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ABSTRACT

Purpose The thermosensitive micelles based on the poly
(PEG:CPP:SA) terpolymer composed of poly(ethylene glycol)
(PEG), |,3-bis(carboxyphenoxy) propane (CPP) and sebacic
acid (SA) were fabricated for application as a promising drug
carrier.

Methods The terpolymer can self-assemble into micelles in
water by a precipitation technology. The sol-gel transition
behaviors were investigated by the tube-tilting method and
dynamic rheology. The drug release behaviors were investi-
gated in phosphate-buffered solution (PBS) at 25, 37 and 45°C,
respectively, and the tumor cell growth inhibition assays were
also evaluated.

Results The diameters of these micelles increased as the
environmental temperature, and the length of CPP and SA
chains increased. The micelles with a low concentration
underwent sol-to-nanogel transition as temperature increased
from the room temperature to the body temperature, while
the polymer solutions with a high concentration underwent
sol-to-gel transition as the temperature increased from 20 to
70°C. In vitro release profiles consisted of a burst release
followed a sustained release. The cytotoxicity results showed
that the terpolymer micelles were biocompatible, and the
encapsulated doxorubicin. HCI maintained its potent anti-
tumor effect.

Conclusion These micelles may bring the ether-anhydride
family of polymers great potential as a novel carrier in
nanomedicine.

A. Zhao + S. Zhou (P4) - Q. Zhou * T. Chen

Key Laboratory of Advanced Technologies of Materials

Ministry of Education, School of Materials Science and Engineering
Southwest Jiaotong University

Chengdu 610031, People’s Republic of China

e-mail: shaobingzhou@swijtu.cn

KEY WORDS biodegradable - ether-anhydride -
polymeric micelles - self-assemble - thermo-responsive

INTRODUCTION

Polymeric micelles formed by self-assembly of amphiphilic
block copolymers exerted many merits, such as nano-scale
size, core-shell structure, relatively high stability due to low
critical micellisation concentration (CMC), and prolonged
circulation owing to their high water solubility (1-3). Their
unique core-shell architecture consists of hydrophobic
segments as internal core and hydrophilic segments as
surrounding corona in aqueous medium, and poorly water-
soluble drugs can be solubilized within the hydrophobic
core of the micelle. As a result, polymeric micelles can
substantially improve the solubility and bioavailability of
various hydrophobic drugs (4,5). Drugs to be delivered can
be covalently attached prior to micellization or vesicle
formation or entrapped into the micellar core or polymer—
some by the use of various techniques like solution/
precipitation, salting-out process, and solvent evaporation
method (6,7).

In recent years, several amphiphilic block copolymers
have been synthesized with a particular interest (4,8,9). The
amphiphilic diblock copolymers have also been widely
studied mostly using aliphatic polyesters, such as poly
(e-caprolactone) (PCL), poly(D,L-lactide) (PLA), poly(glyco-
lide) (PGA), and their copolymer poly(lactide-co-glycolide)
(PLGA) as hydrophobic segments and polyether, such as
PEG, as hydrophilic segments. The self-assemblies of these
amphiphilic block copolymers have been shown to be of
significant importance in many research fields (10-14), e.g.
as building blocks for the fabrication of novel organic
nanotubes, candidates for drug delivery and nano/micro-
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reactors for carrying on some reactions in aqueous solution
(15). Furthermore, by use of stimuli-sensitive polymers
(temperature, pH, etc.) as a part of the amphiphilic copolymers,
it 1s possible to achieve a controlled release of encapsulated
drugs from micelles in response to environmental changes
(16-20).

There has been marked progress in the search for
thermo-sensitive polymers during the last decade. Several
thermo-responsive polymeric micelles have been extensively
studied, such as poly(N-isopropylacrylamide) (PNIPAAm)
(21,22), poly(ethylene oxide)-poly(propylene oxide)-poly
(ethylene oxide) triblocks (PEO-PPO-PEO) (23-25), poly
(ethylene glycol)-poly(e-caprolactone) (PECL), chitosan
glycerolphosphate, ethyl(hydroxyethyl) cellulose (EHEC)
formulated with ionic surfactants (16,26-28) and poly
(ethylene glycol)-poly(lactic acid)-poly(ethylene glycol)
triblocks (PEG-PLA-PEG) (29). The thermo-sensitivity of
these block copolymers micelles could be modulated by the
alteration of the concentration of the aqueous solution, the
composition of the copolymers, and so forth (30). Impor-
tantly, these block copolymer micelles consisting of PEG
and biodegradable polyesters, such as PLA, PLGA and
PCL, were found to be thermo-responsive and biodegrad-
able, making them potential candidate materials for use in
biomedical applications such as drug delivery, cell therapy
and tissue engineering via m situ gel formation by simple
injection (31).

A new family of high molecular-weight polymers
designed for controlled drug delivery following inhalation
or injection, poly(ether-anhydrides), have been successfully
developed recently (32). These materials were used to
produce drug-loaded microparticulates capable of injection
via small needles or aerosolization as a dry powder.
Amphiphilic triblock copolymers composed of hydrophobic
sebacic acid (SA) end segments and hydrophilic interior
blocks of PEG were synthesized via melt condensation by
Zhang et al. (33), and the stable micelles could be formed
from this polymer in an aqueous phase. PEG introduced
mto the polymer backbone significantly changed particles’
hydrophilicity, surface roughness, surface charge and water
content and could provide a steric barrier to reduce
particles aggregation. Lee ef al. (34) also designed PEG
connected by SA segments of which the aqueous polymer
solution is expected to undergo sol-to-gel transition as the
temperature increases. These amphiphilic polymers consist
of the flexible methylene units of SA and hydrophilic PEG.
The hydrophilic/hydrophobic balance of the PEG—SA is a
key factor in determining thermo-sensitive sol—gel transition
at a desired temperature. The properties of the sol-to-gel
transition can be altered by the PEG content of the
copolymer backbone.

In this paper, we extended our investigation to the design
and synthesis of amphiphilic PEG-based ether-anhydride
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terpolymers via melt polycondensation. The terpolymers
consisted of CPP, SA and PEG. Contrary to the PEG
comprising the hydrophilic block, the CPP and SA chains
were chosen as the hydrophobic blocks in the backbone of the
terpolymers. Polyanhydrides comprised of CPP and SA are
believed to predominantly undergo surface erosion, and the
drug can be released by steady speed from the polymer matrix
in drug delivery system. Hundreds of polyanhydrides have
been synthesized in the recent decades, but only poly(sebacic
anhydride) and its derivations have been applied in controlled
drug delivery system. Secondly, the degradation rate of SA
segments 1s much faster than that of CPP segments, owing to
more hydrophilicity for SA than CPP. Finally, the hydrophilic/
hydrophobic balance of the poly(PEG:CPP:SA) 1s a key factor
in determining thermo-sensitive sol-gel transition at a
desired temperature. In view of these factors, both SA and
CPP were used as hydrophobic blocks in order to adjust the
degradation rate and the hydrophilic/hydrophobic balance
of the
increase the hydrophilicity but also minimize protein

terpolymers. Incorporation of PEG could not only

adsorption (13). These amphiphilic terpolymers can self-
assemble into  polymeric micelles in the solvents that are
selective for only one of the blocks. To the best of our
knowledge, the thermo-sensitive micelles based on these
terpolymers were prepared by the precipitation technology
for the first time. Nanoprecipitation offers the advantages of
simple and gentle formulation under ambient conditions
without the use of chemical additives or harsh formulation
processes (15). The properties of micelles were measured by
atomic force microscopy (AFM), transmission electron mi-
croscopy (TEM) and dynamic light scattering measurements
(DLS). The morphology and average size were also described
by altering the hydrophilic/hydrophobic ratio, concentration
of polymer in solution and temperature. The sol-to-gel
transition in the terpolymer aqueous solution with a high
concentration was further investigated with the temperature
increasing in view of its potential application as i sifu injected
gel. Later, the cytotoxicity of the polymeric micelle was
evaluated based on an osteoblast proliferation study. Finally,
these polymeric micelles-encapsulated doxorubicin hydrochlo-
ride (DOX.HCI) were used to investigate their function of
suppressing the growth of tumor cells with culturing with
HepG2 tumor cells.

MATERIALS AND METHODS
Materials

All compounds and solvents used were obtained from
Chengdu KeLong Chemical Reagent Company (Sichuan,
Chengdu, China). These mainly include succinic anhydride,
sebacic acid (SA), poly(ethylene glycol) (PEG, M, =
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4,000 Da), 1,3-Dibromopropane, p-hydroxybenzoic acid.
SA was recrystallized two times from ethanol. Acetic
anhydride was refluxed over and distilled from magnesium.
All other solvents were used as received without further
purification. 1, 3-Bis-(carboxyphenoxy) propane (CPP) was
synthesized according to the method described by previous
literature (35). The cells were from the neonatal rat
mandibular osteoblasts; HepG2 tumor cells were purchased
from the American Type Culture Collection (ATCC;
Rockville, MD, USA). Doxorubicin hydrochloride (DOX.
HCI) was purchased from Zhejiang Hisun Pharmaceutical

Co., Ltd. (China).

Synthesis and Characterization of the PEG-Based
Ether-anhydride Terpolymers

The PEG-based ether-anhydride terpolymers were success-
fully synthesized via melt-condensation polymerization
without catalyst, as in the previous literature (32). Infrared
spectra were obtained using a Nicolet 5700 spectrometer.
The samples were pressed into KBr pellets for analysis.
'H-NMR  spectra were obtained on a Bruker AM 300
apparatus using CDCI3 as a solvent and TMS as an
internal reference. Chemical shifts were expressed as parts
per million, ppm (8). Gel permeation chromatography
(GPC) measurements were carried out with a Water 2695
separation module equipped with a Styragel HT4DMF
column operated at 40°C and series 2414 refractive index
detector. Waters millennium module software was used to
calculate molecular weight on the basis of a universal
calibration curve generated by narrow molecular weight
distribution polystyrene standards.

"H-NMR(CDCl;):56.97,7.99(d,ArH),4.25(s,CH,),3.66
(s,OCHy,CH,0),2.44(t,CH,),2.33(m,CH,),1.65
(m,CHy),1.32(s,CHy). IR(KBr,cm™'): ~1,812-1,738,
~1,720 (C=0 anhydride),1,124 (CH,OCHy).

Micelle Preparation and Characterization

The blank polymeric micelles were prepared using a
precipitation method. In brief, preweighed terpolymer was
first dissolved in 5 mL THF in a 50 mL flask, and then the
solution of the copolymer was added dropwise into 10 mL
deionized water using a disposable syringe (21 gauge) under
high-speed stirring. Finally, the mixed solution was de-
volved to a beaker and slowly stirred for 4 h at room
temperature to facilitate the removal of the THF. Once the
THF had been removed completely, the solution was
diluted with deionized water to the desired concentration.

The DOX.HCl-loaded polymeric micelles were fabricated
as follows. In brief, poly(PEG:CPP:SA) (20:20:60) terpolymers
(20.0 mg) in THF (4.5 mL) and DOX.HCI (1.0 mg) in double
distilled water (0.5 mL) were mixed under high-speed stirring.

This solution was added dropwise into 10 mL of deionized
water and stirred for 4 h. After the THF was removed by
the evaporation, the transparent dark red solution was
centrifuged and rinsed using deionized water 3 times to
remove the excess DOX.HCI. The concentrated solution
was lyophilized to leave a dark red powder of DOX.
HCl-loaded micelles. Drug-loading efficiency and drug-
loading content were determined from the ratio of the
weight of the DOX in micelles to that of the micelles by the
UV-Vis spectrophotometer.

Transmission electron microscopy observation was per-
formed with a HITACHI H-700H (TEM, Japan) at the
acceleration voltage of 150 kV. TEM sample was prepared
by dipping a copper grid with Formvar film into the freshly
prepared micelles solution. A few minutes after the
deposition, the aqueous solution was blotted away with a
strip of filter paper and stained with phosphotungstic acid
aqueous solution, then dried in air.

The mean size and size distribution were determined by
dynamic light scattering (DLS) using a ZETA-SIZER,
MALVERN Nano-7Z590 (Malvern Instuments Ltd., Malvern,
U.K). Each measurement was also repeated 3 times and an
average value reported.

The properties of the micelles were by Tapping-mode
atomic force microscopy (AFM) measurements (CSPM5000,

Being, China). The AFM sample was prepared by casting a

dilute micelles solution on a slid silicon piece, which was then
dried under vacuum.

A change in the fluorescence excitation spectra of
pyrene in the presence of varied concentrations of block
copolymers was used to measure the CMC. Pyrene was
dissolved in acetone and added to 5 mL volumetric flasks
to provide a concentration of 6x1077 M in the final
solutions. Acetone was then evaporated and replaced with
aqueous polymeric micelle solutions with concentrations
ranging from 0.05 to 500 pg/mL. The excitation spectrum
of pyrene for ecach sample was obtained at room
temperature using a Fluoromax spectrometer (F-7000,
Hitach, Japan). The emission wavelength and excitation
bandwidth were set at 390 and 5 nm, respectively. The
intensity ratio of peaks at 339 nm to those at 333 nm was
plotted against the logarithm of terpolymer concentration
to measure CMC (36).

The polymeric micelle solutions were stored at a low
temperature to equilibrate for 30 min before the ultraviolet
(UV) measurements (UV-2550, Shimadu, Japan). The exper-
imental temperature range was 25-50°C in increments of 2°
C. At least 20 min was allowed for the temperature
equilibration of the sample. The opaque temperature was
determined as the onset point of the abrupt increase in the UV
absorption, and the precipitate temperature was determined
when the precipitate of the solution was formed. The LCST of
the polymer solution was defined as the temperature
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producing a half increase of the total increase in optical
absorbance (25).

Sol-Gel Transition

The sol (flow)—gel (no flow) transition behaviors of the
terpolymers in aqueous solution were investigated by the
tube tilting method, with a temperature increment of 2°C.
Each sample with a given concentration was prepared by
dissolving the polymer in ultrapure water in a 5 mL vial at
room temperature for 2-3 h. The vial was immersed in a
water bath at each temperature for 30 min to equilibrate.
The sol-gel transition temperature was determined by
tilting the vials to 90° for 10 min. If there was no flow in
10 min, it was regarded as a gel state.

The sol-to-gel transition behaviors of the polymer
aqueous solution were further investigated by Bohlin
Gemini 200 (Malvern Instuments Ltd., Malvern, U.K.).
The polymer aqueous solution was placed between parallel
plates with 25 mm diameter and 0.5 mm of a gap. The data
were collected under a controlled stress (4.0 dyn/cm?) and
a frequency of 1.0 rad/s. The heating rate was 1°C/min.

In Vitro Drug Release Test

Pre-weighed DOX.HCl-loaded micelles were suspended in
test tubes containing phosphate-buffered solution (PBS) at
pH 7.4 at 25°C, 37°C and 45°C, respectively. The test
tubes were kept in a thermo-stated incubator (Haerbin
Dongming Medical Equipment Company) which was
maintained at 107 cycles per minute. At predetermined
intervals, 1.0 mL of supernatant was collected, and 1.0 mL
of fresh PBS was added to the test tube. Concentration of
drug released was determined by using an UV-visible
spectrumphotometer at absorbance of 232 nm.

In Vitro Cytotoxicity Study

The cytotoxicity of the micelles was evaluated using an MTT
assay (37). Osteoblasts from SD rat were cultured in
Dulbecco’s modified eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37°C in a
5% COgy incubator. They were seeded in 24-well plates in
2.0 mL medium per well at a density of 10,000 cells/well for
6 h. The medium was then replaced with 2.0 mL of
medium-containing micelles at the concentrations of
0.25 mg/mL, 0.5 mg/mL, 1.0 mg/mL and 2.0 mg/mlL,
respectively, and incubated for 24 h under 5% COq at 37°C.
After 24 h, the culture medium was removed from cell
monolayers cultured in 96-well plates. Each well was
reconstituted with 0.2 mL supplemented RPMI-1640
containing 1.0 mg/mL MTT and incubated the cultures for
2—4 h at 37°C. The supernatants were removed from the
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wells, and then 0.2 mL dimethyl sulphoxide (DMSO) per well
was added 1in isopropanol and mixed with the content of the
wells thoroughly. Finally, the plates were read in an
automated microplate spectrophotometer (ELX800 Biotek,
USA) at 570 nm as reference. Every 24 h, the same tests were
performed as mentioned above until 72 h.

The Hep G2 tumor cells were planted at a density of 1x 10*
cells per well in 100 pL of medium in 96-well plates and
grown for 48 h. The cells were then exposed to a series of
DOX.HCl-loaded polymeric micelles at different concentra-
tions for 48 h, and DOX.HCI solution in DMSO at the same
concentration was used as a control. Finally, viability of cells
was measured using the MTT method. All data were
expressed as the mean * S.D. The stained cells were
observed under a fluorescence microscopy (DMR HCS,
Leica, Germany).

RESULTS AND DISCUSSION
Characterization of the Terpolymers

The structure of poly(PEG:CPP:SA) triblock copolymer
was confirmed by FT-IR, "H-NMR, and GPC. Poly(CPP:
SA) copolymers have been investigated widely. Fig. 1(a)
displays the typical FT-IR spectra of poly(CPP:SA) and
poly(PEG:CPP:SA) terpolymers with weight ratios of
PEG4000 at 20% and 40%. The absorption bands at
1,812 and 1,738 em™ ' are the characteristic peaks of SA
anhydride carbonyl, and the peaks at 1,812 and 1,720 cm ™'
are attributed to CPP anhydride carbonyl. The C-H
stretching vibrations of long aliphatic alkyl and the PEG
are distributed at 2,900 and 2,850 cm™'. With the amount
of PEG in the terpolymers increasing, the intensity of peaks
at 1,124 ecm ' attributed to the characterisic C—O-C
stretching vibration also increases. The absorption band at
about 3,500 cm™ " is assigned to terminal hydroxyl groups in
the hydrolysate from which terpolymers have been sopped
up. Simultancously, the absorption band at 1,812 cm™'
decreases when the content of SA reduced. These phenom-
ena suggests that the poly(PEG:CPP:SA) terpolymers have
been synthesized successfully.

"H-NMR spectrum is shown in Fig. 1(b) in order to
further confirm the formation of these terpolymers. The
well-resolved chemical shifts at d=1.32, 1.66, 2.26, and
2.44 ppm belong to the hydrogen atoms of individual
functional groups on poly(sebacic anhydride). The chemical
shifts at 1.66, 2.33, 4.25, 6.97, and 7.99 ppm ascribe to the
protons of CPP. The sharp single peak at 3.66 ppm is
attributed to the methylene protons of homosequences of
the PEG units. The peak at 7.25 ppm corresponds to the
solvent, deuterated chloroform. These results are consistent
with the information obtained from FT-IR. The actual
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weight percentages of PEG, CPP, and SA in the polymers
were estimated from the integral height of hydrogen atoms
in the "H-NMR spectra. All the synthesized products have
approximate segmental ratios of monomer units to the

Fig. I a FT-IR spectra of the poly(PEG:CPP:SA) terpolymers with weight
ratios of 0:20:80, 20:20:60 and 40:20:40; b 'H-NMR spectra of poly
(PEG:CPP:SA) (20:20:60) ("H-NMR spectra were measured using CDCl3
as a solvent), € GPC curve of poly(PEG:CPP:SA) (20:20:60) terpolymers
(average Mw and its distribution were determined by GPC operating with
THF).

feeding composition, which are summarized in Table L
The yield of the copolymers ranged from 65.0% to 72.5%.
The terpolymers are also characterized by GPC to
determine their Mw. Fig. 1(c) shows the GPC curve of poly
(PEG:CPP:SA) (20:20:60) terpolymers. The terpolymer poly
(PEG:CPP:SA) (20:20:60) containing roughly 20 wt% PEG,
20 wt% CPP and 60 wt% SA has a Mw of 63,835 Da,
whereas poly(PEG:CPP:SA) (40:20:40) has a Mw of
41,123 Da, as summarized in Table I, probably because
the introduction of PEG constrained the development of
polymer chains following melt-polycondensation (38). As
seen from the GPC curve, there was not bimodal distribu-
tion, which also indicated that the terpolymer was achieved.
By altering the content of PEG in the terpolymers, their PDI
ranged between 1.85 and 2.35. The polycondensation
reaction usually gives rise to such a polydispersity. Thus,
the terpolymers synthesized in this experiment could be
processed into micelles using the precipitation method.

Characterization of the Polymeric Micelles

Polymeric micelles have received much attention as a
material for drug delivery systems, since the incorporation
can be achieved without the active sites being destroyed by
harsh reactions in conjugation step, and at the same time
the self-assembly is eventually formed without a cross-linker
(15). Typically, the ionic (or hydrophilic) head groups are
exposed to the bulk aqueous solution, while the
hydrophobic hydrocarbon tail groups form the interior of
the micelle. Herein, the precipitation method was used for
preparation of micelles without any surfactant. As most of
the micelles cases, the main attractive driving force for the
poly(PEG:CPP:SA) terpolymers micellization is hydropho-
bic interaction and entropy driven.

In order to determine the CMC of poly(PEG:CPP:SA)
micelles, fluorescence measurements were carried out using
pyrene as a fluorescent probe (36). Compared with the
micelles with low molecular-weight surfactant, polymeric
micelles are generally more stable, exhibiting a remarkably
lower CMC (39). Typical CMC ranges are from 10~* to
10% g/L for most of the amphiphilic polymers. As shown in
Fig. 2a, the intersection point at (¢=0.00259 g/L is estimated
to be the CMC of the poly(PEG:CPP:SA) (20:20:60)
terpolymer at 25°C. Fig. 2d summarizes the CMC values
of the various compositions of poly(PEG:CPP:SA) terpol-
ymers. These values are much lower than those of low
molecular-weight surfactants, indicating that micelles formed
from the terpolymers as drug carriers can keep stability
without dissociation after dilution caused by intravenous
injection. The hydrophilicity of poly(PEG:CPP:SA)
terpolymers mainly depends on the PEG/(CPP and SA)
ratio, which further influences the CMC value. As shown in

Fig. 2d, the CMC values of poly(PEG:CPP:SA) (40:20:40)
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Table | Characterization of Poly(PEG:CPP:SA) Triblock Copolymers

PEG:CPP:SA Yield  PEG:SA:CPP M.C(Da)  PDI©
In the feed® (Wit%)  (W%)  'HNMRO(wt%)

20:20: 60 725 17.6:18.9:63.5 63,835 1.85
30:20: 50 689  267:18.7:54.6 50,080 2.16
40:20: 40 650  36.1:19.5:44.4 41,123 2.35

# Poly(ether-anhydrides)were synthesized by melting polymerization
® Estimated from the integral height of hydrogen atoms in the ' H-NMR spectra
¢ Obtained by GPC

terpolymers are higher than those of poly(PEG:CPP:SA)
(20:20:60). Hydrophobic molecular chains of poly(PEG:CPP:
SA)(20:20:60) terpolymers are much longer, and, consequent-
ly, they can self-assemble more easily to form micelles, leading

to lower CMC values. The lower CMC value indicates a
strong tendency toward formation of aggregates (40).

DLS was employed to evaluate the average size and
size distribution of the obtained micelles. Fig. 3 displays
that the diameter of the poly(PEG:CPP:SA) terpolymers
micelles is typically in the range of 80—200 nm. According
to a previous report (41), the polymeric micelles with a size
of less than 200 nm would reduce non-selective reticulo-
endothelial system (RES) scavenging and show enhanced
permeability and retention (EPR) effects at solid tumor
sites for passive targeting. As shown in Fig. 3, the micelles
with low polydispersity were formed from these terpol-
ymers in an aqueous phase. The diameter of the micelles
decreases with the increasing of the PEG content. The
main reason 1s that the hydrophobic segments as internal core
are smaller and the radius of curvature is increased when the

Fig. 2 CMC of the poly(PEG:CPP:SA) (20:20:60) terpolymers at 25°C (a), 30°C (b) and 37°C (c) and CMC dependence on the structure of poly(PEG:
CPP:SA) terpolymers and their corresponding aqueous solutions at different temperatures (d).
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Fig. 3 Average size of the poly(PEG:CPP:SA) terpolymers micelles in
their aqueous solutions at different concentrations.

PEG amounts increase. The hydrophilic segments can form
the outer shell to the micelle surface. The concentration of
polymer aqueous solution should also have much influence on
the size and its distribution of micelles. The micellization was a
self-assembly due to the amphiphilic structure of poly(PEG:
CPP:SA) terpolymer. Before the micelles are formed, the

number of the unimer increases with the increase of the
polymer concentration when the polymer concentration is
under the CMC, and thus the area occupied by each unimer
becomes smaller, leading to increase in crowding of the
tethered unimers. As the polymer concentration in aqueous
solution exceeds the CMG, in order to reduce the crowding of
the unimers and the repulsive force of the aggregations, the
smaller micelles were formed during the self-assembly process.
However, the number of the aggregates increased with the
concentration increasing as the polymer concentration was
beyond 2.0 mg/mL, which led to the micelle size increasing
slightly.

The structure of the micelles was observed by TEM and
AFM. Importantly, the morphology of the nanoscopic
dimension has been shown to influence their performance
in applications as nanocarriers (42). AFM technique as an
effective method has been widely applied to obtain surface
morphological information of micelles (43). Compared with
TEM and DLS size, the AFM size may be slightly
decreased because of the collapse of micelle during drying
process. Herein, Fig. 4al, bl and cl show the AFM images
of the micelles of the poly(PEG:CPP:SA) terpolymers with
different PEG content. We can find that all these micelles
take on a spherical shape, which is in good agreement with
the result of TEM. Furthermore, the poly(PEG:CPP:SA)
(20:20:60) terpolymer micelles (2.0 mg/mL) with diameters

Fig. 4 AFM (al, bl, cl) and TEM (a2, b2, c2) image of the poly(PEG:CPP:SA) micelles (2.0 mg/mL) with PEG ratio of 20%, 30% and 40%,

respectively.
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typically in the range of 100-200 nm are observed in
Fig. 4al and a2. Fig. 4cl displays that the diameter of the
poly(PEG:CPP:SA) (40:20:40) terpolymer micelles is
smaller, which is consistent with the Z-average diameter
of about 80 nm. This mainly resulted from the highest
hydrophilicity due to the highest PEG ratio among these
poly(PEG:CPP:SA) terpolymers.

Aqueous Phase Behavior

Recently, developing thermo-responsive polymeric micelles
as intelligent drug carriers that would react by a sharp
change of properties in response to a small change of
temperature has attracted much attention (44). Of utmost
important is that we find that the synthesized terpolymers
are also thermo-responsive. Temperature-related stability
of micellar solutions was also investigated to better
understand the micellization behaviors of the terpolymers
under physiological temperatures. The CMC values of the
terpolymers at 37°C are slightly lower than those at 25°C
(Fig. 2d). This could be attributed to an increase in
hydrophobicity or loss of polarity of PEG at elevated
temperatures, thus leading to dehydration of PEG chains
and a subsequent decrease in the CMC (39). Furthermore,
the CMC values display a downtrend profile, with the
temperature increasing as shown in Fig. 2d. However, the
CMC of the terpolymer with the higher PEG ratio was
changed more slightly with varied temperatures. This result
suggested that the poly(PEG:CPP:SA) (40:20:40) micelles
have better stability due to their higher hydrophilicity.
The solution behaviors of the thermo-responsive
terpolymers were investigated by an optical method.
Compared with the poly(PEG:CPP:SA) (30:20:50) and the
poly(PEG:CPP:SA) (40:20:40) micelles, the poly(PEG:CPP:
SA) (20:20:60) micelles have a more obvious thermo-
responsive transition. To determine whether the poly
(PEG:CPP:SA) (20:20:60) micelles (4.0 mg/mL) exhibit a
thermal response, we first observed macroscopically that
the solution of the polymeric micelles 1s almost transparent
at room temperature and becomes opaque with the
increases of the temperature and then precipitates (Fig. 5).
Later, the optical absorbance of polymeric micelles in
distilled water was measured as a function of temperature.
The Z-average diameter of the poly(PEG:CPP:SA) (20:20:60)
micelles in water at different temperatures was also measured
by DLS as shown in Fig. 5. With the increase of the
temperature, the hydrophobicity of the polymer was also
improved, resulting in the micelles congregating and further
leading to the increasing of the diameter of micelles. From
Fig. 5, the break point of the absorbance could be obtained,
and thus the opaque temperature and the precipitate
temperature of the micelles solution were also achieved.
For the poly(PEG:CPP:SA) (20:20:60) micelles solution
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Fig. 5 Absorbace and diameter changes of poly(PEG:CPP:SA) (20:20:60)
aqueous solution (4.0 mg/mL) as a function of temperature, respectively.
Insets are optical images of transpararence of the micelle solutions in vials
changed with altering temperature.

(4.0 mg/mlL), the opaque temperature, lower critical
solution temperature (LCST) and precipitate temperature
are about 33.5°C, 36.5°C and 40.5°C, respectively. For the
poly(PEG:CPP:SA) (30:20:50) micelles solution (4.0 mg/
mL), these temperatures are changed to 37.5°C, 41.5°C
and 44°C. However, there is no obvious change in the
absorbance for the poly(PEG:CPP:SA) (40:20:40) micelles
solution due to its strong hydrophilicity. Therefore, the
followed investigation was mostly focused on poly(PEG:
CPP:SA) (20:20:60) copolymer.

In order to obtain additional information concerning the
temperature-responsive behavior, the micelle size and its
distribution for the terpolymer micelles were measured by
DLS at various temperatures. Fig. 6a shows the changes of
the size and size distribution of poly(PEG:CPP:SA) (20:20:60)
terpolymers micelles with the concentration of 1.0 mg/mlL in
an aqueous solution as a function of temperature. The mean
diameter increases gradually, and the size distribution
becomes more capacious at elevated temperatures. The
polydispersity index (PDI) was increased from 0.235 at 25°
C to 0.578 at 55°C. The trends of change in the size and its
distribution for poly(PEG:CPP:SA) (30:20:50) and poly(PEG:
CPP:SA) (40:20:40) terpolymers micelles were almost similar
with the result. However, the poly(PEG:CPP:SA) (40:20:40)
micelles have more stability, which is attributed to their higher
hydrophilicity. Size of poly(PEG:CPP:SA) (20:20:60) micelles
in the aqueous solutions at the different concentrations was
also studied as displayed in Fig. 6b. An increase of the
temperature results in an increase of the Z-average diameter
of the micelles because of the micelles aggregation. Fig. 6¢
exhibits the diameter changes of the three types of copolymer
aqueous solution (1.0 mg/ml) as a function of temperature.
The diameters increased from about 90 to 220 nm for poly
(PEG:CPP:SA) (40:20:40) terpolymers micelles and increased
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Fig. 6 Size distribution of poly(PEG:CPP:SA) (20:20:60) micelles
(1.0 mg/mL) (a), diameter changes of poly(PEG:CPP:SA) (20:20:60)
solution with different concentrations (b) and of poly(PEG:CPP:SA)
aqueous solution (1.0 mg/mL) comprised of different ratios of PEG, CPP
and SA as a function of temperature (c).

from about 120 to 400 nm for poly(PEG:CPP:SA) (20:20:60)
terpolymers micelles as the temperature was raised from
25°C to 55°C. Therefore, the terpolymers could self-
assemble into stable micelles due to high hydrophilic-to-
hydrophobic balance in an aqueous solution below the
opaque temperature. In other words, the hydrophilicity of
the polymeric micelles above the precipitate temperature
seems not enough to form stable micelles, which means that
the hydrophilic-to-hydrophobic balance of the thermo-
responsive terpolymers is a critical factor to form stable
micelles (45).

The typical thermo-responsive micelles transition of the
poly(PEG:CPP:SA) micelles solutions was summarized in
Fig. 7. These polymeric micelle solutions showed a
transparence-turbidity-precipitate transition in response to
the elevated temperature from 32 to 70°C. The transition
temperature was found to be a function of both terpolymer
concentration and structural composition. As shown in
Fig. 7, an increase in the terpolymer concentration resulted
in a decrease both in the opaque temperature and in the
precipitate temperature. Besides the influence of copolymer
concentration, structural composition of the terpolymers
also exhibited an obvious effect on the thermo-responsive
transition. When an increase in the PEG content in
terpolymer backbone from 20% to 30% occurred, both
the opaque temperature and the precipitate temperature
transitions dramatically shifted to higher temperature.
Furthermore, the terpolymers with a concentration in the
range of 0.5-8.0 mg/mL existed as clear solutions at room
temperature (25°C) and turned into an opaque solution
(nanogel) at body temperature (37°C). Compared with the
polymeric micelles, the nanogel has a better stability upon
dilution, and a prolonged drug release from the nanogel
could be achieved owing to the gradual degradation of the
polymer matrix. The stability of theses nanogels upon
dilution was also studied; however, the obvious change of
these nanogels upon dilution after several days was not
observed. Thus, this physicochemical property makes these
terpolymers more suitable for drug delivery applications
(46).

A morphological transition at increasing temperature
was further investigated, as shown in TFig. 8(1). The
thermo-responsive transition of poly(PEG:CPP:SA)
(20:20:60) micelles is more obvious and the micro-sized
granules are obtained at 45°C (Fig. 8(l)c). Such a
temperature-dependent morphological transition was
coincident with the thermo-sensitive phase transition as
previously studied (47). When the temperature was below
the opaque temperature, the polymer micelles randomly
suspended in aqueous solution. During the thermo-
sensitive transition, the hydrophilic chains of the micelles
shrunk at the initial stage of heating due to the
dehydration, and then these micelles were joined together
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Fig. 7 The effects of temperature and concentration on aqueous phase
behavior of the poly(PEG:CPP:SA) micelles solutions.

Fig. 8 1 AFM image of the poly
(PEG:CPP:SA) (20:20:60) micelles
(4.0 mg/mL) at 25°C (a), 37°C (b)
and 45°C (c); 2 Schematic illus-
tration of the formation and be-
havior of the morphological
transition of the polymeric
micelles self-assembled as a func-
tion of temperature.

@ Springer

to form the larger aggregates because of the increase of
intermicellar hydrophobic interaction (47). An increase of
temperature leads to the increase in the average
aggregation number. The micelle dehydration and
aggregation will certainly increase the solution turbidity
due to the scattering, the size of the diameter obtained by
DLS and the morphological transition controlled by the
temperature (48). Considering these results, it can be
proposed that the individual primary micelles tend to
combine together (intermicellar aggregation) with increas-
ing solution temperature.

As shown in Fig. 8(2), the morphological transition of
the polymeric micelles also results from the self-assembly
of the poly(PEG:CPP:SA) terpolymers as a function of the
temperature. The polymeric micelles are formed with
the hydrated outer shell and the hydrophobic inner core
as the temperature is below the opaque temperature.
When the temperature exceeds the opaque temperature,
the outer shell shrinks and becomes hydrophobic.
Intermicellar aggregation may be formed on the basis
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of both a micelle concentration and the strength of the
shrunken outer shell layer’s hydrophobic interactions.
Above the precipitate temperature, the solution of the
polymeric micelles seems not hydrophilic enough to
make stable micelles; precipitates must occur when the
micellar structure is broken because of the overhydro-
phobicity of the terpolymers (49). More importantly, the
lower thermodynamic stability of micelle shells is one of
the reasons for a relatively lower temperature of the sol-
nanogel transition. Thus, the temperature-responsive phase
transition of the amphiphilic terpolymers could demon-
strate a strong correlation with aggregation (micelle
formation) ability and intermicellar aggregation in an
aqueous solution.

Optical Sol-Gel Transition

In situ gel-forming polymers have recently drawn attention
as materials for minimally invasive therapy (50). In
particular, thermo-gelling biodegradable polymers with a
sol-gel transition point between the room temperature
and the body temperature are expected to be useful for
injectable polymer systems in biomedical applications.
The sol-gel transition behavior of the poly(PEG:CPP:SA)
terpolymers in aqueous solution was investigated by the
tube-tilting method. After the samples were stabilized for
30 min at measuring temperature, the sol-gel transition
was determined by tilting the vials to 90° for 10 min.
Fig. 9a shows the sol—gel transition behavior of poly(PEG:
CPP:SA) (20:20:60) terpolymers and poly(PEG:CPP:SA)
(30:20:50) terpolymers in aqueous solution. A critical
gelation temperature was determined through both the
culmination of the storage modulus and the tube-tilting
method (51). The phase diagrams exhibited critical gel
concentration (CGC) and two critical gelation tempera-
ture (GGT) curves (a lower transition temperature curve
from sol to gel and an upper transition temperature curve
from gel to precipitation). Both the poly(PEG:CPP:SA)
(20:20:60) and the poly(PEG:CPP:SA) (30:20:50) terpol-
ymers have the low CGC (4 wt%). As SA segments were
increased from 50 wt% to 60 wt% in the poly(PEG:CPP:
SA) terpolymers, the temperature of the critical point
moved from 50 to 34°C, and the hydrophobic chains got
longer, micelles were generally formed with a less number
of associated chains. Thus, the more intra- or intermicelle
phase mixing between micelles would produce more
grouped micelles, inducing sol-to-gel phase transition at
lower temperatures (51). As the terpolymer concentration
increased, the sol-gel temperature decreased and the gel-
precipitation temperature increased, probably due to an
increase in the availability of physical cross-linking points
(52). The photographs in Fig. 9a also show the sol-gel
surface transition of the poly(PEG:CPP:SA) terpolymers.

Below the sol-to-gel transition temperature, the solution is
liquid, while the solution becomes stagnant above the
CGT, and the precipitation is observed above the gel-to-
precipitation temperature. In general, in order to attain

Fig. 9 a Effect of the relative hydrophobicity of CPP and SA chains on the
sol—gel transition of the copolymer aqueous solutions, b Physical gelation
behavior of the thermosensitive poly(PEG:CPP:SA) terpolymers (10 wt%)
in water. A: poly(PEG:CPP:SA) (20:20:60), B: poly(PEG:CPP:SA)
(30:20:50), € Changes in storage modulus of the poly(PEG:CPP:SA)
aqueous solutions (10 wt%) as a function of temperature.
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relatively stable gels, most polymer concentrations are
usually around 10 wt% (53).

Fig. 9b displays the physical gelation behavior of the
poly(PEG:CPP:SA) (20:20:60) (10 wt%) and the poly(PEG:
CPP:SA) (30:20:50) terpolymers (10 wt%). On heating, a
10 wt% aqueous solution of the poly(PEG:CPP:SA)
(20:20:60) terpolymers underwent sensitive physical gela-
tion leading to opaque gel. Above 34°C and below 54°C,
the sol—gel transition of the poly(PEG:CPP:SA) (20:20:60)
terpolymers (10 wt%) occurred. In contrast, the poly(PEG:
CPP:SA) (30:20:50) terpolymer (10 wt%) did not display an
apparent increase in viscosity at the same temperature
range. Above 54°C, the precipitation of the poly(PEG:CPP:
SA) (20:20:60) terpolymer (10 wt%) was formed. The sol-
gel transition of the poly(PEG:CPP:SA)(30:20:50) terpoly-
mer (10 wt%) occurred at about 54°C. The physical
gelation occurrence was dependent to a considerable extent
on the timing needed to form micelles and their stability
(51). In this study, the sol-gel transition was obtained
through 30 min. In the sol phase of the poly(PEG:CPP:SA)
terpolymers, the opaque temperature depends on the
hydrophobic chain ratio of polymer backbone, that is, the
polymer chains responded gradually to temperature around
the sol-to-gel temperature.

The sol-to-gel transition accompanied an abrupt change
in the modulus. The aqueous solution of the poly(PEG:
CPP:SA) (20:20:60) (10 wt%) underwent a sol-to-gel
transition at 34°C as the temperature increased, which
accompanied a 10-multiple increase in the storage modulus
(G') at the transition temperature and accompanied a 100-
multiple increase in the storage modulus (G') at 47°C
(Fig. 9c). It implied that a flexible and soft gel was formed at
34°C (the temperature of the sol-gel transition) and then
the gel became rigid as the temperature increased. When
the hydrophilic block (PEG) increased at the composition of
the poly(PEG:CPP:SA) (30:20:50) (10 wt%), the sol-to-gel
transition temperature increased, and the storage modulus
of the gel decreased. Such trends suggest that the characters
of the thermal gelation behavior should be mainly driven by
the amphiphilic structure of the poly(PEG:CPP:SA) terpol-
ymers. When the temperature decreased, there was not any
hysteresis. Both the gel and the opaque solution of the poly
(PEG: CPP: SA) terpolymer micelles are especially stable
and almost irreversible as the temperature reversing. We did
not observe the obvious changes of the opaque solution and
the gel in 10 days and even 2 months.

To the best of our knowledge, there have been no
reports concerning the temperature-responsive transition of
amphiphilic ether-anhydride terpolymers in which the
backbones are composed of CPP, SA and PEG, since such
longer hydrophobic segments generally lead to insolubility
in aqueous media. The sol-gel transition behavior of the
poly(PEG:CPP:SA) terpolymers in aqueous solution was
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slightly different from the reverse thermo-responsive phe-
nomenon of several reverse thermal gelation (RTG)-
displaying polymers. Both the gel and the opaque solution
of the poly(PEG:CPP:SA) terpolymer micelles are especially
stable and almost irreversible as the temperature reversing.
The gel of the poly(PEG:CPP:SA) terpolymers in aqueous
solution is holding for 30 days so much as more days at
room temperature. Thus, we consider that the sol-gel
transition behavior of the poly(PEG:CPP:SA) terpolymers
has poor reversibility. The reason may be that the
re-assembly of the micelle should be restrained due to the
long hydrophobic chains of CPP and SA in the terpolymers
backbone as a function of temperature. Irreversible self-
assembly processes that can often occur by sudden strong
imposition of intermolecular or colloidal forces (e.g., by
force shock) or by just pure random chance also can be
problematic for the operation of nanodevices (53). On the
other hand, this sol-gel transition is irreversible, which
should be due to the stronger hydrophobic structure of the
random backbone of the special terpolymers. For example,
hydrophobic A-blocks consisting of PLA will associate,
leading to a core-corona structure with dangling PEG
chains in the case of BAB polymers and PEG loops in the
case of ABA polymers. Gelation of the triblock copolymers
is the result of dense micelle packing and phase mixing of
the corona (PEG) with the core leading to chain entangle-
ment in the ABA type or micellar bridging in the BAB type.
The latter mechanism could lead to irreversible aggregation
(52). The reason for poor reversibility of these terpolymer
micelles will require further investigation. However, tem-
perature ranges at which synthesized polymers showed sol-
to-gel transition (lower transition) and gel-to-precipitation
transition (upper transition) in the poly(PEG:CPP:SA)
terpolymers solution indicate the possibility of the terpol-
ymers as an injectable drug delivery carrier. As new
thermosensitive polymer that are soluble at lower temper-
atures and become insoluble at higher temperatures in
aqueous media, they must receive much attention, not only
because of theoretical interest but also because of applica-
tions as drug reservoirs.

Cell Cytotoxicity

One of the major requirements for terpolymer application
in medicine should be non-toxicity. Although the poly(CPP:
SA) 1s generally considered a biodegradable and safe
polymer, the cytotoxicity of the poly(PEG:CPP:SA)
(20:20:60) terpolymer micelles are performed by quantita-
tive evaluation of cell viability using osteoblast cells.
According to the MTT assay results (Fig. 10a), we can see
that the samples of the terpolymers (2.0 mg/mL) performed
a degree of cytotoxicity to reduce the cell viability
compared to the control group. The cell viability expressed
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in this study is relative to those at each concentration of the
micelles. The change at the concentration from 2.0 to
0.25 mg/mL may influence cell viability, noting that the
moderate concentration is a favorable environment for
osteoblasts. This study underlined a fact that the terpol-
ymers possess some cytotoxicity as the concentration is
above 1.0 mg/mlL, but the terpolymer micelles (0.25 mg/
mL) can be made low toxic. Thus, the poly(PEG:CPP:SA)
(20:20:60) terpolymer micelles can be suitable for various
biomedical applications.

The cytotoxicity of the poly(PEG:CPP:SA) (20:20:60)
terpolymer micelles with different concentrations were also
evaluated by microscopically examining the osteoblast cells
(Fig. 10(b)). The microscopic results were consistent with
those obtained from the MTT assay. From these images,
we can see that the morphology and the numbers of the
sample with 0.25 mg/mL for the terpolymer micelles are
similar with the control group, suggesting that the sample
has good biocompatibility. In contrast, the cells became
rounded and nonadherent as the concentration increased.

Fig. 10 a MTT Assay b Optical microscopic observation of osteoblasts growth on the different concentration of the poly(PEG:CPP:SA) terpolymers

micelles.
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This shows that there was a certain percentage of cell
death. The medication micelles are usually at low polymer
concentration due to the dilution m viwo. Cell cytotoxicity
study implied that the poly(PEG:CPP:SA) terpolymer
micelles at low concentration were biocompatible. Thus,
these micelles could be regarded as a safe drug delivery
carrier.

DOX.HCI was selected as the therapeutic agent, and
the loading, i vitro drug release and cytotoxicity of the
nanocarriers were investigated in depth and compared
against the behaviors of the host nanomaterial and the
small molecule drug, each individually and together (54).
The DOX.HCI loading efficiency was 70%+5%, and the
DOX loading content was 3.2%. Fig. 11(a) presents the

Fig. 11 a In vitro drug release profiles of DOX.HCl-loaded micelles in PBS solution at pH 7.4 at 25°C, 37°C and 45°C, b In vitro tumor cell growth
inhibition assay, € Optical microscopic observation and d Fluorescence microscopy study for the different concentrations of free DOX.HCI and the DOX.

HCl-loaded poly(PEG:CPP:SA) (20:20:60) terpolymers micelles for 48 h.
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vitro release profiles of DOX.HCl-loaded micelles in
phosphate-buffered saline (PBS) at pH 7.4. DOX.HCI-
loaded micelles exhibited a relatively rapid burst release in
the first stage followed by a sustained and slow release
over a prolonged time up to 12 h, and release behavior
remained constant after 48 h. Furthermore, the rate of
DOX.HCI release at 45°C was about 1.5 times faster than
that at 25°C. Based on this work, the drug release was
accelerated dramatically on account of the thermo-
induced structural change of the polymeric micelles.
The polymeric micelles became hydrophobic above the
LCST, leading to the deformation of micellar structure.
As a result, the drug was released quickly from the
micelles. In other words, the temperature change led to
the deformation and precipitation of the core-shell
micelles, thereby causing the enhanced release amount
of the drug.

The MTT assay was performed to evaluate whether
micelles influenced the cytotoxicity of DOX.HCI (Fig. 11).
Both DOX.HClI-loaded terpolymer micelles and free
DOX.HCI at various concentrations significantly influ-
enced the growth of the HepG2 tumor cells at a certain
dose. Fig. 11b displays the effect of drug concentration on
cell viability of the HepG2 tumor cells. At the same drug
concentration, cell viability of the tumor cells with free
DOX.HCI is lower than that with DOX.HCl-loaded
micelles, which indicates that the drug of the DOX.HCI-
loaded micelles is released in an extended behavior. It is
accorded with the release study, which showed that only
80% DOX.HCI released from these micelles within 48 h.
As seen from Fig. 11c, the cell morphology and amount for
the samples with 2.0 pg/mL DOX.HCI are similar to the
control group, suggesting that the samples have good cell
viabilities. In contrast, the cells became rounded, and the
numbers of the cells reduced obviously as the drug
concentration increased. As a greater amount of DOX.
HCI could be intracellularly delivered into cells in the form
of nano-sized micelles by endocytosis, the cells were more
vulnerable to the cytotoxic effect of DOX.HCI (55). It
shows that the influence of the DOX.HCI became more
visible due to the increases of the drug concentration. The
cell morphology of DOX.HCl-loaded micelles and free
DOX.HCI were also studied by fluorescence microscopy.
The red fluorescence from DOX.HCI was employed to
study the cell morphology. As shown in Fig. 11d, the cells
became rounded, and some amount of DOX.HCl-loaded
micelles was swallowed by the tumor cells as the drug
concentration increased. At this moment, the mechanism of
cellular uptake of these micelles is not clear and remains to
be further investigated. Compared with other existing
polymeric systems (56,57), these DOX.HCl-loaded micelles
were equally effective for suppressing the growth of the
tumor cells.

CONCLUSIONS

This study demonstrated that the amphiphilic poly(PEG:
CPP:SA) terpolymers are a promising drug carrier. The
micelles with low polydispersity of diameter and low CMC
were formed from the terpolymers in an aqueous phase.
Their assembly behaviors depended on the ratio of PEG/
(CPP and SA) blocks, the terpolymers concentration and
the environmental temperature. The CMC values of the
terpolymers and the temperature of the sol-to-gel transition
decreased with the increase of CPP and SA chains. The
hydrodynamic diameters of the polymeric micelles in-
creased as the degree of polymerization of the hydrophobic
chains increased. The temperature of the aqueous phase
also influenced the aggregate of the polymeric micelles. For
poly(PEG:CPP:SA) (20:20:60), the spherical micelles could
be observed by AFM and TEM at the concentration of
4.0 mg/mL, and when the concentration was raised to
10 wt%, the gel formed at 34°C. Moreover, the sol-nanogel
transition could be achieved at body temperature, and the
transition was almost irreversible with decreasing temper-
ature, which is very important for applications in nano-
medicine. The DOX.HCl-loaded micelles could be well-
dispersed in water and could keep stable for a long time.
The wn vitro release profiles at different temperatures consist
Cell
cytotoxicity results indicated that the terpolymers were of
excellent biocompatibility, and the DOX.HCl-loaded
micelles were effective to inhibit the growth of tumor cells.

of a burst release followed a sustained release.
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