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ABSTRACT: The controlled degradation of amphiphilic hyperbranched
polymers (AHPs) is the first consideration for their bio-related applications. In
this contribution, we aim to get some insight into the effect of block distribution
and composition on the degradation behavior of AHPs model systems.
Degradable amphiphilic hyperbranched block (Hyperblock) and graft (Hyper-
graft) copolymers with hydrophobic poly(ε-caprolactone) (PCL) and hydro-
philic poly[tri(ethylene glycol) methyl ether acrylate] (PTEGMA) as building
blocks were prepared in this study, i.e., HB-PCL-b-PTEGMA and HB-PCL-g-
PTEGMA. The two kinds of AHPs own cleavable disulfide linkages embedded at
all branching sites. Their degradation behavior was comparatively investigated in
aqueous solutions. The results reveal that the block distribution and composition
play different roles in the regulation of degradation behavior of long-subchain hyperbranched self-assembly amphiphiles (SAs).
Namely, the degradation process is mainly affected by chain architecture of resultant SAs, while for a given architecture, the
degradation rate can be regulated by systematically varying the block composition.

■ INTRODUCTION

As one main subclass of dendritic polymers, hyperbranched
polymers (HPs) have received increasing attention in the past
two decades because of their unique properties, such as facile
synthesis,1−4 good solubility,5 low viscosity,6 and high number
of terminal functional groups.3,7 These advantages have led to
wide use of HPs as functional materials in various applications,
such as biomedical materials,4,8−15 polymer coating materi-
als,16 optoelectronic materials,17,18 and so forth. Accordingly,
numerous efforts have been devoted to the understanding of
the structure−property relationship for HPs in different
applications.
Among the various applications mentioned above, the

development of amphiphilic hyperbranched polymer (AHP)-
based encapsulating/framework materials for nanomedicine
application is one of the hottest topics and has been extensively
studied in the past decade. Namely, Yan et al.19 studied the
self-assembly and redox-responsive property of polyphosphate-
based AHPs. Kim et al.20 designed a double hydrophilic
hyperbranched copolymer made of poly(ethylene oxide) and
polyglycerol and found that the assembled micelles can exhibit
a pH-responsive release of doxorubicin (DOX). Liu et al.21

prepared hyperbranched unimolecular poly-prodrug micelles
for synergistic reductive milieu-triggered drug release and
enhanced magnetic resonance signals. Clearly, all these

examples demonstrate the great potential of using HPs as
eco-friendly functional materials in bio-related applications.
Nevertheless, a careful literature search shows that only a
limited understanding of the structure−property relation for
AHPs has been achieved. It is yet to be found that how the
molecular parameters of AHPs, such as the molar mass, molar
mass distribution, degree of branching, and the hydrophilicity/
hydrophobicity balance, affect the framework degradation,
small-molecule loading efficiency, and release behavior of
AHP-based self-assembly amphiphiles (SAs) in aqueous
solutions.22,23 This is mainly attributed to the uncontrollability
of structural parameters of prepared HPs in previous
reports.20,24

So far, two major synthetic approaches have been developed
for the preparation of HPs including the chain-growth
polymerization and step-growth polymerization strategies.
Because of the synthetic facilitation, the chain-growth
polymerization methods, including self-condensing vinyl
polymerization (SCVP)25−27 and self-condensing ring-opening
polymerization (SCROP),28,29 have been widely used for the
preparation of HPs. Even the synthetic methods could offer
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moderate control over the chain parameters such as the molar
mass and the average branching subchain length, while the
subchain length distribution is still less controlled, which
partially explains why the previously established structure−
property relationships generally lack the universality and could
hardly be applied to different systems. In contrast, the step-
growth polymerization approach has shown a much better
control over these chain parameters.30 Recently, we proposed a
novel seesaw-type AB2 macromonomer strategy for the
preparation of HPs with uniform and controlled subchains,31,32

where the subchain length is exactly half of initial macro-
monomer length. Our systematic investigations have revealed
that various solution properties of resultant HPs are strongly
dependent on the internal subchain length.33−35 Moreover,
using model hyperbranched polystyrene chains with both
uniform subchains and controlled locations of cleavable
disulfide linkage,36 we quantitatively investigated their
degradation behavior in THF, and the results highlighted the
importance of controlled locations of cleavable disulfide
linkages for model degradation.
For a real AHP nanocarrier system, loading efficiency,

degradation rate of polymer framework, drug release rate, and
biocompatibility are the critical factors to be considered while
designing the structure of AHP nanocarriers. On the other
hand, all the properties are mainly correlated to the molecular
parameters, such as the overall molar mass, polydispersity,
number and distribution of branching subchains and
degradation sites, and block sequence. It is no exaggeration
to say that the preparation of model AHP systems with
controlled branching subchains and degradation sites, as well
as well-defined distribution pattern and composition of
hydrophobic/hydrophilic blocks, is the prerequisite for further
regulating the related property of AHPs-based nanocarrier
system.
For the proof of concept, we prepared two hyperbranched

polymer model systems (Hyperblock and Hypergraft) for the
comparative study of the influence of block distribution and
composition on the degradation behavior of AHP SAs in
aqueous solutions, where the biocompatible poly(ε-caprolac-
tone) (PCL) and poly[tri(ethylene glycol) methyl ether

acrylate] (PTEGMA) were used as hydrophobic and hydro-
philic blocks, respectively (Scheme 1). For Hyperblock, it was
made from PCL-b-PTEGMA diblock macromonomer, and the
inserted hydrophobic and hydrophilic blocks were randomly
distributed in the resultant Hyperblock structure, while
Hypergraft was made of a hydrophobic hyperbranched PCL
core with hydrophilic PTEGMA chains grafted on the
periphery. Based on our previously proposed synthetic
approach, both model systems own controlled branching
subchains and cleavable redox-sensitive disulfide bonds.
Moreover, we first intentionally controlled the composition
of hydrophobic/hydrophilic blocks of Hyperblock and Hyper-
graft copolymers to be similar to each other to study the effect
of block distribution. In addition, for a given architecture,
hyperbranched copolymers with varied block length were also
prepared to study the effect of block composition. Thus, the
two model systems afford us the opportunity, for the f irst time,
to elucidate how the block distribution and composition
influence the degradation of amphiphilic long-subchain HPs in
aqueous solutions. Experimentally, a significantly different
degradation behavior was observed for the two AHPs systems,
highlighting the importance of the rational design of block
distribution and composition for AHPs in different applica-
tions. The results simultaneously demonstrate that both of the
model systems are potential candidates as nanocarriers for
practical nanomedicine application.

■ MATERIALS
ε-Caprolactone (CL, Aladdin, 99%) was dried over calcium hydride
and distilled under reduced pressure. Copper(I) bromide (CuBr, Alfa
Aesar, 98%) was washed with glacial acetic acid to remove soluble
oxidized species, filtrated, washed with ethanol, and dried under
vacuum. Acetonitrile (ACN, Sinopharm, 99%) and triethylamine
(TEA, Sinopharm, 97%) were refluxed over p-toluenesulfonyl chloride
and then distilled over calcium hydride prior to use. Dichloromethane
(DCM, Sinopharm, 97%) was distilled over calcium hydride.
Dimethylformamide (DMF, Sinopharm, 97%) was first dried with
anhydrous magnesium sulfate and then distilled under reduced
pressure. Tetrahydrofuran (THF, Sinopharm, 99%) and toluene
(Sinopharm, 97%) were refluxed over sodium for 24 h and then
distilled. 2-Bromopropionyl bromide (Aladdin, 97%), 2-bromoisobu-

Scheme 1. Schematic Illustration of Topological Structures of Prepared (a) Hyperblock and (b) Hypergraft Amphiphilic
Copolymers
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tyryl bromide (Aladdin, 98%), acryloyl chloride (Aladdin, 96%),
triethylene glycol monomethyl ether (Sigma-Aldrich, 95%), sodium
azide (NaN3, Sigma-Aldrich, 99%), N,N,N′,N′,N″-pentamethyl-
diethylenetriamine (PMDETA, Sigma-Aldrich, 99%), tin(II) 2-
ethylhexanoate (Sn(EH)2, Sigma-Aldrich, 95%), and other analytical
grade reagents from Sinopharm were used as received. The water used
in this work is Milli-Q water (Millipore, resistivity = 18.2 MΩ·cm at
25 °C).
The synthesis of Hyperblock (HB-PCL26-b-PTEGMA12) and

Hypergraft copolymer (HB-PCL23-g-PTEGMA13) is detailed as
follows, as shown in Scheme 2, and the syntheses of other
hyperbranched copolymers with different compositions are similar.
The subscript number represents the degree of polymerization of the
repeating unit calculated from 1H NMR, which will be discussed later.
Synthesis of PCL-OH-Br by Ring-Opening Polymerization

(ROP). In a typical reaction, 0.67 g of initiator I (1.46 mmol), 4.01 g
of ε-caprolactone (35.2 mmol), and 0.09 g of Sn(EH)2 (0.22 mmol)
were added into a 100 mL three-neck bottle, and then anhydrous
toluene (50 mL) was added. The mixture was stirred for 10 h at 115
°C under an argon atmosphere. The solvent was removed by rotary
evaporation after the reaction was stopped. The product was
redissolved in THF and precipitated into an excess of cold
methanol/water mixture (3/1, v/v). The precipitation process was
repeated for three times. The white solid PCL26-OH-Br was obtained
after drying under vacuum at 40 °C for 24 h (yield: 4.0 g, 85%). 1H
NMR chemical shift for PCL26-OH-Br (δ, ppm, CDCl3): 4.38−4.45
(−COO−CH2−CH2−SS−), 4.20−4.37 (−COO−CH2−C−COO−),
4.18−4.20 (CHC−CH2−), 4.00−4.12 (−OOC−CH2−CH2−
CH2−CH2−CH2−O−), 3.75−3.83 (−CH2−O−CH2−CH2−SS−),
3.60−3.70 (−CH2−CH2−OH), 2.85−3.00 (−CH2−CH2−SS−
CH2−CH2−), 2.43−2.52 (CHC−), 2.24−2.42 (−OOC−CH2−
CH2−CH2−CH2−CH2−O−), 1.65−1.87 (−OOC−C(CH3)2−Br),
1.53−1.77 (−OOC−CH2−CH2−CH2−CH2−CH2−O−), 1.27−1.48
(−OOC−CH2−CH2−CH2−CH2−CH2−O−), 1.26−1.32 (−OOC−
C−CH3).
Synthesis of PCL-b-PTEGMA-OH-Br by Atom Transfer

Radical Polymerization (ATRP). Tri(ethylene glycol) methyl
ether acrylate (TEGMA) was synthesized according to the reported
procedure.37 1.6 g of PCL26-OH-Br (0.47 mmol), 5.10 g of TEGMA
(23.4 mmol), 100 μL of PMDETA (0.48 mmol), and anhydrous
DMF (5 mL) were added into a 20 mL glass tube with a magnetic
stirrer. After degassing by three freeze−vacuum−thaw cycles, 68 mg
of CuBr (0.47 mmol) was added into the tube, and then the tube was

sealed under vacuum. The mixture was stirred at 60 °C for 3 h. Then
the mixture was diluted with THF and passed through a short neutral
alumina column to remove the metal salt. The solvent was removed
by rotary evaporation. The product was redissolved in THF and
precipitated into an excess amount of cold n-hexane. The
precipitation process was repeated for three times. The white solid
PCL26-b-PTEGMA12-OH-Br was obtained after drying under vacuum
at 40 °C for 24 h (yield: 2.2 g, 74%).

Synthesis of PCL-b-PTEGMA-2Br by Functional Modifica-
tion. 2.05 g of PCL26-b-PTEGMA12-OH-Br (0.34 mmol), 0.34 g of
TEA (3.4 mmol), and anhydrous DCM (30 mL) were added into a
50 mL three-neck bottle. 0.73 g of 2-bromopropionyl bromide (3.4
mmol) dissolved in anhydrous DCM (5 mL) was added dropwise
within 1 h at 0 °C. The mixture was stirred for 20 h at room
temperature under an argon atmosphere. The solvent was removed by
rotary evaporation after the reaction was stopped. The residue was
redissolved in THF. After the removal of insoluble salts by filtration,
the filtrate was concentrated by a rotary evaporator. The polymer
solution was precipitated into an excess amount of cold n-hexane. The
precipitation process was repeated three times. The light yellow solid
PCL26-b-PTEGMA12-2Br was obtained after drying under vacuum at
40 °C for 24 h (yield: 1.89 g, 92%).

Synthesis of PCL-b-PTEGMA-2N3 by Azidation. 1.84 g of
PCL26-b-PTEGMA12-2Br (0.30 mmol) was dissolved in ACN (20
mL), and then 0.59 g of NaN3 (9.1 mmol) was added into the
solution. The mixture was stirred at 32 °C for 36 h under an argon
atmosphere. The solvent was removed by rotary evaporation after the
reaction was stopped, and the product was redissolved in THF. After
being centrifuged for 30 min × 3, the supernatant was precipitated
into an excess amount of cold n-hexane. The light yellow solid PCL26-
b-PTEGMA12-2N3 was obtained after drying under vacuum at 40 °C
for 24 h (yield: 1.6 g, 87%).

Synthesis of Hyperblock Copolymer HB-PCL-b-PTEGMA by
“Click” Reaction. 1.55 g of PCL26-b-PTEGMA12-2N3 (0.26 mmol),
96 μL of PMDETA (0.46 mmol), and THF (10 mL) were added into
a 20 mL glass tube with a magnetic stirrer. After degassing by three
freeze−vacuum−thaw cycles, 68 mg of CuBr (0.46 mmol) was added
into the tube, and then the tube was sealed under vacuum. The
mixture was stirred at 60 °C for 48 h. Then the mixture was diluted
with THF and passed through a short neutral alumina column to
remove the metal salt. After being concentrated, the polymer solution
was precipitated into an excess amount of cold n-hexane. The solid
HB-PCL26-b-PTEGMA12 was obtained after drying under vacuum at

Scheme 2. Schematic Illustration of (a) Hyperblock Copolymer HB-PCL-b-PTEGMA and (b) Hypergraft Copolymer HB-
PCL-g-PTEGMA
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40 °C for 24 h (yield: 1.1 g, 71%), and then the product was
fractionated with n-hexane/THF mixture (1−1.5/1, v/v) (yield: 0.12
g, 11%).
Synthesis of PCL-2OH by ROP. In a typical reaction, 0.74 g of

initiator II (2.4 mmol), 6.02 g of ε-caprolactone (52.8 mmol), and
0.20 g of Sn(EH)2 (0.49 mmol) were added into a 100 mL three-neck
bottle, and then anhydrous toluene (60 mL) was added. The mixture
was stirred for 10 h at 115 °C under an argon atmosphere. The
solvent was removed by rotary evaporation after the reaction was
stopped. The product was redissolved in THF and precipitated into
an excess of cold methanol/water mixture (3/1, v/v). The
precipitation process was repeated for three times. The white solid
PCL23-2OH was obtained after drying under vacuum at 40 °C for 24
h (yield: 6.1 g, 90%).
Synthesis of PCL-2Br by Functional Modification. 5.8 g of

PCL23-2OH (2.0 mmol), 2.51 g of TEA (24.9 mmol), and 60 mL of
anhydrous DCM were added into a 100 mL three-neck bottle. A
solution of 5.34 g of 2-bromopropionyl bromide (24.7 mmol) in
anhydrous DCM (10 mL) was added dropwise within 1 h at 0 °C.
The mixture was stirred for 20 h at room temperature under an argon
atmosphere. The solvent was removed by rotary evaporation after the
reaction was stopped. The residue was redissolved in THF. After the
removal of insoluble salts by filtration, the filtrate was concentrated by
a rotary evaporator. The polymer solution was precipitated into an
excess amount of cold n-hexane. The precipitation process was
repeated for three times. The light yellow solid PCL23-2Br was
obtained after drying under vacuum at 40 °C for 24 h (yield: 4.5 g,
78%).
Synthesis of PCL-2N3 by Azidation. 2.3 g of PCL23-2Br (0.78

mmol) was dissolved in ACN (20 mL), and then 1.4 g of NaN3 (21.5
mmol) was added into the solution. The mixture was stirred at 40 °C
for 48 h under an argon atmosphere. The solvent was removed by
rotary evaporation after the reaction was stopped, and the product
was redissolved in THF. After being centrifuged for 30 min × 3, the
supernatant was precipitated into an excess of cold methanol/water
mixture (3/1, v/v). The light yellow solid PCL23-2N3 was obtained
after drying under vacuum at 40 °C for 24 h (yield: 1.3 g, 57%).
Synthesis of PTEGMA by ATRP. 0.78 g of initiator III (2.3

mmol), 7.02 g of TEGMA (32.2 mmol), 480 μL of PMDETA (2.30
mmol), and anhydrous DMF (5 mL) were added into a 20 mL glass
tube with a magnetic stirrer. After degassing by three freeze−
vacuum−thaw cycles, 230 mg of CuBr (1.6 mmol) was added into the
tube, and then the tube was sealed under vacuum. The mixture was
stirred at 60 °C for 3 h. Then the mixture was diluted with THF and
passed through a short neutral alumina column to remove the metal
salt. The solvent was removed by rotary evaporation. The product was
redissolved in THF and precipitated into an excess amount of cold n-
hexane. The precipitation process was repeated for three times. The
transparent liquid PTEGMA13 was obtained after drying under
vacuum at 40 °C for 24 h (yield: 3.1 g, 47%). 1H NMR chemical shift
for PTEGMA13 (δ, ppm, CDCl3): 4.25−4.45 (CHC−CH2−,
−COO−CH2−CH2−SS−, −COO−CH2−CH2−O−), 3.75−3.84
(−O−CH2−CH2−SS−), 3.60−3.74 (−COO−CH2−CH2−O−
CH2−CH2−O−CH2−CH2−O−), 3.50−3.60 (−O−CH2−CH2−O−
CH3), 3.29−3.43 (−O−CH3), 2.85−3.00 (−CH2−CH2−SS−CH2−
CH2−), 2.47−2.56 (CHC−), 2.20−2.47 (−CH2−CH−COO−),
1.38−2.15 (−CH2−CH−COO−), 1.05−1.21 (−C(CH3)2−COO−).
Synthesis of Hypergraft Copolymer HB-PCL-g-PTEGMA. 1.2

g of PCL23-2N3 (0.41 mmol), 180 μL of PMDETA (0.86 mmol), and
THF (6 mL) were added into a 20 mL Schlenk bottle. After degassing
by three freeze−vacuum−thaw cycles, 120 mg of CuBr (0.83 mmol)
was added immediately. 1.2 mL of hyperbranched PCL (HB-PCL23)
solution was taken out after the mixture was stirred at 60 °C for 48 h.
Then a degassed polymer solution containing 3.0 g of PTEGMA13
(9.4 mmol) was added into the Schlenk bottle, and the reaction was
continued at 60 °C for another 48 h to get HB-PCL23-g-PTEGMA13.
The remaining HB-PCL23 and HB-PCL23-g-PTEGMA13 polymer
solutions were treated with a similar procedure; i.e., the solutions were
first diluted with THF and passed through a short neutral alumina
column to remove the metal salt. After being concentrated, the HB-

PCL solution was precipitated into an excess of cold methanol/water
mixture (3/1, v/v) while the HB-PCL23-g-PTEGMA13 solution was
precipitated into an excess amount of cold n-hexane. The HB-PCL23-
g-PTEGMA13 was further fractionated with n-hexane/THF mixture
(1−1.5/1, v/v). The light green solid HB-PCL23 (yield: 50 mg, 25%)
and HB-PCL23-g-PTEGMA13 (yield: 0.2 g, 8.3%) were obtained after
drying under vacuum at 40 °C for 24 h.

Preparation of Bare Polymeric Self-Assembly Amphiphiles
(SAs). All the SAs were prepared with the same procedure, and all the
copolymers used are fractionated samples. In a typical process, 5 mg
of HB-PCL26-b-PTEGMA12 was dissolved in DMF (1 mL). The water
(5 mL) was added immediately into this polymer solution under
vigorous stirring. The solution was dialyzed against water for 24 h
(molecular weight cutoff ∼14000 g/mol) after being stirred at room
temperature for 1 h.

Preparation of Doxorubicin (DOX) Loaded SAs. The typical
preparation procedure of DOX loaded SAs was described as follows.
First, DOX solution with a concentration of 10 mg/mL was prepared
by mixing 10 mg of DOX·HCl and 5 mol equiv of TEA in DMSO (1
mL). 5 mg of HB-PCL26-b-PTEGMA12 was dissolved in DMF, and
100 μL of DOX solution (10 mg/mL) was added. Then water (1 mL)
was added immediately into the mixture under vigorous stirring. The
solution was dialyzed against water for 24 h (molecular weight cutoff
∼14000 g/mol) after being stirred at room temperature for 1 h. The
DOX loaded SAs solution was centrifuged for 10 min × 3 at 4000 rpm
to remove unloaded DOX. The UV absorbance of the mixture (100
μL DOX loaded SAs solution mixed with 900 μL DMSO) at 485 nm
was measured to determine the total loading of DOX.38,39 A standard
curve of DOX in DMSO was obtained by the UV−vis
spectrophotometer at 485 nm (Figure S1). The drug loading content
(DLC) and drug loading efficiency (DLE) were calculated according
to the following formulas:40

=
+

×
m

m m
DLC (%) 100%DOX in micelles

polymer DOX in micelles (1)

= ×
m

m
DLE (%) 100%DOX in micelles

DOX (2)

Degradation of Hyperblock and Hypergraft Copolymers in
THF. 25 mg of Hyperblock or Hypergraft copolymer was dissolved
into 50 mL of THF. The oxygen in the solution was removed by
bubbling nitrogen for 1 h, and then ∼80 mg of DTT was added into
the solution. The degradation processes were monitored at 25 °C by
GPC.

Drug Release Kinetics in Vitro. The drug release was conducted
at 37 °C in 20 mM PB buffer (pH 7.4, 10 mM DTT). Typically, drug
loaded SAs solutions were added into a dialysis bag (molecular weight
cutoff ∼14000 g/mol) and dialyzed against 20 mL of PB buffer. At
predetermined time points, the old buffer solution containing DOX
was taken out, and 20 mL of fresh buffer was added. The buffer
solution was freeze-dried and dissolved in DMSO. The DOX content
was measured by a UV−vis spectrophotometer at 485 nm. The
cumulative release of DOX was calculated.

Characterization. 1H NMR measurements were conducted on a
Bruker AV400NMR spectrometer. Deuterated chloroform (CDCl3)
was used as the solvent while tetramethylsilane (TMS) was used as an
internal standard. The concentration of polymers was ∼20 g/L. FTIR
spectra were performed on a Bruker VECTOR-22 IR spectrometer.
The samples were prepared by the KBr disk method, and the spectra
were collected at 64 scans with a spectral resolution of 4 cm−1. The
molar mass and polydispersity index (PDI = Mw/Mn) were
determined by gel permeation chromatography (GPC, Waters
1515) equipped with three Waters Styragel columns (HR2, HR4,
and HR6) and a refractive index detector (RI, Wyatt WREX-02). The
column oven temperature was kept at 35 °C. THF was used as eluent,
and the flow rate was set at 1.0 mL/min. Molar masses were calibrated
with narrowly distributed linear polystyrene samples.

Differential Scanning Calorimetry (DSC). DSC was performed
on a Q2000 differential scanning calorimeter from TA Instruments
under a nitrogen flow rate of 100 mL/min. First, the sample was
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heated from −90 to 150 °C to remove the thermal history, and then
the sample was reheated after cooling from 150 to −90 °C. The
scanning rate was set at 10 °C/min. The endothermic maximum
temperature during reheating was taken as the melting temperature
(Tm). The degree of crystallinity (χc) was calculated according to the
equation as follows:41,42

χ = Δ × ΔH W H/( )c m PCL m,0 (3)

where ΔHm is the heat of fusion per gram of copolymers determined
based on the endothermic peak. 136.4 J/g (ΔHm,0) was used as a
reference for the melting enthalpy of 100% crystalline PCL.42 WPCL is
the weight fraction of PCL in the copolymer which was calculated by
1H NMR integral areas.
Thermal Gravimetric Analysis (TGA). TGA was performed on a

Discovery TGA from TA Instruments under a nitrogen flow rate of
100 mL/min. The sample was heated to 800 °C, and the heating rate
was set at 10 °C/min.
Dynamic Light Scattering (DLS). A commercial LLS spec-

trometer (ALV/DLS/SLS-5022F) equipped with a multi-τ digital
time correlator (ALV5000) was used. The Laplace inversion of each
measured intensity−intensity time correlation function G(2)(q,t) in
the self-beating mode using both the cumulants and CONTIN
analysis can result in a line-width distribution G(Γ). Then G(Γ) can
be converted to translational diffusion coefficient distribution G(D)
according to the equation Γ = Dq2. The hydrodynamic radius
distribution f(Rh) can be obtained via the Stokes−Einstein equation,
Rh = kBT/6πη0D, where kB, T, and η0 are the Boltzmann constant, the
absolute temperature, and the viscosity of solvent, respectively. The
scattering angle was fixed at 30°, and the temperature was controlled
at 25 °C. The concentration for all the samples was fixed at 0.6 mg/
mL. In a typical degradation process, the oxygen in SAs solution (2
mL) was removed by bubbling nitrogen for 10 min, and then 3.2 mg
of DTT was added into the solution. All the solutions were filtered
through hydrophilic filters (Millipore, aperture 0.45 μm) before DLS
measurements.
Cell Viability Assay. HeLa cells were seeded in 96-well plates (4

× 103 cells per well) with 100 μL complete Dulbecco’s Modified
Eagle Medium (DMEM) per well and cultured for 24 h. The cells
were incubated with predetermined amounts of bare polymeric SAs or
DOX-loaded SAs at 37 °C and 5% CO2 for 48 h. Then, 20 μL of 5
mg/mL MTT solution in phosphate buffered saline (PBS) was added
to each well and incubated for another 4 h. The medium was removed
carefully, and generated MTT−formazan was dissolved in 200 μL of
DMSO per well. The absorbance was measured on a Bio-Rad iMark at
a wavelength of 595 nm. The relative cell viability (%) was
determined by comparing the absorbance at 595 nm with control
wells incubated with complete DMEM. Data are presented as mean ±
standard deviation (SD) (n = 4).
CMC Measurement. The critical micelle concentration (cmc)

was determined using pyrene as a fluorescence probe.43 The
fluorescence excitation spectra of pyrene were recorded by a Hitachi
F-4600 fluorescence spectrophotometer (Hitachi High-Technologies
Corporation, Tokyo, Japan). The emission wavelength was set at 390
nm. The concentration of polymers varied from 1.0 × 10−5 to 0.6 mg/
mL, and the concentration of pyrene was fixed at 8.0 × 10−7 mol/L.
The cmc was estimated as the cross-point when extrapolating the
intensity ratio I338/I335 at low and high concentration regions (Figure
S2).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Hyperblock and

Hypergraft Copolymers. In this study, to investigate the
effect of chain architecture, two amphiphilic hyperbranched
polymers (AHPs) with a similar weight fraction of hydro-
phobic/hydrophilic composition but different block distribu-
tions were prepared; to study the effect of block composition,
the block length was systematically varied for a given
hyperbranched structure. The biocompatible poly(ε-caprolac-

tone) (PCL) was used as hydrophobic building block. We
chose poly[tri(ethylene glycol) methyl ether acrylate]
(PTEGMA) as hydrophilic building block because the
polymerization process is well controlled and the end group
can be easily modified. Scheme 2 shows our strategy of
synthesizing AB2-type macromonomers and the target Hyper-
block and Hypergraft copolymers. The Hyperblock (HB-PCL-
b-PTEGMA) is made from PCL-b-PTEGMA diblock AB2-type
macromonomer, and the inserted PCL and PTEGMA blocks
are randomly distributed along the backbones, while the
Hypergraft (HB-PCL-g-PTEGMA) is composed of a hyper-
branched PCL core and grafted PTEGMA chains on periphery.
The synthesis started from two functional initiators, as

shown in Scheme 2. The initiators I (Figure S3) and II were
prepared according to our previous protocols.35 For the
synthesis of Hyperblock HB-PCL-b-PTEGMA and Hypergraft
HB-PCL-g-PTEGMA, two kinds of functional AB2-type
macromonomers were prepared, namely, PCL-b-PTEGMA-
2N3 (Scheme 2a) and PCL-2N3 (Scheme 2b). For the
synthesis of PCL-b-PTEGMA-2N3, the diblock precursor PCL-
b-PTEGMA-OH-Br was first prepared by a combination of
ring-opening polymerization (ROP) of CL and subsequent
atom transfer radical polymerization (ATRP) of TEGMA.
Further functional modification of the end hydroxyl group of
PCL block and azidation substitution furnished the diblock
macromonomer PCL-b-PTEGMA-2N3 with one alkyne group
in middle of two blocks and two azide groups located at the
end of each block. The synthesis of PCL-2N3 is much simpler;
namely, a combination of ROP of CL, functional modification,
and azidation substitution results in the final PCL-2N3
macromonomer with one alkyne group in the chain center
and two azide groups located at the two chain ends.
In the syntheses, the ROP and ATRP polymerization

processes were all conducted in a living manner. The successful
preparation of macromonomers PCL-b-PTEGMA-2N3 and
PCL-2N3 with different chain lengths and block compositions
was confirmed by various characterization methods. Namely,
Figure 1 demonstrates that the resultant macromonomers

PCL26-b-PTEGMA12-2N3 and PCL23-2N3 own relatively
narrow molar mass distributions with polydispersity indexes
(Mw/Mn) of ∼1.3 and ∼1.2, respectively. It is worth noting
that the monomer conversion during polymerization was
maintained below 60% to ensure high end-group functionality.
The number-average molar masses (Mn) were determined to
be ∼7.5 × 103 and ∼4.2 × 103 g/mol for these two
macromonomers.

Figure 1. GPC curves of (a) PCL26-OH-Br and PCL26-b-PTEGMA12-
2N3 and (b) PTEGMA13 and PCL23-2N3.
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In addition to the visual GPC measurements, the two
macromonomers and other intermediate polymers were also
characterized by 1H NMR in detail. Figures 2 and 3 summarize

the corresponding 1H NMR results for PCL26-b-PTEGMA12-
2N3 and PCL23-2N3, respectively. The successful polymer-
ization and postpolymerization modification can be clearly
reflected in the presence of new peaks and obvious signal shift
of existing peaks, respectively. Detailed notation is made to
assign the peaks to the corresponding protons of each
intermediate polymer. Figure 2a shows that the characteristic
peaks located at ∼4.00 ppm (“k”) and ∼3.65 ppm (“k′”) are
attributed to the protons of −CH2OOC− and −CH2−OH on
the chain backbone and the chain end of each PCL block,
respectively. PCL26-b-PTEGMA12-OH-Br was obtained by
subsequent ATRP of the monomer TEGMA. The new peaks
located at ∼3.55 ppm (“s”) and ∼3.38 ppm (“t”) in Figure 2b
are attributed to the protons of TEGMA repeating unit. After
functional modifications by bromination reaction, the new
peaks in Figure 2c located at 1.82 ppm (“u”) and 4.35 ppm
(“v”) indicate the success of this reaction. After the azidation
reaction of PCL26-b-PTEGMA12-2Br with NaN3, we got the
final amphiphilic macromonomer PCL26-b-PTEGMA12-2N3.
The 1H NMR spectrum is shown in Figure 2d. The peaks “u”
and “v” both shift to lower position compared with PCL26-b-
PTEGMA12-2Br. Moreover, the similar chemical shift changes

after the synthesis process of PCL23-2N3 are shown in Figure 3.
Note that GPC result can only provide apparent values for
molar mass related information if we consider the difference of
hydrodynamic sizes between PCL/PTEGMA and polystyrene
calibration standards. Therefore, 1H NMR spectra were further
used to extract the information about real molar mass and
relative mass fraction of each block for macromonomers
PCL26-b-PTEGMA12-2N3 and PCL23-2N3. Principally, the
relative intensity of integral area of the signals from initiating
site, end-group, and monomer units can be used to calculate
the real degree of polymerization (DP) for PCL and PTEGMA
blocks. The value of DP of PCL segment was calculated as

= + ′ ′A A ADP ( )/k k kPCL (4)

where Ak and Ak′ represent the integration area of peaks k and
k′, respectively. Similarly, the values of DP of PTEGMA block
and macromonomer PCL-2N3 can be calculated as

= A ADP 2 /PTEGMA s d (5)

= + ′ ′A A ADP 2( )/k k kPCL (6)

Following this principle, for PCL26-b-PTEGMA12-2N3, the real
DP value of PCL and PTEGMA blocks was found to be ∼26
and ∼12, respectively, while the DP value of PCL was found to
be ∼23 for PCL23-2N3. In addition, the alkyne-functional
PTEGMA with different lengths prepared by ATRP was
further used as grafting chains for the preparation of
Hypergraft HB-PCL-g-PTEGMA. By taking PTEGMA13 as
an example, the 1H NMR result demonstrates that the DP
value for PTEGMA13 is ∼13, which is similar to the PTEGMA
block in the diblock copolymer PCL26-b-PTEGMA12. The
corresponding GPC and 1H NMR curves of PTEGMA13 are
shown in Figures 1b and 3a.
The interchain coupling of macromonomer PCL26-b-

PTEGMA12-2N3 was conducted with the CuBr/PMDETA
catalyst system to produce Hyperblock HB-PCL26-b-PTEG-
MA12. Similarly, the hydrophobic hyperbranched core of
Hypergraft HB-PCL23-g-PTEGMA13 was prepared from
macromonomer PCL23-2N3. Figure 4 shows clear shifts of

elution peaks in GPC curves for macromonomers PCL26-b-
PTEGMA12-2N3 and PCL23-2N3 after click reaction (red
curves), signifying the formation of hyperbranched chains. For
the preparation of Hypergraft HB-PCL23-g-PTEGMA13, an
additional click reaction between the alkyne group of
PTEGMA13 and residual azide groups of PCL hyperbranched

Figure 2. 1H NMR spectra of (a) PCL26-OH-Br, (b) PCL26-b-
PTEGMA12-OH-Br, (c) PCL26-b-PTEGMA12-2Br, and (d) macro-
monomer PCL26-b-PTEGMA12-2N3.

Figure 3. 1H NMR spectra of (a) PTEGMA13, (b) PCL23-2OH, (c)
PCL23-2Br, and (d) macromonomer PCL23-2N3.

Figure 4. GPC curves of (a) unfractionated Hyperblock HB-PCL26-b-
PTEGMA12 and macromonomer PCL26-b-PTEGMA12-2N3 and (b)
fractionated Hypergraft HB-PCL23-g-PTEGMA13, HB-PCL23, and
PCL23-2N3.
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core was carried out to couple the hydrophilic PTEGMA onto
the periphery of PCL hyperbranched core. The GPC curve
further shifts to a lower retention time, indicating the
successful grafting process. All the apparent molar mass
information about related samples is summarized in Table S1.
Figure 5 shows the 1H NMR spectra of two hyperbranched

model systems. As shown, the observed new peak located at

∼7.8 ppm (“a”) can be attributed to the proton signal from the
triazole ring,44 indicating the formation of a triazole five-
membered ring, which is also reflected in the significant
chemical shifts of protons “b” and “v” from the branching
linkages and terminal groups of macromonomers. Figure S4
further shows the FTIR spectra of macromonomers, hyper-
branched polymers, and other intermediate polymers.
Obviously, the strong vibration at ∼2100 cm−1 can be ascribed
to azide asymmetric stretching vibration,35,44 reflecting the
successful substitution of bromine groups by azide groups for
macromonomers PCL26-b-PTEGMA12-2N3 and PCL23-2N3.
After the click reaction, the vibration intensity decreases,
reflecting the decrease in the mass fraction of azide groups
during polycondensation process. The significant difference
between final Hyperblock HB-PCL26-b-PTEGMA12 and
Hypergraft HB-PCL23-g-PTEGMA13 is indicated by the
stretching vibration intensity of azide groups. The vibration
signal of azide groups of HB-PCL23-g-PTEGMA13 seems to
totally disappear after the grafting process, indicating the high
grafting efficiency (up to 90%). Overall, the structures of
resultant Hyperblock HB-PCL26-b-PTEGMA12 and Hypergraft
HB-PCL23-g-PTEGMA13 amphiphilic copolymers were con-
firmed by a combination of GPC, 1H NMR, and FTIR
characterization. The above results clearly demonstrate that the
two model hyperbranched systems have a similar PCL/
PTEGMA composition but different block sequences and
distributions, which can be further used as meaningful

reference models for the investigation of how the block
sequence and distribution affect the degradation behavior.
For HB-PCL-b-PTEGMA, we systematically regulated the

chain length of the hydrophilic PTEGMA block in the
macromonomer to obtain a set of HB-PCLx-b-PTEGMAy
with almost identical hydrophobic block (x = 25−26) but
with different PTEGMA block lengths (y = 6, 12, and 26). For
HB-PCLx′-g-PTEGMAy′, we also got a set of samples with
identical hydrophobic block (x′ = 23−25) but with different
PTEGMA block lengths (y′ = 12 and 21). The detailed GPC
characterization results of these samples are shown in Figure
S5 (1H NMR and FTIR results are not shown), and their chain
parameters are summarized in Table S3.

Degradation of Hyperblock and Hypergraft Copoly-
mers in an Organic Solvent. As mentioned earlier, each
branching point of HB-PCL-b-PTEGMA and HB-PCL-g-
PTEGMA contains only one cleavable disulfide bond. All the
degradable sites are perfectly distributed along the hyper-
branched backbone. Following our previous study of
degradable hyperbranched polystyrene, we preferred to choose
dithiothreitol (DTT)45 as the reducing agent because (1) its
induced disulfide reduction is highly efficient because of its
high conformational tendency to form a six-membered ring
and (2) it is soluble in a range of solvents such as THF and
water, providing an opportunity to carry out the experiments in
both nonaqueous and aqueous solutions.
Hyperblock HB-PCL26-b-PTEGMA12 and Hypergraft HB-

PCL23-g-PTEGMA13 were used as model samples to
investigate the degradation behavior of hyperbranched
copolymers in organic solvent. In experiments, the degradation
of model samples in THF solution (10 mM DTT) was
monitored quantitatively by GPC. As shown in Figures 6a and

6b (data for reference samples are shown in Figure S6), the
degradation of HB-PCL26-b-PTEGMA12 and HB-PCL23-g-
PTEGMA13 is almost accomplished within ∼30 h.46 The
apparent molecular information about the degradation
products is summarized in Table S2. However, the nonaqueous
solution is not the appropriate choice to mimic the real
environment of drug releasing process. Taking the advantages
of biocompatibility and water solubility of prepared Hyper-
block HB-PCL-b-PTEGMA and Hypergraft HB-PCL-g-PTEG-
MA, we further monitored the degradation behavior of their
self-assembly amphiphiles (SAs) in aqueous solutions (10 mM
DTT) by stand-alone laser light scattering (LLS). The changes
in the relative scattering intensity (It/I0) and hydrodynamic
radius (⟨Rh⟩) were monitored over degradation time.

Figure 5. 1H NMR spectra of (a) Hyperblock HB-PCL26-b-
PTEGMA12 and (b) hyperbranched core HB-PCL23 and Hypergraft
HB-PCL23-g-PTEGMA13.

Figure 6. GPC curves for the two AHPs before and after degradation
in THF at [DTT] = 10 mM: (a) fractionated HB-PCL26-b-
PTEGMA12 and (b) fractionated HB-PCL23-g-PTEGMA13.
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Degradation of Hyperblock and Hypergraft Copoly-
mers in Aqueous Solutions: The Effect of Chain
Architecture. Using HB-PCL26-b-PTEGMA12 and HB-
PCL23-g-PTEGMA13 with a similar block composition as
model samples, we first investigated how the block distribution
influences the degradation behavior of hyperbranched SAs in
aqueous solutions. The results of degradation study for HB-
PCL26-b-PTEGMA12 SAs are summarized in Figure 7. Figure
7a shows that the relative scattering intensity It/I0 decreases
rapidly in the first 20 h and then smoothly with degradation
time, signifying a two-step degradation process (red and blue
lines). The two-step degradation process can also be reflected
in the evolution of ⟨Rh⟩ as a function of degradation time in
Figure 7b, where the ⟨Rh⟩ of HB-PCL26-b-PTEGMA12 SAs
rapidly decreases from ∼24 to ∼17 nm within the first 20 h,
and subsequently a smooth decrease to ∼12 nm can be
observed in the following 80 h. Moreover, Figure 7c shows that
the hydrodynamic radius distribution f(Rh) becomes narrower
as time proceeds, signifying the uniformity of the SAs
composed of degradation products. It is worth noting that
we also measured the f(Rh) of SAs composed of diblock
PCL26-b-PTEGMA12 macromonomer in aqueous solution for
comparison (Figure S7), which shows similar ⟨Rh⟩s and
polydispersity indexes to those of degradation products,
implying that the molecular structure of degradation products
is similar to that of the macromonomer.

Figure 7d further shows that the relative apparent chain
density (ρapp,t/ρapp,0), defined as ρapp,t/ρapp,0 = (It/⟨Rh⟩

3)t=t/(It/
⟨Rh⟩

3)t=0, gradually increases with the degradation time. This
change reflects that the SAs made of huge hyperbranched
chains own a much lower apparent chain density than that of
initial linear macromonomer, which can be attributed to the
more compact structure of SAs composed of diblock
amphiphiles. By taking Rh ∼ M0.5 into ρ ∼ M/Rh

3 for
hyperbranched chains in a good solvent,47 we can get ρ ∼
M−0.5; i.e., a polymer chain with a smaller molecular weight has
a higher apparent chain density. Thus, the apparent chain
density increases with the degradation of Hyperblock
copolymers. It is also worth noting that the intermediate and
final degradation product (PCL26-b-PTEGMA12) is not able to
be further cleaved into individual PCL and PTEGMA blocks as
they are chemically bonded, which leads to an unchanged
hydrophobic/hydrophilic balance for SAs during the whole
degradation process. At any point, no turbidity was observed in
the SAs aqueous solution, even at the end of experiment. The
degradation process for Hyperblock HB-PCL26-b-PTEGMA12
is schematically illustrated in Figure 7e.
In contrast, HB-PCL23-g-PTEGMA13 SAs showed different

degradation kinetics as shown in Figures 8a−d. We
hypothesize that this difference originates from the different
branching patterns of the two model systems; namely, the
PCL/PTEGMA blocks are randomly distributed within the
whole framework of Hyperblock HB-PCL-b-PTEGMA, while

Figure 7. Degradation time (t) dependence of (a) ratio (It/I0) of scattering intensities at t = t (It) and t = 0 (I0), (b) average hydrodynamic radius
⟨Rh⟩, (c) hydrodynamic radius distribution f(Rh), and (d) ratio (ρapp,t/ρapp,0) of apparent chain segment densities at t = t (ρapp,t) and t = 0 (ρapp,0)
for HB-PCL26-b-PTEGMA12 SAs in aqueous solutions with [DTT] = 10 mM, where Cpolymer = 0.6 mg/mL. (e) Schematic illustration of
degradation process for HB-PCL-b-PTEGMA SAs in aqueous solution.
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spatially separated hydrophobic PCL and hydrophilic
PTEGMA domains exist for Hypergraft HB-PCL-g-PTEGMA.
Relying on the observed different change rates in light
scattering intensity and size, the whole degradation process
can be divided into four time intervals: (i) t < 4 h, a fast
degradation process was observed, reflected in the significant
decrease of It/I0 from ∼1.0 to ∼0.3 (Figure 8a) and size from
∼24 to ∼16 nm (Figures 8b,c); (ii) 4 h < t < 29 h, the
determined values of It/I0 and ⟨Rh⟩ weakly increase with time;
(iii) 29 h < t < 82 h, It/I0 and ⟨Rh⟩ start to rapidly increase with
degradation time, ∼12 times increase in ⟨Rh⟩ was observed;
(iv) t > 82 h, the average size of assemblies slowly decreases
with degradation time.
Reasonably, the change during the first time interval could

be mainly attributed to the degradation process of the
PTEGMA shell, where the DTT molecules can quickly
permeate the periphery of Hypergraft HB-PCL23-g-PTEGMA13

due to the hydrophilic nature of PTEGMA shells. The
phenomenon of second time interval can be related to the
balance between degradation and aggregation of SAs. As
mentioned earlier, the hydrophobic/hydrophilic balance is
almost constant for Hyperblock HB-PCL26-b-PTEGMA12

during the degradation process, while this is not the case for
Hypergraft HB-PCL23-g-PTEGMA13. As shown in Figure 8e,
there is always one disulfide linkage between PCL and
PTEGMA blocks, which leads to the fact that both the PCL
and PTEGMA blocks in hyperbranched assemblies can be
independently degraded, inevitably leading to significant
change in hydrophobic/hydrophilic balance of remaining
assemblies. Consequently, the weight fraction of hydrophobic
PCL blocks on some of Hypergraft chains and their assemblies
will significantly increase as the degradation proceeds, resulting
in the disturbance of the hydrophobic/hydrophilic balance.
Thermodynamically, aggregation of unstable SAs with high
content of PCL blocks inevitably leads to an increase in both
apparent molar mass and hydrodynamic radius of SAs.
Furthermore, it is not difficult to understand the

experimental phenomenon in the third time interval between
29 h < t < 82 h, where the cleavage of disulfide bonds further
leads to serious imbalance of hydrophobicity/hydrophilicity
and strong aggregation of degradation products. It is resonable
to predict that the aggregation process will finally determine
the apparent molar mass and size of SAs existing in the system.
Indeed, macroscopic precipitates were observed at the bottom

Figure 8. Degradation time (t) dependence of (a) ratio (It/I0) of scattering intensities t = t (It) and t = 0 (I0), (b) average hydrodynamic radius
⟨Rh⟩, (c) hydrodynamic radius distribution f(Rh), and (d) ratio (ρapp,t/ρapp,0) of apparent chain segment densities at t = t (ρapp,t) and t = 0 (ρapp,0)
for HB-PCL23-g-PTEGMA13 SAs in aqueous solutions with [DTT] = 10 mM, where Cpolymer = 0.6 mg/mL. (e) Schematic illustration of
degradation process for HB-PCL-g-PTEGMA SAs in aqueous solution.
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of experimental vial after 100 h, further supporting our
explanation.

The changes in apparent chain density can be interpreted as
follows: (1) For the first time interval, the degradation of

Figure 9. Degradation time (t) dependence of (a) and (b) ratio (It/I0) of scattering intensities at t = t (It) and t = 0 (I0); (c) and (d) average
hydrodynamic radius ⟨Rh⟩ for R-HB-PCL26-b-PTEGMA12 and R-HB-PCL22-g-PTEGMA14 SAs in aqueous solutions with [DTT] = 10 mM.

Figure 10. Degradation time (t) dependence of (a, d) ratio (It/I0) of scattering intensities at t = t (It) and t = 0 (I0); (b), (e) average hydrodynamic
radius ⟨Rh⟩; (c, f) ratio (ρapp,t/ρapp,0) of chain segment densities at t = t (ρapp,t) and t = 0 (ρapp,0) for SAs of HB-PCL-b-PTEGMA and HB-PCL-g-
PTEGMA with different compositions in aqueous solutions with [DTT] = 10 mM, where Cpolymer = 0.6 mg/mL.
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PTEGMA shell leads to a compact structure. Thus, the
apparent chain density increases. (2) For the second time
interval, both of the disulfide linkages in the shell and core
degrade. However, the degradation of disulfide linkages in the
hydrophobic core leads to a loose structure. The combination
effect shows a little decrease in the apparent chain density. (3)
For the third and the fourth time intervals, more and more
disulfide linkages were degraded. Large but loose aggregates
were generated, so the M increased and the apparent chain
density decreased as ρ ∼ M−0.5. Moreover, it should be noted
that for the fourth time interval the measured chain apparent
density is related to the species suspended in the solutions due
to the formation of precipitates.
The TEM data (Figures S8 and S9) also show similar

evolution during the course of degradation in an aqueous
phase. On the basis of the above results, it is clear that even for
hyperbranched systems with a similar block composition, the
difference of the sequence and spatial distribution of
hydrophobic/hydrophilic blocks can also lead to distinct
degradation behavior of hyperbranched assemblies. The
above results also highlight the importance of utilizing model
samples with controlled branching structure and degradable
sites for the structure−property study. Overall, the Hypergraft
HB-PCL-g-PTEGMA presented a much more complicated
degradation process.
Up until now, the result has shown how the branching

pattern of amphiphilic hyperbranched assemblies affects their
degradation in aqueous solutions and quantitatively analyzed
the chain architecture−degradation property relation. How-
ever, for unambiguous conclusion, the reference hyper-
branched systems without cleavable disulfide bonds should
also be studied for meaningful comparison. Thus, we further
prepared two reference samples without disulfide linkages
named R-HB-PCL26-b-PTEGMA12 and R-HB-PCL22-g-PTEG-
MA14 for control experiments. The 1H NMR, FTIR, and GPC
measurements confirmed the structures of the initiators,
macromonomers, and resultant hyperbranched polymers
(Figures S10−S16), and the synthesis details can be found
in Schemes S1 and S2.
Overall, compared with HB-PCL26-b-PTEGMA12 and HB-

PCL23-g-PTEGMA13, the two reference samples own a similar
composition of hydrophobic/hydrophilic block and overall
average molar mass (Figure S15). Moreover, the size of SAs
composed of the two reference AHPs is determined to be ∼18
and ∼23 nm, respectively, very close to the previously
measured sizes for HB-PCL26-b-PTEGMA12 and HB-PCL23-
g-PTEGMA13, demonstrating that the existing disulfide
linkages on the branching units actually play negligible role
in affecting the hydrophobic/hydrophilic balance. More
importantly, the LLS study of degradation kinetics of the
two reference AHPs shows no evidence for their degradation
in aqueous solutions, reflected by the constant scattering
intensity and average hydrodynamic size (Figure 9), further
proving that the observed decrease of light scattering intensity
and average hydrodynamic size is indeed originated from the
cleavage of disulfide bonds instead of the degradation of PCL
block.
Degradation of Hyperblock and Hypergraft Copoly-

mers in Aqueous Solutions: The Effect of Block
Composition. For a given chain architecture, the block
composition is also important for the regulation of degradation
behavior of resultant hyperbranched amphiphiles. Thus, we
studied how the hydrophilic block length affects the self-

assembly and degradation of Hyperblock and Hypergraft
copolymers. As shown in Figures 10a,b for Hyperblock HB-
PCLx-b-PTEGMAy, as the DP of PTEGMA increases from 6 to
26, the degradation rate significantly increases, reflected in the
evolutions of It/I0 and ⟨Rh⟩ with degradation time. Specifically,
no obvious change was observed for HB-PCL25-b-PTEGMA6
with shortest PTEGMA block length, and we attributed this
phenomenon to frozen state of the amphiphilic SAs induced by
the strong hydrophobic interaction between PCL25 blocks.
Namely, even the cleavable disulfide bonds could be attacked
by DTT molecules; the diffusion of degradation product
PCL25-b-PTEGMA6 might be completely prohibited due to the
much strong hydrophobic interaction among PCL25 blocks in
PCL25-b-PTEGMA6. Figure 10c quantitatively shows that the
apparent density monotonically increases with degradation
time for HB-PCL26-b-PTEGMA12 and HB-PCL25-b-PTEG-
MA26.
Figures 10d−f summarize the corresponding results for

Hypergraft copolymers HB-PCLx′-g-PTEGMAy′. Clearly, a
four-step degradation process was also observed for HB-
PCL25-g-PTEGMA21 with longer PTEGMA block length. For
HB-PCL25-g-PTEGMA21, the transition points of the degrada-
tion curve shift to earlier time points, reflecting the accelerated
degradation process, but the number of transition points is
unchanged as the PTEGMA block length increases, indicating
that the structures for SAs with different PTEGMA block
lengths are almost similar.
The above studies unambiguously reveal that the factors of

chain architecture and block composition play different roles
for the regulation of degradation behavior of long-subchain
hyperbranched SAs; namely, the degradation model is mainly
affected by the chain architecture and the structure of resultant
SAs, while for a given architecture, the degradation rate can be
regulated by systematically varying the block composition.
Overall, the above result also demonstrates that the synergistic
effect of the two factors determine the details of degradation
behavior of hyperbranched SAs.

Thermal Properties of Hyperblock and Hypergraft
Copolymers in Bulk. Another important factor that may be
closely related to the degradation behavior of hyperbranched
assemblies is the crystallization of the PCL block. It is known
that PCL is a semicrystalline polymer; thus, its crystallization
property actually plays an important role in determining both
permeability and biodegradability of bulk materials,48,49 which
may further influence the degradation behavior of PCL-based
assemblies in aqueous solutions. To clarify whether it is the
block sequence and distribution or the crystallization of PCL
block that induces the difference in observed degradation
behavior of the two model systems, DSC measurements were
conducted to investigate the crystallization property of these
powder samples. Figure 11 shows the obtained DSC curves
during reheating. The degree of crystallinity (χc) of Hyper-
block HB-PCL26-b-PTEGMA12 decreases from 41.6% to 30.4%
compared with its macromonomer, indicating that the
crystallization of PCL segments is suppressed by the branching
structure, to some extent. However, the observed phenomenon
is different from our previous work35 for Hyperblock HB-PCL-
b-PS, where the crystallization of PCL segments in HB-PCL-b-
PS was completely suppressed, and no obvious crystallization
behavior was observed in DSC measurement. This incon-
sistency can be attributed to the fact that PTEGMA block is
more flexible as compared to PS block. For the Hypergraft HB-
PCL-g-PTEGMA system shown in Figure 11b, the value of χc
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of hyperbranched PCL core is also found to be smaller than
that of the macromonomer. After grafting the hydrophilic
PTEGMA blocks to form the final HB-PCL23-g-PTEGMA13,
the determined χc shows no obvious difference compared with
the hyperbranched PCL core alone. The above observation
further supports that as flexible segments,50 PTEGMA blocks
have little impact on the crystallization of PCL blocks. Overall,
the determined degrees of crystallinity of Hyperblock HB-
PCL26-b-PTEGMA12 (χc = 30.4%) and Hypergraft HB-PCL23-
g-PTEGMA13 (χc = 30.5%) are almost similar to each other,
further indicating that the observed difference in their
degradation behavior in solution phase is unlikely to be
affected by the crystallization property of the PCL block. In
addition, the two reference AHPs R-HB-PCL26-b-PTEGMA12
and R-HB-PCL22-g-PTEGMA14 also show similar degrees of
crystallinity (Figure S17, χc = 33.4% and χc = 32.1%),
supporting the negligible influence of disulfide bonds on the
crystallization of PCL.
Moreover, the TGA test was also performed for HB-PCL26-

b-PTEGMA12 and HB-PCL23-g-PTEGMA13. Data are shown in
Figure S18. The temperature and weight change of their
decomposition reactions are almost the same. No significant
differences were found between these two structures. The
results may be ascribed to their similar chemical compositions.
Studies of Drug Loading and Release. The drug loading

related properties including drug loading content (DLC) and
drug loading efficiency (DLE) were also studied, where DOX
was used as model hydrophobic drug. The Rh values of drug
loaded SAs, DLC, and DLE results are summarized in Table 1.
The Rh value of HB-PCL23-g-PTEGMA13-DOX is ∼135 nm
(Figure S19), which has a large difference with its bare SAs
(∼39 nm). This difference can also be seen in TEM results
(Figure S20). A possible explanation for this could be ascribed
to their different branching patterns of the two model systems
(Scheme 3). Compared with Hyperblock SAs, the Hypergraft

SAs own much larger and more continuous hydrophobic
domains, which probably makes the assembled structures more
sensitive to hydrophobic−hydrophilic balance. Consequently,
the size change for Hypergraft SAs is more significant after
drug loading. This difference may also induce the fact that HB-
PCL26-b-PTEGMA12 possesses higher DLC and DLE than that
of HB-PCL23-g-PTEGMA13. Overall, both of the systems have
considerable DLC19,22 but not that much as those reported
values in previous literature.51,52 In addition, the stability
results (Figure S21) show that the average hydrodynamic radii
⟨Rh⟩s of drug-loaded SAs HB-PCL26-b-PTEGMA12-DOX and
HB-PCL23-g-PTEGMA13-DOX remain constant within 72 h in
PBS solutions with or without the addition of 10% fetal bovine
serum, indicating their high stability.
In addition to the careful investigation of degradation

behavior, we also performed a study of the drug release of
drug-loaded SAs and the cell viability of hyperbranched
assemblies with and without drug loading using HeLa cells as
model cells. The drug release results indicate that Hyperblock
copolymer nanostructures have a faster release rate than
Hypergraft copolymer nanostructures, as shown in Figure S22.
For Hyperblock copolymers, the amphiphilic blocks may
release drugs in the hydrophobic domains easily once degraded
from the mother structure. For Hypergraft copolymers, the
hydrophobic core maintains compact structure even after some
disulfide groups were degraded according to the degradation
data. Figure 12a (also Figure S23) shows that without drug
loading the cell viability for HB-PCL26-b-PTEGMA12 and HB-
PCL23-g-PTEGMA13 SAs are >80% after 48 h incubation,
indicating the biocompatibility of our hyperbranched systems.
With drug loading, both of them possess good inhibition of
HeLa cells proliferation. Both of them have considerable IC50
values according to the literature,19,53−55 and the data are
shown in Figure 12b. The inhibition of HeLa cells proliferation
by DOX-loaded SAs HB-PCL26-b-PTEGMA12-DOX seems
better than that of the HB-PCL23-g-PTEGMA13-DOX
analogue (Figure 12b) even though the HB-PCL23-g-
PTEGMA13-DOX exhibits higher cell uptake than HB-
PCL26-b-PTEGMA12-DOX (Figure S24). This difference can
probably be attributed to their different release rates.
Moreover, by comparison of the results for drug-loaded
hyperbranched assemblies with and without disulfide linkages
(Figure S25), the existing disulfide linkages seem to provide a
better inhibition efficiency of HeLa cells proliferation due to
their redox responsiveness.56 As it is widely accepted that the
intracellular glutathione (GSH) level in cancer cells is higher
than that in normal cells,57,58 the results imply that the high
GSH level in cancer cells may accelerate the destabilization of
SAs with disulfide linkages.45,58,59

■ CONCLUSION
The effects of block composition and distribution on the
degradation behavior of hyperbranched amphiphiles and the
drug release kinetics were investigated by using a set of
Hyperblock HB-PCL-b-PTEGMA and Hypergraft HB-PCL-g-
PTEGMA copolymers with controlled parameters as model
samples. The degradation study monitored by GPC and DLS

Figure 11. DSC curves (10 °C/min) during reheating of (a)
Hyperblock HB-PCL26-b-PTEGMA12 and PCL26-b-PTEGMA12-2N3.
(b) Hypergraft HB-PCL23-g-PTEGMA13, PCL23-2OH, and other
intermediate polymers.

Table 1. DLC and DLE of DOX Loaded SAs

sample ⟨Rh⟩ (nm) DLC (%) DLE (%)

HB-PCL26-b-PTEGMA12-DOX 21.9 5.3 28.0
HB-PCL23-g-PTEGMA13-DOX 135.1 3.0 15.3
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clearly demonstrated that both of the model systems can be
degraded by using DTT as the reducing agent. In addition, the
degradation results of self-assembly amphiphiles (SAs) reveal
that the factors of block distribution and composition play
different roles for the regulation of degradation behavior of
long-subchain hyperbranched SAs; namely, the degradation
process is mainly affected by the chain architecture and the
structure of resultant SAs, while for a given chain architecture,
the degradation rate can be regulated by systematically varying
the block composition. In addition, control experiments
indicated the neglected effect of embedded disulfide linkages
on the crystallization of PCL block and the degradation
process. It is well-known that the stability and release kinetics
for a given drug-loaded SAs system will be influenced by
multifactors, such as the degradation behavior of polymer
assembly itself, the concentration of trigger molecules, the
hydrophilic/hydrophobic balance of drug molecules, and the
special interaction between drug molecules and polymer
framework. It is not an easy task to realize the controlled

release of target drug molecules by optimizing all these factors
simultaneously. This study shows that even for hyperbranched
systems with a similar hydrophobic/hydrophilic block
composition, the minor change of block sequence and
distribution can lead to totally different degradation behavior.
Thus, a careful examination of the polymer structure−
degradation property relation is the prerequisite for further
comprehensive adjustment of multifactors to realize the
controlled degradation of polymer assembly and release of
target drug.
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