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ABSTRACT: Prodrug-type polymer−drug conjugates based on
highly biocompatible functional polyethers are developed through
mechanochemical post-polymerization modification. Herein, we
design functional epoxide monomers of ethoxyethyl glycidyl ether
(EEGE) and azidohexyl glycidyl ether (AHGE) and synthesize
diblock copolyethers of PEEGE-b-PAHGE via sequential anionic
ring-opening polymerization. Subsequent conversion of the
functional monomers to the corresponding hydroxyl and amine
groups allows for the preparation of double hydrophilic block
copolyethers. Most notably, mechanochemical modification allows
for the conjugation of these polymers with a highly hydrophobic
and potent anticancer agent, cinnamaldehyde, through an imine
linkage. The self-assembly of the resulting polymer−drug
conjugates into polymeric micelles is characterized by dynamic light scattering and atomic force microscopy. The pH-responsive
cleavage of the imine linkages under acidic conditions leads to the release of cinnamaldehyde with a concomitant disassembly of the
polymeric micelles. The superior biocompatibility coupled with the solvent-less mechanochemical conjugation approach provides a
convenient means to introduce various therapeutics for smart drug delivery.
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■ INTRODUCTION

Over the past few decades, drug delivery systems have
advanced to achieve time-controlled and site-specific delivery
of therapeutic agents to enhance the efficacy of drugs while
minimizing undesirable side effects and nonspecific distribu-
tion in the body.1,2 For this reason, self-assembled nanostruc-
tures, including liposome, dendrimer, and micelle, have long
been exploited as potential drug delivery carriers.3 While the
utilization of these carriers is critical to therapeutic agents with
limited aqueous solubility and poor stability, it is still highly
desirable to achieve the enhanced loading capacity with
tunable release profiles.
In this context, the prodrug-based approach is receiving

increasing attention as a promising strategy for the
sophisticated delivery of active therapeutics in a controllable
manner. Generally, there are three types of prodrug strategies:
conjugation of drugs to a pre-synthesized polymer,4 con-
jugation of drugs to a monomer prior to polymerization,5 and
growing a polymer chain from a functionalized drug.2

Specifically, a conjugation-to approach introduces therapeutic
agents to a wide spectrum of carriers beyond polymers, such as
antibody and peptide.6,7 Moreover, the linkage between the
drug and carrier provides a facile means to control the release
of the payload in specific environments.

For that purpose, pH-responsive polymeric systems are
particularly appealing to selectively release therapeutics by
exploiting the various pH gradients that exist in specific cellular
compartments.8−10 The application of these polymers can
further be expanded to other biological applications, including
tumor-targeted delivery of drugs, intracellular delivery of
nucleic acids or proteins, treatment of inflammatory diseases,
and oral administration.11,12 For example, imines, hydrazides,
hydrazones, orthoesters, and acetal linkages degrade selectively
in response to pH changes.13,14 Among them, the imine linkage
is of particular interest owing to its sensitivity under different
acidic conditions, facilitating its widespread utility as a stimuli-
responsive linkage.15,16 As a notable example, Xu and co-
workers conjugated doxorubicin to polymers through imine
bond and demonstrated its pH-controlled drug release in
acidic environments.17 In addition, Banerjee and co-workers
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developed pH-responsive glyconanoparticles conjugated to
drugs through imine linkages.18

Despite active investigations into the prodrug approach with
various carriers and therapeutic agents, the difference in
solubility between each component can raise significant issues
for effective conjugation.19,20 On the other hand, mechano-
chemistry offers an alternative means to overcome this
solubility limitation by alleviating the need for solvents. Unlike
traditional reactions involving solvents, mechanochemistry is
performed by mechanical energy, such as grinding and milling,
and can be applied to reactants with varying solubilities.21−23

Herein, we propose a mechanochemical drug conjugation
strategy toward the synthesis of prodrug-type polymer−drug
conjugates using highly biocompatible functional polyethers as
a platform (Scheme 1). It is well known that the conjugation of
poly(ethylene glycol) (PEG) is widely used not only for
improving the pharmacokinetics of conjugated therapeutic
proteins (i.e., PEGylation)24,25 but also for facilitating the self-
assembly of nanostructures by providing amphiphilic proper-
ties to the conjugated hydrophobic therapeutics.26 Moreover,
functional polyethers can provide other advantages, such as
various functionalities, that can be synthesized using functional
epoxide monomers. Specifically, in this study, novel functional
epoxide monomers, such as ethoxyethyl glycidyl ether (EEGE)
and azidohexyl glycidyl ether (AHGE), are employed to
synthesize diblock copolyethers of PEEGE-b-PAHGE via
sequential anionic ring-opening polymerization (AROP).
Subsequent conversion of the functional monomers to
corresponding hydroxyl and amine groups allows for the
preparation of double hydrophilic block copolyethers. More-
over, mechanochemical modification allows for the preparation
of the prodrug with a potent therapeutic agent, cinnamalde-
hyde (CA), through an imine linkage. We find that the
prepared prodrug can form a self-assembled micellar structure
upon mechanochemical conjugation, which in turn exhibits a
pH-responsive release of cinnamaldehyde by exploiting the
imine linkage. Furthermore, a cell viability assay was performed
to evaluate the efficacy of the prodrug toward both normal and
tumor cell lines.

■ EXPERIMENTAL SECTION
Materials. 6-Chloro-1-hexanol, sodium azide, and potassium

carbonate (K2CO3) were purchased from Alfa Aesar. Tetrabutylam-
monium hydrogen sulfate (TBAHSO4), epichlorohydrin, ethyl vinyl
ether, glycidol, p-toluene sulfonic acid monohydrate (p-TsOH),
phosphazene base t-BuP4 solution (0.8 M in hexane), benzyl alcohol,
triphenylphosphine (PPh3), and cinnamaldehyde were purchased
from Sigma-Aldrich and used as received. Toluene and tetrahydrofur-

an were collected from a solvent purification system and used
immediately thereafter. CDCl3 and MeOD were purchased from
Cambridge Isotope Laboratories. All chemicals and reagents used
were of analytical grade.

Characterizations. 1H NMR spectra were recorded on a Bruker
400 MHz spectrometer at room temperature. The molecular weight
(Mn and Mw) and dispersity (D̵, Mw/Mn) were determined by gel
permeation chromatography (GPC) analysis on an Agilent 1200
series, with THF as the eluent at 25 °C and a flow rate of 1.0 mL
min−1, using a refractive index (RI) detector. All calibrations were
carried out using poly(methyl methacrylate) (PMMA) and poly-
styrene standards. FT-IR spectra were recorded on an Agilent Cary
630 FT-IR spectrometer equipped with an ATR module. Differential
scanning calorimetry (DSC) (Q200 model, TA Instruments) was
carried out under a nitrogen atmosphere in a temperature range of
−90−70 °C using a heating rate of 10 °C min−1. Retsch Mixer Mill
MM 400 was used for the ball-milling experiments with a 25 mL
stainless-steel vessel and 7 mm stainless-steel balls. The critical micelle
concentration (CMC) was determined by surface tension measure-
ments on a KYOWA interface measurement analysis system
(DM300) using the pendant drop method at 25 °C. Size distribution
analysis of the micelles was performed by dynamic light scattering
(DLS, ELS-1000ZS, Otsuka Electronics). The morphology of the
micelles was determined by an atomic force microscope (Park System,
NX-10) via a noncontact mode. The absorbance of the released
cinnamaldehyde was analyzed with UV−vis spectroscopy (UV-2550,
Shimadzu) and also investigated by high-performance liquid
chromatography (HPLC, Shimadzu Prominence).

Synthesis of Glycidyl Ether Monomer. Synthesis of EEGE.
EEGE was prepared by following a similar method reported
previously.27 Ethyl vinyl ether (28.1 mL, 300.84 mmol) and glycidol
(10.0 mL, 150.42 mmol) were dissolved in methylene chloride (150
mL) in a 250 mL round-bottom flask at 0 °C. After the addition, p-
toluene sulfonic acid monohydrate (286 mg, 1.50 mmol) was slowly
added, and the reaction mixture was stirred for 3 h. The reaction
mixture was then washed with a saturated NaHCO3 aqueous solution,
and the organic layer was separated, dried over Na2SO4, and
concentrated by rotary evaporation. The product was further purified
by distillation under high vacuum and stored over 4 Å molecular
sieves. (16.5 g, 112.8 mmol, 75% yield). 1H NMR (400 MHz,
CDCl3): δ 4.76 (m, J = 5.4, 3.3 Hz, 1H), 3.90−3.59 (m, 2H), 3.58−
3.29 (m, 2H), 3.15 (m, J = 7.3, 3.5, 1.6 Hz, 1H), 2.87−2.74 (m, 1H),
2.62 (m, J = 10.8, 5.0, 2.7 Hz, 1H), 1.40−1.26 (m, 3H), 1.20 (m, J =
7.1, 0.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 99.63, 65.39,
60.86, 50.80, 44.52, 19.65, 15.21.

Synthesis of AHGE. AHGE was prepared following a similar
procedure as reported in a previous paper.28 In a 100 mL round-
bottom flask, 6-chloro-1-hexanol (9.90 mL, 74.4 mmol) and sodium
azide (7.26 g, 111.6 mmol) were dissolved in water (14.80 mL).
Then, the reaction mixture was stirred overnight under reflux. The
resulting solution was extracted with ethyl acetate, where the organic
phase was washed with brine and dried over Na2SO4. The solvent was
removed under reduced pressure to yield the intermediate 6-azido-1-

Scheme 1. Schematic Representation of the Prodrug Approach via Mechanochemical Drug Conjugation by pH-Responsive
Imine Linkage
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hexanol (9.79 g, 68.4 mmol, 92% yield). Tetrabutylammonium
hydrogen sulfate (TBAHSO4) (1.16 g, 3.42 mmol) and epichlorohy-
drin (30.51 mL, 341.85 mmol) were added to a 40% KOH solution
and stirred for 30 min. Then, the intermediate, 6-azido-1-hexanol
(9.79 g, 68.4 mmol), was slowly added at 0 °C and the reaction
mixture was stirred for 18 h and allowed to reach room temperature.
The reaction mixture was subsequently extracted with ethyl acetate,
while the organic layer was dried over Na2SO4 and concentrated by
rotary evaporation. The crude product was purified by column
chromatography with a mobile phase of ethyl acetate/hexane (1:5 v/
v) to yield AHGE. The product was further purified by distillation
under high vacuum and stored over 4 Å molecular sieves (8.04 g,
40.34 mmol, 59% yield). 1H NMR (400 MHz, CDCl3): δ 3.74 (m, J =
11.5, 3.0 Hz, 1H), 3.59−3.44 (m, 2H), 3.39 (m, J = 11.5, 5.8 Hz, 1H),
3.29 (t, J = 6.9 Hz, 2H), 3.17 (m, J = 5.8, 4.1, 2.9 Hz, 1H), 2.82 (dd, J
= 5.0, 4.2 Hz, 1H), 2.63 (m, J = 5.0, 2.7 Hz, 1H), 1.62 (m, J = 8.0, 2.6
Hz, 4H), 1.50−1.32 (m, 4H). 13C NMR (75 MHz, CDCl3): δ 71.52,
71.41, 51.40, 50.90, 44.30, 29.55, 28.80, 26.56, 25.70.
Synthesis of PEEGE-b-PAHGE Block Copolymers (Az). A

mixture of t-BuP4 (0.8 M in hexane, 0.5 mL, 0.48 mmol) and benzyl
alcohol (50 μL, 0.48 mmol) in toluene (5 mL) was stirred for 30 min.
Each of the glycidyl ether monomers was added in sequence at room
temperature. First, EEGE (1.42 g, 9.66 mmol) was slowly added to
the solution to initiate the polymerization, while the reaction was
monitored by 1H NMR. When the residual epoxide signals of EEGE
disappeared, AHGE (0.97 g, 4.83 mmol) was slowly added to the
reaction mixture. The reaction was deemed complete when the
residual epoxide signals of AHGE disappeared, as determined by 1H
NMR. Polymerization was terminated by adding an excess amount of
benzoic acid, after which the mixture was passed through a basic
alumina pad using THF to remove t-BuP4. The solvent was
evaporated to obtain poly(ethoxyethyl glycidyl ether)-b-poly-
(azidohexyl glycidyl ether), PEEGE20-b-PAHGE10 (Table 1, Az2)
(1.90 g, 79% yield). 1H NMR (300 MHz, CDCl3): δ 7.32 (m, 5H),
4.69 (m, J = 5.1 Hz, 20H), 4.54 (s, 2H), 3.68−3.40 (m, 210H), 3.27
(t, J = 6.9 Hz, 20H), 1.65−1.54 (m, 40H), 1.42−1.34 (m, 40H), 1.29
(m, J = 5.2 Hz, 60H), 1.19 (m, J = 7.0 Hz, 60H). D̵ (GPC, THF,
PMMA standard) = 1.08.
Staudinger Reduction of Azide Group and Hydrolysis of

Acetal Group (Am). Az2 (1.80 g, 3.6 mmol of azide) was dissolved
in THF (20 mL), and the solution was degassed by bubbling N2 for
20 min. PPh3 (1.90 g, 7.2 mmol) and water (0.90 mL) were added to
the reaction mixture, followed by stirring vigorously at room
temperature for 12 h. THF was then evaporated, and 1 M HCl (20
mL) was added. The mixture was subsequently extracted with diethyl
ether to remove the remaining triphenylphosphine and triphenyl-
phosphine oxide. The aqueous phase was recovered by lyophilization
to yield a viscous polymer (Am2) (1.33 g, 99% yield). 1H NMR (400
MHz, MeOD): δ 7.35 (m, J = 4.5 Hz, 5H), 4.55 (s, 2H), 3.74−3.47
(m, 170H), 2.94 (s, 8H), 1.71−1.55 (m, 40H), 1.43 (m, 40H).
Mechanochemical Conjugation of Cinnamaldehyde (Im).

Ball-milling was performed for mechanochemical conjugation. Am2
(44 mg, 0.12 mmol of azide), cinnamaldehyde (45 μL, 0.24 mmol),
and K2CO3 (34 mg, 0.24 mmol) were added to the vessel, and milling
commenced at a frequency of 30 Hz for 30 min. The crude polymer
was diluted with methylene chloride, removed inorganic salts by
centrifuge, and precipitated into hexane to remove the remained
cinnamaldehyde. The cinnamaldehyde-conjugated block copolymer

(Im2) was dried under vacuum and employed for further study (46
mg, 86% yield).

Polymeric Micelle Formation and Degradation. A 10.0 mg of
sample of the cinnamaldehyde-conjugated block copolymer was
dissolved in 0.5 mL of DMF, after which 10.0 mL of water was added
dropwise over 1 h using a syringe pump. Then, the mixture was stirred
overnight. After dialysis against deionized water for 2 days to
exchange the residual DMF, prodrug polymeric micelle dispersions
were obtained. The resultant solution was filtered through a syringe
filter before DLS and atomic force microscopy (AFM) analysis. The
hydrodynamic radius measured by DLS and the line scans measured
by AFM were averaged for more than 10 samples. The CMC values of
the polymeric prodrug samples were calculated from the crossover
point in the plots of surface tension and polymer concentration. To
determine the degradation kinetics, the prodrug polymeric micelle
solution was placed into a dialysis membrane (MWCO: 3.5 kDa) and
incubated in a buffer solution at pH 7.4 and 5.0, prepared using
phosphate and acetate buffers, respectively. Samples for the analysis of
released cinnamaldehyde by UV−vis spectroscopy and HPLC were
taken from the outside of the dialysis membrane.

In Vitro Cell Viability Assay. To evaluate the cellular toxicity of
CA-loaded micelles, we carried out a 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. SW620 (3 × 105 cells/
well) or NIH3T3 cells (2 × 105 cells/well) were treated with various
concentrations of CA or CA-loaded micelles and incubated for 24 h.
After incubation, cells were treated with 100 μL of an MTT solution
(5 mg/mL) and incubated until the formation of formazan crystals.
The formazan crystals were dissolved in dimethyl sulfoxide, and the
absorbance was detected at a wavelength of 570 nm using a
microplate reader (Synergy Mx, BioTek Instrument, Winooski, VT,
USA). Cell viability was calculated by comparing the absorbance of
untreated cells. To investigate the cellular uptake and endosomal
escape, Nile Red-loaded Im2 and Im3 prodrug micelles (50 μg/mL)
were treated on SW620 cells (3 × 105 cells/well). After 1 and 24 h of
pre-incubation with each sample, cells were treated with LysoTracker
for 1 h. A fluorescence image was acquired using a confocal laser
scanning microscope (LSM 880, Carl Zeiss, Germany).

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Functionalized
Polyethers. Glycidyl ether monomers can be developed
into polyethers, which possess high aqueous solubility and
biocompatibility, via AROP. In this regard, two types of
functionalized glycidyl ethers, EEGE and AHGE, were initially
prepared and polymerized to develop the prodrug carriers.
Unlike a conventional PEG block, we choose PEEGE as a
hydrophilic block owing to the ease of monomer handling and
polymerization. Specifically, EEGE was derived from the
reaction between glycidol and ethyl vinyl ether, as reported
previously.29 Moreover, a novel azide-functionalized glycidyl
ether, AHGE, was synthesized by a two-step reaction, as
recently reported by our group.28 AHGE is particularly useful
as it allows facile chemical modification of the amine groups
while maintaining compatibility during AROP. Each monomer
was purified by vacuum distillation before polymerization. The

Table 1. Characterization of Diblock Copolyethers Synthesized in This Study

no polymer composition Mn (PEEGE)/Mn (PAHGE)
a Mn,NMR

b (g/mol) Mn,GPC
c (g/mol) D̵c Tg

d (°C)

Az1 PEEGE19-b-PAHGE17 0.82 6200 4500 1.11 −75.8
Az2 PEEGE20-b-PAHGE10 1.47 5000 5000 1.08 −71.1
Az3 PEEGE23-b-PAHGE5 3.38 4500 3300 1.10 −69.7
Az4 PEEGE48-b-PAHGE9 3.91 8900 5400 1.07 −68.2

aRatio of hydrophilic block to hydrophobic block molecular weight. bDetermined via 1H NMR spectroscopy. cMeasured using GPC measurements
(THF, RI signal, PMMA standard). dTg was determined by DSC at a rate of 10 °C min−1. Please note that the Az polymers are used as precursors
for respective Am and Im polymers through post-polymerization modification (see the text for details).
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chemical structure of AHGE was successfully confirmed using
1H and 13C NMR spectroscopy (Figures S1−S5).
The copolymerization of EEGE and AHGE was carried out

by AROP using benzyl alcohol as an initiator. We introduced
an organic superbase, t-BuP4, possessing high basicity and low
nucleophilicity, in order to control the polymerization of both

monomers under mild reaction conditions with a quantitative
conversion of EEGE and AHGE of over 99%. The
representative 1H NMR spectra of the diblock copolyethers
demonstrated the characteristic peaks corresponding to the
benzylic proton of the initiator (a, 4.55−4.57 ppm), the acetal
group of EEGE (c, 4.67−4.77 ppm), and the methylene peak

Figure 1. Characterization of synthesized diblock copolyethers. (a) Copolymerization of EEGE and AHGE by AROP with a phosphazene base, (b)
1H NMR spectra of PEEGE20-b-PAHGE10 (Az2 in Table 1), and (c) GPC traces of homopolymer PEEGE20 and its diblock copolymer, PEEGE20-b-
PAHGE10 (Az2 in Table 1) in THF.

Figure 2. Representative post-polymerization modification procedures with the corresponding 1H NMR spectrum of (a) PEEGE20-b-PAHGE10
(Az2 in Table 1) through (b) Staudinger reduction and hydrolysis (Am2 polymer), and (c) mechanochemical conjugation of cinnamaldehyde
(Im2 polymer). (a,c) are measured in CDCl3, whereas (b) is measured in MeOD.
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adjacent to the azide group of AHGE (b, 3.25−3.32 ppm)
(Figure 1b). In addition, the complete shift of the GPC trace
to a higher molecular weight, with a narrow distribution after
subsequent monomer addition, is indicative of well-controlled
polymerization systems (Figures 1c and S6). Furthermore, the
acetal moiety remained stable under termination by benzoic
acid. The residual phosphazene base was found to be
completely removed for further biological applications (Figure
S7).
The characterizations of a series of diblock copolymers, with

different ratios of hydrophilic PEEGE block to hydrophobic
PAHGE block molecular weights, are reported in Table 1. The
molecular weight (Mn,NMR) was determined by calculating the
ratio of each monomer to initiator using the peak integrals in
the 1H NMR spectra. The GPC spectra of all copolyethers
showed a narrow dispersity (D̵ = 1.01−1.11) (Figure S8).
Furthermore, the glass-transition temperature (Tg) of the
PEEGE-b-PAHGE block copolymers (Az polymers) was
revealed to be lower than that of PEG (Tg of −66 °C with
Mn = 8000). The observed low Tg values of the prepared Az
polymers originated from the flexibility of the linear aliphatic
chain substitutions along the backbone (Figure S9).30

Mechanochemical Drug Conjugation with Function-
alized Polyethers. The pendant azide moieties of Az can be
reduced to amines by post-polymerization modification, which
offers an alternative to overcome the limitation of direct AROP
with primary amine moieties. Specifically, the Staudinger
reduction of the azide groups in the PAHGE block occurred
with PPh3 and water followed by additional acidic treatment to
remove the acetal groups of the PEEGE block, resulting in the
desired amine polymers (Am polymers). The successful post-
polymerization modification of the functional groups was
confirmed by 1H NMR (Figures 2 and S10).
The presence of ammonium and hydroxyl groups in the side

chains of the Am polymers significantly enhanced the polarity.
However, it was difficult to isolate the neutralized amine
polymers from the aqueous layer due to the increased solubility
of the Am polymers in water. This limited solubility prevents
the effective conjugation of highly hydrophobic therapeutic
agents, which thus prompted us to explore the mechanochem-
ical conjugation approach to overcome this solubility issue.
Unlike the typical imine formation conditions, in which
molecular sieves or other apparatus are essential in removing
the water byproduct, the mechanochemical imine formation is
particularly useful. Similarly, Kim and co-workers reported the
mechanochemical Schiff base formation using a poly(4-
vinylbenzaldehyde) with a series of amine derivatives.31

Inspired by this early development, we used a mixture of Am
polymers with cinnamaldehyde and potassium carbonate
placed in a stainless container with three stainless balls of 7
mm in diameter. Without any additive, the vessel was sealed
and placed into a mixer mill at a frequency of 30 Hz for 30 min
(see the Experimental section for details). Interestingly, it was
found that approximately 100% conversion, based on the
comparison between the 1H NMR spectra of the cinnamalde-
hyde and polymer, was achieved within 30 min, indicating the
appearance of protons adjacent to the imine and correspond-
ing to the peak at 7.98−8.04 ppm (Figures 2c and S11).
For further confirmation of the sequential transformation of

the polyether side chain functionality, FT-IR analysis was
conducted (Figure 3). The prevalent bands in the ranges of
1060−1080 cm−1 and 2850−2930 cm−1 result from the
polyether backbone. The disappearance of the characteristic

azide peak at 2092 cm−1 was observed with the appearance of a
broad amine and hydroxy signal at 3650−3100 cm−1 after
Staudinger reduction and hydrolysis of the acetal group.
Moreover, the successful mechanochemical conjugation
between cinnamaldehyde and the Am polymer is evidenced
by the appearance of the characteristic imine peak at 1636
cm−1.
Independent to this observation, the sequential Staudinger

reduction and mechanochemical imine formation were
monitored by GPC (Figure S12). While the Az polymer
displayed a monomodal peak using RI signal, there was no
signal for the Im polymer, possibly due to the similar RIs of
both the reference and sample. On the other hand, the
mechanochemical conjugation of cinnamaldehyde onto the
Am polymers showed a monomodal peak under UV−vis
detection as well as a modest molecular weight change that
coincided with the theoretical molecular weight changes
(Table S1).

Self-Assembly Behavior of Polymeric Prodrug. Owing
to the amphiphilic nature of the Im polymers upon
mechanochemical conjugation of hydrophobic cinnamalde-
hyde onto hydrophilic Am polymers, the self-assembly
behavior of the resulting micelles was evaluated by measuring
the CMC of the Im polymers (i.e., cinnamaldehyde-conjugated
prodrugs). Specifically, we used the surface tension method
instead of the well-known fluorescence probe method as the
latter interfered with the broad absorption of cinnamaldehyde.
The relationship between the surface tension of the aqueous
solution and the concentration of each Im polymer is
illustrated (Figure S13).32,33 The surface tension of the
solution decreased with the increasing polymer concentration,
finally reaching a constant value corresponding to the CMC of
the respective polymer. In all cases of the cinnamaldehyde-
conjugated prodrugs, crossover points were observed, suggest-
ing the successful formation of micelles. Moreover, as the
hydrophilicity of Im increased, a higher CMC value was

Figure 3. FT-IR spectra of sequential post-polymerization mod-
ifications of (a) PEEGE20-b-PAHGE10 (Az2 in Table 1) through (b)
Staudinger reduction and hydrolysis (Am2 polymer), and (c)
mechanochemical conjugation of cinnamaldehyde (Im2 polymer).
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measured; 0.735, 0.817, 0.853, and 0.916 mg/mL for Im1,
Im2, Im3, and Im4, respectively. It is of note that the CMC
value obtained in this study is generally higher than the other
block copolymers with similar structures possibly due to the
limited solubility of Im polymers upon conjugation with
cinnamaldehyde.
After confirming the self-assembly of polymeric prodrugs,

the hydrodynamic radius (Rh) of the polymeric micelles was
measured by DLS (Figure 4a−c). It was found that the Rh of
the polymeric micelles varied depending on the hydrophilic−
hydrophobic ratio in the increasing order of Im3, Im2, and
Im4. However, it was noted that the Im1 polymer did not show
a stable micelle structure under DLS. This could possibly be
due to the high hydrophobicity of the Im1 polymer, resulting
in the formation of large-sized aggregates with limited
dispersity in aqueous media.
It was found that the polymeric micelles derived from Im3

were smaller than those of Im2. This observation suggests that
the size of the micelles can be determined by the number of
conjugated drugs. For example, the higher loading of
cinnamaldehyde into the prodrug micelles of Im2 (prepared
from PEEGE20-b-PAHGE10) was twice as much as that of the
micelles of Im3 (prepared from PEEGE23-b-PAHGE5).
Furthermore, at a similar hydrophilic/hydrophobic block
ratio between Im3 and Im4, it was found that the higher
molecular weight of Im4 increased the size of the micelles
compared to Im3. Therefore, the polymer composition,
particularly both the hydrophilic/hydrophobic block ratio
and the overall molecular weight, can control the dimensions
of the resulting polymeric micelles. Also, AFM images further
demonstrated that these micelles possess a spherical

morphology with a particle size in accordance with DLS
measurements (Figure 4d−f).

Degradation of Polymeric Prodrug in Acidic Environ-
ments. Reversible degradation is critical in carrier-linked type
prodrug systems because the prodrugs can only exhibit their
therapeutic effect upon release in the active form of the drugs.
We first evaluated the degradation of the prodrug micelles by
treating them with an aqueous HCl solution and found that the
1H NMR spectrum of the residual polymers matched with that
of the Am polymers, indicating successful degradation of the
imine linkages and subsequent liberation of the micelles
(Figure S14). It is also of note that all micelles degraded into a
highly biocompatible double hydrophilic block copolymer that
could readily be cleared from the body.
Additionally, to verify the acid-labile cleavage of the prodrug

micelles, the release of cinnamaldehyde from the micelles was
studied at pH 5.0 and pH 7.4 (Figures 5 and S15−S16). As
expected, the prodrug micelles exhibited a pH-responsive
release of cinnamaldehyde upon the hydrolysis of the imine
linkages. Specifically, the release rates of the prodrug micelles
of Im2 at pH 5.0 were clearly higher than those at pH 7.4. For
example, the prodrug micelle released 61% of cinnamaldehyde
within 24 h and liberated 65% after 4 days at pH 5.0. In
contrast, the amount of released cinnamaldehyde was 43%
after 24 h at pH 7.4. As suggested in other reports, the
accelerated release of cinnamaldehyde under acidic conditions
is desirable for effective cancer therapy because the intra-
cellular endosomal pH within the tumor cells is considerably
lower than that of normal tissue.34

Internalization and Endosomal Escape of Prodrug
Micelles. The endocytic pathway is the major cellular uptake

Figure 4. (a−c) Distribution of the hydrodynamic radius (Rh) of the Im micelles in water measured by DLS. (d−f) Representative morphology of
Im micelles measured by AFM with corresponding line scan profiles.
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mechanism of biological agents, and these agents become
entrapped in endosomes that are fused with lysosomes
containing a degrading enzyme, lysozyme. Once taken up by
cells, drug delivery systems must overcome the endosomal
entrapment and release drug payloads in the cytosol of cells to
fully realize therapeutic activity of drugs.35 Cellular uptake and
endosome escape of Im2 and Im3 prodrug micelles were
analyzed using confocal fluorescence microscopy (Figures 6
and S17). After pre-incubation with Nile Red-loaded prodrug
micelles, SW620 cells were stained with LysoTracker to
visualize the acidic lysosomes. After 1 h incubation, yellow
fluorescence was observed because of the colocalization of red
signal from Nile Red-loaded Im2 and Im3 micelles and green
signal from endosomes and lysosomes labeled with Lyso-
Tracker, demonstrating the endocytosis and accumulation of
prodrug micelles in acidic lysosomes. Eventually, the red
fluorescence had spread to cytosol after 24 h incubation with
significantly decreased LysoTracker green fluorescence, dem-
onstrating the endosomal escape of Nile Red-loaded Im2 and
Im3 prodrug micelles. The endosomal escape could be
explained by the influx of protons and osmotic pressure
buildup in acidifying endosomes induced by acid-triggered
degradation of Im2 and Im3 prodrug micelles.
Anticancer Activity of Polymeric Prodrug. Encouraged

by the successful mechanochemical conjugation of the

cinnamaldehyde and control over the release kinetics of the
therapeutics from the prodrug micelles, we evaluated their
cytotoxicity to investigate their potential in smart drug delivery
systems. In vitro cytotoxicity of each prodrug micelle was

Figure 5. (a) Schematic illustration of polymeric micelle degradation, (b,c) UV−vis spectra, and (d) cumulative release profiles of cinnamaldehyde
from prodrug micelles of Im2 under respective pH conditions.

Figure 6. Confocal fluorescence microscopy images of SW620 cells
treated with Nile Red-loaded Im2 micelles to evaluate the cellular
uptake and endosomal escape of prodrug micelles.
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assessed via the MTT assay, using cancer cells (e.g., colon
cancer cell line SW620) and normal cells (e.g., fibroblast cell
line NIH3T3), in comparison to free cinnamaldehyde as a
control. As shown in Figure 7, the cinnamaldehyde-loaded
prodrug micelles induced considerable cytotoxicity in the
SW620 cells, while toxicity was reduced toward the normal
NIH3T3 cell lines. The higher cytotoxicity of cinnamaldehyde-
loaded prodrug micelles against cancer cells over normal cells
can be explained by the notions that cancer cells are under
oxidative stress and therefore more vulnerable to oxidative
stress-inducing chemotherapeutic agents such as cinnamalde-
hyde.36 Moreover, when compared to the free cinnamalde-
hyde, the cytotoxicity of the prodrug micelles was more
effective, thus, ensuring their potential applicability as
polymer−drug-conjugated prodrugs. In addition, we deter-
mined the cell viability of the carriers themselves as they are
released during prodrug degradation. On the basis of an MTT
assay, SW620 cells treated with Am2 and Am3 polymer
indicated high cellular viability greater than 80%, ensuring its
potential as a prodrug carrier (Figure S18).

■ CONCLUSIONS

In conclusion, cinnamaldehyde-conjugated polymeric micelles
were developed as prodrugs loaded with an anticancer agent. A
series of PEEGE-b-PAHGE block copolymers were synthesized
by AROP using two different functional epoxide monomers,
EEGE and AHGE. The side chains of the copolyethers were
modified through post-polymerization modification to respec-
tive hydroxyl and amine functional moieties in the polyethers.
Subsequently, by using the ball-milling method, the aldehyde-
based anticancer agent, cinnamaldehyde, was mechanochemi-
cally conjugated to the polymer through imine linkages. These
polymer−drug conjugates were self-assembled into polymeric
micelles in aqueous solution and found to undergo controlled
degradation in acidic conditions. The biocompatibility and the
efficacy of the polymer−drug carriers were evaluated by cell
viability assay. The superior biocompatibility coupled with the
solvent-less mechanochemical conjugation approach is antici-
pated to provide a convenient means to introduce various
therapeutics for smart drug delivery.
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