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A B S T R A C T   

The screen-printed carbon electrode (SPCE) was one step modified with graphene (GN) and UiO-66 composites in 
nafion solution as a portable sensor (nafion/UiO-66/GN/SPCE) for the detection of synephrine. The used GN and 
UiO-66 were well-characterized, exhibiting typical structures by scanning electron microscope (SEM) with en-
ergy dispersive spectroscopy (EDS), X-ray powder diffraction (XRD), and Fourier transform infrared spectroscopy 
(FTIR). The nafion/UiO-66/GN/SPCE showed the maximum electrochemical signals for synephrine when 
comparing fabricated components in the cyclic voltammetric method. It was systematically investigated in 
modifier composition, modification volumes, pH, scan rate, and quantitative analysis ability. Under optimal 
conditions, the sensor exhibited a good detection limit (0.04 μmol L− 1) for synephrine with a linear range of 0.5 
μmol L− 1 to 60 μmol L− 1 (r2 

= 0.995). The nafion/UiO-66/GN/SPCE had adequate reproducibility and stability 
with relative standard deviations lower than 2.01%. It was also applied to determine synephrine in the extract of 
Citrus aurantium L. with recoveries between 99.0% and 102.0%. The content of synephrine was in good agree-
ment with that of the HPLC method. Based on its convenience and stability, the proposed nafion/UiO-66/GN/ 
SPCE could be further developed as a portable and rapid detection sensor for natural active compounds in 
food, agricultural, and pharmaceutical fields.   

1. Introduction 

Synephrine is a kind of alkaloid naturally existing in the Citrus aur-
antium L., whose ripe fruits are proceeded as traditional Chinese medi-
cines called “Zhi-Shi” (Zhao et al., 2021). It has shown various 
pharmacological effects and has been utilized in the food, cosmetic, and 
feed industries over the past decades (Yan et al., 2020). Due to the 
structural similarity with endogenous amine neurotransmitters, syn-
ephrine could enhance thermogenesis and fat oxidation, promote 
appetite, increase blood pressure, and accelerate metabolism (Tette 
et al., 2017). However, it is also reported that there are some side effects 
and safety issues, which make the use and dose of synephrine more 
worrisome and restrictive (Fan et al., 2012). A lot of breeding research is 
undergoing to cultivate varieties with high synephrine content in our 
institute and around the world (Denaro et al., 2020). While, the tradi-
tional determination of synephrine was primarily based on chromato-
graphic methods including HPLC-DAD, HPLC-MS, UPLC-MS, and GC-MS 
(Al-Khadhra, 2020). Although the results obtained by these methods 

were accurate, the processing of the sample was relatively complex and 
the requirement of equipment for laboratories was high. To meet the 
needs of modern research, the rapid and simple detection of synephrine 
in fruits and products is essential for related evaluations (Ruiqing et al., 
2019). 

As a kind of ultrasensitive detection method, electrochemical sensors 
for synephrine are attractive to researchers because of their conve-
nience, portability, and sensitivity (Wang et al., 2021; Yan et al., 2022). 
Through the customizations in size and composition of sensors, in the 
combination of the designed small and portable workstation, a pre-
liminary and rapid detection of synephrine could be completed in the 
field, which would save a lot of time and labor in agricultural research 
(Gu et al., 2022). The screen-printed carbon electrode (SPCE) is a type of 
inexpensive and versatile sensor. Compared to conventional electrodes, 
SPCE could be designed and tailored in assorted shapes and sizes ac-
cording to different demands (Camargo et al., 2021). As the technology 
developed recently, SPCE shows characteristics like modifiable elec-
trode surface, low analytical volume, adequate reproducibility, and 
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accuracy (Suresh et al., 2021). Recently, many types of research using 
SPCE have been reported to detect DNA, protein, metal ions, pharma-
ceutical ingredient, and pesticides, exhibiting high potential for com-
mercial applications (Chen et al., 2018; Wang et al., 2018, 2019; Zhang 
et al., 2019; Fu et al., 2020). 

As a typical two-dimensional nanomaterial, graphene (GN) has dis-
played many properties, including large specific surface areas, high 
chemical stability, and excellent electrochemical properties (Raghavan 
et al., 2021). It is widely used to modify electrodes to achieve better 
results. The modification effects in electrochemical sensors have been 
proven repeatedly in many years (Jiang et al., 2021). Metal-organic 
frameworks (MOFs) are a kind of nanomaterials containing organic li-
gands and metal ions, which exhibit advantages like high surface area, 
variable porous structure, and controllable composition (Lv et al., 
2021). MOFs are widely applied in separation, drug delivery, catalysts, 
and sensors (Yuan et al., 2018). UiO-66 is a kind of zirconium MOFs with 
porosity, simple preparation, and high stability, used in catalysis, 
adsorption, and electrochemical sensor (Du et al., 2019). 

Up to now, only a few electrochemical sensors for synephrine are 
reported using MXene and multi-wall carbon nanotube modified on 
glassy carbon electrode or boron-doped diamond electrode (Liu et al., 
2013; Gao et al., 2020; Haššo et al., 2020). Based on these foundations, 
many materials are tried in this study to modify the electrode to get 
higher signals in the electrochemical detection of synephrine, and GN 
and UiO-66 are finally confirmed for the modifications of SPCE. After 
characterizing materials, GN and UiO-66 are successively modified on 
SPCE (UiO-66/GN/SPCE) to develop a novel electrochemical sensor for 
selective and sensitive detection of synephrine in an aqueous solution. 
To enhance the adhesion of coatings on the SPCE surface and stabilize 
the signal, nafion is used as an accessory ingredient in nanomaterial 
suspension with its chemical inertness and permeability to cations (Patel 
et al., 2020). With the addition of nafion, GN and UiO-66 are premixed 
in nafion solution, resulting in the following modification of electrode is 
only one step (Fig. 1). This modification matches well with the portable 
sensor and is easier for large-batch production. The composition and 
fabrication sequence of modifiers are investigated and optimized. Under 
optimal manufacturing and analytical conditions, the proposed 
nafion/UiO-66/GN/SPCE demonstrates enhanced electrochemical sig-
nals, good linearity, and anti-interference capacity. The content of 
synephrine in the extract of Citrus aurantium L. is detected using the 
proposed sensor, and the result is compared with the conventional HPLC 
method. As a result, the nafion/UiO-66/GN/SPCE could be expected to 
have extensive applications in the detection of natural ingredients. 

2. Materials and methods 

2.1. Reagents and materials 

Graphene (GN) was purchased from Nanjing XFNANO Materials 

Tech Co., Ltd. (Nanjing, China). (±)-Synephrine (>98.0%), zirconium 
chloride, 2-aminoterephthalic acid, N,N-Dimethyl formamide (DMF), 
and acetonitrile in the chromatographic grade were obtained from 
Macklin Inc. (Shanghai, China). Nafion (5%) was brought from Sigma- 
Aldrich (St. Louis, MO, USA). Deionized water used in the experiments 
was supplied by an ELGA water purification system (ELGA Berkefeld, 
Veolia, Germany). All other chemicals were bought from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China) with analytical grade. The 
fruits of Citrus aurantium L. were collected from the experimental base 
belonging to our institute and proceeded according to the guidelines and 
procedures specified in the Chinese Pharmacopeia 2020 version. 

2.2. Instrumentation 

The electrochemical measurements were conducted using a CHI 
660E electrochemical workstation (Shanghai Chenhua Co., Ltd., China). 
The screen-printed carbon electrode (SPCE) was purchased from Qing-
dao Poten Technology Co., Ltd. (Qingdao, China) composed of a carbon 
working electrode (4 mm diameters), a carbon auxiliary electrode, and 
an Ag reference electrode. A sensor connector was handmade in the lab 
and adapted for the workstation. The working electrode would be 
modified in this study as further described. 

The morphology of materials was observed by scanning electron 
microscope (SEM) on a JSM 6610Lv scanning electron microscopy 
equipped with an energy dispersive spectroscopy (EDS) detector (JEOL, 
Tokyo, Japan). The structural analysis of materials was performed by X- 
ray powder diffraction (XRD) on a RINT 2500 powder X-ray Diffrac-
tometer using Cu–K(α) radiation (Rigaku Corporation, Tokyo, Japan). 
The Fourier transform infrared (FTIR) spectra were recorded on a Vector 
22 Fourier transform infrared spectrometer in the range of 400–4000 
cm− 1 (Bruker, German). 

HPLC analysis was completed on the Agilent 1260 HPLC, which 
included a quaternary pump, an autosampler, a thermostatic column 
compartment, and a diode array detector (Agilent Technologies Inc., 
Santa Clara, CA, USA). An Agilent ZORBAX C18 column was employed 
(250 × 4.6 mm i.d.; 5 μm, Santa Clara, CA, USA). 

2.3. Preparation of UiO-66 

As the previously reported procedure indicated, the UiO-66 was 
prepared with some modifications (Wang et al., 2020). Typically, 0.54 g 
of 2-aminoterephthalic acid and 0.50 g of zirconium chloride were 
mixed in 60 mL of DMF and moved to ultrasonic treatment for 1.0 h. 2.0 
mL of hydrochloric acid (10%, v:v) was then added to the mixture to 
obtain a clear solution. After another 30 min of ultrasonication, the 
mixture was poured into a Teflon-lined autoclave and reacted at 100 ◦C 
for 36 h. When the reaction was complete, and the reactor was cooled, 
the products were separated by centrifugation and washed with DMF. 
Finally, the precipitate of UiO-66 was collected and dried in a vacuum 

Fig. 1. Scheme of nafion/GN/UiO-66/SPCE and electrochemical detection of synephrine.  
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for further use. 

2.4. Preparation of the modified electrodes 

Firstly, the UiO-66/GN nafion suspension was prepared by respec-
tively dispersing 5 mg of UiO-66 and 5 mg of GN in 1 mL of nafion so-
lution (0.5 wt% in 40% ethanol). And then, the mixture was processed in 
ultrasonication for 30 min to obtain a homogeneous suspension. 8.0 μL 
of the UiO-66/GN nafion suspension was gently dropped on the surface 
of the carbon working electrode of SPCE and dried in the air to make an 
active layer. The modified electrode was termed nafion/UiO-66/GN/ 
SPCE. For comparison, the same amount of UiO-66/GN without 
nafion, UiO-66, and GN was respectively fabricated on SPCE in the same 
procedures and conditions and designed as UiO-66/GN/SPCE, UiO-66/ 
SPCE, and GN/SPCE. 

2.5. Electrochemical measurements 

The electrochemical measurements were performed on the SPCE by 
immersing the SPCE in synephrine solution using phosphate buffer so-
lution (PBS, 10 mmol L− 1, pH 7.0) as the solvent and supporting elec-
trolyte. Electrochemical impedance spectroscopy (EIS) was conducted in 
5.0 mmol L− 1 of K3[Fe(CN)6]/K4[Fe(CN)6] containing 0.1 mol L− 1 of 
potassium chloride with the amplitude of 0.005 V and the frequency 
range from 0.01 to 105 Hz. Cyclic voltammetry (CV) was used for the 
measurements with the scan rate of 0.05 V s− 1 and the potential range 

from 0 V to 1.0 V. Linear sweep voltammetry (LSV) was performed for 
quantitative analysis in the range from 0.4 to 1.0 V. All experiments 
were carried out in three duplicates at 25 ± 2 ◦C. 

2.6. Detection of real sample 

0.5 g of Citrus aurantium L. were added to 50 mL of 20% ethanol 
solutions (v:v), and it was then placed to ultrasonic extraction for 30 min 
(KQ5200DV, 200 W, Kunshan Ultrasonic Instrument Co., Ltd., Kunshan, 
China). The transparent extraction was obtained after the centrifugation 
for 1 min. Before the detection by the proposed sensor, the transparent 
extraction was diluted 20 times by PBS (10 mmol L− 1, pH 7.0). 

To confirm the detection results using the proposed sensor, the HPLC 
method was applied to detect samples (He et al., 2011). The mobile 
phases were 0.1% formic acid (A) and acetonitrile (B). A gradient elution 
program was applied at 25 ◦C as 0–5 min, 10% B; 5–10 min, 10–15% B; 
10–30 min, 15–50% B. The flow rate was 1.0 ml/min. The detector was 
set at 274 nm. The sample was filtrated by a 0.45 μm filter before 
analysis. 

3. Results and discussion 

3.1. Characterization of UiO-66 and GN 

3.1.1. SEM 
The typical SEM images of GN and UiO-66 were investigated and 

Fig. 2. SEM images of (a) GN and (b) UiO-66. EDS of (c) GN and (d) UiO-66. (e) XRD patterns of GN and UiO-66. (f) FTIR spectra of GN and UiO-66.  
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shown in Fig. 2a and b. The GN possessed a sheet-like structure with a 
smooth surface and wrinkled edge (Cen et al., 2017). The prepared 
UiO-66 had a spherical structure with a size distribution between 200 
and 250 nm. The typical octahedral structure was not apparent, which 
might be due to the small size (Yao et al., 2020). In addition, SEM-EDS 
analysis further revealed the presence of C, O, N, and Zr elements in GN 
and UiO-66 (Fig. 2c and d). The EDS diagram of GN showed the presence 
of 95.6 at.% of C, 2.4 at.% of N, and 2.0 at.% of O as basic elements (C. 
Zhang et al., 2021). In comparison, the EDS diagram of UiO-66 indicated 
that it was composed of C, O, N, and Zr elements. The atomic percent-
ages were 78.8 at.%, 17.7 at.%, 2.5 at.%, and 1.0 at.%, respectively, 
showing it was successfully prepared (Meng et al., 2020). 

3.1.2. XRD 
The structural properties of GN and UiO-66 were analyzed by XRD, 

and the XRD patterns were shown in Fig. 2e. The diffraction peak of GN 
at 2θ = 26◦ could be considered as the characteristic reflection from 
(002) parallel graphene layers (Kulkarni et al., 2014). For prepared 
UiO-66, the sharp characteristic peaks at 2θ = 7.5◦, and 8.6◦ could be 
observed in the pattern. The showed pattern was in good agreement 
with that reported in previous literature and the simulated pattern, 
which demonstrated the excellent crystallinity of UiO-66 (Du et al., 
2019). These XRD results confirmed the structures of GN and UiO-66 
and assured subsequent uses. 

3.1.3. FTIR 
The FTIR spectra of GN and UiO-66 were presented in Fig. 2f. The 

characteristic peak of GN at 3440 cm− 1 was assigned to the stretching 
vibration of O–H. The peak at 2920 cm− 1 was assigned to symmetric 
vibrations of CH2 (Zhao et al., 2011). The peaks at 1631 cm− 1 and 1142 
cm− 1 were designated as the stretching mode of C=C skeletal ring and 
stretching vibration of C–O alkoxy (Thota et al., 2021). In the spectrum 

of UiO-66 (Blue line), the peaks at 1658 cm− 1, 1580 cm− 1, 1388 cm− 1, 
and 743 cm− 1 were respectively related to the stretching vibration of 
carboxyl groups, the asymmetric stretching of O–C–O, the symmetric 
stretching of O–C–O and the O–H bending (Niu et al., 2018; Liu et al., 
2021). Moreover, the bands at 657 cm− 1, 547 cm− 1, and 475 cm− 1 were 
assigned to the μ3-O stretching, Zr-(OC) stretching, and μ3-OH stretch-
ing, respectively (Shangkum et al., 2018). 

3.2. Electrochemical behaviors 

The electrochemical behaviors of 60 μmol L− 1 of synephrine at 
various modified electrodes were monitored and compared with CV in 
PBS (10 mmol L− 1, pH 7.0). As shown in Fig. 3a, there was no obvious 
peak on bare SPCE (Black line). After the respective modifications of GN 
and UiO-66 on SPCE, small oxidation peaks at about 0.7 V could be 
observed on GN/SPCE (Red line) and UiO-66/SPCE(Blue line), which 
might owe to the electron transfer properties and the good conductiv-
ities of GN and UiO-66 (Xu et al., 2020). When both GN and UiO-66 were 
modified on SPCE, resulting in UiO-66/GN/SPCE, an apparent increase 
in oxidation current could be found (pink line). The advantages of GN 
and UiO-66 were combined in the electrochemical detection of syn-
ephrine. This kind of enhancement could be found in reports and pre-
vious research (Golkhatmi et al., 2021; Swamy et al., 2021). Since nafion 
was added to the suspension, the formed nafion/UiO-66/GN/SPCE 
showed a further signal improvement (Green line). As a cation 
exchanger with a high cation-exchange capacity, the existence of nafion 
made the attraction of synephrine and the adhesion of materials better 
(Hamidi and Zarei, 2020). The surfaces of nafion/UiO-66/GN/SPCE and 
UiO-66/GN/SPCE were observed by SEM as well (Fig. 4). The presence 
of nafion made the surface of the modified electrode smoother. Since the 
GN and UiO-66 were premixed in nafion solution, the fabrication of 
nafion/UiO-66/GN/SPCE was not complicated, and the difficulty of the 

Fig. 3. (a) CV behaviors of synephrine (60 μmol L− 1) in PBS (10 mmol L− 1 pH 7.0) on bare SPCE, GN/SPCE, UiO-66/SPCE, GN/UiO-66/SPCE and nafion/GN/UiO- 
66/SPCE. Potential range: 0–1.0 V. Scan rate: 50 mV s− 1; (b) Nyquist plots of bare SPCE, GN/SPCE, UiO-66/SPCE, GN/UiO-66/SPCE and nafion/GN/UiO-66/SPCE in 
5.0 mmol L− 1 of K3[Fe(CN)6]/K4[Fe(CN)6] and 0.1 mol L− 1 of KCl. The amplitude is 0.005 V with a frequency range of 0.01–105 Hz. 

Fig. 4. SEM images of surfaces of (a) nafion/UiO-66/GN/SPCE and (b) UiO-66/GN/SPCE.  
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experiment was controlled. Consequently, the nafion/UiO-66/GN/SPCE 
was confirmed as the modifications of the sensor because of the best 
signal of synephrine in CV detection. 

The EIS spectra of sensors were applied to investigate the change of 
charge transfer resistance (Rct) of modified electrodes. The diameter of 
the semicircle in the low-frequency part represented the value of Rct in 
the Nyquist plots (Fig. 3b) (Y. Zhang et al., 2021). It could be found that 
the semicircle parts of modified electrodes were smaller than that of bare 
SPCE, which indicated the decreases in resistance after modifications. 
The Rct of finally nafion/UiO-66/GN/SPCE demonstrated the most 
decrease, indicating that the GN and UiO-66 improved the conductivity 
of the sensor in the presence of nafion (Manoj et al., 2022). The effective 
area of nafion/UiO-66/GN/SPCE could be calculated by the 
Randles-Sevcik equation (Ip = 2.69 × 105 A D1/2 n3/2 υ1/2 C), where A is 
the effective area of the electrode (cm2), D is the diffusion coefficient of 
K3[Fe(CN)6] (7.6 × 10− 6 cm2 s− 1), n is the transfer number of electrons, 
υ is the scan rate (V s− 1) and C is the concentration of K3[Fe(CN)6] (5 
mmol L− 1). As a result, the effective area of bare SPCE and 
nafion/UiO-66/GN/SPCE was 0.018 cm2 and 0.024 cm2, indicating the 
increase in the effective area through modification. 

3.3. Optimization of assembly and analytical conditions 

3.3.1. Ratio of GN and UiO-66 
The addition of nafion could keep the nanomaterials from falling off 

the surface and maintain the level of signals. Then, GN and UiO-66 were 
first mixed in nafion solution instead of respectively dropping during the 
sensor modification. To get the optimum composition of the mixture, the 
ratios of GN and UiO-66 (2.5:5, 5:5, 7.5:5, and 10:5, w:w) were inves-
tigated and shown in Fig. 5a. These results suggested that the electro-
chemical signals of synephrine became the highest when GN and UiO-66 
were both in 5.0 mg mL− 1. Therefore, the material ratio of GN and UiO- 
66 was selected as 5:5, which meant 5.0 mg mL− 1 of GN and UiO-66 
were optimal for the fabrication of the electrode. 

3.3.2. Modification volumes 
The effect of modification volumes of UiO-66/GN nafion suspension 

was conducted from 6.5 μL to 9.0 μL. As the previous experiment indi-
cated, the concentrations of GN and UiO-66 were set at 5.0 mg mL− 1. It 
could be observed in Fig. 5b that the peak current increased as the 
volume increased from 6.5 μL to 8.0 μL. However, it began to drop when 
the volumes continually increased from 8.0 μL to 9.0 μL. Redundant 
materials on the electrode surface were of no use for the signal of 
samples in the electrochemical process, which could be supported by 
previous reports (Fu et al., 2021). Therefore, the modification volume of 
UiO-66/GN nafion suspension was confirmed at 8.0 μL. 

3.3.3. pH of electrolyte 
The change in pH value of electrolytes would affect the status of 

molecules and electrochemical reactions. For this reason, various pH 
values of electrolytes (5.0, 6.0, 7.0, 8.0, and 9.0) containing samples 
were prepared using PBS, and the following electrochemical detections 
were performed by nafion/UiO-66/GN/SPCE in the CV method. The 
trend was shown in Fig. 5c, and the peak current of synephrine was the 
highest when the pH value of the electrolyte was 7.0. There were 
noticeable decreases when the electrolyte became acidic or alkaline, 
supported by related research (Gao et al., 2020). Thus, 7.0 was adopted 
as the optimal pH value of electrolytes during tests. 

Moreover, it could be observed that there was a linear shift of the 
peak potential (Ep) to less positive values through the increasing pH 
values. The linear equation between Ep and pH was expressed as Ep =
− 0.028 pH + 0.946 (r2 = 0.981) (Fig. 5d). The slope of the equation was 
about − 0.028 V pH− 1, which was not similar to the theoretical Nernstian 
slope of 0.059 V pH− 1. This kind of slope implied the electron transfer on 
the nafion/UiO-66/GN/SPCE might involve two electrons and one 
proton transfer during the oxidation process, which could be referred to 
in other research (Manasa et al., 2017; Haššo et al., 2020). 

3.4. Influences of scan rate 

As an essential parameter reflected the performance of the electrode, 

Fig. 5. (a) Effect of Ratio of GN and UiO-66 on peak current in the CV; (b) Effect of modification volumes on peak current in the CV; (c) Effect of pH on peak current 
in the CV; (d) Plot of peak potential (Ep) to pH values. CV method: 60 μmol L− 1 of synephrine in 10 mmol L− 1 of PBS (pH 7.0). Potential range: 0–1.0 V. Scan rate: 50 
mV s− 1. 
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the effect of different scan rates (from 0.01 V s− 1 to 0.2 V s− 1) on the 
electrochemical response of synephrine in PBS (pH 7.0) was evaluated 
on nafion/UiO-66/GN/SPCE by CV method. Fig. 6a demonstrated the 
resulting CV curves at a series of scan rates. It could be found that the 
peak currents increased and shifted with the increasing scan rates. A 
linear relationship could be obtained between scan rate and peak cur-
rent, which would be expressed as Ip = 36.43 v + 1.69 (r2 = 0.992) 
(Fig. 6b), indicating the oxidation of synephrine was an adsorption- 
controlled process (Zhang and Zhang, 2020). Moreover, a linear 
dependence of peak current against the square root of scan rate (v1/2) 
was observed as well, which was fitted at Ip = 17.20 v1/2 + 0.09 (r2 =

0.984) (Fig. 5c). This trend suggested the electrochemical reaction of 
synephrine was diffusion-driven (Kesavan et al., 2021). 

3.5. Analytical performance of nafion/UiO-66/GN/SPCE for synephrine 

To study the quantitative analytical ability of fabricated nafion/UiO- 
66/GN/SPCE, the LSV curves of synephrine at different concentrations 
from 0.5 μmol L− 1 to 60 μmol L− 1 were observed in PBS (0.01 mol/L, pH 
7.0) (Fig. 7a). The results illustrated that the peak current increased with 
increasing concentrations of synephrine. And a linear dependence could 
be found between peak current and the concentration of synephrine 

Fig. 6. (a) CV of nafion/GN/UiO-66/SPCE in synephrine solution at different scan rates; (b) The Linear graph of peak currents and scan rates; (c) The Linear graph of 
peak currents and (scan rates)1/2. CV method: 60 μmol L− 1 of synephrine in 10 mmol L− 1 of PBS (pH 7.0). Potential range: 0–1.0 V. 

Fig. 7. (a) The LSV of nafion/GN/UiO-66/SPCE in different concentrations of synephrine solutions in 10 mmol L− 1 of PBS (pH 7.0); (b) Plot of peak current versus 
concentration of synephrine. LSV method: Potential range: 0.4–1.0 V. Scan rate: 50 mV s− 1. 

Table 1 
Comparison of reported sensors for the detection of synephrine.  

Electrode Method Linear rage (μmol 
L− 1) 

LOD (μmol 
L− 1) 

Ref. 

– HPLC 15.25–15250 7.236 Yi et al. (2012) 
– GC-MS 590–299000 590 Marchei et al. 

(2006) 
BDD DPV 

SWV 
19.6–1000 
9.9–1000 

10.4 
8.7 

Haššo et al. 
(2020) 

MWCNTs/ 
Nafion/GCE 

LSV 0.01–10 0.008 Liu et al. 
(2013) 

MXene/ 
MWCNTs/GCE 

LSV 0.5–70 0.167 Gao et al. 
(2020) 

Nafion/UiO-66/ 
GN/SPCE 

LSV 0.5–60 0.04 Present work 

BDD: Boron-doped diamond electrode. 
MWCNTs: Multi-walled carbon nanotubes. 
GCE: Glassy carbon electrode. 
DPV: Differential pulse voltammetry. 
SWV: Square wave voltammetry. 
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during this range, with the detection limit of 0.04 μmol L− 1 (S/N = 3). 
Moreover, the limit of quantitation was 0.13 μmol L− 1 (S/N = 10). The 
plot of peak current versus concentration of synephrine was shown in 
Fig. 7b. The regression equation could be expressed as Ip = 0.068 Conc 
+0.027 (r2 = 0.995). It demonstrated the quantitative analysis of syn-
ephrine using nafion/UiO-66/GN/SPCE was acceptable. 

To compare the detection methods for synephrine, the detection 
abilities of chromatographic methods and reported electrochemical 
sensors for synephrine were listed in Table 1. Through the comparison, 
both GC-MS and HPLC methods showed a wide linear range from 
micromole to millimole. However, electrochemical sensors exhibited 
good sensitivity, which was the typical advantage of electrochemical 
technology and could compensate for the shortcomings of traditional 
technologies (Mokhtar et al., 2022). Among these reported sensors, the 
proposed nafion/UiO-66/GN/SPCE in this study showed a certain linear 
detection capability and was adequate for detecting synephrine. Though 
the proposed sensor in this study was not the most sensitive, the 
portability and small size derived by SPCE were advantages in the field 
experiments combined with the use of portable workstations. 

3.6. Practical application of nafion/UiO-66/GN/SPCE 

3.6.1. Interference study 
There are other compounds in the real sample for synephrine anal-

ysis, which would become interferences for the intended response. 
Therefore, the specificity of the fabricated sensor became important in 
the evaluation of applicability. The selectivity of nafion/UiO-66/GN/ 
SPCE towards synephrine was studied in the presence of interfering 
inorganic metal ions under optimum conditions. The concentrations of 
these interfering inorganic metal ions were 100-fold higher than that of 
synephrine (6.0 mmol L− 1 to 60.0 μmol L− 1). The peak current ratio (%) 
was introduced as an evaluation indicator, which could be calculated as 
the proportion of peak current and original peak current variation in the 
existence of studied interfering inorganic metal ions or targets. As a 
result, the peak current ratios were shown in Fig. 8a in the respective 
addition of Na+, K+, Ca2+, Al3+, Cu2+, and Mg2+ ions, and the same 
amount of synephrine (60 μmol L− 1) was added as a comparison. The 
peak current ratio of the same amount of synephrine was 101.6%, which 
showed the used evaluation indicator was sufficient. At the same time, 
the peak current ratios of interfering ions ranged from 1.5% to 5.6%. 
According to these results, these interference substances did not inter-
fere with the detection, which demonstrated an acceptable anti- 
interference ability of the nafion/UiO-66/GN/SPCE. 

3.6.2. Reproducibility and stability 
The reproducibility of nafion/UiO-66/GN/SPCE in detection was 

studied by consecutive detection of 60.0 μmol L− 1 of synephrine six 
times using the same sensor. During six tests, the fluctuation of peak 
currents was slight, and the relative standard deviation (RSD) was 
calculated at 1.0% (Fig. 8b), which showed this fabricated sensor pos-
sesses an admissible precision. The stability of nafion/UiO-66/GN/SPCE 
was also measured by detecting the 60.0 μmol L− 1 of synephrine on six 
different days. During the stability test, the sensor was stored in a dry 
place at room temperature. In the six days of the trial, the peak current 
remained at 95.2% of the initial value with an RSD of 2.01% (Fig. 8c). 
The results showed that the nafion/UiO-66/GN/SPCE had good stability 

Fig. 8. (a) Peak current ratios of nafion/GN/UiO-66/SPCE in synephrine con-
taining various interfering substances (Na+, K+, Ca2+, Al3+, Cu2+ and Mg2+ ions 
in 6.0 mmol L− 1); (b) Reproducibility of nafion/GN/UiO-66/SPCE in synephr-
ine; (c) Stability of nafion/GN/UiO-66/SPCE in synephrine. LSV method: 60 
μmol L− 1 of synephrine in 10 mmol L− 1 of PBS. Potential range: 0.4–1.0 V. Scan 
rate: 50 mV s− 1. 

Table 2 
Determination of synephrine in the extract of Citrus aurantium L. (n = 3).  

Samples Added 
(μmol L− 1) 

Found 
(μmol 
L− 1) 

Recovery 
(%) 

RSD 
(%) 

HPLC 
(μmol 
L− 1) 

Extract of Citrus 
aurantium L. 

0 26.52 – 2.58 26.91 
10.0 36.72 101.2 1.27 – 
30.0 56.23 99.0 0.76 –  
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for detection and storage. 

3.6.3. Detection of real samples 
To check the practicability of the nafion/UiO-66/GN/SPCE in real 

samples, the extract of Citrus aurantium L. was detected. The standard 
addition method was employed to verify the test results by spiking 
different amounts of synephrine into samples. The results were pre-
sented in Table 2 and compared with the result obtained by the HPLC 
method. The recoveries during those tests ranged from 99.0% to 
102.0%, which indicated the determination of synephrine using the 
proposed sensor was reliable. The concentration of synephrine was 
26.52 μmol L− 1 compared to 26.91 μmol L− 1 in the HPLC method. These 
findings demonstrated that the nafion/UiO-66/GN/SPCE could be suf-
ficiently applied to the samples of natural products. 

4. Conclusions 

In the present work, a simple nafion/UiO-66/GN/SPCE was fabri-
cated to detect synephrine. The use of GN and UiO-66 improved the 
electrochemical response of bare SPCE, and the existence of nafion 
improved the performance of the sensor. The nafion/UiO-66/GN/SPCE 
displayed quantitative analytical ability for synephrine. Compared to 
traditional chromatographic methods, the proposed sensor showed ad-
vantages in terms of cost, ease of fabrication, and stability, which made 
the sensor suitable for rapid detection. However, further research on the 
anti-interference ability in complex samples and stability in long-term 
use of sensors were still required. With the development of modifica-
tion materials and assembly strategies, the electrochemical sensors 
would become a powerful tool in the detection of various active com-
ponents in the food and pharmaceutical fields. 
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