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Background: Honokiol (HK) is a common herbal medicine extracted from magnolia plants.

Low aqueous solubility and limited bioavailability of HK have hindered its clinical applica-

tion, especially for cancer treatment. Nano-drug delivery system has the potential to enhance

HK delivery and therefore, enhance its anti-cancer activity.

Purpose: The study’s aim is to design novel PEGylated-PLGA polymeric nanocapsules

(NCs) for HK delivery to breast tumor-bearing mice after systemic administration.

Methods: Formulation of different HK-loaded NCs and their physio-chemical characteriza-

tion were optimized through the use of different formulation variables. The antitumor activity

of the HK-loaded NCs was investigated both in vitro using MCF-7 and EAC breast cancer

cell lines and in vivo using solid Ehrlich carcinoma (SEC) breast cancer model.

Results: The optimum HK-loaded NCs were prepared from 15% PEG-PLGA diblock

copolymer and exhibited the lowest nano size of 125 nm, smooth spherical morphology,

highest drug loading of 94% and highest cellular uptake into breast cancer cells. HK-loaded

PEGylated NCs can effectively inhibit the in vitro cell growth of breast cancer cells by

80.2% and 58.1% compared to 35% and 31% with free HK in the case of MCF-7 and EAC,

respectively. HK-loaded NCs inhibited SEC tumor growth by 2.3 fold significantly higher

than free HK, in vivo.

Conclusion: The designed drug delivery system encapsulating HK exhibited a pronounced

decrease in tumor growth biomarkers meanwhile proved its safety in animals. Therefore,

15% PEGylated HK-loaded NCs may act as a promising new approach for breast cancer

treatment.

Keywords: honokiol, nanocapsule, PEG-PLGA copolymers, formulation variables, anti-

cancer activity, solid Ehrlich carcinoma, breast cancer

Introduction
Breast cancer is the most common type of cancer and the second leading reason for

cancer-related mortality in females. Recently, American Cancer Society annual

estimates for breast cancer showed that approximately 268,600 new cases of

invasive breast cancer, 62,930 of early breast cancer new cases will be diagnosed

in American women and about 41,760 females will die from breast cancer during

this year. Despite major advances in screening programs and treatment protocols,

one from every eight women will develop breast cancer.1 Therefore, more-effective

therapeutic approaches are critically needed to decrease morbidity and to combat

breast cancer.2
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Honokiol is a bioactive polyphenol extracted from

Magnolia species which has been commonly used in China

and Japan as an herbal medicine.3 It is well known for its

wide pharmacological activity as it possesses anti-cancer,

anti–viral, anti–inflammatory, antioxidant, antithrombotic

and neurological effect.3–7 Besides, HK is considered as

a natural peroxisome proliferator-activated receptor gamma

(PPARγ) agonist that can be used clinically to control hyper-
glycemia and its unfavorable side effects, such as weight

gain.8 Although honokiol can be used for the treatment of

all previous diseases, its poor aqueous solubility is the major

hurdle against its therapeutic applicability. Therefore, it is

essential to design a proper drug delivery system to improve

HK solubility and hence its bioavailability and therapeutic

efficacy.

Nanotechnology has achieved major progress in the

design, synthesis, and development, of different forms of

nanosystems to fulfill different drug purposeful applications.

Polymeric nanoparticles as a type of colloidal dispersions

have been studied for the delivery of bioactive drugs either in

pharmaceutical or biotechnological field.9–12 Among the dif-

ferent polymeric nanoparticles used, nanocapsules have

attracted increased attention.13,14 Their advantages over clas-

sical drug delivery systems are numerous, as they can

enhance the aqueous solubility of lipophilic drugs, control

its release and increase the bioavailability of different

drugs.14–16 In addition, nanocapsule-base drug delivery sys-

tems were effectively used in cancer treatment due to its

biodegradability, high drug-loading capacity, high cellular

uptake, preferable intra-tumor bio-distribution and possible

functionalization for cancer targeting.14

Polymeric nanocapsule encapsulating lipophilic drugs

generally consists of polymeric shell and an oily core con-

taining dissolved drug. Therefore, the use of appropriate

biodegradable and biocompatible polymers like poly (lac-

tide-co-glycolide) (PLGA), polylactic acid (PLA) and poly

(ε-caprolactone) (PCL) is commonly adopted in formulation

of NCs.13 PEGylated PLGA and PCL diblock copolymers

have emerged as a fascinating class of drug delivery poly-

mers for biomedical and drug delivery applications.17–19

These polymers are sufficiently stable in vitro and long-

circulating in vivo besides they showed high cancer cell

internalization by Enhanced Penetration Retention (EPR)

effect to achieve passive targeting to tumor site.12,20

Several attempts are described to develop different carrier-

mediated drug delivery strategies for HK based on nanotechnol-

ogy. These nano-drug delivery systems include nanosuspension,21

nanoparticles,22–24 microbubbles,25 liposomes26 and polymeric

micelles.27,28 Recently, very few studies tried quantum dots-

based nanocapsules for co-delivery of honokiol and other anti-

cancer drugs for theranostic applications.29,30

This is the first paper to report the formulation of

PEGylated PLGA NCs encapsulating honokiol. To our

knowledge, no studies so far have investigated the anti-

cancer potential of HK-loaded PEGylated PLGA NCs for

treatment of the Solid Ehrlich Carcinoma breast cancer

model in vivo after systemic administration.

The objective of this study is to design biocompatible

HK-loaded PEGylated PLGA NCs for breast cancer treat-

ment. The first aim was to adjust various formulation

parameters, such as the PEG content in the polymeric

backbone and the type of the oily core, in order to opti-

mize the physio-chemical properties of HK-loaded NCs.

The second aim was to investigate cellular delivery and

in vitro cytotoxicity of HK NCs using two different breast

cancer cell lines of MCF-7 and EAC. The last aim is to

study the anti-tumor activity and safety profile of optimum

HK-loaded NC in vivo using the SEC breast cancer model.

Materials and Methods
Materials and Reagents
PEG-PLGA diblock copolymers (Resomer® RGP d 50155

(15% PEG of MW 5 kDa)) Resomer® RGP d 50105 (10%

of PEG, MW 5 kDa) and Resomer® RGP d 5055 (5% PEG

of MW 5 kDa) were purchased from Boehringer Ingelheim

Ltd. (Ingelheim, Germany). Honokiol, coumarin 6, dialy-

sis tubing (MWCO 2000 Da), SP-Sephadex C-25 resin,

almond oil, castor oil, isopropyl myristate, soybean

lecithin, tween 80, acetone, absolute ethanol (ultra-pure

grades) were purchased from Sigma Chemical Co.

(St. Louis, USA). Dulbecco’s modified Eagle’s medium

(DMEM) media, trypsin/EDTA, phosphate-buffered saline

(PBS), fetal bovine serum (FBS), and penicillin/strepto-

mycin were obtained from Gibco, Invitrogen, UK.

MCF-7 breast cancer cell line was obtained from the Cell

Culture Department, VACSERA (Cairo, Egypt). Cells were

routinely grown in T75 canted-neck tissue culture flasks.

Cells were cultured in low glucose DMEM media supple-

mented with FBS (10% v/v), L-glutamine (2 mmol L−1),

penicillin (100 U mL−1) and streptomycin (100 μg mL−1).

Medium renewal was done every three days at 80% conflu-

ence. Cell cultures were incubated at conditions of 5% CO2

and 37°C. Ehrlich Ascites Carcinoma cell line (EAC) was

obtained from Experimental Oncology Unit of the National

Cancer Institute (NCI) (Cairo University, Cairo, Egypt) was
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maintained by weekly intraperitoneal transplantation of

respective tumor cells (2 × 106 cells per mouse) in stock

animals.

Preparation of HK-Loaded Polymeric

NCs
Screening Solubility of HK in Different Oils

The practical solubility of HK in different oils used for

NCs preparation (almond oil, castor oil, or isopropyl myr-

istate) was determined by the shake-flask saturation

method.14 Excess amount of HK (5 mg) was placed in

glass vials containing 1 mL of the (almond oil, castor oil,

or isopropyl myristate), sealed and shaken at 100 rpm for

two days at 37°C. After centrifugation, an aliquot from the

supernatant was withdrawn and mixed with acetone and

ethanol mixture (1:1 v/v). The solubility of HK in different

oils was determined by using a UV spectrophotometer

(Model UV-1601 PC; Shimadzu, Kyoto, Japan) and mea-

suring the absorbance at 294 nm.24 The amount of soluble

HK was estimated according to relevant standard plots.

Standard plots were obtained after testing the solubility of

five different concentrations of HK (0.1, 0.2, 0.4, 0.6 and

0.8 mg/mL) in each oil type separately. Each HK concen-

tration was treated as previously mentioned and the UV

absorbance was measured. A linear relationship was

plotted between absorbance and HK concentration.

Formulation of HK-Loaded NCs

HK-loaded NCs were prepared by the nanoprecipitation

method as described by31 with some modifications. The

oily phase composed of 50 mg of polymer (5% PEG-

PLGA, 10% PEG-PLGA or 15% PEG-PLGA diblock

copolymers), 5 mg of HK, 25 mg of soybean lecithin

and 500 μL of oil (almond oil, castor oil, or isopropyl

myristate) dissolved in 5 mL of acetone/ethanol (1:1 v/v)

mixture. This oily phase was added dropwise into 10 mL

of aqueous phase containing 0.2% of Tween 80. The final

mixture was kept under magnetic stirring for 60 min to

facilitate organic solvent diffusion and formation of NCs.

Elimination of organic solvents was done using a rotary

evaporator under reduced pressure then lyophilized using

Freeze-dryer (Crydos-50, Telstar, Spain). Coumarin 6

labeled NCs were prepared according to the previous

steps with only one modification by adding coumarin 6

(100 µg) to the oily phase. Fluorescent HK-loaded NCs

were also evaluated with respect to, particle size, polydis-

persity index (PDI) and zeta potential. Process variables,

such as PEG content in the polymeric backbone and type

of the oily core are listed in Table 1, with the identifying

code for each HK-loaded NC formulation.

Physicochemical Characterization of

HK-Loaded NCs
The mean particle size and particle size distribution of

HK-loaded NCs were determined depending on the

Dynamic Light Scattering technique (Zetasizer 5000,

Malvern Instruments, Malvern, UK). HK-loaded NCs sus-

pension was prepared by dispersing lyophilized-powder

into ultrapure water, a liquid sample was further diluted

and the average of three measurements was recorded.

Another aliquot of colloidal suspensions was diluted in

aqueous 0.001 M KCl solutions to adjust the sample con-

ductivity, and Laser Doppler Anemometry (Zetasizer

5000, Malvern Instruments, Malvern, UK) was used to

measure the zeta potential of HK-loaded NCs. NP surface

morphology was studied using Transmission Electron

Microscopy (JOEL JEM 2000 EX200) operating at an

accelerating voltage of 80 kV. Liquid samples were placed

on a formvar-coated grid with evaporated carbon for dry-

ing before scanning.

Determination of HK Encapsulation

Efficiency (%E.E)
The encapsulation efficiency (%E.E) of HK-loaded NCs

was determined by the indirect method. Firstly, the purifi-

cation of NC samples to remove the un-entrapped drug

was done by using a PD10 desalting column (GE

Healthcare) with Tris buffer and purified fractions were

collected. Secondly, the amount of non-encapsulated HK

in the supernatant after purification of NCs suspension was

determined by high-performance liquid chromatography

technique (HPLC) according to the previously reported

Table 1 Process Variables for HK-LoadedNCs and Corresponding

Identifiers

Formulation Identifier Polymer Type Oily Core

F1 5%PEG-PLGA Almond oil

F2 5%PEG-PLGA Castor oil

F3 5%PEG-PLGA Isopropyl myristate

F4 10%PEG-PLGA Almond oil

F5 10%PEG-PLGA Castor oil

F6 10%PEG-PLGA Isopropyl myristate

F7 15%PEG-PLGA Almond oil

F8 15%PEG-PLGA Castor oil

F9 15%PEG-PLGA Isopropyl myristate
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method.24 100 μL of the NCs preparations were diluted by

the mobile phase. The amount of free HK was analyzed

using HPLC equipment (Waters® C18-5 column mm, 5

µm). The composition of the mobile phase was methanol,

acetonitrile, and water (55:20:25, v/v/v) at a flow rate of

1 mL min−1. The injection volume was 40 μL and the

wavelength for UV detection was 294 nm.

In vitro Release Profile
A sample of HK-loaded NC formulation containing

a predetermined amount of HK was placed into a 10 kDa

dialysis bag. The dialysis membrane containing HK-

loaded NCs was agitated at 100 rpm in a receptor media

composed of 50 mL PBS (pH 7.4) containing tween 80

(1% w/v) at 37°C. At predetermined time interval points,

1 mL sample was withdrawn and replaced by an equal

fresh volume of the same media at 37°C to maintain sink

conditions.14 The same amount of HK was dissolved in

DMSO and placed into the same dialysis bag for release

comparison. This control experiment was set up to ensure

the presence of sink conditions and the absence of non-

specific adsorption of HK to the dialysis membrane. HK

concentration was assessed by HPLC method as pre-

viously reported.24

In vitro Stability
HK-loaded NC preparations were sealed in glass vials and

stored in the desiccator at room temperature of 25°C. The

stability of HK-loaded NC lyophilized-powders (F1, F4,

and F7) was tested every time intervals of 0, 2, 4 and 6

months after preparation to determine the sample size,

PDI, zeta-potential and % E.E of NC formulations. Each

sample was tested three times and the average of three

different measurements was presented.

Seeding of MCF-7 and EAC Cancer Cell

Lines
MCF-7 human breast cancer cells were harvested, when

they are 90% confluent, and the cell suspension was cen-

trifuged at 1200 rpm (4°C) for 5 mins for cell precipita-

tion. The cell pellets were resuspended in DMEM

complete growth medium. EAC cells were obtained from

the ascites fluid of BALB/C mice bearing 8–10 days

induced ascites tumor. EAC was suspended in PBS before

treatment. Cell count was performed on a 10 μL cell

sample using a Neuberger hemocytometer.

Cellular Uptake of HK-Loaded NCs
Cellular uptake of coumarin 6-tagged HK-loaded NCs (F1,

F4, and F7) into MCF-7 cell line was evaluated using flow

cytometry and confocal laser scanning microscopy.11,13

Briefly, for flow cytometry analysis, treatment with either

coumarin 6 solutions or coumarin 6 labeled HK NCs was

suspended in Optimem® media and added to MCF-7 cells

for 24 hrs in 6-well plates. Cells were collected by trypsi-

nization then treated with FACS buffer. Cellular uptake of

HK-loaded NCs was quantified by gating cells for positive

coumarin 6 fluorescence and results were analyzed using

BD FACS Calibur flow cytometer (BD Biosciences).

Three independent experiments were used for measure-

ments and cellular uptake values were calculated as

mean ± SD. Cellular localization of Coumarin 6-tagged

HK-loaded NCs was evaluated qualitatively by confocal

laser microscope (Carl-ZEISS Cell Observer, Confocal

Microscope, LSM-710, Germany). Coumarin 6-tagged

HK-loaded NCs fluorescence was observed by using

a 456-nm excitation filter and emission wavelength of

(λEm = 500 nm). Intracellular localization of fluorescent

NCs into MCF-7 cells was detected one day after treat-

ment. Briefly, MCF-7 cells were seeded into a 6-well plate,

containing two fixed coverslips incubated into 2.0 mL of

DMEM growth medium. Coverslips were mounted using

mounting media and counterstained with DAPI. Cellular

localization of labeled NCs was represented by the green

fluorescence, while cell nuclei were demonstrated by blue

fluorescence signals. Untreated MCF-7 cells and cells

treated with free coumarin 6 were included as negative

and positive controls, respectively.

In vitro Cell Viability Assay
MCF-7 breast cancer cell line was seeded in 24-well plates

and incubated with 0.5 mL of complete growth media.

After 24 h, cells were treated with blank NCs, free HK

or HK-loaded NCs (F7) with different concentrations (5,

10, 20 µM). Cytotoxicity was examined by MTT assay as

previously reported by.11,20 After treatment with 24, 48

and 72 h, media was removed and cells were treated by

500 μL of (15% v/v MTT solution). MCF-7 cells were

incubated at 37°C and 5% CO2 for 3 h. Afterward, for-

mazan crystals formed were dissolved in DMSO (500 μL)

and the plate was read at 570 nm in an FLUO star Omega

microplate reader (BMG Labtech) and the results were

expressed as the cell viability after treatment was com-

pared to control cell viability. The viability of EAC cells
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after treatment with different concentrations of free HK

and HK-loaded NCs (F7) (5, 10, 20 µM) was tested by

trypan blue exclusion assay as previously reported by.32,33

Briefly, 2.5 × 105 cell/mL of EAC cells was resuspended

in PBS and incubated for 3 h at 37°C. At the end of the

incubation period, an equal volume of trypan blue dye

solution was added to cell samples, and afterward, the

unstained alive cells and stained dead cells were counted

using a hemocytometer. The percent of cell viability for

each test was calculated.

In vivo Study
Animals

Thirty-two female Swiss albino mice (18–20 g) were fed

water and standard pellet chow (EL-Nasr Chemical

Company, Cairo, Egypt) ad libitum for the whole duration

of the in vivo experiment. The in vivo study was per-

formed in accordance with the guide of the National

Institutes of Health about the use and care of laboratory

animals (NIH Publications No. 8023, revised 1978) and

approved by Tanta University Animal Ethical Committee,

Egypt. Mice were housed and allowed to acclimatize to

laboratory conditions for 7 days prior to the experiment.

The cell viability of EAC cells aspirated from the mice

peritoneal cavity was adjusted to be 98% as calculated

from the trypan blue exclusion assay. A xenograft model

of Solid Ehrlich Carcinoma (SEC) was induced in female

Swiss albino mice by subcutaneous implanting of 2×106

viable EAC cells suspended in 200 μL of saline in the right

thigh of each mouse. The tumor developed as a palpable

solid tumor mass which was achieved within 12 days post-

implantation in all mice.12,20

In vivo Anti-Tumor Activity

The antitumor activity of HK-loaded NC was evaluated

in vivo using mice, bearing a solid tumor of mammary

origin. Mice rendered tumor-bearing were divided ran-

domly into 4 groups, each containing 8 animals. Animals

served as the control group received saline as an intraper-

itoneal injection. A volume of 0.2 mL of HK-NCs suspen-

sion was injected into the lower right quadrant of mice

abdomen using 25g needle gauge after disinfection of the

abdominal area with alcohol. The first treated group was

given blank NCs and the second treated group was given

an intraperitoneal administration of frees HK at a dose of

15 mg kg−1. The last treated group was injected by HK-

loaded NP (F7) at the same dose. All treatments were

injected every three days with a total of 5 injections during

the whole experiment. The treatment protocol for all

groups was started on day 13 and extended to the 30th-

day post-implantation. Tumor volumes were recorded

from the start point of the treatment and thereafter every

2 days till the last measurement taken at the 17th day of

treatment and just prior to the sacrifice of surviving ani-

mals. A digital Vernier caliper was used to record dimen-

sions (mm) and the following formula was applied to

calculate the volume of the developed tumor mass;34

Tumor volume mm3
� � ¼ 0:52:length:width2

Drug efficacy was calculated by the percentage of tumor

growth inhibition as previously reported by.35 After finish-

ing the experiment, all animals were sacrificed after being

anesthetized with ether and blood was withdrawn into

a complete dry sterile centrifugation tubes, left to clot at

room temperature for 30 min, centrifuged (1000 g) for 20

min at 4°C. Serum was separated, collected and stored at

−20°C for further biochemical analysis. Implanted tumors

were excised to be weighed. The changes in tumor weights

for each animal group were recorded.

ELISA Assay for Tumor Growth Biomarkers

At the endpoint of the experiment, excised tumor tissue was

homogenized in a Potter–Elvenhjem tissue homogenizer using

ice-cold 50mM PBS with adjusted pH 7.4, containing 1.15%

KCl. Next homogenates were centrifuged (10,000 g) at 4°C

for 20 min. The cell debris pellets were discarded while the

supernatants were collected, divided into aliquots and stored at

−80°C for quantitative estimation of tumor growth biomar-

kers. Biomarkers as vascular endothelial growth factor

(VEGF), Caspase-3 and Bcl-2 were measured using ELISA

kit purchased from (Sunred Biological Technology Co. Ltd,

China) according to manufacturer’s protocols.

Evaluation of in vivo Toxicity of HK-Loaded NCs

After Mice were sacrificed, organs like heart, liver, spleen,

lung, and kidneys were excised and accurately weighed.

The immune organ index was determined according to the

following formula.24

Immune organ index ¼ Weight of immune organs gð Þ
=Bodyweight gð Þ

Serum samples extracted from all animals were analyzed for

evaluating aspartate aminotransferase (AST) and alanine

aminotransferase (ALT) calorimetrically at wavelength of

340nm using (BioSystems, Egypt kits) to assess hepatic

damage. Serum creatinine levels, an indicator for possible
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renal damage, were assayed by spectrophotometry at 490 nm

with an enzymatic–colorimetric method using commercially

available kits supplied by (Biodiagnostic, Egypt). Blood

biochemistry was examined for the control group, free HK

treated and HK-loaded NCs (F7) treated groups and com-

pared with each other.

Statistical Analysis
Results for in vitro experiments were demonstrated as mean

± SD and results from in vivo experiment, were presented as

mean ± SEM. Significant differences were evaluated statis-

tically using one-wayANOVA followed by post-hoc Tukey’s

test. P < 0.05 was considered to be statistically significant for

both in vitro and in vivo experiments.

Results and Discussion
Solvent displacement technique also called nanoprecipita-

tion is the most applicable method for polymeric NCs pre-

paration. It has been successfully used for entrapment of

different lipophilic drugs and other bioactive molecules.16

The advantages of this quick methodology are the produc-

tion of smaller size nanoparticles less than 200 nm with

a homogenous size distribution, high drug-loading capacity

and long-term stability. Another advantage is no need for

high shearing force, sonication, or high temperatures which

is essential in the case of sensitive bioactive molecules.36

Effect of PEG Content of the Polymer

Backbone
The physicochemical properties of three different formula-

tions of HK-loaded NCs (F1, F4, and F7) made from

different diblock copolymers depending on the PEG con-

tent were presented in (Figure 1). HK-loaded 15% PEG-

PLGA NCs (F7) were significantly smaller in size than F1

(p < 0.001, n=3) and F4 (p < 0.05, n=3) prepared from 5%

to 10% PEG-PLGA diblock copolymer, respectively.

Increasing the concentration of PEG in the polymeric

backbone caused a decrease in the nanoparticles’ size

Figure 1 Effects of PEG content of the polymer backbone on NCs size (A), zeta potential (B), encapsulation efficiency (C) and HK in vitro release (D). Values are mean ±

SD for (n = 3). For (A–C), *p < 0.05, **p < 0.01, ***p < 0.001 compared with 5% PEG-PLGA (F1). Δp < 0.05 compared with 10% PEG-PLGA (F4).
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with the largest size for F1 prepared from 5% PEG-PLGA

(Figure 1A). Increasing PEG content led to the formation

of a shorter chain length of diblock copolymers. The

particle size is increased by an increase in the hydrophobic

segment,37 which is a similar finding to that reported in

other studies.10,12 All NC formulations showed a low poly-

dispersity index (PDI) values ranging from 0.21 to 0.32.

PEGylating, irrespective of PEG concentration,

reduces the total negative surface charge of PLGA poly-

mer. PEGylated PLGA NCs (F7) had a lower negative

value of (−6.21 mV) compared to F1 and F4 (p ˃ 0.05,

n=3) (Figure 1B). The Presence of PEG as a non-ionic

hydrophilic moiety decreases the zeta potential of PLGA

polymer through masking a part of the polymer anionic

charge which is responsible for the high negative surface

charge values of PLGA polymer.38

HK loading and encapsulation efficiency were signifi-

cantly increased by increasing the PEG concentrations in

the polymer matrix. 15% PEGylated PLGA NCs (F7)

showed a significant increase in HK encapsulation effi-

ciency compared to F1 (p < 0.01, n=3) and F4 (p < 0.05,

n=3) (Figure 1C). These results are attributed to the high

amphiphilic property of 15% PEG-PLGA copolymer which

facilitate micelle formation in addition to the presence of

high content of PEG chains which increases the surface area

of the NCs and consequently increase the probability for

a greater amount of drug to be loaded and thus increase its

encapsulation efficiency.18 Drug entrapment efficiency

depends on different parameters such as drug solubility,

matrix composition, drug–polymer interactions, and the

presence of functional groups in either the drug or

matrix.11,39 PEG-PLGA is the polymer of choice for HK-

NCs formulations as PEG, showed a pronounced effect on

drug-loading and interactions.18 High PEG content in case

of 15% PEG-PLGA copolymer showed a higher rate of

solidification compared to 5 and 10% PEG-PLGA copoly-

mer due to lower solubility in the organic phase which

finally lead to higher entrapment of HK after organic sol-

vent evaporation to form drug-loaded NCs.10

In vitro release profile of (F1, F4 and F7) showed that

the HK burst release after 24 h was faster and significantly

higher form the F7 which released approximately 55.24%

of HK compared to 43.53% released from the F1 (p < 0.05,

n=3) however non-significant difference was observed in

case of F4 (p ˃ 0.05, n=3) (Figure 1D). Burst release

phenomenon can be attributed to the drug attached to the

surface of the NCs.40 Moreover, PEG chains are hydrophilic

and can be easily dissolved in an aqueous release medium

which derived the water to penetrate into the oily core,

allowing HK to be released. Higher content of PEG accel-

erated the degradation rate because it facilitates higher

water penetration compared with other NCs.41 The in vitro

release profile of HK/DMSO control showed a 100% drug

release achieved within the first 6 h which indicates satisfy-

ing the sink conditions besides the absence of non-specific

drug absorption to the dialysis membrane. Moreover, this

release profile can confirm the sustained drug release from

nanocapsules compared to the control drug.

Effect of Type of Oily Core
PEGylated NCs encapsulating HK were formulated using

one of the following oils (almond oil, castor oil or iso-

propyl myristate). HK showed its lowest solubility in iso-

propyl myristate (0.99 mg mL−1) which was significantly

lower than castor oil (1.81 mg mL−1) (p < 0.05, n=3). The

highest HK solubility was achieved in almond oil (2.56 mg

mL−1), at 37°C (p < 0.01, n=3). HK-loaded 15%

PEGylated NCs based on isopropyl myristate (F9) exhib-

ited significantly bigger size (177.5 ± 15.4 nm) compared

to NC prepared from castor oil (F8) (166.5 ± 11.23) (p <

0.01, n=3) and NC prepared from almond oil (F7) (125.5 ±

11.5) (p < 0.05, n=3). A similar pattern was observed in

the case of 5% PEG-PLGA NCs; however, this behavior

was not the same in the case of 10% PEG-PLGA NCs

(Figure 2A). The PDI value in the case of NCs prepared

from almond oil as an oily core was significantly lower

than other PDI values for isopropyl myristate and castor

oil NCs indicating more homogenous size distribution.

The type of oil has no significant effect on the ζ-
potential of different NCs formulations (p ˃ 0.05, n=3)

(Figure 2B). The encapsulation efficiency of all HK-

loaded NCs ranged from (58.89 ± 5.9 to 94.18% ±

1.8%). Almond oil-based NCs demonstrated significantly

higher encapsulation efficiency values compared to castor

oil and isopropyl myristate-based formulation regardless

of the type of the polymer (p < 0.05, n=3) (Figure 2C).

This is might be attributed to the highest solubility of HK

in almond oil which prevents its loss towards the aqueous

phase leading to higher drug entrapment inside the oily

core. Moreover, almond oil has a lower hydrophilic-

lipophilic balance (HLB 6), than castor oil (HLB 14) and

isopropyl myristate (HLB 11.5); therefore, the nanocap-

sules based on almond oily core will be more suitable for

HK loading due to its high lipophilicity.42 A similar find-

ing was reported in previous studies.13,14
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In vitro release profiles showed that different oily core

significantly affected the initial burst release from different

polymers (Figure 2D). Lower burst release had been observed

from F1, F4, and F7 (prepared from almond oil) compared to

other HK-loaded NCs prepared from castor oil or isopropyl

myristate. F1 with almond oily core showed a significantly

lower burst release of 43.53% compared to 65.34% and

63.23% fromF2 and F3 prepared from castor oil and isopropyl

myristate, respectively (p < 0.01, n=3). Similar results were

observed in the case of HK-loaded NCs prepared from 15%

PEG-PLGA polymer. F7 prepared with almond oil showed

a significantly lower burst release of 55.24% compared to

70.55% and 76.49% from F8 and F9 prepared from castor

oil and isopropyl myristate, respectively (p < 0.05, n=3). This

might be attributed to different polymer solubility in different

oils used. 15% PEG-PLGA copolymer has lower solubility in

almond oil compared to other PEGylated polymers. This

lower solubility led to shorter solidification time and, conse-

quently, leads to the formation of more dense NC structure

slowing drug release.11 These results support the higher per-

centage of HK entrapment in the case of NCs prepared from

15% PEG-PLGA and almond oil due to the same reasons.

Transmission Electron Microscopy
Transmission electron micrograph of F7 was represented

in (Figure 3). HK-loaded NCs showed a smooth spherical

surface with a narrow size distribution. The average size

and size distribution obtained from TEM was comparable

to what obtained from Nanosizer.

In vitro Stability
Lyophilization was used to increase the long-term storage

stability of HK-loaded NCs. In vitro stability results of

three different HK-loaded NCs (F1, F4, and F7) are

Figure 2 Effects of the type of oily core on NCs size (A), zeta potential (B), encapsulation efficiency (C) and HK in vitro release (D). Values are mean ± SD for (n = 3). For

(A–C), *p < 0.05, **p < 0.01, ***p < 0.001 compared with almond oil for each polymer type. Δp < 0.05 compared with castor oil for each polymer type.
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reported in Table 2. A slight non-significant increase in

size, PDI (p ˃ 0.05, n=3) meanwhile a slight decrease in

zeta potential and %E.E (p ˃ 0.05, n=3) after 4 and 6

months was observed. This can be attributed to the role of

PEG coat in stabilizing HK-loaded NCs and improving its

aqueous solubility as previously reported.19,43 In addition,

solidification of HK-loaded NCs by freeze-drying resulted

in the stabilizing of HK-loaded NCs physio-chemical

properties for 6 months after preparation.

Cellular Uptake of HK-Loaded NCs
This study aims to investigate the efficiency of cellular uptake

of HK-loaded PEGylated PLGA NCs into MCF-7 breast

cancer cells. In vitro, cellular uptake results are shown in

(Figures 4 and 5). The quantitative flow cytometry analysis,

which reflected the presence of the coumarin 6 tagged HK-

loaded NCs in MCF-7 cells after 24 hrs of treatment, is shown

in (Figure 4). The percentage of cells with positive staining

following treatment with 15% PEGylated NCs was signifi-

cantly higher (p < 0.01, n=3) than all other NP formulations

made from 5% PEG-PLGA and 10% PEG-PLGA. F7 showed

higher cellular uptake with 71.42% ± 6.94% positive cells,

compared to 34.75% ± 4.91% and 54.81% ± 8% in the case of

F1 and F4, respectively. Flow cytometry results were pre-

sented in (Supplementary Figure 1). These results showed

that F7, with the lowest particle size of (125.5 ± 11.5), lowest

zeta potential of (−6.21 ± 0.97 mV) and highest PEG content

gave rise to the greatest uptake by MCF-7 breast cancer cells.

15% PEGylated PLGA NCs showed significantly higher cel-

lular uptake when compared to 5% and 10% PEG-PLGA

NCs, due to PEGylation pronounced effect on decreasing

nanoparticles size and negative zeta potential. This suggests

that particle size and zeta potential are considered to be the key

determinant factors of cellular uptake.11,44

Confocal scanning microscopy images confirmed that F7

exhibited the largest uptake by MCF-7 cells (Figure 5). HK-

loaded NCs (F7) were primarily localized in the cytoplasm,

while some fluorescence intensity was observed around the

nucleus (Figure 5G–I). This confirms sub-cellular drug deliv-

ery of honokiol-loaded NCs (F7) that will release HK from

the biodegradable nanocapsule into the cancer cells. The

coumarin 6 solution uptake byMCF-7 cells showedminimum

cellular uptake (Figure 5D–F). Confocal laser microscopy

images of F1 and F4 were represented in (Supplementary

Figure 2). Based on these quantitative and qualitative results,

it is clear that 15% PEGylated PLGA NP showed maximum

cellular uptake due to optimum physio-chemical properties.

Therefore, F7 was selected for further in vitro and in vivo

studies due to its superior physicochemical properties and

enhanced cellular uptake into breast cancer cells.

Figure 3 TEM images of HK NCs (F7) after preparation, (A) Mag x1000 and (B) Mag x2000.
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In vitro Cytotoxicity of HK-Loaded NCs
The anti-proliferative action of HK-loaded NCs (F7) on

the MCF-7 cell line was estimated by MTT assay for 24,

48 and 72 hrs after treatment at 5, 10 and 20 µM of free

honokiol and HK-loaded NCs (Figure 6). The dose–effect

curves were plotted to measure the drug concentration that

caused 50% growth inhibition (IC50) using GraphPad

Prism® software. To calculate IC50, a series of different

drug concentrations that resulted in different growth inhi-

bition values were plotted as a linear standard curve (Log

value of drug concentrations vs % growth inhibition). The

linear regression equation of the dose–effect curve was

used to calculate the IC50.
20 The results showed that the

blank NCs had no cytotoxicity on breast cancer cells.

Treatment with honokiol showed a significant reduction

in cell viability compared to control (p < 0.05, n=3). Free

HK showed a dose-dependent cytotoxic action as cell

viability decreased with increasing the dose from 5 to 20

µM. Treatment with HK-loaded NCs (F7) reduced cell

viability in a dose-dependent manner meanwhile it main-

tained its cytotoxic action up to three days after treatment

due to sustained cytotoxic action (Figure 6A). After 24 hrs

of treatment, the mean IC50 value of HK-loaded NCs (F7)

in MCF-7 cells was approximately 20 ± 2.3 µM, which is

significantly lower than calculated IC50 of free honokiol

(52.63 ± 5.4 µM) (p < 0.001, n=3). The mean IC50 value

for HK-loaded NCs (F7) in EAC cells was approximately

10 µM, compared to 27.7 µM of free honokiol which was

achieved within 3 hrs (p < 0.001, n=3) (Figure 6B). Based

on these results, HK-loaded NCs (F7) achieved significant

cytotoxic action compared to free HK due to successful

HK delivery to the subcellular site of action2 meanwhile

preserving its anti-cancer activity after formulation.

In vivo Anti-Tumor Activity
In the present study, we investigated for the first time the

in vivo effects of HK and HK-loaded PEG-PLGA NCs on

Table 2 In vitro Stability Results of HK-Loaded NCs

Formulation Identifier Time (Month) Size (nm) PDI ζ-Potential (mV) % E.E

F1 0 216.52 ± 15.95 0.21 ± 0.05 −9.97 ± 2.81 72.89 ± 6.01

2 225.57 ± 13.71 0.23 ± 0.04 −9.52 ± 2.52 70.11 ± 5.69

4 237.41 ± 20.11 0.22 ± 0.07 − 8.17 ± 3.19 66.89 ± 8.77

6 247.22 ± 17.32 0.25 ± 0.06 −9.18 ± 4.42 65.22 ± 6.01

F4 0 167.51 ± 14.43 0.28 ± 0.04 −8.11 ± 1.04 81.19 ± 3.02

2 181.42 ± 11.99 0.29 ± 0.07 −7.22 ± 2.13 77.59 ± 5.22

4 201.75 ± 16.18 0.28 ± 0.06 −7.99 ± 1.46 75.15 ± 3.66

6 209.31 ± 19.25 0.3 ± 0.05 −7.01 ± 1.69 74.66 ± 5.12

F7 0 125.12 ± 11.51 0.19 ± 0.06 − 6.21 ± 0.97 94.18 ± 1.82

2 128.72 ± 19.61 0.24 ± 0.02 −5.76 ± 1.29 92.88 ± 3.12

4 137.44 ± 16.28 0.23 ± 0.03 −6.19 ± 2.47 90.77 ± 2.24

6 147.39 ± 14.22 0.25 ± 0.07 −5.89 ± 3.68 88.5 ± 6.72

Note: All results are presented as mean ± SD with n=3.

Figure 4 Quantitative cellular uptake of different types of HK NCs (F1, F4, and F7)

determined by flow cytometry after 24 hrs of treatment. Results are represented as

the percentage of positive cells showing cellular uptake of each NC. Values are

mean ± SD for (n = 3). ***p < 0.001 compared with control, coumarin 6 and F1

groups. ΔΔp < 0.001 compared with F4.
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the proliferation of SEC cells in SEC tumor-bearing mice.

Solid Ehrlich Carcinoma (SEC) xenograft model is a well-

established in vivo model in mice. It was commonly used

to study the effect of different chemotherapeutic drugs on

the treatment of breast cancer.45 This model reflects high-

grade malignancy due to its high virulence ability, infil-

trative nature, and quick development.46 Therefore, the

SEC model is used to study the anti-cancer effect of HK

against breast cancer after systemic administration in vivo.

The in vivo anti-tumor activity in mice-bearing SEC

tumors after treatment with HK was measured by the tumor

growth inhibition effect (Figure 7). After 11 days of HK

treatment, the size of tumor mass in animals treated with F7

was significantly lower compared to the free drug-treated

group and the control group (p < 0.05, n=8). Animals treated

with HK solution, at a dose of (15 mg kg−1) showed that HK

was efficient in restraining further tumor growth after 11th day

and a non-significant increase in tumor size was observed (p ˃

0.05, n=8). The average tumor size of animals treatedwith free

HK at the end of the treatment was found to be 906.75 ±

105.32 mm3 (Figure 7A) and the percentage tumor growth

inhibition (% TGI) was approximately 35% (Figure 7B).

A more pronounced effect was noticed in animals treated

with HK-loaded 15% PEG-PLGA NCs. A sharp decrease in

tumor size was observed starting from the 11th day of

treatment and continued at each time point until the end of

the experiment (p < 0.001, n=8). The average size of tumor

mass at the end of the treatment was found to be decreased to

266.89 ± 115.69mm3 and the%TGIwas 80.85% (Figure 7B).

It is evident that the HK-loaded NCs (F7) possessed a greater

anti-tumor activity when compared to free HK due to the

significant reduction in tumor size.

At the end of the treatment, all animals were sacrificed.

A photograph of animals bearing a tumor at the end of the

experimentwas shown in (Figure 8A). The difference in tumor

weights between control and treated animals was exhibited in

(Figure 8B). The average tumor weight in the control group

after treatment was 2.16 ± 0.55 g. Animals treated with free

drug, the average tumor weight was decreased to 1.2 ± 0.29

g with a percentage reduction of 45%. On the other hand, the

mean tumor weight of animals treated with F7 was 0.315 ±

0.14 g. The percentage reduction in tumor weights was 85.5%

which is statistically significant compared to free drug-treated

mice (p < 0.001, n=8). The drug dose used for this study was

(15mg kg−1) which is significantly lower than other published

doses for similar in vivo work.2,24

Tumor Growth Biomarkers
Previous studies have proven that the anti-cancer activity of

HK is directly related to its role in regulating various

Figure 5 Confocal laser scanning microscopy images of MCF-7 control cells (A–C), cells treated with coumarin 6 (D–F) and coumarin 6 tagged HK NC (F7) (G–I) after
24 hrs of treatment.
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signaling pathways. These include the upregulation of

epithelial tumor markers and downregulation of mesenchy-

mal tumor markers leading to apoptosis. Additionally, HK

possesses an anti-metastatic effect through inhibition of

angiogenesis (via the down-regulation of VEGF), invasion

and migration.2 Three different tumor markers were used in

this study. Tumor growth biomarker results were represented

in (Figure 9). VEGF-1 is one of the most important angio-

genic factors, which mediate the formation of new blood and

lymphatic vessels. It was clear from ELISA results that HK-

loaded NCs (F7) exhibited a high antiangiogenic activity as it

showed a significant decrease in VEGF-1 level in tumor

tissue compared to control animals and free HK treated

group (p < 0.001, n=8). Honokiol causes blockade of

VEGF receptor 2 autophosphorylation and hence interfering

with Rac activation which is mandatory for VEGF-induced

endothelial migration and proliferation. This can explain the

potential honokiol anti-angiogenic role in cancer cells.47

Apoptosis is a form of programmed cell death that is pre-

cisely regulated. It is one of the most important types of

Figure 6 Cell viability results of different doses of free HK and HK NCs (F7) after 24, 48 and 72 hrs using MCF-7 cell line (A) and EAC cell line (B). Values are expressed as

mean ± SD for (n = 3). For (A and B) *p < 0.05, **p < 0.01, ***p < 0.001 compared with free HK of the same dose.
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cellular biomolecular signaling pathways that participate in

carcinogenesis.48 Lack of ability to undergo apoptosis is the

major cause of both tumorigenesis and tumor growth.49

There are three well-known pro-apoptotic pathways, includ-

ing the death receptor, mitochondrial, and endoplasmic reti-

culum enzyme pathway. The B-cell lymphoma 2 (Bcl-2)

groups play a major role in the regulation of the mitochon-

drial pathway.50 Caspase 3 is considered one of the key

mediators of apoptosis especially in the case of breast

cancer.51 It was clear from ELISA results that HK-loaded

NCs (F7) exhibited a high antiangiogenic activity as it

showed a significant decrease in VEGF-1 level in tumor

tissue compared to control animals and free HK treated

group (p < 0.001, n=8). Apoptotic biomarker results showed

that there is a significant increase in caspase-3 level in tumor

tissue compared to control and HK treated group (p < 0.001,

n=8). On the other hand, HK-loaded NCs (F7) showed

a significant decrease in pro-apoptotic Bcl-2 level in tumor

Figure 7 Tumor volume recorded for the studied animal groups every 2 days from the 1st day of the treatment to the last record on the 17th day (the end of the

experiment). Values are mean ± SEM for (n = 8). **P<0.01, ***P<0.001 compared with control group. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared with animal treated by free

HK at a dose of (15 mg kg−1) (A). Percentage tumor growth inhibition (% TGI) in animals treated with free HK or HK NCs (F7) at a dose of (15 mg kg−1) ΔΔΔP<0.001

compared with animals treated by free HK (B).
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tissue homogenate (p < 0.001, n=8). These results confirm

that HK-loaded NCs had a powerful antiangiogenic and

apoptotic activity compared to free drug. Honokiol was con-

firmed to promote cellular apoptosis in both human and

mouse malignant cells via activating caspase-3, p53/PI3K/

Akt/mTOR, and ROS/ERK1/2 signaling pathway. Also, hon-

okiol activatesmitochondrial Sirt3 that disturb electron trans-

port chain function, inducing mitochondrial fusion that

enhances apoptosis.52,53

In vivo Safety of HK-Loaded NCs
All animals appeared healthy throughout the whole in vivo

study meanwhile no substantial body weight loss was

observed. There were no signs of decreased activity or abnor-

mal behavior, which indicates no toxicity caused by treatment

with either free drug or drug-loaded NCs. The measured

weight gain and the immune organ index of treated and

untreated mice are shown in Table 3. The body weight of all

mice increasedwith time. Theweight gain of control mice was

about 3.3 ± 0.99 g. Animals treated with free HK and HK-

loaded NCs (F7) showed a non-significant increase in weight

gain (Figure 10). Honokiol was reported to have a non-

significant effect on the normal growth and development of

mice. Treatment of mice with HK as a chemopreventive agent

against cancer showed a non-significant effect on weight

gain.54 Its action as non-adipogenic PPARγ agonist signifi-

cantly suppressed weight gain only in diabetic mice.8

Moreover, animals’ treated groups showed a non-significant

difference in immune organ index compared to control mice

(p ˃ 0.05, n=8). It is clear that the liver and the kidney are the

most important organs for the metabolism and elimination of

drugs in the body, and it is also the most vulnerable organs to

damage by drug-induced effects. Therefore, biochemical

assays were also used to ensure the safety of HK treatment.

The effect of free HK and HK-loaded NCs (F7) on liver and

kidney functions is reordered in Table 4. Extensive tissue

injury resulted in the release of ALT and AST into the blood.

Liver injury is associated with elevated levels of ALT. All

treated animals exhibited no significant effect in ALTandAST

levels in the serum samples compared with the control group

(p ˃ 0.05, n=8). On the other hand, kidney function measured

by serum creatinine level demonstrated a non-significant

increase in animal treated groups compared with control ani-

mals (p ˃ 0.05). Therefore, it can be concluded that HK-loaded

NCs were clearly safe after systemic administration of a dose

of 15mg kg−1 by intraperitoneal injection.

The major challenge of anti-cancer therapeutics is to

reach their predetermined cellular and subcellular target

sites, meanwhile minimizing their action at nonspecific

sites. Herein, surface modification of HK-loaded NCs

Figure 8 Photographs of control animals and animals treated with free HK and HK NCs (F7) at a dose of (15 mg kg−1) (A). Tumor weight of studied groups after the end of

the experiment. Values are mean ± SEM for (n = 8). **P<0.01, ***P<0.001 compared with control group. ΔΔΔP<0.001 compared with animals treated by free HK at a dose of

(15 mg kg−1) (B).
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with polyethylene glycol (PEG) was adopted as

a strategy to prolong circulation time, minimize non-

specific uptake, and facilitate specific passive tumor-

targeting through the well-known enhanced permeability

and retention effect (EPR). The rapid uptake of PLGA

nano-systems by the reticuloendothelial system, mainly

by the aid of liver and spleen macrophages would be

significantly decreased by modifying their surface with

polyethylene glycol (PEG).12,55 The presence of PEG

chains on the surface can protect HK-loaded NCs from

capture by macrophages improves its sub-cellular deliv-

ery and hence maximize its anti-cancer activity.

Conclusion
The novelty of this piece of work depends on two aspects;

the use of biocompatible PEGylated PLGA oil-cored

Figure 9 Tumor growth biomarkers of studied groups after the end of the experiment, VEGF-1 (A), Caspase-3 (B) and Bcl-2 (C). Values are mean ± SEM for (n = 8).

*P<0.05, **P<0.01, ***P<0.001 compared with control group. ΔΔΔP<0.001 compared with animals treated by free HK at a dose of (15 mg kg−1).
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nanocapsules for honokiol loading, and in vivo application

of optimum HK-loaded NCs for breast cancer treatment

using SEC model. In an attempt to optimize the formulation

of HK-loaded NCs, different PEG-PLGA diblock copoly-

mers and different types of oily core were studied. Optimum

HK-loaded NCs were prepared from 15% PEG-PLGAwith

the smallest size, narrow polydispersity index, highest drug

loading and highest cellular uptake by MCF-7 breast cancer

cells compared with other HK-loaded NCs. Optimum HK-

loaded NCs exhibited a significant cytotoxic action against

MCF-7 and EAC breast cancer cells due to their lower IC50

compared to free HK. Moreover, in vivo results supported

the enhanced anti-tumor activity of HK-loaded NCs as

approximately 80% reduction in tumor growth and 85%

inhibition in tumor weight were observed after treatment

with HK-loaded NCs. HK-NCs successfully inhibited angio-

genesis and enhanced apoptosis as assessed by tumor growth

biomarkers. The PEGylated nanocapsule drug delivery sys-

tem was found to be safe in vivo after systemic administra-

tion to mice-bearing tumors as indicated by immune organ

index and biochemical analysis. In conclusion, our results

clearly indicate that HK-loaded PEGylated NCs are

a promising anticancer agent, to treat breast carcinogenesis.
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Table 3 Effect of HK-Loaded NCs on the Immune Organ Index

in Mice

Animal

Group

Organ Index (mg/kg)

Heart Lung Liver Kidneys Spleen

Control 3.54 ±

0.23

4.21 ±

0.28

6.94 ±

0.55

7.29 ±

0.17

2.11 ±

0.25

Blank NCs 3.14 ±

0.66

4.11 ±

0.66

6.77 ±

0.11

7.51 ±

0.29

1.99 ±

0.77

Free HK

(15 mg kg−1)

3.94 ±

0.11

4.01 ±

0.58

6.54 ±

0.93

7.44 ±

0.22

2.22 ±

0.19

HK-loaded

NCs (F7)

(15 mg kg−1)

3.12 ±

0.74

4.01 ±

0.32

7.04 ±

0.25

7.08 ±

0.27

1.89 ±

0.95

Note: Values are represented as mean ± SEM with n=8.

Figure 10 Bodyweight of studied animal groups treated with free HK and HK NCs

(F7) at a dose of (15 mg kg−1) after the end of the experiment, Values are mean ±

SEM for (n = 8).

Table 4 Effect of HK-Loaded NCs on the Serum Level of Blood

Biochemical Parameters

Animal Group ALT

(Units

L−1)

AST

(Units

L−1)

Serum

Creatinine

(mg dL−1)

Control 18.55 ±

4.12

37.58 ±

6.47

0.49 ± 0.26

Blank NCs 16.43 ±

5.36

41.16 ±

7.53

0.57 ± 0.08

Free HK (15 mg kg−1) 21.91 ±

2.77

37.16 ±

10.99

0.56 ± 0.44

HK-loaded NCs (F7)

(15 mg kg−1)

20.95 ±

6.55

42.36 ±

8.68

0.48 ± 0.99

Note: Values are represented as mean ± SEM with n=8.
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