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Many small-molecule anti-cancer drugs have short blood half-lives 
and toxicity issues due to non-specificity. Nanotechnology has 
shown great promise in addressing these issues. Here, we report 
the development of an anti-cancer drug gemcitabine-conjugated 
iron oxide nanoparticle for glioblastoma therapy. A glioblastoma 
targeting peptide, chlorotoxin, was attached after drug 
conjugation. The nanoparticle has a small size (~32 nm) and 
uniform size distribution (PDI ≈ 0.1), and is stable in biological 
medium. The nanoparticle effectively enter cancer cells without 
losing potency compared to free drug. Significantly, the 
nanoparticle showed a prolonged blood half-life and the ability to 
cross the blood-brain barrier in wild type mice. 

Many small molecule anti-cancer drugs encounter short blood 
half-life and off-target toxicity issues.1, 2 Alternatively, drugs can 
be formulated into nanoparticles (NPs) to improve their overall 
pharmacokinetic profiles.3  One such an example is gemcitabine 
(GEM). GEM is an FDA-approved anti-cancer drug for 
treatments of pancreatic cancer, non-small cell lung cancer, 
breast cancer, ovarian cancer, bladder cancer, etc.4-9 GEM has 
also been tested for brain tumour therapy.10, 11 The activity of 
GEM in brain tumour therapy is independent of methylguanine 
methyltransferase (MGMT) expression, an enzyme that is 
responsible for resistance to temozolomide (TMZ), first-line 
brain tumour treatment drug.12 However, GEM has a half-life of 
~0.28 h in human and mice and several side effects.4, 13 To 
address these issues, GEM has been modified and formulated 
into NPs. For example, GEM has been chemically modified with 

lipids (squalenoyl, stearoyl, etc.) to form lipid nanoparticles or 
loaded into liposomes to prolong blood circulation.14-17 GEM 
has been loaded onto polymeric NPs such as chitosan and 
polybutylcyanoacrylate NPs for targeted drug delivery.18, 19 
However, these NPs were either too large (>100 nm) to pass 
BBB or colloidally unstable in biological medium for brain 
tumour therapy. 
  Here, we report the development of a small and colloidally 
stable GEM-loaded nanocarrier to increase GEM’s circulation 
time and overcome blood-brain barrier (BBB) for targeted 
glioblastoma multiform (GBM) therapy. The nanocarrier is 
made of iron oxide-based NP immobilized with GEM, 
chlorotoxin (CTX), and hyaluronic acid (HA). GBM is the most 
common and aggressive malignant primary brain tumour with 
very poor prognosis.20 Unlike liposomes or polymeric NPs, iron 
oxide NPs (IONPs) are small, stable and have 
superparamagnetic properties.21-23 IONPs are also 
biodegradable and sterilizable, making them a suitable 
candidate for an effective drug delivery carrier.21, 24  CTX is a 39-
mer peptide that is able to cross the BBB and target brain 
tumour cells.25 We have previously demonstrated brain tumour 
targeting of CTX-conjugated NPs.23, 26, 27 Tumour targeting 
ligands could be used to deliver drugs specifically to tumors and 
reduce systemic toxicity.28  A biodegradable cross linker, 
hyaluronic acid (HA), was used to bridge GEM and CTX with 
IONPs. HA is an anionic, non-sulfated glycosaminoglycan that 
naturally presents in human tissues. HA possesses repeated 
carboxyl groups on its glucuronic acid units that facilitates 
various chemical modifications and increase drug loading.29 A 
low molecular weight HA of ~5 kDa was used in this study. The 
GEM and CTX conjugated IONPs (IONP-HA-GEM-CTX) (Scheme 
1) were physicochemically characterized regarding physical and 
hydrodynamic sizes, ζ-potential, drug loading and medium 
stability. The cellular uptake of NPs and their effect on the 
potency in cell killing were evaluated. Furthermore, 
pharmacokinetics, biodistribution, and BBB penetration of 
IONP-HA-GEM-CTX in wild type mice, were also studied. 
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Scheme 1. Preparation of IONP-HA-GEM-CTX. a. conjugation of GEM onto IONP-
NH2. b. conjugation of CTX onto IONP-HA-GEM. 

The IONP-HA-GEM-CTX was synthesized by firstly conjugating 
GEM onto IONPs using HA as a bridging molecule (Scheme 1a) 
followed by conjugation of CTX (Scheme 1b). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide) EDC and N-
Hydroxysuccinimide (NHS) were used for coupling of carboxyl 
and amine groups in these steps. CTX was conjugated onto 
carboxyl groups of HA, which was conjugated onto IONPs in first 
step. According to the synthesis procedure of IONP-PEG-NH2, 
some PEG coatings on IONP had amine groups (Scheme 1a and 
Supplementary Information). IONP-HA-GEM-CTX was examined 
with transmission electron microscopy (TEM) with negative 
staining by uranyl acetate. The TEM images showed that these 
NPs had a core size of ~12.5 nm with uniform spherical shape 

(Figure 1a). With negative staining, we were able to visualize 
surface coating of NPs. The bright circles around IONPs 
indicated that the IONPs had a surface coating with thickness of 
~2.5 nm. However, when dispersed in aqueous solutions, NPs 
had a hydrodynamic size of ~32 nm (Figure 1b, d) and a very 
narrow size distribution (PDI ≈ 0.1). The NPs with and without 
CTX conjugation had slightly different ζ-potential while both 
were near neural (Figure 1c, d). As GEM has a primary amine 
and may interact with HA electrostatically during conjugation 
process, we tested the drug loading with and without EDC and 
(NHS) presence. GEM was extracted from NPs after conjugation 
and analysed by high-performance liquid chromatography 
(HPLC). It was observed that, with EDC and NHS, a clear and 
sharp GEM peak was observed. However, without EDC and NHS, 
no GEM could be detected indicating no physical absorption 
onto NPs (Figure 1e). The number of GEM per NPs was 
determined to be ~20 (based on ~0.64 nmol NP per mg Fe). The 
number of CTX per particle on IONP-HA-GEM-CTX was 
estimated to be 5 ± 1.4 (based on free CTX after conjugation). 
The stability of NPs in cell culture medium was also tested. 
IONP-HA-CTX and IONP-HA-GEM-CTX were incubated with 
complete DMEM supplemented with 10% FBS and antibiotics at 
37 °C. The hydrodynamic sizes were monitored over a two-
week period. The size of NPs only increased slightly (Figure 1f), 
likely due to serum protein absorption.30 This indicates that the 
NPs had excellent stability in biological media which contain 
plenty of ions, proteins, amino acids, etc.

 

Figure 1. Characterization of NPs. a. TEM micrograph of IONP-HA-GEM-CTX. Inset: cartoon illustration of a coated IONP. b and c. Size distribution of IONP-HA-GEM and 
IONP-HA-GEM-CTX weighed by intensity (b) and their ζ-potentials at pH 7.4 (c) as measured with DLS. d. Properties of IONP-HA-CTX and IONP-HA-GEM-CTX. e, HPLC 
analysis of GEM extracted from IONP-HA-GEM synthesized with or without presence of EDC and NHS. f, Stability of IONP-HA-CTX and IONP-HA-GEM-CTX in complete 
DMEM cell culture medium at 37°C as determined by hydrodynamic size monitoring over 14 days. 
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Figure 2. Cellular uptake of IONP-HA-GEM-CTX-Cy5.5 and viability after different 
treatments. a and c, SF-763 (a) and U-118 MG (c) with medium control; b and d, 
SF-763 (b) and U-118 MG (d) incubated with IONP-HA-GEM-CTX-Cy5.5 (40 μg/mL 
[Fe]) for 2 h. Blue, cell nucleus; red, cell membrane (false-coloured); green, NPs 
(false-coloured); e and f, cell viability of SF-763 (e) and U-118 MG (f) after 
treatments of IONP-HA-GEM-CTX, IONP-HA-CTX or free GEM for 72 h. 

To study the cellular uptake of NPs, IONP-HA-GEM-CTX was 
labeled with Cy3 for visulization in cells. HA was first reacted 
with Cy3-hydrazide through carboxyl-hydrazide reaction before 
conjugation onto IONPs. Two human GBM cell lines, SF-763 and 

U-118 MG, were used, representing different expressions of 
MGMT, which is responsible for the degree of TMZ resistance.31, 

32The cells were incubated with NPs for 2 h, washed, fixed and 
stained with nucleus and membrane dyes. Cells were then 
mounted onto glass slides and imaged with a Leica SP8 confocal 
microscope. For easy visulization, cell membranes and NPs were 
colored with red and green, respectively. It was shown that 
IONP-HA-GEM-CTX-Cy3 entered cells effectively and distributed 
in the cytoplasm around nuclei (Figure 2b, d). 
 The cell viability was then tested by the Alamar Blue assay. 
Cells were treated with GEM, IONP-HA-GEM-CTX or drug-free 
IONP-HA-CTX for 3 days. The results showed that IONP-HA-CTX 
had no effect on cell viability. GEM and IONP-HA-GEM-CTX 
showed a similar cell kill profile to both cell lines (Figure 2e, f). 
This suggests that after conjugating onto IONPs, GEM did not 
lose its potency as compared to free drug.  The ultimate benefit 
of IONP-HA-GEM-CTX could be expected in vivo as a 
biodistribution of a drug played an important role on 
determining in vivo efficacy33. 
 GEM has a short blood half-life (~0.28 h ).4, 13 As we have 
previously demonstrated long-lasting blood circulation with O6-
benzylguanine conjugated IONPs,23 we expected that GEM-
conjugated IONPs would show prolonged blood circulation as 
well. To verify this, we labelled the IONP-HA-GEM-CTX with a 
near infrared dye Cy5.5 similar to the aforementioned Cy3 
labelling for in vivo detection purpose. The resultant IONP-HA-
GEM-CTX-Cy5.5 was injected into wild type mice intravenously 
with 0.2 mg Fe equivalence per mouse. Blood samples were 
collected at various time points and the NP fluorescence from 
the blood sample was measured by a microplate reader (Ex: 673 
nm; Em: 727 nm). At the meantime, various organs were 
collected at 3 and 48 h after NP injection for biodistribution 
study. Note that the mice behave normal throughout this 
experiment and 4 weeks after experiment, and there was no 
body weight loss, indicating non-toxicity of IONPs. From the 
pharmacokinetic profile of IONP-HA-GEM-CTX-Cy5.5, it can be 
seen that the clearance of NPs from blood circulation fits into a 
power law distribution curve (Figure 3a). The blood half-life was 
estimated to be ~2.8 h, which is 10 folds longer than free GEM.13 

 

Figure 3. Pharmacokinetics and biodistribution of IONP-HA-GEM-CTX-Cy5.5 in wild type mice. a. Blood clearance profile of IONP-HA-GEM-CTX-Cy5.5 determined using 
fluorescence measurements. The curve indicates a power law distribution fit to the data (n = 3 mice per time point); b. Ex vivo measurement of fluorescence intensity 
from various organs 3 and 48 h post injection using the IVIS 200 imaging system. 
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Figure 4. In vivo BBB permeability study. Confocal fluorescence microscopy images of mouse brain tissue sections with one of three treatment conditions: untreated 
(top), 2 h (middle) and 6 h (bottom) after injection of IONP-HA-GEM-CTX-Cy5.5. Cell nucleus were stained with DAPI (blue); endothelial cells were stained with anti-
CD31 antibody (green) and NPs were red (false-coloured). Blood vessels are highlighted in dashed circles. The scale bar corresponds to 100 μm and applies to all photos. 

NP localization in various organs was quantified by an IVIS 200 
imaging system. To avoid the autofluorescence of tissues, the 
excitation was set to be 710 nm and the emission was set to be 
810–875 nm. The distribution of IONP-HA-GEM-CTX-Cy5.5 in 
wild type mice is shown in Figure 3b. IONP-HA-GEM-CTX-Cy5.5 
had the highest accumulation in the liver at 3 h but was 
eliminated more than 50% at 48 h. The spleen also showed NP 
signal at 3 h with a slight increase at 48 h. 
 The kidney had the second strong signal at 3 h among all 
organs with moderate decrease at 48 h. Based on these 
information, it can be expected that IONP-HA-GEM-CTX-Cy5.5 
mainly degraded in liver and excreted through renal system. 
There was nearly no signal from the heart and low signal from 
the brains. Since these wild type mice had no tumours in the 
brains, it is expected that no many NPs would accumulate in the 
brains. However, it is imperative to know whether IONP-HA-
GEM-CTX-Cy5.5 is able to cross the BBB in vivo and thus serve 
as a potential drug delivery carrier for the GBM treatment. 
 To evaluate BBB permeability of IONP-HA-GEM-CTX-Cy5.5, 
we analyzed brain sections of mice 2 h and 6 h after intravenous 
injections of NPs (Figure 4). Tissue sections were stained with 
anti-CD31 antibody for visualization of endothelial blood vessels 
and DAPI for nuclei. The brain tissues from untreated mouse 
showed no signal from NPs (top row). The images from the 
mouse 2 h after NP administration showed several red dots near 
blood vessels indicating extravasation of NPs from blood vessels 
(middle row). There were some NPs around blood vessels at 6 h 
(bottom row) but the amount were much less than those at 2h. 
This result and the biodistribution result shown in Figure 3b 
suggest that IONP-HA-GEM-CTX-Cy5.5 was able to pass the BBB 
in live mice and accumulate in brains, although only a small 
amount of NPs were observed, because these mice did not bear 

brain tumours. A higher NP amount in brains of tumour-bearing 
mice is expected because of the active targeting mediated by 
CTX.23, 26, 34 

Conclusions 
IONP-HA-GEM-CTX produced in this study has small size, 
uniform shape, and great stability in biological medium. 
Significantly, IONP-HA-GEM-CTX effectively entered and killed 
GBM cells, had prolonged blood circulation, and was excreted 
from renal system. Furthermore, the NPs demonstrated the 
ability to cross the BBB in live mice. Our experimental results 
suggest that IONP-HA-GEM-CTX has the potential to improve in 
vivo performance of GEM. 
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A nanoparticle bearing gemcitabine and chlorotoxin shows 
efficient cancer cell uptake and killing, extended blood half-life, 
and blood-brain barrier penetration. 
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