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ABSTRACT

Cancer, after cardiovascular diseases, stands as the second most prevalent cause of death globally. Chemotherapy serves as the established and effective method
for treating cancer. However, traditional chemotherapy has certain limitations, including low solubility in water, short duration of action in the body, development
of resistance to multiple drugs, and lack of specificity or potential toxicity to healthy cells. The development of a precise drug delivery system to target cancer cells
and achieve the desired anticancer effect remains a formidable challenge.
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Introduction

Cancer is an illness distinguished by the unregulated proliferation of cells within the human body, which, if not appropriately controlled, can disseminate
to other regions of the body. It is a multifaceted ailment that can arise from any cell or organ, with numerous factors playing a role in its progression.
Presently, cancer ranks as the second most prevalent cause of mortality globally, trailing behind cardiovascular disease.9,10,11)

The primary methods of treating cancer consist of surgery, radiotherapy, immunotherapy, hormonal therapy, laser therapy, and stem cell therapy. Surgery
and radiotherapy are particularly effective in treating localized tumors and nonmetastatic cancers. Conversely, drugs like chemotherapy, biological
therapy, and hormonal therapy are utilized for metastatic cancer. These medications can reach all body tissues via the bloodstream. Among these treatment
choices, chemotherapy is regarded as the preferred approach because of its capacity to impede the rapid growth of cancer cells. Nevertheless, the precise
targeting of cancerous cells with anti-cancer drugs continues to pose a challenge in cancer research. (12)

To address this challenge, various strategies can be considered. One commonly used method involves utilizing efficient drug delivery systems. Among
these, polymeric drug carriers stand out for their adaptability and ease of chemical modification. These carriers can either passively accumulate in different
organs based on their elimination pathway or actively target specific organs. Moreover, targeting agents like vitamins, antibodies, peptides, magnetic
particles, or hormones can be incorporated into the carrier to enhance the precision of drug delivery. 13,14)

Vitamin-drug conjugates

A drug is connected directly or via a spacer to a targeting moiety to create a new pharmacologically active compound known as a vitamin-drug conjugate.

Benefits: Vitamin-drug conjugates are non-toxic, selectively internalize into cancer cells, and release anticancer drugs with full efficacy. They also reduce
systemic toxicity by remaining stable in the bloodstream and exhibit target-specific activity, sparing normal cells and minimizing potential side
effects.(15)
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Figure 1. Vitamin drug conjugate.

Folic acid

Folic acid, also known as vitamin B9, is a crucial water-soluble vitamin that is converted to tetrahydrofolic acid within the body. This conversion is vital
for normal erythropoiesis, the synthesis of purines and thymidylates, the metabolism of amino acids like glycine and methionine, as well as the metabolism
of histidine (Hillman, 1995). Folic acid is recommended for the prevention and treatment of folic acid deficiency conditions, including megaloblastic
anemia and anemias of nutritional origin during pregnancy, infancy, or childhood. It is often prescribed to women planning to conceive and during the
early stages of pregnancy to decrease the risk of neural tube defects and other birth defects (Product Information Folic acid tablets, 1998). Folic acid, a
water-soluble micronutrient, is sometimes referred to as pteroylglutamic acid or vitamin B9. It is the naturally occurring form of folate found in high
concentrations in leafy greens like spinach, lettuce, broccoli, okra, asparagus, fruits such as bananas, melons, and lemons, beans, yeast, mushrooms, and
meat. Medically, folic acid is utilized to treat various conditions resulting from folate deficiency, such as low blood pressure or anemia. It is an essential
vitamin crucial for cellular growth and regeneration, yet often overlooked. Some of the key functions of folic acid in the body include nucleotide
biosynthesis in cells and providing Red blood cell formation, epigenetic control of gene expression, and the prevention of anemia are all crucial functions
of folic acid. It plays a key role in promoting normal fetal growth and development, particularly in the brain. Folic acid, along with calcium and iron, is
often referred to as the essential trio for prenatal health. Deficiency of this vitamin in expectant mothers can have detrimental effects on the brain
development of their unborn babies. It is important to note that while folic acid and folate are commonly used interchangeably, they are biologically
distinct. Folate is the natural form of vitamin B9 found in various plant and animal sources, while folic acid is the synthetic form commonly found in
supplements and fortified foods (16)

Chemical composition and molecular structure

Folic acid, also known as (2S)-2-[[4-[(2-amino-4-0xo0-1H-pteridine-6-yl) methylamino]benzoyl]Jamino] pentanedioic acid, possesses an odorless orange-
yellow hue. Its molecular weight is approximately 441.404 g/mol. Folic acid exhibits a melting point of 482°F and its molecular formula is C19H19N706.
This compound is hydrophilic and exhibits slight solubility in organic solvents such as methanol, ethanol, and butanol. (Fig2.(16)
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Sources

Dark leafy green vegetables such as spinach, collard greens, turnip greens, mustard greens, and romaine lettuce are widely known for their high folic acid
content, making them an important source of folate. Asparagus is another vegetable that is rich in folic acid, providing up to 262 pg per serving.
Additionally, it is a good source of vitamin K, vitamin C, vitamin A, and manganese. Avocado/butter pea is also worth mentioning, as it contains up to
110 pg of folate per cup. Brussels sprouts, in addition to their abundance of vitamin C, vitamin K, vitamin A, manganese, and potassium, can fulfill 25%
of the daily requirement of folic acid in just one cup. Lastly, beans, peas, and lentils, including pinto beans, lima beans, green peas, black-eyed peas, and
kidney beans, are all excellent sources of folic acid.
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Molecular targets

Insufficient levels of folic acid in humans, below the recommended daily intake of 400 pg, can result in an elevated risk of different types of cancers,
such as colorectal, breast, ovarian, pancreas, brain, lung, cervical, and prostate cancers. To address this issue, patients are prescribed methotrexate, a
medication that hinders the production of active tetrahydrofolate from inactive dihydrofolate and helps alleviate its side effects, including inflammation.
Additionally, a supplement called leucovorin, which contains folinic acid, is administered to provide sufficient folate for maintaining normal cell functions
in cells that divide at a slower rate. Depletion of folate has been observed to increase the expression of tumor suppressor genes p16INK4A, p21WAF1,
and p53, which play vital roles in signaling DNA damage, inhibiting cell cycle progression, and promoting apoptosis. The folic acid receptor acts as a
high-affinity receptor responsible for facilitating the absorption of folic acid and its derivative in eukaryotic cells. It is notably overexpressed on the
surfaces of numerous cancer cells, including those found in ovarian, cervical, breast, lung, kidney, colorectal, pleura, endometrium, bladder, and brain
cancers. Conversely, it is rarely detected on healthy tissues and cells. To enhance the targeted delivery of drugs to specific therapeutic sites while
minimizing delivery to other areas, ligands are conjugated with polymeric micelles for active targeting of tumor cells. Examples of these polymeric
micelles include chitosan, MPEG, PLGA, PEG, carboxymethyl chitosan, alginates, and bovine serum albumin. These micelles can be used individually
with a ligand or in combination with each other.

Vitamin-9 (Folic Acid)-Drug Conjugates

Folic acid is closely associated with folate receptors. A membrane folate receptor linked to glycosylphosphatidylinositol (GPI) plays a role in the
absorption of folate-based chemotherapeutic drugs through receptor-mediated mechanisms. This membrane protein, connected to GPI, gathers ligands
from the extracellular matrix and transports them to the intracellular space via the recycled endosomal pathway. Folate receptors are identified as tumor
antigens or biomarkers because they are typically not found in normal tissues. As a result, therapeutic and diagnostic approaches have been developed
for cancer treatment. Molecular payloads, ranging from radionuclides to large DNA and liposome constructs, have been effectively delivered through the
folate receptor pathway in cancer cells (1-2)

Folic acid-DAVLBH conjugates

Vintafolide, formerly identified as EC145, is a potent FA-SMDC that has been developed as a water-soluble conjugate with the purpose of specifically
targeting the delivery of desacetyl vinblastine monohydrazine (DAVLBH) to tumors that exhibit overexpression of FRalpha. Research carried out by
Leamon et al. has demonstrated that vintafolide exhibits a greater affinity for binding to FRa, leading to a robust and selective response against FRa-
positive xenografts in comparison to non-targeted DAVLBH.(17)

Vintafolide consists of four components: an acid moiety that targets FRa, a hydrophilic peptide spacer, an autoimmolative disulfide linker, and a DAVLBH
microtubule-stabilizing compound (Figure 3). In a study conducted by Leamon, the impact of altering three of the constituent elements of vintafolide was
examined. It was observed that changing the compositions of the spacer, as long as it remained hydrophilic, had minimal effect on the potency of
vintafolide. However, the use of a bioreleasable linker such as glutathione (GluSH) in the endosomal environment was found to be crucial for the action
of the conjugate. This is because the linker is cleaved by intracellular thiols, resulting in the release of the activated drug within the cell. (17)

Figure 3. Chemical structure of folic acid-based SMDC vintafolide.
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Folate-taxoid conjugates

Seitz (2015) created a fusion of folate and taxoid which has demonstrated significant effectiveness against drug-sensitive and drug-resistant cancer cells.
The conjugate, illustrated in Figure 4 .consists of a powerful taxoid, resembling the chemotherapy medication Taxol, along with a folic acid component.
It is structured with a hydrophilic PEGylated dipeptide spacer and an autoimmolative disulfide linker, akin to vintafolide. (4)

In order to compare the behavior of the free taxoid and the taxoid conjugate in FRa-positive and FRa-negative cells, in vitro research was conducted. As
anticipated, the free taxoid SB-T-1214 displayed strong effectiveness in both cell lines. Moreover, the taxoid conjugate showed notable cytotoxicity
against the FRa-positive cell lines. Furthermore, the taxoid conjugate demonstrated a remarkable decrease in toxicity to normal cells, with over a 1000-
fold reduction compared to the free drug. (3)
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The folate-taxoid conjugates, which employ a disulfide linker for the release of cytotoxic drugs, are part of a diverse array of conjugates. It is important
to highlight that folate is attached to a variety of other drugs, including camptothecins, tubulysins, mitomycins, and maytansinoids. All of these conjugates
were synthesized and tested using a disulfide linker. (5,19)
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Folic acid-paclitaxel conjugate

Researchers conducted a study in which they developed folic acid-peptide-paclitaxel conjugates (FA-P3/P7-PTX) to address drug resistance, achieve
targeted delivery to tumors, enhance cellular absorption, and create water-soluble conjugates. The synthesized conjugate (FAP3/P7-PTX) included folic
acid and lytic peptides I-3 and I-7, serving as molecular carriers and cell-disrupting peptides. The effectiveness of these conjugates was assessed by the
researchers, revealing higher anti-proliferative activity compared to free paclitaxel in MCF-7/PTX cells. Additionally, FA-P3-PTX showed increased
cellular uptake in MCF-7/PTX cells in comparison to P3-PTX, attributed to the presence of folate receptors. FA-P7-PTX displayed more pronounced
effects on cell toxicity, apoptosis, and membrane disturbance behavior in MCC. Similar to FA-P3-PTX, FA-P7-PTX exhibited superior tumor growth
suppression compared to PTX. Researchers have also documented related findings in this area. (6,7,)

Folic acid- trimethyl chitosan- paclitaxel conjugates

A revised edition of trimethyl chitosan (TMC-PTX) linked paclitaxel (PTX) named folic acid (FA)-TMC-PTX was presented. This alteration was created
to facilitate the oral and intravenous administration of PTX. Additionally, adjustments were made to FA in order to minimize the absorption of conjugate
proteins, as demonstrated in prior research. (18)

Folic acid coupled to the pegylated-liposomes of 5-fluorouracil

Pegylated-liposomes linked with folic acid were created, leading to an impressive 11-fold rise in in vitro absorption when compared to pegylated
liposomes without folic acid. The tumor-suppressing impact of FA-SL (stabilized liposome) was notably better than that of free 5-FU and SL. Therefore,
this innovation shows promise in efficiently transporting 5-FU to cancer cells. (20)

Folate as Targeting Ligand

Recent research has honed in on the significance of folate in chemotherapy, given its prevalence in cancer cells and its crucial function in cell
division(21)The folate receptor (FR) has been identified as being prominently present in specific cancer cells, which necessitate high levels of folate for
DNA repair in the initial phases of tumor growth(21,22). By employing folate as a targeting ligand in chemotherapy, the adverse effects of
chemotherapeutic drugs can be reduced(22,23,24) Folate selectively attaches to cancer cells that exhibit elevated FR levels, while displaying a lower
binding affinity to normal human cells. Consequently, medications targeting FR have been explored as a potential treatment for various cancer types,
including breast cancer.

Distribution of folate receptors in normal and cancer

There exist three subtypes of folate receptors present in both normal and cancer cells: FRa, FRp, and FRy. FRa is mainly found in different types of
carcinoma cells, particularly in breast cancer, with lower levels in normal human cells. The overexpression of FRa plays a crucial role in the uncontrolled
and rapid growth of tumor cells. Due to its increased presence in cancer cells, FRa is recognized as the main receptor that folate-conjugated drugs target
in chemotherapy. (23,24,25)

Structural basis for binding of folic acid to folate receptors

FR has a distinct relationship with folate and demonstrates a high affinity for facilitating the absorption of folate into the cell from the bloodstream.
Version 1: FR has a unique connection with folate and shows a robust affinity for assisting in the absorption of folate into the cell from the circulatory
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system..(21,23,25) The spherical shape of FR consists of 4 lengthy a-helices, 2 brief a-helices, 4 p-strands, and a loop area. Research has shown that
folate creates a strong hydrogen bond and hydrophilic interaction with FRa in the loop region. These crucial bonds and interactions play a key role in
emphasizing the increased attraction of folate towards FRa. (21,25,24)

Mechanism of folate conjugates uptake by folate receptors

It has been theorized that delivery systems linked with folate can specifically bind to the FR, found on the exterior of cancer cells, and enter the cells via
clathrin-mediated endocytosis. Chemotherapeutic carriers conjugated with folate in the blood attach to FRs on the surface of carcinoma cells, resulting
in invagination, internalization, and vesicle formation. (26,23,25)

When the pH decreases inside the vesicle, the chemotherapeutic agent linked with folate is released into the cytosol. This results in the intended
pharmacological effect within the cancerous cells, either by stopping cell division or triggering apoptosis. Folate ligand conjugates display varying
behaviors when attaching to different cancer cells. Upon the entry of the folate-conjugated chemotherapeutic agent into the cell, the internalized folate
receptors (FRs) reassemble on the cell surface, enabling further endocytosis of folate-targeted drugs or free folates. The recycling of FRs back to the
tumor cell surface ensures continuous internalization of folate-conjugated carriers by the cancer cells. Extensive research is therefore necessary to establish
folate as the targeting ligand for chemotherapy drug delivery systems, aiming to enhance the efficacy of anticancer drugs on tumor cells while minimizing
their impact on healthy human cells. The subsequent part of this review offers a synopsis of current data on the use of folate-conjugated nanoparticles in
experimental breast cancer models.

Folate targeted nanoparticles in breast cancer treatment

Recent research has placed emphasis on the focused administration of medications using nanocarriers as a result of the adverse reactions linked to potent
chemotherapeutic agents.

Folate conjugated nanoparticles loaded with doxorubicin

Various nanocarriers have been extensively researched for targeted drug delivery, responding to stimuli like temperature, redox, and sensitivity. In a
specific study, a multiblock copolymer nanocarrier was created for breast cancer treatment. This nanocarrier was modified with folate and trastuzumab,
targeting ligands, and loaded with DOX. The drug release was highly pH-responsive, with 72% released at pH 5.5 and only 18% at pH 7.4. Cellular
uptake studies revealed higher uptake and increased apoptosis in the MCF-7 cell line with the ligand-conjugated nanocarriers compared to the control
group. In vivo studies demonstrated minimal toxicity and a 91% tumor regression rate in Ehrlichascites tumor, surpassing free DOX efficacy. Another
research team developed a biodegradable triblock copolymer with dual targeting strategies for breast cancer treatment, attaching AS1411 aptamer and
folate to the nanocarrier. The drug release profile also showed pH responsiveness, with 70% release at pH 5.0 and 25% release at pH 7.4 due to the acid-
sensitive hydrazone linkage.(29,30)

Folate conjugated nanoparticles loaded with Paclitaxel

PTX has become the favored initial medication for breast cancer therapy due to its remarkable efficacy and tolerability. In a research conducted by Nazli
et al, they devised folate-conjugated amphiphilic B-cyclodextrins that were loaded with PTX to specifically deliver it to the breast cancer site. Through
the encapsulation of PTX within hydrophobic chains, the resulting nanoparticles (NPs) demonstrated greater stability in comparison to alternative
nanoparticulate systems. This formulation holds promise for prolonged drug release and exhibits superior attributes when compared to traditional dosage
forms. (31)

Folate conjugated nanoparticles loaded with other drugs

The use of 5-FU, a cytotoxic agent with broad effectiveness, is limited due to its non-specific distribution, short duration of action, and the potential for
tumor cells to develop resistance to the drug. To address these challenges, Mazen et al. have created poly (D, L-lactide-co-glycolide) NPs that are
PEGylated and decorated with FA (FOLPEG-PLGA NPs) for treating breast and colon cancer. These NPs exhibit a sustained (biphasic) release pattern,
high hemocompatibility, and minimal cytotoxicity, making them an efficient method for drug delivery. In vitro studies have shown that FOL-PEG-PLGA
NPs loaded with 5-FU have a 4-fold lower half maximal inhibitory concentration compared to PLGA NPs loaded with 5-FU . Another promising approach
in cancer therapy involves the use of magnetic NPs (MNPs) that target the tumor site with an externally applied magnetic field. Gunduz et al. have been
investigating this method for breast cancer treatment. These MNPs were conjugated with the targeting ligand FA and loaded with the anticancer drug
idarubicin. Successful internalization and accumulation of MNPs in MCF-7 cells were observed through light and confocal microscopy. Empty MNPs
showed no toxicity on MCF-7 cells within the concentration range of 0-500 mg/mL. However, idarubicin-loaded PEG coated NPs exhibited concentration-
dependent toxicity. Additionally, idarubicin-loaded MNPs were more toxic than free idarubicin. XTT cell proliferation assay results indicated that when
idarubicin was administered as FA conjugated PEG coated MNPs, the IC50 value of free idarubicin decreased from 2.48 uM to 1.25 pM. In vitro studies
also demonstrated that idarubicin-loaded MNPs had significantly higher cytotoxicity compared to free idarubicin on the MCF-7 cell line. furthered this
research by developing bifunctional NPs (BF-NPs) that were simultaneously modified with two ligands, specifically the c. (32)
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Theranostic applications of folate targeted nanoparticles in breast cancer

. Nanotechnology has become a valuable tool in the diagnosis and treatment of breast cancer. It offers targeted drug delivery and theranostic properties,
making it a promising approach. Researchers have investigated different nanocarriers that respond to stimuli for precise targeting, cell imaging, and drug
transport .One example is the encapsulation of luminescent Mn:ZnS quantum dots (QDs) with chitosan and FA, which allows for targeted drug transport
and cell imaging. Chitosan acts as a stabilizer and provides a binding site for cancerous cells when combined with QDs. Furthermore, the inclusion of
FA as a targeting agent results in orange-red fluorescence emission at approximately 600nm, enhancing stability at various pH levels. The synthesized
composites have been proven to be non-toxic to human breast cell lines MDA-MB-231, MCF-10, and MCF-7 at a concentration of 500 pg/mL. The
conjugated Mn:ZnS QDs serve as fluorescence markers in studies on cellular uptake, improving the internalization and binding affinity of the nanocarrier
to cells that overexpress the folate receptor. (33)

Conclusion:

Vitamin-Drug Conjugate techniques were identified as the most suitable methods among all the other documented methods and can be utilized for the
current treatment of cancer. In most types of cancer, folate receptors are highly overexpressed on the surfaces of malignant cells, making them an
advantageous target for drug delivery. Various polymers have been effectively used to prepare folate conjugates. Vitamin-drug conjugates possess the
ability to differentiate and manipulate the morphological and physiological variances between normal cells/tissues and cancerous ones. Cancer cells, for
example, exhibit an increased expression of cancer-specific receptors to enhance their uptake of nutrients and vitamins. These receptors can be targeted
for the delivery of cytotoxic drugs to cancer cells through receptor-mediated endocytosis (RME). In our review, we primarily focus on the conventional
treatment of cancer and discuss its pros and cons. It has been observed that numerous innovative approaches are being developed to overcome these
drawbacks. Among the various formulation therapies being explored, methods such as conjugation with metal ions or different vitamins have shown
promise. The use of Vitamin Drug conjugates has emerged as an effective therapy. The advancements in Vitamin-drug conjugates include the development
of recent conjugates that utilize the vitamin-receptor mediated endocytosis mechanism for targeted delivery, thereby reducing toxicity to healthy cells.
Additionally, we provide information on vitamin-metallodrug conjugates that are utilized for both therapeutic and diagnostic purposes in cancer treatment.
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