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H-responsive block
glycopolymers with different structures for the
delivery of doxorubicin†

Ibrahim Abdalla, ac Jiaming Xu,a Danyue Wang,a Han Tong,a Bin Sun, a

Bin Ding, bc Xiaoze Jiang *a and Meifang Zhua

To understand the influence of the construction of pH-responsive glycopolymer carriers on loading and release

behaviors of the drug, three types of block glycopolymers with similar compositions but different constructions,

PEG-b-P(DEA-co-GAMA), PEG-b-PDEA-b-PGAMA and PEG-b-PGAMA-b-PDEA, were successfully synthesized

via atom transfer radical polymerization (ATRP) method. The compositions and structures of the three

glycopolymers were characterized using 1H NMR (nuclear magnetic resonance) and GPC (gel permeation

chromatography), while the morphology and size of aggregates from pH-sensitive block glycopolymers were

measured using TEM (transmission electron microscopy) and DLS (dynamic light scattering). The results

indicated that the micelles prepared from PEG-b-PGAMA-b-PDEA had a more compact shell structure. The

drug-loaded micelles were prepared using the diafiltration method at pH 10, and the loading content and

loading efficiency were analyzed using a UV-visible spectrophotometer. DOX-loaded micelles formed by

PEG-b-PGAMA-b-PDEA with the more compact shell construction showed the highest loading content and

loading efficiency (12.0 wt% and 58.0%) compared with the other two micelles. Moreover, the DOX release

tests of these micelles were carried out under two PBS conditions (pH 7.4 and pH 5.5), and the DOX release

amount in a certain time was analyzed using a UV-visible spectrophotometer. The results showed that the

more compact shell construction of the three layered micelle obstructed the diffusion of a proton into the

PDEA core at pH 5.5 and delayed the drug from releasing under both conditions. Moreover the two-layered

micelle with a PDEA and PGAMA mixed core showed a relatively high release amount owing to the porous

core permitting unimpeded releasing at pH 7.4 and promoted the protonation of PDEA at pH 5.5. Insights

gained from this study show that the structure of block copolymers, leading to different constructions of

micelles, could adjust the drug loading and release behavior to certain extent, thus it may contribute to

improving the design of desirable drug delivery systems.
1 Introduction

Driven by the need to reduce the side effects of chemotherapy
and enhance the specic cytotoxicity of drugs against cancer
cells, numerous drug delivery systems for controlled release of
drugs were designed over the past several decades.1,2 Shell–core
structured micelles, self-assembled by block copolymers, are
a classic drug delivery system, which loads the drug and delivers
it to the location of the lesion. The shell provides stability in
Chemical Fibers and Polymer Materials,

eering, Donghua University, Shanghai

u.cn

nology, Ministry of Education, College of

620, China

echnology, Donghua University, Shanghai

SI) available: Loading calibration curve
n PBSmedia pH 7.4 of DOX, and release
DOX. See DOI: 10.1039/c8ra09475f
aqueous conditions due to its hydrophilicity and biocompati-
bility, while the core stores the hydrophobic drugs such as
doxorubicin via hydrophobic interactions.3,4

An ideal drug-delivery nano-platform could overcome the
dilemma as it maintains the drug in the core under normal
physical conditions, while releasing the drug at tumor sites.
Thus, stimuli-responsive drug carriers have been investigated
aiming at the controlled release of anti-cancer drugs according
to the difference between normal tissue and tumor sites.5–7

Among the most popular stimuli-responsive candidates for
drug delivery systems, pH-responsiveness is one of the most
signicant methods owing to the distinction between acidic
cancer cells (pH 6.5–5.0) and normal physical conditions (pH
7.4). Poly-(2-(diethylamino)ethyl methacrylate) (PDEA), as
a typical pH-responsive cationic polymer with excellent
biocompatibility, has attracted much attention for its respon-
sive scope (pH 6–8) matching well with the gap between tumor
and normal tissues.8 Moreover, in order to prolong the circu-
lation time of carriers under physical conditions and enrich the
This journal is © The Royal Society of Chemistry 2019
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View Article Online
accumulation at the tumor sites according to the enhanced
permeation and retention (EPR) effect of tumor sites,9,10 the
extraordinary biocompatibility and hydrophilicity of the shell
component were required. Poly-(ethylene glycol) (PEG), as the
most popular hydrophilic segment applied in drug delivery
systems, has a mature clinical application and good therapeutic
effect to certain extent.11,12 In recent years, in biological elds
such as biological recognition and drug delivery, much atten-
tion has been paid to glycopolymer as its excellent hydrophi-
licity, ability to mimic biological functions of natural polymers
containing carbohydrates and modication ability due to the
polyhydroxy structure.13,14 Narain and Armes reported the facile
preparation of a series of methacrylate-based glycopolymers
without recourse to protecting group chemistry via ATRP,15

therefore, glycopolymers like poly(D-gluconamidoethyl meth-
acrylate) (PGAMA) had already been widely applied in
drug delivery systems16 as a hydrophilic segment to supply
the biocompatibility or functional component to form
complexes with other chemicals for drug delivery or biological
recognition.
Scheme 1 Synthetic routes for the preparation of PEG113-b-P(DEA40-c
PGAMA34 pH-responsive block glycopolymers.

This journal is © The Royal Society of Chemistry 2019
In the current stage, linear copolymer self-assembled
micelles, such as ABC-block copolymers in which A and B
were hydrophilic while C was hydrophobic, have three typical
structures,17 with three layer “onion-like” morphologies,18,19

a two-layered structure with mixed shell of A and B20 and a two-
layered structure with a mixed core of B and C.21,22 The diversity
of polymers provides abundant functionalities and character-
istics for choosing as one of the constituents in the polymeric
carriers, cooperating with the ratio governing to realize the
tunable drug loading and release.23 However, whether the
structures of copolymers, such as random or block and the
order of chain segments, which leads to different constructions
of carriers play important roles in drug delivery needed further
investigation.

Herein, the pH-responsive glycopolymers with three
different structures corresponding attempt were synthesized to
prepare three classical micelles in case of ABC-block copoly-
mers, which contained PEG and PGAMA as hydrophilic
segments and pH-sensitive hydrophobic PDEA with xed
proportion (Scheme 1). Furthermore, the copolymers
o-GAMA30), PEG113-b-PGAMA32-b-PDEA38 and PEG113-b-PDEA41-b-

RSC Adv., 2019, 9, 1814–1821 | 1815
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View Article Online
mentioned above were used to encapsulate the hydrophobic
anti-cancer drugs doxorubicin (DOX) as themodel drug, and the
release proles of DOX in different pH (at pH 7.4 and 5.5) were
studied to clarify the inuence of structures for drug delivery
behaviors.

2 Experimental
2.1 Materials

Poly(ethyleneglycol) monomethyl ether (MeO-PEG-OH, Sigma-
Aldrich) with a molecular (Mn) weight of 5 kDa was dried at
35 �C in vacuum overnight before using. 2-(Diethylamino) ethyl
methacrylate (DEA, Sigma-Aldrich) was passed through a basic
alumina column to remove the inhibitor. Dichloromethane,
triethylamine (TEA), N-methyl pyrrolidone (NMP) and dimethyl
sulfoxide (DMSO) (Sinopharm Chemical Reagent Co. Ltd.) were
puried according to standard procedures. Doxorubicin
hydrochloride (DOX$HCl, J&K Scientic) was deprotonated by
excess triethylamine. CuBr, 2,2-bipyridine (bpy), D-glucono-
lactone, hydroquinone, 2-bromoisobutyryl bromide, 2-amino-
ethyl methacrylate hydrochloride were purchased from J&K
Scientic without further purication before use. The macro-
initiator PEG-Br24,25 and the monomer 2-gluconamidoethylme-
thacrylate (GAMA) were prepared according to reported
procedures.26–28

2.2 Synthesis of PEG-b-P(DEA-co-GAMA) diblock
glycopolymer

PEG-b-P(DEA-co-GAMA) was prepared by ATRP method with
PEG-Br used as a macro-initiator and catalyzed by CuBr/bpy.
PEG-Br (0.500 g, 0.097 mmol), bpy (0.030 g, 0.194 mmol), DEA
(0.78 mL, 3.88 mmol), and GAMA (0.894 g, 2.91 mmol) were
dissolved in NMP (2.0 mL), and the solution was degassed by
purging with N2 gas for at least 30 minutes before adding the
catalyst CuBr (0.013 mg, 0.097 mmol). Polymerization was
proceeded at 60 �C for 24 hours under the protection of
nitrogen, and then the polymerization mixture was freezed by
liquid nitrogen to interrupt the reaction. Aer warming up to
room temperature, the solution was dialyzed in deionized water
for 2 days and was freeze-dried overnight to obtain the PEG-b-
P(DEA-co-GAMA) diblock glycopolymer (1.71 g, yield 81%).

2.3 Synthesis of PEG-b-PDEA-b-PGAMA and PEG-b-PGAMA-
b-PDEA triblock glycopolymers

The pH-responsive triblock copolymers were prepared via
successive ATRP technique using PEG-Br as the initiator. The
procedure is as follows: PEG-Br (0.50 g, 0.097 mmol), bpy
(0.030 g, 0.194 mmol), DEA monomer (0.78 mL, 3.88 mmol)
were dissolved in NMP (1.0 mL), and the catalyst CuBr
(0.013 mg, 0.097 mmol) was added to the solution aer purging
with N2 gas for 30 minutes. The reaction was performed at 60 �C
for 24 hours (conversion rate achieved 90%) before adding
degassed GAMA (0.894 g, 2.91 mmol) and NMP (1.0 mL)
mixture. Liquid nitrogen was used to terminate the polymeri-
zation aer exposing to air about 2 hours, and then the mixture
was puried by dialysis method and was freeze-dried overnight
1816 | RSC Adv., 2019, 9, 1814–1821
to prepare the PEG-b-PDEA-b-PGAMA triblock glycopolymer
(1.79 g, yield 85%).

According to the above procedure, the rst monomer
changed to GAMA (0.894 g, 2.91 mmol), the rst step of the
reaction carried on at 30 �C for 4 hours to achieve 90%
conversion rate and then added the secondmonomer DEA (0.78
mL, 3.88 mmol) and heated up to 60 �C stirring for 24 hours.
The other conditions were consisted with the former procedure
and yielded the PEG-b-PGAMA-b-PDEA triblock glycopolymer
(1.75 g, yield 83%).

2.4 Polymers characterization

The block glycopolymers prepared were dissolved in D2O and were
recorded on a Bruker 400 MHz spectrometer to get the 1H NMR
spectra to characterize their compositions and structures. Molec-
ular weight and molecular weight distribution of glycopolymers
were assessed by gel permeation chromatography (GPC) in DMF
containing 0.5 g L�1 LiBr at a ow rate of 1.0 mL min�1 using
a series of three linear Styragel columns (HT2, HT4, and HT5) or
two linear Styragel columns (HT4, and HT5), a Waters 1515 pump
andWaters 2414 differential refractive index detector (set at 30 �C)
and an oven temperature of 60 �C. Calibration was performed
using a series of near-monodisperse PEG standards.

2.5 Glycopolymer assemblies' characterization

The critical micelle concentration (CMC) of micelles self-
assembled by glycopolymers prepared were characterized
using a uorescence spectrophotometer with Nile Red as probe
and the excitation wavelength was 550 nm. The glycopolymers
were rst dissolved in water and were diluted to a series of
concentrations, 0.5 mg mL�1 to 0.1 mg mL�1; polymer solutions
(above pH 7.4) and 10 mL of the solutions added into Nile Red
lmed sample vials stirring for 24 h in darkness, the nal
concentration of Nile Red was 1 � 10�6 M.

The morphology of the micelles was measured by Dynamic
light scattering (DLS, Nano Zetasizer) and transmission electron
microscope (TEM, JEM-2100). Three types of glycopolymers
were dissolved in acidic water as unimers and were adjusted to
a series of different pH solutions from pH 3 to pH 12 with a 2mg
mL�1 concentration of glycopolymers. The sizes and zeta
potentials of assemblies at different pH were detected by DLS
and the morphology was characterized by TEM using the
diluted pH 10 samples (below 2 mg mL�1).

2.6 Preparation of DOX-loaded micelles

The dialtration method was used to prepare DOX-loaded gly-
copolymer micelles. Glycopolymers (15 mg) were dissolved in
8 mL DMSO and were mixed with DOX base solutions (3 mg
mL�1, DMSO) treated with excess triethylamine (ve mole ratios
of DOX$HCl) for 12 h previously; the mixture was stirred in
darkness for 4 h before transferring into dialysis bag (MWCO
3.5 kDa) and was dialyzed against water (pH ¼ 10) for 48 h,
respectively. The mixtures were passed through a membrane
lter (0.45 mm) and were freeze-dried overnight.

The DOX concentration measured using a UV-visible spec-
trophotometer (UV-Vis, TU-1901 Beijing Spectrum Analysis of
This journal is © The Royal Society of Chemistry 2019
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General Instrument Co., Ltd) at 480 nm according to the cali-
bration curves of different concentrations of DOX in DMSOwere
analyzed previously (see Fig. S1 in ESI†). The loading content
(LC%) and loading efficiency (LE%) of DOX were calculated
using eqn (1) and (2).

LCð%Þ ¼ weight of loaded DOX

weight of total polymer and drug in feed
� 100%

(1)

LEð%Þ ¼ weight of loaded DOX

weight of total drug in feed
� 100% (2)
2.7 In vitro drug release

The in vitro release of DOX from three glycopolymer carriers
were carried on under pH 5.5 and pH 7.4 PBS (phosphate
buffered saline) buffer (0.01 M) medium via dialtration
method. The drug-loaded micelles (5 mg) were dissolved in PBS
solutions (5 mL) and were transferred to dialysis bags (MWCO
14 kDa), were dialyzed against PBS solutions (45 mL) accord-
ingly at 37 �C and 100 revolution per minute (rpm) in incubator
(TU-1901 Beijing Spectrum Analysis of General Instrument Co.,
Ltd). The PBS (5 mL) was added aer sampling the medium (5
mL) outside the bags at specic time intervals. The DOX
concentrations of samples were determined by UV-visible
spectrophotometer at 480 nm according to the analyzed
Fig. 1 1H NMR spectra of (a) PEG113-b-PDEA41-b-PGAMA34, (b) PEG113-
glycopolymers.

This journal is © The Royal Society of Chemistry 2019
calibration curves of different concentrations of DOX in specic
PBS buffer previously (see Fig. S2 and S3 in ESI†). Moreover, the
accumulative release percentage of DOX was calculated using
eqn (3), and all release experiments were carried out in tripli-
cate, and all the results were reported as the mean � standard
deviation (n ¼ 3).

Erð%Þ ¼
Ve

Pn

i¼1

Ci þ V0Cn

mDOX

� 100% (3)

where V0 is the volume of medium (50 mL), Ve is the volume of
sampling, Ci is the DOX concentration of the ith sample, and
mDOX is the weight of the total drug in the dialysis bag.

3 Results and discussion
3.1 Synthesis and characterization of pH-sensitive
glycopolymers

In order to investigate the release-tunable carriers, three
different structures of glycopolymers with the same composi-
tions for self-assembled micelles with three typical construc-
tions were prepared using the macro-initiator PEG-Br for ATRP
method of DEA and GAMA. PEG-b-P(DEA-co-GAMA) block gly-
copolymers were obtained with random architecture of DEA and
GAMA chains in the second block by directly polymerized both
DEA and GAMA monomers at 60 �C, and triblock glycopolymer,
PEG-b-PDEA-b-PGAMA and PEG-b-PGAMA-b-PDEA, were
prepared via successive polymerization of DEA or GAMA with
b-P (DEA40-co-GAMA30), and (c) PEG113-b-PGAMA32-b-PDEA38 block

RSC Adv., 2019, 9, 1814–1821 | 1817
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Fig. 2 Variation of pH dependence of average hydrodynamic diam-
eters: PEG113-b-P(DEA40-co-GAMA30), PEG113-b-PGAMA32-b-
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high conversion above 90% and then second monomers were
added to construct the third block. Aer polymerization and
purication, those block glycopolymers were characterized by
1H NMR as shown in Fig. 1. The specic signals of block gly-
copolymers could be detected in D2O/DCl at pH 5, as those
glycopolymers have same compositions and xed proportions.
However, all of the glycopolymers showed almost the same
spectra, and the characteristic peaks at 3.64 ppm (c in PEG),
4.38 ppm (d in PDEA), 4.30–4.15 ppm and 3.9 ppm (d0, i, j in
GAMA) were observed. Moreover, the degree of polymerization
of DEA and GAMA could be calculated, 40 and 30, 41 and 34,
and 32 and 38. Thus the obtained triblock glycopolymers were
denoted as PEG113-b-P(DEA40-co-GAMA30), PEG113-b-PDEA41-b-
PGAMA34, and PEG113-b-PGAMA32-b-PDEA38 respectively.
Furthermore, relatively narrow and unimodal molecular weight
distribution with polydispersity Mw/Mn of 1.23, 1.19 and 1.20
showed in the GPC chromatograms (as shown in Table 1)
indicates the ideal purity of those glycopolymers.
PDEA38, and PEG113-b-PDEA41-b-PGAMA34.
3.2 CMCs and assemble transitions of pH-sensitive micelles

The critical micelle concentration (CMC) of pH-sensitive gly-
copolymers, as a signicant parameter to determinate the self-
assembly ability, were measured using a uorescence spectro-
photometer with Nile Red as a probe. Theoretically, PDEA block
represented as hydrophilic when it protonized below its pKa of
7.3, while it showed hydrophobicity as it reversed above pH 7.3
and the PDEA based copolymers self-assembled into micelles
with PDEA cores in this situation. This pH-induced
micellization/de-micellization behavior was spontaneous and
reversible, which has already been investigated in detail,
according to Liu's works.29–33 The transition of DEA covered over
the range of pH 6–8 according to the variation of hydrodynamic
diameter of assemblies (as shown in Fig. 2) from the DLS in
keeping with reported works,29,30 these copolymers micelles
demonstrated a reversible micellization behaviors during the
mentioned pH values.34 However, where the PEG-b-P(DEA-co-
GAMA) assembled micelles showed wider transition range
compared with the other two for the mixed core of DEA and
GAMA random segment. Thus, the CMCs were measured at pH
10 insuring the micelles were at stable equilibriums. Moreover,
it should be noted that all of the glycopolymers had similar DP
of each block, meanwhile, their architectures of random and
block moieties in the second or third parts were designed to
further study the relation between structures of pH-responsive
block glycopolymers and their pH induced micellization
behaviors. The CMCs of those self-assembled glycopolymer
Table 1 Molecular weight and molecular weight distribution of the
synthesized glycopolymers

Polymers Mn
a Mw

a Mn
b Mw/Mn

PEG113-b-P(DEA40-co-GAMA30) 8137 10 008 21 760 1.23
PEG113-b-PDEA41-b-PGAMA34 9248 11 084 22 980 1.19
PEG113-b-PGAMA32-b-PDEA38 8646 10 375 22 004 1.20

a Measurement is obtained by GPC and PEG as standard sample.
b Measurement is the calculated data of 1H NMR.

1818 | RSC Adv., 2019, 9, 1814–1821
micelles, PEG113-b-P(DEA40-co-GAMA30), PEG113-b-PDEA41-b-
PGAMA34, and PEG113-b-PGAMA32-b-PDEA38, were calculated to
be 0.10 mg mL�1, 0.012 mg mL�1 and 0.011 mg mL�1 respec-
tively according to the turning points of emission wavelength
(lmax) of Nile Red on the logarithmic concentration of glyco-
polymers of the curve (as shown in Fig. 3).

The CMCs of self-assemblies depended on the hydropho-
bicity of core segment to a great extent owing to the assembling
driving force of similarity-intermiscibility.35 Herein, the PEG-b-
P(DEA-co-GAMA) self-assembled micelles represented a quite
high CMC compared with the other two triblock-assembled
micelles due to the hydrophilic PGAMA segment mixed core,
while the core of the other two micelles were pH-sensitive PDEA
segment only. Due to the respectable characteristics of the
PGAMA, it was extensively applied in drug delivery system to
Fig. 3 The dependence of maximum emission wavelength (lmax) of
Nile Red on the logarithmic concentration of PEG113-b-P(DEA40-co-
GAMA30), PEG113-b-PGAMA32-b-PDEA38 and PEG113-b-PDEA41-b-
PGAMA34 block glycopolymers.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Typical TEM image of micelles (2 mg mL�1) prepared from the glycopolymers at pH 10: (a) PEG113-b-P(DEA40-co-GAMA30) (diameter 15
nm) (b) PEG113-b-PGAMA32-b-PDEA38 (diameter 25 nm) and (c) PEG113-b-PDEA41-b-PGAMA34 (diameter 40 nm).
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supply hydrophilicity, the biocompatibility, and functional
components.16 Moreover, the micelles assembled by PEG-b-
PDEA-b-PGAMA and PEG-b-PGAMA-b-PDEA showed similar and
desirable low CMCs, which increased the stability in physical
conditions.36
3.3 Morphology and size of pH-sensitive micelles

The TEM images of self-assemblies prepared from glycopol-
ymers were obtained to clarify the morphologies of micelles at
a structural stable pH and to evidence the hydrodynamic
diameter of micelles detected by DLS, and then to provide the
additional analysis of micelles structures (as shown in Fig. 4).

The isoelectric points (pIs) of PEG113-b-P(DEA40-co-GAMA30),
PEG113-b-PGAMA32-b-PDEA38 and PEG113-b-PDEA41-b-PGAMA34

glycopolymers are 9.3, 9.1 and 9.0, respectively, which consid-
ered by zeta potential at various solution pHs as shown in Fig. 5.
The aggregates of PEG-b-P(DEA-co-GAMA) showed the smallest
size, while the two layers micelles assembled from PEG-b-PDEA-
b-PGAMA showed the biggest both in TEM and DLS results (as
shown in Table 2). Compared with PEG-b-PGAMA-b-PDEA
Fig. 5 Zeta potentials of PEG113-b-P(DEA40-co-GAMA30), PEG113-b-
PGAMA32-b-PDEA38 and PEG113-b-PDEA41-b-PGAMA34 copolymers
at versus solution pH.

This journal is © The Royal Society of Chemistry 2019
triblock assembled three layers micelles, the micelles assem-
bled from PEG-b-PDEA-b-PGAMA triblock owned a bigger size in
spite of less layer thanmicelles from PEG-b-PGAMA-b-PDEA and
same size of hydrophobic cores according to the similar DP of
PDEA of both triblock.37 Herein, three-layer micelles possessed
most compact shell construction as the large density of shell for
the PEG and PGAMA shell component compared with PEG
shelled PEG-b-P(DEA-co-GAMA) aggregates and same density of
shell but smaller size compared with PEG-b-PDEA-b-PGAMA
aggregates. It should be noted that the whole micellization/de-
micellization behaviors are reversible upon pH changes.
3.4 Encapsulation and pH-responsive release of DOX

DOX-loaded micelles were prepared by dialtration method
based on the pH-responsive glycopolymers at pH 10. Under the
circumstances, the PEG and PGAMA or PEG block self-
assembled into hydrophilic shells with good biocompatibility
to provide the stability of micelles, while the PDEA block or
PDEA and PGAMA random block formed the cores of micelles
and encapsulated deprotonated hydrophobic DOX to deliver the
drugs. In theory, the LC and LE increase with the increase of
hydrophobic contents of block copolymers due to the hydro-
phobic interaction among the drugs and PDEA segment at the
same feed ratio of drug and polymers.38 However, the hydro-
philic shell entrapped the drugs to certain extent and was
inuenced by the thickness and density of polymer chains of
shell, according to the calculated LC and LE results as shown in
Table 2. The three-layer PEG-b-PGAMA-b-PDEA assembled
micelle showed the highest loading content (12 wt%) compared
Table 2 Hydrodynamic diameters and distribution of micelles, ob-
tained by DLS, and diameters obtained by TEM, as well as zeta potential
results of micelles measured by DLS in potential mode and loading
efficiency, capacity of relevant carriers in feed ratio of 20%,
respectively

Micelles form Dh/nm DTEM/nm pIs LE (%) LC (%)

PEG113-b-P(DEA40-co-GAMA30) 23 15 9.3 47.3 9.5
PEG113-b-PDEA41-b-PGAMA34 35 40 9.0 47.0 9.3
PEG113-b-PGAMA32-b-PDEA38 32 25 9.1 58.0 12
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Fig. 6 In vitro drug-release profiles of DOX-loaded micelles self-assembled from pH-responsive PEG113-b-P(DEA40-co-GAMA30), PEG113-b-
PGAMA32-b-PDEA38 and PEG113-b-PDEA41-b-PGAMA34 block glycopolymers at (a) pH 7.4 and (b) pH 5.5 (mean � SD; n ¼ 3).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 6
/2

5/
20

26
 1

2:
11

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with the other two (9.5 wt% and 9.3 wt%) for the additional
interlayer and more compact shell structure, while the two
layers micelle showed similar loading content as the similar
amount of DEA segments the core contained.

The release proles of hydrophobic DOX from the pH-
responsive micelles were studied using dialtration method
in PBS (10 mM, pH 7.4 and 10mM, pH 5.5) at 37 �C and 100 rpm
in the incubator. DOX release prole of PDEA core micelle in
reported works showed the suitable difference in different pH
values, more at acidic, less at basic conditions.39 The tertiary
amino groups contained PDEA blocks with pKa of 7.3 were
deprotonated hydrophobic blocks at pH 7.4 andmaintained the
shell–core structure in theory, thus, the hydrophobic drugs were
held in the core and showed a low release amount at this
condition, while they represented hydrophilic for protonation
at pH 5.5 and released drugs instantly for the de-micellization of
carriers. Nevertheless, PEG-b-P(DEA-co-GAMA) self-assembled
micelles with mixed cores showed a relative high accumulated
drug release up to 50% in 250 h at pH 7.4 while the other two
stayed at a lower level about 25% and 35% (as shown in Fig. 6).
Promoted protonation of PDEA by hydrophilic segment mixed
core and shortened release behaviors by the small size of
micelles were the two main reasons for the highest release
amount of the PEG-b-P(DEA-co-GAMA) self-assembled micelles.
Furthermore, PEG-b-PGAMA-b-PDEA aggregates with more
compact three-layer structure had the lowest release amount
below 25% in 250 h for its high density of polymer chains
delayed the release progress. On the other hand, under the
acidic conditions of pH 5.5, both of two-layer micelles showed
high release amount of drugs in 250 h, while the three-layer
micelles held almost a half of drugs in the structure aer
250 h releasing due to the hindering of both inward diffusion of
proton and outward diffusion of drugs by the compact shell. It
is hard to release a similar amount of drug from multilayers
micelle compared with the other different micelles' structures
within same periodic time; it needs longer time to release equal
or more amount drug component as in other different struc-
tures' micelles. Moreover, the shorter distance with relatively
1820 | RSC Adv., 2019, 9, 1814–1821
loose structure from core to the medium as well as the
promoted proton diffusion by hydrophilic GAMA in the core,
PEG-b-P(DEA-co-GAMA) self-assembled micelles showed the
highest release of drugs approaching 100% in 250 h, and PEG-b-
PDEA-b-PGAMA aggregates showed moderate release amount of
drugs up to 90% in 250 h owing to the longer distance with
relatively loose structure. Besides, two-layer micelles assembled
from PEG-b-P(DEA-co-GAMA) and PEG-b-PDEA-b-PGAMA
showed quick release in an earlier stage compared with three-
layer micelles due to the difference of constructions.

Therefore, the pH-sensitive micelles formed by PEG-b-PDEA-
b-PGAMA exhibited desirable properties in comparison with the
other two pH-responsive assemblies, as the two-layer structure
had a relatively low density of polymer chains in the shell but
the drug has to travel longer distance; as well as the compact
pure PDEA core permits suitable rate of drug release.

4 Conclusions

Three types of pH-responsive block glycopolymers with similar
compositions but different structures were successfully
synthesized via ATRP method. The aggregates of these glyco-
polymers presented obvious pH responsibility as forming
micelles at base condition and dissociate to unimers at the
acidic condition. The difference of constructions between three
types of micelles played an important role in hydrophobic drug
release in vitro. Micelles formed by PEG-b-P(DEA-co-GAMA)
containing hydrophilic PGAMA mixed PDEA core with a small
size presented high release amount both at pH 5.5 and pH 7.4,
due to hydrophilic PGAMA decreased the hydrophobicity of core
and promoted protonation of PDEA. More interestingly, PEG-b-
PDEA-b-PGAMA self-assembled micelles have the biggest size,
bigger even compared with three-layer PEG-b-PGAMA-b-PDEA
formed micelles, which indicates the shell construction of PEG-
b-PDEA-b-PGAMA formed micelles were looser than PEG-b-
PGAMA-b-PDEA formed micelles, thus, leading to the drug
loading and releasing behaviors in optimal level. Furthermore,
the results investigated the inuence of micelles structure on
This journal is © The Royal Society of Chemistry 2019
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drug loading and releasing behaviors and provided an inter-
esting design solution for desirable drug carriers aiming at
controlled release.
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