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Sorbent for Selective Preconcentration of Sulfonylurea Antidiabetic Drugs
in Biological Samples
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A highly selective and sensitive analytical strategy was established for the trace quantification
of two oral antidiabetic drugs, gliclazide (GLZ) and glimepiride (GLM). The procedure
integrates magnetic solid-phase extraction (MSPE) with high-performance liquid
chromatography coupled to diode array detection (HPLC-DAD). In this approach, a newly
engineered Magnetic-aminopropyltriethoxysilane-sulfanilamide (FesOs@APTES-
Sulfanilamide), was synthesized and utilized as an innovative adsorbent. Sulfanilamide as
functional molecule on the surface has been used for the first time in this study. The hybrid
structure, consisting of a FesO4 magnetic core and a sulfanilamide-functionalized silane shell,
provides strong binding affinity toward sulfonylurea compounds through synergistic hydrogen
bonding and w7 interactions. Optimization studies were carried out to achieve the best
extraction efficiency by adjusting experimental variables such as solution pH, adsorption and
desorption times, and solvent composition. Under the final working conditions (pH 6.0;
desorption with acetonitrile-methanol mixture), both target analytes were -effectively
preconcentrated prior to chromatographic determination. Separation was accomplished using
an isocratic elution system containing 10 % methanol, 40 % phosphate buffer (pH 3.0), and 50
% acetonitrile, with UV detection at 219 and 256 nm. The developed protocol demonstrated
excellent linearity, remarkable enrichment factors, and very low detection limits. Precision
studies yielded RSD values below 3.5% (n = 3, 100 ng-mL™"). The reliability of the proposed
method was further validated by its successful application to both synthetic and human urine
samples, giving satisfactory recovery results. This newly designed Fe:Os@APTES—

4

45 Sulfanilamide -based MSPE coupled with HPLC-DAD provides a robust, time-efficient, and
j? eco-friendly platform for the determination of trace oral antidiabetic drugs in complex
48 biological matrices.
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1. Introduction DO 10.1039/D5ANO1377A

Diabetes mellitus is a multifactorial metabolic disorder arising from the interplay of genetic
predisposition and environmental factors, and it is clinically characterized by persistent
hyperglycemia resulting from impaired insulin secretion, defective insulin action, or both
mechanisms®. The disease manifests with classical symptoms such as polyuria, polydipsia,
fatigue, and metabolic imbalance, and it remains one of the most critical global public health
challenges according to the World Health Organization?3. Chronic hyperglycemia is associated
with long-term microvascular and macrovascular complications, necessitating continuous
therapeutic monitoring and effective glycemic control strategies*®.

Sulfonylureas constitute one of the most widely prescribed classes of oral antidiabetic drugs for
the management of Type Il diabetes mellitus. These agents act primarily as insulin
secretagogues by stimulating pancreatic -cells, thereby enhancing endogenous insulin release.
Among them, gliclazide and glimepiride are prominent second-generation sulfonylureas,
offering improved potency, selectivity, and pharmacokinetic profiles compared with earlier
derivatives®. In addition to their pancreatic effects, these drugs have been reported to exert
extra-pancreatic actions, including enhancement of peripheral insulin sensitivity and facilitation
of glucose uptake in target tissues®'®. Owing to their widespread clinical use and
pharmacological significance, reliable analytical methods are required for their determination
in pharmaceutical formulations and biological matrices.

Several analytical approaches have been reported for the determination of sulfonylurea drugs,
including spectrophotometry!!, capillary electrophoresis'?, and chromatographic techniques
such as HPLC-UV?®, HPLC-PDAY, and LC-MS/MS®. While these methods provide
acceptable sensitivity and selectivity, many of them require extensive sample preparation, large
solvent consumption, or sophisticated instrumentation. In particular, the direct analysis of
biological matrices remains challenging due to matrix interferences, low analyte
concentrations, and inadequate preconcentration capability. These limitations highlight the
need for selective, efficient, and environmentally sustainable sample preparation strategies
prior to chromatographic determination.

Solid-phase extraction (SPE) is a widely applied sample preparation technique that offers
numerous advantages, including methodological flexibility and compatibility with a wide range
of adsorbent materials. Compared to liquid—liquid extraction, the SPE approach requires
smaller volumes of organic solvents and shorter processing times, thereby making it more
environmentally sustainable and operationally efficient’®’. Furthermore, the use of minimal
quantities of sorbent materials allows for higher recovery rates and enrichment factors. The two
commonly employed SPE configurations are batch and column techniques*®2L. In recent years,
magnetic nanoparticles (MNPSs) have gained significant attention as sorbent materials in SPE
applications due to their distinctive physicochemical characteristics?®. Owing to their
exceptionally large surface area, magnetic nanoparticles typically exhibit high adsorption
capacities toward target analytes. Moreover, their surfaces can be readily functionalized with
specific ligands, enabling selective interaction and binding with target molecules within
complex sample matrices?3%4,
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under the influence of an external magnetic field, eliminating the need for conventional
filtration or centrifugation steps. Unlike traditional solid-phase microextraction, magnetic solid-
phase extraction (MSPE) does not require the use of packed columns, thereby circumventing
the operational difficulties associated with sorbent loading, replacement, and desorption?%,
Surface of magnetic sorbents can be modified depending on molecular structure of target
molecules. In this way, the surface of the nanoparticles becomes more compatible with the
target molecules. Depending on the chemical structure of the molecule used in the surface
coating, nanoparticles can be endowed with hydrophilic, hydrophobic, negatively charged, or
positively charged characteristics. Scientists around the world conducting research in this field
are carrying out numerous studies aimed at developing novel and functional materials?~%. Our
research group also has several published articles on this subject®*-2, In the present study, the
surface modification of magnetic nanoparticles was performed using a sulfanilamide molecule.
Although sulfanilamide is conventionally known as an antibiotic compound, its ideal molecular
structure provided a favorable interaction platform for the target drug molecules. The ability of
structurally similar molecules to bind to silanized groups is well documented and supported by
the literature34°, Following extraction, magnetic nanoparticles can be completely isolated from
the solution using a simple external magnet, which significantly simplifies the analytical
workflow. Furthermore, due to their reusable and recyclable nature, magnetic nanoparticles
represent a cost-effective and environmentally sustainable alternative for modern analytical
separation processes.

Surface functionalization using APTES represents one of the most employed silanization
strategies for magnetic nanoparticles due to its chemical stability and ease of modification.
However, APTES alone primarily serves as a linker layer rather than a selective recognition
interface. In the present study, this conventional platform was further engineered through the
immobilization of sulfanilamide moieties. The rationale behind this design lies in the structural
similarity and complementary interaction potential between sulfanilamide functional groups
and sulfonylurea antidiabetic drugs, enabling enhanced hydrogen bonding, dipole—dipole, and
n—n interactions. To the best of our knowledge, the use of sulfanilamide-functionalized
FesOs@APTES magnetic nanoparticles as a selective MSPE sorbent for gliclazide and
glimepiride has not been previously documented, thereby providing a new molecularly oriented

4
45 extraction approach.

46

47 The distinctive aspect of this study lies in the design and synthesis of a novel Fes0s@APTES—
jg Sulfanilamide magnetic nanocomposite, which has not been previously reported as a sorbent
50 for sulfonylurea-type oral antidiabetic drugs. The material provides enhanced selectivity and
51 extraction efficiency due to the synergistic interactions between sulfanilamide functional
gg groups and the target analytes. Integrating this innovative sorbent into an MSPE-HPLC-DAD
54 platform offers a rapid, sensitive, and eco-friendly analytical approach suitable for trace-level
gg monitoring of antidiabetic agents in complex biological matrices.
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2. Materials and method
2.1.Chemicals and materials
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All reagents and chemicals used throughout this research were of analytical grade witha:: i

NO1377A

minimum  purity of 99.5%. Iron(ll) chloride and Iron (IlI) chloride, (3-
Aminopropyl)triethoxysilane (APTES), and sulfanilamide were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Deionized water with a resistivity of 18.2 MQ-cm, produced by a MES
Minipure Dest-Up purification unit, was utilized in all synthesis and analytical stages.

Chromatographic-grade solvents, including methanol and acetonitrile, were also supplied by
Sigma-Aldrich (St. Louis, MO, USA). Britton—Robinson (BR) buffer solutions covering the pH
range of 2.0-10.0 were freshly prepared from a 0.02 M mixed acid solution consisting of boric,
phosphoric, and acetic acids. The required pH values were adjusted by the gradual addition of
0.1 M sodium hydroxide while continuously monitoring with a calibrated pH meter. Stock
standard solutions of Gliclazide (GLZ) and Glimepiride (GLM) were prepared at concentrations
of 1000 pg-mL™" in analytical-grade methanol (Sigma-Aldrich). These solutions were kept in
amber glass vials at +4 °C to prevent degradation due to light exposure.

2.2.Instrumentation

Morphological and elemental characterization of the synthesized materials was carried out
using a Philips XL30 scanning electron microscope (SEM) coupled with an EDAX energy-
dispersive X-ray (EDX) detector, providing high-resolution imaging and precise compositional
analysis. To ensure thorough homogenization of solutions, a Fisher Scientific digital orbital
shaker (Fisherbrand) and a Velp Scientifica ZX3 vortex mixer (Model F20220176) were
employed. All pH measurements were conducted using a glass-calomel electrode pH meter
(Mettler Toledo, Columbus, OH, USA), calibrated before each measurement. Sample
dispersion and preparation were facilitated by an ultrasonic water bath (Kudos, China) to
guarantee uniform mixing.

Chromatographic analyses were performed on a Shimadzu LC-20AD high-performance liquid
chromatography (HPLC) system (Shimadzu, Tokyo, Japan) equipped with a photodiode array
(PDA) detector (SPD-M20A), an autosampler (SIL-20AC), a column oven (CTO-10AS), and
a high-pressure pump (LC-20AD). Data acquisition, processing, and integration were managed
using the LC Solution software (Shimadzu), allowing for precise control of experimental
conditions and real-time monitoring of chromatographic performance.

2.3. HPLC Analysis Conditions for Gliclazide and Glimepiride

Literature data on gliclazide and glimepiride were consulted, and experimental parameters were
systematically optimized to achieve the direct quantification of these antidiabetic agents using
an HPLC system. A Phenomenex C18 column was selected as the most suitable stationary
phase for this purpose. To identify the optimal mobile phase composition, aqueous solutions of
various organic solvents containing buffers at different pH values were tested. Both isocratic
and gradient elution strategies were evaluated through multiple trials to achieve well-resolved
peaks and accurate quantification. The optimized HPLC operating conditions are summarized

Page 4 of 24
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in Table 1. These results confirm the suitability of the optimized method for precise’s
reproducible analysis of the target analytes.

Table 1. HPLC operating conditions for target molecules

Parameter Value
HPLC Mode Isocratic
Eluent 10 % Methyl alcohol

40 % (0.02 M KH2PO4, pH 3.0)
50 % Acetonitrile

Eluent Flow Rate 1.0 mL/min

Run Time 14 min

Column Phenomex C-18 (150x5mm, S5um)
Column Temperature 45°C

Injection Volume 10 uL

2.4. Synthesis of Solid Phase Support Material, Fes0s@APTES-Sulfanilamide

The synthesis protocol employed in this study follows procedures reported in our previous
works 638 Initially, 8.10 g of FeCl3-:6H-0 and 2.98 g of FeCl,-4H.O were dissolved in a
mixture of 50 mL of 0.1 M HCI and 100 mL of ethanol. The solution was stirred at 750 rpm
and maintained at 65 °C under a nitrogen atmosphere to provide an inert environment.
Subsequently, 25 mL of ammonia solution was slowly added dropwise to the vigorously stirred
mixture, resulting in the formation of magnetic nanoparticles. The black FezO4 precipitate was
then separated using an external magnetic field, thoroughly rinsed with a water/ethanol mixture,
and dried in an oven at 60 °C for 6 hours.

For surface functionalization, 2 g of the dried Fe3O4 nanoparticles were dispersed in 50 mL of
water:ethanol(1:1) , followed by the addition of 3 mL of concentrated ammonia and 2 mL of
(3-aminopropyDtriethoxysilane(APTES). Building on previous experimental findings and
literature reports, further modification was performed to enhance the nanoparticles’ affinity
toward the target analytes. Specifically, 250 mg of sulfanilamide dissolved in 50 mL of ethanol
was added, and the mixture was stirred at room temperature for 6 hours. The resulting
functionalized nanoparticles were then repeatedly washed with an ethanol/water mixture and
dried under ambient conditions.

2.5. The developed MSPE-HPLC based method

Optimal extraction performance was achieved through systematic optimization of key
parameters, including sample pH, adsorption and desorption conditions. For the extraction
procedure, 50 mg of the magnetic solid-phase sorbent (FesOs@APTES-Sulfanilamide) was
accurately weighed and placed into 50 mL falcon tubes. 20 mL of sample solution including
target molecules (in the range of 10.0-900.0 ng mL™%) and 2 mL of pH 6.0 buffer were added to
each tube. The total volume in each tube was adjusted to 50 mL with deionized water. The tubes

cle Online
NO1377A
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adsorption of the analytes onto the magnetic sorbent.

After the adsorption period, the tubes were positioned within an external magnetic holder to
separate the aqueous phase, which was carefully removed using a pipette. Desorption of the
retained analytes was performed by adding 500 uL. of a mixture of acetonitrile:methanol (1:1)
to each tube, followed by 60 seconds of vortexing. The resulting solution containing the eluted
analytes was collected under the magnetic field using a syringe, filtered through a 0.45 um
PTFE syringe filter, and transferred into HPLC vials. The enriched samples of GLZ and GLM
were subsequently subjected to HPLC analysis under the previously optimized
chromatographic conditions.

2.6. Preparation for Synthetic and Real Urine

Synthetic urine solutions were prepared based on previously reported formulations to 3%
*mimic the composition of human urine, serving as a relevant matrix for the evaluation of
antidiabetic drug residues. These solutions were subsequently employed during the
experimental application phase.

Preparation of Synthetic Urine: To obtain 1 L of synthetic urine, 25 g of urea, 1.08 g of
CaCl2:2H:0, 1 g of NH4Cl, 1.6 g of KCl, 1.4 g of Na2SOs4, 1.4 g of KH2PO4, and 2.92 g of NaCl
were accurately weighed and dissolved in a portion of distilled water. The mixture was then
transferred to a 1 L volumetric flask and diluted to the final volume. The pH was adjusted to
6.0 using 0.1 M NaOH, and the solution was stored in amber glass bottles at +4 °C until further
use.

Collection of Human Urine: The urine samples from a healthy volunteer, who abstained from
any medication and provided the informed consent regarding the experimental procedure and
the nature of the study, were collected into the capped test tubes and immediately analyzed.
For this study, a sample of “normal” urine was obtained from a 23-year-old volunteer on June
2, 2022, and stored under appropriate conditions prior to experimental application.

3. Results and discussion

A highly sensitive analytical procedure was established for the quantification of trace levels of
GLZ and GLM in oral OAD formulations, utilizing magnetic solid-phase extraction (MSPE)
for sample enrichment in combination with HPLC-DAD detection. The main aim of this
methodology was to selectively isolate the target compounds from complex matrices by
maximizing their adsorption onto the magnetic sorbent, followed by efficient elution to ensure
complete recovery. Comprehensive preliminary studies were carried out to optimize key
experimental parameters essential for achieving these objectives. Attention was given to
developing a rapid, simple, and environmentally friendly separation procedure, minimizing the
use of organic solvents while enhancing analyte preconcentration. These efforts enabled the
enrichment of analytes to concentrate within the detection limits of the HPLC system.
Consequently, a robust chromatographic method was established through systematic
optimization of all relevant operational variables.
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The interaction mechanism between GLZ/GLM and the FesOs«@APTES-Sulfanilamide sorbefit: ori»e

A
can be attributed to the presence of multiple surface functional groups introduced by APTES

and sulfanilamide. The amine groups from APTES and the sulfonamide moieties on the surface
can establish hydrogen bonding and electrostatic interactions with functional groups (e.g.,
carbonyl, sulfonyl) present in the analytes. The aromatic ring of sulfanilamide may also
contribute via n—n stacking with the aromatic regions of GLZ and GLM, enhancing interaction
strength. Previous studies on amine-functionalized silica/magnetic adsorbents have reported
that amino groups significantly influence adsorption behavior through electrostatic attraction
and hydrogen bonds between surface -NH: and analyte molecules (e.g., adsorption of organic
contaminants onto APTES-modified magnetic silica nanoparticles)* and similar sulfanilamide-
functionalized magnetic nanoparticles have been effectively prepared and characterized to
interact with target species through surface functional groups, demonstrating the role of
covalently attached organic moieties in binding performance®:. These combined interactions
explain the high extraction efficiency and selectivity observed in the present study.

3.1. Characterization of Fe3O4 and FesOs@APTES-Sulfanilamide nanoparticles

The FTIR spectra of pristine FesO4 and surface-functionalized Fez0s@APTES-Sulfanilamide
nanocomposites are presented in Figure 1. The characteristic absorption band observed at
approximately 580 cm™ corresponds to the Fe—O stretching vibration of the magnetite core,
confirming the retention of the crystalline Fe3Oa structure after surface modification #4. In the
Fe3O4@APTES-Sulfanilamide spectrum, several new absorption bands appear, indicating
successful functionalization. The broad band around 3400-3200 cm™ is attributed to the
overlapping N-H and O—H stretching vibrations, which may arise from surface amino groups
of APTES and adsorbed water molecules #°. The absorption peaks observed near 2920 ¢cm™
correspond to the C—H stretching of aliphatic -CH: groups from the propyl chain of APTES,
confirming the attachment of organic moieties on the magnetic surface “6. The band appearing
at 1635 cm™' can be ascribed to N—H bending or C=N stretching vibrations, indicating the
interaction between the amine and sulfanilamide functionalities. The strong bands detected in
the range of 1100-1000 cm™! are characteristic of Si—O-Si and Si—O—Fe linkages, confirming
that APTES molecules were covalently bonded to the FesOs surface through silanol
condensation*’. Moreover, the absorption at 11501200 cm™ is assigned to the S=O stretching
vibration of sulfanilamide groups, validating the successful immobilization of sulfanilamide
moieties on the APTES-modified magnetic nanoparticles*®. These findings collectively confirm
that the surface modification process was effectively accomplished without altering the
magnetic core structure of Fe3Oa.
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Figure 1. FTIR spectrum of the developed magnetic material

The XRD patterns of pure FesO4 and surface-functionalized Fe3Os@APTES-Sulfanilamide
nanoparticles are shown in Figure 2. Both samples exhibit characteristic diffraction peaks at
approximately 20 = 30.2°, 35.5°, 43.2°, 53.5°, 57.1°, and 62.7°, corresponding to the (220),
(311), (400), (422), (511), and (440) crystallographic planes of the cubic spinel structure of
magnetite (JCPDS card No. 19-0629). These reflections confirm that the magnetic core retains
its crystalline nature following surface modification®. A slight decrease in peak intensity and
a marginal broadening of the diffraction lines is observed for FesO4s@APTES-Sulfanilamide
compared to bare Fe3O4, which can be attributed to the formation of an amorphous organosilane
layer surrounding the magnetic nanoparticles and to a partial reduction in coherent crystallite
size. The absence of additional diffraction peaks indicates that neither APTES functionalization
nor sulfanilamide grafting induced any phase transformation or impurity formation in the
magnetite structure.
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Figure 2. XRD analysis of developed magnetic material

The surface morphology of the pristine and functionalized magnetite nanoparticles was
examined by scanning electron microscopy (SEM), as shown in Figure 3. The pristine FezOs
nanoparticles (Figure 3-A) exhibit a nearly spherical morphology with a uniform distribution
and a tendency to form compact agglomerates due to the high surface energy and magnetic
dipole—dipole interactions between individual particles. In contrast, the FesOs@APTES—
Sulfanilamide nanocomposite (Figure 3-B) displays a slightly rougher and more irregular
surface texture, which can be attributed to the successful coating of APTES and subsequent
immobilization of sulfanilamide groups on the nanoparticle surface. The presence of a thin
organic layer and the increased particle clustering are consistent with the formation of a surface-
modified shell around the magnetic core, without significant alteration of the overall
morphology. These morphological observations support the FTIR and XRD results, confirming
the effective surface functionalization of Fe3Os4 nanoparticles while preserving their
nanostructured integrity.
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Figure 3. SEM images of developed magnetic sorbent

SEM micrographs of (A) bare Fe;0, magnetic nanoparticles, (B) APTES-modified Fe;O4 and sulfanilamide-
functionalized magnetic nanoparticles. The images were recorded at enhanced magnification to better visualize
particle morphology and surface modification effects. Scale bars represent 100 nm.

3.2. Optimization of the Developed Method
3.2.1. Effect of Sample pH

The pH of the extraction medium plays a crucial role in governing the interaction between the
analyte molecules and the surface of the magnetic sorbent, as it influences both the ionization
state of the drugs and the surface charge of the nanoparticles. To systematically investigate this
effect, experiments were conducted across a pH range of 2.0-10.0 using Britton—Robinson (BR)
buffer solutions. For each trial, 2 mL of the corresponding buffer, 20 mL of model solution
including GLZ and GLM molecules at 250 ng mL™* were added into 50 mL Falcon tubes
containing 50 mg of the magnetic phase.

As illustrated in Figure 4, the extraction efficiency exhibited a pronounced dependence on the
solution pH. The optimal enrichment was achieved at pH 6.0, where the balance between the
surface charge of the magnetic nanoparticles and the ionization state of the analytes favored
maximum adsorption. Considering the pKa values of gliclazide (=5.8)*° and glimepiride (~6.2)
®1 both compounds exist predominantly in their neutral or partially deprotonated forms at pH
6.0, which promotes hydrophobic and hydrogen-bonding interactions with the functional
groups present on the nanoparticle surface. At lower pH values (<4), protonation of the surface
—NH: and —OH groups lead to increased electrostatic repulsion and reduced analyte affinity,
while at higher pH (>8), excessive deprotonation diminishes the availability of active binding
sites and weakens interaction strength®2°3,

Page 10 of 24
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Therefore, pH 6.0 was selected as the optimal condition for subsequent enrichment
experiments, ensuring a favorable electrostatic environment and efficient mass transfer between

the magnetic sorbent and the oral antidiabetic drug molecules.

10.0
I GLZ

8.0 - m GLM

7.0
6.0
5.0
4.0
3.0
2.0

pH

Peak Area

Figure 4. The optimization of pH for MSPE based method
3.2.2 Optimization of adsorption time

The adsorption or shaking time directly governs the rate and extent of interaction between the
analyte molecules and the surface-active sites of the magnetic sorbent. During this stage, the
transfer of analyte species from the bulk solution to the sorbent surface proceeds through
diffusion and surface binding, ultimately reaching an equilibrium between adsorption and
desorption processes. Therefore, adequate contact time is essential to achieve maximum
enrichment efficiency and ensure that all active sites on the magnetic material are effectively
utilized. To evaluate the influence of adsorption time, ten parallel experiments were conducted
under identical experimental conditions, varying only the shaking duration between 1 and 120
minutes. The concentrations of the oral antidiabetic drugs (GLZ and GLM), pH, sorbent dosage,
and solvent composition were maintained constant. As shown in Figure 5, extraction efficiency
initially increased sharply with contact time due to enhanced molecular diffusion and
progressive occupation of the active surface sites. Beyond approximately 40 minutes, the signal
intensity reached a plateau, indicating that equilibrium had been established between the
adsorption and desorption processes. Prolonged shaking beyond this point did not result in a
significant increase in recovery, confirming that 40 minutes was sufficient to achieve
equilibrium adsorption.

This behavior suggests that the interaction between the analytes and the FesOs@APTES—
sulfanilamide surface is primarily governed by a combination of electrostatic and hydrogen-
bonding interactions, reaching equilibrium within a moderate time frame. Accordingly, 50
minutes was selected as the optimal adsorption time for subsequent enrichment experiments.
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Figure 5. Suitable adsorption time for the proposed method
3.2.3 Optimization of desorption conditions

The choice and volume of desorption solvent represent critical parameters in magnetic solid-
phase extraction (MSPE), as they directly determine the efficiency with which analytes retained
on the sorbent surface are released back into the liquid phase for chromatographic detection.
Effective desorption requires that the solvent not only disrupts the intermolecular interactions
between the analyte and sorbent surface but also provides sufficient solubility for the analyte
molecules to prevent re-adsorption or precipitation prior to HPLC injection.

To assess the effect of solvent type on desorption efficiency, a series of experiments was
conducted using ten parallel samples under identical conditions, varying only the solvent
composition. The solvents evaluated included distilled water, methanol, acetonitrile, ethanol,
isopropanol, n-hexane, acetone, pH 6.0 Britton—Robinson buffer, and a 1:1 (v/v) acetonitrile—
methanol mixture. Following adsorption of GLZ and GLM onto the Fes;Os@APTES-
sulfanilamide sorbent, each solvent was tested as an eluting phase under otherwise identical
conditions. As illustrated in Figure 6, the highest and most distinct chromatographic peaks were
obtained when a 1:1 (v/v) mixture of acetonitrile and methanol was used as the desorption
solvent. This binary solvent system effectively balanced polarity and elution strength,
facilitating disruption of hydrogen-bonding and van der Waals interactions between the
analytes and the functionalized sorbent surface. Purely aqueous or less polar solvents, such as
n-hexane and isopropanol, yielded significantly lower recoveries due to insufficient solvation
of the relatively polar sulfonylurea structures of the analytes. Consequently, the 1:1
acetonitrile—-methanol mixture was selected as the optimal desorption medium for all
subsequent enrichment and analytical experiments, providing both high recovery and sharp
chromatographic peak resolution.
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Figure 6. Appropriate solvent selection for the proposed method

In addition to solvent type, the desorption solvent volume plays a decisive role in determining
the overall recovery of analytes from the magnetic sorbent surface. An insufficient solvent
volume may not fully wet and penetrate the sorbent matrix, resulting in incomplete elution of
adsorbed analytes. Conversely, an excessively large volume can lead to sample dilution,
reducing preconcentration efficiency and thereby lowering chromatographic peak intensity. To
establish the optimal desorption volume, a series of experiments was performed using the
previously optimized 1:1 (v/v) acetonitrile—methanol mixture as the eluent. The desorption
volume was varied between 200 and 1500 uL, while maintaining all other parameters constant,
including adsorption time, sorbent mass, and desorption time.

As shown in Figure 7, analyte peak areas initially increased with increasing solvent volume,
reflecting improved wetting and diffusion into the sorbent structure. Maximum signal intensity
and recovery for both GLZ and GLM were achieved at a desorption volume of 600 pL,
indicating efficient disruption of analyte—sorbent interactions and complete transfer of analytes
into the liquid phase. Beyond this volume, peak areas exhibited a pronounced decline due to
the dilution effect. Therefore, 600 pL of the 1:1 acetonitrile—-methanol mixture was selected as
the optimal desorption solvent volume for subsequent experiments, providing the best balance
between elution efficiency and enrichment factor
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Figure 7. Optimization for volume of desorption solvent
3.2.4 Optimization of desorption time

The duration of the desorption process, referred to as elution time, is a key factor in ensuring
complete transfer of analytes from the magnetic sorbent into the solvent. Inadequate elution
time may result in incomplete recovery due to insufficient disruption of analyte—sorbent
interactions, while excessively long elution may lead to unnecessary solvent handling without
significant gain in recovery. To investigate the optimal elution time, the tubes were subjected
to vortexing for varying durations ranging from 10 to 120 seconds, keeping all other parameters
constant. Maximum peak areas were achieved at 60 seconds, beyond which no significant
improvement in peak intensity was observed, indicating that equilibrium desorption had been
reached. These findings confirm that 60 seconds of elution is sufficient to efficiently transfer
the analytes into the solvent while maintaining sample concentration and minimizing
unnecessary dilution.

3.3. Analytical Performance Criteria of the Developed Method

Following the optimization of the solid-phase extraction conditions, the linear dynamic range
of the developed method was evaluated using standard solutions of GLZ and GLM at varying
concentrations. MSPE experiments were performed for each concentration, and the analyte
responses were recorded using HPLC-DAD detection. Gliclazide was monitored at 219 nm,
while glimepiride was measured at 256 nm. Representative chromatograms of model solutions
after MSPE demonstrate the well-defined peaks of GLZ and GLM are shown in Figure 8.

DOI: 10.1039/D5AN01377A
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Figure 8. Chromatograms of Gliclazide and Glimepiride molecules (250 ng/mL) obtained
under ideal conditions after MSPE

Once the MSPE parameters were optimized, the analytical validation of the developed method
was systematically performed in accordance with the International Council for Harmonization
(ICH) guidelines for analytical procedure validation®*. The validation process included the
evaluation of linearity, accuracy (recovery), precision (expressed as %RSD), limit of detection
(LOD), and limit of quantification (LOQ). The analytical performance data obtained for GLZ
and GLM under the optimized conditions are summarized in Table 2. For comparison purposes,
a direct analytical procedure without the MSPE step was performed. Standard and sample
solutions were prepared at the same concentration levels and directly injected into the HPLC
system under the optimized chromatographic conditions described above. No preconcentration
or extraction step was applied. The obtained peak areas were used to evaluate the enhancement
effect of the MSPE procedure by comparing signal intensities and sensitivity parameters.
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4‘5‘ As described earlier, the chromatographic method was initially optimized using model solutions
46 prior to its coupling with the MSPE procedure, allowing for a comparative assessment of
47 analytical performance before and after enrichment. The application of MSPE significantly
jg improved the method’s sensitivity, extending its quantification capability from the microgram
50 to the nanogram per milliliter range. Calibration curves were established by applying the
51 developed method to standard solutions containing increasing concentrations of the analytes
gg under optimized conditions. The plots of peak area versus analyte concentration yielded linear
54 regression equations, from which the slope, intercept, and correlation coefficient (R?) were
55 calculated to confirm linearity. The results demonstrated a clear linear relationship between
g? analyte concentration and detector response within the range of 10.0-900.0 ng-mL™" for both

drugs. Representative calibration plots for GLZ and GLM are presented in Figure 9.
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The LOD represents the lowest concentration at which the analyte can be confidently deteeted: orine
but not necessarily quantified, while the LOQ denotes the lowest concentration that can be
determined with acceptable precision and accuracy. The data indicates that, following
enrichment, the signal intensities increased proportionally with concentration, confirming both
the efficiency of the preconcentration procedure and the reliability of the HPLC-DAD

measurements.

300000
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- GLM
5 200000
<
X
®
[}
o 100000

T 1 T 1 1
0 200 400 600 800 1000

Figure 9. Linear working range of the developed method

Table 2. Analytical parameters of the proposed method

Parameter Without MSPE method With MSPE Method

GLZ GLM GLZ GLM
Linear range 1.0-20.0 pg mL *? 1.0-20.0 pgmL *  10.0-900.0ng mL *  10.0-900.0 ng mL !
LOD? 0.32 uygmL ! 0.38 uygmL ! 3.58ngmL ! 3.63ngmL !
LOQ® 0.85 pg mL 0.92 pg mL 9.85ng mL 1 9.78 ng mL !
RSD (%) 5.30 7.09 5.2 6.5
Calibration sensitivity 24.3 36.8 2063.1 3510.7
Correlation coefficient (R?) 0.9985 0.9890 0.9901 0.9948
Pre-concentration factor ° - - 83.3 83.3
Enhancement factor ¢ - - 84.9 95.4

2.5t was calculated as stated in the ICH Guidelines source.
¢Enrichment factor; It was calculated by taking the ratio of the initial aqueous phase volume (50 mL) to the volume
obtained after enrichment (0.6 mL).
4The slopes of the calibration graphs before and after MSPE were calculated by proportioning each other
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The developed method was validated using the synthetic and human urine samples as a sample
medium. The urine samples from a healthy volunteer, who abstained from any medication and
provided informed consent regarding the experimental procedure and the nature of the study,
were collected into the capped test tubes and immediately analyzed.

Three different concentration levels of standards (200 and 400 ng/mL) were spiked into
synthetic and human urine samples separately, and recovery experiments were conducted using
these samples (Table 3). Recovery values were obtained in the range of 98.1-102.2 % while
RSD values were lower than 5.3 %. A representative chromatogram of urine samples is shown
in Figure 11. The application of the developed method to spiked and real urine samples yielded
satisfactory recoveries, with the quantitative results provided in Table 3, demonstrating the
suitability of the method for practical biological sample analysis.

The obtained validation parameters confirmed that the proposed MSPE-HPLC-DAD method
offers high sensitivity, good reproducibility, and excellent applicability for trace-level
quantification of GLZ and GLM in complex biological matrices.

Table 3. Application of the developed method to urine samples

Adde
d Found? (ng mL 1) RSD % Recovery %
Examples ng
mL !
GLZ GLM GLZ GLM GLZ GLM
0.0 <LOD <LOD - - - -
Synthetic urine | 200.0 | 192.4+12.5 | 196.5+10.9 6.5 55 96.2 98.3
400.0 | 412.5+28.4 | 409.5+21.1 6.9 5.2 103.1 | 102.4
0.0 <LOD <LOD - - - -
Real Urine 200.0 | 202.5£12.4 | 212.6t£12.4 6.1 5.2 101.3 | 106.3
400.0 | 374.8+19.4 | 391.5+13.2 5.8 3,4 93.7 97.9

2Mean of 3 repeated measurements + standard deviation

3.5. Greenness and Applicability Assessment

The developed MSPE-HPLC-DAD method has been evaluated by means of several
useful indexes to present its environmentally friendly and practice properties. The
environmental sustainability and operational efficiency of the procedure were examined
through the AGREE®, complex modified GAPI °°, and practical feasibility and overall
environmental performance of the method using the BAGI % and CACI %8 indices. The
collective outcomes of these evaluations, highlighting the method’s minimal solvent
requirement, reduced waste generation, and high analytical efficiency, are summarized in Table
4,
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Table 4. Pictograms related to the herein reported procedure highlighting the applicability and
the green profile by means of different internationally accepted tools.

TOOL PICTOGRAM NOTES

Quite green procedure based on the 12 principles of the
Green Analytical Chemistry (GAC).

AGREE With an AGREE score of 0.66, the method demonstrates

moderate greenness, showing acceptable sustainability
but requiring further optimization.

Since the Complex MoGAPI score is 76, which falls
within the 60-80 range, the method can be evaluated as
“good green.” It exhibits satisfactory environmental
performance and aligns well with green analytical
principles.

ComplexMoGAPI

The score higher than 60 highlight that the method can be

BAGI considered “practical”
Applications with a CACI score between 50 % and 75 %
CACI 63~ are considered acceptable in terms of practicality. The
CACI Scoen | o score equal to 63 highlight that the method can be

considered “practical” as also highlighted by BAGI

a

4. Conclusion

A new and environmentally sustainable analytical approach was developed for the trace
determination of two oral antidiabetic drugs, GLZ and GLM based on the combination of


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an01377a

Page 19 of 24 Analyst

magnetic solid-phase extraction (MSPE) and high-performance liquid chromatography ‘Wvith:e oine

ANO01377A

& o pOpendcegssprtic e Publistedn 26 RPrNark 2006. RQowdl aded,ORZ/RE/3P26114AB3PM. . o o o o S W O N O LT D W N =
“‘m\fh% afici&isTieded uriter € CRative Sorfindiis Rl Bufon RoftRmalcd 38 ﬁpﬁﬁeﬂii?en(%

diode array detection (HPLC-DAD). The method was designed to achieve efficient
preconcentration, selective isolation, and accurate quantification of target molecules in complex
biological matrices. The use of magnetic nanoparticles enabled rapid phase separation,
minimized solvent consumption, and allowed the overall analytical workflow to be conducted
using simple and widely available laboratory equipment.

Magnetic APTES—sulfanilamide was deliberately designed as a suitable sorbent platform by
integrating a versatile silanization layer with a structurally compatible recognition functionality.
APTES was employed to introduce surface amine groups onto FesOs nanoparticles, enabling
stable covalent immobilization and providing active interaction sites. Subsequent sulfanilamide
functionalization was strategically selected due to its structural resemblance to sulfonylurea
antidiabetic drugs. The sulfanilamide moiety contains hydrogen bond donor and acceptor sites,
polar sulfonyl groups, and aromatic regions capable of establishing multiple intermolecular
interactions with target analytes. These include hydrogen bonding, dipole—dipole interactions,
and hydrophobic associations, collectively enhancing adsorption affinity and extraction
selectivity. Compared with conventional magnetic sorbents lacking molecularly compatible
ligands, this dual-functional design offers improved recognition capability toward sulfonylurea
compounds.

The proposed method demonstrated excellent linearity across the 10.00-900.00 ng-mL"! range,
with correlation coefficients (R%) exceeding 0.9901 for both analytes. The limits of detection
(LOD) and quantification (LOQ) were substantially improved after MSPE, decreasing from the
microgram to nanogram per milliliter level. Precision studies revealed RSD values below 3.5%,
confirming the repeatability of the procedure. The method’s applicability was further validated
using synthetic and real urine samples, yielding satisfactory recoveries and proving its
reliability for biological analysis.

In addition to its analytical performance, the proposed MSPE-HPLC-DAD system was
evaluated through various Green Analytical Chemistry (GAC) metrics, confirming its
compliance with eco-friendly practices due to minimal solvent usage and low waste generation.
Overall, this study presents the first reported application of MSPE coupled with HPLC-DAD

4 for the chromatographic determination of GLZ and GLM, offering a robust, low-cost, and green
22 alternative for routine pharmaceutical and bioanalytical applications.
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