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Cancer is a dreadful disease with a high mortality rate and breast cancer is the most common cancer among females
in the world. Different strategies have been used for the treatment of breast cancer, including chemotherapy but it has
a wide range of side effects. This problem can be overcome by delivering anticancer agents with nano-formulations.
Apigenin (4′,5,7-trihydroxyflavone), present in many different medicinal plants, shows potential anticancer properties in
various cancers. However, its use in clinical practice is limited due to its low water solubility and bioavailability. In this
study, we examined folate receptor-targeted and PEGylated poly(lactide-co-glycolide) nanoparticles (PLGA-PEG-FA NPs)
containing apigenin for targeted delivery to MCF-7 breast cancer cells. Apigenin-loaded PLGA-PEG and PLGA-PEG-FA
NPs were small in size, had a negative zeta potential, showed sustained release of apigenin and showed significantly
higher anticancer activity than the free drug in breast cancer cells. The half maximal inhibitory concentration (IC50) values
of apigenin, apigenin-loaded PLGA, PLGA-PEG and PLGA-PEG-FA NPs were 50.2, 49.4, 18.1 and 13.3 �M, respectively.
Apigenin-loaded PLGA-PEG and PLGA-PEG-FA NPs showed 2.79- and 3.77-fold higher cytotoxicity than the pristine
drug. Folate-conjugated PLGA nanoparticles could be developed for potential target-specific delivery of apigenin in the
treatment of breast cancer.
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INTRODUCTION
Globally, the mortality and morbidity due to cancer is ris-
ing daily, and according to the World Health Organization
(WHO) the number of new cancer cases will be approx-
imately 22 million in the next two decades compared to
14 million in 2012. It has been observed that the common
cancer types vary by geographical area, but breast cancer is
most commonly diagnosed in females in all regions [1, 2].
Various therapeutic strategies, such as surgery, radiation,
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biological therapy, and chemotherapy have been used for
cancer management. Patients undergoing chemotherapy
have an enhanced survival rate, but chemotherapy have
unpredictable bioavailability, fast metabolism, serious side
effects, non-specific distribution, and toxic effects. These
limitations could be overcome by targeted delivery of the
anticancer agents specifically to cancer cells with no/less
harm to normal cells.
Nano drug delivery systems have immensely contributed

to the field of cancer treatment, as various nanoparticle
formulations of anticancer agents have been employed
for target-specific delivery with passive and/or active tar-
geting. Polymeric nanoparticles (NPs) provide efficient
advantages such as enhanced therapeutic activity and
reduced side effects compared to conventional cancer
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therapies [3, 4]. Poly(lactic-co-glycolic acid) (PLGA),
a biodegradable and biocompatible polymer, has been
approved by the US Food Drug Administration (USFDA)
and European Medicine Agency (EMA) for various
biomedical applications, including formulation develop-
ment for cancer treatment. The enhanced permeability and
retention (EPR) effect, passive targeting (due to the size,
shape and surface charge of NPs), active targeting (because
of attached ligands on the NPs), sustained drug release,
and increased drug deposition in tumor vasculature can
be fulfilled by the application of PLGA NPs [5, 6]. NP
formulations with both active and passive targeting proper-
ties are desirable in cancer treatment because they produce
enhanced cellular uptake [4, 7].
Specificity of a formulation/drug towards cancer cells

has been achieved by various active targeting of recep-
tors that are overexpressed on some human cancer cell
lines [8]. Folic acid receptor or folate receptor (FR) is
overexpressed in different cancer cells, including breast
cancer cells [9, 10]. Different targeting ligands have been
used for novel drug development in cancer therapy, but
folic acid (FA) has been extensively employed due to
various advantages, such as (1) low cost, (2) easy avail-
ability, (3) stability in processing and storage, (4) non-
immunogenic, (5) high binding affinity (10−10 M), and
(6) simple conjugation to other molecules through its car-
boxyl group [11, 12]. The FA-conjugated targeted deliv-
ery approach has enhanced the anticancer potential of a
number of anticancer agents in comparison to the free
drug [12]. Of the three subtypes of FRs (FR�, FR�
and FR�), FR� is a glycosylphosphatidylinositol-anchored
membrane glycoprotein and is overexpressed in different
cancer cells, including breast cancer cells. FR� is also
overexpressed on cancer cells, but FR� has high affin-
ity for circulating folic acid coenzymes and physiologi-
cal FA compared to FR� [13]. FR� is highly expressed
in cancer cells, as it is required for rapid and uncon-
trolled growth, and less expressed in normal human cells
[14]. Hence, FR� is considered the predominant targeting
receptor for FA-decorated drug carriers for cancer ther-
apy [12]. Folate receptor targeting in cancer treatment
mainly involves delivery of anticancer agents as nano-
delivery systems with active and passive targeting, and
development of folate receptor-targeted imaging agents for
detection/diagnosis of cancer. This technology has been
employed for diagnosis and treatment of cancers affect-
ing women including breast cancer [15]. A number of
novel drug delivery systems such as nanoparticle con-
jugates, micelles, dendrimers, liposomes, emulsions and
nanogels have been adopted for effective cancer therapeu-
tics through folate receptor targeting [16, 17].
Herbal medicines in the form of raw drugs, extracts,

fractions, isolated phytoconstituents or different dosage
forms are gaining substantial interest because of their ben-
eficial role in the treatment of various ailments, includ-
ing cancer. Research in the field of cancer treatment

with chemopreventive, antioxidant and anti-inflammatory
bioactive molecules from natural sources is tremen-
dously increasing [18]. Many plant-derived anticancer
agents play pivotal roles in the management of cancer
by inhibiting invasion and metastasis [19]. Natural anti-
cancer molecules such as paclitaxel [20], 5-fluorouracil
[21], genistein [22], capecitabin [23], 17-allylamino-17-
demethoxygeldanamycin [10], vincristine [24], artemether
[25] have been delivered as folate receptor targeted nan-
odelivery system, where they exhibited significantly higher
cytotoxicity than the pristine drug.
Apigenin (4′,5,7-trihydroxyflavone) (Fig. 1), a nat-

ural flavonoid, is effective against different types of
cancer, including breast cancer [18, 26–28]. Apigenin
is abundantly available in commonly used fruits, veg-
etables and green leaves apart from other medicinal
plants. It shows anticancer properties by modulating var-
ious targets, such as like PI3K/AKT/mTOR, JAK/STAT,
NF-�B, MAPK/ERK, and Wnt/�-catenin, and regulat-
ing various cell signaling pathways for the development
and expansion of cancer [18, 29–31]. Apigenin showed
in vitro cytotoxicity in a range of breast cancer cell
lines, such as MCF-7, T47D, MDA-MB-231, MDA-MB-
436, MCF-7/ADR, ZR75.1, MDA-MB-468, 4T1, Hs578T,
BT-474, SKBR3, MCF-10A, MDA-MB-268, MDA-MB-
453, and HBL-100. The molecular mechanisms of the anti-
cancer activity of apigenin against different cancer types,
including breast cancer has been summarized recently by
Ahmed et al. [18]. Apigenin modulated various hallmarks
of cancer like metastasis, cell proliferation, apoptosis,
autophagy, cell cycle arrest etc. by regulating various cell
signalling pathways of cancer progression [18]. Despite
its of potent anticancer activity, the application of api-
genin is limited due to its low lipid solubility (0.001–
1.63 mg/mL in nonpolar solvents) and water solubility
(2.16 �g/mL), and bioavailability [32–34]. Furthermore,
flavonoids including apigenin could be degraded in acidic
and alkaline conditions by hydrolysis [35]. To overcome
this problem, apigenin has been fabricated as different
nano-formulations, which have increased its anticancer
properties against various cancer cells [36–39]. However,
the advantages of the nanocarrier system, PEGylation and
targeted delivery in a single preparation have not been
employed to fabricate a formulation against breast cancer.
Therefore, the main objective of the present investigation
was the development of a nanodelivery system for apigenin

Figure 1. Chemical structure of apigenin.
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with PEGylated and folate-receptor targeted PLGA-based
NPs with the intention of enhancing the therapeutic poten-
tial of apigenin in breast cancer.

EXPERIMENTAL DETAILS
Materials
The following materials were sourced for this study:
PLGA (Polylactide-co-glycolide) with a composition of
50/50 and a molecular weight of 43,900 was procured
from Durect Corporation, located in Birmingham, AL.
N,N-dicyclohexylcarbodiimide (DCC), apigenin, and
triethylamine (TEA) were obtained from Alfa Aesar
in Heysham, Lancashire, UK. N-hydroxysuccinimide
(NHS) was acquired from FlukaChemie, GmbH,
based in Germany. Folic acid (FA), Tween-80, and
3-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl tetrazolium bro-
mide (MTT) were purchased from Sigma–Aldrich, situated
in St. Louis, MO. Mannitol was sourced from Spectrum
Pharmaceuticals in New Brunswick, NJ, and sucrose
and coumarin-6 were obtained from MP Biomedical,
headquartered in Solon, OH.

For cell culture experiments, we obtained DMEM,
trypsin, DMSO, and PBS from Mediatech Inc. in
Manassas, VA, USA. Polyether diamine featuring a pre-
dominant polyethylene glycol (PEG) backbone (Jeffamine
ED-2003 XTJ-502, MW 2000) was kindly provided as a
gift by Huntsman International LLC in Austin, TX, and
is referred to as PEG-bis-amine in this article. Kolliphor
P 407 (P407) was received as a gift from BASF Corpora-
tion in Florham Park, NJ. All other solvents and reagents
utilized in the study met analytical grade standards. Ultra-
pure water from the Millipore water purification system
in Burlington, MA, was employed in all experimental
procedures.

Synthesis of PLGA-PEG and PLGA-PEG-FA
Conjugates
PLGA-PEG and PLGA-PEG-FA conjugates were synthe-
sized as reported earlier [10, 20, 21, 40] with some
modifications.

Activation of PLGA
PLGA (0.05 mmol), DCC (0.2 mmol), and NHS
(0.2 mmol) were dissolved in 10 mL of anhydrous
dichloromethane (DCM) in a round-bottom flask (RBF)
and stirred in a nitrogen atmosphere at room temperature
for 24 h. The byproduct dicyclohexylurea from the resul-
tant mixture was separated by filtering through a syringe
filter. Activated PLGA was obtained as filtrate when the
filtrate was dropwise added to cold anhydrous diethyl
ether. The liquid layer was separated by decantation, and
the remaining NHS was removed by repeatedly washing
the residual mass with an ice-cold mixture of diethyl ether
and methanol (1:1). Finally, activated PLGA was obtained

by washing the product with diethyl ether followed by dry-
ing under vacuum.

PEGylation of PLGA
To initiate the process, PLGA (0.03 mmol) was solubilized
in anhydrous dichloromethane (DCM) in a round-bottom
flask (RBF) while continuously stirring. Simultaneously,
PEG-bis-amine (0.18 mmol) was similarly dissolved in
anhydrous DCM and gradually introduced drop by drop
into the PLGA solution. Formation of PLGA-PEG-PLGA
triblock copolymers was restricted by addition of excess
PEG-bis-amine. The mixture was stirred in the dark under
a nitrogen atmosphere for 24 h. The reaction mixture was
slowly added to cold methanol to obtain the precipitate,
and unreacted PEG-bis-amine was removed from the pre-
cipitate by washing with cold methanol. The product was
again washed with cold ether, filtered and dried under vac-
uum to obtain the amine-terminated diblock copolymer
(PLGA-PEG-NH2).

Activation of Folic Acid (Formation of NHS-Folate)
First, folic acid (FA) (0.25 mmol) was activated with DCC
(0.5 mmol) and NHS (0.5 mmol) in 10 mL of anhydrous
dimethyl sulfoxide (DMSO) in the presence of 0.1 mL
triethylamine under a nitrogen atmosphere in the dark
overnight. Dicyclohexylurea (the byproduct) was removed
by filtration, and then the solution was precipitated in
15 mL of cold anhydrous diethyl ether. The solid was sub-
jected to multiple washes with ether. In order to eliminate
DMSO, an excess of acetone was introduced, thoroughly
mixed, and set aside. Subsequently, the mixture was gen-
tly poured off to collect the resulting product. The product
was then thoroughly desiccated under vacuum until com-
plete dryness was achieved.

Conjugation of Folic Acid to PLGA-PEG
Activated FA (0.06 mmol) and PLGA-PEG (0.015 mmol)
were co-dissolved in 4 mL anhydrous DMSO in an RBF
and allowed to react in the dark under a nitrogen atmo-
sphere at room temperature for 24 h. Maximum conjuga-
tion of folic acid to PLGA-PEG was achieved by using
excess activated FA. Subsequently, the reaction mixture
was introduced into chilled methanol and allowed to stand
for 15–20 minutes. Afterward, it was decanted and sub-
jected to vacuum drying. The desiccated material was
reconstituted in 15 mL DCM, a step that facilitated the
precipitation of free folic acid in DCM while leaving con-
jugated folic acid in solution. This solution, containing
PLGA-PEG-FA, was then passed through a syringe filter,
and the resulting filtrate was subjected to vacuum drying.

Determination of Folate Content of the
PLGA-PEG-FA Conjugate
To determine the FA content, a specific amount of
PEG-PLGA-FA conjugate was dissolved in DMSO and the
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absorbance was read at 364 nm. The FA content was deter-
mined from the standard curve constructed (concentration
vs. absorbance) using different concentrations of FA in
DMSO [21, 41].

Chemical Characterization of PLGA-PEG and
PLGA-PEG-FA Conjugates
The characterization of the synthesized PLGA-PEG and
PLGA-PEG-FA conjugates was conducted through pro-
ton nuclear magnetic resonance (1H NMR) analysis. This
analysis was performed using a Bruker 400 MHz NMR
spectrometer situated in Billerica, MA, with dimethyl
sulfoxide-d6 serving as the solvent.

Preparation of Nanoparticles
Nanoparticles (NPs) were fabricated utilizing the nano-
precipitation method as previously documented [10, 42].
In summary, a mixture comprising the polymer (PLGA, or
PLGA-PEG, or PLGA-PEG-FA, 13.5 mg) and the drug,
apigenin (1.5 mg), was dissolved in 2.5 mL of acetone.
This organic solution was introduced gradually into a
10 mL aqueous P407 solution (0.5% w/v) and agitated
at 500 rpm using a magnetic stirrer for 4 h. During this
period, the organic solvent was evaporated, and the NP
suspension was centrifuged at 25,000 g for 45 min at 4�C.
The NP pellet formed was suspended in 3.0 mL of deion-
ized (DI) water, kept at −80 �C for 2 h and then freeze
dried overnight (FreeZone® Plus™, Labconco Corpora-
tion, MO, USA). All batches were prepared in triplicate.
Blank NPs were prepared by adding polymer into acetone
without the drug.

Characterization of Nanoparticles
Particle Size and Zeta Potential
To assess the particle size, polydispersity index, and zeta
potential of the prepared nanoparticles, a Particle Size
and Zeta Potential Analyzer (NanoBrook 90 Plus PALS,
Brookhaven Instruments, Holtsville, NY) was employed.
All measurements were performed in triplicate.

Drug Loading and Encapsulation Efficiency
Accurately weighed, 1.0 mg of NPs was dissolved in a sol-
vent mixture of DCM and ethanol (3:7) by sonication and
filtered through a 0.22 � PVDF membrane filter (Millex®-
GV Syringe driven filter unit, Millipore Corporation, Bed-
ford, MA, USA). The absorbance was determined using
UV-spectrophotometry (Varioskan Flash, Thermo Scien-
tific, USA) at a wavelength of 337 nm. A blank nanoparti-
cle solution, prepared in a similar manner, was employed
as a blank. The percentage of encapsulation efficiency (%
EE) and drug loading (% DL) were computed using the
subsequent formula.

% EE = amount of apigenin loaded in the NPs �mg�/

amount of apigenin used for preparation of NPs

�mg�×100

% DL = amount of apigenin loaded in the prepared NPs

�mg� /amount of apigenin and polymer used for

preparation of NPs �mg�×100

In Vitro Drug Release Study
NP suspension of different PLGA based NPs containing
175 �g of apigenin was taken in a dialysis bag (Spec-
tra/Por molecular porous membrane, MWCO 6–8000,
Spectrum Laboratories Inc., CA, USA) and tied with
threads on both sides. The dialysis bag was immersed in
an amber glass vial containing 35 mL of PBS, pH 7.4,
with 0.5% Tween 80. The vial was placed in an horizon-
tal shaking incubator at 37 �C and 100 rpm. For deter-
mining release of apigenin from different PLGA based
formulations, one mL of medium was withdrawn from
each vial and substituted with fresh media. Apigenin con-
centration in the withdrawn media was determined by
UV-spectrophotometry and represented as cumulative drug
release using the following formula. The experiments were
performed in triplicate.

% Drug Release = amount of apigenin released in the

medium ��g�/amount of apigenin

loaded in the NPs ��g�×100

Effect of Cryoprotectants on the Particle Size of
Nanoparticles After Lyophilization
The role of cryoprotectants such as sucrose and manni-
tol were analyzed on the size growth of the NPs due to
lyophilization. Briefly, NP suspension and equal volume
of mannitol or sucrose solution was taken in amber vials
separately. The concentration of mannitol or sucrose in the
final mixture was 10% and 5%, respectively. These vials
were kept in a deep freezer (−80 �C) for 2 h followed by
lyophilization overnight. The particle size of these freeze
dried NPs was determined by the DLS method and com-
pared with the particle size of lyophilized NPs prepared
without addition of cryoprotectants.

Cell Lines and Culture
The MCF-7 breast cancer cell line was procured
from ATCC (Manassas, VA). These cells were culti-
vated in T75 flasks, with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (obtained from Mediatech, Manassas, VA), and
1% penicillin/streptomycin (Penicillin Streptomycin Solu-
tion 100X, comprising 10,000 IU/mL penicillin and
10,000 �g/mL streptomycin, also obtained from Medi-
atech, Manassas, VA). The cells were maintained in a
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humidified atmosphere at 37 �C with 5% carbon dioxide.
Passaging of cells was carried out upon reaching conflu-
ence, following trypsinization.

In Vitro Cytotoxicity Study
MCF-7 cells were seeded into 96 well tissue culture plates
at a density of 3000 cells/well. Following a 24-h incuba-
tion period, the existing culture medium was replaced with
a fresh medium, which contained either the pure drug or
drug-loaded nanoparticles (NPs) at varying concentrations
ranging from 6.25 to 100 �M. To a set of wells only fresh
medium was added without any drug (negative control).
The plates were incubated for 72 h and then the media
was removed and cells were washed with PBS. To each
well, 50 �l of MTT solution (0.5 mg/ml) in media was
added and further incubated for 4 h under similar condi-
tions. MTT reacted with the mitochondrial enzyme of live
cells to form the formazan crystals and the crystals were
dissolved by adding 100 �l of DMSO into each well. Cell
viability was determined by quantifying the absorbance of
the transformed dye at a wavelength of 570 nm using a
microplate reader.

% cell viability = Absorbance of treatment/

Absorbance of control× 100

Statistical Analysis
Data are represented as the mean± standard error of the
mean (SEM), except in the case of drug loading, encapsu-
lation efficiency, particle size, and zeta potential, where the

data are the mean± standard deviation (SD). The in vitro
cytotoxicity data were statistically analyzed for signifi-
cance by two-way analysis of variance (ANOVA) followed
by Bonferroni post hoc tests using GraphPad Prism 7.0
software (GraphPad Software, La Jolla, CA). P < 0	05 was
considered statistically significant.

RESULTS AND DISCUSSION
Preparation and Characterization of PLGA-PEG
and PLGA-PEG-FA Conjugates
The conjugates were synthesized as depicted in the fol-
lowing scheme (Fig. 2).
The synthesis of these conjugates entails the establish-

ment of amide bonds. To initiate the formation of these
bonds, a succinimide end group (PLGA-NHS) is initially
generated from a carboxylic group (PLGA-COOH). This
PLGA-NHS group is then coupled with an amine group
(NH2). Following the conjugation of folic acid (FA) to
the polymer, the conversion of the COOH group of FA
into the more reactive NHS group facilitates the creation
of the succinimide derivative. This derivative subsequently
reacts with the free primary NH2 group of the PLGA-PEG
copolymer. It’s worth noting that, during the preparation
of NPs, the FA moiety is oriented outward [10, 21]. The
successful conjugation of FA to PLGA-PEG was verified
through 1H NMR analysis, and the various assigned peaks
are detailed in Table I. Furthermore, the percentage of FA
conjugated to PLGA-PEG was found to be 43.2% based
on the molar ratio.

Figure 2. Synthetic scheme of PLGA-PEG and PLGA-PEG-FA conjugates.
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Table I. 1H NMR (DMSO-d6) peaks of PLGA-PEG and PLGA-
PEG-FA conjugates.

Polymer ��ppm� Assignment

PLGA-PEG 1.5 (3H, –CH3 of poly(glycolide))
4.8–5.3 (H, poly(D,L-lactide) and

poly(glycolide))
3.6 (H, PEG-bis-amine)
7.3 (2H, NH2 of PEG-bis-amine)

PLGA-PEG-FA 6.4–6.7 (COOH, folate)
6.9 (H, aromatic ring)
7.6 (m,4H, aromatic ring)

8.0–8.2 (NH, folate)
8.6 (NH2, folate)

11.35 (OH, folate)

Preparation and Characterization of
Apigenin-Loaded PLGA-Based Nanoparticles
NPs of PLGA, PLGA-PEG, and PLGA-PEG-FA were
produced via the nano-precipitation method. These NPs
underwent characterization, including assessment of par-
ticle size, polydispersity index (PDI), and zeta potential
using dynamic light scattering (DLS). Encapsulation effi-
ciency was quantified using UV-Visible spectroscopy.
Through a series of preliminary experiments involving

the testing of various stabilizers (PVA or P407), diverse
drug and polymer concentrations, and different ratios of
acetone to water, it was established that the optimal condi-
tions for PLGA NP preparation included a P407 concentra-
tion of 0.5% (w/v), a drug and polymer ratio of 1:9 (w/w),
and a 1:4 ratio of the organic phase to the aqueous phase
(v/v). These same conditions were applied for the prepa-
ration of PLGA-PEG and PLGA-PEG-FA NPs.
The physicochemical parameters of various PLGA

based NPs are presented in Table II. The particle size
of the PLGA-PEG and PLGA-PEG-FA NPs were smaller
than that of the PLGA NPs (Fig. 3). The decrease in the
particle size may be due to the presence of hydrophilic
PEG groups on the surface of the NPs, which increases the
stability of the NPs. Similar findings have been reported
previously [21, 43]. NPs with particle size <200 nm are
not prone to phagocytic uptake and remain in the circula-
tion system for a longer period. Hence for better effective-
ness of the nano-formulations, one of the most important
criteria of the nano-carrier system is to achieve the desired
particle size of 100–200 nm [25, 44]. Polydispersity index,
PDI, is measured to illustrate the heterogenisity of particle

Table II. Physicochemical characteristics of different polymeric NPs containing apigenin.

Drug loading Encapsulation Efficiency
Formulation Particle size (nm) Polydispersity index Zeta potential (mV) (% w/w) (% w/w)

PLGA NPs 187.35±3.54 0.282±0.016 −25.58±2.68 7.88±0.63 78.80±6.31
PLGA-PEG NPs 142.78±2.31 0.182±0.017 −24.45±1.22 8.25±0.33 82.51±3.29
PLGA-PEG-FA NPs 177.97±2.84 0.178±0.013 −29.52±2.12 8.02±0.42 80.20±4.19

size distribution. PDI of ≥0.7 are not suitable for analy-
sis as size distribution is high and a value of ≤0.05 are
highly monodisperse. The desired PDI value for polymer-
based NPs is ≤0.2 [45]. In the present study, the PDI
values of FA-targeted PLGA-based NPs are <0.2 indicat-
ing the stability and acceptability of the formulations. The
surface charge of the NPs is negative. The zeta poten-
tial of PLGA-PEG-FA NPs is lower than that of PLGA
and PLGA-PEG NPs (Fig. 4), which may be attributed
to the protonated amino acid group in FA, which helps
further reduce the negative charge [20, 21]. The moder-
ate zeta potential values may provide stability of the NPs,
and the negative charges on the surface of the NP indi-
cate their non-genotoxic and non-cytotoxic nature [46].
Positively charged NPs may be toxic to normal cells as
the anionic surface charge of normal cells would help in
enhanced cellular uptake. However, negative zeta poten-
tial of NPs is suitable for carrier systems as it prevents
macrophage opsonization and plasma protein aggregation
[47]. The drug loading (DL, % w/w) and encapsulation
efficiency (EE, % w/w) were reasonably good. The DL and
EE of both PLGA-PEG and PLGA-PEG-FA NPs exhibited
slightly higher compared to PLGA NPs.
The PLGA-based NPs were not analyzed for surface

morphology by scanning electron microscopy or trans-
mission electron microscopy, but previous studies suggest
that similar NPs have spherical shape and smooth surface
[25, 48, 49].

In Vitro Release of Apigenin
The dialysis bag method was adopted to analyze the
in vitro release of apigenin from different nano formu-
lations in PBS (pH 7.4) containing 0.5% Tween 80 at
37 �C. Apigenin in DMSO solution was almost com-
pletely released from the dialysis bag within 8 h (Fig. 5).
The release of apigenin from apigenin-loaded PLGA NPs
and apigenin-loaded PLGA-PEG NPs was similar, with 18
and 17% cumulative drug release after 8 h, respectively,
whereas apigenin-loaded PLGA-PEG-FA NPs exhibited
slower release of apigenin, with around 9% drug release
after 8 h. The release of apigenin was sustained for up to
7 days. Apigenin was released (approximately 82%) from
the apigenin-loaded PLGA NPs after 7 days. However, the
release of apigenin from the apigenin-loaded PLGA-PEG
and PLGA-PEG-FA NPs after 7 days was approximately
93% which is relatively higher than that of the PLGA NPs.
The slightly higher release of apigenin from PLGA-PEG
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Figure 3. Particle size of PLGA (A), PLGA-PEG (B) and PLGA-PEG-FA (C) NPs loaded with apigenin after lyophilization.

Figure 4. Zeta potential of PLGA (A), PLGA-PEG (B) and PLGA-PEG-FA (C) NPs loaded with apigenin after lyophilization.

and PLGA-PEG-FA NPs compared to PLGA NPs may
be due to the smaller particle size and presence of the
PEG moiety, which provides a greater hydrophilic sur-
face. NPs with a hydrophilic surface absorb more water
from the aqueous medium because of enhanced interac-
tion, which cause enhanced polymer degradation and drug
release from the polymer matrix. The slow release of

Figure 5. In vitro release profiles of apigenin from PLGA-
based NP in PBS (pH 7.4) at 37 �C. Data are presented as the
mean±standard error of the mean (SEM), (n = 3).

apigenin from the polymeric NPs may be due to the pres-
ence of the drug in the core of the NP structure, which
required breakdown of the polymer for drug release. The
various mechanisms of drug release are diffusion of the
drug, erosion and swelling of the polymer matrix and
break down of polymer. The polymer, PLGA, degraded
slowly; hence, the release of the drug from the NPs pre-
dominantly relied on drug diffusion and matrix erosion.
Furthermore, the release kinetics was also studied for

all three PLGA-based NPs: zero-order kinetic model
(% cumulative drug release vs. time), first-order kinetic
model (log % cumulative drug release vs. time), Higuchi
model (% cumulative drug release vs. square root of
time) and Korsmeyer–Peppas model (log % cumulative
drug release vs. log time). Notably, the highest correla-
tion (R2) values, which serve as indicators of the best fit,
were observed for PLGA, PLGA-PEG, and PLGA-PEG-
FA NPs containing apigenin, with values of 0.969, 0.989,
and 0.987, respectively (Figs. 6–8). These values confirm
that PLGA and PLGA-PEG NPs followed the Higuchi
model, whereas PLGA-PEG-FA NPs followed the zero-
order kinetic model.
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Figure 6. Drug release kinetics plots for PLGA NPs containing apigenin: Zero-order plot (A), first-order plot (B), Higuchi plot
(C) and Korsmeyer Peppas plot (D).
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Figure 7. Drug release kinetics plots for PLGA-PEG NPs containing apigenin: Zero-order plot (A), first-order plot (B), Higuchi
plot (C) and Korsmeyer Peppas plot (D).

Effect of Cryoprotectants on the Particle Size of
Nanoparticles After Lyophilization
Lyophilization of the NPs increase in the particle size
as alteration of physical state and stress due to freeze-
drying causes aggregation of NPs. In a prior study, we

documented that the introduction of sucrose (5%) and
mannitol (10%) into the NP suspension prior to lyophiliza-
tion effectively mitigated the enlargement of NP size. Cry-
oprotectants, typically sugars, establish hydrogen bonds
with the NPs, thus shielding them from aggregation and
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Figure 8. Drug release kinetics plots for PLGA-PEG-FA NPs containing apigenin: Zero-order plot (A), first-order plot (B), Higuchi
plot (C) and Korsmeyer Peppas plot (D).

the stresses associated with freezing. In the present investi-
gation, both sugars were found to curtail the rise in particle
size induced by the freeze-drying process, as depicted in
Figure 9. It is worth noting that mannitol (10%) demon-
strated superior efficacy in controlling the particle size of
the NPs when compared to sucrose (5%) [10, 22]. The %
reduction was minimal, approximately 10% with sucrose
and 16% with mannitol. Lyophilized NPs without cryopro-
tectants were used for physicochemical characterization
and biological evaluation.

In Vitro Cytotoxicity Study
Figure 10 represents the in vitro anticancer potential
of different concentrations of pure apigenin and various
PLGA based nano-formulations containing apigenin in a
breast cancer cell line (MCF-7) by MTT assay. PLGA-
based NPs produced a better effect than the pristine drug

Figure 9. Effect of cryoprotectant on particle size after
freeze-drying (mean±SEM, n = 3); *, P < 0�05 vs. sucrose 5%.

and the order of anticancer activity of different NPs
was PLGA-PEG-FA > PLGA-PEG > PLGA (Fig. 11).
PLGA NPs containing apigenin exhibited significantly
higher cytotoxicity than pure apigenin only at the high-
est tested concentration (100 �M), whereas PLGA-PEG
and PLGA-PEG-FA NPs containing apigenin showed sig-
nificantly enhanced anticancer effects at all the tested
doses compared to free drug. The half maximal inhibitory
concentration (IC50) values of apigenin, apigenin-loaded

Figure 10. In vitro cytotoxicity of apigenin and apigenin-
loaded PLGA, PLGA-PEG and PLGA-PEG-FA NPs against a
breast cancer cell line (MCF-7) after 72 hours of incubation
(mean±SEM, n = 3). ∗∗P < 0�01, ∗∗∗P < 0�001 versus apigenin
treatment at the same dose; #P < 0�05, ##P < 0�01, ###P < 0�001
versus PLGA NPs containing apigenin treatment at the same
dose; ∧P < 0�05 versus PLGA-PEG NPs containing apigenin
treatment at the same dose.
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Figure 11. In vitro cytotoxicity study of different treatments. Cells treated with only media, negative control (A), cells treated
with pure APG (B), cells treated with PLGA-APG NPs (C), cells treated with PLGA-PEG-APG NPs (D), and cells treated with
PLGA-PEG-FA-APG NPs (E). Images were captured by a phase contrast microscope (Leica, Germany) with magnification of 200x.

PLGA, PLGA-PEG and PLGA-PEG-FA NPs were 50.2,
49.4, 18.1 and 13.3 �M, respectively. Apigenin-loaded
PLGA-PEG and PLGA-PEG-FA NPs showed 2.79- and
3.77-fold increased cytotoxicity than uncapsulated api-
genin. The cytotoxicity of PLGA-PEG-FA NPs contain-
ing apigenin was significantly higher (P < 0	05) than that
of PLGA-PEG NPs containing apigenin at higher tested
concentrations. The enhanced cytotoxicity of the PEGy-
lated and folate receptor-targeted NPs loaded with api-
genin compared to pure apigenin may be due to their
small size, which facilitates enhanced cell permeability.
Also, the NPs may not be subjected to p-glycoprotein
efflux like pure drugs. The PLGA-PEG-FA NPs showed
enhanced anticancer effects as the NPs can enhance cellu-
lar internalization via folate receptor-mediated endocyto-
sis and circumvent the efflux of apigenin by P-gp pumps.
Increased cellular uptake of folate receptor-targeted NPs
was reported in our earlier study and some other reports
[10, 40, 50]. These effects increased the anticancer effect
of apigenin-loaded PLGA-PEG-FA NPs in folate recep-
tor overexpressing breast cancer cells, MCF-7. Empty NPs
(without the drug molecule, apigenin) showed negligible
cytotoxicity (Fig. 12).
Folate receptor-targeted nanocarriers have been success-

fully used for the targeted delivery of anticancer molecules
in different cancer cells overexpressing the folate recep-
tor. The anticancer activity of folate receptor-targeted NPs
encapsulated with doxorubicin exhibited enhanced anti-
cancer activity (in vitro and in vivo). Furthermore, no

Figure 12. In vitro cytotoxicity of empty (without apigenin)
PLGA, PLGA-PEG and PLGA-PEG-FA NPs against a breast
cancer cell line (MCF-7) after 72 hours of incubation (mean±
SEM, n = 3).

significant toxicity in the liver, lung, kidney, and heart
of nude mice with xenograft MCF-7 breast tumors was
observed after 35 days of treatment [51]. Folic acid-
conjugated cyclodextrin NPs containing paclitaxel are
non-toxic and produce increased anticancer effects in
metastatic breast cancer [52]. It could be postulated that
folate receptor-targeted formulations increase the anti-
cancer effect and decrease the side effects of the drug
candidate because of enhanced cellular internalization,
resulting in less drug requirement to produce the effect. In
the present study, folate receptor-targeted NPs containing
apigenin were small in size, showed sustained drug release
behavior and exhibited enhanced in vitro cytotoxicity in
folate receptor overexpressing MCF-7 breast cancer cells.
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CONCLUSIONS
In the present study, folate-decorated PLGA NPs contain-
ing apigenin were fabricated by nanoprecipitation method.
The NPs were small in size with high encapsulation effi-
ciency, showed sustained release of the drug and produced
pronounced anticancer effects in folate receptor overex-
pressing breast cancer cells (MCF-7). PLGA-PEG-FA NPs
may be a promising approach for targeted delivery of
apigenin in breast cancer. Further studies are needed to
explore the in vivo efficacy of the prepared NPs. Also, the
PLGA-PEG-FA NPs could be explored for co-delivery of
drugs and theranostic purposes, and in other folate receptor
overexpressing cancers.
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