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Abstract 

Recent developments to utilize nanostructured metal oxides for fabricating novel sensors with 

superior sensitivity have prompted advanced detection limits even at trace level. In the 

current study, development of calcium doped zinc oxide (Ca-ZnO) nanoparticles as a novel 

electroanalytical sensing tool for the detection of antiviral drug, acyclovir (ACV) was 

performed. Ca-ZnO nanoparticles modified sensors to enhance the electrochemical properties 

of ACV as compared to an unmodified glassy carbon electrode (GCE) in pH 5.0. The 

influence of various factors such as effect of pre-concentration time, sweep rate, and 

concentration on the oxidation peak current of ACV has been discussed. The experimental 

results showed the wide linearity range (8.0 x10
-8 

M to 2.4 x10
-5 

M) with lower values of 

detection (6.18 nM). Hence, developed novel nanosensor showed an intensification of peak 

current of ACV with significant sensitivity, selectivity, and reproducibility for ACV analysis 

and obtained results were apply for the determination of ACV in the analysis of urine and 

pharmaceutical dosage form. 

Keywords: Ca-ZnO nanoparticles; Electrochemical sensor; Glassy carbon electrode, 

Acyclovir; Analytical applications 
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1. Introduction 

Antiviral drugs are used to treat specific viral diseases, whereas a wide range of 

antivirals are active against a variety of viruses [1-2]. Acyclovir (ACV) is a widely used 

antiviral drug whose high concentration in the human body causes nausea and diarrhea along 

with some potentially serious side effects related to kidneys and low platelets though the drug 

has some beneficial effects [3-4]. 

Numerous analytical techniques have been reported for the analysis of ACV by 

spectrophotometric and spectrofluorimetric methods [5], near-infrared spectroscopy for 

quantitative confirmation of ACV in plasma [6], ACV and associated impurities by liquid 

chromatography [7] and HPLC techniques [8], radio-immuno assay [9] as well as LC/MS 

technique (liquid chromatography/mass spectrometry) [10]. These methods are usually 

complicated requiring sophisticated instruments and manual procedures, such as optimizing 

chromatographic conditions, pre-treatment of HPLC samples, and disposal of radioactive 

materials. On the other hand, electrochemical methods such as voltammetry, polarography, 

and amperometry offer benefits of high sensitivity, rapid response, and accurate 

quantification of biological as well as environmental samples [11-20]. 

Electrochemical sensors (chemical and biological) have an extreme effect in recent years 

in the fields of medical diagnosis, personal protection, agriculture and the detection of 

environmental toxins. In recent decades, research has focused on the creation of simple solid-

state sensors whose activity is dependent on the output of a measurable signal based on the 

analyte's interaction with the sensor's active surface. In view of these, electrochemical 

techniques are well suited to evaluate the analyte in real time to report their ability to 

accept/donate electrons. In addition, the applicability of this approach to investigate organic 

and inorganic biomolecules has been noticed. In the voltammetric technique, unmodified 

electrodes decrease the sensitivity because of slow movement of electrons in the reaction 
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mechanism; metal oxide nanoparticles (NPs) can improve the performance of electrochemical 

sensor and binding ability for the quantification of bioactive molecules and environmental 

samples [21-26].  

In the preparation of sensors, materials with high porosity, low electroconductivity, high 

stability, non-hazardous surface area, and readily available in terms of cost, magnetise the 

attention of electrochemists. The development of chemically modified electrodes (CME), due 

to their easy applicability in electrochemical cells, is very significant in recent years. Due to 

its rich surface formation, low background current, wide range of potential windows, and 

inertness, glassy carbon electrodes (GCEs) loaded with one or more modifying agents have 

been the subject of great interest. ZnO-based NPs have advantages of lower price, wide 

occurrence as well as large band gap, find a niche in many applications [27].  

The ZnO is an n-type semiconductor, which has an energy band gap of 3.37 eV with an 

exciton binding energy of about 60 meV at room temperature. Researchers are focused on 

modificators for long-term stability, good electrical conductivity, large surface. Certain 

unique characteristics are found in the Ca–ZnO doped zinc oxide nanoparticles such as 

increasing of electrical conductivity by the consolidation of dopant-calcium into ZnO 

nanoparticles through the development of an additional transporter in a commutation route as 

a consequence of the doping of Ca
2+

 sites. Calcium-doped zinc oxide nanoparticles were 

prepared in this work through co-precipitation reaction followed by hydrothermal process. 

Dopant calcium plays an essential role in altering ZnO's optical and structural qualities. Ca in 

ZnO nanoparticles monitors molecular adsorption by aqueous solutions to ensure that the 

calcium acts as a donor. Hence, doped metal oxide NPs when used as biosensors, and doping 

can contribute greatly to achieve a suitable response and at the same time offering a lower 

detection limit (LOD) as well as faster electron transfer [28-30]. Looking at the enhanced 

electrocatalytic performance through the doping process, ACV is used in this work and the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

5 
 

electrochemical behavior of acyclovir at Ca-ZnO/GCE has not been reported in the literature. 

In view of this, we have utilized synthesized Ca doped-ZnO nanoparticles for the 

electrochemical sensing of antiviral drug, acyclovir. The working electrode assembly causes 

the oxidation of ACV by enhancing its peak current leading to an appreciable detection 

linearity range, lower detection limit, and limit of quantification. Importantly the sensor 

exhibited significant sensitivity, selectivity, and reproducibility and could be extended to 

detect ACV in biological urine samples and pharmaceutical formulations.  

2. Experimental  

2.1 Instrumentation 

Cyclic and square wave voltammetric techniques were used to collect the data on the 

electrochemical behaviour of ACV using electrochemical analyzer (CHI Company, D630, 

USA). Three electrodes were connected to the electrochemical analyzer including the 

working electrode (Bare GCE and Ca-ZnO/GCE) on which electro-oxidation of ACV was 

performed, saturated Ag/AgCl as a reference electrode with 3.0 M KCl solution and an 

auxiliary electrode as a platinum wire was used. The pH of the solution (phosphate buffer 

solution) was monitored with Elico (model LI120, Mumbai, India) pH meter at 25 ± 0.1 °C.   

2.2 Reagents and chemicals 

Acyclovir (pure form) was received from Sigma-Aldrich as well as the analytical grade 

reagents from SDFCL-Chem. Ltd., Mumbai, India. ACV's stock solution was dissolved in 

deionized water at a concentration of (1.0 mM) and kept in a cool place until its use. The 

supporting buffer, 0.2 M phosphate buffer solution (PBS) with varying pH (3.0 to 11.2) was 

formulated according to pre-documented reports [23]. 

2.3. Synthesis of calcium-doped zinc oxide nanoparticles  
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The method of co-precipitation was used to synthesize 5 % Ca-ZnO NPs. A 

mixture of zinc nitrate solution (Zn(NO3)2•4H2O) of 0.1 M, 5% mole fraction of 

calcium nitrate, and 10 mg/L surfactant of sodium dodecyl sulphate (SDS) were 

agitated for approximately 1 h for zinc nitrate decomposition. After dissolving zinc 

nitrate, NaOH (0.2 M) of 100 mL solution was slowly transferred drop-wise to above 

reaction solution and stirred for 45 min. The particle size is restricted by the use of a 

capping agent (sodium dodecyl sulfate surfactant). After the addition of sodium 

hydroxide, the colloidal reaction mixture was allowed to proceed for 2 h, the colloidal 

solution was kept overnight to settle down, from which the supernatant fluid was 

extracted, and centrifuged to obtain the solid for about 10-15 min. Thus formed ZnO 

NPs were rinsed repeatedly with double distilled water and ethanol. After, NPs were 

dried for 4 hours (60° C). The produced particles were processed in a muffle furnace 

under calcination for 3 h at 500° C. 

2.4. Preparation of pharmaceutical sample  

The applicability of the Ca-ZnO/GCE is to investigate ACV in Acivir – 200 mg tablet 

containing ACV. These tablets were purchased from nearby pharmacy. Ten tablets were 

finely crushed using a mortar, and a portion of this powder was weighed, dissolved with the 

help of double-distilled water, similar to the ACV stock solution (1.0 mM). A proper volume 

of the prepared sample solution was analyzed under optimal conditions using the SWV 

technique. The amount of ACV in the drug has been determined using a calibration plot. 

2.5. Preparation of urine sample  

 The biological samples (urine) assembled at ambient temperature (25 ± 0.1 ° C) by 

healthy volunteers and centrifuged for 5 min. Further solutions were diluted with pH 5.0 

phosphate buffer, spiking the appropriate volume of ACV (0.1 mM) solution with urine 

samples was used to produce a spiked urine sample. Under optimum conditions, square wave 
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voltammograms were recorded. In urine samples, the contents of ACVs were estimated by 

the standard addition method. 

2.6. Electrode preparation 

Initially, GCE was prepared with pre-treatments. Reaction solution was prepared by 

dissolving 0.5 mg of Ca-ZnO nanoparticles by ultrasonic agitation in ethanol, then the drop 

casting method was employed to modify the surface of the working electrode. Ca-ZnO 

suspension (0.15 μL) was coated on the surface of GCE, and dried under ultrasonic wave 

exposure. Finally, the working electrode surface containing the coated Ca-ZnO NPs was used 

to obtain the voltammograms [31-32]. 

3. Results and discussion 

3.1. Characterization of Ca-ZnO/GCE 

Characterization of Ca-ZnO was done by SEM, TEM, HRTEM, XRD, and EDX 

techniques. Figure SI1. (A) shows TEM images of Ca-ZnO NPs that are generally found to 

be the spherical shape with a size of about 20-30 nm. HRTEM image of doped particles is 

shown in Figure SI2. Figure SI1. (B) represents SEM images of Ca-ZnO nanoparticles, 

indicating a huge surface area. Figure SI1. (C) shows XRD patterns of Ca-ZnO NPs with 

large peaks for ZnO, but for calcium species, peaks are negligibly moving towards 

minimal 2θ degrees. The lattice planes are harmonious with the diffraction peaks, 

while planes of the lattice show NPs structure, which is hexagonal wurtzite. This 

structure is attributed to the discrepancy between the sizes of ions of Zn and Ca, 

suggesting a hexagonal lattice strain owing to certain residual strain within the NPs.  

The crystal's average size (d) was computed by implementing the Scherrer formula 

for XRD spectra. The elements, which are found in Ca-ZnO, whose atomic and mass 

% are shown by the EDX spectroscopy (Figure SI1. (D)). The atomic % of Ca, Zn, and 
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O were, respectively 3.01, 44.5, and 52.7. The Ca, Zn, and O, and the mass % of these 

elements were, respectively 3.0, 74.98, and 22.01. The peaks from the spectrum 

indicate that Ca, Zn, and O appear at 3.67, 8.59, and 0.55 keV. 

The exposed surface area of the Ca-ZnO/GCE was calculated through CV technique 

using the Randles-Sevcik equation for the irreversible process [33]: 

Ip = [2.69 x 10
5
 x n

3/2
x A D0

1/2 
x ν

1/2 
x C0*]                                                                             (1) 

For estimating the extensive surface area of the nascent and fabricated GCE, We utilized 

0.1 M KCl as a supporting electrolyte in which 1.0 mM [K3Fe(CN)6] solution is used 

with varying scan rates at 25 °C. From Figure 1, bare GCE surface area, ZnO/GCE and 

Ca-ZnO/CPE were calculated to be 0.041 cm
2
, 0.073 cm

2 
and 0.148 cm

2
, respectively. 

Here Figure 1 

3.2. Electrochemical behaviour of ACV at Ca-ZnO/GCE 

Voltammetric behaviour of ACV has been investigated at modified and bare GCE in pH 

5.0 by CV technique. Figure 2A indicates voltammograms for 0.1 mM ACV at bare and Ca-

ZnO modified electrodes. Initially, blank voltammogram of GCE and Ca-ZnO/GCE was 

showed the absence of a peak in cyclic voltammogram and a single oxidation peak occurred 

in the presence of ACV for both bare GCE (4.95 μA), ZnO/GCE (8.92 μA) and Ca-ZnO/GCE 

(16.82 μA) respectively. The enhancement of peak current for Ca-ZnO/GCE as compared to 

both bare GCE and ZnO/GCE is clearly due to the role of the dopant calcium, which might 

have altered the structural and optical properties of ZnO.  Further, no peaks were found on 

the reverse scan and hence, the reaction must be irreversible in nature [34]. 

Here Figure 2 

3.3. Variation of pre-concentration time and material loading 
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The time of pre-concentration effect and variation of materials loading has increased 

the extent of ACV adsorption at the electrode surface and thus, improved its sensitivity. 

Initially, pre-concentration time and amount of modifier were set between 0 to 60 seconds 

and 0.05 μL to 0.2 μL respectively. A enhanced peak current was found at 15 s and above 15 

s, peak current decreased due to the saturation accumulation (Figure 2B) [35]. In Figure 2C, 

the electrode surface at 0.15 μL of Ca-ZnO showed a maximum peak current. Hence, 15 s 

and 0.15 μL were optimized for further investigations.   

 

3.4. Optimization of pH 

 The effect of PBS was investigated in ranging between 3.0 to 11.2 pH solutions. 

Initially, varying the phosphate buffer solutions, an intense peak was observed in acid range 

3.0 to 6.0. Here, 5.0 pH shows a maximum peak current (Fig. 3A) due to increase in the 

solution conductivity and ACV get oxidized with highest peak intensity [36-37]. As the 

solution's pH increased the potential value shifted to lower positive values (Fig. 3B) due to 

proton involvement in the electrode mechanism. From the plots of pH versus peak potential 

the equation derived was: Ep = –0.050 pH + 1.438: R² = 0.973. The slope value (50.0 mV/s) 

was close to Nernst value (59.0 mV/s), which implies that the electrode process involves an 

equivalent number of protons and electrons [38-39]. 

Here Figure 3 

3.5. Variation of sweep rate  

The pharmacokinetics strategies of ACV were investigated using a cyclic 

voltammetric technique in pH 5.0 PBS with accumulation time 15 s (Fig. 4A) and the 

effective scan rate was performed in the range of 0.1 – 2.0 V/s. As increasing the scan rate, 

peak current of the ACV was increased with a good linearity giving the fitted equation: Ip = 
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90.478 ν + 1.707; R
2
 = 0.945 (Fig. 4B) and log Ip = 0.57 log υ + 1.88; R

2
 = 0.980 (Fig. 4C), 

the slope value 0.57 was closer to the theoretical value of diffusion-controlled process. 

Hence, electro-oxidation of ACV was controlled by diffusion [40-43] and Ep (V) versus log ν 

(V/s) was given in Fig. 4D. For an irreversible electrode reaction of ACV, the values of α, 

and number electrons (n) were calculated using Eqs. (1) and (2) [44-45]. 

                                                                                                                                   (1) 

 

 

                                                                                                                                  (2) 

The values of  was 0.55, and the number of electrons transferred was two. In addition, using 

the obtained E
0 

value and intercept of the plot of peak potential versus the logarithm of scan 

rate, k
0
 was estimated to be 2.65 x 10

3 
s

-1
. 

Here Figure 4 

3.6. Possible electrode mechanism of ACV 

Electrode mechanism of ACV on the surface Ca-ZnO modified GCE suggests the 

involvement of two electrons and two protons (Scheme 1). Comparing the oxidation of base 

ACV i.e., guanine at carbon-based electrode [46-48], we can assume that oxidation 

mechanism of ACV could be similar to the product (8-oxoacyclovir) as developed by the 

exchange of two protons and two electrons, which was identical to the initial oxidation of 

guanine.  The suggested oxidation mechanism for ACV was given in Scheme 1.  

Here Scheme 1 

3.7. Detection limit of ACV 

E
p
   = E

0 

 + 

2.303RT 

αnF 

R T k
0

 

αnF 
+ 

2.303RT 

αnF 
log ν 

ΔE = E
p
 – E

P/2
=  47.7 

αn 
mV 
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Square wave voltammetric (SWV) method was utilized to estimate the limit of 

detection (LOD) and quantification (LOQ) for ACV in pH 5.0 at the Ca-ZnO modified GCE 

(Fig. 5). When the concentration of ACV was varied in the range 0.01 μM - 24 μM, the peak 

current also increased. The LOD and LOQ values were determined using the calibration 

graph (concentration of ACV versus peak current). From the standard deviation of intercept 

and slope of the calibration curve, LOD and LOQ values were calculated using Eqs. 3 and 4 

[49-51]. 

LOD = 3S/M                                                                                                               (3)   

LOQ = 10S/M                                                                                                             (4)                                                                                          

The linearity range was found to be between 8.0 x10
-8 

M and 2.4 x10
-5 

M with values of 

lower detection and quantification was calculated to be 6.18 nM and 20.6 nM. Hence, the 

present approach has the benefit of a low detection limit compared to the methods previously 

reported (Table 1). 

Here Figure 5 and Here Table 1 

3.8. Effect of excipients  

 An excipient is a material that is formulated simultaneously along with the drug's 

active ingredient and hence, to promote long-term stabilization, non-sticking properties and 

solubility are to be tested [59-61]. The effect of some of the common excipients such as citric 

acid, gum acacia, oxalic acid, starch, glycine, urea, and dextrose was investigated to 

determine the response of ACV at Ca-ZnO/GCE surface by the SWV technique. The findings 

of this approach reveal that peak potential values of ACV have altered to some range, but it 

was not reached the ±5 % limit, indicating that the presence of used excipients may not affect 

ACV reactions at the senor surface (Figures 6).  

Here Figure 6 
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4. Analytical applications  

4.1. Tablet and urine sample analysis 

The proposed sensor was tested using SWV to determine ACV in clinical trials such as 

analysis in tablet and urine samples. ACV tablet solutions were prepared as specified under 

section 2.3 and the results are listed in Table 2A. Good sample recoveries and low RSD % 

values indicate the validity of the developed sensor in biological samples for determining 

ACV. Further, ACV (desired amount) was spiked into human urine samples and the amount 

of analyte was calculated by the standard calibration plots. The present findings validate our 

new approach for quality assurance and therapeutic investigations. Table 2B describes the 

analysis results. 

“Here Table 2” 

4.2. Repeatability and reproducibility of Ca-ZnO/GCE 

The repeatability of sensor (Ca-ZnO/GCE) was tested by evaluating 1.0 mM ACV. To 

achieve this, the sensor was kept for 20 days in an airtight jar. The results obtained were 

indicating the sensor conserved 98.2% of its actual peak current at the concentration 0.1mM 

of ACV, which indicates long-standing reliability of Ca-ZnO/GCE. Reproductivity is related 

to the difference in observations provided under different conditions. Sensor reproducibility 

was examined in the voltammetric signals throughout the day at a constant temperature with 

an equivalent RSD value of 2.44%. Furthermore, sensor’s reproducibility was tested at a 

constant temperature using an intraday study and RSD value was 1.84%, confirming the 

development of Ca-ZnO nanostructured materials as the foremost analytical applications to 

maintain good stability and reproducibility. 

 

5. Conclusions 
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The present work describes the synthesis of a novel type of Ca-ZnO nanoparticles by co-

precipitation method to develop a modified sensor for trace level detection of antiviral drug, 

ACV. The sensing surface was analyzed by SEM, EDX, TEM, and HRTEM techniques. The 

modified sensor was enhanced the electrochemical performance of ACV in pH 5.0 as 

compared to unmodified GCE. The ACV showed diffusion-controlled process with the 

involvement of two numbers of electrons and protons. The developed sensor provided a 

significant advantage for sensing ACV even at such a lower LOD (6.18 nM) value in a wide 

linear dynamic range (8.0 x10
-8 

M to 2.4 x10
-5 

M). For the determination of ACV, the SWV 

technique was developed and implemented for tablets and samples of human urine. Common 

interferents were used to analyze the interference, which suggests that the proposed approach 

can be suitable for adopting in clinical sample analysis. 
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Figure captions 

Figure 1. Cyclic voltammograms of K3Fe(CN)6 (1.0 x 10
-3

 M)/ KCl (0.1 M) at bare GCE, 

ZnO/GCE, and Ca-ZnO/ GCE. 

Figure 2. A) Voltammetric behaviour of ACV in pH 5.0 PBS at 0.05 Vs
-1

; by CV technique. 

B) plot of pre-concentration time (0 to 60 s) Vs peak current for ACV at Ca-ZnO/GCE. C) 

Plot of modified amount of Ca-ZnO (0.05 μL to 0.2 μL) Vs peak current of the ACV at Ca-

ZnO/GCE. 

Figure 3. A) Effect of pH in the range (3.0 to 6.2) for the oxidation of ACV; accumulation 

time = 15 s; at Ca-ZnO/GCE. B) Plot of peak current versus pH, and C) Plot of peak potential 

versus pH. 

Figure 4. A) Effect of sweep rate (0.01 V to 0.2 V) on voltammetric behaviour of ACV in 

cyclic voltammetric technique at Ca-ZnO/GCE; B) Plot of Ip/μA Vs ν/ Vs
-1

; C) Plot of log Ip/ 

μA Vs log ν/ Vs
-1

; and D) plot of Ep/ V Vs log ν/ Vs
-1

.  

Figure 5. Effect of concentration of ACV in the range (1-10: blank, 0.01 μM to 24 μM) by 

SWV technique in pH 5.0 PBS at scan rate 0.05 Vs
-1

. 

Figure 6. Effect of excipients on the ACV, plot of % signals versus excipients. 

Scheme 1. Probable electro-oxidation mechanism of ACV. 

Table 1. Comparison of LOD values for ACV at different reported methods 

Table 2. Determination of ACV in pharmaceuticals and spiked human urine samples. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Scheme 1 
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Table 1. Comparison of LOD values for ACV with different reported methods.   

Sl. No. Method/Electrode LOD values  Ref 

1 High Performance Liquid Chromatography   5.30 × 10
-6 

M [52] 

2 Linear sweep voltammetry (Multiwalled carbon nano 

tube/GCE
a
) 

1.00 × 10
-8 

M [53] 

3 High Performance Liquid Chromatography   using 

florescence detector  

1.30 × 10
-7 

M [54] 

4 Square Wave Voltammetry (ZnO
b
/GCE

a
) 4.23× 10

-8 
M  [35] 

5 Linear Sweep Voltammetry (Multiwalled carbon nano 

tube -DHP
c
/GCE

a
) 

3.00 x 10
-8 

M [55] 

6 Difference Pulse Voltammetry (GCE
a
) 3.50 x 10

-7 
M [56] 

7 Difference Pulse Voltammetry (PEBT
d
/GCE

a
) 1.20 x 10

-8
 M

 
[57] 

8 Difference Pulse Voltammetry (Poly(p-amminobenzen 

sulfonic acid)/GCE
a
) 

5.57 x 10
-8

 M [58] 

9 Square Wave Voltammetry (Ca-ZnO
e
/GCE

a
) 6.18× 10

-9 
M  Present 

work 

a
Glassy Carbon Electrode

 

b
Zinc oxide Nanoparticles

 

c
Dihexadecyl hydrogen phosphate. 

d
Poly Erichrome Black-T

 

e
Calcium doped zinc oxide Nanoparticles 
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Table 2. Determination of ACV in pharmaceuticals and spiked human urine samples. 

 

A. Determination of ACV in tablet samples by the SWV technique. 

Tablet samples Spiked (10
-6

M) Detected
[a]

 (10
-6

 M) Recovery (%) RSD % 

1 2.0 1.98 99.00 0.5227 

2 4.0 3.92 98.00 0.5280 

3 6.0 5.95 99.16 0.5218 

4 8.0 7.89 98.62 0.5247 

Standard Deviation = 0.517, Relative Standard Deviation = 0.0520,  RSD % = 0.5243 

[a] Average of five determinations 

B. Determination of ACV in spiked human urine samples by the SWV technique. 

Urine samples Spiked (10
-5

 M) Detected
[a]

 (10
-5

 M) Recovery (%) RSD % 

1 0.1 0.098 98 1.767 

2 0.2 0.190 95 1.823 

3 0.5 0.491 98 1.767 

4 1 0.990 97 1.749 

Standard Deviation = 1.730, Relative Standard Deviation = 0.0177,  RSD % = 1.776 

[a] Average of five determinations 
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Highlights 

 

 Developed of novel Ca-doped ZnO nanoparticles for the investigation of acyclovir 

 Electrode reaction mechanism followed diffusion-controlled process 

 Electrocatalytic activity shows superior stability and sensitivity to electrode 

 Ca-ZnO modified sensor exhibited remarkable detection limit  

 Modified nanosensor is useful in pharmaceutical applications 
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