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Abstract

Leukemia remains one of the most challenging hematological malignancies, necessitating the development
of efficient therapeutic systems capable of improving drug delivery and biological performance. In the
present study, a pyrimidine derivative (Pyr) was successfully incorporated into Mg-Ca-Fe layered double
hydroxides (LDHs) to produce a novel Pyr/Ca-Mg-Fe LDH nanocomposite with potential biomedical
applications. The synthesized materials were systematically characterized using Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), Brunauer-Emmett-Teller
(BET) surface area analysis, and thermogravimetric analysis (TGA). Structural characterization confirmed
the successful formation of the LDH framework and the incorporation of the pyrimidine derivative within
the nanocomposite matrix. Morphological investigations revealed a porous multilayered nanostructure with
enhanced surface characteristics, while BET analysis demonstrated an increase in surface area compared

with the individual components.

The biological activity of the synthesized materials was evaluated against human Kasumi-1 leukemia cells
using the MTT assay. The obtained results demonstrated concentration-dependent cytotoxic effects for Pyr,
Ca-Mg-Fe LDH, and Pyr/Ca-Mg-Fe LDH. The nanocomposite exhibited significant antiproliferative
activity toward leukemia cells, indicating effective interaction between the bioactive pyrimidine moiety
and the LDH carrier system. Although free Pyr displayed a lower IC50 value than the corresponding
nanocomposite, the observed biological response suggests that the LDH matrix may provide a favorable
platform for intracellular delivery of pyrimidine derivatives. The improved physicochemical properties,
including nanoscale morphology, porous architecture, and increased surface area, are expected to facilitate

interactions with cellular membranes and contribute to the observed cytotoxic effects.

Overall, the developed Pyr/Ca-Mg-Fe LDH nanocomposite represents a promising pyrimidine-based
nanoplatform with potential applications in leukemia-directed drug delivery. Further investigations
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involving drug-release studies, cellular uptake analysis, apoptosis evaluation, and mechanistic biological

assays are warranted to fully elucidate its therapeutic potential.

Keywords:Pyrimidine, Layered double hydroxide, Drug delivery, Leukemia, Nanocomposite,

Cytotoxicity.

1. Introduction

Cancer remains one of the leading causes of mortality worldwide after cardiovascular diseases and
continues to represent a major global health challenge [1]. The development and progression of cancer are
influenced by numerous factors, including aging, genetic alterations, environmental exposure, and family
history [2—6]. A hallmark of malignant tumors is their ability to evade immune surveillance, invade
surrounding tissues, and metastasize to distant organs, resulting in significant morbidity and mortality
[4,7,8].

Among the various cancer types, leukemia is a particularly aggressive hematological malignancy affecting
the bone marrow and blood-forming tissues. The disease disrupts normal hematopoiesis, leading to
abnormal proliferation of immature leukocytes and impairment of immune function. Leukemia is broadly
classified into acute and chronic forms, including acute lymphoblastic leukemia (ALL) [9], acute myeloid
leukemia (AML) [10-12], chronic lymphocytic leukemia (CLL), and chronic myeloid leukemia (CML).
Acute subtypes are generally characterized by rapid progression and require immediate therapeutic
intervention because of their life-threatening nature [13].

Current treatment strategies for leukemia include chemotherapy [14,15], radiotherapy, targeted therapy,
immunotherapy [7,16], and hematopoietic stem cell transplantation. Chemotherapy remains the most
widely used therapeutic approach; however, its lack of selectivity often results in severe adverse effects,
including myelosuppression, gastrointestinal toxicity, neuropathy, and secondary malignancies. Although
targeted therapies and immunotherapeutic approaches have improved treatment outcomes by selectively

targeting malignant cells or enhancing immune responses, their effectiveness may be limited by drug
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resistance, high treatment costs, and patient-specific variability. Therefore, the development of novel
therapeutic systems capable of enhancing treatment efficacy while minimizing systemic toxicity remains
an important research objective.

Pyrimidine derivatives have attracted considerable attention as promising anticancer agents owing to their
ability to interfere with nucleic acid biosynthesis and inhibit cellular proliferation [6,12,17]. Several
pyrimidine-based compounds exhibit potent cytotoxic activity against a wide range of cancer cells through
disruption of DNA and RNA synthesis pathways [9]. Despite their therapeutic potential, the clinical
performance of pyrimidine-containing compounds may be compromised by limited stability, rapid
degradation, poor bioavailability, and undesirable systemic side effects. Consequently, the development of
efficient delivery systems capable of improving the pharmacological performance of pyrimidine
derivatives has become an area of significant interest.

Layered double hydroxides (LDHs) have emerged as versatile nanomaterials for biomedical and drug-
delivery applications due to their layered structure, high loading capacity, biocompatibility, ion-exchange
properties, and controlled release behavior [18-21]. LDH nanoparticles have been extensively explored as
carriers for chemotherapeutic agents, genes, and photosensitizers because of their ability to protect
bioactive molecules and facilitate intracellular delivery [22-24]. Furthermore, the physicochemical
properties of LDHs, including particle size, morphology, and surface characteristics, can significantly
influence their accumulation within tumor tissues through passive targeting mechanisms such as the
enhanced permeability and retention (EPR) effect [25,26]. In addition, surface modification and elemental
doping can further improve their therapeutic versatility and applicability in cancer treatment [18,27].

A major advantage of LDH-based nanocarriers is their ability to provide controlled and pH-responsive drug
release under the acidic conditions commonly associated with tumor microenvironments [28—-30]. Such
behavior may enhance drug stability, reduce premature drug leakage, and improve localized therapeutic
action while minimizing off-target toxicity [31,32]. These characteristics make LDHs attractive candidates

for the delivery of pyrimidine-based anticancer agents.
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In the present study, a novel pyrimidine-loaded Mg-Ca-Fe layered double hydroxide nanocomposite was
synthesized and investigated as a potential platform for leukemia therapy. The incorporation of magnesium,
calcium, and iron within the LDH framework was expected to provide favorable physicochemical
characteristics while maintaining the structural integrity of the carrier system [33,34]. The synthesized
nanocomposite was comprehensively characterized using different physicochemical techniques to evaluate
its structural, morphological, and surface properties. In addition, its antiproliferative activity against
Kasumi-1 leukemia cells was assessed to explore its potential application as a pyrimidine delivery system.
This work aims to contribute to the development of advanced LDH-based nanocarriers for leukemia-

targeted therapeutic applications.
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2. Experimental

2.1. Materials and reagents

Chloride salts, ferric chloride (FeCls), calcium chloride (CaClz), and Magnesium sulphate (MgSQO4) were
used to prepare all LDH catalysts. These salts were purchased from Alpha Chemika, India, and Oxford
Laboratory Reagent, India. Hydrochloric acid (Carlo Erba reagents) and Sodium hydroxide (Piochem for
Laboratory Chemicals in Egypt) were Laboratory Chemicals in Egypt. Chloroacetic acid (CICH2COOH),
thionyl chloride (SOCIl.), thiourea (NH>CSNH»), ethyl cyanoacetate (CsH7NO;), DMF, potassium
carbonate K>COs, absolute alcohol 99%, all these chemicals were purchased from Sigma-Aldrich. All
chemical materials are of a high analytical grade. Microanalysis was conducted at the microanalytical
center, Cairo University, Egypt.

2.2. Preparation of pyrimidine derivative (Pyr)
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6-(2,4-dichlorophenyl)-1,4,5,6-tetrahydro-4-hydroxy-2-mercapto-pyrimidine-5 carbonitrile 1 prepared
according to the previous review [35]. 3,3'-(1,4-phenylenebis (azanediyl)) bis(7-(2,4-dichlorophenyl)-5-
0x0-3,5,6,7-tetrahydro-2H-thiazolo[3,2-a]pyrimidine-6-carbonitrile) 3.

A mixture of thiopyrimidine 1 (0.02 mol, 5.58g), N,N'-(1,4-phenylene)bis(2-chloroacetamide) 2 (0.01 mol,
2.61 g) and K>COs3 (0.02 mol, 1.98g) ) in ethanol was refluxed for 24h and or in DMF for 12h. Under
reduced pressure, the solvent was removed and HCI solution (0.01%) was used to acidify the alkaline
residue, the formed precipitate filtered off, dried, and recrystallized from methanol to give dark yellow
crystals of Pyr in 85% yield; m.p. > 360 °C; IR (KBr): v/cm™! 3485 (NH), 1689 (C=0) and 2231 (CN); 'H-
NMR (DMSO-d6): & (ppm): 3.11- 3.49. (d, 4H, 2CH), 3.71-3.97. (d, 4H, 2CH>-S), 3.98-4.11. (q, 2H, -2N-
CH-NH), 6.96-7.80 (10H, m, Ar—H), 10.112-10.174 (d, 2H, 2NH); ESI MS m/z (rel. int.): 757.84 [M]"
(C32H22Cl4Ng0O2S2) Anal. caled. for C32H22CIlsNgO2S2 (756.51): C, 50.80; H, 2.93; Cl, 18.75; N, 14.81; O,
4.32; S, 8.48. Found C, 50.69; H, 2.73; N, 14.54.

2.3. Preparation of Mg-Ca-Fe LDH

The coprecipitation technique was used to produce the Mg—Ca—Fe layered double hydroxide (LDH). In a
molar ratio 1:1:2, a magnesium sulfate solution was combined with calcium chloride and ferric chloride
solutions. A 2 mol/L sodium hydroxide solution was progressively added to the mixture under constant
stirring until precipitation at a pH of 10. The precipitate was then kept at 70 + 0.5 °C for 10 hours. It was
then filtered and rinsed well with bi-distilled water to eliminate contaminants. For a full 24 hours, the
purified precipitate was dried at 80 = 0.5 °C [36].

2.4. Synthesis of pyrimidine derivatives Mg-Ca-Fe LDH composite.

A magnesium sulfate solution was mixed with calcium chloride, ferric chloride, and a pyrimidine derivative
(Pyr) solution in a molar ratio of 1:1:2:0.75, respectively. Under continuous stirring, 2 mol/L sodium
hydroxide solution was gradually added to the mixture until precipitation was achieved at a pH of 10. The
resulting precipitate was maintained at 70 °C for 10 hours, then filtered and washed thoroughly with bi-

distilled water to remove impurities. Finally, the purified precipitate was dried at 80 °C for 24 hours.
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2.5. Characterization techniques

The prepared catalysts were characterized using a variety of tools. For instance, the crystallinity and
structure of the synthesized materials were ascertained using a Panalytical (Empyrean) X-ray
diffractometer with Cu-K radiation (wavelength 0.154 nm) operating at a current of 35 mA and voltage of
40 kV. When 0.50 mg of the obtained material was mixed with 300 mg of optically high-purity KBr in an
agate mortar, the mixture was vacuumed for five minutes, and then the KBr pellet was pressed under ten
tons of pressure for 15 min. This is produced in a 1.13 cm? area for the KBr pellet (Zeiss standard).
Likewise, the produced samples' specific pore volume, surface area, and pore size distribution were all
determined using BET (TriStar II 3020, Micrometric, USA). The microstructure was studied by a Jeol
JEM-1230 transmission electron microscope (TEM) and a JSM-5410 scanning electron microscope (SEM).
A light grey translucent pellet without discernible granules was obtained, and the IR spectra were captured
using a (Bruker-Vertex 70, Germany) Spectrometer at the wave number range of 4000- 400 cm™.

2.6. Cell line

Human homo sapiens-Kasumil; Leukemia cell line (ATCC: CRL-2724) established from peripheral blast
cells. It is purchased from VACSERA holding Company for vaccine and serum production, Ministry of
Health, Egypt. It is cultured in RPMI-1640 (Gibco®, CA, USA) supplemented with 10% Fetal bovine serum
(Sigma-Aldrich, MO, USA) and 0.1% penicillin/streptomycin (Invitrogen, CA, USA) in humidified
temperature containing 5% carbon dioxide (CO2) at 37°C.

2.7. MTT assay for cell proliferation

The anticancer activity of pyrimidine and its composites on the Kasumi-1 leukemia cells was assessed
using the MTT (3-(4, 5-dimethyl thiazol-2 yl)-2, 5-diphenyl tetrazolium bromide) assay to verify the
cytotoxic activity by the protocol [37]. Cells for the MTT experiment were plated in 96-well plates at a
density of 1x10°/100pl. The cells were treated with pyrimidine and pyrimidine composites at 31.25, 62.5,
125, 250, 500, and 1000png/ml during a 24-hour incubation period. As controls, wells containing only

serum-free media were designated. 20 pl of MTT reagent were added to the wells and incubated for four
8



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

hours in the dark following the 24-hour incubation period at 37°C. 200ul of DMSO was added to the wells
to dissolve the formazan crystals. At 560 nm, the absorbance was measured. Each concentration was
evaluated in triplicate during the three repetitions of the experiment. 5-fluorouracil was used as a positive
control at 31.25-1000 pg/mL concentration. Cell viability for treated and non-treated Kasumi 1 cell lines
is expressed as a percentage.
% Cell viability = (Absorbance sample /Absorbance contro1) X 100

The concentration of the pyrimidine and its composites resulted in a 50% reduction of cell viability, and
the half-maximal inhibitory concentration (IC50 value) was calculated. Cell toxicity for pyrimidine and its
composites was determined using the following formula:

%Cell toxicity = ((Absorbance controt — Absorbance sample) / (Absorbance contro1)) X100
2.8. Statistical analysis
The difference in computed parameters between the concentrations was investigated using one-way
ANOVA and Bonferroni's test (SPSS/10 Software Package; SPSS Inc., Chicago, IL, USA). Data expressed
as mean + SE for all treated and non-treated Kasumi 1 cell line concentrations. p<0.05 was rooted as the
statistically significant value.
3. Results and discussion
3.1. Synthesis
Pyrimidine derivative (Pyr) was synthesized by [2+3] intramolecular cycloaddition of the pyrimidine 1
[35] to chloroacetyl chloride, gave the thiazolo[3,2-a]pyrimidine 3 (Scheme 1). The use of different
analytical tools fully characterized it. Pyr was intercalated into Mg-Ca-Fe LDH using the simple

coprecipitation method to form Mg-Ca-Fe LDH/Pyr.
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Scheme 1. Synthesis of pyrimidine derivative (Pyr).

3.2. Catalyst characterization

3.2.1. FT-IR spectroscopy

The FTIR spectra of pyrimidine derivatives, Ca-Mg-Fe LDH, and the Ca-Mg-Fe LDH/Pyr composite were
analyzed to confirm the structural features and interactions between the components. Fig. 1a shows the
chemical structure of the pyrimidine derivatives, which is confirmed by the many distinctive peaks in their
spectra. The N—H stretching vibrations [38], which are suggestive of amine groups, are responsible for the
large bands at 3430 cm™' and 3190 cm™ [39]. A strong absorption band shows C-N stretching at 2215 cm™

[40], implying nitrile functional groups exist. The peaks at 1510 cm™ and 1397 cm™ are linked to the
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skeletal vibrations of the aromatic pyrimidine ring, whereas the band at 1675 cm™ is typical of C=N
stretching vibrations [40]. Additionally, absorptions caused by C—N stretching and C—H bending are
between 1255 cm™ and 505 cm™, supporting functional groups unique to pyrimidines [40].

The Ca-Mg-Fe LDH's FTIR spectrum (Fig. 1b) displays characteristics typical of layered double
hydroxides (LDHs). The O—H stretching vibrations [36] responsible for the wide absorption band that spans
3709-3148 cm™ come from the hydroxyl groups in the LDH layers and interlayer water molecules [41]. A
strong band at 1120 cm™ corresponds to the S—O stretching vibrations of intercalated sulfate anions (SO4*).
Additionally, a peak at 618 cm™ represents the bending mode of SO4*[41]. The presence of interlayer
water molecules is confirmed by the H-O—H bending vibrations linked to the band at 1639 cm™ [42]. The
LDH is confirmed by vibrational bands in the lower wavenumber area, such as 889 cm™ and 634 cm™,
which are assigned to metal-oxygen (M—0) [43] and metal-hydroxyl (M—OH) stretching [41]. However,
the Ca-Mg-Fe LDH/Pyr composite's FTIR spectrum shows distinctive characteristics of the LDH and
pyrimidine derivatives, indicating that the pyrimidine was successfully incorporated into the LDH
structure. The wide band at 3406 cm™, which is associated with O—H stretching vibrations, shows that
interlayer water and hydroxyl groups have been retained [44]. A small peak at 2520 cm™ is likely due to
weak interactions with interlayer anions. A prominent signal at 2115 cm™!, corresponding to C=N stretching
vibrations [38], verifies that the pyrimidine's nitrile groups are present. The C=N stretching-related peak at
1665 cm™ overlaps with the LDH's H-O-H bending vibrations. The strong band at 1120 cm™ [44],
associated with SO4> stretching, persists in the hybrid material, indicating that sulfate anions remain
intercalated. Peaks at 1110, 1020, 886, 720, and 577 cm™ highlight interactions between pyrimidine
derivatives and the LDH layers, with shifts or new bands indicating structural modifications due to
composite formation, as illustrated in Fig. lc.

3.2.2. X-ray diffraction analysis

Fig. 2. illustrates the X-ray diffraction (XRD) patterns of the produced materials, which include pyrimidine

derivatives, Ca-Mg-Fe LDH, and the composite of Ca-Mg-Fe LDH/Pyr. For pyrimidine derivatives, the
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amorphous character of the material is shown in the occurrence of discrete peaks at 20 values of 8°, 23.6°,
and 36.5°, which correspond to (100), (122), and (321) as shown in Fig. 2a. A lack of long-range crystalline
order, which is typical of organic compounds like pyrimidine derivatives, is suggested by this wide
reflection [45]. The crystalline domains are small, ranging from 49 to 51 nm, and have a monoclinic lattice
structure with distinct characteristics. Fig. 2b displays the Ca-Mg-Fe LDH's crystalline character, which
shows distinct, sharp peaks at 20 values. LDHs are characterized by prominent peaks at (003), (006), (104),
and (110), respectively. The basal spacing, which reflects the stacking structure of the brucite-like layers,
is matched by the high reflection at (003). The existence of a well-ordered LDH structure is further
supported by the other peaks, which include (012), (113), and (018). The crystallite size ranged from 19.5
to 24.5 nm with rhombo lattice structure [46]. The composite of Ca-Mg-Fe LDH/Pyr's XRD pattern (Fig.
2¢) shows characteristics of both LDH and pyrimidine derivatives, suggesting that the two components
successfully hybridized. The retention of the distinctive LDH reflections (003), (006), and (104) attests to
the layered material's structural integrity. However, the addition of pyrimidine derivatives appears to have
altered the crystalline structure, as seen by a slight widening and decrease in the intensity of these peaks.
New reflections are also seen, including (202) and (024), which might be the result of interactions between
the intercalated organic molecules and LDH layers [47-49].

X-ray diffraction (XRD) patterns verified that the crystalline structure of the Ca-Mg-Fe LDH was preserved
during composite synthesis, as seen by the presence of distinctive, well-defined peaks [55]. Incorporating
pyrimidine derivatives caused a little broadening and decreased peak intensity, which indicated effective
intercalation and modest lattice distortion, implying structural change without violating the general order.
3.2.3. High field scanning electron microscopy

Pyr's SEM picture (Fig. 3a) shows a granular or plate-like morphology with irregularly shaped particles
[50, 51]. Small granules and layered structures form the surface texture, which gives the surface a rough,
inconsistent look. Ca-Mg-Fe LDH's SEM picture (Fig. 3b) shows a distinct layered structure with thin,

hexagon-shaped platelets grouped well and orderly. Significant roughness and apparent holes and cavities
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on the surface might increase the material's surface area, which could be advantageous for catalytic and
adsorption applications. Pyr's successful integration into the LDH framework is shown by the SEM pictures
of the Ca-Mg-Fe LDH/Pyr composite (Fig. 3c,d). Because of interactions between the Pyr molecules and
the layered LDH structure, the composite material has a rougher surface than pure LDH. The observation
of fibrous or network-like structures in Fig. 3c raises the possibility that Pyr was partly coated or
incorporated in the LDH layers. Furthermore, agglomeration is seen in Fig. 3d, where adding Pyr causes
LDH platelets to look crowded, suggesting robust intermolecular connections. This morphological change
raises the possibility of changes to the composite's physicochemical characteristics, which might affect its
catalytic or adsorption capabilities.

Images from Scanning Electron Microscopy (SEM) showed significant morphological changes in the
composite, supporting these results even more. Unlike the clean LDH, the hybrid material showed a
rougher surface shape with fibrous, network-like features, stressing significant connections between
pyrimidine molecules and LDH layers [56]. Particularly in biomedical uses, this higher surface roughness
is anticipated to improve the composite's surface area and responsiveness.

3.2.4. Brunauer-Emmett-Teller (BET) surface area measurements.

The whole surface area accessible for adsorption, comprising both internal (pore) and exterior surfaces, is
measured by the Brunauer—-Emmett—Teller (BET) surface area. Drug distribution, adsorption, and reactivity
in biological systems are all impacted by a material's increased surface area, which generally improves its
capacity to interact with its surroundings. The surface area, pore structure, and adsorption behavior of Ca-
Mg-Fe LDH, pyrimidine derivatives, and their composite are shown in Table 1 and Fig. 4. Weak adsorption
interactions and restricted porosity are indicated by the pyrimidine derivatives' Type Il isotherm, moderate
pore size (6.5 nm), and low BET surface area (4.7 m?/g). The material is primarily non-porous or
macroporous, but the presence of micropores indicates a tiny interior surface area. The Ca-Mg-Fe LDH
exhibits a Type IV isotherm with an H3 hysteresis loop, which is typical of mesoporous materials, along

with a lower average pore size (5.0 nm) and a greater BET surface area (9.7 m?/g). Its layered structure
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with holes that resemble slits improves its adsorption capacity. Synergistic properties of the Ca-Mg-Fe
LDH and pyrimidine derivative composite include improved pore width (9 nm), more uniform pore size
(5.3 nm), and higher surface area (19 m?/g). The Type III isotherm suggests a layered slit-like pore shape
from Ca-Mg-Fe LDH and weak adsorption interactions from pyrimidine derivatives with an H3 hysteresis
loop [52].

According to the BET surface area study, pyrimidine/Ca-Mg-Fe LDH had the largest surface area (19 m?/g)
and pore volume (0.021 cm?/g), indicating increased porosity and the possibility of better drug delivery
applications. With distinctive absorption bands that correspond to hydroxyl (-OH) groups, metal-oxygen
linkages, and pyrimidine functional groups, FTIR spectrum analysis verified the effective retention of
pyrimidine derivatives into the LDH framework [54]. Peaks in pyrimidine/Ca—Mg—Fe LDH at 3406 cm™!
(O-H stretching), 2115 cm™ (C=N stretching), and 1655 cm™ (C=C aromatic stretching) show that the
pyrimidine derivatives and the LDH matrix have significant interactions, which might improve stability
and controlled release characteristics. Given that nitrogen-containing heterocycles (pyrimidine rings) are
known to disrupt DNA synthesis and cellular metabolism, causing cancer cells to undergo apoptosis these
functional groups may contribute to the observed antiproliferative activity through interference with
cellular metabolic pathways and nucleic acid biosynthesis.

3.2.5. Transmission Electron Microscopy (TEM)

TEM images provide valuable insights into the morphology and structural characteristics of the studied
materials. Fig. 5a presents the TEM image of Pyr, revealing a sheet-like morphology. This appearance
suggests that Pyr exists as a thin-film or layered nanomaterial, where molecules may be arranged in a semi-
ordered stacked configuration. The transparent, overlapping layers indicate the presence of ultrathin
nanosheets, which may exhibit some degree of aggregation. Fig. 5b displays the TEM image of Ca-Mg-Fe
LDH, highlighting the formation of nanoscale particles with distinct sizes (e.g., 19.55 nm, 15.19 nm, and
167.56 nm). Importantly, as shown in red, numerous particles have a unique hexagonal shape, an

identifiable characteristic of LDH crystallites produced by brucite-like layers. The inherent crystal

14



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

symmetry of LDHs gives birth to this hexagonal form, which implies a well-defined ordered phase ,22]
[53. The presence of irregularly shaped particles and porous structures suggests a high surface area, which
is beneficial for adsorption and catalytic applications. The darker regions in the image indicate areas where
particles have aggregated or overlapped. Fig. 5c¢ and 5d illustrate the morphology of the Ca-Mg-Fe
LDH/Pyr composite, showing a multilayered, aggregated structure. The sheet-like formations suggest
significant interaction between LDH and Pyr molecules. The observed fibrous and distorted regions imply
that Pyr molecules may have intercalated into the LDH layers or adsorbed onto their surface, altering the
material's structure and morphology. Denser patches and increased layer stacking indicate strong
interactions between the two components, which may enhance the composite's stability and functional
properties.

Provided nanoscale verification of these qualities, TEM pictures revealed a multilayered, aggregated
structure with observable dense regions and higher stacking, indicating strong interfacial contacts among
the components. The maintained hexagonal shape of LDH crystallites within the composite also implies
structural stability [55]. These structural features, including retained crystallinity, enhanced surface
roughness, and improved nanoscale integration, may contribute to improved drug stabilization, cellular
interaction, and delivery performance of the composite. However, further biological investigations are
required to establish their direct impact on therapeutic efficacy.

3.2.6. Energy Dispersive (EDX)

The EDX spectrum of Pyr (Fig. 6a) reveals strong carbon (C) and nitrogen (N) peaks, which are
characteristic of its organic molecular structure. Additionally, the presence of oxygen (O), chlorine (Cl),
and sulfur (S) suggests that these elements are associated with functional groups within the Pyr
composition. In Fig. 6b, the EDX spectrum of Ca-Mg-Fe LDH confirms the presence of calcium (Ca),
magnesium (Mg), and iron (Fe), which are key components of the layered double hydroxide (LDH)
structure. The significant oxygen (O) peak corresponds to the hydroxide layers. In contrast, the detected

small chlorine (Cl) and potassium (K) peaks may be attributed to residual precursors or contaminants from
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the synthesis process. The EDX spectrum of the Ca-Mg-Fe LDH/Pyr composite (Fig. 6¢) exhibits peaks
corresponding to both the LDH framework and Pyr molecules. The C and N peaks are more pronounced
compared to pure LDH, indicating the successful incorporation of Pyr into the composite structure. In
addition, Fe and Ca signals remain prominent, confirming the stability of the LDH framework. The strong
O peak is attributed to both the hydroxide layers of LDH and oxygen-containing functional groups from
the Pyr molecules. Overall, the EDX analysis confirms the successful integration of Pyr into the Ca-Mg-
Fe LDH structure, as evidenced by the increased intensity of C and N peaks in the composite compared to
the pristine LDH. This composition suggests a strong interaction between the organic Pyr molecules and
the inorganic LDH layers, which may influence the material's physicochemical properties [36].

3.3. Biological Activity

The anticancer activities of Pyr, Ca-Mg-Fe LDH, Pyr/Ca-Mg-Fe LDH, and the reference drug 5-FU were
evaluated against the human Kasumi-1 leukemia cell line using the MTT assay. As shown in Figs. 811,
all tested materials reduced cell viability in a concentration-dependent manner, indicating their ability to
suppress leukemia cell proliferation. A progressive decrease in cell viability was observed with increasing
concentrations from 31.25 to 1000 pg/mL. The calculated IC50 values confirmed the cytotoxic potential
of the investigated samples against leukemia cells.

The observed cytotoxic activity of Pyr and Pyr/Ca-Mg-Fe LDH can be attributed primarily to the biological
properties of pyrimidine derivatives, which represent an important class of heterocyclic compounds with
well-documented anticancer activity. Pyrimidine-based compounds are known to interfere with nucleotide
biosynthesis and nucleic acid metabolism, leading to inhibition of DNA replication and suppression of
cellular proliferation in rapidly dividing malignant cells. Furthermore, several pyrimidine analogs have
been reported to induce cell-cycle arrest and apoptosis through disruption of essential metabolic pathways
and inhibition of DNA synthesis [9,12,17,50,51]. Therefore, the reduction in cell viability observed
following treatment with Pyr-containing samples is consistent with the established biological activities of

pyrimidine derivatives.
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In addition to the pharmacological role of Pyr, layered double hydroxides (LDHs) have attracted
considerable attention as promising nanocarrier systems for biomedical and drug-delivery applications due
to their biocompatibility, high surface area, anion-exchange capacity, and ability to transport therapeutic
molecules into living cells [18,22,23]. Previous investigations have demonstrated that LDH nanoparticles
can efficiently interact with cellular membranes and undergo endocytosis-mediated internalization, thereby
facilitating intracellular delivery of loaded bioactive compounds [22,23,26]. Following cellular uptake, the
acidic microenvironment of endosomes and lysosomes may promote gradual dissolution of the LDH layers,
allowing controlled release of incorporated molecules and increasing their intracellular availability
[18,30,32].

The physicochemical characteristics of the synthesized Pyr/Ca-Mg-Fe LDH nanocomposite may also
contribute significantly to its biological performance. BET analysis demonstrated that the nanocomposite
possessed a larger surface area compared with the individual components, which may enhance contact
between the material and cellular membranes. Increased surface area and porosity often favor adsorption
processes, facilitate cellular interaction, and improve transport efficiency of biologically active molecules
[22,28]. Furthermore, SEM and TEM analyses (Figs 4-6) revealed porous multilayered nanoscale
structures that provide a large interfacial area capable of promoting nanoparticle-cell interactions and
enhancing cellular uptake.

Interestingly, Pyr/Ca-Mg-Fe LDH exhibited a slightly higher IC50 value than free Pyr under the
investigated experimental conditions. Although free Pyr produced a stronger immediate cytotoxic response,
this observation does not necessarily indicate lower therapeutic potential of the nanocomposite.
Nanocarrier systems are frequently designed to improve drug stability, protect bioactive compounds from
premature degradation, and provide sustained or controlled release rather than maximize acute in vitro
cytotoxicity [18,22,31,32]. Therefore, the observed reduction in immediate cytotoxicity may be attributed
to the gradual release of Pyr molecules from the LDH matrix, resulting in prolonged rather than

instantaneous exposure of leukemia cells to the active compound.
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Morphological examination further supported the cytotoxicity findings. Kasumi-1 cells treated with
increasing concentrations of Pyr, Ca-Mg-Fe LDH, and Pyr/Ca-Mg-Fe LDH exhibited progressive
alterations in cellular morphology, including reduced cell density, loss of normal cellular architecture,
cellular shrinkage, and membrane damage, as illustrated in Figs 8—11. Such morphological changes are
frequently associated with cellular stress and activation of programmed cell death pathways, including
apoptosis [29]. Although apoptosis-specific assays were not performed in the present study, the substantial
reduction in cell viability together with the observed cellular deformation suggests the involvement of cell-
death-related mechanisms.

The contribution of Mg, Ca, and Fe ions present within the LDH structure should also be considered.
Besides providing structural stability, these metal ions may influence several intracellular biochemical
processes. In particular, iron-containing nanomaterials have been reported to participate in redox-related
reactions that can generate reactive oxygen species and oxidative stress, thereby increasing the
susceptibility of cancer cells to therapeutic intervention [22,23]. Consequently, the biological activity of
the developed Pyr/Ca-Mg-Fe LDH nanocomposite is likely governed by a combination of pyrimidine-
mediated antiproliferative effects, LDH-assisted intracellular delivery, and physicochemical interactions
between the nanocomposite and leukemia cells.

Collectively, the obtained findings demonstrate that Pyr/Ca-Mg-Fe LDH possesses significant
antiproliferative activity against Kasumi-1 leukemia cells. The enhanced surface characteristics, porous
structure, and carrier properties of the LDH matrix may support efficient intracellular delivery of
pyrimidine derivatives [18,22,26,32]. Nevertheless, further investigations involving cellular uptake studies,
apoptosis analysis, reactive oxygen species determination, and drug-release experiments are required to
elucidate the precise mechanisms responsible for the observed biological effects and to further validate the
potential of this nanocomposite as a leukemia-directed drug-delivery platform.

3.4. Study Limitations
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The present study has several limitations that should be acknowledged. Although significant
antiproliferative activity against Kasumi-1 leukemia cells was demonstrated, the precise molecular
mechanisms responsible for the observed cytotoxic effects were not investigated. In addition, drug-release
behavior, cellular uptake pathways, apoptosis induction, and oxidative stress-related responses were not
evaluated. Furthermore, the cytotoxicity of the developed nanocomposite was not assessed against normal
cell lines; therefore, its selectivity toward cancer cells cannot be fully established. Consequently, further in
vitro and in vivo investigations are required to achieve a comprehensive understanding of the biological
performance, safety profile, and therapeutic potential of the developed Pyr/Ca-Mg-Fe LDH

nanocomposite.

Conclusion

In this study, a novel pyrimidine-loaded Mg-Ca-Fe layered double hydroxide (Pyr/Ca-Mg-Fe LDH)
nanocomposite was successfully synthesized and characterized using FTIR, XRD, SEM, TEM, EDX, and
BET analyses. The obtained results confirmed the successful formation of the LDH structure and the
incorporation of the pyrimidine derivative within the nanocomposite matrix. The developed material
exhibited favorable physicochemical characteristics, including porous morphology and enhanced surface

properties, which may support its potential application as a nanostructured delivery platform.

Biological evaluation against Kasumi-1 leukemia cells demonstrated that both free pyrimidine and the
Pyr/Ca-Mg-Fe LDH nanocomposite possess antiproliferative activity. Although the nanocomposite
exhibited a slightly higher IC50 value than the free pyrimidine derivative, the developed LDH system may
offer potential advantages related to physicochemical stability and cellular interaction. The observed
biological activity is likely associated with the combined contribution of the pyrimidine derivative and the

LDH carrier matrix.
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Overall, the synthesized Pyr/Ca-Mg-Fe LDH nanocomposite represents a promising nanomaterial for
leukemia-related applications. Nevertheless, further investigations involving cellular uptake analysis,
apoptosis studies, selectivity assessment using normal cell lines, and in vivo evaluation are required to
achieve a more comprehensive understanding of its biological behavior, safety profile, and therapeutic

potential.
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Table 1. Surface area parameters of prepared samples.

pyrimidine derivatives Ca-Mg-Fe pyrimidine derivatives/
LDH Ca-Mg-Fe LDH
BET surface area [m” g’'] 4.7 9.7 19
Total pore volume [cm® g'] 0.01118 0.001551 0.021
Average pore diameter [nm] 6.5 5.0 53
Average pore width [nm] 4.3 8.2 9
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Table 2. % Cell viability, % Toxicity, and IC50 of in vitro synthesized drugs at different concentrations by

MTT assay.
ID ug/ml 0.D £ SE Viability % Toxicity % IC50 + SD
Kasumi-1 | - 0.51 < 0.002 100 0 ug
1000 0.01£ 0.000 3.45 96.54
500 0.01 £0.000 3.65 96.34
Pyrimidine 250 0.01 £0.001 3.783 96.21
90.51 +1.38
(Sample 1, A) 125 0.11 £0.004 23.02 76.97
62.5 0.35+0.008 70.25 29.74
31.25 0.50 £0.001 99.41 0.58
1000 0.01 £ 0.000 3.65 96.34
500 0.01 £0.001 3.84 96.15
Ca- Mg- Fe LDH 250 0.10 +0.003 20.61 79.38 9
55+1
(Sample 2, B) 125 0.15+0.007 30.98 69.01
62.5 0.35+0.008 70.18 29.81
31.25 0.48 +£0.009 94.06 5.93
1000 0.01 £0.000 3.84 96.15
500 0.01 £0.001 3.78 96.21
Pyrimidine/Ca- Mg-
250 0.10 £0.003 21.06 78.93
Fe LDH 109.16 £ 1.62

125 0.19 £0.006 38.48 61.51

(Sample 3, C)
62.5 0.45 £0.005 89.88 10.11
31.25 0.48 £0.006 94.97 5.02
1000 0.01 +£0.001 3.78 96.21
500 0.01 £ 0.000 3.58 96.41
5-FU, 250 0.07 £0.030 14.41 85.58

82.19+3.3
(Reference drug, D) 125 0.09 £0.001 17.67 82.32
62.5 0.34 £0.011 66.53 33.46
31.25 0.46 £0.003 91.06 8.93
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Figure 2. XRD analysis of (a) pyrimidine derivatives, (b) Ca-Mg-Fe LDH, and (c¢) Ca-Mg-Fe LDH/Pyr
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Figure 3. SEM images of (a) Pyr, (b) Ca-Mg-Fe LDH, and (c, d) Ca-Mg-Fe LDH/Pyr
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678 Figure 4. BET adsorption-desorption isotherms of (a) pyrimidine derivatives, (b) Ca-Mg-Fe LDH, and (c) Ca-Mg-Fe
679 LDH/Pyr.
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Figure 5. TEM images of (a) Pyr, (b) Ca-Mg-Fe LDH, and (c, d) Ca-Mg-Fe LDH/Pyr
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722 Figure 6. EDX analysis of (a) Pyr, (b) Ca-Mg-Fe LDH, and (c) Ca-Mg-Fe LDH/Pyr
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asumi 1

Organism : Homo sapiens, human
Tissue - Peripheral blood
Cell Type : myeloblast
Culture Properties : suspended
Disease - Acute myeloblastic leukemia
96 ATCC : CRL-2724
727
728
729 Figure 7. Photomicrographic image of untreated human homo sapiens-Kasumil leukemia cell line
730 (control) as obtained from MTT assay.
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735
736
737 Figure 8. Photomicrographic images of anticancer activity of the human homo sapiens-Kasumil leukemia cell

738  line were screened by different concentrations of the pyrimidine(Sample 1, A). The cell was treated for 24 h along
739 with the control group, as obtained from the MTT assay. Data expressed as mean+SE of three experiments done in

740 triplicate.
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749 Figure 9. Photomicrographic images of anticancer activity of the human homo sapiens-Kasumil leukemia cell

750 line were screened by different concentrations of the Ca- Mg- Fe LDH (Sample 2, B). The cell was treated for 24

751 h along with the control group, as obtained from the MTT assay. Data expressed as mean+SE of three experiments

752 done in triplicate.
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756 Figure 10. Photomicrographic images of anticancer activity of the human homo sapiens-Kasumil leukemia cell

757 line were screened by different concentrations of the pyrimidine/Ca- Mg- Fe LDH (Sample 3, C). The cell was

758 treated for 24 h along with the control group, as obtained from the MTT assay. Data expressed as mean+SE of
759 three experiments done in triplicate.
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764 Figure 11. Photomicrographic images of anticancer activity of the human homo sapiens-Kasumil leukemia cell
765 line were screened by different concentrations of the 5-FU (Reference drug, D). The cell was treated for 24 h
766 along with the control group, as obtained from the MTT assay. Data expressed as mean+SE of three experiments
767 done in triplicate.
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