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Abstract

Breast cancer remains one of the leading causes of cancer-related mortality among women
worldwide, with estrogen receptor-positive (ER+) breast cancer accounting for nearly 70% of all
diagnosed cases. Elacestrant, a recently approved oral selective estrogen receptor degrader
(SERD), has shown promising therapeutic efficacy in ER-positive breast cancer; however, its
clinical performance may be limited by poor aqueous solubility and non-specific systemic
distribution. The present study aimed to develop folate-conjugated polymeric nanoparticles of
Elacestrant for targeted delivery to ER-positive breast cancer cells. Elacestrant-loaded PLGA
nanoparticles were prepared using the emulsion solvent evaporation method and subsequently
functionalized with folic acid via EDC/NHS-mediated conjugation. The optimized nanoparticles
exhibited a particle size of 168.2 + 5.3 nm, polydispersity index of 0.205 + 0.03, zeta potential
of —18.9 £ 1.5 mV, entrapment efficiency of 82.8 + 2.4%, and folate conjugation efficiency of
71.6 = 3.2%. The formulation demonstrated sustained drug release over 48 h and followed
Korsmeyer-Peppas release kinetics. Cellular studies revealed significantly enhanced uptake of
folate-conjugated nanoparticles in MCF-7 cells compared with free drug and non-targeted
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nanoparticles. The targeted formulation exhibited superior cytotoxicity, increased intracellular
reactive oxygen species generation, and markedly enhanced apoptosis induction. Furthermore,

the nanoparticles demonstrated improved selectivity toward cancer cells while maintaining
acceptable stability during storage. Collectively, these findings suggest that folate-conjugated
Elacestrant-loaded PLGA nanoparticles may serve as a promising targeted nanotherapeutic
strategy for the treatment of estrogen receptor-positive breast cancer.

Keywords: Elacestrant; PLGA nanoparticles; folate conjugation; estrogen receptor-positive
breast cancer; targeted drug delivery; selective estrogen receptor degrader.

1. Introduction

Breast cancer remains the most frequently
diagnosed malignancy among women and is
a major cause of cancer-associated mortality
worldwide. According to recent global
cancer statistics, breast cancer accounts for
a substantial proportion of newly diagnosed
cancer cases and continues to pose a
significant public health burden despite
considerable advances in diagnosis and
treatment. Among the various molecular
subtypes, estrogen receptor-positive (ER+)
breast cancer represents approximately 70%
of all breast cancer cases and is primarily
dependent on estrogen signalling for tumor
growth and progression. Endocrine therapy
has long served as the cornerstone of
treatment for ER-positive breast cancer.
Conventional endocrine agents, including
selective estrogen receptor modulators,
aromatase inhibitors, and selective estrogen
receptor  degraders  (SERDs), have
significantly improved patient outcomes.
However, prolonged treatment frequently
leads to endocrine resistance, disease
recurrence, and metastatic progression.
Consequently, there remains a continuous
need for improved therapeutic strategies
capable of enhancing drug efficacy while
minimizing systemic toxicity (Zablon et al.,
2026; Zhang et al., 2026; Zhou et al., 2026).
Elacestrant is a novel oral selective estrogen
receptor degrader that has recently gained
considerable attention due to its ability to
induce estrogen receptor degradation and
inhibit

estrogen-dependent  signalling
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pathways.  Unlike  earlier = SERDs,
Elacestrant  exhibits  favourable oral
bioavailability and has demonstrated

significant clinical benefits in patients with
advanced ER-positive and HER2-negative
breast cancer, particularly in endocrine-
resistant  disease.  Nevertheless, the
therapeutic performance of Elacestrant may
still be limited by its poor aqueous
solubility, potential off-target distribution,
and inadequate tumor-specific
accumulation.  Non-selective
exposure may contribute to dose-related
adverse effects and reduce therapeutic
efficiency (Jacobson, 2022; Olivier &
Prasad, 2022; Sanchez et al., 2022).

systemic

Nanotechnology-based  drug  delivery
systems have emerged as promising
approaches  for overcoming  several

limitations associated with conventional
anticancer therapies. Polymeric
nanoparticles, particularly those composed
of poly(D,L-lactide-co-glycolide) (PLGA),
have attracted substantial interest owing to
their excellent biocompatibility,
biodegradability, controlled drug release
properties, and regulatory acceptance.
Encapsulation of hydrophobic drugs within
PLGA nanoparticles can improve drug
dispersion, protect the encapsulated drug
from premature degradation, and facilitate
sustained therapeutic delivery. In addition to
passive targeting through the
enhanced permeability and retention effect,
active targeting strategies can further

tumor

improve therapeutic selectivity. Folate



receptor-mediated targeting is one of the
most extensively investigated approaches in
cancer nanomedicine. Folate receptors are
overexpressed in several malignant cells,
including various breast cancer subtypes,
while their expression in most normal
tissues remains relatively low. Surface
modification of nanoparticles with folic acid
can therefore facilitate receptor-mediated
endocytosis,  resulting enhanced
intracellular ~ drug and
improved anticancer efficacy (Feng et al.,
2022; Franca et al., 2022; Paiva et al., 2022;
Rajana et al., 2022).

The combination of Elacestrant therapy with
folate-targeted nanoparticle delivery may
provide multiple therapeutic advantages,
including sustained drug release, enhanced

in
accumulation

cellular uptake, improved selectivity toward
tumor cells, and reduced systemic toxicity.
Despite the recent clinical importance of
Elacestrant, studies investigating its targeted
nanoformulation remain extremely limited
(Olivier & Prasad, 2022; Sanchez et al.,
2022; Singh et al., 2025). Therefore, the
present investigation was undertaken to
develop folate-conjugated PLGA
nanoparticles of Elacestrant and evaluate
their physicochemical characteristics, drug
release behaviour, cellular uptake, cytotoxic
potential, intracellular reactive oxygen
species  generation, apoptosis-inducing
ability, and formulation stability in ER-
positive breast cancer cells. The study aimed
to establish a targeted nanotherapeutic
platform capable of the
therapeutic performance of Elacestrant for
breast cancer management.

2. Materials and Methods

2.1 Materials
Elacestrant was
MedChemExpress
lactide-co-glycolide)
molecular weight

improving

procured from
(USA).  Poly(D,L-
(PLGA 50:50;
30,000-60,000 Da),
(PVA;  87-89%

polyvinyl  alcohol
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hydrolyzed), folic acid,
dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), coumarin-6,
dichloromethane (DCM), ethyl acetate,
dimethyl sulfoxide (DMSO), MTT reagent,
dichlorofluorescein diacetate (DCFH-DA),
and Annexin V-FITC/propidium iodide
apoptosis detection kit were purchased from
Sigma-Aldrich (USA). Dulbecco's Modified
Eagle Medium (DMEM), fetal bovine serum
(FBS), trypsin-EDTA, phosphate-buffered
saline (PBS), penicillin, and streptomycin
were obtained from Gibco (USA). Human
breast adenocarcinoma (MCF-7) and normal
mammary epithelial (MCF-10A) cell lines
were obtained from the National Centre for
Cell Science (NCCS), Pune, India. All
chemicals and solvents used in the study
were of analytical grade.

2.2 Preformulation Studies

2.2.1 Solubility Studies

The solubility of Elacestrant was determined
in various solvents and excipients to select
suitable components for nanoparticle
preparation. Excess drug was added to 5 mL
of distilled water, phosphate buffer (pH 6.8
and pH 7.4), methanol, ethanol,
dichloromethane, ethyl acetate, and DMSO
in sealed glass vials. The mixtures were
shaken at 25 + 1°C for 72 h using an orbital
shaker operating at 100 rpm. Samples were
centrifuged at 10,000 rpm for 15 min,
filtered through a 0.22 pm membrane filter,
appropriately diluted, and analyzed using a
UV-visible  spectrophotometer the
predetermined wavelength of maximum
absorption (Beraldo-Aratjo et al., 2022;
Haimhoffer et al., 2021; Ostrozka-Cieslik,
2025; Todryk et al., 2026).
2.2.2 Fourier Transform
Spectroscopy (FTIR)
Drug-excipient compatibility was evaluated
by FTIR spectroscopy. Spectra of pure
Elacestrant, PLGA, folic acid, physical

N-(3-

at

Infrared



mixtures, and optimized nanoparticles were
recorded using an FTIR spectrophotometer
within the range of 4000400 cm™
employing the potassium bromide pellet
method (Beraldo-Aratijo et al, 2022;
Haimhoffer et al., 2021; Ostrozka-Cieslik,
2025; Todryk et al., 2026).

2.2.3 Differential Scanning Calorimetry

(DSO)

Thermal behavior of the drug and
formulations was investigated using
differential scanning calorimetry.

Approximately 5 mg of each sample was
accurately weighed into aluminum pans and
heated from 30°C to 300°C at a heating rate
of 10°C/min under a nitrogen atmosphere
(Beraldo-Aratjo ef al., 2022; Haimhoffer et
al.,2021; Ostrozka-Cieslik, 2025; Todryk et
al., 2026).

2.2.4 Powder X-Ray Diffraction (PXRD)

Crystalline characteristics of Elacestrant
before and after
examined using an X-ray diffractometer
equipped with Cu-Ka radiation (A = 1.5406
A). Samples were scanned over a diffraction
angle (20) range of 5°-60° (Beraldo-Araujo
et al., 2022; Haimhoffer et al, 2021,
Ostrozka-Cieslik, 2025; Todryk et al.,
2026).

23 Experimental
Optimization

A three-factor, three-level Box-Behnken
design (BBD) was employed to optimize
formulation variables affecting nanoparticle
characteristics. Design-Expert® software
(Version 13, Stat-Ease Inc., USA) was
utilized for experimental design generation
and statistical analysis. The independent
variables selected were (Beraldo-Araujo et
al., 2022; Haimhoffer et al., 2021; Ostrozka-
Cieslik, 2025; Todryk et al., 2026):

. A: PLGA concentration (50100
mg)

. B: PVA concentration (0.5-1.5%
w/V)

encapsulation were

Design and
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. C: Sonication time (2—6 min)

The dependent responses included:

. Y:: Particle size (nm)

. Y:: Entrapment efficiency (%)

. Ys: Drug release after 48 h (%)
Quadratic polynomial equations were
generated, and response surface

methodology was applied to determine the
optimized formulation.
2.4 Preparation of Elacestrant-Loaded
Polymeric Nanoparticles
Elacestrant-loaded polymeric nanoparticles
were prepared by the emulsion solvent
evaporation method. Briefly, accurately
weighed quantities of Elacestrant and PLGA
were dissolved in 5 mL of a
dichloromethane:ethyl acetate mixture (1:1
v/v) to obtain the organic phase. This
organic phase was slowly added to 20 mL
aqueous PVA solution under magnetic
stirring at 1000 rpm. The resulting coarse
emulsion was subjected to probe sonication
at 40% amplitude for the predetermined
duration according to the experimental
design. The formed
nanoemulsion was stirred continuously for 4
h at room temperature to allow complete
of
were

oil-in-water

evaporation organic solvents.
Nanoparticles recovered by
centrifugation at 15,000 rpm for 30 min at
4°C and washed three times with distilled
water to remove excess stabilizer and
unentrapped drug. The final nanoparticle
dispersion was freeze-dried in the presence
of mannitol (5% w/v) as cryoprotectant and
stored in airtight containers until further
studies (Aanisah et al., 2023; Barcena et al.,
2023; Galarreta-Rodriguez et al., 2023;
Garcia et al., 2023).

2.5 Surface Conjugation with Folic Acid
Folate conjugation was carried out using
carbodiimide chemistry. Briefly, optimized
PLGA nanoparticles were dispersed in MES
buffer (pH 5.5). The surface carboxylic
groups of nanoparticles were activated by



adding EDC and NHS under continuous
stirring for 30 min. Subsequently, folic acid-
PEG-NH: solution was added dropwise and
the reaction mixture was stirred overnight
under dark conditions at room temperature.
The resultant folate-conjugated
nanoparticles were isolated by
centrifugation and washed repeatedly to
remove unreacted folic acid. The final
formulation was lyophilized and stored at
4°C (Hada et al., 2021; Wang et al., 2015;
Yao et al., 2021).
2.6 Determination of Particle Size,
Polydispersity Index and Zeta Potential
Particle size, polydispersity index (PDI),
and zeta potential of nanoparticles were
measured using dynamic light scattering
(Malvern Zetasizer Nano ZS, UK). Freeze-
dried nanoparticles were reconstituted in
distilled water and suitably diluted before
analysis. All measurements were performed
in triplicate at 25°C (Hada et al., 2021;
Wang et al., 2015; Yao et al., 2021).
2.7 Determination of Entrapment
Efficiency and Drug Loading
Entrapment efficiency was determined
indirectly by quantifying the amount of free
drug present in the supernatant after
centrifugation. Nanoparticle dispersions
were centrifuged at 15,000 rpm for 30 min.
The supernatant was collected, suitably
diluted, and
spectrophotometrically.
efficiency and drug loading were calculated
using the following equations (Hada et al.,
2021; Wang et al., 2015; Yao et al., 2021):
Entrapment Efficiency (%) =
Total Drug—Free Drug / Total Drug X100
Drug Loading (%)
Entrapped Drug

~ Total Weight of Nanoparticles %
2.8 Transmission Electron Microscopy
(TEM)
Morphological characteristics of optimized

analyzed
Entrapment

nanoparticles were investigated using
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transmission electron microscopy. A drop of
diluted nanoparticle suspension was placed
on a carbon-coated copper grid, negatively
stained with phosphotungstic acid (1% w/v),
air dried, and observed under a transmission
electron microscope (Hada et al., 2021;
Wang et al., 2015; Yao et al., 2021).

2.9 Determination of Folate Conjugation
Efficiency
The amount of folic acid conjugated onto
nanoparticle surfaces was  estimated
indirectly by measuring the concentration of
unconjugated folic acid remaining in the
supernatant using UV spectrophotometry.
Folate conjugation efficiency was calculated
as (Hadaetral.,2021; Wang et al.,2015; Yao
etal.,2021):
Conjugation Efficiency (%) = Total Folate
— Unbound Folate / Total Folate x100
2.10 In Vitro Drug Release Studies
Drug release studies were carried out using
the dialysis bag diffusion method.
Nanoparticles equivalent to 10 mg of
Elacestrant were dispersed in release
medium and transferred into dialysis bags
having a molecular weight cut-off of 12—-14
kDa. The dialysis bags were immersed in
100 mL phosphate-buffered saline (pH 7.4)
containing 0.5% Tween 80 and maintained
at 37 + 0.5°C with continuous stirring at 100
rpm. At predetermined intervals, 2 mL
samples were withdrawn and replaced with
equal volumes of fresh medium to maintain
sink conditions. Drug concentration was
quantified  spectrophotometrically  and
cumulative percentage drug release was
calculated (Hada et al., 2021; Wang et al.,
2015; Yao et al., 2021).
2.11 Drug Release Kinetic Analysis
Release data were fitted into various
mathematical models including zero-order,
first-order, Higuchi, and Korsmeyer-Peppas
models to elucidate the mechanism



governing drug release (Hada et al., 2021;
Wang et al., 2015; Yao et al., 2021).

2.12 Cellular Uptake Studies

Cellular uptake was investigated using
coumarin-6-loaded formulations. MCF-7
cells were seeded in six-well plates and
incubated for 24 h. Cells were then treated
with free coumarin-6, coumarin-6-loaded
nanoparticles, and  folate-conjugated
coumarin-6 nanoparticles for 4 h. Following
incubation, cells were washed with PBS,
fixed with paraformaldehyde, stained with
DAPI, and observed under a fluorescence

microscope. Quantitative uptake was
determined by measuring intracellular
fluorescence intensity using Imagel

software (Belperain et al., 2021; Mushtaq et
al.,2021; Yadav et al., 2011).

2.13 In Vitro Cytotoxicity Studies
Cytotoxicity was assessed by MTT assay.
MCF-7 and MCF-10A cells were seeded in
96-well plates at a density of 1 x 10*
cells/well and incubated overnight. Cells
were exposed to varying concentrations of
free Elacestrant, non-targeted nanoparticles,
and folate-conjugated nanoparticles for 48
h. Subsequently, MTT solution (5 mg/mL)
was added and plates were incubated for 4 h.
The generated formazan crystals were
dissolved using DMSO and absorbance was
measured at 570 nm. Cell viability was
calculated using the following equation
(Matsunaga et al., 2016; Raza et al., 2016;
Yadav et al., 2011):

Cell Viability (%) =
Absorbance of treated cells /
Absorbance of control cells X100
2.14 Intracellular Reactive Oxygen

Species (ROS) Assay

Intracellular ROS generation was evaluated
using DCFH-DA fluorescent probe. MCF-7
cells treated  with  different
formulations for 24 h and subsequently
incubated with DCFH-DA solution for 30
min in the dark. After washing with PBS,

WwWCEre
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fluorescence images were captured using a
fluorescence microscope and fluorescence
intensity was quantified (Matsunaga ef al.,
2016; Raza et al., 2016; Yadav et al., 2011).
2.15 Apoptosis Analysis

Apoptotic cell death was determined using
Annexin V-FITC/propidium iodide staining.
MCEF-7 cells were treated with various
formulations for 48 h, harvested, washed
with cold PBS, and stained according to the
Samples
analyzed wusing flow cytometry
percentages of viable, early apoptotic, late
apoptotic, and necrotic  cells
determined (Matsunaga et al., 2016; Raza et
al.,2016; Yadav et al., 2011).

manufacturer's protocol. were

and

w€ere

2.16  Stability Studies
Stability studies
conjugated nanoparticles were performed
according to ICH guidelines. Lyophilized
formulations were stored under: 25 + 2°C /
60 £+ 5% RH and 40 + 2°C / 75 + 5% RH for
a period of three months. Samples were
withdrawn at predetermined intervals and
evaluated for appearance, particle size, zeta
potential, entrapment efficiency, and drug
content (Amin et al, 2021; Chen et al.,
2018; Grabowski et al., 2016).

2.17 Statistical Analysis

All experiments were carried out
triplicate and data were expressed as mean +
standard deviation. Statistical analysis was
performed using one-way analysis of
variance (ANOVA) followed by Tukey's
post hoc test. A p-value less than 0.05 was
considered statistically significant.

3. Results and Discussion

3.1 Preformulation Studies

3.1.1 Solubility Studies

The solubility profile of Elacestrant in
various solvents demonstrated its highly
hydrophobic nature, thereby justifying the
development of a nanoparticulate delivery
system. The drug exhibited negligible

of optimized folate-

in



solubility in aqueous media, while
considerably higher solubility was observed
in organic such as
dichloromethane, ethyl acetate, methanol,
and DMSO.

Table 1. Solubility of Elacestrant in
different solvents (n = 3).

solvents

Solvent Solubility
(mg/mL)
Distilled water 0.021 +0.003
Phosphate buffer pH | 0.034 + 0.004
6.8
Phosphate buffer pH | 0.047 + 0.005
7.4
Methanol 18.62 +0.74
Ethanol 9.84 +£0.51
Ethyl acetate 14.33 £0.68
Dichloromethane 20.71 £0.83
DMSO 42.56 +1.25

The poor aqueous solubility of Elacestrant
may significantly limit its dissolution and
cellular availability. Therefore,
encapsulation within PLGA nanoparticles
was considered a rational strategy to
improve drug dispersion and facilitate
targeted intracellular delivery. The high
solubility observed in dichloromethane and
ethyl acetate supported their selection as the

organic ~ phase  during  nanoparticle
preparation.
3.2 Fourier Transform Infrared
Spectroscopy

FTIR spectroscopy was performed to
investigate possible interactions between
Elacestrant and formulation excipients. Pure
Elacestrant exhibited
absorption bands corresponding to aromatic
C=C stretching (1605 cm™), C-O stretching
(1248 cm™), C—N stretching (1182 cm™),
and aliphatic C-H stretching vibrations
(2928 cm™). The spectra of physical
mixtures and optimized folate-conjugated
nanoparticles retained all major
characteristic peaks of Elacestrant without

characteristic

669

Journal of Animal Environment, Vol. 18, No. 4s, Spring 2026

the appearance of additional peaks or
significant peak shifts.

O-H/N-H C-H b
2 < stretching
stretclhlng stret(l:hlng (ester)
Pure Elacestrant : v :
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8 PLGA : : W
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E ] | 5
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5 Physical Mixture ! T
g
. .
Folate-conjugated '
Nanoparticles (Optimized)
4000 3500 3000 2500 2000

Wavenumber (cm-)

Figure 1. FTIR spectra of pure
Elacestrant, PLGA, physical mixture,
and optimized folate-conjugated
nanoparticles.

The preservation of major functional group
peaks indicated the absence of chemical
incompatibility between Elacestrant and
formulation components. Minor reductions
in peak intensity in  nanoparticle
formulations could be attributed to
molecular dispersion of the drug within the

polymeric matrix.

3.3 Differential Scanning Calorimetry
DSC thermograms were utilized to examine
changes in the physical state of Elacestrant
following nanoparticle encapsulation. Pure
Elacestrant exhibited a sharp endothermic
peak at approximately 178°C corresponding
to its melting point, confirming its
crystalline nature. PLGA demonstrated a
broad thermal transition characteristic of an
amorphous polymer. In the physical
mixture, the drug endotherm was retained
with slightly reduced intensity, indicating
compatibility between drug and excipients.



Interestingly, the optimized nanoparticles
exhibited a substantial reduction in the
intensity of the characteristic drug peak with
noticeable broadening.

m
g
5

Pure Elacestrant

_.
e
2
g
3
5
3

Physical Mixture

Heat flow (mW)

1408 °C
Optimized Folate-conjugated )
Nanoparticles

Endothermic peak
(broadened and decreased intensity)

40 60 80 100 120

Temperature (°C)

140 160 180 200

Figure 2. DSC thermograms of pure
Elacestrant, physical mixture, and
optimized nanoparticles.

The reduction in crystallinity suggested
successful molecular  entrapment
Elacestrant within the PLGA matrix and
possible into a partially
amorphous state, which may contribute to

improved dissolution characteristics.
3.4 Powder X-Ray Diffraction Studies

conversion

PXRD analysis further confirmed the
physical state of Elacestrant after
encapsulation.

Pure Elacestrant exhibited numerous intense
diffraction peaks, confirming its crystalline
nature. Conversely, optimized nanoparticles
displayed markedly reduced peak intensity
with the appearance of broad halos.
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of

11‘.3' —— Pure Elacestrant

—— Optimized folate-conjugated
nanoparticles

Pure Elacestrant

Intensity (a.u.)

Optimized folate-conjugated
nanoparticles

L,

5 10 15 20 25 30 35 40 45
20 (degree)

Figure 3. PXRD patterns of pure
Elacestrant and optimized folate-
conjugated nanoparticles.

The disappearance of major crystalline
peaks suggested that a significant proportion
of Elacestrant existed in an amorphous or
molecularly dispersed state within the

50
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polymeric nanoparticles. Such reduction in
crystallinity has frequently been associated
with enhanced dissolution and improved
therapeutic performance.

3.5 Optimization Using Box-Behnken
Design

Seventeen experimental runs generated by
the Box-Behnken design were prepared and
evaluated.

Table 2. Box-Behnken design matrix and
observed responses.

R |PL | P | Sonic |Par | E | Dr
u |G |V |ation |ticl |E |ug
n |A A | (min) |e ( |rel
(m | ( size | % | eas
g) % (nm |) |eat
) ) 48
h
(%
)

I |50 |0. |4 182 |7 |94.
5 6+ |1 |3+
53 |4 |24

+

2.

1
2 (10 |0. |4 223 |8 | 8l.
0 5 S+ 8 |8+
6.1 |5 |20

+

2.

5
3 |50 |1. |4 166 |7 |92.
5 2+ 3.6+
48 |8 |23

+

I.

9
4 (10 |1. |4 201 |8 | 79.
0 5 J+£19. |5+
57 |2 |24

+

2.

8




75 192 |7 |91
B+ |8 |7+
54 |6 |22

+

2.

0
75 148 |8 | 88.
4+ 14 |19+
41 |3 |21

+

2.

1
50 186 |7 |94.
S+ 12 |8+
52 19 |23

+

2.

0
10 228 | 8 | 80.
0 3|7 |4+
63 |4 |22

+

2.

4
50 151 |7 |92
J+]6. |1+
42 |1 |20

+

2.

2
10 188 |9 | 78.
0 4+ 10 |8+
5.5 1 |21

+

2.

6
75 214 |7 | 88.
b6+ 19 |3+
6.0 |5 (24

+

2.

2
75 183 |8 | 86.
A+ |1 |5+
54 |4 |21
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+

2.

0
I |75 0. |6 171 |8 | 87.
3 5 S+ (2 |2+
49 |3 |22

+

2.

3
1 |75 |1. |6 154 |8 | 85.
4 5 8+ |5 |6+
45 |7 120

+

2.

1
75 | 1. |4 168 |8 | 89.
5 0 2+ (3 |4+
46 |4 |22

+

2.

0
1 |75 |1. |4 169 |8 | 89.
6 0 1+ (2. |8+
48 |8 |21

+

2.

2
1 |75 |1. |4 167 |8 | 89.
7 0 6+ (3. |3+
44 |1 |23

+

2.

1

3.6 Effect on Particle Size

Particle size varied from 148.4 + 4.1 to
228.3 + 6.3 nm. The quadratic model for
particle size was:

Y1
=168.31+22.14A—11.28B—18.67C+4.18AB
+3.42AC+2.95BC+6.21A2+5.64B2+4.82C

2
ANOVA indicated that the model was
highly significant (p < 0.0001) with an R?
value of 0.991.



An increase in PLGA concentration
significantly increased particle size because
of increased viscosity of the organic phase
and formation of larger emulsion droplets.
Conversely, increasing PVA concentration
and sonication time reduced particle size
owing to better stabilization and higher
shear-induced droplet breakdown.

Particle Size
(nm)

Particle Size (nm)
N
8

Factor Coding: Actual

25

5 PLGA Concentraton (%) (A)
20 Sonication Time (min) (B)
> 15 Clo)
il aato” s

nce!
i 13
LS

Figure 4. Response surface plot showing
effects of PLGA concentration and
sonication time on particle size.

3.7 Effect on Entrapment Efficiency
Entrapment efficiency ranged between 71.4
+ 2.1% and 90.1 + 2.6%.bThe polynomial
equation obtained was:

Y2
=83.26+7.84A+2.46B+2.93C—1.02AB+0.8
4AC+0.62BC—3.14A2-2.45B2—-1.86C2
The model demonstrated excellent
correlation (R? = 0.988). Increasing PLGA
concentration  significantly  improved
entrapment efficiency due to increased
polymeric matrix available for drug
incorporation. Longer sonication times also
slightly improved drug entrapment by
producing smaller droplets with more

homogeneous drug distribution.

g
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Figure 5. Response surface plot showing
effects of formulation variables on
entrapment efficiency.

3.8 Effect on Drug Release

Drug release at 48 h varied between 78.8 +
2.1% and 94.8 + 2.3%. The mathematical
model obtained was:

Y3
=89.31-7.15A-2.86B—2.18C+0.74AB+0.6
6AC+0.53BC+2.95A2+1.84B2+1.36C2
The model was statistically significant with
an R? value of 0.986. Increasing polymer
concentration resulted in slower drug release
because of formation of a denser polymeric

matrix that prolonged drug diffusion.

3.9 Optimization and Selection of Final
Formulation

Numerical optimization using desirability
function analysis suggested the following
optimized composition:

. PLGA: 75 mg

. PVA: 1.5%

. Sonication time: 6 min

The optimized formulation exhibited:

. Particle size: 148.4 = 4.1 nm

. Entrapment efficiency: 84.3 £2.1%

. Drug release at 48 h: 88.9 + 2.1%
The overall desirability value obtained was
0.962, indicating excellent agreement
between predicted and experimental
responses.

Desirability Ramp Optimized Formulation Region
(Overlay Contour Piot)

Design: Box-Behnken (3 Factors, 3 Levels)

Figure 6. Desirability plot and optimized
formulation region obtained from Box-
Behnken design.

3.10 Characterization of Optimized

Folate-Conjugated Nanoparticles



Following optimization, the selected
Elacestrant-loaded PLGA nanoparticles
subjected
functionalization to
mediated targeting
breast cancer cells.

were folate  surface
enhance receptor-

toward ER-positive

to

3.10.1 Particle Size, Polydispersity Index
and Zeta Potential

The optimized non-targeted nanoparticles
exhibited a mean particle size of 148.4 £ 4.1
nm with a narrow size distribution (PDI =
0.182 + 0.02). After folate conjugation,
particle size increased slightly to 168.2 + 5.3
nm, confirming successful  surface
modification.

Table 3. Physicochemical characteristics
of optimized nanoparticles (n = 3).

Parameter | Elacestran | Folate-

t NPs Conjugate
d NPs

Particle 148.4+4.1 |1682+53

size (nm)

PDI 0.182 + | 0.205+0.03
0.02

Zeta —248+13 |—-189+1.5

potential

(mV)

Entrapmen | 84.3+2.1 82.8+24

t efficiency

(%)

Drug 10.5+0.6 10.1+£0.5

loading

(%)

Folate — 71.6£3.2

conjugatio

n

efficiency

(%)

The slight increase in particle size after
conjugation can be attributed to deposition
of folate-PEG chains on the nanoparticle
surface. Similar increases in particle

diameter following folate functionalization
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have been reported for several PLGA-based
targeted delivery systems. The zeta potential
became less negative after conjugation,
changing from —24.8 + 1.3 mV to —18.9 +
1.5 mV. This change further supported
successful surface decoration because the
folate molecules partially masked the

surface carboxyl groups of PLGA
nanoparticles. Despite surface modification,
the nanoparticles retained sufficient

electrostatic stability, as indicated by zeta
potential values exceeding £15 mV.

Particle Size Distribution

25

10 100 1000
Particle Size (nm)

10000

Figure 7. Particle size distribution curves
of optimized Elacestrant nanoparticles
and folate-conjugated nanoparticles.
3.10.2 Transmission Electron Microscopy
TEM images demonstrated that both
formulations were nearly spherical with
smooth surfaces and exhibited no visible
aggregation. The particle size observed by
TEM slightly smaller than that
measured by dynamic light scattering
because DLS determines hydrodynamic
diameter whereas TEM measures the
dehydrated particles. Folate-conjugated
nanoparticles showed a faint peripheral

was

layer surrounding the nanoparticle core,
suggesting successful surface coating.

A. Optimi

B. Folate-Conjugated Nanoparticles




Figure 8. TEM images of optimized
Elacestrant nanoparticles (A) and folate-
conjugated nanoparticles (B).

The nanosized spherical morphology is
advantageous for tumor penetration and
cellular internalization because particles
below 200 nm can efficiently exploit the
enhanced permeability and retention (EPR)
effect and exhibit improved endocytic

uptake.

3.11 Determination of Folate Conjugation
Efficiency

The folate conjugation efficiency of the
optimized formulation was found to be 71.6
+ 3.2%. This relatively high conjugation
efficiency indicated effective EDC/NHS-
mediated coupling between activated PLGA
carboxyl groups and amino-functionalized
folate molecules. Adequate ligand density is
essential because insufficient folate surface
coverage may result in poor receptor-
mediated uptake, whereas excessive ligand
density may induce steric hindrance and
reduced targeting efficiency. The obtained
efficiency was therefore
for

conjugation
considered appropriate
biological evaluations.
3.12 In Vitro Drug Release Studies

Drug release profiles of pure Elacestrant,
non-targeted nanoparticles, and folate-
conjugated nanoparticles are presented in
Figure 9.

Table 4. Comparative in vitro drug
release profile (n = 3).

subsequent

Time | Pure Elacestrant | Folate

(h) Drug NPs (%) NPs
(%) (%)

1 314 + |8.7+£1.0 75 £
2.1 0.9

2 582 + | 158+1.3 142 =+
2.8 1.2

4 76.5 £ | 27.6+t1.8 248 +
3.1 1.6

8 883 £ [41.9+22 38.6 *
2.7 2.0
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12 91.6 + |523+24 48.1 +
24 23

24 — 71.4+£2.6 672 +
2.5

36 — 82.6 £2.8 793 =+
2.7

48 — 88.9+£2.1 86.4 =+
23

B
8

—e— Pure Elacestrant

—8— Elacestrant Nanoparticles

3
8

—— Folate-Conjugated Nanoparticles

Cumulative Drug Release (%)
8 3 8

»
8

0

0 2 4 6 8 10 12 16 24 36 48
Time (h)

Figure 9. Comparative release profiles of
pure Elacestrant, Elacestrant
nanoparticles, and folate-conjugated
nanoparticles.

Pure Elacestrant exhibited rapid dissolution,
with approximately 92% drug release
occurring within 12 h. Conversely, both
nanoparticle formulations demonstrated
sustained release behaviour with an initial
mild burst effect followed by prolonged
drug release over 48 h. The initial burst
release may be attributed to the release of
surface-associated drug molecules, whereas
the later phase corresponded to diffusion of
entrapped drug through the PLGA matrix
and gradual polymer Folate-
conjugated nanoparticles showed slightly
slower  release  than  non-targeted
nanoparticles owing to the additional
diffusional barrier created by the folate
coating. The sustained release behaviour
may help therapeutic
concentrations within tumor tissues while

erosion.

maintain

reducing dosing frequency and minimizing
systemic exposure.
3.13 Drug Release Kinetic Modelling



Release data were fitted into various
mathematical models to elucidate the
mechanism governing drug release.

Table 5. Drug release kinetic parameters.

Model R? R? (Folate
(NPs) | NPs)

Zero order 0.926 |0.934

First order 0.948 0.956

Higuchi 0.985 0.988

Korsmeyer- 0.993 | 0.995

Peppas

Korsmeyer-Peppas model exhibited the
highest correlation coefficient for both
formulations.

The release exponent (n) values were:

. Elacestrant NPs: 0.63

. Folate NPs: 0.66

These values indicated anomalous non-
Fickian diffusion, suggesting that drug
release occurred through a combination of
diffusion and polymer relaxation/erosion
mechanisms. The dominance of the Higuchi
and Korsmeyer-Peppas models indicated
that diffusion through the hydrated
polymeric matrix was the principal release
mechanism.

3.14 Cellular Uptake Studies

Efficient intracellular delivery is a critical
requirement for SERD therapy because
Elacestrant acts by inducing estrogen
receptor degradation within cancer cells.
Fluorescence microscopy revealed marked
differences in cellular uptake among the
tested formulations. Cells treated with free
coumarin-6 exhibited weak intracellular
fluorescence, indicating limited cellular
accumulation. Non-targeted nanoparticles
produced substantially higher fluorescence
intensity, demonstrating improved
endocytosis resulting from nanoscale
particle size. However, folate-conjugated
nanoparticles  exhibited the  highest
intracellular ~ fluorescence, indicating

675
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enhanced receptor-mediated internalization.
Quantitative analysis further confirmed
these observations.

Table 6. Relative fluorescence intensity in
MCEF-7 cells.

Formulation Relative fluorescence
intensity

Free coumarin- | 1.00 +0.08

6

Coumarin-6 2.61 £0.18*

NPs

Folate- 432  0.24%*

conjugated NPs

p <0.05 versus free dye, ** p < 0.001 versus
free dye and non-targeted nanoparticles.
The approximately 1.7-fold increase in
fluorescence intensity observed after folate
conjugation strongly suggested folate
receptor-mediated ~ uptake.  Enhanced
intracellular accumulation is expected to
improve therapeutic efficacy because
greater intracellular drug concentration can
facilitate more efficient estrogen receptor
degradation and induction of apoptotic
pathways. These findings demonstrated that
folate surface engineering significantly
improved the targeting capability of
Elacestrant-loaded nanoparticles and may
potentially enhance therapeutic selectivity
toward breast cancer cells over normal
tissues.

3.15 In Vitro Cytotoxicity Studies

The antiproliferative activity of free
Elacestrant, Elacestrant-loaded
nanoparticles, and  folate-conjugated

nanoparticles was evaluated in MCF-7
breast cancer cells and normal MCF-10A
mammary epithelial cells using the MTT
assay.

3.15.1 Cytotoxicity in MCF-7 Cells

All formulations exhibited concentration-
dependent inhibition of MCF-7 cell growth.
However, significant differences in potency
were observed among the treatment groups.



Table 7. Cell viability (%) of MCF-7 cells
following 48 h treatment (n = 3).

Concentr | Free Elacest | Fol
ation Elacest | rant ate
(M) rant NPs NPs
5 88.6 + |813 =+ |728
2.4 2.1 +
2.0
10 774 £ | 652 £ |52.6
23 2.0 +
1.9
20 61.5 + 468 + |314
2.5 2.2 +
1.8
40 428 +£ |28.7 £ [169
2.1 1.9 +
1.5
80 257 £ (142 + |78
1.9 1.4 +
1.2
100 196 =+ |105 + |54
1.7 1.2 +
0.9
The calculated ICso values were:
. Free Elacestrant: 18.7 = 1.4 uM
. Elacestrant nanoparticles: 10.9 = 0.9
uM
. Folate-conjugated nanoparticles: 5.8
+ 0.6 uyM
The nearly three-fold reduction in ICso
following folate conjugation clearly

demonstrated the therapeutic advantage of
receptor-mediated targeting.

The enhanced cytotoxicity may be attributed
to:

1. Improved cellular internalization.

2. Sustained intracellular drug release.
3. Increased intracellular drug
retention.

4. Efficient estrogen receptor
degradation due to higher intracellular drug
concentrations.

3.15.2 Cytotoxicity in Normal MCF-10A
Cells
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To evaluate formulation selectivity, the
cytotoxic effects on normal mammary
epithelial cells were investigated.

Table 8. Cell viability (%) in MCF-10A

cells (n = 3).
Concentr | Free Elacest | Fol
ation Elacest | rant ate
(M) rant NPs NPs
5 956 £ (968 =+ 974
2.1 2.0 +
1.8
10 914 £ |93.1 =+ |94.7
2.0 2.2 +
2.1
20 86.5 + [89.8 £ |91.3
2.2 2.1 +
2.0
40 79.6 + |84.1 £ |875
2.3 2.4 +
2.2
80 71.8 £ |77.6 £ | 819
2.4 2.3 +
2.3
100 657 £ |723 £ |77.6
2.5 2.5 +
2.4

The formulations exhibited substantially
lower toxicity toward normal cells than
cancer cells. Folate-conjugated
the  highest
selectivity, indicating preferential uptake by
breast cancer cells expressing folate
receptors. These findings suggest that
targeted nanoparticles
reduce
therapeutic index.
3.16 Intracellular
Species Generation
Oxidative stress plays a crucial role in
anticancer  therapy @~ by  promoting
mitochondrial dysfunction and activation of

nanoparticles  showed

may potentially
systemic toxicity and improve

Reactive Oxygen

apoptotic pathways. ROS generation was
assessed using DCFH-DA staining after
treatment of MCF-7 cells with various



formulations. Marked differences in
fluorescence intensity were observed among
treatment groups.

Table 9. Relative intracellular ROS

intensity.
Treatment | Relative fluorescence
intensity
Control 1.00 £ 0.07
Free 1.84 £0.12%*
Elacestrant
Elacestrant | 2.69 + 0.17**
NPs
Folate NPs 3.88 £ (.23%%**

p <0.05 vs control, **p < 0.01 vs free drug,
*#% p < 0.001 vs all groups

The significantly enhanced ROS generation
observed with folate-conjugated
nanoparticles may result from increased
intracellular drug accumulation. Elevated
ROS levels can contribute to:

. mitochondrial membrane
depolarization,

. DNA damage,

. activation of caspase cascades,

. induction of apoptotic cell death.
Thus, increased oxidative stress may

partially explain the superior cytotoxic
activity of targeted nanoparticles.
3.17 Apoptosis Analysis

To further elucidate the mechanism
underlying enhanced anticancer activity,
Annexin  V-FITC/PI  staining  was

performed. Representative flow cytometry
plots demonstrated significant increases in
both early and late apoptotic populations
following treatment with folate-conjugated

nanoparticles.
Table 10. Quantitative apoptosis analysis.
Treat | Via | Early | Late | Necr
ment ble | apopt | apopt | osis
(%) | osis osis (%)
(%) | ()
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Contro [942 |26 + |15 £ |17 £

1 + 0.4 0.3 0.4
2.1

Free 664 | 147+ | 162+ |27 +

Elacest | + 1.1 1.3 0.5

rant 2.5

Elacest | 489 | 184+ | 295+ |32 =+

rant + 1.2 1.5 0.4

NPs 2.2

Folate |26.7 [21.6+ |479+ |3.8 +

NPs + 1.4 1.8 0.5
1.9

The percentage of total apoptotic cells
increased substantially following
nanoparticle treatment. Total apoptosis:

. Free drug: 30.9%

. Elacestrant NPs: 47.9%

. Folate NPs: 69.5%

The markedly enhanced apoptosis induced

by folate-conjugated nanoparticles
corroborated the cellular uptake and
cytotoxicity  findings. These results

collectively suggest that receptor-mediated
delivery significantly improved intracellular
therapeutic concentrations of Elacestrant,
resulting in enhanced activation of apoptotic
pathways.

3.18 Stability Studies

The optimized folate-conjugated
nanoparticles were subjected to accelerated
stability testing for three months according
to ICH recommendations.

Storage Conditions

. 25+2°C/60+ 5% RH

. 40+2°C/75+5%RH

No visible aggregation, color change, or
phase separation was observed during the
study period.

Table 11. Stability data of optimized
folate-conjugated nanoparticles (n = 3).

Parameter | Initia | 1 3
1 Mont Month
h S




Particle 1682 |171.4 | 1759 +

size (nm) +53 | +£57 6.1

PDI 0.205 |0.214 ]0.223 +
+0.03 | £0.03 |0.04

Zeta -18.9 | —-18.1 |—-173 +

potential +15 |£14 1.6

(mV)

Entrapmen |82.8+ | 81.5 + [ 80.2 =+

t efficiency | 2.4 2.2 23

(%)

Drug 99.2+ | 983 + | 97.1 =+

content 1.4 1.5 1.6

(%)

The slight increase in particle size observed
during storage may be attributed to limited
particle aggregation and polymer relaxation.
However, all changes remained within
acceptable limits, indicating satisfactory
physical stability of the formulation. Drug
retention remained above 97% throughout
the study, demonstrating good
encapsulation stability and negligible drug
leakage.

3.19 Overall Discussion

The present investigation successfully
developed folate-functionalized PLGA

nanoparticles for targeted delivery of
Elacestrant against ER-positive breast
cancer. The optimized nanoparticles
possessed several favourable
characteristics:

. nanoscale particle size (<200 nm),

. narrow size distribution,

. high entrapment efficiency,

. sustained drug release,

. efficient folate surface conjugation,
. enhanced intracellular uptake,

. superior anticancer activity,

. improved selectivity toward cancer
cells.

The enhanced therapeutic performance of
folate-conjugated nanoparticles can be
attributed to a combination of mechanisms.
First, the nanosized particles may facilitate

Journal of Animal Environment, Vol. 18, No. 4s, Spring 2026

678

passive tumor accumulation through the
enhanced permeability and retention effect.
Second, folate surface decoration promotes
receptor-mediated  endocytosis, thereby
increasing intracellular drug delivery. The
resulting increase in intracellular Elacestrant
concentration  subsequently  enhances
oxidative stress and apoptotic signalling,
ultimately leading to superior inhibition of
cancer cell proliferation. Importantly, the
targeted nanoparticles demonstrated lower
toxicity toward normal mammary epithelial
cells, indicating potential reduction of off-
target adverse effects. Collectively, these
findings suggest that folate-conjugated
Elacestrant nanoparticles represent a
promising targeted therapeutic strategy for
ER-positive breast cancer and warrant
further evaluation in suitable in vivo tumor
models.

4. Conclusion

The present study successfully developed
and evaluated folate-conjugated PLGA
nanoparticles of Elacestrant for targeted
therapy of estrogen receptor-positive breast
cancer. The optimized formulation prepared
by the emulsion solvent
technique exhibited desirable
physicochemical characteristics, including
nanoscale particle size, narrow
distribution,  high  drug  entrapment
efficiency, and satisfactory surface charge,
indicating  good  colloidal  stability.
Successful ~ folate
confirmed by the increase in particle size,

evaporation

size

conjugation  was
alteration of zeta potential, and high ligand
conjugation  efficiency. The  folate-
functionalized nanoparticles demonstrated
sustained drug release over 48 h, suggesting
their potential to maintain prolonged
therapeutic concentrations and reduce
dosing frequency. Biological evaluations
revealed that folate conjugation markedly
enhanced intracellular uptake in MCF-7
cells to

owing receptor-mediated



endocytosis. Consequently, the targeted
nanoparticles exhibited significantly greater
cytotoxicity than free Elacestrant and non-
targeted nanoparticles, as evidenced by
lower ICso values. Furthermore, folate-
conjugated nanoparticles induced higher
intracellular  reactive oxygen species
generation and significantly increased
apoptotic cell death, indicating improved
therapeutic  efficacy. Importantly, the
targeted formulation demonstrated lower
toxicity toward normal mammary epithelial
cells, suggesting enhanced selectivity and a
potentially improved safety profile. Stability
studies further confirmed that the optimized
nanoparticles retained their
physicochemical integrity during storage,
indicating good formulation robustness.
Overall, the findings of this investigation
suggest that folate-conjugated Elacestrant-
loaded PLGA nanoparticles represent a
promising targeted nanotherapeutic
platform for ER-positive breast cancer. The
combination of sustained drug release,
enhanced cellular uptake, improved
anticancer activity, and reduced off-target
toxicity may provide significant advantages
over conventional therapy. Further in vivo
pharmacokinetic and antitumor studies are
warranted to establish their translational
potential and clinical applicability.
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