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Abstract

Hydroxychlorogquine (HCQ) is a widely studied therapeutic agent that has garnered significant
attention for its potential applications across a range of diseases. HCQ has since been investigated
for its immunomodulatory and antiviral properties, making it a candidate in the management of
autoimmune disorders as well as certain viral infections. The development of efficient
electrochemical sensors for accurate HCQ measurement is crucial for clinical and pharmaceutical
applications. This study presents a comprehensive comparative electrochemical investigation of
glassy carbon electrode (GCE) modified with ferrocene (FC) and UiO-66-NH, metal-organic
frameworks (MOF), with and without reduced graphene oxide (rGO), for the sensitive detection of
HCQ. FC and MOF incorporated with rGO to enhance their electrochemical properties. The
fabricated HCQ sensor, with three wide linear ranges (1-50 nM, 50-1000 nM, and 1-100 uM), high
sensitivity (0.265 pAnM™,0.032 pA nM™, and 0.517 pA uM™), and low detection limit (0.215 nM),
was applied successfully for the analysis of real human blood serum and urine samples.

Keywords: Ferrocene, Metal-Organic Framework, Reduced Graphene Oxide, Sensitive
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1. Introduction:

Electrode modification plays a fundamental
role in the development of high-performance
electrochemical sensors [1-4]. The modification of
the working electrode surface enhances electron
transfer rates [5], prevent undesirable reactions,
improve sensitivity and selectivity, reduce response
time, and lower overpotential [6]. Several factors —
such as the analyte’s ability to exhibit favorable
redox behavior, the low cost and non-toxicity of
chemicals and devices, and the chosen modification
method—play a critical role in guiding the design of
these systems [7].

Over the past two decades, the chemistry of
metal-organic frameworks (MOFs) has grown
significantly [8]. While early efforts in this field
focused on expanding the structural diversity of
these molecule-inspired solids, recent advances
have demonstrated that MOFs provide a versatile
platform for innovation in organometallic chemistry
[9]. Most MOFs are solids formed by combining
metal ions with organic linkers containing nitrogen-
or oxygen-donor atoms [10]. The synthesis of new
MOFs with novel properties has opened new
avenues of innovation, and their catalytic
characteristics have transformed organometallic
chemistry [11].

Nanotechnology has also played a crucial role
in the advancing of carbon-based electrodes [12].
New modified electrodes have been fabricated
using various nanoscale metals, such as metal
oxides and metallic nanoparticles, as well as
nanocomposites of carbon nanotubes or graphene
oxide with metallic nanoparticles and polymer—
metal oxide composites [13,14]. The high surface-
to-volume ratio of MOFs at the nanoscale endows
modified electrodes with remarkable properties,
including rapid electron transfer, high sensitivity,
and excellent selectivity.

To address all these factors, recent studies have
focused on preparing cost-effective, eco-friendly,
and high-performance modified electrodes. MOFs
have emerged as key materials in the construction
of new electrodes [15], while nanomaterials have
contributed  significantly to  technological
breakthroughs in recent years [16]. These materials
are widely employed across numerous studies, with
notable applications in electrocatalysis [17], fuel
cells [18], photonic processes [19], and
electroanalytical techniques [20]. Their outstanding
physical and chemical properties, derived from their

nanoscale dimensions and high surface-to-volume
ratios, have attracted considerable attention [21].

Carbon-based electrodes are often modified with
metallic coatings, MOFs, or alternative conductive
materials to improve conductivity, stability, and
catalytic activity [22]. Reports indicate that carbon
electrodes modified with metallic layers or MOFs,
as well as solid-state stabilized electrodes, exhibit
comparable performance. Moreover, the ease of
preparation, low cost, and mechanical stability of
MOF-modified carbon electrodes make them highly
advantageous for electrochemical applications.
MOFs, carbon nanostructures, and related materials
can therefore be employed to construct advanced
electrochemical sensors with unique properties
[23].

This work integrates the systematic
optimization of square wave voltammetry
parameters with analytical performance evaluation
and sensor validation in biological matrices, thereby
creating a robust framework for HCQ detection and
revealing the significant potential of rGO-based
electrode modifications in advanced
electrochemical sensing.

2. Experimental
2.1. Chemicals and Solutions

Phosphoric acid (H; PO, , 85%), potassium
chloride (KCI, 99.5%), sodium hydroxide (NaOH,
99%), potassium hexacyanoferrate (KJFe(CN)[J,
99%), methanol (99.9%), Nafion (5%), 2-
aminoterephthalic acid (H, BDC-NH, ), zirconium
chloride (ZrCl,), dimethylformamide (DMF), acetic
acid, ferrocene (FC), reduced graphene oxide
(rGO), and hydroxychloroquine sulfate (HCQ,
100%) were purchased from the Merck or Sigma
and used with high purity and quality.

A 0.11 M phosphate buffer with constant ionic
strength was prepared for use in experiments by
dissolving 1.87 g of KCI and adding 170 uL of
Hs; PO, in a 250 mL volumetric flask. The initial
pH of the solution was 2.1, which was then adjusted
to the desired values (pHs 3-10) using 0.11 M
NaOH. This procedure ensured constant ionic
strength across different pH values. The HCQ stock
solutions were prepared from hydroxychloroquine
sulfate in PBS 0.10 M, pH 7, at a concentration of
4.1 mM.

1.2.2.  Synthesis of MOF (UiO-66-NH; )
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For the synthesis of UiO-66-NH, , 0.154 g of
ZrCls and 0.12 g of H,BDC-NH, were transferred
into a 50 mL beaker. Then, 30 mL of DMF and 5
mL of acetic acid were added, and the mixture was
sonicated for 30 minutes to achieve complete
homogenization. After preparation, the solution was
placed in a porcelain crucible, sealed with
aluminum foil, and subjected to oven heating at
105 °C for 48 hours. The obtained nanoparticles
were washed with DMF and methanol and
subsequently used for electrode modification.

2.3.  Instruments and Equipment

All electrochemical experiments were carried
out using a modified glassy carbon electrode
(GCE/FC/MOF/rGO) as the working electrode, an
Ag/AgCI electrode (3.0 M KCI) as the reference
electrode, and a platinum bar as the auxiliary
electrode.  Voltammetric  experiments  were
performed using a potentiostat/galvanostat (Autolab
12, Eco Chemie, The Netherlands). Data acquisition
and control of voltammetric experiments were
conducted with  NOVA 2.1.6 software. pH
measurements were performed using a Metrohm
827 pH meter equipped with a combined glass
electrode.

3. Results and Discussion

In this section, a glassy carbon electrode
modified with MOF, ferrocene, and reduced
graphene  oxide (GCE/FC/MOF/rGO)  was
evaluated for the detection of hydroxychloroquine
(HCQ) in comparison with a glassy carbon
electrode modified with ferrocene and MOF
(GCE/FC/MOF). The performance of these two
electrodes was assessed for HCQ determination in
real biological samples, including urine and blood
plasma. The techniques employed included cyclic
voltammetry (CV) and square wave voltammetry
(SWV). Additionally, the influence of various
parameters was investigated to optimize the
performance of the rGO-modified electrode.

3.1. Evaluation of GCE Cleanliness by CV

Cyclic voltammetry with a 5 mM solution of
Ks; Fe(CN)s was employed to evaluate the
electroactivity and cleanliness of the glassy carbon
electrode surface and to determine the magnitude of
the faradaic current. Analysis of the current
generated from the Fe3* /Fe?* redox reaction
provided insights into electrode surface quality and
electrochemical activity. For cleaning the surface of
the glassy carbon (GC) electrode, a suspension of

0.05 pm alumina and ultra-fine sandpaper (P3000)
was used to obtain a completely smooth and
polished surface. Finally, the electrode was rinsed
with double-distilled water and ethanol. Fig. 1
presents cyclic voltammograms of the GC
electrode: (a) before the cleaning process and (b)
after cleaning and rinsing.

1/ uA

i ¢ J N T S N
-0.2 0.0

E/V (vs. Ag/AgCl)
Figure 1. Comparison of cyclic voltammograms

recorded at (a) the uncleaned electrode and (b) the
cleaned electrode in the presence of 5 mM K; Fe(CN)g

0.2 0.4 0.6

It is clearly observed that prior to cleaning, the
electrode surface sites were blocked, hindering
electron transfer between the electrode surface and
the Fe3* /Fe?* redox couple. As a result, the peak
currents decreased significantly, while the anodic
and cathodic peak potentials shifted toward more
positive and negative values, respectively, leading
to an increased peak-to-peak  separation.
Consequently, the peaks became broadened and
flattened. After the cleaning process, this surface
blockage was removed, resulting in enhanced peak
currents and reduced peak-to-peak separation,
indicating that the electrode was suitably prepared
for subsequent modification.

3.2 Comparison of Electrochemical Behavior of

Modified GCE/FC/MOF With and Without rGO

Comparative cyclic voltammetry experiments
in 0.11 M KClI solution were performed to evaluate
the electrochemical behavior and performance of
two modified electrodes: GCE/FC/MOF and
GCE/FC/MOF/rGO. The performance of these two
electrodes was compared in the presence and
absence of 100 uM HCQ under various conditions.
The results are shown in Fig 2.
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Figure 2. Comparison of CVs obtained during different stages of GCE/FC/MOF fabrication: (A) with rGO and (B)
without rGO, recorded in the presence and absence of 100 uM HCQ.

Compared to the wunmodified electrode
(Fig. 2B), the rGO-modified electrode (Fig. 2A)
demonstrates superior stability and amplified peak
currents in both anodic and cathodic directions,
yielding a more consistent electrochemical
performance. Under equivalent experimental
conditions, the incorporation of rGO into the
electrode modifier was shown to favorably enhance
the sensitivity of HCQ detection.

3.3 Optimization of Experimental Conditions
3.3.1 Optimization of pH by CV

The pH factor plays a significant role in
electrochemical measurements. Therefore, the
performance of the modified electrode must be
evaluated over a range of pH. Also, to determine the
optimal conditions for HCQ detection, the influence
of pH on the activity of the modified electrode was
evaluated. CV experiments were carried out in the
absence and presence of 100 uM HCQ solution at
various buffer pH values ranging from 3 to 10. The
corresponding results are presented in Fig. 3.

Based on the obtained results, at pH values
below 7, the rGO-modified sensor is adversely
affected by the acidic conditions, leading to reduced
performance. This effect is clearly evident at pH 3
(red curve). The results demonstrate that as the pH

shifts toward alkaline values, the anodic and
cathodic peaks exhibit improved behavior,
providing more reliable outcomes for HCQ drug
detection. The optimal conditions, in terms of
maximum peak current and minimum peak width at
half height, were observed at pHs 8 and 9, with pH
8 showing particularly favorable characteristics. In
view of the physiological pH values of blood plasma
(=7) and urine (~6.4), and supported by comparative
evaluation, pH 7 was determined to be the optimal
condition. Accordingly, subsequent experiments
were carried out using a buffer solution at this pH.

3.3.2 Optimization of SWV Parameters

Optimization of SWV parameters—frequency,
pulse amplitude, and step potential—was carried
out to achieve maximum sensitivity in HCQ
detection using the modified electrode
(GCE/FC/MOF/rGO). Conditions that provided the
greatest peak current and the smallest half-height
peak width were used to determine the optimal
values. Square wave voltammograms
corresponding to the optimization experiments were
obtained in an electrochemical cell containing 20
mL of 0.11 M phosphate buffer (pH = 7), to which
140 pL of 100 pM HCQ solution was added.
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Figure 3. (left): CVs obtained from the modified electrode (GCE/FC/MOF/rGO) in the absence (top) and presence
(bottom) of 100 uM HCQ in buffer solutions with varying pH values (3—10). (right): The plots of the anodic peak currents
and corresponding peak potential width at half height (E12) as a function of pH
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Figure 4. (A) SWVs obtained from the GCE/FC/MOF/rGO in 0.11 M PBS at pH 7 in the presence of 100 uM HCQ at
different frequencies. (B) Plot of peak current and peak potential width at half height (Ep 1) as a function of frequency.

3.3.2.1. Optimization of Frequency and analysis of plots of peak current and half-height
peak potential width (Epiz) versus frequency
(Fig. 4B) revealed the underlying trends. The results
show that although 30 Hz provided higher peak
currents, the peak width was also larger that loss
selectivity. Therefore, 20 Hz selected as the optimal
frequency.

Frequency optimization was carried out by
applying a 5-30 Hz range and recording square
wave voltammograms of the modified electrode in
HCQ solution (Fig. 4A). Quantification of anodic
peak currents and half-height peak widths from the
voltammograms supported the optimization study,
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3.3.2.2 Optimization of Pulse Amplitude Potential

For optimization, a pulse amplitude range of
10-100 mV was applied, consistent with that used
for the GCE/FC/MOF/rGO electrode (Fig.5A).
Peak currents and Epi» were quantified from the

electrochemical trends. These trends were
subsequently analyzed by constructing plots of peak
currents and Ep 12 as a function of pulse amplitude
(Fig.5B). The results indicated that pulse
amplitudes of 80 and 90 mV yielded favorable
conditions; however, 80 mV was selected as the
optimal pulse amplitude.

voltammograms to enable evaluation of
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Figure 5. (A) SWVs obtained from the GCE/FC/MOF/rGO in 0.11 M PBS at pH 7 in the presence of 100 uM HCQ at
different pulse amplitude potentials. (B) Plots of peak currents and E, 1> as a function of pulse amplitude potentials

100

80

60

[/uA

40

LI L L L L LB L |

20

SR W T TN W NN ST VRN ST TN NN VNN TN Y T s v

0.0 0.2 0.4 0.6 0.8

E/V (vs. Ag/AgCl)

L —|
- 5 — 240
| |
85 |- |
L - 220 >
i 80 J =
_~ L ] o
et - 200
70 | B ]
Caos o Lo oo sl o a o baoaals 17 180
0.002 0.004 0.006 0.008 0.010
Step Potential / V

Figure 6. (A) SWVs obtained from the GCE/FC/MOF/rGO in 0.11 M PBS at pH 7 in the presence of 100 uM HCQ at
different step potentials. (B) Plot of peak currents and E; 1> as a function of step potentials.

3.3.2.3 Optimization of Step Potential

Precise control of electrode potential and proper
timing of the electrochemical reaction require
optimization of the step potential. To evaluate this effect,
a step potential range of 0.001-0.01V was applied.

(Fig. 6A). Peak currents and Ep 1, were extracted from
the voltammograms, and trends were analyzed from plots
of peak current and Ep, ;, versus frequency (Fig.6B),
leading to the determination of 2mV as the optimal step
potential.
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Figure 7. SWVs of the modified electrodes: (left) GCE/FC/MOF/rGO, and (right) GCE/FC/MOF, recorded over three
linear ranges of HCQ concentrations. Insets show the related calibration lines and the corresponding fitted regression
equations recorded within the plots.
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3.4 Comparison of analytical characteristics
of GCE/FC/MOF/rGO vs. GCE/FC/MOF

The electrocatalytic activity of the two
modified electrodes in HCQ detection was
compared under identical conditions by SWV
with  optimized parameters, across a
concentration range of 1 nM-100 uM. Results
are presented in Fig. 7 for three concentration
ranges: 1-50 nM, 50-1000 nM, and 1-100 pM.
As shown in Fig. 7 (left and right), under
identical  conditions and at  similar
concentrations, the incorporation of reduced
rGO as a reinforcing agent into the
GCE/FC/MOF  resulted in a significant
enhancement of the electrocatalytic currents.
The calibration plots, along with their slopes,
confirm that the GCE/FC/MOF/rGO provides
greater sensitivity than the electrode without
rGO.

The variations in anodic peak current as
a function of HCQ concentration were plotted,
and the corresponding calibration curves were
presented as insets in Fig. 7 for comparison.
The linear range obtained for HCQ
determination (1 nM-100 pM) under identical
conditions was compared for both electrodes.
Analysis of the voltammograms and
corresponding calibration plots indicates that
the rGO-modified electrode exhibits enhanced
performance throughout the investigated
concentration range. To enable a more precise
comparison, the sensitivities of each modified
electrode across their respective concentration
ranges are summarized in Table 1.

Table 1. Sensitivities of the GCE/FC/MOF/rGO
and. GCE/FC/MOF for HCQ detection extracted
from Fig. 7.

Linear Sensitivity

range GCE/FC/MOF/rGO GCE/FC/MOF

1-50nM  0.265 pA/nM
50-1000 nM 0.032 pA/nM
1-100 uM  0.517 pA/uM

0.124 pA/nM
0.021 pA/nM
0.136 pA/uM

As can be seen, the slopes of the
calibration lines obtained from the peak
current—concentration equations for the
GCE/FC/MOF/rGO are higher than those of
the GCE/FC/MOF, indicating greater
sensitivity. Accordingly, the
GCE/FC/MOF/rGO demonstrates superior
capability in detecting low concentrations of

HCQ, highlighting its improved performance
compared to the GCE/FC/MOF.

The limits of detection (LOD) and limits
of quantification (LOQ) for HCQ at the two
modified electrode surfaces were determined
by recording SWVs under identical optimized
conditions in 20 mL of 0.11 M PBS, pH 7 in the
absence of HCQ, with measurements repeated
five times. The background currents at the
oxidation peak potential of HCQ were
extracted, and the relative standard deviation
(Sp) was subsequently calculated. Using Egs. 1
and 2, the LOD and LOQ values were
determined:

LOD=3 Sy/m (Eq. 1)
LOQ=10 Sy/m (Eq. 2)

Where (m) is the slope of the calibration
curve in the lowest concentration range (1-50
nM). After calculation, the LOD and LOQ
values for the GCE/FC/MOF/rGO were found
to be 0.215 and 0.717 nM, respectively. These
values are superior to those obtained for the
GCE/FC/MOF/rGO (0.255 and 0.850 nM,
respectively), confirming the enhanced
analytical performance of the
GCE/FC/MOF/rGO.

3.5 Determination of HCQ in Real Samples

The evaluation of real samples is a
fundamental aspect of clinical analysis. In this
study, HCQ was determined using the
modified electrode (GCE/FC/MOF/rGO) in
six blood plasma samples obtained from six
different individuals. One milliliter of each
plasma sample, obtained from the Blood
Transfusion Organization, was accurately
transferred into a 100 mL volumetric flask for
subsequent analysis. Also, a 10 mL aliquot of
urine collected from an adult volunteer
transferred into a 100 mL volumetric flask.
The samples diluted with 0.11 M PBS, pH 7
to the mark. From these prepared solutions, 20
mL was taken and introduced into the
electrochemical cell for analysis using SWV
with the standard addition method. Each
plasma or urine samples was tested in
triplicate, and the results are presented in
Table 2. The results confirmed the successful
applicability of the proposed sensor for the
determination of HCQ in real biological
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samples, highlighting its potential for practical
bioanalytical applications.

Table 2. Recovery test results of HCQ in real blood
plasma and urine samples using

GCE/FC/MOF/rGO.
Sample Added Found Recovery
No. (UM) (LM) (%)

Plasma
1 1.5 1.43 95.3
2 20 20.9 104.5
3 30 28.2 94.0
4 35 36.3 103.7
5 60 58.8 98.0
6 90 88.9 98.7

Urine

1 2.5 2.62 100.8
2 5 491 98.2
3 30 31.3 104.3

3.6  Comparison  with other HCQ
electrochemical sensors

As summarized in Table 3, the
GCE/FC/MOF/rGO sensor  compares
favorably with recently reported HCQ
sensors employing various immobilization
strategies. The sensor’s notable attributes
include enhanced sensitivity, an ultralow
detection limit, rapid response kinetics, a
wide linear dynamic range, and lower
overpotential.

Table 3. Comparison of some of the analytical
characteristics of GCE/FC/MOF/rGO sensor
with the other recently reported HCQ sensors.

- Linear
Modified Epa LOD
Method 2 range Ref.
Electrode V) (nM) (M)
GCE/AUNP- SWV 0.74 9.3 0.03-3.5 [24]
MWCNT 3.5-17.0
GCE/SPCB? LSVP 0.82 150 0.1-10.0 [25]

CPEPINPMWCNT  SWV
CPE/CD*@rGO DPVH

CNTPE/SDS® cv
CPE/ZnO/NprGOf  swv
GCE/FC/MOF/IGO SWV

1.07 28 0.099-7.1 [26]
0.53 0.0024 (19-38)x10" [27]
5

0.81 850 10.0-40.0 [28]

0.84 57  0.07-5.5 [29]

0.29 0.215 0.001-0.05 This
0.05-1.0 work
1.00-100

aSuper P carbon black, “linear sweep voltammetry,
‘carbon dots, ddifferential pulse voltammetry, ®sodium
dodecyl sulphate modified carbon nanotube paste
electrode, ZnO nanoparticles-nitrogen doped porous
reduced graphene oxide

4. Conclusion

In this study, a novel electrochemical
sensor based on a modified -electrode
(GCE/FC/MOF/rGO)  was  successfully
developed offering sensitive and reliable
determination of HCQ in biological matrices.
The incorporation of rGO markedly improved
the electrocatalytic activity, stability, and
sensitivity of the sensor, underscoring the
critical role of rGO in enhancing electron
transfer and overall analytical performance.
Optimization of experimental parameters—
including pH, frequency, pulse amplitude, and
step potential— led to enhanced analytical
performance, characterized by increased peak
currents and reduced peak widths.

The sensor demonstrated excellent
analytical characteristics, including a wide
linear range (1 nM-100 puM), low detection
limit (LOD), and satisfactory limit of
guantification (LOQ). Comparative studies
confirmed that the GCE/FC/MOF/rGO sensor
provided superior sensitivity and
reproducibility, particularly at low HCQ
concentrations. Furthermore, the sensor was
successfully applied to real biological
samples, including blood plasma and urine,
thereby validating its practical utility.
Recovery  values approaching  100%
confirmed the method’s accuracy, reliability,
and suitability for routine biocanalytical
applications.

Overall, the proposed sensor offers a
promising platform for clinical and
pharmaceutical ~ monitoring of HCQ,
combining high sensitivity, reproducibility,
and applicability to real samples. Its
performance highlights the potential of
GCE/FC/MOF/rGO in advancing
electrochemical sensing technologies for drug
analysis and broader biomedical applications.
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