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KEYWORDS ABSTRACT

Pemetrexed, The synthesis and characterization of Pemetrexed analogues (PMA-1 and PMA-2)
Pemetrexed were performed to enhance the stability, permeability, and anticancer potential of
Analogues, the parent drug. The synthesized analogues exhibited higher melting points (PMA-
Cancer, 1. 229-234°C, PMA-2: 235-239°C) compared to Pemetrexed (225-227°C),
Anticancer indicating increased thermal stability. PMA-1 had a higher yield (82%) than PMA-
activity, HCC 2 (74%), suggesting more efficient synthetic pathways. Thin Layer
1937 cells, Chromatography (TLC) analysis revealed increased Rf values (PMA-1: 0.56, PMA-
MCF-7 cells, 2: 0.59), suggesting improved lipophilicity. FTIR spectral analysis confirmed
A549 cells, successful structural modifications, with shifts in C=0 stretching (PMA-1: 1655—
HelLa cells. 1685 cm™, PMA-2: 1660-1690 cm™) and N-H stretching (PMA-1: 3100-3500

cm!, PMA-2: 3200-3450 cm™), indicating altered hydrogen bonding and
electronic interactions. Mass spectrometry analysis further confirmed the successful
synthesis, with M+ ion peaks at m/z 563.54 for PMA-1 and m/z 577.56 for PMA-
2. Sulforhodamine B (SRB) assay was used to test the analogues' anticancer
potential against the following cell lines: HelLa (cervical cancer), A549 (lung
cancer), MCF-7 (breast cancer), and HCC1937 (breast cancer). PMA-1 consistently
exhibited stronger cytotoxic activity than PMA-2, demonstrating dose-dependent
inhibition across all cell lines. At 90 ug/mL, PMA-1 achieved 84.55% inhibition in
HCC1937, 87.22% in MCF-7, 82.15% in A549, and 81.79% in HelLa cells,
outperforming PMA-2. These findings suggest that PMA-1 may be a superior
candidate for further anticancer evaluation, with potential improvements in drug
stability, solubility, and therapeutic efficacy. Further in vivo studies and
mechanistic investigations are warranted to validate its clinical relevance.
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INTRODUCTION

Despite improvements in early detection, targeted therapy, and combination treatments, cancer
continues to be a major worldwide health concern, resulting in millions of deaths annually. The
complexity of cancer pathophysiology, including uncontrolled cellular proliferation, resistance to
apoptosis, and the ability to metastasize, makes it difficult to develop universally effective
treatments. Chemotherapeutic agents, particularly antifolates, play a crucial role in cancer
management by targeting metabolic pathways essential for DNA synthesis and cellular replication
[1-4]. Among these, Pemetrexed, a multi-targeted antifolate, has been widely utilised to treat
malignant pleural mesothelioma and non-small cell lung cancer (NSCLC). It functions by blocking
important enzymes that are necessary for purine and pyrimidine synthesis and implicated in folate
metabolism, such as glycinamide ribonucleotide formyltransferase, dihydrofolate reductase, and
thymidylate synthase. By depleting nucleotide precursors, Pemetrexed effectively disrupts DNA
replication, thereby inhibiting tumor growth [5-8].

Although Pemetrexed has significantly improved survival rates in NSCLC and mesothelioma
patients, it is associated with several limitations, including the development of resistance
mechanisms, suboptimal solubility, and reduced bioavailability. Drug resistance can emerge due
to increased expression of target enzymes, enhanced drug efflux mechanisms, or alterations in
intracellular folate transport systems, ultimately limiting therapeutic efficacy. Additionally, poor
solubility and bioavailability hinder effective drug delivery, leading to suboptimal plasma
concentrations and the need for higher doses, which can exacerbate toxicity [4, 9]. These
challenges highlight the need for structural modifications of Pemetrexed to develop novel
analogues with enhanced pharmacokinetic and pharmacodynamic properties, improved tumor
targeting, and reduced adverse effects. The rational design of Pemetrexed derivatives offers the
potential to address these drawbacks while maintaining or even improving the drug’s anticancer
activity [10-12].

The chemical modification of existing chemotherapeutic agents is a well-established strategy
aimed at overcoming drug resistance, improving pharmacological properties, and enhancing
overall therapeutic potential. Structural modifications in antifolate-based drugs can significantly
influence their stability, bioavailability, and target selectivity, making them more effective against
rapidly proliferating cancer cells [13-18]. One promising approach involves the introduction of
benzoxazine moieties, which have been shown to increase lipophilicity and enhance molecular
interactions with biological membranes. By modifying the core structure of Pemetrexed through
the incorporation of benzoxazine derivatives, the newly synthesized analogues may exhibit
improved solubility, increased cellular uptake, and better penetration into tumor tissues [9, 19-22].
In this study, two novel Pemetrexed analogues (PMA-1 and PMA-2) were designed and
synthesized with the objective of improving drug stability, membrane permeability, and anticancer
efficacy. These structural modifications are expected to enhance drug-target interactions, leading
to greater inhibition of folate-dependent enzymes and improved therapeutic outcomes.
Additionally, the increased lipophilicity of these analogues may facilitate better bioavailability,
enabling more efficient drug absorption and distribution within the body [10-12, 19, 23-25].
Moreover, alterations in drug-lipid interactions may reduce efflux-mediated drug resistance,
ensuring sustained intracellular drug retention and prolonged therapeutic effects [13, 26-28]. This
study focuses on evaluating the physicochemical properties, stability, and anticancer activity of
the synthesized Pemetrexed analogues against various cancer cell lines, with the goal of identifying
a more potent and efficient alternative to conventional Pemetrexed therapy. If successful, these
novel analogues could contribute to next-generation antifolate-based chemotherapy regimens,
offering enhanced efficacy and fewer limitations compared to the parent drug [13, 29-31].
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This study sought to create, synthesise, and assess two new Pemetrexed analogues (PMA-1 and
PMA-2) with improved stability, bioavailability, and anticancer activity in light of all the
information. Structural modifications incorporated benzoxazine moieties to improve membrane
permeability and molecular interactions. The synthesized analogues were characterized using
melting point analysis, TLC, FTIR, and mass spectrometry, confirming structural integrity. In vitro
anticancer activity was assessed against HCC1937, MCF-7, A549, and HelLa cell lines using the
SRB assay, revealing dose-dependent inhibition, with PMA-1 showing superior cytotoxicity. The
study demonstrates that structural modifications may enhance therapeutic potential, contributing
to next-generation antifolate-based chemotherapeutics with improved stability, permeability, and
anticancer efficacy, warranting further preclinical.

EXPERIMENTAL

Chemical, Reagents, and Instruments

The drug sample of Pemetrexed was received as a gift sample and was supplied by Kion
Pharmaceuticals, Baddi, Himachal Pradesh. Every other chemical and reagent utilised in the
synthesis and evaluation was of synthetic and analytical grade, and it was exclusively acquired
from approved vendors.

Physico-chemical properties and characterizations

Brown spots appeared in a tightly sealed compartment following the observation of all chemical
reactions utilising TLC on silica gel G plates employing benzene and ethyl acetate as the
developing solvent system in a 7:3 ratio. An open capillary approach melting point apparatus is
used to determine the melting points of synthetic substances. An FTIR spectrophotometer
(Brucker) was used to record the FTIR spectra of the chemicals/drugs in the KBr pellet. Using 1H-
NMR with TMS as an internal standard (Chemical shift in 6 ppm), the spectral data of synthesized
compounds in deuterium-substituted chloroform were recorded using a Bruker NMR
spectrophotometer.

Synthetic Procedure for Pemetrexed analogues

Synthesis Pathway for the Pemetrexed analogues

The synthesis of Pemetrexed analogues was carried out in a stepwise fashion using benzoyl
chloride and anthranilic acid as the primary starting materials. These reactants were initially
involved in an acylation and cyclisation reaction that produced 2-phenyl-4-0x0-3,1-benzoxazine.
The following modification of Pemetrexed, which produced structurally related analogues, relied
heavily on this intermediate. via reacting 2-phenyl-4-ox0-3,1-benzoxazine with Pemetrexed, the
synthesis method made it easier to create a novel analogue via nucleophilic addition or
condensation. This phase was crucial in changing Pemetrexed's antifolate scaffold, which could
have changed the medication's pharmacokinetic and pharmacodynamic characteristics. The
addition of the benzoxazine moiety may change drug metabolism, increase lipophilicity, or
improve the affinity of enzymes for binding. In addition, a different analogue was created using a
comparable process, adding structural changes to investigate differences in biological activity and
therapeutic effectiveness. Figures 1 and 2 show the sequential transformations that result in the
necessary analogues, as well as the comprehensive synthetic pathway and reaction schemes that
have been methodically designed. Based on the Pemetrexed core structure, these analogues were
developed to investigate their potential as improved antifolate medications. They target key
enzymes such as glycinamide ribonucleotide formyltransferase (GARFT), dihydrofolate reductase
(DHFR), and thymidylate synthase (TS). To determine their effectiveness in cancer treatment,
more research on their physicochemical and biological characteristics is required [32].
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Figure 2. Compound-2 synthesis pathway (PMA-2)

Synthesis of compound -1

A two-step synthetic process was used to create Compound PMA-1, in accordance with a technique
that Tiwari et al. (2007) had previously detailed. 2-phenyl-4-0x0-3,1-benzoxazine was prepared as
part of the procedure, and it was then used to alter Pemetrexed to produce the end product [32].
Step 1: Synthesis of 2-Phenyl-4-oxo-3,1-benzoxazine

Anthranilic acid (0.01 mol) was dissolved in 30 mL of anhydrous pyridine while being constantly
stirred at room temperature in order to create 2-phenyl-4-oxo0-3,1-benzoxazine. After cooling to
0°C, a premade solution of aromatic acid chloride (0.02 mol) in anhydrous pyridine (30 mL) was
added dropwise to the reaction mixture while being constantly stirred to maintain controlled
reactivity. After the addition was finished, the reaction mixture was agitated for a further half hour
at room temperature before being left alone for an hour to allow the reaction to finish. To neutralise
and eliminate any remaining acid, the solid mass was diluted with roughly 50 millilitres of water
and treated with an aqueous sodium bicarbonate solution. After the effervescence stopped, the
solid was filtered out, extensively cleaned with water to get rid of any remaining inorganic
impurities and stuck pyridine, and then dried. After recrystallising the crude benzoxazine from
95% ethanol, high-purity 2-phenyl-4-oxo0-3,1-benzoxazine was produced as a solid crystalline
product.
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Figure 3. 2-phenyl-4-0x0-3,1 benzoxaine's structure.

Step 2: Synthesis of (S) —2 - (4 - (((2 - amino, 4 — N - (2 — phenyl — 4 — oxo0 - 3, 1 benzoxaine)
diaminopteridin — 6 - yl) methyl) methylamino) benzamido) pentanedioic acid

The second stage involved dissolving Pemetrexed (0.2 mol) and phenyl-benzoxazine (0.2 mol) in
ethanol separately. To guarantee the proper reaction conditions, the pH of the solution was
meticulously brought down to 4. To promote the intended condensation reaction, the mixture was
then refluxed for ten hours at 50°C. The target chemical precipitated once the reaction was finished
and the result was allowed to cool to room temperature. Filtration was used to collect the
precipitate, which was then properly cleaned with water and allowed to dry in a controlled
environment. The very pure (S)-2-(4-(((2-amino,4-N-(2-phenyl-4-0x0-3,1-benzoxazine)
diaminopteridin-6-yl) methyl) methylamino) benzamido) pentanedioic acid was obtained by
recrystallising the crude product from 95% ethanol. Melting point analysis was used to characterise
the synthesised molecule, ensuring the final product's purity and structural soundness.
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Figure 4. Here is the Structure of (S)-2-(4-(((2-amino,4-N-(2-phenyl-4-0x0-3,1 benzoxaine)
diaminopteridin-6-yl) methyl) methylamino) benzamido) pentanedioic acid

The two-step synthesis effectively integrated the benzoxazine moiety with the Pemetrexed core,
potentially enhancing biological activity, enzyme inhibition, and pharmacokinetic properties. The
addition of 2-phenyl-4-oxo-3,1-benzoxazine may affect how the medication interacts with
glycinamide ribonucleotide formyltransferase (GARFT), dihydrofolate reductase (DHFR), and
thymidylate synthase (TS), all of which are important targets in antifolate-based cancer treatment.
The designed analogue can now be further evaluated for its therapeutic potential, bioavailability,
and selectivity. Figures 3 and 4 show the chemical transformation pathway that results in the
formation of Compound PMA-1, along with the reaction scheme and molecular structures of the
synthesised intermediates and final compounds.

Synthesis of Compound PMA-2:

The synthesis of Compound PMA-2, designated as Compound B, was carried out following a two-
step synthetic approach as outlined in Tiwari et al. (2007). 2-methyl-4-0x0-3,1-benzoxazine was
prepared as part of the procedure, and it was then used to modify Pemetrexed, creating a new
counterpart [32].

Step 1: Synthesis of 2-Methyl-4-oxo-3,1-benzoxazine

A 250 mL round-bottom flask was used to react anthranilic acid (0.01 mol) with acetic anhydride
(0.02 mol) to begin the production of 2-methyl-4-0x0-3,1-benzoxazine. The benzoxazine core was
formed by effective acetylation and subsequent cyclisation of the reaction mixture under reflux
conditions for two hours. To minimise unintended side reactions and guarantee the creation of a
high-purity product, surplus acetic anhydride was carefully removed under decreased pressure
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after the reaction. To aid in the target compound's precipitation, the leftover residue was dissolved
in petroleum ether and left undisturbed for the entire night. Following vacuum filtration, the solid
product was collected and recrystallised from petroleum ether to produce very pure 2-methyl-4-
oxo-3,1-benzoxazine in crystalline form.

O

A

Figure 5. Structure of Methyl-4-0x0-3,1 benzoxaine

Step 2: Synthesis of (S) - 2 - (4 - (((2 - amino, 4 — N - (2 — methyl — 4 -oxo - 3, 1 - benzoxazine)
diaminopteridin - 6 - yl) methyl) methylamino) benzamido) pentanedioic acid

The next stage involved dissolving 2-methyl-4-oxo0-3,1-benzoxazine (0.2 mol) and Pemetrexed
(0.2 mol) separately in pyridine until clear solutions were achieved. After that, the solutions were
mixed together while being constantly stirred at ice-cold temperatures to guarantee regulated
interaction and maximum reaction efficiency. The reaction mixture was exposed to 450 W of
microwave radiation for 45 seconds in order to promote effective nucleophilic substitution and
speed up the condensation reaction. The target chemical precipitated when the mixture was
finished and allowed to cool. After that, the precipitate was filtered, cleaned with distilled water,
and allowed to dry completely in a controlled environment. For final purification, the crude
product underwent recrystallization using a suitable solvent, ensuring high-purity and well-defined
structural characteristics. The melting points of the purified compound were determined and
reported as a measure of structural integrity and purity.
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Figure 6. Here is the structure of (S)-2-(4-(((2-amino,4-N-(2-methyl-4-0x0-3,1 benzoxaine)
diaminopteridin-6-yl) methyl) methylamino) benzamido) pentanedioic acid

The synthesis of Compound B (PMA-2) successfully introduced a methyl-substituted benzoxazine
moiety into the Pemetrexed core, potentially leading to altered physicochemical properties,
enhanced enzyme inhibition, and improved pharmacokinetics. The major enzymes targeted by
antifolate-based chemotherapeutics, glycinamide ribonucleotide formyltransferase (GARFT),
thymidylate synthase (TS), and dihydrofolate reductase (DHFR), may be more efficiently bound
when 2-methyl-4-ox0-3,1-benzoxazine is added. The detailed reaction schemes and molecular
structures of the synthesized intermediates and final products are presented in Figures 5 and 6,
illustrating the stepwise chemical transformations leading to the formation of Compound PMA-2.
Pharmacological Activity Evaluation

Anti-cancer activity against various cell lines

Using the Sulforhodamine B (SRB) assay, the anti-cancer activity of the synthesised compounds
was further assessed against a variety of human cancer cell lines, including the HCC1937 cell line,
MCEF-7 (breast cancer), A549 (lung cancer), and HeLa (cervical cancer). This method is widely
recognized for its ability to quantitatively assess cell viability and cytotoxic effects, as it relies on
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the strong binding affinity of SRB dye to cellular proteins. The assay was adapted from established
protocols (Knorr et al., 2021; Vajrabhaya et al., 1997; Thaher et al., 2023; Wang et al., 2020) to
suit the specific requirements of different cancer cell lines. Every cancer cell line was acquired
from the American Type Culture Collection (ATCC) and kept in either RPMI-1640 media or
Dulbecco's Modified Eagle media (DMEM), supplemented with 1% (v/v) penicillin-streptomycin
solution, 2 mM glutamine, and 10% (v/v) foetal bovine serum (FBS). These components ensured
optimal cell proliferation and provided essential nutrients required for their survival. The cells
were cultivated at 37°C with 5% CO: in a humidified environment to preserve growth-friendly
physiological conditions. Each cell line was seeded at a density of 1 x 10* cells per well in 96-well
microplates for the cytotoxicity test, and it was left to adhere for the entire night. The test
compounds were produced using 1% (v/v) dimethyl sulfoxide (DMSO) as a solvent at different
concentrations between 0.1 and 100 pg/mL. These solutions were carefully added to the respective
wells in triplicate to ensure statistical reproducibility. To serve as a negative control, separate wells
containing cells treated only with DMSO (without any drug) were included, ensuring that any
cytotoxicity observed was due to the compounds rather than the solvent itself. To aid in protein
precipitation and fixation, the cells were treated with 50% (w/v) trichloroacetic acid (TCA) after a
72-hour incubation period. They were then kept at 4°C for an hour. To get rid of extra TCA, the
plates were then cleaned four times with distilled water and allowed to air dry at room temperature.
This step ensured that only the protein-bound dye would remain in the wells, enabling accurate
quantification of viable cells.

After staining the fixed cells with 50 uL of 0.04% (w/v) SRB solution, they were allowed to sit at
room temperature for an hour in order to allow the dye to bind uniformly. The wells were cleaned
four times with 1% (v/v) acetic acid to remove excess, unbound colour, and then allowed to air
dry. 50 pL of 10 mM Tris-base solution (pH 10.5) was then added to each well to dissolve the
bound dye, which represents the total protein content of live cells. The plates were gently agitated
on an orbital shaker for ten minutes at room temperature to guarantee total dissolution. A BioTek®
microplate reader was used to quantify each well's absorbance at 511 nm, enabling the
measurement of cell survival after drug treatment. GraphPad Prism software was used to analyse
the gathered data, and non-linear regression analysis was used to calculate the half-maximal
inhibitory concentration (ICso) values. The following formulas were used to determine the
percentage of cell growth inhibition:

% Cell growth = Absorbance of sample /absorbance negative control x 100%

% Inhibition = 100 - % cell growth

This method made it possible to compare the produced chemicals' cytotoxic capability across
various cancer cell lines. By evaluating their effect on multiple cancer types, insights into their
selectivity, potency, and potential therapeutic applications were obtained. Further studies,
including mechanistic investigations and in vivo testing, may be warranted to fully establish their
anti-cancer properties.

Statistical analysis

The data were expressed as mean = SD (n = 6). Statistical analyses were performed using post hoc
"Dunnett's Multiple Comparison Test" and one-way analysis of variance (ANOVA) using the
GraphPad Prism software, Version 8. If "P" values were less than 0.05, they were considered
statistically significant.
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RESULTS AND DISCUSSION

Fabrication and characterization of Pemetrexed analogues

The physical and analytical characterization of Pemetrexed and its synthesized analogues
(Compound 1 and Compound 2) provides valuable insights into their purity, stability, and potential
impact on drug formulation and biological activity.

Melting Point Analysis

The melting point of Pemetrexed was observed between 225-227°C, indicating its crystalline
nature and thermal stability. Compared to Pemetrexed, the synthesized analogues showed slightly
higher melting points—Compound 1 (229-234°C) and Compound 2 (235-239°C)—suggesting
that the introduction of benzoxazine derivatives may have contributed to increased intermolecular
interactions, possibly through hydrogen bonding or van der Waals forces. The observed trend
indicates enhanced thermal stability of the analogues compared to the parent drug.

Percentage Yield

The synthesis of Compound 1 resulted in a higher yield (82%), whereas Compound 2 had a slightly
lower yield (74%). The difference in yield can be attributed to variations in reaction efficiency,
steric hindrance, or solubility differences during purification and recrystallization steps. The high
yield of Compound 1 suggests that its synthetic pathway was more efficient, likely due to better
reactivity of its precursor intermediates.

Rf Value Analysis

The Rf values of Compound 1 (0.56) and Compound 2 (0.59) were slightly higher than those
typically observed for Pemetrexed, indicating changes in polarity and solubility due to the
introduction of benzoxazine derivatives. The increase in Rf values suggests that the analogues may
have slightly reduced polarity, potentially affecting solubility, bioavailability, and drug-lipid
interactions.

The increased melting points of the analogues indicate improved thermal stability, which could be
beneficial for storage and formulation stability. The good percentage yield of both compounds
suggests that the synthetic routes are efficient and reproducible, with Compound 1 being the most
efficiently synthesized. The higher Rf values indicate a slight increase in lipophilicity, which may
improve permeability across biological membranes, potentially enhancing bioavailability. These
modifications could contribute to better pharmacokinetic properties, but further studies on
solubility, dissolution rate, and bioactivity are required to determine their therapeutic potential.
The synthesized Pemetrexed analogues exhibited promising physical and analytical properties,
with increased melting points, good vyields, and slight improvements in lipophilicity. These
findings suggest that the modifications introduced in Compound 1 and Compound 2 could
potentially enhance drug stability and permeability, making them valuable candidates for further
pharmacological evaluation in cancer therapy. Mass spectroscopy was carried out in APCI mode
with positive polarity using a solvent solution consisting of acetonitrile and water. The analysis of
fragmentation patterns showed that the M+ peak was significantly linked to the M+ ion at m/z
563.54 (PMA-1). The parent peak was seen at 427. 41. The M+ ion at m/z 577.56 (PMA-2) was
found to be characteristic of the M+ peak in the PMA-2 spectra. At 576.66, the parent peak was
observed.
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Table 1. Physical and analytical information on the synthesized Pemetrexed analogues, such as
their melting point, yield percentage, and Rf values.

Compound Molecular Molecular Melting Yield [%] | RrValue
Formula Weight Point [°C]

Pemetrexed C20H21IN506 | 427.41 225-227°C

1 C27H25N707 | 563.54 220-234°C | 82 0.56

2 C28H27N707 | 577.56 235-239°C | 74 0.59

The FTIR spectral analysis of Pemetrexed and its synthesized analogues (PMA-1 and PMA-2)
provides critical insights into structural modifications and functional group interactions. The amide
carbonyl stretching frequency for Pemetrexed was observed between 1650-1680 cm™, while for
PMA-1 and PMA-2, it appeared at a slightly higher range (1655-1690 cm™). This upward shift
suggests that modifications in the benzoxazine moiety altered the electronic environment around
the carbonyl group, potentially due to increased conjugation or hydrogen bonding interactions.
The stronger carbonyl stretching in PMA-2 (1660—1690 cm™) further indicates a more constrained
or conjugated structure, possibly affecting its chemical reactivity and stability. The N-H stretching
vibrations in Pemetrexed (3300-3500 cm™) correspond to primary and secondary amine groups,
signifying strong hydrogen bonding. In PMA-1, this range was 3100-3500 cm™', while in PMA-
2, it was slightly lower (3200-3450 cm™). The decrease in these values for PMA-1 and PMA-2
indicates altered hydrogen bonding interactions, possibly due to steric hindrance or electronic
effects introduced by the benzoxazine moiety. The broader and slightly shifted N-H stretching in
PMA-2 suggests stronger hydrogen bonding interactions, which may influence its solubility and
bioavailability. The aromatic C=C stretching vibrations in Pemetrexed appeared in the range 1600—
1620 cm™!, confirming the presence of an aromatic ring system. A slight decrease in frequency was
observed for PMA-1 (1600-1615 cm™) and PMA-2 (1580-1610 cm™), suggesting increased
electron delocalization and conjugation within the modified structures. This shift may enhance
molecular stability and interaction with biological targets, influencing binding affinity in
pharmacological applications.

The C-N stretching vibrations, which are characteristic of amide and amine groups, were detected
between 1200-1300 cm™ in Pemetrexed, while for PMA-1, they appeared in the range of 1200—
1280 cm™, indicating similar bonding characteristics. However, a new C-O-C stretching band was
observed in PMA-2 (1150-1250 cm™), which was absent in Pemetrexed and PMA-1, confirming
the successful incorporation of the benzoxazine moiety. The presence of this new functional group
suggests increased lipophilicity and possible modifications in the drug’s solubility profile, which
could affect drug absorption and delivery. The overall FTIR findings confirm successful structural
modifications in PMA-1 and PMA-2, differentiating them from the parent drug Pemetrexed. The
observed spectral shifts suggest enhanced molecular stability, altered hydrogen bonding, and
improved electronic interactions, which may significantly influence their pharmacokinetics and
bioactivity. These modifications could potentially lead to improved drug permeability and targeted
delivery, making the synthesized analogues promising candidates for further pharmacological
evaluation. Additional characterization techniques, such as NMR and mass spectrometry, would
provide deeper insights into their structural integrity and potential therapeutic advantages.
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Table 2. FTIR spectral interpretation and results for synthesised and Pemetrexed analogues.
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Figure 7. Mass Spectra of compound 1 (PMA-1; C27H25N707; 563.54)
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Figure'8. Mass Spectra of compound 2 (PMA-2; C28H27N707; 577.56)
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Figure 9. Structures of compound-1 and compound-2 (PMA-1 and PMA-2)

Evaluation of pharmacological and biological effects

Anti-cancer activity against HCC1937 cell line

The mean absorbance values at 511 nm from Table 3 indicate the extent of cell viability following
treatment with PMA-1 and PMA-2 across different concentrations, with PMA-1 consistently
showing lower absorbance values compared to PMA-2. Since lower absorbance values correlate
with higher cytotoxicity, this suggests that PMA-1 exhibits greater anti-cancer activity against
HCC1937 cells. The control wells, which contained untreated cells, maintained a constant
absorbance of 0.33, confirming that any reduction in absorbance in the treated wells was due to
the test compounds rather than external factors. From Table 4, which presents cell growth
inhibition percentages, it is evident that both PMA-1 and PMA-2 exhibited dose-dependent
cytotoxic effects. At the lowest concentration (0.1 pg/mL), PMA-1 inhibited 45.76% of cell
growth, whereas PMA-2 showed only 20.61% inhibition, indicating a stronger cytotoxic effect of
PMA-1 even at minimal concentrations. As the concentration increased, the percentage inhibition
also increased, demonstrating a clear dose-response relationship.

At higher concentrations (70-90 ug/mL), PMA-1 and PMA-2 exhibited significant inhibition, with
PMA-1 reaching 84.55% inhibition at 90 pg/mL, compared to 82.12% inhibition for PMA-2.
Although both compounds showed strong cytotoxicity at high doses, PMA-1 consistently
demonstrated superior activity at every concentration tested, suggesting a more potent anticancer
effect. The differences in inhibition between PMA-1 and PMA-2 may be attributed to structural
modifications affecting cellular uptake, interaction with molecular targets, or differences in
solubility and stability. The higher inhibitory potential of PMA-1 suggests that it could be a more
effective candidate for further preclinical evaluation. In conclusion, the data supports that both
PMA-1 and PMA-2 exhibit potent anti-cancer activity against HCC1937 cells, with PMA-1
showing a stronger inhibitory effect across all concentrations. These findings indicate that PMA-
1 may have enhanced pharmacological properties, warranting further investigation into its
mechanism of action, apoptotic pathways, and in vivo efficacy.

Table 3. Mean absorbance at 511 nm of treated wells containing HCC 1937 cells.

Mean Value of Absorbance (p value < 0.01)

Concentration (pg/ml) 0.5 15 25 35 45 75 95
PMA-1 0.179 10.173 10.164 |0.116 | 0.102 0.97 0.051
PMA-2 0.262 |0.219 |0.213 ]0.1990.184 |0.145 | 0.059
Control Slot 0.33 0.33 0.33 0.33 10.33 0.33 0.33
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Table 4. Cell proliferation as a percentage of PMA-1 and PMA-2-inhibited HCC 1937 cells

Concentration (pg/ml) PMA-1 % Inhibition PMA-2 % Inhibition
0.1 45.76% 20.61%
10 47.58% 33.64%
20 50.30% 35.45%
30 64.85% 39.70%
40 69.09% 44.24%
70 70.61% 56.06%
90 84.55% 82.12%

Cell Growth Inhibition of HCC1937 Cells by PMA-1 and PMA-2
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Figure 10. % cell growth inhibition of HCC 1937 cells by PMA-1 and PMA-2.
Anti-cancer activity against MCF-7 (breast cancer) cell line
The mean absorbance values at 511 nm from Table 5 reveal the extent of MCF-7 cell viability
following treatment with PMA-1 and PMA-2. The control group, which represents untreated cells,
maintained a consistent absorbance of 0.36 across all concentrations, indicating normal cell
proliferation. In contrast, both PMA-1 and PMA-2 showed a significant reduction in absorbance,
demonstrating cytotoxic effects on MCF-7 cells in a dose-dependent manner. Notably, PMA-1
exhibited consistently lower absorbance values compared to PMA-2, suggesting that PMA-1 has
a stronger inhibitory effect on MCF-7 cells. The corresponding cell growth inhibition percentages
(Table 6) further support this observation. At 0.1 ug/mL, PMA-1 inhibited 51.67% of MCF-7 cell
growth, whereas PMA-2 only inhibited 27.50%, showing a significant difference in efficacy at
lower doses. This trend continued across all concentrations, with PMA-1 maintaining a higher
inhibition rate than PMA-2 at each tested concentration. The dose-response relationship is evident,
as inhibition progressively increased with higher concentrations of both compounds.
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At higher concentrations (70-90 pg/mL), both compounds exhibited substantial inhibition, with
PMA-1 reaching 87.22% inhibition at 90 pg/mL, compared to 83.89% inhibition for PMA-2.
Although both compounds displayed strong cytotoxic effects at these doses, PMA-1 consistently
demonstrated superior activity, suggesting it may have better cellular uptake, stronger interaction
with biological targets, or enhanced cytotoxic mechanisms. The stronger inhibition observed with
PMA-1 compared to PMA-2 suggests that structural differences may play a crucial role in their
anticancer potential. The higher efficacy of PMA-1 could be attributed to greater lipophilicity,
enhanced cellular permeability, or a more efficient mechanism of inducing apoptosis. Given these
findings, PMA-1 appears to be a more potent candidate for further anticancer evaluation,
particularly against MCF-7 breast cancer cells. In conclusion, the data indicates that both PMA-1
and PMA-2 exhibit strong anticancer activity against MCF-7 cells, with PMA-1 demonstrating
significantly greater cytotoxicity at all concentrations. These results suggest that PMA-1 may be a
more effective therapeutic agent, warranting further investigation into its mechanism of action,
apoptotic pathways, and in vivo efficacy.

Table 5. Average absorbance of treated wells with MCF-7 cells at 511 nm.
Mean Value of Absorbance (p value < 0.01)

Concentration (ng/ml) 0.5 15 25 35 45 75 95

PMA-1 0.174 10.168 |0.159 |0.111 | 0.97 0.92 0.046

PMA-2 0.261 ]0.218 |0.212 |0.198 | 0.183 0.144 |0.058

Control 0.36 0.36 0.36 0.36 ]0.36 0.36 0.36
Table 6. Cell growth % Inhibition of PMA-1 and PMA-2 in MCF-7 cells

Concentration (pg/ml) PMA-1 % Inhibition PMA-2 % Inhibition

0.1 51.67% 27.50%

10 53.33% 39.44%

20 55.83% 41.11%

30 69.17% 45.00%

40 73.06% 49.17%

70 74.44% 60.00%

90 87.22% 83.89%

‘)OCc-ll Growth Inhibition of MCF-7 Cells by PMA-1 and PMA-2
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Figure 11. % cell growth inhibition of MCF-7 (breast cancer) cells by PMA-1 and PMA-2.
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Anti-cancer activity of plant extracts against A549 (lung cancer) cell line

The mean absorbance values at 511 nm from Table 7 reveal the cytotoxic effects of PMA-1 and
PMA-2 on A549 lung cancer cells across different concentrations. The control group maintained a
stable absorbance of 0.381, confirming that any reduction in absorbance observed in the treated
wells was due to the action of the test compounds. PMA-1 consistently exhibited lower absorbance
values compared to PMA-2, indicating that PMA-1 had a stronger inhibitory effect on A549 cells.
The cell growth inhibition percentages (Table 8) further support this observation. At 0.1 pg/mL,
PMA-1 inhibited 48.03% of cell growth, while PMA-2 inhibited only 25.98%, highlighting the
greater potency of PMA-1 even at lower doses. As the concentration increased, a clear dose-
dependent increase in inhibition was observed for both compounds, demonstrating their cytotoxic
potential against lung cancer cells. At higher concentrations (70-90 pg/mL), both compounds
displayed significant inhibition, with PMA-1 reaching 82.15% inhibition at 90 pg/mL, compared
to 79.79% for PMA-2. While both compounds showed strong cytotoxicity at higher doses, PMA-
1 consistently exhibited superior activity across all tested concentrations, suggesting greater
cellular uptake, enhanced molecular interactions, or a more potent mechanism of inducing
apoptosis. The observed differences in inhibition between PMA-1 and PMA-2 may be attributed
to structural modifications affecting drug permeability, target binding affinity, or solubility
differences. The higher inhibition by PMA-1 suggests that it could be a more effective therapeutic
agent against A549 lung cancer cells, making it a promising candidate for further preclinical
investigations. In conclusion, both PMA-1 and PMA-2 exhibited significant cytotoxicity against
A549 lung cancer cells, with PMA-1 demonstrating a more pronounced inhibitory effect at all
concentrations. These results suggest that PMA-1 may have enhanced pharmacokinetic and
pharmacodynamic properties, warranting further research into its mechanism of action, apoptotic
pathways, and potential for in vivo studies.

Table 7. Average absorbance of treated wells with A549 (lung cancer) cells at 511 nm.

Mean absorbance (p value < 0.001)

Concentration (pg/ml) 0.5 15 25 35 45 75 95
PMA-1 0.198 10.192 ]0.181 |0.135]0.123 0.99 0.068
PMA-2 0.282 10.239 |10.233 10.2190.204 |0.165 |0.077
Control 0.381 ]0.381 |0.381 |0.381]0.381 0.381 |0.381
Table 8. % cell growth inhibition of A549 (lung cancer) cells by PMA-1 and PMA-2
Concentration (pg/ml) PMA-1 % Inhibition PMA-2 % Inhibition

0.1 48.03% 25.98%

10 49.61% 37.27%

20 52.49% 38.85%

30 64.57% 42.52%

40 67.72% 46.46%

70 73.99% 56.69%

90 82.15% 79.79%
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Figure 12. % cell growth inhibition of A549 (lung cancer) cells by PMA-1 and PMA-2.

Anti-cancer activity against HelL a (cervical cancer) cell line

The mean absorbance values at 511 nm from Table 9 indicate the effect of PMA-1 and PMA-2 on
HeLa (cervical cancer) cells. The control group consistently maintained an absorbance of 0.357,
signifying normal cell growth without drug intervention. In contrast, both PMA-1 and PMA-2
treatments led to reduced absorbance values, demonstrating their cytotoxic effects on HeLa cells.
Across all concentrations, PMA-1 showed lower absorbance values compared to PMA-2,
suggesting that PMA-1 is more potent in inhibiting HeLa cell growth. The cell growth inhibition
percentages in Table 10 further validate these findings. At 0.1 pg/mL, PMA-1 inhibited 51.26% of
HeLa cell growth, while PMA-2 showed a much lower inhibition of 26.05%, highlighting the
stronger cytotoxic potential of PMA-1 even at the lowest concentration. This pattern was
consistently observed across all doses, where PMA-1 exhibited higher inhibition than PMA-2,
reflecting a greater efficacy of PMA-1 against HeLa cells.

As the concentration increased, both compounds demonstrated a dose-dependent inhibition, with
PMA-1 reaching 81.79% inhibition at 90 pg/mL, compared to 81.22% for PMA-2. While both
compounds exhibited strong cytotoxicity at the highest concentration, PMA-1 maintained a
superior inhibitory effect at lower and intermediate doses, suggesting a greater ability to induce
cell death at lower drug levels. The differences in inhibition between PMA-1 and PMA-2 could be
attributed to variations in molecular interactions, drug uptake efficiency, or the mechanism of
inducing apoptosis. The higher inhibition by PMA-1 suggests that it could be a more effective
therapeutic candidate against cervical cancer cells, potentially leading to further investigations into
its mechanism of action, apoptosis induction, and long-term therapeutic effects. The data indicates
that both PMA-1 and PMA-2 exhibit strong cytotoxic activity against HeLa cells, with PMA-1
demonstrating a more pronounced inhibitory effect across all tested concentrations. These findings
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suggest that PMA-1 may have enhanced pharmacokinetic and pharmacodynamic properties,
making it a promising candidate for further anticancer research, including in vivo studies and
mechanistic investigations

Table 9. Average absorbance of treated wells with HeLa (cervical carcinoma) cells at 511 nm.

Mean Value of Absorbance (p value < 0.01)

Concentration (ng/ml) 0.5 15 25 35 45 75 95

PMA-1 0.174 10.171 |0.162 |0.120 | 0.105 0.99 0.065

PMA-2 0.264 |0.218 |0.218 |0.197 | 0.180 0.152 | 0.067

Control 0.357 10.357 ]0.357 ]0.357]0.357 0.357 |0.357
Table 10. % cell growth inhibition of HeLa (cervical cancer) cells by PMA-1 and PMA-2

Concentration (pg/ml) PMA-1 % Inhibition PMA-2 % Inhibition

0.1 51.26% 26.05%

10 52.10% 38.94%

20 54.62% 38.94%

30 66.39% 44.82%

40 70.59% 49.58%

70 72.25% 57.40%

90 81.79% 81.22%

Cell Growth Inhibition of HelLa Cells by PMA-1 and PMA-2
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Figure 13. % cell growth inhibition of HeLa (cervical cancer) cells by PMA-1 and PMA-2.

CONCLUSIONS
The synthesis and characterization of Pemetrexed analogues (PMA-1 and PMA-2) demonstrated
significant structural and physicochemical modifications that could influence their
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pharmacological properties. Higher melting points, improved lipophilicity, and enhanced thermal
stability were observed in both analogues, with PMA-1 exhibiting a more efficient synthetic yield
(82%) compared to PMA-2 (74%). Spectral analyses (FTIR and mass spectrometry) confirmed the
successful incorporation of benzoxazine derivatives, which may contribute to enhanced molecular
interactions and improved pharmacokinetic behaviour. A dose-dependent cytotoxic effect was
demonstrated by the synthetic analogues' anticancer evaluation against the HCC1937, MCF-7,
A549, and HeL a cancer cell lines, with PMA-1 consistently showing higher inhibition than PMA-
2. PMA-1 outperformed PMA-2 in terms of inhibitory action at 90 pg/mL, with 84.55% in
HCC1937, 87.22% in MCF-7, 82.15% in A549, and 81.79% in HeLa cells. These results indicate
that structural modifications in PMA-1 may have enhanced its cellular uptake, interaction with
molecular targets, and apoptosis-inducing potential. The findings highlight PMA-1 as a promising
anticancer candidate, with potential advantages over Pemetrexed in terms of bioavailability and
therapeutic efficacy. Further research, including in vivo studies, apoptosis mechanism analysis,
and pharmacokinetic profiling, is necessary to establish its full therapeutic potential. If validated,
PMA-1 could offer a more effective alternative for cancer treatment, particularly in breast, lung,
and cervical cancers.
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