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therapy†
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Leukemia, unlike solid tumors, has no definite shape and spreads

throughout the whole circulatory system, therefore the therapy of

leukemia requires medication to stay longer in the circulatory

system. Anisotropic nanoparticles, showing longer blood circulat-

ing life than that of isotropic nanoparticles reported in previous

research, meet the demands of leukemia therapy. Based on this

strategy, superparamagnetic anisotropic nano-assemblies (SANs)

were fabricated and loaded with vincristine (VCR) to form

VCR-SANs. When compared to the same dose of VCR-loaded

isotropic nano-assemblies (SINs), the decrease in the leukocytes

count and the positive expression ratio of CD13 in the VCR-SANs

group were 19.38% and 16.4%, respectively, which indicated the

improved anti-leukemia activity of the VCR-SANs. From the results

of the pharmacokinetics study, the VCR-SANs remarkably held the

amount of drug removed from the whole body per unit time half

of the isotropic group and the concentration of drug in blood

plasma against time was 2.1 times the isotropic group, demonstrat-

ing the rapid and sustained release behavior and longer blood

circulation when combined with the results of in vivo tissue distri-

bution studies. In summary, anisotropic nano-assemblies were

found to be more promising than isotropic nano-assemblies via

our in vivo and in vitro examinations.

Nanoparticles-mediated drug delivery is potentially changing
the way we treat diseases. It not only improves drug delivery
and release, but also prolongs the circulation time, enhances
cellular uptake and strengthens the therapeutic efficiency,
making remarkable progress over single-drug approaches.
Typically, single spheres and surface engineered nanoparticles
have been used in the localized targeted delivery of drugs.
However, most of the current nano-carrier research has

focused on developing efficient local drug delivery for solid
tumors. Nanomaterials developed for the treatment of liquid
tumors have seldomly been studied and typical spherical
nano-carriers relying on the enhanced permeability and reten-
tion effect (EPR) may not be suitable for non-solid tumors, like
leukemia.

Leukemia is a cancerous disease that affects the blood-
forming cells in the body. It occurs more commonly in develo-
ped countries and is the most common type of cancer found
in children. Significant research into the causes, prevalence,
diagnosis, treatment and prognosis of leukemia has been
performed, while the exact cause of leukemia is unknown, and
there is still no proven effective therapy. Unlike solid tumors,
leukemia has no definite shape and EPR-mediated tumor
accumulation does not have much meaning to the therapy of
leukemia. Based on the specificity of liquid tumors, the thera-
peutic strategy of leukemia lies with a particular emphasis on
prolonging the action time of a drug in the circulatory system.
Nanomaterials with a long hematogenous circulation serving
as drug carriers may be a good solution.

Research has shown that the circulation time of anisotropic
nanomaterials is significantly longer than isotropic control
samples. Much of the previous research has examined
elongated particles, which were found to have increased circu-
lation times with respect to their spherical counterparts,
though this effect was attributed to the size and shape of the
particles as well as their deformability.1 In addition, another
study on nanostructure shape also mentioned that the particle
shape and degree of flexibility influenced the entry and
passage of drug carriers.2 Reports have shown that elliptic
nanoparticles under various blood flow conditions possess
greater adhesion properties than circular particles, which gives
rise to long circulating times.3 Other investigations suggest
that filamentous micelles do not accumulate in the spleen due
to their unique shape,4 and the elastic deformation of particles
was found to affect their cellular interactions, circulating time
and biodistribution.1,5–7 According to these works, we believe
that nanomaterials with an analogous anisotropic shape will
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have advantages as drug-carriers aimed at the treatment of
non-solid tumors in vivo when compared with isotropic
nanomaterials.

Herein, we fabricated novel superparamagnetic anisotropic
nano-assemblies (SANs) carrying hydrophobic anticancer
drugs against leukemia. The SANs were prepared by combining
solvent-exchange and static magnetic field assisted assemblies.
Vincristine (VCR, a key agent for the treatment of leukemia)8,9

was loaded on the oleic acid (OA) layer of the SANs for their
evaluation as a drug carrier. The characterization results
showed that the performance of the VCR-SANs as drug carriers
was as good as a VCR-loaded superparamagnetic isotropic
nano-assembly’s (VCR-SINs) control sample in vitro, but the
results obtained for leukemia therapy demonstrated that the
VCR-SANs prevail over the VCR-SINs in vivo. In addition, the
results of cellular uptake in vitro, pharmacokinetics and
biodistribution in vivo also demonstrated the biological
priority of the SANs, which was derived from the anisotropy of
the carriers.

The strategy of fabricating VCR-SANs combining the phase
transfer of magnetic nanoparticles and magnetic drive assem-
bly is shown schematically in Scheme 1.

Oleic acid coated iron oxide nanoparticles (Fe3O4@OA) dis-
persed in THF were mixed with VCR, surfactant (Poloxamer
188, poly(ethylene oxide)–poly(propylene oxide)tri-block co-
polymer) and then doubly distilled water. After ultrasonic dis-
persion, the whole mixture was placed in a static magnetic
field. When the magnetic field was applied, the mono-
dispersed Fe3O4@OA nanoparticles formed anisotropic magnetic
colloidal assemblies parallel to the applied magnetic field.
Hydrophobic interactions between the neighboring Fe3O4@OA
nanoparticles caused by the OA layers maintained the aniso-
tropic structure of the SANs when the external magnetic field
was removed. VCR was loaded on the OA layer via hydrophobic
interactions and the monodispersed Fe3O4@OA nanoparticles
provided a fixed surface dimension for stable drug-loading
efficiency. The poloxamer coating prevents aggregation and

ensures the stability of VCR-SANs. VCR was also loaded onto
SINs, which were prepared using a similar method to that
used for the VCR-SANs, only the magnetic field was neglected.

The Fe3O4@OA nanoparticles used to fabricate the
VCR-SANs and VCR-SINs were with good monodispersity and
the TEM size was 9.81 ± 1.02 nm (Fig. 1a). Since both nano-
assemblies comprised of these nanoparticles as building
blocks, the hydrodynamic diameter (58.15 ± 4.12 nm and
53.17 ± 3.24 nm) and zeta potentials (−37.6 mV and −35.3 mV)
were not significantly different between VCR-SANs and
VCR-SINs. However, the TEM images showed that the mor-
phology of VCR-SANs and VCR-SINs were evidently different
(Fig. 1a and b). Based on the statistical data, the difference can
be expressed by the anisotropic degree, which was calculated
according to the following equation.

e ¼ L=D

where L is the length and D is the diameter of the nano-assem-
blies. The anisotropic degree of the VCR-SANs was calculated
to be 9.64 ± 5.45, whereas the anisotropic degree of the
VCR-SINs was just 1.07 ± 0.04.

The stabilities of the two nano-assemblies were further
examined via comparing the hydrodynamic diameter and zeta
potential months after their preparation. The appearance of
the two nano-assemblies were transparent after 3 months
meanwhile the diameter (59.19 ± 6.39 nm and 55.21 ±
5.54 nm) and the zeta potential (−35.9 mV and −34.1 mV)
showed small changes from the freshly prepared samples,
indicating that the two nano-assemblies were stable at room
temperature for 3 months.

Although the drug is not chemically conjugated to the
nano-assemblies, strong hydrophobic interactions of the
internal OA layer of Fe3O4@OA nanoparticles trap the drug
within the assemblies. The external surfaces of the nano-
assemblies exposed to the systematic circulation environment
display faster drug release, while the internal adjacent surface
hidden from the release medium show slower drug release.
The drug encapsulation efficiencies (91.29% and 93.75%) of
the VCR-SANs and VCR-SINs show no significant differences.
The release rate of VCR solution group was fast with a cumulat-
ive release nearly up to 90% after the first 2 h, while it was
after about 6 h in the VCR-SANs (88.8 ± 3.4%) and VCR-SINs
(88.1 ± 3.5%) groups (Fig. 2). These results illustrated that
both VCR-SANs and VCR-SINs showed a similar sustained

Scheme 1 The fabrication process and ideal structure of the
vincristine-loaded superparamagnetic anisotropic nano-assemblies
(VCR-SANs).

Fig. 1 Transmission electron microscopy (TEM) images of (a)
Fe3O4@OA dispersed in n-hexane (scale bar = 20 nm), (b) VCR-SANs
(scale bar = 100 nm) and (c) VCR-SINs (scale bar = 50 nm) dispersed in
water.
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release of VCR in vitro due to the OA layer and copolymer
encapsulation.

According to all the characterization results, we can con-
clude that the main difference between the VCR-SANs and
VCR-SINs is the degree of anisotropy. The difference in the
degree of anisotropy makes the anisotropic materials perform
better in the treatment of leukemia on account of the pro-
longed blood circulation time. To investigate the anti-cancer
effects of VCR-SANs, a leukemia animal model was set up by
inoculation with K562 cells. During the third week after
inoculation, some phenomena were found in mice, like
decreased ambulation, reduced body weight and ruffled hair.
Leukemia cells were found on the peripheral blood smears
using Wright’s stain (Fig. S1a†), and the count of peripheral
blood leukocyte was 5 times as much as that obtained before
inoculation (Fig. S1b†). Moreover, CD13 in peripheral blood
was detected and the positive expression ratio of SSC (side
scatter) and FSC (forward scatter) were 31.48% and 29.56%,
respectively (Fig. S1c†). All of these results confirmed that the
leukemia model was a success. Then, these leukemia-bearing
mice were injected with the different VCR delivery systems.

Changes in the number of leukocytes and positive expression
ratios of CD13 in peripheral blood one week after adminis-
tration are displayed in Fig. 3a and b, which show that different
degrees of anisotropy in the nano-assemblies showed different
therapeutic efficiencies: the leukocytes count in the VCR-SANs
group decreased by 19.38% and the positive expression ratio of
CD13 in the VCR-SANs group decreased by 16.42% when com-
pared with the VCR-SINs group. In addition, when compared to
the VCR control group, the data showed larger differences with
decreases of 32.47% and 36.17%. All of these significant differ-
ences of changes in the number of leukocytes and variation of
the positive expression of CD13 in peripheral blood in vivo, com-
pared to VCR and VCR-SINs, VCR-SANs brought the unique per-
formance by playing its own role of chain-like.

To investigate the in vivo basis of the increased anti-leuke-
mia effectiveness, we determined the dynamic behavior of
VCR-SINs and VCR-SANs in the systemic circulatory system
and tissues, respectively. After intravenous administration of a
single dose of 6 mg kg−1, the VCR concentration in plasma
and tissues at various times were determined by HPLC (Fig. 4)

Fig. 2 The cumulative release curves obtained for VCR-SANs and
VCR-SINs.

Fig. 3 Anti-leukemia effects of VCR, VCR-SINs and VCR-SANs. (a) Changes in the number of leukocytes in peripheral blood after administration via
the tail vein for one week (*p < 0.05 vs. VCR-SINs group). (b) Variation of the positive expression of CD13 in peripheral blood after administration via
the tail vein for one week (*p < 0.05 vs. VCR-SINs group).

Fig. 4 The plasma concentration-time curve obtained for VCR with
different delivery systems in rats after intravenous administration at a
single identical dose of 6 mg kg−1 (n = 3).
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and data analysis performed using PKSolver software.10 Some
typical parameters, including the area under the plasma con-
centration-time curve from 0 to infinite time (AUC0–∞), total
body clearance (CL) and mean residence time (MRT) are
reported in Fig. 5. The VCR-SANs group showed 2.1 and
1.7 times the AUC0–∞ and MRT of the VCR-SINs group, respec-
tively, which indicated more amount of drug as well as a
longer residence time in the circulating system, therefore
VCR-SANs had better therapeutic effects for blood diseases.
The CL decreased by 48.6% in the VCR-SANs group when com-
pared to the group of VCR-SINs. CL is the only parameter that
can correctly estimate the speed of drug clearance in the body
and reflects the capacity of drug elimination in an organ,
particularly the liver and kidney. Lower value of CL indicates
fewer particles eliminated, which further proves the long

circulating time of the SANs, and consequently, facilitates the
treatment of leukemia.

The study of tissue distribution was further conducted
using tissue biopsies, including the heart, liver, spleen, lung,
and kidneys. Carriers that contained iron could react to prus-
sian blue, and the area of blue could reflect the degree of iron
uptake. From Fig. 6, we can see that the VCR-SINs are prone to
be arrested in the liver and spleen, but few blue spots are
found in the VCR-SANs group, which may be the reason for
the difficult engulfment of the chain-like carriers under blood
flow. It was found that VCR-SANs preferred to circulate in the
blood stream with less capability of initiating phagocytosis
than that of the VCR-SINs, which entailed the lower dis-
tribution in liver and spleen in the VCR-SANs group.

To preliminarily evaluate the safety of SANs, the sectioned
organs were proceeded further for histological evaluation with
hematoxylin and eosin (HE) staining. The results are displayed
in Fig. S2,† from which can be seen all tissues were with full
round cells and almost no inflammation or necrosis was
observed, which preliminary demonstrates the low toxicity of
SANs.

Conclusions

In summary, a simple solvent-exchange and magnetic drive
assembly method was developed to form superparamagnetic
anisotropic nano-assemblies (SANs) within the oleic acid layer
and the hydrophobic anticancer VCR-loaded agents. When
compared with the same drug dose of isotropic nano-assem-
blies, the VCR-loaded superparamagnetic anisotropic nano-
assemblies were more effective in treating leukemia. The
results of the cells’ experiments demonstrated the great anti-
leukemia capability of the VCR-SANs and the pharma-
cokinetics experiments, together with the tissue distribution
experiments, notably suggested that the anisotropic nano-
assemblies were retained in the circulatory system for longer.
In conclusion, the superparamagnetic anisotropic nano-
assemblies will have the potential to realize high therapeutic
efficiency for leukemia treatment in further pre-clinical and
clinical studies. In addition, this work and effort may greatly

Fig. 5 The main pharmacokinetics parameters obtained for VCR with the different delivery systems in rats after intravenous administration at
a single identical dose of 6 mg kg−1 (n = 3): (a) Total body clearance (CL), (b) the area under the plasma concentration-time curve (AUC0–∞) and
(c) mean residence time (MRT) (*p < 0.05 vs. VCR, #p < 0.05 vs. VCR-SINs).

Fig. 6 Prussian blue staining of the heart, liver, spleen, lung and kidneys
of mice after intravenous injection at an identical dose of 10 mg kg−1

for the same time, observed at ×400 (scale bar = 100 μm).

Communication Nanoscale

17088 | Nanoscale, 2016, 8, 17085–17089 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 S

ou
th

ea
st

 U
ni

ve
rs

ity
 -

 J
iu

lo
ng

hu
 C

am
pu

s 
on

 3
0/

10
/2

01
6 

02
:0

7:
58

. 
View Article Online

http://dx.doi.org/10.1039/C6NR05781K


expedite the use of drug carriers in the treatment of diseases
of the hematopoietic and lymphoid tissues, and solid tumors,
which require longer circulation time.
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