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ARTICLE INFO ABSTRACT

Keywords: A high-performance nonenzymatic glucose sensor was successfully prepared by a layer by layer strategy through
Nonenzymatic glucose sensor electrodeposition assembling multilayer films of Cu-metal-organic frameworks/multi-walled carbon nanotubes
Electrodeposition (Cu-MOF/MWNTs) modified glassy carbon electrodes (GCE). Different multilayer films of Cu-MOF/MWNTs

Multilayer films

modified GCE (Cu-MOF/MWNTs/GCE) were prepared by repeating the electrodeposition of MWNTs onto the
Cu-MOF/MWNTs/GCE

GCE in an MWNTs solution (MWNTs/GCE) and electrodeposition of the Cu-MOF layer onto the MWNTs film
surface to form a Cu-MOF/MWNTs composite layer in the crystallization solution of Cu-MOF. Results confirmed
that this method to fabricate multilayer composite films on the GCE was fast and convenient, and that multilayer
composite films were stable and unified. The electrode modified by the multilayer composite films could ef-
fectively increase the exposure of active sites and increase the surface area of reactive contact. The GCE modified
by eight layers (four multilayers Cu-MOF/MWNTs films) showed the optimum catalytic performance in the
oxidation of glucose. The novel glucose sensor exhibited a wider detection linear range of 0.5uM-11.84 mM,
with a detection limit of 0.4 uM and a sensitivity of 3878 uA cm~2 mM ~'. Moreover, the electrochemical re-
sponse of the sensor on glucose was fast (within 0.3 s) and stable, exhibited good selectivity and was free of

interference.

1. Introduction

In the catalytic analysis of chemistry, materials and other dis-
ciplines, how to improve the catalytic performance to achieve the
maximum catalytic effect largely depends on the quality of modified
electrodes, that is, the modification of solid substrate (Kang et al.,
2012). The most common modification method is loading coating,
which means that synthetic materials with good catalytic effects are
fixed to the solid substrate surface by certain actions, such as adsorp-
tion, electrodeposition and adhesives adhesion (Luo and Epps, 2013).
Among the many modified materials with high selectivity catalysis,
metal-organic framework (MOF) represents a new type of porous 3D
mesh material that has recently attracted considerable attention (Morris
et al., 2012a; Tranchemontagne et al., 2009). MOF has porous struc-
tures with a high specific surface area through the coordination be-
tween metal ions and different organic ligands and realize structure and
pore size regulation (Ji et al., 2018). HKUST-1 is one of the MOF formed
with copper (Cu) atoms as the center and with carboxylic acid ligands

(1,3,5-benzenetricarboxylic acid) as coordinators. When heated, water
molecules can be easily removed to acidify the central Cu. Meanwhile,
reactants can react with the central Cu through the pores, thereby
catalyzing the reaction. MOFs are considered and applied as a type of
developed sensor. However, MOF materials are limited in application
because of their poor conductivity and restricted catalytic properties.
Therefore, the current approach to enhancing the performance of MOF
is to combine them with nanocarbon materials to form multi-element
composite materials. A good choice of nanocarbon material is the
carbon nanotube (CNT) because of its excellent physical properties and
high content of carboxyl groups and other functional groups after ni-
trification treatment; these groups can immobilize with other materials
through an electrostatic action (Kim et al., 2014) or bond cooperation
(Yun S, 2009).

Recently, the new synthesis strategy of Cu-MOF composite materials
and the application in modifying electrodes have become a research
focus. As early in 2007, researchers have found that the growth of the
Cu-MOF can be controlled by directional self-assembled monolayers

* Corresponding author. School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou, 510641, PR China.
** Corresponding author. School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou, 510641, PR China.

E-mail addresses: luzhiwei514@163.com (Z. Lu), jsye@scut.edu.cn (J. Ye).

https://doi.org/10.1016/j.bios.2019.03.064

Received 20 January 2019; Received in revised form 22 March 2019; Accepted 31 March 2019

Available online 09 April 2019
0956-5663/ © 2019 Published by Elsevier B.V.



L. Wu, et al.

(SAMs) with varying functionalization. However, this technique re-
quires available appropriate functional groups on surfaces, such as
-COOH and -OH (Biemmi et al., 2007). Referring to previous studies,
Yanli Zhou et al. successfully prepared high-density cross-linked copper
framework thin films by in situ growth of sheet structure Cu-MOF on
graphene functionalized SAMs on gold substrates electrodes (Zhou
et al.,, 2018). Liudi Ji (Ji et al.,, 2018) provided an electrochemical
method for the rapid and simple synthesis of MOF using crystal mother
liquor at a certain voltage. The MOF synthesized by this method ex-
hibits distinct properties and structural stability. Based on this factors,
Cu-based MOF materials achieve a satisfactory catalytic oxidation effect
on glucose. Shi et al. (2016) encapsulated Cu nanoparticles in ZIF-8 to
form Cu-in-ZIF-8 as a sensitive nonenzymatic glucose sensor, which was
attributed to the synergistic of Cu nanoparticles with small particle size
and ZIF-8 with porous structure. In addition, biomolecules combined
with MOF have been used for biosensing to catalyze glucose. For ex-
ample, He et al. (2016) prepared Cu-hemin-MOF with glucose oxidase
(GOD) for electrochemical detection of glucose. Liu et al. (2016) ap-
plied HKUST-1 MOF as a porous matrix to encapsulate hemin to form
Hemin@HKUST-1 composites for H;O, and glucose detection by che-
miluminescence method. Therefore, using new non-traditional syn-
thetic MOF materials to build highly effective glucose sensors is an
important research topic. Glucose, is an important indicator of human
health, and is directly related to the normal operation of other systems.
Therefore, how to timely and effectively determine the level of glucose
or blood glucose is of great significance for clinical practice and other
fields. Traditional glucose detection methods require long testing time,
complicated large instruments, poor selectivity. So, good selectivity,
high sensitivity, fast response time of the electrochemical methods have
become a research hot spot.

On the basis of the abovementioned considerations and factors, for
the first time in this present study, Cu-MOF crystallization solution and
MWNTs solution were electrodeposited on the glassy carbon electrode
several times to form a multilayer film of Cu-MOF/MWNTs non-enzy-
matic glucose sensor. This provides an effective and promising method
for the preparation of highly efficient and sensitive non-enzymatic
glucose sensors.

2. Experimental section

On the basis of the previous literature, Cu-MOF was obtained by
hydrothermal synthesis based, and MWNTSs were carboxylated. Specific
experimental materials, characterization methods, and synthesis pro-
cesses can be found in the Supporting Information.

2.1. Multilayer film preparation

The synthesis strategy of Cu-MOF and multilayer films of Cu-MOF/
MWNTSs/GCE are briefly illustrated in Scheme 1 according to the fol-
lowing steps: (additional details in Supporting Information).

Step One The GCE was polished with alumina powder and sonicated
for 2min in ethanol and ultrapure water, and then im-
mersed in MWNTSs solution under the deposition voltage of
—1.3V for 200s. The resulting MWNTs/GCE was pulled
out and washed with ultrapure water.

The prepared MWNTs/GCE was immersed into the pre-
pared Cu-MOF crystallization solution at 1.7V and elec-
trodeposited for 200 s, forming one Cu-MOF/MWNTs layer.
Then Cu-MOF/MWNTs/GCE was taken out and washed
with ultrapure water.

The different layers of multilayer films modified GCE was
assembled by repeating step one and two several times until
the deposition of multilayer films of Cu-MOF/MWNTs/GCE
was completed.

Step Two

Step Three
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3. Results and discussion

3.1. Characterization of Cu-MOF, MWNTs, and multilayer films of Cu-
MOF/MWNTs/GCE

To facilitate subsequent characterization, the material was electro-
deposited on a conductive diamond wafer for scanning electron mi-
croscope (SEM) determination (Fig. la). As shown in Fig. 1b, the
MWNTs films completely covered the surface of diamond substrates and
were uniformly distributed without agglomeration with large mem-
brane holes appear in the gap. After the deposition of Cu-MOF, most of
MWNTs is covered below (Fig. 1d). Crystal particles with distinct edges
and angles were deposited on the surface, successfully indicating that
the Cu-MOF were completely deposited on the MWNTs-modified sub-
strate. As sedimentary layers increased in number, the growth of
MWNTs and Cu-MOF showed a certain increase aggregation, MWNTs
and Cu-MOF aggregated separately and intertwined at the ends.

The crystallinity and phase purity of the electrodeposited Cu-MOF
were clarified using XRD (Fig. S2a). The XRD pattern of the sample is
consistent with that in the literature (Chowdhury et al., 2009; Ji et al.,
2018; Morris et al., 2012b). XPS (Fig. S2b) was also used to characterize
the surface composition information. As shown in Fig. S2c of C 18, the
peak positions were noted at 284.4, 287.3, and 288.7 eV, which are
respectively attributed to graphite carbon, C-O-C, and O-C=0 (Ali
Khan et al., 2014; Okpalugo et al., 2005). The Cu 2p spectrum (Fig.
S2d) showed two characteristic peaks at 932.4 and 952.2 eV, corre-
sponding to 2p3,» and 2p;,» of metallic Cu, respectively. At approxi-
mately 943 eV, weak peaks were observed, and they were attributed to
the satellite peak of Cu?*.(Ji et al.,, 2018; Maruyama, 1998). In addi-
tion, FT-IR results shown that the MWNTs-COOH treated with ni-
trification successfully connected to carboxyl and other activity groups
(detailed discussion is available in the Supporting Information).

3.2. Electrocatalytic behavior of the modified electrodes

As presented in Fig. 2a, the cyclic voltammogram (CV) curves of
bare GCE, MWNTs/GCE and Cu-MOF/MWNTs/GCE in KCI solution
containing 5 mM [Fe(CN)g] 3/4 were compared. The CV curve of bare
GCE presented a significant pair of anodic and cathodic peaks. After
MWNTs-COOH electrodeposition, the CV curve largely decreased re-
lative to the curve of the GCE. The deposited MWNTSs comprised a
multitude of negatively charged groups, such as -COOH, after being
carboxylated, thereby causing the MWNTs to repel the negative redox
probe in the solution and reduce the electron conduction. After elec-
trodeposition of Cu-MOF, the CV curve showed a pair of typical elec-
trochemical response peaks of Cu ion conversion from Cu (II) to Cu (I).

Nyquist plots (Fig. 2b) of the different modified electrodes were
obtained at an open-circuit voltage by using the frequency range of
1 Hz-100 kHz. The bare GCE exhibited a relatively small R, of ap-
proximately 113Q. However, after the electrodeposition of the
MWNTs, R, expanded to approximately 171 Q2 because of the abundant
carboxyl groups on the MWNTs surface that impeded the electron
transfer of [Fe(CN)g]*>”*. When electrodeposited with layers of MWNTs
and Cu-MOF, R, notably increased at approximately 1.317 kQ2 because
the Cu-MOF acted as a barrier and an interfacial electron transfer
blocking layer that greatly attenuated the electron transfer of [Fe
(CN)¢]>’*. The surface area study is discussed in the Supporting
Information.

Fig. 2c illustrates the CV response of different electrodes with or
without glucose in 0.1 M NaOH solution. Regardless of whether glucose
was added, the anodic current of the bare GCE and MWNTs/GCE re-
mained unchanged, indicating their poor catalytic performance in
glucose oxidation. While Cu-MOF/GCE and multilayer films of Cu-
MOF/MWNTs/GCE have much higher current in 0.1 M NaOH both with
or without glucose. This result further confirmed the effective catalysis
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Scheme 1. Schematic illustration of the Cu-MOF and multilayer films of Cu-MOF/MWNTs/GCE.
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Fig. 1. SEM images of (a) conductive diamond wafer; (b) conductive diamond wafer electrodeposited with MWNTSs; (c) conductive diamond wafer electrodeposited

with Cu-MOF; (d) conductive diamond wafer electrodeposited with multilayer films of Cu-MOF/MWNTs; and (e) SEM images of Cui-MOF/MWNTs and corresponding
elemental mapping of Cu, and O/Cu/C.
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Fig. 2. (a) CV curves and (b) Nyquist plots of EIS (inset shows the fitting equivalent circuit) of bare GCE, MWNTs/GCE and Cu-MOF/MWNTs/GCE in KCl solution
containing 5mM [Fe(CN)g]>” 4 (¢) CV curves of bare GCE, MWNTs/GCE, Cu-MOF/GCE, Cu-MOF/MWNTs/GCE with or without 2.5 mM glucose in 0.1 M NaOH
solution; (d) CV curves of Cu-MOF/MWNTs/GCE towards various glucose concentrations in 0.1 M NaOH electrolyte solution; (e) amperometric response of Cu-MOF/
MWNTs/GCE to the successive addition of glucose (inset is the corresponding calibration curve); (f) amperometric response curve of multilayer films of Cu-MOF/
MWNTs/GCE obtained in the presence of 5 mM glucose at +0.55 V with continuous stirring (inset is the amperometric response of multilayer films of Cu-MOF/
MWNTs/GCE to the successive addition of 2.5 mM glucose, 0.25 mM UA, DA, AA, CaCl,, sucrose and D-fructose; 2 mM glucose, 0.25 mM UA, DA, AA, CaCl,, sucrose,

and D-fructose; and 2 mM glucose.).

of Cu ion for glucose oxidation, and with the MWNTSs can enhance the
catalytic effect. This relationship of the anodic peak current versus
square root of the scan rate (Fig. S4) indicated that the catalytic oxi-
dation of glucose on the multilayer films Cu-MOF/MWNTs/GCE in
0.1 M NaOH is a diffusion-controlled process (Al-Ahmad et al., 1995;
Atta et al., 1996). In addition, the oxidation current significantly in-
creased when the glucose concentration continuously increased from
0.5mM to 5mM (Fig. 2d). Therefore, the prepared sensor had a fa-
vorable catalytic effect on glucose oxidation. Between 0 V and 0.6 V, the
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broad oxidation peak current was related to the transition of Cu(I) to Cu
(II) and Cu(II) to Cu(Ill) hydroxide forms. At a potential starting from
0.3V, the significant oxidation peak current is attributed to Cu(Il)-Cu
(III) conversion (Shi et al., 2016). The whole catalytic mechanism
process of glucose is described as follows:

Cu(Dmor— e~ < Cu(ll)por (@)

Cu(ID)por + OH™ « Cu(ll)yor + Hy O+ e~ (@3]
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Cu(IIDyor + e~ + Glucose - Cu(Il)yor + OH +Gluconic acid 3

3.3. Optimization of preparation and determination conditions

To obtain the best test conditions and achieve the best catalytic
effect, we studied the deposition time of the two-step electrodeposition
(Figs. S4 and S5). Furthermore, to obtain the quantified determination,
+0.55 V was chosen as the optimal potential (Fig. S6). At the optimal
potential, amperometry and CV plots of the different layers of multi-
layer films modified GCE electrode with successive addition of glucose
were obtained (Fig. S7). The experiment details are shown in the
Supporting Information.

3.4. Sensing performance for glucose detection

The quantitative range of the multilayer films of Cu-MOF/MWNTs/
GCE was evaluated by amperometry. The catalytic current of glucose
oxidation increased linearly in the concentration range of
0.5puM-2.34mM and 2.34 mM-11.84 mM, respectively (Fig. 2e). The
calibration plot of the oxidation current vs. glucose concentration and
the fitting equation are I (MA) = 92.30Cgycose (MM) + 1.219
(R? = 0.9942) and I (A) = 33.14Cqjucose (MM) + 7.47 (R? = 0.9952).
A sensitivity of 3878 yAcm ™2 mM ! and a detection limit of 0.4 uM
(based on S/N = 3) with a fast response time within 0.3s were ob-
tained. The sensing performance of the proposed glucose sensor was
compared to a series of reported catalysts in Table S1. Of these cata-
lysts, the multilayer films of Cu-MOF/MWNTs/GCE showed a wider
linear range, lower detection limit, fast response time and higher sen-
sitivity.

3.5. Selectivity, reproducibility and stability of glucose sensor

In glucose determination, the possible biological small molecule
interferences such as uric acid (UA), dopamine (DA), L-ascorbic acid
(AA), CaCl,, sucrose and D-fructose, in human blood detection need to
be considered. As shown in Fig. 2f, multilayer films of Cu-MOF/
MWNTs/GCE showed excellent selectivity for glucose; a negligible re-
sponse to UA, DA, AA, and CaCl,; and a slight response to sucrose and
D-fructose. The stability test showed after 4000 s, the oxidation current
was 81.7% of the initial value, which confirmed that the multilayer
films of Cu-MOF/MWNTs/GCE were relatively stable. And the re-
producibility and the stability of the sensor were confirmed by six
modified electrodes prepared in the same way (Fig. S9a); the relative
standard difference (RSD) of 4.91% was obtained in response to the
successive addition of glucose and the repeatability of the same sensor
for nine measurements under the same condition was 7.2% (Fig. S9b).

3.6. Sensor performance for real sample

We verify the detection efficiency of the sensor in real blood sam-
ples, by utilizing human serum isolated and obtained from the hospital
of the university; the standard addition method was applied (Table S2).
The results showed that using the prepared sensor to measure glucose in
human blood is feasible and accurate.

4. Conclusions

In sum, a novel method based on constant potential electrodeposi-
tion for depositing carboxylated MWNTs and Cu-MOF layer by layer is
proposed for the preparation of multilayer composite films non-enzy-
matic glucose sensor. The multilayer films of Cu-MOF/MWNTs com-
posite material showed an extremely high catalytic effect on glucose
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catalysis due to the large surface area, multiple catalytic active sites,
and good selectivity of the Cu-MOF material in combination with the
excellent electrical conductivity of multilayer MWNTs. By reusing
crystallization solution, the sensor was prepared simply via electro-
deposition in solutions for a certain period to obtain a uniformly dense
film. However, strong alkaline condition is still a big limitation to the
practical application of the proposed sensor. The following work will
improve the applicable conditions of the sensor and further improve its
long-term stability.
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