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Abstract
Folic acid (FA) residue is a well-known and widely spread targeting ligand, or biovector, used as a 
component in engineering artificial nanosized and submicron particles (NSPs) to target various cells and 
treat a variety of diseases that are associated with FA (or folate) receptors (FR) overexpression. A 
particular place in the list of these diseases is held by various cancer types, for which overexpression of FR 
on the cell surface is often accompanied by a more severe disease course, increased resistance to the 
conventional chemotherapy, and poorer prognosis. The incorporation of albumin into NSPs has been shown 
to enhance their biocompatibility, give high compatibility with drug molecules, prolong their circulation, 
reduce thrombogenic activity, and improve their colloidal stability. Nowadays albumin-based NSPs with FA 
residue as a targeting agent are used for chemotherapy, photothermal and photodynamic therapy, 
combined therapy, visualization, and theranostics (also known as theragnostics) for various types of 
cancer: breast, cervical, ovarian, prostate, nasopharyngeal, gastric, colorectal, liver cancer, and brain 
tumors. A limited number of studies have also focused on the use of NSPs in rheumatoid arthritis treatment. 
In this review, we discuss the ways of FA-albumin conjugation and conjugation of FA to albumin-modified 
NSPs systems. An application of nanosized and submicron delivery systems on the base of serum albumin 
and FA for therapy and diagnostics is discussed.
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Introduction
Folic acid (FA) is a well-known molecule used for treatment and prevention of different diseases. FA (or 
folate) receptors (FR) are expressed in all cells of living organisms but overexpressed in some types of cells 
of malignances, particularly various types of cancer cells [1, 2], osteosarcoma [3], acute myeloid leukemia 
[4], as well as tumor-associated macrophages, which are often present in the microenvironment of both 
epithelial and non-epithelial tumors and affect tumor progression, immune evasion, and metastasis [5], and 
activated macrophages associated with autoimmune diseases such as rheumatoid arthritis [6]. For example, 
in epidermal carcinoma, FR overexpression can be approximately 100–300 times higher compared to 
normal cells [7]. There is a positive correlation between the level of FR expression in tumor cells and their 
resistance to standard chemotherapy. In most cases, FR overexpression on the surface of cancer cells is 
associated with a severe disease course, for instance, in the case of breast cancer, FR overexpression is 
linked with worse outcomes including decreased disease-free survival rates [8, 9]. In the case of primary 
and metastatic head and neck squamous cell carcinomas patients with FR overexpression have a lower 
survival rate [10].

Using targeting ligands, that generally can be called biovectors (molecules of natural or synthetic origin 
that are able to target cells) is a rather common approach in modern nanobiotechnology. The conventional 
approaches in cancer therapy such as chemotherapy and radiotherapy are known to lead to dramatic 
nontargeted effects on the human body including a decrease in the effective cytotoxic dose effect of 
therapeutic agents on cancerous cells and growth of inhibitory effect on normal cells [11, 12]. Hybridization 
of FA residue as a vector to other molecules and confirmation of its effectiveness as a targeting ligand 
comes back to the 1940s [13]. Then in 50 following years, there were numerous works devoted to FA 
conjugation to other molecules in PubMed database (only approximately 9% belongs to these 50 years 
compared of all amount of works devoted to this area of research from the 1940s to nowadays), while later 
the number of works grows dramatically, and their number in the recent 10 years have reached 
approximately 55% of the total number.

There are several FA-linked applications for targeted delivery of therapeutic agents that have been 
tested in the clinic so far. In some cases, the authors call the systems obtained for targeted delivery via FR 
“FA-targeted”. So, the applications include FA-targeted protein toxins (such as use of FA-Pseudomonas 
exotoxin conjugate to kill FR-positive cancer cells), FA-targeted chemotherapeutic agents (such as FA-
paclitaxel and FA-camptothecin), FA-targeted immunotherapy (such as use of FA/anti-T cell receptor to 
train the immune system to recognize tumor activating mutations), FA-targeted gene therapy (such as FA-
nonviral gene therapy vectors) [14, 15], folate-targeted antisense oligodeoxyribonucleotides (ODN) and 
small interfering RNAs (siRNA) delivery (such as use of ODN or siRNA to knockout or modulate gene 
expression) [16], radioimaging and radiotherapic agents [17, 18], and folate-targeted systems for magnetic 
resonance imaging (MRI) and other. Some of the therapeutic systems including FA residue have been tested 
in preclinical [19] and clinical studies up to now (for instance NCT04241315 completed in 2023).

Nanosized and submicron particles, or nano- and submicroparticles (NSPs), have been widely 
engineered for targeted cancer therapy and diagnostics in recent decades. The NSPs can be core-shall, 
dendrimeric, layer-by-layer structures, mono- and multicomponent particles, micelles, etc. [20–22]. Non-
organic, organic, and hybrid particles with components of varied molecular weight have been evaluated. 
Among natural (albumin, gelatin, chitosan, dextran, hyaluronic acid, lactoferrin) and synthetic 
[polyethylene glycol, polyamidoamine, polylactic acid, polyethyleneimine, poly(L-lactide)-b-poly(ethylene 
glycol)] macromolecules, albumin as a component of NSPs possesses a great interest due to its 
biocompatibility, biodegradability, low immunogenicity, the long half-life, minimal toxicity, good stability, 
good reactivity, and high compatibility with drug molecules [23]. It has been shown also that incorporation 
of albumin in the structure of nanoparticles prolongs their circulation [24], reduces the thrombogenic 
activity [25], and improves their colloidal stability, etc. [26, 27]. Moreover, human serum albumin (HSA) is 
extremely robust towards pH (this protein is stable in the pH range of 4–10), and temperature (can be 
heated at 60°C for up to 10 hours) [28].
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Albumin in composition of NSPs can also be considered a targeting agent due to the fact that 
Glycoproteins (Gp18, Gp30, and Gp60) receptor and albumin-binding glycoprotein [secreted protein acidic 
and rich in cysteine (SPARC)] receptor secreted on the surface of tumor cells can promote preferential 
uptake of albumin [29, 30] and albumin nanoparticles [31]. SPARC as a major modulator of extracellular 
matrix proliferation and cell migration was showed to be associated with increased tumor invasion and 
metastasis in various tumor types [30]. As an efficient energy and nutrition source, albumin can be actively 
consumed by growing tumors to support amino acid metabolism of cells [32]. Moreover, albumin NSPs can 
penetrate and concentrate in cancer cells due to enhanced permeability and retention (EPR), what can be 
called passive targeting. Accumulation of NSPs takes place at tumor sites with leaky vessels, and tumor 
tissues show selective extravasation and retention of macromolecules and NSPs > 10 nm in a tumor [30]. 
The sum of these data albumin can be considered an excellent potential carrier for the drug delivery to 
tumor cells [33]. Albumin is considered an effective carrier also due to that albumin consumption is 
increased at active sites of inflammation (as well as cancer cells, synovial cells use albumin as nitrogen and 
energy source), therefore hypoalbuminemia develops [34].

The pull of works in PubMed database on conjugates and ligands, NSPs for targeting (3,722 works by 
the end of 2024) contains approximately 4% of studies devoted to albumin and approximately 8% of 
studies addressed to folate (Figure 1A). Among the works of this pull, in the last 10 years, the amount of 
works devoted to folate and albumin simultaneously accounts for approximately 15% of the total number 
of papers devoted to albumin and approximately 9% of the total number of papers devoted to folate 
(Figure 1B). There is an increasing trend of research related to folate-albumin-NSPs compared to research 
with and without relation to NSPs, i.e. in 2024 the portion of the papers related to folate-albumin-NSPs 
compared to research with and without relation to NSPs was 67% in PubMed (or 77% in Google Scholar), 
while the amount of works devoted to folate-albumin-NSPs is approximately 1% (or approximately 6% in 
Google Scholar) of the total number of papers devoted to conjugates and ligands, NSPs for targeting.

In the present review, we demonstrate a variety of folate-functionalized albumin-containing nano- and 
submicron delivery systems for therapy and diagnostics in terms of their application, composition, and 
pharmacokinetic parameters.

Conjugation of FA residue to serum albumin
Conjugation of FA residue to serum albumin is used for functionalization of albumin-containing systems 
with three different types of complexity. The examples of the conjugation for obtaining folate-albumin-NSPs 
are presented in Figure 2.

The simplest systems consist of individual albumin molecules coupled with therapeutic, visualizing, or 
other agents with specific action without any other modifications of albumin [35]. Another type of system 
includes cross-linked albumin nanoparticles with chemicals [36–40]. In the third type of system, albumin is 
used as coverage (coating, shell) for nanoparticles (particularly inorganic). The last type currently receives 
great interest due to the fact that it offers various functions of NSPs to combine the merits of all 
components and to mitigate the possible drawbacks of bare nanoparticles, particularly magnetic [41–43].

There are plenty of studies devoted to FA non-covalent binding to serum albumin, but it was 
demonstrated that systems with non-covalent bound FA are not stable enough in physiological conditions 
[44], while covalent binding of FA to albumin results in significantly better extent of binding and uptake of 
systems to cancer cells than physical binding [45].

Conjugation of FA to albumin is usually carried out via carbodiimide reaction. Carbodiimides belong to 
the kind of zerolength crosslinkers [46] which induce the formation of a covalent bond between 
carboxylates and primary or secondary amines without becoming part of the final amide-bond crosslink 
between the target molecules. The carbodiimide reaction takes place between the folate carboxy group and 
the amino groups of proteins [36–39, 45, 47–58], in some cases this is a reaction between folate amino 
groups and free carboxylic groups of proteins [35, 59]. In the carbodiimide reaction different diimide 
reagents [N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) [36, 39, 40, 45, 49–51, 60]; N,N'-
dicyclohexylcarbodiimide (DCC) [37, 52–56]; 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) 
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Figure 1. Targeting trends in folate/albumin-modified nanosized/submicron systems via ligand binding/conjugation. (A) 
Pie graph; (B) histogram. The numbers are taken from PubMed database due to searches “(conjugation OR ligand) (nano OR 
submicron) targeting folate”, “(conjugation OR ligand) (nano OR submicron) targeting albumin”, “(conjugation OR ligand) (nano 
OR submicron) targeting folate albumin” and “(conjugation OR ligand) (nano OR submicron) targeting”

[38] or (EDCI) [58], etc.] are used. There are several main ways of conjugation between FA and albumin 
leading to different products. According to our analysis, the most popular ways are when in the 
carbodiimide reaction FA in the form of N-hydroxysuccinimide (NHS)-ester, is conjugated with albumin 
(Figure 3A). Interaction of NHS-esters with albumin firstly leads to the formation of a bond between the 
carboxylic group of the NHS-ester and amine group of protein [40] via acylation of nucleophilic residues of 
albumin, in particular its N-terminus and lysine residues [61, 62]. The less common but feasible way of 
conjugation of FA to serum albumin—a carbodiimide reaction between amino groups of FA and carboxylic 
groups of albumin—takes place with formation of folate-albumin conjugate of another type (Figure 3B). In 
this way, albumin can be taken in the form of NHS-ester [59]. Since L-glutamic acid of FA can stay at the FR 
pocket entrance, α-carboxylic of the glutamic acid is involved in coupling with FR [63]. Thus, it should be 
noted that binding affinity between FR and folate-albumin conjugate will depend on type of conjugate 
between FA and serum albumin [64].

HSA contains 59 lysine residues (more than 10 of them are available on the surface [65]), while bovine 
serum albumin (BSA) contains 58 lysines. Varanko and coauthors noticed that Lys199 is the most reactive 
lysine residue for conjugation of NHS-esters with human albumin [65], while for ketoprofen-N-
hydroxysuccinimidyl ester (equivalent to glucuronide) in a model experiment, there were easily identified 
11 ketoprofen-adduction sites (at Lys137, Lys195, Lys199, Lys212, Lys351, Lys402, Lys432, Lys436, 
Lys525, Lys536, and Lys541) [66]. Using mass spectrometry, it was shown that 6 lysine residues (Lys261, 
Lys350, Lys413, Lys431, Lys471, Lys474) located on BSA molecule surface are involved in interaction with 
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Figure 2. Examples of the ways of obtaining folate-albumin conjugate modified with visualizing agents and drugs [Drug 
I or Drug II (added after Drug I), covalently or non-covalently bound to albumin or shell@core NSPs]. (A) Based on 
protein individual molecules; (B) based on protein NSPs; (C) based on other (particularly shell@core) NSPs. DOX: doxorubicin; 
Cur: curcumin; BA: baicalin; ND: nintedanib; Gem: gemcitabine; DTX: docetaxel; PTX: paclitaxel (Taxol®); FST: fisetin; ETX: 
etoricoxib; MTX: methotrexate; Ce6: chlorin e6; 5FU: 5-fluorouracil; Dir: dimethylindole red; IR-780 iodide: 2-[2-[2-Chloro-3-[(1,3-
dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide; 
FITC: fluorescein isothiocyanate; ICG: indocyanine green; NSPs: nanosized and submicron particles (or nano- and 
submicroparticles)

NHS-ester of FA [67]. After formation of amide bonds through carbodiimide coupling the other amino acids 
located in the neighborhood of lysins and N-terminus are involved in reaction with NHS-ester [65]. In this 
reaction serine, tyrosine and threonine, arginine, histidine are reported to be involved [61] if they are 
available on the protein surface. For a mixture of bovine albumin and NHS-ester of FA, it was shown an 
engagement in interaction via different mechanisms of the following listed in the brackets amino acid 
residues: hydrogen bonding (Tyr149, Tyr340, Glu152, Glu339, Gln220, His289, Val342), π-π interaction 
(Tyr156), hydrophobic interaction (Lys187, Arg194, Arg256) [40].
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Figure 3. Schematic illustration of folate-albumin conjugate synthesis methods. (A) Widespread synthesis involving 
formation of NHS-ester or O-acylisourea active ester of FA residue is formed under influence of carbodiimide reagents [EDC, 
DCC, EDAC (or EDCI)] (on the scheme the reagents are RN=C=NR') and NHS, followed by formation of amide bond between 
carboxylic group of FA residue and amino group of albumin; (B) the second type of folate-albumin conjugate involves carboxylic 
group of albumin and amino group of FA. NHS: N-hydroxysuccinimide; EDC: N-(3-dimethylaminopropyl)-N-ethylcarbodiimide; 
DCC: N,N'-dicyclohexylcarbodiimide; EDAC (or EDCI): 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; FA: folic acid

Systems formed after coupling of NHS-ester of FA and albumin (BSA or HSA) in different forms 
(individual albumin; albumin in form of protein nanoparticles; albumin on the surface of organic, inorganic 
or in hybrid particles) are often characterized using methods of UV-Vis spectroscopy [36, 38, 40, 50, 52, 54, 
58] and Fourier transform infrared spectroscopy (FTIR) [37, 40, 49, 51, 58, 68]. Methods of size exclusion 
chromatography [45], high-performance liquid chromatography (HPLC) [69], and gel-filtration 
chromatography [50, 58] followed by UV-Vis spectroscopy; differential scanning calorimetry (DSC) [40, 51]; 
ultraviolet matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (UV-MALDI-TOF 
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MS) [35] are also used. Seldom studies include quantification of conjugating via additional chemicals and 
calculation of: amino groups of albumin through UV-Vis spectroscopy [45] and defined amino acids using 
fluorescence [70, 71]. Direct biological confirmation of FA-albumin conjugation is also used when NSPs are 
created for subsequent biomedical usage. The synthesized systems can be tested on biological in vivo and in 
vitro models, particularly cell lines. For example, folate-modified systems are compared with ones without 
folate or the differences of an effect of folate-modified systems on cells with and without FR overexpression 
are compared. The main ways of biological confirmation of folate-albumin conjugation we given below.

Application of NSPs containing serum albumin and FA residue
Among NSPs containing serum albumin and FA residue (folate-albumin-NSPs), in most cases, FA residue is 
covalently bound to NSPs or albumin. The variety of applications of NSPs with albumin and folate in 
covalently bound form is listed in Table 1 and the advantages of different folate-albumin systems 
(conjugates, albumin particles, and shell@core structures) are listed in Table 2. The therapeutic agents 
could be bound covalently (for example, β-carbolinium derivates [35], chlorin e6 (Ce6) [59, 72], 5-
fluorouracil (5FU) [69], doxorubicin (DOX) [58]) and non-covalently (for example, DOX [72], paclitaxel [54]
) bound to NSPs.

Analysis of different studies helps to reveal that biomedical effectiveness of FA residue as targeting 
agent is confirmed mainly through in three ways: (1) comparison of folate-albumin-NSPs and non-modified 
albumin-NSPs on FR-positive cells [35–40, 49–51, 53–58, 69, 72, 75, 76]; (2) analyzing of folate-albumin-
NSPs influence on cells with different amount of FRs [59, 68]; (3) comparison of folate-albumin-NSPs 
containing drug with the individual drug on FR-positive cells [52, 58, 71]. In all considered studies, FA 
residue acts as a targeting agent, which significantly improves targeting properties of NSPs by FR-specific 
endocytosis [77]. Nevertheless, it is worth noting that the NSPs without folate also can be characterized by 
enhanced targeting resulting from EPR effect, while retention effect is due to glycoprotein trap in cancer 
cells [78]. Combination of the EPR effect with active targeting is one of the important advantages of folate-
albumin-NSPs in cancer diagnosis and therapy.

Additional nanosized cores in the biomedical delivery systems can improve their ways of application. 
Particularly, magnetic cores can make the systems applicable in MRI, magnetic hyperthermia (MH) (heating 
under the action of alternating fields) to tumors, and make possible magnetic concentrating in tumor 
tissues (due to magnetic characteristics of particles).

Most of the elaborated delivery systems including serum albumin and FA residue are developed for 
cancer therapy [including chemotherapy, photothermal therapy (PTT), photodynamic therapy (PDT), and 
combined therapy] and imaging. A minor part of the work is devoted to treatment of other diseases, 
particularly rheumatoid arthritis.

All the examples will be given below.

Folate-albumin-NSPs for cancer chemotherapy

The delivery systems, which include FA conjugated to albumin (HSA or BSA), developed for cancer 
chemotherapy traditionally contain a single treating agent. The complex particles often include organic or 
inorganic nano cores. Conventional anticancer drugs (i.e. DOX [79], docetaxel (DTX) [52], paclitaxel [54], 
baicalin [39], nintedanib [71], gemcitabine [56]) and other biologically active substances with antitumor 
activity (i.e. curcumin [53, 69], fisetin (FST) [40], 5FU [69]) are widely used as anticancer agents. The use of 
FA as a component increases the effectiveness of targeting of these drugs and decreases their side effects 
(that can take place due to non-targeted distribution of the hybrid system). Furthermore, incorporation of 
drugs to folate-albumin-NSPs improves water solubility of the drug, for instance, nintedanib [71].

Sometimes hybrid systems for chemotherapy have the ability to release a treating agent in a pH-
dependent manner (it is well-known that the microenvironment of tumors produces acidic pH values [80]). 
The pH-dependence of properties of the systems with FA residue can be reached due to addition of pH-
sensitive linker between agent and albumin [58] or by using a pH-sensitive nanocarrier [i.e. lipid core 
formed from 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and oleic acid] [50].
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Table 1. Application of NSPs containing FA residue and albumin

Whole system name Preparation of system FR-positive cell 
lines, with which 
systems were 
tested

Application Method to confirm 
the binding

Size/diameter, nm Reference

Breast cancer
Chrysin-BSA-FA NPs BSA NPs loaded with chrysin and 

conjugated with FA in form of NHS-ester
MCF-7 chemotherapy FTIR, DSC 97.5 ± 5.8 nm (DLS) [51]

FA-BSA-LC/DOPE-
PTX

pH-sensitive lipoprotein-mimic nanocarrier 
with core from DOPE and oleic acid 
containing paclitaxel and conjugated with FA 
in form of NHS-ester

MCF-7 chemotherapy UV-Vis 116.10 ± 2.21 nm (DLS) [50]

FA-BSANPs/BA BSA was conjugated with FA in a form of 
NHS-ester, then NPs were synthesized and 
they were loaded with BA

MCF-7 chemotherapy UV-Vis, FTIR 228.41 ± 2.36 nm (DLS) [39]

ND-FA-BSA NSPs BSA was conjugated with FA in form of 
NHS-ester, then microspheres were 
synthesized and they were loaded with ND

MCF-7 chemotherapy - 764.68 ± 88.46 nm (DLS), 
approximately 760.00 nm 
(SEM)

[71]

FA-Gem-BSA NPs BSA NPs with Gem were conjugated with FA 
in a form of NHS-ester

MCF-7 chemotherapy UV-Vis 208.70 ± 1.80 nm (DLS) [56]

(BSA)-cis-aconitic 
anhydride-DOX

DOX prodrug attached to BSA through pH-
sensitive linker (cis-aconitic anhydride), this 
system was conjugated with FA in form of 
NHS-ester

MCF-7 chemotherapy FTIR, UV-Vis 20 ± 4 nm (LPSA and TEM) [58]

DTX-HSA-FA and 
DTX-HSA-biotin

FA in form of NHS-ester was conjugated with 
HSA, then system was bonded with DTX

MDA-MB-231, 4T1 chemotherapy UV-Vis 185 nm (DLS) [52]

FA-DOX-BSA-IR-780 
iodide

BSA NPs were loaded with DOX and IR-780 
iodide and then conjugated with FA in a form 
of NHS-ester

m109 combined chemotherapy and PTT - 178.00 ± 5.82 nm size (DLS) [73]

Cervical cancer
Mn: CuSe@BSA-FA-
Ce6

Manganese-doped copper selenide 
nanoparticles (Mn: CuSe) coated with BSA 
conjugated with Ce6 and FA with 
subsequent conjugation

HeLa theranostics (image-guided cancer 
therapy PPT, PDT, MRI)

UV-Vis 40 nm (DLS) [59]

FA-BSA NPs with 
DOX

BSA NPs were loaded with DOX. FA was 
activated with EDAC and conjugated to BSA

HeLa chemotherapy UV-Vis from 176.2 to 191.6 nm 
(DLS) depending on 
conditions of preparation of 
the system

[38]

FA-BSANPs with 
FST

BSA conjugated with FA in form of NHS-
ester, then NPs were synthesized and they 
were loaded with FST

HeLa chemotherapy FTIR, UV-Vis, 
DSC, XRD

150 nm (DLS), 109 nm (FE-
SEM)

[40]
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Whole system name Preparation of system FR-positive cell 
lines, with which 
systems were 
tested

Application Method to confirm 
the binding

Size/diameter, nm Reference

FA-Ce6/DOX/BNPs BSA NPs with DOX, Ce6 were conjugated 
with FA in form of NHS-ester

HeLa combined chemotherapy and PDT FTIR 103.5 ± 3.8 nm (DLS) [72]

FA-BSA-AuNSs AuNSs covered with BSA were conjugated 
with FA in form of NHS-ester

HeLa PTT FTIR, UV-Vis 169.7 ± 11.3 nm (DLS); 100.0 
± 24.4 nm (TEM)

[49]

HSA-DOX-Au NR 
NPs with FA

HSA NPs were conjugated with FA activated 
under EDC and connected with Au NR and 
DOX

HeLa combined chemotherapy and PDT UV-Vis 50 nm (DLS) [74]

(BSA)-cis-aconitic 
anhydride-DOX

DOX prodrug attached to BSA through pH-
sensitive linker (cis-aconitic anhydride), this 
system was conjugated with FA in form of 
NHS-ester

MDA-MB-231, 
BEL-7402

chemotherapy FTIR, UV-Vis 20 ± 4 nm (LPSA and TEM) [58]

Ovarian cancer
FA-Gem-BSA NPs BSA NPs with Gem were conjugated with FA 

in a form of NHS-ester
Ovcar-5 chemotherapy UV-Vis 208.70 ± 1.80 nm (DLS) [56]

FA-BSA-MNP Iron oxide MNPs were coated with BSA to 
form BSA-MNP, FA was conjugated to the 
BSA-MNP in a form of FA-PEG2K-NHS

SKOV3 diagnostics (separating cells from 
blood for indentification via 
immunocytochemical staining)

FTIR 120.2 nm (for BSA-MNP) 
(DLS)

[68]

Prostate cancer
FA-BSA NPs with 
PTX

BSA NPs with FA in form of NHS-ester and 
PTX

PC-3 chemotherapy UV-Vis 217.0 ± 3.6 nm (LLS) [54]

    
Nasopharyngeal tumor
FA-DOX-BSA MNPs MNP from Fe3O4 with addition of BSA and 

DOX and conjugated with FA in form of 
NHS-ester

KB combined chemotherapy and MH - 180.0 ± 2.2 nm (DLS) [55]

Gastric cancer
HMSN-BSA-FA with 
ICG and PTX

HMSN coated with BSA conjugated with FA 
in form of NHS-ester and loaded with ICG 
and PTX

SGC-7901, 
MGC80-3

combined chemotherapy and PDT UV-Vis, FTIR 241.4 ± 6.0 nm (DLS); 139.4 
± 7.0 nm (TEM) 

[57]

Colorectal cancer
GO-Albumin-Cur-FA-
5FU

Graphene oxide NPs conjugated with Cur, 
mixture of 5FU and albumin, and finally 
conjugated with FA activated by EDC

HT-29 chemotherapy HPLC - [69]

Table 1. Application of NSPs containing FA residue and albumin (continued)
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Whole system name Preparation of system FR-positive cell 
lines, with which 
systems were 
tested

Application Method to confirm 
the binding

Size/diameter, nm Reference

Cur-HSA NPs with 
FA

HSA NPs loaded with Cur and conjugated 
with FA in form of NHS-ester

HT-29 chemotherapy - 165.6 ± 15.7 nm (LLS) [53]

Liver cancer
FA-BSA SPIONs 
with polymeric 
micelles

Polymeric micelles functionalized with BSA 
conjugated with FA activated under addition 
of EDC and loaded with SPIONs

Bel-7402 diagnostics FTIR 196.1 nm (DLS) [28]

Other carcinomas
folate-BSA-β-
carbolinium derivates

BSA covalently linked to photosensitizers (β-
carbolinium derivates). FA activated by 
diimide reagent was added to BSA-β-
carbolinium

KB PDT UV-MALDI-TOF 
MS

- [35]

FA-Dir-BSA NPs BSA NPs with Dir were conjugated with FA 
in form of NHS-folate

KB cell-targeted imaging UV-Vis 120 nm (TEM) [36]

Brain tumors
FA-HSA NPs HSA NPs with conjugated with FA activated 

with EDC or adsorbed FA
UKF-NB-3, 101/8 chemotherapy Size exclusion 

chromatography
239 ± 26 nm for conjugated 
FA (DLS); 280 ± 92 nm for 
NPs with adsorbed FA (DLS)

[45]

BSA-SPIONPs with 
FA and FITC

Iron oxide nanoparticles coated with BSA 
and conjugated with FA in form of NHS-
ester. Then FA-BSA-SPIONPs were labeled 
with FITC

U251 diagnostics, detection - from 15 to 20 nm for SPIONS 
without modifications (TEM)

[75]

Rheumatoid arthritis
FA-ETX-BSA NPs ETX-BSA NPs conjugated with FA in a form 

of NHS-ester
- treatment of rheumatoid arthritis FTIR 215.8 ± 3.2 nm (DLS) [37]

MTX-BSA-FA NSPs BSA NSPs coupled with MTX and 
conjugated with FA in form of NHS-ester

- treatment of rheumatoid arthritis UV-Vis 73.59 ± 19.47 nm (AFM); 
84.66 ± 16.85 nm (SEM); 
157.48 ± 27.47 nm (DLS)

[76]

FA-HSA NCs with 
FITC

HSA NCs labeled with FITC conjugated with 
FA in a form of NHS-ester

- treatment of rheumatoid arthritis UV-Vis 443.5 ± 9.0 nm (DLS) [6]

5FU: 5-fluorouracil; AFM: atomic force microscope; Au NR: gold nanorods; AuNSs: gold nanostars; BA: baicalin; BSA: bovine serum albumin; BSANPs: bovine serum albumin nanoparticles; 
Ce6: chlorin e6; Cur: curcumin; DSC: differential scanning calorimetry; FE-SEM: field emission scanning electron microscopy; Dir: dimethylindole red; DOPE: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine; DOX: doxorubicin; DLS: dynamic light scattering; DTX: docetaxel; EDAC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EDC: N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide; ETX: etoricoxib; FA: folic acid; FITC: fluorescein isothiocyanate; FR: FA (or folate) receptors; FST: fisetin; FTIR: Fourier transform infrared spectroscopy; Gem: gemcitabine; 
GO: graphene oxide nanoparticles; HMSN: mesoporous silica nanoparticle; HPLC: high-performance liquid chromatography; ICG: indocyanine green; IR-780 iodide: 2-[2-[2-Chloro-3-[(1,3-
dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium; LLS: laser light scattering; LPSA: laser particle size analyzer; MH: 
magnetic hyperthermia; MNP: magnetic nanoparticles; MRI: magnetic resonance imaging; MTX: methotrexate; NCs: nanocapsules; ND: nintedanib; NHS: N-hydroxysuccinimide; NPs: 

Table 1. Application of NSPs containing FA residue and albumin (continued)
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nanoparticles; NSPs: nanosized and submicron particles (or nano- and submicroparticles); PDT: photodynamic therapy; PEG2K: polyethylene glycol with nominal Mw 2,000 Da; PTT: 
photothermal therapy; PTX: paclitaxel (Taxol®); SPIONs (or SPIONPs): superparamagnetic iron oxide nanoparticles; SEM: scanning electron microscopy; TEM: transmission electron microscopy; 
UV-MALDI-TOF MS: ultraviolet matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; UV-Vis: UV-Vis spectroscopy; XRD: X-Ray diffraction; -: not applicable. In the table 
we use abbreviations of the researchers despite in some cases the term “nanoparticles (NPs)” is used for submicroparticles

Table 2. Advantages of different folate-albumin systems (conjugates, albumin particles, and shell@core structures) depending on their composition

Property Folate-albumin conjugate Folate-albumin NSPs Folate-albumin shell@core NSPs

Tumor-targeting properties
    targeting via folate receptors and albumin-binding receptors (Gp18, Gp30, Gp60, and SPARC) + + +
    albumin as a resource of amino acids and energy for cells + + +
Performance of the systems in vivo
    biocompatibility + + +
    biodegradability + + +/–
    low immunogenicity + + +
    long half-life, prolonged circulation in bloodstream + + +
    minimal toxicity + + +/–
    reduced thrombogenic activity + + +
    colloidal stability + + +
Areas of application
    ligand-derived applications (drug transport, PDT, visualization, etc.) + + +
    core-derived applications (MRI, magnetic hyperthermia, etc.) N/A N/A +
MRI: magnetic resonance imaging; NSPs: nanosized and submicron particles (or nano- and submicroparticles); PDT: photodynamic therapy; SPARC: secreted protein acidic and rich in cysteine; 
N/A: not applicable

Several studies in breast cancer cell lines noted superior cytotoxic effect [51, 52, 56], enhanced cellular uptake of folate-albumin-NSPs by FR-positive cells [39, 
49, 56, 71], increased inhibition rates [71] and improved in vitro targeting ability [58]. Tests in vivo showed for folate-albumin-NSPs in comparison with albumin-
NSPs (systems with FA compared to ones without FA) inhibition of tumor growth [39, 50, 52, 58], tumor size reduction and increasing the survival rate of mice 
with tumors for folate-albumin-NSPs [52].

Folate-albumin-NSPs for PTT and PDT

PDT is a noninvasive treatment based with the use of light-sensitive substances (photosensitizers). Irradiation using certain wavelength of light leads to the 
generation of reactive oxygen species (ROS) resulting in apoptosis or necrosis of cells in target tissues [81]. The example of folate-albumin-NSPs for PDT therapy of 
human carcinomas was developed by [35] with polar β-carboline derivatives inducing DNA damage.



Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 12

Another type of tumor therapy is PTT based on the usage of photothermal agent absorbing near-
infrared (NIR) light and converting this light into heat-inducing thermal ablation of the tumors. Like PDT, 
PTT is a low-damaging kind of treatment in terms of side effects.

Li and colleagues [49] used gold nanostars (AuNSs) as agents with high photothermal conversion 
efficiency for the targeted photothermal ablation of cervical cancer cells. It was shown that AuNSs strongly 
absorbed NIR light with temperature increase in its microenvironment. The BSA-FA-AuNS system 
demonstrated great potential as a PTT conversion agent for the receptor-mediated treatment of cancer 
cells.

Folate-albumin-NSPs for combined therapy

Combination of different therapies improves therapeutic efficiency of the hybrid systems. Particularly 
synergistic anti-tumor effects can take place [72–74].

Combined chemotherapy and PDT are used, for example, for treatment of cervical cancer [72, 74] and 
gastric cancer [57]. Lee and researchers [72] used Ce6 as a photosensitizer and accompanied PDT with DOX 
treatment, Encinas-Basurto and colleagues [74] used gold nanorods (Au NR) for PTT and for DOX 
chemotherapy, Zhang and Liang [57] used indocyanine green (ICG) as photosensitizer and paclitaxel 
(Taxol®) (PTX) as chemotherapy. These authors [57] developed the system including hollow mesoporous 
silica nanoparticles (HMSNs) [57] loaded with DOX and ICG. ICG has an exceptional ability to convert 
absorbed light to ROS, furthermore, ICG is an NIR fluorescence dye and is shown to allow imaging of tumors 
and tissues (for instance, it can be used for real-time monitoring during surgical procedures [82]). Zhang 
and Liang [57] connected folate-conjugated BSA with HMSNs via imine bonds which were pH/redox 
sensitive. After the addition of these folate-albumin-NSPs to the cells, the following changes were observed. 
Firstly, through FR-mediated endocytosis, the systems entered the cell. Secondly, under high glutathione 
concentration and acid environment the complex HMSNs-BSA was destroyed, the released ICG under 
irradiation produced ROS, a cytotoxic PTX further damaged the target cells and enhanced treatment 
efficacy.

Lee and coauthors [72] used BSA nanoparticles as a nanocarrier which was connected with FA, DOX, 
and Ce6. Fluorescence of Ce6 allowed to analyze uptake of the systems by HeLa cells using confocal 
microscopy. Also, Ce6 as a photosensitizer after irradiation induced ROS production in mitochondria 
leading to apoptosis and cell death. Slightly acidic conditions (around pH 6.5) in the tumor environment led 
to the BSA protonation. It is well-known that protonated BSA can attenuate binding between DOX and 
nanoparticles due to electrostatic and hydrophobic interactions [83], thus, DOX can be effectively released 
from hybrid systems.

The combination of PTT and chemotherapy is presented in a study by Li and colleagues [73], who 
developed a folate-albumin-NSPs for the treatment of breast cancer. This folate-albumin-NSPs containing 
BSA nanoparticles as a carrier of 2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-
ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide (IR-780 iodide) as a 
NIR fluorescent dye showed excellent photothermal effect. DOX as an anti-cancer drug and FA residue as a 
targeting ligand exhibited significant tumor inhibition efficacy without recurrent tumor growth in vivo. 
Additionally, fluorescent characteristics of IR-780 iodide allowed it to be used for visualization of affected 
areas.

Yang and coauthors [55] developed a folate-albumin-NSPs for combined chemotherapy and MH. 
Hyperthermia is an approach based on local heat generation in the tumor region through the direct delivery 
of magnetic nanoparticles (MNP) activated by exposure to an external alternating magnetic field. An 
additional antitumor effect is provided by DOX, which in sum with MH results in inhibition rate of tumor 
volume equal to 97% and inhibition rate of tumor weight equal to 77% in vivo.

Folate-albumin-NSPs for visualization

Another bunch of applications of NSPs, including shall@core structures, functionalized with FA residue, is 
the visualization and detection of tumor cells. These approaches can be based on the physical properties of 
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magnetic particles in the hybrid systems (for example, MRI) or of additional substances, preferably ones 
with fluorescent activity allowing high-sensitivity determination of presence of tiny amounts of the 
substances in cells/tissues. Hereafter we will refer to two substances belonging to the group of dyes or 
labels, they are fluorescein isothiocyanate (FITC) and dimethylindole red (Dir).

It is worth noting that beyond visualization methods, MRI is the most abundant one [49, 59, 75] applied 
to detect cancer cells of tumors with different localization, particularly brain, liver, and breast cancers.

Some authors combined dual imaging properties inside a single system. Wang and colleagues [75] for 
MRI application incorporated SPIONs in their system and also labeled it with FITC. The usage of FITC 
allowed to visualize hybrid system after cellular uptake and internalization by glioma U251 cells. It was 
shown that this system was well suitable for both approaches (MRI and FITC-visualization) and also due to 
the presence of BSA in the composition allowed to bring different drugs and therefore could be applied for 
theranostics (also known as theragnostics, see Folate-albumin-NSPs for theranostics). There were systems 
that visualized tumors only through fluorescent dye—it was a platform in [36] for cell-targeted imaging of 
KB carcinoma cells involving application of Dir which was connected with BSA nanoparticles. It was shown 
that selective interaction of Dir with BSA enhanced its fluorescence up to 130-fold, therefore, the whole 
system possesses high fluorescence quantum yield, which enables targeted tumor imaging. In both studies, 
the fluorescence was detected through confocal laser scanning microscopy.

Moving to the studies based on the magnetic properties of particles the research of Li and coauthors 
should be mentioned [68]. This group developed system consisting of iron oxide MNP, BSA, and FA. They 
demonstrated that these folate-albumin-NSPs could effectively bind with the ovarian cancer SKOV3 cell 
line. The system allowed the capture of ovarian cancer circulating tumor cells from blood, which made the 
system suitable for noninvasive early-stage cancer diagnostics and detecting circulating tumor cells.

Folate-albumin-NSPs for theranostics

Less explored but very promising application of NSPs, including shall@core structures, functionalized with 
FA residues and containing serum albumin is theranostics integrating diagnostic imaging and treatment 
with various agents in single theranostic systems. An example of such a dual system is a nanohybrid created 
by Dehvari and colleagues [59] for theranostics of cervical cancer. In this system, manganese-doped copper 
selenide nanoparticles (Mn: CuSe) possess excellent biocompatibility and NIR absorption. Copper selenide 
nanoparticles play the role of PTT agent after irradiation in NIR region, Mn enhances the heat generating of 
the system and provides detection of this system by MRI. Looking at other components of this system, BSA 
offers an opportunity to bind various drugs and other biologically active molecules, Ce6 acts as a 
photosensitizer, and FA as a target molecule. Authors mentioned that the developed platform exhibits 
synergistic PTT/PDT effect in vitro, which holds the promise for image-guided cancer therapy since the 
systems are capable for MRI. The amount of injected drug needed to achieve theranostics goal due to target 
incorporation of folate-albumin-NSPs to cells via receptor-mediated endocytosis is decreased compared to 
the amount of drug needed without using folate-albumin-NSPs. The light-activated Mn: CuSe@BSA-FA-Ce6 
platform can act as an on-demand treatment to eradicate the cancer cells remotely while the MRI contrast 
agent can detect particular tumor areas and monitor efficacy of treatment.

Folate-albumin-NSPs for inflammatory diseases

As it is described previously, FR receptors are overexpressed on the surface of activated macrophages and, 
therefore, FA can be used as a targeting molecule for autoimmune diseases such as rheumatoid arthritis. 
The conjugation of FA to albumin in form of NHS-ester allows to avoid usage of toxic cross-linkers and 
agents during preparation of the folate-albumin-NSPs for rheumatoid arthritis treatment [6]. Albumin is 
known to preferentially accumulate in the inflamed joints due to increased permeability of the blood 
vessels there [34].

In case of inflammatory diseases, folate-albumin-NSPs are used as carriers of therapeutic agents. For 
instance, Bilthariya and researchers [37] created folate-albumin-NSPs on the base on BSA nanoparticles, 
containing therapeutic drug etoricoxib (ETX) for its delivery to affected joints. One more example of 
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application of BSA NSPs with FA has been investigated in study [76]. These researchers developed a hybrid 
system containing BSA particles conjugated with methotrexate (MTX) and FA. MTX is a drug that reduces 
the production of the pro-inflammatory cytokines which play a major role in inflammation processes and 
articular destruction which takes place during rheumatoid arthritis. In this system, FA acts as targeting 
molecule and reduces the toxicity, dose-dependent side effects, intestinal absorption problems caused by 
MTX, and extends short half-life of MTX.

Conclusions
Nano- and submicron delivery systems including conjugate of FA and serum albumin (folate-albumin-NSPs) 
are widely used in research devoted to medical purposes, particularly for disease treatment and 
diagnostics. The prevailing number of these systems are aimed at cancer therapy through additional 
chemical substances and/or physical effects (i.e. chemotherapy, PDT, PTT, and MH). Fewer studies have 
focused on the detection and visualization of tumor nodes and singular cells via MRI and/or additional 
labelling of NSPs with dyes. It is worth noting that such complex hybrid particles as folate-albumin-NSPs 
are vital for tumor types with FR overexpression which often is associated with worse outcomes of disease 
(i.e. breast cancer, metastatic squamous cell carcinomas). Among such upgraded systems, we can list the 
systems with dual targeting (when one of the biovectors is FA residue), stimuli-response systems [which 
change their state according to different characteristics of microenvironment (i.e. pH, composition, etc.)]. 
Furthermore, in recent years the number of complicated systems for combined cancer therapy is growing. 
In these modern systems, the sum of different therapy approaches synergistically enhances the effects of 
each one, which results in a significant increase in total effectiveness. Additionally, there are systems for 
theranostics allowing identifying the disease in its early stages, avoiding side-effects of drugs, and 
monitoring the effectiveness of the therapeutic agents and treatment process. Substantially lower amounts 
of studies have been focused on the development of treating systems for inflammatory diseases. In all these 
systems FA residue is used as a targeting agent which allows to enhance targeting of systems and decrease 
their toxicity and side-effects. Serum albumin is used as a biocompatible component carrying out drug 
transport and bringing additional targeting to delivery nanosystems. Using of folate residue and serum 
albumin contributes to advantages of NSPs. The use of additional nanosized cores in the biomedical 
systems can improve their applications. Particularly, magnetic cores can make the systems applicable in 
MRI, MH to tumors, magnetic concentrating in tumor tissues.

So, design of the new complex systems aimed at cancer treatment is currently actively progressing and 
the grade of complexity of systems is constantly increasing.

However, there are only a few FA-linked applications for targeted delivery of therapeutic agents that 
have been tested in the clinic, despite hybrid systems containing FA conjugated to albumin (particularly 
supramolecular systems) are promising agents for medicine, from diagnostics and therapy of cancer to 
treatment of inflammatory diseases. A number of underlying issues can be considered. First of all, complex 
hybrid particles consist of multiple components: carrier (or platform), targeting ligand, and 
pharmaсeutically active compounds. These complex systems are hardly reproducible when transferred 
from laboratory testing to commercial manufacturing. Secondly, clinical studies of FR-targeting have shown 
limited sensitivity and sensitivity as diagnostic tools, thus FR-targeting using FA residue in the folate-
albumin NSPs is less specific than some other possible ways of targeting (that is confirmed by a constant 
level of studies devoted to folate-albumin NSPs compared to all NSPs for targeting: approximately 1% in 
PubMed or approximately 6% in Google Scholar).

The most common form in which FA is covalently bound with albumin is NHS-ester form, and we have 
briefly shown in the review the ways of folate-albumin conjugate obtaining by this and other paths of 
carbodiimide chemistry. Confirmation of FA residue conjugation to NSPs in the prevailing number of 
research was received through testing the synthesized systems on in vivo and in vitro models, including 
usage of cell lines. Additionally, some researchers characterized hybrid systems and/or folate-albumin 
conjugates with physical/physicochemical methods: UV-Vis spectroscopy, FTIR, DSC and X-ray diffraction, 
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UV-MALDI-TOF MS, high-performance liquid and size exclusion chromatography. We suppose that a 
thorough analysis of modern studies (including those, characterizing quantitative parameters of binding) is 
undoubtedly needed for characterization of both non-covalent and covalent binding between FA and serum 
albumin. Such an analysis could reveal more patterns for design of folate-albumin NSPs that we consider 
rather important due to two reasons. Firstly, there are some examples of successful biomedical usage of FA 
and serum albumin both with and without their conjugation (hybridization), so further engineering of 
folate-albumin NSPs definitely makes sense. Secondly, conjugation between FA and albumin is just an 
example of ligand conjugation with albumin applicable for hundreds targeting agents and drugs.
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5FU: 5-fluorouracil

AuNSs: gold nanostars

BSA: bovine serum albumin

Ce6: chlorin e6

Cur: curcumin

DCC: N,N'-dicyclohexylcarbodiimide

Dir: dimethylindole red

DOX: doxorubicin

DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DSC: differential scanning calorimetry

EDAC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

EDC: N-(3-dimethylaminopropyl)-N-ethylcarbodiimide

EPR: enhanced permeability and retention

FA: folic acid

FITC: fluorescein isothiocyanate

FR: folic acid (or folate) receptors

FTIR: Fourier transform infrared spectroscopy

HMSNs: hollow mesoporous silica nanoparticles

HSA: human serum albumin

ICG: indocyanine green

IR-780 iodide: 2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-
cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide

MNP: magnetic nanoparticles

MRI: magnetic resonance imaging

MTX: methotrexate

NHS: N-hydroxysuccinimide

NIR: near-infrared

NSPs: nanosized and submicron particles (or nano- and submicroparticles)

ODN: oligodeoxyribonucleotides

PDT: photodynamic therapy

PTT: photothermal therapy



Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 16

PTX: paclitaxel (Taxol®)

ROS: reactive oxygen species

siRNA: small interfering RNAs

SPARC: secreted protein acidic and rich in cysteine

SPIONPs: superparamagnetic iron oxide nanoparticles

UV-MALDI-TOF MS: ultraviolet matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry

Declarations
Author contributions

MGG and AVB: Conceptualization, Writing—original draft, Writing—review & editing. AVT and MIA: 
Writing—original draft, Writing—review & editing. VSP: Writing—review & editing. DSK: 
Conceptualization, Writing—review & editing.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

The work was funded by the Russian Science Foundation (RSF) [grant number 22-75-10150]. The funders 
had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Copyright

© The Author(s) 2025.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Ebrahimnejad P, Sodagar Taleghani A, Asare-Addo K, Nokhodchi A. An updated review of folate-
functionalized nanocarriers: A promising ligand in cancer. Drug Discov Today. 2022;27:471–89. [DOI] 
[PubMed]

1.     

Young O, Ngo N, Lin L, Stanbery L, Creeden JF, Hamouda D, et al. Folate Receptor as a Biomarker and 
Therapeutic Target in Solid Tumors. Curr Probl Cancer. 2023;47:100917. [DOI] [PubMed]

2.     

https://dx.doi.org/10.1016/j.drudis.2021.11.011
http://www.ncbi.nlm.nih.gov/pubmed/34781032
https://dx.doi.org/10.1016/j.currproblcancer.2022.100917
http://www.ncbi.nlm.nih.gov/pubmed/36508886


Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 17

Yang R, Kolb EA, Qin J, Chou A, Sowers R, Hoang B, et al. The Folate Receptor α Is Frequently 
Overexpressed in Osteosarcoma Samples and Plays a Role in the Uptake of the Physiologic Substrate 
5-Methyltetrahydrofolate. Clin Cancer Res. 2007;13:2557–67. [DOI] [PubMed]

3.     

Lynn RC, Poussin M, Kalota A, Feng Y, Low PS, Dimitrov DS, et al. Targeting of folate receptor β on 
acute myeloid leukemia blasts with chimeric antigen receptor-expressing T cells. Blood. 2015;125:
3466–76. [DOI] [PubMed] [PMC]

4.     

Fernández M, Javaid F, Chudasama V. Advances in targeting the folate receptor in the treatment/
imaging of cancers. Chem Sci. 2017;9:790–810. [DOI] [PubMed] [PMC]

5.     

Rollett A, Reiter T, Nogueira P, Cardinale M, Loureiro A, Gomes A, et al. Folic acid-functionalized 
human serum albumin nanocapsules for targeted drug delivery to chronically activated macrophages. 
Int J Pharm. 2012;427:460–6. [DOI] [PubMed]

6.     

Lee RJ, Low PS. Delivery of liposomes into cultured KB cells via folate receptor-mediated endocytosis. 
J Biol Chem. 1994;269:3198–204. [PubMed]

7.     

Hartmann LC, Keeney GL, Lingle WL, Christianson TJ, Varghese B, Hillman D, et al. Folate receptor 
overexpression is associated with poor outcome in breast cancer. Int J Cancer. 2007;121:938–42. 
[DOI] [PubMed]

8.     

Zhang Z, Wang J, Tacha DE, Li P, Bremer RE, Chen H, et al. Folate Receptor α Associated With Triple-
Negative Breast Cancer and Poor Prognosis. Arch Pathol Lab Med. 2014;138:890–5. [PubMed]

9.     

Saba NF, Wang X, Müller S, Tighiouart M, Cho K, Nie S, et al. Examining expression of folate receptor in 
squamous cell carcinoma of the head and neck as a target for a novel nanotherapeutic drug. Head 
Neck. 2009;31:475–81. [DOI] [PubMed] [PMC]

10.     

Allen TM. Ligand-targeted therapeutics in anticancer therapy. Nat Rev Cancer. 2002;2:750–63. [DOI] 
[PubMed]

11.     

Morgillo F, Lee HY. Resistance to epidermal growth factor receptor-targeted therapy. Drug Resist 
Updat. 2005;8:298–310. [DOI] [PubMed]

12.     

Farber S, Cutler EC, Hawkins JW, Harrison JH, Peirce EC 2nd, Lenz GG. The Action of Pteroylglutamic 
Conjugates on Man. Science. 1947;106:619–21. [DOI] [PubMed]

13.     

Jreyssaty C, Shi Q, Wang H, Qiu X, Winnik FM, Zhang X, et al. Efficient Nonviral Gene Therapy Using 
Folate-Targeted Chitosan-DNA Nanoparticles In Vitro. ISRN Pharm. 2012;2012:369270. [DOI] 
[PubMed] [PMC]

14.     

Jiang Y, Fan M, Yang Z, Liu X, Xu Z, Liu S, et al. Recent advances in nanotechnology approaches for non-
viral gene therapy. Biomater Sci. 2022;10:6862–92. [DOI] [PubMed]

15.     

Kumar P, Huo P, Liu B. Formulation Strategies for Folate-Targeted Liposomes and Their Biomedical 
Applications. Pharmaceutics. 2019;11:381. [DOI] [PubMed] [PMC]

16.     

Muller C. Folate Based Radiopharmaceuticals for Imaging and Therapy of Cancer and Inflammation. 
Curr Pharm Des. 2012;18:1058–83. [DOI] [PubMed]

17.     

Sahin MC, Sanli S. Vitamin-based radiopharmaceuticals for tumor imaging. Med Oncol. 2023;40:165. 
[DOI] [PubMed]

18.     

Ostańska E, Aebisher D, Bartusik-Aebisher D. The potential of photodynamic therapy in current breast 
cancer treatment methodologies. Biomed Pharmacother. 2021;137:111302. [DOI] [PubMed]

19.     

Giner-Casares JJ, Henriksen-Lacey M, Coronado-Puchau M, Liz-Marzán LM. Inorganic nanoparticles for 
biomedicine: where materials scientists meet medical research. Mater Today. 2016;19:19–28. [DOI]

20.     

Zarena AS, Sankar KU. Design of Submicron and Nanoparticle Delivery Systems Using Supercritical 
Carbon dioxide-mediated Processes: an Overview. Ther Deliv. 2011;2:259–77. [DOI] [PubMed]

21.     

Solanki R, Jangid AK, Jadav M, Kulhari H, Patel S. Folate Functionalized and Evodiamine-Loaded 
Pluronic Nanomicelles for Augmented Cervical Cancer Cell Killing. Macromol Biosci. 2023;23:
e2300077. [DOI] [PubMed]

22.     

https://dx.doi.org/10.1158/1078-0432.CCR-06-1343
http://www.ncbi.nlm.nih.gov/pubmed/17473184
https://dx.doi.org/10.1182/blood-2014-11-612721
http://www.ncbi.nlm.nih.gov/pubmed/25887778
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4447861
https://dx.doi.org/10.1039/c7sc04004k
http://www.ncbi.nlm.nih.gov/pubmed/29675145
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5890329
https://dx.doi.org/10.1016/j.ijpharm.2012.02.028
http://www.ncbi.nlm.nih.gov/pubmed/22374516
http://www.ncbi.nlm.nih.gov/pubmed/8106354
https://dx.doi.org/10.1002/ijc.22811
http://www.ncbi.nlm.nih.gov/pubmed/17487842
http://www.ncbi.nlm.nih.gov/pubmed/24028341
https://dx.doi.org/10.1002/hed.21003
http://www.ncbi.nlm.nih.gov/pubmed/19072997
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2658731
https://dx.doi.org/10.1038/nrc903
http://www.ncbi.nlm.nih.gov/pubmed/12360278
https://dx.doi.org/10.1016/j.drup.2005.08.004
http://www.ncbi.nlm.nih.gov/pubmed/16172017
https://dx.doi.org/10.1126/science.106.2764.619
http://www.ncbi.nlm.nih.gov/pubmed/17831847
https://dx.doi.org/10.5402/2012/369270
http://www.ncbi.nlm.nih.gov/pubmed/22474605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3317051
https://dx.doi.org/10.1039/d2bm01001a
http://www.ncbi.nlm.nih.gov/pubmed/36222758
https://dx.doi.org/10.3390/pharmaceutics11080381
http://www.ncbi.nlm.nih.gov/pubmed/31382369
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6722551
https://dx.doi.org/10.2174/138161212799315777
http://www.ncbi.nlm.nih.gov/pubmed/22272825
https://dx.doi.org/10.1007/s12032-023-02031-8
http://www.ncbi.nlm.nih.gov/pubmed/37129735
https://dx.doi.org/10.1016/j.biopha.2021.111302
http://www.ncbi.nlm.nih.gov/pubmed/33517188
https://dx.doi.org/10.1016/j.mattod.2015.07.004
https://dx.doi.org/10.4155/tde.10.82
http://www.ncbi.nlm.nih.gov/pubmed/22833951
https://dx.doi.org/10.1002/mabi.202300077
http://www.ncbi.nlm.nih.gov/pubmed/37163974


Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 18

Peters Jr T. All About Albumin: Biochemistry, Genetics, and Medical Applications. Academic Press;
1995. [DOI]

23.     

Quan Q, Xie J, Gao H, Yang M, Zhang F, Liu G, et al. HSA Coated Iron Oxide Nanoparticles as Drug 
Delivery Vehicles for Cancer Therapy. Mol Pharm. 2011;8:1669–76. [DOI] [PubMed] [PMC]

24.     

Vakhrusheva TV, Gusev AA, Gusev SA, Vlasova II. Albumin reduces thrombogenic potential of single-
walled carbon nanotubes. Toxicol Lett. 2013;221:137–45. [DOI] [PubMed]

25.     

Jia L, Guo L, Zhu J, Ma Y. Stability and cytocompatibility of silk fibroin-capped gold nanoparticles. 
Mater Sci Eng C Mater Biol Appl. 2014;43:231–6. [DOI] [PubMed]

26.     

Chou HC, Chiu SJ, Hu TM. LbL Assembly of Albumin on Nitric Oxide-Releasing Silica Nanoparticles 
Using Suramin, a Polyanion Drug, as an Interlayer Linker. Biomacromolecules. 2015;16:2288–95. 
[DOI] [PubMed]

27.     

Li H, Yan K, Shang Y, Shrestha L, Liao R, Liu F, et al. Folate-bovine serum albumin functionalized 
polymeric micelles loaded with superparamagnetic iron oxide nanoparticles for tumor targeting and 
magnetic resonance imaging. Acta Biomater. 2015;15:117–26. [DOI] [PubMed]

28.     

Lindner JL, Loibl S, Denkert C, Ataseven B, Fasching PA, Pfitzner BM, et al. Expression of secreted 
protein acidic and rich in cysteine (SPARC) in breast cancer and response to neoadjuvant 
chemotherapy. Ann Oncol. 2015;26:95–100. [DOI] [PubMed]

29.     

Solanki R, Rostamabadi H, Patel S, Jafari SM. Anticancer nano-delivery systems based on bovine serum 
albumin nanoparticles: A critical review. Int J Biol Macromol. 2021;193:528–40. [DOI] [PubMed]

30.     

Kunde SS, Wairkar S. Targeted delivery of albumin nanoparticles for breast cancer: A review. Colloids 
Surf B Biointerfaces. 2022;213:112422. [DOI] [PubMed]

31.     

Ribeiro AG, Alves JEF, Soares JCS, Santos KLd, Jacob ITT, Ferreira CJdS, et al. Albumin roles in 
developing anticancer compounds. Med Chem Res. 2021;30:1469–95. [DOI]

32.     

Quinlan GJ, Martin GS, Evans TW. Albumin: Biochemical properties and therapeutic potential. 
Hepatology. 2005;41:1211–9. [DOI] [PubMed]

33.     

Ren K, Dusad A, Dong R, Quan L. Albumin as a Delivery Carrier for Rheumatoid Arthritis. J 
Nanomedicine Nanotechnol. 2013;4. [DOI]

34.     

Butzbach K, Rasse-Suriani FAO, Gonzalez MM, Cabrerizo FM, Epe B. Albumin-Folate Conjugates for 
Drug-targeting in Photodynamic Therapy. Photochem Photobiol. 2016;92:611–9. [DOI] [PubMed]

35.     

Xu L, Jiang G, Chen H, Zan Y, Hong S, Zhang T, et al. Folic acid-modified fluorescent dye-protein 
nanoparticles for the targeted tumor cell imaging. Talanta. 2019;194:643–8. [DOI] [PubMed]

36.     

Bilthariya U, Jain N, Rajoriya V, Jain AK. Folate-conjugated albumin nanoparticles for rheumatoid 
arthritis-targeted delivery of etoricoxib. Drug Dev Ind Pharm. 2015;41:95–104. [DOI] [PubMed]

37.     

Shen Z, Li Y, Kohama K, Oneill B, Bi J. Improved drug targeting of cancer cells by utilizing actively 
targetable folic acid-conjugated albumin nanospheres. Pharmacol Res. 2011;63:51–8. [DOI] [PubMed]

38.     

Meng F, Liu F, Lan M, Zou T, Li L, Cai T, et al. Preparation and evaluation of folate-modified albumin 
baicalin-loaded nanoparticles for the targeted treatment of breast cancer. J Drug Deliv Sci Technol. 
2021;65:102603. [DOI]

39.     

Solanki R, Srivastav AK, Patel S, Singh SK, Jodha B, Kumar U, et al. Folate conjugated albumin as a 
targeted nanocarrier for the delivery of fisetin: in silico and in vitro biological studies. RSC Adv. 2024;
14:7338–49. [DOI] [PubMed] [PMC]

40.     

Bolaños K, Kogan MJ, Araya E. Capping gold nanoparticles with albumin to improve their biomedical 
properties. Int J Nanomedicine. 2019;14:6387–406. [DOI] [PubMed] [PMC]

41.     

Chubarov AS. Serum Albumin for Magnetic Nanoparticles Coating. Magnetochemistry. 2022;8:13–31. 
[DOI]

42.     

Jahangirian H, Kalantari K, Izadiyan Z, Rafiee-Moghaddam R, Shameli K, Webster TJ. A review of small 
molecules and drug delivery applications using gold and iron nanoparticles. Int J Nanomedicine. 2019;
14:1633–57. [DOI] [PubMed] [PMC]

43.     

https://dx.doi.org/10.1016/B978-0-12-552110-9.X5000-4
https://dx.doi.org/10.1021/mp200006f
http://www.ncbi.nlm.nih.gov/pubmed/21838321
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3185217
https://dx.doi.org/10.1016/j.toxlet.2013.05.642
http://www.ncbi.nlm.nih.gov/pubmed/23747415
https://dx.doi.org/10.1016/j.msec.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25175209
https://dx.doi.org/10.1021/acs.biomac.5b00534
http://www.ncbi.nlm.nih.gov/pubmed/26121207
https://dx.doi.org/10.1016/j.actbio.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25595473
https://dx.doi.org/10.1093/annonc/mdu487
http://www.ncbi.nlm.nih.gov/pubmed/25355716
https://dx.doi.org/10.1016/j.ijbiomac.2021.10.040
http://www.ncbi.nlm.nih.gov/pubmed/34655592
https://dx.doi.org/10.1016/j.colsurfb.2022.112422
http://www.ncbi.nlm.nih.gov/pubmed/35231688
https://dx.doi.org/10.1007/s00044-021-02748-z
https://dx.doi.org/10.1002/hep.20720
http://www.ncbi.nlm.nih.gov/pubmed/15915465
https://dx.doi.org/10.4172/2157-7439.1000176
https://dx.doi.org/10.1111/php.12602
http://www.ncbi.nlm.nih.gov/pubmed/27221054
https://dx.doi.org/10.1016/j.talanta.2018.10.094
http://www.ncbi.nlm.nih.gov/pubmed/30609585
https://dx.doi.org/10.3109/03639045.2013.850705
http://www.ncbi.nlm.nih.gov/pubmed/24164469
https://dx.doi.org/10.1016/j.phrs.2010.10.012
http://www.ncbi.nlm.nih.gov/pubmed/21035550
https://dx.doi.org/10.1016/j.jddst.2021.102603
https://dx.doi.org/10.1039/d3ra08434e
http://www.ncbi.nlm.nih.gov/pubmed/38433936
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10906141
https://dx.doi.org/10.2147/IJN.S210992
http://www.ncbi.nlm.nih.gov/pubmed/31496693
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6691944
https://dx.doi.org/10.3390/magnetochemistry8020013
https://dx.doi.org/10.2147/IJN.S184723
http://www.ncbi.nlm.nih.gov/pubmed/30880970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6417854


Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 19

Śliwińska-Hill U, Wiglusz K. Multispectroscopic studies of the interaction of folic acid with glycated 
human serum albumin. J Biomol Struct Dyn. 2019;37:3731–9. [DOI] [PubMed]

44.     

Ulbrich K, Michaelis M, Rothweiler F, Knobloch T, Sithisarn P, Cinatl J, et al. Interaction of folate-
conjugated human serum albumin (HSA) nanoparticles with tumour cells. Int J Pharm. 2011;406:
128–34. [DOI] [PubMed]

45.     

Bioconjugation and crosslinking technical handbook [Internet]. Thermo Fisher Scientific Inc; c2022 
[cited 2024 Dec 26]. Available from: https://assets.thermofisher.com/TFS-Assets/BID/Handbooks/bi
oconjugation-technical-handbook.pdf

46.     

Elzoghby AO, Hemasa AL, Freag MS. Hybrid protein-inorganic nanoparticles: From tumor-targeted 
drug delivery to cancer imaging. J Control Release. 2016;243:303–22. [DOI] [PubMed]

47.     

Chu Y, Chai S, Pan H, Qian J. Preparation of Folic Acid-conjugated Albumin Nanoparticles Containing 
Paclitaxel using High-pressure Homogenisation Coagulation Method. 2021: 1–38. [DOI]

48.     

Li J, Cai R, Kawazoe N, Chen G. Facile preparation of albumin-stabilized gold nanostars for the targeted 
photothermal ablation of cancer cells. J Mater Chem B. 2015;3:5806–14. [DOI] [PubMed]

49.     

Chen C, Hu H, Qiao M, Zhao X, Wang Y, Chen K, et al. Tumor-targeting and pH-sensitive lipoprotein-
mimic nanocarrier for targeted intracellular delivery of paclitaxel. Int J Pharm. 2015;480:116–27. 
[DOI] [PubMed]

50.     

Nosrati H, Abbasi R, Charmi J, Rakhshbahar A, Aliakbarzadeh F, Danafar H, et al. Folic acid conjugated 
bovine serum albumin: An efficient smart and tumor targeted biomacromolecule for inhibition folate 
receptor positive cancer cells. Int J Biol Macromol. 2018;117:1125–32. [DOI] [PubMed]

51.     

Nateghian N, Goodarzi N, Amini M, Atyabi F, Khorramizadeh MR, Dinarvand R. Biotin/Folate-
decorated Human Serum Albumin Nanoparticles of Docetaxel: Comparison of Chemically Conjugated 
Nanostructures and Physically Loaded Nanoparticles for Targeting of Breast Cancer. Chem Biol Drug 
Des. 2016;87:69–82. [DOI] [PubMed]

52.     

Song Z, Lu Y, Zhang X, Wang H, Han J, Dong C. Novel curcumin-loaded human serum albumin 
nanoparticles surface functionalized with folate: characterization and in vitro/vivo evaluation. Drug 
Des Devel Ther. 2016;10:2643–9. [DOI] [PubMed] [PMC]

53.     

Zhao D, Zhao X, Zu Y, Li J, Zhang Y, Jiang R, et al. Preparation, characterization, and in vitro targeted 
delivery of folate-decorated paclitaxel-loaded bovine serum albumin nanoparticles. Int J 
Nanomedicine. 2010;5:669–77. [DOI] [PubMed] [PMC]

54.     

Yang R, An Y, Miao F, Li M, Liu P, Tang Q. Preparation of folic acid-conjugated, doxorubicin-loaded, 
magnetic bovine serum albumin nanospheres and their antitumor effects in vitro and in vivo. Int J 
Nanomedicine. 2014;9:4231–43. [DOI] [PubMed] [PMC]

55.     

Dubey RD, Alam N, Saneja A, Khare V, Kumar A, Vaidh S, et al. Development and evaluation of folate 
functionalized albumin nanoparticles for targeted delivery of gemcitabine. Int J Pharm. 2015;492:
80–91. [DOI] [PubMed]

56.     

Zhang Y, Liang Y. Fabrication of folic acid-modified bovine serum albumin cloaked dual-drug loaded 
hollow mesoporous silica nanoparticles for pH-responsive and targeted delivery of gastric cancer 
therapy. Heliyon. 2024;10:e29274. [DOI] [PubMed] [PMC]

57.     

Du C, Deng D, Shan L, Wan S, Cao J, Tian J, et al. A pH-sensitive doxorubicin prodrug based on folate-
conjugated BSA for tumor-targeted drug delivery. Biomaterials. 2013;34:3087–97. [DOI] [PubMed]

58.     

Dehvari K, Li JD, Chang JY. Bovine Serum Albumin-Templated Synthesis of Manganese-Doped Copper 
Selenide Nanoparticles for Boosting Targeted Delivery and Synergistic Photothermal and 
Photodynamic Therapy. ACS Appl Bio Mater. 2019;2:3019–29. [DOI] [PubMed]

59.     

Ma N, Liu J, He W, Li Z, Luan Y, Song Y, et al. Folic acid-grafted bovine serum albumin decorated 
graphene oxide: An efficient drug carrier for targeted cancer therapy. J Colloid Interface Sci. 2017;490:
598–607. [DOI] [PubMed]

60.     

https://dx.doi.org/10.1080/07391102.2018.1526713
http://www.ncbi.nlm.nih.gov/pubmed/30238853
https://dx.doi.org/10.1016/j.ijpharm.2010.12.023
http://www.ncbi.nlm.nih.gov/pubmed/21185364
https://assets.thermofisher.com/TFS-Assets/BID/Handbooks/bioconjugation-technical-handbook.pdf
https://assets.thermofisher.com/TFS-Assets/BID/Handbooks/bioconjugation-technical-handbook.pdf
https://dx.doi.org/10.1016/j.jconrel.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27794493
https://dx.doi.org/10.21203/rs.3.rs-221888/v1
https://dx.doi.org/10.1039/c5tb00633c
http://www.ncbi.nlm.nih.gov/pubmed/32262577
https://dx.doi.org/10.1016/j.ijpharm.2015.01.036
http://www.ncbi.nlm.nih.gov/pubmed/25615984
https://dx.doi.org/10.1016/j.ijbiomac.2018.06.026
http://www.ncbi.nlm.nih.gov/pubmed/29885392
https://dx.doi.org/10.1111/cbdd.12624
http://www.ncbi.nlm.nih.gov/pubmed/26216713
https://dx.doi.org/10.2147/DDDT.S112039
http://www.ncbi.nlm.nih.gov/pubmed/27574403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4993280
https://dx.doi.org/10.2147/ijn.s12918
http://www.ncbi.nlm.nih.gov/pubmed/20957218
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2948946
https://dx.doi.org/10.2147/IJN.S67210
http://www.ncbi.nlm.nih.gov/pubmed/25228802
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4160329
https://dx.doi.org/10.1016/j.ijpharm.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26165611
https://dx.doi.org/10.1016/j.heliyon.2024.e29274
http://www.ncbi.nlm.nih.gov/pubmed/38699737
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11063411
https://dx.doi.org/10.1016/j.biomaterials.2013.01.041
http://www.ncbi.nlm.nih.gov/pubmed/23374705
https://dx.doi.org/10.1021/acsabm.9b00339
http://www.ncbi.nlm.nih.gov/pubmed/35030794
https://dx.doi.org/10.1016/j.jcis.2016.11.097
http://www.ncbi.nlm.nih.gov/pubmed/27923144


Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 20

Mädler S, Bich C, Touboul D, Zenobi R. Chemical cross-linking with NHS esters: a systematic study on 
amino acid reactivities. J Mass Spectrom. 2009;44:694–706. [DOI] [PubMed]

61.     

Bayer EA, Wilchek M. Protein biotinylation. Methods Enzymol. 1990;184:138–60. [DOI] [PubMed]62.     
Figliola C, Marchal E, Groves BR, Thompson A. A step-wise synthetic approach is necessary to access 
γ-conjugates of folate: folate-conjugated prodigiosenes. RSC Adv. 2019;9:14078–92. [DOI] [PubMed] 
[PMC]

63.     

Wang S, Low PS. Folate-mediated targeting of antineoplastic drugs, imaging agents, and nucleic acids 
to cancer cells. J Control Release. 1998;53:39–48. [DOI] [PubMed]

64.     

Varanko A, Saha S, Chilkoti A. Recent trends in protein and peptide-based biomaterials for advanced 
drug delivery. Adv Drug Deliv Rev. 2020;156:133–87. [DOI] [PubMed] [PMC]

65.     

Osaki F, Goto T, Lee SH, Oe T. Predicted multiple selected reaction monitoring to screen activated 
drug-mediated modifications on human serum albumin. Anal Biochem. 2014;449:59–67. [DOI] 
[PubMed]

66.     

Patil US, Qu H, Caruntu D, O’Connor CJ, Sharma A, Cai Y, et al. Labeling Primary Amine Groups in 
Peptides and Proteins with N-Hydroxysuccinimidyl Ester Modified Fe3O4@SiO2 Nanoparticles 
Containing Cleavable Disulfide-Bond LinkersClick to copy article link. Bioconjug Chem. 2013;24:
1562–9. [DOI] [PubMed] [PMC]

67.     

Li F, Yang G, Aguilar ZP, Xiong Y, Xu H. Affordable and simple method for separating and detecting 
ovarian cancer circulating tumor cells using BSA coated magnetic nanoprobes modified with folic acid. 
Sensor Actuat B-Chem. 2018;262:611–8. [DOI]

68.     

Bardania H, Jafari F, Baneshi M, Mahmoudi R, Ardakani MT, Safari F, et al. Folic Acid-Functionalized 
Albumin/Graphene Oxide Nanocomposite to Simultaneously Deliver Curcumin and 5-Fluorouracil 
into Human Colorectal Cancer Cells: An In Vitro Study. Biomed Res Int. 2023;2023:8334102. [DOI] 
[PubMed] [PMC]

69.     

Krueger AT, Imperiali B. Fluorescent Amino Acids: Modular Building Blocks for the Assembly of New 
Tools for Chemical Biology. Chembiochem. 2013;14:788–99. [DOI] [PubMed]

70.     

Zha Q, Zhang L, Guo Y, Bao R, Shi F, Shi Y. Preparation and Study of Folate Modified Albumin Targeting 
Microspheres. J Oncol. 2022;2022:3968403. [DOI] [PubMed] [PMC]

71.     

Lee H, Kim S, Oh C, Khan I, Shukla S, Bajpai VK, et al. Folic acid-modified bovine serum albumin 
nanoparticles with doxorubicin and chlorin e6 for effective combinational chemo-photodynamic 
therapy. Mater Sci Eng C Mater Biol Appl. 2020;117:111343. [DOI] [PubMed]

72.     

Li Y, Wang T, Liu Y, Xu Y, Sun Z, Yang G. NIR-laser-triggered drug release from folate decorated 
albumin nanoparticles for synergistic chemo-photothermal tumor therapy. Drug Deliv Sci Technol. 
2019;53:101156. [DOI]

73.     

Encinas-Basurto D, Ibarra J, Juarez J, Pardo A, Barbosa S, Taboada P, et al. Hybrid folic acid-conjugated 
gold nanorods-loaded human serum albumin nanoparticles for simultaneous photothermal and 
chemotherapeutic therapy. Mater Sci Eng C Mater Biol Appl. 2018;91:669–78. [DOI] [PubMed]

74.     

Wang X, Tu M, Tian B, Yi Y, Wei Z, Wei F. Synthesis of tumor-targeted folate conjugated fluorescent 
magnetic albumin nanoparticles for enhanced intracellular dual-modal imaging into human brain 
tumor cells. Anal Biochem. 2016;512:8–17. [DOI] [PubMed]

75.     

Al-Rahim AM, AlChalabi R, Al-Saffar AZ, Sulaiman GM, Albukhaty S, Belali T, et al. Folate-methotrexate 
loaded bovine serum albumin nanoparticles preparation: an in vitro drug targeting cytokines 
overwhelming expressed immune cells from rheumatoid arthritis patients. Anim Biotechnol. 2023;34:
166–82. [DOI] [PubMed]

76.     

Chen C, Ke J, Zhou XE, Yi W, Brunzelle JS, Li J, et al. Structural basis for molecular recognition of folic 
acid by folate receptors. Nature. 2013;500:486–9. [DOI] [PubMed] [PMC]

77.     

Narmani A, Rezvani M, Farhood B, Darkhor P, Mohammadnejad J, Amini B, et al. Folic acid 
functionalized nanoparticles as pharmaceutical carriers in drug delivery systems. Drug Dev Res. 2019;
80:404–24. [DOI] [PubMed]

78.     

https://dx.doi.org/10.1002/jms.1544
http://www.ncbi.nlm.nih.gov/pubmed/19132714
https://dx.doi.org/10.1016/0076-6879(90)84268-l
http://www.ncbi.nlm.nih.gov/pubmed/2388567
https://dx.doi.org/10.1039/c9ra01435g
http://www.ncbi.nlm.nih.gov/pubmed/35519339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9064012
https://dx.doi.org/10.1016/s0168-3659(97)00236-8
http://www.ncbi.nlm.nih.gov/pubmed/9741912
https://dx.doi.org/10.1016/j.addr.2020.08.008
http://www.ncbi.nlm.nih.gov/pubmed/32871201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7456198
https://dx.doi.org/10.1016/j.ab.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24361714
https://dx.doi.org/10.1021/bc400165r
http://www.ncbi.nlm.nih.gov/pubmed/23909594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3865927
https://dx.doi.org/10.1016/j.snb.2018.02.038
https://dx.doi.org/10.1155/2023/8334102
http://www.ncbi.nlm.nih.gov/pubmed/37304465
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10256446
https://dx.doi.org/10.1002/cbic.201300079
http://www.ncbi.nlm.nih.gov/pubmed/23609944
https://dx.doi.org/10.1155/2022/3968403
http://www.ncbi.nlm.nih.gov/pubmed/35126516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8816550
https://dx.doi.org/10.1016/j.msec.2020.111343
http://www.ncbi.nlm.nih.gov/pubmed/32919690
https://dx.doi.org/10.1016/j.jddst.2019.101156
https://dx.doi.org/10.1016/j.msec.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/30033301
https://dx.doi.org/10.1016/j.ab.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27523645
https://dx.doi.org/10.1080/10495398.2021.1951282
http://www.ncbi.nlm.nih.gov/pubmed/34319853
https://dx.doi.org/10.1038/nature12327
http://www.ncbi.nlm.nih.gov/pubmed/23851396
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5797940
https://dx.doi.org/10.1002/ddr.21545
http://www.ncbi.nlm.nih.gov/pubmed/31140629


Explor Drug Sci. 2025;3:1008101 | https://doi.org/10.37349/eds.2025.1008101 Page 21

Hui C, Shen C, Tian J, Bao L, Ding H, Li C, et al. Core-shell Fe3O4@SiO2 nanoparticles synthesized with 
well-dispersed hydrophilic Fe3O4 seeds. Nanoscale. 2011;3:701–5. [DOI] [PubMed]

79.     

Boedtkjer E, Pedersen SF. The Acidic Tumor Microenvironment as a Driver of Cancer. Annu Rev 
Physiol. 2020;82:103–26. [DOI] [PubMed]

80.     

Ge Y, Ma Y, Li L. The application of prodrug-based nano-drug delivery strategy in cancer combination 
therapy. Colloids Surf B Biointerfaces. 2016;146:482–9. [DOI] [PubMed]

81.     

Cheng YJ, Hu JJ, Qin SY, Zhang AQ, Zhang XZ. Recent advances in functional mesoporous silica-based 
nanoplatforms for combinational photo-chemotherapy of cancer. Biomaterials. 2020;232:119738. 
[DOI] [PubMed]

82.     

Hao H, Ma Q, Huang C, He F, Yao P. Preparation, characterization, and in vivo evaluation of 
doxorubicin loaded BSA nanoparticles with folic acid modified dextran surface. Int J Pharm. 2013;444:
77–84. [DOI] [PubMed]

83.     

https://dx.doi.org/10.1039/c0nr00497a
http://www.ncbi.nlm.nih.gov/pubmed/21103488
https://dx.doi.org/10.1146/annurev-physiol-021119-034627
http://www.ncbi.nlm.nih.gov/pubmed/31730395
https://dx.doi.org/10.1016/j.colsurfb.2016.06.051
http://www.ncbi.nlm.nih.gov/pubmed/27400243
https://dx.doi.org/10.1016/j.biomaterials.2019.119738
http://www.ncbi.nlm.nih.gov/pubmed/31901695
https://dx.doi.org/10.1016/j.ijpharm.2013.01.041
http://www.ncbi.nlm.nih.gov/pubmed/23370437

	Abstract
	Keywords
	Introduction
	Conjugation of FA residue to serum albumin
	Application of NSPs containing serum albumin and FA residue
	Folate-albumin-NSPs for cancer chemotherapy
	Folate-albumin-NSPs for PTT and PDT
	Folate-albumin-NSPs for combined therapy
	Folate-albumin-NSPs for visualization
	Folate-albumin-NSPs for theranostics
	Folate-albumin-NSPs for inflammatory diseases

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

