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Controllable drug release and effective intracellular 
accumulation highlighted by anisotropic biodegradable 
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Control of stretching or compressing ratio of spherical 
nanoparticles (NPs) leads to a dramatic change in shape and 
size for particles based on amphiphilic biodegradable 
poly(lactide-co-glycolide-b-ethylene glycol-b-lactide-co-
glycolide) (PLGE) triblock copolymers. The drug release, 
endocytosis and intracellular accumulation test of anisotropic 
PLGE NPs show significantly enhanced properties in 
comparison with spherical NPs, indicating they are good 
candidates for drug delivery. 

The continuing interest in colloidal polymer NPs, poses questions 
toward their special properties, such as shape or surface chemistry, 
which would eventually lead to special applications in healthcare 
fields. 1-4 Theoretical calculation and fundamental research indicate 
that colloidal NPs with anisotropic shape or surface chemistry have 
superiorities over spherical particles. 5 It has been found that 
filomicelles can significantly enhance the circulation time in blood 
up to ten times as spherical micelles.6 During transportation and 
circulation process in vivo, the endocytosis and intracellular 
distribution of particles are strongly depended on their anisotropic 
shapes. 7-9 Various approaches have been developed for the 
controlled synthesis of anisotropic micro/nano particles in recent 
years, such as lithography, 10 freezing, 11 microfluidics, 12, 13 self-
assembly, 14, 15 swelling of spherical particles, 16 and nonwetting 
template molding 17. Although these approaches successfully 
synthesize various anisotropic particles including ring, triangle, 
cylinder, cuboid, hole–shell, rod, disk, ellipsoid, sphere aggregate 
cluster, cavity, dumbbell, and crescent moon, their problems remain 
in terms of high cost, limited particle size, or low yield. 18 Recently, 
the film stretching method has been reported as a facile, versatile, 
inexpensive and high throughput method to fabricate polymer 
anisotropic micro/nano particles. 1, 9, 18-21 

However, the most of the anisotropic particles synthesized by 
film stretching are hydrophobic, or some of them are toxic and non-
biocompatible, usually based on the polystyrene.9, 18, 20 There are few 
researches focusing on the synthesis of anisotropic NPs with 
amphiphilic, biodegradable and biocompatible properties. Actually, 
amphiphilic copolymer NPs as novel carrier not only can realize 
high drug loading capacity, but also exhibit unique disposition 
characteristics in the body.22, 23 Therefore, it is very meaningful to 

synthesize polymer NPs carriers which possess amphiphilic, 
biocompatible and biodegradable properties. PLGE has been 
considered as a very popular biodegradable and biocompatible 
triblock copolymer used for drug delivery vehicles. It has been 
proved that the biocompatibility of delivery vehicles would be 
greatly improved by incorporation of hydrophilic poly(ethylene 
glycol) (PEG) segment into hydrophobic polymer chain. Meanwhile, 
owing to the immiscibility between PEG and PLGA (poly(lactic-co-
glycolide)), hydrophilic PEG in copolymer would greatly affect the 
morphology of micro/nano structures during the self-assembly 
process.23-25 These morphologies of particles combining with their 
unique properties will potentially improve their drug release, in vivo 
transportation, circulation, targeting, endocytosis and adhesion 
behavior on vascular wall.1, 5, 6, 8 Taking the morphology and 
biocompatibility of polymer particles into consideration, it is very 
urgent to synthesize anisotropic drug-loaded PLGE NPs and to use 
them in the healthcare fields. 

In this paper, a series of anisotropic amphiphilic biocompatible 
and biodegradable PLGE NPs with tunable length/width aspect ratio 
(AR) can be synthesized from spherical PLGE NPs by a simple film 
stretching/compressing method. The anisotropic morphologies 
include ellipsoids, rods, spherical and elliptical disks. The drug 
release behavior and endocytosis of Nile red (NR) loaded PLGE NPs 
have also been discussed in detail. 

The synthesis of PLGE triblock copolymer was described in our 
previous work,25 and the detailed characterization of PLGE 
copolymer was presented in Table S1. By an emulsification-
diffusion method (ESI), we synthesized three spherical PLGE NPs 
with different sizes, including 126 ± 34 nm (sphere1), 75 ± 16 nm 
(sphere2) and 69 ± 12 nm (sphere3) (Fig. S1). These spheres were 
used for subsequent film stretching/compressing procedure. 

Fig. 1A described the scheme diagram of the synthesis route 
from spherical to anisotropic NPs by hot stretching, cold stretching 
and hot compressing. Hot stretching meant stretching after heating, 
cold stretching meant stretching before heating, and hot compressing 
meant compressing after heating. In a typical process of hot-
stretching, 10% w/v PVA and 2 % v/v glycerol were added to the 
concentrated suspension of spherical PLGE NPs. The mixture was 
poured into a horizontal groove and casted into an even film till 
homogeneous. After the film was dried at room temperature, it was 
cut into sections of ca. 1.5 cm × 6 cm and fixed on a homemade 
apparatus. After being heated under 90 oC for 15 min, the film was 
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stretched by 60% or 120% and kept at the temperature for another 15 
min. Finally, the film was quickly cooled by liquid nitrogen.  After 
the films gradually recovered to room temperature, they were 
immersed in water to redissolve PVA under magnetic stirring. The 
anisotropic PLGE NPs were separated from the solution, washed by 
water for three times, and freeze-dried for 48 h. 

 
Fig. 1 Anisotropic PLGE NPs fabricated from spherical NPs by hot stretching, 
cold stretching and hot-compressing. (A) A scheme diagram describing the film 
stretching/compressing method for fabricating anisotropic NPs. (B) Relationship 
between stretch ratio and size of anisotropic NPs, L represents large spheres, and S 
represents small spheres. The relationship between stretch ratio(x/%) and 
size(y/nm) of anisotropic NPs can be formulated as follows: L-length, y = 
3.67x+118; L-width, y = -0.358x+122; S-length, y = 2.35x+72.5; S-width, y = -
0.1x+75.7. (C-D) Nanoellipsoids, cold stretching, 100%, 200%; (E-H) nanorods, 
hot stretching, 60%, 120%, 120%, 150%; (I-K) Nanodisks, hot-compressing, 
200%, 200%, 100%. 

 

Table 1 Characters of different NR loaded PLGE NPs. Rod1, rod2 and disk 
represent NPs stretched by 60%, 120% and compressed by 130% from the sphere, 
respectively. 

Morphology Length  
(nm) Width (nm) AR Yield  

(%) 
DL 
(%) 

EE 
(%) 

Sphere 128 ± 35 128 ± 35 1.0 ± 0.0 73.3 1.16 85.0 

Rod1 366 ± 77 103 ± 17 3.6 ± 0.9 66.4 1.15 76.4 

Rod2 523 ± 141 82 ± 15 6.6 ± 2.0 65.9 1.14 75.1 

Disk 313 ± 66 313 ± 66 1.0 ± 0.0 71.8 1.08 77.5 

 
By stretching/compressing different sizes of spherical NPs, a 

series of anisotropic NPs were obtained, and representative scanning 
electron microscope (SEM) images were given in Fig. 1C-K. 
Nanoellipsoids (Fig. 1C-D) were obtained by cold stretching when 
the stretching ratio was 100% and 200% (from sphere1), respectively. 
Nanorods (Fig. 1E-H) were obtained by hot stretching when the 
stretching ratio was 60%, 120% (from sphere3), 120%, and 150% 
(from sphere2), respectively. Circular disks (Fig. 1I) and elliptical 
nanodisks (Fig. 1J-K) were obtained by hot-compressing when the 
stretching ratio was 200% (from sphere2), 200%, and 100% (from 
sphere1), respectively. It could be concluded that the stretching 
procedure tended to fabricate nanorods or nanoellipsoids, while 
compressing method tended to fabricate nanodisks. Therefore, the 

morphology of anisotropic NPs could be well controlled by this 
simple film stretching/compressing method. Additionally, the 
relationship between stretching ratio and the size of the NPs could be 
obtained by measuring the length and width of the NPs. As shown in 
Fig. 1B, the length of nanoparticles increased linearly with 
increasing the stretching ratio, while the width decreased linearly 
with increasing the stretching ratio. In detail, when large spherical 
nanoparticles with diameter of 126 ± 34 nm were stretched by 60%, 
the length increased to 323 ± 109 nm, while the width decreased to 
94 ± 23 nm. When they were stretched by 120%, the length 
increased to 566 ± 107 nm, while the width decreased to 83 ± 17 nm. 
The relationship between stretch ratio(x/%) and size(y/nm) of 
anisotropic NPs can be formulated as follows: L-length, y = 
3.67x+118; L-width, y = -0.358x+122; S-length, y = 2.35x+72.5; S-
width, y = -0.1x+75.7. The results indicated that the morphology and 
size of anisotropic NPs could be reasonably tuned by controlling the 
stretching/compressing ratio. 

 
Fig. 2 Morphology mediated drug release behavior of NR loaded PLGE NPs at 
different time. Spherical NPs displayed a burst release phenomenon, while the 
anisotropic NPs showed a sustained release. 

Four kinds of NR loaded PLGE NPs, namely sphere, rod1, rod2, 
and disk were chosen to investigate their drug encapsulation and 
release behavior. As shown in Table 1, PLGE NPs with different 
morphologies had a similar drug loading (DL) of 1.1% and drug 
encapsulation efficiency (EE) of about 80%. As shown in Fig. 2, the 
cumulative release of spherical NPs had already reached 50% at the 
first day, however, the anisotropic NPs demonstrated much lower 
drug release, only 11% for rod1, 7% for rod2 and 12% for disk. 
When the time was increased to the 6th day, the cumulative release of 
spherical NPs reached up to 79%, and there was no obvious increase 
in the subsequent time. Meanwhile,  it was found that drug-loaded 
anisotropic PLGE NPs show a similar drug release tendency. 
Compared to rods, drug-loaded disks exhibit slightly faster than rods. 
Moreover, drug-loaded rod2 nanoparticles with longer length and 
narrower width exhibited more sustained drug release than rod1 and 
disks. The results revealed that drug loaded spherical NPs presented 
a serious burst release phenomenon at the initial stage and the 
release rate gradually slowed down after 6 days. However, the 
cumulative releases of rod1, rod2 and the disk remained very active, 
which rose at a consistent rate to the 28th day, demonstrating a 
sustained release. The burst release may be related to the drug 
adsorbed on the particle surface.26, 27 By calculating the volume of 
the NPs (Fig. S3 and Cal. S1) when the particles were supposed to 
be uniform (Fig. S2), it was convenient to find that the stretched NPs 
had a higher volume (3.05 × 106 nm3/particle for rod1, and 2.76 × 
106 nm3/particle for rod2) than spheres (1.10 × 106 nm3/particle). 
Because the higher volume of anisotropic NPs, the drug content on 
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the surface of spherical NPs should be higher than that of rods at the 
similar drug encapsulation efficiency. Therefore, we inferred that the 
difference between burst release of spherical NPs and sustained 
release of anisotropic NPs could be owed to the morphology. 

Endocytosis experiment was also been conducted in vitro to test 
the interactions between NPs and cells. The results of MCF-7 
endocytosis experiment were shown in Fig. 3. It was observed that 
both spherical and rod shaped PLGE nanoparticles exhibited 
perinuclear accumulation. However, it should be noted that cells 
with engulfed rods had stronger fluorescence brightness than cells 
with engulfed spherical NPs (Fig. 3G). The result suggested that 
morphology had an important influence on the interaction between 
cells and drug-loaded NPs. The enhancement of endocytosis from 
spherical to anisotropic NPs was mainly induced by the adhesion 
ability, which determined their interactions with cells. The adhesion 
ability strongly depended on the particle morphology and surface 
chemistry.1, 5 We calculated the surface area of sphere, rod1, and 
rod2. The results shown in Cal. S1 demonstrated that there was an 
increment of the surface area from spherical NPs (5.14 × 104 
nm2/particle) to anisotropic NPs (1.35 × 105 nm2/particle for rod1, 
and 1.45 × 105 nm2/particle for rod2). Therefore, The anisotropic 
NPs with same surface area as spheres had stronger adhesion 
abilities, which should be attributed to the enhanced adhesion area. 
Our results revealed that the surface area of the rods was much larger 
than that of the spherical NPs, which may lead to an enhanced 
interaction between NPs and cells, thus to result in the enhancement 
of endocytosis. 

 

 
Fig. 3 Morphology triggered endocytosis enhancement of anisotropic NPs. (A) 
Sphere for 1h, (B) rod1 for 1h, (C) rod2 for 1h, (D) sphere for 3h, (E) rod1 for 3h, 
(F) rod2 for 3h, and (G) the fluorescence intensity analysis of endocytosed 
nanoparticles with different time. 

 
To investigate the morphology stability of anisotropic NPs at 

body temperature, we dispersed and shook PLGE nanorods in 37 oC 
and 50 oC water bath for 10 min, respectively. SEM images (Fig. 4) 
of initial and thermal treated nanorods illustrated that there was no 
morphology change after thermal treatment at 37 oC, while there was 
an obvious decrease of AR from 6.9 to 4.7 at 50 oC. The change was 
not obvious when the rods were treated in PBS (phosphate buffer 
saline) solution or for 12 h (Fig. S4) at 37 oC. This phenomenon 
maybe induced by phase transition when the thermal treatment 

temperature was above Tg of PLGE.23 The results indicated that the 
morphology of the synthesized anisotropic PLGE NPs was stable 
enough when they were circulating in the body. 

 
Fig. 4 Morphology stability of anisotropic PLGE NPs. Nanorods (A) without 
thermal treatment, treated at (B) 37 oC, and (C) 50 oC for 10 min. There was no 
morphology change at 37 oC, while the AR changed from 6.9 to 4.7 at 50 oC. 

 
In conclusion, we synthesized various anisotropic PLGE NPs 

with controllable size and morphology by the film 
stretching/compressing method. The drug release and endocytosis of 
anisotropic PLGE NPs showed significantly enhanced properties 
than spherical NPs. The morphology of the synthesized anisotropic 
PLGE NPs was stable enough when they were treated at body 
temperature, indicating they are promising candidates for drug 
delivery.  
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