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ABSTRACT: pH-responsive supramolecular amphiphilic mi-
celles based on benzimidazole-terminated poly(ethylene glycol)
(PEG-BM) and β-cyclodextrin-modified poly(L-lactide) (CD-
PLLA) were developed by exploiting the host−guest interaction
between benzimidazole (BM) and β-cyclodextrin (β-CD). The
dissociation of the supramolecular micelles was triggered in
acidic environments. An antineoplastic drug, doxorubicin
(DOX), was loaded into the supramolecular micelles as a
model drug. The release of DOX from the supramolecular
micelles was clearly accelerated as the pH was reduced from 7.4
to 5.5. The DOX-loaded PEG-BM/CD-PLLA supramolecular
micelles displayed an enhanced intracellular drug-release rate in
HepG2 cells compared to the pH-insensitive DOX-loaded PEG-b-PLLA counterpart. After intravenous injection into nude mice
bearing HepG2 xenografts by the tail vein, the DOX-loaded supramolecular micelles exhibited significantly higher tumor
inhibition efficacy and reduced systemic toxicity compared to free DOX. Furthermore, the DOX-loaded supramolecular micelles
showed a blood clearance rate markedly lower than that of free DOX and comparable to that of the DOX-loaded PEG-b-PLLA
micelles after intravenous injection into rats. Therefore, the pH-responsive PEG-BM/CD-PLLA supramolecular micelles hold
potential as a smart nanocarrier for anticancer drug delivery.
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1. INTRODUCTION

Polymeric nanovehicles have received extensive investigation
for anticancer drug delivery in the past two decades.1,2 Core−
shell nanocarriers containing a stealthy shell and a hydrophobic
core have shown unique advantages for cancer chemotherapy,
including improved loading capacity for hydrophobic drugs,
prolonged blood circulation, and passive tumor accumulation
attributed to the enhanced permeability and retention (EPR)
effect.3 In particular, nanocarriers based on biocompatible and
biodegradable polymers have gained considerable attention for
their potential in clinical applications.4 For instance, several
biodegradable aliphatic polyesters, such as poly(D,L-lactic acid)
(PLA) and biocompatible poly(ethylene glycol) (PEG) have
been approved by the U.S. Food and Drug Administration for
clinical applications and therefore have been widely studied for
drug delivery systems.5,6 Recently, a paclitaxel- (PTX-) loaded
nanoparticle based on PEG-b-PLA diblock copolymer was
approved for cancer chemotherapy in South Korea and entered
Phase II clinical trails in the United States.7 Nevertheless, the
drug release from the PEG-b-PLA-based nanocarriers is mainly
driven by drug diffusion and the degradation of the PLA
segments. The PEG-b-PLA nanoparticles are unable to

spontaneously release the payloads in response to specific
biological microenvironments, leading to limitations in practical
therapeutic efficacy. Accordingly, polymeric nanovehicles
capable of responding to specific biological triggers have
attracted increasing interest as on-demand drug delivery
systems in recent years.8−17

Nanosized self-assemblies that are formed based on supra-
molecular interactions, such as host−guest recognition, have
received considerable attention because a reversible transition
between self-assembly and disassembly can be achieved by
adjusting the external environment.18−20 In particular, supra-
molecular nanoaggregates that disassemble in response to
specific biological stimuli, such as an acidic endosomal/
lysosomal environment (pH 5.0−6.5) or intracellular reducing
agents, have potential in intracellular drug delivery sys-
tems.21−25 Nevertheless, to date, studies on environment-
responsive nanovehicles based on supramolecular copolymers
for intelligent drug delivery are still limited. In particular, little
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attention has been paid to the in vivo antitumor efficacy and
plasma stability of drug-loaded supramolecular block copolymer
micelles.
In the present work, a novel pH-responsive supramolecular

micelle based on PEG and poly(L-lactide) (PLLA) was
developed. The pH-dependent association/dissociation of the
complexes formed by benzimidazole- (BM-) terminated PEG
(PEG-BM) and β-cyclodextrin- (β-CD-) modified PLLA (CD-
PLLA) was revealed by fluorescent measurements (Scheme 1).

The triggered drug-release behavior of doxorubicin- (DOX-)
loaded supramolecular micelles was investigated in an acidic
environment, in comparison with that of pH-insensitive DOX-
loaded PEG-b-PLLA micelles. To reveal the intracellular release
of DOX from the supramolecular micelles, the cellular uptake
of the drug-containing micelles and intracellular DOX
fluorescence in HepG2 cells were detected by confocal laser
scanning microscopy (CLSM) and flow cytometry. Addition-
ally, the cytotoxicities of the DOX-loaded supramolecular
micelles against HepG2 and HeLa cells were compared with
those of the pH-insensitive DOX-loaded PEG-b-PLLA micelles
by MTT assay. Furthermore, the plasma stability of the DOX-
loaded supramolecular micelles was monitored after intra-
venous injection into rats. To further reveal the potential of the
DOX-loaded supramolecular micelles as nanovehicles for tumor
treatments, the in vivo antitumor efficacy of the DOX-loaded
supramolecular micelles was investigated on a nude mice model
bearing HepG2 xenografts.

2. EXPERIMENTAL SECTION
2.1. Materials. Methoxypolyethylene glycol (mPEG, Mn = 5 kDa,

Aldrich), 2-bromoisobutyryl bromide (BiBB, 98%, Sigma), benzimi-
dazole (BM, 98%, Aldrich), sodium azide (Sigma), propargylamine
(98%, Aldrich), propargyl alcohol (99%, Aldrich), N,N,N′,N′,N″-
pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich), and N,N-
diisopropylethylamine (99.5%, Sigma) were used as received. L-Lactide
(LLA) was obtained from PURAC (Gorinchem, The Netherlands)
and recrystallized from ethyl acetate before use. Mono-6-deoxy-6-
azido-β-cyclodextrin (β-CD-N3) was prepared according to the
method described in the literature.21,24

2.2. Synthesis of PEG-BM. mPEG was first modified with 2-
bromoisobutyryl bromide (BiBB) (Scheme S1, Supporting Informa-
tion). Typically, 4.0 g of mPEG (Mn = 5 kDa, 0.8 mmol) was dissolved

in methylene dichloride (50 mL) in a flask under a N2 atmosphere,
after which triethylamine (2.5 mL, 2-fold molar excess relative to
BiBB) was added to the flask. Then, 1.0 mL of BiBB (8.0 mmol) was
dropped into the flask at 0 °C. After 12 h, the solution was precipitated
in a 10-fold excess of diethyl ether. The product was further purified by
precipitation in diethyl ether twice to obtain bromide-terminated
mPEG (PEG-Br).

PEG-BM was then prepared by the reaction between PEG-Br (0.4
mmol) and benzimidazole (BM, 4 mmol) in the presence of N,N-
diisopropylethylamine (4 mmol).21 The final yield of PEG-BM was
68.1%. 1H NMR analysis was performed in CDCl3 (Figure S1,
Supporting Information).

2.3. Synthesis of CD-PLLA. α-Alkyne-terminated PLLA was first
obtained by the ring-opening polymerization (ROP) of LLA with
propargyl alcohol and stannous octoate [Sn(Oct)2] as the initiator and
catalyst, respectively. Briefly, propargyl alcohol (0.029 mL, 1 mmol),
LLA (5 g, 34.7 mmol), and Sn(Oct)2 (0.014 g, 0.1 mol % relative to
LLA) were dissolved in 20 mL of anhydrous toluene in an ampule.
The solution was stirred at 120 °C. After 24 h, the solution was poured
slowly into excess diethyl ether to gain the crude product. The solid
was then purified by being dissolved in trichloromethane and
precipitated in diethyl ether three times. After filtration and drying
under a vacuum, α-alkyne-terminated PLLA was collected (yield =
72.2%). The molecular weight of the α-alkyne-terminated PLLA was
determined to be 4900 g mol−1 by gel permeation chromatography
(GPC). The number of repeat units in the PLLA was 68.

CD-PLLA was then prepared by the “click” chemistry between α-
alkyne-terminated PLLA and β-CD-N3 (Scheme S1, Supporting
Information). α-Alkyne-terminated PLLA (0.1 mmol), β-CD-N3 (0.2
mmol), and PMDETA (0.2 mmol) were mixed in anhydrous dimethyl
sulfoxide (DMSO, 30 mL). After being degassed through three
freeze−thaw cycles, the solution was mixed with CuBr (0.2 mmol)
under a N2 atmosphere. The reaction was allowed to proceed at 60 °C.
After 72 h, the product was obtained by dialyzing against deionized
water (molecular-weight cutoff of 10 kDa), followed by lyophilization.
1H NMR analysis of the product was performed in DMSO-d6 (Figure
S2, Supporting Information).

2.4. Synthesis of PEG-b-PLLA Copolymer. Poly(ethylene
glycol)-block-poly(L-lactide) (PEG-b-PLLA) diblock copolymer was
synthesized by using mPEG as a macroinitiator, as shown in Scheme
S2 (Supporting Information). Briefly, mPEG (2 g, 0.4 mmol), LLA (2
g, 13.9 mmol), and Sn(Oct)2 (0.0056 g, 0.1 mol % relative to LLA)
were dissolved in 20 mL of anhydrous toluene in an ampule. The rest
of the procedure was similar to that used for the synthesis of α-alkyne-
terminated PLLA. The yield of PEG-b-PLLA was 72.2%. The
molecular weight was determined to be 9700 g mol−1 according to
GPC.

3. RESULTS AND DISCUSSION

Benzimidazole- (BM-) modified mPEG (PEG-BM) was
obtained by the reaction between bromide-terminated mPEG
and BM (Scheme S1a, Supporting Information). Additionally,
β-CD-terminated PLLA (CD-PLLA) was synthesized by the
ROP of LLA using propargyl alcohol as an initiator, followed by
the alkynyl-azido click reaction (Scheme S1b, Supporting
Information). To confirm the successful association of PEG-
BM and CD-PLLA, blends of PEG-BM and CD-PLLA with
different PEG-BM/CD-PLLA ratios were dissolved in DMSO,
and phosphate-buffered saline [PBS, pH 7.4, PBS/DMSO = 9:1
(v/v)] was added dropwise. The fluorescence of the complexes
in the mixed solvent was studied. As shown in Figure 1, the
PEG-BM concentration was fixed at 0.5 mg/mL, whereas the
concentration of CD-PLLA was increased from 0 to 1.5 mg/
mL. The pure PEG-BM solution showed typical fluorescence at
478 nm. The emission band was attributed to the anionic state
of BM caused by the intermolecular proton transfer between
solute and solvent in the excited state.21,26 As shown in Figure

Scheme 1. Schematic Illustration of Formation and
Triggered Drug Release from DOX-Loaded PEG-BM/CD-
PLLA Supramolecular Micelles in Response to the
Intracellular Microenvironment
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1, the increase in CD-PLLA concentration from 0 to 0.5 mg/
mL led to a marked increase in the fluorescence intensity of
BM. It has been established that the fluorescence intensity of
BM increases obviously after association with β-CD.26 There-
fore, the increase in the fluorescence intensity of BM upon the
addition of CD-PLLA suggests the formation of a complex
between the BM and CD moieties of PEG-BM and CD-PLLA
(Scheme S1c, Supporting Information). It is noteworthy that
the further increase of the CD-PLLA concentration from 0.8 to
1.5 mg/mL had no obvious influence on the fluorescence
intensity of BM. This suggests that the BM moieties were
almost fully associated with β-CD of CD-PLLA when the
concentration of CD-PLLA was comparable to that of PEG-BM
(0.5 mg/mL). Accordingly, the weight ratio of PEG-BM to CD-
PLLA in the supramolecular micelles was fixed at 1:1 in the
subsequent measurements.
The aggregation behavior of the PEG-BM/CD-PLLA

supramolecular amphiphile in aqueous solution was studied
by fluorescence. As shown in Figure 2, at pH 7.4, the critical
micellization concentration (CMC) of the PEG-BM/CD-PLLA
supramolecular amphiphile was determined to be 10.1 μg/mL.
To demonstrate the aggregation properties of PEG-BM/CD-
PLLA, a PEG-b-PLLA diblock copolymer containing similar
PEG and PLLA block lengths was synthesized, and the CMC of
PEG-b-PLLA was measured for comparison. The CMC of
PEG-b-PLLA was found to be 1.4 μg/mL (Figure S4,
Supporting Information). The relatively lower CMC for

PEG-b-PLLA should be attributed to the stable covalent
linkage between PEG and PLLA. The fluorescence test results
and aggregation behavior both support the formation of an
association between PEG-BM and CD-PLLA.
The dissociation of the PEG-BM/CD-PLLA supramolecular

amphiphile in an acidic environment was investigated by
detecting the variation in the emission intensity at 478 nm with
decreasing pH. As shown in Figure 3A, the fluorescence
intensity remained stable at pH 7.4. In contrast, a rapid
decrease in the fluorescence intensity was observed as the pH
was reduced to 6.5 or less. These results suggest that the PEG-
BM/CD-PLLA supermolecular copolymer is stable at physio-
logical pH (pH 7.4) but dissociates in a weakly acidic
environment, making this material interesting for triggered
drug release within an acidic microenvironment, such as
endosomal/lysosomal compartments.
The influence of pH on the size of the supramolecular

micelles was studied by dynamic laser scattering (DLS) and
transmission electron microscopy (TEM). The hydrodynamic
diameter (Dh) of the PEG-BM/CD-PLLA supramolecular
micelles was measured at pH 7.4, 6.8, 6.5, 6.0, and 5.5. The
Dh values at pH 7.4 and 6.8 were determined to be 272 ± 74
and 314 ± 102 nm, respectively. It is noteworthy that Dh
increased markedly as the pH was reduced to 5.5 (402 ± 156,
526 ± 142, and 590 ± 188 nm for pH 6.5, 6.0, and 5.5,
respectively) (Figure 3B; Table S1, Supporting Information).
For comparison, the Dh value of the micelles of covalently
linked PEG-b-PLLA diblock copolymer did not change
obviously with changing pH. Additionally, based on TEM
measurements, it was found that the PEG-BM/CD-PLLA
supramolecular micelles had a spherical morphology with an
average diameter of 150−200 nm at pH 7.4 (Figure 3C) and
that the particle size also displayed a marked increase at pH 5.5
(Figure 3D). The particle sizes observed by TEM were
relatively smaller than those obtained by DLS, likely because of
the dehydration and shrinkage of the micelles during the drying
of the TEM samples. The pH-sensitive behavior of the
supramolecular micelles was obviously revealed. The increase
in the particle size under acidic conditions should be due to the
formation of aggregates of the hydrophobic PLLA chains after
the disassociation of the supramolecular complexes.
To reveal the feasibility of using the supramolecular micelles

as nanocarriers for drug delivery, a broad-spectrum anticancer
drug, doxorubicin (DOX), was loaded into the PEG-BM/CD-
PLLA supramolecular micelles and PEG-b-PLLA micelles. The

Figure 1. (A) Fluorescence emission spectra of PEG-BM in aqueous
solutions with different CD-PLLA concentrations (λex = 240 nm) and
(B) emission indensity at 478 nm as a function of CD-PLLA
concentration. The concentration of PEG-BM was fixed at 0.5 mg/mL,
whereas the concentration of CD-PLLA was increased gradually from
0 to 1.5 mg/mL.

Figure 2. I337/I335 intensity ratios from pyrene excitation spectra as a
function of concentration of PEG-BM/CD-PLLA supramolecular
copolymer in PBS at pH 7.4. The weight ratio of PEG-BM to CD-
PLLA was fixed at 1:1.
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drug loading contents (DLCs ) of the DOX-loaded PEG-BM/
CD-PLLA and PEG-b-PLLA micelles were 4.6% and 5.5%,
respectively (Table S2, Supporting Information). The in vitro
release behaviors of DOX from the DOX-loaded PEG-BM/
CD-PLLA and PEG-b-PLLA micelles were investigated at pH
7.4, 6.5, and 5.5. As shown in Figure 4, the release of DOX

from the PEG-BM/CD-PLLA micelles was suppressed at pH
7.4, and only about 30% of the DOX was released within 24 h.
In contrast, the DOX release was markedly accelerated at pH
6.5 and pH 5.5, and ∼90% of the DOX was released from the
DOX-loaded PEG-BM/CD-PLLA supramolecular micelles in
24 h at pH 5.5. It is noteworthy that the drug release from the
pH-insensitive DOX-loaded PEG-b-PLLA micelles was not
obviously influenced by reducing the pH from 7.4 to 5.5
(Figure 4). Hence, the acid-triggered drug release of the
supramolecular micelles can be reasonably attributed to the

acid-induced decomposition of the supramolecular micelles
caused by the decomplexation of the BM/CD complexes.
To investigate the potential of the supramolecular micelles

for intelligent drug release in response to a biological
environment, the cellular uptake and intracellular drug release
of the DOX-loaded PEG-BM/CD-PLLA and PEG-b-PLLA
micelles in HepG2 cells were tested by confocal laser scanning
microscopy (CLSM) and flow cytometry. Based on the CLSM
and flow cytometry results (Figures 5 and 6, respectively), after
incubation for 3 h, an obviously higher DOX fluorescence
intensity was detected in the cells incubated with DOX-loaded
PEG-BM/CD-PLLA supramolecular micelles than in those
incubated with the pH-insensitive DOX-loaded PEG-b-PLA
counterpart. These results clearly suggest a faster intracellular
drug-release process for the pH-responsive supramolecular
micelles, likely resulting from acid-triggered micelle dissociation
in the acidic endosomal/lysosomal compartments (Scheme 1).
Moreover, the cytotoxicities of the DOX-loaded PEG-BM/

CD-PLLA and PEG-b-PLLA micelles against HepG2 and HeLa
cells were evaluated by MTT assay. Both the bare PEG-BM/
CD-PLLA and PEG-b-PLLA micelles exhibited no detectable
cytotoxicities against HepG2 and HeLa cells (Figure S5,
Supporting Information). Notably, it was found that the pH-
responsive DOX-loaded supramolecular micelles displayed
enhanced cytotoxicities against both HepG2 and HeLa cells,
compared to the DOX-loaded pH-insensitive PEG-b-PLLA
micelles (Figures 7 and S6, Supporting Information). The IC50
values of free DOX and DOX-loaded PEG-BM/CD-PLLA and
PEG-b-PLLA micelles against HepG2 and HeLa cells after
incubation for 72 h are listed in Table S3 (Supporting
Information). The results further confirm the rapid intracellular
drug-release process of the DOX-loaded supramolecular
micelles, providing an increased intracellular drug dose and
higher cytotoxicity.27

Furthermore, the in vivo antitumor efficacy of the DOX-
loaded supramolecular micelles was investigated on BALB/c

Figure 3. (A) Normalized fluorescence emission intensity (λem = 478 nm) of PEG-BM/CD-PLLA copolymer in PBS solutions (1 mg/mL) as a
function of time and (B) hydrodynamic diameters (Dh) of PEG-BM/CD-PLLA in PBS (0.1 mg/mL) at different pH values: (a) pH 7.4, (b) pH 6.8,
(c) pH 6.5, (d) pH 6.0, (e) pH 5.5. (C,D) TEM micrographs of PEG-BM/CD-PLLA solutions (0.1 mg/mL) formed at pH (C) 7.4 and (D) 5.5.

Figure 4. In vitro DOX release profiles of DOX-loaded micelles in
PBS at 37 °C and different pH values: (a,c,e) DOX-loaded PEG-b-
PLLA and (b,d,f) DOX-loaded PEG-BM/CD-PLLA at pH (a,b) 7.4,
(c,d) 6.5, and (e,f) 5.5.
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nude mice bearing HepG2 xenografts (sections S1.6 and S1.7 of
the Supporting Information).28 The tumor-bearing mice were
treated with free DOX, DOX-loaded PEG-b-PLLA micelles, or
DOX-loaded PEG-BM/CD-PLLA micelles by tail-vein in-
jection of the drug formulations at days 0, 3, and 6. As
shown in Figure 8, compared to the control group treated with
PBS, the treatments with DOX-loaded micelles or free DOX
led to the obvious suppression of tumor growth. Notably, the
pH-responsive DOX-loaded PEG-BM/CD-PLLA micelles
exhibited significantly enhanced tumor inhibition efficacy
compared to free DOX. The higher tumor inhibition efficacy
of the DOX-loaded supramolecular micelles compared to free
DOX can be attributed to the improved tumor accumulation of
DOX and fast intracellular drug release. It was observed that the
in vivo antitumor efficacy of the DOX-loaded supramolecular
micelles was slightly higher than that of the DOX-loaded PEG-
b-PLLA micelles (P > 0.05). No statistically significant
difference between the in vivo tumor suppression efficacies of
the DOX-loaded PEG-BM/CD-PLLA supramolecular micelles
and DOX-loaded PEG-b-PLLA micelles was observed. This
might be due to the relatively lower stability of the
supramolecular micelles compared to the covalently linked

block copolymer micelles in blood circulation, even though the
DOX-loaded supramolecular micelles showed higher antiprolif-
eration efficacy against HepG2 cells in vitro. Moreover, the
treatments with the DOX-loaded PEG-b-PLLA and PEG-BM/
CD-PLLA micelles caused no obvious body loss after 16 days of
treatment (Figure 8B). In contrast, the treatments with free
DOX caused marked body loss of the mice, implying severe
systemic adverse effects of free DOX. The results indicate that
the DOX-loaded micelles caused a lower systemic toxicity than
free DOX at comparable dosage. After 16 days of treatment, all
of the mice were sacrificed. The tumors from each treatment

Figure 5. Representative CLSM images of HepG2 cells after incubation with (A) DOX-loaded PEG-b-PLLA micelles and (B) DOX-loaded PEG-
BM/CD-PLLA supramolecular micelles for 3 h. For each panel, the images from left to right show differential interference contrast (DIC) image, cell
nuclei stained by DAPI (blue), DOX fluorescence in cells (red), and overlays of the three images, respectively.

Figure 6. Flow cytometric profiles of HepG2 cells after incubation
with DOX-loaded PEG-BM/CD-PLLA and PEG-b-PLLA micelles for
3 h.

Figure 7. Cytotoxicities of DOX-loaded PEG-BM/CD-PLLA supra-
molecular micelles, DOX-loaded PEG-b-PLLA micelles, and free DOX
against (A) HeLa and (B) HepG2 cells after incubation for 72 h.
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group were removed and weighed (Figure 8C,D). The
differences in tumor weight were consistent with the tumor
volumes. Therefore, the results indicate that the encapsulation
of DOX in the PEG-BM/CD-PLLA supramolecular micelles
led to enhanced antitumor efficacy and reduced systemic
toxicity.
The in vivo distribution of the micelles was further studied by

ex vivo DOX fluorescence imaging. As shown in Figure 9A,
photographs of the isolated organs, including heart, liver,
spleen, lung, and kidney, as well as tumor masses were obtained
3 h after tail-vein injection of different formulations in the nude
mice bearing HepG2 xenografts.29 It was found that the liver
and kidney of the mice treated with free DOX exhibited
stronger DOX fluorescence, indicating higher accumulation of
DOX. However, obviously weaker DOX fluorescence in the
liver and kidney of the mice treated with DOX-loaded PEG-b-
PLLA and PEG-BM/CD-PLLA micelles was observed. These
results suggest that the DOX-loaded micelles showed lower
drug accumulation in the liver and kidney than free DOX.
To investigate the plasma stability of the DOX-loaded

supramolecular micelles in vivo, the plasma pharmacokinetics of
free DOX and DOX-loaded PEG-b-PLLA and PEG-BM/CD-
PLLA micelles were measured after intravenous administration
to Wistar rats. As shown in Figure 9B, the decline in the plasma
DOX concentration after treatments with free DOX or DOX-
loaded micelles occurred in an exponential manner. The DOX-
loaded PEG-BM/CD-PLLA supramolecular micelles displayed
slightly lower plasma stability than the DOX-loaded PEG-b-
PLLA micelles. This should be due to the fact that

supramolecular interactions are relatively weaker than covalent
bonds. It is noteworthy that the DOX-loaded PEG-BM/CD-
PLLA micelles displayed significantly prolonged blood
retention compared to free DOX. This indicates an effective
retardation in blood clearance and a prolonged blood
circulation time of the drug-loaded supramolecular micelles,
which could promote the tumor accumulation of DOX through
the EPR effect during tumor treatments.

4. CONCLUSIONS

A type of pH-responsive PEG-BM/CD-PLLA supramolecular
micelles was developed based on host−guest recognition. The
acid-triggered dissociation of the supramolecular self-assemblies
was revealed. The release of DOX from the supramolecular
micelles was enhanced markedly as the pH was decreased from
7.4 to 5.5, in contrast to the lack of any obvious change in the
drug-release behavior of pH-insensitive DOX-loaded PEG-b-
PLLA micelles. The faster intracellular DOX release and
enhanced cytotoxicities of the DOX-loaded supramolecular
micelles compared to the pH-insensitive PEG-b-PLLA micelles
further confirmed the triggered intracellular drug-release
process. Moreover, in vivo tests demonstrated that the DOX-
loaded supramolecular micelles exhibited an enhanced blood
circulation time compared to free DOX after intravenous
injection into rats. Following tail-vein injection into nude mice
bearing HepG2 xenografts, the DOX-loaded supramolecular
micelles displayed significantly enhanced antitumor efficacy and
reduced toxic side effects compared to free DOX. Therefore,

Figure 8. In vivo antitumor efficacies after tail-vein injection of PBS (control), free DOX, DOX-loaded PEG-b-PLLA, and DOX-loaded PEG-BM/
CD-PLLA into male BALB/c nude mice bearing HepG2 xenografts. (A) Variation profiles of tumor volumes. (B) Body weights of tumor-bearing
mice. (C) Tumor weights after the mice were sacrificed at day 16 of treatment. (D) Photograph of the tumors after the mice were sacrificed at day
16: (a) control, (b) free DOX, (c) DOX-loaded PEG-b-PLLA, and (d) DOX-loaded PEG-BM/CD-PLLA. Arrows indicate the treatment times. Data
given as mean ± SD (n = 5) (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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the pH-responsive supramolecular micelles might hold
potential as intelligent nanocarriers for anticancer drug delivery.
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