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ABSTRACT: It is one of the challenges for a wide clinical
application of polymer micelles to address the structure
disintegration and premature drug release before reaching a
pathological site. In the current study, folic acid (FA)-
decorated polymer−drug conjugates (FSC) were synthesized
with disulfide linkages between camptothecin (CPT) and
amphiphilic poly(ethylene glycol)-b-poly(ε-caprolactone)
(PECL) copolymers. FSC conjugates were proposed to
assemble into micelles with a hydrophobic core of PCL
segments and CPT and a hydrophilic corona of PEG
segments. The addition of hexadecanol during micelle
formation (FSC-16) was proposed to modulate the
interactions of hydrophobic segments in micelles and enhance the reductive sensitivity. FSC-16 micelles were obtained with
critical micelle concentration of around 2 μg/mL and an average size of around 200 nm, and the conjugated CPT was rapidly
released out in response to glutathione. The reductive sensitivity was also demonstrated with respect to the changes of micelle
size and morphologies as well as the fluorescent intensity of pyrene loaded in micelles. Benefiting from the FA receptor-mediated
uptake and the reduction-sensitive release of CPT, significant cytotoxicity and cell apoptosis were identified for FSC-16 micelles
against SKOV-3 cells with strong expressions of FA receptors. Flow cytometry and confocal laser scanning microscopy analyses
demonstrated that CPT was distributed into nuclei after cellular uptake and intracellular release from FSC-16 micelles. Thus, the
FA-decorated and reduction-sensitive micelles assembled from polymer−drug conjugates show advantages in inhibiting
premature release during circulation, enhancing cellular uptake at the tumor tissues, and promoting intracellular release and
nuclei location of the active moieties.
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■ INTRODUCTION

During the past decade, nanomedicine has emerged as an
effective strategy for target delivery and controlled release of
drugs, genes, and imaging agents. The nanoscale formulations
include liposomes, polymeric micelles, and nanoparticles.
Micelles self-assembled from amphiphilic copolymers have
become one of the most promising carriers of anticancer drugs,
manifesting several attractive features such as the core−shell
structure to effectively protect and enhance the water solubility
of anticancer drugs in the core. Additionally, the hydrophilic
coronas and size distributions of polymeric micelles alleviate
the phagocytic and renal clearance to achieve a prolonged
circulation time, a decrease in the systemic side effects, and a
passive accumulation into tumor tissues by the enhanced
permeability and retention (EPR) effect.1 Polymeric micelles
with loaded paclitaxel (Genexol-PM) and doxorubicin
(NK911) have already been evaluated clinically in several
countries.2

However, there are several challenges that need to be
addressed for a wide clinical application of polymeric micelles.
The conventional biodegradable micelles based on hydrophilic
segments, such as poly(ethylene glycol) (PEG) and poly(amino
acid), and aliphatic polyesters, such as polylactide (PLA) and
poly(ε-caprolactone) (PCL), usually show sustained degrada-
tion kinetics inside the body over a period of days to weeks,
leading to reduced drug efficacy and even drug resistance.3,4 In
this regard, stimuli-responsive biodegradable micelles have been
explored extensively in recent years, and the stimuli signals
included pH, temperature, ultrasound, enzyme, and reduction
environment.5 Stimulus-sensitive micelles that encapsulated
hydrophobic drugs indicated significant and rapid changes in
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their physicochemical properties such as the morphology and
solubility, eventually leading to selectively enhance the drug
release at the target site in response to an internal or external
stimulus.6 Particularly, reduction-sensitive micelles that con-
tained disulfide linkages have received much more interest for
intracellular drug delivery because of a specific degradation in
response to redox potential through a thiol−disulfide exchange
reaction.6 Inside the body, glutathione (GSH), a natural
reducing agent for disulfide bonds, was found in human
blood at μM levels, whereas a substantially high concentration
at mM levels was found in the cytoplasm. Additionally, GSH
metabolism is possibly associated with cancer development and
drug resistance, and the GSH concentration in cancer cells was
found to be several times higher than that in normal cells.7

Taking use of these different levels of GSH, the disulfide-linked
micelles could keep stable during circulation and in the
extracellular environment, but exhibit rapid intracellular drug
release after cellular uptake.4 Up to now shell-sheddable
micelles have been widely examined from amphiphilic
copolymers with disulfide bonds between the hydrophobic
and hydrophilic blocks.8 However, micelles containing
reduction-cleavable linkages positioned in the chains of
hydrophobic blocks were rarely reported yet.
Another challenge is the premature release of drug due to the

disintegration of polymeric micelles during circulation in blood
before reaching a pathological site, although it is believed to be
more stable than liposomes and emulsions constructed from
conventional surfactants.9 The high dilution, ionic strength,
large shear forces, and the presence of numerous charged blood
components can affect the micelle stability, which is the main
reason for the side effects and dramatic decreases in the
therapeutic efficacy.10 To solve these problems, one of the
strategies is to cross-link either the core or shell of polymeric
micelles through bifunctional reagents, free radical polymer-
ization, photo-cross-linking, or stimuli-responsive linkers.11

Bütün et al. prepared triblock copolymers to form micelles
containing PEG outer coronas, cross-linkable middle shells, and
hydrophobic cores. The cross-linked shell held the micelle
nanostructure during circulation and avoided burst release in
the initial stage.12 To accelerate drug release in the cytoplasm,
Wang et al. synthesized a triblock copolymer poly(ethylene
glycol)-b-poly(L-lysine)-b-poly(rac-leucine), in which PEG
segments were attached with poly(L-lysine) blocks via disulfide
linkages, and the shell was cross-linked using disulfide-
containing cross-linkers. In the presence of GSH, the micelles
underwent destruction of the cross-linked shell, removal of the
PEG corona, and collapse of the micelles, leading to a dramatic
acceleration of drug release at a cytoplasmic GSH level.13

Another strategy to alleviate the premature release is proposed
recently through chemical conjugation of hydrophobic
anticancer drug onto polymers, and the amphiphilic prodrugs
are self-assembled into stable micelles. Compared with micelles
with drug loadings via physical entrapment, polymer−drug
conjugate micelles indicate more advantages such as enhanced
drug stability and intracellular uptake and alleviate burst release
at the early stage.14

Camptothecin (CPT) is a potent broad-spectrum anticancer
drug, but the poor aqueous solubility, high systemic toxicity,
and rapid pH-dependent hydrolysis of the lactone ring into an
inactive carboxylate form have severely restricted its clinical
application.15 One effective approach to overcome these
drawbacks is to convert into CPT prodrugs to enhance water
solubility, which can change back to the active moiety triggered

by unique environmental stimuli.16 An additional advantage of
such conjugates is the ability to stabilize the lactone structure
after conjugation with the hydroxyl group of CPT.17 Zhang et
al. prepared azide-functionalized CPT derivatives, followed by
conjugation with poly(aspartic acid) derivative containing
alkyne groups by click cycloaddition to give drug-conjugated
micelles, indicating a continuous low dose release due to the
relatively stable linkers.18 To accelerate the drug release from
micelles, Fan et al. prepared disulfide-linked poly(amido amine)
containing alkyne groups, followed by conjugation with azide-
functionalized CPT, indicating around 40% of accumulated
release after 2 weeks due to the breakage of disulfide linkages in
the polymer backbone. However, the hydrolysis of ester bonds
between CPT and polymer backbone led to a much slower
release of active CPT than the polymer degradation.19

Alternatively, Li et al. prepared PEG−CPT conjugates with
disulfide linkages between them to self-assemble into micelles.
However, a relatively high critical micelle concentration
(CMC) of 60 μg/mL and large initial burst release were
determined, due to the less optimal balance between the
hydrophilic and hydrophobic segments.20

In the current study, novel reduction-sensitive biodegradable
micelles were designed from folic acid (FA)-decorated
amphiphilic polymer−CPT conjugates with disulfide linkages
(FSC). The inoculation of disulfide linkers between CPT and
amphiphilic poly(ethylene glycol)-b-poly(ε-caprolactone)
(PECL) copolymers was supposed to release the active CPT
in responsive to intracellular GSH. FA has been popularly
employed as a targeting moiety of various anticancer agents to
avoid nonspecific attacks on normal tissues as well as to
increase their cellular uptake within target cells.21 The addition
of hexadecanol into FSC micelles was proposed to modulate
the interactions of hydrophobic segments and CPT release
profiles. The reductive sensitivity was evaluated with respect to
the changes of micelle sizes and morphologies as well as the
fluorescent intensity of pyrene loaded in micelles after
incubation with different GSH levels. The FA receptor-
mediated cellular uptake, intracellular drug release, cytotoxicity,
and apoptosis induction of drug-conjugated micelles were
investigated against tumor cells with different expression
profiles of FA receptors.

■ EXPERIMENTAL SECTION
Materials. 3,3′-Dithiodipropionic acid (DTPA), stannous

chloride, N,N-dicyclohexylcarbodiimide (DCC), N-hydroxysuc-
cinimide (NHS), di-tert-butyl dicarbonate ((Boc)2O), PEG
(Mw = 2 kDa), FA, GSH, and 4-dimethylamino-pyridine
(DMAP) were used as received from Aladdin (Beijing, China).
CPT was from Knowshine Pharmachemicals Inc. (Shanghai,
China), and ε-caprolactone (ε-CL) was procured from Alfa
Aesar (Ward Hill, MA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propidium iodide (PI),
and dialysis membrane (1 kDa cutoff) were obtained from
Sigma-Aldrich (St. Louis, MO). All other chemicals were
analytical grade and obtained from Changzheng Regents
Company (Chengdu, China), unless otherwise indicated.
Dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), and pyridine were dried over CaH2 and distilled
under reduced pressure prior to use. Dichloromethane (DCM)
and triethylamine were dried with 4 Å molecular sieves and
redistilled before use. Acetyl chloride and methanesulfonyl
chloride (MsCl) were refluxed with PCl5 and P2O5,
respectively, followed by distillation under reduced pressure.
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Synthesis of FSC Polymer−Drug Conjugates. The
synthesis routes of FSC polymer−drug conjugates are outlined
in Figure 1A. For comparison, FA-decorated amphiphilic
polymer−CPT conjugates without disulfide linkage (FC) was
also prepared (Figure S1A, Supporting Information). The
molecular weights and block compositions of the copolymers
were estimated from 1H NMR spectra recorded on a 400 MHz
Bruker spectrometer (Billerica, MA) using deuterated chloro-
form (CDCl3) or deuterated dimethyl sulfoxide (DMSO-d6) as
solvent. Fourier transform infrared (FTIR) spectra were
recorded on a Nicolet 5700 spectrometer (Thermo Electron,
USA). The molecular weight and polydispersity index of
polymers were measured by gel permeation chromatography
(GPC, waters 2695 and 2414, Milford, MA) using tetrahy-
drofuran as the eluent at a flow rate of 1.0 mL/min.
Synthesis of N-tert-Butoxycarbonyl-Protected PECL

Copolymers. N-tert-Butoxycarbonyl (N-Boc) protected PECL
copolymers (Boc-PECL) were synthesized through ring-
opening polymerization of ε-CL with N-Boc-protected PEG
diamine (Boc-PEG-NH2). PEG diamine was prepared as
previously described with some modifications.22 Briefly, PEG
(3.00 g, 1.5 mmol) was dissolved in anhydrous DCM (44 mL),

followed by the addition of triethylamine (4.94 mL, 17.6
mmol). After adding MsCl (0.7 mL, 4.41 mmol) dropwise
under argon stream, the reaction proceeded overnight at room
temperature, and the product was precipitated with ethyl ether
and vacuum-dried to give PEG-mesylate. The mesylated PEG
was mixed with 25 wt % ammonia aqueous solution in an
autoclave, and the reaction continued at 120 °C for 10 h. The
mixture was extracted with DCM, followed by back-extraction
with saturated sodium chloride solution. Then, the product was
precipitated with excess ethyl ether and vacuum-dried to give
PEG diamine. Yield = 49%. 1H NMR (CDCl3, ppm): δ 3.64
(−CH2CH2−O−), 2.93 (−CH2−NH2), and 2.12 (−NH2)
(Figure S2A, Supporting Information).
A dioxane solution of (Boc)2O (0.50 g, 2.3 mmol) was added

dropwise to PEG diamine (4.60 g, 2.3 mmol) in 20 mL of
NaHCO3 (0.1 M) aqueous solution, and the resulting solution
was stirred at room temperature overnight. Then, the pH of the
solution was adjusted to 8.0 by dilute HCl. After filtration the
solution was evaporated, dissolved in DCM, precipitated with
excess ethyl ether, and vacuum-dried to give Boc-PEG-NH2.
Yield = 83%. FTIR (KBr pellet): 1701 cm−1 (amide).
Copolymer Boc-PECL was prepared by ring-opening polymer-

Figure 1. (A) Synthesis route and (B) 1H NMR spectrum of FA-decorated polymer−drug conjugates containing disulfide linkages between CPT
and amphiphilic PECL copolymers (FA-PECL-SS-CPT, FSC).
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ization of ε-CL (1.86 g, 16.3 mmol) at 140 °C using Boc-PEG-
NH2 (0.80 g, 0.4 mmol) as an initiator and stannous chloride
(0.03 g, 0.14 mmol) as a catalyst. The resulting polymer was
precipitated with excess ethyl ether and vacuum-dried. Yield =
90%. 1H NMR (CDCl3, ppm): δ 4.06 (−CH2−O−), 3.75
(−CH2CH2−O−), 2.31 (−C(O)−CH2−), 1.65 (−CH2−),
1.38 (−CH2−), 1.24 (−C(CH3)3) (Figure S2B, Supporting
Information).
Synthesis of Disulfide-Linked Carboxyl-Terminal CPT

and Succinyloxide-Modified CPT. Disulfide-linked carboxyl-
terminal CPT (CPT-ss-COOH) was synthesized from
esterification of CPT with dithiodipropionic anhydride
(DTDPA), which was obtained by acylation of DTPA with
acetyl chloride. Briefly, DTPA (2 g, 9.6 mmol) was dissolved in
acetyl chloride (15 mL) and refluxed at 65 °C for 5 h. After
solvent removal, the residue was precipitated into excess ethyl
ether to afford DTDPA and vacuum-dried. To a dry pyridine
solution (35 mL) of DTDPA (2.35 g, 12.9 mmol) and CPT
(0.450 g, 1.29 mmol), a solution of DMAP (0.631, 5.17 mmol)
in 10 mL of pyridine was added dropwise at 0 °C under argon
atmosphere. The resulting mixture was heated to 70 °C, and
the reaction proceeded for 48 h. Then, the reaction solution
was precipitated into excess methanol, washed with dilute HCl,
and vacuum-dried to give CPT-ss-COOH. Yield = 52%. 1H
NMR (DMSO-d6, ppm): δ 12.35 (d, 1H, −COOH), 8.69 (s,
1H, CH−), 8.12−8.17 (m, 2H, CH−), 7.87 (t, 1H, 
CH−), 7.72 (t, 1H, CH−), 7.18 (s, 1H, CH−), 5.50 (s,
2H, −O−CH2−), 5.30 (s, 2H, -N−CH2−), 2.99−3.13 (m, 2H,
−CH2−CH3), 2.95 (m, 2H, −CH2−SS-CH2−), 2.61 (m, 10H,
−S−CH2−COO−), 2.16 (m, 2H, −S−CH2−COOH), 0.93
(m, 3H, −CH3) (Figure S3B, Supporting Information).
Succinyloxide-modified CPT was prepared as above using

succinic anhydride (3.45 g, 34.5 mmol) instead of DTDPA to
give CPT-COOH. Yield = 90%. 1H NMR (DMSO-d6, ppm): δ
12.25 (d, 1H, −COOH), 8.69 (s, 1H, CH−), 8.11−8.19 (m,
2H, CH−), 7.87 (t, 1H, CH−), 7.72 (t, 1H, CH−),
7.13 (s, 1H, CH−), 5.49 (s, 2H, −O−CH2−), 5.28 (s, 2H,
-N−CH2−), 2.75 (m, 2H, −CH2−CH3), 2.46 (m, 2H, −CH2−
COOH), 2.15 (m, 2H, −CH2−COO−), 2.16 (m, 2H, −S−
CH2−COOH), 0.92 (m, 3H, −CH3) (Figure S3C, Supporting
Information).
Synthesis of Boc-PECL-ss-CPT and Boc-PECL-CPT

Conjugates. Boc-PECL-ss-CPT and Boc-PECL-CPT con-
jugates were synthesized by coupling Boc-PECL with CPT-ss-
COOH and CPT-COOH, respectively. Briefly, Boc-PECL
(0.672 g, 0.076 mmol) in anhydrous DMF (10 mL) was added
dropwise to an anhydrous DMF solution (20 mL) of excess
CPT-ss-COOH (0.121 g, 0.224 mmol), DCC (0.120 g, 1.04
mmol), and DMAP (0.050 g, 1.45 mmol) at 0 °C under argon
atmosphere. The resulting solution was warmed to 30 °C and
the reaction continued for 48 h. Then, the mixture was distilled
under reduced pressure, precipitated with excess ethyl ether
and vacuum-dried to give Boc-PECL-ss-CPT. Yield =80%. 1H
NMR (DMSO-d6, ppm): δ 8.70 (CH−), 8.19 (CH−),
7.86 (CH−), 7.72 (CH−), 7.17 (CH−), 5.50 (−O−
CH2−), 5.31 (-N−CH2−), 3.98 (−O−CH2−), 3.51
(−CH2CH2−O−), 2.93 (−CH2−SS-CH2−), 2.67 (-S-CH2-
COO−), 2.27 (-C(O)−CH2−), 1.53 (−CH2−), 1.29
(−CH2−), 1.03 (−C(CH3)3), 0.93 (−CH3) (Figure S4A,
Supporting Information).
Conjugation of FA onto PECL-ss-CPT and PECL-CPT.

Polymer−drug conjugates FSC and FC were synthesized by
reaction of activated FA with deprotected PECL-ss-CPT and

PECL-CPT, respectively. Briefly, to remove the tert-butox-
ycarbonyl (t-BOC) groups, Boc-PECL-ss-CPT (0.800 g) in
anhydrous DCM (10 mL) was added dropwise to trifluoro-
acetic acid (3 mL) at room temperature. After stirring for 12 h,
the solution was evaporated, precipitated with ethyl ether, and
vacuum-dried to give NH2-PECL-ss-CPT. The carboxyl group
of FA was activated by incubation with FA (0.500 g), NHS
(0.272 g), and DCC (0.468 g) in anhydrous DMSO (10 mL) at
room temperature under argon for 12 h. The solution was
filtered and directly reacted with NH2-PECL-ss-CPT (0.800 g,
0.09 mmol) in 18 mL of anhydrous DMSO, followed by the
addition of triethylamine (2.0 mL, 7.13 mmol). After stirring
under argon at room temperature for 12 h, the solution was
purified by dialysis against DMSO for 24 h and water for 48 h,
followed by lyophilization to give FSC. Yield = 70%. FC was
synthesized following the same procedures as above. Yield =
75%. 1H NMR (DMSO-d6, ppm): δ 8.62 (CH−), 8.21 (
CH−), 7.84 (CH−), 7.70 (CH−), 7.42 (CH−CO−),
7.21 (CH−), 6.60 (CH−N−), 5.50 (−O−CH2−), 5.31
(−N−CH2−), 4.50 (−N−CH2−), 3.98 (−O−CH2−), 3.51
(−CH2CH2−O−), 2.27(−C(O)−CH2−), 1.53 (−CH2−),
1.31 (−CH2−), 0.93 (−CH3) (Figure S1B, Supporting
Information).

Preparation and Characterization of Micelles. Poly-
meric micelles were prepared from FSC and FC conjugates by a
solvent evaporation method as described previously.23 Briefly, 5
mg of FSC or FC was dissolved in 20 mL of THF and added
dropwise into 10 mL of deionized water under vigorous
stirring. The resulting suspension was kept under stirring
overnight to remove THF to form FSC or FC micelles.
Additionally, hexadecanol (0.75 mg) and 5 mg of FSC (or FC)
conjugates was dissolved in THF, and FSC-16 (or FC-16)
micelles were prepared following the same procedures.
The CMC of micelles was determined by fluorescence

spectroscopy using the pyrene probe as described previously.24

The concentration of the micelles varied from 4 × 10−5 to 0.5
M, while the final concentration of pyrene was set to be 0.6 μM.
The fluorescence intensity at the emission wavelengths of 390
nm was recorded by a fluorescence spectrophotometer (Hitachi
F-7000, Japan), and the CMC was estimated by the ratios of
fluorescence intensities at 339 and 333 nm of exciting
wavelengths. The average size, size distribution, and zeta
potential of micelles were detected by dynamic light scattering
(DLS, Nano-ZS90, Malvern Ltd., U.K.). The morphology of
micelles was tested using transmission electron microscopy
(TEM, JEM-2100F, JEOL, Tokyo, Japan) operated at an
accelerating voltage of 200 kV and atomic force microscopy
(AFM, CSPM5000, Being, China) with the tapping mode.
Thermal analysis of FSC micelles was recorded by differential
scanning calorimeter (DSC, Q20, TA Instruments, New Castle,
DE) at a heating rate of 10 °C/min and a temperature range of
0−270 °C.

Reductive Sensitivity of Micelles. The reductive
sensitivity of micelles was estimated from CPT release profiles
as well as the changes of micelle sizes and morphologies after
incubation in phosphate buffered saline (PBS, pH 7.4)
containing 2 μM and 10 and 40 mM GSH. Briefly, micelle
suspensions were placed in dialysis bags (1 kDa cutoff),
immersed into 30 mL of release media to achieve a sink
condition, and kept shaking at 37 °C and 100 cycles/min. At
given time intervals, 1.0 mL of release media was withdrawn
and refreshed with PBS containing GSH. The release media
were detected by fluorospectrophotometer at the excitation
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wavelength of 380 nm and the emission wavelength of 550 nm,
in which CPT content was obtained using a standard curve
from known concentrations of CPT solutions. In another batch
of micelle incubation, micelles were retrieved for size
measurement by DLS and morphological observation by
AFM. The reductive sensitivity was also determined by
fluorescence intensities of pyrene loaded in micelles after
treatment with GSH.25 Briefly, micelles were incubated into
PBS containing 2 μM and 10 and 40 mM GSH, and pyrene was
loaded with the final concentration of 0.6 μM. After incubation
at 37 °C as above, the fluorescent spectra of pyrene in micelles
were recorded at the emission wavelength of 390 nm.
In Vitro Cytotoxicity of Micelles. The in vitro cytotoxicity

of micelles was evaluated by MTT assay on FA receptor-
negative human lung adenocarcinoma cells A549, FA receptor-
positive human breast carcinoma cells MCF-7, and human
ovarian carcinoma cells SKOV-3 (American Type Culture
Collection, Rockville, MD). Briefly, A549 cells were cultured in
FA-free RPMI-1640 (Gibco BRL, Rockville, MD) containing
10% fetal bovine serum (FBS, Gibco BRL, Rockville, MD),
while MCF-7 and SKOV-3 cells were maintained in FA-free
DMEM (Gibco BRL, Rockville, MD) containing 10% FBS.
Cells were seeded into 96-well tissue culture plates (TCP) at a
density of 3000 cells/well in 100 μL of medium and incubated
for 24 h. Then, the cells were cultured in media containing free
CPT, FSC, FSC-16, and FC-16 micelles with final CPT
concentrations from 10 ng/mL to 10 μg/mL. For comparison,
media containing 10 μg/mL FA were used in the tests on FSC-
16 micelles, and cells without treatment were used as control.
After incubation for 72 h, the cell viability was determined by
MTT assay as described previously.26

Cellular Uptake of Micelles. The cellular uptake and
intracellular CPT release profile of micelles were estimated by
flow cytometry and confocal laser scanning microscopy
(CLSM). Briefly, A549 and SKOV-3 cells were seeded into
6-well TCP at a density of 1 × 106 cells/well and incubated for
24 h. The cells were cultured in media containing free CPT,
FSC-16, and FC-16 micelles with a final CPT concentration of
10.0 μg/mL. For comparison, media containing 10 μg/mL FA
were used in the tests on FSC-16 micelles, and cells without
treatment were used as control. After incubation for 6 h, cells
were washed with PBS three times, harvested by trypsin
digestion, and fixed with 4% formaldehyde. Then, the cells were
collected by centrifugation and resuspended in PBS, followed
by analysis of the cell suspensions by flow cytometry (BD
Accuri C6, Franklin Lakes, NJ). The data was analyzed using
WinMDI 2.9 software. In another batch of experiment, SKOV-3
cells were washed twice with PBS, fixed with 4% formaldehyde
solution, and stained with PI for 30 min, followed by CLSM
observation.
In Vitro Cell Apoptosis Induced by Micelles. The cell

apoptosis was quantified by an Annexin V-fluorescein
isothiocyanate (FITC) apoptosis detection kit (Beijing 4A
Biotech Co., Beijing, China) according to the manufacturer’s
instructions. Briefly, SKOV-3 cells were seeded in culture dishes
and allowed to attach overnight, followed by exposure to
different micelles for 48 h. The attached and floating cells were
harvested with 0.25% trypsin, washed twice with PBS, and
suspended in 500 μL of binding buffer. After the addition of 5
μL of Annexin V-FITC and 5 μL of PI, the samples were gently
mixed and incubated at room temperature for 15 min before
analysis with flow cytometry. Data analysis was performed using
BD FACSuite (BD Biosciences, CA).

Statistics Analysis. Data are expressed as mean ± standard
deviation (SD). The statistical significance of the data obtained
was analyzed by the Student’s t test. Probability values of p <
0.05 were interpreted as denoting statistical significance.

■ RESULTS AND DISCUSSION
Characterization of Polymer−Drug Conjugates. Be-

cause of the poor aqueous solubility and instability of the
lactone ring, CPT has received much attention in the field of
drug delivery systems to improve the in vivo stability and
therapeutic efficacy.27 In the current study, we synthesized an
amphiphilic polymer−drug conjugate FSC containing FA at the
hydrophilic end and disulfide linkage between PECL copolymer
and CPT (Figure 1A). PECL is one kind of widely used
biodegradable amphiphilic copolymer in drug delivery systems
with the characteristic of core−shell geometry in micelles.28 As
shown in Figure 1A, copolymer Boc-PECL was prepared by
ring-opening polymerization of ε-CL using Boc-PEG-NH2 as a
macroinitiator. The amount of amino groups was determined
by the ninhydrin method,29 indicating that the amino
concentration of Boc-PEG-NH2 decreased by 52.2% compared
to that of PEG diamine. The molecular weight of PEG diamine
was 1790, determined from the 1H NMR spectrum (Figure
S2A, Supporting Information), which agreed with 1619 of Mn
determined from of GPC measurement with Mw/Mn of 1.06.
The molecular weight of Boc-PECL was 8800, estimated from
the 1H NMR spectrum (Figure S2B, Supporting Information)
by comparing the peak integration of methylene protons of
PCL blocks (−C(O)CH2CH2−, δ = 2.31 ppm) to that of
PEG blocks (−CH2CH2O−, δ = 3.64 ppm).
DTPA, as a stable disulfide-containing reagent, can be

conveniently transformed into DTDPA through dehydration
reaction, which is effective to conjugate with hydroxyl groups of
CPT.30 Additionally, β-thioester bonds formed as the linker
between DTPA and CPT are easily hydrolyzed to release the
active moiety by esterase, which is abundant in cells.31 As
shown in Figure 1A, the terminal hydroxyl group of CPT was
coupled with anhydride group of DTDPA by esterification
using DMAP as a catalyst to produce an intermediate, CPT-ss-
COOH. Compared with those of CPT (Figure S3A,
Supporting Information), additional peaks at 2.61, 2.95, 2.16,
and 12.35 ppm in the 1H NMR spectrum of CPT-ss-COOH
(Figure S3C, Supporting Information) belonged to protons of
−S−C−CH2−C(O)O−, −CH2−SS−CH2−, −OC(
O)CH2C−S−, and HOC(O)−, respectively, and the peaks
at 2.15, 2.46, and 12.25 ppm were assigned to protons of −C−
CH2−C(O)O− , −(O)C−CH2C−C(O)− , and
HOC(O)− of CPT-COOH, respectively (Figure S3B,
Supporting Information). The peak at 5.28 ppm (−C−OH in
CPT) disappeared completely in 1H NMR spectra of CPT-ss-
COOH and CPT-COOH, indicating an almost complete
esterification of hydroxyl groups of CPT.
FA receptors are overexpressed on epithelial tumors of

various organs, such as brain, kidney, breast, and lung, but
rarely expressed in normal tissues.21 FA-conjugated biodegrad-
able micelles and nanoparticles have been investigated and
delivered into cancer cells via receptor-mediated endocytosis.32

As shown in Figure 1A, Boc-PECL-ss-CPT was synthesized by
coupling the terminal hydroxyl groups of Boc-PECL with
DCC-activated carboxyl groups of CPT-ss-COOH, followed by
treatment with trifluoroacetic acid to remove t-Boc groups to
give NH2-PECL-ss-CPT. Compared with the 1H NMR
spectrum of Boc-PECL-ss-CPT (Figure S4A, Supporting
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Information), the peak at 1.03 ppm (−C(CH3)3 in t-Boc
group) almost disappeared for NH2-PECL-ss-CPT (Figure
S4B, Supporting Information). Subsequently, FA was activated
by DCC/NHS protocol and reacted with the terminal amino
group of NH2-PECL-ss-CPT, forming an amide bond. Figure
1B shows the 1H NMR spectrum (DMSO-d6, ppm) of FSC as
well as detailed assignment of each peak: δ 8.65 (CH−), 8.19
(CH−), 7.82 (CH−), 7.72 (CH−), 7.42 (CH−
CO−), 7.22 (CH−), 6.61 (CH−N−), 5.49 (−O−CH2−),
5.31 (−N−CH2−), 4.48 (−N−CH2−), 3.98 (−O−CH2−),
3.50 (−CH2CH2−O−), 2.92 (−CH2−SS−CH2−), 2.67 (−S−
CH2−COO−), 2.27(−C(O)−CH2−), 1.54 (−CH2−), 1.29
(−CH2−), 0.93 (−CH3). Compared with that of NH2-PECL-
ss-CPT (Figure S4B, Supporting Information), additional peaks
at 7.42, 6.61, and 4.48 ppm belonged to protons of methene in
the benzene ring, indicating the presence of FA groups.
Characterization of Drug-Conjugated Micelles. Figure

2a illustrates the formation of FSC and FSC-16 micelles, and
hexadecanol was added to modulate the interaction of
hydrophobic segments in micelles. To identify the micelle
formation, FSC micelles were evaluated by 1H NMR in D2O.
As shown in Figure S5, Supporting Information, in comparison
with the spectrum of FSC conjugates in DMSO-d6, signals from
protons of PCL segments and CPT were absent in the
spectrum of FSC micelles in D2O except for that of PEG
segments and FA. It was suggested the conjugates tend to self-
assemble into a core−shell micellar structure with a hydro-
phobic core of PCL segments and CPT and a hydrophilic shell
of PEG segments.33 Figure 2b shows a typical TEM image of

FSC-16 micelles, indicating a spherical morphology with an
average size of around 60 nm. Figure 2c shows the size
distribution of FSC-16 micelles, indicating an average size of
around 200 nm measured through DLS. It should be noted that
the small size observed from TEM images was due to the
volume shrinkage of micelles during the drying process of
samples. The pore cutoff size of blood vessels in most tumors is
known to be 380−780 nm.34 Thus, the size ranges of micelles
obtained, along with the hydrophilic corona, makes them ideal
drug delivery carriers for vascular permeability and escaping
from renal exclusion and the reticuloendothelial system.35 As
shown in Figure 2d, the zeta potentials of all these micelles
were over −20 mV, suggesting strong repellent forces among
micelles to achieve a good stability.36 The CMCs of these
micelles were determined using pyrene as a fluorescent probe.
Figure S6, Supporting Information, shows the plots of
fluorescence intensity ratios I339/I333 of pyrene versus polymer
concentrations, and Figure 2d summarizes the results. The
CMC values of FSC-16 (ca. 1.8 μg/mL) and FC-16 micelles
(ca. 1.5 μg/mL) after hexadecanol inoculation were lower than
those of FSC (ca. 2.2 μg/mL) and FC micelles (ca. 2.4 μg/
mL), respectively. It should be noted that FSC-16 micelles
indicated over 10-fold lower CMC after insertion of PCL
segments between PEG and CPT, compared with PEG-CPT
conjugate micelles with or without disulfide linkages.20,31

In Vitro Reduction-Sensitive Release of CPT from
Micelles. Disulfide linkages between the matrix polymer and
CPT can be readily broken in the presence of reducing agents.
To examine the responsiveness, the CPT release from FSC and

Figure 2. (a) Illustration of the formation of FSC micelles, and hexadecanol was added to modulate the interactions of hydrophobic segments in
micelles. (b) Typical TEM and (c) DLS images showing the morphology and size distribution of FSC-16 micelles. (d) Summary of the average sizes
and the polydispersity indices, the zeta potentials, and CMC values of FC, FC-16, FSC, and FSC-16 micelles.
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FSC-16 micelles was investigated in the presence or absence of
GSH and compared with those of FC and FC-16 micelles. GSH
concentrations of 2 μM and 10 and 40 mM were used to
represent the reductive microenvironment of extracellular space
and cytoplasm of normal and tumor cells, respectively.7,37 As
illustrated in Figure 3a, less than 10% of CPT release from FC

micelles after incubation in the absence of GSH and with 10
mM GSH for 100 h, due to the hydrolysis of ester bonds
between CPT and the backbone. The CPT release from FSC
micelles after incubation with 2 μM GSH for 100 h was below
10%, similar to that in the absence of GSH. However, a
significantly higher amount of CPT release at around 38% was
detected for FSC micelles after incubation with 10 mM GSH
for 100 h (p < 0.05), indicating the reductive sensitivity of CPT
release. The increase of GSH concentration to 40 mM led to a
significantly higher CPT release from FSC micelles (p < 0.05),
at about 53% after incubation for 100 h.
It should be noted that the CPT release was lower compared

with micelles with physical entrapment of anticancer drugs,38

due to the embedment of disulfide linkages in highly arranged
PCL segments during micelle formation. An effective
concentration of anticancer drugs is often essential to obtain
aggressive activity within tumor cells for an enhanced
therapeutic efficacy.39 To disrupt the arrangement of PCL
segments in micelles, hexadecanol was included during micelle
preparation. To demonstrate possible interactions among the
copolymer, CPT, and hexadecanol, DSC analysis of freeze-dried
FSC and FSC-16 micelles was carried out. As shown in Figure
S7, Supporting Information, CPT showed two endothermic
melting peaks at 247.5 and 266.3 °C. However, no endothermic

peak of CPT was present in FSC and FSC-16 micelles,
indicating a low crystallinity of CPT in micelles. The spectra of
FSC micelles showed two endothermic melting peaks at 20.5
and 40.6 °C, which were ascribed to different crystalline phases
of PCL in FSC micelles. FSC-16 micelles showed smaller
endothermic melting peaks than FSC micelles, demonstrating
that the encapsulation of hexadecanol hindered the crystal-
lization process due to the copolymer/hexadecanol interactions.
As shown in Figure 3b, there was around 20% of CPT release
from FC-16 micelles at 0 and 10 mM GSH as well as from
FSC-16 micelles at 0 and 2 μM GSH. The CPT release from
FSC-16 micelles was accelerated to about 70% and 98% after
incubation with 10 and 40 mM GSH for 100 h, respectively.
These results showed that hexadecanol-included micelles still
remained with good stability during circulation and in the
extracellular space, and the reductive sensitivity of CPT release
was significantly enhanced.

Reduction-Sensitive Destabilization of Micelles. The
changes of micelle sizes and morphologies as well as the
fluorescent intensity of pyrene in micelles were estimated after
incubation with GSH. As shown in Figure 4a, there was no
significant difference in the size of FC-16 micelles after
incubation with 10 mM GSH for 48 h, but that of FSC-16

Figure 3. Percent release of CPT from (a) FSC and (b) FSC-16
micelles after incubation at 37 °C in PBS and PBS containing 2 μM
and 10 and 40 mM GSH, compared with FC and FC-16 micelles
without disulfide linkage (n = 3).

Figure 4. (a) Typical DLS images of FSC-16 micelles after incubation
at 37 °C in PBS and PBS containing 2 μM and 10 and 40 mM GSH,
compared with FC-16 micelles without disulfide linkage. (b) Typical
DLS images of FSC-16 micelles after incubation at 37 °C in PBS
containing 40 mM GSH for up to 48 h. (c) Typical AFM images of
FSC-16 micelles and those after incubation in PBS containing 10 and
40 mM GSH for 48 h.
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micelles indicated an increase from around 200 nm to 360 and
700 nm with a broad distribution at 10 and 40 mM GSH,
respectively. It should be noted that there was no significant
change in the size and size distribution of FSC-16 micelles after
incubation for 48 h in the absence of GSH, suggesting a good
stability during circulation. As shown in Figure 4b, after
incubation with 40 mM GSH, FSC-16 micelles indicated a
significant increase in the average size, but a decrease in the
intensity along with the incubation time. The disulfide linkages
between PCL and CPT were broken in response to reductive
GSH, and the changes in the hydrophilic/hydrophobic balance
of matrix polymers led to an aggregation of micelles. Figure 4c
shows typical AFM images of FSC-16 micelles after incubation
with GSH for 48 h. Compared with that in the absence of GSH,

FSC-16 micelles formed aggregates in an irregular shape and a
larger size after incubation with 10 and 40 mM GSH.
The reductive sensitivity of FSC-16 micelles to GSH was also

determined from the fluorescent intensity of pyrene loaded in
micelles. The solubility of pyrene in water is very low, and the
fluorescence is sensitive to the polarity of the surrounding
environment. After dissociation of the micelles, a decrease in
fluorescence intensities should be observed for pyrene, which
was preferentially solubilized into hydrophobic cores of
micelles.25 Figure 5 summarizes the fluorescence intensities of
pyrene-loaded micelles after incubation with different GSH
levels. The fluorescence intensities of pyrene-loaded FC-16
micelles were nearly unchanged after incubation in the absence
of GSH or with 10 mM GSH for 48 h. Compared with those in
2 μM GSH or in the absence of GSH, pyrene-loaded FSC-16

Figure 5. Fluorescence spectra of pyrene loaded in FSC-16 micelles after incubation at 37 °C in PBS and PBS containing 2 μM and 10 and 40 mM
GSH, compared with FC-16 micelles without disulfide linkage.

Figure 6. (a) Cytotoxicity of free CPT, FC-16, FSC, FSC-16 micelles, and FSC-16 micelles with the inoculation of free FA (FSC-16+FA) to SKOV-
3, (b) MCF-7, and (c) A549 cells after incubation for 72 h (n = 5). (d) IC50s of CPT, FC-16, FSC, FSC-16, and FSC-16 + FA micelles against
SKOV-3, MCF-7, and A549 cells.
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micelles indicated an obvious decrease in the fluorescence
intensity after incubation in 10 and 40 mM GSH for 48 h,
suggesting the gradual release of pyrene from FSC-16 micelles.
Therefore, the above results verified that FSC-16 micelles could
remain in good stability during circulation and in the
extracellular space and display remarkable reductive sensitivity
in response to GSH levels inside cells, which were suitable for
intracellular delivery of anticancer drugs.40

In Vitro Cytotoxicity of Micelles. In the current study,
three types of tumor cells with different expression profiles of
FA receptors were used for the cytotoxicity and cellular uptake
tests of FC-16, FSC, and FSC-16 micelles. MCF-7 and SKOV-3
cells overexpress FA receptors on the surface, and SKOV-3 cells
have stronger expressions than MCF-7, while FA receptors
were rarely expressed on A549 cells.41 Figure 6 shows the cell
viability after incubation for 72 h, and the half maximal
inhibitory concentration (IC50) was determined to show the
effectiveness to inhibit the growth of tumor cells (Figure 6d).
The IC50 of free CPT was lower than those of micelle
formulation, due to that CPT was available only after the
breakdown of polymer−drug conjugates inside cells.14

Compared with FC micelles, the inoculation of disulfide
linkages in FSC micelles had a higher release rate of CPT,
leading to lower IC50s for all the three types of tumor cells.
Similarly, higher CPT release from FSC-16 micelles indicated a
lower IC50 than that of FSC micelles. However, the difference
in IC50s of FSC-16, FSC, and FC micelles were different among
the tumor cells. As shown in Figure 6, FSC-16 micelles
indicated an over 3-fold lower IC50 than FC micelles for SKOV-

3 cells. The difference in IC50s between FSC-16 and FC-16 was
around 2-fold for A549 cells, while that for MCF-7 was set
between those of SKOV-3 and A549 cells. Additionally, the
IC50 of FSC-16 micelles for A549 cells was around 2-fold higher
than that of free CPT, while the IC50s of FSC-16 micelles and
free CPT were very close for SKOV-3 cells. The cytotoxicity
enhancement by the FA receptor-mediated uptake was further
confirmed after interruption of the interactions by free FA. As
shown in Figure 6, compared with A549 cells, there were
remarkable increases in IC50s for SKOV-3 and MCF-7 cells
after the addition of free FA, due to the competitive binding of
FA receptors and less effective uptake of FSC-16 micelles.
Additionally, the effect of FA addition was more significant on
SKOV-3 than that on MCF-7 cells, due to higher densities of
FA receptors on SKOV-3 cells. Considering that an equivalent
amount of CPT was dosed in the cell viability tests, the
pronounced cytotoxicity of FSC-16 micelles relied on FA
receptor-mediated cellular uptake and reduction-sensitive
release of CPT.

Cellular Uptake and Intracellular CPT Release of
Micelles. Because CPT is fluorescent, it can be used directly
to measure its cellular uptake without introducing additional
fluorescent probes. Figure 7a shows a typical histogram of
fluorescence measured on SKOV-3 cells after incubation with
either free CPT or CPT-loaded FSC-16 and FC-16 micelles. A
lower fluorescence intensity was observed for FC-16 than FSC-
16 micelles. Although there was no apparent shift for free CPT,
the histogram of cells shifted to the direction of lower
fluorescence intensity after the addition of free FA into the

Figure 7. (a) Typical histogram of fluorescence intensities measured on SKOV-3 cells after incubation with free CPT, FC-16, FSC-16 micelles, and
FSC-16 micelles with the inoculation of free FA (FSC-16 + FA). (b) Relative geometrical mean fluorescence intensity (GMFI) of SKOV-3 and A549
cells after treatment with free CPT, FC-16, FSC-16, and FSC-16 + FA micelles (n = 3). (c) Typical CLSM images of SKOV-3 cells, counterstained
by PI, after incubation with free CPT, FC-16, FSC-16, and FSC-16 + FA micelles.
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media, suggesting that free FA prevented FSC-16 micelles from
transporting into SKOV-3 cells by competitive binding to FA
receptors on the cell surface. Figure 7b summarizes the relative
geometrical mean fluorescence intensity (GMFI) of SKOV-3
and A549 cells after treatment with either FSC-16 or FC-16
micelles. The breakdown of reduction-sensitive linkages caused
a rapid dissociation of FSC-16 micelles after cellular uptake, and
the concentration gradient caused significantly higher cellular
uptake efficiency than FC-16 micelles for both SKOV-3 and
A549 cells (p < 0.05). When A549 cells were incubated with
FSC-16 micelles, there was no significant difference in the
cellular uptake regardless of the FA addition in the media (p >
0.05). However, when SKOV-3 cells were incubated with FSC-
16 micelles, the inoculation of free FA led to a significant
decrease in the relative GMFI from 30 to 13 (p < 0.05). Thus,
the flow cytometry results directly demonstrated that FSC-16
micelles were transported within cells by an FA receptor-
mediated endocytosis process.
The antitumor mechanism of CPT and its analogues are

based on the inhibition of DNA replication and RNA
transcription by stabilizing the cleavable complexes formed
between topoisomerase I and DNA. The cellular uptake of
micelles and the distribution of CPT released from FSC-16
micelles were observed by CLSM after nuclei staining by PI on
SKOV-3 cells. As shown in Figure 7c, the blue fluorescence
intensity of FSC-16 micelles was higher than that of FC-16
micelles and FSC-16 micelles with the treatment of free FA,
indicating that the CLSM observation was in good agreement
with the flow cytometry analysis. It should be noted that only
CPT released from micelles can be distributed into nuclei; so,
the localization of CPT released from micelles within the cells
was studied by using the blue fluorescence from CPT and the
red fluorescence from PI staining. As shown in Figure 7c, the
majority of blue fluorescent signals were concentrated in the
nuclei, and the overlay of the two fluorescence images showed
purple spots. As expected, the majority of CPT signals in the
cells treated with free CPT clearly overlapped with PI-stained
nuclei. Compared with FC-16 micelles, a stronger blue
fluorescence of CPT was observed in the nuclei of cells treated
with FSC-16 micelles, indicating that the degradation of GSH-
responsive disulfide linkages accelerated the intracellular CPT
release from FSC-16 micelles.
Cell Apoptosis after Treatment with Micelles. Annexin

V-FITC/PI staining was used to quantify the percentages of
apoptotic cells induced by different micelle formulations. As
shown in Figure 8, FSC-16 micelles induced the most
significant apoptosis, and the percentage of total apoptotic
cells, including early and late apoptotic cells, was comparable
with that of free CPT at around 50%. A slower release of CPT
from FSC micelles led to a decrease in the percentage of total
apoptotic cells to 39.8 ± 3.5%. The lower release of CPT from
FC-16 micelles indicated an even lower apoptosis rate at 32.3 ±
2.8%. Additionally, the less significant cellular uptake of FSC-16
micelles after the addition of free FA into the media resulted in
a significant decrease in the percentage of apoptotic cells to
30.7 ± 3.0%. It was suggested that the FA receptor mediated
uptake and reduction-sensitive release of CPT from FSC-16
micelles led to the significant cytotoxicity and cell apoptosis.

■ CONCLUSIONS
FA-decorated polymer−CPT conjugates were synthesized with
disulfide linkages between CPT and amphiphilic PECL
copolymers. After the addition of hexadecanol during micelle

formation, FSC-16 micelles were obtained with a low CMC of
around 2 μg/mL, and the conjugated CPT was rapidly released
out in response to intracellular levels of GSH. The reductive
sensitivity was also confirmed from the changes of micelle sizes
and morphologies as well as the fluorescent intensity of pyrene
loaded in micelles. Through comparing the behaviors of SKOV-
3, MCF-7, and A549 cells after micelle treatment, the most
significant cytotoxicity and cell apoptosis of FSC-16 micelles
were demonstrated to be resulted from the FA receptor
mediated uptake and reduction-sensitive release of CPT. CLSM
observations indicated that CPT was distributed into nuclei
after cellular uptake and intracellular release from FSC-16
micelles. Thus, through designing amphiphilic copolymers
containing reduction-sensitive linkages between CPT and
polymers, optimizing the micellization process with hexadeca-
nol inoculation, and providing FA as targeting moieties, the
polymer−drug conjugate micelles show advantages in inhibiting
premature release during circulation, enhancing the cellular
uptake at the tumor tissues, and promoting the intracellular
release and nuclei location of the active moieties.

Figure 8. (a) Flow cytometry analysis of cell apoptosis after incubation
of SKOV-3 cells with free CPT, FSC-16, FSC, FC-16 micelles, and
FSC-16 micelles with the inoculation of free FA (FSC-16 + FA) for 48
h, compared with no treatment as control. Lower left of each image,
living cells; lower right, early apoptotic cells; upper right, late apoptotic
cells; upper left, necrotic cells. Inserted numbers in each area indicate
the percentage of cells present in this area.
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