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  1.     Introduction 

 Combination therapy holds considerable appeal in enhance-
ment of antitumor activity by achieving synergistic effects and 
reducing toxicity, which has been proved to be more effective 

than monotherapy in preclinical and clin-
ical cancer treatment. [ 1–3 ]  However, the 
general administration of agent “cocktails” 
based combination therapy often suffers 
from distinct pharmacokinetic profi les 
of different therapeutics that lead to an 
inconsistent in vivo biodistribution and 
therefore an ineffi cient therapy. [ 4,5 ]  To 
address this dilemma, the nanoparticle-
based drug co-delivery systems, such as 
polymeric nanoparticles, [ 6–8 ]  liposomes, [ 9 ]  
nanocomplex [ 10–12 ]  and inorganic nano-
particles, [ 13–15 ]  have been widely developed 
to unify the individual pharmacokinetic 
behavior of different drug cargos. Upon 
the enhanced permeability and reten-
tion (EPR) effect, a single nanocarrier 
preferentially transports the multiple 
therapeutic agents, either small-molecule 
drugs or macromolecular drugs with dif-
ferent antitumor mechanisms to the same 
destination. 

 The conventional chemotherapeutic 
drugs attack the tumors by interrupting 
processes or inhibiting substances essen-
tial for the replication and proliferation of 

the tumor cells. For example, co-delivery of doxorubicin (Dox) 
and paclitaxel (Ptx) by a polymeric nanoparticle [ 16 ]  was able to 
release both drugs simultaneously and effi ciently within the 
cells. The released Ptx inhibits the intracytoplasmic microtu-
bules disassembly that is required for cell proliferation, [ 17 ]  while 
Dox intercalates into the nuclear DNA and induced cell apop-
tosis. [ 18 ]  For the cancer gene therapy, siRNA for silencing the 
target genes in cancer cells and pDNA for implanting corrective 
genetic material into the cells, have been applied to coordinate 
with small-molecule drugs. [ 7,12 ]  A typical example involves a 
micellar nanocarrier for co-delivery of MDR-1 siRNA and Dox, 
the released siRNA in the cells downregulates the P-glycopro-
tein expression to improve the effi cacy of Dox in the multidrug-
resistant cancer cells. [ 7 ]  

 Protein therapeutics such as cytokines, [ 19–21 ]  antibodies, [ 22,23 ]  
and transcription factors [ 24 ]  are emerging anticancer strate-
gies, typically based on two mechanisms: apoptosis signal 
activation [ 21 ]  and growth signal blockage. [ 25 ]  Of note, these 
proteins have specifi c sites of activities, which are generally 
divided as the extracellular target on the cellular membrane and 
the intracellular object in the cells. For example, cytochrome 
c [ 26 ]  and caspase 3 [ 27 ]  act in the cytosol to initiate activation of 
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were applied. As a model small-molecule drug that functions 
by intercalating the nuclear DNA, [ 18 ]  Dox is encapsulated in 
the aqueous core of the cell-penetrating peptide (CPP, R8H3) 
modifi ed liposome (R8H3-L). TRAIL induces apoptosis pri-
marily in the tumor cells by binding to certain death receptors 
(DR4, DR5) on the plasma membrane, while exhibits insignifi -
cant toxicity to the normal cells. [ 32 ]  Enzymatically degradable 
hyaluronic acid (HA) modifi ed with acrylated pendants was 
utilized to adhere to the R8H3-L surface and subsequently 
encapsulate oppositely charged TRAIL into a photo-crosslinked 
matrix, which enhances protein stability, avoids denaturation in 
plasma, and shields from immunogenicity. [ 33 ]  Furthermore, the 
HA shell also provides the active tumor targeting ligand to bind 
the overexpressing receptors on the cell surface of a variety of 
tumors, such as CD44 receptor. [ 34,35 ]   

 As displayed in Figure  1 B, after intravenous injection (i.v.) 
of TRAIL and Dox co-loaded Gelipo (TRAIL/Dox-Gelipo), 
Gelipo is expected to exhibit a considerable accumulation at 
the tumor site due to a combination of passive and active tar-
geting mechanisms. At the tumor microenvironment, hyaluro-
nidase (HAase), a specifi c enzyme has been proved to be highly 
expressed, [ 36,37 ]  which promotes the degradation of the HA 
shell, thereby allowing the release of TRAIL and the exposure 
of R8H3-L. The extracellular released TRAIL binds to the cell 
death receptor on the plasma membrane, which can activate 
the cellular signaling to induce programmed cell death. [ 38,39 ]  On 

the caspase cascade for the intrinsic apoptosis pathway; [ 28 ]  
while some take effect by binding to the specifi c receptor on 
the plasma membrane, such as cetuximab to the human epi-
dermal growth factor receptor (EGFR), [ 29,30 ]  trastuzumab to 
the human epidermal growth factor receptor 2 (HER-2), [ 31 ]  and 
tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) to the death receptor. [ 20,21 ]  However, a synergistic anti-
cancer co-delivery system integrating membrane-associated 
proteins and intracellular-functioned small-molecule drugs still 
remains elusive. 

 Herein, we report a novel core-shell based nano-vehicle for 
sequential and site-specifi c delivery (SSSD) of an anticancer 
protein and a small-molecule drug, which act on the cellular 
membrane and in the nucleus, respectively. As shown in 
 Figure    1  A, to achieve a programmed release profi le, a core-
shell complex is designed to incorporate two separate depots: 
1) a liposome based inner core for loading the small-molecule 
drug and 2) a crosslinked gel based outer shell for encapsu-
lating the therapeutic protein. The materials used to compose 
these depots are tailored to arm with the stimuli-responsive 
elements that can be degraded or dissociated upon distinct 
tumor microenvironmental and cellular conditions. We there-
fore hypothesize that the obtained gel-liposome complex (des-
ignated “Gelipo”) undergoes sequential triggers to precisely 
release cargoes into different specifi c sites. To demonstrate our 
hypothesis, two kinds of anticancer agents, Dox and TRAIL 

   Figure 1.    Schematic design of TRAIL/Dox-Gelipo for sequential and site-specifi c drug delivery. A) The main components of TRAIL/Dox-Gelipo: R8H3 
modifi ed liposomal core loading Dox and crosslinked HA gel based outer shell encapsulating TRAIL. B) Sequential delivery of TRAIL to the plasma 
membrane and Dox to the nuclei by TRAIL/Dox-Gelipo for combination cancer treatment. I, accumulation of Gelipo (blue balls) at the tumor site 
through the passive and active targeting effects; II, degradation of HA crosslinked shell by HAase; IIIa, released TRAIL binding onto the death recep-
tors on the plasma membrane; IIIb, activation of the caspase 3 signaling pathway; IIIc, induction of the cell death; IVa, exposure of R8H3 facilitating 
the tumor cellular uptake of Dox-R8H3-L; IVb, internalization of Dox-R8H3-L into the tumor cells; IVc, endo-lysosomal escape; IVd, accumulation of 
the released Dox into nucleus; IVe, intercalation of Dox on DNA inducing the cell death. 
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Dox-L by a combination of hydrophobic and electrostatic inter-
actions [ 42 ]  (TRAIL/Dox-R8H3-L) determined by a signifi cant 
charge conversion from -10 mV of TRAIL/Dox-L to +26 mV of 
TRAIL/Dox-R8H3-L. Finally, TRAIL/DOX-Gelipo was obtained 
by adding TRAIL/Dox-R8H3-L into a solution with the nega-
tively charged HA modifi ed with polymerizable acrylate groups 
(designated  m -HA) (Figure S3, Supporting Information) and a 
crosslinker,  N , N’ -methylenebisacrylamide (MBA) followed by 
the interfacial polymerization [ 43 ]  via UV irradiation for a short 
period of time. The notably increased particle diameter of 
120 nm and a highly negative surface charge of −22 mV indi-
cated the successful coating of the HA-crosslinked gel shell on 
the surface of the liposomal core. The encapsulation effi ciency 
of TRAIL in TRAIL/Dox-R8H3-L was determined to be 82%. 
The transmission electron microscope (TEM) image showed a 
spheroid structure of TRAIL/Dox-Gelipo with a uniform par-
ticle size of about 110 nm (Figure  2 B).  

 To verify the degradation of the HA crosslinked shell by 
HAase rich in the tumor microenvironment, the changes in 
the particle size and zeta potential of TRAIL/Dox-Gelipo were 
monitored after incubation with HAase at pH 6.5 (the typical 
tumor extracellular pH) over time. As shown in Figure  2 C, the 
particle size of TRAIL/Dox-Gelipo reduced sharply from 125 nm 
to 105 nm in the fi rst 5 min, and continuously decreased to 
83 nm within 1 h, which was attributed to the degraded small 
molecular HA fragments shedding from Gelipo. Moreover, 
After a 1 h incubation with HAase, the surface charge of the 
Gelipo reversed from −20 mV to +10 mV, suggesting that the 

the other hand, the exposed positively charged R8H3 improves 
the internalization effi ciency of the liposome into the tumor 
cells. When localized into endosomes and lysosomes (endo-
lysosomes), Dox-R8H3-L is able to effi ciently transport from the 
endo-lysosomes with the help of R8H3 possessing high cell-
penetrating capability, accompanied by the release of Dox. The 
released Dox specifi cally accumulates into the nuclei for subse-
quent trigger of the apoptosis and cytotoxicity. [ 18,40 ]    

 2.     Results and Discussion  

 2.1.     Preparation and Characterization of Gelipo 

 We fi rst prepared Dox-loaded liposomes (Dox-L) as the liposomal 
core of Gelipo by the transmembrane pH gradient method. [ 41 ]  
The drug-loading capacity and the encapsulation effi ciency of 
Dox in Dox-L were about 5% and 99.5%, respectively, showing 
that Dox was effi ciently encapsulated in the hydrophilic inner 
core of the liposomes. Dox-L had an average diameter of about 
76 nm and a zeta potential of −14 mV ( Figure    2  A). Next, the pos-
itively charged TRAIL with a molecular weight of about 24 KDa 
(Figure S1, Supporting information) was attached onto the sur-
face of negatively charged Dox-L via electrostatic absorption 
(TRAIL/Dox-L) (Figure S2, Supporting Information), which 
resulted in a slight decrease of the zeta potential to −10 mV. 
A synthesized CPP (R8H3) conjugated with a stearyl chain 
(R8H3-C18) was then anchored into the membrane of TRAIL/

   Figure 2.    A) The particle size and zeta potential of Dox-L, TRAIL/Dox-L, TRAIL/Dox-R8H3-L and TRAIL/Dox-Gelipo. B) The hydrodynamic size of TRAIL/
Dox-Gelipo measured by dynamic light scattering (DLS). Inset: TEM image of TRAIL/Dox-Gelipo. Scale bar is 200 nm. C) Change in particle size and 
zeta potential of Gelipo incubated with HAase at pH 6.5 over time. D) In vitro release of r-TRAIL from r-TRAIL-Gelipo with and without HAase treatment. 
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on the membrane (Figure  3 B). It was therefore confi rmed that 
the degradation of the HA shell of Gelipo by HAase leads to a 
rapid release of TRAIL at the tumor site, which can effi ciently 
bind onto the tumor cellular membrane to trigger the following 
extrinsic apoptosis pathway.  

 Next, the intracellular delivery of TRAIL/Dox-Gelipo after 
HAase treatment in MDA-MB-231 cells was further investi-
gated using CLSM. Gelipo was demonstrated to be internalized 
by the cells via a combination of clathrin-dependent endocytosis 
and macropinocytosis-mediated engulfment (Figure S5, Sup-
porting Information) following binding to the CD44 receptor 
(Figure S6, Supporting Information), and subsequently be 
localized into the endosomes and lysosomes. [ 47–49 ]  As shown 
in Figure  3 C, a large number of the endocytosed Gelipo was 
located in the green fl uorescent endo-lysosomes, evidenced by 
the overlaid yellow fl uorescence during the fi rst 1 h of incuba-
tion. Nevertheless, after 4 h of incubation, an evident separation 
of the red fl uorescent Gelipo and the green fl uorescent endo-
lysosomes was observed, which indicated that Gelipo effi ciently 
escaped from the endo-lysosomes with the assistance of R8H3 
possessing a high cell penetrating capability (Figure S7, Sup-
porting Information). Of note, the released Dox from Gelipo 
(Figure S8, Supporting Information) specifi cally accumulated 
into the blue fl uorescent nuclei judged by the merged magenta 
fl uorescence, which plays an important role in activation of 
the intrinsic apoptosis pathway. Collectively, Gelipo is able to 
sequentially release TRAIL and Dox upon the characteristics of 
the tumor extracellular and intracellular conditions, which can 
effi ciently deliver the released TRAIL and Dox to their distinct 
sites for anticancer activities.   

 2.3.     In vitro Synergistic Apoptosis and Cytotoxicity 

 Based on the site-specifi c delivery of TRAIL and Dox by Gelipo, 
the apoptosis-inducing activity of the released TRAIL through 
the degradation of HA shell of Gelipo was fi rst explored toward 
MDA-MB-231 cells using the Annexin-FITC apoptosis detec-
tion assay. As shown in  Figure    4  A, after 12 h of cell incubation, 
free TRAIL (20 ng/mL) showed a strong capability of inducing 
apoptosis, which had an apoptosis ratio of 51.71% and a via-
bility of 32.30%. TRAIL-Gelipo without Dox after HAase treat-
ment had an apoptosis-inducing capability comparable to free 
TRAIL. In contrast, the viability increased to 58.01% and the 
apoptosis ratio decreased to 39.58% when the cells were incu-
bated with TRAIL-Gelipo without pre-treatment of HAase. It 
was suggested that HAase-mediated TRAIL release from Gelipo 
contributed to the distribution of TRAIL onto the membrane 
similar to that of free TRAIL for maximizing apoptosis activity, 
whereas without HAase treatment, the endocytosis of Gelipo 
with the encapsulated TRAIL into the cells relatively reduced 
the apoptosis-inducing ability of TRAIL.  

 We then evaluated the synergistic apoptosis-inducing effect 
of TRAIL and Dox by Gelipo on MDA-MB-231 cells. As shown 
in Figure  4 A, either free TRAIL (2 ng/mL) or Dox-R8H3-L 
(100 ng/mL) showed the apoptosis-inducing characteristics, and 
the apoptosis ratios were 36.48% and 38.52%, respectively. Of 
note, HAase-treated TRAIL/Dox-Gelipo at a fi xed concentration 
ratio of 2 ng/mL TRAIL and 100 ng/mL Dox had a prominent 

HA shell degradation of Gelipo led to the exposure of posi-
tively charged R8H3-L, the liposomal core of Gelipo, which 
plays a signifi cant role in the enhancement on the tumor cel-
lular uptake. [ 44,45 ]  More importantly, the degradation of the HA 
shell by HAase facilitates the release of TRAIL from TRAIL/
Dox-Gelipo at the tumor site, which can subsequently bind to 
the DR on the cellular surface to induce apoptosis. To evaluate 
the HAase-mediated release of TRAIL, we investigated the in 
vitro release profi le of rhodamine-labeled TRAIL (r-TRAIL) 
from Gelipo without Dox (r-TRAIL-Gelipo) in the presence and 
absence of HAase at pH 6.5 at 37 °C. As shown in Figure  2 D, 
only 2.3% of r-TRAIL was released from r-TRAIL-Gelipo in 
the fi rst 5 min and about 6.8% was released within 1 h in the 
absence of HAase. In contrast, the presence of HAase accel-
erated the release of r-TRAIL from r-TRAIL-Gelipo. After 
incubation with HAase, 20.7% of r-TRAIL was released from 
r-TRAIL-Gelipo in the fi rst 5 min and more than 50% was 
released within 1 h. Furthermore, the circular dichroism (CD) 
spectrum of the released TRAIL was in agreement with that 
of the native TRAIL (Figure S4, Supporting information), indi-
cating that there were no noticeable conformational changes 
in the secondary structure of TRAIL during the process of the 
assembly and disassembly of Gelipo. Accordingly, it was dem-
onstrated that HAase, rich in the tumor extracellular matrix, 
can degrade the HA shell of Gelipo, which was determined by 
the size reduction and charge conversion, thereby promoting 
the release of TRAIL toward the cellular membrane for initia-
tion of death signaling and simultaneously allowing the expo-
sure of R8H3 for enhanced cellular uptake.   

 2.2.     Site-Specifi c Delivery of TRAIL and Dox by Gelipo 

 To validate that the released TRAIL from the degraded HA 
shell of the Gelipo can effi ciently bind onto the tumor cellular 
membrane, the human breast adenocarcinoma (MDA-MB-
231) cells were incubated with r-TRAIL-Gelipo with or without 
HAase pre-treatment at different temperatures for 1 h followed 
by observation using the confocal laser scanning microscope 
(CLSM). The endocytosis of the nanoparticle is inhibited at 
4 °C, [ 46 ]  while both the internalization and membrane binding 
occurred at 37 °C. As shown in  Figure    3  A, there was a remark-
able difference in the distribution of r-TRAIL from r-TRAIL-
Gelipo without HAase treatment between at 4 °C and at 37 °C. 
A signifi cantly larger amount of red rhodamine fl uorescence 
was localized onto the green fl uorescent cellular membrane 
than within the cells at 4 °C, which implied that the endocytosis 
of Gelipo was inhibited by lowering the temperature and Gelipo 
was only able to bind on the plasma membrane. However, at 
37 °C, most of red rhodamine fl uorescence was detected within 
the cells, indicating that the encapsulated r-TRAIL in Gelipo can 
be easily transported into the cells via the endocytosis of Gelipo 
by the cells. In sharp contrast, after 30 min HAase treatment, 
a great majority of red fl uorescence of r-TRAIL was apparently 
dispersed on the cellular membrane. Furthermore, the quanti-
tative assay substantiated that 80% of r-TRAIL was determined 
to have bound onto the membrane after HAase treatment, 
4-fold that within the cells, whereas without HAase treatment, 
a higher amount of r-TRAIL in the cells was detected than that 
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of HAase-treated Dox-loaded Gelipo (Dox-Gelipo) without 
TRAIL was 569 ng/mL on MDA-MB-231 cells, which showed 
1.2-fold increase in the cytotoxicity compared to 1279 ng/mL 
of Dox-L without R8H3 decoration (Figure S9, Supporting 
Information), indicating that R8H3 promotes the effi cient 
intracellular delivery of the liposomes. More importantly, 
TRAIL/Dox-Gelipo after HAase treatment displayed a signifi -
cantly greater cytotoxicity against MB-MDA-231 cells with the 
IC 50  of 83 ng/mL (Dox concentration). Additionally, the bare 
R8H3-L and Gelipo without TRAIL and Dox showed negligible 
toxicities within all the tested concentrations (Figure  4 D). Con-
sequently, the combination delivery of TRAIL and Dox to their 
primary activity sites provides a high potential for improved 
cytotoxicity.   

apoptosis ratio higher than 80%. In addition, assessed by the 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay, MDA-MB-231 cells incubated with HAase-
treated TRAIL/Dox-Gelipo exhibited broader apoptotic DNA 
fragmentation stained as green fl uorescence compared to that 
treated with the single therapeutics, free TRAIL or Dox-R8H3-
L alone (Figure  4 B). These results substantiated that TRAIL/
Dox-Gelipo has a synergistic induction of apoptosis toward the 
cancer cells through the combination effi cacy of TRAIL and 
Dox. 

 The in vitro cytotoxicity of TRAL/Dox-Gelipo against MDA-
MB-231 cells was evaluated by using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown 
in Figure  4 C, the half-maximal inhibitory concentration (IC 50 ) 

   Figure 3.    A) Membrane binding effi ciency of r-TRAIL from r-TRAIL-Gelipo with and without 30 min of HAase pre-treatment on MDA-MB-231 cells 
observed by CLSM. The plasma membranes were stained by Alexa Fluor 488 conjugate of wheat germ agglutinin (WGA). Scale bars are 10 µm. 
B) Quantitative analysis on the r-TRAIL amount on the plasma membrane and in the cells. C) Intracellular delivery of TRAIL/Dox-Gelipo after 30 min 
of HAase pre-treatment on MDA-MB-231 cells at different time observed by CLSM. The late endosomes and lysosomes were stained by LysoTracker 
Green, and the nuclei were stained by Hoechst 33342. Scale bars are 20 µm. 
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a non-invasive near infrared optical imagining technique. As 
shown in  Figure    5  A, Cy5.5-TRAIL-Gelipo exhibited a stronger 
Cy5.5 signal at the tumor site at 4 h post-injection. As time 
extended, a higher fl uorescence signal was clearly observed in 
the tumor region compared with that in the normal tissues at 
48 h post-injection, validating the signifi cant tumor targeting 

 2.4.     In vivo Targetability and Antitumor Effi cacy 

 To estimate the targetability of Gelipo in vivo, the biodistri-
bution of Cy5.5-labeled TRAIL (Cy5.5-TRAIL) loaded Gelipo 
(Cy5.5-TRAIL-Gelipo) administrated intravenously into the 
MB-MDA-231 tumor-implanted nude mice was monitored by 

   Figure 4.    A) Flow cytometric analysis of MDA-MB-231 cell apoptosis induced by different formulations for 12 h by using Annexin V-FITC/PI staining. 
a, free TRAIL (20 ng/mL); b, TRAIL-Gelipo (20 ng/mL) after 30 min of HAase pre-treatment; c, TRAIL-Gelipo (20 ng/mL) without HAase pre-treatment; 
d, free TRAIL (2 ng/mL); e, Dox-R8H3-L (100 ng/mL); TRAIL/Dox-Gelipo (2 ng/mL TRAIL, 100 ng/mL Dox) after 30 min of HAase pre-treatment. 
B) MDA-MB-231 cell apoptosis induced by free TRAIL (2 ng/mL), Dox-R8H3-L (100 ng/mL) and TRAIL/Dox-Gelipo (2 ng/mL TRAIL, 100 ng/mL Dox) 
after a 30 min of HAase pre-treatment for 18 h using the APO-BrdU TUNEL assay. Alexa Fluor 488-stained nick end label showed green fl uorescence, and 
PI-stained nuclei showed red fl uorescence. Scale bar is 100 µm. C) In vitro cytotoxicity of TRAIL-Gelipo, Dox-Gelipo and TRAIL/Dox-Gelipo after 30 min 
of HAase pre-treatment toward MDA-MB-231 cells for 24 h. D) In vitro cytotoxicity of the bare R8H3-L and Gelipo toward MDA-MB-231 cells for 24 h. 
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also endued Gelipo with the active tumor targetability. After 
48 h imaging, the tumor and normal tissues were separated 
from the mice after euthanasia for ex vivo imaging. As shown 
in Figure  5 B, the strongest Cy5.5 signal was observed at the 
tumor tissue after applying Cy5.5-TRAIL-Gelipo compared to 
Cy5.5-TRAIL-R8H3-L and Cy5.5-TRAIL-Gelipo pretreated with 
HA, and this fl uorescence signal was much higher than that 
at the normal tissues. The quantitative region-of-interest (ROI) 
analysis determined that Cy5.5-TRAIL-Gelipo had the fl uores-
cence intensity at the tumor site 8.6-fold and 3.4-fold that of 

effect of Gelipo. However, almost no signal at the tumor site 
was imaged after a 48 h injection of Cy5.5-TRAIL-R8H3-L 
without HA coating, which mainly resulted from a rapid clear-
ance of cationic liposomes. [ 50 ]  To further confi rm the role of 
the HA shell in the active targeting of Gelipo to CD44 over-
expressing tumor, a high dose of HA polymer was injected 
before the administration of Gelipo. As expected, a conspic-
uous attenuation of Cy5.5 signal at the tumor site was visual-
ized at all the time points, revealing that the HA shell not only 
retained the stability of Gelipo in the systemic circulation but 

   Figure 5.    A) In vivo fl uorescence imaging of the MDA-MB-231 tumor-bearing nude mice at 4, 24, and 48 h after intravenous injection of Cy5.5-
TRAIL-R8H3-L (a), Cy5.5-TRAIL-Gelipo (b) and Cy5.5-TRAIL-Gelipo with pre-injection of free HA (c) at Cy5.5 dose of 30 nmol/kg. The arrows indicate 
the regions of the tumors. B) Ex vivo fl uorescence imaging of the tumor and normal tissues of the MDA-MB-231 tumor-bearing nude mice after mice 
were euthanized at 48 h post-injection. 1, heart; 2, liver; 3, spleen; 4, lung; 5, kidney; 6, tumor. C) ROI analysis of fl uorescent signals from the tumors 
and normal tissues.  *  P  < 0.05,  **  P  < 0.01. D) The MDA-MB-231 tumor growth curves after intravenous injection of different formulations of Dox at a 
dose of 2 mg/kg.  **  P  < 0.01. E) Representative images of MDA-MB-231 xenograft tumors of the mice after treatment with saline (a), the Dox solution 
(b), Dox-Gelipo (c) and TRAIL/Dox-Gelipo (d) at Day 14; Histological observation of the tumor tissues after treatment. The tumor sections were stained 
with HE. Scale bar is 100 µm; Detection of apoptosis in the tumor tissues after treatment. The tumor sections were stained with fl uorescein-dUTP 
(green) for apoptosis and Hoechst for nuclei (blue). Scale bar is 100 µm. 
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(SSSD) of TRAIL and Dox. Gelipo is able to effi ciently deliver 
its cargoes, TRAIL and Dox at the tumor sites in a programmed 
fashion. At the HAase-rich tumor microenvironment, the HA 
outer corona of Gelipo was degraded by HAase and peeled off, 
followed by the extracellular release of TRAIL to bind onto the 
membrane receptor to trigger the extrinsic apoptosis pathway. 
Meanwhile, the degradation of the HA shell allowed the expo-
sure of R8H3 with a high cell-penetrating ability, which contrib-
uted to the enhanced cellular uptake and effi cient intracellular 
delivery of Dox for activation of the intrinsic apoptosis pathway. 
Gelipo achieved a synergistic antitumor activity by a combined 
effi cacy of TRAIL and Dox. In addition to TRAIL, other proteins 
that act on the tumor cellular membrane, such as cetuximab [ 29 ]  
and trastuzumab, [ 31 ]  could also be loaded in the interspace 
between the HA shell and the liposomal core and be release by 
HAase invasion, which provides more opportunities for com-
bination cancer treatment with gene therapy (siRNA, pDNA) 
or chemotherapy (Dox, Ptx, cisplatin). Our “SSSD” based 
design strategy will open an avenue for the exploration of more 
sophisticated DDSs, which can synergistically differentiate the 
extracellular and intracellular target to promote a superior anti-
cancer effect.   

 4.     Experimental Section 
  Materials : All chemicals unless mentioned were purchased from 

Sigma-Aldrich. Stearyl R8H3 (R8H3-C18) as well as FITC-labeled 
R8H3 (R8H3-FITC) and R8 (R8-FITC) were purchased from the GL 
Biochem Co., Ltd. (Shanghai, China). Sodium hyaluronic acid (HA, the 
molecular weight of 77 kDa) was purchased from Freda Biochem Co., 
Ltd. (Shandong, China). Doxorubicin hydrochloride was purchased from 
BIOTANG Inc. (Lexington, MA, USA). 

  Preparation and Characterization of Gel–Liposome (Gelipo) : Dox-
loaded liposomes (Dox-L) were prepared by the transmembrane pH 
gradient method. Egg phosphatidylcholine (EPC) and cholesterol 
(Chol) (5:1, w:w) were dissolved in chloroform, followed by rotation 
vacuum evaporation at 40 °C to form a thin lipid fi lm. After overnight 
vaccum dry to remove trace organic solvent, the lipid fi lm was 
hydrated in 200 mM ammonium sulfate ((NH 4 ) 2 SO 4 ), dispersed by a 
probe-type ultrasonicator and extruded through the fi lter membranes 
with the pore size of 0.45 µm and 0.20 µm successively, followed by 
dialysis overnight. Then, the blank liposomes were mixed with the Dox 
solution (Dox:lipids, 1:20, w:w) and incubated at 45 °C for 40 min. The 
resulting Dox-L was obtained by washing with deionized (DI) water 
using centrifugal fi lters (10K MWCO) (Millipore) to remove free Dox. 
Subsequently, the pre-cold Dox-L was incubated with TRAIL (Dox:TRAIL, 
50:1, w:w) at 4 °C for 0.5 h, followed by addition of R8H3-C18 (2.5 mol% 
of the total lipid weight) and incubation for additional 0.5 h. This 
solution was then added into the  m -HA solution (HA:lipids, 3:20, w:w), 
followed by adding a crosslinker,  N , N -methylenebisacrylamide (MBA) 
(MBA: m -HA, 1:1, w:w) and a photo-initiator Irgacure 2959 (0.1%, w:v). 
After radical polymerization via UV radiation for 60 s using a BlueWave 
75 UV Curing Spot Lamp (DYMAX), TRAIL/Dox-Gelipo was obtained by 
washing with HEPES buffer (10 mM, pH 7.4) using centrifugal fi lters 
(30K MWCO) (Millipore) to remove the excessive crosslinker and 
initiator. The particle size and zeta potential of TRAIL/Dox-Gelipo were 
measured by a Zetasizer (Nano ZS, Malvern). For TEM observation, 
TRAIL/Dox-Gelipo was dropped onto a TEM copper grid (300 mesh) 
(Ted Pella) and then stained by phosphotungstic acid (1%, v:v). After 
air-drying, the sample was observed by TEM (JEM-2000FX, Hitachi) 
operating at 80 kV. 

  Degradation of HA Shell : 500 µL of Gelipo was incubated with 500 µL 
of HAase (1 mg/mL) at pH 6.5 in a 37 ºC water bath. At predetermined 

Cy5.5-TRAIL-R8H3-L and Cy5.5-TRAIL-Gelipo pretreated with 
HA, respectively, as well as 2.7-fold and 1.1-fold increase com-
pared to that in the liver and kidney, respectively (Figure  5 C).  

 We also evaluate the in vivo biodistribution of the Dox solu-
tion, Dox-R8H3-L and TRAIL/Dox-Gelipo after intravenous 
administration into the MB-MDA-231 tumor-bearing mice by 
quantitatively detecting the Dox amounts in plasma and different 
tissues, including heart, liver, spleen, lung, kidney and tumor. 
TRAIL/Dox-Gelipo showed an enhanced blood persistence com-
pared with the Dox solution (Figure S10, Supporting Informa-
tion), which suggested that Gelipo was able to support a high 
concentration of Dox within a longer time in the systemic cir-
culation for improved therapeutic index. Moreover, TRAIL/Dox-
Gelipo provided higher Dox accumulation in the tumor tissues 
than the Dox solution and Dox-R8H3-L (Figure S11, Supporting 
Information). The Dox amount in the tumor tissues delivered 
by TRAIL/Dox-Gelipo was 5.72- and 2.70-fold that of those deliv-
ered by the Dox solution and Dox-R8H3-L at 48 h post-injection. 
Additionally, the Dox amount was 1.66-, 4.55- and 1.24-fold that 
of those in the liver, spleen and kidney delivered by TRAIL/Dox-
Gelipo at 48 h post-injection. Accordingly, it was confi rmed that 
Gelipo had a high tumor targetability as a result of a combina-
tion of the passive and active targeting mechanisms. 

 To demonstrate the feasibility of Gelipo for cancer treatment 
in vivo, the antitumor activity of Dox/NG was evaluated using 
MDA-MB-231 tumor xenograft models. As shown in Figure  5 D, 
the tumor growth was remarkably suppressed after the succes-
sive intravenous injection of various Dox formulations including 
the Dox solution, Dox-Gelipo and TRAIL/Dox-Gelipo, com-
pared with saline as a negative control. Dox-Gelipo generated 
a noticeably higher effect on inhibiting tumor growth than the 
Dox solution, which mainly resulted from the EPR effect of 
nanoscaled Gelipo combined with the active targeting capability 
provided by the HA shell. It is worth noting that TRAIL/Dox-
Gelipo showed a dominant effect on tumor inhibition compared 
with Dox-Gelipo (Figure  5 D, E), further validating the syner-
gistic antitumor effect by a combination of TRAIL and Dox. 
The body weight of mice receiving TRAIL/Dox-Gelipo remained 
stable during the treatment (Figure S12, Supporting Informa-
tion). The histologic images of the tumor section stained by 
the hematoxylin and eosin (HE) showed a massive cancer cell 
remission after applying TRAIL/Dox-Gelipo (Figure  5 E), which 
offered a considerable evidence of the effi cient in vivo anti-
tumor activity of TRAIL/Dox-Gelipo. Moreover, the fl uorescence 
images obtained using the in situ TUNEL assay presented the 
highest level of cell apoptosis in the tumor collected from the 
mice receiving TRAIL/Dox-Gelipo (Figure  5 E), indicating that 
the prominent capability of tumor growth inhibition was partly 
due to the elevated apoptosis activated by TRAIL/Dox-Gelipo. 
Taken together, it was verifi ed that TRAIL/Dox-Gelipo prefer-
entially accumulated at the tumor site, effi ciently delivered the 
TRAIL and Dox to their specifi c sites of activity, and thereby 
accomplished optimal synergistic antitumor effi cacy.    

 3.     Conclusions 

 We successfully developed “Gelipo” with a liposomal core and 
a crosslinked HA shell for sequential and site-specifi c delivery 
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dissolved in 150 µL of dimethyl sulfoxide (DMSO). The absorbance was 
measured at a test wavelength of 570 nm and a reference wavelength of 
630 nm by a microplate reader (Infi nite M200 PRO, Tecan). 

  Animals and Tumor Xenograft Models : All animals were treated 
in accordance with the Guide for Care and Use of Laboratory 
Animals, approved by local committee. The female nude mice were 
subcutaneously inoculated in the back with MDA-MB-231 cells (1 × 10 7  
cells/mouse) for the construction of the tumor xenograft model. The 
tumor size was monitored by a fi ne caliper and the tumor volume ( V ) 
was calculated as  V  =  L  × W  2 /2, where L and W were the length and width 
of the tumor, respectively. 

  In vivo Imaging Study : When the tumors reached to 200–400 mm 3 , 
the mice were intravenously injected by Cy5.5-TRAIL-R8H3-L and 
Cy5.5-TRAIL-Gelipo at Cy5.5 dose of 30 nmol/kg, respectively. For HA 
competitive study, the mice were injected by Cy5.5-TRAIL-Gelipo at 
30 min after pre-injected by a high dose of free HA (50 mg/kg). Images 
were taken on IVIS Lumina imaging system (Caliper, USA) at 4, 24, and 
48 h post injection. After the 48 h imaging, the tumors as well as major 
organs were collected from the mice after euthanasia and subjected 
for ex vivo imaging. ROIs were circled around the organs, and the 
fl uorescence intensities were analyzed by Living Image Software. 

  In vivo Antitumor Effi cacy : When the tumor volume reached to 
50 mm 3 , the mice were weighed, randomly divided into 4 groups, and 
intravenously administrated with the Dox solution (2 mg/kg), Dox-
Gelipo (2 mg/kg), Dox/TRAIL-Gelipo (2 mg/kg Dox, 0.04 mg/kg TRAIL) 
and saline every other day for 12 days. The tumor size and body weight 
of the mice were measured at the meantime. At Day 14, the tumor were 
harvested from the mice after euthanasia, washed by saline thrice and 
then fi xed in 10% neutral buffered formalin (NBF). For HE staining, 
formalin-fi xed tumors were embedded in paraffi n blocks and visualized 
by optical microscope (DM5500B, Leica). For TUNEL apoptosis staining, 
the fi xed tumor sections were stained by the  In Situ  Cell Death Detection 
Kit (Roche Applied Science) according to the manufacturer’s protocol. 
Hoechst 33342 was used for nuclear nuclear counterstaining. The 
stained tumor slides were observed by fl uorescence microscope (IX71, 
Olympus). 

  Statistical Analysis : Data are given as mean ± standard deviation. 
Statistical signifi cance was tested by two-tailed Student’s  t -test or 
one-way ANOVA. Statistical signifi cance was set at  *  P  < 0.05, and 
extreme signifi cance was set at  **  P  < 0.01.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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time intervals, the particle size and zeta potential of the samples were 
immediately measured by a Zetasizer (Nano ZS, Malvern). 

  In vitro HAase-Mediated TRAIL Release : 500 µL of rhodamine-labeled 
TRAIL-loaded Gelipo (r-TRAIL-Gelipo) was incubated with 500 µL of 
HAase (1 mg/mL) at pH 6.5 in a 37 °C water bath. At prearranged time 
intervals, free r-TRAIL in the fi ltrate was harvested using centrifugal 
fi lters (30K MWCO) (Millipore). The fl uorescence intensity of r-TRAIL 
was determined at 585 nm with an excitation wavelength of 552 nm by 
a microplate reader (Infi nite M200 PRO, Tecan). Additionally, the far-UV 
CD spectra of the native TRAIL and the released TRAIL from TRAIL 
Gelipo were obtained using a Circular Dichroism Spectrometer (Aviv). 

  Cell Culture : MDA-MB-231 cells were cultured in DMEM containing 
FBS (10%, v:v), penicillin (100 U/mL) and streptomycin (100 µg/mL) 
in an incubator (Thermo Scientifi c) at 37 °C under an atmosphere of 
5% CO 2  and 90% relative humidity. The cells were sub-cultivated 
approximately every 3 days at 80% confl uence using trypsin (0.25%, w:v) 
at a split ratio of 1:5. 

  Site-Specifi c Delivery : MDA-MB-231 cells (1 × 10 5  cells/well) were 
seeded in a confocal microscopy dish (MatTek) and cultured for 24 h. 
For the membrane binding assay, the cells were incubated with r-TRAIL-
Gelipo (0.2 µg/mL) treated with HAase (1 mg/mL) for 30 min, at 37 °C 
or 4 °C for 1 h. Afterwards, the cells were washed with ice-cold PBS twice, 
and stained by Alexa Fluor 488 conjugate of WGA Green (5 µg/mL) (Life 
Technologies) at 37 °C for 10 min. The cells were washed with ice-cold 
PBS twice, and immediately observed using CLSM (LSM710, Zeiss). 

 For quantitative analysis, the cells were incubated with r-TRAIL-
Gelipo (0.2 µg/mL) with or without HAase-treament at 37 °C or 4 °C 
for 1 h. The cells were harvested and washed by ice-cold PBS thrice. 
The fl uorescence intensity of r-TRAIL was measured at 585 nm with an 
excitation wavelength of 552 nm, which was normalized by subtracting 
the background signal of the blank cells. The cell proteins were assayed 
by the Pierce BCA protein assay kit (Thermo Scientifi c). The amount of 
r-TRAIL binding on the plasma membrane or internalized within the cells 
( U  r-TRAIL ) was calculated as:  U  r-TRAIL  (ng/mg) =  Q  r-TRAIL / Q  protein , where 
 Q  r-TRAIL  and  Q  protein  were the amounts of r-TRAIL and cellular protein, 
respectively.  U  r-TRAIL  after incubation at 37 °C indicated the total amount 
of r-TRAIL binding on the plasma membrane plus internalized within the 
cells, while that after incubation at 4 °C referred to the amount of TRAIL 
binding on the plasma membrane due to the endocytosis inhibition 
at 4 °C. 

 For the intracellular delivery study, the cells were incubated with 
Dox-Gelipo (1 µg/mL) after HAase-treatment at 37 °C for 1 h and 4 h. 
Then, the cells were washed with ice-cold PBS twice, and stained by 
LyosTracker Green (50 nM) (Life Technologies) at 37 °C for 30 min and 
Hoechst 33342 (1 µg/mL) (Life Technologies) at 37 °C for 10 min. The 
cells were washed by ice-cold PBS twice and immediately observed using 
CLSM (LSM710, Zeiss). 

  Cell Apoptosis Assay : Apoptosis of MDA-MB-231 cells was detected 
using the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences) 
and APO-BrdU TUNEL Assay Kit (Life Technologies), respectively. The 
cells (1 × 10 5  cells/well) were seeded in 6-well plates and cultured for 
48 h. For Annexin V-FITC assay, the cells were incubated with different 
formulations for 12 h, including free TRAIL (2 or 20 ng/mL), TRAIL-Gelipo 
(20 ng/mL) with or without HAase-treatment, Dox-R8H3-L (100 ng/
mL), TRAIL/Dox-Gelipo (2 ng/mL TRAIL, 100 ng/mL Dox) with HAase-
treament. For TUNEL assay, the cells were incubated with free TRAIL 
(2 ng/mL), Dox-R8H3-L (100 ng/mL) and TRAIL/Dox-Gelipo (2 ng/
mL TRAIL, 100 ng/mL Dox) with HAase-treament for 20 h, respectively. 
The following procedures were performed in accordance with the 
manufacturers’ protocols. Finally, for Annexin V-FITC assay, the cells were 
analyzed by fl ow cytometry (BD FACSCalibur), while for TUNEL assay, the 
cells were observed by fl uorescence microscope (IX71, Olympus). 

  In vitro Cytotoxicity : MDA-MB-231 (1 × 10 4  cells/well) were seeded in 
96-well plates and cultured for 24 h. The cells were exposed to TRAIL-
Gelipo, Dox-Gelipo and TRAIL/Dox-Gelipo (TRAIL:Dox, 1:50, w:w) after 
the HAase treatment at different concentrations of Dox for 24 h. 20 µL 
of the MTT solution (5 mg/mL) was added into each well and the cells 
was stained for 4 h. Then the medium was removed, and the cells were 
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