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a  b  s  t  r  a  c  t

Amphiphilic  poly(acrylic  acid-co-acrylamidophenylboronic  acid)-block-poly(2-acryloxyethyl  galactose)-
block-poly(acrylic  acid-co-acrylamidophenylboronic  acid)  (((PAA-co-PAAPBA)-b-)2PAEG)  copolymer  was
fabricated:  The  poly(2-acryloyloxyethyl  pentaacetylgalactoside)  (PAEAcG)  with  narrow  molecular  weight
distributions  (Mw/Mn ≤  1.22)  was  prepared  by  atom  transfer  radical  polymerization  (ATRP)  using
dibromo-p-xylene  (DBX)  as  initiator.  Then  the  well-defined  triblock  copolymer  poly(t-butyl  acrylate)-b-
poly(2-acryloyloxyethyl  pentaacetylgalactoside)-b-poly(t-butyl  acrylate)  (PtBA-b-PAEAcG-b-PtBA)  was
synthesized  by  ATRP  of  tBA  using  PAEAcG  homopolymer  with  dibromo  end  groups  as  macroinitiator.
H-sensitivity
lucose-sensitivity

nsulin release

After  hydrolysis  of  t-butyl  acrylate  block,  amide  linkage  and  deacetylation,  the  final  copolymer  ((PAA-
co-PAAPBA)-b-)2PAEG  was  obtained.  Because  of  characteristics  of  three  different  segments,  amphiphilic
((PAA-co-PAAPBA)-b-)2PAEG  can  self-assemble  into  pH-  and  glucose-responsive  nanoparticles  studied
by dynamic  light  scattering  (DLS)  and  transmission  electron  microscopy  (TEM).  Furthermore,  the in  vitro
release profiles  of insulin  also  revealed  obvious  pH-  and  glucose-sensitivity  of  the nanoparticles.  The
analysis  of cell  viability  suggested  that the  copolymer  nanoparticles  had  good  cytocompatibility.
. Introduction

Stimuli-responsive polymers have received much attention in
he last years because of their use in areas such as drug and
ene delivery, tissue engineering and biosensors (Bae, Fukushima,
arada, & Kataoka, 2003; Ganta, Devalapally, Shahiwala, & Amiji,
008; Reppy & Pindzola, 2007; Rijcken, Soga, Hennink, & Nostrum,
007; Xue et al., 2009). They undergo abrupt physical or chem-

cal change in response to change of environmental conditions
uch as pH, temperature, light, magnetic field, and glucose (Gil

 Hudson, 2004; Hernández, Chécot, Gnanou, & Lecommandoux,
005; Lattuada & Hatton, 2007; Zhao, 2009). Poly(acrylic acid)
PAA) is one of the most studied pH-responsive polymers (Alarcon,
ennadam, & Alexander, 2005; Bajpai, Shukla, Bhanu, & Kankane,
008; Lowe & McCormick, 2007). The sensitivity comes from the

onization of the carboxyl groups. PAA is ionized and hydrophilic at
igh pH, and non-ionized and hydrophobic at low pH. Polymeric
icelles including PAA have been extensively studied in recent
ears. The pH-responsive poly(acrylic acid-b-dl-lactide) micelles
ere stable at a pH above 3.0, however, they aggregated and pre-

ipitated in the solution when further decreasing pH (Xue et al.,

∗ Corresponding authors. Tel.: +86 22 2350 1645; fax: +86 22 2350 5598.
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2009). Block copolymer PAA-b-P4VP formed micelles with different
structures at different pH values. At low pH, polymer was  proto-
nated, micelles formed with hydrophobic PAA core and cationic
polyelectrolyte P4VP shell. While at high pH, protons were released,
micelles formed with hydrophobic P4VP core and anionic polyelec-
trolyte PAA shell (Bo & Zhao, 2006).

On the other hand, glucose is a particularly interesting target
molecule owing to its inherent biological activities and physico-
chemical properties in living organisms. Phenylboronic acid (PBA)
group has been frequently utilized to design glucose-responsive
materials due to their unique reversible covalent interaction with
cis-diol moiety in glucose to form cyclic boronate moieties. An
important property of PBA in aqueous medium is that they are in
equilibrium between an uncharged and a charged form (Horgan
et al., 2006). The charged PBA is well known to form a stable
complex with glucose in aqueous medium, which lay the founda-
tion for the glucose-responsiveness of PBA-containing materials
(Li, Larsson, Jungvid, Galaev, & Mattiasson, 2001; Winblade,
Nikolic, Hoffman, & Hubbell, 2000). The block copolymer poly(3-
acrylamidophenylboronic acid)-b-poly(N,N-dimethylacrylamide)
was  prepared via the RAFT polymerization of unprotected 3-
acrylamidophenylboronic acid monomers, and the copolymer was

responsive to glucose (Roy, Cambre, & Sumerlin, 2008). Glucose-
responsive micelles from 3-aminophenyboronic acid-modified
PEG-b-PAA copolymer were fabricated, and insulin-loaded micel-
lar nanoparticles exhibited glucose-regulated insulin release

dx.doi.org/10.1016/j.carbpol.2012.02.060
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Y. Wang et al. / Carbohydra

haracteristics (Wang et al., 2009). However, a disadvantage
f boronic acid-containing compounds is that they have some
egree of cytotoxic activity (Qureshi, Al-Shabanah, Al-Harbi, Al-
ekairi, & Raza, 2001). To address this problem, it is necessary to

ntroduce biocompatible compounds. Materials containing carbo-
ydrate moieties as pendant groups have received more and more
ttention due to their biological and biomedical functions, and car-
ohydrates containing abundant hydroxyl groups could improve
he hydrophilicity and biocompatibility of the carbohydrate-
mmobilized materials (Auzély-Velty, Cristea, & Rinaudo, 2002;
amiral, Melia, & Haddleton, 2004; Xiao, Li, Liang, & Lu, 2008).

In this paper, first, phenylboronic acid functionalized glycopoly-
er  ((PAA-co-PAAPBA)-b-)2PAEG was synthesized: The PAEAcG

omopolymers with dibromo end groups were prepared by ATRP
sing dibromo-p-xylene (DBX) as initiator. The monomer conver-
ion as a function of time, and molecular weight (Mn) and molecular
eight distribution (Mw/Mn) as a function of monomer conversion
ere analyzed. Then, PtBA-b-PAEAcG-b-PtBA triblock copolymer
as prepared by subsequent ATRP using PAEAcG  as macroinitia-

or. After hydrolysis of t-butyl acrylate block, amide linkage and
eacetylation, the final copolymer ((PAA-co-PAAPBA)-b-)2PAEG
as obtained. Second, we prepared ((PAA-co-PAAPBA)-b-)2PAEG
anoparticles by a self-assembly process and studied the pH- and
lucose-responsibility of the nanoparticles (Scheme 1) by dynamic
ight scattering (DLS) and transmission electron microscopy (TEM).
inally, the encapsulation behavior of the nanoparticles using
he insulin as model drug and the release properties of the
nsulin-loaded nanoparticles under different pH values and glucose
oncentrations were evaluated.

. Experimental

.1. Materials

t-Butyl acrylate (tBA) (Aldrich, 98%) was distilled under
educed pressure before use. 2-O-acryloyloxyethyl-(2,3,4,6-tetra-
-acetyl-ˇ-d-galactopyranoside) (AEAcG) was prepared using

 method similar to that described by our group and oth-
rs (Dahmen, Frejd, Gronberg, Lave Thomas Magnusson, &
oori, 1983; Murakami, Hirono, Sato, & Furusawa, 2007).
,N,N′,N′,N′′-Pentamethyl diethylenetriamine (PMDETA), 1-ethyl-
-(3-dimethylaminopropyl-carbodiimide) hydrochloride (EDC),
-hydroxybenzotrizole (HOBt), and 3-[4,5-dimethylthiazol-2-yl]-
,5-diphenylterazolium bromide (MTT) were purchased from the
&K China Chemical Ltd. (Beijing, China) and used without further
urification. Pure crystalline porcine insulin (with a nominal activ-

ty of 28 IU/mg) that was used without further purification was
btained from the Xuzhou Wanbang Biochemical Co., Ltd. (Jiangsu,
hina). The semipermeable membrane (molecular weight cutoff
MWCO) = 3500) used for dialysis was purchased from Shanghai
reen Bird Science and Technology Co. Ltd. (Shanghai, China). All
ther solvents and reagents of the highest grade were purchased
rom commercial sources and were used as received, unless other-
ise noted.

.2. Synthesis of poly(acrylic acid-co-acryl amidophenylboronic
cid)-block-poly(2-acryloxyethyl galactose)-block-poly(acrylic
cid-co-acryl amidophenylboronic acid)
((PAA-co-PAAPBA)-b-)2PAEG) copolymer

((PAA-co-PAAPBA)-b-)2PAEG copolymer was synthesized as fol-

ows: First PAEAcG homopolymer was prepared by ATRP of AEAcG
sing DBX as initiator, with bipy as the ligand in conjunction with
uBr in chlorobenzene at 80 ◦C. The tubers were removed at prede-
ermined intervals for kinetic and gel permeation chromatography
ymers 89 (2012) 124– 131 125

(GPC) analysis (Dong, Sun, Faucher, Apkarian, & Chaikof, 2004; Li,
Liang, Chen, & Li, 2000; Liang, Li, Chen, & Li, 1999). Then, PtBA-b-
PAEAcG-b-PtBA triblock copolymer was  prepared by subsequent
ATRP at 90 ◦C under nitrogen in a solvent mixture of butanone
and 2-propanol (7:3, v/v) using PAEAcG as macroinitiator and a
CuBr/PMDETA catalyst/ligand system (Storey, Scheuer, & Achord,
2005).

In the next step, poly(acrylic acid)-b-poly(2-acryloyloxyethyl
pentaacetylgalactoside)-b-poly(acrylic acid) (PAA-b-PAEAcG-b-
PAA) was prepared by hydrolyzing PtBA-b-PAEAcG-b-PtBA in
CH2Cl2 with trifluoroacetic acid at room temperature for 24 h (Lu,
Liu, & Duncan, 2005; Tian, Ravi, Bromberg, Hatton, & Tam, 2007).
Then, the carboxylic acid group of PAA-b-PAEAcG-b-PAA reacted
with the amino group of 3-aminophenylboronic acid (APBA) mono-
hydrate to form poly(acrylic acid-co-acryl amidophenylboronic
acid)-block-poly(2-acryloyloxyethyl pentaacetylgalactoside)-
block-poly(acrylic acid-co-acryl amidophenylboronic acid)
(((PAA-co-PAAPBA)-b-)2PAEAcG) copolymer by the amide linkage.
The coupling reaction was carried out in dimethylformamide at
room temperature in the presence of EDC and HOBt (Wang et al.,
2009). Finally, the deacetylation of ((PAA-co-PAAPBA)-b-)2PAEAcG
copolymer was achieved by treatment with hydrazine monohy-
drate in dimethyl sulfoxide (DMSO) and H2O (4:1, v/v) at room
temperature (Dong, Faucher, & Chaikof, 2004; Tsutsumiuchi, Aoi,
& Okada, 1997).

2.3. Preparation and characterization of the nanoparticles

((PAA-co-PAAPBA)-b-)2PAEG nanoparticles were prepared by
the nanoprecipitation method. Briefly, 5 mg  of amphiphilic block
copolymer was dissolved in 1 mL  of a mixed solvent of DMSO and
H2O (4:1, v/v) and was  added dropwise to water under stirring. The
resulting suspension was  stirred for an additional 30 min  and was
then dialyzed. The suspension was analyzed as is or freeze-dried
for further characterization.

In order to study the pH sensitivity of nanoparticles, the
nanoparticles were prepared with varying pH values adjusted by
either 0.1 M NaOH or HCl. The hydrodynamic diameter (DH), poly-
dispersity index (PDI) and zeta potential of the nanoparticles were
determined by dynamic light scattering analyzer (Malvern, Nano
ZS90/ZEN3690). Furthermore, the DH and PDI of the nanoparticles,
before and after the treatment with 1 and 3 mg/mL glucose, were
also determined by dynamic light scattering (DLS). The measure-
ment was carried out at 25 ◦C in aqueous solution of pH 7.4, with
the exception of one array of samples, which were analyzed at pH
9.0. The data reported herein represented an average of at least
triplicate measurements.

The morphology of nanoparticles was examined by trans-
mission electron microscopy (TEM, Philips EM400ST). The TEM
samples were prepared by placing a few drops of nanoparticle
suspension on a 300-mesh copper grid covered with carbon and
allowed to stand for 20 s. Excess solutions on the grid were gently
removed with absorbent paper. The samples were then dried for 2
days.

2.4. Encapsulation of insulin

To assess the potential use of these nanoparticles as drug deliv-
ery system, insulin was  chosen to study the encapsulation behavior
of the nanoparticles. Insulin (5 mg)  was dissolved in 10 mL  of dis-
tilled water, then ((PAA-co-PAAPBA)-b-)2PAEG copolymer solution
was  added slowly to insulin solution under stirring. The insulin-

loaded nanoparticles were obtained by centrifugation at 11000 rpm
for 30 min  and washed with distilled water three times. The amount
of free insulin in the supernatant was measured by the Bradford
method using a UV spectrometer (Shimadzu, UV-2550) at 595 nm.
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Scheme 1. Schematic illustration of the pH- and glucose-res

nsulin entrapment efficiency (EE) and loading capacity (LC) were
alculated using the following equations:

E% = total insulin − free insulin
total insulin

× 100

C% = total insulin − free insulin
nanoparticles weight

× 100

All measurements were performed in triplicate and averaged.

.5. In vitro release studies

Insulin release was analyzed by incubating insulin-loaded
(PAA-co-PAAPBA)-b-)2PAEG nanoparticles in different pH value
olutions with different glucose concentrations at 37 ◦C while shak-
ng (100 rev/min). At appropriate time points, 100 �L supernatant

as withdrawn and fresh solution was replenished. The amount
f free insulin was determined by the Bradford assay. A calibration
urve was made using blank nanoparticles in order to correct for
he intrinsic absorption of the polymer. In each experiment, the
amples were analyzed in triplicate and the error bars in the plot
epresented the standard deviation.

.6. Cell viability

Cell viability was evaluated by using CHO cells. The cell line was
ultured in Dulbecco’s modified Eagle’s medium (DMEM) in 5% CO2,
5% O2. The cells were seeded on to 96-well plates at 10,000 cells
er well. Cells were allowed to grow until cell monolayers were
btained. The copolymers were dissolved in a mixed solvent of
MSO and H2O (4:1, v/v). After removal of the organic solvent by
ialysis, the resulting solution was diluted with culture medium
o give a final range of concentrations from 50 to 500 �g/mL. The

edium from each well was replaced with 100 �L of the copoly-
er  solution. The plates were incubated at 37 ◦C in 5% CO2 for 24 h.

ach sample was plated in five replicates per plate. After 2 and 4
ays, the culture medium and 10 �L of MTT  were used to replace

he mixture in each well. The cells were incubated for another 4 h
n 5% CO2 at 37 ◦C prior to removal of the culture medium and MTT.
sopropanol (100 �L) was  added to each well to dissolve the for-

azan crystals that formed in response to MTT  exposure. Plates
ve self-assembly of ((PAA-co-PAAPBA)-b-)2PAEG copolymer.

were incubated in 5% CO2 at 37 ◦C for 10 min  and at 6 ◦C for 15 min
prior to determination of optical density using a microplate reader
at 570 nm.  Relative cell proliferation rate was determined as a per-
centage of the negative control; untreated cells were used as the
negative control and their proliferation rate was set to 100%.

3. Results and discussion

3.1. Synthesis and characterization of
((PAA-co-PAAPBA)-b-)2PAEG copolymer

((PAA-co-PAAPBA)-b-)2PAEG copolymer was  synthesized via
sequential ATRP and amide linkage. First, PAEAcG homopolymer
was  prepared by ATRP of AEAcG  using DBX as initiator. Fig. S2A
shows the first-order plot for the ATRP polymerization of AEAcG.
It can be seen that polymerization took place smoothly. However,
deviations from the linear line were observed at higher conver-
sions. This might be attributed to the decreasing concentration of
active species with the polymerization system over time. It was
clear that this represented a relative increase in the rate of termi-
nation. Fig. S2B is the dependence of Mn and Mw/Mn of the obtained
polymer on the polymerization conversion. It can be seen that Mn
increased linearly with the polymerization conversion. This fig-
ure also shows that the polymerization resulted in low Mw/Mn,
which was  typical for all polymerization. As monomer conversion
increased, the Mw/Mn increased slightly, suggesting termination
activity, which was  inherent in free radical polymerizations. Fur-
thermore, the PAEAcG  homopolymers with different molecular
weights were synthesized by changing the mole ratio of monomer
to initiator. As listed in Table S1,  Mn,NMR was in agreement with
Mn,theo and Mn,GPC. The GPC curves for the ATRP of AEAcG  are
shown in Fig. S3A and B. All told, these results indicate that the
ATRP of AEAcG  monomer was  of a controlled/“living” radical poly-
meriazation and well defined PAEAcG  homopolymers with dibromo
end groups were obtained. Then, PtBA-b-PAEAcG-b-PtBA triblock
copolymer was prepared by subsequent ATRP using PAEAcG as
macroinitiator. When PAEAcG  macroinitiator was low molecular

weight (Table S2),  the Mn,GPC and Mn,theo of PtBA-b-PAEAcG-b-PtBA
were very approximate, demonstrating high initiation efficiency.
However, for PAEAcG macroinitiator with high molecular weight
(Table S2), the Mn of PtBA-b-PAEAcG-b-PtBA by GPC was  higher
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Table 1
The physicochemical properties of ((PAA-co-PAAPBA)-b-)2PAEG nanoparticles.

Sample Insulin concentration
(mg/mL)

DH (nm) PDI Zeta potential (mV) EE (%) LC (%)

((PAA28-co-PAAPBA38)-b-)2PAEG11 0 224.5 ± 0.9 0.36 ± 0.009 −31.2 ± 1.19 – –
0.5  232.2 ± 1.2 0.32 ± 0.023 −33.0 ± 0.70 57.00 ± 1.40 35.62 ± 0.89

((PAA19-co-PAAPBA47)-b-)2PAEG11 0 214.5 ± 0.7 0.23 ± 0.017 −22.6 ± 1.16 – –
0.5  221.6 ± 0.9 0.25 ± 0.021 −25.6 ± 0.27 50.21 ± 0.40 29.37 ± 0.35

((PAA13-co-PAAPBA53)-b-)2PAEG11 0 270.2 ± 1.2 0.19 ± 0.007 −26.7 ± 0.96 – –
0.5  280.2 ± 1.3 0.18 ± 0.015 −31.9 ± 0.71 45.87 ± 0.40 20.34 ± 0.54
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sensitive. It was necessary to study the glucose-sensitivity of the
nanoparticles. Table 3 shows the DH and PDI of nanoparticles in
aqueous solution of pH 7.4 and 9.0 with different glucose concen-
trations measured at 25 ◦C. Even after glucose treatment, there was

Table 2
DH, PDI and zeta potential of ((PAA28-co-PAAPBA38)-b-)2PAEG11 nanoparticles at
different pH values measured by DLS.

pH value DH (nm) PDI Zeta potential (mV)

1.0 Precipitation Precipitation Precipitation
3.0  Precipitation Precipitation Precipitation
han expected. It was known that not all PAEAcG  homopolymers
btained by the ATRP using DBX as initiator were terminated on
oth ends by bromine, and some side reactions were possible on the
erminal bromo groups during the polymerization of tBA. Fig. S3C
hows the GPC curves of the macroinitiators and triblock copoly-
ers. As can be observed in the figure, an obvious shift was found

hrough the copolymerization, and these curves were monomodal.
aken together these data indicate a degree of control for the ATRP
f tBA using PAEAcG macroinitiators.

In the next step, PAA-b-PAEAcG-b-PAA was prepared by
ydrolyzing PtBA-b-PAEAcG-b-PtBA. Then, the carboxylic acid
roup of PAA-b-PAEAcG-b-PAA reacted with the amino group
f APBA monohydrate to form ((PAA-co-PAAPBA)-b-)2PAEAcG
opolymer by the amide linkage. As shown in Table S3,  ((PAA-
o-PAAPBA)-b-)2PAEAcG copolymers with different degrees
f modification such as 76, 94 and 106 were synthesized.
inally, the deacetylation of ((PAA-co-PAAPBA)-b-)2PAEAcG
opolymer was successfully achieved by treatment with
ydrazine monohydrate in DMSO and H2O (4:1, v/v) at room
emperature. Thus, sequential ATRP and coupling reaction
rovide a facile approach for the synthesis of amphiphilic
(PAA-co-PAAPBA)-b-)2PAEG.

.2. Characterization of blank and insulin-loaded nanoparticles

The PAEG and PAA segments were soluble in neutral solution,
nd the PAAPBA segment was insoluble in acidic or neutral solu-
ion. Therefore, the nanoparticles self-assembled by amphiphilic
(PAA-co-PAAPBA)-b-)2PAEG had a core–shell structure with a
ydrophobic core composed of PAAPBA and hydrophilic shell com-
osed of PAEG and PAA in the aqueous solution at pH 7.0, and
he complexation of PBA with the galactose moieties in PAEG also
romoted the self-assembly (Scheme 1).

According to DLS measurement, the mean size of blank nanopar-
icles was in range of 230 to 270 nm with narrow distribution
Table 1). The zeta potentials of ((PAA-co-PAAPBA)-b-)2PAEG
anoparticles were about −25 mV  (Table 1), which was attributed
o charged phenylboronic acid and deprotonated carboxylic group
f copolymer.

Insulin with random sequenced hydrophilic and hydropho-
ic amino acid in the linear chain can self-assemble with the
mphiphilic glycopolymers due to hydrophilic and hydropho-
ic interaction. The insulin-loaded ((PAA-co-PAAPBA)-b-)2PAEG
anoparticles were prepared by the self-assembly process. The
ean size of the nanoparticles became greater after the drug load-

ng (Table 1). In addition, the surface charge of insulin-loaded
anoparticles was more negative than that of blank nanoparticles.

his was due to the net negative charge of insulin (pI  5.3) in pH 7.0
queous solution. The results also show that EE and LC increased
ith increasing hydrophilic content, and the LC was more than 20%

or the three nanoparticles (Table 1).
3.3. pH-sensitivity of nanoparticles

It is well-known that PAA chain and PAAPBA segment undergo
magnificent conformation changes as the pH value increases.
Therefore, it is interesting to study pH-sensitivity of nanoparti-
cles. The DH and zeta potential of nanoparticles in aqueous solution
with different pH values were characterized by DLS (Table 2). The
aggregation and precipitation of the nanoparticles were observed
at pH 1.0 and 3.0, which can be attributed to the complexation
between PAA and PAEG through the hydrogen bonding interac-
tion between the carboxyl groups of PAA (pKa = 4.7) and hydroxyl
groups of PAEG. The hydrophilic-hydrophobic balance was shifted
toward hydrophobicity, resulting in aggregation of the nanoparti-
cles. However, the nanoparticles were stable at pH 5.0, 7.0 and 9.0
with negative charge, and little change in the size of the nanopar-
ticles had been found. This was  due to that PAA had been totally
ionized at these pH values. In addition, as the pH value increased,
the zeta potential became more negative. It was possible that the
more interactions between PBA and galactose moieties in PAEG
at higher pH values, the easier the shift of the equilibrium to the
direction of negative charged forms. A further increase of the pH
value to 11 resulted in the pronounced increase of the nanoparticle
size. The high pH can enhance the ionization degree of boronic acid
(pKa = 8.2), as indicated by the zeta potential of the nanoparticles at
pH 11 (the zeta potential tests revealed that the zeta potential of the
nanoparticles at this pH was most negative). As a result, the charge
repulsion in the nanoparticles increased, leading to the swelling of
nanoparticles. Furthermore, Fig. 1 shows the TEM image of ((PAA28-
co-PAAPBA38)-b-)2PAEG11 nanoparticles at pH 7.0 (Fig. 1A) and 11
(Fig. 1B), and the nanoparticles had a spherical shape. A dramatic
increase in the size at pH 11 was  observed, which was  in good agree-
ment with DLS results. These data indicate that the nanoparticles
exhibit pH-responsive property.

3.4. Glucose-sensitivity of nanoparticles

The introduction of PBA made the nanoparticles glucose-
5.0  230.4 ± 4.39 0.33 ± 0.074 −24.7 ± 0.25
7.0  224.6 ± 1.55 0.29 ± 0.011 −25.5 ± 0.46
9.0  239.7 ± 1.96 0.24 ± 0.005 −25.9 ± 0.008

11 307.3 ± 2.63 0.26 ± 0.038 −30.5 ± 3.160
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Table  3
DH and PDI of the nanoparticles at various glucose concentrations measured by DLS.

Sample pH Value Glucose concentration (0 mg/mL) Glucose concentration (1 mg/mL) Glucose concentration (3 mg/mL)
DH (nm)/PDI DH(nm)/PDI DH (nm)/PDI

((PAA28-co-PAAPBA38)-b-)2PAEG11 9.0 239.7/0.24 271.2/0.27 338.6/0.30
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((PAA28-co-PAAPBA38)-b-)2PAEG11 7.4 228.9/0.36 

((PAA19-co-PAAPBA47)-b-)2PAEG11 7.4 215.9/0.23 

((PAA13-co-PAAPBA53)-b-)2PAEG11 7.4 288.2/0.19 

 narrow size distribution, with the PDI ranging from 0.19 to 0.36 for
ll the samples analyzed. The ((PAA28-co-PAAPBA38)-b-)2PAEG11
anoparticle size expanded dramatically with an increase in glu-
ose concentration at pH 9.0. In the absence of glucose, the DH
as only 257.7 nm.  However, the nanoparticles swelled to nearly

0 nm in size when glucose concentration was 3 mg/mL. As shown
n Fig. 2, after glucose treatment, the nanoparticles had a compact
ore surrounded by a fluffy coat, and the size increased obviously.
hese were due to the glucose-sensitivity of the PBA in nanopar-
icles. The PBA group shifted the ionization equilibrium toward
he charged form when complexation with free glucose occurred
round the pKa (pKa = 8.2), which caused nanoparticles swelling.
e repeated the same experiment at pH 7.4 and observed that the
H values of the nanoparticles after treatment with 1 and 3 mg/mL
f glucose were slightly greater than that without glucose. The coor-
ination between the carboxylate anion and PBA can reduce the pKa

ig. 1. TEM micrograph of ((PAA28-co-PAAPBA38)-b-)2PAEG11 nanoparticles at pH
.0  (A) and pH 11 (B).
235.5/0.32 241.9/0.29
224.0/0.25 228.7/0.25
297.2/0.18 304.1/0.22

of the PBA (Wang et al., 2010). As a result, the ((PAA-co-PAAPBA)-
b-)2PAEG nanoparticles showed a degree of sensitivity to glucose
at pH 7.4.

3.5. In vitro release of insulin

Fig. 3A shows the release profiles of insulin from drug-loaded
nanoparticles in pH 1.0 HCl solution and pH 7.4 phosphate buffer
solution without glucose. At pH 1.0, the burst release of insulin
occurred during the initial 2 h, and 73% of insulin was  released.
At this pH, the hydrogen bonding interaction between the car-
boxyl groups of PAA (pKa = 4.7) and hydroxyl groups of PAEG was

strengthened. And, the interaction between PBA and galactose
moieties in PAEG was weakened. These may  result in that the inter-
action between insulin and polymers was weakened and insulin
was  released from nanoparticles. Additionally, the good solubility

Fig. 2. TEM micrograph of ((PAA28-co-PAAPBA38)-b-)2PAEG11 nanoparticles before
(A) and after (B) treatment with 3 mg/mL glucose at pH 9.0.
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Fig. 3. In vivo release profiles of insulin. (A) In vitro release profiles from ((PAA13-co-
PAAPBA53)-b-)2PAEG11 nanoparticles at pH 1.0 and 7.4; (B) In vitro release profiles
from  ((PAA28-co-PAAPBA38)-b-)2PAEG11 nanoparticles at various glucose concen-
trations; (C) In vitro release profiles of insulin from ((PAA-co-PAAPBA)-b-)2PAEG
nanoparticles at a glucose concentration of 3 mg/mL.
Fig. 4. Cell viability after incubation as function of nanoparticles concentration by
MTT  assay, at 37 ◦C for (A) 2 days and (B) 4 days.

of insulin and PAA at pH 1.0 led to more insulin release. Within
8 h, 95% insulin was  released followed by the establishment of a
plateau phase. In contrast, a maximum of only 26.7% insulin could
be released within 103 h at pH 7.4. The nanoparticles were stable
at pH 7.4, so the hydrophilic and hydrophobic interaction between
amphiphilic glypolymers and insulin may  retard insulin release.
Most importantly, the poor solubility of insulin at this pH resulted
in a certain amount of insulin staying in the nanoparticles.

Fig. 3B shows the cumulative release profiles of insulin in
response to different concentrations of glucose at pH 7.4. The
results indicate a burst release phase for all glucose concentra-
tions was  examined within 3 h. After the first couple of hours,
insulin was  gradually released from the nanoparticles. The burst
release without glucose corresponded to the diffusion of insulin
located on the nanoparticle surfaces. In the medium containing
glucose, the burst of insulin was  much higher, with 40% and
60% of the insulin being released following treatment with 1 and
3 mg/mL  of glucose, respectively, compared to 17% insulin release
in nanoparticles incubated in glucose-free medium. The amounts
of insulin released after 13 h for each glucose concentration were
30%, 71%, and 97%, respectively. Another study on release profile of

((PAA28-co-PAAPBA38)-b-)2PAEG11 nanoparticles was conducted
by changing the glucose concentration from 0 to 3 mg/mL in
the same medium. The rapid release occurred after 15.5 h was
for glucose-sensitive release. These results suggest that the
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anoparticles were responsive to glucose and released insulin
apidly upon exposure to glucose.

Fig. 3C shows the release profile of insulin in the medium
f the same glucose concentration (3 mg/mL) at pH 7.4. Insulin
as released from the nanoparticles in the following order:

(PAA28-co-PAAPBA38)-b-)2PAEG11 > ((PAA19-co-PAAPBA47)-b-
2PAEG11 > ((PAA13-co-PAAPBA53)-b-)2PAEG11, and the cumulative
mounts of insulin released after 30 h for each nanoparticles were
8%, 56% and 47%, respectively. The nanoparticles became swollen
fter glucose exposure, which resulted in a rapid release of insulin.
urthermore, the more the hydrophilic segments in ((PAA-co-
AAPBA)-b-)2PAEG copolymer, the easier it was for the glucose to
ccess and penetrate the nanoparticles and react with PBA.

.6. Cell viability

Most of the boronated moieties and their derivatives have cyto-
oxic activity (Alarcon et al., 2005). Therefore, it was important to
erify the harmless nature of the nanoparticles. As shown in Fig. 4A,
t was found that the cell viability of CHO cells was  maintained
ver 80% with different concentrations of nanoparticles (from 50
o 500 �g/ml) for 2 days. However, the cell viability decreased
learly after incubated for 4 days (Fig. 4B). After treatment with
he three nanoparticles for 2 days or 4 days, the cell viability was in
he following order: ((PAA28-co-PAAPBA38)-b-)2PAEG11 > ((PAA19-
o-PAAPBA47)-b-)2PAEG11 > ((PAA13-co-PAAPBA53)-b-)2PAEG11. It
as clear that the cell viability increased slightly as the carbohy-
rate moieties in the copolymer increased. The reduction of the
ytotoxicity of PBA was mainly attributed to the introduction of the
arbohydrate moieties, which was in agreement with the results
eported by Jin et al. (2009).  A possible mechanism for these was
hat hydrophilic sugar containing hydroxide groups covered the
BA, thus reducing the interaction between PBA and the cells. The
opolymers containing more PAEG segment have the potential for
n vivo use.

. Conclusions

In this study, amphiphilic ((PAA-co-PAAPBA)-b-)2PAEG copoly-
er was fabricated and self-assembled into pH- and glucose-

ensitive nanoparticles. At pH 1.0 and 3.0, the aggregation and
recipitation of the nanoparticles was observed. The nanopar-
icles were stable at pH 5.0, 7.0 and 9.0 with negative charge
∼−25 mV). The particle size increased significantly as pH increased
o 11. Moreover, the glucose-responsive behavior of ((PAA-co-
AAPBA)-b-)2PAEG nanoparticles was dependent on the pH value.
he sensibility of the nanoparticles to glucose was stronger at
H 9.0 than pH 7.4. Insulin release profiles also revealed that the
elease of insulin was in correlation with pH value and glucose
oncentration. Additionally, cell viability suggested the copolymer
anoparticles have good cytocompatibility.
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