs powders, Cu-MOFs powders and Ni/Cu-MOFs (7:1)
powders further proved their similar structures with each other. The
peaks at 3433 cm ! were mainly ascribed to the amino groups (NH,) of
the benzene ring structure, and the characteristic peaks at 2916 cm™?,
2848 cm™! and 1399 cm™! were derived from the out-of-plane and
in-plane bending of the hydrocarbon bonds (CH) on the benzene ring.
The vibration of the skeletons on the benzene ring (C—=C) had a peak at
1630 cm™, and the vibration of carbon-nitrogen bonds formed between
amino groups and benzene rings (C-N) showed a broad large peak at
around 1109 cm™! (Campbell et al., 2015). The element states of the
Ni/Cu-MOFs (7:1), Ni-MOFs and Cu-MOFs were observed from the XPS
spectra (Fig. 2¢). In the XPS spectrum of Ni/Cu-MOFs (7:1), the binding
energy peaks corresponding to O 1s, N 1s and C 1s were located at
532.43 eV, 399.00 eV and 284.94 eV respectively, and the peaks of Ni 2p
(855.51 eV, 871.98 eV) and Cu 2p (934.53 eV) could be also found,
which proved that both Ni ions and Cu ions participated in the
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Fig. 2. (a) PXRD spectra, (b) FTIR spectra and (c) XPS spectra of Ni-MOFs, Cu-MOFs and Ni/Cu-MOFs (7:1). (d) High resolution XPS spectra of Ni 2p in Cu-MOFs and

Ni/Cu-MOFs (7:1) (top), and Cu 2p in Ni-MOFs and Ni/Cu-MOFs (7:1) (bottom).
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coordination with ligands to form bimetallic MOFs. In addition, in the Ni
2p spectrum (Fig. 2d), the binding energy of Ni 2p of Ni/Cu-MOFs (7:1)
increased by 0.35 eV compared with that of Ni-MOFs. However, in the
Cu 2p spectrum (Fig. 2d), the binding energy peak of Cu 2p of
Ni/Cu-MOFs (7:1) shifted 1.37 eV towards the low binding energy di-
rection compared with that of Cu-MOFs. The result unraveled that the
local electron transfer between Ni ions and Cu ions occurred through the
aromatic ring structure of the HATP ligand, which led to the Ni-Cu
coupling effect. Ni ions and Cu ions could influence each other’s ionic
state through the benzene ring structure in the ligand, and the charge
transfer between Ni and Cu was enhanced, thereby improving the
overall electrical conductivity of bimetallic MOFs (Zhao et al., 2018; Cao
et al., 2019). And the stronger electron acceptability of Cu ions than Ni
ions made the entire electron cloud density of Ni/Cu-MOFs (7:1) tend to
Cu ions, which caused a decrease in the binding energy value of Cu 2p
and an increase in the binding energy value of Ni 2p. And the high
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resolution XPS spectra of other elements (C 1s, N 1s, O 1s) in Ni-MOFs,
Cu-MOFs and Ni/Cu-MOFs (7:1) were presented in Fig. S1.

The SEM image (Fig. 3c) showed that complete and large-area Ni/
Cu-MOFs (7:1) films were obtained, which had more sheet-like fold
structures (Fig. 3e), and exposed more dense and tiny contact sites than
Ni-MOFs films and Cu-MOFs films (Fig. 3a and b), which could increase
the specific surface area of Ni/Cu-MOFs (7:1) and were more conducive
to the post-modification of the surface. The cross-sectional morphology
(Fig. 3h) of Ni/Cu-MOFs (7:1) indicated that the thickness of the films
was about 489 nm, which was not much different from that of Ni-MOFs
films (516 nm). And it could be seen that the sheet structure of Ni/Cu-
MOFs (7:1) was rougher and had more tiny protrusions. The change of
roughness was further proved by AFM (Fig. S2), which showed that Ni/
Cu-MOFs (7:1) had greater average surface roughness of 48.27 nm than
that of Ni-MOFs (28.55 nm). Surface roughness was conducive to the
improvement of hydrophilicity, which was verified by the contact angle

Fig. 3. SEM images of (a) Ni-MOFs; (b) Cu-MOFs; (c) Ni/Cu-MOFs (7:1); (d) GA-Ni/Cu-MOFs (7:1). (e) High resolution SEM image of Ni/Cu-MOFs (7:1). (f) TEM
image of Ni/Cu-MOFs (7:1). Cross-section images of (g) Ni-MOFs and (h) Ni/Cu-MOFs (7:1).
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test (Figs. S3a and b). The contact angle (101.69°) of Ni/Cu-MOFs (7:1)
was smaller than that (132.20°) of Ni-MOFs, indicating that the hy-
drophilic property of Ni/Cu-MOFs (7:1) was improved to some extent.
The morphology of GA-Ni/Cu-MOFs (7:1) was not significantly different
from that of the unmodified one (Fig. 3d). However, the contact angle of
GA-Ni/Cu-MOFs (7:1) decreased immensely to 52.44° (Fig. S3c), which
was due to the introduction of GA with aldehyde groups making a great
improvement of hydrophilic properties of GA-Ni/Cu-MOFs (7:1). The
TEM image (Fig. 3f) further indicated that Ni/Cu-MOFs (7:1) film was
formed by tiny sheet structures. In addition, it was shown in Mapping
images (Fig. S4) that Ni and Cu elements were uniformly distributed in
Ni/Cu-MOFs (7:1). The thermal stability of Ni/Cu-MOFs (7:1) was
evaluated by the TGA curve (Fig. S5). Ni/Cu-MOFs (7:1) was thermally
decomposed at about 270 °C, which was slightly lower than the
decomposition temperature of Ni-MOFs (304 °C) but higher than that of
Cu-MOFs (235 °C), This difference may be due to the synergistic effect of
bimetal within Ni/Cu-MOFs (7:1) caused by their higher chemical ac-
tivity (Lou et al., 2018).

The XPS spectra (Fig. S6a) of Ni/Cu-MOFs prepared with different
feeding metal molar ratios showed that the binding energy peaks of Ni/
Cu-MOFs (1:7), Ni/Cu-MOFs (1:1) and Ni/Cu-MOFs (7:1) were rela-
tively consistent, and the characteristic peaks of Ni 2p and Cu 2p were all
found, indicating that Ni/Cu-MOFs could be synthesized under the three
kinds of molar ratios. However, the peaks of Cu 2p did not appear in the
XPS of Ni/Cu-MOFs (20:1) and Ni/Cu-MOFs (30:1). This result was
because that when the content of Ni ions added was much more than
that of Cu ions, a large amount of Ni ions occupied the coordination
sites, which made it difficult for a smaller amount of Cu ions to partic-
ipate in the coordination reaction and to synthesize bimetallic MOFs.
XPS ratios data of main elements in Ni/Cu-MOFs prepared with different
feeding molar ratios (Ni:Cu = 1:7, 1:1, 7:1, 20:1 and 30:1) were pre-
sented in the Table S1. It was found that the content of C, N and O el-
ements in MOFs synthesized with different metal molar ratios was not
much different. In addition, for MOFs with a ratio of 1:1, 7:1, 20:1 and
30:1, the real metal molar ratios of Ni and Cu were relatively close to the
feeding molar ratios. However, for the MOFs with a ratio of 1:7, the
difference between the real and the feeding molar ratio was relatively
large. This was mainly due to the large amount of Cu ions involved in the
coordination to produces MOFs which was easy to precipitate, so the
proportion of Cu in the bimetallic MOFs films was relatively small. In
addition, the contents of Ni ions and Cu ions in Ni/Cu-MOFs prepared
with different feeding molar ratios were determined by ICP-MS
(Table S2), suggesting that the final Ni/Cu molar ratios were 1:8.31,
0.83:1, 5.48:1, 17.53:1 and 26.56:1 respectively, close to the feeding
molar ratios. The XRD spectra of Ni/Cu-MOFs prepared with different
metal molar ratios were shown in Fig. S6b. They all had peaks at 20 =
7.5° and 33.3° belonging to the characteristic diffraction peaks of Ni-
MOFs rather than that of Cu-MOFs, which revealed that Ni ions of the
five metal molar ratios could participate in the coordination to form Ni-
MOFs. In addition, as the metal molar ratios changed from 1:7 to 30:1,
the position of the diffraction peaks ascribed to the (001) crystal plane
gradually shifted from 27.7° to 26.9°, indicating an increase of inter-
planar spacing in the Ni/Cu-MOFs. This was because that the proportion
of Ni ions within the formed bimetallic MOFs increased, and the radius
of Ni ions was larger than that of Cu ions. The morphologies of Ni/Cu-
MOFs films with different molar ratios were shown in Fig. S7. The
morphologies of Ni/Cu-MOFs (1:7) and Ni/Cu-MOFs (1:1) were similar
to that of monometallic Cu-MOFs. However, it was difficult to form
dense MOFs films when the molar amount of Cu ions added was large,
which was because that the products formed by the coordination be-
tween Cu and HITP tended to aggregate and precipitate. The thin films
of Ni/Cu-MOFs (20:1) and Ni/Cu-MOFs (30:1) both exhibited sheet-like
stacked morphological structures similar to that of Ni-MOFs.
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3.2. Electrical performance

As shown in Fig. S8, the current value of Ni/Cu-MOFs (10:1)-FET
tested under the same conditions was reduced compared with that of Ni/
Cu-MOFs (7:1)-FET, indicating that the content ratio of Ni ions and Cu
ions had an effect on the performance of bimetallic MOFs. The field-
effect electrical performances of Ni-MOFs-FET, Cu-MOFs-FET, Ni/Cu-
MOFs (7:1)-FET and GOD-GA-Ni/Cu-MOFs (7: 1)-FET tested as liquid-
gated devices were shown in Fig. S9. The performance of Cu-MOFs-
FET was the worst and its [4-Vgs curve that did not pass the origin
indicated a serious leakage current phenomenon, which was because
that Cu-MOFs tended to aggregate during the coordination reaction and
did not form a good film. The I4s-V4s curve of Ni/Cu-MOFs (7:1)-FET
showed good ohmic characteristics and a better linear relationship than
those of Ni-MOFs-FET and Cu-MOFs-FET. The current value of Ni/Cu-
MOFs (7:1)-FET was increased by an order of magnitude, indicating
its more excellent conductivity. This was attributed to the synergistic
effect of Ni and Cu in Ni/Cu-MOFs (7:1), enhancing the carriers transfer
and increasing the abundant active metal sites, which improved the
reactivity of bimetallic MOFs. The I4s-Vgs curve of Ni/Cu-MOFs (7:1)-
FET revealed that it still possessed bipolar characteristics similar to that
of Ni-MOFs (7:1)-FET. Therefore, the conductivity of Ni/Cu-MOFs (7:1)-
FET could be affected by the carriers (holes or electrons) accumulated in
the MOFs channel layers, resulting in p-type or n-type doping effects
(Kwak et al., 2012). Especially, the current value of the I4s-Vgs curve of
Ni/Cu-MOFs (7:1)-FET increased, and its extreme point shifted slightly
to the negative direction compared with that of the Ni-MOFs-FET, which
was due to the n-type doping effect caused by the strong electronega-
tivity of Cu ions (Kim et al., 2017). The current value of
GOD-GA-Ni/Cu-MOFs (7:1)-FET was lower than that of untreated
Ni/Cu-MOFs (7:1)-FET but higher than that of Ni-MOFs-FET. This was
because the modification of glucose enzyme made a certain interference
on the carrier transfer (Hudak and Barton, 2005). Moreover, the extreme
points at the I4-Vgs curve of GOD-GA-Ni/Cu-MOFs (7:1)-FET shifted
significantly toward the negative direction. This was because when
Ni/Cu-MOFs were modified with negatively charged GOD in the PBS
solution via GA, it was quite equivalent to introducing negative charges
in Ni/Cu-MOFs to enhance their n-type doping effect (De La Garza et al.,
2003). The maximum  transconductance (8m) of  the
GOD-GA-Ni/Cu-MOFs (7:1)-FET was 20.47 pS (Fig. S10), and the carrier
mobility (p) of it as a liquid-gated device was calculated to be 401.05
em? V1s7! according to Formula S1. The current switching ratio
(Ion/Tofe) was 4.89 and the threshold voltage (Vi) was 0.32 V.

3.3. Glucose detection

The electrical property of the GOD-GA-Ni/Cu-MOFs (7:1)-FET in PBS
solutions of different pH were shown in Fig. S11, and its conductance
was calculated according to the I-Vg4s curve. It could be found that as the
pH increased from 5.8 to 8, the conductivity of the device improved.
However, due to the poor acid-based resistance of MOFs and the pH
range of actual blood glucose (pH = 7.35-7.45), a pH of 7.4 was chosen
as the detection environment to study the glucose detection of the GOD-
GA-Ni/Cu-MOFs (7:1)-FET. The glucose concentration test result of the
GOD-GA-Ni/Cu-MOFs (7:1)-FET was shown in Fig. 4a. The glucose
sensor responded instantly and generated current signal when the
glucose was added to the liquid cell. And the respond time did not
exceed 5 s (the insert of Fig. 4a), which indicated that the GOD-GA-Ni/
Cu-MOFs (7:1)-FET had a fast response to glucose detection. As the
glucose concentration gradually increased from 1 pM to 50 mM, the
source-drain current of the FET showed a step change, and its absolute
value decreased, which was due to the enzymatic reaction between
glucose and GOD temporarily changing the protonation state of
conductive MOFs. (Ahmad et al., 2015; Liu et al., 2018). The enzymatic
reaction of glucose was as follows:
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Fig. 4. (a) Glucose concentration test curve of GOD-GA-Ni/Cu-MOFs (7:1)-FET
in the range of 1 yM-50 mM with the fixed Vg = —0.1 V and Vg = —0.1 V. In
the inset is the data of 100 pM Glucose detected by GOD-GA-Ni/Cu-MOFs (7:1)-
FET. (b) Relationship curve between the change of current value ((I-I)/I) and
the glucose concentration. (c) Relationship curve between the change in current
and the logarithmic value of glucose concentration (the black curve), and its
linear fitting curves (the blue one and the green one). The fitting linear rela-
tionship was y = 2.02 + 26.05x in the range of 1-100 pM, and was y = 33.78 +
10.96x in the range of 100 pM-20 mM. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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D — glucose + H,O + O, Gngluconolactone + H,0, 1

H,0,->0, + 2H"+ 2e (2

Glucose was converted to gluconolactone and hydrogen peroxide
(H05) Under the catalysis of GOD according to the reaction (1). Then,
H,0, dissociated further and generated hydrogen ions (H") and elec-
trons (e”) under the gate voltage with the reaction (2). Because the
connection effect of GA enabled GOD closer to the surface of Ni/Cu-
MOFs, the H" generated by the enzyme reaction gradually increased
and accumulated on the interface between the MOFs channel layers and
the solution, making an inducing effect on the channel layers (Kwak
etal., 2012). Ni/Cu-MOFs behaved as a p-type semiconductor at the gate
voltage (—0.1 V). Therefore, under the induction of HT, the number of
main carriers (holes) in the Ni/Cu-MOFs channel layer reduced, result-
ing in a decrease in conductance and a change on current value of the
FET with the increase of glucose from low concentrations to high con-
centrations (Ahmad et al., 2015; Shan et al., 2018). By testing the so-
lution containing only PBS, the influence of PBS on the test current
signal was eliminated (Fig. S12a). In addition, the glucose concentration
tests of GOD-GA-Ni-MOFs-FET, GA-Ni/Cu-MOFs (7:1)-FET and
Ni/Cu-MOFs (7:1)-FET were conducted to serve as control experiments.
The GOD-GA-Ni-MOFs (7:1)-FET showed a certain current change with
glucose concentration increasing but not a continuous step change
(Fig. S12b), indicating its undesirable detection to glucose. The test re-
sults of GA-Ni/Cu-MOFs (7:1)-FET (Fig. S12c¢) and Ni/Cu-MOFs
(7:1)-FET (Fig. S12d) showed their poor response to glucose, which
further proved that the current change of the device was mainly caused
by the enzymatic reaction of glucose. The morphology (Fig. S13) of
GOD-GA-Ni/Cu-MOFs (7:1) after glucose concentration test indicated
that the solution test environment had little damage to the structure of
the MOFs films. Moreover, the glucose concentration test of the
BSA-GOD-GA-Ni/Cu-MOFs (7:1)-FET was conducted to explore the ef-
fect of non-specific adsorption. The current change of
BSA-GOD-GA-Ni/Cu-MOFs (7:1)-FET in glucose detection was smaller
than that of GOD-GA-Ni/Cu-MOFs (7:1)-FET (Figs. S14a and b). Part of
the reason might be due to the existence of non-characteristic adsorp-
tion, and the other part was because of the reduced conductivity of the
device modified with BSA (as shown in Figs. S14c and d).

The relationship curve between the change of current value
(A\I==I-Ip) and the glucose concentration was shown in Fig. 4b. It
could be seen that the current began to decrease and became gentle
when the glucose concentration reached to 20 mM, while when the
concentration continuously increased to 50 mM, the current hardly
changed. This may be due to the limited number of enzymes modified on
the enzyme sensor making the detection of glucose to reach saturation
(Makaram et al., 2014). The good detection of GOD-GA-Ni/Cu-MOFs
(7:1)-FET in a wide concentration range of glucose (1 pM-20 mM)
was because of the high surface area ratio and abundant electroactive
sites of bimetallic MOFs, making it have better adsorption and larger
reaction surface area for glucose molecules. The relationship curve be-
tween the change in current and the logarithmic value of glucose con-
centration (the black curve), and its linear fitting curves (the blue one
and the green one) were presented in Fig. 4c. The device showed good
linear relationships in the both glucose concentration range of 1-100 pM
and 100 pM-20 mM, respectively. The fitting linear relationship was y
= 2.02 + 26.05x in the low concentration range of 1-100 pM, and was y
= 33.78 + 10.96x in the high range of 100 pM-20 mM. And the linear
correlation coefficients (R?) were 0.9896 and 0.9968, respectively. The
sensitivity of the FET sensor was calculated by the slope of each linear
range to be 26.05 pAcm ~>mM ™! in the 1-100 pM of glucose, and to be
10.96 pAcm mM ! in the 100 pM-20 mM of glucose. According to the
Formula S2, the lower limit of detection (LOD) was estimated to be 0.51
pM.  The  comparation of  performance  between the
GOD-GA-Ni/Cu-MOFs (7:1)-FET and other previously reported
FET-based glucose sensors was shown in Table 1. It could be seen that
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Table 1
Comparison of performances between the GOD-GA-Ni/Cu-MOFs (7:1)-FET and
other FET-based glucose sensors.

Method Detection Linear Sensitivity Ref
Limit Range (pAcm’ZmM’l)
(uM) (mM)
Fe;03-ZnO-FET 12 0.05-18 105.75 Ahmad et al.
(2017)
Nafion/GOx/ 70 0.0-80 22.3 Bhat et al.
Zn-FET (2017)
GOx-ZnO NRs- 0.07 0.05-70 32.27 Ahmad et al.
FET (2015)
GOx-silk- 100 0.1-10 2.5 You and Pak
graphene-FET (2014)
GOx/ZnO NWs- 50 0.2-2 19.5 Pradhan
FET et al. (2010)
GOx-PMMA/ 3.3 3.3-10.9 / Kwak et al.
graphene-FET (2012)
GOD-GA-Ni/Cu-  0.51 0.001-20 26.05/10.96 This work

MOFs-FET

the GOD-GA-Ni/Cu-MOFs (7:1)-FET, as a novel glucose sensor, had
higher sensitivity, a wider detection range and a lower detection limit.
Moreover, the glucose concentration test results of three
GOD-GA-Ni/Cu-MOFs (7:1)-FET showed a low standard deviation (RSD)
of 3.32% (Fig. S15), indicating that the sensor has good reliability for
glucose detection.

Sucrose, fructose, UA, AA, galactose and lactose were used as in-
terferences to test the specificity of GOD-GA-Ni/Cu-MOFs (7:1)-FET for
glucose detection (Fig. 5a and Fig. S16). The current of the sensor
decreased significantly when glucose was added first. Then, the current
did not change when other interfering substances were added sequen-
tially, but changed again after the glucose was added again. The phe-
nomenon showed that the prepared GOD-GA-Ni/Cu-MOFs (7:1)-FET
could achieve the specific detection to glucose. The stability of GOD-GA-
Ni/Cu-MOFs (7:1)-FET was evaluated by measuring its current response
to glucose in a concentration range (1-500 pM) every two days within a
week (Fig. 5b). The current signal dropped slightly by 2.12% on the
second day, and then decreased by 16.72% and 20.60% on the fourth
and sixth days, respectively (Fig. 5c¢). In order to further explore the
lifetime of the sensor, the concentration tests of four GOD-GA-Ni/Cu-
MOFs (7:1)-FETs after being placed for 0, 1, 2 and 3 weeks respec-
tively were conducted (as shown in Fig. S17). It was found that as the
storage time was longer, the current signal of the sensor decayed more.
And the current of the sensor placed for three weeks was significantly
reduced and its response to glucose became weaker. The decrease of the
current response may be due to the inactivation of the modified GOD
and the loss of the enzyme during the washing process. Therefore, the
GOD-GA-Ni/Cu-MOFs (7:1)-FET enzyme sensor could be used as a
disposable biosensor.

4. Conclusion

In conclusion, a glucose sensor (GOD-GA-Ni/Cu-MOFs-FET) with
bimetallic MOFs as channel layers was prepared via a simple in situ
method. The prepared sensor had good field effect performance when
the feeding molar ratio of Ni ions and Cu ions was 7: 1, and showed
excellent responds to glucose with a wide concentration range of 1
pM-20 mM, a higher sensitivity of 26.05 pAcm ?mM ™}, and a low
detection limit of 0.51 pM. This was mainly due to the synergistic effect
of Ni ions and Cu ions within bimetallic MOFs and the modification of
GA. Although the GOD-GA-Ni/Cu-MOFs-FET did not have good long-
term stability, it could be used as a disposable and real time glucose
sensor because of its good specificity, reproducibility and fast respond
time. Therefore, this work can pave the way for the future research on
FET-type biosensors based on bimetallic MOFs.
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Fig. 5. (a) Specificity test of the GOD-GA-Ni/Cu-MOFs (7:1)-FET when 5 pL of
100 pM glucose, sucrose and fructose were added in sequence. (b) Stability test
of the GOD-GA-Ni/Cu-MOFs (7:1)-FET placed under constant temperature and
humidity conditions for a week, and its glucose detection performance was
tested every two days in a week. (c) Glucose current response loss of GOD-GA-
Ni/Cu-MOFs (7:1)-FET sensor at the 0, 2nd, 4th, and 6th day.
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