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Abstract. Background/Aim: Piperine, a major alkaloid of
the fruit of black pepper plants, selectively inhibits the
growth of triple-negative breast cancer cells but its
lipophilicity restricts possible clinical application. This study
therefore determined the feasibility of encapsulating piperine
in nanoparticles (NPs) to increase its solubility in an
aqueous environment. Materials and Methods: Piperine-
loaded biodegradable methoxy poly(ethylene glycol)-
poly(lactic-co-glycolic) acid copolymer-based NPs were
produced by single emulsion solvent extraction and thin-film
hydration. Growth and viability of triple-negative breast
cancer (TNBC) cells were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay and Annexin-V-FLUOS/propidium iodide staining,
respectively. Results: Thin-film hydration was superior to
single emulsion solvent extraction, yielding piperine-loaded
NPs with an average size of 50 nm. Piperine-loaded NPs
inhibited TNBC cell growth and induced apoptosis while
sparing normal fibroblasts. Conclusion: It is feasible to
deliver a cytotoxic concentration of piperine to TNBC cells
via NPs with the potential for improved bioavailability and
solubility in biological fluids.

Bioactive phytochemicals have attracted considerable interest
as a potential source of new and less toxic treatment
modalities for cancer and other chronic diseases. Piperine, a
pungent alkaloid that is the principle bioactive component of
fruit from the black pepper plant (Piper nigrum), has
anticancer properties, as well as other pharmacological
activities (1). Numerous studies attest to the antiproliferative
and cytotoxic effects of piperine on many types of cancer
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cells, including mammary carcinoma cells, both in vitro and
in vivo (2-4). However, clinical application of piperine to
cancer treatment is hindered by solubility challenges caused
by its hydrophobicity (5).

The entrapment of hydrophobic anticancer drugs within
nanoparticles (NP) markedly improves their solubility and in
vivo stability (6). Synthetic polymeric NPs, in particular,
have superior stability, payload capacity, and controlled drug
release. Poly(lactic-co-glycolic) acid (PLGA) and
poly(ethylene glycol) (PEG) are frequently used to construct
co-polymer NPs because of their excellent biocompatibility
(7). The use of hydrophilic PEG also guards against rapid
opsonization of NPs and elimination by phagocytic cells.
Passive targeting of NPs to the tumor microenvironment
requires NPs with an average diameter of 40-100 nm,
allowing selective passage across tumor-associated blood
vessels (8).

In this study, we determined the feasibility of using NPs
generated from a biodegradable methoxy poly(ethylene
glycol)-poly(lactic-co-glycolic) acid (mPEG-PLGA) co-
polymer to deliver a cytotoxic concentration of piperine to
triple-negative breast cancer (TNBC) cells. Recurrent TNBC
is in urgent need of new treatment strategies due to its
inability to respond to estrogen receptor and human
epidermal growth factor receptor 2 (HER2)-targeted second-
line therapies (9).

Materials and Methods

Cell lines and tissue culture. MDA-MB-468 breast adenocarcinoma
cells were obtained from Dr. P. Lee (Dalhousie University, Halifax,
NS, Canada). BT-549 breast ductal carcinoma cells were from Dr.
P. Marcato (Dalhousie University, Halifax, NS, Canada). Cell lines
were authenticated using the short tandem repeat method. Human
dermal fibroblasts (HDF) from Lonza Inc. (Walkersville, MD, USA)
were cultured in Fibroblast Basal Medium supplemented with fetal
bovine serum, insulin, gentamicin sulfate-amphotericin, and
fibroblast growth factor (all from Lonza) and maintained at 37°C in
a humidified incubator with 5% CO,. MDA-MB-468 cells and BT-
549 cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
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serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-
glutamine, and 5 mM HEPES (all from Invitrogen Canada,
Burlington, ON, Canada), and maintained at 37°C in a humidified
incubator with 10% CO,.

NP formulation. NPs were formulated by single emulsion solvent
extraction, using a modification of the method developed by Fessi
et al. (10). Briefly, 8.5 mg piperine (Sigma-Aldrich, Oakville, ON,
Canada) and 100 mg mPEG-PLGA (5-10 kDa; Akina Inc., West
Lafayette, IN, USA) were dissolved in 10 ml dichloromethane to
generate the organic phase. The aqueous phase consisted of 150 ml
distilled water. Lutrol® F68 (0.1%; Sigma-Aldrich) was used as a
surfactant to stabilize the emulsion droplets. The organic phase was
added drop-wise to the aqueous phase under constant high-speed
stirring for 2 h. The emulsion was then heated to ~40°C under
vacuum using a rotary evaporator to remove the dichloromethane.
NPs were pelleted by ultracentrifugation at 27,000 x g for 15 min,
then dissolved in water containing 5% sucrose as a cryoprotectant,
flash-frozen, lyophilized and stored at room temperature. Prior to
use, NPs were reconstituted in sterile water.

To formulate NPs by thin-film hydration (11), 5 mg piperine and
45 mg mPEG-PLGA were dissolved in 5 ml dichloromethane. The
solution was transferred to a round-bottom flask for evaporation under
vacuum at 60°C using a rotary evaporator. The resulting thin film was
dissolved in saline solution and stirred at 60°C to allow for the self-
assembly of polymers into piperine-containing micelles. Dialysis
across a membrane with a 14 kDa cut-off against saline solution at
room temperature removed any unencapsulated piperine. NPs were
then flash-frozen, lyophilized, and stored at room temperature. Prior
to use, NPs were reconstituted in sterile water and sonicated for 5 min
with an ultrasonic probe to generate NPs of the desired size. All NP
preparations were passed through a 0.2 pm syringe filter to remove
polymer aggregates and any crystals of piperine.

NP characterization. NPs were placed on a grid, stained with 0.2%
uranyl acetate for 30 s, and dried. The grid was examined with a
JEM 1230 transmission electron microscope (JEOL USA Inc.,
Peabody, MA, USA). Images were captured with an ORCA-HR
digital camera (Hamamatsu Photonics, Hamamatsu, Japan). Particle
size was measured using AMT Image Capture Engine (version 6.02;
AMT Corp., Woburn, MA, USA). Measurements of 90 randomly
selected NPs yielded an average NP size.

Encapsulation efficiency was determined by spectrophotometric
analysis. The absorbance of piperine at 346 nm is proportional to
its concentration over the range used in this study. Absorbance of
piperine dissolved in dimethyl sulfoxide (DMSO) at a range of
concentrations (10-80 pg/ml) was measured using an UVM 340
microplate reader (Biochrom, Cambridge, UK) to generate a
standard curve. Absorbance of piperine-loaded NPs (5 mg/ml in
DMSO) was also determined. Absorbance of empty NPs was
subtracted from that of piperine-containing NPs to correct for NP
polymer absorbance. The standard curve was used to determine the
amount of piperine in the NP preparation. Encapsulation efficiency
was calculated by comparing the amount of piperine contained
within NPs with the amount of piperine used in NP preparation.

Cell growth and viability assays. All experiments used low passage
cultures in which the passage number at 80-90% confluency did not
exceed 25 in the case of MDA-MB-488 and BT-549 cell lines, or
12 in the case of HDFs.
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TNBC growth in the absence and presence of piperine-loaded
NPs or free piperine was assessed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) assay.
TNBC cells were seeded in quadruplicate wells of a 96-well plate
at a density of 5x103 cells/well and cultured overnight to allow for
adherence. Cultures then received medium, vehicle or 50-150 uM
of piperine (free or loaded into NPs), followed by culture for 48 h.
The concentrations of piperine used were previously determined to
be cytotoxic for TNBC cells (4).

Cell death was assessed by flow cytometric analysis of cells
stained with Annexin-V-FLUOS (Roche Diagnostics, Laval, QC,
Canada) and propidium iodide (PI; Sigma-Aldrich). TNBC cells
were seeded in a 6-well plate at a density of 5x104 cells/well and
cultured overnight to allow for adherence. Cultures then received
medium, vehicle, or 150 pM piperine (free or loaded into NPs),
followed by culture for 48 h. The MTT and the Annexin-V-
FLUOS/PI staining assays were performed as described in detail by
Greenshields et al. (4).

Statistical analysis. Microsoft Excel (Redmond, WA, USA) and
GraphPad Prism (GraphPad Software, San Diego, CA, USA) were
used for analysis of data from three independent experiments.
Statistical significance was determined by two-tailed Student’s r-test
or analysis of variance (ANOVA) with the Tukey multiple
comparisons post-test; differences were considered statistically
significant at p<0.05.

Results

Thin-film hydration is superior to single emulsion solvent
extraction for piperine encapsulation. Piperine was
encapsulated in mPEG-PLGA co-polymer-based NPs using
the single emulsion solvent extraction and thin-film
hydration methods. The resulting NPs were subjected to
negative staining and visualized at high magnification using
transmission electron microscopy. As shown in Figure 1A,
thin-film hydration resulted in NPs that were spherical in
shape and uniform in size distribution, whereas NPs formed
by the single emulsion solvent extraction showed
considerable variability in both size and shape. In addition,
NPs generated by thin-film hydration were significantly
smaller than those generated by single emulsion solvent
extraction (Figure 1B). The average diameter of NPs
produced by single emulsion solvent extraction method was
165+5 nm (67-350 nm size range). The average diameter of
NPs produced by thin-film hydration was 531 nm (32-82
nm size range). We focused on thin-film hydration for the
production of NPs used in subsequent experiments. In our
hands, the encapsulation efficiency of piperine by thin-film
hydration was approximately 18%.

NP-encapsulated piperine inhibits TNBC cell growth. The
effect of NP-encapsulated piperine with that of free piperine
on the growth of TNBC cells was compared using MTT
assays. Figure 2 shows that piperine-loaded NPs and free
piperine had an equivalent dose-dependent inhibitory effect
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Figure 1. Appearance and size distribution of piperine-containing nanoparticles (NPs). A: NPs prepared by emulsion solvent extraction and thin-
film hydration were subjected to negative staining and visualized by transmission electron microscopy (x80,000). B: NP size was determined from
a sample of 90 random particles using the AMT Image Capture Engine. *Significantly different at p<0.001 by two-tailed Students t-test.

on the growth of MDA-MB-468 (Figure 2A) and BT-549
(Figure 2B) cells, indicating that encapsulation within NPs
did not reduce the anticancer activity of piperine. Empty
NPs, at the number required to achieve the delivery of 150
uM piperine, inhibited MDA-MB-468 cell growth, albeit to
a lesser extent than the same number of piperine-loaded NPs.
In contrast, the same number of empty NPs did not
significantly affect the growth of BT-549 cells. MDA-MB-
468 and BT-549 cell growth was not affected by lower
numbers of empty NPs (not shown).

NP-encapsulated piperine causes apoptosis of TNBC cells.
Flow cytometric analysis of MDA-MB-468 cells cultured
for 48 h in the presence of high-dose piperine-loaded NPs
revealed a significant increase in the number of early and
late apoptotic cells relative to the minimal effect of empty
NPs (Figure 3A). The number of apoptotic MDA-MB-468
cells, relative to the vehicle control, increased after 48-h
culture in the presence of free piperine. Interestingly, in
comparison to cultures treated with free piperine, there
were more cells in the early stages of apoptosis in TNBC
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cell cultures treated with NP-encapsulated piperine,
suggesting a slow release of the cytotoxic agent from NPs.
Although there was a slight, but not statistically significant,
cytotoxic effect of free piperine on HDFs, there was no
significant cytotoxic effect of piperine-loaded NPs on these
cells (Figure 3B), suggesting a selective cytotoxic effect on
TNBC cells.

Discussion

In this study, we determined the feasibility of using mPEG-
PLGA co-polymers to produce piperine-loaded NPs via the
single emulsion solvent extraction and thin-film hydration
methods. Single emulsion solvent extraction produced larger
NPs with irregular shape, whereas thin-film hydration yielded
smaller spherical NPs (32-82 nm size range). NPs produced
by thin-film hydration were chosen for further analysis since
such NPs are an appropriate size for passive diffusion into the
tumor microenvironment while avoiding potentially toxic NP
retention in the kidney, liver, and spleen (8).

It is known that PEG-PLGA NPs enter cells via
endocytosis and reside within lysosomes, releasing their
cargo in response to the acidic environment of the lysosomal
compartment (7). Inhibition of TNBC cell growth by
piperine-loaded NPs was consistent with reports that free
piperine suppressed the in vitro growth of breast cancer cells
(3, 4). Although PGLA and PEG exhibit excellent
biocompatibility (7), we observed that empty NPs, at the
number required for the delivery of 150 uM piperine, also
inhibited MDA-MB-468 cell growth, albeit to a minimal
degree in comparison to the same number of piperine-loaded
NPs. It may be that a large volume of endocytosed NPs
perturbs the lysosomal membrane of MDA-MB-468 cells,
resulting in the release of cytotoxicity-inducing cathepsins
(12). For reasons that are not clear at this time, the viability
of a second TNBC cell line (BT-549) was not affected by
exposure to a large number of empty NPs.

We previously showed that treatment of MDA-MB-468
cells with a high micromolar concentration of free piperine
resulted in cell death via apoptosis (4). The present finding
that NP-encapsulated piperine also induced apoptosis of
MDA-MB-468 cells was in line with our earlier finding.
TNBC cell cultures treated with piperine-loaded NPs had
more cells in the early stages of apoptosis in comparison to
cultures treated with free piperine, suggesting a slow release
of the cytotoxic agent from NPs. Piperine-induced apoptosis
of breast cancer cells is characterized by caspase activation
and inhibition of survival-promoting protein kinase B
signaling (3, 4). It is reasonable to believe that these effects
also account for the cytotoxic effect of NP-encapsulated
piperine on breast cancer cells.

In contrast to TNBC cells, HDFs were able to withstand
high concentrations of piperine-loaded NPs without any
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Figure 2. Inhibition of triple-negative breast cancer (TNBC) cell growth
by piperine-containing nanoparticles (NPs). (A) MDA-MB-468 or (B)
BT-549 TNBC cells were cultured for 48 h in the presence of medium
alone, vehicle (dimethyl sulfoxide; DMSO), empty NPs, the indicated
concentration of free piperine (PIP) or PIP-NPs containing an
equivalent concentration of piperine, as determined by the
encapsulation efficiency of thin-film hydration. Colorimetric assays
were used to determine relative metabolic activity as a measure of cell
growth in comparison to the medium control. Data shown are the
mean+SEM of three independent experiments. Significantly different at
*p<0.05, **p<0.01, ***p<0.001 by ANOVA with the Tukey multiple
comparisons post-test; n.s.: Not statistically significant.

decrease in viability. This may be related to the finding that
relative to healthy cells, there is preferential uptake of NPs
by malignant cells (13). In addition, earlier work also
showed that high-dose piperine treatment does not affect the
viability of normal mammary epithelial cells (4). Taken
together, these findings suggest that piperine is a
biocompatible phytochemical, at least at the dose needed to
kill breast cancer cells.
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Figure 3. Apoptosis induction in triple-negative breast cancer (TNBC) cells (A) but not normal fibroblasts (B) by piperine-loaded nanoparticles
(NPs). MDA-MB-468 TNBC cells and normal human dermal fibroblasts (HDF) were cultured for 48 h in the presence of medium alone, vehicle
(dimethyl sulfoxide; DMSO), empty NPs, 150 uM free piperine (PIP) or 150 uM PIP-NPs, then stained with Annexin-V-FLUOS/propidium iodide
(PI) and analyzed by flow cytometry. Data are shown as flow cytometry dot plots from a representative experiment and as mean+SEM cell death
from three independent experiments. Significantly different at *p<0.05, **p<0.01, and ***p<0.001 by ANOVA with the Tukey multiple comparisons

post-test; n.s.: Not statistically significant.

In conclusion, mPEG-PLGA NPs produced by thin-film
hydration selectively delivered piperine at a concentration that
was cytotoxic for TNBC cells but which did not have a
significant effect on the viability of HDFs. The cytotoxic
effect of piperine-loaded NPs was comparable to that of an
equivalent concentration of free piperine. Since piperine acts
as a chemosensitizer and radiosensitizer of breast cancer cells
(3, 4), NP-mediated delivery of piperine to malignant tissues
might be used to enhance the effectiveness of conventional
treatments for triple-negative and other types of breast cancer.
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