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Smart drug delivery in a site-specific and time-controlled manner is critical for reducing the side effects

of the drug while maximizing the therapeutic efficacy. Herein, we describe an efficient approach to

control the degradation kinetics of polyether micelles under acidic conditions using random copolymers

of functional epoxide monomers bearing different acetal groups. The amphiphilic block copolymers, poly

(ethylene glycol)-block-poly(ethoxyethyl glycidyl ether-co-tetrahydropyranyl glycidyl ether)s (PEG-b-P

(EEGE-co-TGE))s, are synthesized by the anionic ring-opening polymerisation of the pH-responsive novel

epoxide monomers ethoxyethyl glycidyl ether (EEGE) and tetrahydropyranyl glycidyl ether (TGE) in

varying ratios. The random block copolymers are carefully characterized by 1H NMR, GPC, and DSC and

the copolymerisation kinetics are evaluated using in situ 1H NMR analysis. The critical micelle concen-

trations, loading efficiencies, and size distributions of the copolymer micelles show a saturation point over

a critical TGE ratio. Interestingly, the degradation and subsequent release kinetics of the micelles under

acidic conditions are remarkably different when the composition of the acetal groups is varied. The

superior biocompatibility coupled with the highly tailorable release kinetics is anticipated to lead to a ver-

satile platform for smart drug delivery systems.

1. Introduction

Over the past few decades, controlled drug delivery systems
have been extensively studied by using nanocarriers such as
polymeric micelles, liposomes, and nanoparticles.1–3 In par-
ticular, polymeric micelles have generated significant interest
as promising candidates to achieve desirable pharmacokinetic
and biopharmaceutical outcomes for drug delivery. This is
attributed to their distinctive features such as the enhanced
solubility and circulation lifetime of therapeutics, as well as
effective accumulation in tumours as a result of the enhanced
permeability and retention (EPR) effect.4,5

Despite these advantages, there exist numerous challenges
in terms of the location and time of drug delivery in a con-
trolled manner. To meet this objective, the release kinetics
have been studied at a targeted region in response to external
stimuli such as pH, redox, light, and temperature.6–8 In this
regard, pH-responsive polymeric micelles are particularly inter-
esting systems to selectively release the therapeutics by exploit-
ing the various pH gradients existing in specific cellular com-
partments.9 These polymers can be further expanded to other
biological applications, including tumour targeted delivery of
drugs, intracellular delivery of nucleic acids or proteins, treat-
ment of inflammatory diseases, and oral administration.10,11

In a time-controlled manner of intracellular nucleic acid or
protein delivery, the rapid endosomal degradation of micelles
is necessary for osmotic imbalance and release of the payload
into the cytosol.12,13 In contrast, oral administration and
chronic diseases need a sustained release system to increase
the drug bioavailability and decrease the fluctuations in drug
concentrations.14 Furthermore, it is particularly important to
achieve an adequate amount of drug release for significantly
improving the therapeutic efficacy with minimal side effects.

Several approaches have been adopted to develop pH-
responsive polymers with imines, hydrazides, hydrazones,
orthoesters, and acetal linkages.15–17 Among them, the acetal
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linkage is of particular interest because the degradation pro-
ducts formed upon cleavage are uncharged and potentially
nontoxic. In addition, when the irreversible hydrolysis of
acetals occurs, the degradation products are fully soluble,
which is beneficial for enhanced renal clearance from the
body.18,19 For example, Kizhakkedathu and co-workers investi-
gated the development of branched polyethers with structu-
rally different ketal groups and studied their degradation kine-
tics.20 More recently, De Geest and co-workers have studied the
hydrolysis of paclitaxel–polymer conjugates with acetal lin-
kages by controlling the hydrolysis kinetics.21 They also syn-
thesized acetal-based block copolymers and studied the degra-
dation kinetics by changing the balance between hydrophili-
city and hydrophobicity.22 These studies suggest that the con-
trolled release of active therapeutics with a wide timeframe is
vital for developing a successful drug delivery system.

For biomedical applications of micelles, poly(ethylene
glycol) (PEG) is the most commonly used hydrophilic block
owing to its superior solubility, biocompatibility, and stealth
effect.23 Functional polyethers have recently attracted attention
as an alternative to PEG because of their biocompatibility and
other advantages such as various functionalities with control-
lable structures that can be synthesized in a facile manner.24

To date, many novel epoxide monomers have been developed
to synthesize polyethers with tunable physicochemical pro-
perties and functionalities.25–30 As a notable example, we have
recently reported a novel pH-responsive functional epoxide
monomer, tetrahydropyranyl glycidyl ether (TGE), and its
block copolymer, poly(ethylene glycol)-block-poly(tetrahydro-
pyranyl glycidyl ether) (PEG-b-PTGE).29 The self-assembly of
the block copolymer into a micelle and its degradation kine-
tics under acidic conditions were thoroughly assessed and
compared with those of other block copolymers containing the
acyclic analogue, poly(ethylene glycol)-block-poly(ethoxyethyl
glycidyl ether) (PEG-b-PEEGE).31–33 Interestingly, the PEG-b-

PTGE micelle showed a sustained release, whereas the PEG-b-
PEEGE displayed a burst release under acidic conditions.
However, it is still highly desirable to further tune the release
kinetics to meet the demand for a drug delivery system with a
wide window of release kinetics. Thus, our previous finding
has prompted us to further develop a more general system
using these two distinct monomers of TGE and EEGE.

Herein, we report the synthesis of pH-responsive random
block copolymers based on EEGE and TGE monomers by
anionic ring-opening polymerisation, using a mPEG macroini-
tiator to afford the block copolymers of PEG-b-P(EEGE-co-TGE)
with varying ratios of EEGE and TGE monomers (Fig. 1 and
Table 1). The random block copolymers consisted of a hydro-
philic mPEG block (Mn, NMR = 5900 g mol−1) and a pH-respon-
sive, hydrophobic block of poly(EEGE-co-TGE) with a tunable
composition of the respective monomers. The random copoly-
mers had a similar hydrophobic chain length while the com-
positional fraction of the TGE block varied from 0 to 100%.
The main focus of this study is to examine the influence of the
structure of the hydrophobic block on its self-assembly behav-
iour such as the critical micelle concentration (CMC), loading
efficiency, and, most importantly, degradation kinetics with
respect to the acetal ratio between the two monomers. The
stimuli and time-specific release coupled with the biocompat-
ibility of polyethers in our system is expected to offer a new
means for sophisticated delivery of therapeutics in a controlla-
ble manner.

2. Results and discussion
Synthesis and characterisation of random copolymers

The pH-responsive monomers EEGE and TGE were synthesized
in a facile, one-step procedure as reported previously.29 Briefly,
EEGE was synthesized from glycidol and ethyl vinyl ether,

Fig. 1 Schematic representation of the copolymerisation of PEG114-b-P(EEGE-co-TGE)m/n with a varying ratio of EEGE and TGE monomers (T0–T4)
and the illustration of the tunable release kinetics from the corresponding micelles.
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while TGE was synthesized from the reaction of glycidol and
3,4-dihydropyran in a high yield. Each monomer was purified
by fractional distillation prior to polymerisation. Five random
copolymers with varying compositional ratios of EEGE and
TGE, PEG114-b-P(EEGE-co-TGE)m/n (hereafter referred to as T0–
T4 in Table 1), were prepared via organic superbase t-BuP4-
catalyzed anionic ring-opening polymerisation using poly
(ethylene glycol) monomethyl ether, mPEG (Mn, NMR = 5900
g mol−1), as a macroinitiator (Fig. 2). These copolymers were
designed to afford a similar number of overall hydrophobic
blocks during polymerisation, while the compositional frac-
tion of the TGE block within the hydrophobic segment
increases gradually from 0% for T0 to 100% for T4.

The successful synthesis of T0–T4 copolymers was con-
firmed by 1H NMR, GPC, and DSC measurements (Fig. 2 and 3
and Fig. S1 in the ESI†). As shown in Fig. 2, the 1H NMR
spectra of the copolymers clearly indicated the characteristic
proton peaks, including the methyl protons of mPEG

(3.38 ppm), the polyether backbone (3.41–3.97 ppm), the tetra-
hydropyranyl protons (4.56–4.67 ppm and 1.44–1.91 ppm), and
the ethoxyethyl protons (4.66–4.73 ppm and 1.15–1.33 ppm).
The molecular weights (9800–10 200 g mol−1) and the incor-
poration ratio of EEGE and TGE were determined based on the
peak integral ratio between the methyl protons of mPEG and
the methine protons of EEGE (4.66–4.73 ppm) and TGE
(4.53–4.67 ppm) in the 1H NMR spectra. Overall, the ratios of
TGE over EEGE were successfully controlled from 0 to 100% in
the hydrophobic block. It is worth noting that the change in
the ratio of each methine proton was clearly demonstrated
depending on the composition of the monomers. This indi-
cated that the copolymerisation reaction using similar
functional epoxide monomers successfully afforded block
copolymers that were exclusively composed of a polyether
backbone.

In concert with the 1H NMR data, the GPC results of the
copolymers indicated monomodal distributions with narrow

Table 1 Characterisation data of all synthesized polymers

Entry Polymer compositiona FTGE
a,c Mn, NMR

a (g mol−1) Mn, GPC
b (g mol−1) PDIb Tg

d (°C) CMCe (mg L−1)

T0 PEG114-b-P(EEGE-co-TGE)27/0 0 9800 14 300 1.03 −58.9 76.7
T1 PEG114-b-P(EEGE-co-TGE)21/6 0.22 9900 14 100 1.03 −50.1 47.7
T2 PEG114-b-P(EEGE-co-TGE)14/14 0.50 10 100 13 500 1.03 −39.8 13.5
T3 PEG114-b-P(EEGE-co-TGE)7/19 0.73 9900 13 000 1.03 −29.5 10.9
T4 PEG114-b-P(EEGE-co-TGE)0/27 1 10 200 12 300 1.03 −18.2 10.9

aDetermined via 1H NMR spectroscopy in CDCl3.
bMeasured using GPC measurement (DMF, RI signal, and PMMA standard). cMolar ratio of

the TGE monomer in the hydrophobic block of PEG114-b-P(EEGE-co-TGE)m/n.
d Tg was determined by differential scanning calorimetry (DSC) at a

rate of 10 °C min−1. eCritical micelle concentration (CMC) value was calculated from fluorescence spectroscopy using pyrene as a probe.

Fig. 2 1H NMR spectra of the PEG114-b-P(EEGE-co-TGE)m/n copolymers T0–T4. All spectra were recorded in CDCl3. The gradual changes in the
methine peaks of a and c arising from each monomer of the EEGE (peak a) and TGE (peak c) block can be clearly observed.
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polydispersity indexes (Mw/Mn = 1.03) in all cases with refer-
ence to the poly(methyl methacrylate) (PMMA) standard in
DMF (Table 1 and see Fig. S1 in the ESI†). The traces of all the
copolymers shifted to a higher molecular weight region as
compared to that from the mPEG macroinitiator. Interestingly,
we observed that the Mn, GPC values of the copolymers tended
to decrease with increasing ratio of the TGE monomer, regard-
less of the value calculated by 1H NMR. This tendency was
likely due to the increased hydrophobicity of the TGE block,
which suppressed the hydrodynamic volume of the copolymers
in DMF.34

The successful copolymerisation was further assessed by
measuring the glass transition temperature (Tg) of the copoly-
mers using differential scanning calorimetry (DSC) (Fig. 3 and

Fig. S2†). Interestingly, all copolymers exhibited a single Tg,
which indicated that the product was a random copolymer
with EEGE and TGE monomers, again confirming that the
block copolymers were exclusively comprised of the polyether
backbone (Fig. S2†). As expected, the Tg of the copolymers
increased with increasing TGE ratio in the copolymers. When
the copolymer was synthesized with only the EEGE unit, the Tg
of the copolymer T0 was found to be −59.8 °C, similar to the
reported value of the PEEGE homopolymer, −59.0 °C.35 As the
fraction of the TGE monomer was increased further, the Tg of
the copolymers increased linearly up to −18.2 °C (T4). Using
the Fox equation to fit the experimental Tg values with the
theoretical ones, a positive deviation attributable to the bulky
side chain of TGE monomers was obtained (Fig. 3).36 As the
weight fraction of TGE in the copolymers increased, the devi-
ation in Tg also increased, as reported similarly in other litera-
ture; for example, Moore et al. observed a similar trend in the
Tg values of styrene/maleic anhydride copolymers, which dis-
played a linear increase in Tg with increasing amount of
maleic anhydride.37

To observe the microstructure of the PEG114-b-P(EEGE-co-
TGE)m/n copolymers, we monitored the copolymerisation kine-
tics of EEGE and TGE. The total conversion ratio of both EEGE
and TGE monomers was plotted against the overall monomer
conversion ratio, as shown in Fig. 4. The monomer conversion
was observed for 12 h using 1H NMR and calculated from the
integration values of the methine protons of each monomer
against the signal from the methyl proton of the mPEG macro-
initiator, which remained constant during polymerisation.
Based on the non-terminal model of chain copolymerisation
developed by Lynd and co-workers,38 we found that the
random copolymerisation of EEGE and TGE had reactivity
ratios of rEEGE = 1.49 ± 0.01 and rTGE = 0.69 ± 0.01 with a
product of rEEGE·rTGE = 1.03, yielding almost ideal copolymeri-

Fig. 3 Glass transition temperature (Tg) of PEG114-b-P(EEGE-co-TGE)m/n

copolymers as a function of the weight fraction of the TGE monomer.
The Tg was determined by DSC at a rate of 10 °C min−1. The theoretical
Tg value was calculated by the Fox equation.

Fig. 4 (a) In situ monitoring of the copolymerisation kinetics of EEGE and TGE (initial monomer ratio of 1 : 1) to afford PEG114-b-P(EEGE-co-
TGE)14/14. The

1H NMR spectra were recorded every 30 min for 12 h (THF-d8, 400 MHz, 25 °C). (b) Total conversion versus monomer conversion for
the copolymerisation of TGE (red circle) and EEGE (blue circle), as determined by the in situ 1H NMR experiment.
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sation. The slightly lower reactivity of the TGE monomers
could have originated from the sterically hindered cyclic
monomer structure as compared to the acyclic EEGE
monomer. Although this kinetic experiment showed that there
was a small gradient of the microstructure in the copolymers,
it should be noted that polymerisation was performed in bulk
within an NMR tube.

Self-assembly behaviour

The CMC of a polymer is a crucial factor that indicates its
ability to self-assemble and the stability of its micelle in solu-
tion. Therefore, we investigated the CMC values of the syn-
thesized copolymers by using pyrene as a fluorescent
probe.39,40 Following the encapsulation of pyrene into the
hydrophobic core of the micelles above a certain concentration
of the polymer, a dramatic increase in the intensity and a red
shift were observed in the excitation spectra. The relative ratios
of peak intensities at 339 nm and 332 nm (I339/I332) were
plotted as a function of the concentrations of the respective
polymers (see Fig. S3–S7† for the recorded spectra and the
corresponding plot to determine the CMC values). The CMC
values of T0–T4 polymers were determined to be 76.7 (T0),
47.7 (T1), 13.5 (T2), 10.9 (T3), and 10.9 mg L−1 (T4), respect-
ively, as shown in Fig. S8.† When the copolymer was syn-
thesized with only EEGE (T0), the CMC was higher than that of
the polymer with only TGE (T4). As similarly reported in the
study of the effect of side-chain hydrophobicity on CMC,41 the
CMC values of the copolymers decreased upon the increase of
the hydrophobicity by incorporating the more hydrophobic
TGE monomer. However, it remained constant over a certain
TGE ratio (corresponding to T2). This trend suggests that
incorporating a certain TGE monomer ratio was enough to
reduce the free energy of micellisation and led to a sufficient
driving force for self-assembly.

The size of the micelles is also critical to their circulation
time and distribution in the body.42 The distribution of the
hydrodynamic radius (Rh) of the micelles at 32 °C was charac-
terized by dynamic light scattering (DLS) as shown in Fig. 5.
All block copolymer micelles show a hydrodynamic radius (Rh)
between 14 and 18 nm with a relatively narrow polydispersity
less than 0.15 at 32 °C.

Many poly(glycidyl ether) polymers with a pendant side
chain exhibited lower critical solution temperature (LCST)-type
thermoresponsive behaviour, and their phase transition temp-
erature is highly dependent on the structure of the side
chain.43,44 The fraction of EEGE monomers in the hydrophobic
block can control the transition temperature of micellisation
as indicated by the scattered intensity of DLS (Fig. S9†). At
lower temperature, the scattered intensity is relatively low indi-
cating that block copolymers are soluble in water. A gradual
increase in the scattered intensity, however, reflects the for-
mation of micelles. Since the EEGE monomer is more hydro-
philic than the TGE monomer,29 the fraction of EEGE
decreases as the micelle transition temperature becomes
lower, and thus the micelles become more well defined with a
more hydrophobic core block near room temperature.

As a nanoscale carrier, the drug loading efficiency was also
investigated by encapsulating the model hydrophobic dye, Nile
Red, within the micelles. As shown in Fig. 6, the Nile Red

Fig. 6 Loading efficiency of Nile Red in all copolymer micelles (average
of three independent experiments). The inset shows the suspensions of
micelles containing Nile Red. The polymer concentration was set to
1.0 mg mL−1.

Fig. 5 Distribution of the hydrodynamic radius (Rh) of the T0–T4
micelles in water at 32 °C as measured by DLS.
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loading efficiencies of the micelles prepared from the copoly-
mers were 6.4 (T0), 13.3 (T1), 23.9 (T2), 25.9 (T3), and 25.9%
(T4). The loading efficiencies of the micelles increased with
increasing ratio of the incorporated TGE monomer and were
saturated over T2, in accordance with the CMC values. Taken
together, it was concluded that the incorporation of the hydro-
phobic, cyclic TGE monomer provided a sufficient driving
force for the formation of micelles with enhanced stabilities
and loading capacities.

Degradation kinetics in acidic environments

For stimuli-responsive drug delivery systems, pH-responsive
micelles have been actively studied because of the wide range
of pH changes in different cellular compartments.45–48 In our
system, the degradation of the copolymers takes place as a
result of the dissociation of acetal linkages of the TGE and
EEGE monomers under acidic conditions. Furthermore, it is
reasonable to expect that the degradation kinetics would be
controlled by the fraction of each monomer. To gain an
insight into the pH sensitivity of micelles, we studied the
pH-triggered release of encapsulated pyrene. The ratio of fluo-
rescence intensity at 339 nm and 332 nm (I339/I332) was nor-
malized and plotted as a function of time (Fig. 7). We first
investigated the degradation of micelles at pH 7.4 by monitor-
ing the change of the I339/I332 ratio of pyrene in the excitation
spectra (Fig. 7b and Fig. S11†). The I339/I332 value of pyrene for

the T0–T4 micelles did not change significantly, suggesting
that the micelles were stable under neutral conditions.
However, upon switching to pH 5.0, the intensity of the fluo-
rescence excitation spectra was shifted and decreased with
time as the encapsulated pyrene was released (Fig. 7c and
Fig. S12†). The rate of pyrene release was slow for the copoly-
mers that included a higher percentage of the TGE monomer.
For example, most of the pyrene was released within 1 day for
T0, while 50% of the loaded pyrene was released in 1 day, 3
days, and 5 days for T1, T2, and T3, respectively. It is worth
noting that the micelle from the T4 copolymer displayed the
longest release time, suppressing the initial burst and extend-
ing the release over two weeks.

These extended release profiles indicate that the incorpor-
ation of the TGE monomers is one of the tools to control the
hydrophobicity and the degree of packing of the core, which
can reduce the protonation and subsequent hydrolysis of the
acetal linkages. Moreover, these observations support the con-
clusion that the degradation kinetics of the micelles can be
easily tuned by using different types of acetal groups and con-
trolling the ratio of the acetal groups.

In vitro FRET study

The loaded therapeutics in the micelles are transferred to the
plasma membrane, where they either undergo endocytosis or
diffuse to the intracellular organelles in a target cell.49,50 Thus,

Fig. 7 (a) Schematic illustration of the release of the encapsulated model drug, pyrene. (b, c) Release profile of pyrene from the degradation of
copolymer micelles over time at (b) pH 7.4 and (c) pH 5.0. The percentage of degradation was plotted using the I339/I332 values of pyrene calculated
from the excitation spectra.
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it is necessary to elucidate the release of therapeutics in a bio-
logical system and evaluate the cellular uptake to achieve suc-
cessful intracellular drug delivery in a controlled manner. To
investigate the release of therapeutics from the micelles, the
Förster resonance energy transfer (FRET)-based method was
used in this study, as previously reported.51 The FRET-based
method is useful to assess non-covalent guest exchange
dynamics in an aqueous solution. For example,
Thayumanavan and co-workers evaluated the encapsulation
stability of nanogels using the FRET of non-covalently capsu-
lated dyes, dioctadecyloxacarbocyanine perchlorate (DiO)/1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
(DiI).52–54 The FRET pair comprised of the donor, DiO, and the
acceptor, DiI, was loaded into the micelle. When both FRET
pair molecules were encapsulated inside the micelle and the
DiO donor was excited at 488 nm, energy transfer occurred
because of the proximity of the molecules within the micelle,
which resulted in the emission of the DiI acceptor at 564 nm
(red colour). In contrast, when the micelles disintegrated and
the dyes were released, the FRET molecules diffused apart and
eliminated the FRET effect, which resulted in the emission of
the DiO donor at 501 nm (green colour).

The FRET dye-loaded micelles were prepared as described
in the Experimental section. Here, we chose the T2, T3, and T4
micelles because of the insufficient loading efficiency of the
T0 and T1 micelles. The HeLa (human epithelial carcinoma
cancer) cells were incubated with the FRET dye-loaded
micelles for different time periods and visualized by excitation
at 488 nm (Fig. 8 and Fig. S13–S15†). It was found that the

release of FRET dyes and the cellular uptake rate became
slower as the TGE monomer fraction was increased. As shown
in Fig. 8, the T2 micelles showed strong yellow fluorescence
from the overlaid green (DiO) and red (DiI) signals on the
plasma membrane for the cells incubated after 30 min and the
dyes were then internalized into the cytoplasm after 1 h. This
indicated that the T2 micelles were readily dissociated under
biological conditions and could deliver therapeutics rapidly
into the cytoplasm. The internalisation of the T3 micelles
could be observed by weak red fluorescence in the cytoplasm
without the yellow fluorescence on the cell membrane after
1 h. The dyes in the T3 micelles were released on the cell mem-
brane and in the cytoplasm after 2 h, which was slower than
that in the T2 micelles. Notably, for the T4 micelles, there was
strong red fluorescence in the cytoplasm without the yellow
fluorescence on the cell membrane even after 3 h, indicating
that there was no structural degradation of the micelles. The
dyes were released after 4 h (see Fig. 8 and Fig. S15†),
suggesting that the T4 micelles were capable of being interna-
lized into the cytoplasm without the premature release of the
dyes on the cell membrane. This indicated that the micelles
retained their payload with integrity while entering the cyto-
plasm as the fraction of TGE monomers was increased. The
difference in the release kinetics and the cellular uptake rate
between the T2, T3, and T4 micelles could be attributed to two
factors. One is the increased stability of the micelles as the
hydrophobicity of the core was increased by the hydrophobic
TGE monomers. The other factor is due to the close packing
and increased torsional strain with increasing fraction of the

Fig. 8 (a) In vitro FRET studies for the T2, T3, and T4 micelles after incubation in HeLa cells for different time periods. The green and red colours
represent the DiO and DiI signals, respectively, and the yellow colour indicates the overlapped signals of both FRET dyes. The T0 and T1 micelles are
not included because of the low loading efficiency. The excitation and emission wavelengths for DiO were 488 and 535 nm, and that for DiI were set
to 543 and 620 nm, respectively. Scale bars: 10 μm. See Fig. S13–S15† for all obtained images. (b) Schematic illustration of the different release
mechanisms for the micelles.
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TGE monomer, which reduced the direct interaction with the
membrane lipid bilayer. In addition, the discrepancy in terms
of the release kinetics of the FRET-based assay compared to
that performed in the buffer can be attributed to the presence
of albumin and other salts in the cellular environments and
the use of a relatively lower concentration of polymers.

Cell viability assay

Finally, we evaluated the cellular viability of all micelles to
evaluate their potential applicability as drug delivery carriers.
Each micelle was treated with HeLa cells to investigate their
viability using the MTT assay. As shown in Fig. 9, the cell viabi-
lity after treating the micelle solutions of varying concen-
trations was nearly 100%, even at a high concentration of
250 μg mL−1. However, the cell viability of the T3 micelle
(micelles having a longer hydrophobic chain) decreased
slightly at a concentration of 500 μg mL−1. This could be
explained by the fact that long hydrophobic chains likely have
a negative effect on biocompatibility. Consequently, micelle
stability and biocompatibility should be carefully optimized to
achieve the best performance as drug delivery carriers. As Xia
et al. have recently demonstrated that the residual phospha-
zene base was responsible for cytotoxicity,55 we removed the
residual base completely from the polymers as evidenced by
the 1H NMR spectra (Fig. S16 in the ESI†).

3. Conclusion

In summary, we developed novel pH-responsive block copoly-
mer micelles to control the release kinetics of therapeutics in a
site-specific and time-controlled manner. A series of block
copolymers, PEG-b-P(EEGE-co-TGE), were synthesized by
anionic ring-opening polymerisation by controlling the ratio of
the two functional epoxide monomers, namely, EEGE and
TGE, with acyclic and cyclic acetal moieties. The random co-
polymerisation was successfully characterized by 1H NMR,

GPC, and DSC measurements, and the copolymerisation kinetics
between the two monomers were further studied by in situ
1H NMR analysis. The CMC values, loading efficiencies, and
degradation kinetics of the micelles prepared from the series
of PEG-b-P(EEGE-co-TGE) copolymers were controlled by
varying the fraction of the TGE monomers with the cyclic ana-
logue. In particular, the micelles of PEG-b-P(EEGE-co-TGE)
copolymers showed highly tunable release kinetics under mild
acidic conditions and biological conditions, which were attrib-
uted to the changed hydrophobicity and degree of packing
arising from the cyclic TGE side chains. The tunable properties
and high biocompatibility clearly demonstrate the immense
potential of these functional polymer micelles in drug delivery.
We anticipate that the novel approach developed in this study
will broaden the smart drug delivery system and offer promis-
ing candidates for biomaterials and biomedical applications.

4. Experimental section
Materials

All reagents and solvents were purchased from Sigma-Aldrich
and Acros and used as received unless otherwise stated. Dry di-
chloromethane and THF were obtained from a solvent drying
system and used immediately thereafter. All deuterated NMR
solvents such as CDCl3 and THF-d8 were purchased from
Cambridge Isotope Laboratories.

Characterisation
1H-NMR (400 MHz) and 13C-NMR spectra (100 MHz) were
recorded using a 400-MR DD2 spectrometer. All spectra were
recorded in ppm units with tetramethylsilane (TMS) as an
internal standard in the deuterated solvents CDCl3 and THF-
d8. GPC measurements (Agilent 1200 series) were performed in
DMF as an eluent at 25 °C with a flow rate of 1.0 mL min−1

using a refractive index (RI) detector. Standard poly(methyl
methacrylate) samples were used for calibration to determine
the number- and weight-averaged molecular weight (Mn and
Mw). Differential scanning calorimetry (DSC) was carried out
under a nitrogen atmosphere using a differential scanning
calorimeter (Q200 model, TA Instruments) in the temperature
range of −80 °C to 65 °C and at a heating rate of 10 K min−1.
The CMC measurements, the loading efficiency measurement
of Nile Red, and the FRET tests were carried out using a fluo-
rometer (RF-6000, Shimadzu). The size distribution analysis of
the micelles was performed by dynamic light scattering (DLS,
BI-APD, Brookhaven Instrument) at 90° and 30°.

Synthesis of PEG-b-P(EEGE-co-TGE) block copolymers, T2

Random copolymer synthesis was conducted using poly(ethyl-
ene glycol)methylether (mPEG) as a macroinitiator. mPEG
(0.50 g, 0.10 mmol) was placed in a flask under an argon flow.
Toluene (3.47 mL) was added to the flask and the mixture was
stirred for 30 min at 60 °C. After cooling to room temperature,
0.13 mL of t-Bu-P4 in n-hexane (0.80 M, 0.10 mmol) was added
to the solution. Next, TGE (0.24 g, 1.5 mmol) and EEGE

Fig. 9 In vitro cell viability assay of all copolymer micelles prepared
from T0–T4 as determined by the MTT assay using HeLa cells. The
values are reported with an average of five independent experiments.

Paper Polymer Chemistry

Polym. Chem. This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 Y
on

se
i U

ni
ve

rs
ity

 o
n 

1/
29

/2
01

9 
2:

29
:1

9 
A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8py01577e


(0.22 g, 1.5 mmol) were added together to the solution drop-
wise over 6 h using a syringe pump. After stirring at room
temperature for 24 h, polymerisation was terminated by the
addition of benzoic acid. After precipitation in hexane, the
reaction mixture was passed through a pad of alumina with
THF. The solution was evaporated to dryness to give poly(ethyl-
ene glycol)-b-poly(ethoxyethyl glycidyl ether-co-tetrahydropyra-
nyl glycidyl ether), PEG-b-P(EEGE-co-TGE) (0.71 g). Yield:
70.5%. The Mn of PEG-b-P(EEGE-co-TGE)14/14 (polymer 3, T2 in
Table 1) was determined to be 10 100 g mol−1, as calculated
from the NMR data (see Fig. 2) using the following equation:
number of repeating units (TGE) = 4.71 (integration value) × 3
(number of protons of the methyl of mPEG) = 14; number of
repeating units (EEGE) = 4.58 (integration value) × 3 (number
of protons of the methyl of mPEG) = 14; and Mn = 158.20
(molecular weight of the TGE monomer) × 14 + 146.19 (mole-
cular weight of the EEGE monomer) × 14 + 5900 (molecular
weight of the mPEG macroinitiator) = 10 161.5 g mol−1.
Considering the error range of NMR integration, we used
10 100 g mol−1 as the Mn value of PEG-b-P(EEGE-co-TGE)
(polymer 3, T2 in Table 1). The ratio of the two monomers was
varied to synthesize different copolymers (T0–T4). 1H NMR
(400 MHz, chloroform-d ) δ 4.69 (d, J = 5.6 Hz, 1H, CH), 4.60
(s, 1H, CH), 3.97–3.42 (m, 51H, backbone), 1.91–1.44 (m, 15H,
CH2CH2CH2, water), 1.30–1.26 (m, 3H, CH3), and 1.19 (t, J =
7.1 Hz, 3H, CH3).

Micelle formation and characterisation

A 5.0 mg sample of the PEG-b-P(EEGE-co-TGE) copolymer was
dissolved in 200 μL of DMF, after which 4.8 mL of water was
added dropwise over 1 h using a syringe pump to form
micelles. After stirring overnight to stabilize the micelles, the
solution was dialyzed against deionized water for 2 days to
exchange the residual DMF. The solution was then filtered
through a 0.45 μm syringe filter (PVDF-d) before DLS analysis.
DLS measurements were performed using a nano particle ana-
lyzer (SZ-100, HORIBA) equipped with a solid-state laser (λ =
532 nm). The intensity autocorrelation function was measured
at an angle of 90 °C, and analysed by the cumulant method
where the average decay rate (Γ) and the second cumulant (μ2)
were employed to determine the mean hydrodynamic radius
(Rh) and its polydispersity (PDI = μ2/Γ2).56

Pyrene fluorescence measurements and CMC studies

A series of polymer solutions in DMF at various concentrations
were prepared. A 10 μL solution of pyrene (5.2 mg L−1 in DMF)
was added to the solution of the PEG-b-P(EEGE-co-TGE) co-
polymer and the mixture was stirred for 30 min at room tem-
perature. Subsequently, a total of 5 mL of DI water was added
to the solution at a rate of 0.5 mL min−1 using a syringe pump.
The solution was left to equilibrate overnight. The fluorescence
of each pyrene-containing polymer micelle solution (having
different concentrations) was measured at an emission wave-
length of 372 nm using a fluorimeter (RF-6000, Shimadzu)
through a 1 × 1 cm quartz cell. The following parameters were
chosen: emission wavelength = 372 nm, excitation wavelength

range = 360–372 nm, and data interval = 0.5 nm. The ratio of
the fluorescence intensities at wavelengths of 339 and 332 nm
was plotted versus the polymer concentrations and the CMC
was determined from the inflection point.

Encapsulation efficiency

The encapsulation efficiency (EE) of the micelles was calcu-
lated from the fluorimeter analysis results as follows. A
0.10 mL solution of Nile Red (50 μg mL−1 in acetone) was
added to a solution of the PEG-b-P(EEGE-co-TGE) copolymer
(5 mg) in acetone (0.10 mL) and the mixture was stirred for
30 min at room temperature. The loading percentage of Nile
Red to the polymer was 0.1 wt%. A total of 5 mL of deionized
water was then added to the solution at a rate of 0.5 mL min−1

using a syringe pump. The solution was then left to equilibrate
overnight allowing the acetone to evaporate with the lid open.
After filtration using a 0.45 μm syringe filter, the solution was
lyophilized and redissolved in acetone. The amount of Nile
Red loaded in the micelles was determined by measurements
using a fluorometer (RF-6000, Shimadzu) through a 1 × 1 cm
quartz cell as follows:

EEð%Þ ¼ concentration of drugmeasured
concentration of drug added

� 100:

The following parameters were chosen: excitation wave-
length = 480 nm, emission wavelength range = 500–800 nm,
and data interval = 0.5 nm.

Degradation kinetic study

For degradation kinetic studies, a buffer solution at pH 5.0
was prepared using sodium acetate/acetic acid and a pyrene-
containing polymeric micelle solution was prepared according
to the procedure described in the CMC study above. Then,
0.10 mL of the pyrene-containing micelle solution was slowly
added to 0.9 mL of the buffer solution and the changes in the
excitation spectra were recorded.

In vitro imaging of cells incubated with DiO/DiI loaded
micelles

HeLa cells (purchased from the Korea Cell Line Bank) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicil-
lin–streptomycin (Invitrogen Life Technologies, Korea). The
cells were maintained under a humid atmosphere containing
5% CO2 at 37 °C, and the medium was changed every other
day. The cells were cultured on eight-well Lab-Tek glass
chamber slides (Thermo Fisher Scientific, Korea), treated with
3,3′-dioctadecyloxacarbocyanine perchlorate (DiO)/1,1′-diocta-
decyl-3,3,3′,3′-tetramethylindo carbocyanine perchlorate (DiI)
co-loaded micelles at a concentration of 0.5 µg mL−1, and incu-
bated at different time points. The images were captured using
an Olympus confocal laser scanning microscope model
FV1000 with the excitation filter set to 473 nm.
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In vitro cell cytotoxicity

Cytotoxicity tests were carried out to investigate the toxicity of
micelles and their ability to act as drug delivery carriers by a
modified thiazolyl blue tetrazolium bromide (MTT) assay.
Briefly, HeLa cells were grown in a 96-well plate with a growth
medium comprising DMEM, 10% FBS, and 1% penicillin–
streptomycin at a density of 3 × 104 cells per well. After incu-
bating for 24 h under a humidified atmosphere of 95% air/5%
CO2 for stabilizing the cells, the HeLa cells were treated with
each micelle type. After 24 h, 10 μL of MTT was added in each
well (final concentration of 0.5 mg mL−1), and incubated for
3 h. Subsequently, the culture medium was removed and
100 μL 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 reference of 620 nm.
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