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Sacaused by cancer, making it a key concern for global public
health [1]. The WHO cancer esti sthat.about 10 million people died from the disease in 2020 [2]. Cancer
is abnormal cell growth that c 0 t of control and, in many cases, may spread to other body parts [3].
The most popular treatment fi r is chemotherapy, but its disadvantage is that it is not selective, which
leads to serious, oftengfatalisi ts [4, 5]. The drawback of widely used cytotoxic medications like doxo-
rubicin, cisplatin, pacli is.that they are unable to distinguish between healthy and abnormal cells. This
nonspecificity cause ic toxicity, which in turn leads to a cascade of other negative side effects, in-
cluding hair thin ge of the kidney, lung, and bone marrow [6].

Furt ely difficult to deliver anticancer drugs to the tumor site. It is necessary to develop
tailored drag gelivery system so that pharmaceuticals can act exclusively on actively growing malignant cells
with minima @ ffects [7]. Such targeted medications, which are preferentially absorbed by tumor cells,
are expected to¥significantly improve the effectiveness of cancer therapy. Recent research has focused on
developing medications with different targeted ligands, including use of polysaccharides, peptides, and fo-
late, to improve efficacy of anticancer drugs [8-12]. The best way to improve the safety and efficacy is to
use a targeting ligand to deliver a therapeutic drug with high affinity for malignant tumours but low affinity
for healthy cells [13].

Tumour targeting moiety and chemotherapeutic drug should be directly coupled through a linker so as
to enable efficient tumor-specific drug delivery. Additionally, the targeted drugs can deliver therapeutic dos-
es precisely into the cancer cell, blocking nonspecific absorption and associated damage of healthy cells [14,
15]. As a result, a conjugate acting “prodrug” can be developed that will quickly dissociate when incorpo-
rated into a malignant cell and restore the activity of the anticancer drug [16]. Due to the rapid growth, can-
cer cells have an enhanced demand for essential vitamins, which is a physiological trait shared by all living
cells [17, 18]. Recent studies in the literature have demonstrated that receptors required for vitamin absorp-
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tion are overexpressed in malignant cells. Essential vitamins such as folic acid, riboflavin, vitamin B12, and
biotin are required for efficient tumor growth. Combining pharmaceuticals with vitamins that target tumor-
associated antigens is one way to boost the sensitivity of malignant cells to ligand-targeted therapies while
decreasing the susceptibility of normal cells to medications.

Recently, it was found that cancer cells have higher levels of overexpressed folate receptors than nor-
mal, healthy cells. Thus, it is recognized that folate receptors function as excellent targets [19-22]. Folate
receptor alpha (FRA) protein is overexpressed on the exterior of several forms of tumours, including ovarian,
breast, pancreatic, and liver malignancies. Thus folate and anticancer drugs can be combined. The optimal
approach is to combine therapeutic probes with folic acid to prepare conjugates targeting FRA-positive tu-
mour cells. Folate conjugates make it possible to administer cancer-specific medications with little or no
harm to the healthy cells [23-25]. This conjugation scaffold can increase the bioavailability and efficacy of
cytotoxic substances. Since such vitamin-anticancer medication conjugates can provide a large amount of the
cytotoxic agents to the target malignant cell, the essential vitamins including biotin, folic acidfvitamin B12,
and riboflavin may act as a promising approach to kill the malignant cells.

Folic acid-drug conjugates, biotin-drug conjugates, vitamin B12-drug conjugagges,Mita drug con-
jugates, and vitamin C-drug conjugates are now being extensively studied [26]. Ove e few decades,
innovative lead compounds derived from natural sources have increased [27] c has also con-
firmed that the natural molecules are useful in making cancer cells more susce emotherapy, assist-
ing to defeat multi drug resistance (MDR) [28]. Among the reported phyto guercetin (QC), cur-
cumin (CUR), and berberine (BER) have gained large attention in the I due to their multifaceted
therapeutic activities. The anti-proliferative, anti-metastatic, anti- mlgra pro-apoptotic properties of
these molecules have proven their potential in the treatment of a vari ignancies [29-35]. However,
since these molecules have very low bioavailability due to po6t , their use in cancer therapy is lim-
ited.

The present study attempted to design and evaluate foli x) conjugates with these identified phy-

tomolecules with proven efficacy in various types of
ies. Conjugation of folic acid with these antican

rough systematic in silico and synthetic stud-
is Mypothesized to provide targeted drug delivery

Experimental

Materials: All chemicals used in thi%were of analytical grade. Quercetin was obtained as a gift
sample from Cayman Chemical Comp whereas biotin and folic acid were procured from Sigma
Aldrich, Merck KGaA, Darmstadt, G DCC, dimethyl amino pyridine, N-hydroxy succinimide were
obtained from SD Fine Chem. M a arashtra, India. All other laboratory solvents and regents used in
the study were purchased fro a ie Pvt Ltd, Mumbai, Maharashtra, India.

Instruments used: The d tudies were carried out by using Autodock Tools and Discovery Studio
was applied for the vi interpretation of the docking results. Melting point apparatus (Veego)
was used to find melti Spectral analysis of the synthesized compound was carried out using UV-
Visible spectrophoto

e M pectrometer using DMSO-ds as a solvent with Tetra Methyl Silane (TMS) as in-
ion completion was monitored by TLC using readymade F254 silica plates.

aration: Human folate receptor (PDB ID: 4LRH) was downloaded in PDB format from
RCSB protein data bank with 2.80A resolution. The protein structure was prepared, processed and verified
for missing atoms, bonds and contacts using protein preparation wizard in AutoDock 1.5.6. Then hydrogen
atoms were added to the protein structure. All water molecules were erased from the protein along with lig-
and molecules and heteroatoms. Kolman charges were added to remove non integral charges present on ami-
no acid in the polypeptides, 7.0 pH range was set and charged fields were added using AutoDock. Finally,
the structures were refined and saved as PDBQT files for further docking studies [36, 39].

Ligand Preparation: 3D structure of phytoconstituent-vitamin conjugates were drawn using ChemDraw
18.1. 3D ligand energy minimization was performed using the MM2 method of Chem3D 18.1, and the re-
sults were saved in a PDB file. PDB file for folic acid was converted to PDBQT format using the Open Ba-
bel GUI program. The energy-minimized ligand PDBQT file was used for further docking studies [37].

Receptor grid generation: Using H-bond interactions from the PDBsum, the active pocket was located,
and grid settings were determined. Grid was created by grid box in Autodock. The targeted molecule's active
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location was enclosed by a cubic box. The receptor grid was then created using the following coordinates:
5.69, 20.79, and 4.05 for X, Y, and Z, respectively (by calculation method). Grid points were separated by
0.375. Maximum 10 conformers were taken into account throughout the docking process [38, 39].

Docking studies: Human folate receptor alpha (PDB ID: 4LRH) was chosen as the target protein be-
cause this receptor is overexpressed on breast cancer cells. Folic acid was selected as a reference drug, and
6 phytochemical-vitamin conjugates were chosen as ligands. The reference drug selected for docking acts as
a folate receptor inhibitor. Lamarckian genetic algorithm method was used for docking. The docking process
was carried out using the Autodock Vina software, and the outcomes were visualized and analyzed using the
Discovery Studio Visualizer. Analysis was done based on the binding energy, bond length, interactions bond
length, and participation of amino acid residues.

Pharmacokinetic predictions:

ADME/T property: To estimate each ligand's pharmacokinetic features, such as human abdominal ab-
sorption, carcinogenicity, cytochrome P inhibitory promiscuity, etc., the ADME/T profile of edch ligand has
been examined using the ADME/T SAR server [40-42].

P450 site of metabolism prediction: SMARTcyp web server was utilized to pregictithe ite of me-
tabolism for each ligand molecule. This prediction provides information on the métabolism ofythe cyto-
chrome P450 family of enzymes, like CYP2C9, CYP3A4, CYP2D6 [43].

Synthesis of Quercetin- Folic Acid Conjugate 1: 6

KOH

Scheme for synthesis of QC-FA 1 conjugate is presented in Figure 1.
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Figure 1. Reaction scheme for the synthesis of Quercetin-Folic Acid Conjugate 1

STEP 1: Activation of folic acid (FA): In a clean, dry 50 ml round bottom flask, 1.34 mmol folic acid
was dissolved in 10 ml of dimethylsulphoxide (DMSO) with mild heating for about 10-15 min (time may
vary as per dissolution of FA in DMSO). Then equivalent amount of N-Hydroxysuccinamide and Dicyclo-
hexylcarbodiimide (DCC) was added in the above mixture. Reaction mixture was then stirred for 16 hours at
room temperature. After which urea precipitated as dicyclohexyl urea (DCU) was filtered off to get activated
folic acid.

STEP 2: Conjugation of QC and activated FA: In a round bottom flask, activated FA was added with
solvent from Step 1 followed by the addition of equivalent amount of triethylamine and QC. This mixture
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was then kept under continuous stirring overnight in the presence of molecular sieves, which ensure the en-
trapment of the water molecules generated during the synthesis process.

Physical and Spectral data of QC-FA Conjugate 1:

The physical characteristics of the synthesized conjugate, including its color, percentage yield, and
melting point, were documented. Additionally, an absorption UV spectrum was obtained using a Shimadzu
UV-Visible spectrophotometer-1800. The infrared (IR) spectra of the synthesized compounds were recorded
using a Shimadzu 8400-S FT-IR spectrophotometer with potassium bromide. The synthesis of the conjugate
was further validated through analysis using 1H-NMR and mass spectrometry techniques. The *H NMR
spectra were recorded in DMSO using NMR spectrometer Bruker 400 MHz. The chemical shift values are
given in parts per million, downfield from Tetra Methyl Silane (TMS) used as the internal standard. The
mass spectra were recorded using BRUKER IMPACT mass analyser.

Results and Discussion

Physical and Spectral data of QC-FA Conjugate 1:

Folic acid binds to the folate receptor through the a-carboxylic acid of a glytamate e, thus it
should be free for its metabolism and function. The y-carboxylic acid, located away4fto binding site,
can be modified. In order to leave the a-position unmodified, conjugation of pf% ores to folic acid

f

must be specific to the y-carboxylic acid in order to maintain ligand binding Ythus we have selected
terminal carboxyl group for modification [44]. To increase the acidic strengtifof foliesacid as well as to en-
sure esterification at y carboxyl group, we have activated folic acid as p od described by Figliola,
et al. [45]. The quercetin molecule offers five hydroxyl groups that a@dl ied through esterification
reactions. Among these, the hydroxyl group at position 3 displays hig ity owing to its proximity to
an adjacent carbonyl group. Existing literature supports the idea difying the enol hydroxyl group at
position 3 enhances the stabilization of the pharmacophore, allwer intaining the antioxidant and anti-
cancer properties of quercetin [46, 47]. Additionally, natur, ctpring glycosides of quercetin utilize the
3-OH group to form glycosidic linkages [48, 49]. The\aboveyliterature helps to support our hypothesis of en-
hanced reactivity of the 3-OH group in our study.
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Figure 2. IR Spectrum of Quercetin-Folic Acid Conjugate 1

QC-FA Conjugate 1 was obtained as yellowish-brown powder with the yield of 67 % and melting point
213 °C. UV spectrum of the conjugate showed Amax at 254.60 nm (0.669). IR (KBr, 4000-400 cm™?): 3531.78
(Phenolic, O-H), 3336.96 (Amide, Asymmetrical N-H stretching), 3176.87 (Amide, Symmetrical N-H
stretching), 3030.27 (Aromatic, C-H), 2938.04 (Aliphatic, C-H stretching), 1780 (Ester, C=0 stretching),
1699.34 (Acid, C=0 stretching), 1620.25 (Amide, C=0 stretching), 1562.39 (N-H bending), 1496.30 (Aro-
matic, C=C), 1266 (Ester, C-O stretching), 1188.19 1078.24 (C-N stretching). The peak observed at
1780 cm™ and 1266 cm™ indicates the C=0 ester stretching and C-O ester stretching respectively (Fig. 2).
The peak of ester C=0 stretching appears to be broadened due to the overlapping with the broad peak of the
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acid C=0, due to the dimeric nature of carboxylic acid with intermolecular hydrogen bond formation. These
two peaks give high assurance of formation of ester bond. Other functional groups are present in this spec-
trum confirm the formation of the QC-folic acid conjugate.

'H NMR of synthesized conjugate displayed multiplet (m) from 6.2 to 7.9 ppm, representing 9 aromatic
hydrogens (Ar-H) and 1 hydrogen on a pyrazine ring (pyrazine CH). A singlet (s) at 10.9 ppm, indicates a
carboxylic hydroxyl group (carboxylic OH). Two singlets at 5.2 and 5.6 ppm correspond to 4 hydroxyl pro-
tons attached to the aromatic rings (Ar-OH). A multiplet from 2.08-2.24 ppm, representing 6 methylene hy-
drogens (Methylene CH). A triplet (t) at 4.87 ppm, revealing 1 methine hydrogen. A singlet (s) each at 4.00,
4.2 and 8.00 pm indicates the presence of the -NH,, two -NH and one ring NH protons respectively. The
presence of only one carboxylic hydroxyl group indicates the formation of linkage between quercetin
O-H and carboxylic group of folic acid, confirming the formation of target compound.

MS: m/z (%) =725 (M+), 726 (M*+1).

Molecular docking: All chosen ligands docked well with the folate receptor, demonstrating the neces-
sary binding affinities and good binding energies. Six ligand molecules, including th& conjugate,

the QC-FA conjugates 1, 2 and the CUR-FA conjugates 1, 2, and 3 was used for dockingi§tu ig. 3).
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Figure 3. Structures of ligands
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Reference drug FA docked in the binding site of the folate receptor with a binding energy of -
10.6 kcal/mol by forming Pi-Pi bonding with amino acid Tyr60, Trp140 and hydrogen bonding with the
amino acid residues Tyr60, Thr82, Argl03, Argl06, Ser 174. QC-FA conjugate 1 and BER-FA conjugate
displayed highest binding energy of -12.0 and -11.2 kcal/mol respectively. QC-FA conjugatel forms Pi-Pi
bonding with Trp64, Tyr85, Trpl140, Trpl71 and hydrogen bonding with the amino acid residues Trp 102,
Trpl38 and Thrl4l. BER-FA conjugate displays Pi-Pi bonding with amino acid residues Tyr60, Arg61,
Phe62, Trp102, Trp140, Trpl71 and conventional hydrogen bonding with Arg61 and Trp102. Good binding
energy through increased Pi-Pi bonding of QC-FA conjugate 1 and BER-FA conjugate indicates their affini-
ty to the target. Other ligands showed binding energy lesser than FA, indicating lower affinity to the target.
Binding energies of all ligands are summarized in Table. Figure 4 represents the docking positions and inter-
actions with amino acids, bond distance, and type of bond.

Table
Ligands with their binding energy
Sr. No. Ligands Target
1. Folic acid (reference drug)
2. BER-FA conjugate
3. QC- FA conjugate 1
- Folate receptor
4. QC- FA conjugate 2 (PDB ID: 4IEJRH
5. CUR- FA conjugatel '
6. CUR- FA conjugate 2 .
7. CUR- FA conjugate 3 | -10.2
Pharmacokinetic property prediction: QC-FA 1conjugate R-FA conjugate showed high binding

energy and greater binding affinity to folate receptor.
tochemicals for pharmacokinetic profile and an
pharmacokinetic activity than individual phytoche

ADME/T Prediction: Both QC and QC-FA 1 co e showed impermeability to the Blood Brain Bar-
rier (BBB). BER showed permeability to BBBWhile BER-FA conjugate demonstrated impermeability to the
BBB, indicating absence of Central Nerv tem (CNS) side effects. Both the conjugates showed non-
substrate activity to CYP450 2C9 and es, non- inhibitor activity to CYP450 2C9, 2C19, and 3A4

njugates were compared with respective phy-
ssess whether the conjugates showed enhanced

enzymes indicating slower metalyoli creased half life. CYP Inhibitory Promiscuity (capacity for a
drug to bind to and decrease or% d"the activity of multiple different CYP450 isoform) of both the
conjugates was found to be s torPAll of them showed no AMES toxicity and were non-carcinogenic.
QC exhibited type Il acute r@ly which was not exhibited by its conjugate indicating its safety.

Prediction of th&R450 si etabolism: P450 metabolism prediction of QC and BER was compared
with their conjugate and BER-FA conjugate respectively. Carbon 13, 15 and 2 of QC were the
most prominent atomsWwithiow enzyme score for all three enzymes of CYP450 family, which gives strong
knowledge efabeingycatalyzed by using 3A4, 2D6 and 2C9 enzyme. On other hand, carbon 28, nitrogen 37
and 27 o @ ‘ jugate molecule shows lowest enzyme score. However, the site for metabolism of
QC-FA1 @ arbon atoms present on FA structure indicating the metabolite stability of amide linkage
in the comp FOr BER, carbon 22, 1 and 25 represent lowest enzyme score. Considering enzyme score,
energy and 2D solvent accessible surface area (2DSASA), these atoms are responsible for BER metabolism.
Carbon 20, 29 and 46 of BER-FA conjugate shows lowest enzyme score of which carbon 46 is present in
BER structure and carbon 20, 29 presents in folic acid structure. While, carbon 1 and 25 were absent in con-
jugate’s metabolism data indicating metabolic stability of conjugate. This supports the hypothesis that the
designed conjugates will internalize into the tumor cells through endocytosis after binding to the receptor,
thereby improving specificity to the tumor cells.
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Figure 4. a) Standard FA docked to Human folate receptor alpha; b) Human folate receptor alpha is docked
with a BER-FA conjugate; c) Human folate receptor alpha is docked with QC-FA conjugate 1;
d) Human folate receptor alpha is docked CUR- FA conjugate 1
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Conclusions

The conventional chemotherapeutic drugs exhibit undesirable side effects that may damage the healthy
cells, including those in the gastrointestinal tract, bone marrow, and hair follicles. However, phytomolecules
like curcumin, quercetin and berberine with proven anti-cancer potential can be employed for cancer thera-
peutics. However, their utilization is limited due to their poor bioavailability. Therefore, higher doses of phy-
tomolecules required to achieve a therapeutic response may lead to toxicity and other side effects. To achieve
improved bioavailability with improved tumor cells specificity, quercetin, berberine and curcumin were
complexed with folic acid. The conjugates demonstrated favorable affinity for the human folate receptor,
with the QC-FAL1 conjugate showing higher binding affinity (-12 kcal/mol) than standard folic acid
(-10.6 kcal/mol). The QC-FA1 conjugate also displayed satisfactory pharmacokinetic and safety predictions
with reduced cytochrome susceptibility indicating stability of complex, supporting the concept of receptor
mediated endocytosis in tumor cells. Further QC-FAL conjugate was successfully synthesized, characterized
using suitable chromatographic and spectroscopic tools and will be subsequently tested for s anti-cancer
potential.

The successful design and synthesis of the QC-FA1 conjugate may act as a n&/ﬁ -

specificity to cancer cells, thereby reducing the undesirable side effects and bioav.
ated with its use. This study open development prospects for the identification
tomolecules based therapeutics for addressing the rising concerns associate

This novel but simplified approach of design of vitamin-phytomolecule con!

and studied to better understand its effective role in revolutionizing canc
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