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The current study's objective was to create a nanocomposite of Ag2S/CNTs by electrodepositing them 

on the surface of a glassy carbon electrode (GCE), which would then serve as a sensitive and focused 

electrochemical sensor to quantify the amount of digoxin in a prepared genuine sample of foxglove. 

According to structural investigations performed using FE-SEM and XRD, an Ag2S/CNTs 

nanocomposite was successfully electrodeposited on the GCE surface. Ag2S/CNTs/GCE as a sensitive 

and selective Digoxin sensor demonstrated a quick reaction time, a steady electrocatalytic response, 

and a linear relationship to the concentration of Digoxin from 0 to 24ng/mL according to 

electrochemical tests employing CV, DPV, and amperometry. The sensitivity was 0.31287μA/ng.mL-1, 

and the detection limit was 0.001ng/mL. The accuracy of Ag2S/CNTs/GCE was tested for the purpose 

of determining Digoxin in genuine samples of foxglove flowers that had been prepared. The findings 

exhibited acceptable RSD levels and demonstrated good agreement between the results of both 

analyses for further samples (3.47% to 4.41%). These results showed that the suggested procedure has 

been successfully used to determine digoxin in floral extract. 
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1. INTRODUCTION 

 

Glucose, a sugar that is linked to another functional group by a glycosidic bond, is the source of 

glycoside. In living things, glycosides perform a variety of critical functions [1, 2]. Inactive glycosides 

are the primary form of chemical storage in many plants [3, 4]. Steviol glycosides are used in a variety 

of ways, including as a substitute for sugar in food, as a component of medications, and as a solubilizer 

[5, 6]. Currently, it has been expanded to include synthetic ethers, such as those produced by reacting 

alcoholic glucose solutions with hydrochloric acid, as well as polysaccharides [7-9]. 
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Cardiac glycosides are drugs used to treat certain irregular heartbeats and heart failure [10, 11]. 

They belong to one of several pharmacological classes that have frequently been developed from 

foxglove plants, such as Digitalis lanata and Digitalis purpurea, and are used to treat cardiac and 

associated diseases [12, 13]. The reason foxglove is grown for medicinal purposes are that it produces 

the cardiac glycoside digoxin. Although this substance is dangerous in large concentrations, it is 

occasionally used in modest doses to treat heart failure and some types of irregular cardiac rhythms 

[14, 15]. Digoxin, often known as digitalis, improves the efficiency with which a damaged or frail 

heart pumps [16, 17]. It increases blood circulation, boosts the force of the heart muscle's contractions, 

and aids in reestablishing a regular, steady heartbeat [18, 19]. One of the treatments for heart failure 

symptoms is digoxin, which improves myocardial contractility. This is likely due to the inhibition of 

sodium-potassium ATPase, which results in intracellular retention of Na+ and increased intracellular 

Ca2+ concentrations due to the action of the Na+-Ca2+ exchanger [20, 21]. 

Due to its effectiveness, digoxin must be identified in clinical, pharmaceutical, and dietary 

samples. Numerous studies have been conducted to enhance the sensing performance using artificial 

intelligence-assisted electrocardiography [22], immunochromatography [23], fluorescent aptasensors 

[24], colorimetric aptasensors [25], radioimmunoassay [26], localized surface plasmon resonance-

based nanobiosensors [27], high-performance liquid chromatography [28] and electrochemical sensors 

[29-34]. However, the sensor precision is decreased by the presence of interference organic and 

inorganic chemical substances in clinical, dietary, and pharmaceutical samples. Electrochemical 

sensors have shown commendable precision and selectivity for Digoxin determination in actual 

samples containing the interferants among the sensors. Additionally, these sensors are simple, quick, 

and affordable [35, 36]. Therefore, additional studies are required to enhance the detecting capabilities 

of electrochemical sensors. According to studies, nanostructures, composites, and nanohybrids can 

increase the selectivity and sensitivity of electrochemical sensors [37-39]. As a result, the objective of 

the current study is to create a nanocomposite of Ag2S/CNTs by electrodeposition on the GCE surface 

in order to use it as a sensitive and accurate electrochemical sensor to quantify digoxin in a prepared 

genuine sample of foxglove. 

 

 

2. EXPERIMENT 

 

2.1. Synthesis of Ag2S/CNTs nanocomposite 

 

In a standard three-electrode electrochemical cell with clean GCE as the working electrode, Pt 

wire as the counter, and Ag/AgCl (3 M KCl) as the reference electrode, the Ag2S/CNTs 

nanocomposite was electrodeposited on clean GCE using an electrochemical workstation potentiostat 

(Xiamen Tob New Energy Technology Co., Ltd., China) [40]. The electrodeposition electrolyte 

contained an equal volume ratio of 10 mM AgNO3 (≥99.0%, Sigma-Aldrich), 50 mM Na2S2O3 (99%, 

Sigma-Aldrich), and 1 g/l dispersed CNTs (Zhengzhou Yihang Water Purification Materials Co., Ltd., 

China). The electrodeposition of the Ag2S/CNTs nanocomposite was conducted at 1 V for 300s at 

room temperature. For comparison, CNTs modified GCE (CNTs/GCE) was prepared in the same 
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procedure using a mixture of CNTs and 1 mM HNO3 (69%, Sigma-Aldrich) equal volume ratio, and  

Ag2S  modified GCE (Ag2S/GCE) was electrodeposited in the identical electrodeposition procedure 

from a mixture of the equal volume ratio of 10 mM AgNO3 and 50 mM Na2S2O3. 

 

 

2.2. Flower sample preparation 

 

Samples of foxglove were gathered in the Chinese region of Yunnan. 100 mL of ethanol was 

added to 500 g of pureed foxglove. The mixture was sonicated for 12 minutes at 25 °C, at which point 

it was filtered. The 0.1 M PBS was prepared using the liquid extracts. 

 

 

2.3. Measurement instruments  

 

The crystalline phase and surface morphology of the nanostructures were studied using X-ray 

diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM). The three 

measurements—cyclic voltammetry (CV), differential pulse voltammetry (DPV), and amperometry—

were carried out in a standard three-electrode electrochemical cell using the modified and unmodified 

GCE as the working electrode on an electrochemical workstation potentiostat (Xiamen Tob New 

Energy Technology Co., Ltd., China). The electrolyte of electrochemical studies was 0.1 M phosphate 

buffer solution (PBS) with pH 7.4 prepared from 0.1M NaH2PO4 (99%, Sigma-Aldrich) and 0.1M 

Na2HPO4 (99%) in a ratio of 1:1 by volume per volume. The digoxin ELISA Kit was also utilized for 

analysis of Digoxin content in prepared real samples. 

 

  

3. RESULTS AND DISCUSSION 

 

3.1. Structural analyses 

 

Figure 1 shows the FE-SEM micrographs of the electrodeposited CNTs, Ag2S, and Ag2S/CNT 

nanocomposite on GCE. As can be seen in Figure 1a, the electrodeposited CNTs have formed high-

density tubular networks on the GCE surface, with an average diameter of 120nm and a length of 

several micrometers. The nanostructures can connect to one another and create a structure that 

resembles a network during the electrodeposition of CNTs. Figure 1b's FE-SEM micrographs of the 

electrodeposited Ag2S/CNTs nanocomposite reveal that a dense layer of Ag2S nanoparticles (30nm in 

diameter) has grown on the entire surface of the 1D CNTs, forming a hierarchical nanostructure that 

has a sizable surface area and is very effective at transporting charge carriers along the axial direction 

[41-43]. 
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Figure 1. The FE-SEM micrographs of the electrodeposited (a) CNTs, (b) Ag2S/CNTs nanocomposite 

on GCE 

 

 

Figure 2. XRD profile of powders of electrodeposited CNTs, Ag2S and Ag2S/CNTs nanocomposite. 

 

 

Figure 2 displays the findings of the structural characterization of powders of electrodeposited 

CNTs, Ag2S, and Ag2S/CNT nanocomposite. The usual crystalline aspect of the CNTs structure was 

suggested by the XRD profile of CNTs, which exhibits a strong diffraction peak at 26.33° (JCPDS 

card No. 96-101-1060) [44-46]. According to the XRD profiles of Ag2S and Ag2S/CNTs 

nanocomposite, there are diffraction peaks at 22.69°, 26.34°, 29.24°, 32.01°, 34.96°, 37.03°, 38.54°, 

40.96°, 43.85°, 46.48°, and 53.78°, which are indexed to (-101), (012), (111), (-112), (-121), ( (JCPDS 

card No. 14-0072) [47-49]. Additionally, the XRD profile of the Ag2S/CNTs nanocomposite shows the 

CNTs' extra diffraction peak (002), indicating that the electrodeposition of the Ag2S/CNTs 

nanocomposite's well-crystalline hierarchical nanostructure on the GCE was successful. 
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3.2. Electrochemical studies 

 

Ag2S/GCE and Ag2S/CNTs/CV GCE's responses are shown in Figure 3 for the potential 

window of 0 V to 60 V with a scanning rate of 30 mV/s in 0.5 M NaOH. The electrochemical behavior 

of modified Ag2S electrodes in NaOH electrolyte solution is seen to have two peaks at potentials of 

0.33 V and 0.55 V, respectively. This suggests the following reactions [50-52]: 

 

Ag2S   + OH− ⟺ Ag2S(OH) + e−     

Ag2S  ⟺ 2Ag+   + S2-  

 

 

 

Figure 3. CV response of Ag2S/GCE and Ag2S/CNTs/GCE at the potential window from 0.0 V to 0.60 

V with a scanning rate of 30 mV/s in 0.5 M NaOH. 

 

In the potential window of 0.40 V to 0.65 V with a scanning rate of 15 mV/s into 0.1M PBS, 

Figure 4 shows the DPV curves of the bare GCE, CNTs/GCE, Ag2S/GCE, and Ag2S/CNTs/GCE in 

both the absence and addition of 1 ng/mL Digoxin. As can be seen, when digoxin is absent, none of the 

electrodes exhibit any distinguishing peak in the DPV curves. While CNTs/GCE, Ag2S/GCE, and 

Ag2S/CNTs/GCE all exhibit anodic peaks at 0.52 V, 0.51 V, and 0.51 V, respectively, which are 

connected to the oxidation glucose moiety of Digoxin, the DPV curve of bare GCE does not show any 

noticeable peak after the addition of Digoxin solution [53-55]. The DPV curves demonstrate that the 

peak current of Ag2S/CNTs/GCE is remarkable for its great peak current at a lower potential of 0.51 V, 

which is nearly 2-fold, and 2.6-fold higher than the peak currents of CNTs/GCE and Ag2S/GCE, 

respectively. It is found that Ag2S nanoparticles can reduce the oxidation potential [56], and CNTs 

with large specific surface area and abundant functional groups can provide a good conductive 

platform for electrocatalysis reactions in electrochemical systems [57]. The Ag2S catalyst has been 

completely encircled by the CNTs, as seen by FE-SEM micrographs of the Ag2S/CNT nanocomposite 

(Figure 1c), and complex tubular morphologies of hierarchical nanostructures have been created. Fast 
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access to active areas is made possible by the hierarchically porous nanostructure of nanocomposite, 

which also ensures a durable composite structure [58-60]. The high dispersion of Ag2S nanoparticles, 

which might offer a significant effective surface area for the transport of ions, is likely a contributing 

factor to the increased electrocatalytic activity of Ag2S/CNTs. Additionally, the high conductivity of 

CNTs can help in electron and mass transmission [61-63]. In the subsequent electrochemical sensing 

of digoxin, only Ag2S/CNTs/GCE was used due to the synergistic effects of Ag2S and CNTs in 

catalytic processes for the determination of digoxin.  

 

 

 

Figure 4. DPV curves of the bare GCE, CNTs/GCE, Ag2S/GCE and Ag2S/CNTs/GCE in the potential 

window of 0.40 V to 0.65 V with a scanning rate of 15 mV/s into 0.1M PBS in both the 

absence and addition of 1 ng/mL Digoxin. 

 

The calibration plot of Ag2S/CNTs/GCE under the sequential injection of 1 ng/mL Digoxin 

solution into 0.1 M PBS (pH 7.4) at potential of 0.51 V is shown in Figure 5 along with the results of 

the amperometry analyses. Ag2S/CNTs/GCE responds quickly to the addition of digoxin, exhibits a 

stable amperometric response, and exhibits a linear relationship with the digoxin concentration from 0 

to 24ng/mL. The findings show that the Ag2S/CNTs/GCE can effectively transfer electrons and collect 

Digoxin molecules from the electrolyte [64, 65]. The sensitivity is 0.31287µA/ng.mL-1, the detection 

limit is 0.001ng/mL, and the signal-to-noise ratio is 3. The analytical figures of merit for the 

determination of digoxin in this investigation when compared with recently reported digoxin sensors 

are summarized in Table 1. It has been noted that the produced digoxin sensor's linear range and 

detection limit in this work have been improved and are on par with or better than those reported in 

more recent publications. The synergy between 1D porous nanostructures, ultra-small Ag2S 

nanocrystals localized on CNTs surface, and more active sites may be responsible for the hierarchical 

hybrid nanostructured Ag2S/CNTs' improved performance [58, 66].  
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Figure 5. The results of amperometry analyses and corresponded calibration plot of Ag2S/CNTs/GCE 

under consecutive injection 1 ng/mL Digoxin solution into 0.1 M PBS (pH 7.4) at potential of 

0.51 V. 

 

 

Table 1.  The analytical figures of merit for determination of Digoxin in this study compared with 

recent reported Digoxin sensors. 

 

Electrode 

 

Technique LOD 

(ng/mL) 

Linear range 

(ng/mL) 

Ref. 

 

Ag2S/CNTs/GCE Amperomertr

y 

0.001  0  to 24 This 

study 

Enzyme immobilized Carbon paste 

electrode 

Enzyme 

Immunoassa

y 

5 × 10-2 --- [29] 

Au NPs/GO composites LSV 0.19   0.1 to 2   [30] 

Ag NPs/GO DPV 0.234 × 

10-3 

780 × 10-3 to 

0.780  

[31] 

Au NPs/FTO DPV 0.01  0.02 to 0.2  [32] 

50-base DNA oligonucleotide/Au 

electrode  

SWV 0.5  0.5 to 2.0  [33] 

Au NPS suspension Fluorescence 0.260 0 to 23.427  [34] 

LSV: Linear sweep voltammetry; SWV: Square wave voltammetry 

 

The interferences of a few substances that are present in flower extract were studded using 

amperomertic analysis via Ag2S/CNTs/GCE at a potential of 0.51 V in 0.1M PBS under the addition of 

1 ng/mL Digoxin and 10 ng/mL of interfering species in order to evaluate the interference effect on the 

determination of Digoxin in the flower sample. The interfering species are reported in Table 2, which 

shows that there is no obvious change in the Digoxin electrocatalytic current after the addition of 
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interfering species. It follows that the proposed Digoxin sensor shows excellent selectivity for Digoxin 

determination in floral extract. 

 

 

Table 2.  Results of electrocatalytic currents of Ag2S/CNTs/GCE using amperomertic  analysis at 0.51 

V into 0.1M PBS in addition 2 ng/mL Digoxin  and 10 ng/mL of interfering species. 

   

 

 

For the purpose of determining Digoxin in prepared genuine samples from foxglove flowers, 

the accuracy of Ag2S/CNTs/GCE were evaluated (S1 to S4). Table 3 displays the outcomes of 

amperometric studies at 0.51 V using the Digoxin ELISA kit for determining Digoxin in prepared real 

samples both before and after Digoxin administration. A manufactured genuine sample (S1digoxin )'s 

content was determined using amperometric measurements, along with the associated calibration plot 

of Ag2S/CNTs/GCE, in Figure 6. The calibration curve reveals that the prepared real sample's digoxin 

content is 0.215 ng/mL, which is similar to the amount of digoxin discovered by the ELISA kit (0.212 

ng/mL) displayed in Table 3. Table 3 shows that there is good agreement between the findings of the 

two studies for other samples (S2 to S4). Additionally, Table 3's results from analytical experiments 

utilizing the standard addition procedure demonstrate acceptable RSD values (3.47% to 4.41%). These 

results demonstrate that the suggested approach has been effectively used to determine digoxin in 

floral extract. 

 

Specie Added 

(ng/mL) 

Electrocatalytic signal (µA) RSD   

Digoxin   1 0.3131 ±0.0097 

Quercetin 10 0.0632 ±0.0029 

Rutin 10 0.0711 ±0.0028 

Fisetin 10 0.0523 ±0.0034 

Myricetin 10 0.0380 ±0.0022 

Morin 10 0.0253 ±0.0019 

Vanillic acid 10 0.0632 ±0.0024 

ρ-hydroxybenzoic acid 10 0.0700 ±0.0024 
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Figure 6. Amperometric analyses and the corresponding calibration plot of Ag2S/CNTs/GCE for 

addition of Digoxin solution (0 to 4 ng/mL) into0.1 M PBS  prepared with real sample from 

foxglove flower (S1) at 0.51 V. 

 

Table 3. The results of amperometric analyses at 0.51 V and Digoxin ELISA kit for determination 

Digoxin in prepared real samples before and after addition Digoxin.  

 

Content of Digoxin in prepared samples (ng/mL) 

Sample No. Amperometry Digoxin ELISA Kit 

Ag2S/CNTs/GCE RSD (%) ELISA RSD (%) 

S1 0.215 ±3.47 0.212 ±4.10 

S2 0.189 ±4.21 0.193 ±4.25 

S3 0.194 ±4.41 0.199 ±4.21 

S4 0.205 ±4.05 0.202 ±3.98 

 

 

 

4. CONCULUSION  

The current study concentrated on creating an Ag2S/CNT nanocomposite by electrodepositing 

it on the surface of a GCE as a sensitive and precise electrochemical sensor to assess the amount of 

digoxin in a manufactured genuine sample of foxglove. The results of the structural analyses 

demonstrated that the electrodeposited Ag2S/CNTs nanocomposite contained numerous Ag2S 

nanoparticles that densely grew on the entire surface of the 1D CNTs. This nanocomposite also formed 

a well-crystalline hierarchical nanostructure that allowed it to transport charge carriers very well along 

the axial direction and possessed a sizable surface area. As a sensitive and selective Digoxin sensor, 

Ag2S/CNTs/GCE demonstrated a quick reaction time, a steady electrocatalytic response, and a linear 

relationship to the concentration of Digoxin from 0 to 24ng/mL, according to the electrochemical 

results. The sensitivity was 0.31287μA/ng.mL-1, and the detection limit was 0.001ng/mL. The accuracy 

of Ag2S/CNTs/GCE was tested for the purpose of determining Digoxin in genuine samples of 
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foxglove flowers that had been prepared. The findings indicated acceptable RSD values and showed 

good agreement between the conclusions of the two studies for further samples. These results showed 

that the suggested procedure has been successfully used to determine digoxin in floral extract. 
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