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systemic drug delivery remains a chal-
lenging hurdle for cancer chemotherapy. 

 To address this challenge, the phys-
icochemical parameters of NPs such as 
size [ 2,5–8 ]  and surface chemistry [ 9–14 ]  have 
been widely investigated. More recently, 
another important parameter, particle 
shape, has received signifi cant attention 
because it controls the interaction of NPs 
with cells and the systemic distribution 
of NPs, thus having a profound effect 
on their performance. [ 3,4,15–23 ]  In nature, 
viruses [ 4 ]  and bacterial pathogens [ 24 ]  with 
various asymmetric geometries have great 
capabilities of infecting specifi c cell types. 
This is especially the case for bacterial 
pathogens, such as the Gram-negative 
bacteria  Salmonella  and the Gram-positive 
bacterium  Listeria monocytogenes , which 
have rod-like shapes that can promote 
their entry into nonphagocytic mammalian 
cells. [ 24,25 ]  Inspired by the unique ability of 
these bacterial pathogens, we developed 
biodegradable polymer micelles with pre-

cisely controlled rod-like shapes for the enhanced infection and 
killing of targeted tumor cells. 

 Some drug delivery applications have proposed that NPs with 
elongated shapes have more advantages as nanocarriers in com-
parison to spherical NPs. [ 26–28 ]  Despite these pioneering studies, 
there is still a shortage of a comprehensive understanding of the 
interactions between the nanostructures and biological systems. 
Obtaining nanocarriers with well-defi ned nanostructures such 
as rod-like shapes is crucial to study the interactions between 
micelle shapes and biological systems. Several approaches for 
preparing nonspherical polymeric particles have been devel-
oped, including mechanical stretching, [ 29 ]  emulsions, [ 30 ]  micro-
fl uidics, [ 31 ]  template-based synthesis, [ 3 ]  and self-assembly. [ 32,33 ]  
Of these approaches, the self-assembly of amphiphilic copoly-
mers into diversely shaped polymer micelles has received the 
most attention. Altering the morphology of micelles in a con-
trolled manner is of great interest due to the potential advan-
tages and applications of these micelles in the fi eld of drug 
delivery. Micelle morphology can be affected by several factors, 
including chain architecture, [ 34–37 ]  concentration, [ 38 ]  solvent 
conditions (e.g., solvent selectivity, [ 32,39 ]  CO 2 , [ 40 ]  temperature, [ 41 ]  
pH, [ 42 ]  salt concentration, [ 43 ]  small molecular surfactants, [ 44 ]  
and the hydrophilic/hydrophobic ratio. [ 45 ]  The addition of ions 
into an aqueous solution is a simple and effective strategy for 
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  1.     Introduction 

 Nanoparticles (NPs) have shown enormous prospects as carriers 
in drug and gene delivery because they have the ability to carry 
drugs directly to the diseased areas. [ 1,2 ]  These nanocarriers are 
generally administered via intravenous (i.v.) injection and subse-
quently encounter numerous barriers, including the walls of blood 
vessels, the physical entrapment of particles in organs, and the 
removal of particles by phagocytic cells. [ 3 ]  As a result, the majority 
of injected nanocarriers end up in the liver and spleen, and only a 
small percentage (1%–10%) of nanocarriers accumulate in tumor 
sites. [ 4 ]  The low delivery effi ciency of these therapeutic agents has 
undoubtedly resulted in the poor effi cacy of anticancer treatments. 
Currently, the rapid clearance of circulating nanocarriers during 
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inducing the transformation of the polymer micelles from a 
spherical shape to a rod shape. Furthermore, the inorganic salts 
that are generally used in this technique are components of bio-
logical environments and are nontoxic to the body. 

 In this study, we developed a novel bio-inspired rod-shaped 
polymer micellar system to improve drug delivery effi ciency 

and, consequently, enhance cancer therapy by simply changing 
the concentration of NaCl in the micelle-containing solution. 
The polymer micelles with spherical (S), short rod-like (SR), 
and long rod-like (LR) shapes were formed via self-assembly 
of amphiphilic mPEG-PCL copolymers by adjusting the salt 
concentration of the solution ( Scheme    1  A). After i.v. injection, 
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 Scheme 1.    Illustrated design concepts of bio-inspired drug-loaded polymer micelles with various morphologies and their schematically cellular inter-
nalizations. A) Self-assembly of the mPEG-CL 41  block copolymer into diverse-shaped micelles under increasing concentration of NaCl. B) The delivery 
procedure of the DOX-loaded micelles (S@DOX, SR@DOX, and LR@DOX) from the blood circulation to the tumor tissues and fi nally to the tumor 
cells: i) accumulation at the tumor site via the EPR effect; ii) shape-dependent internalization.
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these doxorubicin (DOX)-loaded nanocarriers with various 
shapes can accumulate spontaneously in tumor tissue through 
the enhanced permeability and retention (EPR) effect; later, 
they are internalized through diverse cellular uptake pathways; 
fi nally, the therapeutic agent is delivered and released into the 
organelles (Scheme  1 B).   

  2.     Results and Discussion 

  2.1.     Morphology Optimization 

 To achieve micelles with well-defi ned rod-like shapes that were 
similar to the structures of bacterial pathogens, we fi rst opti-
mized the concentration of NaCl in the solution to assess its 
infl uence on the shape of the micelles. In transmission elec-
tron microscopy (TEM) and atomic force microscopy (AFM) 
images, respectively, in Figures S1 and S2 (Supporting Infor-
mation), without NaCl, only spheres were acquired; As the 
concentration of NaCl in solution was increased to 0.05  M , the 
spherical micelles disappeared, eventually resulting in only 
rod-like micelles; As the concentration of NaCl changed from 
0.05 to 0.1  M , the rod-like micelles elongated, and the length 
increased from ≈300 nm to more than 600 nm; Finally, when 
the concentration was increased from 0.1 to 0.2  M , the rod-like 
shape gradually turns into a branched shape. The most likely 
cause of the sphere-to-rod or rod-to-branched transformations 
was the “salting-out” of the PEG block by different concentra-
tions of NaCl, [ 43 ]  as schematically depicted in Scheme  1 A. 

 Among these morphologies, the SR and LR nanostruc-
tures were selected as anticancer drug nanocarriers for all 

of the following investigations because their morphologies 
were the closest to the structures of bacterial pathogens. The 
spherical micelles were used as the controls in each experi-
ment. The TEM images in  Figure    1   show that the diam-
eters of the homogeneous spherical micelles were almost 
80 nm (Figure  1 A1,A1′). The SR micelles were ≈20 nm in 
diameter and 300 nm in length (Figure  1 B1,B1′), whereas 
the LR micelles were ≈40 nm in diameter and 600 nm in 
length (Figure  1 C1,C1′). These structures were further con-
fi rmed by confocal fl uorescence microscopy (FM) after the 
micelles were loaded with Nile red, a hydrophobic fl uores-
cent dye (Figure  1 A2–C2,A2′–C2′). The diameter distributions 
(Figure S3A, Supporting Information) showed that the average 
diameters of the samples were 96 ± 3.1 nm for S, 132 ± 3.8 nm 
for SR, and 202 ± 6.1 nm for LR.   

  2.2.     In Vitro Stability and Drug Release 

 To investigate the infl uences of both 0.9% physiological saline 
solution and the storage period on the stability of various 
shaped micelles, 1 mg mL −1  of the S, SR, and LR micelles was 
added to separate solutions of 0.9% NaCl. The stability of the 
micelles was studied by dynamic light scattering (DLS) at dif-
ferent time points, and visual comparisons were made between 
the freshly prepared micelles and the micelles stored for 120 h. 
As shown in  Figure    2  C, the appearance of all solutions was 
still transparent without aggregation at 120 h. The mean sizes 
(Figure  2 B) and size distributions (Figure  2 A) of the S, SR, and 
LR samples changed negligibly within 120 h, suggesting that 
the micelles had good stability in the 0.9% physiological saline 
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 Figure 1.    Micellar morphology observed with TEM and CLSM. A1,A2) Spherical (S); B1,B2) short rod-like (SR); C1,C2) long rod-like (LR) micelles. The 
nanostructures were loaded with 2.5% Nile red for confocal imaging.
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solution. Therefore, these micelles could be stably dispersed 
in fl uid for further utilization in cell culture and animal 
experiments.  

 The DOX loading contents (LC) and encapsulation effi -
ciencies (EE) are listed in Table S1 (Supporting Information). 
The loading capacity of DOX in the LR micelles (EE: 92.3 ± 
4.94%) was the highest among all of the tested micelles. The 
release behaviors of DOX of the micelles with diverse mor-
phologies were assessed in phosphate buffer solution (PBS) 
at pH 7.4 and acetate buffer solution (ABS) at pH 5.0, which 
were used to simulate the physiologically neutral condition 
and the acidic tumor microenvironment, respectively. As 
shown in  Figure    3  A, an apparent biphasic release profi le 

was observed for all drug-loaded micelles at both pH 7.4 and 
5.0. All micelle formulations demonstrated an initial burst 
release over the fi rst 6 h, followed by an extended release over 
a prolonged period of time. S@DOX, SR@DOX, and LR@
DOX were considerably stable at pH 7.4, and each respective 
formulation released approximately 38.42 ± 2.68%, 42.15 ± 
1.06%, and 47.08 ± 1.45% of cumulative DOX over 72 h. At 
pH 5.0, the cumulative release was signifi cantly increased, 
reaching 74.86 ± 2.67% for S@DOX, 79.70 ± 3.58% for SR@
DOX, and 84.50 ± 3.88% for LR@DOX. The much faster 
DOX release profi le at pH 5.0 was presumably due to the pro-
tonation of the glycosidic amine groups of DOX under acidic 
conditions. [ 46,47 ]    
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 Figure 2.    The stability of the spherical (S), short rod (SR), and long rod (LR) micelles at a concentration of 1 mg mL −1  in 0.9% physiological saline 
solution as a function of time. A) Size distribution. B) Average size changes of the micelles over time. The data are shown as the mean ± standard 
deviation (SD) ( n  = 3). C) Photographs of the micelle solution at 0 and 120 h.

 Figure 3.    In vitro release and cytotoxicity. A) DOX release from S@DOX, SR@DOX, and LR@DOX micelles in PBS (pH 7.4) and ABS (pH 5.0) at 
37 °C. B,C) Cytotoxicity of HeLa cells and HepG2 cells treated with free DOX and S@DOX, SR@DOX, or LR@DOX micelles as a function of DOX 
concentration. The values represent the mean ± SD ( n  = 3).
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  2.3.     In Vitro Cytotoxicity and Cell Apoptosis 

  Figure    4  A shows the viability of the HeLa, HepG2, and OB cells 
after treatment with different concentrations (25–500 µg mL −1 ) 
of S, SR, and LR blank micelles. The results indicated that 
more than 90% of the cells remained viable. The corresponding 
fl uorescent images from live cell staining (Figure  4 B) showed 
that each group of cells had good growth and morphology, sug-
gesting that all these micelles possessed good cytocompatibility.  

 To further compare the infl uence of shape on the behavior 
of the micelles, the in vitro antitumor effi ciency of free DOX, 

S@DOX, SR@DOX, and LR@DOX micelles was evaluated 
in HeLa and HepG2 cells for 48 h (Figure  3 B,C). It is worth 
noting that the IC 50  values for free DOX, S@DOX, SR@DOX, 
and LR@DOX were 1.01, 2.49, 1.96, and 2.24 µg mL −1  in HeLa 
cells, respectively, which were slightly lower than the respective 
IC 50  values of 1.42, 2.85, 2.17, and 2.36 µg mL −1  in HepG2 cells. 
The cell resistance to DOX is associated with the cell type. [ 19,48 ]  
The micelle morphology is of paramount importance for the 
differences in the IC 50  values, presumably because differently 
shaped micelles have different DOX loading capacities as well 
as different cellular uptake effi ciencies. 
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 Figure 4.    A) Cell survival of S, SR, and LR blank micelles with different concentrations against a) HeLa cells, b) HepG2 cells, and c) OB cells incu-
bated for 24 h. Data are shown as mean ± SD ( n  = 3). B) Fluorescence images of HeLa cells, HepG2 cells, and OB cells. Green calcein fl uorescence 
indicating live cells.
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 To investigate whether the cytotoxicity was mediated by 
DOX-induced cell apoptosis, the Annexin V-FITC Apoptosis 
Detection kit was used to stain the HeLa or HepG2 cells after 
incubation with the various DOX-loaded formulations. The 
apoptotic cells were subsequently monitored by fl ow cytometry. 
Annexin V is a Ca 2+ -dependent phospholipid-binding protein 
with high affi nity for phosphatidylserine, which is translocated 
from the inside to the outside of lipid membranes during cell 
apoptosis. FITC-labeled Annexin V was used as a fl uorescent 
probe to detect cell apoptosis. Propidine iodide (PI) is a type 
of nucleic acid dye that can permeate the plasma membrane 
of necrotic and middle-to-late-stage apoptotic cells and stain 
their nuclei. The synergistic effects of Annexin V and PI can 
distinguish between the different stages of apoptosis. Cells 
maintained in PBS were used as the negative control. The 
percentages of necrotic (upper left quadrant), early apoptotic 

(lower right quadrant), late apoptotic (upper right quadrant), 
and total dead cells shown in  Figure    5  A were plotted as a his-
togram in Figure  5 B. Specifi cally, the control group showed 
negligible apoptotic and necrotic cells in both the HeLa and 
HepG2 cell lines. After the HeLa cells were treated for 24 h 
with the DOX-loaded micelles, S@DOX induced 28.7% cell 
apoptosis and 5.2% cell necrosis; LR@DOX induced 37.6% 
cell apoptosis and 9.3% necrosis; and SR@DOX induced 
38.4% apoptosis cell and 9.8% cell necrosis. By comparison, 
the total cell death of HepG2 cells was 46% in the SR@DOX 
group, which slightly higher than the 43.6% cell death in the 
LR@DOX group. These results indicate that the morphology 
of the micelles could affect the apoptosis of both HeLa and 
HepG2 cells. These fl ow cytometry results showing the cell 
apoptosis were also in line with the in vitro antitumor effi cien-
cies evaluated using the Alamar blue assay.   
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 Figure 5.    Evaluation of apoptosis in HeLa cells and HepG2 cells treated with PBS (control), S@DOX, SR@DOX, and LR@DOX. A) The cells were 
treated with an equivalent DOX dose of 5 µg mL −1  after 24 h incubation, dual-stained with FITC-conjugated Annexin V (horizontal axis) and propidium 
iodide (vertical axis) and analyzed using fl ow cytometry. B) Quantitative analysis of HeLa and HepG2 cell apoptosis ( n  = 3).
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  2.4.     The Effect of Micellar Shape on Cellular Uptake Effi ciency 
and Internalization Pathways 

 To evaluate the effects of the micellar shape on the cellular 
uptake effi ciency, the HeLa and HepG2 cells were cultured 
with the S@DOX, SR@DOX, and LR@DOX micelles. The 
kinetics of cellular uptake were fi rst evaluated by fl uorescence 
microscope analysis, and we found that the intracellular fl uo-
rescent intensity increased gradually as the culturing time 
increasing from 0.5 to 6 h. This fi nding was in agreement with 
a prior study, which reported that the cellular uptake of drug-
loaded micelles is time-dependent. [ 49 ]  Meanwhile, confocal 
laser scanning microscopy (CLSM) and fl ow cytometry were 
employed to observe and quantify the intracellular distribution 
of the micelles after 3 h of incubation. In the CLSM images 
( Figure    6  A1,A2), SR@DOX exhibited the highest fl uorescence 
intensity, followed by LR@DOX, and fi nally by S@DOX. 
These observations were further verifi ed using fl ow cytom-
etry (Figure  6 B1,B2). The bio-inspired, rod-like micelles had 
relatively high uptake effi ciencies in comparison to spherical 

micelles. One possible explanation is that rod-shaped micelles 
have multivalent interactions with the cell membranes, 
resulting in stronger adhesions and more sites for the uptake 
of the micelles relative to spheres, which theoretically have only 
one contact point with a single cell. [ 16,50,51 ]   

 The cellular internalization and intracellular distribution 
of the micelles were further investigated to obtain a detailed 
visualization. The ultrathin section samples of the HeLa cells 
cultured with S, SR, and LR micelles for 6 h were observed 
using TEM, as shown in Figure  6 C. All of the micelles could be 
internalized by the cells and were found within the red-dotted 
line circles in the TEM images. As predicted, the micelles were 
encapsulated into vesicles or were dispersed in the cytoplasm. 
Additionally, the integrated and normal cellular structures were 
seen in all the micelle-treated cells, which further verifi ed the 
outstanding cytocompatibility of these micelles. 

 To determine whether polymer micelles with different mor-
phologies are internalized via different pathways, we explored 
the uptake of polymer micelles by HeLa and HepG2 cells. Three 
types of inhibitors, namely chlorpromazine (CPZ), genistein 
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 Figure 6.    Cellular internalization. A1,A2) CLSM images of HeLa cells and HepG2 cells incubated with S@DOX, SR@DOX, and LR@DOX micelles (red) 
for 3 h. The cell nuclei were stained with DAPI (blue) and the scale bars are 20 µm. B1,B2) Flow cytometry histograms of HeLa cells and HepG2 cells 
treated with S@DOX, SR@DOX, and LR@DOX or without treatment (control) for 3 h at 37 °C. DOX-equivalent dose: 5 µg mL −1 . C) High-resolution 
TEM images of ultrathin section of Hela cells after 6 h incubation with (i) spherical (S), (ii) short rod-like (SR), and (iii) long rod-like (LR) micelles. The 
internalized micelles are shown in the red dotted line circles. The scale bars are 0.5 µm.
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(Geni), and amiloride (Amil), were chosen to block clathrin-
mediated endocytosis, [ 50,51 ]  caveolae-mediated endocytosis, [ 52,53 ]  
and macropinocytosis, [ 52 ]  respectively. Low temperatures (4 °C) 
were used to show that the cellular uptake of micelles is an 
active, energy-intensive process. [ 53 ]  The inhibitor concentra-
tions and acting time were optimized according to the results of 
other publications in order to achieve a minimum of 90% cell 
viability. [ 50,51 ]  The CLSM images of HeLa and HepG2 cells pre-
treated with inhibitors are shown in  Figure    7  A1,A2. The relative 
uptake rates were acquired from these images using Image-Pro 
Plus 6.0 (Figure  7 B1,B2) and fl ow cytometry results in Figure S4 
(Supporting Information). Drastic decreases in the uptake of 
these micelles by both of these cell types were observed at 4 °C 
under the pretreated conditions (an almost 80% reduction in 
all types), suggesting that the endocytosis of micelles with dif-
ferent morphologies was indeed an energy-dependent process. 
The uptake of all micelles by HeLa cells primarily occurred via 
the clathrin-mediated endocytosis and micropinocytosis path-
ways. By contrast, the role of caveolae-mediated endocytosis 

could not be ignored for the uptake of SR@DOX and LR@
DOX. The cellular internalization of the rod-shaped micelles 
via all of the internalization pathways may be the reason that 
more rod-shaped micelles than spherical micelles were inter-
nalized. [ 25 ]  Nevertheless, in HepG2 cells, the caveolae-mediated 
endocytosis was found to be the primary uptake pathway for all 
the micelles, though S@DOX was internalized mainly through 
clathrin-mediated endocytosis. Therefore, we concluded that 
the cellular internalization mechanism varied signifi cantly 
according to both the micelle geometry and the cell type. More-
over, the internalization of micelles of various shapes appears 
to be mediated by multiple pathways. [ 20,25,52 ]    

  2.5.     In Vivo Pharmacokinetics and Biodistribution 

 The shape-dependent in vivo blood circulation and tissue distri-
bution of the different DOX formulations were studied after a 
single i.v. injection of each formulation into H22-tumor-bearing 
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 Figure 7.    Evaluation of the endocytic pathways of S@DOX, SR@DOX, and LR@DOX micelles in Hela and HepG2 cells. A1,A2) CLSM images showing 
cells incubated at 4 °C with different endocytic inhibitors: none (Control); chlorpromazine (+CPZ, 10 µg mL −1 ); genistein (+Geni, 50 µg mL −1 ); and ami-
loride (+Amil, 13.3 µg mL −1 ). The nuclei were stained with DAPI (blue). The DOX dosage was 5 µg mL −1 . The scale bars are 20 µm. B1,B2) Quantitative 
analysis of HeLa and HepG2 cells obtained by the Image-Pro Plus 6.0 software. The data are represented as the mean ± SD ( n  = 3). $, not signifi cant; 
*,  P  < 0.05; #,  P  < 0.01; and  ̂  ,  P  < 0.001 compared to the Control in the same sample group (one-way ANOVA using Excel 2013).
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Balb/c mice. The DOX concentrations in the collected plasma 
and tissues (heart, liver, spleen, lung, kidney, and tumor) at cer-
tain time intervals were determined using fl uorescence spectros-
copy. The pharmacokinetic profi les of free DOX, S@DOX, SR@
DOX, and LR@DOX are shown in  Figure    8  A,B. From the blood 
clearance curves (Figure  8 A), we found that the LR@DOX was 
eliminated signifi cantly more slowly than the other formula-
tions, and there was still 30.43 ± 2.96% of the injected dose after 
24 h. In contrast, after 6 h, free DOX was barely detected in the 
blood. The relevant pharmacokinetic parameters were calculated 
by fi tting the blood DOX concentration versus time in a two-
compartment model using PKSolver (Figure  8 B). The elimina-
tion half-life ( t  1/2β ) of LR@DOX (24.23 ± 2.87 h) was remarkably 

higher than that of SR@DOX (14.30 ± 1.62 h), S@DOX (8.39 ± 
0.53 h), and free DOX (1.34 ± 0.24 h). In addition, the area under 
the curve (AUC) for the LR@DOX (947.46 ± 82.65 µg mL −1   ×  h) 
was much higher than the AUC values for SR@DOX (431.74 ± 
45.05 µg mL −1   ×  h), S@DOX (70.90 ± 9.60 µg mL −1   ×  h), and free 
DOX (20.88 ± 1.24 µg mL −1   ×  h). By further comparison with 
free DOX, S@DOX, SR@DOX, and LR@DOX showed signifi -
cantly higher values for mean retention time (MRT; 2.92-, 5.30-, 
and 9.10-fold increases, respectively), and lower body clearance 
(CL) of DOX (5-, 17-, and 31-fold decreases, respectively). In 
short, these results suggested that all of the micellar DOX for-
mulations prolonged the blood circulation of DOX though LR@
DOX in particular possessed the longest circulation. [ 54,55 ]   

 Figure 8.    In vivo pharmacokinetics and biodistribution. A) Pharmacokinetic profi les of total DOX after tail vein injection of various DOX formulations 
(dose: 2 mg DOX per kg body weight) ( n  = 3). B) Pharmacokinetic parameters of various DOX formulations. C) Biodistribution of DOX in different 
tissues after intravenous injection of various formulations at a dosage of 2 mg kg −1  ( n  = 3). $, not signifi cant; *,  P  < 0.05; #,  P  < 0.01;  ̂  ,  P  < 0.001, 
compared with free DOX at the same time point. D) The representative CLSM images of the tumor cryo-sections from H22 tumor-bearing mice after 
intravenous administration of S@DOX, SR@DOX, LR@DOX micelles, and free DOX at an equivalent DOX dose of 2 mg kg −1  at 6 and 24 h. The scale 
bars represent 25 µm. The blue coloring represents cell nuclei.
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 The in vivo biodistributions of the diversely shaped micelles 
were measured in a time-dependent manner (1, 6, 12, and 24 h 
after i.v. administration) (Figure  8 C). At the examined time, 
the accumulation of DOX in tumors after delivery via the S@
DOX, SR@DOX, and LR@DOX micelles were all signifi cantly 
enhanced in comparison to free DOX at 6, 12, and 24 h. These 
increases were 7.84-, 12.59-, and 17.98-fold higher at 24 h for 
S@DOX, SR@DOX, and LR@DOX relative to free DOX. Fur-
thermore, the DOX content of the free DOX group decreased 
in tumors over time, while the levels of DOX released from 
all micelles continuously increased in tumor tissues except at 
24 h, when the levels were slightly lower than those at 12 h. 
The high accumulation of the drug in the tumors was primarily 
due to two main reasons: fi rst, the blood circulation time was 
enhanced due to the ability of the micelles to evade specifi c 
recognition by the reticuloendothelial system (RES) due to the 
PEGylation of the micellar outer shell and their fl exible, elon-
gated shapes; second, the uptake of the micelles was medi-
ated by the EPR effect. [ 56 ]  The accumulation of S@DOX in the 
liver was ≈1.48 times greater than the accumulation of SR@
DOX and 2.52 times greater than that of LR@DOX. A similar 
trend was found in the spleens, which indicated that the RES 
more favorably cleared the spherical micelles than the rod-like 
micelles. [ 28,57,58 ]  Furthermore, the CLSM analysis of the tumor 
cryo-sections 6 and 24 h after injection is shown in Figure  8 D. 
The highest fl uorescence intensity was also found in the LR@
DOX group at 6 h, especially at 24 h, indicating the strongest 
accumulation in tumor tissues.  

  2.6.     In Vivo Antitumor Effect and Histological Analysis 

 To further evaluate the infl uence of micellar morphology on the 
in vivo antitumor effects, the DOX-loaded micelles with various 
shapes were injected into Balb/c mice bearing H22 tumor xen-
ografts. As shown in  Figure    9  A, the changes in body weights 
as a function of time were taken to be the safety profi les of the 
various formulations. Compared with the initial body weights, 
all of the groups except for the free DOX exhibited a modest 
increase over the 21 d of evaluation, indicating that no signifi -
cant systemic toxicity was noticed in either the control or drug-
loaded groups. The tumor volumes and tumor weights were 
monitored and characterized as the parameters of the cancer 
therapeutic effects. Based on the tumor volumes (Figure  9 B,D), 
all the DOX-loaded micelles showed pronounced inhibitory 
effects on tumor growth compared with the 0.9% saline solu-
tion and blank micelles groups. This was especially the case 
for LR@DOX, which exhibited the most distinct suppres-
sive effects. The tumor volume of the saline group expanded 
rapidly from 25.08 ± 1.85 to 1281.49 ± 81.2 mm 3  within 21 d. 
The S, SR, and LR blank micelles showed similar growth pro-
fi les, reaching 955.31 ± 87.45 (S), 979.96 ± 69.46 (SR), and 
1135.19 ± 73.58 mm 3  (LR). These results indicated that the 
blank micelles barely had any physiological activities. By con-
trast, those groups treated with S@DOX, SR@DOX, and 
LR@DOX showed severe reductions in tumor volume, which 
decreased to 475.26 ± 77.83, 336.56 ± 56.59, and 292.34 ± 
93.02 mm 3 , respectively. These tumors were signifi cantly 
smaller than those of the saline-treated mice and the groups 

treated with each type of blank micelles. The inhibition rate 
(IR) of tumor growth was calculated on the basis of the tumor 
volume on the 21st day. The IR of the LR@DOX micelles was 
80.15% ± 2.54%, which represented a 1.07-, 1.25-, and 1.46-fold 
increase relative to SR@DOX, S@DOX, and free DOX, respec-
tively. As shown in Figure  9 C, the tumor weight was 0.9058 ± 
0.097 g in the saline group on the 21st day, which was almost 
3.53 times heavier than that of the LR@DOX group. From the 
data shown in Figures  6 ,  7 ,  8 , we knew that the LR@DOX had 
a signifi cant cellular uptake by tumor cells and rapidly released 
their payloads in the acidic tumor microenvironment, subse-
quently leading to the marked levels of cancer cell death.  

 To further confi rm the therapeutic effi cacies of the DOX-
loaded micelles, immunohistochemical studies of tumor sections 
were performed on the 10th and 21st days after the fi rst injec-
tion. Figure  9 E shows the TdT-mediated dUTP nick end labe-
ling (TUNEL)-stained images in which the pale yellow or dark 
brown represents necrotic areas or apoptotic cells. In comparison 
with the saline and blank micelle groups on both the 10th and 
21st days, the free DOX, S@DOX, SR@DOX, and LR@DOX 
groups exhibited distinct degrees of apoptosis: the nuclei were 
narrower, the nuclear membranes were shrunken, and the chro-
matin was condensed. These indicators of apoptosis were most 
obvious in the LR@DOX group, which supported the excellent 
therapeutic effect of these micelles. Furthermore, the apoptotic 
rate was evaluated in Image-Pro Plus 6.0 using the results of 
the TUNEL analysis (Figure  9 F). The LR@DOX also presented 
the highest apoptotic rate (86.3 ± 2.03%), which was consistent 
with the reduced tumor growth rates that were calculated from 
the tumor volumes and indicated that the LR@DOX micelles 
had superior antitumor effects compared to the other formula-
tions. Additionally, the expression of endothelial cells was meas-
ured by immunohistochemical staining of CD31 to evaluate the 
suppression of angiogenesis. The light yellow or tan color in the 
images represents the positive expression of the CD31 antibody. 
As shown in Figure S5 (Supporting Information), the immuno-
reactive microvessels in mice treated with free DOX, S@DOX, 
SR@DOX, or LR@DOX were clearly decreased or disrupted in 
comparison to those observed in the groups treated with saline or 
blank micelles. The cells dissolved and the nuclei were seriously 
fragmented, and severe infl ammatory responses developed in all 
groups treated with the DOX-loaded formulations. This was espe-
cially the case for LR@DOX. In conclusion, DOX-loaded micelles 
with long, rod-like shapes have the highest anticancer function.   

  3.     Conclusion 

 In summary, as a proof of concept, we developed an original 
bio-inspired rod-shaped polymer micellar system similar to the 
structures of bacterial pathogens by simply adding NaCl salt to 
the aqueous solution in the micelle self-assembly process. Com-
pared with the sphere-shaped micelles, the rod-like micelles 
represented the greatest drug-loading effi ciency, the fastest 
drug-release behavior in a simulated tumor acidic microenviron-
ment, and the highest internalization rate by tumor cells. The 
in vivo experimental results demonstrated that the rod-shaped 
micelles had a great capacity of overcoming the rapid clearance 
of RES with a long circulation in blood (the elimination half-life 



www.sp
m

.co
m

.cn

FU
LL

 P
A
P
ER

76 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2016, 26, 66–79

www.afm-journal.de
www.MaterialsViews.com

is ≈18-fold longer than that of free drugs), a high rate of accu-
mulation in tumor tissues, and a signifi cant enhancement of the 
therapeutic agent potency against artifi cial solid tumors. These 
fi ndings demonstrated that the bio-inspired rod-shaped nano-
platform has great potential in the development of advanced 
drug-delivery systems for enhanced cancer therapy.  

  4.     Experimental Section 
  Morphology Optimization of Micelles : Monomethoxy poly(ethylene 

glycol)- block -poly(ε-caprolactone) (mPEG-CL 41 ) copolymer with mPEG/
CL weight ratio of 3:7 ( M  n  7500 Da and PDI 1.65 obtained by GPC 
measurements) was synthesized according to a previous report. [ 59,60 ]  The 
micelles were fabricated using the solvent evaporation method. Briefl y, 

 Figure 9.    In vivo antitumor activity evaluation. H22 tumor-bearing Balb/c mice are treated with free DOX S@DOX, SR@DOX, and LR@DOX micelles 
at a dose of 2 mg kg −1  ( n  = 5). A) Body weight change. B) Tumor volume change. C) Excised tumor weight at the 21st day. D) Tumor-bearing H22 mice 
at the 21st day and excised solid tumors at the 10th and 21st days. E) TUNEL analysis of the tumor sections at 10th and 21st day after the fi rst treat-
ment (scale bars = 200 µm). F) The apoptotic rate of tumor sections calculated in the TUNEL analysis using Image-Pro Plus 6.0. The data in (A), (B), 
(C), and (F) are the mean ± SD; $, not signifi cant; *,  P  < 0.05; #,  P  < 0.01; and  ̂  ,  P  < 0.001 compared with the saline group.
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10 mg of mPEG-CL 41  dry powder was dissolved in 5 mL tetrahydrofuran 
(THF) as a good solvent in a 50 mL beaker. Then, 10 mL deionized 
water was added dropwise using a glass syringe (10 mL gauge) under 
high-speed stirring into the beaker. The mixed solution was stirred on 
medium–low speed at room temperature to remove the THF completely 
to yield the micelles. 

 For the mPEG-CL 41  micelles with different morphologies, the 
fabrication process was similar to that mentioned above, but sodium 
chloride (NaCl) was added to the aqueous solution at different 
concentrations. Concentrations of 0, 0.03, 0.05, 0.08, 0.1, 0.13, 0.15, 
and 0.2  M  NaCl in solution were investigated in the optimization of the 
micellar shapes. When the THF was completely volatilized, the micelles 
with various morphologies were yielded. Among all of the morphologies, 
three main types of nanostructures, including S (at 0  M  NaCl), SR (at 
0.05  M  NaCl), and LR (at 0.1  M  NaCl), were investigated in parallel in the 
subsequent drug-loading and release tests, in vitro assays, and in vivo 
analyses described in the later sections. The anticancer drug DOX·HCl 
was dehydrochlorinated and was used as a model anticancer drug for 
fabricating DOX-loaded micelles with different morphologies (named 
as S@DOX, SR@DOX, and LR@DOX according to the shapes of the 
micelles). The procedure was almost identical to that described above, 
except that DOX was dissolved along with the copolymer in THF and 
the fi nal micelle solution was transferred into a dialysis bag (MWCO 
1000) and dialyzed against deionized water several times to remove the 
free DOX. 

  Characterization : AFM (CSPM5000, Bejing, China) was employed to 
observe the morphologies of the micelles. Tapping mode with the scan 
frequency of 5 Hz was used to observe the morphology of micelles. 
TEM studies were performed with a JEOL 2100F instrument (JEOL Ltd., 
Japan) operated at a voltage of 200 kV to further observe the micelles 
morphology. The micelles loading with Nile red as fl uorescence probe 
were viewing directly by a Leica TCS SP5 confocal laser scanning 
microscope. DLS was performed using a Malvern Zeta-sizer Nano-ZS90 
(Malvern, UK) to determine the mean size and size distribution of the 
micelles at room temperature. 

  In Vitro Drug Release : DOX was selected as an anticancer drug model 
to determine the loading and release profi les. The drug LC and EE were 
measured using a UV–vis spectrophotometer (UV-2550, Shimadzu, 
Japan). The lyophilized micelle powder of S@DOX, SR@DOX, and 
LR@DOX was weighed and dissolved in DMSO and the absorption 
was measured by UV at 488 nm to quantify the concentration of DOX 
using a pre-established DOX calibration curve. The in vitro release 
kinetics of DOX from the differently shaped micelles were investigated 
in PBS at pH 7.4 and ABS at pH 5.0 using dialysis bags with a molecular 
weight cutoff of 1000 g mol −1 . The amounts of DOX released from S@
DOX, SR@DOX, and LR@DOX were determined using a fl uorescence 
spectrophotometer (F-7000, Hitachi, Japan). 

  In Vitro Cytotoxicity Assay : HeLa, HepG2, and OB cells were seeded 
into 48-well plates at a density of 1.0 × 10 4  cells per well and were 
supplemented with RPMI 1640 or α-MEM medium containing 10% 
newborn calf serum. The plates were maintained at 37 °C in a humidifi ed 
atmosphere containing 5% CO 2  for 24 h. Subsequently, the cells were 
treated with S, SR, and LR in separate treatment groups at concentrations 
ranging from 25 to 500 µg mL −1  prior to incubation for another 24 h. 
The medium was carefully removed 24 h later and the cells were rinsed 
with PBS. Thereafter, 300 µL Alamar blue solution (10% Alamar blue, 
80% media 199 (Gibcos), and 10% FBS; V/V) was added into each 
well, and the plates were incubated for another 4 h. Next, 200 µL of the 
reduced Alamar blue solution was pipetted into 96-well plates, and the 
absorbance was read in an automated microplate spectrophotometer 
(ELX800 Biotek, USA) at 570 nm (excitation)/600 nm (emission). The 
results are the mean ± standard deviation (SD) in triplicate. For the live 
cell staining, HeLa cells, HepG2 cells, or OB cells were treated with S, 
SR, and LR blank micelles at different concentrations ranging from 25 to 
500 µg mL −1 . The treated cells were incubated for 24 h, washed with 
PBS, and supplemented with 2 × 10 −6   M  of calcein acetoxymethylester 
(Calcein-AM) staining solution, and incubated for 10 min. The live cells 
were stained green when visualized by FM. 

 To evaluate the in vitro antitumor activity of S@DOX, SR@DOX, 
LR@DOX micelles, and free DOX, we performed a tumor cell inhibition 
test on HeLa and HepG2 cells using the Alamar blue assay. In brief, 
HeLa or HepG2 cells were plated at a density of 1 × 10 4  in a 48-well 
plate and incubated for 24 h in a humidifi ed condition with 5% CO 2  at 
37 °C. Afterward, free DOX and DOX-loaded micelles with DOX dosages 
varying from 0.01 to 5 µg mL −1  were added to the plates, and the cells 
were incubated for 48 h. The cell viabilities were determined using the 
Alamar blue assay mentioned above. To quantitatively measure the 
apoptosis of cancer cells affected by differently shaped micelles, HeLa 
cells and HepG2 cells were seeded into 6-well culture plates at a density 
of 2 × 10 5  cells per well and incubated at 37 °C in a 5% CO 2 -humidifi ed 
atmosphere for 24 h. The apoptosis of cells exposed for 24 h to the DOX-
loaded micelles at a DOX concentration of 5 µg mL −1  was determined by 
fl ow cytometry (FCM) (BD Accuri C6, USA). After treatment, the cells 
were trypsinized with EDTA-free trypsin, centrifuged at 2000 rpm for 
5 min, washed twice with cold PBS, harvested in binding buffer, and 
stained with Annexin V-FITC and propidium iodide in accordance with 
the manufacturer’s protocol. 

  In Vitro Cellular Uptake Analysis : The in vitro cellular uptake of the 
differently shaped DOX-loaded micelles was investigated in HeLa and 
HepG2 cells with FM, CLSM, and FCM. For FM observation, HeLa 
and HepG2 cells were separately seeded into 6-well plates at a density 
of 1.0 × 10 5  cells per well with 2 mL RPMI 1640 media for 24 h. The 
S@DOX, SR@DOX, and LR@DOX micelle solutions (each containing 
5 µg mL −1  of DOX) were added into separate wells, and the plates were 
incubated for 0.5, 1, 3, and 6 h. Next, the medium was removed, and the 
cells were washed three times with PBS. The cells were then fi xed with 
2 mL 2.5% glutaraldehyde for 30 min, and the cell nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI, blue) for 7 min. For CLSM 
(FV1000, Olympus, Japan) viewing, the procedure was almost similar 
to that described for FM observation. The difference is that the culture 
time is only 3 h. The FCM analysis is also similar with FM observation. 
The difference is that after 3 h incubation with S@DOX, SR@DOX, 
and LR@DOX, the cells were washed three times with PBS and were 
detached using the EDTA-containing trypsin solution. The cells were 
then centrifuged at 2000 rpm for 3 min and resuspended in PBS. Finally, 
2.0 × 10 4  cells were gated and analyzed by FCM, and the quantitative 
results were acquired using the FlowJo software. The uptake of S, SR, 
and LR micelles was observed by ultrathin section TEM. The HeLa cells 
were cultured with 0.5 mg mL −1  S, SR, or LR for 6 h at 37 °C. After the 
treatment, the cells were washed three times with PBS, collected by 
centrifugation, and prefi xed with 0.5% glutaric dialdehyde for 10 min at 
4 °C. The cells were then centrifuged at 13 000 rpm for another 15 min, 
harvested in a 1.5 mL EP tube, postfi xed with 3% glutaric dialdehyde, 
and stored at 4 °C. The ultrathin section samples were observed by TEM 
(HITACHI, H-600IV, Japan). 

 HeLa and HepG2 cells (2.0 × 10 5  cells per well) were separately 
seeded in 6-well plates with 2 mL RPMI 1640 media and incubated for 
24 h. The effects of temperature on the cellular uptake of micelles were 
studied by preincubating the cells at 4 °C for 3 h. S@DOX, SR@DOX, 
and LR@DOX with DOX dosages of 5 µg mL −1  were added to separate 
wells and were incubated for another 3 h. To evaluate the effect of 
diverse inhibitors on the cellular uptake of the micelles, the cells were 
preincubated individually with three different inhibitors of endocytosis 
for 1 h at 37 °C. The inhibitors selected were CPZ (10 µg mL −1 ) to 
inhibit the clathrin-mediated endocytosis, Geni (50 µg mL −1 ) to inhibit 
caveolae-mediated endocytosis, and Amil (13.3 µg mL −1 ) to inhibit 
micropinocytosis. All inhibitors were used at nontoxic concentrations. 
Following the pretreatment, S@DOX, SR@DOX, and LR@DOX with 
DOX dosages of 5 µg mL −1  were added, and the plates were incubated 
for another 3 h. The cells incubated with DOX-loaded micelles without 
any chemical inhibitor pretreatments were used as the controls. 
Subsequently, the cells were washed three times with PBS and fi xed 
with 2.5% glutaraldehyde for 30 min, and the cell nuclei were stained 
with DAPI for 7 min. The fl uorescence images were taken using CLSM 
and the relative uptake rate was calculated using Image-Pro Plus 6.0 
software. For quantitative analysis, the cells were washed three times 
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with PBS and were manipulated in a similar manner to those used in 
FCM, as described above. 

  Pharmacokinetics and Biodistribution Studies : H22 tumor xenografts 
were transplanted into 5-week-old male Balb/c mice. When the tumor 
volume reached ≈25 mm 3 , the mice were randomized into four groups 
( n  = 3) and injected intravenously through the tail vein with 2 mg kg −1  of 
free DOX, S@DOX, SR@DOX, or LR@DOX. After administration, blood 
samples were obtained via eyeball enucleation at selected time intervals 
(0.5, 1, 2, 4, 6, 8, 12, and 24 h) using a heparinized tube. Plasma 
samples were harvested by immediately centrifuging the blood samples 
at 3000 rpm/min for 10 min. The plasma samples were then frozen at 
−20 °C until analysis. After blood collection at 1, 6, 12, and 24 h, the 
mice were killed by cervical dislocation of the vertebra, and the normal 
tissues (including the heart, liver, spleen, lung, and kidney) and the 
tumor were harvested. The tissues were rinsed in saline, wiped with fi lter 
paper, weighed, and homogenized in 1 mL DMSO using a tissue grinder, 
followed by centrifugation at 3500 rpm for 5 min. The supernatants were 
collected and frozen at −20 °C for fl uorescent analysis. The data were 
normalized to the tissue weights. The pharmacokinetic parameters such 
as the elimination half-life ( t  1/2β ), the AUC, the MRT, and the CL were 
calculated by fi tting the blood concentrations of the pharmaceutical 
drug versus time to a two-compartment model using PKSolver V2.0. 
The percent injected dose (% ID) values were calculated as shown in a 
previous work. [ 61 ]  For the qualitative evaluation of the drug distribution 
in the tumor, the mice were sacrifi ced either 6 or 24 h after drug 
administration, and the tumors were excised and immediately frozen 
in liquid nitrogen until further sectioning. The accumulation of DOX in 
the tumor tissues was visualized by CLSM (FV1000, Olympus, Japan) on 
frozen, cryo-sectioned 5–7 µm thick tumor tissues. 

  In Vivo Tumor Inhibition Studies : Balb/c mice bearing H22 tumor 
xenografts with a volume of ≈25 mm 3  were randomly divided into eight 
groups ( n  = 5). Various formulations including saline, DOX·HCl, S, SR, 
LR micelles, and their corresponding DOX-loaded micelles (S@DOX, 
SR@DOX, and LR@DOX) were injected intravenously through the tail 
vein into the mice on days 0, 3, 6, and 9. The equivalent DOX dosages 
of each DOX-loaded formulation were 2 mg kg −1 , and a total of 200 µL 
of each formulation was injected. The body weights of the mice and the 
tumor volumes were monitored every two days after the fi rst treatment 
until day 21. The tumor size was measured using a Vernier caliper 
across its longest (a) and shortest (b) diameters, and the tumor volume 
(V) was calculated according to the following equation:  V  =  ab  2 /2. 
The tumor weights were acquired on the 21st day after the mice were 
executed, and the excised tumors were weighed. On the 10th and 21st 
days, some of the mice from each group were sacrifi ced, and their 
tumors were isolated and collected in 4% paraformaldehyde for further 
immunohistochemical staining. The fi xed tumor tissues were embedded 
in paraffi n and sectioned into slices at a thickness of 5 µm. The TUNEL 
and the platelet/endothelial cell adhesion molecule-1 (CD31) antibody 
were applied to stain the apoptotic cells and microvessels of the tissue 
sections. The TUNEL and CD31 assays were monitored by optical 
microscopy at high power (400×) magnifi cations. The apoptotic rates 
of the cells were quantitatively described from the TUNEL assay results: 
three images of each sample were collected for measurement using 
Image-Pro Plus 6.0, and the results are presented as the average data 
with SDs. In this study, all animal experiments were approved by the 
Institutional Animal Care and Use Committee of Sichuan University 
(P. R. China), and all protocols for this animal study conformed to the 
Guide for the Care and Use of Laboratory Animals. 

  Statistical Analysis : For all the experiments, data were expressed as the 
mean value with SD. Single factorial analysis of variance (ANOVA) was 
performed to determine statistical signifi cance of the data.  
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