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ABSTRACT: Despite widespread interest in the amphiphilic
polymeric micelles for drug delivery systems, it is highly desirable
to achieve high loading capacity and high efficiency to reduce the
side effects of therapeutic agents while maximizing their efficacy.
Here, we present a novel hydrophobic epoxide monomer,
cyclohexyloxy ethyl glycidyl ether (CHGE), containing an acetal
group as a pH-responsive cleavable linkage. A series of its
homopolymers, poly(cyclohexyloxy ethyl glycidyl ether)s
(PCHGEs), and block copolymers, poly(ethylene glycol)-block-
poly(cyclohexyloxy ethyl glycidyl ether)s (mPEG-b-PCHGE),
were synthesized via anionic ring-opening polymerization in a
controlled manner. Subsequently, the self-assembled polymeric micelles of mPEG-b-PCHGE demonstrated high loading capacity,
excellent stability in biological media, tunable release efficiency, and high cell viability. Importantly, quantum mechanical calculations
performed by considering prolonged hydrolysis of the acetal group in CHGE indicated that the CHGE monomer had higher
hydrophobicity than three other functional epoxide monomer analogues developed. Furthermore, the preferential cellular uptake and
in vivo therapeutic efficacy confirmed the enhanced stability and the pH-responsive degradation of the amphiphilic block copolymer
micelles. This study provides a new platform for the development of versatile smart polymeric drug delivery systems with high
loading efficiency and tailorable release profiles.

■ INTRODUCTION

Chemotherapy is the most common means to treat cancer. For
this purpose, it is highly desirable to develop a novel drug
delivery system with improved efficiency to overcome the
intrinsic limitations of therapeutic agents, such as high toxicity,
fast clearance, and poor tumor selectivity. To address these
challenges, there have been significant advances in the
development of polymeric drug carriers, including polymer
drug conjugates, liposomes, and polymeric micelles.1−3 Among
these, polymeric micelles have been widely employed as ideal
drug delivery carriers owing to their unique advantages such as
highly tunable loading efficiency and capacity, facile
modification, long circulation time in the circulatory system,
and tunable degradation kinetics.4,5

Despite these advantages and the significant progress made
in achieving efficient drug delivery, the stability of polymeric
micelles has been the primary challenge for further
applications.6 In particular, the stability of drug carriers in a
biological environment is important.7 The adsorption of
various proteins or components by drug carriers upon coming
in contact with biological media adversely affects the stability
and efficiency of the drug carriers.8 Moreover, the stability of
polymeric micelles in the bloodstream is reduced because of
the dynamic shuttling of polymer chains between the micelles

and bulk phase.9 These challenges have been addressed by
exploiting noncovalent interactions, such as hydrophobic,10

electrostatic,11 host−guest,12 hydrogen bonding,13 stereo-
complex,14 and coordination interactions,15 in polymeric
micelles. Among these interactions, hydrophobic interactions
are known to strongly influence the stability and loading
efficiency of the micelles. As notable examples, Li et al.
synthesized reduction-responsive disulfide-bond-bridged deox-
ycholic acid−hyaluronic acid to enhance the hydrophobicity of
amphiphilic copolymer micelles. They observed that these
micelles were degraded in the presence of glutathione and
exhibited accelerated hydrophobic drug release.16 Du et al.
synthesized stearate-g-dextran copolymers with different
grafting degrees of hydrophobic stearate. As the proportion
of hydrophobic stearate increased, the loading capacity and
encapsulation efficiency increased while their size decreased.17

The encapsulation efficiency of hydrophobic molecules in an
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amphiphilic assembly depends on the hydrophobicity.18 It is
thus expected that increasing the hydrophobicity of the core of
self-assembled micelles will enhance the interaction with
hydrophobic therapeutic agents with enhanced loading
capacity and efficiency.
Responsive delivery is another important factor meriting

consideration in the design of drug carriers. Polymeric micelles
with specific functional groups responsive to various
endogenous stimuli such as pH, redox, enzyme or proteins,
and nucleic acids have been developed to deliver therapeutic
compounds and to control the drug release at target sites.19

Among diverse stimuli, changes in pH are widely used as a
main trigger for inducing drug release.20 It is well known that
the extracellular matrix of tumor cells show a relatively lower
pH than normal tissues due to their high preference of
glycolysis only at aerobic conditions.21 Inflammation also
causes acidic condition as it promotes the activation of the
immune system, which requires acceleration of glycolysis
rate.22 Therefore, pH-responsive micelles with acid-labile
linkages such as ketal,23 acetal,24 hydrazone,25,26 and
orthoester27 have been extensively employed.28

In our efforts to develop novel functional epoxide monomers
for smart drug delivery, we have previously synthesized a series
of pH-responsive glycidyl ethers with an acetal group,
including tetrahydrofuranyl glycidyl ether (TFGE)29 and
tetrahydropyranyl glycidyl ether (TPGE).30 While polymeric
micelles based on these novel monomers show a pH-
responsive controlled release of active therapeutics, it is still
highly desirable to develop a monomer with enhanced loading
capacity and stability in biological media.
In this context, we herein present a novel hydrophobic

epoxide monomer, cyclohexyloxy ethyl glycidyl ether (CHGE),
with an acetal group as a pH-responsive cleavable linkage. A
series of its homopolymers, poly(cyclohexyloxy ethyl glycidyl
ether)s (PCHGE), and block copolymers, poly(ethylene
glycol)-block-poly(cyclohexyloxy ethyl glycidyl ether)s
(mPEG-b-PCHGE), were synthesized via anionic ring-opening
polymerization in a controlled manner. Self-assembled block
copolymer micelles of mPEG-b-PCHGE were formed through
strong hydrophobic interactions of CHGE in an aqueous
system. Subsequently, the self-assembled micelles were
degraded at a low pH due to the pH-responsive acetal
bonding of CHGE, and the degradation kinetics could be
adjusted by controlling the fraction of the hydrophobic CHGE
block (Scheme 1). The CHGE monomer meets the required
design principles for drug carriers and addresses the challenges
in drug delivery systems to achieve highly tunable polymeric
micelles with high loading capacity, high stability, and
tailorable release and degradability. Moreover, this novel

epoxide monomer system can be extended to synthesize
well-defined polymers with superior flexibility and biocompat-
ibility to develop a versatile platform for smart drug delivery
systems.

■ EXPERIMENTAL SECTION
Materials and Reagents. All reagents and solvents were

purchased from Sigma-Aldrich, Alfa Aesar, and Tokyo Chemical
Industry and used as received unless otherwise noted. Toluene and
dichloromethane were dried, degassed using a solvent purification
system (Vacuum Atmospheres, USA), and collected for immediate
use. Deuterated NMR solvents CDCl3 and D2O were purchased from
Cambridge Isotope Laboratories, Inc. CHGE was used for polymer-
ization after drying over molecular sieves (4 Å).

Characterizations. 1H NMR (400 MHz) and 13C NMR (100
MHz) spectra were recorded on a Bruker AVANCE III HD NMR
spectrometer at room temperature (ca. 20 °C). All spectra were
acquired in ppm by using D2O and CDCl3. Gel permeation
chromatography (GPC) measurements were performed on an Agilent
1260 Infinity system with two PLgel 5 μm MIXED-D columns at 30
°C; N,N-dimethylformamide (DMF) was used as the mobile phase
with a flow rate of 1.0 mL min−1 using a refractive index (RI)
detector. Poly(methyl methacrylate) (PMMA) standards were used
for calibration to determine the number (Mn)-average and weight
(Mw)-average molecular weights and molecular weight distribution
(Mw/Mn). Matrix-assisted laser desorption and ionization time-of-
flight (MALDI-ToF) mass spectrometry was performed using a
Bruker Daltonics LRF20 MALDI-ToF mass spectrometer using 2,5-
dihydroxybenzoic acid as the matrix. Differential scanning calorimetry
(DSC) was performed on TA Instruments DSC 25 under a nitrogen
atmosphere in the temperature range from −80 to 80 °C at a heating
rate of 10 °C min−1. Determination of the critical micelle
concentration (CMC), encapsulation efficiency with Nile Red, and
the release profile of pyrene were obtained using a fluorimeter (RF-
6000, Shimadzu). Dynamic light scattering (DLS) measurements
were performed using a Zetasizer Nano analyzer (Malvern) equipped
with a solid-state laser (λ = 633 nm). The intensity autocorrelation
function was measured at an angle of 90 °C. The morphology and
diameter of micelles were investigated by atomic force microscopy
(AFM; NX10, Park Systems) in a non-contact mode.

Synthesis of the Cyclohexyloxy Ethyl Glycidyl Ether (CHGE)
Monomer. A solution of glycidol (15.0 g, 0.202 mol, 1.5 equiv) and
cyclohexyl vinyl ether (17.03 g, 0.135 mol, 1.0 equiv) in dichloro-
methane (200 mL) was added into a round-bottom flask and stirred
for 30 min at room temperature. To this solution, p-toluenesulfonic
acid (0.23 g, 1.35 mmol, 10 equiv) was slowly introduced followed by
stirring for 2 h at 0 °C. The solution was stirred for additional 1 h
after the addition of saturated NaHCO3 solution. The aqueous phase
was extracted with dichloromethane, and the organic layers were
extracted with deionized water. The combined organic layers were
dried over Na2SO4. Then, the solution was concentrated under
reduced pressure and purified by flash column chromatography, in
which ethyl acetate/hexane (1:9 v/v) was used as the eluent to obtain
22.98 g (85%) of the CHGE monomer as a colorless liquid. This

Scheme 1. Structural Design and Application of pH-Responsive Hydrophobic Functional Epoxide Monomer for Amphiphilic
Polyether Micelles with High Stability
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monomer was further purified by distillation prior to polymerization.
The successful synthesis of the CHGE monomer was confirmed by
various characterization techniques, including 1H and 13C NMR,
correlation spectroscopy (COSY), heteronuclear single-quantum
correlation (HSQC), and electrospray ionization mass spectrometry
(ESI-MS) (see Figure 2 for corresponding peak assignments and
Figures S1−S4 in the Supporting Information). 1H NMR (400 MHz,
CDCl3): δ 4.86 (qd, J = 5.2, 0.6 Hz, 1H), 3.81 (dd, J = 11.3, 3.3 Hz,
1H), 3.69 (dd, J = 11.4, 3.4 Hz, 1H), 3.60−3.49 (m, 1H), 3.41 (dd, J
= 11.3, 6.0 Hz, 1H), 3.18−3.09 (m, 1H), 2.83−2.76 (m, 1H), 2.64
(dd, J = 5.1, 2.7 Hz, 1H), 2.60 (dd, J = 5.0, 2.7 Hz, 1H), 1.93−1.80
(m, 2H), 1.79−1.67 (m, 2H), 1.58−1.49 (m, 1H), 1.41−1.11 (m,
8H). 13C NMR (100 MHz, CDCl3): δ 98.14, 98.04, 74.49, 74.34,
65.19, 64.34, 50.94, 50.87, 44.73, 44.60, 33.44, 33.34, 32.65, 32.54,
25.64, 24.39, 24.17, 20.81, 20.58. MS (m/z + Na+, ESI+) calcd. for
C11H20O3, 223.14; found, 223.13.
Representative Synthesis Procedure for the PCHGE Homo-

polymer. An amount of 0.125 mL of a solution of t-BuP4 (0.80 M,
0.10 mmol, 1.0 equiv) in n-hexane was added to a solution of benzyl
alcohol (10.4 μL, 0.10 mmol, 1.0 equiv) in toluene under a nitrogen
atmosphere. CHGE (1.0 g, 5.0 mmol, 50 equiv) was then added to
the solution dropwise by using a syringe pump to initiate
polymerization over 6 h. After stirring at room temperature for 24
h, the polymerization was quenched by adding benzoic acid (12.2 mg,
0.10 mmol, 1.0 equiv). The mixture was then passed through an
alumina pad using dichloromethane, and the solution was evaporated
to dryness to obtain PCHGE (Table 1) (500 mg; yield: 50%). The
molecular weight of PCHGE50 was 10,100 g mol−1. This value was
calculated from the NMR data shown in Figure 2 by using the
following equation: number of repeating units (CHGE) = 50
(integration value of the methine peak, 50H, 4.78 ppm in reference
to the methylene peak of benzyl alcohol, 2H, 4.53 ppm); Mn = 200.28
g mol−1 (molecular weight of the CHGE monomer) × 50 (number of
repeating units) + 108.14 g mol−1 (molecular weight of benzyl
alcohol) = 10122.14 g mol−1. Considering the error range of NMR
integration, we used 10,100 g mol−1 as the Mn value of PCHGE50.

1H
NMR (400 MHz, CDCl3): δ 4.79 (dd, J = 10.1, 6.4 Hz, 50H), 4.54 (s,
2H), 3.78−3.34 (m, 312H), 1.84 (s, 105H), 1.72 (s, 109H), 1.52 (d, J
= 7.1 Hz, 53H), 1.40−1.07 (m, 438H). 13C NMR (100 MHz,
CDCl3): δ 98.34, 98.06, 78.96, 73.99, 69.95, 64.77, 64.15, 33.42,
32.51, 25.69, 24.40, 24.16, 20.77 (Figure S5).
Representative Synthesis Procedure for the mPEG-b-

PCHGE Block Copolymer. Block copolymers were synthesized
using poly(ethylene glycol) methyl ether (mPEG) as a macroinitiator.
First, mPEG (1.0 g, 0.20 mmol, 1.0 equiv) was placed in a flask under
nitrogen flow. To this flask, 3.0 mL of toluene was added and the
mixture was stirred for 30 min at 70 °C. Subsequently, 0.25 mL of t-
BuP4 in n-hexane (0.8 M, 0.20 mmol, 1.0 equiv) was added to the
solution. After stirring for 30 min, CHGE (2.0 g, 10.0 mmol, 10
equiv) was added to the solution dropwise by using a syringe pump
for 6 h. After stirring at 60 °C for 2 days, the polymerization was
terminated by adding benzoic acid (0.02 g, 0.2 mmol). The reaction

mixture was passed through a pad of alumina with dichloromethane,
and the obtained solution was evaporated to dryness to obtain CH45
(Table 1) (1.98 g; yield: 71%). The molecular weight of CH45 was
determined to be 14,000 g mol−1 from NMR data (Figure 2) by using
the following equation: number of repeating units (CHGE) = 45
(integration value of the methine peak, 45H, 4.80 ppm in reference to
the methoxy peak of mPEG, 3H, 3.38 ppm); Mn = 200.28 g mol−1

(molecular weight of the CHGE monomer) × 45 (number of
repeating units) + 5000 g mol−1 (molecular weight of mPEG) =
14,012 g mol−1. Considering the error range of NMR integration, we
used 14,000 g mol−1 as the Mn value of CH45.

1H NMR (400 MHz,
CDCl3) δ 4.85−4.74 (m, 45H), 3.96−3.40 (m, 734H), 3.39 (s, 3H),
1.86 (s, 94H), 1.73 (s, 92H), 1.61−1.47 (m, 44H), 1.42−1.09 (m,
385H). 13C NMR (100 MHz, CDCl3): δ 98.29, 98.03, 78.82, 73.95,
70.54, 69.89, 64.73, 64.21, 33.41, 32.52, 25.66, 24.37, 24.13, 20.80
(Figure S6).

CMC Measurement. A series of polymer solutions in DMF with
different concentrations (0.001−1000 mg L−1) were prepared. An
amount of 10 μL of a pyrene solution (5.2 mg L−1 in DMF) was
added to the solution of the mPEG-b-PCHGE block copolymer, and
the mixture was stirred for 30 min at room temperature.
Subsequently, a 5.0 mL of deionized water was added to the solution
at a rate of 0.50 mL min−1 by using a syringe pump. After
equilibration of the solution overnight, the excitation spectrum of
each pyrene-containing polymer micelle solution (with different
concentrations) was measured at an emission wavelength of 372 nm
by using a fluorimeter in a quartz cell (1 cm × 1 cm). The following
parameters were chosen: λem = 372 nm, λex = 280−360 nm, and data
interval = 0.5 nm. The ratio between the fluorescence intensities at
the wavelengths of 339 and 332 nm (I339/I332) was plotted against the
polymer concentration, and the CMC was determined from the
inflection point.

Degradation of Micelles. To study the degradation kinetics of
polymeric micelles, we prepared two buffer solutions: one at pH 5.0
by using sodium acetate/acetic acid and the other at pH 7.4 by using
monobasic/dibasic sodium phosphate. A pyrene-containing polymeric
micelle solution was prepared according to the procedure described
for the CMC measurement in the preceding paragraph. Subsequently,
0.10 mL of the pyrene-containing micelle solution was slowly added
to 0.90 mL of each buffer solution and the changes in the excitation
spectra were recorded.

Encapsulation Efficiency of Micelles. The encapsulation
efficiency of micelles was determined from the fluorimeter analysis
as follows. An amount of 0.10 mL of a Nile Red solution (50 μg mL−1

in acetone) was added to a solution of the mPEG-b-PCHGE block
copolymer (5 mg) in 0.10 mL of acetone, and the mixture was stirred
for 30 min at room temperature. Then, 5.0 mL of deionized water was
added slowly to the solution at a rate of 0.50 mL min−1 by using a
syringe pump. The solution was left to equilibrate overnight, while the
lid of the container was left open to allow the acetone to evaporate.
After filtration using a 0.45 μm syringe filter for removing unloaded
Nile Red, the solution was lyophilized and redissolved in 1.0 mL of

Table 1. Characterization Data for All Polymers Synthesized in This Study

polymer code polymer compositiona Mn,NMR
b (g mol−1) Mn,GPC (g mol−1) Mw/Mn Tg

e (°C) CMCf (mg L−1)

PCHGE25 5100 4000c 1.07c −36.8
PCHGE50 10,100 2400c 1.10c −31.5

CH7 mPEG144-b-PCHGE7 6400 3900d 1.09d −35.3 9.49 ± 2.61
CH28 mPEG144-b-PCHGE28 10,600 3500d 1.10d −30.9 2.47 ± 0.34
CH45 mPEG144-b-PCHGE45 14,000 2700d 1.13d −28.6 1.64 ± 0.18

E60 mPEG144-b-PCHGE60 14,700 14,700 1.11 −59.0 10.3
P37 mPEG144-b-PCHGE37 11,800 11,600 1.05 −17.0 9.79
F47 mPEG144-b-PCHGE47 8900 15,300 1.07 −28.0 113.6

aPolymerization conversion was over 99%. bDetermined via 1H NMR spectroscopy. cMeasured by GPC (THF, RI signal, PMMA standard).
dMeasured by GPC (DMF, RI signal, PMMA standard). eTg was determined by the differential scanning calorimetry (DSC) at a rate of 10 °C
min−1. fThe CMC value was calculated by fluorescence spectroscopy with pyrene as the probe. Polymers E, P, and F have been described in
previous studies.29,30
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acetone. The amount of Nile Red encapsulated in the micelles was
determined by using a fluorimeter in a quartz cell (1 cm × 1 cm)
using the following equation:

= ×

encapsulation efficiency (%)
concentration of Nile Red measured

concentration of Nile Red added
100

The following parameters were chosen: λex = 480 nm, λem = 500−800
nm, and data interval = 0.5 nm.
Stability of Micelles in Biological Buffers. A total of 1.0 mL of

a solution mixture of DiO and DiI (0.50 mL of each solution; at a
concentration of 0.10 mg mL−1 in DMF) was added to 0.20 mL of an
mPEG-b-PCHGE solution (25 mg mL−1 in DMF) and stirred for 30
min at room temperature. Then, 5.0 mL of deionized water was added
slowly to the solution at a rate of 0.50 mL min−1 by using a syringe
pump. After stirring overnight, the solution was dialyzed against
deionized water for 3 days to remove residual DMF. The resulting
micelle solution was then filtered through a 0.45 μm syringe filter. A
total of 200 μL of the micelle solution was mixed with 800 μL of the
respective buffer of phosphate-buffered saline (PBS) and fetal bovine
serum (FBS). The stability of different micelles loaded with both DiO
and DiI was analyzed for a period of 72 h at room temperature. The
excitation was set at 450 nm, and the emission from 460 to 700 nm
was detected using a spectrofluorometer.
In Vitro Cellular Viability Assay. SW620 and DU145 cells were

grown in RPMI-1640 (with L-glutamine) containing 10% FBS and 1%
antibiotic−antimycotic [penicillin 10,000 units mL−1, streptomycin
10,000 μg mL−1, and Fungizone (amphotericin B) 25 μg mL−1].
Furthermore, RAW 264.7 cells were grown in Dulbecco’s modified
Eagle medium (high glucose) containing 10% FBS and 1%
antibiotic−antimycotic. The cells were cultured in a humidified
incubator at 37 °C with 5% CO2. Cell viability was quantified by the
MTT assay [MTT denotes 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide]. The cells were seeded in a 96-well plate at a
concentration of 1.5 × 105 cells per milliliter and incubated overnight.
Subsequently, micelles of different concentrations (0, 25, 50, 100, and
200 μg mL−1) were added to the cell culture media, and the cells were
incubated for an additional 24 h at 37 °C with 5% CO2 in the dark.
Next, 100 μL of an MTT solution (5 mg mL−1 PBS, pH 7.4) was
added to each well, and the cells were further incubated for 3 h. The
old medium containing unreacted MTT was removed carefully, and
formazan produced by living cells was dissolved in DMSO at room
temperature. The absorbance at 570 nm was measured using a
microplate reader (BioTek Instruments, Winooski, VT).

Cellular Uptake and Endosomal Escape of Micelles. SW620
cells (2 × 106) were seeded in a glass-bottom dish and incubated for
24 h. After incubation, the cells were then treated with Nile Red-
loaded CH28 micelles for predetermined time periods and washed
with fresh PBS three times. Cells were also treated with LysoTracker
for 30 min to stain the endosomes and lysosomes. Fluorescence
images of the cells were acquired using a confocal laser scanning
microscope (Carl Zeiss, Germany).

In Vivo Mouse Xenograft Assay with Paclitaxel-Loaded
Micelles. SW620 cells (2 × 106) were directly injected into the flank
of 6 week-old mice, which were randomly divided into five groups.
When the average tumor volume reached approximately 50 mm3, the
mice were administered an intravenous injection of paclitaxel (PTX)
(2 mg kg−1), empty CH28 micelles (20 mg kg−1), and PTX-loaded
CH28 micelles (10 or 20 mg kg−1) every 3 days. The tumor volume
and body weight were observed for 25 days. The tumor volume was
calculated as (width2 × length)/2. For fluorescence imaging, IR780-
encapsulated CH28 micelles were intravenously injected into the tail
vein at a dose of 10 mg kg−1. Fluorescence images were acquired using
FOBI (NeoScience, Korea) with a near-infrared (NIR) channel.

In Vivo Biocompatibility of Micelles. CH28 micelles were
intravenously injected into healthy mice (approximately 20 g) at a
dose of 20 mg/kg on each day (1, 3, and 5 days). After euthanization,
whole blood and major organs (liver, lung, kidney, heart, and spleen)
were collected on day 7. The level of serum alanine transaminase
(ALT) was measured using an ALT kit (Asan Pharma, Korea).
Organs embedded in a paraffin block were sectioned for histological
examination. Tissue sections were stained with hematoxylin and eosin
and observed under an optical microscope.

Details of Computational Calculations. All calculations,
including those for each acetal molecule containing 25 water
molecules and an additional proton, were performed with the
B3LYP/6-31+G* level of theory, which was implemented in the
TeraChem program. The polarizable continuum model for water was
used for considering the solvent’s effects.

■ RESULTS AND DISCUSSION

Synthesis of CHGE Monomer and Polymerization. A
pH-responsive hydrophobic monomer CHGE was synthesized
through a one-step coupling reaction between glycidol and
cyclohexyl vinyl ether (Figure 1a). The synthesized CHGE
monomer was purified by column chromatography and
fractional distillation to give a typical isolated yield of 85%.
The chemical structure of CHGE was successfully verified

Figure 1. Synthetic scheme for the (a) CHGE monomer, (b) PCHGE homopolymer, and (c) amphiphilic mPEG-b-PCHGE block copolymer, and
the subsequent hydrolysis to double-hydrophilic mPEG-b-linear polyglycerol (mPEG-b-PG).
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using various NMR spectroscopic techniques, including 1H,
13C, correlation spectroscopy (COSY), heteronuclear single-
quantum correlation (HSQC), and electrospray ionization
mass spectrometry (ESI-MS) (Figure 2a and Figures S1−S4 in
the Supporting Information).
After the successful investigation of the CHGE monomer,

anionic ring-opening polymerization was performed by using

benzyl alcohol as an initiator and the phosphazene base t-BuP4
as an organic superbase at room temperature (ca. 25 °C)
(Figure 1b). The highly basic organic superbase t-BuP4 was
used as it facilitates the controlled polymerization of CHGE
monomer under mild conditions.31 The synthesized PCHGE
homopolymers were characterized by 1H NMR, 13C NMR,
GPC, DSC, and MALDI-ToF mass spectrometry (Figures 2b

Figure 2. Representative 1H NMR spectra of the (a) CHGE monomer, (b) PCHGE50 homopolymer, and (c) mPEG-b-PCHGE block copolymer
(CH45 in Table 1). All spectra were collected in CDCl3.

Figure 3. (a) Representative MALDI-ToF mass spectrum of the PCHGE50 homopolymer for the mass range 2750−4500 Da and (b) individual
peak assignments in the selected region in panel (a). (c) Chemical structures of polymers (red circles) and partially degraded polymeric fragments
(blue triangles and green squares) during the measurement.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00163
Biomacromolecules 2021, 22, 2043−2056

2047

http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00163/suppl_file/bm1c00163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00163?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00163?rel=cite-as&ref=PDF&jav=VoR


and 3 and Figures S5 and S7). The molecular weights of the
homopolymers were controlled through the monomer-to-
initiator ratio, which yielded the molecular weights (i.e.,
Mn,NMR) of PCHGEs in the range of 5000−10,000 g/mol with
a narrow dispersity (Đ = 1.07−1.10).
As shown in Figure 2b, the 1H NMR spectra indicated that

the conversion of the monomer to polymer was accompanied
by the disappearance of the epoxide peaks (a and b) in the
monomer at 2.60, 2.80, and 3.15 ppm (Figure 2a). Moreover,
the other peaks in the PCHGE homopolymer were clearly
assigned, including those of the benzylic protons (x; 4.52−4.55
ppm), polyether backbone protons (a, b, and c; 3.40−3.75
ppm), methine protons (d; 4.75−4.85 ppm), and methyl and
cyclohexyloxy protons (e, g, h, and i; 1.10−1.90 ppm). The
theoretical number-average molecular weight (Mn,NMR) was
calculated as the ratio of the integral of benzylic protons to that
of methine proton in the 1H NMR spectra.
In the next step, a block copolymer consisting of a

hydrophilic PEG block and a hydrophobic PCHGE block
was prepared to produce a series of amphiphilic block
copolymers (mPEG-b-PCHGE) with varying degrees of
hydrophobic PCHGE blocks (Table 1). As shown in Figure
2c, the 1H NMR spectra of the block copolymer clearly
showed each characteristic peak of the different structures: the

methyl protons of the mPEG macroinitiator (x; 3.38 ppm),
methine proton (d; 4.75−4.80 ppm), polyether backbone
protons (y, z; 3.40−3.75 ppm), and methyl and cyclohexyloxy
protons (e, g, h, and i; 1.10−1.90 ppm). The degree of
polymerization (DP) of the amphiphilic block copolymer was
determined by the ratio of the methine peak (g; 4.75−4.80
ppm) of CHGE to the methyl peak (3.38 ppm) of mPEG.
GPC results of the block copolymer also showed monomodal
distributions with narrow dispersity (Đ < 1.13) in all entries
(Figure S8). It is worth noting that the Mn,GPC values tend to
be considerably lower than the Mn,NMR values, as shown in
Table 1. This observation could be attributed to the high
hydrophobicity of the CHGE monomer in the homopolymers
and block copolymers, which in turn led to the difference in
their hydrodynamic volumes in the solvent. With increasing
the fraction of the CHGE block, this difference in their
molecular weights becomes more pronounced as indicated in
both homopolymers and block copolymers. To confirm the
pH-responsive nature of the synthesized block copolymer, 1H
NMR analysis was performed after the CH45 polymer was
treated in acidic conditions. As a result of deprotection in
acidic conditions, all of the peaks corresponding to the side
chain of CHGE disappeared (Figure S9).

Figure 4. (a) Energy diagram of various model acetal compounds in the course of hydrolysis and (b) proposed hydrolysis mechanisms for CHPE
with the hydration shell. The green molecule is the water molecule involved in the hydrolysis of CHPE.
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After confirming the successful synthesis of the PCHGE
homopolymers via NMR and GPC, MALDI-ToF spectrometry
was performed to determine the successful incorporation of
CHGE into the PCHGE homopolymer. In the MALDI-ToF
spectrum, the molecular weight of 3734.8 g mol−1 can be
assigned to a homopolymer comprising the benzyl alcohol
initiator (108.06 g mol−1) and 18 monomers (200.14 g mol−1)
with Na+ as the counterion. Interestingly, two types of minor
peaks are also observed, which resulted from the partial
degradation of the cyclohexyloxy group during the measure-
ment. Above all, the spacing of major and minor signals
corresponded to the molecular weight of the functional CHGE
monomer, indicating successful polymerization.
DSC analysis provided the glass transition temperatures (Tg)

of the PCHGE homopolymers and amphiphilic mPEG-b-
PCHGE block copolymers (Table 1 and Figure S7 and S8).
Interestingly, the Tg value increased from −36.8 to −31.5 °C
as the DP of CHGE in the PCHGE homopolymers increased.
From these results, we postulate that the higher Tg values
could be attributed to the increased chair-to-chair stacking of
the cyclohexyl groups of CHGE. Similarly, with an increase in
the DP of CHGE in the amphiphilic block copolymer, the Tg
of the polymer increased from −35 °C (CH7) to −28 °C
(CH45). Interestingly, the Tg of the mPEG-b-PCHGE
polymers are similar to that of block copolymers based on
TFGE monomers but lower than that of TPGE-based block
copolymers. While the packing of the cyclic pendant structures
is similar in all these copolymers, it can be postulated that the
relatively linear structure of CHGE led to a lower Tg value
compared with the TPGE-based block copolymers.
Before the examination of the self-assembly behavior of the

amphiphilic block copolymers prepared in this study, we
investigated the hydrolysis kinetics of the CHGE monomer
through quantum mechanical calculations based on density
functional theory (Figure 4). Quantum mechanical analysis
provides crucial information of the kinetic energy barrier and
the structure and relative energy of intermediates involved
during the hydrolysis of functional monomers. Considering the
structure of the side chains formed after the polymerization of
the CHGE monomer, we synthesized a new model compound,
cyclohexyloxy propyl ether (CHPE) (see the Experimental
Section for details). Furthermore, the hydrolysis kinetics of the
CHGE monomer were compared with that of a series of other
types of monomers with acetal groups reported in our previous
studies, such as tetrahydropyranyl propyl ether (TPPE),
tetrahydrofuranyl propyl ether (TFPE), and ethoxyethyl propyl
ether (EEPE).29

In the first step, 25 explicit water molecules (25 H2O) and
an additional proton were considered in the calculation of
energy barriers during protonation. The optimized structure of
the model compound with the lowest-energy structures was
obtained, including the transition-state structures before and
after protonation. Interestingly, protonation was performed for
the outer shell made of the water molecules in CHPE,
indicating the high hydrophobicity of the model compound.
Subsequently, the reaction energy barrier (ΔE) was calculated
for constrained optimization by considering it to depend on
the distance between oxygen and proton in the CHPE
structure. The reactive energy profiles showed the protonation
of model acetal compounds according to the O−H bond
length. It is noteworthy that the CHPE (29.0 kcal mol−1)
showed a higher energy barrier (ΔE) for protonation than
those of the other monomers, including TPPE (24.2 kcal

mol−1), TFPE (11.2 kcal mol−1), and EEPE (10.0 kcal mol−1),
indicating that CHPE had the highest hydrophobicity
compared to other acetal model compounds. In parallel, the
hydrophobicity of each monomer was also estimated using the
partition coefficient (log P) with the computational model
ALOGPS 2.1. The calculated log P values were 2.93 (CHPE),
1.72 (TPPE), and 1.31 (TFPE),32 which supported the
observed trends in the reactive energy profiles.
Generally, the overall hydrolysis of acetal linkages comprises

two steps: (1) a protonation step and (2) a bond cleavage step.
For CHPE, the rate-determining step in the overall hydrolysis
was found to be a protonation reaction with a maximum
reaction energy barrier value of 29.0 kcal mol−1. We then
calculated the reaction energy barrier and transition state in the
hydrolysis step of the protonated CHPE compound (i.e., H+-
CHPE; Figure 4b) with two explicit water molecules in the
hydrolysis of the protonated CHPE compound for an
activation energy barrier of approximately 1.0 kcal mol−1.
This process was also observed for the ring opening of H+-
TPPE and H+-TFPE with a single transition state involving
significantly lower energy barriers (0.83 and 0.37 kcal mol−1,
respectively) compared with the protonation step. In the case
of H+-EEPE, no activation energy barrier was observed for C−
O bond breaking, indicating that the concurrent hydrolysis was
followed by the protonation step.
Motivated by the computational analysis of the model

compounds, we performed the hydrolysis of the CHPE model
compound by in situ 1H NMR spectroscopy under acidic
conditions with a sodium acetate-d3/acetic acid-d4 buffer at pH
5.0. However, the limited solubility of the CHPE monomer in
an aqueous buffer prevented the monitoring of hydrolysis,
unlike other model acetal compounds. In concert with the
computational calculation results, the high hydrophobicity of
the CHPE model compound supports the prolonged
hydrolysis of the acetal group in CHPE.

Self-Assembly Behavior of mPEG-b-PCHGE Amphi-
philic Block Copolymers. The CMC value of self-assembled
polymeric micelles is a crucial parameter to predict the stability
of the micelles.33,34 The CMC value of the amphiphilic
polymer was determined using pyrene as a fluorescent probe.
Specifically, when pyrene is encapsulated within the hydro-
phobic core of micelle, the (0,0) band in the pyrene excitation
spectra is red-shifted from 332 nm (water) to around 339
nm.35,36 By taking advantage of this feature, pyrene has been
widely used for determination of CMC in the literature37,38

including our previous contributions.29,30 For example, the
I339/I332 (intensity ratio of 339 nm over 332 nm) was plotted
according to the different concentrations of each polymer. A
clear crossover point was observed in all polymers, and the
obtained CMC values of the amphiphilic polymers were 9.49 ±
2.61 (CH7), 2.47 ± 0.34 (CH28), and 1.64 ± 0.18 mg L−1

(CH45) (Figure S10). The CMC values of the amphiphilic
polymer decreased with an increase in the polymerization
degree of hydrophobic blocks. These CMC values were lower
than those of other polymers prepared from acetal-based
functional epoxide monomers, including E60 (10.3 mg L−1),
P37 (9.79 mg L−1), and F47 (113.6 mg L−1), prepared from
ethoxyethyl glycidyl ether (EEGE), TPGE, and TFGE
monomers, respectively.29,30 This result can be correlated to
the enhanced hydrophobicity of the CHGE monomers in the
hydrophobic core of the micelles.
After confirming micelle formation, we also determined the

size and shape of the micelles by dynamic light scattering
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Figure 5. (a−c) Distribution of the intensity-averaged hydrodynamic diameter (Dh) of CH7, CH28, and CH45 micelles measured by DLS. (d−f)
Height-mode AFM images of CH7, CH28, and CH45 micelles with the corresponding line scan profiles.

Figure 6. (a) Schematic representation and the corresponding chemical changes in drug-release profiles based on the pyrene fluorescence method.
(b, c) Drug-release kinetics of pyrene-loaded micelles at (b) pH 5.0 and (c) pH 7.4 at 37 °C. The data for E60, P37, and F47 were collected from
our previous reports.29,30
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(DLS) and atomic force microscopy (AFM). The concen-
tration of all polymers used in the DLS measurement was
above the CMC values (1 mg mL−1). The hydrodynamic
diameter (Dh) of each micelle measured by DLS was 26.7 ±
2.0 (CH7), 85.1 ± 0.5 (CH28), and 118.6 ± 4.2 nm (CH45)
(Figure 5a−c), and the diameter increased with the number of
CHGE monomers. We postulate that steric hindrance exists in
the hydrophobic core of micelles following an increase in the
number of bulky hydrophobic CHGE units, which results in
the increased size of the micelle. Moreover, the morphology of
micelles was analyzed with AFM. As shown in Figure 5d−f, the
AFM images showed a spherical shape of the micelle with a
narrow distribution of the diameter (CH7: DAFM = 55.2 ± 1.8
nm; CH28: DAFM = 91.3 ± 2.3 nm; and CH45: DAFM = 130.9
± 1.4 nm), in good agreement with the DLS results.

As an important factor of drug delivery carriers, the
encapsulation efficiency of the micelles was investigated
using Nile Red as a model hydrophobic dye within the
hydrophobic core of the micelles. The loading efficiencies of
Nile Red in the micelle cores were determined to be 20.4%
(CH7), 57.6% (CH28), and 61.5% (CH45) (Figures S11 and
S12). These were higher than those for other E, P, and F series
micelles, which had values such as 10.9% (E60), 16.6% (P37),
and 9.8% (F47).29,30 Overall, the introduction of the highly
hydrophobic and bulky CHGE monomer in the polymer
provided driving force for the formation of micelles with
excellent loading efficiency.

Degradation Kinetics and Encapsulation Stability of
Polymeric Micelles. Although polymeric micelles are
promising drug delivery carriers, their stability continues to
pose a challenge in biological applications.39,40 In particular,

Figure 7. FRET-based stability analysis of various micelles under different biological conditions using fluorescence emission spectra (λex = 450 nm)
in (left panel) PBS and (right panel) FBS. (a) CH7, (b) CH28, and (c) CH45 micelles. The emission peak of DiO (FRET-donor) is observed at
510 nm, and that of DiI (FRET-acceptor) occurs at 560 nm.
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among the various biological substances that can be
encountered during circulation in the blood stream,
encapsulation of hydrophobic drugs is affected by various
proteins present in the blood. Therefore, the stability of the
micelles was investigated in various environments, including
those with different pH conditions and different biological
buffers (Figures 6 and 7).
First, the stability of pyrene-containing micelles was

monitored for changes in the I339/I332 ratio in acidic (pH
5.0) and normal (pH 7.4) environments at 37 °C (Figure
6b,c). We investigated the degradation of micelles by
monitoring changes in the I339/I332 ratio in the excitation
spectra of pyrene. The intensity of I339/I332 in all micelles
(CH7−CH45) remained unchanged, indicating that all
micelles were stable at pH 7.4. However, in the acidic
environment with pH 5.0, a change in the CHGE moieties of
the micelles to hydrophilic linear polyglycerol (PG) as a result
of hydrolysis and degradation was observed. As the micelles
reacted at a low pH, the intensities of all micelles decreased
over time as the encapsulated pyrene in the core was released;
the intensity of CH7 decreased most noticeably. Interestingly,
the release rate of pyrene was lower with an increase in the
number of units of CHGE monomers in the micelles. For
example, CH7 was degraded most rapidly (in 4 days) and
released the largest amount of pyrene. By contrast, CH28 and
CH45 were completely degraded in 12 and 14 days,
respectively. These results are in consistent with the CMC
values of CH series micelles and suggest that the release
kinetics can be highly controlled, which allows to tailor the
burst release to sustained release through appropriate selection
of the hydrophobicity of the micelle cores.
Next, we investigated the stability of the micelles in various

biological environments, phosphate-buffered saline (PBS) and
fetal bovine serum (FBS). In a previous study, a fluorescence
resonance energy transfer (FRET)-based method was
employed to determine the stability of micelles in biological
environments.8 The stability of a micelle was analyzed by
loading the FRET pair of DiO (FRET-donor) and DiI (FRET-
acceptor) into the hydrophobic core of the micelle. If the
micelle is stable under harsh conditions, efficient energy
transfer from DiO to DiI occurs because the FRET pair is
located close in the core, which results in a strong emission
near 560 nm.41 However, if the micelle is unstable, the FRET

pair is freely located and there is no energy transfer between
DiO and DiI; therefore, only the strong emission of DiO at
510 nm would appear.
As shown in Figure 7, the CH7, CH28, and CH45 micelles

showed strong emissions only at approximately 550 nm in PBS
for 192 h, and no peak was observed at 510 nm. As mentioned,
this result was obtained because of the efficient energy transfer
owing to the proximity of DiO and DiI in the core of the
micelle, which indicated excellent micelle stability in the PBS.
Interestingly, peak variation was rarely observed in the CH45
micelle during the entire measurement duration; however, in
the CH28 and CH7 micelles, a larger peak variation was
observed after 120 h. From these results, we conclude that the
higher the number of hydrophobic units, the denser the DiO
and DiI in the core; therefore, the core of the micelle was more
stable and no peak variation was observed.
We measured the stability of the micelles in the FBS only up

to 72 h due to the formation of protein and lipid aggregates
present in the FBS. A strong emission at 550 nm was observed
in all the micelles for 72 h, and no peak change at 510 nm was
observed. As with the PBS data, the peak variation was
observed only in CH7, not in CH28 and CH45. These results
indicate that all micelles were unaffected by the proteins in the
serum and could safely hold the payload in the core. Taken
together, we confirmed that the micelles exhibited excellent
stability in the biological environments and degraded in
response to a low acidic pH.

Internalization and Endosomal Escape of CH28
Micelles and Anticancer Activity. Finally, to evaluate the
potential of the micelles for application in drug delivery
systems, we investigated the cellular uptake, endosomal escape,
and in vitro cytotoxicity of the micelles by the MTT assay.
Once taken up by cells, drug delivery systems must overcome
the endosomal entrapment followed by the release of payloads
in the cytosol of cells for the full realization of the therapeutic
activity.42 Cellular uptake and endosomal escape of CH28
micelles were analyzed by confocal fluorescence microscopy
using Nile Red-loaded CH28 micelles and green LysoTracker
(Figure 8a). The SW620 cells display strong green
fluorescence only in acidic environments such as endosome
and lysosome. Starting from 30 min after incubation, Nile Red-
loaded CH28 micelles were taken up by cells, as evidenced by
weak red fluorescence on the cell membrane. After incubation

Figure 8. (a) Cellular uptake and endosomal escape of CH28 micelles. Arrows indicate the co-localization of Nile Red-loaded CH28 micelles and
green LysoTracker in endosomes and lysosomes. (b) In vitro cell cytotoxicity assay of CH28 micelles determined by the MTT assay using SW620
cells. Free PTX (empty bars) and PTX-loaded CH28 micelles (filled bars) incubated for 36 and 48 h.
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for 1 h, yellow fluorescence was observed in cells due to the co-
localization of the red signal from Nile Red-loaded CH28
micelles and the green signal from endosomes and lysosomes
labeled with LysoTracker, indicating the entrapment of CH28
micelles in endosomes and/or lysosomes.42 Eventually, the red
fluorescence spread to the cytosol after 5 h of incubation and,
most notably, the green fluorescence significantly decreased
due to the loss of fluorescence of LysoTracker upon release in
the cytosol with neutral pH. These observations support the
endosomal escape of Nile Red-loaded CH28 micelles induced
by the influx of protons and osmotic pressure buildup in acidic

endosomes, thus triggering the degradation of CH28
micelles.43,44

To investigate the cell cytotoxicity assay, the SW620 cells
and RAW cells were treated with each micelle, and their
cellular viability was evaluated using the MTT assay (Figure
S13). After the micelle solution was treated with varying cell
concentrations, the cell viability was nearly 100% in the CH7,
CH28, and CH45 micelles, even at a high concentration of 200
μg mL−1, suggesting their suitability as a drug delivery carrier.
In addition, we demonstrated the therapeutic efficacy of

micelles loaded with paclitaxel (PTX), a poorly water-soluble

Figure 9. Evaluation of CH28 micelles as a drug carrier in vivo. (a) Histological examination of major organs of a mouse upon treatment of CH28
micelles. (b, c) Representative images of tumor-bearing mice during treatment with PTX, free micelles, and PTX-loaded micelles after day 6 and
day 25 along with (c) images of collected tumor volume of respective mouse. (d) Representative fluorescence imaging of tumor-bearing mice at 3 h
post-injection of IR780-encapsulated CH28 micelles. (e) Changes in tumor volumes and (f) body weight changes of mice under different treatment
conditions. Values are reported with a mean with standard deviation (n = 4). See the Experimental Section for details.
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anticancer drug. In particular, the CH28 micelle was chosen as
a representative example owing to its high drug-loading
capability and appropriate time scale of degradation. As
shown in Figure 8b, the cell cytotoxicity increased with the
drug concentration, indicating the effective delivery of PTX to
the cancer cells. Upon incubation for a longer time, more
active release of PTX enhanced the cytotoxicity. It is also
noteworthy that the cytotoxicity was higher for PTX-loaded
CH28 than that of free PTX, indicating the higher therapeutic
efficacy of PTX-loaded CH28 micelles possibly due to the
enhanced bioavailability of PTX within the cells. Through the
endocytosis process followed by the pH-responsive degrada-
tion of the micelles, the PTX loaded within the micelles are
released in a controllable manner.
Anticancer Activity of Drug-Loaded Polymeric Mi-

celles. After confirming the successful internalization and
endosomal escape of micelles and their excellent efficiency as a
drug delivery carrier, we performed more investigations in
detail through in vivo mouse experiments. Specifically, healthy
mice were intravenously administrated with CH28 micelles at a
dose of 20 mg/kg every other day, and the blood and major
organs were collected on day 7 for analysis. The level of serum
alanine transaminase (ALT) was measured to determine
whether CH28 micelles induce liver damage. There was no
significant difference in the level of serum ALT between the
sham and CH28 micelle-treated mice, indicating that CH28
micelles induce no damage to hepatocytes (Figure S14).45

Histological examination was also performed using tissues of
major organs (Figure 9a). The tissues showed no significant
histological evidence of accumulated toxicity. These findings
suggest that CH28 micelles have excellent safety profiles at a
therapeutic dose in vivo.
Furthermore, a mouse xenograft model was used to evaluate

the efficacy of CH28 micelles as a drug carrier loaded with
PTX. PTX was loaded in CH28 micelles during self-assembly,
with approximately 8 wt % loading content. When the tumor
volume reached 50 mm3, mice were treated with free PTX (2
mg kg−1), empty CH28 micelles, and PTX-loaded CH28
micelles (10 or 20 mg kg−1). Tumor volumes and the body
weight were observed for 30 days post-tumor inoculation. Free
PTX significantly inhibited tumor growth compared with the
untreated control group. However, PTX-loaded CH28 micelles
exhibited remarkable suppression of tumor growth, showing
significantly higher therapeutic effects than free PTX (Figure
9a,b). No significant body weight change was observed during
the treatment, indicating minimal toxicity of each treatment
(Figure 9c). Fluorescence imaging was also performed to
investigate the biodistribution of CH28 micelles that
encapsulated fluorescent IR780. As shown in Figure 9d, strong
fluorescence was observed in tumors preferentially 3 h after
injection, and the fluorescence signal in tumors lasted for more
than 72 h. The passive, but preferential, tumor accumulation of
CH28 micelles could be explained by their excellent colloidal
stability and enhanced penetration and retention effects in
leaky tumor vasculature.46,47 The superior therapeutic effects
of PTX-loaded CH28 micelles over free PTX can also be
accounted by the capability of the CH28 micelles to target
tumor passively.

■ CONCLUSIONS
In summary, we present the design and synthesis of a novel
hydrophobic epoxide monomer, CHGE, to obtain a pH-
responsive hydrophobic block in drug delivery micelles with

excellent stability and high loading efficiency. The organic
superbase promoted anionic ring-opening polymerization,
which yielded well-defined PCHGE homopolymers and
amphiphilic block copolymers of mPEG-b-PCHGE with
controlled molecular weights and narrow dispersity. The
polymeric micelles prepared from a series of mPEG-b-
PCHGE polymers demonstrated excellent stability, encapsula-
tion efficiency, and highly controllable release kinetics.
Compared to existing acetal-based monomers developed thus
far, the polymeric micelles based on the CHGE monomer
exhibited considerably lower CMC values, higher loading
efficiency, and enhanced stability, which could be attributed to
the increased hydrophobicity that retarded the hydrolysis rate
of the hydrophobic block. Finally, the high biocompatibility of
the micelles clearly demonstrates the potential of mPEG-b-
PCHGE as potential drug delivery carriers. The preferential
cellular uptake and therapeutic efficacy in vivo further
confirmed the suitability of amphiphilic block copolymer
micelles for use as a smart drug delivery carrier. We anticipate
that the new class of functional epoxide monomer and
polymers developed in this study will contribute to the
development of functional polyethers and emerge as promising
candidates for biomedical applications.
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