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ABSTRACT: Nanoparticle (NP) formulations may be used to improve in vivo efficacy of hydrophobic drugs by circumventing
solubility issues and providing targeted delivery. In this study, we developed a hexanoyl-chitosan-PEG (CP6C) copolymer
coated, paclitaxel (PTX)-loaded, and chlorotoxin (CTX) conjugated iron oxide NP (CTX-PTX-NP) for targeted delivery of PTX
to human glioblastoma (GBM) cells. We modified chitosan with polyethylene glycol (PEG) and hexanoyl groups to obtain the
amphiphilic CP6C. The resultant copolymer was then coated onto oleic acid-stabilized iron oxide NPs (OA-IONP) via
hydrophobic interactions. PTX, a model hydrophobic drug, was loaded into the hydrophobic region of IONPs. CTX-PTX-NP
showed high drug loading efficiency (>30%), slow drug release in PBS and the CTX-conjugated NP was shown to successfully
target GBM cells. Importantly, the NPs showed great therapeutic efficacy when evaluated in GBM cell line U-118 MG. Our
results indicate that this nanoparticle platform could be used for loading and targeted delivery of hydrophobic drugs.

Many potent therapeutic compounds, such as paclitaxel
(PTX), encounter delivery issues due to poor water

solubility. To improve solubility of these hydrophobic
molecules, various formulations of nanoparticles have been
developed in the past decades, many of which were liposome
and micelle-based.1,2 However, the large size of liposomes
(usually >100 nm), the low drug loading efficiency of micelles,
and the stability concern for the both formulations limit their
application.3−5 Novel multifunctional nanoparticles (NPs)
combining diagnostic imaging and therapeutic delivery have
emerged as a powerful solution for future cancer therapy in
recent years.6,7 Among many types of NPs investigated, iron
oxide NPs (IONPs) are an attractive candidate due to their
biocompatibility and biodegradability. Moreover, IONPs have
intrinsic superparamagnetic properties that provide excellent
contrast in magnetic resonance imaging (MRI) and have shown
the ability to cross biological barriers. Because of these unique
features, IONPs have become an important platform for
development of nanoparticle-based formulations for cancer
diagnosis and therapy.8

An appropriate surface coating is imperative to preventing
aggregation of NPs and providing additional functionality such
as tissue specific targeting and improved drug loading efficiency.

Various types of materials have been investigated for hydro-
philic IONP coating, such as polyethylene glycol (PEG),9

dextran,10 phospholipids,11 and recently, chitosan.12,13 Chitosan
is a biocompatible and biodegradable linear polysaccharide,
composed of β-1,4-linked 2-amino-2-deoxy-D-glucopyranose
units. It is recognized as a biomaterial for medical
applications.14−17 Furthermore, chitosan can be chemically
modified with various functional molecules such as targeting
ligands and therapeutic agents through its abundant primary
amine groups.18,19

To overcome the challenges in hydrophobic drug delivery
and provide imaging capabilities, we utilized the advantages of
IONPs and chitosan to fabricate a PTX-loaded, amphiphilic
triblock hexanoyl-chitosan-PEG (CP6C) copolymer coated,
and chlorotoxin (CTX)-conjugated NP (CTX-PTX-NP). CTX
is a 36-amino acid peptide and specifically binds to matrix
metalloproteinase-2 (MMP-2) that is overexpressed on
majority of primary brain tumors but not healthy brain
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tissues.20,21 CTX was used for targeting of human glioblastoma
(GBM) cells in this study.
Methoxy PEG (mPEG)-modified chitosan (CP) was first

synthesized following a previously reported procedure.22,23 CP
was further modified with a six-carbon chain using hexanoic
anhydride (Figure 1a). Hydrophobic interactions of the carbon

chains on the copolymer with the carbon chains of oleic acid on
oleic acid-stabilized IONPs (OA-IONP) facilitated the phase
transfer of PTX-NP from chloroform to water. The chloroform
was then evaporated after ultrasonication. The NP solution was
separated and filtered through a 0.2 μm polytetrafluoroethylene
syringe filter to remove aggregates (Figure 1b). CTX was
conjugated onto PTX-NP to obtain CTX-PTX-NP (Figure 1c)
and the product was purified using PD-10 column equilibrated
with PBS (Supporting Information, section 1.5).
The molecular structures of the polymers were characterized

using FT-IR and NMR. The FT-IR spectra are shown in Figure
2a. After conjugation of mPEG, there were three additional
peaks at 1241, 1280, and 1344 cm−1 from the CP sample
corresponding to C−O stretching from mPEG, confirming that
mPEG was successfully conjugated onto chitosan. FTIR
characterization of CP modified with a six-carbon chain
through reaction with hexanoic anhydride showed two peaks
at 1651 and 1740 cm−1 corresponding to amide and ester
groups, respectively. The two peaks indicate hexanoic
anhydride conjugated with the amine groups and hydroxide
groups on CP to form amide and ester linkages.
The triblock copolymer CP6C was also characterized by 1H

NMR (Figure 2b). The characteristic peaks of CP6C including
the methyl (−CH3) and methylene (−CH2−) of the hexanoyl
group clearly appear in the NMR spectra at 0.765 (ε), 1.192
(γ), 1.234 (δ), 1.489 (β), and 2.187 (α) ppm. In the spectrum,
the peaks from mPEG were present at 2.619 (PEG-CH2-CO-
NH-, triplet) and 1.208 (methyl proton from mPEG) ppm. The
peaks around 4−5 ppm may refer to H1 hydrogens on
acetylated rings and deacetylated rings24−26 with modifications
of hexanoyl and mPEG groups. These results confirm that the
mPEG and six-carbon chain were chemically bonded along the
chitosan backbone. The degree of substitution (DS) of the six-
carbon chain was estimated using following equation:

α β α β
=

+ +
×

2 2
DS%

integrated area of( )/No. of hydrogens at( )
integrated area of /No. of hydrogens at

100%

The DS of six-carbon chain on CP6C was calculated to be
31.8%. The short chain chitosan had ∼25 glucopyranose units
per chain, yielding ∼8 hydrophobic branches on each chitosan
chain. The DS of mPEG was calculated to be ∼14.4% (∼3.6
mPEG per chitosan chain) according to the 1H NMR spectrum
of CP (Supporting Information, Figure S1) by using
trimethylsilyl propanoic acid as an internal reference. After
CP6C was synthesized and characterized, we coated the
copolymer on IONPs and loaded PTX concurrently through
hydrophobic interactions between PTX, the six-carbon chain of
the copolymer, and oleic acid of IONPs.
A TEM image of PTX-NP with negative staining is shown in

Figure 3a. Bright circles around IONPs were clearly observed,
which was due to unstained copolymers coated on IONPs
surface. The evaluation of the core size of PTX-NP from TEM
images showed the majority of NPs to be ∼11 nm in diameter
(Figure 3b). The coating enhanced solubility and stability of
IONP in water and buffer solutions due to good water solubility
of the copolymer. To optimize loading of the copolymer and
PTX onto NPs, we selected three different CP6C/IONP ratios
and determined their size, encapsulation efficiency (EE%), and
ξ-potential. The hydrodynamic sizes of the NPs coated with
less copolymer (CP6C/IONP = 0.5:1 and 1:1, mass ratio) were
smaller (28.2 and 30.8 nm) initially, but gradually increased to
52.3 and 59.8 nm, respectively, after incubation. On the other
hand, the NP coated with more copolymer (CP6C/IONP =
2:1) had an initial diameter of 50.8 nm and increased slightly to
53.1 nm after a four-week incubation at 37 °C (Figure 3c,e).
Due to hydrophobic interactions, the six-carbon chain of

CP6C and oleic acid of OA-IONP form a lipophilic interface
that can stabilize hydrophobic chemicals in water. Therefore,

Figure 1. Preparation of CP6C copolymer-coated, PTX loaded, and
CTX conjugated IONPs. (a) Synthesis of copolymer. (b) Preparation
of PTX-NP. (c) Conjugation of CTX onto PTX-NP.

Figure 2. Characterization of polymers. (a) FT-IR spectra of chitosan,
CP and CP6C. (b) 1H NMR characterization of CP6C.
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Figure 3. Characterization of NPs. (a) TEM micrograph of PTX-NP. (b) Histogram of NP core size distribution. (c) Effect of CP6C/IONP ratio on
stability of NPs. (d) Quantification of PTX on PTX-NP by HPLC. (e) Effect of CP6C/IONP ratio on properties of NPs. (f) Cumulative drug
release of PTX from PTX-NP in PBS and PBS + 1% DMSO.

Figure 4. Evaluation of cellular uptake and drug efficacy of NPs. (a) Cellular uptake of PTX-NP and CTX-PTX-NP ([Fe] = 40 μg/mL) after 6 h
incubation, examined by CLSM. (i−iii) Confocal micrographs; (iv−vi) Profiles of green fluorescence intensity quantified by ImageJ. (b) Viability of
U-118 MG cells after 72 h treatment with free PTX, CP6C-NP, PTX-NP, and CTX-PTX-NP, respectively. (c) IC50 values of free PTX, PTX-NP,
and CTX-PTX-NP.
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this platform could be employed as a drug carrier for various
hydrophobic drugs. In this study, PTX was added in the OA-
IONP/chloroform solution before addition of the CP6C
solution. The drug was then encapsulated into the hydrophobic
interface between the copolymer and IONP during the
microemulsion process and purified by size exclusion
chromatography in to PBS.
To examine loading of PTX, chloroform was used to extract

PTX from PTX-NP. HPLC was used to identify and quantify
PTX in the extract (Figure 3d). The chromatograph indicated
that PTX was successfully loaded onto NPs. The PTX
encapsulation efficiency for PTX-NP after purification was
31.1 ± 2.2 μg/mL, and the concentration of iron oxide of PTX-
NP was 78 ± 4.3 μg/mL, as determined by the ferrozine assay,
yielding a drug encapsulation efficiency of 31.1% for PTX-NP
with a CP6C/IONP ratio of 2:1. The drug encapsulation
efficiency of PTX-NP with lower ratios of CP6C/IONP were
also measured, which yielded a loading efficiency of 19.1% for
PTX-NP with a CP6C/IONP ratio of 0.5:1 and 25.3% for
PTX-NP with a ratio of 1:1 (Figure 3e). Since synthesis of
PTX-NP with a 2:1 CP6C/IONP ratio increased the transfer
efficiency of IONPs from the organic phase to the water phase,
enhanced drug loading, and increased stability, PTX-NP with a
ratio of CP6C/IONP 2:1 was used in the following studies. The
encapsulation efficiency results indicate that increasing the
copolymer to IONP ratio clearly increased PTX loading
(Figure 3e). ξ-Potential also increased indicating more
positively charged chitosan was coated onto the NPs. The
above discussion suggests that increasing the amount of CP6C
coating enhanced drug loading and stability of PTX-NP in PBS
at 37 °C and PTX-NP with CP6C/IONP ratio of 2:1 provides
the most desirable NP properties for our intended application
and thus is used in the following studies.
The drug release profile of PTX-NP was measured in PBS

and PBS plus 1% DMSO (Figure 3f). The PTX release rate
from PTX-NP in pure PBS was very low, with 16% of PTX
released from the PTX-NP after 1 day and less than 20% after 5
days, indicating that the NP prevented rapid release of PTX in
an aqueous environment. PTX-NP in PBS plus 1% DMSO
showed a rapid release of PTX in the first 24 h, with over 91%
of PTX released. This result suggests that, at physiological pH,
PTX would release in an environment with reduced polarity,
such as cell membrane lipid bilayers.27,28 However, the release
mechanisms in biological systems such as cells are poorly
understood and need to be further investigated.
The stability of PTX-NP in serum was also examined. NPs

were incubated in 50% fetal bovine serum in PBS at 37 °C for 1
week. No apparent change in hydrodynamic size of NPs was
observed, indicating that NPs had excellent stability (Support-
ing Information, Figure S2). In contrast, most liposomes
remain stable in serum at 37 °C for only a few hours.29−31

PTX-NP was conjugated with CTX (CTX-PTX-NP) to
target U-118 MG cells (Supporting Information, section 1.5).
To evaluate the biological effect of CTX-PTX-NP, we used a
human GBM cell line U-118 MG as target cancer cells. We first
studied cellular uptake of NPs by confocal laser scanning
microscopy (CLSM). PTX-NP and CTX-PTX-NP were
modified with NHS-fluorescein to visualize NP uptake with
fluorescence imaging. PTX-NP and CTX-PTX-NP with same
iron content (40 μg/mL) were added to U-118 MG cells and
incubated for 6 h. Figure 4a shows cell images after incubation
with NPs. Although nonspecific uptake of PTX-NP by cells was
observed, much more CTX-PTX-NP was taken up by cells,

indicating that the conjugation of CTX improved cellular
uptake. The green fluorescence intensities on the images were
quantified and results showed that the fluorescence intensity
from CTX-PTX-NP was significantly higher than that from
PTX-NP (Figure 4a, v and vi). This result implicates that CTX-
PTX-NP might have better therapeutic efficiency in killing U-
118 MG cells than free-PTX and PTX-NP.
Next, viability of U-118 MG cells was tested by the Alamar

Blue assay. Cells were treated for 72 h with CP6C-NP, free
PTX, PTX-NP, and CTX-PTX-NP to determine biocompati-
bility of CP6C-NP control and to compare the therapeutic
efficacy of PTX NP formulations against free PTX over a range
of concentrations (Figure 4b). The CP6C-NP (treatments at
same Fe concentration as PTX NP formulations) exhibited low
cytotoxicity without PTX loading, showing the biocompatibility
of the base NP formulation (i.e., NPs with no drug and
targeting ligand). Using the cell viability curves, the IC50 values
for free-PTX, PTX-NP, and CTX-PTX-NP were calculated to
be 4.2, 3.3, and 1.8 nM, respectively. CTX-PTX-NP had better
therapeutic efficiency in U-118 MG cells at high PTX
concentrations than free-PTX and PTX-NP. CTX is known
to bind with MMP-2 on GBM cells.21 Our previous studies
have shown that CTX-conjugated NPs were able to target
GBM cells in vitro and in vivo.20 Therefore, the enhanced
tumor cell killing was likely due to improved cellular drug
accumulation mediated by CTX in CTX-PTX-NP.
In summary, CP6C was synthesized successfully and the

molecular structure was characterized by FT-IR and NMR. The
copolymer was successfully used to coat OA-IONP by
hydrophobic interaction between six-carbon chains on the
copolymer and the oleic acid layer on the IONP, and
hydrophobic interface was used to encapsulate PTX for drug
delivery. The obtained base nanoparticle formulation had good
biocompatibility and low cytotoxicity before loading PTX. The
therapeutic efficacy of CTX-PTX-NP in U-118 MG cells was
greater than that of free PTX. Furthermore, cellular uptake of
NPs was improved after conjugation with CTX. The CP6C
copolymer coated IONPs can be potentially used as a platform
for loading and delivery of many hydrophobic drugs and can be
easily modified with other ligands for targeting and imaging
purposes.
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