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Abstract: Monitoring etoposide is important due to its wide usage in anti-tumor therapy; however,
the commonly used HPLC method is expensive and often requires complicated extraction and
detection procedures. Electrochemical analysis has great application prospects because of its rapid
response and high specificity, sensitivity, and efficiency with low cost and high convenience. In
this study, we constructed a nanoporous gold (NPG)-modified GCE for the detection of etoposide.
The electrochemical oxidation of etoposide by NPG caused a sensitive current peak at +0.27 V with
good reproductivity in 50 mM of phosphate buffer (pH 7.4). The relationship between etoposide
concentration and peak current was linear in the range between 0.1 and 20 M and between 20 and
150 uM, with a detection sensitivity of 681.8 nA mM~! em=2 and 197.2 pA mM—1 em 2, respectively,
and a limit of detection (LOD) reaching 20 nM. The electrode had a good anti-interference ability to
several common anions and cations. Spiked recovery tests in serum, urine, and fermentation broth
verified the excellent performance of the sensor in terms of sensitivity, reproducibility, and specificity.
This may provide a promising tool for the detection of etoposide in biological samples.

Keywords: electrochemical sensor; nanoporous gold; etoposide; anti-tumor

1. Introduction

Etoposide (ETO), also known as V-16, is an anti-tumor drug approved by the US
Food and Drug Administration in the treatment of refractory testicular tumors, small-
cell lung cancer, and several other tumors and in chemotherapy for autologous stem cell
transplantation [1]. It is obtained from a derivation of podophyllotoxin, an aryl-tetralin-
type lignan extracted from the roots and rhizomes of Mayapple plants [2]. As a DNA
topoisomerase II inhibitor, etoposide inhibits the ability of topoisomerase II to change
the topological conformation of DNA, causes the fragmentation of DNA, and therefore
blocks the cell cycle, leading to the death of cancer cells [3]. Recently, scientists found that
the drug may have other pharmacological effects. It is used to treat immune-mediated
inflammatory diseases associated with cytokine storm syndrome [4]. In the COVID-19
epidemic, etoposide was proven to dramatically reduce symptoms in patients presenting
with complications of recurrent cytokine storms [5,6]. Although etoposide has a lot of
benefits, its long-term use is associated with secondary leukemia, and the reactive oxidative
metabolites of etoposide could alter the proliferation and differentiation of hematopoietic
stem cells, which makes the drug a double-edged sword [7]. Due to its wide usage and
double effects in clinics, the monitoring of the presence of etoposide in the production
process and its metabolism in the human body is of great importance.

Many methods can be used in etoposide detection. Among them, high-performance
liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS)
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are commonly used in production and research processes. For example, Renata et al.
extracted etoposide from dried blood and then detected its content in cancer patients using
the HPLC method [8]. Usually, the detection of etoposide via HPLC needs liquid-liquid
extraction with an organic solvent, which is trivial and troublesome [9]. Other, new methods
were also applied in etoposide detection. Soetebeer et al. used capillary electrophoresis
with UV-laser-induced native fluorescence to detect etoposide and etoposide phosphate in
human plasma [10]. Ragozina et al. employed micellar electrokinetic chromatography in
combination with near-field thermal lens detection (NF-TLD) for the rapid simultaneous
determination of etoposide phosphate and etoposide in human blood plasma [11]. The
surface plasmon resonance method was also applied to analyze the content of etoposide in
urine [12]. However, these methods are often complicated and expensive in both sample
preparation and operation, requiring expensive instruments and professional operators,
which are not suitable for the fast on-site detection of etoposide in biological samples.

The use of electrochemical sensors to monitor the concentrations of molecules of
biological relevance has been the object of increasing investigation in electroanalytical
research. The electrochemical method shows the great advantages of rapid response and
high specificity, sensitivity, and efficiency, with low cost, portable convenience, and no
professional operator requirements [13]. Several electrochemical sensors are already avail-
able for anti-tumor drug determination, with the typical modification of electrodes [14].
Zhu et al. developed an electrochemical sensor from the modification of a glass carbon
electrode (GCE) with multiwalled carbon nanotubes, functionalized with quaternary amine
(-MWNTs), to determine the content of methotrexate (NTX) and folic acid [15]. Zhang
et al. synthesized a graphene nanoribbon nanocatalyst (GNR) and modified a glassy carbon
electrode (GCE) with GNR to detect etoposide in biological fluids using the differential
pulse voltammetry (DPV) method [16]. A mercury-film-coated graphite pencil electrode
(MF/GPE) was prepared by Temerk et al. and applied for selective and sensitive electro-
chemical determination of the anti-cancer drug lomustine (LMT) [17]. Radhapyari et al.
developed an amperometry biosensor based on a polyaniline-gold nanocomposite film
coated with horseradish peroxidase for the detection of the anti-cancer drug gemcitabine
in bulk and its parenteral formulation [18]. Some electrochemical sensors were also de-
veloped for the determination of etoposide [19]. These applications have proved that
the modification of materials and structures of the electrodes can effectively improve the
sensor’s performance.

Metal nanoparticles have been widely used in electrochemical analysis due to their
catalytic properties and high specific surface [20,21]. Nanoporous gold (NPG), a three-
dimensional nanomaterial with tunable porosity and excellent electrochemical properties,
has been widely applied in constructing sensors [22]. The commonly used method to
prepare NPG is the dealloying method, which selectively dissolves the more reactive com-
ponent of the metal alloy materials, with gold remaining in the porous structure [23]. NPG
has the characteristics of high specific surface area, good electrical conductivity, chemical
stability, and biocompatibility. Therefore, it is often used to modify the electrodes [24].

In this work, we constructed an electrochemical sensor NPG/GCE using glassy carbon
electrodes (GCEs) modified by NPG for the detection of etoposide. The morphology of
the electrodes was examined using the electron microscopic method; its electrochemical
behavior, anti-interference ability, and reproducibility were characterized using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) methods; and the practical
performance of the electrodes was verified in biological samples.

2. Results and Discussion
2.1. Construction and Characterization of NPG/GCE

NPG film was prepared by dealloying Au/Ag film and its morphology was investi-
gated using a scanning electron microscope (SEM). As shown in Figure 1a, the NPG film
showed an open three-dimensional gold ligament structure with nanopores of about 30-50
nm on average, which enabled the film to exhibit a large specific area for substrate binding,
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excellent electrical conductivity, and good electrocatalytic activity with high accuracy and
reproducibility [25]. The ligament structure possesses a high density of geometrically
required surface steps and kinks that are active for chemical reactions, a high thermal
stability against coarsening, and tunable chemical compositions for enhanced catalytic
performances [26]. The NPG film was stabilized on the GCE with 0.1% Nafion (Figure 1b).
Nafion itself does not interfere with the electrochemical reaction and may help to reduce
catalyst NPG detachment from the surface [27].

etoposide etoposide quinone
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Figure 1. The construction of the NPG/GCE. (a) The SEM image of the NPG film; (b) the construction
of the NPG/GCE.

2.2. Characterization of NPG/GCE and the Feasibility of Etoposide Detection Using NPG/GCE

To investigate the electrochemical performance of the electrodes, the CV response and
electrochemical impedance spectroscopy (EIS) of the bare GCE and constructed NPG/GCE
were characterized in a three-electrode cell. As shown in Figure 2a, in the CV measure-
ment in 50 mM of potassium phosphate buffer (pH 7.4) at a scan rate of 50 mV s~! from
—0.8 Vto +1.25V, an obvious oxidation peak appeared at +0.85 V and a sharp reduction
peak appeared at +0.4 V, while the bare GCE showed no apparent peaks. This indicated
that the NPG was successfully loaded on the GCE surface with good electrochemical
activities [28].
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Figure 2. (a) The CV curves of the bare GCE and NPG/GCE in phosphate buffer (50 mM, pH 7.4);
(b) the EIS profiles of the bare GCE and NPG/GCE; (c) the CV curves of the bare GCE and NPG/GCE
in phosphate buffer (50 mM, pH 7.4) containing 5 mM of potassium ferricyanide and 5 mM of
potassium hexacyanoferrate (II); (d) the CV curves of the NPG/GCE in phosphate buffer (50 mM,
pH 7.4) with and without 500 uM of etoposide at a scan rate of 50 mV s~1; the arrow shows the
current peak of etoposide.
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The EIS and CV measurement was further performed in 50 mM of phosphate buffer
(pH 7.4) containing 5 mM of potassium ferricyanide and 5 mM of potassium hexacyanofer-
rate (II). The EIS of the GCE showed a semi-circular curve, while the radius of the semicircle
of the NPG/GCE was significantly reduced (Figure 2b), indicating that the conductivity
of the NPG/GCE was greatly improved [29]. The oxidation peak of [Fe(CN)s]*~ and the
reduction peak of [Fe(CN )62~ were higher in the CV curve of the NPG/GCE than that of
the GCE (Figure 2c), which is consistent with the fact that gold nanoparticles increase the
specific surface area, which contributes to good electron transfers [30]. These results proved
that NPG modification of the GCE could reduce the impedance, promote electronic trans-
mission, enhance the current signal, and improve the electrochemical catalytic performance
of the electrode.

The electrochemical response of the NPG/GCE to etoposide was investigated in 50 mM
of potassium phosphate buffer (pH 7.4) using the CV method. As shown in Figure 2d,
compared to blank phosphate buffer, the CV curve of 500 uM of etoposide in the same
buffer showed an obvious oxidation peak at +0.3 V, indicating that the redox reaction
of gold atoms on the surface of the NPG/GCE produced a visible current signal in the
CV spectrum. The peak in the CV curve of the GCE was not obvious, indicating that the
reaction was catalyzed by the nanoporous gold. The clear signal response provided the
possibility of electrochemical detection of etoposide by using NPG/GCEs.

2.3. Effect of Electrolyte pH on Etoposide Oxidation

To achieve the highly sensitive detection of etoposide in biological samples, we ana-
lyzed the effect of electrolyte pH on the current signal in the DPV spectrum of etoposide
oxidation to find optimal conditions. The DPV analysis was performed at a scan rate of
50 mV s~ ! from —0.4 V to +1.0 V. The pH range was selected according to the pH of the
biological sample urine (pH 5.0-8.0) and serum (pH 7.35-7.45). We chose 5.0, 6.0, 6.8,7 4,
and 8.0 as the test pH of the electrolyte. As shown in Figure 3, the etoposide oxidation peak
moved leftward as the pH value increased, and the current density decreased while pH
values were excessively acidic (pH 5) or slightly alkaline (pH 8.0), whereas it was similar
under neutral and slightly acidic conditions (pH 6.0, 6.8, and 7.4). The occurrence of the
electrochemical reaction is related to the transfer of protons. According to our deduced
reaction mechanism, the detection of etoposide proceeds through the dehydrogenation of
the hydroxyl group on the benzene ring to produce a free proton, and this dehydrogenation
reaction is more likely to occur under alkaline conditions, so the potential difference for the
occurrence of the reaction decreases, and Ec shifts negatively. This is consistent with our
observations. Considering the higher sensitivity at physiological pH 7.4, in this study, we
selected 50 mM of phosphate buffer (pH 7.4) for the detection of all the samples.
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Figure 3. (a) The DPV curves of 100 uM of etoposide in 50 mM of phosphate buffer with different pH
values (5.0-8.0); (b) the change in etoposide oxidation peak current with the change in pH.

Reproducibility is an important indicator for evaluating the performance of a sensor.
In the above measurement with 50 mM of phosphate buffer (pH 7.4) containing 100 pM of
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etoposide, the current difference was not significant for the five detections, with a maximum
peak current density of 61.83 pA cm~2, a minimum of 57.32 pA cm~2, and a standard
deviation of 3.22% (n = 5), which indicated that the reproducibility of the sensor fulfilled
the desired requirements (Figure S1).

2.4. Electrochemical Detection of Etoposide by NPG/GCE

To investigate the electrochemical oxidation mechanism of etoposide on the NPG/GCE,
the CV curves of 50 uM of etoposide in phosphate buffer (50 mM, pH 7.4) were recorded at
different scan rates ranging from 10 mV s~! to 200 mV s~!. There is a linear dependence
between the etoposide oxidation peak current and the square of the scan rates. As the scan
rate increased, the oxidation peak current increased gradually (Figure 4a,b), represented by
the following linear regression equation: j (LA cm~2) = 6.115 VI/2 (mV1/2 s-1/2)_13 57,
(R? = 0.98). The linearity of the dependency may indicate that the etoposide oxidation
catalyzed by NPG was a diffusion-controlled process [31]. We hypothesized that NPG
catalyzed the oxidation of the phenolic hydroxyl group on etoposide to produce etoposide
quinone (Figure 1) in the detection of many phenolic compounds using electrochemical
sensors based on the oxidation of the phenolic hydroxyl groups [32,33].
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Figure 4. (a) The CV curves of the NPG/GCE in phosphate buffer (50 mM, pH 7.4) containing
50 uM of etoposide at different scan rates. (b) The linear relationship between the oxidation peak
current density of etoposide and the square root of the scan rate for the electrooxidation of etoposide.
(c) The DPV curves of the NPG/GCE in phosphate buffer (50 mM, pH 7.4) containing different
concentrations (0.1 to 500 uM) of etoposide. (d) The linear relationship between the oxidation peak
current density of etoposide and etoposide concentration, red dots show the average of three replicate
measurements and the blue lines indicate the trend lines in two concentration ranges.
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The performance of the NPG/GCE was tested using the DPV method to establish a
mathematical relationship between peak current and etoposide concentration. Etoposide
was dissolved in dimethyl sulfoxide (DMSO) to prepare a 100 mM stock solution, and
it was diluted in 50 mM of phosphate buffer (pH 7.4) to make standard solutions with
different etoposide concentrations. Pure DMSO was added to make samples containing
the same amount of organic solvent to avoid possible disturbances of DMSO. After DPV
analysis at a scan rate of 50 mV s~ ! from —0.4 V to +1.0 V, the results (Figure 4c) showed
that a rapid and clear response towards etoposide at a potential of +0.27 V was observed,
and the current response increased with increasing concentrations of etoposide ranging
from 0.1 uM to 500 pM. There were two linear relationships between the oxidation peak
current density and the etoposide concentration in the range of 0.1-20 uM and 20-150 M.
Under lower etoposide concentrations of 0.1-20 pM, the linear regression equation was j
(LA cm~2) = 0.6818 X Cgio (UM) +2.571 (R? = 0.98), and the sensitivity reached 681.8 pA
mM~! cm~2. At higher concentrations of 20-150 uM, the linear regression equation was j
(LA cm™2) = 0.1978 x Cgyo (LM) +16.74, and the sensitivity reached 197.8 pA mM~! cm 2.
The limit of detection (LOD) by this method reached 20 nM. These results indicated that
the NPG/GCE constructed in this study had a good etoposide detection performance that
may be used in real sample analysis.

A comparison of the NPG/GCE sensor with existing sensors for the measurement of
etoposide is presented in Table 1, which shows that the NPG/GCE has a wide detection
range and also has the potential to detect etoposide at higher concentrations. Also, the
simplicity of the NPG construction method, the high absorbability of its porous structure,
the high catalytic activity of gold, and the economic benefits confer advantages to the use
of NPG for the detection of etoposide. In addition, etoposide is an antitumor drug, and the
NPG/GCE sensor has the ability to detect a number of tumor markers, such as carcinoem-
bryonic antigen and lung-cancer-specific exosomes [34-36]. Thus, NPG has the potential to
be applied to harmonize the co-testing of therapeutic drugs and physiological indicators.

Table 1. Comparison of NPG/GCE sensors with other sensors.

Electrodes Lme(;:lrl\l/})a nge LOD (nM) (S :I\I;[S::[X,i?; Methods References
CEZLNCs/CPE 0.04-120 2.7 0.2933 DPV [37]
CQDs/GCE 0.06-100 17 0.4376 DPV [38]
Au/Pd@rGO@p(L-Cys)/PGE 0.01-40.0 0.718 1.1319 DPV [19]
GO/CoFe,O4/LDH/FTO 0.2-10 1 63.408 DPV [39]
MWCNT/GCE 0.02-2 5.4 AdSDPV [40]
Carbon Paste (CPE) 0.25-25 100 0.29436 DPV [41]
dsDNA /SPCE 0.034-0.68 5 DPV [42]
GNR/GCE 0.4-150 100 0.1598 CV [16]
PG 0.705-6.34 156 0.6621 SWV [43]

NPG/GCE 0.1-150 20 0.4636 DPV This work

CEZLNCs/CPE: a carbon paste electrode (CPE) modified with a new green synthesized nanocomposite, which
uses Cuscuta epithymum extract as a reduction and capping agent for the green synthesis of Zno-Lapis lazuli
nanocomposite. CQDs/GCE: carbon quantum dots loaded on the GCE. Au/Pd@rGO@p(L-Cys)/PGE: pencil
graphite electrode modified with Au nanocomposite decorated with poly (L-Cysteine). GO/CoFe;O,/LDH/FTO:
ZnAl/layered double-hydroxide-modified cobalt ferrite-graphene oxide nanocomposite electrophoretically
deposited (EPD) on the fluorine tin oxide (FTO) substrate. GNR/GCE: graphene nanoribbon nano-catalyst
loaded on the GCE. PG: a disposable pen-tip electrode. MWCNT/GCE: a multi-walled carbon nanotube-modified
glassy carbon electrode.

2.5. Anti-Interference of Etoposide Detection

Anti-interference ability is also an important index to evaluate the performance of
a sensor. We analyzed the common interfering substances in etoposide biosynthesis and
analysis for the biological samples. Interfering substances were added at 5 times (uridine
1 time) the concentration of etoposide to the phosphate buffer containing 50 uM of etoposide.
The results of DPV responses (Figure 5) showed that the sensor had good anti-interference
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capabilities to a variety of substances including several common anions and cations, as well
as some physiological metabolites and the solvent DMSO. The deviation rate of the peak
current density in the presence of these common interferences was usually less than 10%.
The impacts of Na* and Fe>* were higher; however, the deviation rate was still less than
16%, and the increase in the peak current may provide a good clue for the improvement in
the sensor in preparing the buffer system for etoposide analysis. The addition of urea or
uric acid also caused a slight increase in the peak current. An amount of 250 uM of uridine
had high impact on the detection; however, when the uridine concentration was less than
50 uM, the sensor showed good anti-interference ability, as shown in Figure 5¢. Given that
the concentration of uridine in urine is similarly low, it is assumed that uridine will not
cause interference in practical assays.
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Figure 5. The anti-interference abilities of etoposide detection using the DPV method. The deviation
rate of the peak current by the disturbance of (a) anions, (b) cations, and (c) some compounds that
exist in biological samples was analyzed. The detection was performed in 50 mM of phosphate buffer
(pH 7.4) at a scan rate of 50 mV s~ ! from —0.4 V to +1.0 V. The figures show the average of three
replicate measurements, red dotted line indicates the relative peak current density of 50 M etoposide
with no interfering substances.

2.6. The Detection of Etoposide in Biological Samples

To explore its application performance in biological samples, we performed spike
recovery tests on fermentation broth, fetal bovine serum, and human urine. The detection
in fetal bovine serum was performed in 100% serum. As the injection dosage of etoposide
in the human body is normally 100 mg m—2 per day [44], we chose 5, 10, and 20 uM as
the spiked concentrations in serum. The results showed that the recovery rates of spiked
etoposide in serum samples were between 96 and 97.7%, with a standard deviation rate
lower than 7.91% (Table 2).
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Table 2. Spiked recovery experiments of the NPG/GCE in the biological samples.
. Detected by
Samples Sp}ked NPG/GCE Recovery Rate (%) Deviation Rate (%) Detected by HPLC
Etoposide (uM) (uM)
(uM)
Fetal Bovi 5 4.80 £+ 0.38 96.00 791 ND
etal Bovine 10 9.77 + 0.41 97.70 4.20 ND
Serum 20 19.36 + 0.76 96.80 3.92 18.75 + 1.12
5 4.23 +£0.26 84.60 6.15 ND
Human Urine 20 20.25 + 0.77 101.25 3.80 25.36 + 8.62
100 103.88 4+ 4.87 103.88 4.69 87.17 +£1.03
F . 10 10.50 £ 0.73 105.00 6.90
e“genttﬁ“"“ 50 45.66 + 0.64 91.32 1.40
ro 150 161.89 + 1.58 107.93 0.98

ND: not directly detectable, required extraction prior to detection.

The detection in urine was performed with spiked etoposide at 5, 20, and 100 pM.
The components of human urine samples are complicated, and some substances in urine
can bind nonspecifically to the recognition element and disturb the detection [24]. Our
results in the anti-interference test also showed the disturbance of urea and uric acid at
high concentrations (Figure 5c). Thus, the urine was diluted in the potassium phosphate
buffer 100 times to prevent the matrix effects. At this urine concentration, the etoposide
recovery rates at medium and high concentrations were 101.25% and 103.88%, respectively,
with standard deviation rates lower than 4.69%. The disturbance of the urine component
on the detection of low etoposide concentration was relatively high, with a recovery rate of
84.6% and a standard deviation rate of 6.15%.

In the recovery experiments of etoposide in the fermentation broth, the low, medium,
and high concentrations of 10, 50, and 150 pM of etoposide were added to the supernatant
of E. coli overnight fermentation broth, and the recovery rates were between 91.32% and
107.93%, with a standard deviation rate lower than 6.94%.

Spike recovery tests were also performed in serum and urine using the HPLC method
(Table 2). It was found that the existence of biological samples has large impacts on the
detection of etoposide under low concentrations, with no reproductible data obtained
below 10 uM. This showed that the NPG/GCE sensor had a high LOD, better specificity,
and immunity to interference compared to the HPLC method. An extraction process may
be required for the detection of low-concentration samples.

The detection of etoposide in biological samples was always limited by the presence of
the interfering substance, and, because of the complexity of the patient’s physical conditions,
their blood and urine samples will also show large differences, which also brings certain
difficulties to the detection of the biological samples. In our study, the detection in pure
urine received severe interference, and the detection of etoposide under low concentrations
(below 2 pM) in the three biological samples showed poor reproducibility. This limited its
usage in some cases, so the addition of some modifications of the electrode may be helpful.

3. Materials and Methods
3.1. Chemical and Materials

Etoposide was purchased from Macklin (Macklin, China). All other chemicals were
of analytically pure grade. Glassy carbon electrodes (GCEs), saturated calomel electrodes
(SCEs), and «-Al,O3 powder 0.05 um) were purchased from Shanghai Chenhua Instrument
Co., Ltd. (Shanghai, China).

3.2. Preparation of NPG/GCEs

The dealloying method for the preparation of NPGs used thin sheets of gold—silver
alloys (1:1, w/w) with a thickness of 100 nm, which were first cut into 7 X 7 mm squares
and dealloyed in concentrated nitric acid at 40 °C for 1 h to remove the silver atoms.
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Nanoporous gold was obtained by washing three times using ultrapure water after etching.
GCEs were polished with a 0.05 um alumina slurry on a piece of chamois leather. Before
use, the GCEs were ultrasonically cleaned using ultrapure water and ethanol. After that,
nanoporous gold pieces could be covered on the GCEs. An amount of 3 pL of 0.1% Nafion
solution was dropped onto the constructed NPG/GCEs. After drying, the NPG/GCEs were
activated by cyclic voltammetry (CV) scans in 0.5 mol L~! H,SOj4 solution. The voltage
ranged from +0.35 V to +1.55 V at a rate of 50 mV s~ 1. Scans were repeated until a stable
cyclic voltammetry curve was observed.

3.3. Electrochemical Analysis

The nanoporous films were characterized by scanning electron microscopy (SEM, FEI
Quanta 250 FEG, Thermo Fisher Scientific, Waltham, MA, USA) to examine the surface of
the NPG/GCE.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed
using the CHI760E electrochemical workstation (Chenhua, China). Three electrodes were
used in the electrochemical measurement. NPG/GCEs worked as the working electrodes,
with the Pt electrodes acting as the counter electrodes and the saturated calomel electrodes
performing as the reference electrodes.

An electrochemical performance test was executed in 50 mM potassium phosphate
buffer electrolyte (pH 7.4) containing 5 mM potassium ferricyanide and 5 mM potassium
hexacyanoferrate (II). The CV parameters were set as follows: potential range, —0.8-1.25 V;
sweep speed, 50 mV s !; 3 turns. EIS parameters were set as follows: frequency range,
10~2-10* Hz; AC voltage, 5 mV s~!. CV and DPV detection were performed in 50 mM
potassium phosphate buffer (pH 7.4). The DPV parameters were set as follows: voltage
range, —0.4—+1.0 V; pulse voltage, 25 mV; step voltage, 5 mV.

3.4. Actual Sample Detection

Some substances in the samples can bind nonspecifically on the recognition element
to produce a matrix effect, which may affect sensor detection [24]. Thus, the analysis
of some biological samples was performed by dilution of the samples in the 50 mM
potassium phosphate buffer (pH 7.4) to prevent the matrix effects. The urine samples were
taken from a researcher and diluted 100-fold after centrifugation at 12,000 x g for 10 min.
All the spiked recovery tests used the same sample; the fermentation broth was taken
from the supernatant of E. coli BL21 (DE3) overnight culture in M9 medium followed by
centrifugation at 12,000 x g for 10 min. The fetal bovine serum was purchased from Thermo
Fisher Scientific.

3.5. HPLC Analysis

High-performance liquid chromatography (HPLC) analysis was carried out on a Shi-
madzu LC-20AT HPLC system (Shimadzu, Japan) with an ultraviolet detector for the
evaluation of the accuracy of the electrochemical analysis. Etoposide of different concen-
trations in serum or 1% urine was injected. Akasil C18 column (5 pm, 4.6 mm x 250 mm)
was eluted with a gradient of solution A (pure water) and solution B (pure acetonitrile)
from 7.5% B to 52.5% B in 15 min, 52.5% B for 5 min, and 100% B for 11 min at a flow rate of
0.8 mL/min. The detection wavelength was 254 nm.

4. Conclusions

In this study, we successfully prepared an NPG/GCE using the dealloying method
using Au-Ag alloy film and characterized it using SEM, CV, and EIS to confirm the suc-
cessful preparation of the electrode. Then, we identified the optimum buffer pH for
etoposide analysis and obtained the linear relationship between etoposide concentra-
tion and peak current density using DPV analysis. The linear regression equation was
j (LA cm~2) = 0.6818 x Cgio (UM) + 2.571 (RZ = 0.98) at etoposide concentrations between
0.1 and 20 uM, with a sensitivity reaching 681.8 uA mM~! cm™~2; the linear regression
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equation was j (LA em™2) =0.1978 x Cgo (M) + 16.74 at etoposide concentrations between
20 and 150 uM, with a sensitivity reaching 197.8 ptA mM~! cm~2. The LOD of etoposide
using this method reached 20 nM. The reproducibility of the electrode was good. Hence,
the electrode was used to detect etoposide in biological samples, and the relative standard
deviation in the recovery experiment was reasonable.

5. Patents

Chinese Patent (application no. 2023116743639) resulted from the work reported in
this manuscript.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /molecules29051060/s1. Figure S1: Reproducibility of
NPG/GCE sensors.

Author Contributions: Conceptualization, H.L., X.W. (Xia Wang) and L.X.; validation and analysis,
H.Y., X.W. (Xiaolei Wang) and M.H.; writing—review and editing, H.L., H.Y.,, X.W. (Xia Wang)
and L.X.; funding acquisition, H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grants from the National Key Research and Development
Program of China (No. 2021YFC2101500).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Shandong First Medical University (protocol
code No. R202203040086, approved on 8 March 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hahn, L.,; Lim, H,; Dusyk, T.; Sabry, W.; Elemary, M.; Stakiw, J.; Danyluk, P.; Bosch, M. BeEAM conditioning regimen is a safe,
efficacious and economical alternative to BEAM chemotherapy. Sci. Rep. 2021, 11, 14071. [CrossRef]

2. Henwood, ].M.; Brogden, R.N. Etoposide. Drugs 1990, 39, 438-490. [CrossRef]

3. Pommier, Y.; Nussenzweig, A.; Takeda, S.; Austin, C. Human topoisomerases and their roles in genome stability and organization.
Nat. Rev. Mol. Cell Biol. 2022, 23, 407-427. [CrossRef]

4. Balilly, C. Etoposide: A rider on the cytokine storm. Cytokine 2023, 168, 156234. [CrossRef]

5. Patel, M.; Dominguez, E.; Sacher, D.; Desai, P.; Chandar, A.; Bromberg, M.; Caricchio, R.; Criner, G.J. Etoposide as Salvage Therapy
for Cytokine Storm due to Coronavirus Disease 2019. Chest 2021, 159, e7—e11. [CrossRef]

6. Lovetrue, B. The Al-discovered aetiology of COVID-19 and rationale of the irinotecan plus etoposide combination therapy for
critically ill COVID-19 patients. Med. Hypotheses 2020, 144, 110180. [CrossRef]

7. Kajita, N.; Saito, Y.; Makimoto, A.; Miyahara, S.; Yuza, Y. Double recurrence of double cancers: Rhabdomyosarcoma and secondary
AML. Pediatr. Int. 2020, 62, 742-744. [CrossRef]

8.  ReZonja Kukec, R.; Grabnar, I.; Mrhar, A.; Cebron Lipovec, N.; Cufer, T,; Vovk, T. A simple dried blood spot method for clinical
pharmacological analyses of etoposide in cancer patients using liquid chromatography and fluorescence detection. Clin. Chim.
Acta 2016, 452, 99-105. [CrossRef]

9.  Liliemark, E; Pettersson, B.; Peterson, C.; Liliemark, J. High-performance liquid chromatography with fluorometric detection for
monitoring of etoposide and its cis-isomer in plasma and leukaemic cells. J. Chromatogr. B Biomed. Sci. Appl. 1995, 669, 311-317.
[CrossRef] [PubMed]

10. Soetebeer, U.B.; Schierenberg, M.O.; Schulz, H.; Hempel, G.; Andresen, P.; Blaschke, G. Simultaneous quantification of etoposide
and etoposide phosphate in human plasma by capillary electrophoresis using laser-induced native fluorescence detection. Anal.
Chem. 2001, 73, 2178-2182. [CrossRef] [PubMed]

11.  Ragozina, N.Y;; Piitz, M.; Heissler, S.; Faubel, W.; Pyell, U. Quantification of etoposide and etoposide phosphate in human plasma
by micellar electrokinetic chromatography and near-field thermal lens detection. Anal. Chem. 2004, 76, 3804-3809. [CrossRef]

12.  Ozkan, A.; Atar, N.; Yola, M.L. Enhanced surface plasmon resonance (SPR) signals based on immobilization of core-shell

nanoparticles incorporated boron nitride nanosheets: Development of molecularly imprinted SPR nanosensor for anticancer
drug, etoposide. Biosens. Bioelectron. 2019, 130, 293-298. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/molecules29051060/s1
https://doi.org/10.1038/s41598-021-93516-x
https://doi.org/10.2165/00003495-199039030-00008
https://doi.org/10.1038/s41580-022-00452-3
https://doi.org/10.1016/j.cyto.2023.156234
https://doi.org/10.1016/j.chest.2020.09.077
https://doi.org/10.1016/j.mehy.2020.110180
https://doi.org/10.1111/ped.14172
https://doi.org/10.1016/j.cca.2015.10.026
https://doi.org/10.1016/0378-4347(95)00113-W
https://www.ncbi.nlm.nih.gov/pubmed/7581907
https://doi.org/10.1021/ac001467v
https://www.ncbi.nlm.nih.gov/pubmed/11393838
https://doi.org/10.1021/ac0304222
https://doi.org/10.1016/j.bios.2019.01.053
https://www.ncbi.nlm.nih.gov/pubmed/30776616

Molecules 2024, 29, 1060 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li, EQ.; Yu, Z.G,; Han, X.D,; Lai, R.Y. Electrochemical aptamer-based sensors for food and water analysis: A review. Anal. Chim.
Acta 2019, 1051, 1-23. [CrossRef] [PubMed]

Negahdary, M.; Azeredo, N.EB.; Santos, B.G.; de Oliveira, T.G.; de Oliveira Lins, R.S.; dos Santos Lima, I.; Angnes, L. Electro-
chemical Nanomaterial-based Sensors/Biosensors for Drug Monitoring. Curr. Top. Med. Chem. 2023, 23, 295-315. [CrossRef]
[PubMed]

Zhu, Z.; Wu, H.; Wu, S.;; Huang, Z.; Zhu, Y.; Xi, L. Determination of methotrexate and folic acid by ion chromatography with
electrochemical detection on a functionalized multi-wall carbon nanotube modified electrode. J. Chromatogr. A 2013, 1283, 62-67.
[CrossRef]

Zhang, W.; Lu, R,; Fan, X.; Weng, Y. An electrochemical sensor based on graphene nanoribbon nano-catalyst for determination of
etoposide as an approved drug in lung cancer. Alex. Eng. . 2023, 77, 247-254. [CrossRef]

Temerk, Y.; Ibrahim, M.; Ibrahim, H.; Kotb, M. Adsorptive stripping voltammetric determination of anticancer drug lomustine in
biological fluids using in situ mercury film coated graphite pencil electrode. J. Electroanal. Chem. 2016, 760, 135-142. [CrossRef]
Radhapyari, K.; Khan, R. Biosensor for detection of Selective Anticancer Drug Gemcitabine Based on Polyaniline-gold Nanocom-
posite. Adv. Mater. Lett. 2015, 6, 13-18. [CrossRef]

Hatamluyi, B.; Lorestani, F.; Es’haghi, Z. Au/Pd@rGO nanocomposite decorated with poly (L-Cysteine) as a probe for simultane-
ous sensitive electrochemical determination of anticancer drugs, Ifosfamide and Etoposide. Biosens. Bioelectron. 2018, 120, 22-29.
[CrossRef]

Shumba, M.; Nyokong, T. Characterization and Electrocatalytic Activity of Nanocomposites Consisting of Nanosized Cobalt
Tetraaminophenoxy Phthalocyanine, Multi-walled Carbon Nanotubes and Gold Nanoparticles. Electroanalysis 2016, 28, 1478-1488.
[CrossRef]

Maringa, A.; Nyokong, T. The influence of gold nanoparticles on the electroactivity of nickel tetrasulfonated phthalocyanine.
J. Porphyr. Phthalocyanines 2014, 18, 642-651. [CrossRef]

Liu, Z.; Ma, H.Y,; Sun, H.H.; Gao, R;; Liu, H.L.; Wang, X.; Xu, P.; Xun, L.Y. Nanoporous gold-based microbial biosensor for direct
determination of sulfide. Biosens. Bioelectron. 2017, 98, 29-35. [CrossRef]

Ji, C.X.; Searson, P.C. Synthesis and characterization of nanoporous gold nanowires. J. Phys. Chem. B 2003, 107, 4494—4499.
[CrossRef]

Zhang, W.S.; Cui, C.; Chen, H.S.; Zhang, X.C.; Du, ].H. Study on a nano-porous gold/polyamidoamine (NPG/PAMAM)-based
electrochemical aptamer biosensor for the detection of ochratoxin a in the red wine. Food Addit. Contam. A 2023, 40, 1059-1073.
[CrossRef]

Shang, K.; Wang, S.; Chen, S.; Wang, X. Sensitivity Detection of Uric Acid and Creatinine in Human Urine Based on Nanoporous
Gold. Biosensors 2022, 12, 588. [CrossRef] [PubMed]

Fujita, T.; Guan, P; McKenna, K.; Lang, X.; Hirata, A.; Zhang, L.; Tokunaga, T.; Arai, S.; Yamamoto, Y.; Tanaka, N.; et al. Atomic
origins of the high catalytic activity of nanoporous gold. Nat. Mater. 2012, 11, 775-780. [CrossRef] [PubMed]

Ayad, A.; Naimi, Y.; Bouet, ].; Fauvarque, ].F. Oxygen reduction on platinum electrode coated with Nafion®. J. Power Sources 2004,
130, 50-55. [CrossRef]

Teker, T.; Aslanoglu, M. Development of a Dy, O3@Eu;0O3-carbon nanofiber based electrode for highly sensitive detection of
papaverine. Anal. Chim. Acta 2021, 1183, 338972. [CrossRef] [PubMed]

Pajkossy, T.; Jurczakowski, R. Electrochemical impedance spectroscopy in interfacial studies. Curr. Opin. Electrochem. 2017,
1, 53-58. [CrossRef]

Dorovskikh, S.I; Klyamer, D.D.; Fedorenko, A.D.; Morozova, N.B.; Basova, T.V. Electrochemical Sensor Based on Iron(II)
Phthalocyanine and Gold Nanoparticles for Nitrite Detection in Meat Products. Sensors 2022, 22, 5780. [CrossRef] [PubMed]
Bard, AJ.; Inzelt, G.; Scholz, ER. Electrochemical Dictionary; Bard, A.]., Inzelt, G., Scholz, F,, Eds.; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 781-815.

Zhang, M.; Li, Y,; Ma, F,; Niu, Y.; Chen, X.; Ye, B.-C. Metal-organic-framework-derived Ni3ZnCy 7 materials for highly sensitive
electrochemical detection of catechol. Inorg. Chem. Commun. 2023, 149, 110419. [CrossRef]

Zhao, X.; Zhang, L.; Chu, Z.; Wang, Q.; Cao, Y.; Cao, J.; Li, J.; Lei, W.; Zhang, B.; Si, W. Fe-Decorated Nitrogen-Doped Carbon
Nanospheres as an Electrochemical Sensing Platform for the Detection of Acetaminophen. Molecules 2023, 28, 3006. [CrossRef]
Zhang, M.; Ge, S.; Li, W.; Yan, M; Song, X.; Yu, J.; Xu, W.; Huang, J. Ultrasensitive electrochemiluminescence immunoassay
for tumor marker detection using functionalized Ru-silica@nanoporous gold composite as labels. Analyst 2012, 137, 680-685.
[CrossRef]

Li, L.; Li, W.; Ma, C.; Yang, H.; Ge, S.; Yu, ]. Paper-based electrochemiluminescence immunodevice for carcinoembryonic antigen
using nanoporous gold-chitosan hybrids and graphene quantum dots functionalized Au@Pt. Sens. Actuators B Chem. 2014,
202, 314-322. [CrossRef]

Guntupalli, B.; Liang, P;; Lee, ].-H.; Yang, Y.; Yu, H.; Canoura, J.; He, J.; Li, W.; Weizmann, Y.; Xiao, Y. Ambient Filtration Method to
Rapidly Prepare Highly Conductive, Paper-Based Porous Gold Films for Electrochemical Biosensing. ACS Appl. Mater. Interfaces
2015, 7, 27049-27058. [CrossRef]

Soltani, N.; Khayatkashani, M.; Ebrahimian, J.; Tavakkoli, N.; Rezaei, A.; Ryadh, A.; Salavati-Niasari, M. A novel modified CPE
using CE-Zno-Lapis lazuli nanocomposite as a sensitive electrochemical sensor for the determination of anti-cancer drug of
etoposide. J. Alloys Compd. 2023, 968, 171900. [CrossRef]


https://doi.org/10.1016/j.aca.2018.10.058
https://www.ncbi.nlm.nih.gov/pubmed/30661605
https://doi.org/10.2174/1568026623666221014154915
https://www.ncbi.nlm.nih.gov/pubmed/36239731
https://doi.org/10.1016/j.chroma.2013.01.085
https://doi.org/10.1016/j.aej.2023.06.034
https://doi.org/10.1016/j.jelechem.2015.11.026
https://doi.org/10.5185/amlett.2015.5607
https://doi.org/10.1016/j.bios.2018.08.008
https://doi.org/10.1002/elan.201501058
https://doi.org/10.1142/S1088424614500333
https://doi.org/10.1016/j.bios.2017.06.037
https://doi.org/10.1021/jp0222200
https://doi.org/10.1080/19440049.2023.2240435
https://doi.org/10.3390/bios12080588
https://www.ncbi.nlm.nih.gov/pubmed/36004983
https://doi.org/10.1038/nmat3391
https://www.ncbi.nlm.nih.gov/pubmed/22886067
https://doi.org/10.1016/j.jpowsour.2003.11.064
https://doi.org/10.1016/j.aca.2021.338972
https://www.ncbi.nlm.nih.gov/pubmed/34627531
https://doi.org/10.1016/j.coelec.2017.01.006
https://doi.org/10.3390/s22155780
https://www.ncbi.nlm.nih.gov/pubmed/35957335
https://doi.org/10.1016/j.inoche.2023.110419
https://doi.org/10.3390/molecules28073006
https://doi.org/10.1039/C1AN15942A
https://doi.org/10.1016/j.snb.2014.05.087
https://doi.org/10.1021/acsami.5b09612
https://doi.org/10.1016/j.jallcom.2023.171900

Molecules 2024, 29, 1060 12 of 12

38.

39.

40.

41.

42.

43.

44.

Nguyen, H.V,; Richtera, L.; Moulick, A.; Xhaxhiu, K.; Kudyr, J.; Cernei, N.; Polanska, H.; Heger, Z.; Masarik, M.; Kopel, P; et al.
Electrochemical sensing of etoposide using carbon quantum dot modified glassy carbon electrode. Analyst 2016, 141, 2665-2675.
[CrossRef] [PubMed]

Vajedi, F.s.; Dehghani, H. A high-sensitive electrochemical DNA biosensor based on a novel ZnAl/layered double hydroxide
modified cobalt ferrite-graphene oxide nanocomposite electrophoretically deposited onto FTO substrate for electroanalytical
studies of etoposide. Talanta 2020, 208, 120444. [CrossRef] [PubMed]

Bozal-Palabiyik, B.; Dogan-Topal, B.; Uslu, B.; Can, A.; Ozkan, S.A. Sensitive voltammetric assay of etoposide using modified
glassy carbon electrode with a dispersion of multi-walled carbon nanotube. . Solid State Electrochem. 2013, 17, 2815-2822.
[CrossRef]

Radi, A.-E.; Abd-Elghany, N.; Wahdan, T. Electrochemical Study of the Antineoplastic Agent Etoposide at Carbon Paste Electrode
and Its Determination in Spiked Human Serum by Differential Pulse Voltammetry. Chem. Pharm. Bull. 2007, 55, 1379-1382.
[CrossRef] [PubMed]

Radi, A.-E.; Nassef, H.M.; Eissa, A. Voltammetric and ultraviolet—visible spectroscopic studies on the interaction of etoposide
with deoxyribonucleic acid. Electrochim. Acta 2013, 113, 164-169. [CrossRef]

Atay, B,; Onal, G.; Levent, A. Electrochemical investigations and determination of antineoplastic agent etoposide at single-
use pencil graphite electrode: An eco-friendly and cost effective voltammetric method. Monatshefte Chem.-Chem. Mon. 2023,
154, 765-773. [CrossRef]

Miya, T.; Goya, T.; Yanagida, O.; Nogami, H.; Koshiishi, Y.; Sasaki, Y. The influence of relative body weight on toxicity of
combination chemotherapy with cisplatin and etoposide. Cancer Chemother. Pharmacol. 1998, 42, 386-390. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C5AN02476E
https://www.ncbi.nlm.nih.gov/pubmed/26882954
https://doi.org/10.1016/j.talanta.2019.120444
https://www.ncbi.nlm.nih.gov/pubmed/31816745
https://doi.org/10.1007/s10008-013-2184-2
https://doi.org/10.1248/cpb.55.1379
https://www.ncbi.nlm.nih.gov/pubmed/17827766
https://doi.org/10.1016/j.electacta.2013.09.046
https://doi.org/10.1007/s00706-023-03079-y
https://doi.org/10.1007/s002800050834
https://www.ncbi.nlm.nih.gov/pubmed/9771953

	Introduction 
	Results and Discussion 
	Construction and Characterization of NPG/GCE 
	Characterization of NPG/GCE and the Feasibility of Etoposide Detection Using NPG/GCE 
	Effect of Electrolyte pH on Etoposide Oxidation 
	Electrochemical Detection of Etoposide by NPG/GCE 
	Anti-Interference of Etoposide Detection 
	The Detection of Etoposide in Biological Samples 

	Materials and Methods 
	Chemical and Materials 
	Preparation of NPG/GCEs 
	Electrochemical Analysis 
	Actual Sample Detection 
	HPLC Analysis 

	Conclusions 
	Patents 
	References

