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Purpose: Clinical applications of curcumin (Cur) have been greatly restricted due to its low
solubility and poor systemic bioavailability. Three-arm amphiphilic copolymer tricarballylic
acid-poly (g-caprolactone)-methoxypolyethylene glycol (Tri-CL-mPEG) nanoparticles (NPs)
were designed to improve the solubility and bioavailability of Cur. The present study adopted
a microchannel system to precisely control the preparation of self-assembly polymeric NPs
via liquid flow-focusing and gas displacing method.

Methods: The amphiphilic three-arm copolymer Tri-CL-mPEG was synthesized and self-
assembled into nearly spherical NPs, yielding Cur encapsulated into NP cores (Cur-NPs).
The obtained NPs were evaluated for physicochemical properties, morphology, toxicity,
cellular uptake by A549 cells, release in vitro, biodistribution, and pharmacokinetics in vivo.
Results: Rapidly fabricated and isodispersed Cur-NPs prepared by this method had an
average diameter of 116+3 nm and a polydispersity index of 0.197+0.008. The drug loading
capacity and entrapment efficiency of Cur-NPs were 5.584+0.23% and 91.42+0.39%, respec-
tively. In vitro release experiments showed sustained release of Cur, with cumulative release
values of 40.1% and 66.1% at pH 7.4 and pH 5.0, respectively, after 10 days post-incubation.
The results of cellular uptake, biodistribution, and in vivo pharmacokinetics experiments
demonstrated that Cur-NPs exhibited better biocompatibility and bioavailability, while addi-
tionally enabling greater cellular uptake and prolonged circulation with possible spleen, lung,
and kidney targeting effects when compared to the properties of free Cur.

Conclusion: These results indicate that Tri-CL-mPEG NPs are promising in clinical
applications as a controllable delivery system for hydrophobic drugs.

Keywords: A549 cells, amiphiphilic three-arm copolymer, biodegradable nanoparticles,
biodistribution, pharmacokinetics

Introduction

Curcumin (Cur), a natural phenolic compound from the rhizome of turmeric, has
been attracting increasing attention due to its ability to regulate multiple cell
signaling pathways,' as well as for its anti-inflammatory,” anti-microbial,® anti-
oxidant,” wound-healing,”® hypoglycemic,” bone regenerative,® and anti-cancer
properties.”'? It is generally recognized as safe by the US Food and Drug
Administration (FDA).'" Moreover, several clinical trials have shown that the
maximum tolerable dose of Cur could be as high as 8-12 g/day.'> However, poor
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aqueous solubility, low absorption, rapid clearance, as well

as poor bioavailability greatly hinder its clinical

applications.'
To overcome the above limitations, various nanocar-
riers have been exploited for the delivery of Cur, including

14

liposomes,'* nanocrystals,'> nanotubes,'® micelles,'” poly-

mer—drug conjugates,'® lipid-based nanoparticles (NPs),"”

2021 and synthetic polymer NPs.**> Among

magnetic NPs,
these vectors, synthetic polymer NPs are widely investi-
gated, owing to their small size, excellent hydrotropy,
controlled-release ability, outstanding chemical modifying
ability, and remarkable biocompatibility. Synthetic poly-
mers with branched architectures, such as dendrimers,
cyclic brush polymers, and star-shaped polymers, have
been demonstrated to distinctly promote NPs stability.>
Amphiphilic star-shaped copolymers show lower critical
micelle concentrations than linear copolymers with the
same molecular weight and composition. This circum-
stance makes corresponding NPs much more stable,
which prevents premature drug release.>* Poly e-
caprolactone (PCL), a semi-crystalline and biodegradable
polymer, is widely used for drug delivery purposes due to
its biocompatibility and capability to enhance hydrophobic

drug water-solubility and control 2526

drug release.
Combination of PCL with other polymers allows the user
to change physicochemical properties and degradation
kinetics to suit the needs of a specific application.
Polyethylene glycol (PEG) is a hydrophilic, non-ionic
polyether with excellent biocompatibility, which is
approved by the FDA in food, cosmetics, and drug
formulations.?®*” PEG could be added to the drug delivery
system via covalent bonding, blending during preparation,
or surface adsorption, in order to reduce immunogenicity,
stabilize the drug delivery system, and prolong its sys-
temic circulation time.**?’

Synthetic polymer NPs could be fabricated by many
approaches, such as nano-deposition,”® salting-out,*
dialysis,*® high-pressure homogenization,31 supercritical
fluid technology,®> and emulsion-solvent evaporation.*
However, the salting out agent may increase NP size,
emulsion-solvent evaporation is time consuming and pos-
sible coalescence of the NPs may affect particle size and
morphology, whereas dialysis is costly and not suitable for
upscaling.?® High-pressure homogenization and supercriti-
cal fluid technology require complicated operating condi-
tions and cost-added apparatus, making their application
more difficult. In addition, those methods fail to regulate

particle nucleation and aggregation processes,’* leading to

uncontrolled and non-uniform NPs with widely varying
polydispersity index (PDI) values. A new and more con-
trollable fabrication method is necessary to prepare syn-
thetic polymer NPs with a uniform particle size and
distribution. An earlier attempt has been reported,>* in
which
a microchannel system via liquid flow-focusing and gas

synthetic polymer NPs were fabricated in
displacing method (LFGDM), successfully achieving nar-
row particle size distribution.

Therefore, in the present study we aimed to 1) synthesize
an amphiphilic three-arm copolymer tricarballylic acid-poly
(Tri-CL-

mPEQG), with tricarballylic acid-poly (e-caprolactone) (Tri-

(e-caprolactone)-methoxypolyethylene  glycol
CL) as the hydrophobic branch and methoxypolyethylene
glycol (mPEG) as the hydrophilic branch, 2) fabricate Cur-
(Cur-NPs) via LFGDM in
a microchannel system with a cross-junction, encapsulating

loaded polymeric NPs

Cur into the core of the self-assembly NPs, and 3) character-
ize the obtained Cur-NPs in vitro and in vivo.

Materials and methods

Materials
Cur was donated by Hangzhou Guang Lin Biological
Pharmaceutical Co. (Hangzhou, China). mPEG
(MW=1,900), e-caprolactone, tin (II) 2-ethylhexanoate
(Sn(OCt),),  N,N'-dicyclohexylcarbodiimide  (DCC),
4-dimethylaminopyridine (DMAP), Poloxamer 188, and
acetonitrile were purchased from Aladdin Industrial
Corporation (Shanghai, China). Tricarballylic acid was
bought from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan). Kunming mice and Sprague-Dawley (SD) rats
were supplied by Zhejiang Academy of Medical Sciences
(Hangzhou, China). Mouse embryonic fibroblast 1929
cells and human lung adenocarcinoma A549 cells were
provided by the Cell Bank of the Chinese Academy of
Sciences (Beijing, China). Dichloromethane was obtained
from Shanghai Lingfeng Chemical Reagent Co., Ltd
(Shanghai, China).
Hangzhou Shuanglin Chemical

Acetone was purchased from
Co., Ltd
(Hangzhou, China). Hydrochloric acid was obtained from
Co., Ltd (Shantou, China).
bought from Shanghai
Factory Co., Ltd (Shanghai,

China). Dulbecco minimum essential medium (DMEM)

Reagent

Scientific
Mg,S0,
Hongguang Chemical

Xilong

Anhydrous was

and Roswell Park Memorial Institute 1640 medium
(RMPI 1640) were purchased from Thermo Fisher
Scientific Suzhou Co., Ltd (Suzhou, China).
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Synthesis and characterization of Tri-CL-

mPEG

Amphiphilic three-arm Tri-CL-mPEG copolymer was
synthesized from tricarballylic acid, e-caprolactone, and
mPEG (Figure 1).

First, tricarballylic acid (0.7043 g, 4 mmol) and e-
caprolactone (13.697 g, 120 mmol) were heated at 120°C in
a three-neck round-bottom flask until complete fusion.
Sn(Oct), (0.2917 g, 0.72 mmol) was then added, and the
mixture was maintained with slow stirring under nitrogen
atmosphere for 24 hours at 120°C. After cooling to room
temperature, the crude product was dissolved in dichloro-
methane and precipitated in cold diethyl ether (1:10, v/v).
Purified Tri-CL was obtained by filtration and dried under
vacuum at 25°C for 48 hours.

Secondly, mPEG (0.1994 g, 0.105 mmol), Tri-CL
(1.0830 g, 0.1 mmol), DCC (0.1032 g, 0.5 mmol), and
DMAP (0.0122 g, 0.1 mmol) were dissolved in 10 mL
dichloromethane in a three-neck round-bottom flask.*> The
mixture was stirred under nitrogen atmosphere at room
temperature for 24 hours. The crude product was precipitated
in acetone to remove the precipitated dicyclohexylurea and
DCC. After evaporating to dryness, the solid was dissolved
in dichloromethane, and the obtained solution was washed
with diluted hydrochloric acid solution (pH=5), followed by
water, and then dried over anhydrous Mg,SO,. Purified Tri-
CL-mPEG was obtained through evaporation.

The structure of Tri-CL-mPEG was confirmed by Fourier
transform infrared spectroscopy (FT-IR, Nicolet 6,700,
Thermo Fisher Scientific, Waltham, MA, USA), 'H-nuclear

magnetic resonance spectroscopy (‘H NMR, ANANCE-III,
500 MHz,
BC-nuclear magnetic resonance spectroscopy (*C NMR,
Ascend™, 600 MHz, Bruke
Germany). The weight-average molecular weight (Mw)
and PDI values for Tri-CL-mPEG were determined by gel
permeation chromatography (GPC, LC-20AT, Shimadzu,
Tokyo, Japan) using tetrahydrofuran as elution solvent
(flow rate: 1 mL/min, at 40°C) and polystyrene as standard.

Bruker Daltonics, Bremen, Germany), and

Daltonics, Bremen,

Preparation of blank NPs and Cur-NPs

Blank NPs and Cur-NPs were prepared as described in
a previous report.>* The microchannel device used in this
study provides a cross-junction for the focus of organic
solution and aqueous solution and a T-junction for the injec-
tion of gas bubbles (Figure 2). NPs are formed due to local
supersaturation of drug and copolymers induced by the diffu-
sion of the solvent from the water-miscible organic solution
stream into the aqueous phase. The Taylor bubble created by
the continuous injection of nitrogen prevented the deposition
of and blockage by NPs, ensuring the continuous process.>®

Briefly, Tri-CL-mPEG copolymer (16 mg/mL) and Cur
(0.8 mg/mL) were dissolved in acetone as the organic
phase, whereas Poloxamer 188 was dissolved simulta-
neously in distilled water as the aqueous phase (0.1 mg/
mL). Then, 2 mL of the organic phase and 10 mL of the
aqueous phase was pumped into the main channel and the
two branch channels of the cross-junction by precision
syringe pumps, respectively. The velocities of organic
and aqueous phase delivery were 0.5 and 1.25 mL/min,

n(Oct),, 120 7
ct 2 C
R OMSH
24h o
R
Tri-CL
(0]
DCC DMAP (0]
OH (0]

R/\ﬁl(xo/\/\/\yn + (/ \/2;10}4 RT 24h /\(u( W {‘/\0

R

T
R= L(o/\/\/\rr}nOH

0

Figure | Synthesis scheme of Tri-CL-mPEG.

Tri-CL-mPEG

Abbreviations: DCC, N,N'-dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine; RT, room temperature; Sn(Oct),, tin (Il) 2-ethylhexanoate; Tri-CL, tricarballylic
acid-poly (e-caprolactone); Tri-CL-mPEG, tricarballylic acid-poly (e-caprolactone)-methoxypolyethylene glycol.
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Figure 2 The size parameters of the microchannel device and the schematic illustration of NPs formation in the microchannel system.

Abbreviation: NPs, nanoparticles.

respectively. Nitrogen was injected into the branch of the
T junction (Figure 2). To ensure that gas bubbles formed
steadily, the gas valve was adjusted to 0.01 mPa for each
batch. The operation was conducted at ambient tempera-
ture. The effluents were collected by stirring with
a magnetic stirrer and then centrifuged at 6,000 rpm for
20 minutes to obtain homogeneous NPs suspension.
Thereafter, the suspension of NPs was centrifuged at
15,000 rpm for 60 minutes. The precipitate was lyophi-
lized to obtain NPs.

Entrapment efficiency (EE) and drug
loading capacity (DL)

Cur concentration was determined by ultraviolet-visible
spectroscopy (UV-vis) with a TU-1900 spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd, Beijing,
China) at 420 nm. EE and DL of Cur-NPs were calculated
according to the following equations:

Weight of drug in nanoparticles

EE =
(%) Weight of the initial drug

x 100% (1)

Weight of drug in nanoparticles

DL(%) = x 100% (2)

Weight of nanoparticles

Physicochemical characterization of NPs
Morphological analysis

A drop of Cur-NPs solution was placed on a copper grid (50
mesh) and negatively stained with 2 wt% sodium phospho-
tungstate. Excess solution was absorbed with filter paper, and
the samples were dried at room temperature before morpho-
logical analysis was carried out by transmission electron

microscopy (TEM, JEM-1010, Jeol Ltd, Tokyo, Japan)
working at 80 kV.

Determination of particle size and zeta potential
The particle size and zeta potential of blank NPs and Cur-
NPs were investigated using a dynamic light scattering
(DLS) laser particle size analyzer (Malvern Zetasizer
Nano-ZS 90, Malvern Instruments Ltd, UK) equipped
with a He-Ne laser (633 nm) at 25°C. Data were evaluated
based on intensity distribution. Each sample was measured
in deionized water, the test was repeated three times, and
all data were expressed as the meantstandard deviation.

X-ray powder diffraction (XRD)

Samples were characterized by XRD (X’ Pert PRO,
PNAlytical, Holland) with the following parameters: out-
put voltage=40 kV, output current=40 mA, and wave-
length=0.1546 nm.

In vitro stability of NPs

Cur-NPs solution (2 mL) was diluted 4-fold with
0.1 M phosphate buffered saline (PBS, pH 7.4),
DMEM, and fetal bovine serum, respectively, and incu-
bated at 37°C. Then, 1 mL of the sample solution was
collected at 1, 3, 8, and 24 hours, and the particle
diameter, PDI, and zeta potential of Cur-NPs were mea-
sured. Besides, Cur-NPs solution was kept at 4°C for 60
days; 1 mL of the sample solution was collected at 1, 8,
15, 22, 29, and 60 days, and the particle diameter, PDI,
and zeta potential of Cur-NPs were measured. The test
was repeated three times, and all data were expressed as
the meantstandard deviation.
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In vitro drug release

In vitro release of Cur from Cur-NPs was investigated by
the dialysis method. Briefly, 5 mL of free Cur (Cur-
DMSO) or Cur-NPs solutions was placed into dialysis
bags (MW cut-off=14 kDa). The dialysis bags were incu-
bated in 100 mL of pre-warmed PBS (pH=5.0 or 7.4)
solution with gentle shaking (100 rpm) at 37°C. At specific
times, 5 mL of the released medium was collected and
replaced with the same volume of fresh medium. Cur
concentration in the 5 mL sample was determined by UV-
vis at 420 nm. The test was repeated three times, and all
data were expressed as the meantstandard deviation.

Anti-proliferative effect of Cur-NPs

The anti-proliferative effects of Cur-NPs, Cur-DMSO, and
blank NPs were assessed by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.
A549 cells were seeded in DMEM supplemented with 10%
(v/v) fetal bovine serum in 96-well plates at a density of
1x10* cells/well, and incubated for 24 hours in a CO, incu-
bator at 37°C. A549 cells were treated with Cur-NPs, Cur-
DMSO, and blank NPs at different concentrations (Cur con-
centrations of Cur-NPs and Cur-DMSO: 1, 5, 10, and 25 pg/
mL, corresponding material concentrations of blank NPs: 20,
100, 200, 500 pg/mL) for 48 hours at 37°C. After incubating
for 48 hours, a 50-uL volume of MTT solution (5 mg/mL)
was added, and cells were co-cultured for 4 hours at 37°C.
Then, MTT solutions were discarded and 100 pnL. DMSO was
added to each well to dissolve MTT formazan crystals. The
absorbance was immediately measured at 570 nm in
a Microplate Absorbance Reader (Multiskan FC, Thermo
Fisher Waltham, MA, USA). The anti-
proliferative effect of blank NPs against L929 was assessed
in the same way. 1929 cells were cultured in RMPI 1640
medium. Each sample was measured in triplicate. Cell via-

Scientific,

bility (%) was calculated as the following formula:

OD, — ODy,
Cell viabili =—— 3
ell viability (%) 0D, — 0D, 3)
where OD, is the absorption of test sample; OD, is the
absorption of blank control (medium without cells only); and
OD.. is the absorption of negative control (medium with cells

only).

Evaluation of cellular uptake by

fluorescence microscopy
Analysis of Cur-NPs cellular uptake was carried out in A549
cells. Cells were seeded into a 6-well plate at a density of

2x10° cells/well and incubated in a CO, incubator at 37°C
for 24 hours. Subsequently, Cur-DMSO, Cur-NPs, and blank
NPs were incubated with cells for 4 hours at 37°C in the CO,
incubator. The concentration of Cur was 25 pg/mL. Then the
cells were washed with PBS and observed with fluorescence
microscopy at 20x magnification (Eclipse Ti-S, Nikon,
Tokyo, Japan).

Biodistribution experiments

Kunming mice (18-22 g) were fasting (free access to water
only) for 12 hours before the experiments. They were ran-
domly divided into two groups (n=36 each). One group of
mice received Cur-NPs at a dose equivalent to 2 mg/kg Cur
by tail vein injection. The same dose of Cur-DMSO was
injected into another group of mice for comparison. Mice
from each group were sacrificed by cervical dislocation at
0.5, 4, or 8 hours after intravenous administration (n=6 for
each time point). Tissue samples (ie, the heart, liver, spleen,
lung, and kidney) were collected, washed with PBS, blotted
with filter paper, weighed, and homogenized in 200 pL of
PBS. Then 1 mL acetonitrile was added to each sample,
followed by vortexing for 30 seconds and sonication for 5
minutes at 37°C. The above mixtures were centrifuged for
10 minutes at 8,000 rpm and 4°C. The supernatant was
dried under a stream of nitrogen gas at 40°C. The obtained
solid samples were re-dissolved with 50 pL acetonitrile,
vortexed for 1 minute, and centrifuged at 10,000 rpm for 5
minutes. A 20 pL aliquot of the supernatant was collected
and analyzed by HPLC (Ultimate 3,000, Thermo Scientific,
Germering, Germany) at 420 nm. The mobile phase con-
sisted of 0.6% (v/v) acetic acid solution and acetonitrile
(40:60, v/v) at a flow-rate of 1.0 mL/min.

In vivo pharmacokinetics

SD rats (n=6; weighing 200+20 g) were randomly divided
into two groups and fasted (free access to water only) for 12
hours before experiment. Cur-NPs and Cur-DMSO solution
were injected intravenously via the tail vein of the rats at
a dose of 2 mg/kg, respectively. Serial blood samples
(0.5 mL) were collected via eye sockets at 0.0167, 0.0833,
0.25, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours after intravenous
(IV) administration. The blood sample was centrifuged for
15 minutes at 6,000 rpm and 4°C. A 200 pL aliquot of the
supernatant was treated with 1 mL of acetonitrile, vortexed
for 30 seconds, sonicated for 5 minutes at 37°C, and then
centrifuged for 10 minutes at 8,000 rpm and 4°C. The
supernatant was dried under a stream of nitrogen gas at
40°C. The obtained solid samples were re-dissolved with 50
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pL acetonitrile, vortexed for 1 minute, and centrifuged at
10,000 rpm for 5 minutes. A 20 uL aliquot of the super-
natant was collected and analyzed by HPLC, as described in
the section “Biodistribution experiments”. All animal
experiments were approved by the local ethics committee
of the Zhejiang University of Technology (Hangzhou,
China). All animal experiments were conducted in confor-
mity with institutional guideline for the care and use of
laboratory animals in Zhejiang University of Technology
and conformed to the National Institutes of Health Guide
for Care and Use of Laboratory Animals (Publication No.
85-23, revised 1996).

Results
Characterization of Tri-CL-

mPEG structure
As observed in the FT-IR spectra of Tri-CL-mPEG
(Figure 3A), the copolymer exhibited characteristic

—— Tri-CL-mPEG ——Tri-CL —— mPEG
A B
a <
ol [ o[w
—~ IR N E 'S 'S
& WS g | <R
3 [, Nl e
£ &8 SeJs
0 o~ Y -—
c
S [c o
= 3 N 0
& S b
0O S
N ~
4000 3500 3000 2500 2000 1500 1000 50
Wavenumber (cm™) 58
2500
—Tri-CL-mPEG
2000 c D
15001
>
]
1000+
500
0
4 5 6 7 8 9

Elution time (min)

peaks of both Tri-CL and mPEG segments. The signals
at 1,721.6 and 1,185.8 cm ' were assigned to the char-
acteristic C=0O stretching vibration and characteristic
0-C-O asymmetrical stretching vibration of e-CL used
in ring-opening polymerization. The peak at 1,105.1 cm™"
corresponded to the characteristic absorption of
C-0-C stretching bonds of repeated -OCH,CH,- units
in mPEG. Absorption bands at 2,926.2, 2,864.4,
1,468.1, and 730.6 cm™ ' were attributed to the character-
istic C-H asymmetrical stretching vibration, symmetrical
stretching vibration, bending vibration, and rocking
vibration of repeated -CH,- units of Tri-CL and
mPEG,?’ respectively. The signals at 3,434.0 cm ',
2,887.4 cm’', and 1,114.5 cm'
the characteristic absorption of -OH, -CH,-,
C-O-C stretching bonds of mPEG, respectively. The
absence of 3,434.0 cm ! and 2,887.4 cm ! in the FT-IR
spectrum of Tri-CL-mPEG suggested the successful for-

mation of Tri-CL-mPEG (Figure 3A).
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and
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Figure 3 Tri-CL-mPEG characterization: (A) FT-IR spectra of (a) Tri-CL-mPEG, (b) Tri-CL, and (c) mPEG; (B) 'H NMR spectrum; (C) GPC curve; (D) '3C NMR spectrum.
Abbreviations: mPEG, methoxypolyethylene glycol; Tri-CL, tricarballylic acid-poly (e-caprolactone); Tri-CL-mPEG, tricarballylic acid-poly (e-caprolactone)-methoxypolyethylene

glycol.
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As illustrated in the "H NMR spectra of Tri-CL-mPEG
(Figure 3B), the peaks at 1.40 (c), 1.66 (b+d), 2.32 (e) and
4.07 (a) ppm were assigned to the methylene protons of -O-CH,
-CH,-CH,-CH,-CH,-CO-, -O-CH,-CH,-CH,-CH,-CH,-CO-,
-CH,-CO-, and -O-CH,- in Tri-CL repeating units, respectively,
which was concordant with previous evidence.”® The single
peaks at 3.66 (f) and 3.39 (g) ppm were attributed to the
methylene protons of -CH,CH,0O- and protons of -OCHj3 in
mPEG units,” respectively. The structure of Tri-CL-mPEG
was also fully identified by '*C NMR in Figure 3D (C;:
64.12 ppm; C,: 28.32 ppm; Cs: 25.50 ppm; C4: 24.55 ppmy;
Cs: 34.09 ppm; Cg: 173.52 ppm; C5, Cg: 70.40 ppm; Co: 58.89
ppm). As listed in Table 1, the molecular weights of Tri-CL-
mPEG characterized by "H-NMR and GPC were similar to the
theoretical molecular weight and under a narrow distribution
(PDI=1.21). The GPC curve of Tri-CL-mPEG had
a symmetrical single peak, as illustrated in Figure 3C. All the
FT-IR, 'H NMR, and GPC results indicated that Tri-CL-mPEG
copolymer was prepared successfully.

Characterization of NPs
As indicated in Table 2, the hydrodynamic diameters of blank
NPs and Cur-NPs were 10942 nm and 116+3 nm, respectively,
with a narrow size distribution. Zeta potentials of blank NPs
and Cur-NPs were —18.6£0.666 mV and —12.2+0.404 mV,
respectively. TEM imaging of Cur-NPs (Figure 4A) revealed
that NPs were nearly spherical in shape with a diameter around
110 nm, which was consistent with the DLS result (116 nm,
Figure 4B). The EE% and DL% of Cur-NPs were 91.48% and
5.59%, respectively.

The XRD patterns of Cur, blank NPs, and Cur-NPs are
shown in Figure 4C. The peaks at 26 values of 19.40° and
23.71° could be ascribed to mPEG. The intense peak

Table |1 Molecular weights of Tri-CL and Tri-CL-mPEG

Mw?® PDI° Mw*© Mw*
Tri-CL 10,824 1.29 7,367 8,829
Tri-CL-mPEG 14,646 1.21 12,947 12,729

Notes: Mw?, weight average molecular weight measured by GPC; PDI®, polydis-
persity index measured by GPC; Mw¢, molecular weight determined by 'H-NMR;
de, Theoretical molecular weight.

Abbreviations: Mw, molecular weight; PDI, polydispersity index.

Table 2 Characterization of blank NPs and Cur-NPs

26=21.57° in blank NPs was contributed by the crystal-
linity of Tri-CL, which was similar to the previously
reported results.*® In comparison with the XRD curves of
Cur, blank NPs, and Cur-NPs, specific diffraction peaks of
Cur in the Cur-NPs preparation could not be observed,
indicating successful encapsulation of Cur into Cur-NPs.

In vitro stability of NPs

Figures 4D and E indicated that Cur-NPs displayed prominent
stability in 0.01 M PBS (pH=7.4) and DMEM for 24 hours with
particle size ranging between 104—105 nm. However, the pro-
tein adsorption effect was observed in fetal bovine serum
(Figure 4F). The size of Cur-NPs increased in the first 3 hours.
Thereafter, a particle size of 141 nm was maintained. In parti-
cular, 3 hours after incubation, the size of Cur-NPs was constant,
suggesting that Cur-NPs could be generally stable in the body.
Besides, the absolute values of zeta potential of Cur-NPs
increased, accompanied by the dilution with PBS, DMEM,
and fetal bovine serum, and stayed stable afterwards. As
shown in Figure 4G, after storage at 4°C for 60 days, the particle
size, PDI, and zeta potential did not change significantly, sug-
gesting Cur-NPs could remain physicochemically stable at 4°C
for 60 days.

In vitro release of Cur-NPs
Figure 4H shows kinetics data on Cur release from Cur-DMSO
and Cur-NP preparations. A lower release rate of Cur (40.1%)
was observed from Cur-NPs at 240 hours than from Cur-
DMSO (93.24%) at 48 hours. Therefore, Cur release from Cur-
NPs was sustained. To imitate the conditions of blood circula-
tion and intracellular release (eg, from lysosomal environ-
ment), in vitro release of Cur-NPs was carried out at 37°C in
PBS solutions with pH 7.4 and 5.0, respectively.*' As illu-
strated in Figure 4H, both Cur release profiles exhibited an
initial fast release in the first 12 hours, followed by a sustained
release that achieved a plateau. Overall, cumulative release of
Cur at pH 7.4 was slower (40.1%) than at the lower pH
condition (66.1%) after incubation for 240 hours.

Kinetic models, including zero and first order, Higuchi,
Ritger-Peppas, and Weibull models, were applied to simulate
the release mechanism. The equations and obtained regression

Particle size (nm) PDI Zeta potential (mV) EE (%) DL (%)
Blank NPs 109+2 0.232+0.023 —18.610.666 — —
Cur-NPs 1163 0.197+0.008 —12.2+0.404 91.42+0.39 5.58+0.23
Abbreviations: DL, drug loading capacity; EE, entrapment efficiency; PDI, polydispersity index.
International Journal of Nanomedicine 2019:14 submit your manuscript 4689

Dove


http://www.dovepress.com
http://www.dovepress.com

Wu et al Dove
A B Size distribution by intensity
* — Cur-NPs
- g ; C — blank NPs
' g 15 "‘, —— Cur
@ [:
k] S f
z i)
2, .
; 2 /
. ¢
0.1 1 10 100 1000 10000
. Size (d.nm) '\—-—»""“*‘\ﬁ___
Record 1: Cur-NPs 1 1'0 2I0 3'0 4‘0 50
- Position (26
Magnification: 15000 x E1T) ( )
300 10 [0 300 10 0 300 10 0
— D —— Particle size > ~ E — Particle size > E F — Particle size >
E 20 — PDI 08 12 & E 240 — PDI ~tos 12 E £ 240 — PDI 08 |12 E
- —— Zeta potential = e — Zeta potential = o — Zeta potential =
© 180 b, |o6=f2u= @ 180 06—t24 = N 180 06— |24 2
N Ia) c N a) c N [m] c
e ajl. o a o o a 9
O 1201 & 0471360 o ™00 047136 © T 120 0436 B
] : a5 a 5 a
b= i S £ 60 02 48 8 © 60 0.2 48 8
5 601 Ry ; N I . s 3 F ;i 48 2
0 0.0 N o 0 00 Lgo N 0 00 Lseo N
0 5 10 15 20 25 €0 0 5 10 15 20 25 ) 0 5 10 15 20 25 )
Time (h) Time (h) Time (h)
—
o
200 05 [0 s
— —
c G —— Particle size S o 1004 H —=— Cur-NPs pH 7.4
£ 160 —— PDI 04 |4 E © —— Cur-NPs pH5.0
° —+ Zeta potential g ; 80+ —— Cur-DMSO pH 7.4
N 120 03—=|g 3 1)
o — 3., 8l E g o
[0} I \T‘ o [0} Q£
2 4 \i/rﬂ/l 1 to2— {12 B S 401
b= g - Q o
5_0 40 0.1 16 8 = 20
Q ©
0 0.0 20 N S 04
0 10 20 30 40 50 60 IS , , . . . .
T (day) (3 0 50 100 150 200 250
ime (day )
Time (h)

Figure 4 Characterization of NPs: (A) TEM photograph of Cur-NPs, (B) histogram of size distribution of DLS data, (C) XRD curves of curcumin, blank NPs, and Cur-NPs,

(D) in vitro stabilities of Cur-NPs in PBS, (E) in vitro stabilities of Cur-NPs in DMEM,

(F) in vitro stabilities of Cur-NPs in FBS, (G) in vitro stabilities of Cur-NPs in purified

water in 4°C, (H) the release curves of Cur-DMSO and Cur-NPs in PBS (pH 7.4/5.0) at 37°C.
Abbreviations: blank NPs, blank Tri-CL-mPEG nanoparticles, Cur, curcumin; Cur-DMSO, free curcumin; Cur-NPs, Cur-loaded Tri-CL-mPEG nanoparticles; PDI,

polydispersity index.

coefficient R? values are shown in Table 3. According to the
largest R? value (ie, 0.921 and 0.992 in pH 7.4 and pH 5.0 PBS
solutions, respectively), the Weibull model (b=0.332 in pH 7.4
PBS solution and b=0.535 in pH 5.0 PBS solution, b<0.7)
showed the best correlation with drug release from the sustained
release matrix, implying the release was aptly modeled by
Fickian diffusion.*

Interestingly, according to the Ritger-Peppas model,
the release indices were 0.273 and 0.387 in PBS at pH
7.4 and pH 5.0 (R? value=0.899 and 0.983), respec-
tively, indicating that the release of Cur abided by the
“Fickian diffusion”,*® which is consistent with the result
deduced by the Weibull model.

Anti-proliferative effect of Cur-NPs

The anti-proliferative effect of Cur-NPs, Cur-DMSO, and
blank NPs against A549 cells is summarized in Figures 5A
and B. Cell viabilities comprised 12.51% and 50.25% in the

presence of, respectively, Cur-NPs and Cur-DMSO, both at
a concentration of 25 pg/mL. ICs, values of Cur-NPs and Cur-
DMSO against A549 cells were 11.39 pg/mL and 21.94 ng/
mL, respectively. Interestingly, blank NPs had almost no
negative effect on A549 cells. The viability of 1929 cells
was concentration-dependently modulated by blank NPs, but
it did not decrease significantly, even at a dose as high as 25
pg/mL (Figure 5C). These results confirmed satisfactory bio-
compatibility of the copolymers.

Cellular uptake of Cur-NPs

Cellular uptake of Cur-NPs by A549 cells was examined by
fluorescence microscopy. As shown in Figure 6, stronger
fluorescence intensity was observed in the case of Cur-NPs,
whereas there was less fluorescence in the Cur-DMSO group,
indicating that Cur-NPs were easier internalized by A549
cells.
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Table 3 Mathematical models of Cur release from Cur-NPs
Release medium Model Equation R? value
pH 7.4 PBS Zero-order M/M..=100%(0.191+0.001 t) 0.607
First-order MJ/M..=100%(1-exp(—0.00335 t)) 0.079
Higuchi M./M..=100%(0.0235 t*°+0.103) 0817
Ritger-Peppas MJ/M..=100%(0.100t>273) 0.899
Weibull MJ/M..=100%(1-exp (—0.0954 t*332)) 0.921
pH 5.0 PBS Zero-order MJ/M..=100%(0.00241 t+0.204) 0.847
First-order M¢/M.=100%(1-exp(—0.00656t)) 0.820
Higuchi M./M..=100%(0.0435t*°+0.0597) 0.969
Ritger-Peppas M/M..=100%(0.0854t%3#7) 0.983
Weibull MJ/M..=100%(1-exp (—0.0628 t**3%)) 0.992
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Figure 5 (A) Cell viabilities of Cur-NPs and Cur-DMSO against A549; (B) Cell viability of blank NPs against A549; (C) Cell viability of blank NPs against L929.
Abbreviations: blank NPs, blank Tri-CL-mPEG nanoparticles; Cur-DMSO, free curcumin; Cur-NPs, Cur-loaded Tri-CL-mPEG nanoparticles.

Biodistribution of Cur-NPs

Tissue distributions of Cur-NPs and Cur-DMSO after IV
administration are illustrated in Figure 7. As shown in
Figure 7B, in experiments with Cur-NPs, Cur concentra-
tions in the heart, liver, spleen, and lung increased from
0.5 hours to 4 hours and decreased from 4 hours to 8 hours
after IV administration. Maximal Cur concentrations fol-
lowing application of Cur-NPs in the heart, liver, spleen,
and lung (35.07, 80.67, 152.81, and 217.22 pg/g, respec-
tively) were at 4 hours, whereas the maximal Cur concen-
tration in the kidneys (93.38 pg/g) was at 8 hours, which

indicated that most of Cur-NPs accumulated in organs
other than the heart. In experiments with Cur-DMSO
(Figure 7A), the highest Cur concentrations following
application of Cur-DMSO in the heart, spleen, lung, and
kidney (142.14, 71.40, 101.75, and 24.81 pg/g, respec-
tively) were at 4 hours, whereas the maximal Cur concen-
tration in the liver (2.56 nug/g) was at 8 hours. In contrast,
samples from Cur-NPs group had lower levels of Cur
distribution in the heart, but higher levels in the liver,
spleen, lung, and kidney. Cur concentration of Cur-NPs
in the heart at 4 hours was 4.05-times lower than that in
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Figure 6 Cellular uptake in A549 cells of blank NPs, Cur-DMSO, and Cur-NPs
(20%).

Abbreviations: blank NPs, blank Tri-CL-mPEG nanoparticles; Cur-DMSO, free
curcumin; Cur-NPs, Cur-loaded Tri-CL-mPEG nanoparticles.

the Cur-DMSO group, suggesting that uptake of Cur-NPs
into the heart was lower than in the Cur-DMSO group. In
addition, Cur concentrations of Cur-NPs in the liver,
spleen, lung, and kidney at 4 hours were 31.15-, 2.14-,
2.13-, and 2.34-fold higher than those in the Cur-DMSO
group, respectively.

In vivo pharmacokinetics of Cur-NPs
Cur-NPs were formulated to improve Cur bioavailability.
The profiles of Cur concentration in plasma as functions of
time are illustrated in Figure 8. As can be seen, Cur plasma
concentrations in both Cur-NPs and Cur-DMSO groups
rapidly decreased within the first 30 minutes, followed by
a slow decrease afterwards. Plasma concentration of Cur-
NPs at 1 minute (1447.02 ng/mL) was 12.60-fold of that in
the Cur-DMSO group (114.84 ng/mL).

Pharmacokinetic parameters of Cur-NPs and Cur-
DMSO in rats after IV administration were calculated by

300
. A EmO05h
D
S EE4h
2 J8h
S 2001
@)
kS
&
B 100+
£
[0
o
c
8 _

Heart Liver Spleen Lung Kidney

Organ

DAS 2.0 Practical Pharmacokinetics Program (Table 4).
The elimination half-life value of Cur-NPs (t;,,, 4.99+2.45
h) was approximately 2.07-fold higher than that of the
Cur-DMSO group (2.41£1.11 h). The area under curve
(AUC) value in the Cur-NPs group was 4.14-times greater
than that in the Cur-DMSO group (AUC(_n4p, 456.42
+26.39 hxng/mL vs 110.27£11.05 hxng/mL). The maxi-
mal plasma concentration (C.x) of Cur-NPs (1447.02
+71.62 ng/mL) was 12.40-fold higher than in the Cur-
DMSO group (116.74+14.70 ng/mL). The total body clear-
ance (Cl) value of Cur-NPs (4054.74+302.59 mL/h/kg)
was much lower than in the Cur-DMSO group (28480.93
+703.89 mL/h/kg), which is consistent with plasma con-
centration change tendency. Pharmacokinetic analysis
showed that the relative bioavailability (F%)** of Cur-
NPs was 413.91%.

x 100%

F (%) o A UCcur—NPs (4)

~ AUC.r—puso

Discussion

Cur has a remarkable antitumor activity against various
cancers. However, its clinical applications are greatly
restricted by its low aqueous-solubility, poor absorption,
and low bioavailability. Thus, new strategies are needed to
overcome these limitations and to avail the entire benefits
of Cur. In this study, we presented a nanoformulation to
improve the solubility and bioavailability of Cur.

The amphiphilic three-arm copolymer Tri-CL-mPEG was
successfully synthetized and characterized. Tri-CL-mPEG
with a narrow PDI value was beneficial to the stability of the
nanoparticles preparation. Cur-loaded Tri-CL-mPEG NPs
were fabricated by LFGDM in a crossed-shaped microchannel
system. Tri-CL-mPEG polymer self-assembled to form biode-
gradable NPs (Cur-NPs and blank NPs) with a hydrophilic
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Figure 7 Distribution of Cur in mice after IV administration of (A) Cur-DMSO and (B) Cur-NPs.
Abbreviations: Cur, curcumin; Cur-DMSO, free curcumin; Cur-NPs, Cur-loaded Tri-CL-mPEG nanoparticles; IV, intravenous.
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Figure 8 Plasma concentration-time profiles of Cur in SD rats after IV administra-
tion of Cur-DMSO and Cur-NPs.

Abbreviations: Cur; curcumin; Cur-DMSO, free curcumin; Cur-NPs, Cur-loaded
Tri-CL-mPEG nanoparticles; 1V, intravenous.

Table 4 The pharmacokinetic parameters of Cur-NPs and Cur-
DMSO after IV administration in rats

Cur-NPs Cur-DMSO
12 (h) 4.99+2.45 2412111
Crrax (ng/mL) 1,447.02471.62 116.74£14.70
AUCo_24 (h*ng/mL) 456.42+26.39 110.27+11.05
Cl (mL/h/kg) 4,054.74+302.59 28,480.931703.89

Abbreviations: AUC, area under the curve; Cl, total body clearance; Cur-DMSO,
free curcumin; Cur-NPs, Cur-loaded Tri-CL-mPEG nanoparticles..

shell (mPEG segment) and a hydrophobic core (Tri-CL seg-
ment). Besides, XRD analysis revealed that Cur specific dif-
fraction peaks disappeared in Cur-NPs, indicating that Cur
molecules were successfully entrapped into the core of the
NPs rather than just adsorbed onto their surfaces. Moreover,
TEM imaging and DLS results demonstrated that Cur-NPs had
an average size around 110 nm, which could be advantageous
for passive accumulation within tumor cells by the enhanced
permeability and retention effect.* The evaluation of stability
of Cur-NPs in the presence of PBS, DMEM, and FBS sug-
gested that Cur-NPs are stable inside the body.
Characteristics of Cur-NP release in vitro were evaluated
at neutral and slightly acidic PBS solutions to imitate the
conditions of blood and intracellular (eg, lysosomal) envir-
onments, respectively. Whereas the release of Cur from Cur-
DMSO formulation was rapid, Cur release from NPs was
more sustained. Curves of Cur release from Cur-NPs at pH
7.4 and 5.0 demonstrated a fast release phase in the first 12
hours followed by a sustained release phase (Figure 4H).
Compared to the observations at pH 7.4, enhanced Cur
release at pH 5.0 was likely due to the degradation of the Tri-
CL core at lower pH.'” Differences in release properties at
distinct pH values provide a very interesting possibility for

minimizing the exposure to Cur of healthy tissues, where pH
is ~7.4, while increasing the accumulation of Cur in intracel-
lular lysosomes (pH 5.0). This circumstance may lead to
enhanced bioavailability and lower systemic side-effects.

A dose-dependent antiproliferative effect of Cur-NPs
against A549 cells was observed, which was greater than
that of Cur-DMSO at the same concentration (Figure 5A).
However, no obvious antiproliferative effect was observed at
alow concentration of 1 pg/mL. Thus, for efficient treatment,
Cur concentration should be 5 pg/mL or higher. Cur-NPs
cellular uptake was assessed by fluorescence microscopy,
and because stronger fluorescence intensity was observed
for Cur-NPs than for Cur-DMSO, it can be concluded that
Cur-NPs were easier internalized by A549 cells (Figure 6).

Examination of biodistribution parameters of Cur-NPs
and Cur-DMSO (control group) (Figures 7A and B) showed
that Cur accumulation in the heart was lower in the case of
Cur-NPs, whereas Cur concentration was higher in the lung,
spleen, and kidney for this formulation. This suggests that
Cur-NPs may be applied in treating lesions in the latter
heart would be
minimized.*® In the case of the Cur-DMSO formulation,

organs, whereas the harm to the
Cur concentrations in the liver, spleen, and kidney
decreased from 1 hour to 8 hours. Simple passive diffusion
and rapid clearance of Cur are likely explained by the poor
bioavailability of Cur in Cur-DMSO formulation. In the
case of Cur-NPs, which provided sustained release of Cur
in vivo, Cur concentrations in the liver, spleen, and lung
increased from 1 hour to 4 hours after IV administration and
then decreased up to 8 hours.

In vivo pharmacokinetics results indicated that plasma
concentration and bioavailability of Cur from Cur-NPs were
significantly better than those of Cur from Cur-DMSO solution
(Figure 8 and Table 4). The likely reason for this difference was
that Cur in Cur-DMSO underwent rapid clearance once it
entered the blood due to its poor bioavailability and poor
targeting. In contrast, Cur-NPs formulation was stabilized by
hydrophilic PEG shell, which attenuated clearance of Cur-NPs
from blood and prolonged systemic circulation time of Cur-
NPs.?” Thus, our experimental data indicated that Cur-NPs
could act as a drug reservoir from which the drug could be
released in sustained fashion, leading to markedly increased
bioavailability.

Conclusion

In conclusion, we synthesized amphiphilic three-arm copo-
lymer Tri-CL-mPEG, and Cur-NPs were successfully fabri-
cated in a microchannel system with a uniform particle size
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and distribution. Cur-NPs had improved biocompatibility
and enhanced cellular uptake, suggesting that Cur-NPs
could be safe and effective in vivo. Furthermore, Cur-NPs
tended to accumulate at higher levels in the spleen, lung, and
kidney compared to Cur-DMSO. The improved pharmaco-
kinetic parameters of Cur-NPs in rats suggested that Cur
bioavailability was significantly enhanced. Therefore, micro-
channel-fabricated Tri-CL-mPEG NPs could be a promising
candidate as a delivery system for curcumin.
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