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ABSTRACT: In this study, a paper-based electrochemiluminescence (ECL) sensor was developed for the determination
of diltiazem hydrochloride (DTZ-HCl), which is a vasodilator of the calcium channel blocker. Herein, the ability of DTZ
to act as a co-reactant for Ru(bpy)32+ in the ECL system was utilized. The pharmaceutical dosage forms were studied to
verify the applicability of the developed ECL method. A paper electrode was fabricated by mimicking commercial
screen-printed electrodes (SPE) and decorated with gold nanoparticles by using an electrodeposition technique in order
to enhance the ECL signals. To generate the excited states of the Ru-(bpy)32+/DTZ-HCl pair, the potential in a range
from -0.5 to 1.3 V at a scan rate of 100 mV/s was applied by utilizing cyclic voltammetry (CV) to the gold nanoparticle
decorated paper electrode (AuNPs@PE). The ECL signals were recorded using the µStat ECL potentiostat, which is
controlled by DropView 8400 Software, concurrently. The coefficient of determination and limit of detection obtained
from the standard addition method were found as 0.997 and 0.12 µg/mL, respectively. Furthermore, the usage of
conventional SPE electrodes confirmed that the results obtained by the developed method were acceptable with the
similarity of 97.2% in terms of average recovery value, for the detection of DTZ-HCl in pharmaceutical dosage forms.
This study is a startup method to develop highly selective paper-based ECL sensors in routine drug analysis that is fast
and low cost.
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1. INTRODUCTION
Diltiazem (DTZ) is a crucial vasodilator of the calcium channel blocker. DTZ treats hypertension, and
arrhythmia, by inhibiting calcium influx into the muscles and coronary arteries during depolarization [1, 2].
Furthermore, DTZ is known to be used in angina treatment [3]. It is important to monitor DTZ levels since the
overdose of DTZ may cause a slow heartbeat, chest pain, hypotension, and fainting. Moreover, it can lead to
death in patients who have sick sinus syndrome for long-term usage [4, 5]. Although the determination of
DTZ is carried out by high-performance liquid chromatography (HPLC) recommended by the United States
Pharmacopoeia [6], furthermore, several studies have been reported in the literature regarding the use of
various techniques such as gas chromatography [7], liquid-liquid microextraction [8], capillary electrophoresis
[9], Raman spectroscopy [10], colorimetry [11], spectrophotometry [12], and electrochemical sensors [3–5].
Despite several advantages such as high sensitivity and selectivity in low concentrations of DTZ, these
powerful techniques have some limitations such as the requirements of high-volume samples, expensive
equipment, skilled personnel, and time-consuming procedures [3, 5]. At this point, electrochemical sensors
have an interest in a lot of attention because of their unique properties such as short analysis time, low-cost
instrumentation, and analysis. They also provide an opportunity for accurate, selective, and sensitive analysis
with a small volume of samples [13, 14].
Electrochemiluminescence, also known as electrogenerated chemiluminescence, is a form of light
emission in which certain molecules perform an exergonic electron transfer reaction at the working electrode
surface. An electrochemically produced light emission obtained by applying a required voltage to the
electrode surface in the presence of a luminophore or luminophore/co-reactant pair is defined as the ECL
approach. Depending on the radical source, ECL can be categorized into annihilation and co-reactant
mechanisms. While a luminophore produces radicals in the annihilation mechanism, radicals are formed in
the co-reactant mechanism as a consequence of electrochemical reactions between a luminophore and a coreactant [15–17]. Because of its great attributes such as high selectivity, sensitivity, low background signal,
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cost-effective analysis, and giving a quick response, ECL has come to the fore in recent years as a significant
analytical approach in sensor applications [18]. ECL provides all these benefits by combining electrochemical
and spectroscopic techniques. In ECL systems, nanostructures, inorganic, and organic compounds can be used
as luminophores [19–21]. Tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)32+) is one of the most common inorganic
structures, which can be used as a luminophore in ECL systems since it has some advantages such as
stability, high sensitivity, and regenerative capability in ECL measurement [22]. Various co-reactants,
including secondary or tertiary alkylamines, amine-functionalized materials, and amino acids can be used to
generate the ECL of Ru(bpy)32+ [23–25].
Paper-based sensors exhibit excellent compatibility with several applications as analytical supports
because of their numerous properties such as being low-cost, providing eco-friendly behavior, ease to use,
flexible, having porose structure, disposable, and biodegradable. They also enable the analysis with a small
volume of samples [14, 26]. Several techniques have been reported in the literature, which are combined with
paper-based sensors. They all have advantages and limitations [27]. Recently, there has been increased interest
in the usage of paper-based sensors in ECL applications. [28].
To enhance ECL signals, various amplification strategies including enzyme catalysis, DNA
amplification techniques, rolling circle amplification (RCA), enzyme catalysis, and nanomaterials have been
developed [29, 30]. In this study, a nanomaterial-based enhancement strategy was benefited, and the paper
electrodes were decorated with gold nanoparticles (AuNPs). AuNPs enable significant signal amplification in
ECL signals by utilizing benefits such as catalytic effect, dielectric characteristics, and high electron density
[31, 32]. A prevalent phenomenon known as plasmon-enhanced ECL has recently received much attention in
the literature. Based on this phenomenon, a local surface plasmon resonance (LSPR), in which free electrons
collectively vibrate in metal nanostructures inspired by an electromagnetic (EM) field, has provided a
significant improvement in the ECL signal intensities [30, 31].
In this study, a paper-based ECL sensor was fabricated for the determination of diltiazem hydrochloride
(DTZ-HCl) for the first time in the literature. Herein, the ability of DTZ to act as a co-reactant for Ru(bpy)32+
in the ECL system was utilized. For the demonstration of the applicability of the developed methodology, the
detection of DTZ-HCl in pharmaceutical dosage forms was achieved by monitoring the ECL of Ru(bpy)32+ in
the presence of DTZ.
2. RESULTS
We fabricated and used the PEs for several applications in our previous studies [13, 14, 33, 34]. Here,
the PE was utilized as an ECL sensor for the determination of DTZ-HCl. The point of this study is that the
detection of the DTZ-HCl is achieved by utilizing the ability of DTZ to act as a co-reactant for Ru(bpy)32+ in
the ECL system. Initially, a PE was fabricated and modified the surface of the WE with AuNPs to enhance the
ECL signals. After the characterization studies, the optimization studies of the developed system were carried
out. Then, the detection of DTZ-HCl in pharmaceutical dosage forms was achieved by monitoring the ECL of
Ru(bpy)32+ in the presence of DTZ. The obtained results were detailed in the following sections.
2.1. The characterization of the AuNPs@PE
In this study, carbon paste which has relatively low conductivity was used to fabricate the threeelectrode system of the PEs. The PEs were decorated with AuNPs to enhance their conductivity. The
electrochemical behaviors of the electrodes were monitored using CV in 5.0 mM [Fe(CN)6]3–/4− containing 0.1
M KCl. After the modification of PEs with AuNPs, the anodic and cathodic currents of the redox probe on the
PE surface increased considerably.
The Randles–Sevcik equation (Eq), where Ip, the peak current (Ia or Ic) in A; n, the number of transferred
electrons; A, the surface area in cm2; D, the diffusion coefficient in cm2/s; C, the concentration of electroactive
species in mol/cm3; v, the scan rate in V/s. was used to estimate the electroactive surface areas of the PEs.
𝐼𝑝 = 2.687 𝑥 10! 𝑥 𝑛"/$ 𝑥 𝐴 𝑥 𝐷%/$ 𝑥 𝐶 𝑥 𝑣 %/$
(Eq)
Based on Ia, the areas of unmodified PE and AuNPs@PE were determined to be 0.056 cm2 and 0.129
cm2, respectively. The AuNPs improved the electroactive surface area of the PE by 130 percent, increasing the
sensitivity of AuNPs@PE. The results demonstrated an increase in electron transfer and the surface area.
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Figure 1. a) The modification procedure of paper electrodes using CV, from 10.0 mM HAuCl4 in 100.0 mM
KCl and 100.0 mM H2SO4, on the WE for 10 cycles at a scan rate of 0.2 V/s in the range of -0.6 to +1.4 V, b)
cyclic voltammograms of bare (PE) and modified with AuNPs (AuNPs@PE) for 5.0 mM [Fe(CN)6]3–/4− in 0.1
M KCl at a scan rate of 0.1 V/s.

Figure 2. SEM images of bare and AuNP modified paper electrodes at 10000× magnification (a, c) and 40000×
magnification (b, d), respectively
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To characterize the morphologies of unmodified and AuNPs modified PEs, SEM analysis was used, as
well. SEM images of the electrodes were recorded after covering them with sputtering gold. Figures 2a and b
show the penetration of carbon paste into the porous NC membrane. As shown in Figures 2c and d, the
electrodeposition of AuNPs was achieved successfully. It was observed that the AuNPs were synthesized with
a uniform distribution on the WE surface. According to SEM images, the average size of the particles was
found as 152 ± 18 nm and the particle density was found as 6.2x106 particle/mm2.
2.2. Optimization studies for the paper-based ECL sensor
The ECL intensity is mostly determined by the concentrations of the luminophore and co-reactant.
Besides, several parameters such as the surface modification of the electrode, the ambient pH, scanning voltage
range, and scan rate are also crucial in increasing ECL intensities. All these parameters were optimized to
enhance the signals in the paper-based ECL sensor. The electrodeposition parameters of the AuNPs were
optimized by applying different numbers of cycles and scan rates. Following the optimization studies, it was
decided to perform the deposition of particles by using CV in a potential range between -0.6 and +1.4 V at a
scan rate of 200 mV/s for 10 cycles (Data not shown).

Figure 3. The effect of a) pH of the electrolyte solutions, b) the concentration of the Ru-(bpy)32+ solution in
the range from 1.0 to 20.0 mM, c) the different scanning potential ranges between -0.5/1.3V, -0.5/1.5V, 0/1.3
V, and 0/1.5 V, d) scan rates of 25, 50, 100, and 200 mV/s on ECL signals of 10.0 mM Ru-(bpy)32+ in the
presence of 100.0 µg/mL DTZ

The ambient pH is not only important to enhance the ECL signal intensities, but also to provide the
stability of luminophore. Therefore, the effect of pH on the ECL signal intensity of Ru-(bpy)32+/DTZ was
investigated by varying the pH of the buffer solution from 4.5 to 9.5. While performing the experiments, it was
observed that the stability of the ruthenium luminophore remains unaffected at relatively low and high pH
ranges. Moreover, the ECL intensities increased after the pH 8. As a result, the maximum ECL signals were
recorded at pH 9.5 (Figure 3a).
The change of the ECL signals based on the concentration of the Ru-(bpy)32+ solution was evaluated
under various concentrations from 1.0 to 20.0 mM (n:5). As the concentration of Ru-(bpy)32+ was increased, the
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ECL intensity of Ru-(bpy)32+/DTZ increased, as well. However, a decrease was observed in the signal intensity
after 10.0 mM Ru-(bpy)32+. Accordingly, it was decided to use 10.0 mM Ru-(bpy)32+ to generate the ECL signals.
To evaluate the effect of different scanning potential ranges on ECL signal intensities, four different
scanning potential ranges between 0/1.3 V, -0.5/1.3 V, 0/1.5 V, and -0.5/1.5 V were investigated using 10.0
mM Ru-(bpy)32+ and 100.0 µg/mL DTZ solutions. Although peak intensities increased in the high scanning
potential ranges, peak splitting was observed, which is related to the various possible types of radicals
produced by the reaction of Ru-(bpy)32+/DTZ, as shown in Figure 3c. The scanning potential range of -0.5 to
1.3 V provided the optimum ECL signal.
Since the ECL intensities depend on the scan rate, four different scan rates of 25, 50, 100, and 200 mV/s
were also investigated by using CV in the potential between -0.5 and +1.3 V. As shown in Figure 3d, a decrease
was observed in the signal intensity by the increasing the scan rates. Because analysis time was relatively long
when working at 25 and 200 mV/s scanning rates, it was decided to work at 100 mV/s. After overall
optimization studies, the ECL of Ru-(bpy)32+/DTZ was generated in the presence of 10.0 mM Ru-(bpy)32+ in
pH 9.5 TRIS buffer and the DTZ sample, by using CV at a scan rate of 100 mV/s in the range of -0.5 to +1.3 V
for 5 cycles.
2.3. Analytical performance of the paper-based ECL sensor
The method characteristics such as the linear range, the LOD, sensitivity, precision, and accuracy were
evaluated to determine the analytical performance of the proposed paper-based ECL sensor for the detection
of DTZ-HCl. Herein, the determination of DTZ-HCl was achieved using the PEs fabricated in our lab and
commercial screen-printed electrodes (SPE). The standard solutions of DTZ-HCl at varying concentrations in
the range from 1.0 to 100.0 µg/mL were used to indicate the linear range and the LOD values. The
measurements were carried out as mentioned in section 5.4 and the ECL signals of Ru-(bpy)32+/DTZ-HCl were
obtained under optimized conditions. A linear relationship between ECL intensity and DTZ-HCl
concentration was observed for both PE and SPE with coefficients of determination (R2) of 0.9970 and 0.9924,
respectively. Using the equation LOD = 3s/m, where m is the slope of the calibration plot and s is the standard
deviation of the intercept, the limit of detection (LOD) was estimated for PE and SPE-ECL sensors as 0.12 and
0.28 µg/mL, respectively.
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Figure 4. a) The ECL signals of Ru-(bpy)32+ in the presence of DTZ-HCl at varying concentrations from 1.0
to 100.0 µg/mL, using the paper-based ECL sensor. The calibration plots obtained from the variation in the
ECL signals at different concentrations of DTZ-HCl from 1.0 to 100.0 µg/mL, b) using the paper-based ECL
sensor, and c) SPE-ECL sensor, at a scan rate of 0.1 V s-1, from -0.5 V to 1.3 V

DTZ-HCl was detected in pharmaceutical dosage forms prepared at three different concentrations of
30.0, 40.0, and 50.0 µg/mL, as indicated in section 5.4, to verify the applicability of the proposed method to
real samples. Accordingly, the measurement was performed to obtain the ECL signals of Ru-(bpy)32+/DTZHCl using both PE and SPE ECL sensors. For each sample, the measurements were repeated three times. The
recovery values of DTZ-HCl in pharmaceutical drug samples were calculated based on calibration data and
found as 96.8%, 100.5%, and 99.3%. The SPE-ECL sensor was also used to detect DTZ-HCl in pharmaceutical
drug samples as a comparative sensor. The method parameters were provided in Table 1. According to the
results, the proposed method was confirmed to be reliable and reproducible. Ultimately, the results
demonstrated that the proposed method could be used to detect DTZ-HCl in pharmaceutical dosage forms.
The average recovery of DTZ-HCl was found as 98.9% using the paper-based ECL sensor. The SPE-ECL sensor
confirmed that the developed method was applicable for the DTZ-HCl detection in pharmaceutical
formulations with a similarity of 97.2% in terms of recovery values.
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Table 1. The comparison of the paper-based ECL sensor and the commercial SPE for the DTZ-HCl detection
in (n=3)
Paper-based electrode
Sample
(µg/mL)

Found
(µg/mL)

Recovery
%

30.0

29.05 ± 0.70

96.8

40.0

40.20 ± 0.93

100.5

49.63 ± 3.63

99.3

50.0

Commercial screen printed electrode
Parameters
x̄ = 98.9a
SD = 1.52
RSD, % = 1.54
CI = 102.6 – 95.1b
(P = 0.05)

Found
(µg/mL)

Recovery
%

30.9 ± 1.74

102.9

41.0 ± 1.20

102.5

49.9 ± 1.04

99.7

Parameters
x̄ = 101.7a
SD = 1.41
RSD, % = 1.39
CI = 105.2 – 98.2b
(P = 0.05)

a x̄

= Mean
b CI = Confidence interval

The method repeatability (intra-day precision) and intermediate precision (inter-day precision) were
used to evaluate the precision of the developed method. While the ECL measurements were performed three
times within a day for each sample to investigate the intra-day precision, the ECL measurements were carried
out six times on two separate days for them to determine the inter-day precision. The obtained results were
provided in Table 2. The proposed method was found to be precise, with low values of intra-and inter-day
variations (RSD ≤ 6%).
Table 2. The results of intra-and inter-day variability for the DTZ-HCl in pharmaceutical drug samples by
the paper-based ECL sensor
Intra-day precision (n=3)

Inter-day precision (n=6)

Sample (µg/mL)

Found (µg/mL)

RSD

Found (µg/mL)

RSD

30.0

29.05 ± 0.70

2.41

29.90 ± 1.78

5.95

40.0

40.20 ± 0.93

2.33

39.66 ± 0.88

2.23

50.0

49.53 ± 2.47

4.98

50.80 ± 2.90

5.70

x̄ = Mean, RSD: relative standard deviation (%)

3. DISCUSSION
To the best of our knowledge, a paper-based ECL sensor and the ability of DTZ to act as a co-reactant
for Ru(bpy)32+ in the ECL system were utilized for the detection of DTZ-HCl for the first time in the literature.
The detection of DTZ-HCl in pharmaceutical dosage forms was achieved by monitoring the ECL of Ru(bpy)32+
in the presence of DTZ.
The linear range and LOD of the developed paper-based ECL sensor were compared with the
previously reported studies (Table 3). Although the EC methods have provided high sensitivity with low LOD
values, they need a relatively high sample volume. Besides, the developed method provides a wide linear
range compared to other reports. Furthermore, there is only one study for DTZ-HCl detection based on the
ECL method coupled with capillary electrophoresis. However, this ECL method requires expensive
equipment and skilled personnel. In Table 3, I also mentioned an HPLC-PDA method for DTZ-HCl detection.
This method provided three times small LOD value compared to the presented method. However, the analysis
time is at least 17 min after the sample preparation step. The advantages of the developed paper-based ECL
sensor over the previously reported methods are low reagent consumption and the usage of low-cost paperelectrode. After the further improvement of the proposed paper-based ECL sensor, the developed method will
provide a new and powerful analytical technique for DTZ-HCl detection in both biological and
pharmaceutical samples.
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Table 3. Comparison of the previously reported studies for the DTZ-HCl detection and the presented study
Method

Linear range (µg/mL)

LOD (µg/mL)

Reference

Capillary Electrophoresis-ECL

0.01 - 45.0

0.0023

[1]

Electrochemical analysis-MWCNT/PPy-PBA
modified glassy carbon electrode

0.9 – 36.0

0.003

[3]

Electrochemical analysis-CPE/CdO-rGO/IL

0.0045-67.5

0.014

[5]

Electrochemical analysis-

4.9 – 23.9

0.07

[4]

Colorimetric detection

12.0 – 32.0

-

[11]

HPLC-PDA analysis

0.12 – 4.84

0.04

[35]

Paper-based ECL

1.0 – 100.0

0.12

This study

boron-doped diamond electrode

4. CONCLUSION
A paper-based ECL sensor for fast and accurate DTZ-HCl detection in pharmaceutical dosage forms
was proposed in this work for the first time in the literature. First, the PEs were constructed using a costeffective screen-printing approach and then decorated with AuNPs using an electrodeposition technique to
enhance ECL signals. To the best of our knowledge, a paper-based ECL sensor for DTZ-HCl detection has not
been reported before. Herein, the ability of DTZ to act as a co-reactant for Ru(bpy)32+ in the ECL system was
utilized. The suggested method was verified on a pharmaceutical drug sample, and the average recovery value
for DTZ-HCl was determined to be 98.9%. The use of a low-cost paper electrode that can be easily modified is
the main advantage of the presented method. Furthermore, the presented method offers a fast analysis time
of about five minutes. In conclusion, the proposed method can be considered as a startup method to develop
high selective paper-based ECL sensors in routine drug analysis that is fast and low cost.
5. MATERIALS AND METHODS
5.1. Reagents and Apparatus
NaCl, KCl, Na2HPO4, and KH2PO4 were obtained from J.T. Baker (Deventer, Netherlands). K3Fe(CN)6,
K4Fe(CN)6, NaH2PO4, and HAuCl4 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Nitrocellulose
(NC) membrane (Hi-flow Plus HFC07504) and DTZ-HCl were purchased from Merck (Darmstadt, Germany).
Carbon paste used for the formation of working and reference electrodes was obtained from Daejoo Electronic
Materials (Gyeonggi-do, South Korea). Silver/silver chloride (Ag|AgCl, 9:1) paste used to prepare the
reference electrode, was obtained from Henkel (Düsseldorf, Germany).
µStat ECL potentiostat, which is controlled by DropView 8400 Software, (Metrohm Dropsens, UK) was
used for the characterization studies and to carry out ECL measurements. The characterization of the AuNPmodified paper electrodes was carried out using Scanning Electron Microscope (SEM) analysis by a QUANTA
400F FEG SEM (Agilent Technologies, Santa Clara, CA) at 20-30 kV.
5.2. Construction of the PE
In order to perform ECL measurements, a compact device combining one piece of equipment a
potentiostat, and a photodiode integrated into a cell compatible with screen-printed electrodes was used.
Hence, the PEs were designed by mimicking screen-printed electrodes and fabricated for the determination of
DTZ-HCl. For the construction of the PEs, nitrocellulose membrane (NC) was utilized as a structure, which
includes a reaction cell and electrodes. To form the electrochemical reaction cell of the paper electrode, a
specific architecture was designed with a thick barrier to provide sealing of the solution. The electrochemical
reaction cell was formed to be a 16 mm2 surface area, by creating the hydrophobic barriers via a wax printer.
The resulting wax-pattered NC membrane was shown in Figure 5a. Subsequently, the three electrodes system
was created onto the patterned NC membrane. While the construction of the working electrode (WE) and
counter electrode (CE) was achieved by using carbon paste, Ag/AgCl paste was used to form the reference
electrode (RE). Firstly, a 0.1 mm-steel stencil created by a laser cutter was placed on the patterned NC
membrane and then the carbon and Ag/AgCl pastes were applied onto the stencil evenly. Then, the stencil
was taken off and the electrodes were created onto the NC membrane surface as shown in Figure 5b. The
produced PE was left to dry at ambient temperature overnight and heated to 90°C for 3 minutes to allow the
http://dx.doi.org/10.29228/jrp.240
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wax to melt and penetrate the paper membrane layers, and also cure the carbon paste. Ultimately, the copper
wire was cut into 4 mm pieces as conductive pads, and they were attached to the electrodes. The overall
fabrication procedure was illustrated in Figure 5.

Figure 5. The fabrication procedure of the paper electrode; a) the wax printing for preparation of
hydrophobic barrier, b) the stencil printing to prepare the paper electrode to assemble with CE, WE, and
RE, c) the heating of the paper electrode, d) the photograph of paper electrode assemble

5.3. Surface modification of the PEs
After the fabrication process, the PEs were modified with gold nanoparticles (AuNPs) to enhance ECL
signals. The electrodeposition of AuNPs was achieved from 20.0 µL of 0.01 M HAuCl4 solution including 0.1
M KCl and 0.1 M H2SO4 onto the WE surface, using CV in the range of -0.6 to +1.4 V at a scan rate of 200 mV/s
for 10 cycles. The AuNPs@PE was activated via a treatment step with phosphate-buffered saline (PBS) solution
(pH 7.4) using CV in the range of -1.0 to +1.0 V at a scan rate of 100 mV/s for 3 cycles. The electrochemical
characterization of the prepared AuNPs@PEs was achieved using CV. Before and after the modification of
PEs, their electrochemical behaviors were monitored by carrying out the CV in the presence of 20.0 µL of 5.0
mM [Fe(CN)6]3-/4- a solution containing 0.1 M KCl as a supporting electrolyte, in the range of -0.6 to +0.8 V at
a scan rate of 100 mV/s. Furthermore, the morphological properties of the modified PEs were investigated
using SEM analysis.
5.4. Sample preparation and the sensing procedure
The standard solutions of DTZ-HCl were prepared at seven different concentrations in the range from
1.0 to 100.0 µg/mL. Initially, the stock solution of DTZ-HCl (2.0 mg/mL) was prepared by dissolving 4.0 mg
of DTZ-HCl powder in 2.0 mL of DI water. Then, the stock solution was diluted with DI water to prepare the
standard solutions of DTZ-HCl. In order to perform ECL measurements, 10.0 mM Ru-(bpy)32+ solution was
prepared in 100.0 mM TRIS buffer. Here, TRIS buffer was utilized as a supporting electrolyte.
Ten tablets were accurately weighed and crushed to form the powder. The powder including 300 mg of
DTZ-HCl was taken into 100.0 mL of DI water. After stirring for 30 min to dissolve DTZ-HCl, the sample
solution was filtered through a 0.45 µm nylon-membrane filter. Then the filtered sample solution was diluted
to 3 different concentrations. Accordingly, the measurement was performed and the ECL signals were
recorded.
Before starting the measurements, the AuNPs@PE was placed onto the top piece of the sensing cell and
an o-ring was placed onto the AuNPs@PE to ensure the solution sealing. Then, the bottom piece including a
photodiode of the sensing system was covered onto the top piece. The experiment was performed in the
following steps: i) the sample solution in a volume of 10.0 µL was applied to the reaction cell of the paper
electrode. ii) equal volume of 10.0 mM Ru-(bpy)32+ solution was dropped into the sample solution onto the
paper electrode. iii) The sensor assembled top component of the ECL cell was covered to the bottom
component with the paper electrode. iv) In order to generate the excited states of the Ru-(bpy)32+/DTZ pair,
the potential in a range from -0.5 to 1.3 V at a scan rate of 100 mV/s was applied by utilizing cyclic voltammetry
http://dx.doi.org/10.29228/jrp.240
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(CV) to the AuNRs@PE. iv) Using the µStat ECL potentiostat, which is controlled by DropView 8400 Software,
the ECL measurements were performed concurrently.
5.5. Optimization studies
In order to investigate the effect of the pH on the ECL intensities, 100.0 µg/mL DTZ-HCl and 10.0 mM
Ru-(bpy)32+ solutions were prepared in 100.0 mM buffer solutions at eight different pH values in the range
from 4.5 to 9.5. For this purpose, three different buffer systems as acetate (pH 4.5-5.5), phosphate (pH 6.5-8.0),
and tris (pH 8.5-9.5) buffers were used. The 20.0 µL of DTZ-HCl and Ru-(bpy)32+ mixture (1:1 (v/v)) were
applied to the reaction cell of AuNPs@PE and then the ECL signals were recorded at the optimum sensing
conditions.
The effects of scan rate and different scanning potential ranges on the ECL intensities were investigated
in the presence of 20.0 µL of DTZ-HCl and Ru-(bpy)32+ mixture (1:1 (v/v)). The concentration of Ru-(bpy)32+
solution is also crucial for the ECL signal intensities. Therefore, the Ru-(bpy)32+ solutions at five different
concentrations from 1.0 to 20.0 mM were prepared in 100.0 mM TRIS buffer. Then, the ECL signals generated
using these solutions were evaluated to determine the optimum concentrations of Ru-(bpy)32+ solution.
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