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Abstract

Since the hydrophobic group is always essential to the synthesis of the drug-loaded nanoparticles, a majority of the
methods rely heavily on organic solvent, which may not be completely removed and might be a potential threat
to the patients. In this study, we completely “green” synthesized 10-hydroxycamptothecine (HCPT) loaded, folate
(FA)-modified nanoneedles (HFNDs) for highly efficient cancer therapy with high drug loading, targeting property,
and imaging capability. It should be noted that no organic solvent was used in the preparation process. In vitro
cell uptake study and the in vivo distribution study showed that the HFNDs, with FA on the surface, revealed an
obviously targeting property and entered the HeLa cells easier than the chitosan-HCPT nanoneedles without FA
modified (NDs). The cytotoxicity tests illustrated that the HFNDs possessed better killing ability to HeLa cells than the
individual drug or the NDs in the same dose, indicating its good anticancer effect. The in vivo anticancer experiment
further revealed the pronounced anticancer effects and the lower side effects of the HFNDs. This new method without
organic solvent will lead to a promising sustained drug delivery system for cancer diagnosis and treatment.
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Background
Over the course of the past two decades, the concentra-
tion of research was focused on improving the subopti-
mal pharmacokinetic properties of the chemotherapy to
enhance its efficacy [1, 2]. Significant progress has been
made, and many nanoparticle-based multifunctional
drug delivery systems have been successfully prepared,
which demonstrate a wide range of combined properties
such as long circulating [3, 4], targeting [5–7], imaging
[8–10], pH sensitivity [11, 12], and sustained drug re-
lease [9, 13].
In recent years, the non-spherical particle shape has

been attracting more and more attention for their poten-
tial effect on drug delivery [14–19]. There has been
already evidence that shape has an influence on many

properties of the particles, such as the biodistribution
and the degradation [20–22]. Most of all, the cellular in-
ternalization was proved to be strongly shape dependent
[23–25]. Because the particles must be able to enter can-
cer cells and act on their therapeutic targets to kill them.
And many studies have found that the cancer cells pre-
ferred particles with high aspect ratio [10, 26].
However, most of these methods rely heavily on or-

ganic solvents, mainly due to the hydrophobic group
needed in the nanoparticle preparation processes [27].
These organic solvents may be residual within the parti-
cles and cannot be completely removed by conventional
practices, such as reduced pressure distillation or freeze
drying. As a result, trace amounts of organic solvents re-
main in the medicine, which are called residual solvents.
Although residual solvents are very little and may meet
the special directions published in pharmacopeias which
have been strictly controlling the maximum allowable
amounts of the residual solvents in pharmaceutical
products, the residual solvents will be accumulating in
the body and may accentuate the disease or cause other
serious issues. Hence, the manufacturers have been
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aspiring to minimize the amount of the organic solvents
used in the drug production process. Therefore, it will
be a pretty major leap for the medicine, the human health,
and the environment to use “green” chemistry into the
pharmaceutical industry, although facing amounts of
difficulties.
In this study, we developed HCPT-loaded, folate (FA)-

modified nanoneedles (HFNDs) with a high aspect ratio
and sharp ends via a completely green method without
using any organic solvent. The pH-controlled precipita-
tion of the HCPT and FA-modified chitosan (CS-FA)
lead to nucleation of nanoneedles with nanocrystalline
HCPT as the core wrapped with CS-FA as steric stabi-
lizers. The HFNDs were found to possess good proper-
ties of targeting and imaging capability. In vitro and in
vivo studies were then systematically investigated. These
results highlight the great potential of FA-modified,
imaging-functional nanoneedles for highly efficient
chemotherapy, as well as for cancer diagnostic
applications.

Methods
Materials
All chemicals are of analytical grade and used as re-
ceived without further purification. Deionized (DI)
water was used in all experiments. FA was purchased
from Bio Basic Inc. 10-hydroxycamptothecine (HCPT;
purity >99%) was purchased from Lishizhen Pharma-
ceutical Co., Ltd. Chitosan (Mw = 70 000, 90% degree
of deacetylation) was obtained from Zhejiang Aoxing.
N-Hydroxysuccinimide (NHS) and 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
were purchased from Sigma-Aldrich.

Synthesis of the FA-Chitosan Conjugate
FA (10 mg), chitosan (20 mg), EDC (4 mg), and NHS
(4 mg) were added into 2 mL PBS buffer solution
(pH 5.5) and stirred at rt for 12 h to obtain the CS-FA
suspension. Then, the suspension was dialyzed against a
buffer solution (pH 10) to remove excess FA molecules.
The remaining suspension was centrifuged (5000 rpm)
and lyophilized for 24 h to obtain the dry CS-FA powder.

Preparation of HFNDs
HCPT (10 μg) was dissolved in 200 μL of NaOH aque-
ous solution (0.1 M) to obtain solution A, and CS-FA
(10 μg) was dissolved in 200 μL HCl (0.1 M) to obtain
solution B. Afterwards, solution A and solution B were
added dropwise into pure water (1 mL) under vigorous
stirring for 30 s, and the mixture was sonicated (200 W)
in an ice bath for 6 min. The suspension was centrifuged
(10,000 rpm, 5 min) and lyophilized for 24 h. For the
preparation of NDs, the chitosan solution was used to
replace the solution B.

Characterization
Morphology of the HFNDs was examined by SEM
(UV-70) at 15 kV. The size and zeta-potential values
were determined by a Malvern Zetasizer Nano-ZS ma-
chine (Malvern Instruments, Malvern). Three parallel
measurements were carried out to determine the average
values. Crystallinity of HFNDs was analyzed with XRD
(X’pert PRO). The content of FA in HFNDs was deter-
mined by UV spectrophotometry (Beckman DU800). All
samples were assayed at 281 nm. The standard curve was
drawn beforehand for determining the FA concentration.
The content of HCPT in HFNDs was determined by
fluorescence spectrophotometry at 383 nm. The standard
curve was drawn beforehand for determining the concen-
tration of HCPT. The content and entrapment efficiency
were calculated by Eqs. (1, 2, 3, and 4):

Drug loading content of HCPT %ð Þ
¼ weight of HCPT in HFNDsð Þ= weight of HFNDsð Þ

�100%
ð1Þ

Entrapment efficiency of HCPT %ð Þ
¼ weight of drug in HFNDsð Þ= weight of feeding drugð Þ

�100%

ð2Þ
Percentage of FA in the conjugation %ð Þ

¼ weight of FA in conjugationð Þ= weight of conjugationð Þ
�100%

ð3Þ
Drug loading content of FA %ð Þ
¼ 1−Drug loading content of HCPTð Þ

� percentage of FA in the conjugation
� 100% ð4Þ

In Vitro Drug Release Study
The in vitro drug release study of HFNDs was per-
formed using the dialysis technique. The HFNDs were
dispersed in a PBS buffer solution (10 mL) and placed in
a pre-swelled dialysis bag (MWCO 3500 Da). The dialy-
sis bag was then immersed in PBS (0.1 M, 200 mL,
pH 7.4) and oscillated continuously in a shaker incuba-
tor (100 rpm) at 37 °C. All samples were assayed by
fluorescence spectrophotometry.

Confocal Imaging of Cells
The confocal imaging of cells was performed using a Leica
laser scanning confocal microscope. Imaging of HCPT
was carried out under the 382-nm laser excitation, and
the emission was collected in the range of 500–550 nm.
HeLa cells were seeded and preincubated at 37 °C for 24 h
(5% CO2) before incubated with the HFNDs for 8 h.
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Cellular Uptake Measured by Fluorescence Measurement
HeLa cells were seeded in a 24-well plate (1 × 106 mL/well).
The plate was then incubated at 37 °C for 24 h in a humidi-
fied atmosphere (5% CO2). The cells were then incubated
with NDs and HFNDs at equivalent concentrations of
HCPT. The drug-treated cells were incubated for 6 h at
37 °C, followed by being washed twice with PBS, and
digested by trypsin (0.05%)/EDTA treatment. The suspen-
sions were centrifuged (1000 rpm, 4 °C) for 4 min. The cell
pellets were washed with PBS to remove the background
fluorescence in the medium. After two cycles of washing
and centrifugation, the cells were resuspended with 2 mL
PBS and disrupted completely by vigorous sonication. The
amount of HCPT in the sonicated mixture was analyzed by
fluorescence spectroscopy (excitation at 382 nm). Blank
cells in the absence of drug were measured to determine
the cells auto-fluorescence level as the control.

Cytotoxicity Assays
The cytotoxicity of HFNDs was determined by MTT
assay. Briefly, an adequate number of exponential phase
HeLa cells were plated in quintuplicate in a 96-well flat
bottomed microplate and incubated for 24 h in the pres-
ence of drug/particles. In this study, 20 μL 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
solution (5 mg/mL in PBS) was added in each well, and the
plates were incubated at 37 °C for another 4 h. Afterwards,
a volume of 150 μL dimethylsulfoxide (DMSO) was added,
and the plate was agitated on a water bath chader at 37 °C
for 30 min. The absorbance at 570 nm was measured using
a Microplate Reader (model 680; Bio-Rad).

Biodistribution
For in vivo fluorescence imaging, DiR was encapsulated
into the NDs and HFNDs. DiR-NDs and DiR-HFNDs were
intravenously administered into HeLa tumor-bearing nude
mice via tail veins at an equivalent dose of DiR-HCPT per

kilogram mouse body weight. At predetermined time inter-
vals, the mice were anesthetized and imaged with the
Maestro in vivo imaging system (Cambridge Research &
Instrumentation, Woburn, MA, USA). After 24 h, the mice
were sacrificed, and the tumor as well as the major organs
(spleen, liver, kidney, lung, and heart) was excised, followed
by washing the surface with 0.9% NaCl for the ex vivo
imaging.

Tumor Inhibition In Vivo
When HeLa tumor volume of the HeLa tumor-bearing
mice was approximately 60 mm3, the mice were randomly
divided into four groups and treated by intravenous injec-
tion of 0.9% NaCl, free HCPT, NDs, and HFNDs every
3 days at a dose of 80 μg HCPT per mouse. The tumor
volume and the body weight were monitored every 3 days.
The tumor volume was calculated by the following for-
mula: tumor volume = 0.5 × length × width2.

Fig. 1 Synthetic route of CS-FA conjugate

Fig. 2 FTIR spectra of (a) FA, (b) chitosan, and (c) CS-FA

Wu et al. Nanoscale Research Letters  (2017) 12:416 Page 3 of 10



After 21 days, the mice were sacrificed, followed by the
tumors excised and weighed. Then, the tumors were fixed
in 4% paraformaldehyde overnight at 4 °C, embedded into
paraffin, sectioned (4 μm), stained with hematoxylin and
eosin (H&E), and observed using a digital microscopy
system.

Statistical Analysis
The statistical significance of treatment outcomes was
assessed using Student’s t test (two-tailed); P < 0.05
was considered statistically significant in all analyses
(95% confidence level).

Results and Discussion
Synthesis of the FA-Chitosan Conjugate
First, we conjugated FA to chitosan by an amidation re-
action between the carboxylic end group of FA and the
amidogen of chitosan (Fig. 1). The structure of the con-
jugation (CS-FA) was confirmed by Fourier transform
infrared (FT-IR) spectroscopy. As shown in Fig. 2, the
peak at 1605/cm became stronger in the IR spectrum of
CS-FA than that of chitosan, corresponding to C=O
stretching vibration of the new amido bond. The result
indicated that FA was successfully conjugated to the
amidogen of chitosan via amido bond. In order to in-
vestigate the percentage of FA in the conjugation, a
standard curve was set up by ultraviolet spectropho-
tometry. And the percentage of FA was calculated to be
23.4 ± 2.5%.

Preparation of HFNDs
It is common knowledge that the solubility of HCPT in
water is extremely poor, but it can dissolve in alkali. The
chitosan is just the opposite: soluble in acids and insoluble
in water. And the CS-FA showed the similar solubility to
the chitosan. Hence, the HCPT and the CS-FA were dis-
solved in alkali and acids, respectively. When the two so-
lutions were mixed, neutralization reaction would happen.
The produced mixture was controlled to be neutral, which
would be a poor solvent for both HCPT and CS-FA. The
decrease of the solubility triggered by pH changes pro-
vided an opportunity for the nucleation of HCPT nano-
needles and the accompanying coprecipitation of CS-FA
onto the growing HCPT nanoneedles (Fig. 3a). The dy-
namic nucleation and precipitation of the nanoneedles
under ultrasound, plus the active occlusion of the soft

Fig. 3 a Illustration of the completely green method of preparing HFNDs. b, c The SEM images of HFNDs

Table 1 Experiment conditions in Fig. 3

Groups Factors

HCPT/conjugate
(w/w)

Ultrasonic
power (W)

pH value [HCPT]
(μg/mL)

[Conjugate]
(μg/mL)

A 1:10 200 7.0 50 500

B 10:1 200 7.0 500 50

C 1:1 200 6.5 50 50

D 1:1 50 7.0 50 50

E 1:1 500 7.0 50 50

F 1:1 200 7.0 20 20
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ingredient CS-FA, led to the formation of HFNDs, instead
of bulk HCPT crystal. To optimize the formulation condi-
tions, a condition experiment was designed to study the
effect of the ratio of HCPT to CS-FA, ultrasonic
power, pH of the produced mixture, and concentration
of the produced mixture on the morphology of HFNDs
(Table 1).
Figure 4 shows the morphology of the particles under

different conditions. When CS-FA was too much, excess

CS-FA would attach to the surface of the produced par-
ticles (Fig. 4a). While CS-FA was too little, the CS-FA
was not able to stop the growth of the HCPT nanonee-
dles, which were prone to aggregate (Fig. 4b). As the nu-
cleation was triggered by pH changes, the pH of the
produced mixture played an important role in the prep-
aration process. The pH should be controlled to neutral,
or the crystallization would be damaged (Fig. 4c). The
ultrasonic power also had a great influence on the

Fig. 4 a–f The SEM images of HFNDs under different conditions (see details in Table 1). g Particle size distribution of the HFNDs. h Zeta potential of
the HFNDs
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morphology of the HFNDs. The nanoneedles would aggre-
gate at low power (Fig. 4d) and break down to fragments
at high power (Fig. 4e). Moreover, the concentration of the
produced mixture was found to have a great effect on the
size of HFNDs. The size decreased by increasing the
concentration (Figs. 3b and 4f).
Figure 3b, c shows the optimized needle-shaped

morphology of the HFNDs with an average length of
about 800 nm and the width of about 80 nm. The result
of DLS measurement shows a size of 104.3 ± 5.7 nm
(Fig. 4g) and a zeta potential of +16.3 ± 1.9 mv (Fig. 4h).
What’s more, a 2 wt% HFNDs dispersion showed good
stability for 2.5 days at least. Since there is no fluores-
cence signals from CS-FA, we can measure HCPT
drug-loading content of the HFNDs by using the fluor-
escence characteristics of HCPT. The HCPT drug-
loading content of the HFNDs was 70.2 ± 3.1%, and the

encapsulation efficiency was 83.1%. And the FA content
of the HFNDs was 7.0%, which was calculated via the
percentage of FA in CS-FA.

XRD Analysis
As is well-known, the form of drug greatly affects the
properties of the nanoparticles. Hence, it is of high im-
portance to understand the form of HCPT in the
HFNDs. X-ray diffraction was employed to detect the
form of HCPT within the HFNDs (Fig. 5). It is clear that
pure HCPT show many sharp crystalline peaks, repre-
sentative of the characteristics of high crystallinity.
While the broad peaks of semicrystalline chitosan still
existed in the XRD pattern of the HFNDs, a majority of
peaks belonged to HCPT, suggesting the high crystallinity
of HCPT. In short, the XRD results suggest that HCPT is
in the crystalline state in HFNDs. Moreover, the growth
kinetics of HCPT within the HFNDs had been changed,
mainly due to the active occlusion and confining effects
of CS-FA. To investigate the effect of CS-FA in the
crystallization process, the HCPT crystals were pre-
pared without the existence of CS-FA. Figure 6 showed
the morphology of the HCPT crystals. They were rod-
shaped, with a length of more than 10 μm, which was
totally different from that of HFNDs. This further
demonstrated that the CS-FA had changed the growth
kinetics of HCPT within the HFNDs.

In Vitro Drug Release Studies
Since the drug release behavior is an important property
to a drug delivery system, the in vitro release studies of
the HFNDs were performed using a dialysis technique,
alongside with free HCPT powders. All samples were
assayed by high-performance liquid chromatography
(HPLC). The release profiles are shown in Fig. 7. The

Fig. 5 The XRD patterns of (a) chitosan, (b) HCPT, and (c) MHNDs

Fig. 6 The SEM image of HCPT bulk crystals

Fig. 7 In vitro drug release profiles of the MHNDs in PBS (pH 7.4) at
37 °C. (a) Free HCPT; (b) HFNDs
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profile of free HCPT showed that at least 30% of the
drug was released at the first sampling time of 1 h and
almost 100% by 18 h. However, the release profile of the
HFNDs appears to be a remarked prolonged and sus-
tained release of the two drugs over 48 h. The prolonged
drug release can be attributed to that the polymeric shell
of CS-FA could limit the release of the drug in the core.
These advantages could promote the application of the
HFNDs for sustained drug delivery system.

Cellular Uptake
No matter how the drug delivery system reaches the tar-
get tumor site, by systemic administration or by direct

local administration, it is of great importance if they
could penetrate within the tumor area to act on their
intracellular target. Confocal laser scanning microscopy
(CLSM) was performed to assess the cellular uptake of
HFNDs. To evaluate their efficiency of cellular uptake by
HeLa cells, the HFNDs and the HCPT-loaded nanoneedles
(NDs; drug loading = 64.7%) were incubated with HeLa
cells for 8 h at 37 °C (the NDs were prepared by HCPT
and chitosan via the same method as the HFNDs). As
shown in Fig. 8, a much more intense fluorescence
emission of HCPT was detected from the cells exposed
to the HFNDs than that of those exposed to NDs after
8 h of incubation, illustrating that the FA on the

Fig. 8 Intracellular drug delivery for 8 h at 37 °C. Confocal laser scanning microscopy images of HeLa cells incubated with a HFNDs and b NDs

Fig. 9 Fluorescence measurements of the HeLa cells incubated with
HFNDs (a) and NDs (b) over an 8-h incubation period at 37 °C; P < 0.05

Fig. 10 In vitro cell viability of HeLa cells treated with (a) free HCPT,
(b) NDs, and (c) HFNDs after incubation of 24 h. P < 0.05
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surface of the particles could greatly enhance the cellu-
lar uptake.
To further confirm that the cellular internalization

rate of the HFNDs was faster, fluorescence measure-
ments were performed to quantify the difference of
fluorescence emission intensity of HCPT in the HeLa
cells. Consistent with the CLSM observations, HFNDs
were much more favored than NDs in the cellular in-
ternalization process (Fig. 9). This further validated the
targeting property of HFNDs.

Cytotoxicity Assays
To further investigate the possibility of utilizing the
HFNDs for local drug delivery, we tested the killing ability
of the HFNDs to cancer cell. The cytotoxicity of HFNDs
was evaluated using the MTT assay with the HeLa cells.
The free HCPT and NDs containing equivalent concentra-
tions of HCPT were used as control. The concentrations
of HCPT were 0.50, 1.00, 2.00, 4.00, 8.00, and 16 μg/mL.
As is shown in Fig. 10, the cytotoxicity of HCPT was
higher than that of NDs, mainly because of the much fas-
ter drug release rate of HCPT than that of NDs.

Nevertheless, the cytotoxicity of the HFNDs was higher
than that of HCPT. This was probably due to the targeting
property of FA on the surface of the HFNDs, which could
help the particles to enter the cells and kill them. Thus,
the HFNDs presented surprisingly good killing ability to
the cancer cells. These results confirm that FA on the sur-
face of the HFNDs can increase the cellular uptake of the
particles and thus increase their killing ability to cancer
cells by binding with FA receptors.

Biodistribution
To evaluate the tumor target ability of dual-drug nano-
needles, DiR was used as a near-infrared fluorescence
probe to be encapsulated into free HCPT, NDs, and
HFNDs at the equivalent DiR concentration. 0.9% NaCl,
DiR-NDs, and DiR-HFNDs were injected intravenously
into the mice-bearing tumors derived from human cer-
vical carcinoma HeLa cells, and their in vivo biodistribu-
tions were investigated.
As depicted in Fig. 11a, while no fluorescent signals

were detected at tumor sites in the group of DiR-NDs, a
strong fluorescent signal was visualized in the DiR-

Fig. 11 a Distribution and tumor accumulation of DiR-nanoparticles in HeLa tumor-bearing mice receiving intravenous injection of the indicated
formulations. b Ex vivo fluorescence imaging of the tumor and normal tissues harvested from the euthanized HeLa tumor-bearing nude mice.
The images were taken 24 h after the injection. H, Li, Lu, K, S, and T represent the heart, liver, lung, kidney, spleen, and tumor, respectively. c DiR
fluorescence intensity in tumor tissues collected at 24 h following systemic injection. P < 0.05. (a) 0.9% NaCl, (b) DiR-NDs, and (c) DiR-HFNDs
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HFND group. When the total fluorescence counts were
reduced all the time, the intensity of the signal at the
tumor site was enhanced from 1 to 12 h, indicating
that the HFNDs were accumulating in tumors during
this time. After 24 h, the mice were sacrificed and the
tumor tissues as well as the normal tissues were iso-
lated for ex vivo imaging and analysis (Fig. 11b, c).The
fluorescence intensity in the tumor tissue of DiR-
HFNDs-treated mice was significantly higher than the
other mice. It was validated that the introduction of
FA offered the nanoneedles an excellent tumor target-
ing efficacy, leading to a higher highly efficient cancer
treatment.

Tumor Inhibition In Vivo
To evaluate the in vivo antitumor effects, we gener-
ated HeLa tumor xenografts in Kunming mice and
assessed tumor growth following the intravenous

administration of 0.9% NaCl, free HCPT, NDs, and
HFNDs with the same concentration of HCPT. Com-
pared to the mice treated with 0.9% NaCl as control,
the growth rate of the tumors in mice receiving free
HCPT or NDs decreased gradually (Fig. 12a), indicat-
ing the significantly effective tumor growth inhibition.
Of note, the HFNDs led to the most pronounced in-
hibition of tumor growth. At the end of experiment,
the tumors were excised and weighed. As shown in
Fig. 12c, it was found that the dual-drug nanoneedles
had superior therapeutic efficacy compared with the
other groups (P < 0.05). An additional evidence of the
enhanced anticancer effect of the dual-drug nanonee-
dles was shown in the histologic images (Fig. 12d). For
any drug delivery systems, the systemic toxicity that is
usually encountered in the free HCPT-mediated treat-
ment should be considered to ensure safety and effect-
iveness. In this work, the administration of the free

Fig. 12 Anticancer effects of different (nano)formulations. a Volume change of tumor in mice during the treatment. b Weight change of the
tumor-bearing mice during the treatment. c Weights of HeLa tumors after being treated by different formulations. d Histological section of the
tumor of the mice after the treatment. (a) 0.9% NaCl aqueous solution, (b) free HCPT, (c) NDs, and (d) HFNDs. All formulations used the same
concentration of HCPT in mice-bearing HeLa tumor. P < 0.05
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HCPT resulted in the listlessness/laziness and severe
body weight loss of mice (Fig. 12b), indicative of the
undesirable side effects of chemotherapy. On the con-
trary, no obvious side effects were shown in the mice
treated with NDs and HFNDs. Overall, it was indi-
cated that the HFNDs with the superior anticancer ef-
fects as well as lower toxicity would greatly improve
the efficacy of quality of life therapy.

Conclusions
The study herein presents a completely green approach
to obtain FA-modified, HCPT-loaded nanoneedles for
the highly efficient chemotherapy with high drug loading,
targeting property, and imaging capability. The drug re-
lease profile revealed that the HFNDs showed a sustained
and prolonged release. The CLSM demonstrated the more
effective cellular internalization of HFNDs than NDs. The
MTT experiment indicated that the HFNDs not only
showed a much higher cytotoxicity than the individual
drugs and NDs. This illustrated the good targeting property
of the HFNDs. This work opens a door to design new dos-
ages of nanoparticles with completely green method, which
might have a powerful effect on environmental protection
in the future.

Acknowledgements
This project was supported by the Natural Science Foundation of Xiamen
city, Fujian Province, China (No. 3502Z20163007).

Authors’ Contributions
SW and XY conceived and carried out experiments, analyzed data, and wrote
the paper. XY, ZH, and JY designed the study, supervised the project, analyzed
data, and wrote the paper. MZ assisted in the synthesis and characterizations of
the NPs. All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Cancer Research Center, Medical College, Xiamen University, Xiamen
361005, China. 2Institute of Soft Matter and Biomimetics, College of Materials,
Xiamen University, Xiamen 361005, China. 3Department of Chemistry, College
of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005,
China.

Received: 12 April 2017 Accepted: 31 May 2017

References
1. Peer D, Karp JM, Hong S, FaroKhzad OC, Margalit R, Langer R (2007)

Nanocarriers as an emerging platform for cancer therapy. Nat Nanotechnol
2:751–760

2. Petros RA, DeSimone JM (2010) Strategies in the design of nanoparticles for
therapeutic applications. Nat Rev Drug Discov 9:615–627

3. Kamaly N, Xiao ZY, Valencia PM, Radovic-Moreno AF, Farokhzad OC (2012)
Targeted polymeric therapeutic nanoparticles: design, development and
clinical translation. Chem Soc Rev 41:2971–3010

4. Wolinsky JB, Liu R, Walpole J, Chirieac LR, Colson YL, Grinstaff MW (2010)
Prevention of in vivo lung tumor growth by prolonged local delivery of

hydroxycamptothecin using poly(ester-carbonate)-collagen composites.
J Control Release 144:280–287

5. Chari RVJ, Miller ML, Widdison WC (2014) Antibody–drug conjugates: an
emerging concept in cancer therapy. Angew Chem Int Ed 53:3796–3827

6. Krall N, Scheuermann J, Neri D (2013) Small targeted cytotoxics: current
state and promises from DNA-encoded chemical libraries. Angew Chem Int
Ed 52:1384–1402

7. Wong DYQ, Lim JH, Ang WH. Induction of targeted necrosis with HER2-
targeted platinum(IV) anticancer prodrugs. Chem Sci. 2015;6(5):3051–6.

8. Zhou MJ, Zhang XJ, Yang YL, Liu Z, Tian BS, Jie JS, Zhang XH (2013) Carrier-
free functionalized multidrug nanorods for synergistic cancer therapy.
Biomaterials 34:8960–8967

9. Yang X, Wu S, Li Y, Huang Y, Lin J, Chang D, Ye S, Xie L, Jiang Y, Hou Z
(2015) Integration of an anti-tumor drug into nanocrystalline assemblies for
sustained drug release. Chem Sci 6:1650–1654

10. Chauhan VP, Popovic Z, Chen O, Cui J, Fukumura D, Bawendi MG, Jain RK
(2011) Fluorescent nanorods and nanospheres for real-time in vivo probing
of nanoparticle shape-dependent tumor penetration. Angewandte Chemie
Int Edition 50:11417–11420

11. Wang YS, Chen HL, Liu YY, Wu J, Zhou P, Wang Y, Li RS, Yang XY, Zhang N
(2013) pH-sensitive pullulan-based nanoparticle carrier of methotrexate and
combretastatin A4 for the combination therapy against hepatocellular
carcinoma. Biomaterials 34:7181–7190

12. Chen W, Zhong P, Meng FH, Cheng R, Deng C, Feijen J, Zhong ZY (2013)
Redox and pH-responsive degradable micelles for dually activated
intracellular anticancer drug release. J Control Release 169:171–179

13. Prabaharan M, Grailer JJ, Pilla S, Steeber DA, Gong SQ (2009) Gold
nanoparticles with a monolayer of doxorubicin-conjugated amphiphilic block
copolymer for tumor-targeted drug delivery. Biomaterials 30:6065–6075

14. Campbell M, Sharp DN, Harrison MT, Denning RG, Turberfield AJ (2000)
Fabrication of photonic crystals for the visible spectrum by holographic
lithography. Nature 404:53–56

15. Gates BD, Xu QB, Stewart M, Ryan D, Willson CG, Whitesides GM (2005) New
approaches to nanofabrication: molding, printing, and other techniques.
Chem Rev 105:1171–1196

16. Pires D, Hedrick JL, De Silva A, Frommer J, Gotsmann B, Wolf H, Despont M,
Duerig U, Knoll AW (2010) Nanoscale three-dimensional patterning of
molecular resists by scanning probes. Science 328:732–735

17. Whitesides GM, Ostuni E, Takayama S, Jiang XY, Ingber DE (2001) Soft
lithography in biology and biochemistry. Ann Rev Biomed Eng 3:335–373

18. Zhang XJ, Zhang XH, Zou K, Lee CS, Lee ST (2007) Single-crystal
nanoribbons, nanotubes, and nanowires from intramolecular charge-transfer
organic molecules. J Am Chem Soc 129:3527–3532

19. Zhang X, Dong C, Zapien JA, Ismathullakhan S, Kang Z, Jie J, Zhang X,
Chang JC, Lee C-S, Lee S-T (2009) Polyhedral organic microcrystals: from cubes
to rhombic dodecahedra. Angewandte Chemie Int Edition 48:9121–9123

20. Champion JA, Katare YK, Mitragotri S (2007) Particle shape: a new design
parameter for micro- and nanoscale drug delivery carriers. J Controlled
Release 121:3–9

21. Mitragotri S, Lahann J (2009) Physical approaches to biomaterial design. Nat
Mater 8:15–23

22. Hu X, Hu J, Tian J, Ge Z, Zhang G, Luo K, Liu S (2013) Polyprodrug amphiphiles:
hierarchical assemblies for shape-regulated cellular internalization, trafficking,
and drug delivery. J Am Chem Soc 135:17617–17629

23. Albanese A, Tang PS, Chan WCW (2012) The effect of nanoparticle size,
shape, and surface chemistry on biological systems. Ann Rev Biomed Eng
14:1–16

24. Champion JA, Mitragotri S (2006) Role of target geometry in phagocytosis.
Proc Natl Acad Sci U S A 103:4930–4934

25. Geng Y, Dalhaimer P, Cai SS, Tsai R, Tewari M, Minko T, Discher DE (2007)
Shape effects of filaments versus spherical particles in flow and drug
delivery. Nat Nanotechnol 2:249–255

26. Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME,
DeSimone JM (2008) The effect of particle design on cellular internalization
pathways. Proc Nat Acad Sci United States Am 105:11613–11618

27. Raveendran P, Fu J, Wallen SL (2003) Completely “green” synthesis and
stabilization of metal nanoparticles. J Am Chem Soc 125:13940–13941

Wu et al. Nanoscale Research Letters  (2017) 12:416 Page 10 of 10


	Abstract
	Background
	Methods
	Materials
	Synthesis of the FA-Chitosan Conjugate
	Preparation of HFNDs
	Characterization
	In Vitro Drug Release Study
	Confocal Imaging of Cells
	Cellular Uptake Measured by Fluorescence Measurement
	Cytotoxicity Assays
	Biodistribution
	Tumor Inhibition In Vivo
	Statistical Analysis

	Results and Discussion
	Synthesis of the FA-Chitosan Conjugate
	Preparation of HFNDs
	XRD Analysis
	In Vitro Drug Release Studies
	Cellular Uptake
	Cytotoxicity Assays
	Biodistribution
	Tumor Inhibition In Vivo

	Conclusions
	Acknowledgements
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

