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Abstract: Breast cancer is a prevalent tumor and causes deadly metastatic complications. Myriad
cancer types, including breast cancer, are effectively treated by methotrexate (MTX). However, MTX
hydrophobicity, adverse effects and the development of resistance have inspired a search for new
effective strategies to overcome these challenges. These may include the addition of a bioenhancer
and/or encapsulation into appropriate nano-based carriers. In the present study, the anticancer
effect of MTX was fortified through dual approaches. First, the concomitant use of piperine (PIP)
as a bioenhancer with MTX, which was investigated in the MCF-7 cell line. The results depicted
significantly lower ICsy values for the combination (PIP/MTX) than for MTX. Second, PIP and
MTX were individually nanoformulated into F-127 pluronic nanomicelles (PIP-NMs) and F-127/P-
105 mixed pluronic nanomicelles (MTX-MNDMs), respectively, validated by several characterization
techniques, and the re-investigated cytotoxicity of PIP-NMs and MTX-MNMs was fortified. Besides,
the PIP-NMs/MTX-MNMs demonstrated further cytotoxicity enhancement. The PIP-NMs/MTX-
MNMs combination was analyzed by flow cytometry to understand the cell death mechanism.
Moreover, the in vivo assessment of PIP-NMs/MTX-MNMs was adopted through the Ehrlich ascites
model, which revealed a significant reduction of the tumor weight. However, some results of the
tumor markers showed that the addition of PIP-NMs to MTX-MNMs did not significantly enhance
the antitumor effect.
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1. Introduction

Breast cancer is the most observable cancer type affecting females in both developing
and developed countries [1,2]. Globally, the reported recent incidence is 2.3 million cases;
severely exceeding all other cancer types. Additionally, its mortality rate represents 6.9%
from all cancer-related deaths [2]. Moreover, the metastatic complications, through the
lymph nodes and though other organs, significantly contribute to increasing the death
rate [3]. There are several pivotal treatment approaches for breast cancer, for example,
mastectomy to remove the cancer tissue, while radiation and chemotherapy are additional
approaches that can eradicate the cancer tissue and the metastatic cells [4]. Unfortunately,
the morbidity and mortality rates are growing relentlessly despite the presence of several
treatment strategies. These treatment failures are attributed to improper selection of drug(s),
development of resistance, severe adverse effects and the high cost [4]. All these reasons
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represent the motivating factors to fulfill the treatment failures using a combination of
drugs that may include bioenhancers or via specific delivery of the drugs with the aid of
well-designed smart nano-drug delivery systems (DDSs).

Methotrexate (MTX) is an anticancer hydrophobic drug that exerts its cytotoxicity
through the inhibition of dihydrofolate reductase (DHFR) enzyme that coverts the thymidy-
late synthase product; dihydrofolate to tetrahydrofolate. Consequently, this inhibition
depletes the cells from thymidylate and prohibits the DNA and purine synthesis [5,6].
MTX has a wide range of biological anti-neoplastic activity, for instance, being active
against colorectal cancer [7,8], leukemia [9], osteosarcoma [10,11] and remarkably, breast
cancer [12]. Additionally, MTX is used to treat autoimmune diseases like rheumatoid
arthritis [13]. Despite the reported potency of MTX, resistance has been developed due to
its altered transport and accumulation intracellularly, as well as the prohibited drug-target
binding [14]. Moreover, it has many systemic adverse effects, such as liver and kidney
toxicity, bone marrow suppression and leukopenia, which all result from the off-target drug
accumulation [15,16]. Additionally, MTX administration is hampered by its narrow thera-
peutic index, low selectivity, limited plasma life-time [15,17] and hydrophobicity [18]. In an
attempt to enhance the efficiency and safety of MTX specifically for the treatment of breast
cancer, it was used in combination with other anticancer agents, such as cyclophosphamide,
fluorouracil, tamoxifen and epirubicin [19-21]. On the other hand, MTX was loaded into
several types of nanoparticle (NPs) carriers, such as solid-lipid NPs [12], polymeric na-
nomicelles [22] or in association with other nanocarrier systems, such as magnetic NPs [23].
For example, MTX was loaded into polymeric nanomicelles based on a combination of two
pluronic polymers; F127 and P105 to overcome the contaminant resistance by glycoprotein
P (P-gp) efflux system [24].

Piperine (PIP) is a natural drug of piquant taste that is extracted mainly from black
pepper (Piper nigrum) [25]. Among its medical applications are treatment of Alzheimer [26],
anti-inflammatory [27], antihypertension [28] and anticancer effective against multiple
types of cancer, including breast cancer [29]. Intriguingly, PIP demonstrated a pivotal role in
enhancing the bioavailability of other drugs, which was attributed to its ability to inhibit P-
gp and CYP3A4 enzyme [30,31]. Therefore, it is worthwhile that PIP has been incorporated
with other anticancer agents as rapamycin [32], curcumin [33] and resveratrol [34] as a
simultaneous bioenhancer to combat breast cancer. However, PIP is a hydrophobic drug
and its absorption is limited by severe exposure to first pass metabolism [35]. To overcome
these obstacles, some recent studies have reported the incorporation of PIP with other
drugs into nanocarrier systems to enhance their bioavailability [36,37].

Pluronics® are triblock copolymers consisting of variable chain lengths of polyethy-
lene oxide (PEO) and polypropylene oxide (PPO). Due to their safety, biocompatibil-
ity, biodegradability and amphiphilic nature, they are used extensively to develop self-
assembled nanoparticulate carriers as DDSs that enable the encapsulation of both hy-
drophilic and hydrophobic drugs [38-41]. Additionally, pluronics® are able to escape
uptake by macrophage cells because of their PEO hydrophilic shell. Besides, their tiny
nano-size allows their accumulation within the cancer tissue through the enhanced per-
meability and retention (EPR) effect. Moreover, pluronics® nanocarriers overcome drug
resistance by the P-gp efflux system [42—44].

Herein, the anticancer effect of MTX against breast cancer was fortified through
two different strategies (Scheme 1). First, the simultaneous use of PIP as a bioenhancer
of MTX’s anti-neoplastic activity, as per a certain ratio, followed by assessment of the
cytotoxicity. Second, through the nanoformulation of PIP and MTX individually into
pluronic nanomicelles that were validated by several characterization techniques. The
cytotoxicity of nanoformulated individual drugs (PIP-NMS and MTX-MNMs) and their
combination (PIP-MNs/MTX-MNMs), as per the previously used ratio, was reinvestigated.
Besides, cell cycle analysis and apoptosis/necrosis evaluation of the combination was
performed to understand the underpinned cell death mechanism. Additionally, the in vivo
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anti-neoplastic activity against Ehrlich ascites was tested using MTX-MNMs as positive
control to investigate the anticancer effect of the combination; PIP-NMs/MTX-MNMs.
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Scheme 1. An illustration for the development of dual-enhanced methotrexate-based treatment
approach for breast cancer.

2. Materials and Methods
2.1. Materials

Pluronic® F127, pluronic® P105, MTX, triethylamine, methanol, acetone, dimethyl
sulfoxide (DMSQO), MTT and trypan blue were purchased from Sigma (St. Louis, MO, USA).
Fetal bovine serum, DMEM, RPMI-1640, HEPES buffer solution, L-glutamine, gentamycin
and 0.25% trypsin-EDTA were obtained from Lonza (Belgium). PIP (molecular weight of
285.34 Da and purity 98%) was provided by Alpha Aesar (Ward Hill, MA, USA).

2.2. Preparation of Plain Mixed Pluronic Nanomicelles (MNMSs) and MTX-Loaded MNMs
(MTX-NMs)

Plain (drug-free) mixed pluronic nanomicelles (MNMs) and MTX-loaded MNMs
(MTX-MNMs) were prepared by thin-film hydration method [45]. Briefly, 300 mg of
pluronics® F127 and P105 (1:8 w/w) were dissolved in 5 mL methanol and 50 uL triethy-
lamine. Then, a thin-film was formed with the aid of a rotary evaporator, followed with
hydration by double volume of distilled water. The MTX-MNMs were prepared using the
same procedure as the plain MNMs after adding a pre-determined amount (7 mg) of drug
to the pluronics solution.



Pharmaceutics 2022, 14, 2668

4 0f22

2.3. Preparation of Plain Pluronic Nanomicelles (NMs) and PIP-Loaded NMs (PIP-NMs)

Both plain NMs and PIP-loaded NMs (PIP-NMs) were prepared by nanoprecipitation
method [46]. Either pluronic® F127 only (40 mg) or mixed with a pre-determined amount
(5 mg) of PIP were dissolved in 15 mL ethanol to develop plain NMs and drug-loaded
NMs (PIP-NMs), respectively. Then, the ethanolic solution was added dropwise to a
double volume of distilled water, followed by stirring overnight to evaporate the organic
solvent [46].

2.4. Characterization

The particle size (PS), polydispersity index (PDI) and surface zeta potential (ZP) of
plain MNMs, MTX-MNMs, plain pluronic F127 (NMs) and PIP-NMs were obtained by
dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at
room temperature. The morphology of all the developed NMs was visualized by HR-TEM
(JEM-2100F; JEOL, USA). Lyophilized samples were investigated by Fourier transform
infrared (FTIR) spectroscopy to obtain the main peaks for the chemical characterization
using universal ATR module (Diamond/krs-5 crystal) by VERTEX 70 FTIR spectrometer 16
(Bruker Optics, Germany) in the range of 600-4000 cm ™.

The entrapment efficiency (EE%) and loading capacity (LC%) of the drugs were
determined by the UV-Vis spectrophotometry (Evolution UV 600, Thermo Scientific) at
310 nm and 342 for MTX and PIP, respectively. The following equations were applied:

EE% = [(Drug; — Drugy)/Drug;] x 100

LC% = [(Drug; — Drugs)/(Drug; + Pluronic)] x 100

where, Drug; is the initial amount of drug, Drugy is the amount of free (unentrapped) drug.

2.5. In Vitro Drug Release Study

The release profiles of free MTX drug and MTX from the developed MTX-MNMs
were determined using the dialysis bag method (molecular weight cut-off 12,000) in PBS
of different pH values; 7.4 and 5.5. Briefly, the samples were dispersed in pre-determined
volume of PBS (as donor chamber) and left in a shaker incubator (110 rpm) at the physi-
ological temperature 37 & 1 °C. At certain time intervals, a fixed volume of aliquots was
withdrawn and replaced with fresh buffer. The amount of the released drug was quantified
using UV-Vis spectrophotometer at the corresponding wavelength (310 nm).

2.6. In Vitro Cytotoxicity Assay

The in vitro MTT cytotoxicity assay of free drugs (PIP and MTX), PIP-NMs and MTX-
MNMs, in addition to the mixtures consisting of free PIP/free MTX and the PIP-NMs/MTX-
MNMs, was performed using MCF-7 cells (human breast cancer cell line). The cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). The
cells were cultured on RPMI-1640 medium treated with 10% inactivated fetal calf serum and
50 pg/mL gentamycin and kept in 5% CO, atmosphere for subculturing 2 to 3 times weekly.
In a Corning® 96-well tissue culture plate, the cells (5 x 10* cell/well) were suspended
and incubated for 1 day. Then, 12 serial concentrations of the tested formulation were
added to the wells as triplicates. Six controls were used and were either the plain medium
or 0.5% DMSO. After incubation for 1 day, the count of the viable cells was detected by
MTT assay. Briefly, the media was replaced by 100 puL of RPMI-1640 without phenol red
and the 10 uL of 12 mM solution were added to each well and incubated at 37 °C and 5%
CO;, atmosphere for 4 h. Then, 85 uL of the media were discarded and replaced by 50 pL
DMSO and incubated at 37 °C for 10 min. The number of the viable cells was determined
by measuring the optical density at 590 nm using the equation:

[(ODt/ODc)] x 100%
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ODt: the optical density of the cells treated with the formulations

ODc: the optical density of the untreated cells (control)

The IC5p was calculated from plotting the dose response versus the formulation
concentration using the software Graphpad Prism (San Diego, CA, USA).

2.7. Apoptosis/Necrosis Assay by Flow Cytometry

In order to understand the mechanism of the cell death by the investigated mixture
(PIP-NMs/MTX-MNMs), annexin V-FITC assay was carried out using FITC-annexin V
(Becton Dickinson BD Pharmingen™, Heidelberg, Germany) using the ICsy/24 h. Briefly,
the MCF-7 cells were cultured and incubated with the formulation for 1 day while the
negative control cells were incubated with the plain medium. Afterwards, the cells were
collected and washed with PBS twice. The cells were then washed by the binding buffer
(100 uL) and FTIC-annexin V (1 pL) and incubated at 4 °C for 40 min. The cells were rinsed
and resuspended in the binding buffer (150 uL) and DAPI (1 pL/mL in PBS) (Invitrogen,
Life Technologies, Darmstadt, Germany). Finally, the cells were tested by a flow cytometer
(BD FACS Calibur, BD Biosciences, San Jose, CA, USA).

2.8. Cell Cycle Analysis

The effect of the mixture (PIP-NMs/MTX-MNMs) on cell cycle distribution was de-
termined using MCF-7 cells by the flow cytometry. CycleTEST™ PLUS DNA Reagent
Kit (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) was used to in-
vestigate the mixture-treated and the control (untreated) cells followed by staining by
propodium iodide then analyzed by the cytometer. Then, CellQuest software (Becton
Dickinson Immunocytometry Systems, San Jose, CA, USA) was used to calculate the cell
cycle distribution.

2.9. In Vivo Assessment

From the animal house of VACSERA, Egypt, 30 Balb/c mice were used to develop
this test. The mice weight was in the range of 20 to 40 g each. The in vivo experiment
was performed after receiving the approval from the Institutional Animal Care and Use
Committee (ARC-IACUC), Cairo, Egypt (protocol number: ARC-AH-22-29) that complies
with the United Kingdom Animals Scientific Procedures Act, 1986, and the European Union
directive 2010/63/EU for animal experiments, as well as the ARRIVE guidelines. The
Ehrlich tumor was induced in the mice by intramuscular injection in the right thigh of
viable tumor suspension (1.25 x 107 cells/ mL) obtained from a female mice ascitic fluid.
The mice were left for 2 weeks until a sensible solid tumor was obtained, with a size of
more than 100 mm?>. The mice were injected intraperitoneally on a daily basis for 3 weeks
and divided into 3 groups:

Group 1: negative control (received distilled water).

Group 2: mice received MTX-MNMs (a dose equivalent to 6 mg/kg MTX) [12].

Group 3: mice received PIP-NMs/MTX-MNMs (a dose equivalent to 0.1 mg/kg PIP
and 6 mg/kg MTX, respectively) [12,47].

2.9.1. Tumor Weight and Volume Monitoring

The tumor volume was monitored during the experiment at different periods (0, 7, 14
and 21 days) by vernier caliper (Mitutoyo Corporation, Kawasaki, Japan) and calculated
according to the equation:

2
Tumor volume (mm?®) = 47 ( g ) X ( g )

A: minor tumor axis, B: major tumor axis
However, the tumor weight was detected after the animals’ sacrification.
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2.9.2. Tumor Growth Biomarkers Measurements

After the animals’ euthanasia, the tumor tissue was obtained and cleaned with ice.
Then, by polytron homogenizer, the tumor was homogenized and diluted by 0.05 M PBS
(pH 7.4) to represent 10% of the solution. Afterwards, it was preserved as aliquots in
—80 °C for further analyses to detect cyclin D1, p-38 MAPK (mitogen-activated protein
kinase), apoptosis, AKT, malondialdehyde (MDA) and superoxide dismutase (SOD). Cyclin
D1 and p-38 MAPK were detected using ELISA kit (Abbexa®, Houston, TX, USA) and
Total SimpleStep ELISA® Kit, respectively as per the manufacturer’s instructions. DNA
fragments were quantified as representative for the apoptotic cells using Apo-BrdU In Situ
DNA Fragmentation Assay Kit (BioVision®, Milpitas, CA, USA) as per the manufacturer’s
instructions. The AKT level was investigated using BCA test. Briefly, the tumor tissue
was fragmented in lysis buffer by a homogenizer followed by centrifugation to isolate the
supernatant. To allow cells lysis, sodium dodecyl sulfate (SDS) was added and the solution
was then transferred to SDS-PAGE electrophoresis loaded with molecular weight marker.
Then, the isolated proteins were transferred to a nitrocellulose membrane loaded with AKT
antibodies (9272, Cell signaling®, Danvers, MA, USA) and left for 1 h. Then, the membrane
was rinsed and incubated with horseradish peroxidase-conjugated secondary antibod-
ies for 45 min. Finally, the samples were quantified by western blot through enhanced
chemiluminescence (ECL). In an attempt to estimate the oxidative stress, MDA and SOD
were detected by the Lipid Peroxidation Colorimetric/Fluorometric Assay Kit (BioVision®,
Milpitas, CA, USA) and Biodiagnostic, Egypt, respectively, followed by colorimetric and
absorbance measurement at 532 and 405 nm, respectively.

2.9.3. Histopathological and Immunohistopathological Assessment

After euthanasia, the tumor and the surrounding muscle were dissected and fixed in a
neutral buffered formaldehyde (10%) for 24 h. Later, the tissues were dehydrated, set in
paraffin blocks, and sliced at a thickness of 5 um, transversely. Subsequently, the slides
were stained with hematoxylin and eosin (H&E) and observed using Olympus BX43 light
microscope linked with a digital camera (DP27) and CellSens dimensions software. The
histological damage score was assessed at 200 %, as previously described [48].

For immunohistochemistry analysis, tissue samples were mounted on positive glass
slides, deparaffinized, rehydrated and incubated with the primary mouse monoclonal
antibody of TGF-f3 and Bcl-2 (1:100) according to the manufacturer’s instructions (Santa
Cruz). Image] software was used to estimate the semi-quantitative of the area % of positive
results (6 samples/group/200x).

3. Results
3.1. Preparation and Characterization of Plain and Drugs-Loaded Pluronic Nanomicelles

The preparation of the plain pluronic nanomicelles (NMs) and PIP-NMs was attempted
by the nanoprecipitation method [46]. On the other hand, plain mixed nanomicelles
(MNMs) and MTX-MNMs were prepared by the thin film hydration method [45]. The
average PS, PDI and ZP are summarized in Table 1. The plain MNMs depicted PS of 26.3 nm
while when loaded with the drug (MTX), the MTX-MNMs showed an increase of the PS to
104.6 nm. The PS of the plain NMs was 96.3, while the PIP-loaded NMs (PIP-NMs) attained
a PS value of 114.2 nm. The PDI values for all the prepared plain and drug(s)-loaded NMs
ranged from 0.19 to 0.43 which indicate a narrow PS distribution. As can also be noted
from Table 1, the plain NMs exhibited a surface charge (ZP) of —19.4 mV, while after the
PIP loading, the ZP changed to —8.02 mV. On the other hand, the ZP of the plain MNMs
was —4.42 mV and changed to —3.47 mV after MTX loading.
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Table 1. Particle size and surface charge evaluation of the developed plain and drugs-loaded pluronic
nanomicelles as determined by DLS.

Formulation PS (nm) PDI ZP (mV)
MNMs 26.3 £ 0.1 0.43 —4.42
MTX-MNMs 104.6 £ 1.7 0.29 —3.47
NMs 96.3 1.1 0.19 —-194
PIP-NMs 1142 £ 0.3 0.26 —8.02

The morphology of the developed plain and drugs-loaded nanomicelles was investi-
gated by TEM (Figure 1). As can be noted from the figure, all the plain and drug (PIP or
MTX)-loaded NMs were spherical in shape. The average sizes of the plain NMs (Figure 1a)
and PIP-NMs (Figure 1b,c) were about 78 and 110 nm, respectively, while the sizes of
the plain MNMs (Figure 1d) and the MTX-MNMs (Figure le,f) were around 27 and
80 nm, respectively.

Figure 1. TEM micrographs of (a) plain pluronic nanomicelles (NMs), (b,c) PIP-loaded NMs (PIP-
NMs) at different magnifications, (d) plain mixed pluronic nanomicelles (MNMs), and (e,f) MTX-
loaded MNMs (MTX-MNMs) at different magnifications.

The EE% and LC% of each of the two drugs; PIP and MTX loaded into the developed
PIP-NMs and MTX-MNMs, were estimated by UV-Vis measurement. In the case of the
PIP-loaded NMs, the EE% and LC% were found to be 82% and 6%, respectively. While
in the case of the MTX-MNDMs, the EE% and LC% were determined to be 85% and 2.5%,
respectively. These results are in consistency with the literature [24,46].

Free drugs (PIP and MTX), plain nanomicelles (NMs and MNMs) and the drugs-loaded
NMs (PIP-NMs and MTX-MNMs) were scanned by FTIR to confirm the nanomicelles for-
mation in addition to the physical drugs’ encapsulation, as shown in Figure 2. The free PIP
spectrum showed characteristic peaks of symmetric and asymmetric stretching of aliphatic
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C-H at 2871 and 2942 cm ™!, respectively, -CO-N stretching at 1634 cm !, symmetric and
asymmetric stretching of C=C diene at 1612-1584 cm !, respectively, aromatic stretching
of C=C at 1518 cm~!, CH}, bending at 1428 cm~!, asymmetric and symmetric stretching
of =C-O-C at 1254-1233 and 1045 cm !, respectively, C-O stretching at 958 cm ! and C-
H bending at 847-802 cm~!. The plain pluronic NMs and MNMs spectra showed C-H
stretching vibration peak at 2890 cm~!, O-H bending at 1342 cm~! and C-O-C stretching
vibration at 1110 cm ™~ [46]. From the FTIR spectra, the NMs formation and the PIP in-
corporation into the NMs was confirmed by the presence of their characteristic peaks in
the PIP-loaded NMs (PIP-NMs) spectrum. The free MTX IR spectrum showed the charac-
teristic broad peak at 3417 cm~! corresponding to the stretching of O-H of the carboxyl
group, 2957 cm ™! of stretching of primary amine group (N-H), 16031647 cm ! from C=0O
stretching from both the amide and carboxyl groups, 1494-1519 cm~! from bending of
N-H group, 1425-1229 cm ™! stretching of C-O of the carboxyl group, 885 cm ™! from O-H
bending and 828 cm ™! from hydrogens on the aromatic ring [49]. From the MTX-loaded
MNMs (MTX-MNMs) spectrum, these peaks were not obvious, and the spectrum of MTX-
MNDMs was similar to that of the plain MNMs, which emphasize the successful physical
incorporation of the MTX inside the micelles.

Y

Plain plu

Free PIP
o

MTX-Mplu
wW

Plain Mplu

N

Free MTX

43524

! ! ! ! ! !
3500 3000 2500 2000 1500 1000
Wavelength (Cm'1)

Figure 2. FTIR spectrum of free MTX, plain mixed pluronic nanomicelles (MNMs), MTX-MNMs free
PIP, plain pluronic nanomicelles (NMs) and PIP-NMs.
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3.2. In Vitro Drug Release

The release profiles of the free MTX and MTX-loaded MNMs (MTX-MNDMs) at two
different pH values (7.4 and 5.4) representing the physiological and cancer tissue pHs,
respectively, are shown in Figure 3. As can be noted from the figure, the free drug, MTX,
conferred a fast burst release at both investigated pH values, as more than 90% of the
drug was released within the first 4 h. However, in the case of the MTX-MNMs, the
drug showed a fast initial release of about 60% at both pH values within the first 3 h,
followed by a sustained release pattern. Additionally, as can be depicted from the figure,
the nanoformulated MTX showed a relatively higher release values at pH 5.4 than that
attained at pH 7.4. For instance, about 90% of MTX was released in the acidic pH (5.4) as
compared to 70% of drug released at pH 7.4 within 8 h. The remaining MTX amount was
released at a slower rate to be almost completed after 24 h.

100
100| (a) (b)
R o 807
@ 80 =
3 —=— Free MTX at pH 7.4 8 60
® 60 —e— Free MTX at pH 5.5 °
S —+— MTX-MNMs at pH 7.4 o
s —+— MTX-MNMs at pH 5.5 E 40 4
S 40 3
E g
3 o
ok T T T T T 0 T T T
0 5 10 15 20 25 0.0 0.5 1.0 1.5 2.0
Time interval (h) Time interval (h)
Figure 3. In vitro release profiles of the free MTX and MTX-loaded MNMs (MTX-MNMs) at two
different pH values (7.4 and 5.4) for 24 h (a) and at the first 4 h (b).
3.3. In Vitro Cytotoxicity
The cytotoxicity assessment was performed using the MCEF-7 cell line by MTT test.
First, the IC5 values of the free PIP at 24 h and of free MTX at 24 and 48 h were determined
using serial concentrations ranging from 0 to 500 ug/mL. The free PIP ICs; at 24 h was
found to be 183 ng/mL while the free MTX ICs, values at 24 and 48 h were found to be
213 ug/mL and 115.3 pg/mL, respectively (Table 2).
Table 2. Cytotoxicity results of free drugs (PIP and MTX), PIP-NMs and MTX-MNMs at 24 and 48 h.
Drug pg/mL ICs5¢ Value With 0.5 IC5( of Free PIP With 0.5 ICsg of PIP-NMs
Free PIP (24 h) 183 £ 5.63 - -
PIP-NMs (24 h) 11.84 + 0.46 - -
Free MTX (24 h) 213 +9.02 4523 +£291 -
Free MTX (48 h) 115.32 +7.08 25.84 +1.28 -
MTX-MNMs (24 h) 347 £0.13 0.627 £ 0.03
MTX-MNMs (48 h) 2.099 + 0.08 0.128 + 0.02

Then, to assess the bioenhancing effect of the investigated bioenhancer (PIP) on the
cytotoxicity of MTX, the ICs( values at 24 and 48 h of the free MTX were re-determined after
its mixing with half of the previously determined ICsj concentration of the bioenhancer



Pharmaceutics 2022, 14, 2668 10 of 22

(PIP). From the results, the ICsy values of the free MTX decreased significantly at both
investigated time intervals (24 and 48 h) to be 45.23 pg/mL (p < 0.0001) and 25.84 ug/mL
(p < 0.0001) at 24 and 48 h, respectively when compared to the MTX alone (Figure 4).

I Free MTX I Free MTX
100+ Free PIPfiree MTX||  1%°] [ |Free PIPliree MTX
e g0 (a) e 80 4 ( )
z z
= 60 = 60+
8 8
= >
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20 20
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0 3.9 7.8 156 31.25 625 125 250 500 0 3.9 78 156 31.25 625 125 250 500
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(c) Il MTX24 h
[ |PIPMTX/24 h
2004 I M TX/48 h
i L PIPMTX/48 h
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[=1]
=
& 100-
o
50 -
0

Free MTX IC50

Figure 4. The cytotoxicity test on MCF-7 cells of free MTX individually, and the mixture of free drugs
(PIP/MTX) using half ICsq of the bioenhancer, free PIP at (a) 24 and (b) 48 h, and (c) the ICs( values

from the cytotoxicity assay of free MTX only and of the mixture of free drugs (PIP/MTX) at 24 and
48 h, respectively.

On the other hand, the ICg values of the PIP-NMs at 24 h and MTX-MNMs at 24 and
48 h were determined (Figure 5). The encapsulation of both PIP and MTX into pluronic
nanocarriers was found to enhance the cytotoxicity (and consequently attain lower ICsg
values) when compared to the free drugs counterparts. The ICsq of the PIP-NMs was
decreased from 183 pg/mL to be 11.84 pg/mL (p < 0.0001). Additionally, the ICs5j of the
MTX-MNMs significantly decreased when compared to the free form of the drug at both

time intervals; 24 and 48 h to be 3.47 pug/mL (p < 0.0001) and 2.099 pg/mL (p < 0.0001),
respectively (Table 2).
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Figure 5. (a,b) The cytotoxicity test on MCEF-7 cells at 24 h (a) and 48 h (b) of MTX-MNMs individually
and the mixture of PIP-NMs/MTX-MNMs using half PIP-NMs ICsp, and (c) the ICsg values from
the cytotoxicity assay of MTX-MNMs only and the mixture of PIP-NMs/MTX-MNMs at 24 and
48 h, respectively.

Due to the significant difference in the cytotoxic effect of both drugs; PIP and MTX after
encapsulation into pluronic NMs, and to assess the bioenhancing effect of the investigated
nanoformulated bioenhancer (PIP-NMs) on the cytotoxicity of MTX-MNMs, the ICsj values
at 24 and 48 h of the MTX-MNMs were re-determined after its mixing with half of the
previously determined ICsy concentration of the nanobioenhancer (PIP-NMs), as shown
in Figure 5a,b and Table 2. The cytotoxicity of the MTX-MNMs was enhanced as the ICsq
at 24 h was decreased about 5-fold to be 0.627 pug/mL (p < 0.0006). Additionally, the ICs
at 48 h revealed a much potent cytotoxic effect by decreasing the IC5; about 16-fold to be
0.128 pg/mL (p < 0.0001) (Figure 5¢).

3.4. Apoptosis/Necrosis Assay and Cell Cycle Analysis by Flow Cytometry

To understand the underpinned mechanism by which the mixture, PIP-NMs/MTX-
MNMs, induces cell death, flowcytometric analysis was performed using the MCE-7 cells.
The annexin-V /propidium iodide test was performed to distinguish the apoptotic from
necrotic cells (Figure 6). Both the early and late apoptosis were enhanced to a great extent as
compared to the control cells. For instance, the early apoptosis was increased significantly
(p < 0.0001), from 0.43% to 11.51%, and the late apoptosis increased significantly (p < 0.0001),
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from 0.17% to 3.68%. Besides, the necrotic cells were almost doubled from 1.01% to
2.27% (p < 0.0001). Based on the obtained results, the investigated PIP-NMs/MTX-MNMs
combination was found to induce cell death through mainly enhancing both the early and
late apoptotic stages (Figure 6c).

n e ] e
=4 (a) =7 (b)
4 o 2.27%
3.68%
11.51%
v e
5
10 10 10 10 10 10 10 10
Annexin V-FITC Annexin V-FITC
100 4 (C) [ Control
PIP-NMs/MTX-MNMs
804
==
n 604
=
2
©
)
D 404
20
04

T T
Nomal Early apoptosis Late apoptosis Necrosis

Figure 6. (a,b) Cytograms illustrating the induced cell death in (a) untreated MCF-7 cells as a
control and (b) MCF-7 cells treated with PIP-NMs/MTX-MNMs using the ICsy obtained at 24 h,
and (c) the cell death percent attained at the early apoptosis, late apoptosis and necrosis of the
PIP-NMs/MTX-MNMs combination as compared to the untreated MCE-7 control cells.

Cell cycle analysis was performed to investigate the cell cycle kinetics induced by
PIP-NMs/MTX-MNMs using the ICsg at 24 h as compared to the untreated MCF-7 cells
as negative control (Figure 7). At the G0/Gl1, the investigated PIP-NMs/MTX-MNMs
combination decreased the cells population from 59.26% to 55.47%, while the population
decrease attained in the S phase was of a lower magnitude (from 27.55% to 25.86%) with
p = 0.0027 and 0.0417, respectively. In the G2/M phase, the PIP-NMs/MTX-MNMs signifi-
cantly (p < 0.0001) increased the cells arrest by about 1.5 times (from 13.19 to 18.67%). Thus,
the cell cycle arrest occurs mainly in the G2/M phase, followed by the G0/G1 phase.
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Figure 7. Cell cycle distribution histograms of (a) un-treated MCF-7 cells as control and (b) cells
incubated with the mixture PIP-NMs/MTX-MNMs using ICsg at 24 h.

3.5. In Vivo Assessment
3.5.1. Tumor Volume and Weight Reduction Measurements

The mixture of the nanoformulated drugs was tested to evaluate any additional
effect of the concomitant use of the bioenhancer (PIP)-loaded NMs (PIP-NMs) along with
the MTX-MNMs as per the same ratio of the in vitro assessment. The tumor volume was
determined at fixed days in all the mice groups, including the control group (Figure 8a). The
tumor volume decreased significantly in the groups that received either the MTX-MNMs or
the PIP-NMs/MTX-MNMs drug nano-combination when compared to the control group
(p < 0.05). On the other hand, there was no observable significant difference in the tumor
volume between the groups that received MTX-MMNs and PIP-NMs/MTX-MNMs. Tumor
weight was also determined at the end of the treatment duration, as per Figure 8b. As can
be depicted from the figure, the tumor weight of the nanoformulations-treated groups was
substantially lower than that of the control (p < 0.05), with the PIP-NMs/MTX-MNMs-
treated group exerting the most tumor weight reduction (p < 0.005) when compared to the
MTX/MNMs-treated group.
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Figure 8. (a) Tumor volume (mm?) and (b) tumor weight of mice treated with distilled water
as a control group, MTX-MNMs and PIP-NMs/MTX-MNMs combination. Data represented as
mean £ SD (n =7).

3.5.2. Tumor Growth Biomarkers Measurements
Cyclin D1 Concentration Assessment

Upon investigation of the cyclin D1 concentration, a significant reduction in its level
was noted in both nanoformulations (MTX-MNMs and PIP-NMs/MTX-MNMs) when
compared to the control group (p < 0.005), Table 3. Consequently, both the nanoformulations
are inhibiting the cell cycle by downregulating the cyclin D1 level. However, it is worth



Pharmaceutics 2022, 14, 2668

14 of 22

mentioning that addition of PIP-NMs to the MTX-MNMs did not further decrease the
cyclin D1 level.

Table 3. Levels of cyclin D1 and p-38 MAPK of MTX-MNMs and PIP-NMs/MTX-MNMs -treated
groups as compared to the control group. Data represented as mean + SD (1 = 7).

Group Cyclin D1 (ng/mL) p-38 MAPK (ng/mL)
Control 84£0.21 16.6 + 1.17
MTX-MNMs 22+0.16 47 £0.08
PIP-NMs/MTX-MNMs 24+£0.12 31+£02

p-38 MAPK Levels Assessment

The concentration of p-38 MAPK was determined in both the investigated nanoformulations-
treated groups as compared to the control one. From the results, it can be elicited that there
is a significant decrease of the p-38 MAPK level in both nanoformulations-treated groups
(p < 0.005), Table 3. Besides, it is noticeable that the PIP-NMs/MTX-MNMs combination
demonstrated a lowered p-38 MAPK level relative to the MTX-MNM:s (p < 0.05).

Oxidative Stress Assessment

As an attempt to assess the oxidative stress, SOD and MDA concentrations were
detected (Figure 9). The results demonstrated a significant increase of the SOD in both
MTX-MNMs and PIP-NMs/MTX-MNMs-treated groups as compared to the control group
(p < 0.05). Additionally, the addition of the PIP-NMs has enhanced the SOD concentration
compared to the MTX-MNMs-treated group (p < 0.05). Consequently, the SOD elevated
level upon treatment with the nanoformulation (MTX-MNMSs) and the further elevation
attained in the PIP-NMs/MTX-MNMs-treated group indicates the high number of the
existing free radicals. These results are in concordance with the previously reported relation
between MTX administration and the increase of SOD level [50].

12 4 [l Control

MTX-MNMs
PIP-NMs/MTX-MNMs

10 -

FH

i

0 = T ¥ T
SOD (U/mg protein) MDA (nmol/mg protein)

Figure 9. Superoxide dismutase (SOD) levels (U/mg protein) and malondialdehyde levels (nmol/mg
protein) in mice treated with MTX-MNMs and PIP-NMs/MTX-MNMs-treated groups relative to the
control mice. Data represented as mean £ SD (n =7).

Upon the assessment of the MDA level depicted in Figure 9, the control group dis-
played a significantly elevated level of MDA as compared to the nanoformulation-treated
groups, which exhibited a significant reduction in MDA level (p < 0.001). Besides, addition
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of the nanoformulated bioenhancer (PIP-NMs) to the MTX-MNMs further reduced the
MDA level, though this further reduction was not statistically significant (p > 0.05).

AKT Assessment and Tunnel Assay

The induced apoptosis was determined through phosphorylated AKT (pAKT) and
tunnel assay determination by western blot (Figure 10). The obtained results indicated
that the AKT level was almost diminished in the nanoformulations-treated groups when
compared to the control group (p < 0.005). However, the AKT level was almost the same in
both the MTX-MNMs and PIP-NMs/MTX-MNMs-treated groups. As an additional attempt
to investigate the apoptosis, the DNA fragmentation was assessed as apoptosis biomarker in
the mammalian cells and considered as an indication of the anticancer treatment efficiency.
From the results depicted in Figure 10, the PIP-NMs/MTX-MNMs-treated group exerted
the highest apoptotic activity when compared to that of the MTX-MNMs-treated group
(p < 0.05) and the control group (p < 0.005).
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Figure 10. AKT (arbitrary unit) and apoptosis (%) determined in the MTX-MNMs and PIP-
NMs/MTX-MNMs-treated groups relative to the control group. Data represented as mean + SD
n=7).

3.5.3. Histopathology and Immunohistochemical Assessment

The histological examination and observation of all groups are shown in Figure 11.
The control group samples revealed a significant infiltration of active-darkly staining
Ehrlich tumor cells with a high grade of malignancy features, including atypical mitosis
and pleomorphism. No histological improvement was noticed in the MTX-MNMs-treated
group. A significant regression in the infiltration of tumor mass between muscle fibers, as
well as cells count, was recorded in the PIP-NMs/MTX-MNMs-treated group relative to
the control group (p < 0.01).

Concerning immunohistochemical analysis, a strong positive expression of TGF-f3
and Bcl-2 that appeared as brown coloration of Ehrlich cells was observed in control
group. Treatment with MTX-MNMs did not significantly reduce the expression of TGF-
3 (Figure 12) and Bcl-2 (Figure 13) as the cells appeared almost similar to the control
group. However, the treatment with PIP-NMs/MTX-MNMs significantly downregulated
their expression.
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Figure 11. Assessment of muscular tissue inoculated with Ehrlich ascites tumor cells and stained
with H&E of the (a) control group, (b) MTX-MNMs-treated group, (c) PIP-NMs/MTX-MNMs-treated
group and (d) the area (%) analysis of the positive reaction. Symbols on the figure are revealed as
follows: black arrow (giant cells) and star (coagulative necrosis).
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Figure 12. Immunohistochemical staining of TGF- for (a) the control group, (b) MTX-MNMs-treated
group, (c) PIP-NMs/MTX-MNMs-treated group, and (d) the area (%) of TGF-p. Straight and curved

arrows are pointing to positive expression, and weak expression, respectively.
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Figure 13. Immunohistochemical staining of Bcl-2 for (a) the control group, (b) MTX-MNMs-treated
group, (c) PIP-NMs/MTX-MNMs-treated group, and (d) the area (%) of Bcl-2. Straight and curved
arrows point to positive expression, and weak expression, respectively.

4. Discussion

The aim of the study is to enhance the anticancer effect of MTX against breast cancer
and evalute that in vitro and in vivo using the MCEF-7 cell line and the Ehrlich ascites model,
respectively. The MCE-7 cell line was used in this study, as it is the most common human
breast cancer representative and the most studied in research [51]. This enhancement was
achieved through two approaches; the first one included the simultaneous use of PIP as a
bioenhancer for the anticancer effect of MTX. The second approach involved the encapsula-
tion of each drug individually inside pluronic NMs, followed by mixing the pluronic-loaded
drugs to examine the overall cytotoxicity. The nanomicellization and physical drug loading
were confirmed with the aid of a diversity of physicochemical characterization techniques
as dynamic light scattering, zeta potential, TEM images and FTIR.

Due to the hydrophobic nature of both drugs, PIP and MTX, their therapeutic bioavail-
ability is limited. Therefore, they were encapsulated individually inside pluronic NMs.
PIP was successfully encapsulated into pluronic® F127 NMs using a nanoprecipitation
method with an EE% of 82%. In the case of MTX, it was loaded successfully (with EE%
85%) into mixed NMs (MNMs) of both pluronic® F127 and P105 using a thin-film hydration
method. MTX incorporation into MNMs was to avoid the large particle size obtained
upon its encapsulation into pluronic® F127 alone [52]. Pluronic® F127 and P105 are am-
phiphilic polymers and their hydrophobic parts are very close in length; F127 PPO: 64
and P015 PPO: 56. Therefore, upon the preparation of the MNMSs from these two pluronic
polymers, they exhibited cooperative aggregation [52], which facilitated the physical en-
capsulation of MTX. Both of the used preparation methods (nanoprecipitation and thin
film hydration) were previously reported for the fabrication of NMs and were shown to be
suitable for the encapsulation of hydrophobic drugs, so these results are in concordance
with the literature [24,38—40,46]. The obtained high EE% values may be attributed to the
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hydrophobic part of the pluronic carriers forming the inner core of the micelles (NMs and
MNMs), which is stabilized by escaping the hydrophilic medium. On the other hand, the
hydrophilic parts of pluronic carriers stabilize the resulting nanoformulation by being
exposed to the surrounding aqueous medium [53].

The release study was performed to identify the release rate of free MTX and the MTX
from MTX-MNMs at two different pH values (7.4 and 5.4), representing the physiological
pH and the cancer tissue pH, respectively, while maintaining the sink conditions. Free MTX
exhibited a fast release rate, as almost all the drug was released after 4 h. However, the
MTX-MNMs showed an initial burst release followed by a slower release pattern, with an
observable faster rate at the acidic pH. In both pH values, the release was relatively fast
(within 24 h) due to the physical entrapment of the drug, which facilitates its liberation from
the micelles [24]. Additionally, the solvent effect on the micelles, and therefore, micelles
erosion and disruption, aid the release of the drug. The faster release of MTX from MTX-
MNMs at the acidic pH may be attributed to the enhanced interaction between the H* and
the PEO of the pluronics. This interaction can lead to a decreased chain packing, and thus,
loosen micelles structure due to charge repulsion [54].

The bioenhancing effect of PIP on MTX anticancer activity was investigated by using
both drugs in their free forms. PIP was added to MTX as per certain ratio (half of PIP
ICsp) so that the PIP amount did not affect more than 25% of the cells’ population [55].
Consequently, to determine this amount, the ICs values of PIP and MTX were first detected
individually. Afterwards, the IC5p value of the PIP/MTX mixture was reinvestigated after
the addition of the half PIP ICsj to MTX, as previously mentioned. From the results, the
addition of PIP enhanced the bioavailability and fortified the anticancer effect of free MTX.
This was evidenced by the decrease of the ICsy value of MTX at 24 and 48 h after PIP
addition as compared to the MTX alone. Consequently, the mixing of PIP with MTX as free
drugs enhanced the cytotoxicity against MCF-7 cells.

The ICsq values of PIP and MTX were also tested individually after their encapsulation
into pluronic nanocarriers (PIP-NMs and MTX-MNMs). This nanoencapsulation was found
to enhance the cytotoxic effect of both drugs due to the increased solubilization and thus, the
better bioavailability. Besides, these individual nanoformulated drugs demonstrated lower
ICsp values as compared to their free drugs counterparts, which may be attributed to the
role played by the pluronic nanocarrier in enhancing the anticancer activity, where pluronics
are able to escape the uptake by macrophage cells because of their PEO hydrophilic shell.
Besides, the tiny nano-size of the pluronic nanocarriers allows their accumulation within
the cancer tissue through the enhanced permeability and retention (EPR) effect. Moreover,
pluronics nanocarriers have been reported to overcome drug resistance by P-gp efflux
system [42—-44].

The bioenhancing effect of nanoformulated PIP (PIP-NMs) on the anticancer activity
of the nanoformulated MTX (MTX-MNMs) was investigated. PIP-NMs were added to
MTX-MNMs as per a certain ratio (half of PIP-NMs ICsg) so that the PIP amount did not
affect more than 25% of the cells’ population. At the two investigated time intervals, the
cytotoxicity was enhanced significantly as the ICsg value of the PIP-NMs/MTX-MNMs
mixture decreased from 3.47 to 0.627 ug/mL and from 2.099 to 0.128 ug/mL, at 24 and 48 h,
respectively, as compared to MTX-MNMs.

To investigate the magnitude and phase of cell death, the mixture PIP-NMs/MTX-
MNMs was selected, as it was the most powerful cytotoxic formulation. Therefore, the
ICsp at 24 h was used to perform the flow cytometry assessment. The apoptosis/necrosis
assay was performed by annexin-V/propidium iodide test to define the percent of the
viable cells, early and late apoptotic cells, as well as necrotic cells after treatment with
the PIP-NMs/MTX-MNMs mixture, and the results were compared to untreated cells as
control. The results indicated that a limited number of the tested cells undergo necrosis,
and the main tendency of cell death by the PIP-NMs/MTX-MNMs mixture was through
both the early and late apoptotic stage. DNA content analysis was also performed to
identify the cell cycle kinetics of MCF-7 cells after treatment with the investigated mixture;
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PIP-NMs/MTX-MNMs using the ICsy obtained at 24 h. As compared to the control, the
mixture changed the cells” population in the GO/G1 phase, which emphasized the cells’
death at the apoptosis stage. Additionally, the main cells’ population redistribution was
observed at the G2/M phase due to cell cycle arrest at the G2 phase.

The Ehrlich ascites tumor is a common in vivo model and refers to undifferentiated
transplantable cancer cells [56]. Due to the existence of some similarities with the human
tumors as the susceptibility to the anticancer drugs and rapid growth rate [56], this model
was adopted for the in vivo investigation of the treatment efficiency by MTX-MNMs before
and after the fortifying by the nanoformulated bioenhancer (PIP-NMs). First, in order to
determine the efficiency of the prepared nanoformulations, the tumor weight and volume
were measured. The addition of PIP-NMs did not enhance the retraction of the tumor
weight while the tumor volume was significantly reduced as compared to the MTX-MNMs
group. Upon the assessment of the tumor markers, the addition of PIP-NMs did not
significantly enhance the therapeutic effect of MTX-MNMs. Cyclin-D1 was overexpressed
in 50% of breast cancer cases, so it is elicited to be one of the molecular driving forces [57,58].
Accordingly, it was screened to reveal any antagonist role mediated by the formulations.
p-38 MAPK is among the protein kinases that convert the extracellular signals to cellular
responses as proliferation, differentiation and transcription regulation [59]. To investigate
the induced oxidative stress, SOD and MDA concentrations were analyzed. SOD is an
anti-oxidant enzyme that provides protection against reactive oxygen species (ROS). It
exerts its action via the catalysis of the dismutation of the of superoxide anion radicals
to HyO, [60]. The SOD level reflects the free radicals level, as it is among the protective
enzymes that scavenges free radicals. Altered lipid peroxidation is one of the remarkable
abnormalities in cancer tissues due to altered anti-oxidant activity. MDA is one of the
end products of lipid peroxidation and is found in plentiful amounts in breast cancer [61].
AKT overexpression protects the cells from apoptosis, and thus, its level indicated induced
apoptosis after treatment with the formulations [62]. The apoptosis was investigated
through AKT and tunnel assay, which both confirmed the induced cell death through
apoptosis by PIP-NMs/MTX-MNMs, and these results are in concordance with the in vitro
apoptosis/necrosis assay. From the results of the tumor markers analysis, cyclin-D1, MDA
and AKT results of MTX-MNMs were nearly the same as those of PIP-pNMs/MTX-MNMs.
On the other hand, there was a significant change in the results of p-38 MAPK, SOD and
the apoptosis. On the cellular level, the PIP-NMs/MTX-MNMs formula enhanced the
regression of tumor via downregulation of TGF-f3 and Bcl-2, as confirmed by histological
and immunohistochemical analysis. Although the in vivo assessment highlighted the
efficient treatment of breast cancer by MTX-MNMs, the hypothesized enhancement by
PIP-NMs addition was not significantly clear in all the results. These results are attributed
to several probabilities as the ratio between the pluronic-loaded drugs, the cancer type and
the adopted in vivo model.

5. Conclusions

This study aimed to fortify the MTX efficiency against breast cancer through two
approaches. The first one was through mixing MTX with the bioenhancer PIP, as per a
certain ratio, and the anticancer effect was confirmed upon in vitro testing on MCF-7 cells
as the ICs( value significantly decreased. The second approach was through the nanoen-
capsulation of MTX and PIP individually into pluronic nanomicelles (NMs and MNMs),
followed by mixing the PIP-NMs and MTX-MNMs together as per the ratio of their free
drugs counterparts, and the cytotoxicity was then investigated. The nanomicelles forma-
tion was confirmed by various physical characterization techniques. From the cytotoxicity
results, the pluronic encapsulation significantly enhanced the bioavailability of both MTX
and PIP. Moreover, the mixing of the pluronic-encapsulated drugs significantly fortified
the efficiency of the MTX as compared to either the free drug or the pluronic-encapsulated
drug. The in vivo assessment was performed by adopting the Ehrlich ascites model, which
confirmed the efficiency of MTX-MNMs treatment for 3 weeks, but did not confirm a
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significant enhancement by PIP-NMs addition. The future investigations would be directed
to reveal a deeper molecular and mechanistic pathway investigations towards the optimum
usage of the drug and the bioenhancer to achieve greater treatment efficiency.
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