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Abstract

The accurate determination of lenalidomide (LEN) is essential due to its widespread clinical use and
narrow therapeutic window. In this context, a novel, eco-friendly electrochemical sensor based on a
ZnFe-LDH@MnO: nanocomposite-modified glassy carbon electrode (ZnFe-LDH@MnO./GCE) was
developed for the sensitive determination of LEN. The hybrid nanocomposite was synthesized via a
rapid two-step procedure involving microwave-assisted formation of ZnFe-LDH followed by controlled
MnO: deposition. Structural and physicochemical characterization using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD) analysis, Field emission scanning electron
microscopy/Energy dispersive X-ray spectroscopy (FE-SEM/EDX), Brunauer-Emmet-Teller (BET)
analysis, and Thermogravimetric analysis (TGA) confirmed the successful formation of a hierarchically
structured nanocomposite with a significantly increased surface area (113.88 mZ/g for ZnFe-
LDH@MnO: vs. 77.40 m#/g for ZnFe-LDH) and improved thermal stability. Electrochemical studies
revealed enhanced electron-transfer kinetics, evidenced by a decrease in charge-transfer resistance (Rct)
from 3218.7 Q to 1050.1 Q and an increase in electroactive surface area from 0.085 cm? to 0.14 cm?

after modification.

LEN exhibited an irreversible oxidation process involving a 2Ze/1H" mechanism, which was
guantitatively monitored using differential pulse voltammetry (DPV). Under optimized conditions, the
sensor demonstrated a wide linear range of 0.50-9.80 uM (R2 = 0.995), with a low limit of detection
(LOD) of 6.99 nM. The developed platform showea excellent repeatability (relative standard deviation,
RSD = 1.1%) and reproducibility (RSD = 0.4%), along with high selectivity against common interfering

species.

Furthermore, the environmental impact of the method was evaluated using Green Analytical Procedure
Index (GAPI), Analytical GREEnness (AGREE) (0.84), and Blue Applicability Grade Index (BAGI)
(77.5) tools, confirming its sustainability and practical applicability. The sensor was successfully applied
to human plasma, synthetic urine, and pharmaceutical dosage forms, yielding satisfactory recoveries
(98.2%-101.7%). These results demonstrate that the proposed sensor provides a green, sensitive, and

cost-effective alternative for routine LEN determination in clinical and pharmaceutical analysis.
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1. Introduction

Multiple myeloma (MM) is a malignant plasma cell disorder characterized by uncontrolled proliferation
of abnormal plasma cells within the bone marrow, leading to bone destruction, anemia, renal
impairment, and immunodeficiency ! In recent decades, lenalidomide (LEN), a potent
immunomodulatory analog of thalidomide, has revolutionized the management of MM 2. Due to its
narrow therapeutic window and its indispensable role in long-term maintenance therapy, the accurate
determination of LEN in pharmaceutical and biological matrices is critical for ensuring patient safety

and dosage precision 2,

Several analytical techniques have been developed for the quantitative determination of LEN in
pharmaceutical formulations and biological matrices to ensure its accurate dosage and therapeutic
monitoring. These include high-performance liquid chromatography coupled with mass spectrometry
(HPLC-MS/MS) 4, ultra-performance liquid chromatography with tandem mass spectrometry (UPLC—
MS/MS) ®, liquid chromatography with tandem mass spectrometry (LC-MS/MS) &8, fluorimetric and
UV-visible spectrophotometric methods °, as well as various reversed-phase HPLC (RP-HPLC) assays
1011 - Additionally, non-extractive HPLC procedures using fluorescence detection after pre-column
derivatization with fluorescamine *2, and capillary electrophoresis methods equipped with photodiode
array detection 3, have also been reported. Although these methods offer excellent sensitivity and
accuracy, they are often limited by labor-intensive sample preparation, high operational costs, and
prolonged analysis times. These drawbacks create a clear demand for analytical strategies that are

simpler, faster, and more affordable 416,

In this regard, electrochemical methods offer a promising alternative owing to their high sensitivity, low
cost, rapid analysis, and minimal sample preparation. Particularly, techniques such as DPV are highly
valued for their ability to provide superior sensitivity and low detection limits while significantly
reducing analysis time. The effectiveness of these techniques is further enhanced by the selection of the
glassy carbon electrode (GCE) as the primary transducer. The GCE is widely preferred due to its broad
operational potential window, excellent electrical conductivity, and high chemical inertness, which
ensures low background currents and improved signal-to-noise ratios *’. Furthermore, the GCE’s robust
surface is uniquely suited for stable modification with advanced nanomaterials, facilitating the
development of highly efficient and reproducible sensing interfaces. These advantages are consistent
with modern trends in analytical chemistry aimed at creating sustainable and high-performance sensing

platforms 1819, Additionally, surface modification of electrodes with nanocomposite materials enhances



selectivity and detection limits, making electrochemical sensing a green and efficient approach for LEN

determination °.

Layered double hydroxides (LDHs) have emerged as highly attractive electrode materials for
electrochemical sensing due to their unique two-dimensional lamellar structure, high specific surface
area, and tunable chemical composition #2* Among the various combinations, ZnFe-LDH is
particularly notable for its biocompatibility, low toxicity, and cost-effectiveness . The coexistence of
mixed-valence iron and zinc ions within the brucite-like layers coordinates highly dense, electrocatalytic
active centers for the oxidation reaction, while the defined interstitial channels accelerate the mass
transport and intra-crystalline diffusion of the analyte 2%, However, pristine LDHs often suffer from
limited electrical conductivity and the tendency of nanosheets to aggregate due to van der Waals forces,
which can hinder their full electrochemical potential. It is now clear what kind of interlayer anion is
present in the ZnFe-LDH structure. The interlayer anion was found to be COs?", which is compatible
with the FTIR/XRD results, taking into account the use of NaOH and Na.COs during synthesis. The

purpose of adding this information is to make the material's layered structure easier to comprehend 2’.

To overcome these limitations and further enhance the sensing periormance, the incorporation of
transition metal oxides, such as manganese dioxide (MnQ>), is an effective strategy. MnO- is widely
valued in electrochemistry for its excellent catalytic activity, natural abundance, and environmental
friendliness 22, When deposited onto the LDH surface, MnO. nanostructures not only improve the
electrical conductivity of the nanocomposite but also act as spacers to prevent the restacking of LDH
layers ®. This synergistic combination results in a hierarchical heterostructure with an enlarged
electroactive surface area and enhanced electron transfer rates, thereby significantly improving the

sensitivity and selectivity of the sensor for the detection of pharmaceutical compounds 3%,

To the best of our knowiedge, this work presents the first application of a hierarchically structured ZnFe-
LDH@MnO: nanocomposite for the sensitive voltammetric determination of LEN. The novelty of this
approach lies in the synergistic integration of microwave-assisted ZnFe-LDH synthesis with controlled
MnO: deposition. This rapid two-step procedure results in a significant expansion of the electroactive
surface area and enhanced electron-transfer kinetics compared to unmodified surfaces, facilitating a

sensitive 2e”/1H* oxidation process.

Furthermore, this study bridges the gap between high-performance sensing and sustainability, offering
a rapid, cost-effective alternative to traditional, labor-intensive chromatographic methods. The method's
unique contribution is quantitatively verified by modern greenness assessment tools, achieving high
sustainability scores of 0.84 (AGREE) and 77.5 (BAGI), thereby providing a robust and environmentally

conscious platform for routine clinical and pharmaceutical analysis.



2. Methodology

2.1.  Chemicals, Reagents, and Materials
The specifications and sources of the chemicals and reagents used are listed in the Supporting

Information (SI).

2.2. Instruments

Details of the instruments used are provided in the SI.

2.3.  Synthesis of the Nanocomposite
2.3.1. Synthesis of ZnFe-LDH

1.5 M ZnCl; (10.2 g), 0.5 M FeCl3.6H.0 (6.76 g), 0.35 M NaOH (0.8 g), and 0.15 M Na.COs (0.7 g)
were weighed and placed in a beaker. 20 mL of deionized water was added and stirred on a magnetic
stirrer (room temperature) for 1 hour. The reaction was then conducted in a microwave oven at 300 W
and 150°C for 30 minutes. The slurry obtained after centrifugation was washed twice with distilled water

and ethanol and dried in a 60°C oven .
2.3.2. Synthesis of ZnFe-LDH@MnO,

0.3 g of the synthesized ZnFe-LDH material was added to 50 mL of distilled water and 0.05 g of
MnCl,.4H,0. The mixture was stirred for 1 hour on a imagnetic stirrer (at room temperature). 0.06 g of
KMnO4 was then added, and stirring contiriued for another 6 hours. The resulting slurry was washed

three times with distilled water and ethanaoi, and dried in a 60°C oven.

2.4.  Fabrication of the ZnFe-LDH@MnO./GCE

The modification procedure of the GCE was carried out using the nanocomposite material denoted as
ZnFe-LDH@MnO:. Initially, a specific amount of ZnFe-LDH@MnO- powder was transferred into a
microtube, and distilled water was added to prepare a homogeneous dispersion. The mixture was
vortexed for approximately 5 min, followed by ultrasonication for 15 min to ensure complete dissolution
and uniform dispersion of the nanocomposite. The resulting suspension was used as the stock solution

for electrode modification.

Prior to modification, the bare GCE surface was carefully polished with an alumina slurry on a polishing
pad for 5 minutes to achieve a mirror-like finish. The electrode was then rinsed and placed in a beaker
containing a 1:1 (v/v) ethanol-water mixture and sonicated for 5 min to remove any residual polishing
material. Afterward, the electrode was washed thoroughly with distilled water and allowed to dry at

room temperature.

Finally, based on the optimized modification parameters determined in the optimization studies, a

specific volume of the prepared ZnFe-LDH@MnO: suspension was drop-cast onto the conductive



surface of the cleaned GCE. The ZnFe-LDH@MnO:/GCE was then left to dry under UV light to ensure
proper adhesion and solvent evaporation, yielding the ZnFe-LDH@MnO:/GCE ready for subsequent

electrochemical measurements.

2.5.  Spiked Samples
To evaluate the applicability of the developed electrochemical method in real matrices, analyses were

performed using pharmaceutical dosage form, human plasma, and synthetic urine samples.

Human plasma: For plasma sample preparation, equal volumes of human plasma and acetonitrile (1:1,
v/v) were mixed to precipitate plasma proteins *. The mixture was centrifuged at 8000 rpm for 20 min,
and the clear supernatant was carefully collected without disturbing the precipitate. The obtained
supernatant was then spiked with the standard LEN solution to achieve the desired concentrations, based

on the calculated amounts.

Synthetic urine: To avoid ethical concerns associated with human sample collection, a synthetic urine
solution was prepared to simulate the composition of real urine . The artificial matrix was prepared by
incorporating essential physiological constituents, including potassium chloride (KCI), sodium
phosphate (NasPO.), sodium sulfate (Na,SOa), uric acid (CsH4N+Oz), and glucose (CsH1206), to simulate
the ionic strength and chemical complexity of human urine. Pricr to spiking, the synthetic urine was
filtered through a 0.45 um PTFE membrane filter to remcve any particulate matter and ensure clarity.
The filtered solution was then spiked with the LEN standard solution to obtain the required
concentrations according to the calculated volumes, and subsequently subjected to electrochemical

measurements under identical conditions.

Pharmaceutical dosage form: Three commercial capsules containing LEN were accurately weighed after
carefully removing their powdered contents composed of the active ingredient and excipients. Based on
the obtained average weight and drug label information, an appropriate portion corresponding to the
desired concentration was calculated and transferred into a volumetric flask. The sample was then
dissolved ina 1:1 (v/v) ethanol-water mixture and diluted to the target concentration for electrochemical

analysis.

3. Results and Discussion
3.1.  Characterization of the Nanocomposite
Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR spectra of the Zn—Fe LDH@MnO nanocomposite and its constituents are shown in Figure S1.
The peaks at 3435 and 3485 cm* represent the stretching vibrations of hydroxyl groups (-OH). The
bands at 1510 and 1780 cm* represent the vibrations of C-O and C-C groups, respectively *. The bands
in the 400 to 900 cm region correspond to M-O and O-M-0O, while the peaks at 639, 830, and 990 cm-



! originate from the O-M-O, M-O-M, and M-O stretching vibrations in the Zn-Fe LDH@MnO;
nanocomposite, respectively 38, In particular, peak shifts and intensity changes are highlighted as proof
of interfacial interactions within the composite, and the discussion now links the observed bands with
structural characteristics of both Zn—Fe LDH and MnO.. The absorption bands in the fingerprint region
(400-1000 cm™) were attributed to metal-oxygen vibrations: bands at 490-530 ¢cm™, 580-630 cm™,
and 720-780 cm™! correspond to Zn—0O, Fe—O, and Mn-O stretching modes, respectively. Additionally,
the band at 750-820 cm™ was assigned to Mn—O—Mn vibrations. These results confirm the successful
formation and integration of the metal oxide framework in the synthesized material. The materials

production and physicochemical characteristics are better understood as a result of these improvements.
X-ray diffraction analysis

The ZnFe-LDH and ZnFe-LDH@ MnO: nanocomposites powder X-ray diffraction (XRD) patterns
(Bruker AXS D8 Advanced diffractometer) are shown in Figure S2. Four noticeable diffraction peaks,
corresponding to the (110), (200), (002), and (211) crystallographic planes, are visible in the ZnFe-LDH
@MnO: sample at 20 = 12.8°, 18.7°, 27.3°, and 36.7°. These reflections show that the hybrid material

was successfully formed and are typical of layered or nanocomposite structures including MnO, 3%,

Additionally, the primary diffraction peaks associated with the parent ZnFe-LDH phase are retained in
the ZnFe-LDH@ MnO: nanocomposite, appearing at almost identical 260 positions but with significantly
lower intensities. This decrease in peak intensity shiows that the fundamental layered double hydroxide
framework is still there in the nanocomposite, but it also suggests that MnO. deposition may have
partially changed the structure. The successful development of the LDH structure is confirmed by the
reflections at 26 = 12.8°, 18.7°, 27.3°, and 36.7°, which match its distinctive basal planes. Because of
its low concentration, significant dispersion within the LDH matrix, and/or amorphous or weakly
crystalline character, there are no clear MnO: peaks in the XRD pattern. Consequently, a widely
dispersed and low-crystallinity phase is suggested rather than its absence by the lack of visible MnO:

peaks 4042,

A valid estimate of crystallite size using the Scherrer equation was not possible because of the broad
and overlapping diffraction peaks seen in the XRD patterns, which are linked to the low crystallinity
and nanoscale dispersion of the metal oxide phases. As a result, complementary methods like SEM and
TEM investigations were mostly used to assess the structural characteristics of the manufactured

materials.
Morphological and Elemental Analysis

As seen in Figure 1, respectively, the morphological features and particle diameters of the produced
ZnFe-LDH and ZnFe-LDH@MnO: nanomaterials were examined using scanning electron microscopy

(SEM) (ZEISS Gemini 550, Germany). Image ProPlus 6.0 was used to calibrate and assess the scale



bars, which showed particle sizes between 40 and 1000 nm. In addition to the morphological evaluation,
elemental mapping and SEM in conjunction with EDX were carried out to clarify the elemental

distribution in both materials (Figures 2 and 3).

The MnO->-modified nanocomposite and the pure ZnFe-LDH exhibit distinct morphological differences
in the FE-SEM pictures. The lamellar and platelet-like nanosheets that make up ZnFe-LDH are unevenly
stacked and collected into dense clusters, giving it the distinctive appearance of layered double
hydroxides “3#4, The intrinsic layered nature of LDH structures, which usually results from fast
nucleation followed by spontaneous sheet stacking and aggregation a phenomenon frequently
documented for Zn- and Fe-based LDHs-is reflected in the somewhat folded and crumpled edges of

these sheets.

There is a noticeable change in surface morphology after MnO: deposition. MnO2 nanocomposites
domains uniformly adorn the previously smooth LDH lamellae, giving them a coarser, more granular
surface texture. LDH nanosheets coated with MnO: nanostructures provide a hierarchical structural
arrangement that adds several nanoscale asperities and improves surface heterogeneity “. This
morphological progression is in line with studies in the literature on LDH—MnO: hybrid systems, where
the successful creation of the ZnFe-LDH@MnO: nanocomposite is confirmed and surface activity is

efficiently increased by MnO: nucleation on LDH surfaces.

ZnFe-LDH ZnFe-LDH@ MnO,

Figure 1. SEM images ZnFe-LDH, and ZnFe-LDH@MnO; (A and C :100 nm, 50kx, B and D: 1 um,
5.0 kx)

The surface chemical composition of the synthesized ZnFe-LDH was examined by EDX analysis
(Figure 2). The elemental distribution revealed the presence of C, N, O, ClI, Fe, and Zn at 9.57%, 1.95%,



30.58%, 9.94%, 46.43%, and 1.54%, respectively, which is consistent with the expected elemental

framework of the layered double hydroxide.

Following the surface modification of ZnFe-LDH with MnO-, the EDX spectrum showed notable
changes in elemental composition (Figure 3). The coated material, ZnFe (LDH)@MnO., contained C,
N, O, ClI, Mn, Fe, and Zn at 10.18%, 2.16%, 39.07%, 3.29%, 19.90%, 25.28%, and 0.12%, respectively.
The significant increase in Mn content, accompanied by a corresponding shift in Fe and O proportions,
confirms the successful MnO: deposition onto the ZnFe (LDH) surface, in agreement with the FESEM,
FTIR and XRD results.
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Figure 3. SEM-EDX and Mapping analysis for ZnFe-LDH@MnO>
Brunauer-Emmet-Teller (BET) analysis

BET measurements were performed using a Micromeritics Gemini VII and Tristar 1l Plus systems to
evaluate the surface characteristics of the powder nanocomposites (Figure 4). The ZnFe-LDH sample
displayed a BET specific surface area of 77.4068 m2/g. Its pore structure, assessed through BJH analysis,
showed average adsorption and desorption pore widths of 85.951 A and 68.513 A, respectively.

Following MnO: modification, the ZnFe-LDH@MnO: nanocomposite exhibited a pronounced increase
in BET surface area, reaching 113.8862 m?/g. The BJH adsorption and desorption pore widths also
expanded to 164.973 A and 141.463 A, indicating a notable enlargement of pore dimensions after

coating.

Overall, the MnO: deposition significantly enhanced the accessible surface and broadened the pore
structure of the powder nanocomposite, suggesting that the coating process effectively generated a more

open and surface-active architecture (Figure 4).
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Figure 4. BET analysis of ZnFe-LDH, and ZnFe-LDH@MnO; nanocomposite.

Thermogravimetric analysis

Two significant weight-loss events, occurring at roughly 150 °C and 430 °C, respectively, are shown by
thermogravimetric analysis (TGA) of the materials. According to the well-established dehydration

behavior of layered double hydroxides (LDHSs), the initial mass loss at 150 °C is usually ascribed to the



removal of physisorbed and interlayer water molecules. The dehydroxylation of the brucite-like layers
and the ensuing collapse of the LDH structure, a typical thermal transition frequently documented for
Zn—Fe-based LDHes, correspond to the second notable deterioration step around 430 °C. The ZnFe-
LDH@MnO: nanocomposite shows (Figure S3) a somewhat altered and less noticeable thermal
degradation profile as comparison to the pristine ZnFe-LDH. The MnO--modified LDH exhibits better
thermal stability, as seen by its more gradual mass-loss progression and the delayed structural collapse,
even though both materials decompose within a comparable temperature range “6. This increase in heat
resistance is in line with earlier findings that MnO: inclusion strengthens the structural rigidity of LDH

frameworks by producing a more robust hybrid architecture and adding more metal-oxygen connections
47

Overall, the TGA results support the successful development of a thermally more resilient
nanocomposite material by confirming that ZnFe-LDH@MnO: has better thermal stability than the
unmodified ZnFe-LDH, which is consistent with findings in the literature.

3.2. Determination of PZC

As shown in Figure S4, the ZnFe-LDH@MnO: nanocomposites poiiit of zero charge (PZC) was found
utilizing the pH drift method within an initial pH range of 3-12. Throughout the acidic to near-neutral
area, the ApH readings stayed near zero and slightly positive. At an initial pH of roughly 6.3, the ApH
curve crossed the zero line, revealing the materials PZC 8,

Because surface hydroxyl groups are protonated below this pH, the adsorbent surface has a net positive
charge that promotes the adsorption of anionic species. On the other hand, ApH gradually turns negative
at pH values higher than 6.3, indicating deprotonation and the formation of a negatively charged surface
that improves the adsorption of cationic analytes. Partial dissolution or surface restructuring, which is
commonly seen in LDH-based nanocomposite under alkaline circumstances, may be the cause of a
modest increase in ApH at higher pH levels.

Overall, ZnFe-LDH@MnO-’s PZC was found to be roughly pH 6.3, indicating that, depending on the
pH of the solution, the material can interact with either anionic or cationic medicinal analytes. For
adsorption-based preconcentration of medicinal compounds, including anticancer medicines, whose
ionization state changes with pH, this variable surface charge behavior is beneficial. It should be noted
that certain surface chemistry effects, such as the presence of metal oxide functionalities and adsorbed
ionic species, may cause the apparent deviation in the pHpyzc trend. Under certain experimental
conditions, these effects can change the protonation—deprotonation behavior and result in atypical

surface charge characteristics.

3.3. Electrochemical Behavior

To investigate the electron-transfer behavior at the electrode interface and assess the electrochemical

properties of the modified surfaces, cyclic voltammetry (CV) and electrochemical impedance



spectroscopy (EIS) analyses were carried out using 5.0 mM [Fe(CN)e]* /4 in 0.1 M KCl as the redox
indicator system.

The electrochemical responses of the bare electrode and ZnFe-LDH@MnO./GCE were first compared

by CV at different scan rates ranging from 10 to 300 mV s™! (Figure S5A-C). The electroactive surface
areas (A) were calculated from the slopes of the I, versus v!/2 plots (Figure S5B-D) using the Randles—

Sevéik equation (Equation S1), yielding 0.085 cm? for the bare electrode and 0.14 cm? for the modified
one.

CVs obtained at a scan rate of 50 mV s for both electrodes are presented in Figure 5A, demonstrating
the basis for AE, determination. The ZnFe-LDH@MnO:/GCE exhibited a smaller peak-to-peak
separation (AE, = 0.10 V) compared to the bare electrode (AE, = 0.17 V), suggesting an improvement
in electron-transfer kinetics following surface modification. This observation indicates that the
modification contributes to an increased electroactive area and facilitates charge transfer at the
electrode—electrolyte interface, which may be associated with changes in surface morphology and

conductivity arising from the nanocomposite structure.

EIS measurements were conducted to gain deeper insight into the charge-transfer processes of the bare
and modified electrodes under the same electrolyte conditioris. As shown in Figure 5B, the Nyquist plots
exhibited a typical semicircular region at high frequencies corresponding to the charge-transfer
resistance (Rct). The Rct value for the bare electrode was found to be 3218.7 Q, whereas that of the
ZnFe-LDH@MnO-/GCE significantly decreased to 1050.1 Q, indicating an improved electron transfer
capability after modification. Based on the EIS data, the standard heterogeneous electron transfer rate
constant (k°) and the exchange current density (j°) were also calculated (Equations S2 and S3). The k°
values were determined as 1.94 x 10* c¢cm s! for the bare electrode and 3.65 x 10™* cm s™' for the
modified one, while the corresponding j° values were 7.98 x 10¢ A cm™? and 24.5 x 10° A cm?,

respectively.
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Figure 5. (A) CV curves and (B) EIS plots for both the unmodified electrode (a) and ZnFe-
LDH@MnO2/GCE (b) in a solution of [Fe(CN)6]*/* (5 mM) and KCI.

The electrochemical parameters obtained from both CV and EIS analyses are summarized in Table 1.
These results collectively demonstrate that surface modification leads to enhanced electroactive area
and improved charge-transfer characteristics, which can be attributed to the presence of the ZnFe-

LDH@MnO: nanocomposite providing a more conductive and electrochemically accessible interface.

Table 1. CV and EIS analysis of electrochemical behavior across electrode types.

Electrode A (cm?) AEp (V) k% (cm s™) jo (A cm?)
Bare 0.085 0.17 1.94 x 10* 7.98 x 10
ZnFe- 0.14 0.1 3.65x 10* 24.5x 10
LDH@MnO:/GCE

3.4. Investigation of LEN by Voltammetry

To determine the most suitable voltammetric technique for the quantitative analysis of LEN, both CV
and DPV were comparatively evaluated. Initially, CV mieasurements were performed using a 100 uM
LEN solution after recording the blank, in which no signal was observed, confirming the absence of any
background response. On the bare electrode, an ariodic peak current cf 0.425 HA was obtained, which
increased to 0.696 YA after surface modification (Figure 6A). Although CV is instrumental for
elucidating the redox mechanism, its sensitivity is inherently limited by the continuous presence of

background charging current.

In contrast, DPV measurements were conducted under identical conditions yielded a significantly
enhanced response While the blank remained clear, the bare electrode exhibited a peak current of 1.31
MA, whereas the ZnFe-LDH@MnO./GCE showed a pronounced increase to 2.56 QA (Figure 6B). The
superiority of DPV in this study is attributed to its unique pulse waveform, which effectively
discriminates the faradaic current from the non-faradaic (charging) current. By sampling the current
specifically at the end of each pulse—where the capacitive charging current has significantly decayed—
DPV provides a much higher signal-to-noise ratio and sharper, better-defined peaks compared to CV.
This technical advantage was crucial for achieving the nanomolar detection limits required for
pharmaceutical and clinical monitoring “°. Consequently, due to its exceptional sensitivity and ability to
provide a clean analytical signal in complex matrices, DPV was selected as the optimal technique for

all subsequent quantitative analyses.
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Figure 6. DPV (A) and CV (B) responses of BR (0.1 M, pH = 4.0) in the absence and presence of 100
UM LEN at the surface of unmodified GCE and ZnFe-LDH@MnO,/GCE.

3.5.  Optimization of Analytical Parameters

In the initial stage of optimization, the influence of the electrolyte medium on the electrochemical
behavior of 100 uM LEN was examined at the ZnFe-LDH@MiO2/GCE surface. For this purpose, four
different supporting solutions were tested under identical conditions: 0.1 M BR buffer (pH 2.0), 0.1 M
PBS (pH 2.0), 0.1 M HCI, and 0.1 M NaOH (Figure S6). The results indicated that the oxidation current
of LEN significantly varied depending on the electrolyte, with the BR buffer providing the most

favorable analytical response.

In the subsequent step of the optimization studies, the influence of the nanocomposite modifier
concentration and its applied volume on the electrochemical response of LEN was systematically
investigated. Different concentrations (0.5, 1.0, 1.5 and 2.0 uM) and deposition volumes (2.0, 3.0, 4.0,
5.0, 6.0, 7.0 and 8.0 L) of the nanocomposite suspension were tested to achieve the highest oxidation
peak current and the most stable signal. As presented in Figure S7A, the effect of the applied
nanocomposite volume on the electrode surface was evaluated, and the optimal volume was determined
based on the maximum and most reproducible current response. Nanocomposite concentration was also
tested, as can be seen in the Figure S7B, the LEN oxidation current initially increased with increasing
nanocomposite concentration up to an optimal value, after a decrease was observed, likely due to surface
saturation and hindered electron transfer. These findings confirm that careful control of both
nanocomposite concentration and loading volume is crucial for achieving optimal electrochemical
performance of the ZnFe-LDH@MnO»/GCE. As a result of these investigations, a nanocomposite
concentration of 1 M and an applied volume of 6 puL were selected as the optimal conditions for further

electrochemical experiments.



To optimize the experimental parameters for the electrochemical detection of LEN, the effect of pH on
its voltammetric behavior was investigated. For this assessment, BR buffer solutions covering a pH
range of 2.0-9.0 were utilized. As shown in Figure 7A, the oxidation peak current of LEN increased
gradually with increasing pH and reached its maximum intensity at pH 4.0. Beyond this point, a marked
decrease in peak current was observed, suggesting that highly acidic or alkaline media are less favorable
for LEN oxidation. Therefore, pH 4.0 was selected as the optimal condition for subsequent

electrochemical measurements to ensure maximum sensitivity.

In addition, the dependence of the oxidation peak potential (Ep) on pH exhibited a linear relationship,
as illustrated in Figure 7B. The slope of the obtained line was —0.024 V per pH unit, which is
approximately half of the theoretical Nernstian value of —0.059 V/pH corresponding to equal numbers
of protons and electrons. This deviation implies that the oxidation process of LEN involves an unequal
proton-to-electron transfer, most likely proceeding via the participation of two electrons and one proton

in the overall redox mechanism.

The electrochemical behavior of LEN is closely related to its ionization states, defined by its pK, values
(pKar=2.3 and pKa=11.5). Within the studied pH range, the molecu'e predominantly exists in its neutral
form as the pH exceeds 2.14. The observed peak potential shift (—0.024/pH) confirms that the oxidation
is a proton-dependent process, where increasing the pH facilitates the loss of protons during the 2e”/1H*
transfer mechanism. The optimal response at pH 4 sugoests that the interaction between the neutral form

of the analyte and the ZnFe-LDH@MnO: interface is maximized under these conditions.
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Figure 7. (A) DPV responses of 100 uM LEN on the ZnFe-LDH@MnO2/GCE in BR buffer at different
pH values, and (B) the plot of peak position (Ip) versus pH for LEN.

Based on the proton-to-electron ratio obtained from the pH dependence studies, scan rate experiments

were subsequently performed to further elucidate the number of electrons transferred and to gain insight



into whether the oxidation process of LEN is diffusion- or adsorption-controlled. CV measurements
were carried out at different scan rates ranging from 50 to 300 mV s™'. As the scan rate increased, the
oxidation peak current gradually increased and the peak potential shifted slightly toward more positive
values, indicating a irreversible electrochemical process (Figure 8A). The plot of the oxidation peak
current (I,) versus the square root of the scan rate (v'/2) exhibited a good linear relationship (R? = 0.991)
with a slope of 0.067 (Figure 8B), suggesting that the oxidation of LEN is primarily diffusion-controlled.
Furthermore, the linear correlation between log I, and log v (R? = 0.096) with a slope of 0.379 and
(Figure 8C) supports this conclusion. Additionally, the relationship between the peak potential (E,) and
the natural logarithm of the scan rate (In v) yielded a slope of 0.022 (Figure 8D). Based on Laviron’s
equation, the number of electrons (n) involved in the electrooxidation of LEN was calculated to be
approximately 2.33, indicating that the process involves the transfer of nearly two electrons, consistent

with the proton—electron ratio obtained from the pH dependence studies.
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Figure 8. (A) CV curves recorded at scan rates ranging from 50 to 300 mV/s in BR buffer (pH 4.0)
containing LEN (100 uM), (B) linear relationship between anodic peak current and the square root of
the scan rate, (C) log-log plot of peak current versus scan rate, and (D) linear correlation between peak

potential and the natural logarithm of the scan rate, all measured utilizing the ZnFe-LDH@MnO2/GCE.



Based on the electrochemical data, which indicates an overall irreversible oxidation process involving
the transfer of two electrons and one proton (2¢7/1H"), a plausible mechanism for the electrooxidation

of LEN is proposed.

The oxidation is suggested to initiate at the 4-amino group, as this aniline-like moiety represents the
most electron-rich and easily oxidizable site within the molecule. In contrast, the other nitrogen and
oxygen atoms are part of electron-deficient amide/imide and carbonyl groups, respectively, and are thus
less susceptible to oxidation 0. The mechanism is likely initiated by a one-electron (1¢7) transfer from
the aromatic amino group to form a resonance-stabilized radical cation. This highly acidic intermediate
then undergoes a rapid chemical step, consisting of a deprotonation to release one proton (1H*) and form
a neutral aminyl radical 5. This radical species is more easily oxidized than the parent LEN molecule
and immediately undergoes a second one-electron (le) transfer. This final step generates a highly
reactive nitrenium ion, or its corresponding quinone-imine derivative, which is likely responsible for the
irreversible nature of the oxidation peak observed experimentally 2. The suggested pathway is

illustrated in Scheme 1.
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Scheme 1. The proposed pathway for the electro-oxidation of LEN at ZnFe-LDH@MnO,/GCE.

3.6.  Analytical Performance
The variation of LEN peak currents with its concentration was investigated by means of the DPV

technique, as illustrated in Figure 9A. To more clearly visualize the sensitivity and peak definition of



the sensor at lower concentrations, the enlarged DPV responses for the initial concentration range are
separately displayed in Figure 9B. The corresponding calibration plot including error bars is displayed
in Figure 9C, demonstrating the reliability and precision of the obtained data. From these figures, it can
be observed that the oxidation peak current increases linearly with rising LEN concentration within the
range of 0.50-9.80 uM. Under optimized experimental parameters, the coefficient of determination was
determined as 0.995 (R2=0.995). The sensitivity of the developed ZnFe-LDH@MnO./GCE sensor was
evaluated by determining the LOD and LOQ. These parameters were calculated according to the
following equations:

LOD_3.3><6
TS
Lo _10><5
Q= S

Where 6§ represents the standard deviation of the intercept (response) and S is the slope of the calibration
plot 53, Based on these calculations, the LOD and LOQ for LEN were found to be 6.99 nM and 23.31
nM, respectively.
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Figure 9. (A) DPV curves for varying concentrations of LEN, (B) enlarged DPV curves for lower

concentrations, (C) calibration plot of peak current versus LEN concentration.



To benchmark the analytical performance of the proposed ZnFe-LDH@MnO./GCE sensor, a
comprehensive comparison with contemporary literature (2020-2026) was conducted, as summarized
in Table 2. The developed sensor demonstrates a remarkably low LOD (6.99 nM), which is significantly
superior to traditional UV-spectrophotometric and various HPLC-based methods reported to date. While
complex chromatographic techniques provide high precision, our electroanalytical approach offers a
more cost-effective, rapid, and 'greener’ alternative by eliminating the need for organic solvents and
expensive, bulky instrumentation. Furthermore, compared to highly sensitive but often expensive
immunosensors (e.g., EIS-based platforms), the ZnFe-LDH@MnO: interface provides a much cheaper
sensing environment with minimal preparation steps. The high recovery values obtained in human
plasma, pharmaceutical formulations, and synthetic urine (98.2%-101.7%) are highly competitive with
existing gold-standard protocols. These results underscore the exceptional robustness of the sensor in
complex matrices and demonstrate that the proposed platform successfully bridges the gap between

ultra-high sensitivity and practical sustainability for routine LEN determination.

Table 2. Comparison of the analytical performance of the developed ZnFe-LDH@MnO»/GCE sensor
with recent literature (2020-2026) for LEN determination.

. LOQ (or o
Method  Linear Range LOD Application = Recovery (%)
LLOQ)
Pharmaceutic
HPLC 5-30 pg/mL 0.30 pg/mL 1.00 w/mL al 99.48-100.15
formulation.
Y Pharmaceutic
5-30 pg/mL 0.70 pg/mL 2.10 pg/mL al 98.71-100.79
spectro. )
formulation.
LEN API
0.002-0.017  0.006- 0.056 ]
RP-HPLC  0.2-0.6 mg/mL form and its 92.4-109.7
pg/mL Hg/mL N
impurities.
0.112-1.875 0371 pg/mL 0.0742 98.5-109.6
/mL (Imp.
ppm (Imp. A) amp.a) PO UMP- | Enand its (Imp. A)
RP-HPLC 01124 ua/mL. A) 0.2247 ] "
N : m impurities. )
0.275-1.875 M9 ug/mL (Imp. P 98.3-104.9
ppm (Imp. B) (Imp. B) (Imp. B)

B)

Ref
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LEN API
RP-HPLC  10-50 mcg/mL 1.1pg/mL 3.2pg/mL form and its 98.0-102

dosage form.

0.6-150 pg/L
(water sample) Water and
HPLC-UV = 55 190 ug/L 0.2-0.8 pg/L  0.6-2.5ug/L plasma 92.0-98.4
(plasma samples.
sample)
IKZF1:
16 pg/ml- 0.68 pg/ml Human
EIS - 92.6-101.2
1 ng/ml IKZF3: serum.
0.97 pg/ml
Svnithetic
urine,
human
DPV 0.50-9.80 uM 6.99 nM 23.31 nM plasma, and 98.2-101.7
pharmaceuti
cal dosage
form.

The precision of the proposed electrochemical method for the quantification of LEN was evaluated by
assessing its repeatability and reproducibility. The repeatability, expressed as the RSD, was determined
by performing consecutive measurements of LEN using a single ZnFe-LDH@MnO-/GCE electrode. As
shown in Figure S8A, the oxidation peak profiles corresponding to twelve sequential measurements of
a 5 UM LEN solution are presented, while a magnified view of the peak apex region is provided in
Figure S8B to better illustrate the signal consistency. The corresponding current—replicate diagram is

displayed in Figure S8C, where the RSD was calculated as 1.1%.

Similarly, the reproducibility of the method was evaluated using ten independently fabricated ZnFe-
LDH@MnO./GCE electrodes under optimized conditions. The associated voltammetric responses are
given in Figure S8D, and the current—electrode diagram is shown in Figure S8E, yielding an RSD value
of 0.4%. These results indicate good repeatability and reproducibility of the fabricated sensor in terms

of both electrode preparation and voltammetric performance.
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The selectivity of the fabricated ZnFe-LDH@MnO-./GCE sensor toward LEN detection was evaluated
using 5 uM LEN in the presence of various potential interfering species. Inorganic salts such as
potassium chloride, potassium nitrate, and sodium sulfate, as well as biological compounds including
L-methionine, L-alanine, uric acid, and dopamine, were examined under identical experimental
conditions. In addition, substances that may originate from pharmaceutical formulations or daily
consumption, such as paracetamol and caffeine were also tested. To further address the sensor’s
discriminatory power, Pomalidomide (PML)—a structurally closely related thalidomide analog—was
also examined as a challenging interferent. Remarkably, the introduction of Pomalidomide resulted in a
negligible signal deviation of only 2.89%, even at a concentration significantly higher than that of the

analyte.

The high selectivity observed can be attributed to the synergistic integration of the LDH matrix and
MnO: nanostructures, which provides a high density of active redox sites that specifically facilitate the
electron transfer of LEN. Notably, even for redox-active biological species like uric acid and dopamine,
which often overlap with pharmaceutical signals, the proposed sensor maintained the integrity of the
LEN oxidation peak without significant potential shifts. The corresponding voltammograms and the
current—interferent diagram with error bars are presented in Figure S9A and Figure S9B, respectively.
No significant variation in the LEN oxidation signal was observed in the presence of these substances,
indicating acceptable selectivity of the sensor for LEN determination. The RSD was found to be 2.2%,
further demonstrating that the ZnFe-LDH@MnO- interface effectively shields the electrode from non-
specific adsorption and matrix-induced sigrial suppression. The quantitative effect of these species on
the LEN peak current were calcu!ated ® and are summarized in Table S1, where all tested interferents

resulted in signal deviations of less than 8.65%.

3.7.  Practical Applicability

To assess the practical applicability of the proposed method in real-world conditions, DPV
measurements were performed in synthetic urine, human plasma, and pharmaceutical dosage form
samples. For each concentration level, at least three replicate measurements were conducted, and the
corresponding RSD and recovery values were calculated. As summarized in Table 3, the RSD values
remained below 3.0%, not exceeding 1.3% in any case, indicating acceptable precision of the method in
accordance with the acceptance criteria defined by ICH Q2(R1) L. Furthermore, the recovery values
ranged between 98.2% and 101.7%, remaining within the 95-105% range recommended by the FDA
and EMA guidelines for acceptable accuracy ®. These findings indicate that the proposed
electrochemical sensor can be reliably applied for LEN determination in complex biological and

pharmaceutical matrices.

Table 3. Quantification of LEN in real sample types.
Sample Added (uM) Found (uM) RSD% Recovery




0.0 N.D.* -

101.5
2.0 2.03 0.5
Human Plasma 98.2
3.0 2.95 0.4
99.8
5.0 4.99 1.3
0.0 N.D.* -
98.9
) ) 2.0 1.98 0.7
Synthetic Urine 99.2
3.0 2.98 0.6
101.7
5.0 5.09 0.7
2.0 2.03 0.5 101.4
Capsules 3.0 2.99 0.7 99.6
5.0 5.04 1.2 100.8

*N.D.: Not Detected.

3.8.  Greenness Evaluation

The environmental impact and operational sustainability of the developed ZnFe-LDH@MnO./GCE
sensor were comprehensively evaluated using three modern analytical assessment tools: GAPI, AGREE,
and BAGI.

Initially, the GAPI was utilized to assess the qualitative greenness of the entire analytical life cycle, from
sample collection and pretreatment to final waste disposal. This analysis highlighted the integration of
eco-friendly solvent systems, such as ethanol-water mixtures, and the significant reduction in hazardous
waste generation compared to conventional chromatographic methods 2. The predominantly green and
yellow color codes in the GAPI pictogram highlight the minimal sample preparation requirements, the
use of eco-friendly solvent systems and the significant reduction in hazardous waste generation
compared to conventiona! chromatographic methods (Figure 10A). Complementing this qualitative
view, a quantitative evaluation was performed using the AGREE metric, which provides a weighted
score based on the 12 principles of Green Analytical Chemistry. The method achieved a high score of
0.84 (Figure 10B), confirming its close alignment with these principles, particularly in terms of high
sample throughput, energy-efficient operation, and the total elimination of toxic derivatization reagents
64.

Finally, the BAGI was employed to bridge the gap between sustainability and practical utility by
measuring the "blueness™ of the procedure. With a score of 77.5 (Figure 10C), the BAGI assessment
underscores that the sensor is not only environmentally conscious but also robust and simple enough for
routine application in complex pharmaceutical and biological matrices %. Collectively, these findings
demonstrate that the ZnFe-LDH@MnO/GCE platform represents a green, efficient, and cost-effective

alternative for the sensitive determination of LEN.
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Figure 10. Comprehensive evaluation of the developed procedure's sustainability and applicability: (A)
GAPI pictogram for qualitative greenness assessment; (B) AGREE analysis showing the quantitative

greenness score of 0.84 ; and (C) BAGI index for practical utility assessment with a score of 77.5.

4. Conclusion

The ZnFe-LDH@MnO: nanocomposite-modified electrochemical sensor was successfully fabricated
and applied for the sensitive voltammetric determination of LEN. Structural, morphological, and
electrochemical analyses confirmed that MnO: decoration notably improved the conductivity, surface
area, and electron-transfer efficiency of the ZnFe-LDH framework. Under optimized conditions, the
sensor exhibited outstanding analytical performarice, characterized by a linear concentration range of
0.50-9.80 uM, a LOD of 6.99 nM, and a LOQ of 23.31 nM. In addition, the platform demonstrated
excellent precision, with repeatability (RSD = 1.1%) and reproducibility (RSD = 0.4%), as well as strong
resistance to common interfering species. Its successful application to human plasma, synthetic urine,
and pharmaceutical dosage forms—achieving recoveries between 98.2% and 101.7%—further confirms
its practical applicability. Beyond its technical performance, the proposed method aligns with the
principles of Green Analytical Chemistry, as evidenced by high GAPI, AGREE, and BAGI scores. The
reduction in hazardous waste and the use of eco-friendly reagents make this platform a sustainable and
environmentally conscious tool for clinical use. Owing to its simplicity, rapidity, low cost, and high
sensitivity, the ZnFe-LDH@MnO-/GCE sensor represents a promising and efficient alternative to

chromatographic techniques for routine LEN quantification in biomedical and pharmaceutical settings.
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