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Introduction: Glioblastoma (GBM) therapy is highly challenging, as the tumors are very
aggressive due to infiltration into the surrounding normal brain tissue. Even a combination of
the available therapeutic regimens may not debulk the tumor completely. GBM tumors are also
known for recurrence, resulting in survival rates averaging <18 months. In addition, systemic
chemotherapy for GBM has been challenged for its minimal desired therapeutic effects and
unwanted side effects.

Purpose: We hypothesized that paclitaxel (PTX) and superparamagnetic iron oxide (SPIO)-
loaded PEGylated poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles (NPs; PTX/SPIO-
NPs) can serve as an effective nanocarrier system for magnetic targeting purposes, and we aimed
to demonstrate the therapeutic efficacy of this system in an orthotopic murine GBM model.
Materials and methods: PTX/SPIO-NPs were prepared by emulsion—diffusion—evaporation
method and characterized for physicochemical properties. In vitro cellular uptake of PTX/SPIO-
NPs was evaluated by fluorescence microscopy and Prussian blue staining. Orthotopic U87MG
tumor model was used to evaluate blood-brain barrier disruption using T, contrast agent, ex vivo
biodistribution, in vivo toxicity and in vivo antitumor efficacy of PTX/SPIO-NPs.

Results: PTX/SPIO-NPs were in the size of 250 nm with negative zeta potential. Qualitative
cellular uptake studies showed that the internalization of NPs was concentration dependent.
Through magnetic resonance imaging, we observed that the blood—brain barrier was disrupted
in the GBM area. An ex vivo biodistribution study showed enhanced accumulation of NPs in
the brain of GBM-bearing mice with magnetic targeting. Short-term in vivo safety evaluation
showed that the NPs did not induce any systemic toxicity compared with Taxol® (PTX). When
tested for in vivo efficacy, the magnetic targeting treatment significantly prolonged the median
survival time compared with the passive targeting and control treatments.

Conclusion: Overall, PTX/SPIO-NPs with magnetic targeting could be considered as an
effective anticancer targeting strategy for GBM chemotherapy.

Keywords: nanomedicine, glioblastoma, magnetic targeting, nanoparticles, PLGA-based
nanoparticles

Introduction

Glioblastoma (GBM) is one of the most aggressive tumors occurring in the central
nervous system. The incidence rate of GBM is ~17% of total central nervous system
cancers.! Approximately 70% of GBM patients will experience disease progression
within 1 year of diagnosis, with <5% of patients surviving 5 years after diagnosis.
Aggressiveness of GBM is characterized by highly proliferating infiltrative cells,
indistinct tumor margins, high intra- and intertumor heterogeneity, peritumoral edema
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and inflammation.” Therapy for GBM is very challenging,
as the tumors are very aggressive due to infiltration into the
surrounding normal brain tissue and are highly recurrent.
Even a combination of the available therapeutic regimens
(chemotherapy, radiotherapy and surgical resection) may not
debulk the tumor completely and results in very low survival
rate <18 months. Furthermore, systemic chemotherapy for
GBM treatment is more challenging for its minimal desired
therapeutic effects due to biological barriers such as blood—
brain barrier (BBB) and unwanted distribution in healthy
tissues leading to systemic toxicity.’

Nanomedicine is an alternative approach to address
the conventional chemotherapy drug delivery challenges.
An ideal therapy for GBM would be a multifunctional system
that not only avoids the invasiveness/incompleteness of
conventional surgeries but also mitigates the setbacks of
chemo- and radiotherapies. Several multifunctional nanocar-
rier systems such as nanotheranostics are under investigation
to address the unmet clinical needs of GBM patients.*®

Noninvasive “magnetic targeting”, which can be achieved
by the application of an external magnetic field, may syn-
ergize with the already existing enhanced permeability
and retention (EPR) effect of nanocarriers and thereby
enhance the therapeutic indices. Superparamagnetic iron
oxide nanoparticles (SPIO-NPs), which are used as a T,
contrast agent for magnetic resonance imaging (MRI), are
being investigated in combination with anticancer drugs for
GBM therapy.” SPIO-NPs are reportedly associated with
minimal-to-no toxicity and are well known for their magnetic
properties and as an MRI diagnostic agent.®

Paclitaxel (PTX) is a powerful anticancer drug that is
often recommended as a first-line chemotherapeutic agent
against many kinds of cancers. It acts by stabilizing micro-
tubules during cell division and leads to the interruption of
mitosis.” Even though PTX is a highly potent agent, its use in
clinical treatment for GBM is limited by failure to reach the
tumor site in sufficient concentrations due to the BBB. PTX
has also been associated with drug resistance as well as other
side effects. Several reports have shown that PTX encap-
sulated in nanocarriers can cross a disrupted or leaky BBB,
which is a common feature associated with GBM. 012

Previously, our group has demonstrated the therapeutic
and diagnostic efficacy of nanotheranostic particles along with
different targeting strategies using PEGylated poly(lactic-co-
glycolic acid) (PLGA)-based nanoparticles (NPs) in sub-
cutaneous CT26 colon carcinoma.'*!'* PEGylation hinders
opsonization of the NPs. Moreover, PLGA is biocompatible

and biodegradable and is approved by regulatory agencies
as an excipient for parenteral products.

In the current study, we aimed to evaluate the efficacy of
NPs and different targeting strategies in an orthotopic GBM
model. We hypothesized that the PTX/superparamagnetic
iron oxide (SPIO)-loaded PEGylated PLGA-based NPs
(PTX/SPIO-NPs) can serve as an effective nanocarrier for
magnetic targeting purposes and can demonstrate their thera-
peutic efficacy in orthotopic GBM-bearing mice.

Materials and methods

Materials

PTX was purchased from Chemieliva Pharmaceutical Co.
(Chongqing, China). PLGA (lactide/glycolide molar ratio
0f'50:50, molecular weight [MW] = 7,000-17,000), iron(II)
chloride, iron(III) chloride, oleic acid, sodium hydroxide,
hydrochloric acid, DAPI, MTT, polyvinyl alcohol (PVA; MW
= 30-70 kDa), potassium hexacyanoferrate(Il) trihydrate,
xylazine hydrochloride and American Cancer Society
reagent (98.52%—102.0%) were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Poly(caprolactone)-b-
PEG (PLGA-b-PEG) (MW = 10,040-4,600), PCL-h-PEG
(MW = 13,100-5,000) and fluorescein isothiocyanate
(FITC)-labeled PLGA were synthesized and characterized
as previously described.”'>'® U87MG cells (American
Type Culture Collection [ATCC®], Manassas, VA, USA,
HTB-14™) and Eagle’s Minimum Essential Medium
(EMEM) were obtained from ATCC. Fetal bovine serum
(FBS), trypsin—-EDTA and penicillin—streptomycin mixtures
were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Poly-D-lysine hydrobromide (MW = 70,000—
150,000) was obtained from MP Biomedicals (Eschwege,
Germany); Nimatek (ketamine 100 mg/mL) was obtained
from Eurovet Animal Health B.V. (Bladel, the Netherlands);
gadoterate meglumine (Gd-DOTA; Dotarem®) was obtained
from s.a. Guerbet n.v. (Brussels, Belgium) and form-
aldehyde solution was purchased from EMD Millipore
(Billerica, MA, USA; 4%). All other chemicals and solvents
used were of analytical grade.

Formulation and physiochemical

characterization

Preparation of PTX and SPIO-loaded NPs
(PTX/SPIO-NPs)

Hydrophobic SPIO coated with oleic acid was synthesized
at 80°C under an inert atmosphere using a coprecipitation
method of ferrous and ferric salts in an alkaline medium
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following the procedures as previously described.'?!417
PTX/SPIO-NPs were prepared by an emulsion—diffusion—
evaporation method”!*'*!¢ with minor modifications.
Briefly, PTX (2.5 mg), PLGA (70 mg), PCL-b-PEG
(15 mg) and PLGA-b-PEG (15 mg) were dissolved in
dichloromethane containing SPIO (7.7 mg/mL iron [Fe]
concentration). The mixture was added to 3% PVA aque-
ous solution, vortexed and emulsified at 50 W using an
ultrasonicator (3 X 30 s). The generated emulsion was
added dropwise to a 1% PVA aqueous solution under
magnetic stirring at 400 rpm, and the organic solvent was
allowed to evaporate overnight. The suspension was filtered
(1.2 um) to remove any possible aggregates. The filtrate
was resuspended in 15 mL of water and ultracentrifuged
three times at 15,000 rpm for 30 min at 4°C. After the last
ultracentrifugation, NPs were suspended in 1 mL of water.
The SPIO-NPs and PTX-loaded NPs (PTX-NPs) were
prepared using the same protocol. Polysorbate 80 (PS80)
coating of NPs was performed by suspending NPs in water
with 1% surfactant solution and incubated for 30 min at
ambient temperature.'® Fluorescently labeled PLGA-based
NPs (PLGA-NPs) were prepared similarly using PLGA
covalently labeled with FITC.'

Physiochemical characterization of PTX/SPIO-NPs

The Fe concentration of SPIO was measured by electron
spin resonance (ESR) spectroscopy (Bruker Optik GmbH,
Ettlingen, Germany) and validated by inductively coupled
plasma mass spectrometry (ICP-MS) using an Agilent 7500ce
instrument (Agilent Technologies, Santa Clara, CA, USA)."”
The particle size and polydispersity index (PDI) of the NPs
were measured by dynamic light scattering, and the zeta
potential was determined by laser Doppler velocimetry using
a NanoSizer Zeta Series instrument (Malvern Instruments,
Malvern, UK). PTX concentrations were measured by high-
performance liquid chromatography with ultraviolet detec-
tion at 227 nm on an Agilent 1100 series instrument (Agilent
Technologies). The following parameters were used: mobile
phase (acetonitrile to water, 70:30), column (CC 125/4
Nucleod UR 100-5 C18) and standard solutions for calibra-
tion (5-100 pg/mL PTX diluted in acetonitrile; correlation
coefficient = 0.99, limit of detection = 1.6 ug/mL, limit of
quantification = 5 ug/mL, coefficients of variation < 4.5%).
PTX was extracted from the NPs as previously described.’
Briefly, NPs were dissolved in acetonitrile (50:50), vortexed
for 5 min and centrifuged at 4,000 rpm for 10 min. The
supernatant was collected and used to measure the drug

content. Encapsulation efficiency of PTX was calculated as
the ratio of the encapsulated drug compared with the initial
amount of the drug.

In vitro studies

Cell cultures

U87MG cells were cultured in EMEM supplemented with
10% FBS, 100 U/mL penicillin G sodium and 100 pg/mL
streptomycin sulfate at 37°C ina 5% CO,/95% air-humidified
incubator.

Cellular uptake

A cellular uptake study was performed using FITC-labeled
PLGA-NPs. U87MG cells were seeded at a density of
10° cells/mL in a six-well plate with coverslips previously
coated with poly-D-lysine (0.1 mg/mL). After 24 h of incuba-
tion, the culture medium was replaced with culture medium
containing PTX/SPIO-NPs (1-10 pg/mL PTX concentration)
and was incubated for 1 h. Supernatant was aspirated from
the wells, and the cells were fixed with 4% formaldehyde
for 20 min. The coverslips were then placed onto slides
with mounting solution containing DAPL.?® The cellular
uptake of the NPs was determined using a fluorescence
Axioskop 40 microscope fitted with two excitation filters,
blue (340/380 nm) and green (470/490 nm), and images
were obtained with an Axiocam MRc5 camera (Carl Zeiss
Meditec AG, Jena, Germany).

Evaluation of intracellular iron oxide internalization
by Prussian blue staining

Internalized intracellular iron oxide can be visualized by Prus-
sian blue staining. US7MG cells were seeded and incubated
as previously described for cellular uptake studies.”* After
24 h of incubation, the culture medium containing SPIO-NPs
(80 ug/mL Fe concentration) was added and incubated for
2 h. Cells were washed with PBS and fixed with 4% formal-
dehyde for 15 min. Cells were washed again and incubated
for 30 min with Prussian blue working solution with an equal
volume of 2% HCI and 2% potassium ferrocyanide(II) trihy-
drate, followed by washing with PBS and water. Intracellular
iron oxide internalization was evaluated using an Axioskop
40 microscope, and images were acquired with an Axiocam
MRc5 camera.

In vivo studies
All experiments were conducted according to the Belgian
national regulation guidelines, with approval from the animal
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care ethical committee of the Université catholique de
Louvain (2014/UCL/MD/004).

Orthotopic U87MG tumor model

The U87MG orthotopic tumor model was established by
following a previously reported protocol?'** with a few
modifications. Naval Medical Research Institute (NMRI) nude
mice (female, 6 weeks old) were obtained and acclimatized
following standardized animal experimentation protocols.
Mice were anesthetized with an intraperitoneal injection of
xylazine (13 mg/kg) and ketamine (100 mg/kg). On day 0,
after positioning into a stereotaxic frame, mice receiveda 3 uL
intracranial injection of US§7MG cells in the culture medium
(3 x 10* cells) into the right frontal lobe (striatum; coordinates:
2.1 mm lateral from bregma, 0.5 mm anterior and 3 mm deep
from the outer border of the cranium) using a 5 uL Hamilton®
syringe (Sigma-Aldrich Co.) fitted with a 26 G needle.

Magnetic resonance imaging

The tumor presence, location and volume were determined
by MRI using an 11.7 T Biospec small animal MR scanner
(Bruker Optik GmbH). Mice were anesthetized with 2.5%
isoflurane (for induction) and were maintained with 1%
while scanning. Respiration was monitored throughout the
experiment, and animal body temperature was maintained by
a hot water circulation system. 7 -weighted MRI scans (rapid
acquisition with refocused echo [RARE] sequence, repetition
time [TR] = 2,500 ms, effective echo time [TE_ ] = 30 ms,
RARE factor = 8, matrix size = 256 X 256, field of view
[FOV] =2 x 2 cm, number of continuous slices = 25, slice
thickness = 0.3 mm, in-plane resolution = 78 m?) were used
to monitor tumor growth. The tumor volume was determined
by the sum of the cross-sectional disks of a manually drawn
region of interest (ROI) on all slices in the axial orientation
using Paravision 6.1 software (Bruker Optik GmbH). This
protocol was used to follow the tumor development, and
localization in the right striatum was determined with MRI
prior to treatment.?

Evaluation of BBB disruption

BBB disruption was evaluated by using the T, contrast
agent Gd-DOTA in U87MG tumor-bearing mice with tumor
volumes of ~0.2 mm?*. Gd-DOTA was injected intravenously
at a dose of 16.4 mg/kg body weight. T -weighted RARE
sequence MRI scans with TR of 800 ms and TE ; of 5.5 ms
were used to obtain pre- and postcontrast images. BBB
disruption was evaluated by quantification of the differences
in the signal intensities on ROIs of tumor tissue and normal

tissue of the pre- and postcontrast images in each subject.?***
The normal values were measured from contralateral side
of tumor.

Ex vivo biodistribution studies

The fate of the biodistribution of NPs was evaluated by the

quantification of SPIO for different conditions:

1. Healthy mice versus GBM-bearing mice. NMRI mice and
GBM-bearing nude mice (GBM tumor volume 0.2 mm?;
n=>5 and n="7, respectively) were intravenously injected
with PTX/SPIO-NPs at an equivalent PTX concentration
(5 mg/kg).

2. GBM-bearing mice with PS80-coated NPs.

3. GBM-bearing mice with and without magnetic targeting.
U87MG tumor-bearing NMRI nude mice (n = 7) were
intravenously injected with PTX/SPIO-NPs at an equiva-
lent PTX concentration (5 mg/kg) with and without
applying an external magnetic field.

For the application of the magnetic field, disk-shaped
(1.7 g) neodymium magnets (Supermagnete, Gottmadingen,
Germany) with a remanence (B) of 1.4 T were placed on
the heads of mice and held in place with the aid of cotton
gage, adhesive tape and mouse Elizabethan collars (Harvard
apparatus, Les Ulis, France; Figure S1).

All the mice were sacrificed 24 h after injection to col-
lect brain, liver, spleen and lung samples. All tissue samples
were snap-frozen before lyophilization. The lyophilized
samples were ground into fine powder, and SPIO was quanti-
fied by ESR spectroscopy.'*

In vivo toxicity evaluation and histology

Swiss mice (female, 6 weeks old) were randomly divided
into three groups (n = 6). Each group received one intrave-
nous injection of PTX/SPIO-NPs (5 mg/kg PTX), Taxol®
(5 mg/kg PTX) (Auribindo pharma Itd., Hyderabad, India)
or saline. Body weight was monitored daily. Blood samples
were collected after 24 h for hematologic and histochemi-
cal analysis. Aspartate aminotransferase (AST), alanine
aminotransferase (ALT), blood urea nitrogen (BUN) and
creatine kinase isoenzyme (CKMB) levels were assayed®
using a Fuyjifilm DRI-CHEM NX500i Analyzer (Fujifilm,
Tokyo, Japan).

In vivo antitumor efficacy

The effect of PTX/SPIO-NPs on tumor growth was assessed
by median survival rate in the orthotopic U§7MG model.
Tumor cell inoculation was performed as aforementioned.
Seven days after tumor implantation (tumor volume ~0.2 mm?),
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Treatment
PTX 5 mg/kg

Tumor
innoculation MRI to image and
evaluate the tumor

(every fourth day
for six injections)

)

size and location

I | |

Days ¢
0 7 8

» End point
28

Figure | Protocol to study the anti-tumor efficacy of PTX/SPIO-NPs with or without magnetic targeting.

Note: Anti-tumor efficacy study timeline.

Abbreviations: MRI, magnetic resonance imaging; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); PTX, paclitaxel; SPIO, super paramagnetic iron oxide.

tumor location and volume were assessed by MRI, after
which mice were randomly assigned into groups. Figure 1
shows the timeline of the experimental plan. Three groups
were defined (seven mice per group): group 1, injection of
PBS; group 2, injection of PTX/SPIO-NPs at a dose of 5 mg/
kg PTX?¢ and 14 mg/kg Fe (passive targeting); group 3, the
same injection of PTX/SPIO-NPs with magnetic targeting
with neodymium magnets with a remanence of 1.4 T dur-
ing 4 h. Treatments were injected through the tail vein and
repeated every fourth day for a total of six injections. The
end point of the experiment was determined as 20% weight
loss or 10% weight loss with tumor-related sickness.

Statistical analyses

All results are expressed as mean = SD. Two-way analysis
of variance with Bonferroni posttests and Kaplan—Meier
survival rate curves were performed using the software
Graph Pad Prism 5 for Windows (GraphPad Software Inc.,
La Jolla, CA, USA) to demonstrate significant differences
among treatment groups.

Results and discussion

Physicochemical properties

PTX and SPIO-loaded-PLGA-based NPs were prepared
using an emulsion—diffusion—evaporation method with
PVA as a stabilizer. Table 1 presents the physicochemical

Table | Physicochemical characterization of NPs (n = 3)

characterization (size, PDI, zeta potential, encapsulation
efficiency, drug loading and iron loading) of the prepared
NPs. Prepared SPIO and SPIO encapsulated in NPs showed
superparamagnetic properties that are advantageous for mag-
netic targeting. Figure 2 shows the attraction of SPIO to the
neodymium magnet. The Fe concentration of the SPIO was
found to be 7.7 mg/mL, and this value is in agreement when
quantified by ESR or ICP-MS. Nuclear magnetic relaxation
dispersion profiles, transmission electron microscopic images
and relaxometry studies highlighting the superparamagnetic
properties of prepared SPIO were previously reported by our
group.'® The average size of the PTX/SPIO-NPs was 250 +
20 nm, which is consistent with our previous reports.!>!
The prepared NPs were in the appropriate size range to
accumulate in tumor tissues, as it has been established that
the optimal particle size for the EPR effect ranges from 20
to 400 nm.?” The PDI showed a narrow size distribution of
<0.2. The zeta potential of the PTX/SPIO-NPs was —18 *
5 mV. Coating with PS80 increased the negative surface
potential to —34 = 3 mV, suggesting the adsorption of PS80
on the surface of the PTX/SPIO-NPs.

Encapsulation efficiencies of PTX were calculated as
31%+2% and 30% £ 6% for the PTX-NPs and PTX/SPIO-NPs,
respectively. PTX loading was found to be ~0.8 mg/100 mg
polymer in both the PTX-NPs and PTX/SPIO-NPs groups.
Drug loading was not affected by the coencapsulation

PLGA-NPs SPIO-NPs PTX-NPs PTX/SPIO-NPs
Size (nm) 215+4 225+ 12 203 +4 250 +20
PDI 0.07 0.09 0.07 0.11
Zeta potential (mV) -86+ | -13£5 -21£3 -18+5
Drug encapsulation efficiency (%) NA NA 31+£2 306
Drug loading (%) NA NA 0.85+0.3 0.87+0.2
Iron loading (%) NA 4+ NA 3x1

Notes: physicochemical characterization of PLGA based PEGylated NPs (PLGA-NPs) loaded with either SPIO (SPIO-NPs), PTX (PTX-NPs), PTX and SPIO (PTX/

SPIO-NPs).

Abbreviations: NA, not applicable; NPs, nanoparticles; PDI, polydispersity index; PLGA, poly(lactic-co-glycolic acid); PS80, polysorbate 80; PTX, paclitaxel; SPIO, super

paramagnetic iron oxide.
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Figure 2 SPIO in the absence (A) and presence (B) of a commercial neodymium
magnet (B = 1.4 T).

Note: Separation of SPIO from the dispersion occurred in <15 s.

Abbreviation: SPIO, super paramagnetic iron oxide.

of SPIO. Although the emulsion technique can result in
high drug-loading values, the overall process is affected
by several in-process parameters, such as duration of
sonication and centrifugation, possible interactions between
polymer/stabilizer and between the drug/SPIO, surface coat-
ing, filtration and washing steps that could influence the
encapsulation efficiency and polymer loss.”® Some of the
aforementioned factors might have contributed to the 30%
encapsulation efficiency in our formulation. Nevertheless,
this formulation allows for the delivery of a therapeutic dose
of PTX (5 mg/kg).

In vitro cellular studies

To assess the uptake of the PTX/SPIO-NPs in US7MG
cells, NPs were prepared with a covalently grafted FITC

A DAPI FITC

10 pug/mL

5 ug/mL

2 ug/mL

1 pg/mL

Figure 3 In vitro cellular uptake studies (n = 3).

DAPI + FITC

‘\
o
- %

PLGA (green fluorescence), and to visualize cell nuclei,
DAPI staining (blue fluorescence) was used. Figure 3A
shows the dose-dependent internalization of NPs. With
increasing amounts of NPs (from 1 to 10 ug/mL PTX), FITC
increased. FITC allowed the visualization of the internal-
ized polymeric NPs by cells, suggesting a broad distribution
of NPs within the cytosol (Figure 3B). The same pattern
of dose-dependent cellular uptake has been reported in the
literature.?

SPIO (Fe) staining also allowed the visualization of NPs
within the cells. Figure 3D shows the entrapment of SPIO
(intense blue color) in cells incubated with PTX/SPIO-NPs
(80 ug/mL Fe), while no blue color was observed in cells of
the control group (without NPs; Figure 3C), consistent with
previous reports.*® Thus, both experiments confirmed that the
NPs are internalized within the US7MG cells.

We have also evaluated in vitro cytotoxicity of NPs on
U87MG cell line. The results showed the concentration-
dependent cytotoxic effect of PTX. Furthermore, inclusion
of controls (unloaded PLGA-NPs, PTX-NPs and SPIO-NPs)
confirmed that the cytotoxic effect was solely due to PTX.
The IC, value of PTX/SPIO-NPs after 48 h was found to be
1 ng/mL (data not shown).

To exert therapeutic effects, PTX/SPIO-NPs must be
internalized and sustainably retained within the tumor cells,
as the mode of action of PTX is interference of the mitotic
spindle assembly.?! There are several mechanisms of cellular

Notes: (A) Fluorescent images of FITC-labeled PLGA-NPs at different concentrations of PTX (1-10 pg/mL) after | h of incubation. (B) FITC green fluorescence around the
blue color of DAPI-stained nuclei clearly exhibited the uptake of FITC-labeled PLGA-NPs. (C) Prussian blue staining of untreated cells (control). (D) Prussian blue staining
of internalized SPIO-NPs (80 pg/mL Fe). The blue color of cells is due to a chemical reaction occurring between internalized iron and Prussian blue stain. PLGA-NPs, PLGA-

based NPs; SPIO-NPs, SPIO-loaded NPs.

Abbreviations: FITC, fluorescein isothiocyanate; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); PTX, paclitaxel; SPIO, super paramagnetic iron oxide.
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internalization of NPs. The physicochemical properties of T,-weighted MRI after injection of Gd-DOTA contrast
NPs (size, shape and surface chemistry) influence the inten-  agent was performed on GBM-bearing mice presenting
sity and path of cellular internalization.?? In the case of PTX/ a GBM volume of 0.2 mm?3. The enhancement of signal
SPIO-NPs, there are no ligands attached to the NP surface, intensity in the tumor region (bright area of the tumor in
and hence specific receptor-mediated uptake may not occur.  pre- and postcontrast images is marked by circles) in a
Fluid-phase pinocytosis or clathrin-mediated nonspecific  representative postcontrast image can be clearly visualized
receptor-mediated endocytosis mechanisms may facilitate the ~ the enhancement of signal intensity in the tumor region
internalization of PTX/SPIO-NPs.?33 The size (250 £20nm)  (highlighted area of the tumor in pre- and postcontrast
and zeta potential (—18 £ 5 mV) of the NPs are within the  images) in a representative postcontrast image can be clearly
allowed limits that enable cellular internalization by these  visualized (Figure 4A). This is due to the accumulation
mechanisms.’>* In vitro testing may not entirely replicate ~ of Gd-DOTA paramagnetic chelates in the tumor region,
in vivo biological processes. However, in vitro results can ~ which indicate a loss of BBB integrity, while in normal
provide some preliminary evidence to present the advantages  conditions, Gd-DOTA cannot cross the BBB. The enhanced
of nanodrug formulations over the free drug. Further studies  signal intensity can also be quantified on ROIs of tumor
using several specific uptake inhibitors can concretely con-  tissue and normal tissue within the pre- and postcontrast
firm the uptake mechanism of PTX/SPIO-NPs. images, and the result showed statistical significance in the

. . . . tumor tissue compared with the normal tissue (p < 0.001;
Evaluation of BBB dlsruptlon ina GBM Figure 4B). There is no enhancement of signal intensity in

OrthOtOPiC tumor model the normal tissue. The high variability of signal intensity
An ideal GBM model should closely resemble human GBM  yalues in each individual subject in the test groups inhibited
in its morphology, invasiveness, angiogenesis and BBB  the use of collective statistics. However, a significant dif-
disruption to allow clinically relevant studies of tumor  ference in signal intensity values between the tumor tissue
behavior and therapeutic drug efficiency.” The loss of BBB  and normal tissue could be observed for each individual
integrity is very important for assessing novel GBM treatment  animal in the group. With this result, we showed that the
approaches/drug delivery systems upon systemic adminis-  BBB was disrupted when the GBM presented a volume of

tration. Reports in the literature also state that tumor lesions  ~(0.2 mm?, and this validated US7MG model was used for
larger than 0.5 mm or 0.2 mm? show BBB permeability as  the following in vivo studies.

a consequence of disrupted BBB.3*® The U87MG tumor

model is known to present moderate invasiveness coupled EX vivo biodistribution studies

with tumor-induced necrosis and vascular alterations, which ~ Biodistribution studies provide essential information about
makes this a suitable GBM model for therapeutic agent the accumulation of therapeutic or diagnostic agents in
studies.***° Contributing to these tumor model features, we  different vital organs and tumors.*! In the current study,
have tested the BBB disruption in the US7MG tumor model  different strategies such as surface modifications and the
(n=4). To be consistent, in all our investigations, the tumor  application of an external magnetic field have been tested to

volume was ~0.2 mm?®. enhance the accumulation of NPs by crossing the disrupted
A B 25 1 sk
A I Precontrast
Precontrast Postcontrast 20 Bl Postcontrast

15 1
2 ns
10 1
5 p
0 m
Tumor Normal
tissue (ROI) tissue (ROI)

Figure 4 In vivo BBB disruption evaluation (n = 4).

Notes: (A) Pre- and postcontrast MRI images of brain tissue highlighting the tumor region (right). Accumulation of T  contrast agent (Gd-DOTA 16.4 mg/kg) enhanced the
signal intensity can be visualized from pre- and postcontrast images. (B) Quantification of signal intensity in ROl of tumor tissue versus normal tissue.A significant difference
in signal intensity values was observed between pre- and postcontrast tumor tissue, whereas no difference in the normal regions could be observed for each individual animal
in the group. **p < 0.001.

Abbreviations: BBB, blood-brain barrier; Gd-DOTA, gadoterate meglumine (Dotarem); MRI, magnetic resonance imaging; ns, no significance; ROI, region of interest.
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BBB in GBM-bearing mice. One of the strategies explored
was surface modification of the NPs with surfactants such
as PS80. A few reports have demonstrated that drug-loaded
polymeric NPs coated with PS80 can cross the BBB and be
taken up by brain endothelial cells.*** More interestingly,
magnetic NPs can be guided to the tumor site using an
externally applied magnetic field to further enhance drug
delivery at a targeted site. NP concentrations in the excised
tissue samples of brain and vital organs were quantified using
ESR spectroscopy.

Biodistribution studies of PTX/SPIO-NPs in healthy
mice served as a control for comparitive analysis with
GBM-bearing mice, and the quantified amounts of Fe in
brain tissue are shown in Figure 5A. The brain accumula-
tion of PTX/SPIO-NPs was twofold higher in GBM-bearing
mice compared with healthy mice (p < 0.05; Figure 5A).
Enhancement of Fe in brain tissue of GBM-bearing mice
can be attributed to the presence of a leaky BBB in GBM-
bearing mice. It has been reported that GBM induces
a series of events mediated by several glioma-derived
factors such as TGF-B2, caveolin-1, reactive oxygen spe-
cies, aquaporins (especially Aqp-4) and proinflammatory
peptides. These glioma-derived factors eventually lead
to the degradation of tight junctions and downregula-
tion of endothelial tight junction proteins, resulting in
glioma-induced impairment of the BBB.* In addition to
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the loss of BBB integrity, the physicochemical properties
of the NPs could have contributed to the accumulation
of the NPs.

PTX/SPIO-NPs and PS80-coated PTX/SPIO-NPs (PTX/
SPIO-PS80-NPs) were injected into GBM-bearing mice.
Both PTX/SPIO-NPs and PTX/SPIO-PS80-NPs showed
greater accumulation in the brain tissues of GBM-bearing
mice than in the control mice. There was no significant dif-
ference between the accumulation of coated and uncoated
NPs in the brain tissues.

To take advantage of the magnetic properties of SPIO
in the NPs and enhance the accumulation of NPs in brain
tissue by magnetic targeting, PTX/SPIO-NPs were injected
in GBM-bearing mice, and an external magnetic field was
applied for 4 h. The magnetic targeting of NPs showed a
threefold increase in the accumulation of NPs in the brain
compared with no magnetic field in the control group, thanks
to the superparamagnetic properties of SPIO (Figure 5A).
In the literature, a variable increase in the accumulation of
NPs with magnetic targeting has been described. Chertok
et al® reported an 11.5-fold increase in the accumulation of
NPs in tumor tissue compared to that of controls after 50 min
of treatment administration. Furthermore, the success of
magnetic targeting is limited by inadequate magnetic gra-
dients, magnet position and time, as the magnetic targeting
would be more effective in regions closer to the magnets.

Liver
Lungs
Spleen
I T T T
Q Q QO QO
o S o>
v » ©

Fe (ng)/organ

[ Healthy mice/PTX/SPIO-NPs
[ 1 U87MG tumor mice/PTX/SPIO-PS80-NPs

Il US7MG tumor mice/PTX/SPIO-NPs
Il U87MG tumor mice/PTX/SPIO-NP/magnetic targeting

Figure 5 The ex vivo biodistribution study (n = 7) at 24 h after the injection of PTX/SPIO-NPs was performed by quantification of Fe (SPIO) using ESR spectroscopy in brain
tissue from healthy and GBM-bearing mice.

Notes: (A) Ex vivo biodistribution of PTX/SPIO-NPs or PTX/SPIO-PS80-NPs in the brain of healthy or GBM-bearing mice (n = 7) with or without the application of
an external magnetic field. With the disrupted BBB in the GBM-bearing mice, the accumulation of NPs was twofold higher than that in the control group, and magnetic
targeting resulted in the highest iron (Fe) enhancement among all the groups. (B) Ex vivo biodistribution in the liver, spleen and lungs (RES organs). There were no significant
differences in uptake among different organs for healthy mice or GBM-bearing mice. PTX/SPIO-PS80-NPs, PS80-coated PTX/SPIO-NPs; PTX/SPIO-NPs, PTX/SPIO loaded
PLGA-based NPs. *p < 0.05, ***p < 0.001.

Abbreviations: BBB, blood-brain barrier; ESR, electron spin resonance; GBM, glioblastoma; ID, injected dose; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid);
PS80, polysorbate 80; PTX, paclitaxel; RES, reticuloendothelial system; SPIO, super paramagnetic iron oxide.
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Further investigations must be performed to improve mag-
netic targeting applications.

The accumulation of Fe in the spleen, liver and lungs
showed varied quantities (higher uptake in the liver) with no
significant differences in uptake among the different organs
in healthy mice or GBM-bearing mice (Figure 5B). In addi-
tion, our group previously reported that blank NPs (without
PTX) have shown similar distribution profiles to those of
the PTX/SPIO-NPs.'* NPs with a hydrodynamic diameter
smaller than 10 nm are prone to tissue extravasation and are
primarily cleared in the renal pathway, whereas NPs with
larger sizes (>10 nm) undergo opsonization and are cleared
from systemic circulation via the reticuloendothelial system/
hepatobiliary pathway.*® However, the rate of clearance is
decreased by PEGylation due to steric resistance of opsoniza-
tion and macrophage uptake processes, thereby greatly
enhancing the resistance toward RES interactions.*” Thus, the
physicochemical properties of the NPs alter the circulation
half-lives of NPs to have greater exposure to target tissues.

The question arising would be about iron overload in the
liver with SPIO in the formulation. So far, there have been
no reports establishing SPIO toxicity. However, there have
been reports showing that SPIO is retained in the liver for
several weeks, and that excess SPIO in the liver does not
impair liver function or promote a significant immunotoxicity
response.®*®4° Thus, PTX/SPIO-NPs necessitate a toxicity
evaluation to demonstrate in vivo safety.

In vivo safety evaluation

Evaluation of the toxicological effects of nanomaterial-based
diagnostics and therapeutics is of critical importance and is
still a long way from being fully understood.** PLGA-based
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Figure 6 In vivo safety evaluation of PTX/SPIO-NPs in healthy mice (n = 6).

NPs are well known for their biocompatibility, but it is neces-
sary to ensure that the developed PTX/SPIO-loaded PLGA
nanocarriers do not exhibit major toxicological problems,
in particular hepatotoxicity due to high accumulation in the
liver. Systemic toxicity of PTX/SPIO-NPs at a single dose of
5 mg/kg PTX was evaluated in healthy mice. Compared to the
control (saline) group, no death and no obvious body weight
loss were observed in all tested groups during the safety
evaluation study period. Moreover, most of the intravenously
injected NPs are taken up and taken up and eliminated by
RES organs which includes liver and kidneys.? Therefore,
AST and ALT for hepatic function, BUN for kidney function
and CKMB as cardiac markers were measured on day 1 and
day 7 after treatment injection.

On day 1 (Figure 6A), AST levels of the NP group were
higher (239 £ 157 U/L; p < 0.05) than the control groups with
saline (55 + 10 U/L) and Taxol (74 £ 28 U/L). The transient
increase in AST levels in serum upon the administration of
PTX/SPIO-NPs appeared to be a general short-term response
due to the hepatic accumulation of the injected NPs. These
measured AST levels are significantly within the normal limits
(39-262 U/L)’"' and show that liver function is not significantly
altered. Moreover, histopathological evaluation of liver tissue
of the PTX/SPIO-NP group showed no or mild necrosis and
no inflammation and accumulated SPIO in Kupffer cells after
24 h, whereas that of Taxol (reference) group showed moderate
necrosis with no inflammation (data not shown). For CKMB,
higher levels were detected in the NP and Taxol groups than the
saline group, but there was no statistically significant difference
between groups (p > 0.05). The amounts of ALT and BUN in
all the groups remained low and did not present any significant
differences compared with the saline group (p > 0.05).
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Notes: (A) Evaluation of biochemical parameters (AST, ALT, BUN and CKMB) | day after treatment injection. (B) Evaluation of biochemical parameters (AST, ALT, BUN
and CKMB) 7 days after treatment injection. PTX/SPIO-NPs, PTX/SPIO loaded PLGA-based NPs. *p < 0.05, ***p < 0.001.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CKMB, creatine kinase isoenzyme; NPs, nanoparticles; PLGA,

poly(lactic-co-glycolic acid); PTX, paclitaxel; SPIO, super paramagnetic iron oxide.
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At day 7 (Figure 6B), there was no increase in the levels
of the three parameters such as BUN, AST or ALT compared
to the saline group. Interestingly, after 1 week, the AST lev-
els returned to normal, indicating that the PTX/SPIO-NPs
did not induce hepatic toxicity. The highest CKMB levels
were observed in the group injected with Taxol (p < 0.001).
Although the mice treated with PTX/SPIO-NPs showed
higher CKMB levels than the saline group (p < 0.05), these
CKMB values are much lower when compared to positive
control (Taxol). In addition, histopathological evaluation
showed no alterations in liver tissues of both groups (data
not shown). Thus, the results indicate that NPs did not exert
toxicity higher than the positive control treatment (Taxol).
Although major amounts of the accumulation of NPs in the
liver were shown in the ex vivo biodistribution study, our
in vivo safety evaluation results have shown no significant
toxicity and are in compliance with literature reports.”!
Nevertheless, further long-term studies must be performed to
evaluate the NP-induced toxicity upon single- and multiple-
dose administrations.

In vivo antitumor efficacy

In vivo antitumor efficacy of multifunctional NPs was
performed as a blinded experiment evaluated in a U§7MG
orthotopic tumor model. Tumor progression was assessed by
MRI before treatment (day 7) and during treatment (day 21;
Figure 7A). Figure 7B shows the Kaplan—Meier survival
curves (n = 7) of the control, passive targeting and the
magnetic targeting groups. The median survival time of mice
treated with PTX/SPIO-NPs and with magnetic targeting was
significantly prolonged (49 days) when compared to the mice
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PTX/SPIO-NPs
passive targeting

Percent survival

PTX/SPIO-NPs
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Figure 7 In vivo antitumor efficacy on survival.
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that underwent passive targeting (41 days; p < 0.05) and/or
saline treatment (44 days; p < 0.05). No significant difference
was observed between the passive targeting group and the
saline group. Although our model was evaluated for BBB
disruption and the biodistribution data of passive targeting
have shown statistically significant amounts of NPs traced
in the brain tissue, we suppose that these amounts were not
sufficient to limit the tumor growth or to prolong the sur-
vival time. This could be due to the highly heterogeneous
and ambiguous EPR effect. Furthermore, tumors such as
GBM are well known to show intratumor heterogeneity, that
negatively effects the treatment outcome. Passive targeting is
merely based on the EPR effect of drug distribution by blood
circulation and extravasation via leaky vasculature of the
tumor.” Thus, passive targeting may result in subtherapeutic
doses to tumor regions, lacking an advantage of prolonging
survival periods or progression-free survival. Hence, the
need for targeting strategies such as magnetic targeting is
crucial.

Enhanced accumulation of NPs in targeted regions upon
external magnetic field application implies that therapeutic/
significant amounts of PTX can reach the target site. Con-
sequently, PTX/SPIO-NPs with magnetic targeting may
prolong the survival time of GBM-bearing mice. Previ-
ously, many groups have demonstrated the in vivo efficacy
of targeted and untargeted drug-loaded NPs. However, to
the best of our knowledge, this study is the first to evaluate
targeting strategies in terms of antitumor efficacy with biode-
gradable polymeric nanotheranostic particles in an orthotopic
GBM model. This would allow a dual advantage for magnetic
targeting and diagnostic properties of SP1O.

-®- Control (saline)

4 PTX/SPIO-NPs

¥ PTX/SPIO-NPs/magnetic targeting
0 2628 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Days

Notes: (A) MRl images of the control, passive and magnetic groups before and during treatment (on day 7 and day 21, respectively). (B) Kaplan—Meier survival curves (n = 7)
of the control, passive and magnetic targeting groups. The median survival times were 44, 41 and 49 days, respectively. The magnetic targeting group showed significant
differences (*p < 0.05) when compared with both the control and passive groups. PTX/SPIO-NPs, PTX/SPIO loaded PLGA-based NPs.

Abbreviations: MRI, magnetic resonance imaging; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); PTX, paclitaxel; SPIO, super paramagnetic iron oxide.
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Conclusion

The aim of the study was to evaluate targeting strategies
and their antitumor efficacies with PTX and SPIO-loaded
PLGA-NPs. The cellular uptake of PTX/SPIO-NPs was
concentration dependent. In an orthotopic GBM model,
Gd-DOTA contrast agent confirmed that the BBB was
disrupted, at least when tumor volume was ~0.2 mm?.
Magnetic targeting enhanced accumulation of PTX/
SPIO-NPs in the brain, as well as the antitumor efficacy,
and prolonged the survival rate of mice compared with
the passive targeting and saline treatments. Based on these
results, it can be concluded that PTX/SPIO-NPs with mag-
netic targeting may be considered as an effective anticancer
targeting strategy for GBM chemotherapy.
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Figure SI NMRI nude mouse with neodymium magnet and Elizabethan collar.
Abbreviation: NMRI, nuclear magnetic resonance imaging.
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