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Abstract

Background and purpose: The simultaneous determination of acetaminophen (ACE) and ciprofloxacin (CIP) is of
considerable importance for pharmaceutical quality control, necessitating the development of sensitive and
reliable electrochemical sensors. In this study, a holmium-modified UiO-66 metal-organic framework (Ho/UiO-66)
was synthesized and evaluated as an electrode modifier for the simultaneous electrochemical determination of
ACE and CIP. Experimental approach: Ho/UiO-66 was synthesized via a solvothermal method and characterized
by X-ray diffraction, Fourier-transform infrared spectroscopy, Raman spectroscopy, nitrogen adsorption-
desorption analysis, scanning electron microscopy, transmission electron microscopy and energy-dispersive X-ray
mapping. The electrochemical behaviour of ACE and CIP at the Ho/UiO-66-modified glassy carbon electrode
(Ho/Ui0-66/GCE) was investigated using cyclic voltammetry and differential pulse voltammetry. The effects of
solution pH, scan rate, accumulation potential, and accumulation time were systematically optimized. Key results:
The characterization results demonstrated the successful incorporation of Ho species while preserving the
crystalline structure of UiO-66. Among the investigated materials, Ho/UiO-66 (3/100 molar ratio) exhibited the
most favourable combination of crystallinity, porosity and electrochemical performance, and was therefore
selected for sensor fabrication. Under the optimized conditions, well-resolved oxidation peaks for ACE and CIP
were obtained, enabling their simultaneous determination without mutual interference. The oxidation processes
were found to be predominantly diffusion-controlled. The developed sensor exhibited satisfactory analytical
performance with wide linear concentration ranges, low detection limits, satisfactory repeatability,
reproducibility, and long-term stability. The sensor was applied to the determination of ACE and CIP in real
pharmaceutical samples with satisfactory recoveries. The analytical results showed good agreement with those
obtained using the reference high-performance liquid chromatography method. Conclusion: The proposed
Ho/Ui0-66/GCE sensor provides a reliable and practical platform for the simultaneous electrochemical
determination of ACE and CIP, demonstrating its potential applicability for pharmaceutical analysis.

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Acetaminophen (ACE) is one of the most widely used analgesic and antipyretic drugs worldwide. Owing
to its high efficacy and relatively low cost, ACE is extensively employed for the treatment of pain and fever [1].
However, excessive intake may cause severe hepatotoxicity and nephrotoxicity [2]. Ciprofloxacin (CIP) is a
broad-spectrum fluoroquinolone antibiotic commonly prescribed for the treatment of various bacterial
infections [3,4]. Although highly effective, the widespread use of CIP has raised concerns regarding the
emergence of antimicrobial resistance and the occurrence of pharmaceutical residues in environmental
systems. Therefore, reliable analytical methods for the determination of ACE and CIP are important for
pharmaceutical quality control and regulatory monitoring. The simultaneous determination of multiple
pharmaceutical compounds has attracted increasing attention because it can improve analytical throughput
while reducing analysis time, reagent consumption, and operational costs. The ability to distinguish and
quantify different electroactive compounds in a single measurement is considered an important criterion for
evaluating the performance of advanced electrochemical sensing materials. In this context, ACE and CIP,
representing two widely used classes of pharmaceuticals, can serve as suitable model analytes for
investigating the multiplex detection capability of novel electrode materials.

Various analytical techniques have been reported for the determination of ACE, including high-
performance liquid chromatography (HPLC) [5,6], reversed-phase high-performance liquid chromatography
(RP-HPLC) [7,8], and liquid chromatography-tandem mass spectrometry (LC-MS/MS) [9]. These methods
generally provide high sensitivity and selectivity; however, they often require expensive instrumentation,
complicated sample preparation procedures, and relatively long analysis times.

Similarly, several analytical approaches have been developed for the determination of CIP, as HPLC [10,11],
RP-HPLC [12,13], LC-MS/MS [14,15], and fluorescence spectroscopy [16,17]. Although these techniques offer
reliable analytical performance, their practical application may be limited by high operational costs, labour-
intensive sample pretreatment, and the need for skilled operators. In contrast, electrochemical methods
have emerged as attractive alternatives because of their simplicity, rapid response, low cost, portability, and
suitability for real-time monitoring. Nevertheless, the simultaneous electrochemical determination of ACE
and CIP remains challenging due to the overlapping oxidation signals of the analytes and the limited
sensitivity of conventional electrode materials.

To improve analytical performance, considerable efforts have been devoted to the design of advanced
electrode modifiers with large active surface areas, abundant catalytic sites, and enhanced charge-transfer
properties. Among the various functional materials investigated, metal-organic frameworks (MOFs) have
attracted considerable attention for their exceptionally high porosity, tuneable pore structures, structural
diversity, and chemical versatility. MOFs possess ordered crystalline architectures formed through the
coordination of metal ions or clusters with organic ligands, enabling the rational design of materials with
tailored physicochemical properties. These unique characteristics have led to their widespread applications
in electrochemical sensing [18,19]. Among the numerous MOF families, Ui0-66, a zirconium-based MOF
composed of Zrg04(OH),4 clusters and terephthalic acid linkers, is particularly attractive for its remarkable
thermal stability, chemical robustness, and high surface area. Moreover, the strong Zr-O bonds confer
exceptional resistance to acidic and alkaline environments, making UiO-66 a suitable candidate for
electrochemical applications [20]. However, pristine UiO-66 still suffers from relatively low intrinsic electrical
conductivity and limited electrocatalytic activity, which may limit its analytical performance when used
directly as an electrode modifier [21].
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Recently, defect engineering and metal-ion incorporation have emerged as effective approaches for
improving the electrochemical properties of MOFs [22]. The introduction of foreign metal ions can alter the
electronic environment, generate additional active sites, increase structural defects, and facilitate charge
transfer. In particular, rare-earth ions have attracted increasing attention because of their unique electronic
configurations, variable coordination environments, strong Lewis acidity, and catalytic properties.
Incorporating rare-earth elements into MOF structures may modify adsorption behaviour and electron-
transfer processes, thereby enhancing sensing performance [23].

Among the lanthanide series, holmium ions (Ho3*), characterized by their partially filled 4f orbitals and
strong Lewis acidity, can modify the electronic environment of the framework [24], generate additional active
sites, and facilitate electron-transfer processes, thereby enhancing the electrochemical performance of the
resulting material [25,26]. In addition, Ho-containing materials have demonstrated attractive performance in
photocatalysis, adsorption, luminescence, and electrochemical applications. Despite these advantages,
studies concerning Ho-functionalized UiO-66 materials remain scarce, and their application in
electrochemical sensing has not been extensively explored. Furthermore, to the best of our knowledge, the
simultaneous electrochemical determination of ACE and CIP using Ho-modified UiO-66 has not yet been
reported. Motivated by these considerations, a series of Ho-modified UiO-66 materials with varying Ho/Zr
molar ratios were synthesized via solvothermal synthesis. The synthesized materials were subsequently
employed as electrode modifiers for the simultaneous electrochemical determination of ACE and CIP. The
effects of Ho incorporation on the physicochemical and electrochemical properties of UiO-66 were
investigated, and the analytical performance of the resulting Ho/UiO-66-modified electrode was evaluated
in terms of sensitivity, selectivity, precision, stability, and practical applicability.

Experimental

Chemicals and reagents

Zirconium(IV) chloride (ZrCl,), terephthalic acid (H,BDC), N,N-dimethylformamide (DMF), holmium(lll)
oxide (Ho,0s), acetaminophen (ACE), ciprofloxacin (CIP), potassium ferricyanide (Ks[Fe(CN)e]), potassium
ferrocyanide (Ks[Fe(CN)e]), potassium chloride (KCl), phosphoric acid (HsPO,), boric acid (HsBOs), acetic acid
(CHsCOOH), sodium hydroxide (NaOH), and ethanol were purchased from Sigma-Aldrich (Germany). All
chemicals were of analytical grade and used as received without further purification.

Britton-Robinson buffer solution (BRS, 0.02 M) was prepared from phosphoric acid, boric acid and acetic
acid, and the pH was adjusted using 0.1 M NaOH.

Synthesis of holmium-modified UiO-66 metal-organic framework

A series of Ho-modified UiO-66 materials were synthesized by a solvothermal method. Briefly, 0.0530 g
of ZrCl, and 0.0380 g of terephthalic acid (H,BDC) were dissolved in 5 mL of DMF under magnetic stirring to
obtain a homogeneous solution [27]. A predetermined amount of HoCl; solution, prepared by dissolving
Ho,03 in HCI, was then added to the precursor mixture to obtain Ho/Zr molar ratios of 1/100, 3/100, 5/100,
and 7/100.

The resulting mixture was transferred into a Teflon-lined stainless-steel autoclave and heated at 120 °C
for 36 h. After cooling naturally to room temperature, the obtained solid was collected by centrifugation,
washed several times with DMF and ethanol to remove unreacted precursors, and dried at 60 °C overnight.
The synthesized materials were denoted as Ho/UiO-66 (1/100), Ho/UiO-66 (3/100), Ho/UiO-66 (5/100) and
Ho/Ui0-66 (7/100), respectively.
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Material characterization

The crystal structures of the synthesized materials were examined by X-ray diffraction (XRD) using a
Bruker D8 Advance diffractometer (Bruker, Germany). Fourier-transform infrared spectroscopy (FT-IR,
Shimadzu Prestige-21, Japan) and Raman spectroscopy (XploRA™ PLUS, Horiba, Japan) were employed to
investigate the chemical bonding and vibrational characteristics of the materials. The textural properties,
including the specific surface area and pore structure, were determined from nitrogen adsorption-desorption
isotherms using the Brunauer-Emmett-Teller (BET) method on a Tristar-3030 system (Micromeritics, USA).

The morphology and microstructure of the samples were characterized by field-emission scanning electron
microscopy (FESEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM, JEM-1010, JEOL,
Japan). The elemental composition and elemental distribution were analysed using an energy-dispersive X-ray
spectroscopy (EDX) system coupled with elemental mapping attached to the FESEM instrument.

Preparation of modified electrodes

Prior to modification, the glassy carbon electrode (GCE, diameter 3 mm) was polished sequentially using
alumina slurries, rinsed thoroughly with water, and sonicated in 1 M HNOjs solution and absolute ethanol.

A suspension of Ho/UiO-66 was prepared by dispersing 2.0 mg of material in 2.0 mL of water under
ultrasonication for 120 min. Subsequently, 5.0 uL of the suspension was drop-cast onto the cleaned GCE
surface and dried at room temperature to obtain the Ho/UiO-66/GCE. For comparison, UiO-66/GCE and bare
GCE were prepared using the same procedure.

Electrochemical measurements

Electrochemical experiments were carried out using a CPA-HH5 electrochemical analyser (Vietnam)
equipped with a conventional three-electrode system consisting of a modified GCE as the working electrode,
an Ag/AgCl (3 M KCI) electrode as the reference electrode, and a platinum wire as the counter electrode.

The electrochemical properties of the modified electrodes were evaluated by cyclic voltammetry (CV) in
a solution containing 10 mM [Fe(CN)e]3>~/4 and 0.1 M KCl.

The electrochemical determination of ACE and CIP was performed in 0.02 M Britton-Robinson buffer solution.
Cyclic voltammetry was employed to investigate the electrochemical behaviour of the analytes, while differential
pulse voltammetry (DPV) was used for quantitative analysis. The effects of pH, scan rate, accumulation potential,
and accumulation time on the electrochemical response were systematically optimized.

Real sample analysis

The applicability of the present method was evaluated using real samples. Appropriate amounts of
pharmaceutical samples were dissolved in deionized water and then diluted directly with Britton-Robinson
buffer solution in the electrochemical cell before analysis. Quantitative determination was performed using
the standard addition method. Recovery experiments were conducted by spiking known concentrations of
ACE and CIP into the sample solutions to assess the accuracy of this procedure.

HPLC was employed as the reference method for the quantitative determination of ACE and CIP in
pharmaceutical formulations. Chromatographic analyses were performed on a Shimadzu Series 30A HPLC
system (Shimadzu, Japan) equipped with a diode array detector (DAD) and an InertSustain C18 column
(150%4.6 mm, 5 um). ACE was separated under isocratic conditions using a water/methanol/acetic acid
mobile phase (69:28:3 volume ratio) at a flow rate of 0.6 mL min~", with ultraviolet (UV) detection at 275 nm.
CIP was analysed using an isocratic mobile phase consisting of 0.025 M phosphoric acid (pH 3.0, adjusted
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with triethylamine) and acetonitrile (85:15 volume ratio) at a flow rate of 0.5 mL min~', with detection at
278 nm. An injection volume of 20 uL was used for both analytes.

Results and discussion

Characterization of materials

Figure 1 presents the structural and textural characterization of Ui0-66 and Ho/UiO-66 samples with
different Ho/Zr molar ratios. As shown in Figure 1a, pristine UiO-66 exhibits the characteristic diffraction
peaks of the UiO-66 framework, revealing the successful formation of the crystalline Zr-based MOF
structure [28]. After Ho incorporation, the main diffraction features of UiO-66 are still retained, indicating
that the parent framework is preserved. However, the diffraction peaks become progressively broader as the
Ho content increases. The full width at half maximum (FWHM) increases from 0.265° for pristine UiO-66 to
0.696, 0.961, 1.435 and 2.730° for Ho/UiO-66 with Ho/Zr ratios of 1/100, 3/100, 5/100 and 7/100, respec-
tively. Accordingly, the crystallite size calculated using the Scherrer equation [29] decreases markedly from
31.4 nm for UiO-66to 11.9, 8.7, 5.8 and 3.0 nm for Ho/UiO-66 (1/100), Ho/Ui0-66 (3/100), Ho/Ui0-66 (5/100)
and Ho/Ui0-66 (7/100), respectively. This result reveals that incorporating Ho suppresses UiO-66 crystal
growth and induces the formation of smaller crystallites with greater structural disorder. The absence of
additional diffraction peaks related to crystalline Ho-containing phases indicates that Ho species are highly
dispersed in the UiO-66 matrix or present in an amorphous/low-content form.
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Figure 1. (A) XRD patterns, (B) FT-IR, (C) Raman spectra, (D) Nitrogen adsorption/desorption isotherms of UiO-66,
Ho/Ui0-66 (1/100), Ho/Ui0-66 (3/100), Ho/Ui0-66 (5/100) and Ho/Ui0O-66 (7/100)

The FT-IR spectra in Figure 1b further support the preservation of the Ui0-66 framework after Ho
incorporation. Pristine UiO-66 shows characteristic absorption bands at 3423, 2377, 1658, 1583, 1509, 1408,
1158, 1106, 1018, 883, 821, 751, 668, 554 and 484 cm™ [30]. For Ho/Ui0-66 (3/100), the corresponding bands
are observed at 3440, 2377, 1658, 1579, 1500, 1395, 1155, 1102, 1018, 883, 821, 747, 664, 532 and 484 cm™.
The bands at 1583/1579 and 1408/1395 cm™ are assigned to the asymmetric and symmetric stretching
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vibrations of coordinated carboxylate groups from terephthalate linkers [31]. The absence of a distinct C=0
stretching vibration of free terephthalic acid near 1700 cm™ indicates complete deprotonation and
coordination of the organic linker to the metal clusters [32]. The bands at 751/747, 668/664, 554/532 and
484 cm™ are associated with Zr-O and Zr-O-Zr vibrations of the Zr¢04(OH)4 secondary building units [31,32].
The slight shifts from 1583 to 1579, 1408 to 1395, 751 to 747, 668 to 664 and 554 to 532 cm™ after Ho
incorporation reveal weak interactions between Ho species and the UiO-66 framework, while the overall
similarity of the spectra verifies that the coordination structure of UiO-66 remains largely unchanged.

The Raman spectra shown in Figure 1c provide additional evidence for the structural integrity and local modi-
fication of UiO-66. Pristine UiO-66 exhibits Raman bands at 242, 297, 353, 633, 865, 1142, 1429, 1452, 1528 and
1619 cm™. After Ho incorporation, Ho/UiO-66 (3/100) displays bands at 184, 249, 342, 380, 633, 817, 862, 1144,
1379, 1447, 1533, 1611, 1691 and 1898 cm™. The bands at low wavenumbers are associated with vibrations of
the inorganic Zr-O cluster, while the bands in the 1100-1650 cm™ region arise mainly from vibrational modes of
the terephthalate linker, including C-C, C=C, and carboxylate-related vibrations. The retention of the main Raman
features, especially the bands at 633, 862-865, 1142-1144, 1447-1452, 1528-1533 and 1611-1619 cm™, reveals
that the UiO-66 framework is preserved [30]. Meanwhile, the appearance of additional low-frequency bands at
184 and 249 cm™ and the shifts of several linker-related bands, such as 1429 to 1379 cm™ and 1619 to 1611 cm™,
imply local structural distortion and possible Ho-O interactions induced by Ho incorporation. These results are
consistent with the XRD observations of peak broadening and a reduction in crystallite size.

The N, adsorption-desorption isotherms in Figure 1d reveal significant changes in the textural properties
of UiO-66 after Ho incorporation. Pristine UiO-66 possesses a high BET surface area of 685.7797 m? g™', mainly
contributed by micropores with a microporous surface area of 630.4662 m? g™' and a mesoporous surface
area of 55.3135 m? g™'. After Ho incorporation, the BET surface area decreases to 654.4211, 443.8458,
237.6775 and 274.2618 m? g™" for Ho/Ui0-66 (1/100), Ho/Ui0-66 (3/100), Ho/UiO-66 (5/100) and Ho/UiO-66
(7/100), respectively. The microporous surface area also decreases markedly from 630.4662 m? g™ for UiO-
66 to 457.6689, 271.0899, 133.2476 and 155.1764 m? g™ for the corresponding Ho/UiO-66 samples. In
contrast, the mesoporous contribution increases after Ho incorporation, reaching 196.7522 m? g™ for
Ho/Ui0-66 (1/100), compared with only 55.3135 m? g™' for pristine UiO-66. These results indicate that Ho
incorporation partially blocks the intrinsic micropores of UiO-66 and simultaneously generates additional
interparticle mesoporosity due to the formation of smaller crystallites and structural defects. Overall, the
combined XRD, FT-IR, Raman and BET results demonstrate that Ho species are successfully introduced into
UiO-66 while the parent framework is largely preserved. The structural disorder, reduced crystallite size and
modified pore structure induced by Ho incorporation may provide more accessible active sites and facilitate
interfacial interactions in subsequent electrochemical applications.

The SEM image of pristine UiO-66 (Figure 2a) reveals the formation of uniformly distributed polyhedral
nanoparticles with sizes in the nanometre range. The particles exhibit relatively regular morphology and tend
to aggregate into larger clusters, which is typical for solvothermally synthesized UiO-66. The TEM image of
Ho/Ui0-66 (3/100) further confirms the nanoscale morphology and indicates that the particles remain well
dispersed after Ho incorporation. No distinct Ho-rich particles are observed, demonstrating that Ho species
are homogeneously distributed within the MOF matrix rather than forming separate phases. The EDX
spectrum and elemental mapping results of Ho/UiO-66 (3/100) (Figure 2) clearly demonstrate the presence
of C, O, Zr, and Ho elements. The uniform spatial distribution of these elements throughout the analysed
region confirms the successful incorporation of Ho into the UiO-66 structure. The absence of localized Ho-
rich domains further supports the conclusion that Ho species are highly dispersed within the framework, in
agreement with the XRD and Raman results.
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Element  Content, wt.% Content, at.%

CK 38.64 55.07
oK 38.15 40.82
ZrL 20.38 3.82

Ho L 2.83 0.29
Total 100 100

10 12
Energy, keV

Figure 2. (A) SEM image of pristine UiO-66; (B) TEM image, (C) EDX spectrum and quantitative elemental composition,
(D) merged EDX elemental mapping image, and individual elemental maps of (E) Zr, (F) O, (G) C and (H) Ho for Ho/UiO-
66 (3/100)

Simultaneous electrochemical determination of acetaminophen and ciprofloxacin using holmium-modified
UiO-66 metal-organic framework/glassy carbon electrode

Electrochemical behaviour of acetaminophen and ciprofloxacin at different electrodes

The electrochemical responses of ACE and CIP were investigated on bare GCE, UiO-66/GCE, and Ho/UiO-
66-modified electrodes with different Ho contents. As shown in Figure 3, both ACE and CIP exhibited
relatively weak oxidation signals at the bare GCE. Modification with UiO-66 resulted in a significant
enhancement in peak currents, while further incorporation of Ho species led to an additional increase in the
electrochemical response. Among all investigated electrodes, Ho/UiO-66 (3/100)/GCE exhibited the highest
oxidation currents for both analytes and was therefore selected for subsequent experiments.

The high electrochemical performance of Ho/UiO-66 (3/100)/GCE can be attributed to the synergistic
combination of the highly porous UiO-66 framework and the electroactive Ho species. The porous structure
of UiO-66 facilitates analyte adsorption and mass transport, whereas Ho incorporation improves charge
transfer and increases the density of active sites available for electron transfer.
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repeated measurements
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This interpretation is supported by the electrochemically active surface area (ECSA) measurements
(Supplementary material, Figure S1). The ECSA values of bare GCE, UiO-66/GCE, and Ho/UiO-66 (3/100)/GCE
were calculated to be 0.0362, 0.0465 and 0.0885 cm?, respectively. The approximately 2.4-fold increase in
ECSA compared with bare GCE indicates the formation of a substantially enlarged electroactive interface,
which contributes directly to the enhanced oxidation currents observed for ACE and CIP.

Effect of pH

The influence of solution pH on the simultaneous determination of ACE and CIP was examined in BRS
buffer over the pH range of 3-10 (Figure 4a).
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Figure 4. (A) CV curves of the Ho/UiO-66/GCE recorded in 0.02 M BRS buffer at different pH values (pH 3 to 10)
containing 20 uM ACE and 20 uM CIP, at a scan rate of 0.2 V s7'; (B) Variation of the peak currents with pH;
(C) Dependence of the peak potentials on pH
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The oxidation peak currents of both analytes strongly depended on pH, confirming the involvement of
proton transfer during the electrochemical oxidation process. The oxidation current of ACE gradually
increased with increasing pH, reaching a maximum near pH 5-6, whereas CIP exhibited a pronounced
maximum at approximately pH 6. Beyond this pH value, the peak currents decreased, likely due to changes
in the protonation state of the analytes and reduced adsorption efficiency on the electrode surface (Figure
4b). Therefore, pH 5 was selected as the optimum supporting electrolyte condition.

As shown in Figure 4c, the oxidation peak potentials shifted linearly toward less positive values with
increasing pH, as described by Equations (1) and (2):

Epace =0.9086 - 0.0640pH (r? =0.9913) (1)

Ep,cip = 1.4790 - 0.0653pH (r? =0.9799) (2)

The slopes of approximately -64 mV pH™ are close to the theoretical Nernstian value of -59 mV pH™,
indicating that equal numbers of electrons and protons participate in the oxidation processes. This behaviour
suggests that the electrochemical oxidation mechanisms of ACE and CIP involve proton-coupled electron
transfer reactions.

Effect of scan rate and electrochemical oxidation mechanism

The effect of scan rate on the electrochemical behaviour of ACE and CIP was investigated by cyclic
voltammetry over the range of 0.020 to 0.4 V s (Figure 5a). As the scan rate increased, the oxidation peak
currents increased proportionally, reflecting accelerated electron transfer and mass transport processes.
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Figure 5. (A) CV curves of the Ho/Ui0-66/GCE recorded in 0.02 M BRS buffer (pH 6.0) containing 20 uM ACE and
20 uM CIP at scan rates ranging from 20 to 400 mV s'; (B) Linear relationships between the peak currents and the
square root of the scan rate (v'?); (C) Linear plots of the peak potentials of ACE and CIP versus In v

As shown in Figure 5b, the oxidation peak currents exhibited linear relationships with the square root of
the scan rate as follows in Equations (3) and (4):
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Ioace = 1.0325 + 17.9647vY2 (r? = 0.9852 (3)
Io,cp = =0.7330 + 18.2407v*2 (r* = 0.9926) (4)

These relationships indicate that the oxidation processes are predominantly diffusion-controlled [33]. The
similar slopes obtained for ACE and CIP suggest comparable diffusion behaviour for both analytes at the
Ho/UiO-66-modified surface. The oxidation peak potentials shifted toward more positive values with
increasing scan rate, consistent with Laviron’s equations, as expressed in Equations (5) and (6) [34]:

Epace = 0.5492 +0.0245Inv (r* = 0.9753) (5)
Epcr = 1.09634 + 0.0320Inv (r = 0.9888) (6)

The calculated an values were approximately 1.05 for ACE and 0.80 for CIP. Assuming a transfer coefficient
a = 0.5 for an irreversible system (Figure 5c) [33], the corresponding electron numbers were estimated to be
approximately 2.1 and 1.6, respectively. Considering both the scan-rate analysis and the pH dependence
study, the oxidation of ACE and CIP is reasonably assigned to a two-electron/two-proton process.

For ACE, the electrochemical oxidation occurs at the phenolic moiety and proceeds through the loss of two
electrons and two protons to form N-acetyl-p-benzoquinone imine (NAPQI), as shown in Equation (7) [35,36].
This assignment is consistent with previous reports describing the ACE/NAPQI redox couple as a two-
electron/two-proton process. Depending on the electrode surface and solution conditions, the electrogene-
rated NAPQI may be reduced back to ACE during the reverse scan; however, its subsequent chemical reactions
can decrease the apparent reversibility of the overall process. The oxidation can be represented as:

ACE > NAPQI + 2H* + 2e" (7)

For CIP, the anodic response is attributed to oxidation of the secondary amine nitrogen in the piperazine
ring. According to the mechanism proposed in the cited literature, water participates in oxidative N-hydro-
xylation, producing an N-hydroxylated CIP derivative with the release of two electrons and two protons, as
shown in Equation (8) [37,38]. The proposed reaction is:

CIP + H,0 = N-hydroxylated CIP + 2H* + 2e~ (8)

Thus, the simultaneous anodic oxidation of ACE and CIP at the Ho/UiO-66/GCE is consistent with two
distinct proton-coupled electron-transfer pathways. ACE is oxidized at the phenolic group to NAPQI, whereas
CIP is proposed to undergo N-hydroxylation at the secondary nitrogen of the piperazine ring. In both cases,
the near-Nernstian dependence of peak potential on pH, together with the scan-rate analysis, supports the
participation of approximately equal numbers of electrons and protons, reasonably assigned as two electrons
and two protons. The Ho/UiO-66-modified electrode provides accessible electroactive sites and promotes
interfacial electron transfer, yielding two sufficiently separated oxidation peaks for simultaneous deter-
mination. Based on the present electrochemical results and the cited literature, the proposed oxidation
pathways are illustrated in Scheme 1.

)J\ /O/ )J\ /g e
E
— o —
o N N——OH
+ HZO \ /
H+ 2 \ N

CIp

Scheme 1. Proposed electrochemical oxidation mechanisms of ACE and CIP at the Ho/UiO-66/GCE
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Optimization of DPV parameters

To achieve maximum analytical sensitivity, the accumulation potential, accumulation time, pulse amplitude,
and potential step were optimized. The highest combined peak currents for ACE and CIP were obtained at an
accumulation potential of +0.2 V. More negative or positive potentials led to lower responses, indicating less
favourable adsorption and preconcentration conditions. The influence of accumulation time revealed a rapid
increase in current during the initial seconds, followed by a plateau. An accumulation time of 5 s was selected
because longer accumulation periods provided negligible improvement while increasing analysis time.

The oxidation currents increased continuously with increasing pulse amplitude and reached their maximum
values at 0.12 V. Similarly, the current response improved with increasing potential step and reached an
optimum at 0.009 V. Consequently, the optimum DPV conditions were established as +0.2 V accumulation
potential, 5 s accumulation time, 0.12 V pulse amplitude, and 0.009 V potential step (Figure S2 to S5).

Analytical performance

Under optimized conditions, well-defined and completely separated oxidation peaks corresponding to
ACE and CIP were obtained. As shown in Figure 6, the peak currents increased systematically with analyte
concentration over two linear concentration ranges as follows: Equations (9) and (10):

For the first concentration range (0.50 to 4.95 uM):

lo,ace = 0.99454 + 0.61132Cace (r* = 0.998) (9)

lo,cp = 0.40152 + 0.63803Ccp (r* = 0.9983) (10)

At higher concentrations (4.95 to 23.81 uM), a second linear region was observed, as described by
Equations (11) and (12):

Ipace = 2.5595 + 0.2742Cace (r? = 0.9993) (11)

lo,cp = 2.4401 + 0.2387Ccip (r* = 0.9982) (12)

The limits of detection (LOD) were calculated from the first linear range using Equation (13)

LOD =30/b (13)
where o is the residual standard deviation of the linear regression based on the five lowest concentration

points (inset of Figure 6b), and b is the slope of the corresponding calibration curve. The obtained LOD values
were 0.14 uM for ACE and 0.13 uM for CIP.

40 - 10 ~
(B)
ACE (0.50 - 4.95 uM)
35 1 e CIP (0.50 - 4.95 uM)
8 4 4 ACE (4.95 - 23.81 uM)
30 v CIP (4.95 - 23.81 uM)
< 25- < °]
3 =2 = ACE (0.50 - 2.50 uM)
Ry - + CIP (0.50 - 2.50 uM)
20 - -~ !
4 i « 20
ES
15 + 25
2 1.0
10 1=
05
0.5 1.0 15 20 25
C/uM
5 T T T T L] L] L] 0 T T T T E T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 5 10 15 20 25
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Figure 6. (A) DPV curves of the Ho/UiO-66/GCE recorded in 0.02 M BRS buffer (pH 5.0) containing ACE and CIP at
concentrations ranging from 0.50 to 23.81 uM; (B) Calibration plots showing the linear relationships between the peak
currents and the concentrations of ACE and CIP
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The lower sensitivities observed in the second concentration range are likely associated with partial
saturation of active adsorption sites and slower diffusion of analytes to the electrode surface at elevated
concentrations. Nevertheless, high linearity was maintained throughout the investigated concentration
range, demonstrating the suitability of Ho/UiO-66/GCE for quantitative analysis.

A comparison of the analytical performance of this Ho/UiO-66/GCE with previously reported electroche-
mical sensors is presented in Table 1. The developed sensor exhibited low detection limits of 0.14 uM for ACE
and 0.13 uM for CIP, comparable to or lower than those reported for conventional GCE and several MOF-based
electrodes. For example, the LOD obtained for ACE is lower than that of bare GCE (0.369 uM) and comparable
to that reported for Zn-MOF/GCE (0.104 uM). For CIP determination, the analytical performance of Ho/UiO-
-66/GCE is similar to that of cobalt-based coordination polymer electrodes and TiO,/PB/AuNPs/CMK-3/Nafion-
-modified electrodes. Although some advanced sensors, such as CZF/CME, exhibit lower detection limits, they
generally involve more complicated fabrication procedures and require stripping voltammetric techniques. In
contrast, the present Ho/UiO-66/GCE provides a simple preparation procedure, satisfactory sensitivity, good
peak separation, and successful application to pharmaceutical formulations. These results indicate that Ho
incorporation into the UiO-66 framework effectively improves the electrochemical response toward both ACE
and CIP and offers a promising platform for the simultaneous determination of pharmaceutical compounds.

Table 1. Comparison of the analytical performance of the proposed Ho/UiO-66/GCE with previously reported
electrochemical sensors for the determination of ACE and CIP

LOD, uM Linear range, uM

Electrode Method ACE . CIP ACE ap Real samples Ref.
GCE DPV  0.369 - 4to0 100 - Pharmaceutical formulations [39]
Zn-MOF/GCE DPV  0.104 - 1to 50 - Real blood samples [40]
GPA-PVPy/GC DPV - 9.0 - 10 to 310 Urine samples [38]
{[Co(HL)(bix)]-H,0}n/GCE DPV - 0.135 - 2-to 20 Real water samples [41]
{[Co(HL)(bimb)]-H,0}n/GCE DPV - 0.082 - 1to 14 Real water samples [41]

TiO,/PB/AuNPs/CMK-3/ 1to 10; 1to 10; .
/Nafion/GE Cv  0.108 0.210 10 to 52 10 to 52 Environmental water [42]
CZF/CME AdSDPV 0.0085 0.0026  0.185t0476  0.0909to4700 ' narmaceutical formulations, 1,4,

serum and urine samples
C-HAP/GCE SWV 0.1397 0.0918  0.01 to 1310 0.01to0 1310 Pharmaceutical drugs and [44]
biological samples

. 0.50 to 4.95; 4.95 0.50 to 4.95; 4.95 . . This
Ho/UiO-66/GCE DPV  0.14 0.13 t0 2381 t023.81 Pharmaceutical formulations work

Zn-MOF: Zn-based metal-organic framework; GPA-PVPy: Polyaniline-poly(vinylpyrrolidone)-graphene; {[Co(HL)(bix)]-H.0}» and
{[Co(HL)(bimb)]-H20},: two Co(ll)-based coordination polymers; TiO2/PB/AuNPs/CMK-3/Nafion: titanium dioxide sol enriched with mesoporous
carbon CMK-3, gold nanoparticles and Nafion; CZF/CME: copper zinc ferrite nanoparticles modified carbon paste electrode; C-HAP: cuttlefish bone-
derived hydroxyapatite sub-microparticles; AdSDPV: adsorptive stripping differential pulse voltammetry; SWV: Square wave voltammetry

Repeatability, reproducibility and stability

The analytical precision of the developed sensor was evaluated using five concentration levels ranging from
1.0 to 14.6 uM. The relative standard deviation (RSD) values for both analytes were below 5% and considerably
lower than one-half of their corresponding Horwitz values, indicating high repeatability (Figure 7a).

The long-term stability of the modified electrode was evaluated over ten consecutive days (Figure 7b).
The obtained RSD values were 1.38 % for ACE and 1.76 % for CIP, demonstrating high storage stability.
Reproducibility, assessed using ten independently prepared electrodes, yielded RSD values of 2.17 % and
2.21 % for ACE and CIP, respectively (Figure 7c). These results demonstrate that the fabrication procedure is
highly reproducible and that the Ho/UiO-66 coating remains stable during prolonged use.

Interference study

The selectivity of this sensor was evaluated in the presence of various potentially interfering species,
including inorganic ions (Zn%*, Ca?*, Na*, AI**, Fe®*), carbohydrates (glucose, sucrose, lactose), amino acids
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(glutamic acid), and common pharmaceutical additives (caffeine, sodium benzoate, citric acid) (Figure 7d).
Even at concentrations 100-fold higher than those of ACE and CIP, most interfering compounds produced
signal variations below +10 %. Although Zn?** and AI** caused slightly larger changes in the ACE signal, the
overall recovery remained acceptable, and no significant overlap of oxidation peaks was observed. These
findings demonstrate the high selectivity of the Ho/UiO-66/GCE sensor and verify its suitability for analysis

of complex pharmaceutical matrices.
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Figure 7. (A) Comparison of the RSD values of the peak currents for ACE and CIP at concentrations of 1.0, 2.0, 4.0, 5.9,
and 14.6 uM with the corresponding % Horwitz RSD values; (B) Peak current responses for 4.0 uM ACE and CIP in
0.02 M BRS buffer (pH 6.0) at the Ho/UiO-66-modified electrode over a 10-day period, demonstrating long-term
stability; (C) Peak current responses obtained from ten independently prepared Ho/UiO-66-modified electrodes,
demonstrating fabrication reproducibility and (D) Relative errors (RE, %) obtained for the simultaneous determination
of ACE and CIP in the presence of various potentially interfering substances
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Analysis of pharmaceutical samples

The practical applicability of this Ho/UiO-66/GCE sensor was evaluated through the simultaneous deter-
mination of ACE and CIP in commercial pharmaceutical formulations. As shown in Table 2, the contents deter-
mined by the developed DPV method were in close agreement with those obtained by the reference HPLC
method. For ACE-containing samples, the determined content ranged from 244.9 + 2.1 to 636.3 + 9.3 mg,
while the corresponding HPLC values ranged from 240.3 to 643.5 mg. Similarly, for CIP-containing samples,
the content obtained by DPV varied from 244.7 + 2.8 to 506.9 + 3.1 mg, which were very close to the values
determined by HPLC from 249.5 to 499.5 mg. To further evaluate the accuracy of this method, the results
obtained by DPV and HPLC were statistically compared using a paired samples t-test. The statistical analysis
revealed no significant difference between the two methods at the 95 % confidence level, demonstrating the
reliability and accuracy of the developed electrochemical method for the determination of ACE and CIP in
pharmaceutical formulations. The accuracy of the developed sensor was further assessed by the standard
addition method. Recovery values ranged from 94.3 to 103.6 % for ACE and from 96.6 to 104.5 % for CIP,
supporting satisfactory accuracy and negligible matrix interference. Moreover, the low standard deviation
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values obtained for all samples demonstrate acceptable precision and repeatability of this analytical
procedure. These results reveal that the Ho/UiO-66/GCE sensor can be applied for the simultaneous
determination of ACE and CIP in real pharmaceutical samples.

Table 2. Determination of ACE and CIP in pharmaceutical samples by the present DPV method and comparison with
HPLC results. Recovery values were obtained by the standard addition method

Content + SD, mg Concentration, uM
Samples Analyte HPLC* DPV** Spiked Found £ SD Recovery, %
ACE Powder for oral (label claim: 250 mg ACE per unit)  ACE 2403 2449+2.1 0.50 0.4777 +0.0086 95.5
ACE Tablet 1 (label claim: 500 mg ACE per unit) ACE 505.0 510.1+3.8 0.50 0.4714 + 0.0055 94.3
ACE Tablet 2 (label claim: 650 mg ACE per unit) ACE 643.5 636.3+9.3 0.50 0.5145 +0.0159 103.6
CIP Powder for oral (label claim: 250 mg CIP per unit) CIP 249.5 244.7+2.8 0.50 0.5224 + 0.0094 104.5
CIP Tablet 1 (label claim: 500 mg CIP per unit) CIP 488.5 485.3+5.8 0.50 0.4828 + 0.0108 96.6
CIP Tablet 2 (label claim: 500 mg CIP per unit) CIP 4995 5069+3.1 0.50 0.5141 + 0.0088 102.8

*Reference HPLC method; ** Proposed DPV method

Conclusion

A series of Ho-modified UiO-66 materials with different Ho/Zr molar ratios were successfully synthesized via
a solvothermal method and systematically evaluated as electrode modifiers for the simultaneous
electrochemical determination of ACE and CIP. Structural characterization demonstrated that Ho incorporation
preserved the crystalline UiO-66 framework while inducing reduced crystallite size, increased structural defects,
and modified pore characteristics. Among the investigated materials, Ho/UiO-66 (3/100) exhibited the optimum
balance between structural integrity and electrochemical activity, resulting in the highest analytical response
toward both analytes. The enhanced sensing performance can be attributed to the synergistic effects of Ho
incorporation, which increased the electrochemically active surface area, introduced additional electroactive
sites, and facilitated interfacial charge-transfer processes. Under the optimized DPV conditions, the developed
Ho/UiO-66/GCE enabled well-separated oxidation peaks for ACE and CIP, providing two wide linear
concentration ranges (0.50 to 4.95 and 4.95 to 23.81 uM) with low detection limits of 0.14 and 0.13 uM,
respectively. The sensor also exhibited satisfactory selectivity, repeatability, reproducibility, long-term stability,
and excellent analytical performance in pharmaceutical formulations, with results in good agreement with
those obtained by the reference HPLC method. Overall, this study demonstrates that rare-earth modification is
an effective strategy for tailoring the physicochemical and electrochemical properties of UiO-66. The proposed
Ho/Ui0-66/GCE provides a simple, reliable, and sensitive platform for the simultaneous determination of
pharmaceutical compounds and offers valuable insights into the rational design of rare-earth-functionalized
MOF-based electrochemical sensors for future analytical applications.
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