ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Iminoboronate-based dual-responsive micelles via
subcomponent self-assembly for hydrophilic 1,2-
diol-containing drug deliveryt
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Amphiphilic block copolymer micelles in aqueous solution have been used extensively in delivery of
hydrophobic drugs with the hydrophobic core serving as the reservoir. However, encapsulation of
hydrophilic drugs by polymeric micelles with hydrophobic core is relatively difficult because of the poor
interaction between them. Herein, we report a novel kind of pH/GSH dual-responsive complex micelles
with a hydrophilic drug loaded, via direct subcomponent self-assembly of block copolymer
poly(ethyleneglycol)-block-poly(L-lysine) (PEG-b-PLys), 2-formylbenzeneboronic acid (2-FPBA) and
hydrophilic 1,2-diol-containing drugs (e.g. capecitabine (CAPE)) under physiological pH 7.4 based on
the synergistic formation of an iminoboronate structure. The PEG-b-PLys/2-FPBA micelles without
CAPE are well-characterized in terms of micellization mechanism, size, morphology, pH- and GSH-
responsiveness. Encapsulation of CAPE by forming PEG-b-PLys/2-FPBA/CAPE complex micelles via
synergistic formation of the iminoboronate structure is discussed and pH- and GSH-responsive drug-
release studies are carried out. The complex micelles are stable under physiological neutral conditions
but could be destroyed in response to the stimuli of physiological acidic condition (pH 5.0) and/or
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drug-loaded complex micelles could be endocytosed by HepG2 cells and efficiently deliver hydrophilic
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1. Introduction

Amphiphilic block copolymers, which are characterized by
a hydrophilic block that is chemically tethered to a hydro-
phobic block, have been used extensively in pharmaceutical
applications ranging from sustained-release technologies to
gene delivery.”” The copolymers can self-assemble into poly-
meric micelles with a core/shell structure in aqueous solu-
tion.** Upon micellization, the hydrophobic core regions serve
as reservoirs for a variety of hydrophobic drugs, mainly
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drugs into them. This type of complex micelles could be used as a promising platform for the delivery
of hydrophilic 1,2-diol-containing drugs.

depending on the hydrophobic interaction between the core-
forming block and drugs.>® In addition, double hydrophilic
block copolymers (DHBCs) were also developed to self-
assemble into micelles for drug delivery based on the stimuli-
responsive change of solubility of one block. Oren A. Scher-
man and co-workers synthesized a series of supramolecular
DHBCs held together by cucurbit[8]Juril (CB[8]) ternary
complexation and the complex DHBCs were used to self-
assemble into micelles at physiological temperature for
encapsulation and stimuli-release of insulin, basic fibroblast
growth factor (BFGF), and doxorubicin (DOX).*** However,
amphiphilic block copolymer micelles do not work well in the
encapsulation of hydrophilic drugs because of the weak inter-
action between the hydrophobic block and the hydrophilic
drugs. Electrostatic reaction and covalent bonds are generally
used to incorporate hydrophilic drugs into polymeric micelles
by forming polyion complex (PIC) and prodrugs respectively.>*>
Kataoka and co-workers developed well-known PIC micelles for
encapsulation of peptides and proteins via electrostatic inter-
action with PEGylated block copolymer poly(ethylene glycol)-
block-poly(a, B-aspartic acid) (PEG-b-PAsp).**** But the PIC
system is vulnerable to salt concentration (ionic strength) and
is only suitable for charge-rich drugs. As far as neutral

This journal is © The Royal Society of Chemistry 2017
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hydrophilic drugs are concerned, a feasible way to incorporate
them in polymeric micelles is conjugating to polymers via
stimuli-responsive covalent bonds considering the nanocarrier
stability during circulation and fast drug-release at target
tissue.’>*>"” Recently, Herrera-Alonso et al. prepared a hydro-
philic drug conjugated polymer complex based on boronic
esterification between a diol-containing anticancer drug,
capecitabine (CAPE), and phenylboronic acid-functionalized
polycarbonates under anhydrous conditions.”” pH-sensitive
dissociation of the cyclic boronate enabled release of CAPE
from the self-assembled micelles. However, the preparation of
polymer-drug conjugates generally involves relatively compli-
cated synthetic chemistry, which may limit the application of
block copolymer micelles in delivery of hydrophilic drugs. In
fact, many FDA-approved 1,2- or 1,3-diol containing hydro-
philic drugs such as capecitabine, dibromodulcitol, gemcita-
bine, ranimustine, and epigallocatechin gallate (EGCG) have
been applied in anti-cancer therapy. It is desired to develop
simple but effective methods to load and delivery this kind of
neutral hydrophilic drugs by polymeric micelles.

Subcomponent self-assembly, introduced by Nitschke and
co-workers, is a process which allows complex structures to be
generated from simple building blocks.”*?** Usually, the
complex structures are created from simple amine and alde-
hyde subcomponents by copper(i)-templated imine bond
formation.'”*° Bunzen et al. prepared a kind of tunable multi-
responsive gel with defined properties via self-assembly of
subcomponents including 2-pyridinecarboxaldehyde, steroidal
amine, and metal ions in one step.'® Nitschke et al. extended
this “subcomponent self-assembly” concept to create new
architectures with equimolar amounts of diol, amine, and 2-
formylphenylboronic acid (2-FPBA) based on the formation of
an iminoboronate structure composed of imine bond and cyclic
boronate.** Subcomponent self-assembly not only allows the
construction of complex structures in a very simple and direct
way but also endows the resultant materials with multi-
responsiveness because of the reversibility of the cyclic boro-
nate and imine bond in response to stimuli.

However, polymeric micelles via subcomponent self-assembly
have been rarely reported. In this study, we prepared a novel kind
of dual-responsive micelles hydrophilic drug loaded via simple
and direct subcomponent self-assembly of block copolymer pol-
y(ethyleneglycol)-block-poly(i-lysine) (PEG-b-PLys), 2-FPBA and
a hydrophilic 1,2-diol-containing drug, capecitabine (CAPE),
under physiological pH 7.4 based on the synergistic formation of
iminoboronate structure (Scheme 1). The micelles were stable
under physiological neutral pH, but could be destroyed in
response to the stimulus of physiological acid (pH 5.0) because of
the breakage of the iminoboronate structure.'>**>* Additionally,
the complex would undergo dissociation in the presence of
glutathione (GSH), presumably because of the hydrolysis of the
iminoboronate due to the disruption of the B-N bond in
response to GSH.**?® Based on these properties, pH and GSH-
responsive releases of CAPE were studied. The pH and GSH-
sensitive dissociation of the micelles can also be applied in
a general manner to other 1,2-diol containing drugs, presenting
a promising utility in biomedical field.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Preparation of micelles with hydrophilic drug loaded by
subcomponent self-assembly of PEGyi4-b-PLys44, 2-FPBA and CAPE
in physiological pH and the pH/GSH-responsive properties of the self-
assembled micelles.

2. Experimental sections

2.1. Materials

a-Methoxy-w-aminopoly(ethylene glycol) (CH30-PEG;1,-NHy;
M,, = 5000; M,/M, = 1.05) was purchased from Aladdin and
used after dried under vacuum. 2-Formylbenzeneboronic acid
(2-FPBA), capecitabine (CAPE), and fluorescein isothiocyanate
(FITC) were purchased from Heowns without further purifica-
tion. 1-Butylamine (1-BA) was purchased from General-Reagent.
Block copolymer PEG;4-b-PLys,, was synthesized by polymeri-
zation of Lys(Z)-NCA initiated by the terminal amino group of
PEG-NH, (see ESI for details about synthesis and character-
ization of the block copolymer). The FITC-labelled PEG-b-PLys
block polymer was prepared by the reaction between the amino
group of polymer and FITC in DMSO/H,O0 solution.* All of the
buffer solutions used in this study were adjusted to an ionic
strength of 150 mM by addition of appropriate amount of NaCl.

2.2. Micellization of PEG-b-PLys with 2-FPBA

5 mg of PEG-b-PLys was dissolved in 9 mL PBS buffer (10 mM,
pH 7.4) and stirred for 2 h before use. An equivalent 2-FPBA
(3.10 mg) was dissolved in 1 mL PBS buffer (10 mM, pH 7.4) and
then added to the polymer solution. The mixture was stirred at
room temperature for 48 h for the formation of PEG-b-PLys/2-
FPBA micelles.

2.3. Preparation of CAPE-loaded micelles

The PEG-b-PLys/2-FPBA/CAPE complex micelles were prepared
by self-assembly of the three subcomponents in aqueous solu-
tion of PBS 7.4. Firstly, 5 mg of PEG-b-PLys was dissolved in 16
mL PBS buffer (10 mM, pH 7.4) and stirred for 2 h. Secondly, 2-
FPBA (3.10 mg, 1 equimolar to Lys units) and CAPE (7.42 mg, 1
equimolar to Lys units) were dissolved in the PBS 7.4 buffer
respectively and these two solutions were added into the poly-
mer solution. Then, the mixed solution was stirred at room
temperature for 48 h for the formation of PEG-b-PLys/2-FPBA/
CAPE micelles. In order to remove unreacted 2-FPBA and

RSC Adv., 2017, 7, 21328-21335 | 21329
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CAPE, the micelle solution was processed by centrifugal ultra-
filtration three times at the speed of 4000 rpm. Finally, the
volume of the micelle solution was adjusted to 20 mL and the
concentration of the micelles was 0.5 mg mL .

2.4. Model reaction of 1-BA, 2-FPBA, and CAPE in D,0 or
DMSO

To test the formation of iminoboronate between PEG-b-PLys, 2-
FPBA and CAPE, we evaluated the reaction between the model 1-
BA, 2-FPBA and CAPE in D,0 and DMSO. Simply, 1 mg 1-BA was
dissolved in 500 uL D,O or DMSO followed by addition of 205 pL
2-FPBA (1 mg per 100 pL, D,O or DMSO) and 490 puL CAPE (1 mg
per 100 pL, D,O or DMSO) with a molar ratio of 71.pa : 75-pppa-
:n,, = 1:1:1. The mixed solution was stirred at room
temperature for 48 h to assure a complete reaction and was
finally made to a concentration of 0.5 mg mL .

2.5. CAPE release study

The release of CAPE from the complex micelles was evaluated by
incubating the drug-loaded micelles in 10 mM buffer with
different pH values and various GSH concentrations at 37 °C.
Typically, 2 mL CAPE-loaded micelle solution was injected in
a dialysis bag with a molecular weight cutoff of 3.5 kDa, then the
dialysis bag was immersed in 20 mL PBS 7.4 buffer with varying
GSH concentrations of 0, 10 and 20 mM or 20 mL citric acid
buffer solution at pH 5.0 respectively. At certain time intervals, 1
mL of the buffer solution was taken to measure the CAPE
concentration and 1 mL fresh buffer was added. The standard
curve for the calibration of CAPE concentration was measured
on a UV-vis spectrophotometer and details were included in the
ESI (Fig. S21).

2.6. Cellular uptake study

The cellular uptake behavior of PEG-b-P(Lys-co-LysFITC)/2-
FPBA/CAPE complex micelles were investigated by confocal
laser scanning microscopy (CLSM) using HepG2 cells. The cells
were plated on microscope slides in a 24-well plate (1 x 105
cells per well) under 5% CO, atmosphere at 37 °C, using DMEM
medium supplemented with 10% fetal bovine serum, antibi-
otics penicillin (100 IU mL™"), and streptomycin (100 pg mL )
for 24 h. Then the cells were exposed to FITC labelled, CAPE-
loaded micelles for 4 h at 37 °C in a humidified 5% CO,-con-
taining atmosphere (FITC-micelles dosage: 50 ug mL ™). After
incubation, the culture medium was removed. The cells on
microscope plates were fixed with 4% formaldehyde for 20 min
and washed three times with PBS buffer. Then the cell nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI) for
10 min and washed six times with PBS buffer. The fluorescence
images were obtained using a confocal laser scanning micro-
scope (TCS SP5).

2.7. Characterizations

The UV-vis spectra were recorded on a UV-2550 ultraviolet-
visible spectrophotometer (Shimadzu, Japan). '"H NMR and
"B NMR spectra were measured on a Varian UNITY-plus 400 M
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NMR spectrometer at room temperature. Dynamic light scat-
tering (DLS) experiments including the determination of size
distributions and the monitoring of light scattering intensities
(LSI) at the scattering angle of 90 °C were performed on a laser
light scattering spectrometer (BI-200SM) equipped with a digital
correlator (BI-9000AT) at 636 nm at 37 °C. About 1 mL of micelle
solution was filtered into a clean scintillation vial through a 0.8
um Millipore filter for DLS measurements. Transmission elec-
tron microscopy (TEM) measurements were performed using
a Philips T20ST electron microscope at an acceleration voltage
of 100 kV. To prepare the TEM samples, the micelle solution
was first diluted and then dropped onto a carbon-coated copper
grid and dried slowly at room temperature. The drug-loaded
micelles were processed by TG16-WS high speed centrifuge to
remove the unreacted small molecules.

3. Results and discussion

3.1. Formation of PEG-b-PLys/2-FPBA and PEG-b-PLys/2-
FPBA/CAPE micelles

The reaction between PEG-b-PLys and 2-FPBA in PBS buffer
(10 mM, pH 7.4) was monitored by UV-vis. As shown in Fig. 1A,
when 2-FPBA solution was added into the polymer solution, the
intensity of the absorption strength at 286 nm increased as time
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Fig.1 (A) UV-vis absorption spectra of the solution mixture of PEG-b-
PLys and 2-FPBA in PBS buffer (pH 7.4) as a function of time with an
interval of 3 min, inset shows the absorption at 286 nm as a function of
time. (B) The *H NMR spectra of PEG-b-PLys (i), 2-FPBA (i) and the
mixture of PEG-b-PLys and 2-FPBA (iii) in D,O.
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went by. The observed spectral change can be attributed to the
imine formation by the aldehyde group on 2-FPBA and the -
amino group on Lys unit.** The inset of the absorbance at
286 nm as a function of reaction time in Fig. 1A demonstrated
the kinetics of the reaction and it completed within 60 min as
indicated by the invariable intensity of the absorption band
finally. Further evidence supporting the imine formation came
from "H NMR study. As shown in Fig. 1B, the signal of aldehyde
protons on 2-FPBA at 9.9 ppm decreased significantly after
reaction with PEG-b-PLys and the ratio of integrated areas from
the aldehyde protons at 9.9 ppm to those from the aromatic
protons in the range of 7.2-8.0 ppm reduced from 0.98/4.00 to
0.39/4.00, indicating that about 60% 2-FPBA were bound to
PEG-b-PLys (see ESI Fig. S31). A new signal appeared at 8.4 ppm
could be attributed to the protons on benzoic imine conjugate
structure.?»*® At the same time, the signals of protons on the
side alkyl chain of the PLys block merged into two broad signals
near 1.2-2.0 ppm. It was a typical feature of protons on poly-
mers with restricted mobility*>** because of the resultant PLys/
2-FPBA complex was relatively hydrophobic at pH 7.4.

The PEG-b-PLys/2-FPBA complex was observed to self-
assemble into polymeric micelles under the pH ranging from
6.5-7.4 and their size and morphology were characterized by DLS
and TEM. The PEG-b-PLys/2-FPBA complex micelles had an
average hydrodynamic size of 127 nm and a very narrow size
distribution (Fig. 2A) with a polydispersity value of 0.085. While
the TEM image shown in Fig. 2B indicated irregular morphol-
ogies and a larger polydispersity than the DLS result for the PEG-
b-PLys/2-FPBA micelles, which may be attributed to unavoidable
aggregation or fusion of micelles on the carbon film upon drying
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Fig. 2 (A) Size distributions of PEG-b-PLys/2-FPBA and PEG-b-PLys/
2-FPBA/CAPE complex micelles. (B) TEM image of PEG-b-PLys/2-
FPBA complex micelles. (C) TEM image of PEG-b-PLys/2-FPBA/CAPE
complex micelles.
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the TEM sample. When the 1,2-diol-containing drug, CAPE, was
simultaneously mixed with PEG-b-PLys and 2-FPBA, the three
components similarly self-assembled into drug-loaded complex
micelles, which had a relatively broad size distribution (poly-
dispersity value = 0.223) with an average hydrodynamic size of
152 nm (Fig. 2A). TEM image (Fig. 2C) indicated spherical
morphologies for the three-component complex micelles. It was
reported that 2-FPBA had an apparent pK, value around 7.3,
which may endow itself with a strong inclination to conjugate the
1,2-diol on CAPE and result in stable cyclic boronate under
physiological pH 7.4. In fact, the combination between the
aldehyde group on 2-FPBA and the w-amino group on PLys block
via imine bond may further facilitate the formation of boronate
between 2-FPBA and CAPE, synergistically leading to an imino-
boronate structure.**** As a result, CAPE was anchored on the
PLys block bridged by 2-FPBA. The resultant PEG-b-PLys/2-FPBA/
CAPE complex behaved like amphiphilic block copolymer with
a hydrophilic PEG block and a relatively hydrophobic PLys/2-
FPBA/CAPE block and could self-assemble into core-shell
micelles. Thus the hydrophilic CAPE was easily and successfully
encapsulated into the complex micelles.

To identify the encapsulation of CAPE by the synergistic
formation of iminoboronate structure among PEG-b-PLys, 2-
FPBA and CAPE, UV-vis spectra were recorded for free CAPE,
polymer complex PEG-b-PLys/2-FPBA, and drug-loaded polymer
complex PEG-b-PLys/2-FPBA/CAPE. The appearance of the
characteristic signal of anchored CAPE at 304 nm was observed
for PEG-b-PLys/2-FPBA/CAPE complex by UV-vis spectrometry
(Fig. S4, ESIT). For more details, a model reaction was used with
PEG-b-PLys replaced by 1-butylamine (1-BA) as illustrated in
Scheme 2 and examined by "H NMR and "'B NMR technologies
in deuteroxide water (D,0) and dimethyl sulfoxide (DMSO)
respectively. As shown in Fig. 3A for 2-FPBA, reaction with 1-BA
and CAPE led to the complete disappearance of the signal of
aldehyde protons at 9.9 ppm, indicating that all of the aldehyde
groups were converted. A new signal corresponding to the
protons on the benzoic imine conjugate structure appeared at
8.5 ppm,*>* indicating the combination between 1-BA and 2-
FPBA. While in the "B NMR spectra in Fig. 3B, 2-FPBA itself
showed two signals at 31.6 ppm and —3.6 ppm, indicating that
it existed in two forms of a neutral R-B(OH), and an anionic R-
B(OH); ™~ respectively.*>** When 2-FPBA was mixed with 1-BA,
the signal at 31.6 ppm almost completely disappeared and
anew peak at 8.9 ppm appeared, which could be assigned to the
resultant N-B coordinated tetrahedral boron.** This demon-
strated that the introduction of nitrogen atom adjacent the
boronic acid via formation of imine bond by aldehyde and
amino group induced most of the neutral R-B(OH), being
transformed into the anionic R-B(OH);~ which had a stronger
tendency to combine 1,2-diols.** When CAPE was further added
into the 1-BA/2-FPBA system, the peak of the N-B coordinated
tetrahedral boron moved from 8.9 ppm to 14.4 ppm, indicating
the formation of cyclic boronate.** The N-B coordination was
favourable for the formation of boronate, and in return the
boronate also could promote the N-B coordination by raising
the electrophilicity, or the Lewis acidity, of the boron atom.****
Thus, the iminoboronate structure was synergistically obtained.

RSC Aadv., 2017, 7, 21328-21335 | 21331
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Scheme 2 Model reaction of 1-BA with 2-FPBA and CAPE in D,O or DMSO.
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Fig. 3 (A) ™H NMR spectra of CAPE (i), 2-FPBA (i) and 1-BA/2-FPBA/
CAPE complex (i) in D,O; (B) *'B NMR spectra of 2-FPBA (i), 1-BA/2-
FPBA (ii) and 1-BA/2-FPBA/CAPE complex (iii) in deuterated DMSO.

3.2. pH-responsiveness of PEG-b-PLys/2-FPBA micelles

Imine bond formed by aldehyde and primary amine was a well-
known pH-sensitive dynamic covalent bond that was stable at
neutral pH 7.4 but could be destroyed under weak acid condi-
tions such as the endosomal pH 5.0.>* This laid the foundation
for pH-responsive intracellular delivery of polymer-conjugated
anticancer drugs by polymeric nanocarriers. In this study,
pH-responsiveness of the PEG-b-PLys/2-FPBA micelles was
investigated by monitoring the variations of relative light scat-
tering intensity (LSI) and micelle sizes in response to pH
changes in aqueous solutions. As shown in Fig. 4A, the constant
LSI of the micelle solution at pH 7.4 indicated the stability of the

21332 | RSC Adv., 2017, 7, 21328-21335

PEG-b-PLys/2-FPBA micelles under the physiological neutral
condition. When the citric acid buffer at pH 5.0 was used, the
LSI of the micelle solution decreased gradually to 40% of the
initial intensity in 2 h, suggesting the dissociation of the PEG-b-
PLys/2-FPBA micelles, which may be caused by the hydrolysis of
the imine bond under the weak acid condition. Fig. 4B showed
the size variation of the PEG-b-PLys/2-FPBA micelles at pH 5.0 as
a function of time. The decreasing average hydrodynamic
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Fig. 4 (A) pH-responsiveness of the PEG-b-PLys/2-FPBA micelles in
aqueous solutions of PBS 7.4 and citric acid buffer (pH 5.0) in terms of
normalized light scattering intensity as a function of time. (B) Size
variation of the PEG-b-PLys/2-FPBA micelles in aqueous solution of
citric acid buffer (pH 5.0) as a function of time, inset shows the change
of the average particle size as a function of time (B). All of the solutions
had a micelle concentration of 0.4 mg mL™*.

This journal is © The Royal Society of Chemistry 2017
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diameter (D) from 126 nm at the initial time (the status of
micelles at this moment could be considered the same as that at
pH 7.4) to 62 nm in 3 h (inset in Fig. 4B) also suggested the
decomposition of the PEG-b-PLys/2-FPBA micelles.

3.3. GSH-responsiveness of the PEG-b-PLys/2-FPBA micelles

Since the PEG-b-PLys/2-FPBA micelles were prepared based on
the anchoring of 2-FPBA on PEG-b-PLys via the reversible imine
bond which was stabilized by the N-B coordination,* it could
be possible that the micelles were disrupted by addition of
glutathione (GSH) as it could destroy the N-B coordination and
thus promote the imine hydrolysis.***® This offered the PEG-b-
PLys/2-FPBA micelles with GSH-responsiveness. Fig. 5A showed
the variations of LSI of the PEG-b-PLys/2-FPBA micelle solutions
with different GSH concentrations (5, 10, and 20 mM) as
a function of time. The LSI decreased quickly at the initial stage
and then levelled off, which was different from the gradual
decrease as the case of pH 5.0 condition (Fig. 4A), indicating the
PEG-b-PLys/2-FPBA micelles could fast response to GSH. Higher
GSH concentration led to lower LSI, suggesting more micelles
were disrupted. Fig. 5B showed the size distributions of the
PEG-b-PLys/2-FPBA micelles in aqueous solution with 10 mM
GSH at 0 min (the status of micelles at this moment could be
considered the same as that at pH 7.4 without GSH) and
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Fig. 5 (A) GSH-responsiveness of the PEG-b-PLys/2-FPBA micelles in
aqueous solutions of PBS 7.4 in terms of normalized light scattering
intensity as a function of time. (B) Size distributions of the PEG-b-PLys/
2-FPBA micelles in aqueous solution with 10 mM GSH at 0 and
120 min.
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120 min. The increase of Dy, from the initial 127 nm to the later
215 nm with a broader size distribution may be caused by the
micelles experiencing a swelling process before dissociation.

3.4. pH/GSH-responsive release of CAPE

The pH- and GSH-responsiveness discussed above made the
PEG-b-PLys/2-FPBA micelles as promising nanocarriers for
intracellular delivery of anticancer drugs,** especially those
bearing 1,2-diols. Herein, capecitabine (CAPE) was used as
a hydrophilic 1,2-diol-containing model drug to be encapsu-
lated into the PEG-b-PLys/2-FPBA/CAPE micelles via subcom-
ponent self-assembly and pH- and GSH-responsive drug-
releases were carried out. As discussed above, the iminoboro-
nate structure was synergistically formed with imine bond, N-B
coordination, and cyclic boronate, and they were promoted
each other. It was possible to hydrolyze the boronate by
destroying either the imine bond or the N-B coordination by
weak acid or GSH respectively and thus to release CAPE upon
the dissociation of the PEG-b-PLys/2-FPBA/CAPE micelles. Fig. 6
showed the pH- and GSH-responsive CAPE release profiles
under different conditions. The cumulative drug-release from
the complex micelles was calculated by monitoring the UV-vis
absorption changes at 310 nm of CAPE in the external fluid. It
was shown in Fig. 6A that the release rate was faster at pH 5.0
than that at neutral pH 7.4 with the cumulated CAPE release of
92.9% and 70.0% respectively in 24 h, indicating a faster and
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Fig. 6 (A) pH-responsive release of CAPE from complex micelles in
buffers at pH 5.0 and 7.4. (B) GSH-responsive release of CAPE from
complex micelles with varying concentrations of GSH at pH 7.4.
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nearly complete dissociation of the complex micelles in
response to weak acid at pH 5.0. When GSH was used at neutral
pH 7.4, faster drug-release was also observed than that without
GSH with the cumulated CAPE release of 98.3% both for 10 and
20 mM GSH in 24 h, indicating complete dissociation of the
drug-loaded complex micelles in response to GSH. The release
profiles under 10 and 20 mM GSH were exactly overlapped,
suggesting that the physiological GSH concentration of 10 mM
(ref. 37 and 38) was enough for triggering complete CAPE
release from the complex micelles. The pH- and GSH-responsive
drug-releases make the PEG-b-PLys/2-FPBA/CAPE micelles as
promising nanocarriers for intracellular delivery. It was noted
that, under different conditions, the drug-release rates were fast
in the initial 2 h and then slowed down in 24 h, which may be
attributed to that both the imine bond and boronate were of
dynamic covalent ones that were sensitive to continuous dilu-
tion by dialysis against the external fluid. This moved the
equilibrium towards the direction of the hydrolysis of the imi-
noboronate and thus destroyed the drug-loaded micelles. We
currently found that multi-catechol-containing molecules such
as epigallocatechin gallate (EGCG) and tannin acid could also
be co-encapsulated into the PEG-b-PLys/2-FPBA/CAPE micelles
via more stronger interaction between catechol moiety and
boronic acid.***® This may not only increase micelle stability
because of possible cross-linking effect and ameliorate drug-
release profile but also provide a feasible way to co-delivery of
more than one hydrophilic drugs for enhancing anti-tumor
effects as both EGCG and tannin acid are active in anticancer
therapy. Further study is now being carried out focusing on
EGCG or tannin acid co-encapsulated PEG-b-PLys/2-FPBA/CAPE
system with increased micelle stability, ameliorated drug-
release profile, and enhanced anticancer effect.

3.5. Cellular uptake of CAPE-loaded micelles

The cellular uptake behavior of FITC labeled, CAPE loaded
complex micelles in human HepG2 cells was investigated
using CLSM (Fig. 7). Clearly, distinct FITC fluorescence was
observed in HepG2 cells after incubation with FITC labelled
complex micelles for 4 h, which demonstrated that the CAPE-
loaded complex micelles can be endocytosed by cancer cells
efficiently.

Fig. 7 CLSM images of HepG2 cells incubated with FITC-labeled,
drug-loaded micelles for 4 h. The images from left to right show FITC
fluorescence in cells (green), cell nuclei stained by DAPI (blue), and
overlays of the two images. The scale bars correspond to 10 um in all
images.
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4. Conclusions

In conclusion, we present herein a direct and simple way to
prepare dual-responsive complex micelles for loading of
hydrophilic drugs via a simple subcomponent self-assembly of
block copolymer PEG-b-PLys, 2-FPBA and a 1,2-diol-containing
drug CAPE under physiological pH 7.4 based on the syner-
gistic formation of iminoboronate. The complex micelles are
stable under physiological neutral condition but could be
destroyed in response to the stimuli of physiological acid
condition (pH 5.0) and/or glutathione (GSH) because of the
breakage of the iminoboronate structure. pH- and GSH-
responsive drug-releases are successfully achieved. Also, the
drug-loaded complex micelles can be endocytosed by HepG2
cells and efficiently deliver hydrophilic drugs into them. The
features of easy and convenient encapsulation of 1,2-diol con-
taining drugs via simple subcomponent self-assembly as well as
physiological acid pH- and GSH-responsiveness make the
complex micelles as promising nanocarriers for intracellular
delivery of hydrophilic 1,2-diol-containing anticancer drugs.
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