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Generally, there are two strategies to prepare the hydro-
phobic drug-loaded polymeric micelles; one strategy is 
encapsulation of the drug within the hydrophobic cores of 
micelles or nanoparticles,17–19 and the resultant products 
can improve the water-solubility and enhance the stability 
of drug.20 The other strategy is to link the drug onto the 
hydrophobic core of micelles via a labile linkage that can 
be cleaved in the presence of external stimuli, such as redox 
state of the media, light, and speci�c molecules, and then 
the drug is released under environmental stimuli.21–24 For 
example, controlled release of the drug from nanostructural 
materials was achieved via the breaking of a photo-cleavable 
linker, 2-nitrobenzyl ester, under irradiation of 365 nm 
light,21 or via the breaking of reducible disulfylbutyrate 
linker in the presence of glutathione.22 Among the stimuli-
responsive nanostructural materials, the pH-sensitive poly-
meric assemblies have attracted extensive interest because 
of their particular relevance in biological applications and 
the signi�cantly lower pH of the tumor cells as compared to 
normal cells.25,26 The acid-labile linkages utilized to chemi-
cally conjugate drugs onto the polymers or assemblies include 
hydrazones,27–29 acetal,30,31 ketal,32 and imines.33 Although 
the acidic hydrolysis of imines is well known in organic 
chemistry, this imine linker is rarely utilized to conjugate 
drugs onto polymeric assemblies, because this linker has 
been reported to cleave at physiological pH.34,35 

In recent years, the imine linkers have gained signi�cant 
attention, because several studies indicate that the aromatic 
imines with extended �P–�P conjugation can signi�cantly 
improve the stability of imine linkages in water.36–39 There-
fore, we speculated that investigation of pH-responsive 
behaviors of drug carriers, in which the drug is covalently 
attached to the polymer backbone in the hydrophobic cores 
via aromatic imine linkage, should be interesting, and 
would help to enable design of a pH-triggered drug delivery 
system. The imine linkage has been widely employed in 
the preparation of shell or core cross-linked (SCL or CCL) 
micelles for improvement of micellar integrity and drug 
encapsulation stability. Encapsulation of a drug in CCL 
or SCL micelles was conducted through the reaction of 
primary amines in the polymers with a dialdehyde cross-
linker.40,41 CCL and SCL micelles are also prepared by 
the reaction between linear polymers carrying the primary 
amine and aldehyde group, respectively.42,43 However, no 
report in the literature we consulted studies synthesis of 
polymeric micelles containing reactive aldehyde groups in 
core polymers for conjugation of molecules, eg, drug, pep-
tides, or carbohydrates. Thus, a known aldehyde-containing 
monomer, p-(methacryloxyethoxy)benzaldehyde (MAEBA) 

was chosen in order to incorporate reactive aromatic aldehyde 
groups into polymer chains, and then an anti-cancer drug, 
doxorubicin (DOX) was covalently attached to the polymer 
chains by reaction of aldehyde in the polymer chains with 
the primary amine of DOX.

Very few studies on synthesis of copolymers containing 
MAEBA units have been reported;44–46 for example, revers-
ible addition–fragmentation chain transfer (RAFT) polymer-
ization of MAEBA and oligo(ethylene glycol) monomethyl 
ether methacrylate (OEGMA) produced water soluble 
random copolymers, and their thermo-responsive properties 
were studied.44 The block copolymer, poly(caprolactone)- 
(PCL)-b-poly(OEGMA-co-MAEBA) was synthesized by 
atom transfer radical polymerization.45 All of these polymers 
used in the studies are linear; no study on branched copoly-
mers containing MAEBA has been reported, to the best of 
our knowledge. 

In the present article, we synthesize pH and redox dual-
responsive micelles based on the branched star polymers 
(BSPs) containing biodegradable disul�de linkages through 
two steps of RAFT polymerization, as shown in Figure 1. 
The branched polymers are composed of MAEBA, 2,2�-̀
dithiodiethoxyl dimethacrylate (DTDMA), and 2-(N,N-
dimethylaminoethyl)methacrylate (DMAEMA). The 
disul�de is a well-known reduction-responsive linkage;24,45 
thus, degradation of the DTDMA units can ensure renal 
clearance of the polymers after drug delivery. The anti-cancer 
drug DOX was grafted onto the BSP by the reaction of the 
aldehyde group in MAEBA with the primary amine in DOX 
to form an acidic-labile imine bond. After self-assembling of 
the resultant BSPs in water, micelles with a DOX-containing 
branched polymer as a core and poly(6-O-methacryloyl-D-
galactopyranose) (PMAGP) as a shell were formed. Since 
the galactosylated units of PMAGP in the shell of micelles 
are selectively recognized by asialoglycoprotein receptor 
(ASGP-R) on the surfaces of HepG2 cells,24 the dual-respon-
sive BSP micelles possessed a target delivery property.

Materials and methods
6-O-Methacryloyl-1,2; 3,4-di-O-isopropylidene-D-
galactopyranose (MAIGP) was prepared as previously 
reported,24 and its hydrogen-1 NMR (1H-NMR) (300 MHz, 
CDCl3, �D, ppm) was as follows: 1.21�1.60 (m, 12H, �CH3); 
1.95 (s, 3H, �CH 3); 4.08, 4.19�4.42, 4.63, and 5.54 
(7H, sugar moiety); and 5.57 and 6.14 (s, 2H,� � � �CH2). 
p-(methacryloxyethoxy)benzaldehyde (MAEBA) was 
prepared according to the reported procedure,43 and its 
1H-NMR (300 MHz, CDCl3, �D, ppm) was as follows: 1.92 
(s, 3H, –CH3); 4.29 (t, 2H, –O-CH2); 4.51 (t, 2H, –O-CH2); 
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°

°

Figure 1 Synthesis of BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n (A); loading of DOX and formation of DOX-loaded BP(DMAEMA-co-MAEBA-co-DTDMA)
(PMAGP)n micelles (B).
Abbreviations:  BP, branched polymer; AIBN, Azobis(isobutyronitrile); BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n, branched poly(2-[N,N-dimethylaminoethyl]
methacylate-co-p-[methacryloxyethoxy]benzadehyde-co-2,2�-̀dithiodiethoxyl dimethacrylaye)(poly[�p6-O-Methacrylol-D-galactopyranose])n; THF, tetrahydrofuran; DMAEMA,  
2-(N,N-dimethylaminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde; DTDMA, 2,2�-̀dithiodiethoxyl dimethacrylate; PMAGP, poly(6-O-methacryloyl-
D-galactopyranose); CPDB, cyanoisopropyl dithiobenzoate; DOX, doxorubicin; DMSO, dimethyl sulfoxide; h, hours; PMAIGP, poly(6-O-methacryloyl-1,2;3,4,-di-O-
isopropylidene-D-galactopyranose); MAEBA, p-(methacryloxyethoxy)benzaldehyde; RT, room temperature.
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5.57 and 6.12 (s, 2H,����CH2); 7.00 and 7.81 (d, 4H, –C6H4);  
and 9.86 (s, 1H, –CHO). 2,2�-̀Dithiodiethoxyl dime-
thacrylate (DTDMA) was synthesized according to 
the literature,13 and its 1H-NMR (300 MHz, CDCl3,  
�D, ppm) was as follows: 1.88 (s, 6H, �CH3); 2.88�2.93  
(t, 4H, �S�CH 2�); 4.31�4.36 (t, 4H, �O�CH 2�); and 5.52 
and 6.07 (s, 4H,� � � �CH2). 2-(N,N-Dimethylaminoethyl)
methacrylate (DMAEMA, 97%, Alfa) was puri�ed by 
passing it through a basic alumina column; then, it was 
vacuum-distilled and was stored at �
18�nC prior to use. 
Tetrahydrofuran (THF) was re�uxed over sodium for  
24 hours and distilled prior to use. Azobis(isobutyronitrile) 
(AIBN; Sigma-Aldrich Co, St Louis, MO, USA) was 
recrystallized from ethanol. Cyanoisopropyl dithioben-
zoate (CPDB) was prepared according to our previous 
report.13 Doxorubicin hydrochloride (DOX�•HCl) and 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride 
(DAPI) were respectively purchased from Aladdin (Alla-
din Industrial Corporation, Shanghai, People’s Republic 
of China) and Sigma-Aldrich Co, respectively; both were 
used as received. All other reagents with analytical grade 
were purchased from Shanghai Chemical Reagent Co 
(Shanghai, People’s Republic of China) and were used 
as received.

Characterization
1H-NMR measurements were carried out on a Bruker AV300 
NMR spectrometer (Bruker Corporation, Billerica, MA, 
USA) using CDCl3 or D2O or dimethyl sulfoxide (DMSO)-d6 
as solvent. Molecular weight (Mw) and molecular weight 
distribution (Mw/Mn) were determined on a Waters Corpo-
ration (Milford, MA, USA) 150C gel permeation chroma-
tography (GPC) instrument equipped with microstyragel 
columns (500, 103, and 104 Å) and an RI 2414 detector set 
at 30�nC; monodispersed polystyrene standards were used 
in the calibration of the number-average molecular weight 
(Mn), Mw, and Mw/Mn, and THF was used as an eluent at a 
�ow rate of 1.0 mL/min. Ultraviolet (UV)/visible (Vis) light 
measurement was performed on a Unico (United Products & 
Instruments, Inc., NJ, USA) UV/Vis 2802PCS spectropho-
tometer. Transmission electron microscopy (TEM) observa-
tions were conducted on a JEM-100SX electron microscope 
at an acceleration voltage of 100 kV. The sample for TEM 
observation was prepared by placing 10 �ML of micellar solu-
tion on a copper grid coated with thin �lms of Formvar and 
carbon. Dynamic light scattering (DLS) measurements were 
carried out on a DynaPro light scattering instrument (model 
DynaPro-99E) at 25�nC with an 824.3 nm laser, and the data 
were analyzed with DYNAMICS V6 software.

Synthesis of branched polymers 
BP(DMAEMA-co-MAEBA-co-
DTDMA)s
A typical polymerization procedure is as follows. Into a  
5 mL polymerization tube, DMAEMA (678 mg, 4.32 mmol), 
DTDMA (52 mg, 0.18 mmol), MAEBA (113 mg, 0.48 mmol),  
CPDB (26.5 mg, 0.12 mmol), AIBN (4.9 mg, 0.03 mmol) 
and THF (2.5 mL) were successively added. The mixture 
was degassed through three freeze–pump–thaw cycles. The 
polymerization tube was then �ame-sealed under vacuum, 
and the sealed tube was immersed in an oil bath at 70�nC. 
After 24 hours, the polymerization tube was cooled to room 
temperature rapidly, and the polymer was obtained by pre-
cipitation from n-hexane. The obtained product was dried 
overnight in a vacuum oven at room temperature.

Synthesis of BP(DMAEMA-co-
MAEBA-co-DTDMA)(PMAIGP) n 
A typical polymerization procedure was followed. Into a 
2 mL polymerization tube, BP(DMAEMA-co-MAEBA-
co-DTDMA)-1 (BP-1) (Mn����8,000 g/mol, 32 mg, 4 �Mmol), 
MAIGP (262 mg, 0.8 mmol), AIBN (0.1336 mg, 0.8 �Mmol),  
and THF (2 mL) were added. After three freeze–vacuum–thaw 
cycles, the polymerization tube was sealed under vacuum. 
The polymerization was carried out at 70�nC for a pre-
scribed time. The polymerization tube was cooled to 
room temperature rapidly, and then the reaction mixture 
was precipitated into an excess of n-hexane. The obtained 
product was dried overnight in a vacuum oven at room 
temperature.

Hydrolysis of BP(DMAEMA-co-
MAEBA-co-DTDMA)(PMAIGP) n 
The BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAIGP)n 
(200 mg) was stirred in 80% formic acid (10 mL) for 48 hours 
at room temperature; then, deionized water (3 mL) was 
added, and the mixture was stirred for an additional 3 hours. 
The �nal solution was dialyzed against deionized water for 
3 days to remove the formic acid. The product was obtained 
as a white cotton-like solid by lyophilization.

Fabrication of BP(DMAEMA-co-
MAEBA-co-DTDMA)(PMAGP) n 
micelles 
BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n 
(20 mg) was dissolved in DMSO (2 mL). Under vigorous 
stirring, deionized water (8 mL) was slowly added. The 
dispersion was stirred for another 3 hours; then, DMSO was 
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Figure 2 1H-NMR spectra of the branched polymer, BP(DMAEMA-co-MAEBA-co-DTDMA), BP-3 (A), and the branched star polymer, (DMAEMA-co-MAEBA-co-DTDMA)
(PMALGP)n, BSP-3 (B).
Abbreviations:  PMAIGP, poly(6-O-methacryloylproperty-1,2; 3,4-di-O-isopropylidene-D-galactopyranose); 1H-NMR, hydrogen-1 nuclear magnetic resonance; BP, branched 
polymer; DTDMA, 2,2�-̀dithiodiethyoxly dimethacrylate; DMAEMA, 2-(N,N-dimethy laminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde.
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two vinyl groups are reacted, can be used to estimate DB; the 
contents of DTDMA are listed in Table 1. According to the 
formation mechanism of the branched copolymers proposed  
by Yang et al49 in the controlled radical polymerization of 
mono- and divinyl monomers, the primary chains are formed 
�rst, and then slightly branched polymers and highly branched 
polymers are successively produced by coupling reactions 
between two primary chains and then between two slightly 
branched polymers. Every primary chain is terminated by 
a dithiobenzoate group; their number-average degree of 
polymerization (DP) can be estimated based on 1H-NMR 
data. Figure 2A reveals a proton signal at �D����7.52 ppm ( j), 
which is ascribed to the dithiobenzoate group. Based on the 
integral values of proton signals at �D����9.86 (a), �D����2.57 (f ), 
�D����2.5� 3̂.5 (l), and �D����7.52 ppm ( j), the DP of the primary 
chain was calculated, and the results are listed in Table 1. 
The DP of primary chains is close to their feed molar ratio 
(41.5), probably due to high conversion of monomers. As we 
know, the BPs possess a number of dithiobenzoate groups on 
their surface; therefore, we used the branched polymers as a 
macro-RAFT agent in subsequent synthesis of the BSPs. 

Galactose is a speci�c liver-targeting ligand, which can 
mediate delivery of drugs to liver parenchymal cells through 
its strong binding with ASGP-R on the surface of the HepG2 
human hepatoma cells.51,52 Thus, PMAIGP was chosen as 
the periphery polymer of the branched star copolymers, 
BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAIGP)n. BP-1 
to BP-3 were respectively applied as a macro-RAFT agents 
in the RAFT polymerization of MAIGP for the synthesis of 
the branched star copolymers. The details of polymerization 
conditions and the results are listed in Table 2. The Mw and 
Mw/Mn values of the resultant BP(DMAEMA-co-MAEBA-
co-DTDMA)(PMAIGP)n were measured by GPC, and the 
results are listed in Table 2. GPC traces of BSP-1, BSP-2, 
and BSP-3 in Figure S2 reveal that they are shifted to the high 
Mw region, and that the Mw/Mn values become narrower in 
comparison with the GPC curves of their corresponding pre-
cursors depicted in Figure S1, because RAFT polymerization 

of MAIGP produced the periphery PMAIGP chains with 
narrow Mw/Mn values.

To estimate the compositions, and also to verify branched 
structure of the obtained polymers, their 1H- and 13C-NMR 
spectra were measured; a typical 1H-NMR spectrum of BSP-3 is 
shown in Figure 2B. We can see the characteristic proton signals 
of MAIGP units: the anomeric proton signals appear respectively 
at �D�� ��3.9�4.5 (p, r, s, and t spectra peaks), �D�� ��4.62 [n], and 
�D����5.52 ppm [m], and the signals at �D����1.25� 1̂.60 ppm (o) are 
attributed to the methyl proton of the isopropyl group. In addi-
tion, the characteristic proton signals of DMAEMA, MAEBA, 
and DTDMA units can be seen also; therefore, the expected 
BSPs have been successfully prepared. The 13C-NMR spectrum 
of BSP-3 in Figure 3B also supports the results obtained by 
1H-NMR spectra; besides the characteristic carbon signals of 
DMAEMA, MAEBA, and DTDMA units, the characteristic car-
bon signals of MAIGP units appear at �D����108.2 (n), 96.1 (o), and 
71.4 ppm ( p); the carbon signals appearing at �D����25.96 and 24.81 
ppm (q ) are ascribed to the two methyl carbons of the isopropyl 
groups. The molar ratios of MAIGP:MAEBA:DMAEMA in 
BSP-1, BSP-2, and BSP-3 were calculated based on the integral 
ratios of the signals at �D����5.50 (m), 9.86 (a), and 2.57 ppm (f, g), 
and the results are listed in Table 2. 

For utilization of the polymers as a drug carrier, one req-
uisite is that the polymers should be water soluble. However, 
the BSPs, BSP-1 to BSP-3, are hydrophobic; thus, the MAIGP 
units in the periphery of the BSPs should be hydrolyzed to 
form water-soluble PMAGP. The hydrolysis reaction of 
BP(DMAEMA-MAEBA-DTDMA)(PMAIGP) n was con-
ducted in 80% formic acid; the obtained polymer solution 
was dialyzed against deionized water and then lyophilized. 
The degree of hydrolysis was estimated by 1H-NMR spectrum 
of the reaction product. Figure 4 is a typical 1H-NMR spec-
trum of the BP(DMAEMA-MAEBA-DTDMA)(PMAGP)

n obtained from hydrolysis of BSP-3, and we can see that 
the isopropylidene proton signals at �D����1.2~1.6 ppm almost 
completely disappear, indicating that the hydrolysis reaction 
was successful. 

Table 2  Synthetic condition and results of BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAIGP)n

No a Macro-RAFT  
agent

Feed molar ratio of  
[MAlGP]:[RAFT agent]

Yield  
(%)b

Mn(GPC)  
(g/mol) c

Mw/Mn
c Molar ratio of  

[D]:[B]:[M] in polymer d

BSP-1 BP-1 100:1 60 20,500 1.63 10:1:24
BSP-2 BP-2 100:1 56 20,800 1.72 5:1:12
BSP-3 BP-3 100:1 64 30,600 1.69 0.8:1:2.4

Notes:  [D], [B], [M] refer to DMAEMA, MAEBA, and MAIGP, respectively. aRAFT polymerization of MAlGP at 70�nC for 24 hours respectively using BP-1, BP-2, and BP-3 as 
macro-RAFT agent. bDetermined by gravimetry method. cDetermined by GPC, Mn and Mw/Mn were calibrated based on the narrow polystyrene standards. dMolar ratios of 
[DMAEMA]:[MAEBA]:[MAlGP] were calculated based on 1H-NMR data.
Abbreviations:  BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAlGP)n, branched poly(2-(N,N-dimethylaminoethyl)methacrylate-co-p-(methacryloylethoxy)benzaldehyde-co-
2,2�-̀dithiodiethoxyl dimethacrylate)(poly(6-O-methacryloyl-1,2; 3,4-di-O-isopropylidene-D-galactopyranose)n; BP, branched polymer; BSP, branched star polymer; No, 
number; RAFT, reversible addition–fragmentation chain transfer; PMAIGP, poly(6-O-methacryloylproperty-1,2; 3,4-di-O-isopropylidene-D-galactopyranose); Mn, number-
average molecular weight; GPC, gel permeation chromatography; Mw, weight-average molecular weight; 1H-NMR, hydrogen-1 nuclear magnetic resonance.
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Figure 3 13C-NMR spectra of the branched polymer, BP-3 (A), and the branched star polymer, BSP-3 (B).
Abbreviation:  13C-NMR, carbon-13 nuclear magnetic resonance.

Owing to amphiphilic properties of the hydrolyzed prod-
ucts, BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)ns, 
they are soluble in water to form spherical micelles, theo-
retically. TEM and DLS were used to characterize the 
assemblies, and the results are shown in Figures S3 and 5A. 
The TEM images in Figure S3 reveal that self-assembly of 
the three branched star copolymers, BSP-H1, BSP-H2, and 
BSP-H3, forms spherical micelles in water; their number-
average diameters (DTEMs) are 30–40 nm, and the size 
distributions are broad (Table 3). Compared to the DTEMs, 

the diameters obtained by DLS method are relatively big 
(Table 3), which is reasonable because the sizes obtained 
from TEM are in the dry state, whereas the size measured 
by DLS is in the swollen state.

Covalent linkage of DOX onto  
BSP-Hs and micellization
The condensation reaction between primary amines and 
aldehydes is well-known in organic chemistry, and has been 
used in drug preparation.39,53 Thus, the anti-cancer drug DOX 
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was covalently linked to BSP-Hs by the reaction of primary 
amine in DOX with the aldehyde of MAEBA units, form-
ing the DOX-loaded BSP-Hs via acid-labile imine linkage. 
To identify whether this reaction occurred, the 1H-NMR 
spectra of the reaction products were measured, and a 
typical 1H-NMR spectrum of BP(DMAEMA-co-MAEBA-
co-DTDMA)(PMAGP)n-DOX is shown in Figure 5A; in 
addition to the characteristic proton signals of DMAEMA, 
MAEBA, DTDMA, and MAGP units, we can see aromatic 
proton signals of DOX at �D�� ��7.20–7.72 ppm. Therefore, 
the covalent linking of DOX onto the core polymer chains 
was successful.

Based on the weight increase of the sample and the weight 
of DOX added, the GEs of DOX were calculated, and the 
results are listed in Table 4. Since the proton signals of DOX 
and MAEBA overlap, the content of DOX is dif�cult to accu-
rately calculate from 1H-NMR data; UV quantitative analysis 
was used to measure their DLCs, as well as DOX contents, 
based on the absorption strength alteration at 497 nm,24,54 and 
the results are listed in Table 4. Based on the molar ratio of 
DMAEMA:MAEBA:DTDMA:MAGP, theoretical DLC val-
ues were calculated; they are 7.3 wt%, 13.1 wt% and 37.6 wt% 
for BSP-H1, BSP-H2, and BSP-H3, respectively. The measured 
DLCs are much lower than the corresponding theoretical 
values. The low GEs and DLCs are ascribed to low reaction 
ef�ciency (around 30%) of the primary amine and the aldehyde 
in the core of BSP-H micelles, due to the bulk of DOX. 

As discussed, the hydrolyzed products of BSPs, BSP-H1, 
BSP-H2, and BSP-H3, are dissolved in water, forming 
spherical micelles. After covalently linking DOX onto the 
core polymer chains of the BSP-Hs, the DOX-loaded products, 
BSP-H-DOXs, are also dissolved in water, and the spherical 
micelles with BP(DMAEMA-MAEBA-DOX-DTDMA) as 
core and PMAGP as shell are formed, as shown in Figure 1B. 
To con�rm the formation of core–shell micelles, 1H-NMR 
spectra, TEM, and DLS were used to characterize the assem-
blies formed. Figure 6A and B are DLS curves of the BSP-Hs 
and BSP-H-DOXs, respectively, and their size and size dis-
tributions are listed in Table 4. Compared to Figure 6A, the 
diameters of DOX-loaded BSP-Hs (90, 170, and 120 nm) are 
larger than that of their corresponding precursors (50, 40, and 
55 nm). The reason is that covalently linking DOX onto the 
core polymer chains increases the hydrophobic property of 
the core, which is consistent with the result observed in self-
assembling of asymmetric block copolymers to form crew-cut 
aggregates.55 Figures S3 and S4 are the TEM images of BSP-Hs 
and BSP-H-DOXs. Comparing the micelle’s size in Figure S3 
with that in Figure S4, both are spherical micelles.

Since divergent agent DTDMA contains disul�de linkage 
the BSPs prepared from DTDMA are of redox-responsive 
property, such as glutathione and DTT, can degrade disul�de-
containing polymers,56 and these types of redox-sensitive 
polymers have been extensively used in drug delivery 
systems.57,58 Thus, BP(DMAEMA-co-MAEBA-co-DTDMA)

Figure 4 1H-NMR spectrum of the BP(DMAEMA-co-MAEBA-co-DTDMA)3(PMAGP)n in DMSO.
Abbreviations:  1H-NMR, hydrogen-1 nuclear magnetic resonance; BP, branched polymer; DTDMA, 2,2�-̀dithiodiethyoxly dimethacrylate; DMAEMA, 2-(N,N-
dimethylaminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde; PMAGP, poly(galactosyl methacrylate); DMSO, dimethyl sulfoxide.
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Figure 5 1H-NMR spectra of the BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n-DOX in DMSO (A), and the BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n-DOX 
in D2O (B).
Abbreviations:  1H-NMR, hydrogen-1 nuclear magnetic resonance; BP, branched polymer; DTDMA, 2,2�-̀dithiodiethyoxl dimethacrylate; DMAEMA, 2-(N,N-
dimethylaminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde; PMAGP, poly(6-O-methacryloyl-D-galactopyranose); DOX, doxorubicin; DMSO, dimethyl 
sulfoxide; D2O, deuterium oxide.
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(PMAGP)n was treated with 10 mM DTT in deionized water 
at room temperature for 48 hours; then, the degraded products 
were analyzed by GPC. For comparison, GPC traces of both 
BSP-H3 and its degraded products are shown in Figure 7, and 
the Mw of the products obtained after treatment with DTT is 
signi�cantly decreased from 30,600 g/mol to 7,600 g/mol, due 
to cleavage of the disul�de linkage in the branching units.

In vitro DOX release 
Ef�cient release of DOX from BSP-H-DOX micelles is 
crucial for drug delivery systems. Thus, we tested drug 
release behavior of the BSP-H3-DOX micelles in the PBS 
solutions at pH 5.0, 6.0, and 7.4, with or without DTT  
(10 mM), and the results are shown in Figure 8. As 
described, the imine linkage is acid-labile, and the aro-
matic imine bond is stable at the physiological pH. When 
the release was conducted in an aqueous solution at 
pH����7.4 with or without DTT, almost no DOX in the drug-
loaded micelles was released, which is consistent with the 
hydrolysis results of isatin-based aryl imine derivatives.37 

Obvious contribution of the reducing agent DTT to the 
drug release was not observed, because DOX is covalently 
bonded to the polymer chains via aromatic imine link-
age, which is stable in the neutral aqueous solution.36–39 
However, when the release was performed in weak acidic 
solution, the in�uence of DTT on the release of DOX was 
observed; for example, when the release was conducted 
at pH����6.0 with and without DTT for 48 hours, different 
release rates were observed: 44 wt% (with DTT) and 34 
wt% (without DTT) of DOX in micelles were released. 
The same phenomenon was observed for the release at 
pH����5.0, 56 wt% (with DTT) and 47 wt% (without DTT) 
of DOX in the drug carrier were released after 48 hours, 
because more imine bonds of the MAEBA units were 
exposed to an acidic environment after degradation of the 
BSP-H chains, which in turn, accelerated disassembly of 
the micelles. Acidity of the solution was another important 
factor in�uencing release of the drug. When pH values of 
the solution decreased from 6.0 to 5.0 with and without 
DTT, the release rates of DOX from the micelles increased, 

Table 4  Characterizations of BP(DMAEMA-co-MAEBA-co-DT 
DMA)(PMAGP)n-DOX micelles

Sample DDLS  
(nm) a

PDI b DLC NMR  
(wt%) c

DLC UV  
(wt%) d

GE  
(wt%) e

BSP-H1-DOX 90 0.221 4.67 2.1 4.46
BSP-H2-DOX 170 0.109 6.24 4.3 5.87
BSP-H3-DOX 120 0.153 15.9 12.7 13.7

Notes:  aDDLS refers to average diameters (D) of the BP(DMAEMA-MAEBA-DTDMA)
(PMAGP)n micelles, which were measured by DLS method. bPDI refers to size distribution 
of the micelles as measured by dynamic light scattering (DLS) method; cDLC refers to 
drug-loaded content, which was estimated based on 1H-NMR data. dDetermined by 
ultraviolet (UV) quantitative analysis. eDetermined by gravimetric method.
Abbreviations:  BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAlGP)n, branched 
poly(2-(N,N-dimethylaminoethyl)methacrylate-co-p-(methacryloylethoxy)
benzaldehyde-co-2,2�-̀dithiodiethoxyl dimethacrylate)(poly(6-O-methacryloyl-1,2; 
3,4-di-O-isopropylidene-D-galactopyranose)n; GE, grafting efficiency; BSP, branched  
star polymer; NMR, nuclear magnetic resonance; 1H-NMR, hydrogen-1 nuclear 
magnetic resonance; DOX, doxorubicin; PMAGP, poly(6-O-methacryloyl-D-
galactopyranose); PDI, polydispersity; BSP-H-DOX, DOX-loaded product. 

Figure 6 DLS curves of the micelles prepared from BSP-H1, BSP-H2, and BSP-H3 
(A), and BSP-H-DOX pro-drug variants (B).
Abbreviations:  DLS, dynamic light scattering; BSP, branched star polymer; DOX, 
doxorubicin.

Table 3  Characteristics of the BP(DMAEMA-co-MAEBA-co-
DTDMA)(PMAGP)n micelles

No a Precursor DDLS (nm) b PDI b DTEM (nm) c

BSP-H1 BSP-1 50 0.282 40
BSP-H2 BSP-2 40 0.361 30
BSP-H3 BSP-3 55 0.142 50

Notes:  aHydrolysis of BSP-1, BSP-2, and BSP-3 in 80% formic acid solution at room 
temperature for 3 days. bDDLS and PDI are average diameter and size distribution, 
respectively, of the BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n micelles, 
which were measured by dynamic light (DLS) scattering method. cDTEMs are average 
diameters measured by transmission electron microscopy (TEM) method.
Abbreviations:  BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAlGP)n, branched poly 
(2-(N,N-dimethylaminoethyl)methacrylate-co-p-(methacryloylethoxy)ben
zaldehyde-co-2,2�-̀dithiodiethoxyl dimethacrylate)(poly(6-O-methacryloyl-1,2; 3,4-
di-O-isopropylidene-D-galactopyranose)n; BSP, branched star polymer; No, number; 
PMAGP, poly(6-O-methacryloyl-D-galactopyranose); PDI, polydispersity.
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and the amount of DOX released from the drug carriers 
was enhanced, also shown in Figure 8. 

In vitro cytotoxicity assay
Cytotoxicity of BSP-H and BSP-H-DOX micelles was evalu-
ated by MTT assay, and HepG2 and HeLa cells were used in the 
current study. The cells were incubated with various concentra-
tions of the BSP-H3 micellar solutions at 37�nC for 24 hours, and 
the cells treated without the micelles were used as a control. The 
results in Figure 9 show virtually no toxicity of BP(DMAEMA-
co-MAEBA-co-DTDMA)(PMAGP)n micelles without DOX in 
the entire concentration range tested to both HepG2 and HeLa 
cells; thus, BSP-H3s are of very low cytotoxicity.

The cytotoxicity results of free DOX and BSP-H3-DOX 
are shown in Figure 10. The HepG2 and HeLa cells in solu-
tions of free DOX displayed different dose–response curves, 
and DOX exhibited higher cytotoxicity to HepG2 cells than 
to the HeLa cells; for example, DOX doses required for 50% 
cellular growth inhibition (IC50), evaluated in HepG2 cells 
and HeLa cells, were ∼0.47 �Mg/mL and ∼1.64 �Mg/mL, respec-
tively. In testing cytotoxicity of the pro-drug, BSP-H3-DOX, 
to HepG2 and HeLa cells, two different dose–response curves 
with IC50 values of 50 �Mg/mL and 6.62 �Mg/mL, respectively, 
were observed. Since BSP-Hs do not display cytotoxicity 
(Figure 9), it is reasonable to posit that cytotoxicity of the 

Figure 7 GPC curves of the BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)n with 
Mn� � � �30,600 g/mol (BSP-H3), and the degraded products (Mn� � � �7,600 g/mol) after 
BSP-H3 was treated with DTT at room temperature for 48 hours.
Abbreviations:  GPC, gel permeation chromatography; BP, branched polymer; BSP, 
branched star polymer; DTDMA, 2,2�-̀dithiodiethyoxly dimethacrylate; DMAEMA, 
2-(N,N-dimethylaminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzal- 
dehyde; PMAGP, poly(6-O-methacryloyl-D-galactopyranose); DTT, dithiothreitol; 
min, minutes.

Figure 9 Relative cell viability of HeLa and HepG2 cells evaluated by MTT assay 
after incubation with micellar solution of the branched star polymers (BSP-H1, BSP-
H2, and BSP-H3) at pH����7.4.
Abbreviation:  MTT, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide.

Figure 10 Relative cell viability of HeLa and HepG2 cells evaluated by MTT assay 
after incubation with solution of the BSP-H3-DOX micelles at pH� � � �7.4 and free 
DOX at pH����7.4. Incubating temperature, 37�nC; time, 24 hours.
Abbreviations:  MTT, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide; 
BSP, branched star polymer; DOX, doxorubicin.

Figure 8 DOX release profiles of the branched star polymer-DOX, BSP-H3-DOX 
micelles in the aqueous buffer solution under different conditions: at pH����7.4 with 
and without 10 mM DTT; at pH ��6.0 with and without 10 mM DTT; and at pH����5.0 
with and without 10 mM DTT.
Note:  The dark blue line hides the appearance of the black line in the figure.
Abbreviations:  DOX, doxorubicin; DTT, dithiothreitol; h, hours.
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pro-drug comes from release of DOX in the micelles. In 
addition, HSP-H3-DOX micelles showed higher cytotoxicity 
to HepG2 cells compared to HeLa cells. 

Cellular uptake
The cellular uptake ef�ciency of HSP-H-DOX micelles 
was further studied by CLSM. HepG2 cells and HeLa cells 
were incubated with the same dose of the HSP-H3-DOX 
micelles for 4 hours, and then were stained with DAPI. 
CLSM images in Figure 11 reveal that DOX red �uorescence 
appears at the perinuclear region of HepG2 cells, and that 
DAPI blue �uorescence is located at the nucleus, suggesting 
successful internalization of the micelles within the cells. 
Moreover, DOX red �uorescence in HeLa cells (Figure 
11B1) is relatively weak in comparison with that in HepG2 
cells (Figure 11B1). As discussed, galactose is a speci�c 
liver-targeting ligand;51,52 the periphery polymers, PMAGPs, 
contain a number of galactose groups, and therefore, HSP-H-
DOXs can be easily internalized by HepG2 cells compared 
to HeLa cells.

Conclusion
In the current study, amphiphilic branched star copolymers, 
BP(DMAEMA-co-MAEBA-co-DTDMA)(PMAGP)ns, 

which possess pH- and redox-responsive properties, have 
been successfully synthesized by RAFT polymerization, and 
the anti-cancer drug, DOX, has been linked to the branched 
copolymers, BP(DMAEMA-co-MAEBA-co-DTDMA)s, 
by condensation reaction of primary amine of DOX with 
aldehyde groups of the polymer chains. The resultant DOX-
containing BSP-Hs can be self-assembled in water, forming 
DOX-loaded spherical micelles. Aromatic imine linkage 
is quite stable in neutral water, but is pH-sensitive, and 
controlled release of DOX from BSP-H-DOX micelles is  
achieved under weak acidic condition (pH� � � �5 and 6). 
Degradation of branched star copolymers under DTT can 
accelerate release of the drug in micelles. Experimental results 
in vitro reveal almost no cytotoxicity of BP(DMAEMA-co-
MAEBA-co-DTDMA)(PMAGP)ns in the current study, and 
the release of DOX in HepG2 and HeLa cells was observed. 
DOX-loaded micelles displayed speci�c binding to HepG2 
cells, due to galactosyl groups on the periphery of micelles. 
Thus, this kind of polymer micelle can act as a hepatoma-
targeting drug delivery vehicle. 
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Figure 11 Confocal laser scanning microscope images of the HepG2 cells (A) and the HeLa cells (B) treated with the BSP-H3-DOX micelle solution (A1 and B1) and 
stained with DAPI (A2 and B2) at 37�nC for 4 hours for each panel; the images, from left to right, show DOX (red), DAPI (blue), and a merge of the two images (far right, 
red and blue).
Abbreviations:  BSP, branched star polymer; DOX, doxorubicin; DAPI, 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride.
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Supplementary materials

Figure S1 GPC curves of the branched polymers, BP(DMAEMA-MAEBA-
DTDMA)-1 (BP-1), BP(DMAEMA-MAEBA-DTDMA)-2 (BP-2), and BP(DMAEMA-
MAEBA-DTDMA)-3 (BP-3) prepared by RAFT copolymerization at 70�nC for 24 
hours with feed molar ratios of [DMAEMA]:[MAEBA]:[DTDMA]:[CPDA]:[AIB
N] ����36:4:1.5:1:0.25, 32:8:1.5:1:0.25, and 16:24:1.5:1:0.25, respectively.
Abbreviations:  GPC, gel permeation chromatography; BP, branched polymer; 
DTDMA, 2,2�-̀dithiodiethyoxly dimethacrylate; DMAEMA, 2-(N,N-dimethylamin
oethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde; RAFT, rever
sible addition–fragmentation chain transfer; CPDB, cyanoisopropyl dithiobenzoate; 
AIBN, Azobis (isobutyronitrile).

Figure S2 GPC curves of the branched star polymers (BSPs), BP(DMAEMA-
MAEBA-DTDMA)1(PMAIGP)n (BSP-1), BP(DMAEMA-MAEBA-DTDMA)2(PMAIGP)n  
(BSP-2), and BP(DMAEMA-MAEBA-DTDMA)3(PMAIGP)n (BSP-3) prepared by 
RAFT polymerization of MAlGP at 70�nC for 24 hours with the feed molar ratios of 
[MAlGP]:[BP-1 or BP-2 or BP-3]����100:1.
Abbreviations:  GPC, gel permeation chromatography; BP, branched polymer; 
DTDMA, 2,2�-̀dithiodiethyoxly dimethacrylate; DMAEMA, 2-(N,N-dimethy
laminoethyl)methacrylate; MAEBA, p-(methacryloxyethoxy)benzaldehyde; RAFT, 
reversible addition–fragmentation chain transfer; CPDB, cyanoisopropyl dithiobe
nzoate; AIBN, Azobis(isobutyronitrile); MAlGP, poly(6-O-methacryloyl-1,2; 3,4-di-
O-isopropylidene-D-galactopyranose.

Figure S3 TEM images of the micelles prepared respectively from BSP-H1 to BSP-H3.
Abbreviations:  TEM, transmission electron microscopy; BSP, branched star polymer.
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Figure S4 TEM images of BSP-H-DOX pro-drug.
Abbreviations:  TEM, transmission electron microscopy; BSP, branched star polymer; DOX, doxorubicin. 
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