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ABSTRACT

Purpose In the current work, we propose a combined deliv-
ery nanoplatform for letrozole (L'TZ) and celecoxib (CXB).
Methods Multi-reservoir nanocarriers were developed by
enveloping protamine nanocapsules (PRM-NCs) within
drug-phospholipid complex bilayer.

Results Encapsulation of NCs within phospholipid bilayer
was confirmed by both size increase from 109.7 to 179.8 nm
and reduction of surface charge from +19.0 to +7.78 mV.
The multi-compartmental core-shell structure enabled bi-
phasic CXB release with initial fast release induced by com-
plexation with phospholipid shell followed by prolonged re-
lease from oily core. Moreover, phospholipid coating provid-
ed protection for cationic PRM-NCs against interaction with
RBCs and serum proteins enabling their systemic administra-
tion. Pharmacokinetic analysis demonstrated prolonged
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circulation and delayed clearance of both drugs after intrave-
nous administration into rats. The superior anti-tumor effica-
cy of multi-reservoir NCs was manifested as powerful cytotox-
icity against MCF-7 breast cancer cells and marked reduction
in the mammary tumor volume in Ehrlich ascites bearing
mice compared with free LTZ-CXB combination.
Moreover, the NCs induced apoptotic caspase activation
and marked inhibition of aromatase expression and angiogen-
ic marker, VEGF as well as inhibition of both NF«kB and
TNFo.

Conclusions Multi-reservoir phospholipid shell coating
PRM-NCs could serve as a promising nanocarrier for paren-
teral combined delivery of LTZ and CXB.

KEY WORDS celecoxib - combined delivery - letrozole -
multi-reservoir nanocarriers - phospholipid complexation

ABBREVIATIONS

Als Aromatase inhibitors

CL Clearance

CXB Celecoxib

DMEM  Dulbecco’s modified eagle medium

EAT Ehrlich ascites tumor

EE Encapsulation efficiency

FBS Fetal bovine serum

GEN Genistein

LTZ Letrozole

MRTo.inf Mean residence time

MTT 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide

NCs Nanocapsules

NF-kB  Nuclear Factor Kappa-B

NPH Neutral protamine Hagedorn

PC Phosphatidylcholine

PCL Poly(Caprolactone)

PDI Polydispersityindex
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PEG Poly(ethylene glycol)

PLGA Poly(lactic-co-glycolic acid)

PS Particle size

PRM Protamine

PTX Paclitaxel

PZI Protamine zinc insulin

RES Reticulo-endothelial system

SLS Sodium lauryl sulphate

TNF-a  Tissue necrosis factor-alpha

VEGF Vascular endothelial growth factor
INTRODUCTION

Polymeric nanocapsules (NCs) are commonly fabricated from
synthetic hydrophobic polymers e.g. PLGA, and PCL via dif-
ferent techniques including nanoprecipitation, emulsion—dif-
fusion, and double emulsification (1). However, synthetic poly-
mers may cause some toxicity or allergic and immunogenic
reactions. On the other hand, NCs based on natural hydro-
philic polymers e.g. chitosan (2), polyglutamate (3), and
polyaspargine (4) were successfully prepared via polymer-
coating method. Using this technique, Prego et al. (2) pre-
pared salmon calcitonin-loaded o/w negatively charged
nanoemulsion which was then electrostatically coated with a
thin layer of positively charged chitosan leading to formation
of NCs. Protein and polypeptide nanocarriers have attracted
much attention as drug delivery systems in recent years (5—7).
Protamine (PRM) consists of polycationic peptides, with near-
ly 67% of'its amino acid composition being arginine (8). PRM
has been long used for condensing the spermatid genome and
DNA stabilization, as a heparin antagonist, to combine with
insulin in formulating PRM zinc insulin (PZI) and neutral
PRM Hagedorn (NPH) insulin (9). Moreover, a promising
cell-penetratiing potential was reported for low molecular
weight PRM (10). Therefore, in our study, we used PRM as
an alternative to chitosan for the formation of NCis.

Multi-reservoir nanocarriers were successfully designed
with the aim of combined delivery and tailored release of
anti-cancer drugs. Drug-phospholipid complexation has been
used to enhance the bioavailability of drugs having poor sol-
ubility and/or low permeability to biological membranes (11).
Mendes et al. (12) developed multi-compartmental PLGA
NCs containing paclitaxel (PTX) in its oily core and coated
with a phospholipid bilayer entrapping antiangiogenic herbal
drug, genistein (GEN). The NCs provided fast release of GEN
followed by sustained release of PTX contributing to the en-
hanced antitumor activity of the nanomedicine.

Estrogens play an essential role in breast cancer develop-
ment by activating the estrogen receptor. Blocking of estrogen
receptor action or estrogen biosynthesis represents promising
strategy for treatment of hormone-responsive breast tumors.
Aromatase inhibitors (Als) significantly reduce the production

of estrogens in post-menopausal women and hence suppress
tumor growth and development (13). LTZ is a potent non-
steroidal, third generation Al superior to tamoxifen for the
endocrine treatment of estrogen receptor positive breast can-
cer. However, the poor aqueous solubility of LTZ as well as its
systemic adverse effects limits its clinical application. Several
delivery systems have been developed to enhance LTZ bio-
availability including implants (14), transdermal patch (15),
micelles (16), and PLGA nanoparticles (17).

Another obstacle is the development of resistance to Als, so
itis important to develop alternative combination strategies to
circumvent or delay the onset of Al resistance (18). Several
studies confirmed the beneficial synergistic effect of COX-2
inhibitors (especially CXB) plus Als in the treatment of breast
cancer (19). CXB specifically inhibits COX-2 and has drawn
much attention for its anti-cancer properties. Prostaglandin
PGE2 formed by COX may enhance the biosynthesis of es-
trogen by inducing aromatase expression in hormone-
dependent breast cancer. Thefore, COX-2 inhibitors impair
this sequence and reduce aromatase expression, thus reducing
the level of estrogen and breast cancer risk (20). Numerous
nanocarriers have been designed to overcome the poor solu-
bility limitations of GXB such as liposomes (21),
nanoemulsions (22), and PLGA NPs (23). However, no com-
bined delivery of Al and COX-2 inhibitor in nano-sized for-
mulation was reported till now.

In this study, we have shown that LTZ, a potent Al, can
show enhanced anti-tumor activity by encapsulation together
with CXB in multi-reservoir nanocarriers. Both LTZ and
CXB were entrapped within oily-core PRM-NCis intended
to overcome the high lipophilicity of both drugs thus enabling
their i.v. administration. To provide biphasic CXB release,
CXB was complexed with phospholipid forming a bilayer
corona enveloping the NCs. The early CXB released from
the outer phospholipid coat will act rapidly to inhibit aroma-
tase expression thus reducing the LTZ dose required to direct-
ly inhibit aromatase activity whereas the slowly released CXB
from the oily core can offer prolonged enzyme inhibition. We
hypothesized that combined delivery of LTZ and CXB via
multi-resrvoir NCs would increase their therapeutic efficacy
against breast cancer by acting via multiple pathways includ-
ing dual aromatase inhibition, and potentiation of the anti-
tumor efficacy through COX-2 independent mechanisms
such as apoptosis induction, inhibition of angiogenesis, and
inflammatory mediators such as NF-kB and TINF-a.

MATERIALS AND METHODS
Materials

Letrozole (LTZ) was purchased from Xi’an Natural Field Bio-
Technique CO., LTD (China) while Celecoxib (CXB) was
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obtained as a gift sample from Amriya Pharmaceutical
Industries, PHARCO Corporation (Alexandria, Egypt).
Protamine sulfate (PRM), fetal bovine serum (FBS), 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), ethylene
diaminetetraacetic acid (EDTA), Triton X100,
Haematoxylin solution, Eosin solution and Canada balsam
were purchased from Sigma-Aldrich (St. Louis, USA). Oils
(Capryol 90, Capryol PGMC, Lauroglycol 90, labrafac
1349 lipophile and labrafac PG) were kindly supplied by
Gattefosse (Lyon, France). Fat-free soybean phospholipids
with 75% phosphatidylcholine (Lipoid S75) were kindly pro-
vided by Lipoid (Ludwigshafen, Germany). Polyoxyethylene
sorbitan monooleate (Tween 80) was purchased from (Riedel-
de Héen, Germany). Poly(ethylene glycol) 400 (PEG-400) was
supplied by Pharonia Pharmaceuticals Alexandria, Egypt.
Sodium lauryl sulphate (SLS) and absolute ethanol were pur-
chased from ADWIC, El-Nasr Pharmaceutical Chemicals
Co. (Cairo, Egypt). Methanol HPLC grade was purchased
from JT Baker (Phillipsburg, NJ, USA).

Preparation of Multi-Reservoir Dual LTZ-CXB-Loaded
PRM-NCs (PC-NCs)

First, two different procedures were explored for preparation
of LTZ-loaded PRM-NCs, namely; one- and two-stage
mehods (Supplementary Tables S1 & S2). Then, dual LTZ-
CXB-loaded oily-core PRM-NCs were prepared by a two-
stage polymer-coating technique (24). Briefly, 10 mg of L'TZ
and 20 mg of CXB were dissolved in 0.75 ml of Lauroglycol®
90 at 50°C: then mixed with 10 ml ethanolic solution contain-
ing 50 mg Lipoid® S75. This organic solution was poured,
under moderate magnetic stirring, into 50 ml of aqueous so-
lution containing Tween® 80 (0.2% w/v). A turned milky
solution was spontaneously formed as a result of the formation
of nanoemulsion due to the diffusion of ethanol towards the
aqueous phase. The solvents were then evaporated from NC
suspension under reduced pressure in a rotary evaporator
(Rotavapor® R-300, Biichi, Switzerland) at 45°C and
50 rpm to a final volume of 10 ml. Finally, 2.5 ml of the
nanoemulsion was incubated with 1 ml of 1% w/v PRM aque-
ous solution under gentle magnetic stirring for 30 min leading
to the formation of PRM-NCis.

To Elaborate Multi-Reservoir LTZ-CXB-Loaded PRM NCs
(PC-NCs)

Film-hydration method was first used for preparation of
phosphatidylcholine-CXB complex (12). Briefly, CXB
(10 mg) and Lipoid® S75 in 1:2 M ratio were dissolved in
10 ml mixture of chloroform and methanol (1:1 »/v) and
remained overnight under mild magnetic stirring at room
temperature to allow complex formation. A thin film of
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drug-lipid complex was prepared by the evaporation of the
organic solvents in a rotary evaporator at 45°C and 50 rpm.
The flask was kept under vacuum for 1 h to ensure complete
removal of residual solvent. The phospholipid-drug complex
was then used to envelop the dual drug-loaded PRM-NCs
where the thin-film was hydrated for 1 h using the dispersion
of previously-prepared PRM-NCs containing 10 mg L'TZ and
10 mg CXB.

Physicochemical Characterization of NCs

The encapsulation efficiency (EE%) of LTZ and CXB in the
NCs was determined indirectly from the difference between
the amount of free drug in the supernatant and the total drug
amount in the NCs (eq. 1). Free drug content in the superna-
tant was determined after isolation from the NCs by
ultrafiltration-centrifugation (Amicon Ultra-4, 100,000
MWCO, Millipore, Spain) at 3000 rpm for 15 min. Then,
samples of the supernatants or the NC suspension (for the total

drug content) were dissolved in methanol and analyzed by
HPLC.

lotal drug)— dr
EE%— (total_drug) = (free_die) x 100 (1)
lotal drug

Particle size (PS) and polydispersityindex (PDI) of dual
drug-loaded NCs were measured by photon correlation spec-
troscopy (PCS) with a NanoZS/ZEN3600 Zetasizer (Malvern
Instruments Ltd., UK) (25). The PS was measured with the
noninvasive backscattering technology at a detection angle of
173° after dilution with purified water to an appropriate con-
centration. All of the DLS measurements were performed at
25.0°C for three repeat measurements. For the zeta potential
measurement, diluted NC suspension was placed in a univer-
sal folded capillary cell equipped with platinum electrodes.
The zeta potential values were calculated from the mean elec-
trophoretic mobility, as determined by Laser Doppler
Anemometry (LDA).

The in vitro release of L'TZ and CXB from dual drug-
loaded NCs and free drug solution was investigated using
dialysis bag method (26). Different NC formulations contain-
ing 1 mg LTZ and 2 mg CXB were transferred into dialysis
bags (12—14 kDa MWCO VISKING dialysis tubing,
SERVA, Germany). The bags were placed into 100 ml of
pH 7.4 phosphate buffered saline (PBS) containing 0.5% w/
v SLS in a shaking water bath at 100 rpm and 37°C. At
designated time intervals, 2 ml samples of the release medium
were withdrawn followed by compensation with the same vol-
ume of fresh release medium. All samples were run in tripli-
cates, filtered through a 0.45 pum membrane filter and the
amount of LTZ and CXB released was analyzed by HPLC.
The morphology of the dual drug-loaded NCs was examined
using Jeol JEM-2100 transmission electron microscope (TEM)
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(Tokyo, Japan) at an accelerating voltage of 80 kV (27). A drop
of diluted sample was placed on a copper grid, stained with
uranyl acetate solution for 30 s and then air-dried before
examination.

Colloidal and Lyophilized Powder Stability

The physical stability of the dual drug-loaded NCs was mon-
itored according to time. Therefore, aliquots of the NCs were
stored in sealed tubes at 4°C. Particle size, PDI and zeta po-
tential of the NCs were monitored at different time points for
a period of 3 months (28). For preparation of lyophilized pow-
dered NCs, 2 ml of the NC suspension containing 5% w/v
mannitol was transferred into 5 ml glass vials and frozen at
—80°C then lyophilized using Cryodos-50 freeze-dryer
(Telstar, Spain) for 48 h (29). The lyophilized NCs were
reconstituted by adding 2 ml of ultrapure water followed by
gentle agitation. The reconstituted NCs were evaluated for
PS, and PDI. Morecover, the redispersibility index, RI (the
ratio between particle size after lyophilization and initial
one) and lyophilization yield (% w/w) of the NCs were
calculated.

Solid State Characterization

To investigate the physical state of LTZ and CXB inside NCs,
thermograms of free LTZ, CXB, PRM, CXB-phospholipid
complex, blank PRM-NCis, dual drug-loaded PRM-NCis and
PC-NCs were recorded by DSC 6 differential scanning calo-
rimeter (Perkin Elmer, USA). Samples were heated in sealed
aluminum pans at 10°C/min under nitrogen flow (20 mL/
min) in the range of 30—400°C (30). The FTIR spectra of free
LTZ, CXB, PRM, blank PRM-NCs, dual drug-loaded PRM-
NCs and PC-NCs were recorded using a Spectrum RXI FT-
IR spectrometer (Perkin Elmer, USA). Powdered NCs were
grounded with KBr and pressed into pellet, and IR transmis-
sion spectra were recorded in the range of 4000-500 cm™'

[241].
Serum Stability and Hemocompatibility

The dual drug-loaded NCs were incubated at 37°C under
mild stirring with an equal volume of 10% FBS for 6 h. At
each time interval (0, 1, 2, 4 and 6 h), 50 pL of the mixture was
taken then diluted in distilled water (1:50 v/v) to be assessed
for their PS and PDI using DLS technique. Hemolytic activity
was evaluated by determining hemoglobin release from eryth-
rocyte after incubation with the dual drug-loaded NCs (31).
Briefly, rat blood samples were collected from retro-orbital
plexus into test tubes containing EDTA, centrifuged and
washed twice with saline. The obtained RBCs (1 ml) were
diluted with saline to 10 ml. 2 ml of the RBCs suspension
was incubated with 2 ml of the NC suspension (I mg/ml) at

37°C with gentle shaking. After 1 h, the samples were centri-
fuged at 3000 rpm for 5 min. The absorbance (A) of the
supernatant was measured by T80 UV/VIS spectrophotom-
eter (PG Instruments Ltd., UK) at 545 nm. A negative control
was prepared by mixing 2 ml of the RBC: suspension with 2 ml
of saline (0% lysis), using 1% Triton X100 as a positive control
(100% lysis). The % hemolysis of the samples was calculated as
the following equation:

Hemolysis (%) = (Ac=Anc)/ (Ape—Anc) x 100% (2)

where A, represents absorbance value of test sample, A, and
Ay stand for absorption value of negative and positive con-
trols, respectively.

In Vitro Cytotoxicity Study

The cell culture experiments were carried out on human
breast adenocarcinoma MCF-7 cell line purchased from
American Type Culture Collection (ATCC, USA). The cells
were maintained in Dulbecco’s modified eagle medium
(DMEM) containing 10% FBS in a COy incubator (5%
CO, at 37°C). Cells were seeded at a density of 5 X 10°/well
in a 96-well plate containing 100 pL. of DMEM and allowed
to adhere to the plate overnight. The cytotoxicity of the free
drug combination and dual-drug loaded multi-reservoir NCs
on MCF-7 cells was assessed by the MTT assay (32).
Therefore, the medium was replaced by fresh medium con-
taining different concentrations of the drugs either free or
encapsulated in NCs and incubated for another 24 h. The
culture medium was then replaced with 100 pL of MTT so-
lution (0.5 mg/mlin DMEM) then incubated for further 4 h at
37°C in the dark. After removal of supernatant by centrifuga-
tion at 2000 rpm for 10 min, 100 pL. of DMSO was added to
the wells to dissolve MTT-formazan crystals formed and
maintained in agitation for 15 min. Absorbance of the con-
verted dye was measured at a wavelength of 570 nm using a
microplate reader (Model 550, Bio-Rad, USA). The relative
cell viability was expressed as a percentage of the untreated
control wells. The inhibitory concentration (IC5() values were
determined using Origin 8.0 (Origin Lab, Northampton, MA)
according to the fitted data.

In Vivo Studies
Animals

Pharmacokinetic experiments were performed on female
Sprague Dawley rats (200 = 20 g) housed in stainless steel
mesh cages in two groups of six rats each, under standard
conditions of light illumination, relative humidity, and tem-
perature. The animals had free access to standard laboratory
food and water throughout the study. All procedures were
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performed according to a protocol approved by the Animal
Care and Use Committee of the Faculty of Pharmacy,
Alexandria University, Egypt.

Pharmacokinetic Study

Rats were anesthetized with ether inhalation and injected 1.v.
with a single dose of free combined LTZ-CXB co-solvent
(ethanol:PEG400:Saline 2:3:5 v/v) and PC-NCs at a drug
dose of 1 mg/kg LTZ and 2 mg/kg CXB. Blood samples
(0.5 ml) were collected from the retro-orbital plexus under
mild ether anesthesia at designated time intervals (5 and
30 min, 1, 1.5, 2, 4, 6, 8, 12, 24, and 48 h) in EDTA-
pretreated tubes. Samples were centrifuged immediately at
5000 rpm for 10 min. The obtained plasma samples were
diluted to 2 ml with methanol, vortexed for 10 min, and then
centrifuged at 8000 rpm for 20 min (33). A 20 L. amount of
the supernatant was injected into the HPLC column to deter-
mine the L'TZ and CXB plasma concentrations. The different
pharmacokinetic parameters were calculated using non-
compartmental model with the help of WinNonlin® software,
Version 3.0 (Pharsight Corporation Ltd., USA).

Development of Tumor Model

Female BALB/C mice (7-8 weeks of age, about 20-25 g) were
housed in a pathogen-free environment at 8 mice/cage. They
were supplied with autoclaved and non-fluorescent mouse
chow and water. Ehrlich ascites tumor (EAT) cells, supplied
from National Institute of Cancer, Egypt, were collected from
the ascitic fluid of BALB/c mice harbouring 8-10 days old
ascitic tumor. Approximately, 10" of EAT cells suspended in
PBS were injected subcutaneously into the left side of the
mammary fat pad of BALB/c female mice (31). Tumor
growth was monitored daily until its volume reached
100 mm”. Tumor volume was determined by measuring both
perpendicular diameters of the tumor using a micrometer
according to the following equation:

Tumor volume = (4 / 3) JI (minor axix)zX major axis (3)

In Viwo Anti-Tumor Efficacy

To investigate the i viwo anti-tumor efficacy, animals were
randomly divided into five groups (8 mice per group). The
groups included negative control (healthy mice injected with
saline), positive control (inoculated with EAT but untreated),
free combined LTZ-CXB solution, dual LTZ-CXB-loaded
PC-NCs-treated group; in addition to blank NCs. The
tumor-bearing mice were injected i.v. through the tail vein
with the free drugs or NCs equivalent to 1 mg/kg L'TZ and
2 mg/kg CXB daily for 3 weeks. All the surviving animals
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were sacrificed after last dose of treatment (i.e. after 21 days).
The excised tumors were divided into two parts; one part was
used for assessment of tumor growth biomarkers and the sec-
ond part was used for histopathological studies.

a) Tumor volume

During the treatment period, tumor growth was monitored
twice a week. The % increase in tumor volume was calculated
for all groups during the treatment. The body weight of each
mouse was measured at the initiation of the study and then
every week after.

b) Tumor growth biomarkers

Excised tumors were homogenized using cold PBS to
make a final 40% tissue homogenate that was divided into
5 aliquots for further quantitative determination of tumor
growth biomarkers. Aromatase expression level was quan-
tified using “ARO BioAssay ELISA Kit” (USBiological
Life Sciences, USA). Angiogenesis was measured by de-
termination of the level of the angiogenic factor; vascular
endothelial growth factor (VEGF) using “VEGF ELISA
Kit” (RayBio Tech Inc., USA). Apoptosis induction was
measured by determination of tissue caspase 3 level using
“Caspase 3 (Casp-3) ELISA Kit” (WKEA Med Supplies
Co., USA). Nuclear Factor Kappa-B and tissue necrosis
factor-alpha were determined using “BioSource
NF-kBp65 ELISA kit (BioSource International, Inc.,
USA) and “TNF-a ELISA kit” (RayBio Tech Inc.,
USA), respectively. All the markers were quantified ac-
cording to the manufacturer’s protocol.

c) Histopathological study

The tumor samples were preserved and fixed in 10% neu-
tral formalin for 24 h at room temperature. A 5 pm thick
section were brought down to distilled water, stained with
haematoxylin for 5 min and eosin for 2 min, dehydrated in
alcohol and mounted in Canada balsam, then examined mi-
croscopically. The % necrosis in the excised mammary tumor
was assessed semi-quantitatively by examining 10 random sec-
tions (X40) from each excised tumor and scored using a scale
from 1 to 5. The mean value of all 10 scores was computed for
cach excised tumor.

Statistical Analysis

Statistical analysis of the i vitro and i vivo pharmacokinetics
results was performed using Student’s t-test (P < 0.05)
(GraphPad Software, Inc., CA, USA). While, IBM SPSS soft-
ware package (version 20) was utilized to analyze the invivo
antitumor activity. For pair-wise comparisons between the



Multi-Reservoir Letrozole and Celecoxib Nanocapsules

1961

0022278772290
o

. CXB Lauroglvcol 90
' k12 Aqueous medium
®  Lipoias7s PRM
Tween 80
C Size Distrkution by rtensty
w .
g
¢ ar
v
g
: {"f\.
E - i
£ /
s " N .u...._"" . Netret 4
01 1 10 100 1000 10000
Size (dnm)
— Reoord 3 FRMHACS]

—
100 nm
D Tels Potertal Disrkubion
00000
A
(
§ [l
] |
o |
% |
3 !
100000 [
|
)t ' ' -o—“‘ L - i PU—
100 0 100 0
Aggarent Zeta Potertid (mV)
[—reca3 rimaacs Rected & PONCS)

Fig. | (a)Schematic diagram illustrating the composition of the multi-resrvoir PC-NCs, (b) TEM photographs showing morphology of PC-NCs, (c) particle size
distribution diagrams of PC-NCs and (d) their corresponding zeta-potential distribution diagrams.

studied groups, Analysis of Variance test (ANOVA) and
Tukey’s Multiple Comparison test were used. Significance of
the results was judged at the 5% level.

RESULTS AND DISCUSSION

Physicochemical Characteristics of Multi-Reservoir
LTZ-CXB-Loaded NCs (PC-NCs)

In this study, multi-reservoir nanocarriers for co-delivery of
LTZ and CXB could be developed in two steps. First, LTZ-
CXB-loaded PRM-NCs were prepared via polymer-coating
method based on o/w spontaneous emulsification process up-
on mixing of the aqueous phase with a miscible ethanolic oily
drug phase followed by electrostatic coating with cationic

PRM layer (34). The physicochemical characteristics of both
LTZ-loaded PRM-NCs and dual-drug LTZ-CXB loaded
PRM-NCs prepared using different variables were discussed
in supplementary part (Tables S1-S3 and Figs. S1-S3). In a
second step, CXB-phosphatidylcholine (PC) complex was
formed then the assembly of the PC envelope surrounding
LTZ-CXB-loaded PRM-NCis was accomplished by hydrating
the thin phospholipid-drug complex film by the NC dispersion
(Fig. 1a) (12). Hydrophilic interactions between the hydrophil-
ic part of the surfactants on the NC surface and the polar head
group of the phospholipids may be responsible for this assem-
bly (12,35). The core-shell structure of the multi-reservoir PC-
NCs as revealed by TEM confirmed the formation of phos-
pholipid envelope around PRM NCs demonstrating a size of
about 200 nm (Fig. 1b). Table I shows the composition and
characteristics of LTZ-CXB-loaded PRM-NCs and multi-

Tablel Composition and Physicochemical Characteristics of Un-Coated and Multi-Reservoir LTZ-CXB-Loaded PRM-NCs

No. CXBinoil (mg) CXBincoat (mg) S75in coat (mg) PS(nm) PDI C-potential (mV)  LTZ EE (Jowiwv) CXB EE (Yow/w)
PRM-NCs 20 - - 109.7 = 6.7 0327 £0.007 +19.00 86.36 91.24

PC-NGCs 10 10 20 1798 =75 0.121 = 0.0l +7.78 91.50 94.60

*All formulations were prepared with 10 mg LTZ, 0.75 mL Lauroglycol 90, 50 mg Lipoid® S75 in ail, 0.2% (wA) Tween® 80, | 9% (wA) PRM solution, 1:2.5 (v:v)

PRM:NE
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Fig. 2 (a) Differential scanning calorimetry (DSC) thermograms and (b) FTIR spectra of LTZ, CXB and their developed NCs.

reservoir PC-NCis prepared by two-stage procedure. The size
of PRM NCs was remarkably increased upon coating with the
phospholipid bilayer from 109.7 to 179.8 nm with a
monomodal size distribution (Fig. 1c). Moreover, it was ob-
served that phospholipid bilayer caused a significant reduction
of the positive zeta potential of PRM-NCs from +19 mV to
+7.78 mV may be explained by the shielding effect of phos-
pholipid shell (Fig. 1d). Similarly, celastrol-loaded MSNs were
encapsulated within lipid bilayer containing axetinib using a
thin-film hydration technique. Uniform coating of the bilayer
was confirmed by both particle size increase from 70 to
120 nm and reversal of the zeta potential from a positive to
a detectable neutral charge (35).

Solid State Characterization

The DSC thermograms of free LTZ, free CXB, free PRM
and CXB-phospholipid complex were shown in Fig. 2a. The
thermogram of free L'TZ and CGXB showed sharp
endothermal peaks at 185 and 165°C corresponding to their
melting points, respectively. The DSC thermogram of CXB-
phospholipid complex showed the disappearance of the CXB
endothermic peak with the appearance of a new peak at
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133°C indicating an interaction between CXB and phospho-
lipid thus confirming successful complex formation (36). The
thermograms of the two optimized lyophilized NC formula-
tions showed sharp endothermic peak at 165°C correspond-
ing to mannitol melting and the characteristic peak of PRM at
311°C (37). On the other hand, the characteristic
endothermal peaks of both drugs have disappeared indicating
their amorphization upon encapsulation in NCs (38,39).

The FTIR spectrum of LTZ showed major peaks at
922745 cm™ ' for C = N stretching, 3113.75 cm™ ' for sp” C-
H stretching, 690-900 cm ™' for out-of-planc CH bending
(Fig. 2b) (40). The FTIR spectrum of CXB showed a charac-
teristic S = O symmetric and asymmetric stretching at 1162.03
and 1346.44 cm™ ', respectively. Medium intensity bands at
3337.25 and 3231.03 cm™ ' were seen as a doublet, which are
attributed to the N—H stretching vibration of =SO,NHj, group
(41). It can be noted that most of the absorption peaks of LTZ
and CXB are still present in the spectra of LTZ-CXB-loaded
PRM-NCs & PC-NCs but at lower intensity because of the low
drug content. However, the characteristic peak of PRM corre-
sponding to the C = O carbonyl stretching vibrations of amide
I band was shifted from 1659.25 cm ™" in free PRM spectrum
to 1735.69 em™ " in NC specrum (42).
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In Vitro Drug Release

Upon encapsulation of oily core PRM-NCs within an enve-
lope of phospholipids, the initial burst release of LTZ from
PC-NCs was effectively reduced with 39.56% LTZ was re-
leased after 4 h compared to 71.4% LTZ release from un-
coated PRM-NCs. This is because L'TZ released from the oily
core has to diffuse through an additional phospholipid barrier
(Fig. 3a). On the contrary, the shell composed of
phospholipid-CXB complex coating PRM-NCs could en-
hance the release of CXB during the initial phase where
25.78% of CXB was released after 4 h compared to only
4.5% from un-coated PRM-NCis (Fig. 3b). Thus, the multi-
compartmental system enabled sequential CXB release from
the outer phospholipid shell and the oily core consequtively.
Complexation with phospholipid enhanced CXB release
followed by a phase of sustained release (41.45% after 24 h)
by CXB embedded in the oily core. This biphasic pattern of
CXB release may be useful where the initially-released frac-
tion can inhibit aromatase expression to reduce the required

AlOO-

= Free LTZ «==#==PRM-NCs «==fr=PC-NCs
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T T T T 1
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Time (hr)
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Particle Size (nm)

0 10 20 20 20 50 &0 70 20 0
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LTZ dose. The slowly released fraction may act as a depot for
prolonged aromatase inhibition. Our findings were in agree-
ment with the previous study of Mendes et al. (12) where
genistein was completely released from the phospholipid bi-
layer encapsulating PLGA oily-core NCs after 48 h whereas
only 10% of PTX was released from the core.

Colloidal Stability and Lyophilized Powder
Redispersibility

After 3 months storage in the form of colloidal
nanosuspension at 4°C; both PRM- and PC-NCs showed
PS of 114.5 and 190.67 nm, respectively which are not signif-
icantly different from initially stored NCs (109.7 and
179.8 nm) (Fig. 3¢). Despite the low value of zeta potential
of PC-NCis, their excellent stability may be explained by the
surfactant molecules and the stabilizing phospholipid shell
(43). Freeze-drying of NCs was reported to increase their sta-
bility. Therefore, we have converted our NC suspension into
lyophilized powder using mannitol (5% w/v) as a

=3e=Free CXB =r=PC-NCs ==#=PRM-NCs

% CKB Released
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Time (hr)
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Fig. 3 In-vitro release of (@) LTZ and (b) CXB from dual drug-loaded PC-NCs compared to free drug solution in phosphate buffered saline (PBS) pH 7.4
containing 0.5% SLS at 100 rpm and 37°C using dialysis bag method. (c) Physical stability of the NCs showing particle size change with time and (d) Particle size of

the NCs after incubation in 10% fetal bovine serum solution for 6 h at 37°C.
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Table Il Effect of Freeze-Drying . ,
on the Particle Size Distribution and PS (nm) PDI RI(SF/50) Yield (%w/w)
Yield of the Optimized LTZ-CXB-
Loaded PRM-NCs Formulations Before freeze-drying After freeze-drying
PRM-NCs 109.7 £7.22 153 + 3.8l 0.333 £ 0.0I 1.05 73.0
PC-NGCs 179.8 £ 7.55 200.1 =7.28 0317 = 0.0l [0 75.3

cryprotectant. PRM- and PC-NCs could recover their origi-
nal size after lyophilization with a redispersibility index (RI) of
1.05 and 1.11, respectively (Table II). On the contrary, sticky
non-redispersible powder was obtained after lyophilization of
NCs in absence of mannitol. Therefore, the presence of cryo-
protectant is particularly essential for lyophilization of NCs
due to the susceptibility of their oily core to collapse (44).

Serum Stability and Hemocompatibility

After incubation with 10% FBS, PC-NCs could maintain
their stability in serum as revealed by no significant size
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change (201.76 nm) after 6 h (Fig. 3d). This may be attributed
to the presence of phospholipid shell inducing steric forces
against serum protein interactions. In contrast to PC-NCis,
the size of PRM-NCs was instantaneously increased to
310.4 nm once mixed with serum and reached 410.3 nm after
2 h followed a plateau with no significant size change after 6 h.
This could be explained by the formation of protein corona
arising from binding of negatively-charged serum proteins to
the cationic surface of PRM-NCs (31). Consequently, the sur-
face of NCs may be completely occupied with proteins after
2 h resulting in no more increase in their size. As shown in

Fig. 4a, PC-NCs demonstrated only 3.7 £ 0.25% hemolysis
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Fig. 4 (a) Hemolytic potential of the dual drug-loaded PC-NCs, (b) Cytotoxicity analysis of free drugs and dual drug-loaded PC-NCs on MCF-7 breast cancer
cells at the concentration of 6-250 ug/ml after 24 h. Data were shown as mean = S.D. (n = 3), P < 0.05, Pharmacokinetic analysis showing plasma
concentration of (€) LTZ and (d) CXB from free LTZ-CXB solution and dual drug-loaded PC-NCs following intravenous administration of a single dose of
(I mg/kg LTZ and 2 mg/kg CXB) to healthy female rats, (Mean = SD, n = 5), P < 0.05.

@ Springer



Multi-Reservoir Letrozole and Celecoxib Nanocapsules

1965

Table Il Pharmacokinetic Parameters for LTZ from Co-solvent System
and PC-NGCs After i.v. Injection in Healthy Female Rats

Formula Free LTZ PC-NCs

12 (hr) 2345 + 0.06 29.99 + 0.07
Trnax () 0.5 = 0.001 0.5 = 0.004
Crnax (Ug/mL) 0.287 = 0.01 0.32 = 0.02
AUC g (Ug/mL*hr) 12.32 = 0.05 10.82 = 0.12
MRT o.inf (hr) 3586 £ 0.10 4591 = 0.03
CL (mi/h) 1745 = 0.10 1849 = 0.11

compared to 18.46 £ 2.32% for un-coated PRM-NCis. This
may be attributed to the capping phospholipid shell, as a com-
ponent of biological membranes, formed a protective cover
hindering the interactions between the highly cationic PRM
layer at NC surface and the negatively charged membrane of
RBCs thus decreasing the hemolytic potential. The
hemocompatibility of phospholipid nanoparticles was previ-
ously reported where In vitro hemolysis test confirmed the safe-
ty of the docetaxel-loaded phospholipid nanoparticles for in-
travenous use (45). Overall, these results confirmed successful
assembly of phospholipid bilayer on NCs making them ready
for systemic administration with low hemocompatibility in
addition to protecting the NCs from opsonization and subse-
quent clearance by RES.

In Vitro Cytotoxicity Study

The cytotoxicity of free LTZ/CXB combination and drug-
loaded NCs were assessed on human breast cancer cells,
MCF-7, using MTT assay (Fig. 4b). Notably, dual free
LTZ/CXB combination and NC dispersions demonstrated
considerable reduction in cell viability in a dose-dependent
manner. The observed cytotoxic potential of PC-NCs (ICs5,
30.7 £ 4.95 pg/ml) was higher than dual free drug combina-
tion (IC50, 53.5 £ 2.91 pg/ml) after 24 h incubation period.
The superior cytotoxicity of NCs may be explained by the
enhanced membrane permeability of NCs via the enveloping
phospholipid shell. The unique structural components pf
phosphatidylcholine, including a polar head and two non-
polar tails, resemble the lipid content of the mammalian cell
membrane thus facilitates its penetration (46).

In Vivo Pharmacokinetics

In our study, all pharmacokinetic parameters for L'TZ and
CXB were calculated using non-compartmental model
(Tables IIT and IV). The mean plasma concentration of LTZ
and CXB over time for the free drug combination and PC-
NCs after i.v. administration into healthy rats is illustrated in
Fig. 4c and d. The pharmacokinetic parameters showed that
PC-NCs could extend the half-life of LTZ from 24.61 to

29.99 h. Moreover, it was clearly observed that PC-NCs could
significantly extend the mean residence time (MRT ;.9 of
LTZ from 36.04 to 45.91. As shown in Fig. 4d, PC-NCis
exhibited a longer circulation time whereas free CXB was
quickly removed from the circulating system after i.v. admin-
istration. The mean clearance (CL) value of free CXB was 13-
folds greater than PC-NCs. Therefore, the half-life of PC-NCs
was significantly higher than free CXB by 14.2-folds. Particles
with size below 200 nm can escape clearance by RES resulting
in prolonged systemic circulation as compared to those with a
larger diameter (47). Therefore, the extended circulation time
of our PC-NCs (179.8 nm) may be due to their reduced up-
take by RES. The multiple-peak phenomenon of CXB may
be explained by the initial release of drug adsorbed on
nanocarrier surface followed by the cumulative release of
CXB from the core of NCs giving another peak. A similar
multiple-peak behavior has also been described in the phar-
macokinetic studies of baicalin and chlorogenic acid after their
intravenous administration in dogs (48).

In Viwo Anti-Tumor Efficacy
Tumor Volume

In the present study, the i vivo anti-tumor efficacy of the dual-
drug loaded NCs was estimated in Ehrlich Ascites mammary
tumor bearing mice. The untreated positive control rats had a
progressive increase in tumor volume (740.56 £ 31.6%) after
3 weeks (Fig. 5a). On the other hand, dual-drug loaded PC-
NCs exhibithed lower % increase in tumor volume
(183.22 = 11.61%) than combined free LTZ/CXB mixture
(314.67 £ 12.2%) (P < 0.05). It was reported that aromatase
expression and activity are both higher in tumors than in
normal breast tissue. The increase in aromatase leads to in-
crease of de novo, local estrogen which stimulate tumor
growth and development. The potential benefits of combining
Als and COX-2 inhibitors (CXB) in hormone-sensitive breast
cancer therapy were reported (20). In our study, the superior
anti-tumor effect demonstrated by our nanovehicular DDS
can be attributed to higher intratumoral drug concentration,

Table IV Pharmacokinetic Parameters for CXB from Co-solvent System
and PC-NGCs After i.v. Injection in Healthy Female Rats

Formula Free CXB PC-NGCs

t2 (hr) 4.65 = 0.04 55.85 = 0.04
Trnax (hr) 1.00 = 0.0l 5.00 = 0.0I
Crnax (Ug/mL) 0.18 = 0.09 0.25 = 0.0I
AUC g (Ug/mL*hr) .21 =0.02 10.78 = 0.05
MRT gnf (hr) 5.88 £ 0.0l 7620 = 0.16
CL (mi/h) 35947 = 0.09 27.82 = 0.13
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Fig. 5 In vivo anti-tumor efficacy showing (a) % increase in tumor volume, and the level of the tumor markers including (b) Aromatase, (c) VEGF-1, and (d)
Caspase-3 in EAT mice treated for 3 weeks with free drug combination and LTZ-CXB-loaded PC-NCs, compared to untreated positive control.

due to their enhanced accumulation at the tumor site via EPR
effect.

Tumor Growth Biomarkers

CXB was reported to exert aromatase-suppressive effects
through inhibition of inducible COX-2-dependent pathway
in mammary carcinogensis with subsequent inhibition of pros-
taglandin E2, an activator of aromatase gene expression in
mammary tumor (19). Thus, combining Als plus COX-2 in-
hibitors may permit a more complete suppression of local
estrogen biosynthesis. In our study, a more pronounced inhib-
itory effect on aromatase level in mammary tumors was
achieved by PC-NCis (6.93 ng/mg tissue protein) as compared
to free CXB/LTZ combination (15.56 ng/mg tissue protein)
(P < 0.05) (Fig. 5b). Moreover, PC-NCs showed a marked
reduction in the level of VEGF, as one of the most crucial
mediators of tumor angiogenesis, from 252.4 ng/mg tissue
protein for positive control to 61.33 ng/mg tissue protein
compared to free CXB/LTZ combination (140.55 ng/mg
tissue protein) (P < 0.05) (Fig. 5c). The demonstrated
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antiangiogenic effect of LTZ and CXB could be attributed
to the reduction of estrogen signaling pathways in mammary
tumor tissue (49). Several studies have shown that caspase 3
activation is required for apoptosis induction in response to
chemotherapeutic drugs. Therefore, defects in apoptosis may
cause drug resistance and result in treatment failure. In our
study, PG-NCis showed a 2.93 fold elevation in caspase-3 level
in mammary tumors relative to positive control group
(P < 0.05), compared to only 2.21 fold elevation for free
LTZ/CXB combination (Fig. 5d). Based on PGE2 inhibition,
CXB was reported to modulate survivin and VEGF levels,
which are associated to apoptosis evasion, angiogenesis, and
proliferation. Thus, CXB can be combined with chemo- or
hormonal therapies, for synergistic effects and delayed resis-
tance (49,50).

It is worthy here to mention that CXB has shown ant-
tumor efficacy through multiple COX-2 dependent and
COX-2-independent mechanisms not related to aromatase
function (51). NF-kB inhibition is now considered as a logical
therapy for many types of cancer. Moreover, suppression of
NF-kB can sensitize tumor cells to chemotherapeutic agents.
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Fig. 6 The level of tumor markers including (@) NF-kB and (b) TNF-a, (c) Scoring of necrosis, and (d) Necrotic score in EAT mice treated with free drug
combination and dual drug-loaded PC-NCs compared to untreated positive control.

Obviously, the free LTZ/CXB combination succeeded in re-
ducing NF-xB level from 37.26 ng/mg tissue protein for pos-
itive control to 14.45 ng/mg tissue protein (Fig. 6a). However,
a more pronounced inhibitory effect on NF-kB level was
achieved by PC-NCs (6.28 ng/mg tissue protein) (P < 0.05).
There are growing data to suggest that endogenous TNF-a
acts as a tumor promoter which enhances the growth and
spread of different tumor types. The most powerful inhibitory
effect was achieved by PC-NCs showing a 4-fold reduction of
TNF-a level as compared with positive control (P < 0.05) (Fig.
6b). On the other hand, free LTZ/CXB combination could
also decrease TNF-a level by only 1.8-folds relative to positive
control.

Histopathological Study

Histologically, the advantage of nanovehicular delivery sys-
tems of LTZ and CXB over the free formula was further
confirmed. Fig. 6¢ shows the scoring system of % necrosis of
Ehrlich-induced mammary tumor in mice. It can be noted
that PC-NCs showed significantly higher % necrosis than free
LTZ/CXB combination (Fig. 6d). The demonstrated increase
in necrotic score in the mammary tumor specimens of mice

treated with these drugs refers, at least in part, to another add-
on mechanism by which the anti-tumor effects were exerted.

CONCLUSION

In this study, we have shown that LTZ, a potent AL, can show
enhanced activity by encapsulation with CXB in multi-
reservoir PRM-based oily-core nanocapsules (PC-NCs). PC-
NCs were developed in the form of phospholipid-CXB com-
plex bilayer enveloping PRM-NCs. A biphasic CXB release
and sustained LTZ release could be achieved by PC-NCs
rather than PRM-NCs. The NCs were physically stable for
three months with no significant changes in their size or zeta
potential. The phospholipid bilayer imparted superior
hemocompatability and serum stability to the NCs.
Moreover, PC-NCis revealed more powerful anti-tumor effi-
cacy compared to PRM-NCs on both breast cancer cells and
Ehrlich Ascites tumor-bearing animals manifested by reduc-
tion of the tumor volume when compared to free dual drug-
treated animals, reduction in the level of aromatase, VEGF,
NF-xB and TNF-a and elevation in caspase 3 level. Taken all
together, the obtained data confirm the beneficial anti-tumor
effects obtained from combining L'TZ with CXB in treatment
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of breast cancer. Importantly, the nanovehicular delivery of

this combination, particularly via multi-reservoir PC-NCs, of-

fers precious anti-tumor effects over the free drugs.
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