ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A sensitive electrochemical sensor based on ZIF-8-—
acetylene black—chitosan nanocomposites for
rutin detectiony

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 32740

/@*b

Ya-feng Jin,?® Chuang-ye Ge,® Xiao-bo Li,°® Miao Zhang,? Guang-ri Xu
and Dong-hao Li*?

Herein, we fabricated a sensitive rutin electrochemical sensor via modifying glassy carbon electrode (GCE)
with zeolitic imidazolate framework-8 (ZIF-8) and acetylene black (AB) in the presence of chitosan (CS). The
electrochemical activity and experimental parameters of the ZIF-8-AB-CS/GCE sensor were investigated by
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Under the optimal conditions,
the sensor presented a reasonable linear response in the range of 0.1-10 puM with a limit of detection (LOD)
as low as 0.004 pM (S/N = 3). The sensor possessed good reproducibility and high stability, and was
successfully applied to detect rutin tablet samples with satisfactory results, which was attributed to the
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Accepted 4th September 2018 synergistic effect between ZIF-8 and AB. Meanwhile, the sensor displayed a potential application for
detection of other analytes in real samples. Furthermore, a probable interaction mechanism was

DO 10.1035/c8ra06452k proposed to account for the interaction between rutin and the nanocomposite electrode, which was not
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1 Introduction

Rutin, also called vitamin P, is a common polyphenolic flavo-
noid which exists in some sources of vegetal origin, such as
fruits, seeds, roots, flowers, tea, wine etc.* It has been widely
applied in the health care system due to its prominent biolog-
ical activity and pharmacological activity. Generally, rutin is
used as an antioxidant and a nutrient enhancer in the human
diet, and also as an inhibitor in some disease treatments, for
example, as an anti-tumor, anti-hypertensive, anti-bacterial,
anti-viral and anti-inflammatory agent. In particular, it can
effectively adjust the penetrability of capillaries and stabilize
blood platelets.”” As a result, it is necessary to establish
a sensitive, accurate and facile method for rutin detection in the
field of clinical treatment, food nutrition research and phar-
maceutical development.

Till now, various analytical approaches have been estab-
lished for rutin analysis, such as high performance liquid
chromatography,® capillary electrophoresis, sequential
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injection analysis,” chemiluminescence® and electrochemical
analysis. However, most of them are time-consuming, expensive
apparatus and complex operation are necessary as well. In
contrast, electrochemical analysis possesses the merits of high
sensitivity, low cost, and simple operation. Moreover, the
hydroxyl groups in rutin are electro-active make it suitable to
detect rutin by electrochemical technique. At present, diverse
kinds of materials are employed to modify the electrode for the
detection of rutin, including organic polymer,” ionic liquid,*
metal and metal oxide nanoparticles®® carbon nano-
materials™™ and their nanocomposites.'*"” Among them,
carbon nanomaterials have attracted tremendous attention due
to their features such as good conductivity, high surface area
and excellent chemical stability. Du et al.'* developed grapheme
nanosheets coated GCE to detect rutin with a LOD of 0.021 uM.
Zeng et al.** prepared a single-walled carbon nanotubes modi-
fied gold electrode for rutin sensing and obtained a LOD of 0.01
uM. Song et al.*® utilized AB nanoparticles in the present of
dihexadecyl hydrogen phosphate (DHP) to modify GCE, and the
LOD for rutin was 10 pg L™, AB is one kind of carbon black
materials with porous structure and has many promising
properties such as excellent conductivity, high surface area and
strong adsorption capacity. Generally, it serves as conductive
agent in the field of energy storage and electrochemical sensors.
To date, AB has been successfully applied for the development
of modified electrodes to detect diverse species such as methi-
mazole, oxytetracycline and bisphenol A.**>°

Metal-organic frameworks (MOFs) are a new class of porous
polymers, consisting of metal clusters and organic linkers, have
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been widely used in diverse fields, such as gas storage, hetero-
geneous catalysis, bioimaging, drug delivery, sample pretreat-
ment and so on.”*** As a typical MOFs, ZIF-8 can be easily
synthesized at room temperature with high specific surface
area, good chemical stability. Nevertheless, the low conductivity
of ZIF-8 confines its application in the field of electrochemical
sensor. Up to now, there are rare reports on electroanalysis of
rutin based on MOFs to modified electrode. And the mecha-
nism of electrochemical determination of rutin at the nano-
material modified interface of electrode and electrolyte has not
been discussed.

In this work, ZIF-8 nanocrystals were synthesized by sol-
vothermal reaction firstly. A homogeneous dispersion was then
prepared by mixing AB in CS aqueous solution. Finally, the
above mentioned dispersion was drop-casted on the surface of
GCE and dried for the further using. The sensor displays high
sensitivity, good stability and reproducibility towards the
oxidation and reduction of rutin. The excellent electrochemical
performance of the sensor could be attributed to the synergistic
effect between ZIF-8 and AB.

2 Experimental
2.1 Reagents

Zinc acetate dihydrate, 2-methylimidazole and chitosan were
purchased from Shanghai Aladdin Biochemical Technology Co.
Ltd, China. Rutin were purchased from Acros Organics
(Shanghai, China). The stock standard solution was 1.0 mM
rutin dissolved in anhydrous alcohol stored at 4 °C refrigerator,
followed by diluted with 0.1 M phosphate buffer (pH 3) as
required. Acetylene black was purchased from Shanghai
chemical regent Co. Ltd, China. All the chemicals and regents
are analytical grade and used without purification. All aqueous
solutions were prepared with deionized water and all experi-
ments were carried out at room temperature.

2.2 Instruments

All the electrochemical experiments were performed on a CHI
900 electrochemical workstation (Shanghai CH Instrument,
China). A conventional three-electrode system with a glassy
carbon electrode (GCE, diameter: 3.0 mm) as the work elec-
trode, an Ag/AgCl electrode as reference electrode, and a plat-
inum wire as a counter electrode. The scanning electron
microscope (SEM) images were obtained in Merlin compact
(ZEISS, Germany). X-ray diffraction (XRD) was determined using
DX-2700B X-ray diffractometer (Shanghai Precision Instrument
and Instrument Co. Ltd.).

2.3 Synthesis of ZIF-8

ZIF-8 nanoparticles were synthesized referred to the literature.”
Firstly, zinc acetate (0.33 g) and 2-methylimidazole (0.985 g)
were dissolved in 90 mL ethanol respectively. 2-Methyl-
imidazole solution was then adding into zinc acetate solution
with vigorous stirring. And the reaction was kept for 24 h at
room temperature. Finally, the obtained white solution was
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centrifuged and washed with ethanol for three times, dried in
vacuum at 60 °C overnight.

2.4 Fabrication of ZIF-8-AB-CS/GCE

The preparation process of ZIF-8-AB-CS/GCE was as follows.
First of all, the GCE was polished with 0.05 pm Al,O; paste and
cleaned in ethanol and water by sonication, then dried at room
temperature. Subsequently, 0.02 M acetic acid solution con-
taining 1 mg mL~' CS was prepared. And 2 mg ZIF-8/AB was
added into 2 mL CS solution, followed by ultrasonic treatment
for homogeneous dispersion. At last, 5 pL dispersion was
dropped onto the surface of GCE with a syringe and dried under
infrared lamp. The procedure of other materials modified GCE
was carried out according to the statement above.

3 Results and discussion
3.1 Characterization of ZIF-8, AB and ZIF-8-AB

The XRD patterns of simulated ZIF-8, as-synthesized ZIF-8, AB
and AB-ZIF-8 nanoparticles are shown in Fig. 1 respectively. The
as-synthesized ZIF-8 exhibits obvious characteristic diffraction
peak at 26 values of 7.5°,12.5° and 18°. And the crystal structure
of as-synthesized ZIF-8 matches with the previous reported very
well,*® which demonstrates that we synthesized ZIF-8 success-
fully. AB displays their broad characteristic diffraction peak at
25.5°. ZIF-8-AB composition displayed strong diffraction peak at
26 values of 7.5°, 12.5°, 18° and 25.5°. Which is in accordance
with ZIF-8 and AB. What's more, the peaks becomes somewhat
wider. This may be due to the AB particles covers the crystal
structure of ZIF-8 partly.

To investigate the morphology structure of different modi-
fiers, we examined four kinds of sensors via scanning electronic
microscope. Fig. 2(a) shows the synthesized ZIF-8 is a typical
rhombic dodecahedron with clear shape. This is quite in
accordance with the previous report.”® In addition, the size of
ZIF-8 synthesized in our work is about 200 nm. The globular
nanoparticles of AB is shown in Fig. 2(b), and the average
diameter is about 30 nm. Fig. 2(c) shows the morphology for the
composites of ZIF-8 and AB, we find that both ZIF-8 and AB are
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Fig. 1 XRD patterns of simulated ZIF-8 (a), as-synthesized ZIF-8 (b),
AB (c) and ZIF-8-AB (d).
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Fig. 2 SEM images of ZIF-8/GCE (a), AB-CS/GCE (b), ZIF-8-AB-CS/GCE (c) and CS/GCE (d).

uniformly attached onto the surface of CS. The size of CS
nanoplates are relatively bigger compared with ZIF-8 or AB, and
the morphology of CS is shown in Fig. 2(d) with a smooth
surface.

3.2 Electrochemical behaviors of modified electrodes

The electrochemical behaviors of five different kinds of elec-
trodes were studied by cyclic voltammetry (CV) in 50 uM rutin in
the present of 0.1 M phosphate buffer solution (pH 3), as shown
in Fig. 3(A). The oxidation peak potential (Ep,) and reduction
peak potential (Ep ) are at 0.516 V and 0.503 V, respectively. The
peak potential separation (AE,) of the ZIF-8-AB-CS/GCE is

(A)

0.2 0.3 0.4 0.5 0.6 0.7
E/V vs.Ag/AgCI

13 mV, while the AE;, values of the bare GCE, ZIF-8/GC, CS/GCE,
and AB-CS/GCE are 26 mV, 40 mV, 24 mV, 15 mV respectively.
The rate constant of electron transfer k° increases with the
decrease of AE,, value for ferricyanide.”” Thus, the order of k°
value of the five different electrodes was as follows: ZIF-8-AB-CS/
GCE > AB-CS/GCE > CS/GCE > bare GCE > ZIF-8/GCE. Moreover,
ZIF-8-AB-CS/GCE exhibits the highest redox peak current, and
its oxidation peak current is about 2.5 times higher than that of
bare GCE. There is a fast electron transfer rate at the interface
between the ZIF-8-AB-CS/GCE surface and rutin, all these
phenomena may attribute to the sensor has an ultrahigh
surface and an excellent conductivity.
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Fig.3 CVs obtained in (A) 0.1 M PBS containing 50 puM rutin (pH 3) and EIS obtained in (B) 5 mM [Fe(CN)gl® /4~ (1 : 1) + 0.1 M KCl at five kinds of
electrodes (a) ZIF-8/GCE, (b) bare GCE, (c) CS/GCE, (d) AB-CS/GCE, (e) ZIF-8-AB-CS/GCE. Scan rate: 100 mV s~ Inset of (B) is the used

equivalent circuit.
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The electronic transfer kinetics of the five electrodes
were also investigated via EIS measurement in 5 mM
[Fe(CN)s]*/*~ solution with 0.1 M KCI as supporting elec-
trolyte. The semicircle diameter values at higher frequencies
stands for the electronic transfer resistance (R.), and the
linear part shows diffusion process at lower frequencies.”®
The equivalent circuit as shown in inset of Fig. 3(B). Rs
stands for uncompensated solution resistance, R.. denoted
charge transfer resistance arises from the electron transfer
process, Cq; means double layer capacitance which formed by
free movement of ions, Warburg impedance of Z,,, generated
by the mass transport process controlled by diffusion, was
used to fit the impedance data.* By fitting the data using the
equivalent circuit, we found that the R value at the ZIF-8/
GCE (640 ohm) is the largest, R., value at the ZIF-8-AB-CS/
GCE (50 ohm) is the smallest. The order of R, value of the
five different electrodes is as follows: ZIF-8-AB-CS/GCE < AB-
CS/GCE < CS/GCE < bare GCE < ZIF-8/GCE. It indicates that
ZIF-8/GCE has a pretty poor conductivity that causes a low
electron transfer rate at the ZIF-8/GCE. On the contrary, ZIF-
8-AB-CS/GCE presents a quite fast electron transfer rate in
[Fe(CN)e]**~ solution, which is also in accordance with the
CV results.

T s T s
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3.3 Optimization of conditions

The effect of different mass ratio between ZIF-8 and AB on rutin
redox reaction was investigated by CV. Fig. 4(A) shows the peak
current gradually increases with the AB amount grows in the
beginning. When the mass ratio is 1:5, the highest peak
current is achieved. Afterwards, the peak current decreases
while the AB amount increases continuously. The conductivity
of the composite becomes better and better with the amount of
AB increases, thus the rate of redox reaction proceeds fast at this
time. However, the peak current decreases when the mass ratio
is over 1 : 5, the reasons may be attributed to three aspects: on
one hand, the aggregation of AB nanoparticles hinders electron
transfer. On the other hand, the surface of ZIF-8 is covered by
AB nanoparticles which may cause the loss of its catalytic
activity. In addition, the penetration of solution will become
difficult with the thickness of the surrounding AB increase. The
synergistic effect mainly reflects in how to balance of the
conductivity and the catalytic activity of composites. The elec-
trode prepared at 1 : 5 is selected for the rest of experiments.
The effect of pH on rutin detection at the sensor is shown in
Fig. 4(B). It is noted that the redox peak current increases with
pH value increases from 2 to 3. Subsequently, the redox peak
currents shrink gradually when pH value is higher than 3. This
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(A) CVs of ZIF-8-AB-CS/GCE with different mass ratio ((a) 1:1, (b) 1:3, (c) 1:5, (d) 1:7, (e) 1: 9) between ZIF-8 and AB in 0.1 M PBS

containing 50 pM rutin (pH 4). Scan rate: 100 mV s™*. (B) CVs of ZIF-8-AB-CS/GCE at different pH (fromright to left: 2, 2.5, 3, 4, 5, 6, 7, 8) under 50
UM rutinin 0.1 M PBS. Scan rate: 100 mV s ™. (C) The red line shows plots of £, vs. pH, and the black line shows plots of /,, vs. pH. (D) CVs of ZIF-
8-AB-CS/GCE in 0.1 M PBS containing 50 uM rutin (pH 3) at various scan rates (from (a) to (k): 10, 30, 50, 80, 100, 150, 200, 250, 300, 400, 500 mV
s7Y). Insets: plots of anodic peak current and reductive peak current vs. scan rate.
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can be explained by the varying of the amount of protons
participating in the electrochemical redox of rutin in different
pH conditions. In strong acid solution, there are so many of
protons which is beneficial for the redox of ruin. The redox
reaction becomes more difficult due to the continuously
decreasing of the protons with the increasing of pH. The
Fig. 4(C) displays that all of the redox peaks shift negatively as
increasing of pH value. Moreover, the oxidation peak potential
is liner response to pH value. The liner regression equation is as
follows: Ep, (V) = —0.0623pH + 0.7087 (R> = 0.9786). The slope
of the equation is 62 mV, which is close to the Nernst equation
theoretical value of 59 mvV, indicates that there are equal
number of protons and electrons during the rutin redox reac-
tion at the sensor.*® In addition, the oxidation peak potential
shifts more positively when pH value of 2. This may because the
CS film becomes unstable partly in too much acidic environ-
ment, leading to a peeling-off of the ZIF-8-AB-CS composite.
Considering the sensitivity of sensor, pH 3 was chosen for
detection rutin in next experiment.

The effect of scan rate on rutin redox at the modified sensor
was studied by CV in the range of 10 mV s~ ' to 500 mV s .
Fig. 4(D) shows the redox peak current increases linearly with
increasing scan rate. This implies that the redox of rutin is
a quasi-reversible reaction.** Both oxidation peak current and
reduction peak current are linear response to scan rate with the
equations respectively: I, (A) = 0.0590v (mV s~ ') + 3.1831 (R
= 0.9922), I,c (1A) = —0.0508v (mV s~ ') — 0.9873 (R* = 0.9971).
In other words, the redox peak current is in proportion to scan
rate. Hence, it demonstrates that the behavior of rutin at the
ZIF-8-AB-CS/GCE is an adsorption-controlled process. On the
basis of the equation of I, = n®F?vAI'*/4ART = nFQV/ART,* the
number of electron transfer n is about 2. Therefore, it manifests
there are two protons and two electrons involved in the elec-
trochemical redox reaction of rutin.

3.4 Possible interaction mechanism of rutin and ZIF-8-AB-
CS/GCE

Scheme 1 shows the probable detection mechanism of rutin at
the ZIF-8-AB-CS/GCE sensor. First of all, the m-m stacking
interactions between the phenyl structures of rutin and the

rutin

& @

ZIF-8 AB Cs H-bond 7-minteraction cation-m interaction

Scheme 1 Possible interaction mechanism of rutin and ZIF-8-AB-CS/
GCE.
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aromatic imidazole rings of ZIF-8, as well as the hexagonal
carbonaceous rings of AB may contribute to the oxidation of
rutin partially.** Secondly, the pK; of rutin is about 7, thus rutin
will become positively charged in the acidic environment.** The
positively charged rutin could interact with ZIF-8 and AB easily
via the cation-7 interaction. Additionally, the hydrogen
bonding interaction between Zn-N sites of ZIF-8 and the -OH
groups of rutin also has the effect on the detection of rutin.**
What's more, the conjugated aromatic rings in the molecular
structure of rutin could also facilitate the electron trans-
portation from rutin to the modified GCE.” Hence, the signifi-
cant sensitivity enhancement for rutin detection could be
assigned to the combined effect of all these interactions.

3.5 Quantitative determination of rutin

Under the optimal conditions, the determination of different
concentrations of rutin at the ZIF-8-AB-CS/GCE sensor was
examined by DPV. Fig. 5 shows that the peak current increases
as the concentration of rutin increases. And the peak current
presents linear relationship with rutin in the range of 0.1 uM to
10 uM. The linear equation can be expressed as: I, (HA) =
0.4569C (uM) — 0.1575 (R* = 0.9969) with the LOD of 0.004 uM
(S/N = 3). And the limit of quantitate (LOQ) is 0.013 uM (S/N =
10). Compared with the results from other analysis methods,
the sensor exhibits a higher sensitivity than many other elec-
trodes for rutin detection. The specific parameters are shown in
Table 1.

3.6 Selectivity, reproducibility, and stability

Selectivity of the sensor is an important property of the whole
determination method. To investigate the selectivity of the
sensor, some inorganic compounds and organic compounds
are chosen as interference. CuCl, FeSO,, KNO;, NaCl, VB,,
tyrosine (Tyro), tryptophan (Tryp) were added to 5 uM rutin,
respectively. The concentration of inorganic compounds or

5
5 4
3
4 2
1
0
3
2
2
1
0 1 | 1 | 1 | L | Il | L
0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V vs.Ag/AgClI

Fig. 5 DPVs of ZIF-8-AB-CS/GCE in 0.1 M PBS containing different
concentration (from (a) to (h): 0, 0.1, 1, 2, 4, 6, 8, 10 uM) of rutin
solution. Scan rate: 100 mV s %,
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Table 1 Comparison of different modified electrodes for rutin detection

Electrodes Methods Linear range (uM) LOD (uM) Reference
PAMAM“/graphene/GCE DPV 0.001-2 0.0006 33
Graphene/GCE DPV 0.1-2 0.023 34
MIP?/graphene-MWCNTSs"/ DPV 0.01-1 0.005 35

GCE

PdPc?-MWCNTSs/GCE DPV 0.1-51 0.075 36
CoFe,0,NPs¢/ILs//CPE? DPV 0.0001-0.01 0.00005 37
GO"-chitosan/GCE SWV? 0.9-90 0.56 38
ZIF-8-AB-CS/GCE DPV 0.1-10 0.004 This work

¢ PAMAM: poly(amidoamine) dendrimers. © MIP: molecularly imprinted polymer. ¢ MWCNTSs: multiwalled carbon nanotubes. ¢ PdPc: palladium
phthalocyanine. ¢ CoFe,O,NPs: nanoparticles. f1Ls: ionic liquids. € CPE: carbon paste electrode. " GO: graphene oxide. ' SWV: scan wave

voltammograms.

organic compounds were 100-fold of rutin. The results are
shown in Fig. S1 and Table S1.7 It manifests that the sensor has
a high selectivity. And the relative error deviation is less than
5%. Further, we studied the reproducibility and stability of the
sensor. The reproducibility experiment was executed via scan-
ning 20 circles successively with CV at the ZIF-8-AB-CS/GCE in
50 uM rutin solution (pH 3). The RSD of the same sensor is 0.6-
1.0%, and the RSD for sensor to sensor (N = 5) is 2.5-3.6% in
the same day. Finally, we stored the sensor in refrigerator for
120 hours and studied its long-term stability. The peak current
value is about 85% of initial current value (RSD = 3.0%, N = 3).
The results indicates that the sensor has a good stability.

3.7 Real sample analysis

To evaluate the practicality of the developed method, we
purchased rutin tablets (20 mg per tablet) from local pharmacy.
Firstly, three tablets were accurately weighed and then groun-
ded into fine powder respectively. Then, the powder was dis-
solved into 10 mL ethanol by sonication. Next, 0.025 mL,
0.05 mL and 0.1 mL dispersion were transferred into 50 mL
volumetric flask and diluted with 0.1 M PBS (pH 3) to volume
respectively. At last, the concentration of the diluted rutin
solution was detected by DPV at same electrode and calculated
with the linear equation in section of 3.5. Table S21 shows the
recoveries of four parallel samples are 96.0-104.6%. It demon-
strates the proposed method based on the ZIF-8-AB-CS/GCE has
a quite good accuracy and practical applicability.

4 Conclusions

In summary, a sensitive and simple electrochemical sensor
based on ZIF-8-AB-CS was successfully fabricated towards rutin
determination. ZIF-8-AB-CS/GCE exhibits more excellent elec-
trochemical performance than ZIF-8-CS/GCE and AB-CS/GCE.
This phenomenon may due to the synergistic effect between
ZIF-8 and AB. Meanwhile, the results shows that the sensor has
good selectivity, reproducibility, stability and recoveries from
the real samples. Moreover, the sensor has a potential appli-
cation for the electrochemical sensing of other targets. The
approach of sensor fabrication also could be used to construct
other types of sensors.

This journal is © The Royal Society of Chemistry 2018
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