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Abstract: Targeting folate receptors is a potential solution to low tumor selectivity concerning conven-
tional chemotherapeutics. Apart from antibody–drug conjugates, folate-functionalized nanoparticle
drug delivery systems are interesting to be explored due to many advantages, yet currently, none
seems to enter the clinical trials. Multiple in vitro evidence is available to support its efficacy com-
pared to the non-targeting carrier and free drug formulation. Additionally, several studies pointed
out factors affecting its effectiveness, including surface properties and endosomal trapping. However,
in vivo biodistribution studies revealed issues that may arise from folate receptor targeting, including
rapid liver uptake, subsequently reducing the nanoparticles’ tumor uptake. This issue may be due to
the folate receptor β expressed by the activated macrophages in the liver; route of administration and
tumor location might also influence the targeting effectiveness. Moreover, it is perplexing to general-
ize nanoparticles reported from various publications, primarily due to the different formulations,
lack of characterization, and experimental settings, making it harder to determine the accurate factor
influencing targeting effectiveness.

Keywords: folate receptors; folate receptor-targeting; folic acid; low tumor selectivity; nanoparticle
drug delivery systems

1. Introduction

For conventional or early-generation chemotherapeutic agents (for example, paclitaxel,
docetaxel, and doxorubicin), selectivity is a concerning issue, given they are non-specifically
distributed in the body, affecting both normal and tumor cells during the treatment. Hence,
chemotherapeutics that selectively target tumors are explored to overcome this systemic
toxicity problem, hoping to improve patients’ survival time and quality of life. Generally,
tumor-targeting involves utilizing the tumors’ vascular abnormalities. The targeting strat-
egy is classified into passive and active targeting. Passive targeting involves transporting
nanoparticle drug delivery systems through the leaky tumor environment by passive diffu-
sion or convection. In active targeting, one or different targeting ligands are attached to
the nanocarrier surface or covalently linked to a therapeutic agent via a cleavable spacer
for binding non-covalently to the receptors overexpressed by cancers or receptors not
expressed by normal cells [1,2].

One particular target gaining significant interest is the folate receptor (FR). Currently,
there are four FR isoforms identified: α, β, γ, and δ in which FRα is the most investigated.
It is typically expressed on the apical surfaces of normal epithelial cells in the choroid
plexus, lungs, mammary duct, and kidneys. Due to its apical location away from the
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bloodstream, it is isolated from parenterally administered drugs. Nonetheless, the apically
restricted FR is redistributed over the tumor cell surface due to the intercellular junctions
collapse from carcinogenesis. Hence, the parenterally administered drugs selectively
interact with FRs present in malignant tumors instead of with those from normal cells,
as illustrated in Figure 1 below. Additionally, FRα is often overexpressed in tumor cells,
increasing the probability of the ligand binding to the tumor instead. These two factors
contribute to the selectivity of the FR targeting strategy. The tumors’ overexpression of
FRs is possibly due to their increasing demand for folic acid, essential for cell maintenance
and proliferation. Folic acid act as a one-carbon donor in the biosynthesis of purines and
thymidylate, crucial for the de novo synthesis of RNA and DNA. Additionally, folate is
essential for the cobalamin-dependent synthesis of methionine and methylation of DNA,
lipids, histones, and neurotransmitters [2].
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Figure 1. A simple diagram illustrating the folate receptor (FR) position on the normal cell apical
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junction in place, the drug is incapable to interact with FR on the apical surface.

2. Current Updates on the Clinical Trials

In the past, the folate-targeting approach was explored right after the report by Bart
Kamen’s group (the University of Texas Southwestern Medical Centre) which stated that
folates enter the cells via a receptor-mediated endocytic process [3,4]. Some early attempts
included using the nitro heterocyclic bis(haloethyl)phosphoramidite conjugates (research
using this class of conjugates has been abandoned), platin conjugate, FdUMP conjugate,
Taxol conjugate, and maytansine conjugate [3].

Currently, several FR-targeted therapeutics are undergoing clinical trials, including
MORAb-202. It is an antibody–drug conjugate (ADC) consisting of farletuzumab (FRα-
binding antibody) and eribulin (a microtubule-targeting agent) linked by a cathepsin-B
cleavable linker [5,6]. The recent first-in-human phase 1 study for patients with advanced
solid tumors (triple-negative breast cancer, ovarian, endometrial, and non-small cell lung
cancer) demonstrated that MORAb-202 was well-tolerated at 0.3–1.2 mg/kg doses (yield
0.2–0.85 mg/m2 eribulin) for every three weeks, lower than the approved dose of eribulin
mesylate: 1.4 mg/m2 or equivalent to 1.23 mg/m2 eribulin on days 1 and 8 of a 21-day cycle.
Two from 22 patients experienced increasing alanine aminotransferase and γ-glutamyl
transferase (grade 3 treatment-emergent adverse events, TEAE). There was no case of grade
3 bone marrow suppression, which indicated a mild safety profile. However, no maximum
tolerated dose (MTD) was established in this dose-escalation study [6], prompting more
investigation to further construct its safety profile.

Compared to mirvetuximab soravtansine (IMGN853), an ADC consists of a humanized
anti-FRαmonoclonal antibody (M9346A) conjugated to the DM4; a cytotoxic maytansinoid
effector molecule [7,8], MORAb-202, uncommonly caused eye disorders of grade 1 (two
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out of twenty-two patients) [6]. However, this may be because of the tiny patient samples
in this study or the different payloads used (i.e., the cytotoxic component of the ADC). In
the phase 1 dose-escalation study of IMGN853 in patients with FRα-positive solid tumors,
ocular TEAEs of grades 1 and 2, including reversible blurred vision or/and keratopathy,
were commonly reported. The molecular mechanisms fundamental to these observations
remain imperfectly elucidated despite these issues reported for numerous ADCs using
various cytotoxic payloads to target different antigens. One proposed reason for this event
is that prolonged retention in the circulation contributed by the stable linker is adequate to
magnify overall exposure in normal tissues [7].

In the phase 1 expansion study of IMGN853 in the fallopian tube, platinum-resistant
ovarian, or primary peritoneal cancer, and similar grades 1 and 2 mild adverse events were
reported, including ocular disorders at a relatively high frequency. Proactive measures,
including daily lubricating eyedrops, sunglasses in daylight, and avoiding contact lenses,
help to manage the issue. The therapeutic seems promising in patients with platinum-
resistant ovarian cancer receiving fewer lines of prior therapy. However, responding
patients eventually experienced inherent and acquired resistance, which the mechanism
remains to be defined. The combination therapy using molecularly targeted therapeutics
with nonoverlapping toxicities and different mechanisms of action is essential in managing
epithelial ovarian cancer (EOC) to delay or counteract IMGN853 resistance [8].

A recently published phase 1b study of IMGN853 in conjunction with bevacizumab in
platinum-resistant ovarian cancer patients observed no new safety signs nor any clinically
significant enhancement of the forecasted toxicities for both therapeutics. None of the
sixty-six enrolled patients experienced any grade 3 or higher TEAEs, and two patients
were discontinued because of persistent grade 2 peripheral neuropathy. All hypertension
cases related to bevacizumab were easily managed, with none causing discontinuation [9].
The phase 1b escalation study of IMGN853 in combination with carboplatin in platinum-
sensitive ovarian cancer patients reported a similar outcome in which no new safety signals
appeared, and the toxicities detected were anticipated based on the established profiles of
each therapeutic. The combination used demonstrated comparable mitigation in moderate
to severe hematological toxicities than reported for the carboplatin/paclitaxel combination,
despite the rising frequency of grade 3 events [10].

Regardless of these outcomes from the clinical trials, ADC is associated with other limi-
tations, including difficulties in penetrating deeply into the solid tumor because of the large
size of antibodies, immunogenic potential, the possibility of premature drug releases due
to their long circulation period, and expensive production of ADCs. The small molecule-
drug conjugate is acknowledged as a possible solution to the issues above. Vintafolide
(EC145), a folic acid–vinca alkaloid desacetylvinblastine hydrazide (DAVLBH) conjugate,
seemed promising when combined with docetaxel in NSCLC patients. However, a phase
III trial evaluating EC145/doxorubicin hydrochloride liposome in platinum-resistant ovar-
ian cancer patients had been suspended in 2014, perhaps due to the failure to enhance
progression-free survival [2]. Currently, there is no recent update on the development of
Vintafolide.

There are other FR-targeting therapeutics under development and in clinical trials,
for example, etarfolatide (EC20), EC17, and OTL38. Nonetheless, apparently, no folate-
functionalized nanoparticle drug delivery system has successfully completed any clinical
trial stages at the moment, despite numerous having been successfully developed and
demonstrating its efficacy in pre-clinical stages. It is intriguing to investigate if any obstacles
hinder the progression of folate-functionalized nanoparticle drug delivery systems in
clinical trials. The nanoparticle drug delivery system has many advantages, including
therapeutic payload compartmentalization from the surrounding normal tissue while
in blood circulation. Targeting ligand-functionalized nanocarriers is particularly useful
for conventional chemotherapeutic payloads with low tumor selectivity. Therefore, this
review aims to evaluate recently published pre-clinical studies on folate-functionalized
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nanoparticle drug delivery systems, which emphasize their effectiveness and any concerns
that arise in the investigation.

3. Methodology

This review aims to evaluate the active targeting folate-functionalized nanoparticle
drug delivery systems. PubMed was the primary database utilized to obtain the key papers
used in the discussion. (“Folate Targeting” [Title/Abstract] OR “Folic Acid Targeting” [Ti-
tle/Abstract]) AND (“Drug Delivery” [Title/Abstract] OR “Nanoparticles” [Title/Abstract])
were the keywords used in the search engine. The results (n = 131) were filtered to only
show papers in the last five years (2018–2022, n = 57) since numerous papers have been
published regarding this topic over the decades. Exclusion criteria applied to the results
were: (1) Unavailable. (2) Review papers are excluded from the key papers. (3) Nanopar-
ticles designed with multiple targeting strategies, including stimuli-sensitive and dual
targeting agents. For the evaluation of folate-functionalized nanoparticles’ application
beyond cancer, several non-cancer studies were included, given that the exclusion criteria
are inapplicable to the study. This search strategy left 21 key papers which were used to aid
the evaluation. The summary of key papers used to facilitate the discussion is presented
in Table 1 below. Several nanoparticles’ structures from the papers listed are visualized in
Figures 2 and 3 below.

Table 1. Summary of key papers obtained from the search strategy presented above.

References Nanoparticles’
Composition Payload Disease Summary

[11]
Folate-coated

PEG-conjugated
graphene oxide

Protocatechuic acid Hepatocellular
carcinoma

Folate-coated
nanoparticles demonstrated better

anticancer activity than non-targeting
nanoparticles and free protocatechuic

acid in vitro.

[12]
Folate-coated

PEG-conjugated
graphene oxide

Protocatechuic acid
and chlorogenic acid

Hepatocellular
carcinoma

Folate-coated
nanoparticles demonstrated better

anticancer activity than non-targeting
nanoparticles and free drugs in vitro.

[13]
Folate-conjugated
single-wall carbon

nanotube
ITPA siRNA Cancers

The folate-
conjugated single-wall carbon

nanotube with an average length of
>450 nm is better for FR-mediated

endocytosis in vitro.

[14]

64Cu-radiolabeled
folate-targeting

liposomes

Copper chelator,
DOTA Cancers

Both tumor
accumulation and circulation

properties of
liposomes may be lost due to

functionalization.

[15]

Folate-functionalized
mesoporous

nanostructured silica
systems

Triphenyl tin (IV)
derivative

FR-overexpressed
cancer cells

The nanoparticles are more active in
targeting

FR-overexpressed cancer cells when
the quantity of

functionalized folic acid is higher.
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Table 1. Cont.

References Nanoparticles’
Composition Payload Disease Summary

[16] Folate-conjugated
casein micelles

Monacan,
Anka Flavin, and

resveratrol
Breast cancer

The folate-conjugated micelle has
similar cytotoxicity to the PEGylated
phytozoa casein nanoparticle. Both

nanoparticles have significantly
higher cytotoxicity than free drugs.

Significant reduction of body weight
loss, tumor weight and volume,

suppression of aromatase, NF-dB,
VEGF, CD-1, and elevation of

Caspase-3 demonstrated by both
nanoparticles in vivo.

[17]

Folate-targeted
liposomes composed of

DOPE,
cholesterol,

DSPE-MPEG, and
folate-peptide

Methotrexate Arthritis

The folate-targeting liposomes have
lower renal and

hepatic elimination than the free
methotrexate (MTX). The liposomes
dosage equivalent to 2 mg/kg MTX,
twice weekly, is similar to or better

than 35 mg/kg MTX at reducing the
swelling in the mice model.

[18]

Folate-targeting
hyperbranched

polyethylenimine-
graft-polycaprolactone-

block-PEG

siRNA Ovarian cancer

The nanoparticles demonstrated
excellent siRNA

delivery profiles in vitro. The in vivo
tumor uptake is

affected by the route of administration.
The intraperitoneal injection showed

better tumor
deposition over intravenous

administration.

[19]

β-cyclodextrin and
folic acid covalently

conjugated to branched
polyethylenimine

- -

Developed new method for the
nanoparticles’

synthesis. The FR-binding study using
Lewis lung

carcinoma suggests the conformation
of the folate ligand on the surface is
essential to maximize the binding.

[20] Folate-chitosan-lipid
conjugate Cisplatin Cancers

Significant increase in cytotoxicity, cell
cycle arrest, and cellular uptake for
folate-functionalized nanoparticles

than the non-targeting nanoparticles.

[21]

Folic acid and
fluorescein

isothiocyanate
conjugated to a PEG

core

- Hepatocellular
carcinoma

The PEG enhanced the solubility of
folic acid. The study suggests that

intra-arterial administration is more
efficient for targeted HCC detection

than intravenous delivery.

[22]

Nanosuspension
composed of

DSPE-PEG-FA and
soybean lecithin

Annonaceous
acetogenins (ACGs) Cancers

The folate-functionalized
nanosuspension demonstrated
significantly higher cytotoxicity

against HeLa cells and better tumor
growth inhibition in vivo than the

non-targeting nanosuspension.

[23]
Folate-chitosan-

selenium
nanoparticles

FLuc mRNA Cancers
Significant transgene expression for
the FR-positive KB cells than other

cells with little or negative FR.
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Table 1. Cont.

References Nanoparticles’
Composition Payload Disease Summary

[24]

Folate-functionalized
PEG-modified
PAMAM G4
dendrimers

5-fluorouracil (5-FU)
and technetium-99 m

(99mTc)
Breast cancer

The nanoparticles are highly
internalized by the 4 T1 cells than
C2C12. The data suggest that PEG
helps to reduce cytotoxicity. The

complex significantly reduced the
tumor volume in the mice model

compared to the control group. The
complex significantly accumulates in

the liver and tumor tissue.

[25]

Folate-modified PEG
liposomes, primarily

using SPC, DC-
Cholesterol, and

DSPE-PEG

Oleuropein Prostate cancer

The nanoparticles significantly inhibit
cell viability more than plain

oleuropein solution. The intravenous
pharmacokinetic profile shows six

times increase in AUC for
nanoparticles than free oleuropein.
The folate-modified nanoparticles

increase weight loss resistance, tumor
suppression, and survival probability

in the mice.

[26] Folate-functionalized
pluronic micelles Fisetin Breast cancer

The folate-functionalized micelles
demonstrated higher anticancer

activity than non-targeting micelles
and free fisetin in vitro against

FR-overexpressed human breast
cancer MCF-7 cell line.

[27]
Folate-functionalized

PEG-coated
liposomes

Fluorescent DiD/
3H-cholesteryl

hexadecyl ether/
Betamethasone

FR-positive immune
cells in

inflammatory
diseases (e.g., colitis
and atherosclerosis

The folate-targeted liposomes
selectively bind to the FR-positive

RAW 264.7 murine macrophage cell
line in vitro and accumulate at

inflammation sites in atherosclerosis
and colitis murine models.

[28]

Folate-decorated
poly(ε-caprolactone)-
poly(ethylene glycol),

PEG-PCL

- -

PEG length particularly affects folate
exposition and protein interaction.
The nanoparticles with PEG length
(2.0 kDa) are smaller than a shorter

PEG length (1.0 kDa). The zeta
potential is slightly negative, as

typically exhibited by PEGylated
nanoparticles. The characterization

suggests the PEG moiety is in a
mushroom conformation. The study

suggests reduced nanoparticle uptake
in human macrophages due to

PEGylation. Significant uptake in FR+
KB cells than FR– A549.

[29]

Folic acid-dimethyl
indole red (Dir)-

bovine serum
albumin (BSA)

siRNA Cancers

Dir demonstrated selective
noncovalent interaction with BSA

than human serum albumin (HSA).
The nanoparticles demonstrated

fluorescent properties suitable for the
targeted tumor cell imaging in vitro.
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Table 1. Cont.

References Nanoparticles’
Composition Payload Disease Summary

[30] Folate-displaying
exosome siRNA Cancers

Demonstrated that the delivery of the
siRNA payload is unaffected by

endosomal trapping.

[31]
Folate-functionalized

PEGylated
cyclodextrin

Docetaxel and siRNA Colorectal cancer

The folate-functionalized
nanoparticles demonstrated an

enhanced apoptotic effect of docetaxel
and downregulation of Re1A

expression against CT26 cell lines and
mouse model.
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folate-targeted liposomes [17,22,25]. The hydrophobic tails are highlighted in green. The hydrophilic
PEG is highlighted in pink. The targeting folate is highlighted in orange.
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Figure 3. (A) Folate-PEG-Polycaprolactone [28]; (B) Folic acid and fluorescein isothiocyanate (FTIC)
conjugated to a PEG core. R is equivalent to the other side of the PEG chain. FTIC is highlighted in
green [21]. It is common to observe folic acid conjugated to PEG, either directly or through a linker;
(C) Chitosan-Folate. The folic acid is conjugated to the chitosan deacetylated amine group along the
chain. It is possible to conjugate other molecules to the amine group [20,23]. Another example of
folate conjugated to the amine group from the source materials is folate conjugated to the branched
polyethylenimine [19].

4. Discussion
4.1. Factors Affecting Folate-Functionalized Nanocarrier Effectiveness

Following a previous study by Conte et al. (2016) [32], Venuta et al. (2018) reported the
conjugation of folic acid to the copolymer PEG-PCL hydroxyl-end moiety using the Click
reaction (PEG length 1.5 kDa). The PEG moieties were presumed to form the nanoparticles’
outer corona while exposing the conjugated folate. However, the presence of serum
proteins impacts the folate exposition in highly PEGylated micelle-like nanoparticles by
forming a protein corona, shielding the folate from interacting with the FR. Hence, both
studies introduced (2-hydroxypropyl)-β-cyclodextrin (HPβCD) to promote the PEG chain
extension and folate exposition. Specifically, the key study investigated the formulation
composed of non-targeting PEG-PCL (either 1.0 or 2.0 kDa PEG length), 20% by weight
Fol-PEG-PCL described above, and HPβCD. Note that both studies employed different
methods to prepare the nanoparticles despite similar formulation compositions. The
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motivation behind the inclusion of non-targeting nanoparticles into the formulation is
unclear.

Further in vitro investigation into the interaction of the nanoparticles with human
serum albumin (HSA) at physiologically relevant HSA concentration (500 µM) using
fluorescence spectroscopy demonstrated that the nanoparticles’ surface (using 2.0 kDa
PEG length) is fully occupied by HSA, forming a soft protein corona. The nanoparticles
using 1.0 kDa PEG length remain relatively unaltered in terms of mean size. Presumably,
more folate is exposed to the surrounding environment in a copolymer with 1.0 kDa PEG
than 2.0 kDa PEG, impacting the active targeting. However, the study did not further
validate this inference, preferably using an in vivo animal model. Interestingly, the surface
PEG weight percentage for nanoparticles with shorter PEG is relatively higher than the
longer PEG. The data suggest the protein corona is less likely influenced by the amount of
PEG exposed on the surface; or, perhaps a threshold amount of surface PEG is required
before the interaction with the protein becomes prevalent. Hence, further investigation will
certainly help us to understand this problem better.

Based on the study using folate-modified PEG5000 liposome [25], in which the PEG
length is significantly longer than used in previous studies, the biodistribution data from
the excised tumor suggests enhanced targeting by the nanoparticles compared to the free
drugs and non-targeting liposomes. Whether there is any significant protein interaction
with the liposomes is unknown and impossible to postulate because there is no in-depth
characterization of the nanoparticles’ surface, no protein interaction study conducted, and
the nanoparticles’ composition used in this study and the previous one are different. In
another study using folate-functionalized PEG-modified PAMAM G4 dendrimers [24], the
study claimed the folate and PEG reduced the cytotoxicity effects of the dendrimers.

Unfavorable folate conformation on the surface of the nanoparticles could limit its
interaction with the folate receptor. The study by Kasprzak et al. (2018) provides a novel
synthesis method for nanocarriers consisting of both β-cyclodextrin and folic acid on the
surface of branched polyethylenimine to overcome the inclusion of the ligand into the
interior of cyclodextrin. This study is an example of why it is essential to consider the
interaction of components available on the surface of the nanoparticles to improve their
effectiveness. The supramolecular interaction between the aromatic region of the folic acid
and the hydrophobic interior of β-cyclodextrin limits the number of folic acids available
to bind with the folate receptor, which is apparent from the data provided by the folate
receptor-binding study. In a study by Díaz-García et al. (2020), it is demonstrated that the
folate-functionalized mesoporous nanostructured silica systems used were more active
in targeting FR-overexpressed cancer cells when the quantity of conjugated folate was
higher. The IC50 value for MSN-AP-FA-Sn nanoparticles (with 10% folate) was higher
than MSN-AP-FA25-Sn (with 25% folate) when tested against FR-overexpressed ovarian
adenocarcinoma OVCAR-3 (IC50 value 50.36 ± 3.82 µg/mL versus 22.49 ± 1.43 µg/mL,
respectively).

The key paper using folate-functionalized exosome for siRNA delivery aims to over-
come endosomal trapping [30], which issues seem barely discussed in other literature
harnessing folate targeting. Endosomal entrapment is an issue common to the drug deliv-
ery systems transported into the cells via endocytic mechanisms, subsequently, entering
the slightly acidic early endosome. The vacuolar ATPase actively pumps protons into the
endosome, making the endosome progressively mature into the late endosome, lowering
the luminal pH to around 5.5. Then, the late endosome fuses with a lysosome, followed
by the degradation of intraluminal contents by lysosomal enzymes. The drug delivery
systems need to escape the endosomal/lysosomal prior to the degradation. However, most
delivery systems reported a very inefficient endosomal escape process. Hence, most of the
cargo was trapped inside the endosome/lysosome. There is a lack of comprehension of
the endosomal escape mechanisms or drug delivery systems that productively overcome
endosomal entrapment [33].
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4.2. Concerns Regarding Folate-Functionalized Nanoparticles

In vivo biodistribution study is essential to determine whether the synthesized nanoparti-
cles selectively target the tumor. The nanoparticle accumulation in normal tissues or organs
may lead to unfavorable side effects. In a study using folate-targeted liposomes loaded with
methotrexate to treat rheumatoid arthritis [17], the nanoparticles highly accumulated in the
arthritic mice joints (male 6-week-old DBA/1 mice, vulnerable to collagen-induced arthri-
tis). Interestingly, the liposomes were formulated using a folate-peptide, which claimed to
be more efficient than the traditional system linking the folic acid to PEG in liposomes.

Nonetheless, there is no significant difference between the concentration of liposomes
with or without the folate ligand in affected murine paws observed 72 h post injection
using nuclear imaging. In contrast, the folate-targeted liposomes appeared to accumulate
in the liver and spleen more rapidly, labeling both organs distinctively. The non-targeting
liposomes’ signal increased more slowly in the spleen. The folate-targeting liposomes
appeared to be concentrated to a significant extent in proximal lymph nodes in affected
paws. No differences were observed between both liposomes’ concentration in the serum.
A previously mentioned study using folate-functionalized PEG-modified PAMAM G4
dendrimers to target breast tumors observed a similar biodistribution behavior [24]. The
percentages of injected radiolabeled nano complex (dose per gram of tumor/organ) after
24 h of intravenous administration were 13.76 ± 1.39% for tumor tissue, 13.62 ± 1.29%
(liver), 1.54 ± 0.07% (lung), 4.45 ± 0.43% (kidney), and 3.28 ± 0.28% (spleen). A similar large
portion of nanoparticles accumulated in both tumor tissue and liver 24 h post intravenous
administration. It is essential to mention that the FR-overexpressed mouse breast carcinoma
4 T1 cell was established in the murine model by the subcutaneous injection on the right
side of the post-neck region.

Another study using intravenously injected 64Cu-radiolabeled folate-targeting li-
posomes in six-week-old female, athymic nude mice, NMRI nu/nu observed a similar
case [14]. The KB cancer cells were subcutaneously inoculated on both flanks after the
mice were allowed to acclimatize for a week. The liver rapidly took up the folate-targeting
liposomes compared to the non-targeting, reducing the circulating half-life of the lipo-
somes. Subsequently, the overall delivery to the FR-overexpressed KB carcinoma xenografts
showed no improvement. This study was based on previous research demonstrating im-
proved therapeutic efficacy of encapsulated doxorubicin in folate-targeting liposomes
compared to the non-targeting in small KB xenografts [34]. Perhaps the contradicting
results observed might be due to the different formulations and experimental settings
used. In the 2010 study, the KB tumor cells were inoculated in the right hind footpad of
8–10-week-old female nude mice.

In another study utilizing folate-functionalized PEG-coated liposomes to target FR-β
positive macrophages in atherosclerosis mice [27], the biodistribution visualized using fluo-
rescence demonstrated that the folate-functionalized liposomes primarily accumulated in
the inflamed aorta/heart region up to 4 days post intraperitoneal administration. Then, the
relative fluorescent intensity dropped from that region, followed by increasing fluorescent
intensity in the liver region up to day 7.

Another study investigating intravenously administered folate-targeting ACGs’
nanosuspension against subcutaneously inoculated HeLa tumor-bearing female Balb/c
nude mice reported significantly higher fluorescent intensity for both folate- and non-
targeting nanosuspensions in the liver compared to the tumor [22]. However, the fluo-
rescent intensity for folate-targeting in the liver and tumor was significantly higher than
the non-targeting. Still, the folate-functionalized nanosuspensions showed better tumor
growth inhibition than the counterpart, further supported by higher targeting efficiency for
the folate-functionalized than the non-targeting. It is to note that the targeting efficiency
was determined by the ratio of the fluorescent intensity in the tumor to the liver.

In another previously mentioned study using oleuropein-loaded, folate-modified PEG
liposomes [25], it seemed the folate-targeting liposome had a unique pharmacokinetic pro-
file compared to its non-targeting counterpart. The active targeting liposome concentration
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in the subcutaneously injected 22Rv1 prostate tumor is significantly higher than in other
organs across the 48 h post intravenous administration. The peak concentration of non-
targeting liposomes in the lungs is significantly higher than its counterpart, although the
time taken to reach the peak is slower. However, it seemed the folate-targeting liposomes
preferentially accumulated in the kidney more than its counterpart. The peak concentration
for both liposomes seem relatively similar in the heart and spleen. The concentration for
the non-targeting liposomes is slightly higher than its counterpart in the liver. A proper
statistical analysis may help conclusively determine whether there is any significant differ-
ence between both liposomes’ pharmacokinetic profiles. Some possible explanations for
the accumulation in other organs are long circulation period and enhanced permeation and
retention effect (EPR). The overall data suggested no apparent problems with the organ
accumulation on the targeting and anticancer effectiveness.

In another study [21], an in vivo uptake study using a polymeric drug delivery vehicle
composed of folic acid, fluorescein isothiocyanate (FITC), and central PEG core for targeted
hepatocellular carcinoma detection demonstrated that there is a distinct biodistribution
between the intravenous and intra-arterial administration. The tumor xenograft was
prepared by injecting N1S1 rat hepatoma directly into the exposed left hepatic lobe. The
live animal imaging performed 30 min post treatment using the Sprague–Dawley HCC rat
model found no potential FITC signal observed in the liver tumor region with intravenous
administration. In contrast, the FITC signal of interest was detected with intra-arterial
administration.

Furthermore, the study utilizing triblock copolymer delivering siRNA to the orthotopic
ovarian murine model demonstrated different biodistribution profiles for the intravenous
and intraperitoneal administrations [18]. The SKOV-3/LUC human ovary cancer/luciferase
cell line was administered intraperitoneally to imitate the clinical manifestation of ovarian
cancer. For the intravenous injection, a large portion of the injected dose accumulated in
the liver, with the non-targeting nanoparticles accumulating higher than the targeting (53%
versus 38% ID/g, respectively). Only a tiny amount of both nanoparticles accumulated in
the tumor. In the case of intraperitoneal injection, there was a significant uptake by the
kidneys for both formulations. The study suggested that kidney accumulation occurred
mainly through passive renal accumulation possibly by the enhanced permeation and re-
tention (EPR) effect, instead of active targeting due to the FR expressed within the proximal
tubules being unavailable for access via the blood circulation. The rapid elimination from
the circulation into the liver makes intravenous injection undesirable for folate-targeting
nanoparticles.

It is well-established that most administered nanoparticles would not get to the desired
target, and instead are sequestered by the spleen and liver. It may be recognized as foreign
materials, triggering mononuclear phagocyte system uptake abounding in the spleen and
liver [22]. The accumulation possibly causes increasing toxicity at the hepatic cellular level.
One of the important macrophages present in the liver are Kupffer cells, involved in the
first line of innate immunity. Kupffer cells phagocytose and destroy pathogens and other
foreign objects present in the blood. The uptake and retention rate are highly associated
with the nanoparticle’s surface charge, size, and ligand chemistry. In vitro study shows
that nanoparticles with strong anionic or cationic surface charges will interact with serum
protein, forming a protein corona and aggregates, causing an increased interaction with
macrophages [35,36]. PEGylated nanoparticles are less efficiently taken by phagocytes.
Sinusoidal endothelial cells found lining the vasculature of the liver sinusoid are also
involved in innate immunity. It is involved in the elimination of waste macromolecules,
including components of connective tissue and hyaluronan from blood circulation by
receptor–ligand interactions. Both Kupffer cells and sinusoidal endothelial cells likely
compete for the nanoparticles present in the circulation. In addition, the nanoparticles’
physicochemical properties, such as the hydrodynamic size, influence the mechanism of
cellular internalization. Nanoparticles with a diameter greater than 100 nm or aggregated
nanoparticles lower than 100 nm will have greater interaction with Kupffer cells. In contrast,
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sinusoidal endothelial cells might take up smaller monodisperse nanoparticles to a higher
degree [36]. Several key studies discussed above found that the liver preferentially took up
the folate-targeting nanoparticles more than its non-targeting counterpart. Perhaps this
phenomenon might be due to the FR-β expressed by activated macrophages present in
the liver. Several studies noted that the EPR effect may have a lack of impact on short-
circulating folate-functionalized nanoparticles due to rapid uptake by the liver [14,18].

Altering folate blood serum levels may have an impact on the folate-functionalized
nanoparticles’ effectiveness by affecting liver uptake. Low-folate diets are demonstrated
to elevate tissue retention of the folate-functionalized carrier, subsequently depleting
the amount present in the circulation [14,37]. A study demonstrated that pre-treatment
with excess folic acid yielded no difference between folate-targeting and non-targeting
liposomes and their tumor uptake levels, suggesting that folic acid competitively inhibits
the interaction between the nanoparticles and FR. The preinjected folic acid only reduced
the liver uptake for a short period, which may be insufficient for long-circulating liposomes.
Multiple doses at intervals or sustained-release folic acid may help to reduce the liver
uptake further, albeit it may affect the tumor uptake [14]. Perhaps, manipulating the
preinjected folic acid doses to reduce liver uptake while minimally affecting tumor uptake
may be possible; or, an inhibitor selectively targeting activated FR-βmacrophages instead
of FR-α tumor may be an option in the future. The crystallographic works by Wibowo et al.
(2013) may catalyze the possibility of designing folate-targeting agents selective to either
FR-α or FR-β for specific disease treatment. The study found that the binding of folates to
both FR-α and FR-β are pH-dependent, while lesser changes for antifolates pemetrexed,
aminopterin, and methotrexate [38]. Another compelling design strategy involves using
a PEG-shielded surface capable of dePEGylation at the target site, exposing the masked
targeting ligands to assist intracellular uptake. This strategy is plausible to show higher
success than current strategies, most of which utilized targeting folate conjugated at the
distal end of PEG moiety [39]. A study by McNeeley et al. (2009) successfully developed
folate-functionalized liposomes with cysteine-cleavable PEG5000 coating designed to target
brain tumors. Pre-clinical studies have demonstrated that the detachable PEG coating
improved circulation time. The presence of cysteine at the targeted brain tumor induced
the detachment of PEG, subsequently exposing the folic acid [39,40]. The summary of the
problems discussed and their potential solutions are listed in Table 2 below.

Table 2. The summary of the problems discussed and their potential solutions.

Problems Potential Solutions

Significant liver accumulation

Alternative administration route [18]. PEGylated
nanoparticles are less efficiently taken by liver phagocytes.
PEG-shielded surface capable of dePEGylation at the target

site [38]. Multiple doses of pre-injected folic acid or
sustained-release folic acid [14]. An inhibitor selectively

targeting activated FR-βmacrophages instead of FR-α tumor.

Formation of protein corona
Introducing (2-hydroxypropyl)-β-cyclodextrin (HPβCD) into

the formulation to promote the PEG chain extension and
folate exposition. The usage of shorter PEG length [28].

Endosomal trapping More investigation is required to understand the endosomal
escape mechanism [33].

5. Conclusions

Actively targeting folate receptors using a ligand is a promising strategy to improve
therapeutic agents’ selectivity with several antibody–drug conjugates currently undergoing
clinical trials. However, it seems like no folate-functionalized nanoparticle, particularly
useful for conventional therapeutic payload with low tumor selectivity, successfully en-
ter the clinical trials. Based on recently published pre-clinical data, there are abundant
in vitro evidences for folate-targeting effectiveness compared to non-targeting counter-
parts and free drugs. An in vitro study emphasizes the importance of characterizing the
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nanoparticles’ surface properties to predict or optimize their targeting effectiveness, which
is lacking in various literature. From the discussion above, PEG lengths critically affect
the protein–surface interaction, which is perhaps the answer to why some folate-PEG
nanoparticles reported have short circulating periods despite PEGylated being a known
method to reduce phagocytic cells’ uptake. It is puzzling to generalize many nanoparti-
cles reported due to different compositions, plus, lacking advanced characterization of
the nanoparticles formulated makes it even harder. Despite numerous in vitro evidence
to support the folate-targeting effectiveness, in vivo study is essential to understand the
folate-targeting behavior in a living model, including limitations that may arise from it.
Rapid liver accumulation is potentially causing renal toxicity and reducing tumor uptake,
rendering the targeting ineffective. Hence, exploring solutions to this issue may help to
improve folate-functionalized nanoparticles’ effectiveness in a living model. Additionally,
it is logical to hypothesize that folate-targeting nanoparticles may be inefficient in cancer
patients with inflammatory diseases, something worth exploring in the future. The route of
administration might also affect the targeting. Hence, it is essential to consider the tumor’s
location when determining the route of administration. Finally, it is worth mentioning
that many reported in vivo models discussed above lack an actual representation of the
cancer anatomy in clinical settings. Notably, most tumor xenografts are established by
subcutaneous injection away from the orthotopic location of the tumor. Perhaps utilizing
an orthotopic cancer model might further confirm the effectiveness of the folate-targeting
nanoparticles. Optimistically, further insight into the factors affecting folate-functionalized
nanoparticle drug delivery systems’ effectiveness and its potential concerns may advance
its utility for patients’ treatment.
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