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Abstract
The authors describe a method for synthesis of a nanomaterial consisting of porous carbon encapsulatedMg-Al-Si alloy (denoted
as Mg-Al-Si@PC) nanocluster. The nanocluster was synthesis by a solvothermal reaction, followed by high-temperature an-
nealing. The nanoclusters were used as a novel immobilization platform for electrochemical sensing of rutin. The electrochemical
behavior of rutin at a modified electrode was investigated by cyclic voltammetry and differential pulse voltammetry. The
modified electrode demonstrates a high electrocatalytic activity toward rutin oxidation at a relatively low working potential
(0.6 vs. Ag/AgCl). Under optimal conditions, the sensor has a linear response in the 1–10 μM rutin concentration range, and a
0.01 μM lower detection limit (at an S/N ratio of 3). It was successfully applied to the quantification of rutin in pharmaceutical
tablets, and satisfactory results were obtained. Furthermore, the results correspond with those with the standard method and with
the amounts indicated by the producer, respectively.

Keywords Cyclic voltammetry . Differential pulse voltammetry . Electrochemistry . Nanocluster . Sensor . Electrochemical
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Introduction

Flavonoids are widely distributed in fruits and vegetables.
They have great antioxidant capacity and other various health
benefits [1–3]. Rutin (3,3 4′5,7-pentahydrohyflavone-3-
rhamnoglucoside, RU) is a well-known radical scavenger
and strong antioxidant [4]. It is also known as vitamin P.
Due to its good biological and physiological properties, it
has raised considerable attention in food, clinical drug and
cosmetic industries, etc. [5]. Therefore, it is crucial to build a
simple approach for detection of rutin content in pharmaceu-
ticals and various real samples. Up to know, there are several
methods to detect rutin, such as high performance liquid chro-
matography (HPLC) [6], chemiluminescence [7], capillary
electrophoresis [8], UV-vis spectrophotometers [9], flow in-
jection analysis (FIA) [10], sequential injection analysis [11]
and electrochemical method [12]. Among these methods,
electrochemical method is regarded as a good applicable, on
account of convenient, save time, low cost and detection limy
and good sensitivity [13]. Furthermore, rutin is an electro-
active molecule, which means that it can be easily oxidized
and reduced on surface of working electrodes. The determi-
nation of rutin by voltammetric methods has becomemore hot
spots.
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Wang et al. [14] have described a new method for electro-
chemical detection of rutin. A nanocomposite was synthesized
by a reduced graphene oxide (RGO) as a template for
immobilizing zeolitic imidazolate framework-8 (ZIF-8) crystals
loaded with the electrochemical probe Methylene Blue (MB),
under the optimal conditions, the sensor has an excellent am-
perometric response towards rutin, with a 20 nM detection limit
(at an S/N ratio of 3). Liu et al. [15] describe a method for
electrochemical synthesis of a nanocomposite consisting of car-
boxylated multi-walled carbon nanotubes, polythionine and
platinum nanoparticles (denoted as cMWCNT@pTh@Pt).
The composite was placed on a glassy carbon electrode
(GCE) to obtain a sensor for simultaneous determination of
myricetin and rutin and successfully applied to the simulta-
neous determination of myricetin and rutin in spiked juice sam-
ples, and satisfactory results were obtained.

Carbon materials have high chemical, thermal and structur-
al stability with good biocompatibility. It’s widely used in
biomedicine fields, redox catalyst, ferrofluid, and wave
shielding materials [16, 17]. In order to improve the electro-
chemical property of carbon materials, it is crucial to synthe-
size more efficient nanocomposites. Nowadays, carbon-based
nanomaterials encapsulated with various kinds of metal
nanocrystals are new kind of carbon/metal nanocomposite.
Among them, magnesium-aluminum alloys and silicon were
more functional material, has a number of unique property,
such as excellent magnetic, catalytic properties and superior
machinability [18, 19]. The combination of metal alloys and
carbon materials has the high adsorption capacities and envi-
ronmental friendliness [20].

Taraxacum-like Mg-Al-Si@PC nanocluster was successful-
ly synthesed by simple solvo-thermal reaction and followed by
the high-temperature annealing method. Afterwards, the glass
carbon electrode modifies with Mg-Al-Si@PC nanoclusters
and applies for electrochemical detection of rutin. The electro-
chemical sensor display good electro catalytic activity and sens-
ing property towards rutin with the satisfactory linear range
from 1 μM up to 10 μM, with low detection limit of
0.01 μM, good stability and interference ability, which is favor-
able for practical application of fast quantification of rutin.

Experimental

Apparatus

ACHI-760E electrochemical workstation (Shanghai Chenhua
Instrument Co. LTD, China) equipped with a three-electrode
system was used. Platinum wire as counter electrode, saturat-
ed calomel electrode (SCE) as reference electrode andMg-Al-
Si@PC modified galassy carbon electrode set as working
electrode, respectively. Phosphate buffer (PB, 0.1 M, pH =
2.0) was used as electrolyte solution for the rutin detection.

In the cyclic voltammetry (CV) test the working potential set
as 0.2–0.9 V (vs. ref. electrode) and scan rate was 100 mV s
−1; differential pulse voltammetry (DPV) performed scan
range was from 0.2 V to 0.9 V, and the pulse width and pulse
period were 0.05 s and 0.5 s, respectively, and the scanning
rate was 100 mV s −1. In all experiment, the reported results
for every electrode were the mean of three parallel
measurements.

Scanning electron microscope (SEM, Carl Zeiss,
Germany), transmission electron microscope (TEM, Titan
G2 60–300) were apply to characterization of the micro zone
structure of the synthesis nanocomposite. All experiments
were carry on the under pure nitrogen bubbling for the aim
to remove the interference of dissolved oxygen.

Reagents and materials

The experiment chemicals were analytical grade without any
treatment. Glyme, SiCl4, Mg-Al alloy powder were purchase
from Aldrich, Aladdin Chemicals, 5% Nafion stock solution
purchase from Sigma-Aldrich. Rutin was supply by
MACKLIN (Shanghai). All aqueous electrochemical testing
electrolyte agents were prepare by using deionizer water
(≥18.2MΩ cm). Phosphate buffer with different pH values (from
2.0 to 4.0) were prepared bymixing 0.1KCl, 0.1MKH2PO4 and
0.1 M K2HPO4 and adjusting the pH with HCl or NaOH.

Synthesis of mg-Al-Si@PC nanocluster

Mg-Al-Si@PC nanoclusters were synthesis through the one-
pot solvo-thermal reaction and then followed with high-
temperature annealing method [7, 21, 22], which was as
shown in Scheme 1. The solvo-thermal reaction was per-
formed mixing the a certain amount of Mg-Al alloy powder
(0.5–1.0 g) and SiCl4 (2–3 ml) in N,N-dimethyl formamide
(DMF, 30 ml) in a stainless autoclave with teflon liner, then at
170 °C reaction for 10 h. After cooling to room temperature,
the product was immersed in ethanol and kept stirring for 15 h,
and then centrifuged (5000 r min−1, 10 min), collected by
dried at 90 °C in vacuum, for 8 h. Afterwards, the composite
was treated with annealing at 800 °C for 2 h, then fast cooling
3 min under Ar flow. The quick cooling of the product may
maintain the morphological structure of product. After the
product ultrasonic treatment in aqueous solution for 30 min
and filtering, subsequently washed for three times with water
and ethanol, respectively, then was dried at 80 °C in vacuum,
for 10 h. The particles become highly fluffy [23], due to the
removal of MgCl2. Moreover, it is not a necessary to use
strong acid for the post-treatments, which alleviate serious
environmental concerns about the disposal of these acids.
The safe and cheap reagents, conventional equipment, and
simple operation to prepare porous structured nanoclusters
make the synthesis attractive [24, 25].

379 Page 2 of 8 Microchim Acta (2019) 186: 379



Fabrication of working electrode

GCEwas usually polished with aluminum slurries (1.0, 0.3 and
0.05 μm), for the purpose to get the mirror-like fresh surface.
Sequentially, the GCE wash with (ethanol and deionizer water)
under ultrasonication for 30 s to remove the aluminum oxide
attached at the GCE surface. Finally, the clean GCE was dry
with nitrogen flowing in air. Mg-Al-Si@PC/GCEwas prepared
by casting 5 μL of the synthesis Mg-Al-Si@PC suspension on
the GCE surface and then drying at room temperature.

Results and discussion

Choice of material

Carbon nanomaterials a promising material, have gained
widespread attention due to their unique structural properties.
Among them, porous carbons offer numerous remarkable
properties, such as high specific surface area, high conductiv-
ity, chemical stability and tunable surface chemistry. That al-
lows the development of a range of strategies for the introduc-
tion of functional groups, and consequently, for the anchoring
of metal and metal complexes. The synthesis of Mg-Al-
Si@PC is simple, low costs and the precursor of nanoclusters
Mg-Al alloy and SiCl4 were common chemicals, easy to get,

also excellent material for synthesis of functionalized nano-
composite. In addition Mg-Al-Si@PC has the special mor-
phological structure of taraxacum like porous structure.
Therefore Mg-Al-Si@PC used as electrode material for elec-
trochemical detection of rutin.

Characterization of Mg-Al-Si@PC nanoclusters

The morphological and structural properties of Mg-Al-
Si@PC were characterized by SEM and TEM. SEM image
of the Mg-Al-Si@PC confirms that taraxacum like cluster
structure with the numerous holes was investigated in
Fig. 1a. The further TEM image of the nanocomposite and
the related high-angle annular dark field (HAADF) image
(Fig. 1b and c) undoubtedly reveal the taraxacum like cluster
structure of this material at same. The EELS mapping of the
select area in Fig. 1d-1h illustrates that theMg-Al-Si@PCwas
consist from aluminum, silicon, magnesium, carbon and oxy-
gen elements. These elements were homogenously distribute
in nanoclusters, as shown in Fig. 1 (i) displays the overlay
signals in the element map texture.

Electrochemical behavior of modified electrodes

CVof the ferricyanide system is a useful tool to characterize
the electrochemical behaviors of the electroactive species on

DMF SiCl4 Mg-Al alloy

Solvothermal reaction 

Ethanol

Stirring 15h Annealing

Washing

Ru

Mg-Al-Si    PC

GCE

Cl Si Mg Al

Tablet

Electroanalysis

DMF: dimethyl formamide Ru: rutin
Mg-Al-Si PC: porous carbon encapsulated Mg-Al-Si alloy

Rutin

Scheme 1 Schematic presentation of synthesis process of Mg-Al-Si@PC nonoclusters and electrochemical detection of rutin
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the modified electrode surface. Figure 2 shows a comparison
of the electroactivity among different modified electrodes in-
vestigated by CV in 0.1 M KCl solution containing 5 mM
K3Fe(CN) 6, at the scan rate 100 mV s−1. For bare GCE (curve
a), a couple of well-defined redox peaks are observed with
pea-to-peak separation (ΔEp) of 127 mV. For Mg-Al-
Si@PC /GCE (curve b), peak currents increases and the
ΔEp value decreases to 106 mV. The result indicate that the
surface property of the Mg-Al-Si@PC /GCE has been signif-
icantly changed. This confirms elctrocatalytic activity of the
Mg-Al-Si@PC /GCE. The available surface are for reaction of
species in solution can be calculated by the Randles-Sevcik
eq. (1) [26, 27]:

Ip ¼ 2:69� 105n3=2A D1=2C0nu1=2 ð1Þ

Where, Ip is the peak current in A. C0 is the concentration of
the electroactive species (mol cm−3), n is the number of electrons

a b c

d e f

g h i

Fig. 1 SEM image ofMg-Al-Si@PC (a); TEM images ofMg-Al-Si@PC
(b), (c) high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) image of Mg-Al-Si@PC and (d–i) electronic

emitter location system EELS map of aluminum, silicon, magnesium,
carbon and oxygen

Fig. 2 CV curves of bare GCE (a) and Mg-Al-Si@PC/GCE (b) in 0.1M
KCl solution containing 1 mM K3Fe(CN)6. Scan rate = 100 mV s−1
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involved, D is the diffusion coefficient (cm2 S−1), υ is the scan
rate (V s−1) andA is the electroactive surface area (cm2). ForMg-
Al-Si@PC /GCE the electroactive surface area is maximum
(0.028cm2) as compared with bare GCE (0.015cm2).

Electrochemical determination of rutin by using
different electrodes

The electrochemical behavior of the prepared material to-
wards rutin was surveyed by voltammetric method such as
cyclic voltammetry (CV) in phosphate buffer of pH = 2.0
containing 10 μM rutin. Electrochemical behavior of rutin
at bare GCE and Mg-Al-Si@PC modified electrode is
displayed in Fig. S1 (in Electronic Supporting Material).
CV scan survey showed that bare GCE performed a pair
of weak redox peaks (curve a), the redox peak potential
appear at 562mV (Epa) and 543 mV (Epc), (vs.SCE). The
redox peak currents were located as 4.03 μA and
3.122μA for Ipa and Ipc respectively, the ratio of Ipa/Ipc
was calculated to be 1.32. While for the Mg-Al-Si@PC
modified electrode, pair of visible redox peaks was ob-
served, showing the sensor has better electrochemical re-
sponse towards rutin. The anodic peak potential and ca-
thodic peak potential was 576 mV and 531 mV, respec-
tively (vs. SCE). The Ipa was 20.52 μA and the Ipc was
16.37 μA, which were 5 fold higher than unmodified
GCE. The ratio of redox peak current (Ipa/Ipc) was calcu-
lated to be 1.25, cathode branch and the anode branch
were nearly coincident, indicating more reversible electro-
chemical redox process of rutin on the modified electrode
[9]. The results indicate that, the synthesis Mg-Al-Si@PC
nanoclusters can act as a more effective medium for pro-
moting electrochemical redox of rutin. Therefore the Mg-
Al-Si@PC modified electrode shows better electrochemi-
cal sensing property towards rutin determination.

Electrochemical parameters of rutin
at Mg-Al-Si@PC/GCE

It’s well-known that the scanning rate affects the oxidation
peak current of rutin at Mg-Al-Si@PC/GCE. So, the effect
of scan rates on rutin redox currents were firstly investigated
with Mg-Al-Si@PC/GCE by CV technique. It can be seen
from the Fig. S2 (in Electronic Supporting Material), the peak
current increased gradually by increasing of scan rates, and
then peak currents are proportional with the scan rate of po-
tential range. This indicates that the electrode process of rutin
at Mg-Al-Si@PC/GCE surface are a adsorption-controlled
process [28], this attributed to the large surface area of the
modified electrode. The linear regression equations are
expressed as Ipa(μA) = 0.164V(mV s−1) − 1.923, (R = 0.999)
and Ipc(μA) = −0.134V(mV s−1) + 1.758 (R = 0.999). With
the increasing of scan rate, the oxidation peak potential of
rutin positively shifts while the reduction peak potential neg-
atively shifts, resulting in the increasing of ΔEp value. The
relationship of the redox peak potentials with ln were further
obtained with two linear regression equations as Epa (V) =
0.016lnv (mV s−1) + 0.506 (R = 0.996) and Epc(V) =
−0.012ln (mV s−1) + 0.583 (R = 0.992). Based on Laviron’s
equation, the slope of the line for Epa and Epc can be expressed
as RT/ (1-a)nF and -RT/anF, respectively. The specific calcu-
lation formulas as follows (2–4):

Epa ¼ E0′ þ RT

1−að ÞnF lnν ð2Þ

Epc ¼ E0′−
RT

anF
lnν ð3Þ

νυlgks ¼ alg 1−að Þ

þ 1−að Þlga−lg RT

nFν
−a 1−að Þ nFΔEp

2:303RT
ð4Þ

Where (a) is electron-transfer coefficient, (n) is number of
electron transfer, (υ) is scan rate, (k) is apparent heterogeneous
electron transfer rate constant, (ΔEp) is peak-to-peak potential
separation, (F) is Faraday’s constant, (R) and (T) represent
their usual meaning. According to linear regression equations
from ln and Ep, (n) and (a) were calculated to be 2 and 0.57,
respectively, based on eq. (4), when the scan rate was 100 mV
s−1, the (ks) was calculated to be 1.56. It can be concluded that
a 2e− transfer were involved in electrochemical reaction [29].

The effect of the acidity of the buffer solution on peak
current of rutin also tested by differential pulse voltammetry
(DPV) in phosphate buffer containing 10 μM rutin, as shown
in Fig. S3 (in Electronic Supporting Material). When increas-
ing pH value from 2.0 to 4.0, the oxidation peak current of
rutin decrease and peak potentials negatively shifted, indicat-
ing that protons take part in reaction [30]. The linear regres-
sion equation of oxidation peak potential was obtained as

Fig. 3 A: DPV curves of Mg-Al-Si@PC/GCE with different rutin
concentrations (0, 1,2, 3, 4, 5, 6, 7, 8, 9, 10 μM) in phosphate buffer
of pH = 2.0, Scan rate = 100mV s−1. a: The plots of the oxidation currents
versus the rutin concentration
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Epa = −0.059pH + 0.681 (R = 0.991) a slope of −59 mVpH−1

was the same as the Nernst system of −59 mV/pH at 25 °C,
demonstrate that an equal number of protons and electrons
took part in the electrochemical redox process [31] . At pH
2.0 buffer has a high concentration of protons, this can be
increases the electrode reaction. In addition, maximum peak
current was appear at pH 2.0, and then was decrease with
further increase of pH value, considering that the general sit-
uation pH 2.0 was select in the test. It can be inferred that the
redox mechanism of rutin at the Mg-Al-Si@PC/GCE is illus-
trated in Fig. S4.

The effect of the accumulation time towards detection of
rutin was shown in Fig. S5 (in Electronic Supporting
Material), as can be seen from Fig. S5 the redox peak currents
of the rutin increased rapidly with the increase of the incuba-
tion time in beginning and reached maximum at 180 s, indi-
cating that the adsorption equilibrium is reached. Therefore,
180 s was chosen as optimal time for rutin analysis [32].

DPV determination of rutin

The electrochemical sensing performance of the Mg-Al-
Si@PC/GCE towards rutin was carried out by DPV under
optimal conditions. As shown in Fig. 3, the oxidation peak
current (Ip, μA) of rutin increased with increasing rutin con-
centration and the Ipa was linearly dependent to the rutin con-
centration (c, μM) from 1.0 μM to 10 μM. The linear regres-
sion equations was described as follows: Ip (μA) = 4.212C
(μM)-1.228 with a linear correlation coefficient of 0.991.
Based on the signal-to-noise ratio of 3 (S/N = 3), the detection
limit is calculated to be 0.01 μΜ.

Table 1 summarizes the comparison of the electrochemical
performance of the Mg-Al-Si@PC/GCE with other reported
electrochemical methods for rutin determination. The modi-
fied electrode show a reasonable linear range and the detection

limit was lower than or equal to most of the previous reports,
which can be attributed to the current nanomaterial with high-
ly porous structure, high surface area and good electro-con-
ductivity. In addition, the fabrication of our nanomaterial sen-
sor was more controllable and convenient through the strategy
of electrochemical synthesis.

Interferences study

To investigate the interference performance of the proposed
electrochemical sensor, selectivity study was investigated by
introducing other interfering compounds while the rutin con-
centration was fixed to 10 μM. The limit of potential interfer-
ing substances was defined as ±5% relative error in the deter-
mination of rutin. The results were showed in Table S1 (in
Electronic Supporting Material). The result indicates that var-
ious potentially interfering ions have tiny influences to the
signals of the rutin (signal change less than 5%, n = 3). In
addition, in the electrochemical test, appear the response cur-
rents for small drug molecules (ascorbic acid, glucose, dopa-
mine, uric acid) and luteolin, indicate that the analytical meth-
od had good selectivity and can be applied for the electro-
chemical detection of some other flavonoids and small drug
molecules.

Reproducibility and stability of the modified
electrode

The reproducibility and stability of the modified electrode are
the important characteristics for the future application. The
reproducibility of the electrochemical sensor was evaluated
by detecting rutin through CV method for ten times under
the same testing condition. The relative standard deviation
(R.S.D) is calculated to be 4.63%, indicating that the electrode
is highly reproducible. The stability was investigating through

Table 1 Comparison of
analytical parameters of different
modified electrodes for rutin
analysis

Modified electrodes Methods Linear range (μM) LOD (μM) Reference

Au-Ag NTs1/NG2 DPV 0.1 to 420 0.015 [33]

IL3-CPE4 CV 0.05 to 100 0.035 [9]

Nafion-GO5-IL /CILE6 DPV 0.08–100 0.016 [34]

PdAu@RGO7/GCE8 DPV 0. 025 to 5.625 0.025 [35]

GR9/AuNPs10/AN11 DPV 0.08 to 10.0 0.025 [36]

NiCo2O4 /rGO/GCE DPV 0.1 to 150 0.01 [37]

PtNPs12/RGO/GCE DPV 0.05 to 10 0.01 [38]

cMWCNT@pTh@Pt13/GCE DPV 0.01 to 15 0.0017 [15]

Fe2O3 /RGO
14/GCE DPV 0.015 to 18 0.0098 [32]

Mg-Al-Si@PC/GCE DPV 1–10 0.01 This work

1Nanothorns, 2 N-doped graphene, 3 Ionic liquid, 4 carbon past electrode, 5 graphene oxide, 6 carbon ionic
liquid electrode, 7 reduced graphene oxide, 8 glassy carbon electrode, 9 graphene, 10 gold nano particles, 11

acupuncture needle, 12 platinum nano particles, 13 carboxylated multi-walled carbon nanotubes, polythionine and
platinum nanoparticles, 14 reduced graphene oxide
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a common process by storing the modified electrode at a 4 °C
refrigerator for a week and then used for test its sensing per-
formance towards rutin again; the result revealed that the peak
currents of rutin still remained similar to their initial values.
Hence, the sensor shows the stability for rutin analysis.

Analytical application

In order to verify the application of the this method, the
troxerutin tablet (label amount of 20 mg per tablet,
C151104, Yabao Pharmaceutical Group Co. Ltd., China)
was detected with the optimal experimental procedure.
Before the measurement, a certain number of drug tablets
were ground into powder, and then the powder was accurately
weigh, subsequently dissolved in ethanol prepared for stock
solution. In the test, the appropriate volume of stock solution
was diluted with phosphate buffer of pH = 2. It can be seen
from the Table S2 (in Electronic Supporting Material), the
recovery was calculated as range from 99.8–100.6%, indicate
that the standard addition method for rutin detection more
visible. In the same, in order to proof the accuracy of the this
method, HPLC was apply to the detection of rutin in real
samples, the rutin contents were detected for 20.0 ± 0.08 mg
per tablet for the troxerutin tablet, which were closed to the
result of electrochemical method, so it suggests that Mg-Al-
Si@PC/GCE is suitable for the testing for rutin in commercial
pharmaceutical samples. However, the current method is not
suitable for rutin detection in both body fluids and food sam-
ples like juice, owing to thousands of complicated compo-
nents such as biological macromolecules, small molecules,
and high-concentration inorganic salts that coexist in these
samples. There for further pretreatments are necessary for
these real body fluids and food samples before they can be
subjected to rutin detection.

Conclusions

An electrochemical sensor based on the use of Mg-Al-Si@PC
nanoclusters is successfully fabricated for the sensitive detec-
tion of rutin. The sensor exhibits excellent electro catalytic
ability for the sensitive detection of rutin due to the special
structure (porous structure) and synergetic effect of the Mg,
Al, Si atoms and porous carbon (superior electrical conductiv-
ity, good electro catalytic performance and excellent electron
transfer mediator). The electrochemical sensor has good ana-
lytical performance for rutin with wide linear range, lower
LOD, excellent reproducibility selectivity and stability. The
modified electrode is further used to analyze rutin in tablet
samples with excellent practical abilities. These results indi-
cate that the Mg-Al-Si@PC sensor may have great potential
applications in electrochemical sensing.
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