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Abstract  36 

The uncontrolled release of drugs in conventional drug delivery systems has led to the 37 

introduction of new nanotechnology-based drug delivery systems and the use of targeted 38 

nanocarriers for cancer treatment. These targeted nanocarriers which consist of intelligent 39 

nanoparticles modified with targeting ligands can deliver drugs to specified locations at the 40 

right time and reduce the dose of drugs to prevent side effects. Folate is a suitable targeting 41 

ligand for folate receptors overexpressed on cancer cells and has shown promising results in 42 

the diagnosis and treatment of cancer. In this review, we highlight the latest developments on 43 

the use of folate-conjugated nanoparticles in cancer diagnosis and treatment. Moreover, the 44 

toxicity, biocompatibility, and efficacy of these nanocarriers are discussed. 45 
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Introduction  58 

Cancer 59 

The word cancer is originally from Latin and means crab. In fact, the word is known because 60 

of the similarity of cancer cells to the crab 1. Cancer cells have logarithmic and uncontrolled 61 

growth and rapidly disrupt the function of cells, tissues, organs, and can, unfortunately, lead to 62 

patient death. Cancer is one of the serious health problems of today's society, and as such many 63 

efforts have been made to combat it. It is the second leading cause of death in the world and is 64 

on the rise 2. Common cancer treatments include surgery, chemotherapy, and radiation. These 65 

treatments however have failed in the control of cancer due to the many side effects they 66 

present, mainly due to the lack of a targeted strategy. In many cases, cancer cells can also 67 

eventually counteract the therapeutic strategies offered, and even at times with chemotherapy 68 

resistance, take advantage of the treatments used to grow the tumor faster. It is therefore 69 

absolutely necessary to find alternative methods to kill cancer cells 3,4. In recent research, some 70 

strategies including synthesizing the new chemical entities which are more efficacious than the 71 

previously approved drugs or encapsulation of drugs in the novel carriers have proved useful. 72 

One of the best ways for this smart defence is to target the neoplastic cell's weaknesses and use 73 

it to make drugs that will not give the cancer cells a chance to fight. This is known as "targeted 74 

cancer treatment" 5,6. This approach usually involves two different approaches: (a) using 75 

special drugs to target the weaknesses of the cancer cells, and (b) ways to transfer the drug 76 

directly to abnormal cells and prevent further damage to patients. The ultimate goal of this is 77 

to provide each patient with personalized treatment based on the underlying cause of illness 78 

and brings medical science into the field of "person-centered medicine" 7. 79 

In the current review article, the goals that are used for targeted treatment are firstly introduced, 80 

along with the rationale for their selection and the drugs they provide followed by a discussion 81 

on the intelligent methods of drug delivery by folate to target cancer cells.  82 
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Novel drug delivery systems (DDSs) 83 

Historical documents show that man has made great efforts to fight diseases as civilization 84 

progresses. For example, the selection of materials by trial and error from nature and the 85 

surrounding environment and experimentally using them to treat illness and relieve pain. As 86 

science and technology have progressed, the active ingredients of these compounds have been 87 

identified, isolated, and their mechanism of action explored 8. Today, there is an addition of 88 

new drugs with increased efficacy to fight against diseases. It should be noted that the 89 

properties of the drugs differ. Even those with similar therapeutic effects differ in chemical 90 

composition, molecule size, hydrophilicity, and potency. In fact, a series of factors determine 91 

whether a drug has any structural or specific effects 9. Therefore, with increasing knowledge in 92 

various disciplines such as cell biology at the molecular level, human genome identification 93 

and the development of technologies in this field, more applications especially in peptides and 94 

nucleic acids in gene delivery are being discovered 10. Since the activity of each drug is the 95 

result of molecular interactions within the target cells, it can, therefore, be concluded that 96 

following drug administration (oral, injectable, topical, transdermal, etc.) and for effective 97 

efficacy, the drug should reach its targeted site with sufficient concentration. This is known as 98 

drug delivery 11,12. 99 

 100 

These important goals are not achieved by choosing a simple, traditional treatment in multiple 101 

doses, and even if suitable treatment is chosen, the side effects and ultimately patient 102 

dissatisfaction with the treatment process persist. Rapid breakthroughs in drug discovery 103 

methods have led to exponential growth in new drugs, and today there are tremendous amounts 104 

of recombinant peptide and protein drugs and analogues of hormones, most of which are 105 

engineered by genetic engineering technologies. Most of these drugs are used to treat important 106 

and life-threatening diseases such as cancer, diabetes and autoimmune diseases 13.  107 
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Due to the increases in the growth of these sensitive drugs as a result of their diverse physical 108 

and chemical properties, it is essential to change the treatment process by improving drug 109 

carriers as a new approach in DDS. Other important reasons include; reducing the resources 110 

needed for treatment, increasing the therapeutic index of drugs, avoiding the multiplicity of 111 

doses, reducing dissatisfaction and the cost of treatment. In the routine administration of drugs 112 

(either oral or intravenous), the drug is distributed throughout the body and the whole body is 113 

affected hence side effects from the drug occur 14,15. A large amount of medicine also needs to 114 

be consumed to achieve a high concentration of the drug next to the site of action. In traditional 115 

delivery systems, there is no control over the timing, location and speed of drug release, as well 116 

as the concentration of drug in the plasma. The fluctuations are in the form of valleys and peaks 117 

and may be out of treatment and may result in lower efficacy and greater side effects. Modern 118 

DDSs, also called controlled release DDSs, can control and determine the three main 119 

parameters namely drug release rate, time, and location 16. DDSs range from electronic devices 120 

that are implanted in vivo to include polymer chains that must be compatible with in vivo 121 

processes. DDS alters the drug tissue distribution and pharmacokinetics of the drug, due to the 122 

dose-dependency of the drug used at the time of administration and the accumulation of the 123 

drug in different parts of the body 17.  124 

 125 

Also, reasons such as the decrease in drug solubility, destructive factors (e.g., enzymatic or 126 

environmental factors), rapid clearance, lack of specificity of toxicity, inability to cross 127 

biological barriers, are only a few of the many reasons to reduce the effectiveness of the 128 

anticancer drugs. Generally, the best way to increase the effectiveness of drugs and reduce their 129 

side effects is to design and engineer DDSs. Overall, modern DDSs are a set of methods that 130 

are deliberately applied by a pharmaceutical formulation manufacturer to cause temporal or 131 

spatial changes in the process of drug release in the body. Designing new drugs can be costly 132 
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and time-consuming with regards to the length of time it takes to enter the market whereas 133 

modern DDSs are less expensive since existing drugs are used, meaning less time is needed to 134 

bring them to the market 18.  135 

 136 

Although the use of conventional anticancer drugs has been somewhat successful in the 137 

control of cancer, the treatment is usually not very effective due to insufficient absorption 138 

of the drug. This means low bioavailability, an increased dose thereby increased side effects, 139 

low therapeutic indexes, increased resistance to multiple drugs and non-selective targeting. 140 

The important goal in the development of drug carriers is to successfully eliminate these 141 

challenges associated with the transportation and delivery of drugs to the intended sites of 142 

treatment whilst reducing the side effects. To achieve an efficient DDS, features such as 143 

biodegradability and biocompatibility are crucial and ought to be considered 19. Recently, 144 

nanotechnology-based DDSs have shown promising results in cancer treatment. There are 145 

different kinds of nanocarriers, which fall into two main categories of inorganic nanoparticles 146 

(e.g., iron oxide 20, silica 21, gold 22, carbon nanotubes 23, quantum dots 24) and organic 147 

nanoparticles (e.g., liposomes 25, polymers 26, micelles 27, dendrimers 28).  148 

 149 

The most commonly available form of nanocarriers in clinical use is liposomal formulations. 150 

The first liposomal formulation was approved by the United States Food and Drug 151 

Administration (FDA) and was marketed in 1996. It encapsulated the antitumor drug 152 

doxorubicin (Doxil/ Caelyx [Janssen Pharmaceutica NV, Beerse, Belgium] or Myocet [GP 153 

Pharm SA, Barcelona, Spain/Teva Pharmaceutical Industries Ltd., Krakow, Poland]) 29,30. The 154 

first indication for this liposome-based product was HIV-associated Kaposi’s sarcoma. 155 

Moreover, it was approved for ovarian and recurrent breast cancers 31. In comparison with free 156 

doxorubicin, reduced cardiotoxicity, improved tumor-specific delivery, and increased half-life 157 
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have been achieved with this formulation 32. Other delivery systems which have been 158 

extensively investigated for cancer treatment are polymeric or micelle formulations. For 159 

instance, there are various paclitaxel or docetaxel micelles currently in clinical trial studies. 160 

 161 

Passive and active targeted DDSs in cancer  162 

In passive targeting, physical dissimilarities between healthy and cancer cells are crucial for 163 

specific drug delivery. The vessels around the cancer cells show a clear deformation that 164 

distinguishes them from healthy cells. These systems release the drug directly into a specific 165 

area or tissue of the body where the drug works through the enhanced permeability and 166 

retention (EPR) effect 33. 167 

  168 

Several recent studies have shown that the application of molecules such as folic acid 34, 169 

biotin 35, hyaluronic acid 36 and glucuronic acid 37, and macromolecules like monoclonal 170 

antibodies 38 that have specific receptors on the surface of cancer cells as active targeting 171 

moieties can target cancer cells. These ligands bind to specific receptors on the surfaces of the 172 

target cells, so they can effectively increase the concentration of chemotherapeutics in the 173 

tumor area, enhance cellular uptake of drug-loaded nanocarriers, greatly reduce the side 174 

effects of the drug, and thereby improve therapeutic efficacy 39. Compared to singular ligands, 175 

increased ligand density can be beneficial for improving binding and cellular uptake via 176 

multivalent interactions 40. In general, there are two ways for the functionalization of 177 

nanoparticles with these ligands. One is the physical adsorption or chemical conjugation of 178 

ligands onto the surface of nanoparticles after the formation of nanoparticles, and the other is 179 

the introduction of the ligands to nanoparticles before formation 41. 180 

 181 

 182 
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Folic acid properties 183 

The application of naturally occurring materials against various disorders has been reported in 184 

research 42,43. The B vitamins family has attracted many researchers due to its importance and 185 

essential role in the body, especially vitamin B9 (a water-soluble vitamin) which is one of the 186 

most abundant compounds in foods and is routinely recognized as folate or folic acid. Folate 187 

is the natural form of vitamin B9 and is found in foods and plants, whilst folic acid is known 188 

as the synthetic form of folate and is added to foods 44,45. 189 

 190 

Folate acts as an enzyme cofactor in the synthesis of DNA and RNA and remarkably helps in 191 

rapid cell division and growth, especially in infancy and pregnancy. It is also a precursor to 192 

make, repair, and methylate DNA. The presence of folate is necessary for adrenal function, 193 

support, calm and keeps the nervous system healthy. In addition, folate has a wide spectrum of 194 

pharmacological activities such as cellular metabolic processes, RNA synthesis and amino acid 195 

biosynthesis. Deficiency of dietary folic acid may cause various health issues, including 196 

walking difficulty, skeletal muscle development, carcinogenesis, cardiovascular disease, 197 

elevated plasma homocysteine, macrocytic anemia, cervical dysplasia, memory loss, 198 

depression, pregnancy loss, low birth weight and birth defects 46,47. 199 

 200 

Folic acid deficiency affects skeletal muscle development by inhibiting cell proliferation and 201 

induction of cell cycle breaking as well as cellular senescence in C2C12 myoblasts. In addition, 202 

folic acid deficiency prevents differentiation of C2C12 myoblasts and persuades deregulation 203 

of cell cycle-related genes. It also inhibits the expression of muscle-specific marker MyHC and 204 

myogenic regulatory factor (myogenin) 48. 205 

 206 
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Furthermore, folic acid-deficient C2C12 cells cultured in differentiating media indicated more 207 

DNA damage that was evaluated by immunocytochemistry and Western blot. It is interesting 208 

to note that folic acid re-supplementation reversed cellular senescence in folic acid-deficient 209 

C2C12 myoblasts, however, it does not reverse the differentiation of C2C12 cells. These 210 

findings prove that folic acid has a key role in the normal development of skeletal muscle cells 211 

48. 212 

 213 

Folic acid is also an essential vitamin for cell proliferation. Therefore, the surface modification 214 

of nanoparticles with folic acid may suggest a considerable potential to develop a new approach 215 

for progressing the efficiency of cancer diagnosis and therapy (Figure 1). These recent 216 

developments in the design and biological administration of different folate-decorated 217 

nanoparticles are reviewed herein. 218 

 219 

Transportation of folate in mammalian cells and tissues is chiefly achieved by two transporters: 220 

reduced folate carrier (RFC) and folate receptors (FRs). RFC is ubiquitously expressed in 221 

normal and neoplastic tissues and is one of the major proteins that mediate folate transport. 222 

Loss of RFC expression or function may have potential physiological, developmental and 223 

pharmacologic consequences. For antifolate cancer drugs like pemetrexed and methotrexate, 224 

loss of RFC transcripts or synthesis of mutant RFCs results in antifolate resistance because of 225 

incomplete inhibition of cellular enzyme targets and inadequate substrate for polyglutamate 226 

synthesis. Although RFC has a low affinity (Km   = 1-10  μM) for folic acid, it is a high-capacity 227 

transporter. On the contrary, FRs have high affinity but low capacity transporters. FRs are 228 

found in the kidneys, lungs, and placenta 49,50. 229 

 230 
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FRs are cysteine-rich cell-surface glycoproteins and are divided into three isoforms namely 231 

FRα, FRβ, and FRγ. These receptors, especially FRα is a membrane-bound protein with most 232 

extensively expressed at low to negligible levels in normal cells, but overexpressed in specific 233 

malignant tumors such as lung, renal, colon, breast, mesothelioma, brain, pediatric ependymal, 234 

ovarian tumors, and head and neck carcinomas 51.  235 

FRs mediate the cellular uptake of natural folates, antifolates, and folate-drug conjugates with 236 

published results indicating that this can have impressive therapeutic applications. It is also 237 

believed that FRs can be beneficial biological targets for disease management because the 238 

tissue expression profile of FRs appear to be limited to tissues that are responsible for the 239 

whole-body retention of folates (e.g., kidney, choroid plexus, and the placenta) or certain 240 

pathologic tissues like chronic inflammation sites and tumors 49,52,53. 241 

 242 

It has also been reportedthat a folate-targeted drug could be a novel approach against tumor 243 

xenografts with decreasing the unpleasant toxicities which are seen in non-targeted drug 244 

regimens 54. As FRs are over-expressed on the surface of different types of human cancer cells 245 

and have a high affinity for folate as a ligand, drug conjugates with folate can firmly bind to 246 

the FR and activate cellular uptake via endocytosis. Although FRα keeps itself away from 247 

direct contact with folate in circulation as it is commonly expressed at the luminal surface of 248 

epithelial cells, tumor cells alter the status by changing the transmembrane domain and 249 

transcriptional/translational level of FRα. In the preliminary stage of oncogenesis in FRα- 250 

positive tumors, the increase in the level of FRα expression raises folate uptake leading to 251 

trigger cellular DNA repair. This extending FRα expression supports tumor progression that is 252 

related to the uncontrolled growth of tumors 55. 253 

 254 
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Therefore, one of the useful strategies in targeted cancer therapy is the application of folate. 255 

Folic acid has been extensively immobilized as a targeting moiety on the surface of carriers for 256 

the delivery of various anticancer drugs. Although many efforts have been made to introduce 257 

FR-targeted nanomedicines into clinics, a limited number including folic acid-drug conjugates, 258 

FR-targeted imaging and diagnosis, FR-targeted immunotherapies, and FR-targeted 259 

nanoparticles have passed clinical trials 56-58. 260 

 261 

FRα can be used as a suitable target for designing passive and active cancer immunotherapies. 262 

Passive immune therapy involves the administration of monoclonal antibodies for recognition 263 

of FRα and inhibition of its signaling pathways, which results in malignant cell death. Active 264 

immune strategies include: 1) Chimeric antigen receptor T cells, which allow for the 265 

recognition of FRα, thus resulting in tumor cell killing; 2) Folate-hapten immunotherapy: 266 

immune effector cells that bear Fc receptors bind to the folate-hapten and FRα complex, and 267 

cause antibody-dependent cell cytotoxic activity and phagocytosis; 3) Vaccines targeting FRα: 268 

dendritic cells engineered with FRα mRNA elicit anti-FRα immunogenic responses mediated 269 

by T cells 59. 270 

 271 

Structure and biochemical analysis of folic acid and its receptors 272 

Folic acid is odorless orange-yellow needles or platelets crystals. It darkens and chars from 273 

approximately 250 °C. The chemical formula of folic acid is C19H19N7O6 and its molar mass is 274 

441.404 g mol-1. The chemical structure of folic acid is comprised of three major parts, 275 

including glutamic acid, para-aminobenzoic acid (PABA), and a heterocyclic pteridine ring 276 

(Figure 2) 60-62. Folic acid and 5-methyltetrahydrofolate (5-MTHF) are two active forms of 277 

vitamin B that bind to FRα, but folic acid shows a considerably greater affinity to FRα in 278 

comparison with 5-MTHF 63. Studies on the structure of FRα revealed the mechanism of folate 279 
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binding to the FRα receptor. FRα is spherical and has four long alpha-helices, two short alpha- 280 

helices, four short beta-strands  and loop regions. The three-dimensional structure of FRα is 281 

stabilized by eight disulfide bonds formed by sixteen strongly conserved cysteine residues. 282 

FRα contains three predicted glycosylation sites at N47, N139 and N179. Research shows that 283 

folic acid binds to the α1, α2 and α3 of FRα structures in a long groove (Figure 3) 61. Folic acid 284 

also binds to the FRα pethidine ring with hydrophobic interactions and strong hydrogen bonds. 285 

It has been reported that the N and O atoms (N1, N2, N3, N5 and O4) in the hydrophilic portion 286 

of the pterin rings are attached to the carboxyl, hydroxyl and guanidinium groups in the receptor 287 

structure. The major reason for folic acid's tendency to FRα is the strong binding of the 288 

aspartate carboxylic oxygen to the N1 and N2 peptide nitrogens of folic acid. It has also been 289 

shown that the glutamate group exits the pocket inlet and can bind to carboxylate groups of 290 

drugs, contrast agents or nanoparticles 64,65. 291 

 292 

The high affinity of folate to a variety of tumors has caused its application for the treatment 293 

and diagnosis of cancer as folate conjugated drugs and toxins, folate-based imaging agents, 294 

high-affinity antifolates, and anti-FRα antibodies 66. To determine the mechanism of folate 295 

binding to its receptors, the crystalline structure of human FRα in the presence of folic acid has 296 

been investigated. It has been found that FRα has a spherical structure and has eight disulfide 297 

bonds and also has a deep open binding site for folate. In this case, the petroleum portion of 298 

the folate is incorporated into the receptor structure, but the glutamate portion adheres to the 299 

pocket inlet and attaches to the drug without interruption 61. In fact, multiple interactions and 300 

high affinity between the folate receptor and folate can be a viable strategy for designing a 301 

targeting DDS to the receptor 67. 302 

 303 

Expression of folate receptors in narmal and cancerous cells 304 
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There are only low levels of FRα (the most extensively studied isoforms of FR) on normal 305 

cells. FRα has been reported to be expressed in the normal placenta, choroid plexus, breast, 306 

lung, kidney, and fallopian tube, but, it is highly expressed on several epithelial tumor cells, 307 

especially the colon, kidney, brain, endometrium, uterus, ovary, head and neck, and 308 

mesothelium 68. This difference between normal and tumor cells has been confirmed by 309 

measuring the binding of 3H-folic acid to crude plasma membrane preparations 69. It is also 310 

reported that the levels of FRα in epithelial ovarian tumor cells correspond with a higher 311 

histologic grade and progressing stage of cancer. This may show the correlation between fast 312 

tumor growth and high folate level 70. In addition, the correlation between the degree of FR 313 

level and resistance to anti-cancer drugs has been reported 71. 314 

 315 

In contrast, FRβ is expressed in hematopoietic cells and some malignancies of nonepithelial 316 

origin, such as sarcomas and myelogenous leukemias, in an inactive form that shows no affinity 317 

for folates. Actually, FRβ is detected on activated macrophages which are seen in inflammatory 318 

diseases, containing systemic lupus erythematosus, Crohn's disease, psoriasis, and rheumatoid 319 

arthritis 72. FRγ and its truncated version (FRγ′) are particularly expressed only at very low 320 

levels in hematopoietic tissues, especially lymphoid cells 73. 321 

 322 

Therefore, FRs have been considered as targets for both diagnostics and therapy in different 323 

diseases. In addition, the level of FR in serum can be considered as a potential marker for 324 

hematopoietic cancers. As high levels of FR may be found in the kidney and brain tissues, 325 

applied FR-targeted drugs on these tissues might cause damage. According to 326 

immunohistochemical studies, however, there is no evidence that FR-targeted macromolecular 327 

agents can cause toxic effects on these tissues with elevated levels of FR expression 52,74. 328 

 329 
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Surface modification of nanoparticles by folic acid 330 

Different ligands as targeting moieties have been applied on the surface of nanocarriers for the 331 

active delivery of agents against tumor cells via receptor-mediated endocytosis. One of these 332 

molecules, which has been highly effective for targeting chemotherapeutic drugs, is folate 75. 333 

In comparison with other molecules, particularly antibody-based targeting moieties, folate 334 

indicates various potential privileges as a targeting moiety such as the small size of ligand, low 335 

molecular weight, natural resource and availability, high biocompatibility, non- 336 

immunogenicity that permits for repeated administration, comparatively high structural 337 

stability, low cost; fairly easy and definite conjugation chemistry, and high receptor affinity in 338 

specific tumor tissue 76. For these advantages, folic acid (folate) has been covalently conjugated 339 

to antineoplastic agents, liposomes, niosomes, carbon nanotubes, dendrimers and polymers for 340 

tumor targeting 77. For example, folate-modified polyethylene glycol polymer-based DDS 341 

containing oxaliplatin was synthesized for targeting colorectal cancer cells 78. The oxaliplatin 342 

loaded-PLGA-PEG-FA nanoparticles indicated enhanced cellular uptake and induced more 343 

cell death than the untargeted particles and free drug. Moreover, in vivo experiments showed 344 

that the oxaliplatin loaded-PLGA-PEG-FA reduced the tumor size and enhanced the 345 

antitumoral effect in comparison to the untargeted particles.  346 

 347 

Folate-decorated nanomaterials for tumor targeted therapy  348 

It is reported that decoration of folate in polymers such as PLGA, PLGA-PEG conjugate, 349 

vitamin E TPGS conjugate, liposomes, micelles, SLN, niosomes and carbon nanotubes for the 350 

delivery of doxorubicin indicated a higher cellular uptake and cell cytotoxicity in comparison 351 

with its free drug counterpart against tumor cells 79. This section describes the latest findings 352 

in the application of folic acid in nanocarriers as a promising strategy for cancer treatment. 353 
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Table 1 shows the summary of folate decorated nanoparticles that have been employed in 354 

cancer treatment. 355 

 356 

Folate-modified polymer-based nanoparticles 357 

It has been shown that high concentrations of methotrexate in HT29 colon carcinoma cells is 358 

due to an overexpression of the folate binding protein 80. Ebrahimnejad et al. synthesized 359 

PLGA-PEG-FA nanocarriers for the targeted delivery of SN-38, a drug of choice in lung, 360 

ovarian, and colon cancer therapy. In the study, SN38-loaded PLGA-PEG-FA nanoparticles 361 

were prepared and the cytotoxicity of the nanoparticles against HT29 cells was evaluated and 362 

reported. The obtained results demonstrated higher uptake and cytotoxicity of SN38 in HT29 363 

cell lines 81,82. 364 

 365 

The ZnS quantum dots (QDs) were encapsulated in folate-functionalized chitosan 366 

nanoparticles for simultaneous cellular imaging and targeted drug delivery. The 367 

physicochemical characterization of the obtained nanocomposites was acceptable for drug 368 

delivery purposes with the emission of a red-orange fluorescence of about 600 nm and stability 369 

at a wide range of pH. The MTT assay showed that the synthesized nanocomposite had no 370 

toxicity against MCF-10 (non-cancer cell line) and breast cancer cell lines (MDA-MB-231 and 371 

MCF-7). The cellular uptake of the nanoparticles was examined using confocal laser scanning 372 

microscopy. The report exhibited that the presence of folic acid in the chitosan-encapsulated 373 

QDs increased the binding of nanoparticles to folate receptor cells and thereby increased 374 

intracellular entry 83. 375 

Nanomicelles have also been manufactured using folic acid-bound poly (styrene-co-maleic 376 

anhydride) copolymer and applied for the targeted delivery of curcumin-difluoride to FRα. 377 

These nanoparticles were tested in the FRs expressing cervical and ovarian cancer cells with 378 
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the results showing that the nanoparticles have high anticancer activities. This caused a 379 

remarkable eradication of cancer cells due to tumor apoptosis, phosphatase inhibition and 380 

homologous tensin, and inhibition of the nuclear factor kappa-B (NFκB), demonstrating a 381 

greater targeting ability by folate formulations 84.  382 

 383 

In another study, poly(l-lysine)-grafted folic acid-conjugated poly(2-methyl-2-oxazoline) 384 

(PLL-PMOXA-FA) was prepared and applied against folate overexpressing tumors. PLL- 385 

PMOXA-FA was shown to adhere to FR positive cancer cells (JEG-3, HeLa) while being non- 386 

adherent to FR negative cells (HepG2, MCF-7) at 3 h. It was shown that the amount of folic 387 

acid on the substrate had a noticeable effect on the adhesion of folate to HeLa cells. The 388 

experiments indicated that the affinity of substrates to cells significantly decreased with 389 

decreasing the ratio of folic acid (P < 0.01) 85.  390 

 391 

Polymeric micelles prepared by polyamphiphilic acid (styrene-co-maleic acid), conjugated 392 

with folic acid and loaded with curcumin-difluorinated was used for targeted delivery. The 393 

results of this reported study revealed that the solubility of the drug increased with 394 

nanomicelles obtained from polymer synthesis, with the entrapment efficiency being more than 395 

85%. The nanocomposite containing the drug showed no negative cytotoxicity on human 396 

retinal pigment epithelial cells (ARPE-19), which confirmed the safety of the nanoparticles. 397 

However, it demonstrated highly lethal activity on both retinoblastoma WERI-RB and Y-79 398 

cell lines, indicating its potent effects on cancer cells 86. 399 

 400 

Folic acid-modified amphiphilic alternating copolymer poly(styrene-alt-maleic anhydride) 401 

(FA-SMA) as a pH-sensitive polymer was synthesized to actively deliver curcumin to cancer 402 

cells. This polymer forms amphiphilic nanostructures at pH 7 and allows hydrophobic drugs to 403 
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be encapsulated in its structure. In addition, this carrier is only stable at neutral pH and destroys 404 

the acidic environment of the tumor and releases the drugs in situ from its nucleus 87. 405 

Fluorescence microscopy showed an increase in the uptake of the curcumin-loaded nanocarrier 406 

in human pancreatic cancer cells compared to non-folate polymers. These results clearly 407 

demonstrate that folate-conjugated polymers have the potential of an anticancer DDS for 408 

targeted delivery into tumor cells and the ability to internalize them after they individually bind 409 

to tumors 87.  410 

 411 

The ability of the folic acid-conjugated polymers to kill breast cancer spheroids and monolayer 412 

pancreatic cancer cells when different anti-cancer drugs such as curcumin, paclitaxel and 5- 413 

fluorouracil (they do have different molecular weights hence different sizes) are attached to  414 

FA-SMA nanoparticles were investigated using WST-1 cell proliferation assay. As shown in 415 

Figure 4, the smart tumor-targeting nanoparticles effectively indicated high penetration and 416 

internalizing in these cancer cells and decreased their amounts in a dose- and time-dependent 417 

scale 88.  418 

 419 

In another study a modular nanotransporters (MNTs) conjugated with maleimide-polyethylene 420 

glycol (PEG)-folic acid as a multifunctional system was synthesized to transport active agents 421 

(eg, the Auger electron emitter 111In) into the nuclei of FR-positive cells employing the 422 

polypeptide domains, sequential endosomal escape, nuclear translocation flow cytometry, and 423 

confocal laser scanning microscopy of cells. Folate-MNT labelled with 111In against FR- 424 

positive HeLa cancer cells proved the power of the cell nuclei targeting and enhancement of 425 

the cell destruction. In vivo study also confirmed the sustained release of 111In and inhibition 426 

of tumor growth up to 80% by folate-MNT against HeLa xenograft model 89. 427 

 428 
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Folate-modified lipid-based nanoparticles 429 

There are several lipid nanoparticles systems including nanostructured lipid carriers (NLCs), 430 

solid lipid nanoparticles (SLNs), and liposomes which are commonly applied as a carrier for 431 

drug delivery. Specific drug delivery with lipid nanoparticles is a new approach for the 432 

treatment of cancer 90. There have been several reports on the use of lipids in the treatment of 433 

cancer patients especially liposomal formulations where their surfaces have been decorated 434 

with PEG and folate 91-93. 435 

 436 

Surface-decorated nanostructured lipid carriers (NLCs) by folate were used to target letrozole 437 

to MCF-7 breast cancer cells 94. In this study, the obtained nanoparticles had desirable features 438 

such as an average particle size below 100 nm with a low polydispersity index (PDI). The 439 

apoptotic percentage changed from 24.6% to 42.2% by folate-NLC-letrozole in comparison 440 

with its free drug counterpart. Flow cytometric assays also showed a noticeable accumulation 441 

of apoptotic cells in the subG1 phase by folate-NLC-letrozole 94. 442 

 443 

Folate-modified casein micelles were synthesized for actively targeted co-delivery of 444 

resveratrol as plant medicine and monascus as yellow pigments. For passive-targeting, 445 

PEGylated resveratrol-phospholipid nanocomplex bilayer enveloping casein-loaded micelles 446 

were prepared. Both folate and PEGylated nanocarriers as evergreen nanomicelles indicated 447 

low polydispersity, extended-release and acceptable hemocompatibility. MTT assay revealed 448 

that free drugs had inferior cytotoxicity compared to folate and PEGylated micelles against 449 

MCF-7 breast tumor cells. In a murine model of breast tumor, both nanomicelles exhibited 450 

higher efficacy than their free drugs counterpart 27. 451 

 452 
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The folic acid-coupled PEGylated liposome containing paclitaxel were prepared and evaluated 453 

for cytotoxicity in SKOV3/TAX cell line and a peritoneal xenograft model of paclitaxel- 454 

resistant ovarian cancer. The uptake of the folic acid-liposome reached the highest point at 4 h 455 

and was superior to the PEGylated liposome. The folic acid-liposome significantly inhibited 456 

the enlargement of ovarian cancer cells (P < 0.01) and caused a two-fold enhancement in the 457 

doubling time. The cytotoxicity of the folic acid-liposome was superior to the PEGylated 458 

liposome in both SKOV3 and SKOV3/TAX cell lines. The folic acid-liposome induced more 459 

G2-M cell cycle arrest and apoptosis in ovarian cancer cells compared to PEGylated liposome 460 

or free paclitaxel 95. 461 

 462 

Lipid nanoparticles with folic acid containing vincristine (VCR) were prepared to target the B- 463 

cell lymphoma cell lines which expressed the folate receptor to treat the lymphoma. In vitro 464 

anti-tumor analysis and an in vivo study in murine-bearing lymphoma xenografts were applied 465 

to investigate the effects of folic acid-nanolipid structure formulations. Folic acid-decorated 466 

lipid nanoparticles demonstrated a targeted effect on drug delivery to B-cell lymphoma cells 467 

and caused the highest anti-tumor effect in lymphoma with reduced side effects 96. 468 

 469 

FA-PEG-NLCs containing cisplatin was synthesized and prepared to target cervical cancer 470 

cells. The optimized NLCs formulations showed a surface charge of +25.7 mV and particle 471 

size of 143.2 nm. Folate decorated NLCs indicated more potent anti-cancer activities against 472 

cervical cancer cells both in vitro and in vivo compared to its free drug counterpart and non- 473 

decorated folate NLCs 97. 474 

 475 

 476 

 477 
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Folate-modified dendrimers 478 

Dendrimers are three-dimensional polymers that have many branches like a tree and are shaped 479 

like a ball. The dendrimer has a central hydrophobic or hydrophilic core, a branched dendron, 480 

and surface-active groups, which assigns its biomedical applications. As the branches of the 481 

dendrimers and surface groups increase, the generation number of dendrimers increases 482 

accordingly. Dendrimers are one of the most important nanostructures that facilitate drug 483 

delivery through endocytosis into the cell 98. 484 

 485 

Folate-conjugated polyamidoamine dendrimer G4 (FA-G4) nanoparticles were prepared and 486 

utilized for the targeted delivery of genes to head and neck tumor cells 99. The Fluorescence 487 

imaging demonstrated that FA-G4 nanoparticles facilitated the cellular uptake of DNA 488 

plasmids in an FR-dependent manner and selectively delivered plasmids to FR-positive cells. 489 

The in vitro gene transfection efficiency of FA-G4 was investigated by HN12 cells. The flow 490 

cytometry results revealed that G4-FA showed superior gene expression compared to 491 

untargeted nanoparticles. 492 

 493 

In another study, folate-decorated dendrimer-functionalized gold nanoparticles were fabricated 494 

for luciferase gene silencing 100. The results showed that siRNA can be delivered safely and 495 

efficiently. The study also showed that folic acid conjugation increased cellular uptake by the 496 

mechanism of receptor-mediated endocytosis and the results corroborated the key role of 497 

dendrimer and Au the in enhancement of transgene silencing. 498 

 499 

Folate-modified Au nanoparticles 500 

Metal nanoparticles are important nanocarriers due to their specific properties. These features 501 

include adjustable size, specific shape, simple synthesis, particular optical effects, thermal 502 
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removal of tumors, and simple surface modifications. Among them, gold nanocarriers have 503 

shown unique properties against cancer cells. Gold nanoparticles have the potential for loading 504 

various biological molecules like drug molecules, proteins, and genes. In addition, gold 505 

nanoparticle shows a phenomenon called surface plasmon resonance which converts light to 506 

heat and destroys tumors 101.  507 

 508 

Gold nanoparticles however have limited stability and solubility without surface modifications 509 

or ligands. To enhance these properties, gold nanoparticles have been PEGylated. In many 510 

studies, various ligands, such as folate or transferrin for targeted drug delivery, have been 511 

introduced on the surface of Au nanoparticles. These modified nanoparticles have shown 512 

superior efficacy against tumors in comparison to simple Au nanoparticles 102. 513 

 514 

In another study, doxorubicin-loaded zeolitic imidazolate framework (ZIF-8) nanoparticles, a 515 

subclass of metal-organic frameworks (MOFs), were prepared with folate conjugate as a DDS 516 

for the treatment of liver cancer. The obtained nanoparticles had desirable physicochemical 517 

properties and high drug loading capacity and showed efficient drug release and pH- 518 

responsivity at the tumor site. Comparison of the results of free doxorubicin and doxorubicin- 519 

loaded ZIF-8 nanoparticles with doxorubicin-loaded ZIF-8-FA nanoparticles showed much 520 

more effective anti-cancer properties for the folate-conjugated nanoparticles in HepG2 cells. 521 

This demonstrated that folic acid-modified nanoparticles have higher drug delivery efficiency 522 

at the tumor site and treatment of cancer 103. 523 

 524 

Folate-modified iron oxide nanoparticles (IO nanoparticles) 525 

Cancer therapy with iron oxide nanoparticles is a promising treatment strategy 104. Shetty et al. 526 

fabricated magnetic nanoparticles functionalized with folic acid, loaded with cinnamaldehyde 527 
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and, used it for active targeting of breast cancer cells 105. Conjugation of Folic acid moieties 528 

improved cell uptake of nanoparticles in breast cancer cells with their localization in both 529 

nucleus and cytoplasm compartments. Moreover, drug-loaded folate-functionalized 530 

nanoparticles induced apoptosis in tumor cells via increasing the expression of caspases. In 531 

vivo studies demonstrated that cinnamaldehyde-loaded targeted nanoparticles reduced the 532 

tumor burden in the mouse breast cancer model in comparison with those treated with free 533 

cinnamaldehyde and nanoparticles without folate moieties. 534 

 535 

In another research, multi-functional nanocarrier based on IO nanoparticles conjugated with 536 

doxorubicin (by monomeric methyl adipate (MMA) as a linker), PEG, and folic acid (IO- 537 

MMA-DOX-PEG-OCH3/FA) was fabricated for targeted cancer treatment (Figure 5) 106. The 538 

size of the folic acid-modified nanoparticles was 40 nm and saturation magnetization and 539 

transverse relaxivity values were reported to be  28.62 Am2/kg and 133 mM-1s-1, respectively. 540 

Because of the hydrazone bond between drug and IO nanoparticles, the percentage of drugs 541 

released from folic acid-modified nanoparticles in an acidic environment (pH 5.6) was higher 542 

than neutral environment (pH 7.4). Folic acid-modified nanoparticles indicated higher cellular 543 

uptake and cytotoxicity against apoptotic HeLa cells than folic acid-free nanoparticles 106. 544 

 545 

Folate-modified carbon nanotubes (CNTs)  546 

CNTs are from the fullerene family and a group of carbon allotropes. They are hollow spheres, 547 

ellipses, tubes and other shapes. The CNT is a cylindrical tube formed by the rotation of a 548 

graphene sheet into a seamless one. They have two shapes, single-walled (SWCNT) and multi- 549 

walled (MWCNT). MWCNTs are capable of crossing various cellular barriers and PEGylated 550 

SWCNTs are capable of localization in specific cellular segments. SWCNTs are more effective 551 

in drug delivery than MWCNTs because of the better wall formation in SWCNTs. Also, 552 



23 
 

structural defects are relatively higher in MWCNTs 107 . Functional groups attach to their 553 

surfaces to improve the performance of CNTs in drug delivery. One of these factors is PEG, 554 

which increases solubility, prevents apnea and reduces the toxicity of CNTs 108. The use of 555 

folate to attach to the surface of CNTs also enhances the specificity of active agents in the 556 

diagnosis and treatment of cancer. CNTs are used in gene delivery to transfer plasmid DNA, 557 

siRNA, disinfectant oligonucleotides and aptamers as well as thermal ablation of tumors 109,110. 558 

 559 

A Folic acid-conjugated CNT-based DDS was fabricated by Jawahar et al. for targeted delivery 560 

of raloxifene hydrochloride to breast cancer cells 111. Cytotoxicity study obviously 561 

demonstrated the efficacy of the folate-conjugated CNTs with affectivity induces apoptosis in 562 

the cancerous cells. The fluorescence imaging study revealed that the cellular uptake of 563 

raloxifene hydrochloride-loaded nanoparticles was higher than that of free drug and untargeted 564 

CNTs. 565 

 566 

Folate-modified Quantum dots (QDs) 567 

QDs are fluorescent semiconductor nanocarriers, which consist of three parts (from inside to 568 

outside); a core, shell, and coating. The nucleus is a semiconductor material with a size in 569 

diameter ranging 2–10 nm such as CdSe. The shell is made of another semiconductor such as 570 

ZnS that surrounds the core. The outer coating that encloses the following layers can be of 571 

different materials such as polymers 112. QDs have various applications in drug delivery due to 572 

their very small size which makes them effective in tracking DDSs, the possibility of chemical 573 

changes on the QD surface, and their specific photophysical properties that precisely examine 574 

drug delivery pathways and drug release processes. QDs are prepared in both top-down and 575 

bottom-up approaches 113.  576 

 577 
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QDs, like other new nanocarriers, can be functionalized to act as smart nanoparticles. The 578 

surface modifications of QDs by PEG can be kept out from the RES uptake, which is a good 579 

solution for their non-specific action. To target the tumor site, different ligands such as 580 

peptides, folates, hyaluronic acid, biotin and monoclonal antibodies can bind to the QDs 581 

surface 12,114. In the literature, it has been shown that graphene QDs-based DDS can be used 582 

for the targeted delivery of doxorubicin to tumor cells. Highly dispersed and water-soluble 583 

graphene QD were prepared through acid oxidation and exfoliation of MWCNTs, and 584 

covalently attached to the biotin, which is capable of effectively binding to the biotin receptor 585 

that is highly expressed on the cancer cells 35.  586 

 587 

Another study reported a carboxylated graphene quantum dots (cGQDs) nanosystem modified 588 

by PEG and folic acid to be successfully synthesized and then loaded with mitoxantrone (MTN) 589 

(FA-PEGcGQDs-MTN). Loading capacity and entrapment efficiency of the carrier were found 590 

to be 40.1% and 97.5%, respectively. Cell imaging showed that the nanocarrier was mainly 591 

internalized by human cervical cancer cells via the macropinocytosis-dependent 592 

pathway. Moreover, in vivo testing revealed that the sizes of the tumors treated with FA-PEG- 593 

cGQDs-MTN were the smallest of all experimental samples and FA-PEG-cGQDs-MTN 594 

inhibited tumor growth with a TGI rate of 99.68%. Also, programmed cell necrosis was 595 

observed in most tumor tissues (Figure 6) 115. 596 

 597 

Coupling a photosensitizer with folic acid 598 

Photodynamic therapy (PDT) has been of great interest in research due to the increasing 599 

targeting of chemotherapeutics and photosensitive agents into the tumors. The binding of 600 

photosensitive agents to folic acid could bring about higher targeting into the folate-positive 601 

cancer cells 116. 602 
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Folic acid has been reported to be attached to various photosynthetic materials such as small 603 

oligo (ethylene glycol), 2,2- (ethylene deoxy) diethylamine, porphyrin, and Ce6. 604 

Physicochemical characterization and full evaluation of these folic acid-targeted 605 

photosensitizing agents were performed with all indicating suitable effects with Ce6 reported 606 

to be the most suitable 117. 607 

 608 

Folate-modified micelles  609 

Micelles are defined as nanosized core/shell structures with particle sizes of 5-100 nm. Micelles 610 

have an inner hydrophobic core, enabling them to encapsulate poorly water-soluble drugs in 611 

order to improve their bioavailability and stability. The hydrophilic shell of micelles can 612 

prolong their blood circulation time and prevent their uptake via the mononuclear phagocyte 613 

system 118. 614 

 615 

Among all nanocarriers, micelles have the privilege of possessing a very small size, which 616 

plays a pivotal role in passive targeting to solid tumors, especially poorly vascularized tumors. 617 

Micelles have various morphologies including lamellae, tubules, vesicles, rods, and spheres. 618 

Such characteristics lead to a profound impact on the pharmacokinetics of micellar systems. 619 

These drug delivery platforms can act as reservoirs and can provide a high amount of 620 

chemotherapeutics at the tumor site. Micelles are mostly used for drug targeting, controlled 621 

drug release, and drug solubilization 119. 622 

 623 

A crucial barrier to achieve the efficient result of paclitaxel in the treatment of cancer is its 624 

non-specific function against tumor cells. In the literature, folic acid-conjugated deoxycholic 625 

acid-O-carboxymethylated chitosan (FA-DOMC) nanoparticles were synthesized to prepare 626 

micelles containing paclitaxel. The physicochemical characteristics of paclitaxel loaded 627 
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micelles and in vitro cell culture examinations were performed against MCF-7 human breast 628 

cancer cells, with high folate receptors on them 120.   629 

 630 

This study showed the increased uptake in folate-conjugated micelles in MCF-7 cells in 631 

comparison with simple micelles. The main cause of the increased uptake of the folate micelles 632 

was attributed to the efficacious process of FR-mediated endocytosis. The obtained results 633 

indicated that folate-conjugated micelles increased cell death and cytotoxicity compared to 634 

non-folate micelles or a commercial injection of paclitaxel (Taxol) against cancer cells. This 635 

study demonstrates that folate-conjugated micelles containing paclitaxel are an efficacious 636 

target delivery system for cancer therapy 120.  637 

 638 

Folate-dendrimer-like star polymers were synthesized and applied in the preparation of 639 

micelles containing doxorubicin to target tumors. The size of the nanoparticles was 15 nm and 640 

drug loading was 4%. The release of the drug from the micellar structure was found to be pH- 641 

dependent and gradually started from the hydrophobic shell to the hydrophobic core. Flow 642 

cytometry and confocal microscopy showed that the binding of folate micelles against human 643 

KB cells to dispersed FRs was approximately twice that of folic acid-free micelles. Cytotoxicity 644 

tests showed that drug-free folate-bound micelles had acceptable biocompatibility with KB 645 

cells, whereas micelles containing the drug and the free drug showed similar cytotoxicity 646 

against KB cells. The report thus proved that folate-bound micelles could be a suitable carrier 647 

for targeting anticancer drugs 121. 648 

 649 

Another study reports the synthesizes, fabrication and complete evaluation of folic acid- 650 

modified stealthy conjugate micelles containing doxorubicin. Cytotoxicity determination and 651 

cellular internalization were performed using different cancer cell lines such as HeLa, KB, and 652 
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MCF-7/ADR (FR-positive) and A549 (FR-negative). The results indicated a significant 653 

reduction in IC50 for FR-positive cells, whereas only a small reduction for FR-negative cells 654 

was reported (P < 0.05). Folic acid-conjugated micelles showed enhanced intracellular delivery 655 

of doxorubicin in MCF-7/ADR cells. In addition, the increase in the cellular uptake of the folic 656 

acid conjugate micelles was seen in the FR-positive cell lines. Tumor growth evaluation in 657 

mice exhibited superior effectiveness with inferior toxicity for the folic acid stealthy targeted 658 

micelles to its free drug counterpart 122. 659 

 660 

Folate-modified albumin-bound nanoparticles 661 

Albumin-based colloidal nanoparticles have also received great attention in drug delivery. 662 

Various kinds of albumin (human, bovine, and egg) and different techniques in fabricating and 663 

transporting albumin-bound nanoparticles have been reported in several published papers 123- 664 

125. In one study, curcumin difluorinated (CDF), as a powerful anticancer analogue of curcumin 665 

was incorporated in folate-conjugated albumin to obtain biocompatible nanoparticles. This 666 

novel nanoformulation showed higher cellular uptake of folate-conjugated albumin by SKOV3 667 

ovarian cancer cells, which was due to the receptor-mediated endocytosis 126. 668 

 669 

Folate-modified mesoporous silica nanoparticles 670 

Mesoporous silica nanoparticles (MSNs) are inorganic materials that contain a lot of empty 671 

mesopores channels arranged in a 2D hexagonal structure. MSNs have displayed specific 672 

properties in the delivery of active compounds due to their unique structure which leads to high 673 

loading and surface modification capabilities 127. MSNs with folic acid (MSN-FA) or 674 

methionine (MSN-Met) containing docetaxel were synthesized. The obtained nanoparticles 675 

indicated suitable size, high drug loading and pH-dependent release. The cytotoxicity study of 676 

the folate formulation against MCF-7 cells exhibited better efficacy and cell apoptosis and 677 



28 
 

higher cellular uptake in comparison with conventional nanoparticles and free drug. In 678 

addition, in vivo fluorescence imaging in healthy mice showed that the majority of MSN-FA 679 

or MSN-Met were accumulated in the kidney whilst untargeted MSN-NH2 were mainly 680 

concentrated in the liver. In tumor-induced BALB/c mice, the fluorescence intensity in tumor 681 

tissue was higher than that in other tissues. Furthermore, tumor tissues exhibited a relatively 682 

high fluorescence intensity in MSN-FA samples whereas the MSN-Met accumulation in tumor 683 

tissue was relatively low 128. 684 

 685 

Natural agents such as curcumin, quercetin, and colchicine have also been incorporated in two 686 

different kinds of MSN; Fibrous Nano-Silica (KCC-1) and Mobil Composition of Matter 41 687 

(MCM-41) that were first synthesized by Mobil's researchers in 1992. The mean size of KCC- 688 

1 was 324 nm and the mean pore diameter was 3.4 nm, whereas the mean size of MCM-41 was 689 

197 and pore diameter was 2 nm. These were evaluated against HepG2 and HeLa cancer cell 690 

lines. Folic acid-modified KCC-1 and MCM-41containing curcumin showed superior 691 

cytotoxicity, cellular uptake, apoptosis, antioxidant and anticancer effects compared to non- 692 

conjugated MSNs. The KCC-1 type MSNs containing curcumin exhibited the greatest 693 

anticancer effect 129. 694 

  695 

Folate-decorated nanomaterials for tumor diagnostics 696 

Nanotechnology has been widely used to improve tumor imaging and diagnostics. There are 697 

various medical imaging techniques for cancer diagnosis including near-infrared (NIR) 698 

fluorescence imaging, magnetic resonance imaging (MRI), computed tomography (CT), and 699 

ultrasonic imaging 50. Besides the delivery of therapeutic molecules, folic acid has been 700 

extensively applied for the specific delivery of imaging contrast agents. 701 

 702 
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QDs are suitable materials for cancer imaging because of their inherent nature. For instance, 703 

folate-conjugated nitrogen-doped graphene QD nanoprobe was prepared as a fluorescent 704 

diagnostic tool for breast tumor cells 130. The laser confocal scanning microscopy results 705 

revealed that the enhanced folic acid binding facilitated the recognition of and internalization 706 

into cancer cells. This made the labeled cells emit a stronger fluorescence intensity thereby 707 

making the tumor cells better detected.  708 

 709 

Folic acid-modified trypsin-stabilized gold nanoclusters (FA-try-Au) with NIR fluorescence 710 

was prepared by Liu et al. for the in vivo cancer bioimaging of FR-overexpressing tumors 131. 711 

The fluorescence signal was detected right after intrathecal injection of the FA-try-Au 712 

nanoprobe in Hela tumor-bearing nude mice. The signal in the tumor remained for up to 12 h. 713 

 714 

In addition, rare-earth nanoparticles have been extensively applied in tumor diagnosis, 715 

bioimaging, and tumor therapy 132. Jain et al. fabricated folic acid functionalized 716 

Gd2O3:Eu3+ nanoparticles for the detection of breast cancer cells 133. Cellular uptake 717 

experiments showed that folate-modified rare-earth nanoparticles had a higher degree of 718 

cellular uptake in T-47D (high FR expression) cells than MDA-MB-231 (low FR expression) 719 

breast cancer cells. In vivo confocal and CT imaging investigations demonstrated that folate- 720 

modified Gd2O3:Eu3+ nanoparticles showed a greater accumulation in T-47D tumor xenograft 721 

in comparison to the MDA-MB-231 tumor. 722 

 723 

Lin et al. reported a multifunctional nanocomposite based on NaYF4:Yb,Er@ NaYF4: 724 

Yb@NaYF4:Yb,Nd nanoparticles for bioimaging and tumor targeting therapy with NIR 725 

excitation (793 nm) and NIR emission (980 nm) 134. Mesoporous silica and polyallylamine 726 

(PAH) were coated on the surface of the nanoparticles to enable the loading of the IR806 727 
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photothermal sensitizer. The modified nanoparticles were then conjugated with FA-PEG to 728 

obtain tumor targeting. In vitro experiments proved the uptake of the nanocomposite by the 729 

MDA-MB-231 cells using NIR fluorescence imaging for targeted photothermal therapy. 730 

 731 

F127-Folate coated superparamagnetic iron oxide (SPIO) nanoparticles were fabricated to 732 

target tumors efficiently and providing imaging contrast in MRI 135. In vitro studies revealed 733 

that the folate-conjugated nanoparticles specifically targeted the KB cells through FRs. The in 734 

vivo MRI imaging showed negative contrast enhancement from the F127-Folate coated SPIO 735 

nanoparticles in tumor-bearing mice. 736 

 737 

Khademi et al. synthesized cysteamine-folic acid conjugated gold (FA-Cys-Au) nanoparticles 738 

as a nanoprobe for X-ray CT of cancer cells 136. FA-Cys-Au nanoparticles exhibited higher X- 739 

ray attenuation intensity than an iodinated contrast agent. The CT values of targeted cells were 740 

calculated to be two times higher than that of untargeted cells. 741 

 742 

Folate-conjugated liposome-based nanoparticles were prepared as an ultrasound contrast agent 743 

for the targeted imaging of cancer cells 137. The in vitro results indicated that the folate modified 744 

nanoparticles were clearly uptaken into the cytoplasm of SW620 and Bel7402 cells (FR- 745 

overexpressing cancer cells), whereas the A549 cells, which expressed low levels of FR just 746 

bound with few nanoparticles. The folate modified nanoparticles also attained a greater 747 

enhancement of tumor ultrasound imaging and had a longer enhanced duration in FR- 748 

overexpressing tumors in in vivo experiments. 749 

 750 

 751 

 752 

https://www.sciencedirect.com/topics/materials-science/gold-nanoparticles


31 
 

Biodistribution and nephrotoxicity of folic acid-decorated nanoparticles 753 

According to the literature, the most important problem of folate-decorated nanoparticles is the 754 

rapid excretion  of these nanoparticles through the renal system. Tissue distribution evaluation 755 

shows high concentrations of folate-targeted nanoparticles in the liver and kidneys 50. 756 

 757 

Depending on their size, nanoparticles may accumulate in organs such as the liver, spleen, and 758 

lungs. In general, nanoparticles can increase in the liver due to discontinuous endothelium with 759 

sinusoidal vascular beds. The nanoparticles larger than 200 nm have been shown to accumulate 760 

in the spleen due to the 200-500 nm size range of interendothelial cell slits. Nanoparticles with 761 

the size of 50-100 nm can accumulate in the liver due to noncontinuous endothelia with 762 

vascular fenestrations. Nanoparticles smaller than 5 nm can traverse tight endothelial junctions 763 

and may be rapidly filtered out via the glomeruli of the kidneys. Microparticles with the size 764 

of 2-5 μm have been shown to accumulate readily in lungs capillaries 138.  765 

 766 

Prednisolone-conjugated folate was synthesized for targeted and controlled release drug 767 

delivery to the kidney. The results indicate the importance of folate-mediated renal-targeted 768 

delivery and the enhancement of the effect of folate modification for the treatment of renal 769 

ischemia/reperfusion injury. In spite of the high expression of folate in proximal tubular cells, 770 

no renal toxicity was reported for vintafolide in the clinics. The absence of nephrotoxicity could 771 

be due to various processes of folate internalization. In other words, folate receptors conjugate 772 

folic acid and produce primary endosomes in tumors. With the formation of early endosomes, 773 

a potent reduction of the microenvironment is observed, which breaks the disulfide bond to 774 

release anticancer drugs such as vinblastine into the cytoplasm, demonstrating its cytotoxicity 775 

and efficacy. In addition, folate receptors help to rescue folates from fresh urine, which are 776 

transmitted through the transcytosis in the epithelium of the kidneys to the blood. This 777 
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phenomenon reduces the release of vinblastine from the receptor and causes a low amount of 778 

drug to be present in the proximal tubule cells, thereby decreasing its cytotoxicity and 779 

nephrotoxicity 139. 780 

 781 

Scale-up of folate-modified nanoparticles 782 

Clinical translation and integration depend on the consistency and reproducibility of products. 783 

Apart from some exceptions, nanoparticles utilized in the preclinical phase are almost 784 

exclusively fabricated in small batches and as such, it may not always be possible to scale up 785 

for large quantities, even for the clinical phase. So, having a consistent and highly reproducible 786 

formulation before the clinical research phase is necessary due to the complexity of human 787 

diseases. The effects of scale-up have mostly been observed on the stability, particle size 788 

distribution, and drug loading and encapsulation efficiency 140. A comparative study of 789 

gefitinib-loaded folic acid-modified dextran-based nanoparticles reported that the 790 

nanoparticles from the flash nanoprecipitation method had a hydrodynamic radius of about 78 791 

nm, a narrow size distribution with PDI value of about 0.24 141. The size and size distribution 792 

hardly changed for more than fifteen days. This fact demonstrated that the prepared 793 

nanoparticles had good stability. In contrast, in the traditional precipitation method, the size of 794 

the nanoparticles increased, a broad size distribution observed, and nanoparticles precipitated 795 

on the second day. Furthermore, the drug loading content and encapsulation efficiency for flash 796 

nanoprecipitation method were 5.4% and 5.1%, respectively, wheras for the traditional 797 

precipitation method, these values were calculated to be 4.9% and 4.7% respectively. 798 

 799 

Clinical trials and patents 800 

Some of the folic acid-tagged formulations have been the objects of clinical trials. The 801 

therapeutic agents were conjugated with folate moieties by linkers such as PEGs, proteins, or 802 
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polysaccharides that separate the drug molecule from folic acid avoiding interference from 803 

steric interactions. The clinical trials of folic-acid tagged formulations developed for the 804 

diagnosis and treatment of different types of cancer have been summarized in Table 2. 805 

In addition, some of the patented folate-conjugated nanocarriers utilized for tumor diagnosis 806 

and therapy have been presented in Table 3.  807 

 808 

Conclusion and outlooks  809 

Folic acid is an attractive molecule due to its use for different goals. The most consequential 810 

benefit of folic acid is its broad utilization in cancer and its ability to act as a targeting moiety 811 

in drug delivery. There has been an enormous development in using folate conjugated with 812 

carrier-drugs to maximize the anticancer effect of anticancer drugs and to reduce their side 813 

effect. Accordingly, further investigations in clinics are expected for the formulation of novel 814 

drugs constructed on folic acid. It is hoped that this review will be of interest to both researchers 815 

and patients with the former looking for new research guidance in this field to provide extensive 816 

benefits for patients and the latter gaining an understanding of how these systems work. 817 

 818 
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Figure Captions: 1257 

Figure 1. (A) Different kinds of nanoparticles that have shown the most promising results in 1258 

cancer. (B) Accumulation of drug in the tumor area after injection of drug-loaded nanoparticles. 1259 

(C) Mechanism of receptor-mediated endocytosis for folate-modified nanoparticles. 1260 

Figure 2. Chemical structure of folic acid. 1261 

Figure 3. Two views of the structure of FRα-folic acid complex. FRα is shown in green, folic 1262 

acid is shown in grey, and disulfide bonds are depicted as yellow sticks. The N terminus and C 1263 

terminus are labeled. Reproduced from 61. 1264 

Figure 4. Fluorescent images of MDA-MB-231 spheroids incubated with curcumin-loaded 1265 

SMA and curcumin-loaded FA-SMA which demonstrates the difference between tumor 1266 

spheroid uptake of drug-laoded nanoparticles after 0.5 h and 6 h exposure. (A) Untreated 1267 

MDA-MB-231 tumor spheroids. (B) MDA-MB-231 spheroids treated with curcumin-loaded 1268 

SMA and FA-SMA for 0.5 h. (C) MDA-MB-231 spheroids treated with curcumin-loaded SMA 1269 

and FA-SMA for 6 h. Reproduced from 88. 1270 

Figure 5. Schematic illustration of doxorubicin-loaded IO-MMA-DOX-PEG-OCH3/FA. 1271 

Reproduced from 106. 1272 

Figure 6. In vivo study of FA-PEG-cGQDs-MTN antitumor therapy. (A) The weight curves of 1273 

cervical tumor-bearing nude mice. (B) Tumor growth curves of different groups with different 1274 

treatments. The data represent the mean ± standard deviation (SD) (n = 3 mice per group). (C) 1275 

Representative images of cervical tumor-bearing nude mice at day 20. The tumors as marked 1276 

by dashed circles were excised after treatment for 20 days. (D) Hematoxylin and eosin stained 1277 

images of the excised tumor tissue with different treatments. Reproduced from 115. 1278 
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Table 1. Summary of folate modified nanoparticles for cancer therapy 1318 

Folate-modified nanocarriers Drug 
Cell 

line/Model 
Major findings Reference 

Folate-modified polymer based nanoparticles 

PLGA-PEG-FA SN-38 HT-29 cells 

Folate-modified PLGA-

PEG nanoparticles 

containing SN-38 

showed superior 

cytotoxic effect than 

non-targeted 

nanoparticles and free 

SN-38 against HT-29 

cells, in vitro. 

81 

FA-poly (styrene-co-maleic 

anhydride) 

Curcumin-

difluorinated 

WERI-RB1, 

Y-79, and 

ARPE-19 

cells 

Folate-conjugated 

nanoparticles could 

markedly kill both 

WERI-RB and Y-79 

retinoblastoma tumor 

cells. 

84 

FA-SMA Curcumin 

PANC-1 and 

RAW-Blue 

cells 

The pH-sensitive 

nanocarrier could release 

the entrapped cargo 

efficiently into the 

cytoplasm and nucleus, 

and caused cell death. 

87 

FA-FI-PEG-FI-FA Doxorubicin 

U937and 

N1S1 cells 

 

HCC tumor-

bearing rat 

DOX-loaded polymeric 

nanoparticles indicated 

potent anti-tumoral 

activities both in vitro 

and in vivo. 

142 

FA-PEG-NH2-conjugated polymer 

(CP)- poly (styrene-co-maleic 

anhydride) 

 
HeLa and 

NIH-3T3 cells 

FA-modified conjugated 

polymer nanoparticles 

showed phototherapeutic 

effect, in vitro. 

143 

     

 

Folate-modified lipid based nanoparticles 

Folate nanostructured lipid carrier 

(NLC) 
Letrozole MCF-7 cells 

Folate-modified 

Letrozole-loaded NLC 

promoted apoptosis in 

FR-expressing cancer 

cells. 

94 

FA- PEGylated liposome Paclitaxel  

SKOV3 and 

SKOV3/TAX 

cells 

 

SKOV3/TAX 

tumor-bearing 

Balb/c nude 

mice 

Paclitaxel-loaded 

liposomal nanoparticles 

showed high inhibition 

of tumor growth and 

reversed drug resistance 

in SKOV3/TAX cells 

both in vitro and in vivo. 

95 
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Folate-modified dendrimers 

Folate-decorated dendrimer targeted 

gold nanoparticles 
siRNA 

HeLa-Tat-Luc 

cells 

The siRNA 

nanocomplex evoked 

excellent gene silencing 

in FR expressing tumor 

cells. 

100 

Folic acid-conjugated 

polyamidoamine dendrimer-based 

nanoparticles 

HuR siRNA, 

cis-diamine 

platinum 

H1299 cells 

FRα-targeted dendritic 

nanoparticles induced 

more DNA damage and 

cell death by apoptosis 

in comparison with non-

targeted nanoparticles, in 

vitro.  

144 

FA-PAMAM G4-PEG nanoparticles Oxaliplatin SW480 cells 

The oxaliplatin-loaded 

FA-PAMAM G4-PEG 

nanocomplex 

demonstrated a superior 

cellular uptake in FR+ 

SW480 cells than MSC 

normal cells, in vitro. 

145 

 

Folate-modified Au nanoparticles 

Graphene oxide (GO) nanoparticles 

conjugated with folate-composite gold 

nanoparticles (FA-GO@Au) 

Doxorubicin 

MCF-7 and 

HeLa cells 

 

Ehrlich 

ascites  tumor 

(EAT) 

bearing 

Balb/c mice 

Doxorubicin-loaded FA-

GO@Au nanoparticles 

exhibited remarkable 

efficacy against the 

cancer cells after NIR 

exposure, both in vitro 

and in vivo. 

22 

Folate-conjugated silica coated gold 

(Au@SiO2) nanoparticles 
Methotrexate  

MDA-MB-

231 and 

MCF-7 cells 

MTX-loaded FA-

Au@SiO2 

nanoparticles in 

combination with Low 

level laser therapy 

exerted apoptotic effect 

in either of the two 

breast cancer cell lines 

especially in MDA-MB-

231 cells. 

146 

FA-SiO2@Au nanoparticles  A-375 cells 

Folic acid-conjugated 

silica-gold core-shell 

nanoplatform could 

induce cancer 

cell death through the 

hyperthermia effect, in 

vitro. 

147 

GSH-coated FA-modified Au 

nanoparticles 
Methotrexate  

U-87 MG and 

HeLa cells 

MTX-loaded GSH-Au-

FA nanoparticles exerted 

high cytotoxic activity 

against FR-positive 

HeLa and U-87 MG 

tumor cells. 

148 
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Folate-modified iron oxide nanoparticles 

FA-PEG-Au@IO nanoparticles   
KB and MCF-

7 cells 

FA-PEG-Au@IO 

nanocomplex selectively 

targeted FR-expressing 

cancer cells, in vitro. 

149 

Folic acid-functionalized 

PEGylated alginate-coated magnetic 

nanoparticles 

Doxorubicin  
MDA-MB-

231 and 

MCF-7 cells 

DOX-loaded FA-PEG- 

Alg-Mag nanoparticles 

caused increased 

apoptotic effect and 

cytotoxic activity against 

FR expressing MDA-

MB-231 cancer cells in 

the presence of an 

external magnetic field. 

150 

 

Folate-modified carbon nanotubes 

Chitosan-folate conjugated MWCNTs Docetaxel 

A549 cells 

 

A549 tumor 

bearing 

Balb/c mice 

DTX-loaded 

nanoparticles remarkably 

killed FR-expressing 

tumor cells both in vitro 

and in vivo. 

151 

FA-ethylene diamine (EDA)-

MWCNTs  
Doxorubicin MCF-7 cells 

DOX-loaded FA-EDA-

MWCNTs inhibited 

tumor growth in vitro. 

152 

 

Folate-modified quantum dots 

Folate-decorated mercaptoundecanoic 

acid (MUA) modified QDs (FA-

MUA-QDs) 

Doxorubicin A549 cells 

Doxorubicin-loaded FA-

MUA-QDs 

nanoparticles induced 

significantly more DNA 

breaks than untreated 

particles. 

153 

Folate-modified GSH-coated Ag-QDs Methotrexate  

HeLa, HT29, 

and A549 

cells 

MTX-loaded FA-tagged 

naocomplex killed the 

FR-positive HeLa cells 

under laser irradiation, in 

vitro. 

154 

 

Coupling a photosensitizer with folic acid 

FA-modified Ce6-conjugated SPIO 

nanoparticles 
 

RM-1 cells 

 

RM-1 tumor-

bearing mice  

FA-Ce6-SPIO 

nanocarrier could be 

efficacious for selective 

PDT of cancer cells both 

in vitro and in vivo. 

155 

 

Folate-modified micelles  

Folic acid and α-tocopherol succinate 

conjugated hyaluronic acid micelles 
Paclitaxel 

MCF-7 cells 

 

H22 tumor-

bearing 

Kunming 

mice 

Paclitaxel-loaded 

micelles were proved to 

be efficacious in 

inhibiting tumor burden 

both in vitro and in vivo. 

156 
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Folic acid-conjugated Pluronic127 

(PF) micelles 
Fisetin  MCF-7 cells 

Fisetin-loaded FA-PF 

micelles inhibited the 

growth of overexpressed 

human breast cancer 

MCF-7 cells, in vitro. 

157 

FA-PEG‐poly (lactic acid) (PLA) 

micelles 
Hypocrellin B 

SKOV3 and 

A2780 cells  

 

SKOV3 

tumor‐bearing 

female 

athymic nude 

mice 

Hypocrellin B-loaded 

PEG‐PLA-FA micelles 

killed FR+ SKOV3 

human ovarian tumor 

cells both in vitro and in 

vivo. 

158 

 

Folate-modified albumin-bound nanoparticles 

Folate-targeted bovine serum albumin 

(BSA) nanoparticles 
Chrysin MCF-7 cells 

Chrysin-loaded FA-BSA 

nanoparticles suppressed 

tumor growth, in vitro. 

159 

 

Folate-modified mesoporous silica nanoparticles 

Folic acid-conjugated magnetic MSNs Quercetin  
HCT-116 

cells 

Quercetin-loaded FA-

FE-SBA15 nanoparticles 

induced apoptosis 

through the 

downregulation of Bcl-2 

and overexpression of 

Bax, p53, and 

cytochrome C. 

160 

Folic acid-conjugated MSN Topotecan 

Y79 cells 

 

Y79 tumor-

bearing nude 

mice 

Topotecan-loaded MSN-

FA selectively killed 

retinoblastoma tumor 

cells both in vitro and in 

vivo. 

161 

FA-conjugated MSN 
Myricetin, 

MRP-1 

A549 and 

H1299 cells 

MRP-1 and Myricetin 

loaded nanoformulation 

significantly inhibited 

the tumor growth by 

upregulation of cleaved 

PARP and Caspase-3.  

162 
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Table 2. Summary of clinical trials of folic acid-tagged formulations 1325 

Title Drug/Agent Indication 
ClinicalTrials.gov 

identifier (phase) 
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A study to evaluate ELU001 in patients with 

solid tumors that overexpress folate receptor 

alpha (FRα) 

ELU001 

Ovarian cancer 

Endometrial cancer 

Colorectal cancer 

Gastric cancer 

Gastroesophageal 

junction cancer 

Triple-negative 

breast cancer 

Non-small cell lung 

cancer 

Cholangiocarcinoma 

NCT05001282 

(phase I/II) 

OTL38 injection for intraoperative imaging of 

folate receptor positive lung nodules 
OTL38 

Lung neoplasms 

Lung cancer 

NCT02872701 

(phase II) 

Elucidate: enabling lung cancer identification 

using folate receptor targeting 
OTL38 

Lung neoplasms 

Lung cancer 

NCT04241315 

(phase III) 

A pilot, single dose, open-label study of 

OTL38 injection (OTL38) for intra-operative 

imaging of folate receptor positive 

ovarian cancer-comparing camera imaging 

systems 

OTL38 Ovarian cancer 
NCT04941378 

(phase I) 

Phase 2 study of OTL38 for intra-operative 

imaging of folate receptor-alpha positive 

ovarian cancer 

OTL38 Ovarian cancer 
NCT02317705 

(phase II) 

OTL38 for intra-operative imaging of folate 

receptor positive ovarian cancer 
OTL38 Ovarian cancer 

NCT03180307 

(phase III) 

Intraoperative imagery of renal nodules with 

folate-fluorescein conjugate (EC17) 
EC17 

Renal cell 

carcinoma 

NCT01778933 

(early phase I) 

EC17 for intraoperative imaging in occult 

ovarian cancer 
EC17 Ovarian cancer 

NCT02000778 

(phase I) 

Intra-op detection of occult ovarian carcinoma 

using a folate-alpha receptor specific 

fluorescent ligand 

EC17 Ovarian cancer 
NCT01511055 

(phase II) 

Pilot and feasibility study of the imaging 

potential of EC17: Intraoperative folate-

fluorescein conjugate (EC17) lung cancer 

(CA) 

EC17 
Lung 

adenocarcinoma 

NCT01778920 

(phase I) 

Phase 2 study of EC145 alone versus 

EC145+docetaxel versus docetaxel alone in 

participants with FR (++) 2nd Line Non Small 

Cell Lung Cancer 

EC145 

EC145+Docetaxel 

Docetaxel 

EC20 

Non Small Cell 

Lung Cancer 

NCT01577654 

(phase II) 

Study Using FolateScan to Identify Subjects 

With Folate Receptor-Positive Metastatic 

Renal Cell Carcinoma 

EC20 
Metastatic renal cell 

carcinoma 

NCT01689766 

(phase II) 

Safety and efficacy of falatescan (Technetium 

Tc 99m EC20) in patients with known 

suspected recurrent or metastatic cancer from 

a solid tumor 

EC20 

Recurrent or 

metastatic cancer 

Head and 

neck cancer 

Pancreas cancer 

Bladder cancer 

NCT01684098 

(phase II) 
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Testicular cancer 

Safety and efficacy of folatescan (Technetium 

Tc 99m EC20) in patients with suspected 

ovarian carcinoma or recurrent endometrial 

carcinoma 

EC20 

Ovarian carcinoma 

Recurrent 

endometrial 

carcinoma 

NCT01689714 

(phase II) 
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Table 3. Patented folate-conjugated nanomaterials for cancer diagnosis and treatment  1331 

Patent 

number 

 

Type of delivery 

system/nanomaterial  

 

Size 

(nm) 

Cancer 

cell line 

Type of 

tumor  
Year Reference 

US20080081891

A1 
SPIO-PEG-FA 3.8 KB Epidermoid  2009 163 

US20100040694

A1 

Folic acid-conjugated, 

low-molecular weight, 

water-soluble chitosan 

nanoparticles 

110 HEK-293 Kidney 2010 164 

US7659314B2 

FA-polyHis/PEG and 

FA-PLLA/PEG mixed 

micelles 

114 MCF-7 Breast 2010 165 

US9364444B2 
FA-PLA-PEG- 

nanoparticles 
118 KB-3-1 Cervical  2016 166 

US20200271655

A1 

Folic acid-capped 

copper sulfide 

nanoparticles 

73.6  SKOV-3 Ovarian  2020 167 
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