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ABSTRACT: Piperine (PPN) is a natural alkaloid derived from black
pepper (Piper nigrum L.) and has garnered substantial attention for its
potential in breast cancer therapy due to its diverse pharmacological
properties. However, its highly lipophilic characteristics and poor dissolution
in biological fluids limit its clinical application. Therefore, to overcome this
limitation, we formulate and evaluate PPN-encapsulated polycaprolactone
(PCL) nanoparticles (PPN-PCL-NPs). The nanoparticles were prepared by a
single-step nanoprecipitation method and further optimized by a formulation
design approach. The influence of selected independent variables PCL (X1),
poloxamer 188 (P-188; X2), and stirring speed (SS; X3) were investigated on
the particle size (PS), polydispersity index (PDI), and % encapsulation
efficiency (EE). The selected optimized nanoparticles were further assessed
for stability, in vitro release, and in vitro antibreast cancer activity in the
MCF-7 cancer cell line. The PS, PDI, zeta potential, and % EE of the optimized PPN-PCL-NPs were observed to be 107.61 ± 5.28
nm, 0.136 ± 0.011, −20.42 ± 1.82 mV, and 79.53 ± 5.22%, respectively. The developed PPN-PCL-NPs were stable under different
temperature conditions with insignificant changes in their pharmaceutical attributes. The optimized PPN-PCL-NPs showed a burst
release for the first 6 h and later showed sustained release for 48 h. The PPN-PCL-NPs exhibit exceptional cytotoxic effects in MCF-
7 breast tumor cells in comparison with the native PPN. Thus, the formulation of PPN-loaded PCL-NPs can be a promising
approach for better therapeutic efficacy against breast cancer.

1. INTRODUCTION
Breast cancer (BC) is one of the most prevalent and deadly
cancers worldwide, affecting millions of women and men
yearly.1 As per the GLOBOCON report of 2021, BC was
diagnosed in 11.7% of all cases, establishing it as the most
common form of cancer worldwide. It was closely followed by
lung cancer at 11.4% and colorectal cancer at 10.0%.2 Currently,
chemotherapy stands as the primary treatment approach for
BC.3 However, severe adverse effects and the emergence of
chemoresistance are the major concerns with conventional
chemotherapy. Moreover, the lack of specificity to the tumor
cells/tissues can kill the healthy cells in conventional chemo-
therapy of BC.4 Therefore, selective delivery of chemo-
therapeutic drugs to the tumor cells/tissue becomes important
to ensure the safe and effective treatment of BC. Additionally,
most anticancer molecules are highly lipophilic in nature and
show poor solubility in biological fluids and limited bioavail-
ability.5,6 Therefore, a novel approach is required to overcome
the limitations of conventional chemotherapy to prevent and
treat BC.
Among the plethora of bioactive compounds, piperine

(PPN), a natural alkaloid derived from black pepper (Piper
nigrum L.), has garnered substantial attention for its potential in

BC therapy.7,8 PPN acts by targeting numerous signaling
pathways via the following mechanisms: (i) induction of
apoptosis and cell cycle arrest; (ii) modulation in expression
of signaling proteins, caspase 3, 8, and 9; (iii) reduction in
transcription factor like NF-κB; and (iv) tumor growth
inhibition by affecting the tumor microenvironment.9,10 More-
over, its favorable safety profile and natural origin make it an
appealing candidate for further investigation as an adjuvant in
BC therapy.11,12 PPN belongs to the biopharmaceutical
classification system (BCS) “class II” compound which means
it has low solubility and high permeability.13 In a study, Suresh
and Srinivasan investigated the pharmacokinetic parameters
after oral administration (170 mg/kg) in rats. The highest
concentration of PPN was achieved at 1 h, and only 10.8% of
PPN was observed after 6 h. The plasma half-life of PPN was
observed to be 18.2 h.14 PPN is characterized by high
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lipophilicity (log P = 2.25) and poor aqueous solubility (22.34
mg/L at 25 °C).15 These physicochemical properties are
responsible for the poor pharmacokinetic profile of PPN due to
slow absorption and low oral bioavailability.16 Hence, there is an
immediate requirement to develop a novel and effective delivery
system that can enhance bioavailability and thereby therapeutic
efficacy of encapsulated compounds.
By developing nanoparticle-based drug delivery systems, the

above-discussed challenges can be addressed. Nanoparticles
(NPs) show significantly higher surface area due to nanometric
size (<200 nm) and spherical morphology that enhanced the
absorption, thereby, bioavailability of the encapsulated drug.17

Encapsulation of lipophilic compounds in the nanoparticles
significantly increases the solubility, stability, and dissolution in
the biological fluids.17 Further, the NP-based system represents
several advantages over conventional drug delivery systems,
such as enhanced permeability and retention (EPR) effect,
improved solubility and stability of anticancer compounds, and
reduced dose-related toxicity.18,19 In this context, Pachauri et al.
prepared PPN-loaded PEG−PLGA nanoparticles for enhanced
therapeutic efficacy against BC.20 The developed nanoparticles
showed favorable pharmaceutical attributes like small particle
size (PS; 131.4 ± 6.6 nm), polydispersity index (PDI; 0.037 ±
0.021), and satisfactory encapsulation efficiency (% EE; >35%).
Moreover, the developed PPN-loaded nanocarrier exhibited
significantly higher cellular uptake and anticancer effects against
MCF-7 cells than native PPN. Similarly, Kazmi et al. prepared
PPN-encapsulated lipid-polymer hybrid nanoparticles (PPN-
LPHNPs) to achieve higher therapeutic efficacy against BC.21

The developed PPN-LPHNPs showed a PS, PDI, and % EE of
151.2± 4.12 nm, 0.213± 0.02, and 83.54± 2.88%, respectively.
Further, the nanocarrier showed a lower IC50 value in the cell
viability study using MCF-7 cells than pure PPN. However, the
therapeutic efficacy of PPN-loaded polycaprolactone (PCL)
nanoparticles has never been investigated against BC.
PCL is a synthetic biodegradable polymer that has been

widely employed in the development of NPs for anticancer drug
delivery. PCL-NPs offer several advantages, including controlled
release of encapsulated drugs, prolonged circulation time, and
ease of preparation.22,23 It is nontoxic in nature and
cytocompatibility makes it an ideal material for drug delivery.24

These characteristics, along with its excellent permeability to
various compounds with relatively low molecular weights (<400
Da), make PCL a suitable polymer for the development of
nanoparticles.25 Further, the formulation of these stable
nanoparticles by using poloxamers can protect the encapsulated
compound from premature degradation and facilitate their
controlled release at the tumor site.26 Poloxamers belong to the
class of synthetic triblock copolymers. They consist of central
hydrophobic poly(propylene oxide) chains enveloped by two
hydrophilic poly(ethylene oxide) chains. Their favorable
physicochemical properties and excellent biocompatibility
make the poloxamer a promising candidate to fabricate stable
nanoparticles for drug delivery. Furthermore, their amphiphilic
characteristics and the capability to self-assemble into micelles
make them ideal materials for developing nanoparticles.27,28

Therefore, we aimed to develop PPN-encapsulated PCL
nanoparticles for BC therapy. We hypothesized that PCL
nanoparticles would improve the physicochemical properties
and biological performance of PPN by increasing their solubility,
stability, and cellular uptake. Herein, the PPN-PCL-NPs were
prepared by a nanoprecipitation technique and optimized by a
33-Box−Behnken design (33-BBD) and thereafter characterized

for different pharmaceutical attributes. The storage stability
under different temperature conditions and in vitro drug release
was further conducted. Further, the cellular uptake, as well as the
cytotoxic potential of the developed nanoparticles inMCF-7 BC
cells, was investigated.

2. MATERIALS AND METHODS
2.1. Materials. PPN (>97% purity), polycaprolactone

(PCL; MW = 45 kDa), and dialysis bag (MWCO: 12 kDa)
were obtained from Sigma-Aldrich located in St. Louis, MO,
USA. BASF,Mumbai, India generously provided poloxamer-188
(P-188). Acetone was acquired from Merck, Mumbai, India.
Fetal bovine serum (FBS), paraformaldehyde, penicillin,
streptomycin, and dimethyl sulfoxide (DMSO) were all
purchased from Thermo Fisher Scientific, New Delhi, India.
MCF-7 cell lines were sourced from the National Centre for Cell
Science (NCCS), Pune, India. Any other chemicals utilized in
the present investigation were of high purity and belonged to
analytical grade.
2.2. Box−Behnken Experimental Design. To develop

optimized PPN-PCL-NPs, we employed a 33-BBD by utilizing
Design-Expert software V.13.0 (State Ease Inc., Minneapolis,
USA). During the initial investigation, we selected three
independent variables: the concentration of polycaprolactone
(PCL; X1), the concentration of poloxamer 188 (P-188; X2),
and the stirring speed (SS; X3). These factors were assessed at
three levels: high (“+1”), medium (“0”), and low (“−1”). The
impact of these independent variables on three dependent
factors, i.e., PS (Y1), PDI (Y2), and % EE) (Y3) was evaluated as
documented in Table 1. By fitting the data into the 33-BBD, the

design derived 15 excipient compositions for PPN-PCL-NP
development. Subsequently, we developed all 15 PPN-PCL-NPs
according to their compositions, and the resulting values are
documented in Table 2. Afterward, various statistical models,
including linear, 2-F1, and quadratic models, were examined to
identify the most fitting data by employing one-way analysis of
variance (ANOVA). The chosen model was then elucidated
using a polynomial equation, and the software generated various
plots to illustrate the model’s behavior.
2.3. PPN-PCL-NP Preparation. PPN-PCL-NPs were

prepared using a nanoprecipitation method, slightly modified
from previously documented techniques.29,30 Initially, an
aqueous surfactant solution was prepared by dissolving P-188
(0.5−1% w/v) in 7 mL of Milli-Q water. Separately, PCL (40−
80 mg) and 20 mg of PPN were dissolved in acetone (3 mL) to
make an organic solution by constant stirring. Subsequently, the
organic phase was gradually added drop-by-drop into the
surfactant solution using a 1 mL syringe under continuous

Table 1. Chosen Independent and Dependent Factors Used
in the 33-BBD for PPN-PCL-NP Development

factor (independent variable) levels

independent variables low (−1) medium (0) high (+1)

X1 = concentration of PCL (mg) 40 60 80
X2 = concentration of P-188 (%) 0.5 0.75 1
X3 = stirring speed (rpm) 600 900 1200

responses (dependent variables) goal

Y1 = particle size (PS; nm) minimize
Y2 = polydispersity index (PDI) minimize
Y3 = encapsulation efficiency (EE; %) maximize
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stirring (SS; 600−1200 rpm). The obtained amalgamation was
continuously stirred for 3 h to enable the self-assembly of PPN-
PCL-NPs. Lastly, the produced PPN-PCL-NPs were subjected
to dialysis for 12 h against Milli-Q water to eliminate the organic
solvent to obtain the final nanocarrier.
2.4. PPN-PCL-NP Characterization. 2.4.1. Particle Size

Distribution and Zeta Potential Measurement. The size
distribution (i.e., PS and PDI) and zeta potential (ZP) of PPN-
PCL-NPs were measured by the principle of dynamic light
scattering by using a Zetasizer (Nano-ZS, Malvern Instruments
Inc., UK). In brief, a 0.2 mL aliquot of PPN-PCL-NPs was
diluted with Milli-Q water to 3 mL, and the samples were
positioned in the zeta cuvette. Finally, the zeta analysis was
conducted at a 90° scattering angle.

2.4.2. Morphology of PPN-PCL-NPs. The morphology
analysis of the developed PPN-PCL-NPs was conducted by
using a transmission electron microscope (TEM; JEM-1200EX,
JEOL, Japan). A drop of PPN-PCL-NPs was placed onto a 300-
mesh copper grid and negatively stained using 1% phospho-
tungstic acid. Subsequently, the grid was allowed to air-dry and
was visualized under a TEM. The microscope was operated at a
voltage of 200 kV and 5000x/5000× magnification to achieve
point-to-point resolution.

2.4.3. Encapsulation Efficiency (% EE) and Drug Loading
(% DL). The determination of % EE and % DL for PPN-PCL-
NPs was conducted by an indirect methodology as reported in a
previous protocol.31,32 In accordance with this protocol, PPN-
PCL-NPs were subjected to centrifugation at 15,000 rpm for a
duration of 20 min, by employing a cooling centrifuge (Remi,
Mumbai, India). Subsequent to centrifugation, the resulting
supernatant was isolated and subjected to filtration with a 0.22
μm nylon filter. The quantification of unencapsulated PPN
present within the filtrate was subsequently performed utilizing a
UV-spectrophotometer (Shimadzu, UV-1800 model, Kyoto,
Japan) at a wavelength of 342 nm (validation details explained in
Supporting Information). Finally, the % EE and % DL were
subsequently calculated by the following formulas.

= ×% EE
total PPN unentrapped PPN

total PPN
100

(1)

= ×% DL
total PPN unentrapped PPN

weight of PCL NPs
100

(2)

2.5. Stability Study. Stability is a crucial aspect in the
formulation of pharmaceutical products. Ensuring the safety,
effectiveness, and quality of pharmaceutical products is
imperative for their approval and acceptance. Therefore, an
evaluation of the storage stability was conducted for the
optimized PPN-PCL-NPs (5 mL). PPN-PCL-NPs (5 mL) were
placed in glass vials and subjected to storage at controlled
temperatures: 5± 1, 25± 2, and 40± 2 °C, spanning a duration
of 3 months in a stability chamber (Weiss Envirotronics,
Michigan, USA).33,34 Changes in PS, PDI, ZP, and % EE of the
PPN-PCL-NPs were monitored every 15 days throughout the 3
month period.
2.6. In Vitro Drug Release. The in vitro release pattern of

PPN-encapsulated PCL-NPs was assessed by dialysis bag
technique, following previously established protocols.35,36

Initially, the dialysis bag was soaked in distilled water for 12 h.
Subsequently, 2 mL of PPN-PCL-NPs, equivalent to 4 mg of
PPN, was poured into the dialysis bag, and both ends were
securely fastened using a commercial thread. The dialysis bag
was then submerged in a beaker bearing 500 mL of phosphate
buffer at pH 7.4 with Tween 80 (0.5%). The experiment was
conducted at a temperature of 37 ± 1 °C with continuous
stirring at a speed of 100 rpm. Over predecided time periods, 2
mL samples were withdrawn from the releasing media, and an
equivalent volume of neat media was replenished to maintain a
consistent sink condition. Lastly, the released PPN was assessed
by employing a UV-spectrophotometer at 342 nm wavelength
(validation details explained in the Supporting Information).
The validation parameters of the drug are shown in Tables S1
and S2. To assess the PPN release mechanism from the PCL-
NPs, the release data obtained from PPN-PCL-NPs were
applied to various kinetic models, including zero-order, first-
order, Higuchi, and Korsmeyer−Peppas models. The mathe-
matical model demonstrating the correlation coefficient (R2)
closest to 1 was identified as the most suitable fit model.37

2.7. Cell Culture Experiments. An MCF-7 cell line was
employed for investigating the cytotoxicity. These cells were
cultured in Dulbecco’s modified Eagle’s medium, supplemented
with L-glutamine and antibiotics such as streptomycin and
penicillin, and the temperature was maintained at 37 °C, under a
humidified atmosphere with 5% CO2 and 95% air. To
supplement the MCF-7 cells, 10% heat-inactivated FBS was
also added. Experiments were performed only when the
confluency of cells reached ∼80%. The cytotoxicity evaluation
of free PPN and PPN-PCL-NPs was conducted by the MTT
assay, as previously reported38,39 in the MCF-7 cell line.
Concisely, the MCF-7 cells were seeded in 96-well plates at a
density of 1 × 105 cells per well and cultured for 24 h.
Subsequent to achieving confluence, the cells were subjected to
various concentrations of PPN-PCL-NPs and free PPN. The
treated cells were then incubated within a CO2 incubator for
durations of 24, 48, and 72 h. At the culmination of each
respective incubation period, a solution of MTT dye (25 μL),
having a 0.5 mg/mL concentration, was supplemented to each
well plate. This was followed by an additional 4 h of incubation
to facilitate the formation of formazan crystals. Following this
incubation, the excess culture medium was discarded and the
formazan crystals were dissolved utilizing 100 μL of DMSO. To
ensure complete dissolution, the plates were gently agitated on a
shaker for 30min. Ultimately, the optical density of the dissolved

Table 2. Experimental Compositions Derived from 33-BBD
for PPN-PCL-NP Preparation with Values of Y1 (PS), Y2
(PDI), and Y3 (% EE)

independent factors dependent factors (responses)

runs
X1
(mg)

X2
(%)

X3
(rpm)

Y1 (PS in
nm)

Y2
(PDI)

Y3 (EE in
%)

F1 80 0.5 900 136.10 0.197 76.72
F2 80 0.75 1200 116.91 0.191 82.94
F3 40 0.75 1200 82.07 0.134 63.57
F4 80 0.75 600 127.20 0.157 87.14
F5 40 0.75 600 98.63 0.106 72.61
F6 60 0.5 1200 107.64 0.181 64.75
F7 60 0.75 900 110.56 0.138 76.82
F8 40 0.5 900 104.69 0.135 62.85
F9 60 0.75 900 109.42 0.143 82.27
F10 60 1 600 109.13 0.136 79.60
F11 80 1 900 124.43 0.176 89.19
F12 60 1 1200 97.14 0.165 73.58
F13 40 1 900 91.51 0.127 68.65
F14 60 0.5 600 125.41 0.149 71.92
F15 60 0.75 900 107.81 0.135 80.67

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06605
ACS Omega 2023, 8, 44183−44194

44185

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06605/suppl_file/ao3c06605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06605/suppl_file/ao3c06605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06605/suppl_file/ao3c06605_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06605/suppl_file/ao3c06605_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formazan was quantified using a plate reader (BioTek,Winooski,
USA) at a 570 nm wavelength.
2.8. Data Analysis. For data analysis, we employed

GraphPad Prism, Version 8 software. The experimental
protocols were replicated three times, and the outcomes have
been presented as the arithmetic mean± standard deviation. To
determine significant distinctions between the groups, a two-

tailed Student’s t-test was employed. Statistical significance was
acknowledged if the computed p-value stood below 0.05.

3. RESULTS AND DISCUSSION
3.1. Preparation and Optimization by Experimental

Design. Herein, the PPN-PCL-NPs were formulated by a
single-step nanoprecipitation method. This method is widely
used and considered to be themost reliable for developing small-

Table 3. Regression Analysis Data for Dependent Variables after Fitting the Data into Different Mathematical Models

model R2 adjusted R2 predicted R2 SD press remark

Response 1 (Y1)
linear 0.9476 0.9332 0.8894 3.74 323.78
2F1 0.9540 0.9194 0.7620 4.11 696.76
quadratic 0.9981 0.9948 0.9882 1.04 34.59 Suggested

Response 2 (Y2)
linear 0.8851 0.8538 0.8109 0.0099 0.0018
2F1 0.8913 0.8098 0.6602 0.0113 0.0032
quadratic 0.9964 0.9899 0.9904 0.0026 0.0001 Suggested

Response 3 (Y3)
linear 0.8556 0.8162 0.7662 3.55 224.50
2F1 0.8736 0.7788 0.6442 3.90 341.70
quadratic 0.9832 0.9530 0.9563 1.80 42.01 Suggested

Figure 1. Different response plots generated from 33-BBD. (A) 3D surface, (B) contour, (C) predicted vs actual, and (D) perturbation plots
representing the influence of independent factors on PS of PPN-PCL-NPs.
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sized PLHNPs (generally <150 nm) with a high production
yield. The pharmaceutical attributes of the developed PCL-NPs
are highly dependent on the polymer and surfactant, and stirring
speed for mixing of the solution. All 15 PPN-PCL-NPs were
developed according to the composition derived from the 33-
BBD, and the values of responses were fitted into the software to
yield the final excipient composition (Table 2).
The responses were separately accommodated within differ-

ent statistical models through linear regression analysis to
determine the most suitable model exhibiting the highest
adjusted and predicted R2 values (Table 3). Subsequent
identification of significant terms impacting the responses was
carried out utilizing ANOVA analysis. When the p-value was
observed to be < 0.05, the terms were considered as statistically
significant within the model. The ANOVA analysis for each
response yielded a value of P < 0.0001. According to the output
as represented in Table 3, the quadratic model exhibits the
highest adjusted and predicted R2 value, which was closest to 1,
hence considered the best-fit model for all responses. To
comprehend the effect of independent factors on each response,
three-dimensional (3D) surface plots, contour plots, and
perturbation plots were generated. Additionally, the secondary
polynomial equations for each response were generated from the
design to examine the impact of independent factors. The

secondary polynomial equations for all the three responses
obtained from the design are as follows

= + +

+ + +

+ +

X X X

X X X X X

X X X X

Particle size(PS) 109.26 15.97 6.46 7.08

0.3760 1.57 1.44

0.6460 4.27 3.71

1 2 3

1 2 1 3 2

3 1
2

2
2

3
2

(3)

= + + +

+ +

+ +

X X X

X X X X X X X

X X

Polydispersity index(PDI)

0.1387 0.0274 0.0071 0.0154

0.0035 0.0014 0.0005 0.0047

0.0158 0.0038

1 2 3

1 2 1 3 2 3 1
2

2
2

3
2

(4)

= + + + +

+ +

X X X X

X X X X X X X

X

Entrapment efficiency(% EE)

79.92 8.54 4.35 3.30 1.67

1.21 0.2866 0.7333 4.83

2.62

1 2 3 1

2 1 3 2 3 1
2

2
2

3
2

(5)

3.1.1. Impact of Dependent Factors on PS (Y1). Herein, the
PS range of the PPN-PCL-NPs spanned from 91.51 to 136.10
nm, suggesting the successful formation of PCL-NPs with small

Figure 2. Different response plots generated from 33-BBD. (A) 3D surface, (B) contour, (C) predicted vs actual, and (D) perturbation plots
representing the influence of independent factors on the PDI of PPN-PCL-NPs.
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dimensions (<150 nm). ANOVA unveiled the substantial
influence of independent factors i.e., PCL concentration, P-
188 concentration, and stirring speed on the mean PS (p <
0.0001). Examination of response plots, as depicted in Figure 1,
and polynomial eq 3 suggested that elevating the PCL quantity
from 40 to 80 mg resulted in a significant increase in the size of
PPN-PCL-NPs. This substantial rise in the PS is attributed to
the increment in PCL quantity that enhances the viscosity of the
organic solution. The increased viscosity, in turn, reduces the
shear efficiency which is crucial for particle breakdown during
the preparation process.40,41 Conversely, augmenting the P-188
concentration from 0.5 to 1% (w/v) induced amarked reduction
in the PS of PPN-PCL-NPs. Such an effect was achieved due to
the high P-188 concentration present at the organic/water
interface during the emulsification process, fostering the
fabrication of small-sized PPN-PCL-NPs. Further, the reduced
interfacial tension is facilitated by the increased P-188
concentration during the PCL-NP preparation, which, in turn,
contributes to the reduction in PS.42,43 Likewise, an appreciable
decrease in the PS of PPN-PCL-NPs was observed on increasing
the stirring speed (SS; X3) from 600 to 1200 rpm. The intensity
of shear stress bears an indirect relationship with PS, wherein
heightened shear stress is correlated with diminished PS.
Elevated stirring speed imparts greater energy into the process,

thereby engendering PPN-PCL-NPs characterized by smaller
PS.44

3.1.2. Impact of Dependent Factors on the PDI (Y2).Herein,
the PDI range of the PPN-PCL-NPs spanned from 0.106 to
0.197, indicating the successful formation of nanoparticles
characterized by excellent homogeneity (PDI < 0.2). ANOVA
unveiled the substantial influence of independent factors i.e.,
PCL concentration, P-188 concentration, and stirring speed on
the mean PDI (p < 0.0001). Evaluation of the response plots, as
depicted in Figure 2, and polynomial eq 4 elucidated that
augmenting the PCL quantity from 40 to 80 mg led to a
substantial increase in the PDI of the PPN-PCL-NPs. A
significant increase in the PDI is ascribed to the gradual
increment in the viscosity of the organic phase. The augmented
viscosity, in turn, contributes to an increment in the
heterogeneity between the particles, thereby yielding PCL-
NPs characterized by higher PDI values.45 Conversely, a notable
reduction in the PDI of PPN-PCL-NPs was evident with an
increase in P-188 quantity from 0.5 to 1% w/v. The gradual
augmentation in the P-188 concentration significantly decreased
the interfacial tension, thereby enhancing the emulsification and
promoting the formation of small-sized particles with excep-
tional uniformity.46 Meanwhile, a modest increment in the
stirring speed from 600 to 1200 rpm yielded a moderate rise in

Figure 3. Different response plots generated from 33-BBD. (A) 3D surface, (B) contour, (C) predicted vs actual, and (D) perturbation plots
representing the influence of independent factors on % EE of PPN-PCL-NPs.
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the PDI of PPN-PCL-NPs. An increase in PDI on increasing SS
(X3) from 900 to 1200 rpm is ascribed to an increase in shear
energy that produces NPs with high surface charge that leads to
the coagulation of NPs.47

3.1.3. Impact of Dependent Factors on % EE (Y3). Herein,
the % EE range of the PPN-PCL-NPs spanned from 62.85 to
89.19%, indicative of the successful development of nano-
particles with excellent encapsulation efficiency. ANOVA
unveiled the substantial influence of independent factors i.e.,
PCL concentration, P-188 concentration, and stirring speed on
the mean % EE (p < 0.0001). Evaluation of the response plots, as
depicted in Figure 3, and polynomial eq 5 elucidated that
increasing the PCL quantity from 40 to 80 mg resulted in a
considerable enhancement in the % EE of the PPN-PCL-NPs.
This marked elevation in % EE associated with increased PCL
concentration can be attributed to the increased space provided
by the polymer for encapsulating PPN. Consequently, a
relatively compact matrix is formed, facilitating more efficient
drug encapsulation.41 Similarly, increasing the P-188 quantity
from 0.5 to 1% w/v resulted in an increase in the % EE of
nanoparticles. This phenomenon is attributed to the enhanced
emulsification resulting from an increased surfactant concen-
tration, which in turn leads to a substantial increment in the %
EE of the nanoparticles. Conversely, the % EE of PPN-PCL-NPs
was significantly reduced upon increasing the stirring speed from
600 to 1200 rpm. This outcome can be attributed to the
increased SS (X3) causing a reduction in PS, which in turn
contributes to a decrease in % EE.44

3.1.4. Selection of Optimized PPN-PCL-NPs. The selection
of the optimal composition for the formulation of PPN-PCL-
NPs was made on a desirability approach from the 33-BBD. The
main objective was formulating the PPN-PCL-NPs with small
PS and PDI with high % EE. The PPN-PCL-NPs prepared with
60 mg of PCL, 0.75% (w/v) P-188, and 900 rpm stirring speed
fulfilled the criteria. Interestingly, the optimized PPN-PCL-NPs
exhibited an aggregate desirability value of 0.941, close to 1. This
value signifies a robust methodological approach. Subsequent to
this, three distinct formulations were selected based on the

optimized composition. The results of the optimized PPN-PCL-
NPs are summarized in Table 4.
3.2. PPN-PCL-NP Characterization. 3.2.1. PS, PDI, and ZP

Measurement. The mean PS of nanocarriers significantly
impacts cellular internalization, the duration of systemic
circulation, and clearance dynamics. Moreover, nanocarriers
possessing a PS below 200 nm tend to translocate in solid
tumors.48 Herein, the mean PS of the optimized PPN-PCL-NPs
was found to be 107.61 ± 5.28 nm, as shown in Figure 4A. The
PDI serves as a metric for assessing the size distribution of the
nanoparticle populations within a system. Ranging from 0 to 1,
the PDI value characterizes the extent of dispersion quality, with
values ≤ 0.1 signifying optimal homogeneity. However, a PDI
value ≤ 0.5 is often considered satisfactory by researchers.49

Notably, this investigation ascertained a PDI value of 0.136 ±
0.011 for the optimized PPN-PCL-NPs, thus implying excellent
homogeneity. The ZP serves as a critical parameter for
delineating the surface charge of nanocarriers and exerts a
pivotal influence on their stability. Higher positive or negative
ZP results in robust repulsive interactions among nanoparticles,
indicative of better stability.30 Illustrated in Figure 4B, the ZP
values for the optimized PPN-PCL-NPs showed a value of
−20.42 ± 1.82 mV. A high negative charge on the surface of
nanocarriers is attributed to the carboxylic groups in PCL and
the presence of P-188, serving as an emulsifier.46

3.2.2. Morphology of PPN-PCL-NPs. The morphology
assessment of PPN-PCL-NPs was conducted by using TEM,
as shown in Figure 5. The TEM micrograph distinctly unveiled
the spherical shape of PPN-PCL-NPs, characterized by smooth
and well-defined surfaces. The PS of PPN-PCL-NPs observed
through TEM corresponded well with the outcomes derived
from the Zetasizer analysis. The geometric configuration of
nanocarriers plays a pivotal role in modulating their cellular
uptake and biodistribution.50 Interestingly, spherical nano-
particles hold significant importance due to their versatile
attributes, encompassing elevated surface-to-volume ratios and
distinct optical properties. Spherical nanoparticles are partic-
ularly favored due to their improved individual cellular uptake,
which in turn augments therapeutic efficacy.51

Table 4. Summary of the Optimized Independent Factors and Dependent Factors of the Optimized PPN-PCL-NPs

independent factors dependent factors

PCL (mg) P-188 (%) SS (rpm) PS (nm) PDI % EE

60 0.75 900 107.61 ± 5.28 0.136 ± 0.011 79.53 ± 5.22

Figure 4. Plots depicting (A). Particle size distribution and (B). ZP of the optimized PPN-PCL-NPs.
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3.2.3. % EE and % DL.% EE and % DL are crucial parameters
that can significantly impact the effectiveness and potential
applications of the nanoparticles. The % EE and % DL of the
optimized PPN-PCL-NPs were observed to be 79.53 ± 5.22,
and 7.26± 1.33%, respectively. Overall, satisfactory % EE and %
DLwere ascertained owing to the robust polymeric matrix of the
nanoparticles.
3.3. Stability Study. The stability of optimized PPN-PCL-

NPs was determined based on their changes in PS, PDI, % EE,
and ZP when stored under different temperature conditions.
Changes in different physicochemical parameters of PPN-PCL-

NPs with respect to the different temperature conditions are
shown in Figure 6. The PPN-PCL-NPs exhibited exceptional
stability at 5 ± 1 °C with minor modulation of the
physicochemical parameters. Likewise, only insignificant alter-
ation in the physicochemical parameters of PPN-PCL-NPs was
ascertained at a 25 ± 2 °C temperature. Nevertheless, at 40 ± 2
°C, significant alterations in the physicochemical parameters of
PPN-PCL-NPs were ascertained. A significant variation in the
physicochemical parameters at higher temperatures is attributed
to the conglomeration of PPN-PCL-NPs due to polymer
degradation.36 From the finding, it was inferred that the
developed PPN-PCL-NPs can be stored at ≤25 °C to retain the
integrity of the nanocarriers.
3.4. In-Vitro Drug Release Study. The drug release

behavior of PPN-PCL-NPs and the free PPN suspension was
evaluated over a span of 48 h through the dialysis bag technique,
employing a phosphate buffer pH 7.4 as release media at 37 ± 1
°C temperature. The calibration plot of PPN is shown in Figure
S1. The time versus % cumulative drug release profile is depicted
in Figure 7. The optimized PPN PCL-NPs displayed a biphasic
release profile, with an initial burst release of 47.82 ± 3.92%
within the initial 6 h interval, succeeded by a prolonged release
extending over a duration of 48 h. This initial burst release was
ascribed to drug molecules either adsorbed onto the surface or
encapsulated within the outer core of the PPN-PCL-NPs. This
phenomenon may also be ascribed to enhanced surface area due
to the small PS of nanocarriers.52 Following the rapid initial
release, PPN-PCL-NPs demonstrated a controlled release

Figure 5. TEM micrograph of optimized PPN-PCL-NPs.

Figure 6. Plots representing the changes in different physicochemical parameters. (A) PS, (B) PDI, (C)% EE, and (D) ZP under different temperature
conditions for 3 months.
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profile. The extended release can be attributed to the process of
drug diffusion originating from the inner core of the polymer
matrix. Additionally, the slow and gradual diffusion of PPN from
the lipophilic polymer matrix also contributed to a controlled
drug release for an extended period.36 Conversely, the free PPN
suspension exhibited a 26.58 ± 4.37% release in 48 h. The
limited dissolution of PPN from the suspension can be
attributed to the limited solubility of the drug within the
dissolution medium.
For the investigation of release kinetics, the drug release data

set was fitted with various mathematical models, and the
resultant outcomes are presented in Table 5. Upon comparative

assessment of all models, the Korsmeyer−Peppas model was
selected as the best-fitted mathematical model with the highest
R2 value, i.e., 0.9309. The release exponent “n” value ranged
between 0 to 0.5, representing Fickian diffusion behavior. In the
context of this study, the determined “n” value was found to be
0.223; thus, the PPN release mechanism from PCL-NPs follows
the Fickian diffusion mechanism.53

3.5. Cell Culture Experiment. This experiment was
conducted to investigate the therapeutic potential of PPN-
PCL-NPs in the treatment of BC. The pharmaceutical attributes
like the size and morphology of nanoparticles greatly affect the
therapeutic efficacy. The nanoparticle with a small size
(generally <200 nm) showed significantly higher cellular
internalization and accumulation in the tumor microenviron-
ment due to the EPR effect.54,55 Smaller nanoparticles often
have a larger surface area, which can lead to faster drug release in
a controlled manner. Nanoparticles with spherical morphology
showed the most favorable properties such as high surface-to-
volume ratios for better therapeutic efficacy. Spherical nano-

particles exhibit significantly higher cellular uptake in cancer
cells and prolong the circulation time in the body. These
characteristics significantly increase the therapeutic efficacy of
nanocarriers.56,57 In this investigation, the in vitro cytotoxicity of
free PPN and PPN-PCL-NPs was evaluated against MCF-7
breast tumor cells by the MTT assay. For evaluating the
cytotoxicity of free PPN and PPN-PCL-NPs, MCF-7 cells were
treated at various concentrations for different time periods, i.e.,
24, 48, and 72 h. The results suggested a dose- and time-
dependent cytotoxic effect against MCF-7 breast tumor cells as
depicted in Figure 8. The optimized PPN-PCL-NPs exhibited
much higher cytotoxicity at each concentration and time point
compared to free PPN. A significant variation in the cytotoxicity
was observed between free PPN and PPN-PCL-NPs. At all-time
points, at a lower concentration, no significant variation in the
results was observed. At the highest concentration of 100 μg/
mL, PPN-PCL-NPs showed variable cell viabilities of 19.12 ±
2.9% (24 h), 10.23± 1.7% (48 h), and 5.73± 0.7% (72 h). In the
case of free PPN, the cell viability was found to be 30.54 ± 3.2%
(24 h), 23.62 ± 1.4% (48 h), and 16.98 ± 1.8% (72 h). The
maximum significant difference was observed at 72 h with about
a 3-fold increase in the activity for PPN-PCL-NPs. As time
increased, the maximum PPN release from NPs showed a
significant effect. There was a 2-fold enhancement in the activity
observed at 48 and 72 h. So, from the results, we can say that the
polymeric NPs are an ideal delivery system for cancer activity.
The IC50 values of free PPN and PPN-PCL-NPs against MCF-7
breast tumor cells at different time points are depicted in Figure
9. After 24 h of the treatment, the IC50 values of free PPN and
PPN-PCL-NPs were determined to be 55.81± 4.36 and 34.61±
3.13 μg/mL, respectively. After 48 h of treatment, the IC50 value
of free PPN and PPN-PCL-NPs was determined to be 35.88 ±
3.28 and 19.64 ± 2.49 μg/mL, respectively. After 72 h of
treatment, the IC50 values of free PPN and PPN-PCL-NPs were
determined to be 21.73 ± 2.35 and 10.12 ± 2.18 μg/mL,
respectively. The IC50 value was found to be 1.6-fold at 24 h,
1.82-fold at 48 h, and 2.14-fold less than free PPN at each time
point. The value of IC50 was also found to be time-dependent. As
time increased, the IC50 value decreased. Much higher
cytotoxicity with PPN-PCL-NPs was achieved due to sustained
release and higher cellular internalization of the nanocarrier in
the tumor cells. In addition, the greater cytotoxicity was
attributed to small size, spherical morphology, and cytosolic
PPN delivery from the nanocarrier.38,39 Our finding also
corroborated a previously published report. Kazmi et al. studied
the anticancer effect of PPN-loaded polymeric nanoparticles on
MCF-7 cells.21 The researcher reported that the developed NPs
showed IC50 values of 21.32± 2.17 and 9.46± 2.18 μg/mL at 48
and 72 h, respectively. Therefore, it can be inferred that the
development of PPN-encapsulated PCL-NPs can enhance the
therapeutic efficacy against BC.

4. CONCLUSIONS
The present research seeks to investigate the potential of PPN-
PCL-NPs as a potential strategy to enhance therapeutic
outcomes in BC. Herein, the PPN-encapsulated PCL-NPs
were successfully fabricated and optimized by 33-BBD as well as
characterized for different pharmaceutical attributes. The
suggested 15 formulations were prepared according to the
composition derived from the design and the values of responses
were fitted to yield the optimized composition. The optimized
formulation exhibits small PS (>150 nm) with excellent
homogeneity and high % EE (∼80%). The developed

Figure 7. In vitro release profile of PPN-PCL-NPs and the PPN
suspension.

Table 5. Results of the Mechanism of Drug Release Kinetics
from PPN-PCL-NPs after Fitting the Data into Different
Mathematical Kinetic Models

model model equation R2
release exponent

(“n”)

zero order Mt = M0 + k0 t 0.7328
first order ln Mt = ln M0 + k1 t 0.9098
Higuchi matrix model Mt = M0 + k t1/2 0.8962
Korsmeyer−Peppas
model

Mt/M∞ = k tn 0.9309 0.223
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nanocarrier showed excellent stability and sustained release of
the drug for 48 h. A dose- and time-dependent in vitro
cytotoxicity was achieved from the developed PCL-NPs
compared to the native PPN confirmed our hypothesis that it
exhibits higher activity against the tested MCF 7 breast cancer
cell line. Overall, the PCL-NPs provide a potential drug delivery
platform to achieve optimal therapeutic efficacy against BC.
Additionally, conducting in vivo experiments could provide
valuable validation for the in vitro performance of the PCL-NPs.
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