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Abstract

A series of poly(2-ethyl-2-oxazoline)-poly(L-lactide) (PEOz-PLA) diblock
copolymers were synthesized by ring-opening polymerization of L-lactide using a
monohydroxy terminated PEOz-OH macro-initiator in the presence of stannous
octoate as catalyst. The resulting diblock copolymers were characterized by 'H
nuclear magnetic resonance and gel permeation chromatography. Self-assembled
micelles were prepared using the co-solvent evaporation method in water and in
phosphate buffered saline (PBS) at pH 7.4, 6.5 and 5.0. The resulting micelles exhibit
different morphologies, such as spherical micelles and worm-like micelles depending
on the hydrophilic/hydrophobic balance. Spherical micelles were exclusively
observed for PEOz-PLA copolymers with short PLA blocks, whereas co-existence of
worm-like and spherical micelles was observed for copolymers with long PLA blocks.
The micelle size increases with decreasing pH due to the electrostatic repulsion
between PEOz chains resulting from ionization of the tertiary amide groups along
PEOz chains. A hydrophobic anti-tumor drug, paclitaxel, was entrapped in PEOz-PLA
micelles. High loading efficiency up to 86.7% was obtained for copolymers with long
PLA blocks. Drug release was performed in PBS at different pH values. During the
30-day release period, faster release was obtained for copolymers with shorter PLA
blocks than for copolymers with longer PLA blocks, at acidic pH than at pH 7.4. It is
thus concluded that pH-responsive PEOz-PLA copolymer micellss could be

promising as carrier of anti-tumor drugs.
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1. Introduction

Paclitaxel (PTX) is a natural anti-cancer drug extracted from the bark of the pacific
yew tree Taxus brevifolia. Since its approval by the U.S. Food and Drug
Administration (FDA) for advanced ovarian cancer treatment in December 1992, the
clinical applications of PTX have been continuously growing [1,2]. Nowadays, PTX
is considered as one of the most efficient anti-cancer drugs for the treatment of a
variety of tumors, especially ovarian cancer, acellular lung cancer and metastatic
breast cancer [3]. Its main mechanism of action is to promote the formation of
microtubules by polymerization of tubulin dimer and to prevent depolymerization to
stabilize microtubules, which results in the inability of cells to form spindle and
spindle filaments during mitosis. PTX also exhibits an antitumor effect through
inhibiting cell division and proliferation. Nevertheless, despite its great potential as
anti-tumor drug, the clinical application of PTX is considerably restrained by its poor
aqueous solubility [4]. The commonly used drug formulations of PTX are Taxol® and
Abraxane®. The former is a co-solvent formulation composed of 50:50 Cremophor EL
and dehydrated alcohol which allows to improve the bioavailability of PTX [5]. The
annual market of Taxol® attained a maximum of $1.6 billion in 2000 before
decreasing. In fact, serious side effects have been reported with the use of Cremophor
EL, such as hypersensitivity reaction, nephrotoxicity, neurotoxicity and cardiotoxicity
[6]. Abraxane® is an injectable formulation of albumin—bound paclitaxel nanoparticles
which gained more and more importance in the past years, largely exceeding Taxol®
in clinical uses [7]. However, neurotoxicity of Abraxane® has also been reported [8].
Therefore, recent research has focused on the development of novel delivery systems
of PTX, including prodrugs, emulsions, microspheres, micelles, liposomes and
nanoparticles [9,10]. Among them, micelles prepared by self-assembly of amphiphilic
block copolymers appear most promising as drug carrier because of their outstanding
properties, such as biocompatibility, nano-size, sustained drug release, high stability
in vivo and in vitro, and easy binding with tumor-specific targeting ligands.
Self-assembled micelles exhibit a core-shell structure: an inner core constituted by
aggregation of hydrophobic segments, and an outer shell formed by hydrogen bonding
between hydrophilic segments and surrounding water molecules. The outer shell
ensures stability and long circulation of the micelle system, whereas the inner core
allows to encapsulate drug molecules which will be transported to the targeted site at

much higher concentration than the drug’s water solubility [11,12].
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Poly(ethylene glycol) (PEG) is a FDA-approved biocompatible polyether with
outstanding physico-chemical and biological properties [13]. It’s most commonly
used as a hydrophilic block in amphiphilic copolymers for pharmaceutical uses. On
the other hand, polylactide (PLA) is a bioresorbable and biocompatible polyester
widely studied for biomedical applications [14]. PLA/PEG block copolymers are able
to self-assemble to yield various aggregates, including polymersomes, worm-like or
filomicelles, rod-like micelles, and spherical micelles. The morphology of aggregates
mainly depends on the hydrophobic to hydrophilic balance. Filomicelles are of great
interest as drug carrier due to their higher drug load and longer circulation time in the

bloodstream compared to spherical micelles [15].

Although the biomedical safety of PEG has been well admitted, it has been reported
that PEG may cause complement activation in certain conditions, resulting in rapid
clearance after repeated injections of PEG-containing carriers. In addition, PEG as a
polyether is prone to peroxidation, thus adversely affecting cells [16,17]. Therefore,
great effort has been made in the past years to search for hydrophilic alternatives of
PEG.

It is known that the extracellular pH value of tumor is between 6.5 and 7.2, and that of
its lysosomal/endosomal vesicles is in the range of 4.5-5.0 and 5.5-6.5. The lower pH
around solid tumor tissues inspired researchers to conceive micelles which are
responsive to acid-specific stimulation [18]. Poly(2-ethyl-2-oxazoline) (PEOz) is a
hydrophilic polymer which can be ionized at lysosomal/endosomal’s pH values.
Besides, PEOz presents outstanding biocompatibility, which makes it a promising
substitute of PEG [19-21]. Wang and Hsiue synthesized
poly(L-lactide)-poly(2-ethyl-2-oxazoline)-poly(L-lactide) (PLLA-PEOz-PLLA)
triblock copolymers, and investigated the polymers’ pH-sensitive properties as
potential drug carrier [19]. Gulyuz et al. prepared PEOz-PLA and
poly(2-ethyl-2-oxazoline)-poly(e-caprolactone) (PEOz-PCL) diblock copolymers, and
evaluated their cytotoxicity in vitro [22]. Zhao et al. studied the release of doxorubicin
(DOX) from poly(2-ethyl-2-oxazoline)-poly(D,L-lactide) (PEOz-PDLLA) micelles.
Data showed that the release of DOX was faster at pH 5.0 than at pH 7.4 [18]. Wang
et al. studied the in vitro release, cellular uptake and in vitro cytotoxicity of
PEOz-PDLLA micelles co-encapsulating PTX and honokiol (HNK) [23]. The dual
drug-loaded PEOz-PLA micelles exhibited small size and high drug encapsulation



efficiency, and favorable pH-dependent drug release characteristics. Qiu et al.
attached folic acid to PEOz-PCL, and investigated the cellular internalization and
anticancer activity of DOX-loaded micelles of FA-PEOz-PCL [24]. Wang et al.
synthesized PEOz-PDLLA-PEOz triblock copolymers. The resulting hydrogels
showed good cytocompatibility in vitro [25]. Gao et al. synthesized
HOOC-PEOz-PDLLA to prepare YPSMA-1-modified micelles and cyclic RGDyK
(cRGDyK)-conjugated micelles for targeted delivery of paclitaxel [26,27].

Recently, Wang et al. investigated the mechanisms of pH-sensitivity and cellular
internalization of a series of PEOz-PDLLA micelles with various
hydrophilic/hydrophobic ratios [28]. The authors suggested that electrostatic repulsion
between PEOz chains resulting from ionization of the tertiary amide groups along
PEOz chain at pH lower than its pKa was responsible for pH-sensitivity of
PEOz-PDLLA micelles. Nevertheless, few studies focused on the self-assembly
behavior of PEOz-PLLA copolymers under different pH conditions. In fact, it has
been shown that the morphology of self-assembled micelles is dependent on the
hydrophilic/hydrophobic ratio, block length, and chain structure regularity of
copolymers [15]. Various micelle structures, including spherical, rod-like and
worm-like micelles can be obtained from PEG-PLA, PEG-PCL, and PEG-P(CL/GA)
copolymers, which strongly affects the drug release behavior and blood circulation

time of micelles [15,29].

In this paper, a series of PEOz-PLLA copolymers were synthesized by ring-opening
polymerization of L-lactide, using hydroxyl-terminated PEOz-OH as macro-initiator
and stannous octoate as catalyst. Self-assembled micelles of the copolymers were
prepared using co-solvent evaporation method and characterized. The drug loading
and drug release properties of PTX-loaded PEOz-PLA micelles were evaluated,
considering the influence of copolymer composition and pH value. The results are

reported herein in comparison with literature.

2. Materials and methods

2.1. Materials

L-lactic acid was obtained from Sigma (St Louis, MO, USA). L-lactide was
synthesized according to literature method, and purified by recrystallization three

times from ethyl acetate [30]. 2-Ethyl-2-oxazoline supplied by Sigma—Aldrich



(Shanghai, China) and methyl p-toluenesulfonate (MeOTs, Aldrich) were dried over
CaH: and distilled before use. So were acetonitrile and chlorobenzene purchased from
Aladdin (Shanghai, China). Stannous octoate obtained from Sigma (St Louis, MO,
USA), and paclitaxel and Tween 80 supplied by Aladdin (Shanghai, China) were used

as received. All other organic reagents were of analytical grade.

2.2. Synthesis of PEOz-PLA copolymers

Amphiphilic PEOz-PLA diblock copolymers were synthesized as reported in
literature [31]. Typically, 2-ethyl-2-oxazoline (20.0 g, 200 mmol) and methyl
p-toluene sulfonate (1.24 g, 6.67 mmol) were added to dry acetonitrile (60 mL), and
the temperature was gradually increased to 100 °C. The reaction then proceeded at
reflux for 30 h under nitrogen atmosphere. After cooling down to room temperature,
0.1 M potassium hydroxide in methanol was added to the solution, and the reaction
continued 4 more hours to introduce hydroxyl groups. The crude product was filtered
through silica gel, and the filtrate was added to cold diethylether. The precipitated
product PEOz-OH was dried under vacuum for 24 h.

Secondly, PEOz-OH (1.0 g), stannous octoate (5 mg), L-lactide (0.58 g, 4 mmol), and
chlorobenzene (15 mL) were introduced in a Schlenk flask. The reaction proceeded at
120 °C for 30 h under N atmosphere. The product was filtered through silica gel,
precipitated by addition of diethylether and finally dried under vacuum up to constant

weight. And the yield of the final product is about 90%.

2.3. Preparation of polymeric micelles and drug-loaded micelles

PEOz-PLA micelles were prepared by using co-solvent evaporation method [32].
Briefly, 20 mg copolymer was dissolved in 1 mL chloroform. The solution was slowly
added to 20 mL phosphate buffered saline (PBS) at pH 7.4, and stirred for 4 h to allow
self-assembly of micelles along with solvent evaporation. The resulting micelle

solution was filtered through 0.8 pm filter and stored at 4 °C.

PTX-loaded micelles were prepared using a two-step procedure according to the
literature [29]. Blank micelles were first prepared as mentioned above. 1 mg PTX
dissolved in 1 mL methanol was then added to 10 mL blank micelle solution. The
solution was vigorously stirred for 4 h, and gently stirred for 24 h to complete solvent

evaporation. The solution was finally centrifuged at 3 000 rpm for 10 min to remove



unloaded drug. The supernatant was collected as drug-loaded micelle solution.

2.4. Characterization

'H nuclear magnetic resonance (NMR) spectra were recorded at room temperature on
a Bruker AVANCE III 500 spectrometer (Billerica, MA, USA) operating at 500 MHz,
using CDCl; as solvent. Chemical shifts (3) were given in ppm using

tetramethylsilane as an internal reference.

Gel permeation chromatography (GPC) measurements were performed on a
Shimadzu apparatus (Kyoto, Japan) equipped with a Waters 410 refractometer and a
PLgel 5um MIXED-C column. Tetrahydrofuran (THF) was used as the mobile phase
at a flow rate of 1.0 mL/min. The sample solution at a concentration of 1.0 mg/mL

was injected for analysis. Polystyrene standards were used for calibration.

Dynamic light scattering (DLS) was realized on a Nano-ZS90 nanosizer (Malvern,
Worcestershire, UK). Measurements were performed at 25 °C with a 90° scattering

angle.

Transmission electron microscopy (TEM) was performed on JEM-1200EX
microscope (JEOL, Japan). A small amount of micelle solution in PBS was dropped
on a carbon coated copper grid. Then the excess fluid was removed with a filter paper,
followed by staining using 1.0 wt.% phosphotungstic acid solution and air drying.

Examination of micelles was realized at an acceleration voltage of 80 kV.

The critical micelle concentration (CMC) of PEOz-PLA copolymers was measured by
fluorescence spectrophotometer (F-4600) using pyrene as fluorescent probe [33].
Briefly, 1 mL pyrene solution (2 x 10> M in benzene) was added to 10 mL volumetric
flask, and the solvent was evaporated. Different volumes of micelle solutions were
added to the flask. Then distilled water was added to a total volume of 10 mL. The
resulting micellar concentrations ranged from 1.0x107 to 0.5 mg/mL, and the final
concentration of pyrene was 2.0x10 M. After equilibrium at room temperature for 24
h, the fluorescence excitation spectra of the micellar solutions were recorded from
350 to 450 nm at an excitation wavelength of 334 nm. The intensity ratio at 375 nm
and 395 nm was plotted versus copolymer concentration. The CMC value was

obtained from the cross-over point of two regression lines.



High-performance liquid chromatography (HPLC) was performed using a Waters
HPLC (Milford, MA, USA) equipped with a UV detector and a C18 column. The
detection wavelength was set at 227 nm. The mobile phase was a mixture of water
and acetonitrile (v/v 45/55). The column temperature was 30 °C. 10 uL solution was

injected for each analysis at a flow rate of 1.0 mL/min.

2.5. In vitro release of PTX from PEOz-PLA micelles

PTX release from PEOz-PLA micelles was realized under in vitro conditions. Briefly,
3 mL drug-loaded micelle solution was introduced in a cellulose dialysis bag
(molecular weight cutoff 3500) which was then placed in 30 mL PBS containing 0.1%
Tween 80. The pH of the drug release media was 7.4, 6.5, or 5.0, respectively. Drug
release was performed at 37 °C in a water bath shaker at 80 rpm. At pre-determined
time points, 1 mL of the release medium was removed, and replaced with the same

volume of medium. The content of PTX in the release medium was determined by
using HPLC.

3. Results and discussion

3.1. Characterization of PEOz-PLA copolymers

Amphiphilic PEOz-PLA block copolymers were synthesized by ring-opening
polymerization of L-lactide as illustrated in Fig. 1. Hydroxyl-terminated PEOz-OH
was first synthesized by polymerization of 2-ethyl-2-oxazoline using methyl tosylate
as initiator, followed by chain termination with methanolic KOH. The hydroxyl
endgroup of PEOz-OH was used to initiate the ring-opening polymerization of
L-lactide in the presence of stannous octoate as catalyst, yielding PEOz-PLA diblock
copolymers with different PEOz and PLA block lengths.
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Fig. 1. Synthesis route of PEOz-PLA copolymers.

"H NMR spectroscopy was used to determine the composition of the copolymers. Fig.
2 shows the '"H NMR spectra of PEOz-OH and PEOz-PLA. In Fig. 2A, the 3 main
signals at 3.44 ppm (peak ¢), 2.29 and 2.38 ppm (peak b), and 1.11 ppm (peak a) are
attributed to the CH» protons of PEOz main chain, the CH; of ethyl side chain, and the
CHj3 of ethyl side chain, respectively. Two small signals at 3.75 ppm (peak d) and 3.0
ppm (peak e) are assigned to the CH> connected to the hydroxyl endgroup and the
terminal CH3 group. New signals of PLA are detected in Fig. 2B. The signals at 5.17
ppm (peak f) and 1.59 ppm (peak g) belong to the methine and methyl protons of PLA
main chain, respectively. On the other hand, disappearance of the signal at 3.75 ppm
is detected, in agreement with the attachment of PLA segment. A small signal appears
at 4.40 ppm which is assigned to the methine proton of PLA connected to the
hydroxyl endgroup.
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Fig. 2. 'TH-NMR spectra of PEOz-OH (A) and PEOz-PLA copolymer (B).

The degree of polymerization (DP) of PEOz-OH is calculated from the integration
ratio of signals a and e corresponding to the methyl group of ethyl side chain and that
of the chain end (2A), respectively. Two PEOz-OH macro-initiators with DPpgo, of 28
and 18 were synthesized in this work. The [LA/EOz] molar ratio of the block
copolymers is determined from the integrations of signals f'and a corresponding to the
methine group of PLA and the methyl group of ethyl side chain of PEOz (2B),
respectively. The [LA/EOz] ratios are slightly lower than those in the feed as shown in

Table 1, suggesting that the conversion of L-lactide is not complete. In fact, the yield



The DPpra and the number-average molar mass (My)

of the copolymers are then obtained from the following relationships:

DPpra = DPpeo, x [LA/EOZ] (eq. 1)
M = DPpeoz X 99 + DPpra x 72 (eq. 2)

Where 99 and 72 are the molar mass of EOz and LA repeat units, respectively.

The compositions of the various copolymers are summarized in Table 1. The
copolymers are named as EOzLy for the sake of clarity. In this acronym, EOz and L
represent PEOz and PLLA blocks, respectively, while x and y designate the
number-average degree of polymerization of corresponding blocks. The DPpra varies
from 42 to 6 for the EOzosLy series, with My varying from 5820 to 3230 g/mol. And a
copolymer with composition of EOzi3Ls and M, of 2160 was also synthesized.

The M, and dispersity (D = Mw/Mn) of the copolymers are also determined from GPC
measurements, as summarized in Table 1. The Mycrc) values are close or slightly
superior to Mynmr) ones. In fact, the MyGpc) is determined with polystyrene standards
and is usually higher than those from NMR, as reported in literature [29]. On the other
hand, the dispersity varies from 1.47 for EOzxsL42 to 1.18 for EOzsLs, in agreement

with narrow molar mass distributions.

The hydrophilic-lipophilic balance (HLB) is a major parameter of amphiphilic
polymers which can be determined by Griffin’s method. A low HLB value indicates
strong hydrophobicity, and vice versa. Table 1 shows that the HLB varies from 9.6 for
EOz2sL4> to 17.3 for EOzzsLs. Obviously samples with higher PEOz content have a
higher HLB, in agreement with higher hydrophilicity.

Table 1
Structural characteristics of PEOz-PLLA diblock copolymers.



Copolymer [LA/EOZ]* DPpco, DPpa  Mogmr) Magrg 2 GMC HLB®

PEOz 1800 = 18 = 1800 1700 1.13
PEOz 2800 - 28 - 2800 2900 1.09
EOZpl s 1.50 (1.70) 28 42 5800 5900 1.47 0.0041 96
EOzsl 1 0.75 (0.80) 28 21 4300 4500 1.30 0.0046 13.0
EOZpl1g 0.35 (0.50) 28 10 3500 3800 1.26 0.0069 15.9
EOzpls 0.20 (0.30) 28 6 3200 3100 1.27 0.0067 173
EOzls 0.25 (0.30) 18 5 2200 2400 1.18 0.0076 16.7

2 [LA/EQgz] is calculated from NMR, and data in parentheses are the feed ratios.
b HLBcopolymer = (MI’IPEOZ/ Mncopolymer) X20.

3.2. Self-assembly of copolymers

3.2.1. Critical micelle concentration

The CMC is an essential parameter that determines the behavior of micelles in vivo,
especially in terms of micelle stability after intravenous injection. The CMC of
PEOz-PLA copolymers was obtained from fluorescence spectrophotometer using
pyrene as the hydrophobic probe. The fluorescence emission spectra of pyrene were
registered in the range of 350 to 450 nm with increasing copolymer concentration
from 1.0x107 to 0.5 mg/mL (Fig. S1). The emission intensity of samples at low
concentrations is almost the same, but a significant increase occurs when the
concentration reaches a critical value. The intensity ratio I375/I395 vs. logC changes of
micelles were plotted, and the crossover point of the two regression lines is taken as
the CMC (Fig. S1). The CMC data of the various copolymers are shown in Table 1. It
appears that the CMC is closely related to the PLA block length. The longer the
hydrophobic PLA block, the lower the CMC value. In fact, amphiphilic block
copolymers with longer hydrophobic blocks are more inclined to self-assemble in
aqueous medium, thus leading to lower CMC and higher structural stability [34]. It is
noteworthy that the CMC values of all samples are very low (0.004-0.008 mg/mL)
compared to low molar mass surfactants, which should ensure the stability of micelles

after administration in the bloodstream [35].

3.2.2. Morphology of self-assembled structures

Micelle size and morphology strongly affect the drug loading and drug release
properties. PEOz-PLA micelles were prepared by self-assembly in pH 7.4 PBS using
co-solvent evaporation method. The morphology of PEOz-PLA blank and



PTX-loaded micelles was examined by TEM as shown in Fig. 3. Both spherical and
worm-like micelles are observed for EOzysl4> (Fig. 3A). The spherical micelles
exhibit a diameter of 20-50 nm, and the worm-like micelles a length of about 200 nm
and a diameter of about 30 nm. In contrast, uniformly dispersed spherical micelles are
observed for EOzaslo1 (Fig. 3B). The TEM images of micelles after PTX loading are
shown in Fig. 3A’ and Fig. 3B’. Obviously drug loaded micelles exhibit the same
structures as blank micelles. Similar results are obtained in the case of EOzxgLio,
EOz3L¢ and EOzisLs micelles (Fig. S3). Thus copolymers with HLB value above
13.0 only yield spherical micelles.

Fig. 3. TEM images of PEOz-PLLA blank micelles (left) and PTX-loaded micelles
(right): EOz23L42 (A, A”), EOz23L21 (B, BY).

DLS was used to determine the size and size distribution of spherical micelles in



aqueous solution (Fig. S2). A uniform micelle size distribution is observed in all cases.
The effect of pH on the micelle size was investigated as PEOz exhibits some
pH-sensitivity. The various copolymers were allowed to self-assemble in water and in
PBS at pH = 7.4, 6.5, 5.0 by using co-solvent evaporation method, and characterized
by using DLS. All the micelle size data are summarized in Table 2. Data of EOz2sL4>
are not available as it forms both spherical and worm-like micelles. For the two
poorly water-soluble copolymers (EOz2sl21 and EOzx3L10), the diameter of micelles
decreases with decreasing PLA block length. In fact, the size is 103.6 nm for
EOz2L21 and 74.6 nm for EOz2sL10, which is in agreement with literature [28]. This
finding could be explained by the increased aggregation number of copolymer

micelles with longer PLA blocks which attracted more copolymer chains in a micelle.

On the other hand, it appears that the size of micelles self-assembled in water is
smaller than that in PBS, the micelle size increases with decreasing pH. These
findings could be related to the presence of tertiary amide bonds in PEOz structure. In
a weakly acidic environment, the tertiary amide bond allows adsorption of protons,
resulting in the formation of PEOz intrachain or interchain hydrogen bonds.
Meanwhile, the electrostatic repulsion between PEOz chains resulting from ionization
of the tertiary amide groups along PEOz chain also contributes to micelle size
increase with decreasing pH. The situation is more complicated in the case of
water-soluble copolymers (EOz23Ls and EOzisLs). In contrast to kinetically “frozen”
micelles obtained from water insoluble copolymers, EOzxsLs and EOzisLs copolymer
micelles are dynamic systems with permanent exchanges between micelle-forming
molecules and free molecules in solution, continuously breaking and reforming [36].
Surprisingly, little difference of micelle size was observed in water and in PBS at
different pH values probably because of the dynamic nature of micelles which allows
self-adjustment of micelle architecture and size [28,29]. It is also noted that the

polydispersity index of micelles ranges from 0.21 to 0.35 in all cases.

Table 2
Diameter of blank micelles in different media and loading efficiency (LE) and loading
content (LC) data of PTX-loaded micelles.



Water PBS 6.5 PBS 5.0

Copolymer LEP (%) LC® (%)
Dy/nm2 PDI? Dy/nm PDI Dy/nm PDI

EOzpsLur = = = = 62 + 3 58 %03
EOzyla 104 026 115 022 116 024 126 0.24 87+ 3 8.0+ 02
EOzygl 10 75 029 77 023 92 027 108 0.3 80%5 74 %04
EOzyls 82 026 89 021 84 022 90 027 44 2 42 %02
EOzygls 99 033 9 028 9 024 102 021 41+ 3 39 +03

? Dy and PDI of micelles determined by DLS.
® LE and LC determined by HPLC. Data represent mean value + S.D., n = 3.

3.3. In vitro drug release

PTX was used as a hydrophobic model drug to evaluate the drug loading and release
properties of PEOz-PLA copolymers. Drug loading was realized by using a two-step
procedure consisting in adding drug solution into a pre-formed micelle solution under
stirring. The drug loading content (LC) was defined as the ratio of the amount of
loaded drug to the total amount of drug loaded micelles, and the loading efficiency
(LE) as the ratio of the amount of loaded drug to the amount of initially introduced

drug (theoretical drug loading) according to the following equations [37,38]:

LE = weight of loaded drug x 100% 1
~ theoretical drug loading 0 @

weight of loaded drug

= % 1009 2
weight of drug-loaded micelles & @

Table 2 presents the LC and LE data of PTX-loaded micelles. EOzisLs exhibits the
lowest LE of 40.6% and LC of 3.9%, whereas EOzsLo1 presents the highest LE of
86.7% and LC of 8.0%. Obviously the LC and LE values mainly depend on the length
of the hydrophobic block of copolymers. The longer the hydrophobic block, the
higher LE and LC values of copolymer micelles, and vice versa. However, lower LE
and LC values are obtained for EOzxslL4> as compared to EOz23L10 and EOzx3L»1. In
fact, EOzxsL4> has a high hydrophobic PLA content or low HLB value. Thus the

micelles tend to aggregate and precipitate during the self-assembly process, leading to



lower drug loading efficiency in spite of the co-existence of spherical and worm-like

micelles.

Fig. 4A presents the drug release profiles from 4 micelle samples (EOz2sLlao,
EOz2sl21, EOz23L10 and EOzsL6) with different PLA block lengths in pH 7.4 PBS at
37 °C. No burst release is detected. It appears that the PTX release ratio is improved
for copolymers with short PLA blocks. EOz2sLe exhibits the highest release ratio with
25.8% of released drug in 30 days, in contrast to EOz23L4> which has only 6.5% drug
release. EOzx3L1o and EOzzsl21 exhibit intermediate release ratios of 19.4% and
11.6%, respectively. EOz2sL4> with low drug content shows the lowest release rate.
This finding could be assigned to the most compact core structure of EOzasla>

micelles which disfavors drug diffusion to the medium.

It is also of interest to compare the released drug amounts from different micelle
systems. For example, EOzasl21 exhibits a release percentage of 11.6% in 30 days,
but it has a high loading efficiency of 86.7%. In contrast, EOz2sLs presents the highest
release rate (25.8% in 30 days), but its loading efficiency is only 43.5%. In 30 days,
the total released drug from EOzxsl,i is approximately 0.030 mg, and that from
EOz2sLs is about 0.034 mg.
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Fig. 4. (A) In vitro release profiles of paclitaxel from EOz23L42, EOz23L21, EOz28L10
and EOzzsLs copolymer micelles at pH = 7.4 PBS at 37 °C; (B) In vitro release
profiles of paclitaxel from EOzxsl21 and EOz2sL10 copolymer micelles at pH = 7.4,
6.5, 5.0 PBS at 37 °C; (C) In vitro release profiles of paclitaxel from EOzxsL¢ and
EOzisLs copolymer micelles at pH = 7.4 and pH = 5.0 PBS at 37 °C. All data are

represented as the mean + SD (n = 3).

Considering the overall performance of the loading content, loading efficiency and
release rate, EOz2sl21 and EOzzsL10 micelles were used to evaluate the effect of pH
on drug release. Three pH values (7.4, 6.5, 5.0) were used to mimic the physiological

pH, extracellular pH of tumor, and that of lysosome/endosome of tumor. Fig. 4B



shows the PTX release profiles from EOz23l21 and EOzzsLio copolymer micelles at
different pH values. Drug release appears rather smooth without burst effect. The
release ratio from EOzaslo; is 11.6% at pH 7.4, 14% at pH 6.5, and 20.9% at pH 5.0
in 30 days. Similarly, the release ratio from EOzzsL10 is 19.4% at pH 7.4, 23.2% at pH
6.5, and 29.4% at pH 5.0. These findings indicate that the release rate is only slightly
enhanced at pH 6.5, and significantly enhanced at pH 5.0 as compared to pH 7.4. It
has been reported that the pKa of PEOz-PLA was 6.5 [28]. Thus the hydrophilic
PEOz block could be ionized at pH 5.0 which is below its pKa, leading to swelling of

micelles and increase of micelle size which should accelerate drug release.

In fact, protonation of amide groups is an intermediate step of the acid hydrolysis of
poly(2-alkyl-2-oxazoline)s (PAOx) to obtain polyethylenimine (PEI) [39]. During the
hydrolysis process, the amide group is activated by protonation of the carbonyl
functional group, followed by formation of a tetrahedral intermediate via nucleophilic
attack of water. Finally the carboxylic acid is detached from the polymer backbone to
yield PEL It should be noticed that amide groups are very stable and hydrolysis of
PAOx only occurs under strong acidic or basic conditions [39-41]. In the present work,
protonation of the amide group in PEOz chain well agrees with the variation in

micelle size and release rate at various pH values.

It is also noteworthy that acidic environments could enhance the degradation of PLA
blocks, which could also accelerate drug release. However, it has been reported that
the cumulative release of PTX from PEG-PLLA micelles at pH 5.5 is only 2.5%
higher than that of pH 7.4 in 30 days, and the difference of release rates between pH
74 and pH 3.0 was less than 3% [38]. Thus it can be assumed that the
pH-responsiveness of PEOz-PLLA micelles is the main reason for the enhanced drug

release at acidic pH.

It has been reported that PEOz with higher molar mass may have higher

pH-responsive effect [19]. Thus the release profiles of PTX from EOzxsle and



EOzisLs micelles were comparatively studied, as shown in Fig. 4C. The release ratio
from EOzzsls and EOzisLs is 36% and 37.6% at pH 5.0, respectively. This finding
could be attributed to the small difference of molar masses between the two samples.
It is also noted that 25.8% drug release is obtained for EOz2sls at pH 7.4, which is
much lower than that at pH 5.0, in agreement with the enhanced drug release at acidic

pH.

The release rate of PTX from of PEOz-PLLA micelles appears much slower as
compared to the results reported in literature [28]. In fact, Wang et al. reported that
PTX release from the micelles was pH dependent and markedly accelerated with
decreasing pH value. 67% of PTX were released within 48 h from PEOz6-b-PLA4
micelles with Mn of PEOz of 6000 and Mn of PEOz of 4000, whereas PTX release
was 75% and 90% at pH 6.5 and 5.0, respectively. The differences could be assigned
to the chemical composition and release conditions. In the present work, 0.1% Tween
80 was added in the release media, in contrast to 0.2% Tween 80 in literature. Higher
Tween content should enhance drug release as it improves drug solubility. On the
other hand, PLLA block used in this study has lower degradability than PDLLA block
used in literature. And faster degradation of the polyester block favors drug release
[38]. Last but not least, as PLLA degrades very slowly in PBS at pH 7.4, 6.5 and 5.0
[38], drug molecules are more likely to be released through diffusion from the interior

of PEOz-PLLA micelles.

It is also of interest to compare the self-assembly and drug release behaviors of
PEOz-PLLA micelles and other micelle systems [15,29,36-38]. Various micelle
structures, including spherical, rod-like and worm-like micelles have been observed
from PEG-PLLA, PEG-PDLLA, PEG-PCL, and PEG-P(CL/GA) copolymers,
depending on the hydrophilic/hydrophobic ratio, block length, and chain structure
regularity of copolymers. In particular, spherical micelles are exclusively obtained for
PEG-PDLLA copolymers, whereas both spherical and worm-like micelles are formed
from PEG-PLLA copolymers [15]. Jelonek et al. studied PTX release from various
PEG-PLA micelles. The LE of all samples ranges from 48% to 69%, and LC from 4.7%



to 6.5%, which 1s comparable to PEOz-PLLA micelles. Nevertheless, less than 25%
of drug was released during 71 days [15]. On the other hand, little difference was
found between the release rates of PEG-PLLA micelles at pH 7.4, 5.5 and 3.0 during
the first 5 weeks [41]. Therefore, pH-sensitive PEOz-PLLA micelles could be a

promising carrier of hydrophobic anti-tumor drugs.

4. Conclusions

In this work, amphiphilic PEOz-PLA copolymers were successfully synthesized by
ring-opening polymerization and considered as a potential drug carrier for controlled
delivery of anti-tumor drugs. Self-assembled micelles were prepared using the
co-solvent evaporation method in water and in PBS at pH 7.4, 6.5 and 5.0. The
resulting micelles exhibit different morphologies, such as spherical micelles and
worm-like micelles depending on the hydrophilic/hydrophobic balance. The micelle
size increases with decreasing pH due to the electrostatic repulsion between PEOz
chains resulting from ionization of the tertiary amide groups along PEOz chains. The
PTX-loading and release properties of micelles were also closely related to the length
of PLA. Copolymers with longer PLA segments present higher LE and LC values.
Faster release was obtained for copolymers with shorter PLA blocks than for
copolymers with longer PLA blocks, at acidic pH than at pH 7.4. It is thus concluded
that pH-responsive PEOz-PLA copolymers could be promising as carrier of
anti-tumor drugs. Further studies are underway in terms of micelle morphology, drug
release, in vitro cytotoxicity, and in vivo cellular uptake, in particular the differences

between spherical and worm-like micelles.
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