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Abstract: The pathogenesis of many physiological conditions and pathophysiological processes,
including breast cancer, is governed by oxidative stress, which is a well-known fact. Lycopene is an
aliphatic hydrocarbon with effective antioxidant properties and anticancer activity, specifically against
breast cancer. The present work aimed to deliver lycopene into breast cancer cells by developing folate-
receptor-targeted poly (lactide-co-glycolic acid) (PLGA)-polyethylene glycol (PEG) nanoparticles
(NPs). The triple conjugate system (PPF) was fabricated, and NPs were prepared, followed by
characterization. The final PPF-NPs have a particle size of 293.1 + 14.6 nm, PDI of 0.247 £ 0.05, and
Zeta potential of -31.9 mV with 93.11+1.09 % of cumulative percentage in-vitro drug release. The NPs
have shown cytotoxicity in MCF-7 cells. Flow cytometry and fluorescence imaging have shown the
status of the internalization of NPs. In vivo, prophylactic and anticancer activity has also been
established using an MNU-induced rat tumor model with a 6 mg/kg intravenous dose. The PPF-NPs
demonstrate excellent internalization of lycopene in breast cancer cells and suggest significant In vivo
prophylactic and anticancer efficacy.

Keywords: Lycopene; PLGA nanoparticle; surface engineering; folate receptor; breast cancer;
targeted drug delivery; MNU-induced rat tumor model; MCF-7; MCF-10A.
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1. Introduction

Cancer is the leading cause of death worldwide and is characterized by the appearance
of abnormal cells undergoing uncontrolled proliferation. The normal hallmark controlling
mechanisms fail to control these cells, leading to cancer development termed carcinogenesis.
The progression of carcinogenesis involves several steps comprising initiation, promotion, and
progression of deserted cells. As an initiation step, DNA (deoxyribonucleic acid) gets damaged
first, followed by the promotion step, which instigates the proliferation of cells into abnormal
ones. In the progression step, numerous maneuvers converted these abnormal cells into
malignant cells [1,2]. Substantial growth in cancer chemotherapeutics has been observed and
noted. However, the fatal adverse effects of conventional cancer chemotherapy still pose the
prime challenge of making conventional therapy cumbersome [3,4]. Other challenging issue
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related to cancer chemotherapy includes the limited bio-accessibility of anticancer agents.
Nanotechnology has established a hope to address these challenging issues, and the emerging
novel concepts of site-specific targeting utilizing nanotechnology are becoming resourceful
modalities. These nanotechnology-based approaches are favorable and advantageous over
conventional chemotherapy [4,5]. During the last few years, significant consideration has been
drawn for natural dietary products as they have the potential to hold back cancer and minimize
the threat of cancer progression via the mechanism of decreasing oxidative stress [6-9]. It is
well known that the pathogenesis of many physiological conditions and pathophysiological
processes, including cancer, is governed by oxidative stress [10-12]. Among the 600 identified
naturally abundant carotenoids, lycopene is an aliphatic hydrocarbon with effective antioxidant
properties and anticancer activity, specifically against breast cancer [13-18]. It has been
observed that consumption of lycopene is associated with low-risk chronic diseases like cancer
and cardiovascular diseases [18-20]. Many epidemiological studies have also revealed
lycopene's anti-carcinogenic and antiatherogenic perspective, primarily attributed to its
antioxidant properties. Of all the carotenoids, the singlet oxygen quenching activity of lycopene
is the highest, and based upon this assumption, several cell culture studies and numerous animal
studies were carried out to ascertain its favorable properties. Regardless of its various
therapeutic benefits, the clinical application of lycopene is restricted time and again due to its
poor physicochemical properties, such as aqueous solubility and poor oral bioavailability [21-
23]. Hence, higher therapeutic doses could only fill the loophole, which is usually challenging
for conventional dosage forms. Therefore, to formulate an efficient drug delivery system,
designing a novel drug delivery system is essential for which polymeric nanoparticulate drug
delivery systems have become very popular. These nanoparticles can target poorly water-
soluble or amphiphilic drugs as well as genes in tumor tissues [24,25].

Generally, the tumor lymphatic system is absent, and its vasculature is leaky to
macromolecules; hence, it is convenient for preferential delivery of nanoparticles to the tumor
through the enhanced permeation and retention (EPR) effect via its blood vessels [26].
Moreover, polymeric NPs could minimize the multidrug resistance via internalization of the
drug and reduce its efflux from cells mediated by the P-glycoprotein [27-29]. Despite these, it
is of vital significance to design a more precise and active drug delivery system capable of
targeting tumors and increasing intracellular uptake of drugs to the tumor site. One such
coherent means to achieve this is to utilize the particular association between the receptors on
the cancer cell surface and targeting moieties or ligands linked to the polymer backbone
[30,31]. A significant increase in site-specific targeting is achieved by some targeting ligands
like folate and transferrin [32—35]. Preferentially, folate can increase the therapeutic efficacy
of many anticancer drugs [36-38]. In many epithelial malignancies, particularly in
gynecological cancers, such as breast, ovarian, and endometrial cancer, folate receptor (FR) is
overexpressed [39-41]. Folic acid is essential in the biosynthesis of nucleotide bases and is
consumed substantially by malignant tumor cells [42]. Therefore, folic acid can be considered
a suitable candidate for targeting anticancer drugs in breast cancer. The receptor-mediated
targeted delivery system has the potential to improve the biological performance of bioactive
molecules. The principal benefits of receptor-mediated targeted nanoparticles via a targeting
ligand like folic acid include higher drug loading capacity, particularly for lipophilic drugs,
minimizing dose compared to conventional delivery, and site-specific delivery to the tumor.
Hence, it aimed to spotlight the anti-carcinogenic effects of lycopene for specific delivery to
breast cancer cells. The work was proposed to incorporate nutraceuticals in an active drug
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delivery system, which could further improve its utility. This is because, despite the potential
repercussions, delivery of nutraceuticals via nanocarriers is still less researched and developed;
henceforth, encouraging results of the present endeavor can unlock a new view in the field of
nutraceuticals [43-46]. In this study, a pioneer novel system for the delivery of lycopene is
developed using a carrier system comprising PLGA, polyethylene glycol (PEG), and folic acid.
It is hypothesized that lycopene delivery into the tumor cells could be sustained through
intravenous injection to protect it from rapid degradation.

2. Materials and Methods

2.1. Materials.

Lycopene was obtained as a gift sample from Alpha Remedies, Ambala, India. PLGA
(polylactide: glycolide) and polyethylene glycol bis-amine (PEG-bis-amine) (3KDa) were
procured from Sigma Aldrich Pvt Ltd (Mumbai, India). Folic acid (FA), N-
hydroxysuccinamide (HNHS), and DCC (dicyclohexylcarbodiimide) were purchased from Hi
Media Pvt Ltd (Mumbai, India). All other reagents and solvents were of analytical grades and
used as procured.

2.2. Methods.

The triple conjugate comprising PLGA (polylactide: glycolide), PEG (polyethylene
glycol), and Folic Acid was synthesized as a unique carrier system for lycopene. The carrier
and delivery system have been termed as PPF. The PPF conjugate was synthesized as described
previously [47]. Briefly, a solution of PLGA (85:15) in dichloromethane (DCM) was prepared,
to which DCC and HNHS were added at room temperature under a nitrogen atmosphere for 24
hours to activate the PLGA. Activated PLGA dissolved in DCM was added slowly to PEG-
bis-amine in DCM dropwise in the ratio of (1:2) with gentle stirring under a nitrogen
atmosphere at room temperature for 12 hours. The resultant solution was precipitated with ice-
cold diethyl ether, which was further filtered and dissolved in dimethylsulfoxide (DMSO).
After confirmation of synthesis of PLGA-PEG (PP) by both Fourier transform infrared
spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR), we proceeded to synthesize
PPF polymer. PP copolymer was dissolved in DMSO, which contained folic acid (FOL)
activated with DCC, NHS in the ratio of (2:1:1) at room temperature under a nitrogen
atmosphere for 12 hours. Activated FOL and NH2-PLGA-PEG-NH: were added in the ratio of
(1:1) at room temperature under a nitrogen atmosphere for 24 hours. Then 50-100 ml of ice-
cold methanol was added, and a precipitate was obtained. The precipitate on the filter was dried
by keeping it open overnight at room temperature and dissolved in DCM. The supernatant was
dried by keeping it overnight. FTIR and NMR also confirmed the formation of PPF.

2.2.1. Fabrication of nanoparticles.

For the preparation of nanoparticles (NPs), double emulsion solvent evaporation
(DESE) was opted, as reported previously. About 10 mg of lycopene was taken, dissolved in
2.5 ml dichloromethane, and kept for solubilization [48,49]. After 20-30 minutes the polymers
(PLGA (P)/PLGA-PEG (PP)/PLGA-PEG-FOL (PPF) about 20 mg was dissolved in the drug
and dichloromethane solution (drug: polymer ratio of 1: 2). Then for the preparation of the first
primary emulsion, 2.5 ml of 1.5 % wi/v of polyvinyl alcohol (PVA) was added dropwise and
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homogenized at high speed 6,000 rpm for 20-30 minutes until a rich creamy or milky white
emulsion was formed. The primary emulsion formed was thus confirmed from the creamy or
milky white consistency, and it was added dropwise to 25 ml of 0.5 % w/v PVA to form the
secondary emulsion by homogenizing at 18,000 rpm for 20-30 minutes. The formed secondary
emulsion was then sonicated for 45 minutes and stirred overnight in a magnetic stirrer to
evaporate the organic solvent. Eventually, the formed double emulsion was centrifuged at
5,000 rpm for 5 minutes to discard the large particles formed. Then, the supernatant was
centrifuged at 15,000 rpm for 30 minutes to get the required nanoparticles, which were washed
thrice with distilled water to remove the surfactant and then freeze-dried. Similarly, other
formulations were prepared from PLGA (P), PLGA-PEG (PP), and PLGA-PEG-FOL (PPF)
using the same concentration of PVA (1.5 % w/v and 0.5 %w/v) in both primary and secondary
emulsion but by increasing the volume of PVA to 5ml and 50 ml in primary emulsion and
secondary emulsion respectively.

2.2.2. Characterization of nanoparticles.
2.2.2.1. Dynamic light scattering (DLS).

The hydrodynamic diameters specified the average particle size and polydispersity
index of prepared NPs. The average particle size and polydispersity index (PDI; the measure
of the distribution of nanosized particle population) of each NP dispersion were measured on
the day of preparation, after one day and a few months afterward, using dynamic light scattering
system (Zetasizer Nano ZS-90, Malvern Instruments Ltd., U.K.), at a scattering angle of 90°
and 25°C temperature. Prior to the measurement, samples were examined following 10 times
dilution with de-ionized water to an adequate scattering intensity. The zeta potential of the NP
dispersions was estimated by measuring the electrophoretic mobility using the same
instrument. The pH of the NP dispersions was in the range of 5.5-6.0, and the electrophoretic
mobility was determined at a field strength of 20 VV/cm. Previous to the measurement of zeta
potential, all the samples were adjusted to conductivity 50 uS/cm with a 0.9% (w/v) NaCl
solution.

2.2.2.2. Scanning electronic microscopy (SEM).

The surface morphological study of the NPs was performed by using a Field Emission-
Scanning Electron Microscope (FESEM; Hitachi, Japan). A tiny drop of the NP suspension
was placed onto a carbon-coated copper grid and kept for 15 min for drying. Grids were then
coated with gold to a thickness of about 300 A using a sputter coater. All the samples were
examined under a FESEM at an accelerated voltage of 10 kV and magnification of 2500x%.

2.2.2.3. Transmission electronic microscopy (TEM).

The morphology of the prepared NPs was studied using a transmission electron
microscope (TEM; JEM CX 100) operating at 200 kV and capable of point-to-point resolution.

2.2.2.4. Drug loading (Percentage of Lycopene incorporated into NPs).

To determine drug loading and entrapment efficiency, an accurately weighed amount
of PPF-NPs dissolved in DCM was prepared and assayed spectrophotometrically at 475 nm,
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as reported previously. The percentage of drug loading and entrapment efficiency was
calculated using the following equations:

Amount of drug present in nanoparticles

Drug loading ef ficiency (%) = x100 (1)

Amount of drug—loaded nanoparticles
) __ Amount of drug present in nanoparticles

Entraapment ef ficiency (% x100 (2)

The initial amount of drug added
2.2.2.5. In vitro release study

For the in vitro drug release study, PPF-NPs were dispersed in phosphate buffer
solution (PBS) (pH 7.4) and incubated at 37°C in an orbital shaker at 60 rotation/minute and
120 rotation/minute. At estimated time intervals, the sample was centrifuged at 13000 rpm for
10-15 minutes. About 0.5 ml of supernatant was analyzed and replaced with 0.5 ml of fresh
phosphate buffer solution (pH 7.4). The incubation was continued till the next sampling, and
the process continued for 7 days. The process was repeated thrice [50,51].

2.2.3. Cell culture experiments.
2.2.3.1. Cell culture.

MCEF-7 (A breast cancer cell line), MCF-10A (Normal human mammary epithelial cell
line), and WBC cell line were arranged from the National Centre for Cell Science (Pune, India)
by the Department of Pharmaceutical Sciences (Dibrugarh University, India). MCF-7 and
MCF-10A cell lines were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum as well as 100 IU/mL penicillin
and 100 pg/mL streptomycin. Cells were maintained in a CO2 incubator at 37°C under a
humidified atmosphere (95% air, 5% CO2) to reach 70-80% confluence. Human white blood
cells (WBCs) were extracted from a blood sample of a healthy donor using an RBC lysis buffer.
WBCs were washed with FBS-free DMEM and adjusted to 1 x 10* cells/well for analysis.

2.2.3.2. MTT assay.

The cytotoxicity of Lycopene, PPF-NPs, and blank PPF- NPs on MCF-7, MCF-10A,
and WBCs cell lines was determined via the reduction of 3-(4, 5-dimethylthiazol- 2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT, Sigma) to Formazan [52-54]. MCF-7 cells were treated
by increasing concentrations of either NPs or free lycopene (0, 0.05, 0.5, 1, 5, 10, 50, 100 uM).
MCF-10A and WBCs were also treated by NPs or free lycopene at 0, 1, 5, 10, 50, 100, and 200
UM concentrations. Briefly, respective cells were seeded at 5000/well in a flat-bottom 96-well
culture plate and incubated with different concentrations (0-1000 uM NPs) of PPF-NPs and
free lycopene for 24 h. After removing the media, cells were further incubated with MTT
solution (5 mg/ml in PBS) at 37°C, and the untreated cells were used as control. After 3 h of
incubation, the supernatant was removed. The cells were further treated with 100 L of DMSO
to dissolve the dark blue crystals of formazan, and the absorbance was measured with an
enzyme-linked immunosorbent assay reader at 570 nm. The half-maximal lethal concentration
of PPF-NPs or free Lycopene (LD50) was also calculated as the concentration required for
50% inhibition of cell growth compared to untreated cells.
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2.2.3.3. Flow cytometry: uptake of PPF-NPs by the breast cancer cells (MCF7).

To qualitatively assess PPF-NPs uptake by MCF7 cells, the fluorescein isothiocyanate
(FITC) FITC labeled PPF-NPs were used [55]. The FITC labeled PPF-NPs were incubated
with MCF7 cells in 6-well plates (in 2 ml serum-free basic medium/well) for 4 h. After
removing the media, the cells were washed with phosphate buffer solution (PBS), trypsinized,
centrifuged, and suspended in PBS for flow cytometry analysis (excitation/emission 350/461
nm). The instrument threshold for the negative control sample (untreated MCF7) was set at ~1
% level. The percentage of cells exhibiting FITC-fluorescence beyond this threshold value was
calculated as a function of NPs uptake.

Further, in both the presence and absence of folate, the uptake of PPF-NPs was
measured. Briefly, MCF-7 cells were pretreated with or without folate (500 nM) overnight and
seeded onto a 24-well plate (10,000 cells per well) with Dulbecco's Modified Eagle Medium
(DMEM). The FITC-labeled NPs were incubated with MCF-7 cells for 4 h. After several
washing steps, the uptake of NPs was analyzed using flow cytometry.

2.2.3.4. Apoptosis: an appraisal of the mechanism of cell death.

To indicate whether the mechanism of cell death is through apoptosis, MCF-7 cells
were treated with LD50 values of PPF-NPs. The cellular apoptosis was also inspected using a
mixture of acridine orange and ethidium bromide staining methods [56]. Acridine
orange/ethidium bromide staining was used to visualize nuclear changes and apoptotic body
formation, characteristic of apoptosis. Apoptotic cell death was evaluated using acridine orange
and ethidium bromide as fluorescent probes. Briefly, cells treated or not treated with PPF-NPs
were trypsinized, centrifuged, pelleted, and stained with 20 pL of dye mixture containing 15
mg/mL of acridine orange and 50 mg/mL of ethidium bromide in 1x PBS and allowed to stain
for 5-10 minutes at room temperature. Thereafter, 2—3 drops of the stained cells were placed
on each slide with a coverslip. Photographs were taken at random locations under a Nikon 90i
fluorescence microscope equipped with Nikon BR software. Untreated cells were used as the
negative control.

2.2.4. Acute and chronic toxicity tests in mouse model.

To study the acute and chronic toxicity of PPF-NPs, thirty-six 5-week-old male
BALB/c mice weighing an average of 25 g were selected [57,58]. The routine blood parameters
were evaluated to screen the toxicity of the NPs. The experiments were approved by the
Institutional Animal Ethics Committee (IAEC approval no: IAEC/DU/80 dated 27.03.2015)
and housed at the Central Animal House Facility of Dibrugarh University (Regd No.
1576/go/a/11/CPCSEA dated 17.02.2012).

2.2.5. Inhibition of tumor growth in rat model.

Forty-day-old healthy female Sprague—Dawley rats (S/N Chakraborty Enterprise,
Kolkata, West Bengal, India, Reg. No. 1433/TO/D/11/CPCSEA) were kept in solid bottom
cages with corncob bedding at 22°C and 50% humidity, with a 12-hour light-dark cycle. The
rats were given a rat chow diet and a free approach to water. N-Nitroso-N-methylurea (MNU)
was used to induce tumors in rats, and the experiment was performed using the well-known
method described previously[59-62]. The body weight and diet consumption of the rats were

monitored weekly. A digital caliper measured the tumors' dimensions (length x width). The
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tumor burden was calculated. The rats were sacrificed by carbon dioxide asphyxiation and
skinned after twenty-four weeks. On each rat, a detailed autopsy was performed once tumors
were excised. The excised mammary tumors were tracked for location, weight, and dimensions,
followed by histological examination.

2.2.5. In vivo pharmacokinetic study.

For the In vivo pharmacokinetic study, rats were divided into two groups, each
consisting of 5 rats. In the tail vein, all the groups I and 11 animals received single-dose bolus
administration of lycopene (6 mg/kg) and PPF-NPs (equivalent to 6 mg/kg of free lycopene).
Roughly 0.3 mL of blood samples were withdrawn and collected at different time intervals
from the eye by retro-orbital plexus method in tubes containing EDTA and refrigerated [62].
The blood collection was performed under mild anesthesia. After each blood collection,
dextrose normal saline (1 mL) was administered orally to the animals to recompense the
electrolyte and central compartment volume level. Plasma was separated by subjecting the
blood samples to centrifugation at 1000 g for 10 min, followed by the addition of 0.1 mL of
trichloroacetic acid (10% w/v) to an equal volume of plasma. The mix was then vortexed for a
few minutes, and 5 mL acetonitrile was added. The mix was then again vortexed for 10 minutes,
followed by centrifugation at 1000 g for 10 min. Finally, the supernatant was separated by
filtration utilizing a 0.22 pum membrane filter and quantified for Lycopene by HPLC. The data
were collected and analyzed by a modified Wagner Nelson pharmacokinetic model using
Kinetica software, version 5.0 (M/s Thermo Scientific, USA) [62,63].

2.2.6. Statistical analysis.

All the results are the mean + SD of three independent experiments. The significance
of differences (p < 0.05) between experimental variables was evaluated by a two-tailed
Student’s test (GraphPad Software Package). The statistical significance was indicated by p <
0.05.

3. Results and Discussion
3.1. Results.

PLGA-PEG conjugate was formed by activating PLGA and its subsequent coupling
with PEG-bis amine through DCC and NHS coupling reaction. During activation of PLGA,
the terminal -COOH group gets reactive and binds with the primary amine group of PEG-bis
amine through amide bond formation. The addition of an appropriate quantity of PEG-bis
amine at this stage is critical as excess of it facilitates the formation of triblock polymer PLGA-
PEG-PLGA. Therefore, this reaction is followed by washing and dialysis against distilled
water. In the present investigation, a ratio of (2:1:0.5) of PLGA, DCC, and NHS was found to
be appropriate for the activation of PLGA, and a ratio of (1:2) of activated PLGA and PEG-bis
amine was found to be appropriate for formation of PLGA-PEG with sufficient yield. The sharp
peak at 1626.15 at the spectra, which is absent in the PLGA spectra, indicates the conjugation
of PEG-bis amine in the carboxylic group of PLGA (Figure 1).
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Figure 1. FTIR spectra of PPF-NPs.

Peak at 3.6 ppm confirms the conjugation of PEG to PLGA which is due to —CH2
protons of PEG. Peaks at 1.6 ppm and 5.2 ppm are due to —CHs and CH-protons of PLA of
PLGA. At the same time, the peak at 4.8 ppm is due to —CHz2- protons of PGA of PLGA (Figure
2).

PLGA-PEG-FOL
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Figure 2. NMR spectra of PPF-NPs.

In the present investigation, a ratio of (1:1:2) of DCC, NHS, and Folic acid was used to
activate Folic acid. FA has both the carboxylic functional groups a and vy, and while its
activation involves DCC chemistry, both groups can be activated. However, only the y-
carboxylic end group is conjugated to PLGA-PEG as it has higher reactivity. NH2 -PLGA-
PEG-NH2 was then conjugated to activated folic acid by adding in the ratio of (1:1). Formation
of PLGA-PEG- Folate was confirmed by FTIR & NMR (Figures 1 and 2). The characteristic
peak shown in FTIR of PLGA-PEG-FOL is due to —NH stretching, carboxylic acid C=0 and
O-H stretching unconjugated and aromatic C=C bending, respectively. Basically, the
conjugation of FA to PLGA-PEG to form PLGA-PEG-FOL is through amide bond formation.
This finding is similar to the findings of other studies. A sharp, distinct peak at 1619.99 is due
to the -CONH- group due to the conjugation of PEG from —PEG-bis amine to PLGA, and
stretching vibration between 1619.99 and 1481.24 is because of C=C stretching of the aromatic
ring of FA indicating conjugation of FA to PLGA-PEG (Figure 1). Peaks observed in PLGA-
PEG polymer are also found in PLGA-PEG-FOL because of respective protons at PLGA-PEG.
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Confirmation of the conjugation of FA to PLGA-PEG to form PLGA-PEG-FOL is due to the
presence of small peaks at 6.7, 7, 7.8, and 8.7 ppm (Figure 2). These small peaks are linked
with the protons due to folate.

3.1.1. Fabrication of PPF-NPs.

Lycopene-loaded NPs were formulated using the DESE method. This method has the
potential to obtain formulations with the required characteristics, size, encapsulation, and
surface properties. The most critical step in the emulsion technique is the complete
emulsification of both the organic and aqueous phases. Although different stabilizers are inked,
PVA is the most widely used stabilizer. A proper emulsion formation is ensured when a
homogeneous, milky white solution is obtained. NPs formation may fail when a broken or poor
emulsion with macroscopic heterogeneity or granularity is observed, even with two visually
distinct layers. A stable emulsion is attained and maintained by sonication. In the DESE
method, when formed particles in primary emulsion are dispersed into larger aqueous volume,
the solution should be homogeneously opaque and slightly translucent. When a particle
decreases, its translucent quality also increases. Often, blue stint or color may be seen for
extremely small particles without a drug. This phenomenon is not observed when the drug is
encapsulated within the nanoparticles. The particles formed are dispersed uniformly in the
emulsion and re-suspended when vortexed or sonicated in case of failure. The particles
obtained after these processes are washed and obtained by centrifugation. When freeze-dried
or lyophilized, the particles appear in different textures, varying from cotton-like to free-
flowing powder.

3.1.2. Characterization of PPF-NPs.

Spherical and smooth surface NPs were observed in SEM images (Figure 3B). The
particles loaded with lycopene were in the submicron sizes, which were homogeneously
distributed.

Size Drstribution by Number

>

8

8

i
-
§

c Zeta Potential Destribution

-100 o 100 200
Apparent Zeta Potential (mV)

Figure 3. (A) Average particle size; (B) SEM and TEM images; (C) Zeta potential of PPF-NPs.
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TEM images suggest the drug was distributed in particulate form throughout the NPs
body. The release studies of NPs (PPF-NPs) were carried out in PBS (pH 7.4). The cumulative
percentage of drugs released was calculated and depicted in Figure 4.

10017

ulative Release

% Cum

—~ PPF-NPs

— Lycopene

Time (Hrs)

0 20 40 60 80 100 120 140 160

Figure 4. In vitro drug release data of Lycopene and PPF-NPs.

From the result of 168 hrs, it was observed that PPF-NPs showed 93.11+1.09 % of

cumulative percentage drug release, which is significantly higher than lycopene. The final PPF-
NPs have a particle size of 293.1 £ 14.6 nm, a poly-dispersity index of 0.247 £ 0.05, and a Zeta
potential of -31.9 mV (Figure 3A and 3C and Table 1).

Table 1. Particle size, polydispersity index, zeta potential, % drug loading, and % entrapment efficiency of PPF-

NPs.
Volume and concentration of Particle Polydispersity | Zeta Drug Loading | Entrapment
PVA Size (nm) Index (PDI) Potential | (%) Efficiency (%0)

(mV) (Mean + SD)*

2.5mlof 1.5 25 ml of 0.5 % 293.1+14.6 | 0.247 £0.05 -31.9 31.667 £0.131 | 72.630 £ 0.145
% for primary | for secondary
emulsion emulsion
5mlof15% | 50 mlof0.5% 364.1+17.4 | 0.572 £ 0.07 -28.7 31.187 £0.162 | 71.083 +£0.123
for primary for secondary
emulsion emulsion

SEM images of PPF-NPs also showed the nanometric size, spherical shape, and smooth
surface of nanoparticles (Figure 3B). PPF-NPs demonstrated higher entrapment efficiency
(72.630 £ 0.145 %) and better drug loading capacity (31.667 £ 0.131 %) (Table 1). This might
be attributed to the higher solubility of lycopene in the synthesized Nanoparticulate system.

3.1.3. MTT assay.

An MTT cytotoxicity assay was performed to determine the anti-proliferative effect of
Lycopene and PPF-NPs on MCF-7, MCF-10A, and WBC:s cell lines. The results showed that
PPF-NPs significantly inhibited the proliferation in breast cancer cell lines of MCF-7.
However, they did not remarkably affect normal human MCF-10A breast cells and normal
WBC (Figure 5).

Lycopene and PPF-NPs induced dose-dependent cytotoxic effects against different cell
types. It seems from Table 2 that there is a direct correlation between the toxicity of PPF-NPs
and the proliferation rate of treated cells. This may be rationalized in the following way: First,
the highest cytotoxicity was seen for the most aggressive cell line with a higher proliferation
rate. Second, the cytotoxicity of PPF-NPs against breast cancer cells was much larger (the
magnitude of the difference depends on the type of breast cancer cell line) than its cytotoxicity
on normal cells. Third, the cytotoxicity of PPF-NPs against breast cancer cells was found to be
significantly higher than its cytotoxicity on normal cells (MCF-10A and WBC). Fourth, the
trends of LD50 related to PPF-NPs are as follows: MCF-7 < MCF-10A < WBC (Table 2).

https://biointerfaceresearch.com/ 10 of 23


https://doi.org/10.33263/BRIAC144.099
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC144.099

% Cell Viability
Cell Viabilit

< ol O R L
° LU

100 100 B

80 = 8o+

60 = so+

a0 S a0+

20 & 04

0 ° v
P S S I T
o ¥ o LR

Concentration (WM) Concentration (M)
m PPF-NPs BBl Lycopene Bl Lycopene EEl PPF-NPs

% Cell Viability

aaaaaaaaaaaaaaa

. Lycopene N PPF-NPs

Figure 5. Results of MTT assay indicating the cell viability (%), (A) MCF-7 cells; (B) MCF-10A cells; (C) WB
cells.

Table 2. Calculated LDs, values of free Lycopene and PPF-NPs in various cell lines.

Cell line Cell type Formulation LD50 (uM)
MCF-7 A luminal breast cancer cell line | Free Lycopene | 9.16
PPF-NPs 3.09
MCF-10A | Normal breast cells Free Lycopene | 196.96
PPF-NPs 482.19
WBCs Normal white blood cell Free Lycopene | 199.82
PPF-NPs 523.03

Table 2 emphasizes that the presence of folate as a carrier ligand of PPF-NPs intensified
the difference between the cytotoxicity effect in cancer and normal cells. This intensification
is related to the enhanced uptake of PPF-NPs via folate-specific receptors (FR) that mediate
active transport in breast cancer cells. Due to the higher rate of metabolism in cancer cells, the
PPF-NPs uptake is also increased. As such, the folate-engineered PPF-NPs appear to be
absorbed more strongly by cancer cells than normal cells. This justified the folate decoration
of the NPs. It seems that folate makes targeting lycopene to tumor cells possible, leading to
less toxic effects on non-cancerous cells.

On the other hand, lycopene, a naturally available carotenoid, is free of untoward
effects, and the proposed dose of lycopene is far from any toxicity for normal cells to die.
Therefore, it seems that the specificity generated by folate targeting makes the PPF-NPs a
suitable candidate to be used in chemotherapy. It revealed that the uptakes of PPF-NPs by
cancer cells are somehow specific; therefore, it could be an excellent candidate to be used in
chemotherapy.

3.1.4. Uptake of PPF-NPs by MCF7cells.

As shown in Figure 6A, the cells incubated with FITC-labeled PPF-NPs
exhibited 23.72 % fluorescent intensity, while untreated control cells did not show any
FITC-fluorescent signal (RN1 = 2.19 %). The uptake rate of PPF-NPs was
significantly (p < 0.05) higher than control (Figure 6B) by MCF-7 cells.
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Figure 6. Results of flow cytometry indicating the uptake of PPF-NPs into MCF7 cells. The comparison
between uptake rates of FITC labeled PPF-NPs. The values are mean + SD. ***/**** |ndicates the significant
difference from the control.

Figure 6C shows that in the presence of folate, there is no difference between the uptake
of PP-NPs and PPF-NPs by MCF-7 cells. However, when folate was eliminated from the
medium, the uptake of PPF-NPs was increased compared to PP-NPs. It is documented that
simple PLGA nanoparticles could cross the cell membrane without targeting agents. However,
it is assumed that adding a folate agent on the surface of NPs would increase the uptake of NPs
by FR-positive cells. The fluorescent imaging microscopy images demonstrated the effective
uptake and internalization of FITC-labeled PPF-NPs (Figure 7).
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Figure 7. Results of fluorescent imaging microscopy showing the internalization of PPF-NPs into the MCF7
cells, where A, B, and C denote Control, PPF-NPs with folate, and PPF-NPs without folate, respectively.

The results showed higher internalization of PPF-NPs into the MCF7 cells in a folate-
deficient media than in fortified media (Figure 7).

3.1.5. Apoptosis induction by NPs.

To confirm whether the reduced cell viability was due to apoptosis, acridine orange and
ethidium bromide fluorescence staining was used to detect apoptotic cells. Using fluorescence
microscopy, uniform normal green cells were observed in the control group (Figure 8A),
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indicating viable cells, whereas an increased number of dark orange or red cells with increased
PPF-NPs concentrations were detected (Figure 8B—D), indicating apoptotic cells.

Figure 8. The results of the fluorescent imaging microscopy show the internalization of PPF-NPs into the
MCF7 cells, where A denotes Control and B, C, and D denote PPF-NPs with increasing concentration,
respectively.

Results are from three independent experiments. The cells treated with PPF-NPs
showed an extended apoptosis relative to the control cells.

3.1.6. Acute and chronic toxicity.

No death or loss of body weight was detected in the studied animals. For the 100 mg/kg
group, a reduction in serum glutamic-oxaloacetic transaminase (SGOT), an increase in serum
glutamic-pyruvic transaminase (SGPT), a reduction in alkaline phosphatase (ALP) and direct
bilirubin, increase in albumin and total protein, decrease in total leukocyte count were
observed. Based on these results, the dose was decreased to 12.5, 6, and 3 mg/kg equivalent of
lycopene. For 12.5 mg/kg, an increase in albumin and total protein and a decrease in total
leukocyte count were detected. No abnormality in the other groups, i.e., 6 and 3 mg/ kg
equivalent of lycopene, were observed (Table 3).

Table 3. Acute toxicity of PPF-NPs in different concentrations (Control, 3, 6, 12.5, and 100 mg/kg equivalent of
lycopene) on hematological markers in mice.

Parameter Groups

Control PPF-NPs PPF-NPs PPF-NPs PPF-NPs

(3 mg/kg) (6 mg/kg) (12.5 mg/kg) (100 mg/kg)

Animal weight (g) 204+1.9 20.7+2.7 195+3.1 20.8+2.7 21.3+19
Urea (mg/dL) 61.4+6.7 73.1+0.8 61.4+95 63.1+7.8 62.6+7.3
Cr (mg/dL) 0.49+0.1 0.49+0.1 0.51+0.0 05+0.1 0.50+0.1
ALP (U/L) 492.6+94.8 | 3884+97.6 | 375.2+91.6 | 486.0+91.9 2324 +£411*
SGOT (U/L) 350.5+123.6 | 360.2+61.8 | 253.8+8.7 | 354.0+1474* | 59.7+8.3*
SGPT (U/L) 36.6 + 15.8 58.3+12.1 48.2+9.7 60.2 +6.2 79.5+6.7*
D. BIL (mg/dL) 0.48 +0.28 0.47+0.1 0.48+0.3 0.48+0.0 027+0.1*
ALB (mg/dL) 21+0.1 3.0+05 31+05 47+02* 44+05*
Total protein (mg/dL) | 4.7+ 0.6 44+0.2 42+13 6.8+0.2* 65+04*
Glucose (mg/dL) 182.3+64.6 | 251.5+98.2 | 243.0+88.9 | 231.0+19.8 161.0+29.1
WBC (1000/mm3) 119+28 10.8+0.7 11.7+0.7 46+06* 31+01*
RBC (Millin/mm3) 9.2+0.2 89+0.8 8.6+04 8.3%03 9.2+04
HGB (mg/dL) 145+0.3 12.8+0.9 121+0.8 12407 13.8+0.8
PIt (1000/mm3) 1015.0 £ 76.7 | 655.0+117.6 | 766.4£61.5 | 987.8 +1248* | 779.5+62.1 *

The values are mean + SD * p < 0.05 compared to control.

Therefore, the initial dose for the chronic toxicity test was chosen as 6, 3, 1.5, and 0.75

mg/kg equivalent of Lycopene from PPF-NPs. To investigate the chronic toxicity of blank NPs
(PPF-NPs), the same amount of PPF-NPs (6 mg/kg equivalent of lycopene) was injected into
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the control group. The results showed no significant hematological abnormality in any of the
animal groups (Table 4).

Table 4. Chronic toxicity of PPF-NPs in different concentrations (control, 0.75, 1.5, 3, and 6 mg/kg equivalent
of lycopene) on hematological markers in mice.

Parameter Groups

Control PPF-NPs PPF-NPs PPF-NPs PPF-NPs

(3 mg/kg) (6 mg/kg) (12.5 mg/kg) | (100 mg/kg)

Animal weight (g) 20616 215+21 203+15 215+14 194+£26
Urea (mg/dL) 62.3+21 69.7 £10.7 71.2+10.6 72.6+13.2 71.0+0.8
Cr (mg/dL) 0.48+0.0 05+01 05%0.0 0.49+0.1 05+0.0
ALP (U/L) 495.0 £ 122.0 4575 + 83.6 456.4£41.8 | 440.5+122.3 | 424.3£66.5
SGOT (U/L) 482.5 £ 98.0 490.0+152.2 | 481.0+76.7 | 494.0+92.3 407.6 £3.5
SGPT (U/L) 63.5+21.6 65.3+325 76.6+12.1 71.2+17.8 54.5+10.5
D. BIL (mg/dL) 058+0.1 0.57+0.0 05001 042+0.1 05+0.3
ALB (mg/dL) 20+0.2 20+04 19704 1.9+£03 24+0.7
Total protein (mg/dL) 59+19 49+04 55+0.7 51+06 56+1.1
Glucose (mg/dL) 210.3 £56.5 205.0 £ 80.3 187.7+35.8 | 2122+7.2 205.0+74.9
WBC (1000/mm?d) 58+0.1 69+12 6.7+15 6.6 +0.7 3.1+54
RBC (Millin/mm3) 7.2+0.3 7706 79+0.2 7601 71+05
HGB (mg/dL) 11.9+04 11.3+05 116 0.7 11.2+0.7 11.1+0.38
PIt (1000/mm3) 1012 £ 214.6 927 £ 201 998 + 161 1071 + 277 870 £ 48.6

The values are mean + SD * p < 0.05 compared to control.

3.1.7. In vivo prophylactic and anticancer activity: inhibition of tumor growth in rat model.

In spite of several rewarding properties of nanocarriers in cancer therapeutics, the
curative efficacy was determined by investigating the prophylactic anticancer activity, tumor
proliferation, and survival rate of the animal after administration of Lycopene and PPF-NPs in
NMU-induced breast cancer animal model (Figure 9A—C).

100 1800
- NMIL N
A B

- Lycopenc 1500

2 1200
w > e p=00003
g 900
" 600 - NML
-1 ~
& aee /»/_,.,-’vv‘
2 2 16 20 24
ceks

- PFF-NPs

- Lycopene

~~ PFE-NPs

Figure 9. Prophylactic and anticancer activity of free Lycopene and PPF-NPs on NMU-induced breast cancer
model: (A) % Tumor-bearing animals; (B) Total tumor burden; (C) Survival of animals upon 24 weeks of
treatment where n=10; and p<0.05.

The prophylactic and anticancer activity of lycopene was estimated by observing the
survival of tumor-bearing animals, tumor latency, and tumor progression. Figure 9A illustrates
tumor progression and animal survival after intravenous administration of Lycopene and PPF-
NPs. After 4 weeks of treatment, there was the induction of tumors in animals of the control
group (administered NMU only). However, it was observed that free Lycopene and PPF-NPs
demonstrated noticeable effects after 10 and 14 weeks, respectively, indicating the potential
prophylactic antitumor potential of lycopene. Moreover, after 16 weeks of NMU dose, almost
all the animals in the control group developed tumors.
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On the other hand, following 24 weeks, animals administered with concurrent
Lycopene and PPF-NPs treatment showed nearly ~60% and ~30% tumor development in
animals. The prophylactic and anticancer activity was thus revealed by delay in induction and
progression of the tumor on antioxidant treatment. In brief, animals administered with
antioxidant treatment (until 24 weeks) had tumor development at a slower rate than those in
the treated (control) group. In addition, when evaluated against plain Lycopene (Figure 7B),
the prophylactic antitumor potential of PPF-NPs was significantly higher (p < 0.001). This
observation could be due to the encapsulation of the drug lycopene within the nanocarrier.
When the tumor burden was measured following 24 weeks of NMU administration, there were
~2.03-folds and ~3.86-folds lesser with lycopene (855.74 +66.4 mm?) and PPF-NPs (448.98 +
53.4 mm?) administered animals, respectively, in comparison to NMU treated groups (1734.0
+ 93.5 mm?). Additionally, the effectiveness of lycopene on animal survival rate was observed
by the Kaplan—Meier survival plot following 24 weeks of treatment regimen. The PPF-NPs
showed the maximum prophylactic and better animal survival among all the treatments (Figure
9B and C). The PPF-NPs had subsisted considerable (P<0.001) progress in animal survival
(100%) as compared to animals of free lycopene (62.5%) and negative control group (21.88%).

3.1.8. Tumor histology.

The control group rats exhibited adenocarcinomas (Figure 10). Cellular tumor lesions
were observed with epithelial and stromal proliferation. The developed tumors were
adenomatous and closely resembled florid sclerosing adenosis.

Figure 10. The inhibition of breast cancer tumor growth in rats using i.v. Injection of (A) blank NPs as control;
(B) Lycopene; (C) PPF-NPs. The histopathological photomicrographs were taken upon H & E staining
(hematoxylin and eosin) of tumors from control, lycopene, and PPF-NPs injection groups with 200 times
magnification.

Carcinoma cells were found to be confined to the breast lobules and indicated a low-
grade ductal carcinoma in situ. Atypical mitotic figures, along with increased mitotic index,
moderate to severe cytologic atypia, jagged infiltrating margins, and coagulative tumor cell
necrosis, exhibited diagnostic features of adenocarcinoma. More prominent angiogenesis was
observed in the treated rats. Treated groups of rats demonstrated adenomas (Figure 10) with
moderately cellular lesions consisting of stromal and epithelial components. The cellular
architecture indicated fibroadenoma with fibro-epithelial lesion. A low mitotic index and mild
to moderate cytologic atypia in the epithelial cells were indicative of fibroadenoma.
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3.1.9. In vivo pharmacokinetic study.

The pharmacokinetic parameters of the formulation were estimated from the plasma
profile vs time graph, as shown in Figure 4. In vivo plasma profile demonstrated improved
bioavailability of lycopene when administered through PPF-NPs (Figure 4). Results
demonstrated that ti2 of free lycopene was less (14.21 hours) than that of PPF-NPs, with t1/2
of 22.67 hours, indicating the distribution of drugs to cancer cells via the targeting ligand. The
half-life of PPF-NPs was significantly increased as compared to free lycopene at the same time
max. The MRT of Lycopene received through PPF-NPs nanoparticles was higher than that of
free Lycopene (Table 5). Significant differences between free Lycopene and PPF-NPs in terms
of MRT were observed. Similarly, the AUC of Lycopene delivered through the PPF-NPs was
found to be higher when compared to free Lycopene (Table 5).

Table 5. Calculated pharmacokinetic parameters.

Pharmacokinetics Lycopene Formulation Pharmacokinetics parameters after IV administration
parameters Free Lycopene PPF-NPs

AUCO (ng h/ml) 17042.40 24110.64

MRT 0- (h) 18.37 30.97

Cmax(ng/ml) 186.5 198.6

Tmax(h) 0.25 0.25

T 14.21 22.67

The results demonstrated an improved bioavailability profile of the PPF-NPs, which
further increases the probability of higher site-specific distribution due to the incorporation of
the targeting ligand. These observations indicated the improved residing time of PPF-NPs in
circulation and voted for the significance of the nanocarrier system by controlling the drug
diffusion rate. Moreover, the improved bioavailability of PPF-NPs suggests significant
localization of lycopene in the tumor cells via enhanced permeation and retention (EPR) effect.

3.2. Discussion.

Physiochemical properties like size and morphology primely enhance drug delivery
efficiency at the tumor site. Dripping vessels with a gap size of 220 nm to 1.2 pm between
adjacent endothelial cells are visualized in solid tumors due to deformities such as lack of
pericytes and aberrant basement membrane formation. As a result, NPs with a size of 220 nm
or smaller become accessible to tumors with higher retention time than normal tissues [64—68]
by the EPR effect. For delivery into solid tumors, particle size in the range of 10-220 nm is
inevitable as particle sizes of <10 nm are prone to faster renal clearance, whereas particle size
of >220 nm may minimize the possibility of the NPs passing through the leaky vasculature
system. Larger NPs in the range of 500 nm to um are susceptible to phagocytic uptake and
reticuloendothelial system (RES) for rapid elimination from blood [69-71]. Incorporation of
targeting ligands may facilitate slight variations; as seen in the present study, PPF-NPs are in
the size range of 293.1 nm as compared to 136.3 nm for PLGA formulation and 236.9 nm for
PLGA-PEG formulation previously prepared and studied. The larger size of PPF-NPs
compared to PLGA NPs and PLGA-PEG NPs might be because of the outside orientation of
the PEG-folate moieties on the surface of NPs. Additionally, the larger size has maximized its
drug content and encapsulation efficiency. This finding is similar to previous reports by other
investigators [44,55]. A cellular uptake mechanism study in MCF-7 cells revealed that PPF-
NPs have far greater uptakes by MCF-7 cells than free lycopene. This is particularly because
MCEF-7 is a folate receptor-positive cell line that expresses the folate receptor on its surface at
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a significant level. The possibility of involving a receptor-mediated endocytosis mechanism
increases the uptake of PPF-NPs. While its expression is limited in healthy tissues and organs,
folate receptors are highly expressed in epithelial, ovarian, cervical, breast, lung, kidney,
colorectal, and brain tumors [72,73]. Approximately 30 % of breast cancers and 80 % of stage
IV metastatic triple-negative breast cancer (TNBC) tumors express folate receptors [74].
Therefore, the rationality of employing folic acid as a targeting ligand, a small, stable,
inexpensive, and non-immunogenic molecule, is justified. As PPF-NPs have higher
cytotoxicity in MCF-7 cells compared to MCF-10A and WBC cells, apparently, it has a higher
capability of apoptosis in breast cancer cells (MCF-7). Previous investigations suggested that
fewer PPF-NPs are required for apoptosis induction for an equal amount of lycopene. This
indicates that PPF-NPs could effectively deliver Lycopene into MCF-7 cells and induce
apoptosis. Free lycopene had lesser cytotoxicity in MCF-7 cells, significantly less than free
lycopene. The cytotoxicity is obviously not due to these FDA-approved biocompatible
polymers nor to the PVA used as an emulsifier in the NP preparation process, which remains
in the NPs. The key mechanism that enhanced the cytotoxicity is the internalization of lycopene
into cells by folate receptor-mediated endocytosis due to the presence of the targeting ligand
folic acid. Due to increased cellular internalization of PPF-NPs, higher cellular uptake of the
entrapped lycopene was enabled, along with their capability to escape the effect of P-gp pumps.
Subsequently, PPF-NPs may play the role of intracellular drug reservoir that can gradually
release the encapsulated drug into cellular cytoplasm and increase its therapeutic efficiency. In
our investigation, we have selected a rat model where MNU induces a mammary tumor in the
Sprague—Dawley rat. The rationality of using the rat model was due to the resemblance of the
histologic structure of mammary gland tumors with that of human mammary tumors. This
method of induction of mammary carcinomas by MNU in female rats is one of the most popular
animal models for investigating breast carcinogenesis and mammary tumor treatment. Rat
mammary tumors are predominantly ductal, similar to those of humans. Additionally, the MNU
model has numerous benefits, including the reliability of tumor induction, organ site
specificity, tumor of ductal origin and predominantly carcinomatous histopathologic
characterization, and the ability to examine tumor initiation and promotion processes. In
general, MNU-induced mammary carcinomas are aggressive and locally invasive. The present
study revealed remarkable inhibition of mammary tumor incidence and multiplicity in
Sprague—Dawley female rats with Lycopene-encapsulated PPF-NPs. The decreased growth of
MNU-induced mammary tumors and tumor burden was noted in the rats treated with
Lycopene-encapsulated NPs compared to the control group rats. It was also observed that
several tumors in the rats of the control group were not only but also had characteristics
diagnostic of adenocarcinoma, including increased mitotic index and prominent angiogenesis
as compared to control. Even though the precise mechanism of reduced tumor size in tumor-
bearing rats could not be elucidated in the present study, these findings are in accordant with
our in vitro studies that demonstrated significant % inhibition in MTT study in human breast
cancer cell lines MCF-7. The prophylactic and anticancer activity was established by delay in
induction and progression of tumor on PPF-NPs treatment. There was a marked reduction in
tumor incidence and burden, suggesting the efficient tumor growth inhibition produced by PPF-
NPs. This could be associated with the intensification of PPF-NPs into tumors and the
prohibition of fast drug degradation from the bloodstream [75]. The incidence, as well as the
growth, of MNU-induced mammary tumors was profoundly minimized by Lycopene-
encapsulated PPF-NPs. The Kaplan-Meier survival plot further demonstrated the greater and
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significant survival of the MNU-treated animals upon treatment with PPF-NPs. Supposing
clinical trials are imperative to estimate the antitumor ability of the tested NPs on cancer
patients; the results of this study proposed strong potential for its use as a prophylactic as well
as a therapeutic regimen for preventing and retarding breast cancer development. In view of
the formidable effects of lycopene against cancer cells, its vigorous antiquity of being sound
endurance within the human body, and its cost-effectiveness and availability in the market
compared to other chemotherapy agents, it is contemplated that encapsulation of lycopene into
folate-receptor-targeted PPF-NPs could present a contrivance for rendering this drug into
clinical cancer therapeutics.

4. Conclusions

The present research suggests that delivery of lycopene into breast cancer cells via
folate-receptor-targeted poly (lactide-co-glycolide) (PLGA)-polyethylene glycol (PEG)
nanoparticles (NPs) can be grounded as a solid platform for efficient delivery this natural
anticancer drug which otherwise has underprivileged physicochemical properties like low
aqueous solubility and poor oral bioavailability. The only alternative that remained in the hands
of the researchers to overcome this challenge is to maximize its delivery via an effective
delivery system. Polymeric nanoparticulate drug delivery systems incorporating targeting
ligands can prove to be a big smash. Hence, the present attempt to fabricate and evaluate the
same was inveterate. As per the evaluation, the triple conjugate system (PPF) was fabricated,
and NPs were prepared adequately. The results of the evaluated parameters of the NPs viz the
release pattern, toxicity, and cytotoxicity reinforced the declaration. Results revealed that
Folate-receptor-targeted NPs are more efficient for cellular internalization and cell
proliferation inhibition than free lycopene, and it can be concluded that the delivery system is
capable of this.

Additionally, the cell cytotoxicity study performed in MCF-7, MCF-10A, and WB
cells, as well as flow cytometry and fluorescence imaging, confirm the fruitful internalization
of NPs. Acute and chronic toxicity tests showed when administered intravenously, the extent
of lycopene equivalent of NPs for a considerable decrease in the breast cancer tumor growth
rate is 6 mg/kg. The fabricated delivery system of NPs exhibited substantial In vivo
prophylactic and anticancer activity in the tumor model. Furthermore, the mechanism of cell
death (Apoptosis) studied in MCF-7 cells and In vivo prophylactic and anticancer activity using
an MNU-induced rat tumor model demonstrated via Kaplan—Meier survival plot reassure a
bright gateway suggestive to clinical study.
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