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Abstract: Treatment of cancer metastasized to bone is still a challenge due to hydrophobicity,
instability, and lack of target specificity of anticancer drugs. Poly (ethylene glycol)-poly
(e-caprolactone) polymer (PEG-PCL) is an effective, biodegradable, and biocompatible hydro-
phobic drug carrier, but lacks bone specificity. Polyaspartic acid with eight peptide sequences,
that is, (Asp),, has a strong affinity to bone surface. The aim of this study was to synthesize
(Asp),-PEG-PCL nanoparticles as a bone-specific carrier of hydrophobic drugs to treat cancer
metastasized to bone. 'H nuclear magnetic resonance, Fourier transform infrared spectros-
copy, and transmission electron microscopy data showed that (Asp),-PEG-PCL nanoparticles
(size 100 nm) were synthesized successfully. (Asp),-PEG-PCL nanoparticles did not promote
erythrocyte aggregation. Fluorescence microscopy showed clear uptake of Nile red-loaded
(Asp),-PEG-PCL nanoparticles by cancer cells. (Asp),-PEG-PCL nanoparticles did not show
cytotoxic effect on MG63 and human umbilical vein endothelial cells at the concentration of
10-800 pg/mL. (Asp),-PEG-PCL nanoparticles bound with hydroxyapatite 2-fold more than
PEG-PCL. Intravenously injected (Asp),-PEG-PCL nanoparticles accumulated 2.7-fold more
on mice tibial bone, in comparison to PEG-PCL. Curcumin is a hydrophobic anticancer drug
with bone anabolic properties. Curcumin was loaded in the (Asp),-PEG-PCL. (Asp),-PEG-
PCL showed 11.07% loading capacity and 95.91% encapsulation efficiency of curcumin. The
curcumin-loaded (Asp)-PEG-PCL nanoparticles gave sustained release of curcumin in high
dose for >8 days. The curcumin-loaded (Asp),-PEG-PCL nanoparticles showed strong anti-
tumorigenic effect on MG63, MCF7, and HeLa cancer cells. In conclusion, (Asp),-PEG-PCL
nanoparticles were biocompatible, permeable in cells, a potent carrier, and an efficient releaser
of hydrophobic anticancer drug and were bone specific. The curcumin-loaded (Asp),-PEG-PCL
nanoparticles showed strong antitumorigenic ability in vitro. Therefore, (Asp),-PEG-PCL
nanoparticles could be a potent carrier of hydrophobic anticancer drugs to treat the cancer
metastasized to bone.

Keywords: bone-targeting nanoparticles, polyaspartic acid peptides, PEG-PCL, cancer
metastasized to bone, hydrophobic anticancer drug, curcumin

Introduction

Bone metastasis is a frequent complication in advanced stage of certain cancers such
as breast, prostate, uterine, kidney, and lung cancer.'* About 80% patients with
advanced breast and prostate cancer have incurable bone metastasis.>® Once cancer
cells metastasize in bone, high concentration of growth factors and cytokines in the
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bone microenvironment provide a fertile soil for tumor
propagation.®’” Cancer bone metastasis not only accelerates
tumor propagation but also causes osteolysis and meta-
bolic disturbances leading to hypercalcemia and acid/base
imbalance.® Cancer bone metastases are associated with
significant morbidity including immobility, pain, and the
development of bone-related pathologic fractures, and spinal
cord compression.® Due to the anatomic location, the delivery
of appropriate dose of chemotherapy and radiotherapy tar-
geting the tumor in bone niche is still a challenge. Due to
less vascularization, only 7% of the cardiac output goes to
the bone versus 30% to the liver.” Therefore, intravenously
administered anticancer chemotherapeutics do not achieve
enough of a therapeutic dose at bone metastatic sites to
suppress tumor growth. A majority of the intravenously
administered drug is either excreted and/or metabolized, or
accumulates in other, more highly perfused body compart-
ments or tissues prior to reaching bone niche in sufficient
doses. Bone-targeted therapy, such as the bisphosphonate
and denosumab, is used to prevent the skeletal-related effects
during cancer bone metastasis.!® However, this therapy
cannot inhibit tumor progression and also poses adverse
effects. Hydrophobic nature and poor stability of anticancer
drugs are the main challenges to deliver them to the bone
niche targeting metastasized tumor colony. Therefore, novel
antitumor therapeutic approaches using bone-specific nano-
particles, which can deliver hydrophobic anticancer drugs
with minimum adverse effects, targeting the tumor colony
hiding in bone niche are desperately needed.

Series of block copolymers based on poly (ethylene glycol)-
poly (e-caprolactone) (PEG-PCL) encapsulate hydrophobic
drugs with high stability and bioavailability.'""'* PEG-PCL
polymers are highly biodegradable and biocompatible.!"!3
Therefore, PEG-PCL polymers have been widely used as
hydrophobic drug delivery systems.!!"'* PEG-PCL lacks bone
specificity and cannot deliver drugs targeting the tumor metas-
tasized in the bone niche. Therefore, bone-specific moiety-
linked PEG-PCL nanoparticles might be a suitable carrier of
hydrophobic anticancer drugs targeting bone niche. Various
tetracyclines and bisphosphonates have been frequently used
as bone-targeting moieties in nanotechnology-based therapy,
but limitations related to these drugs remain.!>!¢ Tetracycline
binds mainly with less-crystalline hydroxyapatites (newly
forming bone),'” and long-term use of bisphosphonate
increases the risk of osteonecrosis in the jaw. '8 A short peptide
sequence of repetitive aspartic acid (4—10 amino acids) has
been shown to interact exclusively with bone in vitro and

in vivo."** (Asp), is biodegradable, biocompatible, and has
shown strong affinity to more crystalline hydroxyapatite
and bone surface.'”?"** Therefore, (Asp),-linked PEG-PCL
nanoparticles can be a potent hydrophobic anticancer drug
carrier targeting the bone niche.

Available chemotherapeutics such as alkylating agents,
antimetabolites, and drugs targeting specific signal transduc-
tion can significantly inhibit the tumor growth, but due to
inappropriate doses that reach the tumor site, they often suffer
from multidrug resistance.?® Delivery of anticancer drugs to
tumor metastasized bone niche in appropriate dose is still a
big challenge due to hydrophobicity, instability, and lack of
target specificity of anticancer drugs. Curcumin (diferuloyl-
methane) is a polyphenol compound derived from the roots
of Curcuma longa, which inhibits the growth and metastasis
of a wide variety of tumor cells including multidrug-resistant
tumor.?*27 Curcumin has shown bone anabolic properties, but
lacks bone specificity.?® Curcumin is hydrophobic, highly
instable in vivo, and has poor bioavailability.” Therefore,
it could be used as a hydrophobic drug model to test the
efficacy of bone-specific amphiphilic nanoparticles. Current
researches are focused on the development of potential drug
delivery systems to increase the aqueous solubility, stability,
as well as the bioavailability of curcumin.**** (Asp),-linked
PEG-PCL copolymers that can self-assemble into nanopar-
ticles in aqueous medium with a drug-loading hydrophobic
core and a hydrophilic shell could be a bone-specific carrier
of hydrophobic anticancer drugs.

In this study, we aimed to design (Asp),-linked PEG-PCL
nanoparticles as a carrier of hydrophobic drugs to treat cancer
bone metastasis, as shown in Figure 1. (Asp), has bone-
specific affinity and PEG-PCL can carry hydrophobic drugs.
(Asp),-PEG-PCL nanoparticles were synthesized and charac-
terized. Biocompatibility, hemolytic effect, cellular uptake,
hydroxyapatite binding affinity, accumulation in bone niche,
curcumin loading and releasing rate, and stability of (Asp),-
PEG-PCL nanoparticles were tested. The curcumin-loaded
(Asp),-PEG-PCL nanoparticles showed strong antitumori-
genic ability in vitro. Therefore, (Asp),-PEG-PCL could be a
novel bone-specific carrier of hydrophobic anticancer drugs
that helps in treating the cancer metastasized to bone.

Materials and methods

Materials

We used maleimide terminated poly (ethylene glycol) or
MAL-PEG-MAL (Mw =5,000 Da; Shanghai Yarebio Co
Ltd, Shanghai, People’s Republic of China), e-caprolactone
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Figure | Amphiphilic (Asp),-PEG-PCL nanoparticles have been designed for curcumin delivery targeting cancer metastasized to bone.
Abbreviations: (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer; Mal-PEG, maleimide terminated polyethylene glycol;

PCL, poly e-caprolactone.

(e-CL, Mw =114 Da; Alfa Aesar, MA, USA), stannous
octoate (Sn(Oct),; Sigma Aldrich, St Louis, MO, USA), 97%
glycidyl methacrylate (GMA; Sigma Aldrich, USA), ethanol,
methanol, petroleum ether (Sinopharm Chemical Reagent
Co., Ltd, Shanghai, People’s Republic of China), aspartic
acid oligopeptides (eight repeating sequences of aspartate
(Asp),; ChinaPeptides Co., Ltd, Shanghai, People’s Republic
of China), xylenol orange disodium salt (XO, Sigma Aldrich,
USA), and 6-hydroxycoumarin (coumarin; Dalian Meilun
Biotech Co., Ltd, Dalian, People’s Republic of China).

Cell culture and animal study

The MG63 osteosarcoma cell line, MCF7 breast cancer
cell line, and human umbilical vein endothelial cells were
purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). BALB/c female mice (6—8 weeks
old) and Sprague Dawley female rats (3 months old) were
purchased from the Shanghai SLAC Laboratory Animal Co.
Ltd (Shanghai, People’s Republic of China). The animal care
and all animal experimental procedures were conducted in

accordance with the ethical standards of Wenzhou Medical
University Animal Care and Use Committee guidelines.
Animal study protocol was approved by the Animal
Experimental Ethical Panel of Wenzhou Medical University
(ID Number: wydw2015-0019).

Synthesis of (Asp),-PEG-PCL

nanoparticles

(Asp),-PEG-PCL copolymer was synthesized in two steps
(Figure 1): 1) MAL-PEG-PCL block copolymer was first
synthesized through ring-opening polymerization of e-CL
and MAL-PEG in the presence of Sn(Oct), at 130°C, as
described previously.'* The product was collected by purifica-
tion through dialysis and lyophilization. 2) (Asp),-PEG-PCL
nanoparticles were synthesized by dissolving (Asp), and
MAL-PEG-PCL in 2:1 molar ratio in phosphate-buffered
saline (PBS) by stirring at room temperature for 24 h. The
obtained product was extracted and dialyzed against distilled
water for 2 days. Finally, the product was lyophilized and
stored in a tower drier before use.
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'H nuclear magnetic resonance (NMR),
Fourier transform infrared (FTIR)
spectroscopy, transmission electron
microscopy (TEM), and particle size
measurement of (Asp),-PEG-PCL

nanoparticles

"H NMR and FTIR spectroscopy were used to confirm the
chemical composition and molecular weight of the (Asp),-
PEG-PCL nanoparticles. '"H NMR spectra (in dimethyl
sulfoxide) were recorded using a 500 MHz Bruker Avance
III spectrometer (Bruker Optik GmbH, Ettlingen, Germany).
FTIR spectra were obtained using a Thermo Fisher Nicolet
6700 FTIR spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Particle size distribution of the (Asp),-PEG-PCL nano-
particles was determined by Malvern Zetasizer Nano-ZS Zen
3600 (Malvern, Worcestershire, UK) particle size analyzer.
The sample was diluted with distilled water and detected at
25°C. All these measurements were run at least three times
with independent particle batches. Morphology of the (Asp),-
PEG-PCL was characterized by a TEM (Tecnai F20; FEI, NJ,
USA). The sample was diluted with distilled water and placed
on a copper grid covered with nitrocellulose. Before observa-
tion, the sample was negatively stained with phosphotungstic
acid (0.5%; w/v) for 5 min and dried at room temperature.

Hemocompatibility assay

Intravenously administered nanoparticles should be hemo-
compatible, that is, nanoparticles should not hemolyze and/or
aggregate the erythrocytes and other blood cells.?* We tested
the hemocompatibility of (Asp),-PEG-PCL on rabbit eryth-
rocytes. Rabbit erythrocyte suspension (2%) was prepared in
saline solution. PEG-PCL or (Asp),-PEG-PCL (0.5 mg/mL)
was added to the erythrocyte suspension and incubated for
30 min at 37°C. Erythrocyte aggregation was observed under
optical microscope at 40x magnification.

Cytotoxicity assay

The nanoparticles for in vivo administration targeting the
cancer cells should be biocompatible, that is, such nanopar-
ticles should not be toxic to the human cells. Cytotoxicity of
(Asp),-PEG-PCL was evaluated by 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay. PEG-PCL
was used as a control, since it is reported as a biocompatible
polymer.3* MG63 osteosarcoma cell line and human umbili-
cal vein endothelial cells were seeded in 96-well plates at
5,000 cells/well. After 24 h, the medium was replaced with
fresh medium containing (Asp),-PEG-PCL or mPEG-PCL

nanoparticles (10-800 pg/mL). Cultures were incubated
with nanoparticles for 24 h, and then 20 uL of MTT solution
(5 mg/mL) was added. Cultures were incubated with MTT
solution for 4 h at 37°C. The MTT solution was carefully
removed, and 150 puL of dimethyl sulfoxide was added to
each well. The absorbance was measured at 490 nm using
an enzyme-linked immunosorbent assay microplate reader
(Bio-Rad Laboratories Inc., Hercules, CA, USA).

Cellular uptake study

MG63 osteosarcoma cell line was used for cellular uptake
study. First, the cells were seeded in a six-well cell culture
plate with a cell density of 1x10° cells/well and incubated at
37°C for 24 h. The cultures were incubated with 100 pg/mL
of Nile red-loaded (Asp),-PEG-PCL nanoparticles dissolved
in PBS solution at 37°C for 4 h. After that, the treated cells
were carefully washed with PBS (three times). Then the cells
were stained with Hoechst, visualized, and imaged using an
inverted fluorescence microscope (Nikon C-HGFI; Nikon
Corporation, Tokyo, Japan).

In vitro hydroxyapatite binding assay
Human bone consists of about 70% (by weight) of hydroxy-
apatite in different modified form.

Binding affinity of the (Asp)-PEG-PCL nanoparticles
to hydroxyapatite was evaluated as described previously.*
Briefly, hydroxyapatite was suspended in ultrapure water at
a concentration of 5 mg/mL. Hydrophobic fluorescent Nile
red added PEG-PCL or (Asp),-PEG-PCL (the weight ratio is
1:10) was added to the crystallized hydroxyapatite suspen-
sions and mixed at room temperature by rotating for 24 h.
The mixture was shaken for 30 min, 1 h, 2 h, 7 h, and 24 h,
respectively. After centrifugation at 10,000 rpm for 5 min,
the fluorescence intensity of the supernatant was measured
with Ulrospec 7000 (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA). The decrease in intensity corresponds
to the initial fluorescence emission intensity expressed by the
amount of Nile red/nanoparticles bound to hydroxyapatite,
as calculated from the formula given below:

HAP adsorption affinity

Supernatant intensity after

(Initial intensity)—( HAP adsoro ]
= P X 100%
Initial intensity

Accumulation of intravenously
administered (Asp),-PEG-PCL

nanoparticles in bone niche
Near-infrared lipophilicity fluorescence dye (Cy7; Sigma
Aldrich, USA)-linked (Asp),-PEG-PCL or PEG-PCL
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nanoparticle was used to analyze in vivo bone-specific affinity.
Eight BALB/c mice were divided into the following four groups:
1) saline, 2) Cy7, 3) Cy7-linked PEG-PCL, and 4) Cy7-linked
(Asp),-PEG-PCL-group. One hundred microliters of saline
solution, free CY7, CY7-linked PEG-PCL, or CY7-linked
(Asp),-PEG-PCL was injected into mice of each group through
the tail vein. The mice were sacrificed after 24 h and the femur
and tibia were collected. The fluorescence signal (430-820 nm)
was detected in bone using in vivo imaging systems (IVIS 200
Imaging System; Caliper Life Sciences, Alameda, CA, USA).

Green fluorochrome coumarin-loaded PEG-PCL or
(Asp),-PEG-PCL was used for histologic analysis of in vivo
bone specificity. Red fluorochrome XO was used to label new
bone deposition at bone formation surfaces.*® Nine Sprague
Dawley rats (3 months old, female) were divided into three
groups: 1) XO and coumarin, 2) XO and coumarin-loaded
PEG-PCL, and 3) XO and coumarin-loaded (Asp),-PEG-PCL
group. XO (30 mg/kg) was injected into rats subcutaneously
3 days prior to the administration of coumarin or coumarin-
loaded nanoparticles. Coumarin or coumarin-loaded nano-
particles (30 mmol/kg in 0.3 mL saline) were administered
to the rats through the tail vein. After 24 h of administration,
the rats were sacrificed, tibias were immersed in 70% ethanol,
and frontal sections of tibia (15 mm thickness) were obtained
using EXAKT E300CP microtome (EXAKT Vertriebs,
Norderstedt, Germany) as described previously.?” Thereafter,
the fluorescence intensity of coumarin was visualized using
a confocal microscope (A1 plus; Nikon Instruments Europe
B.V., Kingston upon Thames, UK). Integrated optical density
of the coumarin labeled on bone section was quantified by
using Image-Pro Plus 6.0 software.

Curcumin loading in the (Asp),-PEG-PCL

nanoparticles

Curcumin was loaded in (Asp),-PEG-PCL by a single-step
self-assembly method.* Briefly, 10 mg of blank copolymer
and 1 mg curcumin powder were first suspended into 1 mL
of acetone, respectively. The acetone solution of curcumin
was added to the (Asp),-PEG-PCL solution drop by drop
and stirred for 20 min at room temperature. The solution was
transferred to a round-bottomed flask to evaporate acetone
with a rotary evaporator. Finally, distilled water was added
to redissolve the drug, and the product was lyophilized.

Curcumin loading capacity and
encapsulation efficiency of (Asp),-PEG-

PCL nanoparticles
The drug encapsulation efficiency of curcumin-loaded (Asp),-
PEG-PCL nanoparticles was measured by high-performance

liquid chromatography (HPLC) as described previously.*
Briefly, 10 mg of lyophilized powder was dissolved in
distilled water solution to obtain the curcumin-loaded
(Asp),-PEG-PCL. The resultant curcumin nanoparticles
were centrifuged at 18,000 rpm for 30 min to obtain the
nanoparticle sheet. The nanoparticle sheet was resus-
pended into distilled water to form a homogeneous micellar
solution and the curcumin concentration was measured by
HPLC. During HPLC, methanol/0.3% acetic water solution
(80:20, v/v) was used as the mobile phase with a flow rate
of 1.0 mL/min, filtered through a 0.22 um Millipore filter,
and degassed prior to use. The analysis was performed on
a reversed-phase C18 column (4.6x150 mm, particle size
5 um, SunFire Analysis column). The retention time of
analysis was 12 min and the sample injection volume was
20 uL. The eluent was detected by Waters photodiode array
(PDA) detector at 420 nm.

Drug loading capacity and drug encapsulation efficiency
were calculated by the following formulae:

Drug encapsulation i icell
g p _ Curcumin micelles 100

efficiency (%) Total curcumin

. . in micell
Drug loading capacity (%) = C}lrcumn.l mice .es x 100
Dried particle weight

In vitro curcumin release profile

Curcumin release behavior of the curcumin-loaded nanopar-
ticles was tested in vitro as described previously.* Briefly,
1 mL of native curcumin or curcumin-loaded nanoparticles
was transferred into a dialysis bag (molecular weight cutoff,
3,500 Da, dialysis area about 1 cm?) followed by immer-
sion into 10 mL PBS (pH 7.4) solution containing 0.5%
Tween 20 (w/v) at 37°C with gentle stirring at 100 rpm/min.
One milliliter of the released medium was collected at
predetermined time points. The concentration of curcumin
released was analyzed by HPLC as described above (in the
“Curcumin loading capacity and encapsulation efficiency of
(Asp),-PEG-PCL nanoparticles” section).

Stability of curcumin-loaded (Asp),-PEG-

PCL nanoparticles

(Asp)-PEG-PCL and curcumin-loaded (Asp),-PEG-PCL
nanoparticles were diluted with 0.9% normal saline (NS)
and 10% fetal bovine serum in NS. To test the hydrody-
namic diameter changes, the size of nanoparticles was
measured every 6 h using Malvern Zetasizer Nano-ZS Zen
3600 (Malvern).
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In vitro antitumorigenic effect of
curcumin-loaded (Asp),-PEG-PCL

nanoparticles

In vitro antitumorigenic effect of native curcumin, (Asp),-
PEG-PCL, or curcumin-loaded (Asp),-PEG-PCL against
various cancer cell lines was tested by MTT assay. MCF7
breast cancer cell line, Mg63 osteosarcoma cell line, or
HeLa cervical cancer cell line was seeded in 96-well plates
with a density of 1x10* cells/well and incubated at 37°C for
24 h. Ten microliters of either native curcumin dissolved in
dimethyl sulfoxide, (Asp),-PEG-PCL, or curcumin-loaded
(Asp),-PEG-PCL nanoparticles was added to the cultures
and incubated again for 24 h. The effect of treatments was
measured by MTT assay as described above (in the “Cyto-
toxic effect” section).

Statistical analysis

The results were reported as the mean * standard deviation.
Statistical analysis was performed by one-way analysis
of variance. Values of P<<0.05 were considered to be
significant.

Results
Synthesis and characterization of

(Asp),-PEG-PCL nanoparticles
(Asp)-PEG-PCL was successfully synthesized by direct
conjugation of the MAL-PEG, PCL, and (Asp),-Cys, as
described in Figure 2A. The chemical composition of the
(Asp),-PEG-PCL copolymer was confirmed by NMR and
FTIR (Figures 2B and 3A). The characteristic 'H NMR peak
for (Asp), appeared at 0.85 ppm (corresponds to ~CH,-CH—;
Figure 2B). Peaks near 3.99 ppm (correspond to ~-CH,CH,0)
and 3.5 ppm (correspond to ~CH,00C-) were attributed to
PEG and PCL, respectively (Figure 2B). We successfully
synthesized PEG-PCL copolymer by ring-opening copoly-
merization of Mal-PEG and e-CL (Figure 2A). As illustrated
in Figure 3A, (Asp),-PEG-PCL exhibits characteristic peaks
of PEG-PCL near 2,700 cm™ and a peak of (ASP), near
1,600 cm™'. As observed in Figure 3B, (Asp),-PEG-PCL
exhibited a narrow size distribution with an average diameter
of 100 nm. (Asp),-PEG-PCL nanoparticles were all spherical
or spherical-like particles and uniform in size and shape, as
shown in TEM image (Figure 3C).

o)
A o Co o o
Q/\/‘LNNO\/\)O/\/OH WNNO\/}@/\/O‘(C/\/\/}OH
5 H " SnOct2 130°C 6 h 5 H 6 m
Mal-PEG A Mal-PEG-PCL
COOH
O CH O NH GooH o
HO(—%—&HZ—NH}é—(':HZ—EZSH g g 8 Wy 2 o o)
A » HOLC—CH-NH)C-CH-C -SWHN ~Jo ™~ WOH
o
(Asp),-Cys (Asp),-PEG-PCL
B b
(Asp),-PEG-PCL
a b c
c
R g
5 4 3 2 1 0 ppm

Figure 2 Synthesis and characterization of the (Asp),-PEG-PCL nanoparticles.

Notes: (A) Schematic illustration of self-assembled (Asp),-PEG-PCL nanoparticles. (B) 'H NMR spectrum of the (Asp),-PEG-PCL nanoparticles.
Abbreviations: (Asp),-Cys, polyaspartic acid peptides linked with cysteine; (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer;
Mal-PEG, maleimide terminated polyethylene glycol; NMR, nuclear magnetic resonance; PCL, poly e-caprolactone.
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Figure 3 Physicochemical characterization of the (Asp),-PEG-PCL nanoparticles.

Notes: (A) FTIR spectra of (Asp),-Cys, Mal-PEG-PCL, and (Asp),-PEG-PCL. (B) The particle size distribution of the (Asp),-PEG-PCL nanoparticles analyzed by nanoparticle
size analyzer. (C) Particle size morphology of the (Asp),-PEG-PCL nanoparticles analyzed by TEM. Red arrow indicates (Asp), specific spectra and purple arrow indicates
PEG-PCL specific spectra.

Abbreviations: (Asp),-Cys, poly-aspartic acid peptides link with cysteine; (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer;
FTIR, Fourier transform infrared; Mal-PEG, maleimide terminated polyethylene glycol; PCL, poly -caprolactone; TEM, transmission electron microscopy.

Hemocom patibility, biocom patibi | ity, and morphology in all groups was similar, showing no hemolytic
cellular u pta ke assay effect of the treatments (Figure 4). (Asp),-PEG-PCL showed
The degree of erythrocyte aggregation indicates the blood 1O effect on HUVEC (noncancer cells) and MG63 cells
compatibility of nanoparticles. The concentration of both ~ (cancer cell line) viability at 10-800 pg/mL concentration
PEG-PCL and (Asp)-PEG-PCL at 0.5 mg/mL did not (Figure 5A and B). The cellular uptake of Nile red-loaded
enhance erythrocyte aggregation (Figure 4A~C). Erythrocyte  (Asp),-PEG-PCL by MG63 tumor cells was examined.

Figure 4 Microscopic images of erythrocyte aggregation (10x).
Notes: (A) Normal saline used as control; (B) the PEG-PCL nanoparticles, 0.5 mg/mL; (C) the (Asp),-PEG-PCL nanoparticles, 0.5 mg/mL.
Abbreviation: (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (g-caprolactone) polymer.
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Figure 5 Cytotoxicity of the (Asp),-PEG-PCL nanoparticles on (A) HUVEC and (B) MG63 cells.
Abbreviations: (Asp)-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer; HUVEC, human umbilical vein endothelial cells.

Blank (nonlabeled) empty nanoparticles exhibited no
fluorescence, similar to that of nontreated cells (figure not
shown), and was determined as the background for further
analysis. (Asp),-PEG-PCL nanoparticles accumulated and
were clearly visualized in the cellular cytoplasm from 1 to
24 h of treatment (Figure 6).

In vitro and in vivo bone surface affinity

of the (Asp),-PEG-PCL nanoparticles
Intravenously administered (Asp),-PEG-PCL showed
higher accumulation in mouse femur and tibia (red color)
in comparison to PEG-PCL (Figure 7A). Intravenously
administered CY7 was almost unable to accumulate in bone
niche (Figure 7A). Similarly, (Asp),-PEG-PCL showed
stronger affinity to hydroxyapatite in vitro at 2, 7, and 24 h,
compared to PEG-PCL (Figure 7B). The binding affinity
of (Asp),-PEG-PCL to hydroxyapatite was increased
with increase in incubation time (Figure 7B). The highest
affinity of the (Asp),-PEG-PCL nanoparticles to hydroxy-
apatite was observed at 24 h of incubation (Figure 7B).
(Asp),-PEG-PCL nanoparticles showed almost 2-fold higher
affinity to hydroxyapatite compared to PEG-PCL at all the
time points tested. This indicates bone-specific affinity of
the (Asp),-PEG-PCL nanoparticles.

In vivo binding affinity of intravenously administered
coumarin-loaded (Asp),-PEG-PCL on the bone surface is
shown in Figure 7C and D. Free coumarin did not bind on
the bone surface, but a faint green layer of coumarin-loaded
PEG-PCL was observed on the bone surface (Figure 7D).
A dark green layer of coumarin-loaded (Asp),-PEG-PCL
was observed on the bone surface (Figure 7D). Bone-
specific affinity of coumarin-loaded (Asp),-PEG-PCL was
2.7 times higher than that of coumarin-loaded PEG-PCL

(Figure 7C and D), which indicates the strong ability of
intravenously administered (Asp),-PEG-PCL to reach the
bone niche and bind on the bone surface.

Stability and curcumin loading and
releasing affinity of the (Asp),-PEG-PCL

nanoparticles
An ideal nanoparticle as a drug carrier should load the drug
in high amount and give sustained release of the loaded drug
in appropriate dose. In this study, (Asp),-PEG-PCL showed
11.07% curcumin loading efficiency (Table 1). The curcumin
encapsulation efficiency of the (Asp),-PEG-PCL nanopar-
ticles was 95.91% (Table 1). The curcumin-loaded (Asp),-
PEG-PCL nanoparticles gave sustained release of curcumin
for >8 days (Figure 8A). The amount of curcumin released
from the curcumin-loaded (Asp),-PEG-PCL nanoparticles
was almost 50% less compared to curcumin released from
dialysis bag containing native curcumin (Figure 8A).
Loading of curcumin did not affect the hydrodynamic
diameter of (Asp),-PEG-PCL nanoparticles in NS and fetal
bovine serum till 48 h (Figure 8B and C). This indicates the
stability of curcumin-loaded (Asp),-PEG-PCL nanoparticles.

In vitro antitumorigenic effect of the
curcumin-loaded (Asp),-PEG-PCL

nanoparticles

Native curcumin has strong anticancer properties, but it
is still a challenge to use curcumin as anticancer therapy
because native curcumin lacks solubility, stability, and
bioavailability. Curcumin loaded in biopolymer nanoparticles
usually has higher stability and water solubility. In this study,
we found that curcumin-loaded (Asp) -PEG-PCL has higher
antitumorigenic effect on different cancer cell lines in vitro,
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Nile red loaded
(Asp),-PEG-PCL

Hoechst

Merged

Figure 6 Fluorescence microscopic images of MG63 cells incubated with Nile red-loaded (Asp),-PEG-PCL nanoparticles at a concentration of 100 pig/mL at 37°C. Cell nuclei
were counterstained using Hoechst blue, and the blue and red fields of fluorescence images were merged at each time point.
Abbreviation: (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer.

in comparison to native curcumin (Figure 9A—C). Although
the dose of curcumin released from (Asp),-PEG-PCL nano-
particles is less than the dose available from native curcumin
(Figure 8), curcumin-loaded (Asp) -PEG-PCL showed higher
antitumorigenic effect in comparison to native curcumin
in vitro (Figure 9A-C).

Discussion

Hydrophobic anticancer drug delivery targeting the cancer
metastasized to bone is a challenge due to poor solubility,
bioavailability, instability, and lack of bone specificity
of the drug. We synthesized and characterized the bone-
specific (Asp);-PEG-PCL copolymer as a hydrophobic
anticancer curcumin carrier to treat the cancer metastasized
to bone. (Asp),-PEG-PCL copolymer was biocompatible,
nonhemolytic, permeable in cells, a potent carrier, and

an efficient releaser of curcumin and was bone specific.
Furthermore, curcumin-loaded (Asp),-PEG-PCL copolymer
showed strong antitumorigenic property in vitro. Therefore,
(Asp),-PEG-PCL copolymer could be a potent hydrophobic
anticancer drug carrier to treat the cancer metastasized
to bone.

Nanoparticles designed for hydrophobic drug delivery
should have hydrophilic surface, hydrophobic core, and
optimal size.*® Such nanoparticles should be large enough
to prevent their rapid leakage into blood capillaries, but
small enough to escape the capture by macrophages in the
reticuloendothelial system.*' Bone-targeting nanoparticles
should be 70-200 nm in size to reach the bone tissues by
passing through the vascular structures and live organs of
interest.* (Asp),-PEG-PCL nanoparticles designed in this
study had the hydrophilic surface of PEG and the hydrophilic

International Journal of Nanomedicine 2017:12

submit your manuscript

3569

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Liu et al Dove

Free Cy7 Cy7-PEG-PCL  Cy7-(Asp),-

'-N:"\ F*%&;‘%

ESHERE o s

w
o

100 - 400

—_—

—«—(Asp),-PEG-PCL .g ]

—~ 801 . X it
9 PEG-PCL £ 3004
% ] 3
8 o
c
© ® 200
2 =
8 B 1 'I
< = 100 4

a ]

o

- 0
28 (Asp),-PEG-PCL PEG-PCL

Coumarin-loaded
(Asp),-PEG-PCL

Coumarin-loaded
PEG-PCL

Free coumarin

Figure 7 In vitro and in vivo bone specificity of the (Asp),-PEG-PCL nanoparticles.

Notes: (A) Fluorescence images showing accumulation of free Cy7, Cy7-PEG-PCL, or Cy7-(Asp),-PEG-PCL in mice femur and tibia. (B) Affinity to hydroxyapatite in vitro.
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Abbreviations: (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (g-caprolactone) polymer; IOD, integrated optical density; NS, normal saline;
PEG-PCL, poly (ethylene glycol)-poly (e-caprolactone) polymer.
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Table | Curcumin loading capacity and encapsulation efficiency of the (Asp),-PEG-PCL

Experiment Total curcumin Total (Asp),- Curcumin loaded in Encapsulation Dried particle Loading
(mg) PEG-PCL (mg) (Asp),-PEG-PCL (mg) efficiency (%) weight (mg) capacity (%)

| 2 20 1.844 92.209 17.511 10.531

2 2 20 1.943 97.129 18.012 10.784

3 2 20 1.967 98.394 16.532 11.903

Mean 2 20 1.918 95911 17.351 11.073

Abbreviation: (Asp),-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (g-caprolactone) polymer.

core of PCL with an average diameter of 100 nm. Therefore,
(Asp)-PEG-PCL can be administered intravenously
targeting the bone niche. Interestingly, (Asp)-PEG-PCL
nanoparticles were easily taken up by the cancer cells in vitro.
Our findings indicate that the size and surface morphology
of (Asp),-PEG-PCL nanoparticles are suitable to reach the
cancer cells in bone niche.

The effect of nanoparticles on erythrocyte aggregation
indicates hemocompatibility of the nanoparticles.* Copo-
lymer containing PEG-PCL has been reported to be hemo-
compatible and biocompatible.** In this study, we found
that (Asp),-PEG-PCL nanoparticles were hemocompatible,
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and biocompatible to osteoblasts and endothelial cells. Both
polyaspartic acid peptides and PEG-PCL copolymer are
reported as biocompatible to osteoblasts.*#° In this study,
linking (Asp), with the PEG-PCL copolymer did not affect
the hemocompatibility and biocompatibility of the PEG-PCL
copolymer. Nanoparticles designed to treat cancer metas-
tasized to bone should have bone-specific affinity. Once
administered intravenously, the bone-specific nanoparticles
should be able to accumulate in the bone compartment.
Polyaspartic acid peptide-linked nanoparticles showed
strong bone-specific affinity both in vitro and in vivo.3>#
In this study, (Asp),-PEG-PCL nanoparticles showed similar
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Figure 8 Curcumin releasing capacity and stability of curcumin loaded (Asp),-PEG-PCL nanoparticles.
Notes: (A) In vitro release profiles of curcumin from curcumin-loaded (Asp),-PEG-PCL and dialysis bag containing native curcumin and in PBS solution (pH =7.4) at 37°C.

Stability of curcumin-loaded (Asp),-PEG-PCL in (B) NS and (C) FBS.

Abbreviations: (Asp)-PEG-PCL, polyaspartic acid peptides-poly (ethylene glycol)-poly (e-caprolactone) polymer; FBS, fetal bovine serum; NS, normal saline; PBS,

phosphate-buffered saline.
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Figure 9 In vitro antitumorigenic effect of blank (Asp),-PEG-PCL nanoparticles, native curcumin, and curcumin-loaded (Asp),-PEG-PCL nanoparticles in different cancer cells:
(A) osteosarcoma cells-MG63, (B) cervical cancer cells-Hela, and (C) breast cancer cells-MCF7.
Abbreviation: (Asp),-PEG-PCL, polyaspartic acid peptides-poly(ethylene glycol)-poly(e-caprolactone) polymer.

binding affinity to hydroxyapatite in vitro, as reported in
previous studies using polyaspartic acid peptide-linked
nanoparticles.”>* Intravenously administered (Asp),-PEG-
PCL and PEG-PCL nanoparticles were able to reach the bone
niche; due to bone surface specificity of the (Asp) -PEG-PCL
nanoparticles, they accumulated in higher amount in com-
parison to the PEG-PCL nanoparticles. Interestingly, in vivo
bone surface binding affinity of (Asp),-PEG-PCL was stron-
ger (2.8-fold) than that of (Asp),-PEG-PLGA nanoparticles
(1.5-fold) reported previously.* Therefore, (Asp),-PEG-PCL
nanoparticles are safe and more effective to administer
intravenously targeting remote bone niche, compared to
bone-targeting nanoparticles designed previously.
PEG-PCL copolymer contains hydrophilic PEG surface
and hydrophobic PCL core.!"™"* Hydrophobic drugs can
be easily incorporated into the core of (Asp)-PEG-PCL
by covalent or noncovalent bonding through hydrophobic
interactions in aqueous media.***” We found that hydrophobic
anticancer curcumin was efficiently loaded and encapsulated

in the (Asp),-PEG-PCL nanoparticles, which is in accordance
with the findings from the literature reports.**** Moreover,
(Asp),-PEG-PCL nanoparticles gave sustained release of
curcumin for >8 days. Although the dose of released cur-
cumin from (Asp),-PEG-PCL nanoparticles was less than that
of native curcumin, the curcumin-loaded (Asp),-PEG-PCL
enhanced cancer cell death compared to native curcumin.
Our finding is strongly supported by the data reported by
Li et al showing that the curcumin loaded in amphiphilic
nanoparticles enhances the antitumorigenic effect of cur-
cumin when compared to native curcumin.* This suggests
that linking (Asp), with PEG-PCL nanoparticles did not
affect the curcumin loading, encapsulating, and releasing
capacity of PEG-PCL nanoparticles. Due to the limitations
related to native curcumin and PEG-PCL copolymer, we
propose the curcumin-loaded (Asp),-PEG-PCL as a potent
therapeutic model to treat cancer metastasized to bone.
However, further in vivo and preclinical studies are needed
to evaluate this hypothesis.
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Curcumin has anticancer, anti-inflammatory, antioxidant,
and wound healing properties.!! Cancer bone metastasis
inhibits osteoblast differentiation and enhances osteoclast
formation and activity, which causes osteolysis.*® Cancer
bone metastasis induces an osteoblast inflammatory response,
and this disturbs bone homeostasis.* Disrupted bone homeo-
stasis accelerates cancer cell propagation during cancer bone
metastasis. Excessive bone loss and bone-related complica-
tions are the main concerns during cancer bone metastasis.
In this study, intravenously administered curcumin-loaded
(Asp),-PEG-PCL was highly accumulated in the bone sur-
face. Curcumin has not only anticancer but also bone anabolic
properties.?® Curcumin enhances bone-forming “osteoblast”
differentiation, and the curcumin analog inhibits bone-
resorbing “osteoclast” formation.* Therefore, curcumin
released from (Asp),-PEG-PCL might kill the cancer cells
metastasized in bone niche, as well as maintain bone homeo-
stasis and inhibit osteolysis. Furthermore, curcumin-loaded
(Asp),-PEG-PCL might also be useful for bone regeneration
and osteoporosis treatment.

Curcumin combined with another hydrophobic anticancer
drug “etoposide” disturbs the crosstalk between cancer cell
and osteoblasts.” Therefore, (Asp) -PEG-PCL nanoparticles
can be used as a carrier of multiple hydrophobic anticancer
drugs having synergistic anticancer effect and bone anabolic
effect, such as curcumin and etoposide. However, further
studies are needed to test this hypothesis. The curcumin-
loaded (Asp),-PEG-PCL nanoparticles might also be a poten-
tial treatment approach for osteosarcoma, since curcumin
shows selective cytotoxicity against MG63 osteosarcoma
cells when compared with normal osteoblasts.’! In this
study, the combination of three components with unique
properties, that is, 1) the bone-specific affinity of the (Asp),,
2) hydrophobic anticancer drug-carrying ability of the PEG-
PCL, and 3) the anticancer and bone anabolic properties of
curcumin, makes the curcumin-loaded (Asp),-PEG-PCL
nanoparticles a potent therapeutic model to treat the cancer
metastasized to bone.

Conclusion

(Asp),-PEG-PCL nanoparticles were biocompatible, eas-
ily permeable in cells, bone specific, and a potent carrier
and efficient releaser of hydrophobic drugs. Intravenously
injected (Asp),-PEG-PCL nanoparticles were able to
accumulate in the bone niche. Linking (Asp), with PEG-
PCL nanoparticles robustly enhanced the in vivo bone
affinity. Hydrophobic anticancer curcumin-loaded (Asp),-
PEG-PCL nanoparticles showed strong antitumorigenic

ability in vitro. Therefore, bone-specific (Asp),-PEG-PCL
nanoparticles hold great potential for clinical application
in delivering hydrophobic anticancer drugs to the bone
niches, targeting the cancer metastasized to bone. Results
of this study provide prerequisites to test in vivo the
antitumorigenic potential of hydrophobic anticancer drug-
loaded (Asp),-PEG-PCL in animal models with cancer
metastasized to bone.
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