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Despite advances in neurology, drug delivery to the brain remains a substantial challenge. This is mainly due to
the insurmountable and selective nature of the blood–brain barrier (BBB). In this study,we show that the thermal
energy generated by magnetic heating (hyperthermia) of commercially available magnetic nanoparticles
(MNPs) in the brain capillaries of rats can transiently increase barrier permeability. Here, the fluorescent Evans
Blue (EB) dye was used to verify the BBB integrity. Results indicate a substantial but reversible opening of the
BBB where hyperthermia is applied. Also, in this investigation, analysis of CD68 immunoreactivity, an indicator
of inflammation, implies that this technique is not associated with any inflammation.We have previously inves-
tigated theranostic (therapeutic and diagnostic) capabilities of theMNPs, therefore, the findings presented in this
investigation are particularly encouraging for a novel targeted drug delivery system to the brain.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

There has been a lot of ink given to the enormous progress that sci-
entists around the world have made in the treatment of brain related
disorders, yet drug delivery to the brain remains a challenge [1]. This
is mainly due to the insurmountable and selective nature of the
blood–brain barrier (BBB). This barrier consists of tightly interconnect-
ed endothelial cells that circumferentially form the interior lining of the
cerebral vessel walls and prevents harmful substances from entering
into the brain. By extension, most drug molecules and available thera-
peutics are not able to reach the brain. According to Pardridge [2],
more than 98% of small molecules including therapeutics do not cross
this barrier. The objective of the present investigation is to provide
proof that magnetic heating (hyperthermia) of magnetic nanoparticles
(MNPs) by a low radiofrequency (RF) field can increase BBB permeabil-
ity without perturbing other brain cells. In order to make this proposi-
tion a clinically viable technique, it is first essential to show that the
opening of the BBB is local and it is entirely reversible.

Recent literature is unanimous that improving access to the BBB
holds substantial potential of improving therapeutic response to various
ngineering, Polytechnique de

.

brain related disorders including brain tumors [3]. In that regard,
MNPs have been vastly researched for therapeutic and diagnostic pur-
poses [4,13,12] as well as drug delivery to the brain [5–7]. The synergy
between the current study and the ongoing research on MNPs could
be pivotal in bringing more effective drug delivery technique with less
toxicity to the clinic and to the market.

The permeability of the BBB between adjacent endothelial cells
(tight junctions) is known to increase in response to physiologically
relevant temperature increase (38–39 °C) [8,9]. We have previously ob-
served reversible disruption of the BBB in this temperature range on the
surface of the brain [10]. For the first time in this study, we examined
BBB permeability at the presence of moderate heat dissipated from
magnetic heating of MNPs. The physics behind magnetic heating is be-
yond the scope of this paper, but in summary, a low radiofrequency
(RF) field can magnetically excite MNPs to release an energy in the
form of heat to their surroundings through a mechanism called Néel
relaxation [11]. Basically, each time the magnetic moments of the
MNPs align with the alternating direction of the RF field, they release
this energy once they relax back to their original direction. The present
investigation focuses on the influence of magnetic heating of MNPs on
BBBpermeability in anesthetized rats. This preliminary experiment pro-
vides evidence that our proposed approach goes beyond former
methods to access the brain tissue with higher spatial precision,
advanced control and lower immune reaction.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2015.02.027&domain=pdf
http://dx.doi.org/10.1016/j.jconrel.2015.02.027
mailto:sylvain.martel@polymtl.ca
http://dx.doi.org/10.1016/j.jconrel.2015.02.027
http://www.sciencedirect.com/science/journal/01683659
www.elsevier.com/locate/jconrel
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2. Material and methods

2.1. Characterization of the MNPs

MNPs with eight different coatings dispersed in separate aqueous
solutions were kindly provided by Chemicell GmbH (Berlin,
Germany). A small drop of diluted suspension from each sample
was positioned on a 200-mesh carbon film and dried by air. TEM im-
ages were acquired on a Jeol JEM-2100 field-emission gun (École
Polytechnique de Montréal, Canada) operated at 200 kV (see Supple-
mentary Information Fig. S2). The crystalline structure of the MNPs
was analyzed by an X-ray diffractometer (X'Pertmodel from Philipps)
using a Cu-Ka radiation (λ of 1.541 Å) at 50 kV and 40 mA (see Sup-
plementary Information Fig. S5). The superparamagnetic properties
and magnetization of the MNPs were measured using a vibrating
sample magnetometer (VSM) device (EV5, Magnetics, Université de
Montréal, Canada) at room temperature (see Supplementary Infor-
mation Fig. S3).

2.2. Magnetic heating by radiofrequency (RF) field

In this study, the RF field was set to 7.6 kA/m at 150 kHz by a 2-kW
HotShot induction heating amplifier (Ameritherm Inc., New York). To
apply this field, a custom-made coil was specifically designed to gener-
ate the required field strength and frequency fitted for the head of the
animal as described in Supplementary Information S1. In order to deter-
mine which commercially available MNPs would provide higher
heating profile, first various coatings of the MNPs were individually
placed inside the RF field (see Supplementary Information Fig. S1).
The temperature rise for every sample was then recorded in respect to
time. Finally, the sample with the best heating profile was chosen for
the in-vivo experiments.

2.3. Animal protocol

All animal procedures were performed according to the guidelines
approved by the Ethics and Experimentation on Animal Committee
(CDEA) of the University of Montreal. Twenty four pathogen-free
Sprague–Dawley rats (250–350 g) were examined to confirm the
efficacy of the proposed approach. The animals were randomly separat-
ed into five groups, namely i) Control (n = 4), ii) Control RF (n = 4),
iii) Normothermia (n = 4), iv) Hyperthermia (n = 8) and v) Recovery
(n = 4). The appropriate exact protocol sequence for each group is
tabulated in Table 1.

• Normothermia: Anesthetized animals (2.5% isoflurane in Oxygen) in
this group (n = 4) received a 0.3 mL intravenous 2% Evans Blue
(EB) dye (Sigma, USA) via the tail vein. The dye was then circulated
in the vasculature for 30 min. Each animal was then placed supinely
on a platform at 37 °C. Then the left common carotid artery (CCA), in-
ternal carotid artery (ICA), and external carotid artery (ECA) were
carefully isolated (see in Fig. 1) after a 1 cm incision in the middle of
Table 1
Groups of animals and the appropriate procedure.

i) Control : EB CP
ii) RF control : EB H2O-dd RF field CP
iii) Normothermia : EB MNPs CP
iv) Hyperthermia : EB MNPs RF field CP
v) Recovery : MNPs RF field Recovery EB CP

EB: Intravenous injection of 0.3 μL 2% Evans Blue dye (30 min circulation time).
CP: Cardiac perfusion of 0.9% saline and fixation solution.
H2O-dd: Injection of the 60 μL distilled water via catheterization into the left MCA.
RF field: Application of magnetic heating, exposure of the animal to the RF field (30 min).
MNPs: Injection of the 60 μL PMO-coated MNPs via catheterization into the left MCA.
Recovery: Two-hour recovery period during which the animal is anesthetized.
the neck. The distal portion of the ECA was permanently ligated
with a 4-0 suture. Microvascular clips were applied to the CCA and
the proximal parts of the ECA and ICA, and an incision was made be-
tween the ECA ligation site and the ECA clip. A 32G catheter (SAI, Illi-
nois USA) was inserted into the ECA towards the CCA then the ICA
while removing the microvascular clips. The distance between the
middle cerebral artery (MCA) and the bifurcation between ECA and
ICA is about 2 cm. Once the catheter was in place, an average of
60 μL poly(maleic acid-co-olefin) or PMO-coated MNPs (concentra-
tion: 12 mg Fe3O4/mL double distilled water) was slowly injected.
After injection, the catheter was slowly retrieved and the ECA was
permanently occluded to avoid excessive blood loss. The animal was
then kept alive under anesthesia for 30 min. Quickly after, the animal
was sacrificed via intra-cardiac perfusion of 60 cc warm 0.9% saline
followed by 100 cc 4% paraformaldehyde (PFA) for the first 3 animals
(RFU analysis) and 2% glutaraldehyde (stronger preservative for TEM
analysis) for the last animal, to flush all the blood and EB dye out of the
vascular system. Once perfusion was completed, the brain of the ani-
mal was extracted and placed inside a preservative solution (4% PFA
or 2% glutaraldehyde respectively).

• Hyperthermia: An average of 60 μL PMO-coated MNPs was injected
into the left MCA as described for Normothermia. Each animal was
then exposed to the RF field for 30 min. The animals were then
sacrificed by an intra-cardiac perfusion of 60 cc 0.9% saline followed
by 100 cc 4% PFA for 7 animals (RFU analysis (n= 3) and immunohis-
tochemistry (n = 4)) and 2% glutaraldehyde for the last animal
(TEM analysis).

• Recovery: Animals in this group (n = 4) received the same PMO-
coated MNP dosage via the left MCA as discussed before. They were
then exposed to the RF field for 30min and kept alive under anesthe-
sia for 2 h. Then the animals were infused by 0.3mL EB dye via the tail
vein. After 30 min, the animals were sacrificed via an intra-cardiac
perfusion as explained in Normothermia.

• Control and Control RF: Animals without MNP injection in the Control
RF group (n = 4) were exposed to the RF field for 30 min and
sacrificed by intra-cardiac perfusion as described in Normothermia.
Animals in the Control group (n = 4) did not receive MNPs and
were not exposed to the RF field. These animals were sacrificed via
an inter-cardiac perfusion 30 min after the dye was introduced in
the vasculature.
2.4. MNP localization using magnetic resonance imaging

Images of the selected brain samples were acquired by a 7 Tesla
magnetic resonance scanner (Agilent Technologies). The samples
were securely placed inside a custom-made coilwith 2 channels andpo-
sitioned in the middle of the magnet. To identify the MNPs in the brain
samples, contrast-enhanced T2 spin-echo sequences were acquired
using the following parameters: repetition/echo time, 3000 ms/20 ms;
slice thickness, 1.00 mm; matrix size, 512 × 512; and pixel spacing
(in plane resolution), 0.0488 mm2.
2.5. Analysis of BBB opening using Evans Blue

Three brains from each group were sectioned coronally into 200 μm
slices, from rostral to caudal on a vibratome (Leica, Germany) and
collected on gelatin-coated glass slides. Sections were then mounted
using a mounting medium and the EB staining was directly visualized
and imaged with an epifluorescent microscope (Leica DM2000,
Germany). The EB containing samples were imaged at 1× in phase-
contrast mode with a 9 ms exposure time. Images were exported for
luminosity analysis in tagged image file format (TIFF).



Fig. 1. The schematics for the experimental procedure for reversible hyperthermic opening of the BBB. a) Illustrates the MNPs being injected via a microcatheter that is inserted into the
External Carotid Artery (ECA) and advanced to the Internal Carotid Artery (ICA)where its tip isfinally positioned near theMCA in theCircle ofWillis. b) The anesthetized animal is exposed
to the RF field for 30 min.
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2.6. Evans Blue fluorescence data analysis

Luminescence intensity thresholds for the contralateral imageswere
computed and applied to their ipsilateral counterparts. The threshold
was defined as the maximal luminescence intensity for 95% of pixels
in the contralateral side of the brain. EB concentration comparisons
were assessed across all groups using one-way ANOVA and Bonferroni
Multiple/Post-Hoc tests. Therefore, the ratio of the difference in the lu-
minescence intensity between the two hemispheres with respect to
the area of the left hemisphere was defined as the amount of fluores-
cence for each particular slice. These ratios were then added and aver-
aged over a number of brain samples in each group (n = 3).

2.7. Analysis of BBB opening using transmission electronmicroscopy (TEM)

A group was selected for TEM imaging and fixated in 2% glutaralde-
hyde in PBS for 24 h. Transverse sections of the brain (200 μm thick)
were produced with a vibratome and kept in antifreeze solution at
−20 °C until processed for electron microscopy. The sections were
washedwith PBS, followed by a post-fixationwith 1% osmium tetroxide
in PBS for an hour at 4 °C. The brain sectionswere dehydrated in a grad-
ed series of ethanol (30–100%) and embedded in Epon. Ultrathin sec-
tions (70–80 nm) were cut using ultracut microtome and placed on
copper grids for analysis. The grids were contrasted with uranyl acetate
and lead citrate and examined using a Philips CM100 electron
microscope.

2.8. Index of brain inflammation

The detection of activated microglia/macrophages, an indicator of
brain inflammation, was performed on 40-um-thick floating coronal
sections from Hyperthermia group (n = 3). Sections were sequentially
washed for 30 min with PBS. These sections were then incubated at
37 °C for 45 min, followed by 1 h in blocking solution of PBS containing
10% BSA, 5% NGS plus 0.3% Triton X-100 at room temperature. For
CD68 immunostaining, Mouse Anti-Rat CD68 Monoclonal antibody
(Millipore, USA)was used at a dilution of 1:150 in PBS blocking solution
containing 0.5% BSA, 5% NGS plus 0.3% Triton X-100 at 4 °C overnight
and thenwashed for 30minwith PBS. For visualization by fluorescence,
the sections were exposed to Alexa fluor 546 Goat Anti-Mouse (Life
technologies, USA) at a dilution of 1:200 in a PBS solution for 2 h on
ice. Finally, the sections were rinsed and mounted on slides. Staining
was observed under a 20× objective by confocal laser scanning micros-
copy (Olympus). To ensure the accuracy of the procedure, these steps
were followedon a positive controlmodel. For that, an animalwas anes-
thetized by an i.p. injection of 0.53 mL pentobarbital (1.6 mL/kg) and
sacrificed 2 h after receiving an intra-cranial injection of 100 μl lipopoly-
saccharide (LPS).

3. Results

3.1. Physical properties of MNPs

Magnetic properties of the MNPs play a critical role in their heating
ability by an RF field. Superparamagnetic magnetite (Fe3O4) nanoparti-
cles have shown great potential in this regard [12]. The magnetic
heating ability of eight differentmagnetite nanoparticles was examined
in-vitro. Among these commercially available MNPs, poly(maleic acid-
co-olefin) or PMO-coated MNPs show the highest thermal effect when
excited by the RF field (data shown in Supplementary Information
Fig. S2). This led to the selection of magnetite MNPs with PMO coating
for the in-vivo portion of this investigation.

3.2. Characterization of MNPs

Transmission electron microscopy (TEM) was used to measure the
relative size distribution of the PMO-coatedMNPs. As shown in Supple-
mentary Information Fig. S5, these particles had a relatively widespread
distribution ranging approximately from 3 to 18 nm in diameter,
peaking at 11 and 13 nm.
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The crystal structure of these nanoparticles measured by X-ray dif-
fractometer confirmed that these nanoparticles were in fact magnetite
(see Supplementary Information Fig. S5). The vibrating sample magne-
tometer (VSM) measurements show low coercive field and lack of hys-
teresis which further proves the superparamagnetic nature of the
nanoparticles. According to these findings, the PMO-coated MNPs
were magnetically saturated (Ms) at 60.27 emu/g (data shown in
Supplementary Information Fig. S3).
3.3. BBB opening by magnetic heating

All animals were randomly separated into five groups, namely
i) Control, ii) Control AC, iii) Normothermia, iv) Hyperthermia and
v) Recovery. The appropriate protocol for each group is tabulated
in Table 1 and described in the previous section. Images of the
extracted brains from each group are displayed in Fig. 2. From the
camera section of these images it is clear that in the case of Normo-
thermia group where the thermal energy was not applied, the
MNPs (seen in black) remained inside the vasculature near the tar-
get. In Hyperthermia however, only a large blue stain that is resulted
from diffusion of the EB dye into the tissue is apparent. Conversely, in
Recovery neither the blue stain nor the black residue of the MNPs is
visible (see Fig. 2 — Camera).
Fig. 2. Results of randomly selected brain samples from every experimental group is shown in th
after intra-cardiac perfusion the EB dye is visible indicates that it has successfully diffused into t
not applied, theMNPs (black) remained inside the vasculature. In the Recovery group, there is
taken by a 7 Tesla animal MRI. TheMNPs are shown as distortions of the image (black) around t
groups. iii) EpifluorescenceMicroscope: images from 200 μmslices (approximately 8.28mm fro
luminosity in Normothermia than any other group.
3.3.1. MNPs as MRI contrast agents
The presence of theMNPs in the tissue creates distortions on the im-

ages acquired by theMRI (see Fig. 2—MRI). While after the application
of magnetic heating (in Hyperthermia and Recovery), MNPs are no lon-
ger visible by the naked eye, the distorted images provide evidence that
the MNPs in fact continue to exist in the target. Nevertheless, any small
quantity of the MNPs can generate such distortions, therefore, we
cannot speculate on the concentration of MNPs that has remained in
that location.
3.3.2. Fluorescent EB dye
Selected images taken by the epifluorescence microscope are

presented in Fig. 2 — Epifluorescence Microscope. From these images,
Hyperthermia seems to have a higher rate of luminosity than other
groups. To further examine this observation, brains from all experimen-
tal groupswere sliced, imaged and analyzed. The result of this analysis is
shown in Fig. 3. In this figure, each column represents the relative
fluorescent units (RFU) computed from all brain samples in a group.
As expected for Hyperthermia (p b 0.05 vs. Control), the RFU is clearly
higher than in any other group. Also in the case of Recovery (p b 0.01
vs. hyperthermia), the amount of fluorescent units counted after 2 h
of recovery from magnetic heating is substantially lower than Hyper-
thermia and Normothermia.
is figure. i) Camera: images taken by a digital camera from 3 different angles. The fact that
he target brain tissue (Hyperthermia). In the case of Normothermiawhere the RF field was
no indication of dye diffusion nor MNP residue in the target area. ii) MRI: these images are
he target tissue in the left hemisphere for the Normothermia, Hyperthermia and Recovery
m interaural) are shownunder thismicroscope. The fluorescent EB dye has a higher rate of
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Fig. 3. This graph represents the relative fluorescence unit (RFU) for the Normothermia,
Hyperthermia and Recovery groups. These values are in fact average of the sums of the
amount of fluorescence that were computed from three brains in each group. Expectedly,
Normothermia (* p b 0.05 vs. Control) has the highest RFU value and Recovery
(++ p b 0.01 vs. Hyperthermia) has the lowest one.

Fig. 4.Micrographs from TEM images: a) Control: A cross section of a blood vessel in the corte
indicated the location of a tight junction between two adjacent endothelial cells. b) Normot
shown by an arrow inside a capillary. The black stars show the location of microglia cells arou
still present in the capillary. The MNPs are shown by an arrow. d) Recovery: MNPs could not
recovery.

53S.N. Tabatabaei et al. / Journal of Controlled Release 206 (2015) 49–57
3.4. TEM analysis of the BBB

A brain from each experimental group was specially prepared for
TEM imaging as described in the previous section. Some of these images
are presented in Fig. 4. For Hyperthermia and Normothermia, theMNPs
are clearly visible inside the capillaries (shown by an arrow in Fig. 4b
and c). Red blood cells and macrophages as well as cellular debris are
also easily detected in these capillaries. There was no difference
between images from the Control group and the Control RF group.
Last but not least, TEM images from the Recovery group indicated a sub-
stantial decrease in the concentration of theMNPs inside the capillaries.

3.5. Brain immune response

As described in the previous section, immunohistochemistry analy-
sis was performed to detect the presence of the CD68 marker in brain
tissue following BBB opening by magnetic heating. The presence of
x region. There was no difference between the Control and Control RF groups. The arrow
hermia: A cross section of a blood vessel in the cortex region with MNPs. The MNPs are
nd the capillary. c) Hyperthermia: After 30 min of exposure to the RF field, the MNPs are
be seen in the images acquired by TEM, the brain structure seemed healthy after 2 h of



Fig. 5. Immunohistochemistry: a) The activated microglia is shown by the fluorescent CD68 marker on lipopolysaccharide (LPS) injected brain sample (Positive Control) at the injection
site. b) There is no evidence of activated microglia in the brain parenchyma of Hyperthermia treated rats. CD68 markers are only found on macrophages inside capillaries at the MNP
injection site. The brain capillary in this image is outlined by dotted lines. c) TEM image shows that macrophages (shown by arrows) have quickly gathered to start the cleanup process
of the capillary from the MNPs.
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this marker indicates that the brain immune system has been activated.
As illustrated in Fig. 5a, samples from the injected brain with lipopoly-
saccharide (LPS) (positive control) were thoroughly lit by the CD68
fluorescent markers on activated microglial and/or microphages. Re-
markably, other than expected evidence of monocytes in the capillaries
(reticuloendothelial), no other trace of CD68 was found in the paren-
chyma of brains that were treated with magnetic heating.

4. Discussion

4.1. Transient opening of the BBB

In this investigation, we propose a novel method to deliver thera-
peutic agents to the brain tissue. The objective of this study is to provide
preliminary evidence that under the influence of RF field the thermal
energy released from theMNPs can transiently increase BBB permeabil-
ity. Our teamhas previously shown propulsion of the sameMNPs in the
vasculature towards a target site using a modified clinical MRI [20]. In
this study, we used a simple cannulation technique to deliver MNPs to
the surface of the target endothelium (the left MCA). We believe that
the combination of the transient BBB opening and the MRI-based
targeting technique can have a high impact on localized drug delivery
to the brain.

Due to the dismal prognosis of patients with brain related disorders,
overcoming the BBB for drug delivery is highly desirable. Apart from
surgery, which is the most invasive yet standard clinical approach for
many types of brain tumors, the conventional administration of thera-
peutics is rigorously limited by poor drug penetration. In addition,
some disorders are located in the middle of the brainstem, where they
infiltrate amidst the nerves, thereby making surgery practically impos-
sible. Transient disruption of the BBB can be attained by intra-arterial in-
jection of an osmotic agent such asmannitol [14], or alkyl-glycerol [15].
However, osmotic agents lack targeted delivery and they can result in
widespread BBB disruption with the potential for deleterious conse-
quences. High intensity focused ultrasound (HIFU) is among prominent
strategies for local delivery of therapeutics to the brain. This technique
employs an acoustic energy to vibrate intravenously administered
micro-metric lipid-encased perfluorocarbon gas microbubbles (MBs)
near the target endothelium. The oscillating MBs create a mechanical
stress on the endothelial tight junctions thus allowing therapeutics to
enter the brain [16,17]. Despite its enhanced synergistic effects, MBs
have short half-lives in the vasculature and are quickly up-taken by
the reticuloendothelial system when circulating through the liver. On
the other hand, when MNPs are deposited, they remain on the surface
of the target endothelium for the duration of our technique. Further-
more, in the presence of HIFU, MBs undergo a phenomenon that leads
to the formation of high pressure shock waves as well as fast-moving
liquid jets [18], which can seriously damage the cellular membrane
near a rigid surface in the brain. Also, the sound waves propagate non-
linearly over a large region of biological structures before converging
into a focal point,whichmay lead to undesirable side effects. The affinity
of the MNPs on the surface of the target endothelium however, assures
that the thermal energy is exclusively dissipated to the BBB. Therefore,
this cell-specific approach ultimately minimizes potential side effects
and overheating of the surrounding structures such as astrocytes and
neurons. In addition, HIFU is also debatably performedwithout the ben-
efit of real-time visualization. In other words, the time interval between
intravenous administration of MBs and their arrival at the target loca-
tion prior to the application of the acoustic energy is often roughly ap-
proximated. This, and HIFU's current relatively large focal point
(1 × 1 × 7 mm3 [19]), result in low spatial resolution for intervention
in a highly sensitive organ such as the brain. The MNPs in our cell-
specific method can be visualized as artifacts on the images of the
MRI, and relatively low frequency RF field is just as effective in deep
structures as it is at the surface of the brain.

4.2. In-vivo transient opening of the BBB by hyperthermia of MNPs

To examine BBB integrity, all animals received an intravenous dos-
age of the florescent EB dye which is a tetrasodium diazo salt marker
of albumin extravasation (MW 68 kDa [21]). Other dye molecules
with different molecular weights will be used to further measure BBB
opening in the future studies. We also used rat models due to their re-
markable genetic overlap with humans and the availability of well-
documented protocols. As shown in Fig. 2— Camera, the dye molecules
could not cross an intact BBB (Control, Control RF, Normothermia, and
Recovery), but after magnetic heating of MNPs that were injected into
the left MCA, the dye noticeably penetrated into the target brain tissue.
Interestingly, while the exact time it may take for the BBB to recover
frommagnetic heating is yet to be determined, after a two-hour recov-
ery period the dye could no longer cross into the brain tissue. This sig-
nifies that the BBB is able to naturally redeem full functionality and
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recover from magnetic heating. In order to obtain a quantitative
sense, the dye penetration in each experimental group was analyzed
by an epifluorescence microscope and presented in terms of relative
fluorescent units (RFU) in Fig. 3. Remarkably, this figure suggests
that the amount of dye diffused into the brain tissue after applica-
tion of magnetic heating is over 4-fold larger than when it is not
applied.

Reversible opening of the BBB by magnetic heating of MNPs re-
quires a precise delivery of a well-controlled thermal dose into a
complex biological system of the brain that is equipped with its
own thermoregulatory system. While theoretical calculation of the
temperature near the BBB by thermodynamic equations is possible,
exact empirical readings are practically impossible. Therefore, in-
stead of relying on thermometers, MNPs and magnetic heating pa-
rameters are adjusted based on the feedback from the quantitative
analysis of diffused dye into the tissue. For example, if the dye was
unable to diffuse into the tissue after 30 min of magnetic heating,
we could increase the exposure time or the MNP concentration to
reach BBB opening levels. We understand that this trial and error
method is not an optimal solution and it should be improved for fu-
ture investigations.

The accumulation of MNPs may have led to ischemic stroke,
which would translate into BBB leakage [22]. However, despite evi-
dence of accumulated MNPs as seen in TEM images shown in
Fig. 4b and c, these images do not show any sign of neuronal death
or glial reactivity as observed in ischemic stroke. A recent study by
Darwazeh et al. [23] suggests that mild elevation of brain tempera-
ture may have positive effects on the injured central nervous system.
Regardless of ischemic occurrence, our results simply imply that the
BBB leakage rate is substantially higher with magnetic heating and it
is lower after recovery.

The EB dye is considered a blood-bornemoleculewhich is at equilib-
rium between bound and unbound forms. A more thorough investiga-
tion using molecular tracers of different sizes would allow us to
determine what is the size of the molecule that can be delivered by
this method. Other future work include assessment of the BBB perme-
ability for longer periods of time, use of neuronal and axonal markers
to ensure the safety of this protocol, aswell as surfacemodification, syn-
thesis and optimization of the MNPs. Conveniently, the coating of the
MNPs in this study provides an adhesive property (hydrophobic/
hydrophilic interaction) to anchor onto the surface of the endothelium.
The final concentration of theMNPs in the brain is highly dependent on
the exact location of the injection site, as well as the blood flow rate at
the time of injection.

As shown in Fig. 2— Camera, theMNPs are seen in the vasculature
of only the Normothermia group. The MRI section of the same figure
shows darker reflexion for theMNPs in that group.While amultitude
of factors may be at play, we speculate that the thermal energy facil-
itates MNP liberation from the surface of the endothelium in Hyper-
thermia and Recovery groups. Also, the reticuloendothelial
(macrophage) clearance system (RCS) actively cleans the capillaries
from the intruding MNPs (see TEM image on Fig. 5c). However, even
after magnetic heating and/or the work of the RCS, some of the MNPs
remain in the target location. This is evident from the images shown
in Fig. 2 —MRI. In this figure, the MNPs are detected as distortions of
the image because they greatly change the spin–spin relaxation rate
(T2) of the surrounding water molecules in the tissue [24]. The exact
quantity of the MNPs that remain in the target is yet to be investigat-
ed. Nevertheless, the images in Fig. 4b and c suggest that the MNPs
stay in the capillaries and do not cross the BBB. Conversely, in a re-
cent in-vitro study Bramini et al. [25] have reported significant cross-
ing of the MNPs through the BBB. In our case however, other than a
few lysosomal-like accumulations, we did not observe large accumu-
lations inside the endothelium membrane (image not shown). This
shows that different coatings, composition and size of the MNPs in-
teract differently with the BBB.
4.3. Primary immune response

The complex effects of BBB opening on the brain immune system
have important implications for clinical practice. In reaction to inflam-
mation or homeostatic disturbances, microglial cells play a central role
in immune responses of the brain environment. These cells present
themselves as resting during local surveying of the microenvironment,
and activated during an immune response. TEM images reveal the pres-
ence of these cells around the capillaries in resting state (Fig. 5c). The
morphological change of microglia from resting to activated state is
largely associated with an increase in CD68 glycoprotein on the cyto-
plasm of the microglial cells. This marker is also expressed on various
macrophages/monocyte lineage cells [26] and it is a commonly used an-
tibody as a primary indicator of the immune response. Although we
have not yet fully verified this using all histologicalmethods, the screen-
ing for CD68 marker showed no apparent immune response to our
treatment in the brain tissue.

It is evident that once the BBB is opened, the brain is exposed to
blood-derived factors from which it is normally isolated. While there
are other exampleswhere the treatments for chronic and lethal diseases
may temporarily jeopardize the patient's health as awhole, for a patient
with severe brain disorder such as a lethal tumor, the benefit of having
muchneeded therapeutics cross theBBB outweighs the risks. The unfor-
tunate sequelae of chemotherapy induced immunosuppression that se-
riously increases susceptibility of the patient to harmful pathogens is
one of many examples. To minimize the entry of opportunistic patho-
gens to the brain, the extent of BBB opening must be engineered to
exact molecular weight and size of the drug of interest. Adjusting the
RF field parameters, the duration of the exposure to the field, as well
as surface modification of MNPs, concentration, and volume will also
enhance our control on the magnitude of the BBB opening and it will
minimize possible pathological risks.

4.4. Properties of the MNPs

In addition to being multifunctional entities that make MNPs great
candidates for targeted drug delivery [4,27,28], they have been exten-
sively studied for their magnetic heating abilities as a complementary
therapy that yields maximum benefit from radiotherapy and chemo-
therapy [5,29]. Among various chemical compositions, iron oxide
MNPs (Fe3O4) have been given special attention due to biodegradability
and low toxicity [30,31]. To minimize direct exposure of the iron oxide
core while in biological settings, MNPs are often coated with a protec-
tive polymer shell. In addition, the coating decreases the dipole–dipole
interaction between individual particles and prevents undesired aggre-
gation [32]. Our investigation showed that among commercially avail-
able particles, polymaleic acid-co-olefin (PMO)-coated MNPs have the
highest thermal effect (see Supplementary Information S1). Other prop-
erties such as particle diameter and size distribution (mono-dispersed
vs. poly-dispersed) can also play an important role in MNP heating
ability [33,34]. To obtain maximum efficacy from the MNPs, these
parameters should be well considered.

4.5. Regulations for safe RF Field

Guidelines that limit the RF field parameters are set to prevent
deleterious physiological responses. These responses are stimulations
of peripheral and skeletal muscles, possible cardiac stimulation, ar-
rhythmia and non-specific inductive heating of tissue. For biomedical
purposes, the frequency of the field has to be higher than 50 kHz to
avoid neuromuscular electrostimulation and lower than 10MHz for ap-
propriate penetration [35]. In addition, when an electromagnetic wave
such as the RF field passes through the human body, as it collides with
the tissue it declines in intensity. This decline is supported by a mathe-
matical equation and it is further discussed in supporting information
(Supplementary Information S2). We found frequencies ranging near
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100 kHz suitable for proper tissue penetration and excitation of the
MNPs at a target area deep in the brain. The tolerable exposure of living
tissue to RF field is limited by its physiological constraints and depends
on the field parameters. The ICNIRP guideline suggests a load threshold
of 10W/kg for the human head [36]. Plugging appropriate conductivity
values for the human brain tissue (white matter, gray matter and skull)
at 100 kHz [37], we obtained the upper limit curve for the RF field
amplitude and frequency inside a cylindrical coil large enough to fit a
human head (Supplementary Information Fig. S6).

4.6. Prospect in targeted drug delivery to the brain

Among all disorders, brain tumors are extremely lethal and incredi-
bly invasive and despite the remarkable progress in pharmaceutical ad-
vances, the clinical translation of drug delivery to the brain faces a
bottleneck. The inability to permeate through the BBB as well as lack
of a localized therapy increases the cytotoxic risks of the therapeutics
on normal tissue and thus hampers their efficacy. This is well apparent
in the case of gliomas that account for approximately 70% of all malig-
nant primary brain tumors and despite important advances in under-
standing their molecular pathogenesis, as well as in surgical resection
and radiotherapy, they remain difficult to treat and the average survival
length is only 12 to 15 months after diagnosis [38,39]. Therefore, highly
selective permeability of BBB and limited pharmacological interven-
tions, as well as high cytotoxicity of systemically administered
therapeutics reinforces the importance of a controlled, localized and
targeted remedy for brain related disorders.

Glioblastoma multiforme is the most common and invasive malig-
nant primary brain tumor in children. With magnetic heating of MNPs
that are attached to the BBB, we can evaluate the efficacy of orally ad-
ministered chemotherapeutic drugs such as temozolomide on this
tumor. In addition, transferrin has receptors specifically localized on
the BBB and at higher concentration in and around brain tumors [40],
therefore, the spatial specificity of transferrin-conjugated MNPs to
open BBB at the vicinity of the tumor can be investigated. This strategy
will allow us to optimize theMNP concentration required to control the
BBB permeability and to use lower dosage of toxic therapeutic agents to
combat the tumor.

In contrast to other forms of drug delivery mechanisms, MNPs have
shown great advantages in tumor targeting [28] and treatment [41]. In
fact, our team has previously displaced and tracked therapeutics
that were bounded to the MNPs in the vasculature of an anesthetized
animal [20]. With the help of an applied 3D driving force from themag-
netic fields of the MRI, aggregates of MNPs can be propelled towards a
target region such as the brain. In addition, they can be tracked using
the same distortion that they create on the images of the MRI shown
in Fig. 2 — MRI. In this paper, we introduced magnetic heating ability
of the same MNPs to yet expand their capabilities in drug delivery. We
believe that the integration of the MRI-based propelling and tracking
technique, as well as the BBB opening by magnetic heating provides
the start of a non-invasive localized and targeted drug delivery mecha-
nism to the brain.

5. Conclusion

In this preliminary investigation, we introduced a method to
transiently and locally open the BBB. It consists of the application of a
regulated RF field to the locally administered MNPs in the brain. The
MNPs in this configuration act as miniaturized heat sources that deliver
the thermal energy uniquely to the endothelium with a higher spatial
precision. We showed that large dye molecules are able to cross the
BBB after application of this technique. We also showed that the BBB
is able to naturally fully recover. Although the results shown here are
only a proof of concept, the final goal of this research is to develop a
mechanism that uses MRI and engineeredMNPs to deliver therapeutics
anywhere in the brain. The scientific ingenuity of the proposed
technique combines simplicity, localized reversible drug delivery and
accessibility throughout all regions of the brain, together with cell-
specificity and apparent lack of primary immune response. Potentially,
this approach opens up a newwindow in search for a local drug delivery
mechanism to treat various disorders including psychiatric, neurologi-
cal and neurodegenerative disorders.
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