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Despite the growing interest in amphiphilic block copolymers for their application in micelles as ideal
drug delivery carriers, there remain some challenges related to biocompatibility, stability, degradability,
and loading efficiency of the micelles. Herein, we report a novel hydrophobic, pH-responsive epoxide
monomer, tetrahydropyranyl glycidyl ether (TGE). Anionic ring-opening polymerization affords the con-
trolled synthesis of a series of its homopolymers (PTGE) and amphiphilic polymers, poly(ethylene glycol)-
block-poly(tetrahydropyranyl glycidyl ether) (PEG-b-PTGE). Interestingly, these block copolymers with
cyclic TGE moieties showed superior stability in biological media, high loading capacity, tunable release,
and controllable degradation compared to the block copolymers with its acyclic analogue, 1-ethoxyethyl
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glycidyl ether (EEGE), widely employed in polyether, which satisfy all the required design principles and
address the challenges in drug delivery systems. The superior biocompatibility coupled with the high
stability of the novel functional epoxide monomer is anticipated to lead to the development of a versatile

rsc.li/polymers

1. Introduction

The self-assembly of amphiphilic molecules has generated
considerable interest due to their potentially wide-ranging
applications in detergents, templates, and catalysts, to drug
delivery."™ Polymeric amphiphiles like amphiphilic block
copolymers have garnered particular attention due to their
high physical and chemical tunability in each block from the
respective monomer, which in turn allows one to tailor the
stability and functionality of the resulting self-assembled
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1 Electronic supplementary information (ESI) available: Detailed 'H, **C, COSY,
and HSQC NMR spectra of the monomer, and the GPC trace and DSC graphs of
the synthesized polymers. Excitation spectra of pyrene for CMC measurement.
DLS, SAXS, AFM, TEM, and cryo-TEM of the micelles. Emission spectra of DiO
and Dil for the FRET test and in vitro FRET studies. Excitation spectra of pyrene
under acidic conditions. Paclitaxel encapsulation efficiency and in vitro cell via-
bility. See DOI: 10.1039/c7py01613a
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platform for smart drug delivery systems.

nanostructures. Among these, polymeric micelles self-
assembled in aqueous solutions have been exploited as ideal
drug delivery carriers, some of which, such as Pluronics,
Paclical, and Genexol-PM, have advanced successfully to clini-
cal settings.™®

Besides the important stabilizing role of the hydrophilic
block, the self-assembly of polymeric micelles is governed by
the choice of the hydrophobic block. In particular, the pro-
perties of the hydrophobic blocks determine the stability,
degradability, and loading efficiency of the resulting micelles.
For example, polymeric micelles often undergo dynamic dis-
solution at high dilution and exposure to changes in pH and
salt concentration upon systemic injection to the blood
stream.® Accordingly, there have been active investigations for
tailoring many synthetic parameters affecting the stability of
micelles, including crystallinity,”® stereoregularity,” molecular
weight, and substituents'®"® on the hydrophobic block.
Sophisticated delivery is another critical factor to consider.
Together with the development of micelles responsive to exter-
nal stimuli like pH, light, redox, and temperature,"*>° control
over the release profile of the internal payload has been
explored by introducing new structures in the hydrophobic
block.*** Thus, it can be concluded that the hydrophobic
block in amphiphilic block copolymers plays a key role in
modulating the critical parameters of polymeric micelles.

Polym. Chem., 2017, 8, 7119-7132 | 7119
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Therefore, it continues to be a challenging endeavor to develop
a novel hydrophobic block monomer to achieve the aforemen-
tioned high tunability of the micelles for drug delivery systems.

For biomedical applications of micelles, poly(ethylene glycol)
(PEG) is by far the most frequently employed as a hydrophilic
block to provide aqueous stability owing to its superior
solubility, biocompatibility, low immunogenicity, and stealth
effect.”®*’ As an alternative to PEG, its polyether analogue, poly-
glycerol (PG), has attracted attention due to its biocompatibility
and other advantages over PEG, such as a controllable structure,
functional group, and facile synthesis.*®?* To date, diverse
epoxide monomers have been developed with tunable physico-
chemical properties and functionalities.'”'**>3°
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Herein, we report the design and synthesis of a novel
epoxide monomer, tetrahydropyranyl glycidyl ether (TGE), and
a series of its homopolymers (PTGE) and amphiphilic poly-
mers, poly(ethylene glycol)-block-poly(tetrahydropyranyl glyci-
dyl ether) (PEG-b-PTGE), employing the TGE block as a pH-
responsive hydrophobic block (Fig. 1 and Table 1). The mole-
cular design of TGE satisfies all the required design principles
and addresses the challenges encountered in drug delivery
systems to achieve highly tunable polymeric micelles with high
stability, loading capacity, tailorable release, and degradability.
Moreover, this novel epoxide monomer system can produce
well-defined polymers with all-polyether backbones possessing
superior flexibility and biocompatibility unlike other all-
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Fig. 1 Synthetic scheme for the (a) TGE monomer, (b) PTGE homopolymer and linear PG, and (c) PEG-b-PTGE block copolymer. Structures of the
EEGE monomer and the PEG-b-PEEGE block copolymer are presented for comparison. t-BuP, was employed as a metal-free organic base for

polymerization.

Table 1 Characterization data for all polymers synthesized

No Polymer composition® M, * (g mol™) b (g mol™) My /M, " T, (°C) cMc? (mg LY
1 PTGE,, 2400 1800 1.12 -31.0 —

2 PTGE,, 3300 1900 1.03 -24.0 —

3 PTGE;4 6100 3000 1.10 —-21.7 —

4 PTGE4 18 600 6200 1.19 -20.3 —

5 T1 PEGy,4-b-PTGE, 4 8700 9800 1.05 —21.2 18.1
6 ™ PEG,,4-b-PTGE;, 11 800 11 600 1.05 -17.0 9.79
7 T3 PEG,,4-b-PTGE,, 18000 19 600 1.23 -15.8 0.83
8 E1 PEG, 1,-b-PEEGE, 7200 9300 1.09 —59.0 n.d.f
9 E2 PEG,,4-b-PEEGE,, 9100 11 400 1.08 -59.1 96.0
10 E3 PEG,,4-b-PEEGE, 14700 14700 1.11 -59.0 10.3

“ Determined via "H NMR spectroscopy. ” Measured usmg GPC measurement (THF, RI signal, PS standard). “ T, was determined by differential

scanning calorimetry (DSC) at a rate of 10 °C min™".

pyrene as a probe. ° Not determined.
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carbon backbone systems. In contrast to its acyclic analogue,
1-ethoxyethyl glycidyl ether (EEGE), reported in the
literature,’®™*° the TGE monomer with a cyclic pendant group
provides superior stability, high loading capacity, and control-
lable degradation in polymeric micelles. The superior bio-
compatibility coupled with the high biological stability of our
system is expected to lead to the development of a versatile
platform for smart drug delivery systems.

2. Results and discussion
2.1 Monomer synthesis and polymerization of TGE

A novel hydrophobic, pH-responsive monomer TGE was syn-
thesized in a facile, one-step procedure, starting from glycidol
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and 3,4-dihydropyran (Fig. 1a), and purified by fractional dis-
tillation in a typical isolated yield of 60%. The chemical struc-
ture was successfully confirmed using various NMR spectro-
scopic techniques, including "H, *C, correlation spectroscopy
(COSY), and heteronuclear single-quantum correlation
(HSQC), as well as using mass spectrometry (Fig. 2a and
Fig. S1-S3 in the ESIY).

After confirming the successful synthesis of the TGE
monomer, the polymerization proceeded via t-BuP, catalyzed
anionic ring-opening polymerization (AROP) using benzyl
alcohol as an initiator at room temperature for 1 day (Fig. 1b).
The highly basic organic superbase ¢-BuP, was chosen as it
allowed controlled polymerization of the PTGE homopolymers
at room temperature,*®?” while other metal-based CsOH and
t-BuOK bases did not work for our monomer system.
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Fig. 2 Representative 'H NMR spectra of the (a) TGE monomer, (b) PTGE homopolymer (entry 3 in Table 1), (c) PTGE homopolymer after de-
protection, and (d) PEG-b-PTGE block copolymer (entry 5 in Table 1). All spectra were collected in CDClz except (c), which was recorded in D,0O.
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Here, we synthesized both the homopolymer, poly(tetra-
hydropyranyl glycidyl ether) (PTGE), and block copolymer, poly
(ethylene glycol)-block-poly(tetrahydropyranyl glycidyl ether)
(PEG-b-PTGE), using poly(ethylene glycol)monomethyl ether,
mPEG (Mp, xmr = 5900 g mol ™), as the macroinitiator (Fig. 1c).

A series of PTGE homopolymers with different molecular
weights (M, xmr = 2400-18 600 g mol ™) were successfully pre-
pared by controlling the monomer-to-initiator ratios and were
characterized by 'H NMR, gel permeation chromatography
(GPC), and matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (Table 1, Fig. 2, 3 and
S4t). As shown in Fig. 2b, the "H NMR spectra of PTGE clearly
indicated the characteristic peaks corresponding to the aro-
matic initiator protons (7.30-7.38 ppm), methylene protons
(4.50-4.54 ppm), polyether backbones (3.24-4.05 ppm) and
tetrahydropyranyl protons (4.55-4.62 ppm and 1.44-1.91 ppm).
Specifically, the number-average molecular weight (M, xmr)
was calculated by determining the ratio of the peak integrals
for the methylene group of the initiator to the tetrahydropyra-
nyl protons (4.55-4.62 ppm) in "H NMR. After confirming the
successful synthesis of PTGE polymers, they were further
treated with HCl for 2 h to yield linear polyglycerol (PG)
(Fig. 1b). The elimination of the tetrahydropyranyl moiety was
clearly observed in the 'H NMR spectrum with the dis-
appearance of the peaks corresponding to the tetrahydropyra-
nyl group at 1.44-1.91 ppm (Fig. 2¢).

Furthermore, the GPC results of the PTGE homopolymers
showed a monomodal distribution and narrow polydispersity
index (M/M, = 1.03-1.19), using polystyrene as a standard in
THF (Table 1 and Fig. S41). It is worth noting that the M, gpc
values tend to be slightly lower than the M, xur values, as
shown in Table 1. This could be attributed to the hydrophobic
tetrahydropyranyl side chain of the homopolymer collapsing

RN 3766.1:PTGE,; + Na’
s 3782.4 : PTGE,; + K’

3000 3500 4000 4500 5000
Mass (m/z)

Fig. 3 Expanded MALDI-TOF mass spectrum of the PTGEzg homopoly-
mer (entry 3 in Table 1) from 3000 Da to 5000 Da. The spacing of the
signals corresponds to the mass of the TGE monomer (158.09 g mol™)
in the homopolymer. Full range of the spectrum is displayed in Fig. S5.1
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in THF due to its higher polarity than the homopolymer,
which in turn led to the difference in their hydrodynamic
volumes.*®

To formulate the micelle and evaluate its performance as a
drug delivery carrier, PEG was used as the hydrophilic block
and PTGE with various molecular weights as the hydrophobic
block to provide the amphiphilic block copolymers of PEG-b-
PTGE (T series, Fig. 1c). The '"H NMR spectrum of the amphi-
philic block copolymer clearly showed the characteristic peaks
of the respective blocks, including the methyl protons of
mPEG (3.88 ppm), the polyether backbones (3.41-3.97 ppm),
and the tetrahydropyranyl protons (4.55-4.62 ppm and
1.44-1.91 ppm) (Fig. 2d). The block copolymers of different
molecular weights (8700-18 000 g mol™") were successfully pre-
pared based on the peak integral ratio between the methyl
protons of mPEG and the tetrahydropyranyl protons. The GPC
results of the block copolymers also showed monomodal dis-
tributions with narrow polydispersity indexes of 1.05-1.23
(Fig. S4t). Moreover, the GPC traces of the block copolymers
clearly shifted to a higher-molecular-weight region compared
to the mPEG macroinitiator, successful
copolymerization.

As an acyclic analogue of PTGE, the amphiphilic block
copolymers of poly(ethylene glycol)-block-poly(ethoxyethyl gly-
cidyl ether) (PEG-b-PEEGE) were synthesized to compare the
stabilities and encapsulation properties of the micelles. The
synthesis of the EEGE monomer and its subsequent copoly-
merization with the mPEG macroinitiator (E series) were per-
formed following an identical protocol and were confirmed
using "H NMR and GPC techniques (Table 1 and Fig. S4-S6).

To confirm the presence of the initiator and the successful
incorporation of TGE in the PTGE homopolymer, MALDI-TOF
spectrometry was performed. As shown in Fig. 3, the molecular
weight of 3782.4 ¢ mol™" can be assigned to a polymer chain
with 23 repeating units with K' as the counterion (benzyl
alcohol (108.06 g mol™") + TGE (158.09 g mol™') x 23 + K"
(38.96 g mol™)). Correspondingly, the spacing of the signals is
well matched with the molecular weight of the TGE monomer
(158.09 g mol™"), which clearly indicates the successful
polymerization.

Differential scanning calorimetry (DSC) studies revealed
that the glass transition temperatures (T,) of the PEG-b-PTGE
block copolymers (T series) with a cyclic PTGE block are con-
siderably higher (=16 °C to —21 °C) than those of PEG-b-
PEEGE (E series) with an acyclic PEEGE block (ca. —59 °C)
(Fig. S87).*’ In agreement with our observation, Tian et al
reported that the T, values of polyphosphazenes with cyclic
pendant groups are higher than those of the linear analogue.
We attribute the higher T, values of the T series polymers com-
pared to the E series to the cyclic moieties that lead to fewer
degrees of conformational freedom, which results in higher
energy barriers to torsional motion. Moreover, the possibility
of chair-to-chair stacking between side chains could contribute
to higher T, values, while the torsional flexibility of the E
series with an acyclic analogue led to lower T, values.”® In
addition, the T, of the PEG block was not clearly detected in

revealing

This journal is © The Royal Society of Chemistry 2017
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our system although it was reported around —65 °C in the
literature.>*

2.2 Self-assembly behavior

The critical micelle concentration (CMC) is an important indi-
cator for demonstrating the self-assembly and stability of the
micelles *> The CMCs of T and E series of amphiphilic block
copolymers were determined via an established method using
pyrene as a fluorescent probe.**>* Above a certain concen-
tration of the polymer solution, pyrene can be encapsulated
within the hydrophobic core of the micelle, resulting in a dra-
matic increase in the excitation band intensity (I330/I33,, also
expressed as I3/I;). The I;/I; ratio was plotted as a function of
the concentrations of the respective polymers (Fig. 4; see
Fig. S97 for the collected spectra). A clear crossover point was
observed for all the PEG-b-PTGE block copolymers, suggesting
the formation of micelles with respective CMC values of 18.1
(T1), 9.79 (T2), and 0.89 mg L™ (T3). The CMC values of PEG-
b-PTGE decreased upon increasing the number of the hydro-
phobic blocks. In contrast, E1 does not show any sign of
micelle formation due to the reduced hydrophobicity of the
PEEGE block, whereas other polymers with longer PEEGE
blocks displayed a CMC of 96.0 (E2) and 10.3 mg mL ™" (E3). It
is worth noting that the CMC values for PEG-b-PTGE are
approximately 10 times lower than those of the PEG-b-PEEGE
copolymers. This result indicates that the micelles prepared
from PEG-b-PTGE polymers which contain a more hydro-
phobic, cyclic tetrahydropyranyl group are more stable and can
sustain their integrity upon dilution after systematic injection
compared to their acyclic analogue, PEG-b-PEEGE. Moreover,
considering the flexible and hydrophilic nature of the poly-
mers with all polyether backbones, the CMC values are signifi-
cantly lower than those of commercial Pluronic copolymers
whose values are in a wide range from 4.0 mg L™" to 1.0 x 10*

mg L5

T T T

0.1 1 10 100
conc. of polymer (mg/L)

T T T T T T
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After confirming successful micelle formation, we per-
formed cryogenic-transmission electron microscopy (cryo-
TEM) to elucidate the morphology of the prepared micelles.
Cryo-TEM can directly show the micelle structure in a solution
state, relatively free from artifacts. It is observed that the water-
dissolved hydrophilic shell does not provide enough contrast
against the vitrified solution background (Fig. S11+). As shown
in Fig. 5, the cryo-TEM images demonstrate that T1 and T2
micelles possess a spherical morphology with a core size of
approximately 20.4 + 2.9 nm and 13.4 + 1.6 nm, respectively.
The core size of the micelles of PEG-b-PTGE decreased with
increasing length of the hydrophobic PTGE block. We postu-
late that there is enhanced packing of the side chain within
the hydrophobic core of the micelle when the degree of hydro-
phobic PTGE is increased. Interestingly, the cryo-TEM image
of T2 micelles exhibits a uniform spherical morphology with a
regularly packed structure (Fig. 5b). The measured diameter of
the micelles was 26.1 nm with a 13.4 nm hydrophobic core
and a 6.4 nm hydrophilic corona, which is in good agreement
with the hydrodynamic diameter (D) of 26.2 + 4.6 nm
measured from dynamic light scattering (DLS) (Fig. S127).
Small-angle X-ray scattering (SAXS) was performed in parallel
to further characterize the size and the structure of the
micelles (detailed analysis is shown in the ESIf). The fitting
results show the core diameter of 16.6 nm and 11.0 nm and
the overall micelle diameter of 31.4 nm and 26.4 nm for T1
and T2 micelles, respectively (Fig. S13t). In addition, spherical
structures of micelles were observed by atomic force
microscopy (AFM) (Fig. S141). The diameter of the T1, T2, and
E2 micelles measured by AFM was 77.2 + 9.4 nm, 58.7 *
9.1 nm and 79.0 + 14.8 nm, respectively.

All micelles met the requirement for size threshold for
effective in vivo imaging and delivery to avoid recognition by
the reticuloendothelial system to enhance the accumulation in
tumors by the enhanced permeability and retention (EPR)
effect.”®>® It is also noteworthy that the T3 micelles exhibited

1.2
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’ e ®
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o . .0
- ,‘ ’,’
0.6+ /’ ,-°0
vl ,-°0
4 o . i
04_F:::o:$::&:,‘:%_-,a__- oo O

1 0 100 1000
conc. of polymer (mg/L)

Fig. 4 Determination of CMC for amphiphilic block copolymer micelles via measurements of /3/I; as a function of polymer concentration using the
fluorescence excitation spectra of pyrene (lem, = 372 nm). (@) T1 (n = 18), T2 (n = 37), and T3 (n = 72) and (b) E1 (n = 9), E2 (n = 22), and E3 (n = 60).
n represents the number of respective repeating units in PEGy14-b-PTGE,, and PEG;14-b-PEEGE,, (see Table 1 for notation). Dotted lines display the

inflection point.
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Fig. 5 Representative cryo-TEM images of (a) T1, (b) T2, (c) T3 micelles, and (d) schematic representation of the structure of T2 micelles with
dimensions of each block in a micelle. See Fig. S9t for cryo-TEM images of E2 and E3 micelles.

mixed morphologies of spherical and cylindrical micelles with
increasing size of the hydrophobic block. These results indi-
cate that the polymer composition can control the morphology
of PEG-b-PTGE micelles, in turn affecting the efficacy of these
micelles as drug carriers.>**°

2.3 Encapsulation stability of micelles under biological
conditions

Among the various factors that determine the suitability of a
drug delivery carrier, encapsulation stability under biological
conditions is regarded as critical.®’ When considering the
diversity of biological encounters that arise during delivery,
the encapsulation of hydrophobic components is often chal-
lenged by proteins in the blood stream. For example, serum
protein adsorption often induces premature release before
reaching the target site due to partitioning effects.®® To investi-
gate the stability of micelles under harsh biological conditions,
a Forster resonance energy transfer (FRET)-based method was
used in this study as reported previously.®> The FRET pair
comprising the donor, 3,3'-dioctadecyloxacarbocyanine per-
chlorate (DiO), and the acceptor, 1,1'-dioctadecyl-3,3,3',3"-tetra-
methyl indocarbocyanine perchlorate (Dil), was used to assess
the loading stability of the prepared micelles. If the micelles
are stable, the FRET pair will display a strong emission at
564 nm (emission of the Dil acceptor) resulting from an
effective energy transfer due to the proximity of the molecules
within the micelle. On the other hand, if the micelles tend to
be unstable, the FRET molecules are released, eliminating the

7124 | Polym. Chem., 2017, 8, 7119-7132

FRET effect so that only the emission of the FRET donor, DiO,
is observed at 510 nm.

Here, we choose T1, T2, T3 and E3 micelles to compare the
stability based on the loading efficiency determined by the
model hydrophobic drug, Nile red, within the micelles.
Interestingly, the T1, T2, and T3 micelles displayed an encap-
sulation efficiency of 8.2, 14.9, and 16.6% for Nile red, respect-
ively, whereas the E2 and E3 micelles showed a relatively lower
encapsulation efficiency of 0.50 and 10.9%, respectively
(Fig. S15%). It could be attributed to the structural difference
and enhanced hydrophobicity of the cyclic PTGE block. Under
a similar block length of PEEGE with PTGE, the E3 micelle
showed lower encapsulation efficiency compared to the T2
micelle, suggesting the important role of the hydrophobic
PTGE block in the enhanced loading ability of the hydro-
phobic encapsulant.

As shown in Fig. 6, the T1, T2, and T3 micelles show almost
intact FRET emission in phosphate-buffered saline (PBS) as
the spectra are dominated by the emission of the FRET accep-
tor, Dil at 570 nm. As mentioned above, the spectral profile
originates from the inter-molecular energy transfer between
adjacent DiO and Dil in the micelle core, which suggests excel-
lent stability of the micelles in PBS over 24 h. On the other
hand, E3 micelles exhibited considerable changes in the FRET
pattern over time, revealing structural instability in PBS.

When the stability assay was performed in pure serum, the
fluorescence intensities of the T1 and E3 micelles changed sig-
nificantly, indicating rapid partitioning of the internal payload
among proteins like albumin and globulins present in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 FRET based encapsulation stability analysis of various micelles
under biological conditions using the fluorescence emission spectra
(lex = 450 nm). (a) T1, (b) T2, (c) T3, and (d) E3 micelles in (left panel)
PBS and (right panel) 100% serum. Emission peak of DiO (FRET donor)
observed at 510 nm and Dil (FRET acceptor) at 570 nm.

serum. In clear contrast, the T3 micelle resisted payload
release even for 24 h, highlighting its potential to shield the
hydrophobic molecules inside the core from contact with the
serum components, thus affording versatile tunability of the
release kinetics under biological conditions. A similar
phenomenon was observed under 10% and 50% serum con-
ditions (Fig. S167).

Encouraged by the FRET data on their encapsulation stabi-
lity, we further examined the stability of the prepared micelles
inside cells. The micelles loaded with the FRET pair, DiO and
Dil, were incubated in human epithelial carcinoma cells (HeLa
cells) with different incubation times and imaged without
washing the media. As shown in the left panel of Fig. 7, the
red signal from the cell membrane showed a strong red fluo-
rescence from Dil due to effective FRET occurring in T1, T2,
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and T3 micelles, whereas the E3 micelle indicated a rapid loss
of the FRET signal in the cell membrane before internaliz-
ation. This result once again proved that the micelles with the
PTGE block demonstrated superior stability even under in vitro
conditions with HeLa cells. Upon incubation for 6 h, one
could even observe some noticeable differences between the
micelles of the T series. For example, T1 rapidly released the
internal payload, while T2 and T3 displayed a slow release
even inside the cytosol, indicating the successful cytoplasmic
delivery of the active therapeutics with tunable encapsulation
stability, which depends on the choice of the hydrophobic
block and length (Fig. 7 and Fig. S177).

2.4 Degradation in acidic environments

For environment-responsive drug delivery systems, pH-sensi-
tive polymeric micelles have attracted considerable attention
due to the wide range of pH changes in many specific
compartments.®*°® In this study, owing to the nature of acetal
linkages placed in the side chain of both the PTGE and PEEGE
blocks, we pursued the degradation of the amphiphilic block
copolymers upon treatment with acid to dissociate the acetal
linkages, which resulted in the changes of the hydrophobic
PTGE or PEEGE block to its corresponding hydrophilic linear
PG block.

Using pyrene as a model hydrophobic therapeutic, the
degradation of T2 micelles was initially monitored in PBS
buffer (pH 5.8), which showed a marked stability over 1
week (data not shown). Thus, we employed more acidic con-
ditions (pH 3.0) to highlight the difference between the
cyclic PTGE block and the acyclic PEEGE block in terms of
their degradation kinetics, although it is beyond the typical
biological pH window. After lowering the pH, the intensity
of the fluorescence excitation band shifted and decreased
with time (Fig. S18t). The change in the excitation band is
shown in Fig. 8, in which the ratio of the fluorescence inten-
sity at 339 and 332 nm (I3/I;) was plotted as a function of
time. Interestingly, the I3/I; plots of T1 and T2 micelles with
respect to time showed sustained release, which can help
maintain therapeutic doses for extended periods within the
desirable concentration window for effective drug delivery. It
is worth mentioning that the T3 micelle with the longest
hydrophobic block did not release the internal payload even
after 7 days under an identical acidic environment (Fig. 8d).
These results suggest that the release kinetics can be easily
controlled by the number of hydrophobic TGE units. In
clear contrast, E2 micelles showed a burst release only after
5 min of acid treatment, even when the concentration of the
polymer was increased to 5 mg mL™" (Fig. 8f). E3 micelles
with a longer hydrophobic block exhibited rapid release of
the encapsulated pyrene compared to E2 micelles, however,
the release kinetics was still faster than those of the T series
micelles (Fig. 8g). It can be postulated that the acid cannot
readily penetrate the hydrophobic domain due to the close
packing and increased torsional strain of PTGE blocks
within the micelle core, thus reducing the access of acid for
the hydrolytic degradation of labile acetal linkages. These
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Fig. 7 In vitro FRET studies for various micelles. (a) T1, (b) T2, (c) T3, and (d) E3 micelles after 30 min and 6 h incubation by live imaging in HelLa
cells with 10% fetal bovine serum (FBS). Excitation and emission wavelengths for DiO were 488 nm and 535 nm, and those for Dil were set to
543 nm and 620 nm, respectively. See Fig. S167 for images after 12 h incubation.

observations are in line with the results reported by De
Geest and co-workers for the hydrolysis of the PTX-polymer
conjugates with an acetal linker,® and also by
Kizhakkedathu and co-workers for the degradation study of
the branched polyether with various ketal group struc-
tures,>® and to optimize a wide window of the release kine-
tics with respect to targeted pH ranges, the synthesis of
copolymers with tailorable fraction of cyclic and acyclic ana-
logues is currently underway.

Taken together, we propose that the dramatic difference in
the stability and degradation kinetics of different micelles
can be attributed to the structural differences between the
monomer units of cyclic PTGE and acyclic PEEGE blocks
such as hydrophobicity and chain flexibility. The enhanced
hydrophobicity of the cyclic PTGE block can be quantitatively
calculated based on the partition coefficient, log P, using a
well-known computational model, ALOGPS 2.1.°7° For
example, the log P value of the cyclic and acyclic monomers
was calculated as 0.66 and 0.45, respectively, suggesting
enhanced hydrophobicity of the cyclic PTGE block, which in
turn contributed to the stability of the micelles and the sus-
tained release kinetics in PEG-b-PTGE micelles. Furthermore,
the reduced chain flexibility of the cyclic PTGE block was
clearly reflected in the higher T, values together with the
stacking between the cyclic PTGE monomer side chains,>
which may also contribute to the close packing within the
micelle core.
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2.5 Cell viability test

Finally, we evaluated the cell viability of all the micelles to
determine the possibility of using them as drug delivery car-
riers. Each micelle was treated with HeLa cells to investigate
their viability using the well-known MTT assay. As shown in
Fig. 9, the cell viability after treating the micelle solution with
varying concentrations was nearly 100% in the T1, T2 and E2
micelles, even at a high concentration of 500 pg mL™".
However, the cell viability of T3 and E3 micelles (micelles
having a longer hydrophobic chain) decreased slightly for the
250 pg mL™" concentration. This can be explained by the fact
that long hydrophobic chains could have a negative effect on
biocompatibility; thus, micelle stability and biocompatibility
should be optimized to achieve the best performance as drug
delivery carriers. Moreover, according to the recent report by
Xia et al. which demonstrated the cytotoxicity occurring from
the residual phosphazene base,”’ the residual phosphazene
base was thoroughly removed from the polymers as evidenced
by the "H NMR spectra (Fig. S197).

Furthermore, we demonstrated the therapeutic effect of
micelles loaded with paclitaxel, the poorly water-soluble anti-
cancer drug. We treated the HeLa cell with paclitaxel-loaded
micelles to confirm the in vitro drug delivery efficiency
(Fig. S207). After 24 h of incubation, the cell viability decreased
in all micelles, with the T series micelles showing particularly
better efficiency compared to the E series micelles. This dis-
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(a) Illustration of pyrene release upon acid treatment of PEG-b-PTGE micelles to form PEG-b-linear PG polymers. Plot of I5/l; of pyrene
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Fig. 9 In vitro cell viability assay of all block copolymer micelles deter-
mined by the MTT assay using Hela cells.
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tinct difference is due to the higher loading efficiency of the T
series micelles compared to the E series micelles, which con-
firms their ability to deliver the drug effectively.

3. Conclusions

In summary, we present the synthesis of a novel, versatile
epoxide monomer, tetrahydropyranyl glycidyl ether (TGE), in
this study. The organic superbase prompted anionic ring-
opening polymerization yielded a well-defined PTGE homo-
polymer and an amphiphilic block copolymer of PEG-b-PTGE
with controlled molecular weights and low molecular weight
distributions. The block copolymer micelles prepared from a
series of PEG-b-PTGE polymers exhibited superior stability,
loading efficiency, and degradation kinetics compared to the
micelles prepared from PEG-b-PEEGE, containing the acyclic
analogue of the PEEGE block. The enhanced stability and tun-
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ability of the PTGE block are attributed to its increased hydro-
phobicity as well as the tight association between the chair
conformations of the cyclic TGE side chains. The high stability
together with the high biocompatibility clearly demonstrates
the significant potential of PEG-b-PTGE polymers in drug
delivery. We anticipate that a new class of functional epoxide
monomers and polymers developed in this study will contrib-
ute to the advancement of polyethers and will be promising
candidates for emerging materials and biomedical
applications.

4. Experimental section
4.1 Materials

All reagents and solvents were purchased from Sigma-Aldrich
and Acros and used as received unless otherwise stated. Dry
THF and dichloromethane were collected from a solvent
drying system and used immediately thereafter. All deuterated
NMR solvents such as CDCl; and D,0O were purchased from
Cambridge Isotope Laboratories.

4.2 Characterization

'H-NMR (400 MHz) and "*C-NMR spectra (100 MHz) were
acquired using a 400-MR DD2 spectrometer. All spectra were
recorded in ppm units with TMS as an internal standard in
the deuterated solvents, CDCl; and D,0. The number-(M,) and
weight-(M,,) averaged molecular weights and molecular weight
distribution (M,/M,) were measured using gel permeation
chromatography (GPC, Agilent 1200 series). GPC measure-
ments were performed in THF as an eluent at room tempera-
ture at a flow rate of 1.0 mL min~" using a refractive index (RI)
detector. All calibrations were carried out using polystyrene
standards. Differential scanning calorimetry (DSC) was per-
formed under a nitrogen atmosphere using a differential scan-
ning calorimeter (Q200 model, TA Instruments) in the temp-
erature range of —80 °C to 65 °C, at a heating rate of 10
K min~". Matrix-assisted laser desorption and ionization time-
of-flight (MALDI-TOF) mass spectrometry were performed
using an Ultraflex III MALDI mass spectrometer with a-cyano-
4-hydroxycinnamic acid as the matrix. The excitation spectra of
pyrene used in CMC measurements and the emission spectra
of Nile red used to calculate encapsulation efficiency were
recorded using a fluorometer (RF-6000, Shimadzu). Size distri-
bution analysis of the self-assembled micelles was performed
using dynamic light scattering (DLS, BI-APD, Brookhaven
Instrument) at angles of 90° and 30°.

4.3 Chemical synthesis

4.3.1 Synthesis of the TGE monomer. A solution of glycidol
(10.1 g, 68.0 mmol) and 3,4-dihydro-2H-pyran (16.8 g,
200 mmol) in dichloromethane (350 mL) was introduced into
a round bottom flask and stirred for 30 min at room tempera-
ture. To this solution, p-toluenesulfonic acid (0.26 g,
1.38 mmol) was slowly added, followed by overnight vigorous
stirring. Then the solution was stirred at room temperature for
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1 h after saturated NaHCO; was added. The aqueous phase
was extracted with dichloromethane and the organic layers
were extracted with water. The combined organic layers were
dried over Na,SO,. The organic phase was concentrated under
reduced pressure and the residue was purified by flash column
chromatography with ethyl acetate/hexane (1:8 v/v) as the
eluent to obtain 6.45 g (60%) of the TGE monomer as a color-
less liquid. Then, the monomer was further purified by distil-
lation. The successful synthesis of the TGE monomer was con-
firmed by various characterization techniques, including 'H
and *C NMR, COSY, HSQC and ESI-MS (see Fig. 2 for corres-
ponding peak assignments and Fig. S1-S3 in the ESI{). 'H
NMR (400 MHz, CDCl;): § ppm 4.73-4.59 (m, 1H, d), 3.95 (dd,
J=11.7,3.1 Hz, 0.5H, ¢), 3.87 (ddd, J = 15.3, 7.8, 3.8 Hz, 1H, e),
3.76-3.66 (m, 1H, c), 3.51 (dt, J = 5.1, 4.4 Hz, 1H, e), 3.40 (dd,
J = 11.7, 6.4 Hz, 0.5H, ¢), 3.19 (tt, J = 7.7, 3.9 Hz, 1H, b),
2.83-2.78 (m, 1H, a), 2.68 (dd, J = 5.2, 2.7 Hz, 1H, a), 2.60 (dd,
J = 5.0, 2.7 Hz, 0.5H, a), 1.84 (dd, J = 17.4, 8.6 Hz, 1H, f3),
1.78-1.67 (m, 1H, f;), 1.67-1.48 (m, 4H, f;-f;). C NMR
(100 MHz, CDCl,): § ppm 98.8, 67.9, 62.1, 50.7, 44.5, 30.50,
25.4, 19.3. MS (m/z + Na', ESI') caled for CgHy,0;, 181.1;
found, 180.6.

4.3.2 Synthesis of the PTGE homopolymer. A 0.25 mL solu-
tion of -BuP, (0.8 M, 0.20 mmol) in n-hexane was added to a
6.94 mL solution of benzyl alcohol (20.7 pL, 0.20 mmol) in
toluene under an argon atmosphere. TGE (1.27 g, 8.00 mmol)
was then added to the solution dropwise using a syringe pump
to initiate the polymerization over 6 h. After stirring at room
temperature for 24 h, the polymerization was quenched by the
addition of excess benzoic acid. After precipitation in hexane,
the mixture was passed through an alumina pad using tetra-
hydrofuran (THF). The polymer solution was then evaporated
to dryness to obtain poly(tetrahydropyranyl glycidyl ether),
PTGE (851 mg). Yield: 69.8%. The M,, of PTGE (polymer 3) was
6100 g mol ™', as calculated from the NMR data shown in
Fig. 1 using the following equation: number of repeating units
(TGE) = 18.9 (integration value) x 2 (number of protons of
methylene of benzyl alcohol) = 38; M,, = 158.20 (molecular
weight of the TGE monomer) x 38 + 108.14 (molecular weight
of benzyl alcohol) = 6119.74 g mol~". Considering the error
range of NMR integration, we used 6100 g mol™" as the M,
value of the PTGE (polymer 3 in Table 1).

4.3.3 Deprotection of PTGE. A solution of PTGE (0.50 g,
My xmr = 6100 g mol™") in HCI/MeOH (1.25 M, 0.13 mL) was
stirred at room temperature for 2 h. The reaction mixture was
neutralized with potassium carbonate. The mixture was fil-
tered and precipitated in excess cold diethyl. The resultant
polymer was dried under vacuum for 1 day to obtain linear
polyglycerol (210 mg). Yield: 82.3%. The M, of the resultant
polymer was determined to be 3100 g mol ™" using NMR data.

4.3.4 Synthesis of the PEG-b-PTGE block copolymer. Block
copolymer synthesis was conducted using poly(ethylene glycol)
methyl ether (mPEG) as a macroinitiator using the same pro-
cedure as for the synthesis of the homopolymer. mPEG
(0.50 mg, 0.10 mmol) was placed in a flask under argon flow.
Toluene (3.47 mL) was then added into the flask and heated
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up to 60 °C. After cooling at room temperature, 0.13 mL of
t-BuP, in n-hexane (0.8 M, 0.10 mmol) was added to the solu-
tion. Then, TGE was added to the solution dropwise using a
syringe pump for 6 h. After stirring at room temperature for
24 h, the polymerization was quenched by the addition of
benzoic acid. The mixture was precipitated in hexane and
passed through a pad of alumina with THF. The polymer solu-
tion was evaporated to dryness to obtain poly(ethylene glycol)-
b-poly(tetrahydropyranyl glycidyl ether), PEG-b-PTGE (647 mg).
Yield: 74.4%. The M, of PEG-b-PTGE (polymer 5) was deter-
mined to be 8700 ¢ mol™, as calculated from the NMR data
(see Fig. 1) using the following equation: number of repeating
units (TGE) = 5.89 (integration value) x 3 (number of protons
of methyl of mPEG) = 18; M,, = 158.20 (molecular weight of the
TGE monomer) x 18 + 5900 (molecular weight of the mPEG
macroinitiator) = 8747.6 g mol~". Considering the error range
of NMR integration, we used 8700 g mol ™" as the M, value of
the PEG-b-PTGE (polymer 5 in Table 1).

4.3.5 Synthesis of the PEG-b-PEEGE block copolymer. The
PEG-b-PEEGE block copolymer was synthesized using the
same method as for polymerization of the PEG-b-PTGE block
copolymer. mPEG (0.50 mg, 0.10 mmol) was placed in a flask
under argon flow. Toluene (3.47 mL) was then added into the
flask and heated up to 60 °C. After cooling at room tempera-
ture, 0.13 mL of ¢#-BuP, in n-hexane (0.8 M, 0.10 mmol) was
added to the solution. Then, EEGE was added to the solution
dropwise using a syringe pump for 6 h. After stirring at room
temperature for 24 h, the polymerization was quenched by the
addition of benzoic acid. The mixture was precipitated in
hexane and passed through a pad of alumina with THF. The
polymer solution was evaporated to dryness to obtain poly
(ethylene glycol)-b-poly(ethoxyethyl glycidyl ether), PEG-b-
PEEGE (672 mg). Yield: 73.8%. The M, of PEG-b-PEEGE
(polymer 9 in Table 1) was determined to be 9100 g mol ™", as
calculated from the NMR data (see Fig. 1) using the following
equation: number of repeating units (EEGE) = 7.26 (integration
value) x 3 (number of protons of methyl of mPEG) = 22; M,, =
146.19 (molecular weight of the TGE monomer) x 22 + 5900
(molecular weight of the mPEG macroinitiator) = 9116.2
g mol™". Considering the error range of NMR integration, we
used 9100 g mol™' as the M, value of the PEG-b-PEEGE
(polymer 9 in Table 1).

4.4 Micelle characterization

4.4.1 Micelle formation and characterization. A 5.0 mg
sample of the PEG-b-PTGE block copolymer was dissolved in
200 pL of DMF, after which 5 mL of water was added dropwise
over 1 h via a syringe pump to form micelles. After stirring
overnight, the polymer solution was dialyzed against deionized
water for 2 days to remove residual DMF. The resultant solu-
tion was then filtered through a 0.45 pm syringe filter before
DLS, AFM and TEM analysis.

4.4.2 Pyrene fluorescence measurements and CMC studies.
A series of polymer solutions in DMF at various concentrations
were prepared. A 10 uL solution of pyrene (5.2 mg L™ in DMF)
was added to the solution of PEG-b-PTGE and the mixture was
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stirred for 30 min at room temperature. A total of 5.0 mL DI
water was then added to the solution at a rate of 0.5 mL min™"
using a syringe pump. The solution was left to equilibrate over-
night. The fluorescence of each pyrene-containing polymer
micelle solution (with different concentrations) was measured
at an emission wavelength of 372 nm using a fluorimeter
(RF-6000, Shimadzu) through a 1 x 1 cm quartz cell. The fol-
lowing parameters were chosen: emission wavelength =
372 nm, excitation wavelength range = 360-372 nm, scan
speed = 600 nm min~", and data interval = 0.5 nm. The ratio of
the fluorescence intensities at wavelengths of 339.5 and
332.5 nm were plotted versus the polymer concentrations and
the critical micelle concentration was determined from the
inflection point.

4.4.3 Conventional TEM measurements. A drop of aqueous
solution containing either the PEG-b-PTGE block copolymer or
the PEG-b-PEEGE block copolymer was placed on a formvar/
carbon-coated copper grid and allowed to evaporate under
ambient conditions. To stain the sample, a drop of uranyl
acetate solution (2 wt%) was placed onto the surface of the
sample-loaded grid. The staining agent was deposited for at
least 3 min, after which the excess solution was wicked off
using filter paper. The specimen was observed with a
JEM-1400 microscope (JEOL, Tokyo, Japan) operating at 120
kv. The data were analyzed using the Simple Measure
program.

4.4.4 Cryo-TEM measurements. Cryo-TEM experiments
were performed with a thin film of aqueous solution (3 pL) of
the PEG-b-PTGE block copolymer or PEG-b-PEEGE block copol-
ymer transferred to a lacey carbon supported grid by the
plunge-dipping method. The thin aqueous films were prepared
at ambient temperatures and with a humidity of 97-99%
within a custom-built environmental chamber in order to
prevent evaporation of water from the sample solution. The
excess liquid was blotted with filter paper for 3 s, and the thin
aqueous films were rapidly vitrified by plunging them into
liquid ethane (cooled by liquid nitrogen) at its freezing point.
The grid was transferred to a Gatan 626 cryo-holder, using a
cryo-transfer device. Direct imaging was carried out using a
JEM-3011 HR microscope (JEOL, Tokyo, Japan) with a 300 kv
accelerating voltage at a temperature of approximately
—175 °C. Micrographs were acquired with an SC 1000 CCD
camera (Gatan, Inc., PA) and the data were analyzed using the
Gatan Digital Micrograph program.

4.4.5 SAXS analysis. SAXS measurement was performed on
beamline 4C SAXS at Pohang Acceleration Laboratory (PAL)
using 16.9 keV radiation corresponding to a wavelength, A, of
0.734 A. The sample-to-detector distance was 4.3 m to cover g
range of 0.007 A™' < g < 0.12 A™", where ¢ is the scattering
vector defined as g = 4nA~" sin(6/2). The micelle solutions were
loaded and sealed into capillary tubes, and followed by
exposure to X-ray for 1-2 min. Two-dimensional images were
azimuthally averaged to provide a one-dimensional plot of
intensity versus q. The solvent background, i.e., water, was sub-
tracted from the solution scattering. Based on the cryo-TEM
images and DLS data, SAXS profiles obtained from T1 and T2
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micelles were simulated by the model including spherical
cores with constant shell thickness as shown below:

3 x VC(/)c 7/)s)j(qRC) + 3 x (VS(/)S 7/)sol)i(qRS)) ?
qR. qRs

F(q) =

where

sin x — x cos x

o , Ve =4/31 x R

J(x)
where V., Vi, R., and Ry are the volume of the core and shell,
and the radius of the core and shell, respectively. Also, p, ps
and pg are the electron density of the core, shell, and solvent,
respectively. Schulz distribution of the core radius was
employed to take into account the polydisperse core radius.

The solid curves in Fig. S12+ represent the best fit to the
model. We observed a core diameter of 16.6 nm and 11.0 nm
for T1 and T2 micelles, respectively, and the overall micelle
diameter of 31.4 nm and 26.4 nm for T1 and T2 micelles,
respectively. These SAXS results show good agreement with the
TEM and DLS results.

4.4.6 Encapsulation efficiency. The encapsulation efficiency
(EE) of the micelles was calculated from the fluorimeter analysis
results as follows. A 0.50 mL solution of Nile red (50 pg mL ™" in
acetone) was added to a solution of PEG-b-PTGE in acetone and
the mixture was stirred for 30 min at room temperature. A total
of 5 mL deionized water was then added to the solution at a
rate of 0.5 mL min™" using a syringe pump. After addition, the
solution was left to equilibrate overnight allowing the acetone
to evaporate with the lid open. After filtration using a 0.45 pm
syringe filter, the solution was lyophilized and redissolved in
acetone. The amount of the Nile red loaded in the micelles was
determined by fluorometer measurements (RF-6000, Shimadzu)
through a 1 x 1 cm quartz cell as follows:

EE (%) __concentration of drug measured 100
/=" concentration of drug added

The following parameters were chosen: excitation wave-
length = 480 nm, emission wavelength range = 500-800 nm,
scan speed = 2000 nm min~", and data interval = 0.5 nm.

4.4.7 Encapsulation stability in PBS and serum conditions.
A total 1.0 mL solution mixture of Dil and DiO (each 0.50 mL
solution of 0.10 mg mL™" in DMF) was added to 0.2 mL solution
of PEG-h-PTGE (25 mg mL™"' in DMF) and the mixture was
stirred for 30 min at room temperature. A total of 5 mL deionized
water was then added to the solution at a rate of 0.50 mL min™"
using a syringe pump. After stirring overnight, the solution was
dialyzed against deionized water for 2 days to remove residual
DMF. The resultant solution was then filtered through a 0.45 pm
syringe filter. A total 200 pL of the micelle solution was mixed
with 800 pL of respective buffers of PBS, 10% FBS, 50% FBS or
100% FBS. The stability of different micelles loaded with both
Dil and DiO was analyzed for a period of 24 h at room tempera-
ture. The excitation was set at 450 nm and the emission was
detected from 460 nm to 700 nm using a spectrofluorometer.

4.4.8 In vitro imaging of cells incubated with DiO/Dil
loaded micelles. HeLa cells (purchased from the Korea Cell
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Line Bank) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Invitrogen Life
Technologies, Korea). The cells were maintained under a
humid atmosphere containing 5% CO, at 37 °C, with the
medium changed every other day. The cells were cultured on
eight well Lab-Tek glass chamber slides (Thermo Fisher
Scientific, Korea). Then the cells were treated with Dil/DiO co-
loaded micelles at a concentration of 0.5 pg mL™' and incu-
bated at different time points. The images were captured using
the Olympus confocal laser scanning microscope model
FV1000 using the excitation filter set to 473 nm.

4.4.9 Pyrene release experiments in acidic environments. A
pyrene-containing polymeric micelle solution was prepared
according to the procedure described in the CMC study above.
To this solution, 0.10 mL of 1 M HCI was slowly added and the
changes in excitation spectra were recorded.

4.4.10 In vitro cell cytotoxicity. Cytotoxicity tests were
carried out to investigate the toxicity of micelles, and their
ability as drug delivery carriers using a modified thiazolyl blue
tetrazolium bromide (MTT) assay. Briefly, HeLa cells were
grown in a 96 well plate with growth medium containing
DMEM, 10% FBS, and 1% penicillin-streptomycin at a density
of 3 x 10" cells per well. After incubating for 24 h under a
humidified atmosphere of 95% air/5% CO, for stabilizing the
cells, the HeLa cells were treated with each micelle type as well
as with paclitaxel-loaded micelles. After 24 h, 10 pL of MTT
was added in each well (final conc. of 0.5 mg mL™"), and incu-
bated for 3 h. After that, the culture medium was removed and
100 pL of DMSO was added to each cell well to dissolve the
remaining MTT reagent. Finally, the plates were gently agitated
for 15 min at room temperature to dissolve the MTT in DMSO.
The absorbance was measured at a wavelength of 540 nm
using a 620 nm reference.

4.4.11 Preparation of paclitaxel-loaded micelle. A 0.1 mL
solution of paclitaxel (1.0 mg mL ™" in CH;CN) was added to a
solution of PEG-b-PTGE (25 mg) in acetonitrile and the
mixture was stirred for 30 min at room temperature. A total
5 mL of deionized water was then added to the solution at a
rate of 0.5 mL min~" using a syringe pump. Residual aceto-
nitrile was removed by dialysis for 3 days. After filtration using
a 0.45 pm syringe filter, the solution was lyophilized and redis-
solved in acetonitrile. The encapsulation efficiency (EE) of
micelles was calculated by HPLC analysis under the following
conditions: acetonitrile/water = 80/20, wavelength = 228 nm.
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