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Abstract

The increasing use of mechanical thrombectomy in stroke management has opened the window to local intraarterial
brain delivery of therapeutic agents. In this context, the use of nanomedicine could further improve the delivery of new
treatments for specific brain targeting, tracking and guidance. In this study we take advantage of this new endovascular
approach to deliver biocompatible poly(D-L-lactic-co-glycolic acid) (PLGA) nanocapsules functionalized with
superparamagnetic iron oxide nanoparticles and Cy7.5 for magnetic targeting, magnetic resonance and fluorescent
molecular imaging. A complete biodistribution study in naive (n =59) and ischemic (n =51) mice receiving intravenous
or intraarterial nanocapsules, with two different magnet devices and imaged from 30 min to 48 h, showed an extraor-
dinary advantage of the intraarterial route for brain delivery with a specific improvement in cortical targeting when using
a magnetic device in both control and ischemic conditions. Safety was evaluated in ischemic mice (n = 69) showing no
signs of systemic toxicity nor increasing mortality, infarct lesions or hemorrhages. In conclusion, the challenging brain
delivery of therapeutic nanomaterials could be efficiently and safely overcome with a controlled endovascular admin-
istration and magnetic targeting, which could be considered in the context of endovascular interventions for the delivery
of multiple treatments for stroke.
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Introduction

Given the narrow time-window and insufficient perfor-
mance of thrombolytic therapies in large vessel occlu-
sion strokes, endovascular therapy (EVT) has been in
the spotlight of stroke management over the past
years.! EVT is now increasingly used throughout devel-
oped countries, with substantially improved devices
showing successful recanalization rates within the first
6 h after symptoms onset.> © Furthermore, the current
American  Stroke  Association/American  Heart
Association guidelines have extended this time
window up to 24 h in patients that meet specific eligi-
bility criteria as demonstrated in the DAWN or
DEFUSE clinical trials.”® However, despite these
enormous advances in stroke management, the stroke
community is still investigating on new treatments to
improve functional recovery beyond the acute phase,
when rehabilitation therapies are the only approved
treatments.'® In this context, the extensive use of
EVT in the daily clinical practice has also opened the
opportunity for direct deliveries to the brain vascula-
ture, through which neuroprotective or neurorestora-
tive treatments could be directly administered in the
ischemic hemisphere thus helping to overcome a signif-
icant drawback of systemic drug delivery.'!? In this
regard this administration route has already been used
in stroke clinical trials to administer autologous stem
cells,"® drugs such as verapamil'® or to induce cerebral
hypothermia by administering cold isotonic saline."”

In this scenario nanomedicine-based strategies are
optimal candidates to synergistically exploit the advan-
tages of endovascular approaches by tracking the ther-
apeutic agent with imaging tags, reducing drug doses
with a sustained release or improving brain targeting
with functionalized biomaterials. In this light, we
aimed at studying for the first time the advantages of
the post-stroke endovascular delivery of biocompatible
nanomaterials combined with specific magnetic brain
targeting providing a complete safety, feasibility and
biodistribution study. For this we have chosen poly
(D-L-lactic-co-glycolic acid) (PLGA) as an FDA-
approved biocompatible polymer that is currently
used in over 10 therapeutic nanoformulations, with
the potential to encapsulate a large variety of therapeu-
tic agents and integrate different imaging moieties.'®!”
For the present study, the PLGA nanocapsules (NC)
were functionalized with superparamagnetic iron oxide
nanoparticles (SPION) and Cy7.5 for the improved
magnetic targeting and brain imaging.

Our data provides evidence of the potential use and
advantages of the endovascular delivery of nanomate-
rials after cerebral ischemia, which could be considered
in the context of EVT to deliver multiple therapeutic
agents.

Materials and methods

Animals

All procedures were approved by the Ethics Committee
for Animal Experimentation of the Vall d’Hebron
Research Institute and Universitat Autonoma de
Barcelona (protocol numbers 70/18 and CEEA-4784)
and conducted in compliance with the Spanish legisla-
tion and in accordance with the Directives of the
European Union. A total of 129 C57BL/6JRj (C57)
and 88 Balbc AnNRj (Balbc) adult male mice (23.7+
1.5 g and 23.8+ 1.2 g, respectively, 7 to 9 weeks), pur-
chased from Janvier laboratories (Saint Berthevin,
France), were used in this study. Mice were housed in
groups and kept in a climate-controlled environment on
a 12h light/dark cycle. Food and water were available
ad libitum. At the end of the study, a total of 59 mice
were excluded: 21 due to failure/complications of the
experimental procedures, 34 due to mortality after the
interventions and 4 according to the exclusion criteria of
the experimental model. A total of 38 mice were used for
background control during fluorescent molecular imag-
ing (FMI) acquisitions. All in vivo experiments are
reported according to the ARRIVE 2.0 guidelines.'®
Complete schemes of the experimental designs are pre-
sented in Figures 1 to 4 and 6.

Middle cerebral artery occlusion (MCAo)

C57BL/6 mice were subjected to 60 min MCAo by intro-
ducing an intraluminal filament through the right internal
carotid artery (ICA), as described elsewhere.'” All ani-
mals were anesthetized with isoflurane via facemask
(5% for induction, 1.5% for maintenance in air, 79%
N»:21% O,). Body temperature was maintained at
37°C using a self-regulated heating pad connected to a
rectal probe. Mice eyes were protected from corneal
damage during surgery using an ophthalmic lubricating
ointment (Lipolac™; Angelini Farmaceutica, Barcelona,
Spain), and analgesia (subcutaneous buprenorphine
0.1 mg/kg; Divasa Farma-Vic S.A., Barcelona, Spain)
was given before starting the surgical procedure and
daily during the first 5 days after the surgery to minimize
their pain and discomfort. Additionally, 0.5 mL of saline
was daily administered subcutaneously for post-surgical
recovery during the first 5days. Nutritionally fortified
water gel (DietGel Recovery®, ClearH20®, Portland,
ME, USA) was given to mice from Safety study 2 one
week prior to surgery for habituation and was available
ad libitum after surgery.

After surgical exposure of the right Common
Carotid Artery (CCA) bifurcation into the External
Carotid Artery (ECA) and the ICA, a silicone-coated
nylon monofilament (Doccol Corporation, Sharon,
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Figure |. Endovascular-ICA administration of functionalized NC. (a) Scheme of the subcutaneous magnet implantation and the
surgical procedure for intraarterial NC administration. (b) CBF during and after intraarterial administration of 0.8 mg of NC in 150 pL
of saline (n = 6). Data shown as mean=£SD. (c) Representative SEM image of NC. Inset showing a single NC TEM image, with SPION

visible as black spots uniformly distributed in the PLGA.
PA: pterygopalatine artery.

MA, USA, reference number: 602256PK10Re) was
introduced through the ECA and directed towards
the ICA to occlude the MCA. Occlusion was moni-
tored by laser Doppler flowmetry using a flexible
fibreoptic probe (Moor Instruments, Devon, UK)
placed on the surface of the distal MCA branch, and
confirmed by the decrease of the registered cerebral
blood flow (CBF) >80% (100% being considered as
the pre-ischemia CBF value). After occlusion, animals
woke up and were re-anesthetized for reperfusion
60 min later as described above by removing the mono-
filament. Only animals recovering >80% of CBF after
filament removal were finally included.

Nanocarriers synthesis

PLGA-NC were synthetized by a double emulsion sol-
vent evaporation method and functionalized with
SPION and Cy7.5 (Figure 1(a) and (c)), as described
previously.?® Briefly, SPION were embedded in the
PLGA shell by adding oleic acid-coated SPION with
an average diameter of 9nm in the PLGA organic
phase during the first emulsification, and modified
PLGA-Cy7.5 was also added in the organic phase in
addition to the commercial PLGA. The obtained NCs
suspension in trehalose aqueous solution was

lyophilized and stored at 4°C with desiccant silica gel
until each experimental use when they were resus-
pended in saline. The NC were freshly dispersed at
the desired concentration before use, vortexed for
I min and sonicated in an ultrasound bath for 3 min
at 83.3W/L and 48 kHz. Details of the different NC
batches used in this study are listed in the
Supplementary Table S1.

Administration routes. Systemic intravenous administration
through the tail vein and intraarterial administration
through the ICA of the NC dispersed in saline (either
1.6 or 0.8 mg/animal, corresponding to the biodistribution
and therapeutic doses, respectively) were conducted; see
Figure 1(a). The therapeutic dose corresponds to the
approved doses of iron Feridex® (Endorem®).>' The sur-
gical procedure for the intraarterial administration was
protocolized in the intraluminal MCAo model by cannu-
lating the ECA 30 min after reperfusion under anesthesia
as described above, with a polyimide microcatheter (0.2-
0.22mm OD, 0.14-0.15 mm ID; MicroLumen, Oldsmar,
FL) directed towards the ICA and connected to an infu-
sion pump (PHD 2000 Advance Syringe Pump, Harvard
Apparatus, Holliston, Massachusetts, US) at an infusion
rate of 75puL/min, total volume 150 uL.. Sham animals
underwent the same surgical procedure as for the
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Figure 2. Biodistribution after NC administration showing the advantage of intraarterial-ICA route and magnetic targeting in naive
mice. (a) Scheme of the Biodistribution study |, representative in vivo and ex vivo FMI images at 3 h after intravenous/intraarterial NC
injection and graphs showing the corresponding quantification on brain regions of interest (ROIs). Data shown as median (IQR). (b)
Scheme of the Biodistribution study 2, representative images ex vivo FMI of the ipsilateral/contralateral cortical and subcortical brain
regions at 3 h after intraarterial NC injection and graphs showing the corresponding quantification. Data shown as median (IQR).

*P < 0.05, *P < 0.01, **P < 0.001.

i.v.: intravenous; i.a.: intraarterial; Ctrl: control; ILC: ipsilateral cortex; ILSC: ipsilateral subcortex; CLC: contralateral cortex; CLSC:

contralateral subcortex.

intraluminal MCAo model except that the microcatheter
was introduced through the ECA without previously
occluding the MCA. Note that the pterygopalatine
artery was permanently sutured in all cases to avoid per-
fusion towards off-target arcas. The cortical CBF was
registered before, during and after intraarterial adminis-
tration of the NC as described above and according to
the experimental design in each group. On the other
hand, for intravenous administrations a volume of
150 uL NC suspension was administered using a 25G
needle through the lateral tail vein after vessel dilatation
using a heat lamp.

Magnet devices

To study the advantages of an external magnetic field
for specific brain targeting of the magnetized NC, two

different iron-neodymium-boron (FeNdB) magnets
were constructed considering the mouse brain anato-
my: permanent Magnet 1 (M1) and focused Magnet 2
(M2), together with non-magnetic pieces serving as
controls, minimally differing on the final size: Fake 1
(F1) and Fake 2 (F2).

M1 consists of a circular FeNdB permanent magnet
of 5x2 mm covered by a soft iron yoke and a biocom-
patible polymer support frame (final size of the device
was 8x3 mm). M2 consists of a focused FeNdB magnet
with a 2x1lmm matrix of submagnets covered with
nickel and a thin biocompatible polyurethane/epoxy
film, with a final cylindrical shape of 6x3 mm. F1
and F2 were manufactured as M1 and M2, respective-
ly, except for a brass core instead of FeNdB. The spa-
tial distribution of the magnetic field and magnetic
force of M1 and M2 was characterized with the
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standard QUICKFIELD software. The modelling was
calculated in the plane 3mm over the surface of the
magnet devices (Figure 5).

The magnetic field induction and magnetic field gra-
dient of the magnet devices M1 and M2 were measured
by 3D Hall probe. The magnetic force was calculated
according to the distance from the center of the magnet
at 3mm in height from the magnet surface.

The magnet/fake device was implanted on the right
(ipsilateral) hemisphere prior to the NC administration
(under anesthesia, as described in the supplementary
materials) attached to the skull with superglue. The
skin was closed over the device using Histoacryl®
(Figure 1(a)) and the piece was removed before the
first in vivo image acquisition.

Biodistribution by FMI

FMI was performed to characterize the fluorescence of
the Cy7.5_NC in vitro (for details, please see the
supplementary materials) and to track the NC
biodistribution in vivo and ex vivo in single organs
using a Xenogen IVIS® spectrum. Prior to in vivo
administrations, the fluorescence of Cy7.5 NC
batches was characterized by FMI. Briefly, a series of
concentrations of Cy7.5-labeled NC in 100 uL of saline
were prepared for each batch in a 96-well plate and
imaged using a Xenogen IVIS® spectrum (Aex/iem
710/820 nm, respectively); see Figure S1.

The general protocol for the in vivo biodistribution
studies started with mice being anesthetized with isoflur-
ane via facemask (5% for induction, 1.5% for mainte-
nance in 95% O,) and images being acquired at different
time points post-injection according to each experimental
design (Aex/Aem 710/820 nm, respectively) in dorsal and
ventral views of the whole body. Between image acquis-
itions mice recovered from anesthesia in temperature-
controlled recovery cages. All animals were euthanized
by cervical dislocation under anesthesia after the last in
vivo acquisition and brain, heart, lungs, liver, spleen,
kidney and bladder were dissected for the ex vivo imag-
ing (ex/Aem 745/820nm, respectively) in dorsal and
ventral views. For details of the FMI analysis, please
see the supplementary materials.

Biodistribution study 1: To first study biodistribution
of the NC following systemic or endovascular routes
and the influence of the first magnet device for brain
targeting, randomly assigned naive Balbc mice were
injected either intravenously (n=16) or intraarterially
(n=10) with the 1.6mg biodistribution dose of
Cy7.5_NC following the aforementioned protocols.
Each intravenous/intraarterial group was further ran-
domly divided into the M1 and the control F1 groups.
The fake/magnet devices were implanted for 30 min
after the NC administration and FMI in vivo images

were acquired at 30min, 1h and 3h post-injection
(Figures 1(a) and 2(a)). After the last acquisition,
mice organs were obtained for ex vivo imaging as
described above. Biodistribution study 2: to further
investigate the influence of the magnetic field on the
NC brain retention, naive Balbc mice receiving the
1.6 mg biodistribution dose of Cy7.5_NC intraarterially
were randomly assigned into the M1 (n=7) and
the control F1 (n=38) groups, implanted and adminis-
tered as described above. A single image
acquisition was conducted at 3h post-injection when
the brain was removed and divided into cortical and
subcortical regions for the ex vivo acquisition
(Figures 1(a) and 2(b)).

Biodistribution study 3: next, we studied the biodis-
tribution of the NC after acute intraarterial adminis-
tration in the MCAo model, with magnetic guidance by
two magnet devices with different magnetic fields. A
total of 16 C57 mice receiving the 0.8 mg therapeutic
dose of Cy7.5_NC intraarterially were randomly divid-
ed into the two magnet groups (M1 and M2) and a
control fake F2 group. The magnet/fake devices were
removed after 3 h before the first FMI acquisition time-
point which was repeated at 48 h post-injection. After
the last image acquisition organs were obtained for ex
vivo imaging (Figures 1(a) and 5(a)).

Biodistribution by magnetic resonance imaging (MRI)

Biodistribution study 4: MRI was performed to further
characterize the retention and spatial distribution of
the NC in the brain after acute intraarterial adminis-
tration in the MCAo model with magnetic guidance by
the M2 device, which showed a better performance in
the FMI Biodistribution study 3 (Figures 1(a) and 5(b)).
A total of 17 C57 mice receiving the 0.8 mg therapeutic
dose of Cy7.5 NC through the ICA were randomly
divided into the M2 and the control F2 groups,
implanted and administered as in Biodistribution
study 3. A single in vivo MRI was carried out at 48h
post-injection using a BioSpec 70/30 USR scanner with
a 7T horizontal magnet (Bruker BioSpin, Ettlingen,
Germany) equipped with a 72mm inner diameter
linear volume coil as a transmitter and a mouse brain
surface coil as a receiver. High-resolution T2-weighted
and high-resolution T2*- weighted images were
acquired to visualize the ischemic lesion and the hypo-
intensities representing the SPION-labelled NC, respec-
tively. For details of the acquisition protocols and MRI
analysis, please see the supplementary materials.

Safety study in the MCAo model

Safety study I: to assess the safety of acute endovascu-
lar NC administration after cerebral ischemia, a total
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n.s.: non-significant.

of 26 C57 ischemic mice were randomly assigned into 2
groups: the vehicle group receiving 150 uL of saline
(n=13) with a fake magnet (F1), and the treatment
group receiving the 0.8 mg therapeutic dose of NC in
150 uL of saline (n = 13) with a magnet (M1), following
the aforementioned protocols of pre-clinical stroke and
endovascular administration through the ICA
(Figures 1(a), 3(a) and 4(a)). Both groups were fol-
lowed for 48h, when blood was collected from the
right ventricle in EDTA tubes for biochemical analysis
and animals were euthanized under deep anesthesia by
cervical dislocation to dissect the brain for 2,3,5-triphe-
nyltetrazolium chloride (TTC) staining and intracere-
bral hemorrhage evaluation.

Safety study 2: C57 ischemic mice (n=38) receiving
the 0.8 mg therapeutic dose of NC through the ICA
were followed for 4 weeks when under deep anesthesia
blood was collected from the right ventricle in EDTA
tubes for biochemical analysis. Plasma control samples
were also included from naive C57 mice (n=28) and
ischemic C57 mice without treatment followed at 48 h
(n=4) and at 4 weeks (n=8). (Figures 1(a) and 4(a)).

Prussian blue and vessel staining with lectin-FITC

To confirm the presence of the NC in the brain, we
performed specific staining for ferric iron as part of

the SPION of the NC. Animals from Biodistribution
study 4 were euthanized under deep anesthesia by
exsanguination followed by transcardial perfusion
with cold saline and the brain, liver and spleen were
fixed with 10% formalin, paraffin-embedded and
sliced in 5pum-thick sections with a microtome.
After deparaffinization and rehydration, the sections
were stained with a Prussian blue iron stain kit
(Polysciences Inc, USA) following the manufacturer’s
protocol except for that potassium ferrocyanide:
hydrochloric acid mix solution was kept for a total
of 40min and nuclear Fast Red for 1min. Images
were acquired after dehydration and mounting with
DPX medium (Ref. 06522, Sigma-Aldrich, St. Louis,
USA) with a transmitted light microscope (Leica,

Germany) and an automatic slide scanner
(PANNORAMIC MIDI II, 3DHISTECH Ltd,
Hungary).

To confirm the distribution of NC (Cy7.5-labeled) in
brain microvessel structures as seen by Prussian blue
staining, vasculature was stained in consecutive brain
slices with lectin-FITC as follows: after deparaffiniza-
tion and rehydration, the sections were incubated over-
night with lectin-FITC from Lycopersicon esculentum
(Ref. L0401, Sigma-Aldrich, Germany) diluted 1:200 in
PBS-1% Tween20. After dehydration and mounting
with antifade mounting medium (Vectashield, CA,
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USA), images were acquired with a confocal laser scan-
ning microscope (LSM880, Zeiss, Germany).

Infarct volume and intracerebral hemorrhage
evaluation

Ischemic C57 mice from Safety study I were euthanized
at 48 h after administration post-reperfusion by cervi-
cal dislocation. Brains were removed, sliced in 1 mm
thick coronal sections and stained with TTC (Sigma,
St.Louis, MO, USA) in saline at room temperature for
15min. Infarct volumes were quantified by a
treatment-blinded researcher with the Image J software
and corrected by edema as previously described.?” The
number and extent of hemorrhagic events was deter-
mined by 3 independent treatment-blinded raters using
a semi-quantitative method adapted from the ECASS

classification as described elsewhere”~* by giving 0 to
4 scores as follows: 0=absence of hemorrhage, 1-
2 =increasing grades of hemorrhage infarction (HI1
and HI2), and 3-4 =homogeneous parenchymal hema-
tomas of increasing grades (PH1 and PH2); see
Figure 3(d). The hemorrhage volume was also quanti-
fied with Image J following the same protocol as for the
infarct volume.

Functional tests

Neurological deficits were evaluated in mice from
Safety study I by a researcher blinded to the treatments
with a 0 to 39 score based on a composite neurological
scale®?* at 24h and 48h after MCAo. The forelimb

force was also assessed in the animals from Safety study
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1 with the grip strength test as previously described.?’
For details, please see the supplementary materials.

Biochemical analysis

Venous blood obtained from the right ventricle by car-
diac puncture in EDTA tubes was centrifuged (1500 g,
10 min at 4°C) to obtain plasma which was stored at
—80°C until analysis. Liver/pancreas/renal toxicity
based on specific enzyme levels in plasma was assessed
in the animals from Safety studies 1 and 2; for details
see the supplementary materials.

Statistical analysis

Statistical analyses were performed wusing the
GraphPad Prism 6 and SPSS softwares. The sample
size of the Safety study I was determined in a pilot
study (n=4-5/group) by power analysis based on the
infarct volume as primary outcome measure, using the
software Ene 3.0 (GlaxoSmithKline SA), at 80% of
statistical power and to a significance level of 5%.
Randomization of the experimental groups was gener-
ated using the standard=RAND() function in
Microsoft Excel. All values are expressed as mean+t
SD or median (InterQuartile Range, IQR) according
to the normal or non-normal distribution of the repre-
sented variable, respectively. The normality of contin-
uous variables was assessed using the Shapiro-Wilk test
(n<30) or Kolmogorov-Smirnov test (n > 30).
Normally distributed variables were analyzed using t-
test or ANOVA (followed by Tukey’s multiple compar-
isons post hoc test). The Mann-Whitney U-test or
Kruskal Wallis test (followed by Dunn’s multiple com-
parisons post hoc test) were used for non-normally dis-
tributed variables. Pearson’s y2 test or Fisher exact test
were used for categorical variables. A total of 14
extreme values were excluded prior to data analyses
using the outliers ROUT method (Q=1%), corre-
sponding to the biochemical parameters analysis
(n=11), the NC biodistribution in naive mice (n=2)
and the safety NC administration in ischemic mice
(n=1). The significant level was set at P <0.05.

Results

Intraarterial administration of nanomaterials shows
a robust advantage for brain targeting

Our protocol for the endovascular administration of
NC for brain targeting through the ICA in mice only
transiently reduced the CBF at moderate levels for the
first 10min post-administration (34.8 £29.2% CBF
reduction); see Figure 1.

The different Cy7.5_NC batches used in this study
presented a similar dose-dependent fluorescent signal
when imaged ex vivo (Supplementary Figures Sl(a)
and S1(b)) and no associations between NC batch-
fluorescence and treatment group were observed, dis-
carding batch-dependent biased results for the FMI
data (Supplementary Figures S1(c) and S1(d)).

Our results show a significant increase of the in vivo
brain NC fluorescent signal (Total Radiant Efficiency,
TRE) at all the acquisition time points after intraarterial
administration compared to the intravenous route, both
in the absence (F1) or presence (M1) of an external mag-
netic field (P =0.0062, P=0.0062 and P=0.0016 for F1
at 30min, 1h and 3h post-injection, respectively and
P=0.0025, P=0.0025, P=0.0025 for M1 at 30 min,
1 h and 3h post-injection, respectively); see Figure 2(a)
and Supplementary Figure S2(a) and S2(b). Figure 2(a)
also shows the significant NC signal increase in the brain
ex vivo at 3h post-injection of animals receiving intra-
arterial infusions vs. intravenous (P=0.0016 for FI and
P=0.004 for M1). Specifically, the brain fluorescent
signal at 3h after intraarterial administration was
increased 2.53+0.95 times in vivo and 5.65+0.96 ex
vivo. Absolute fluorescence values were similar between
administration routes in the abdominal region at all the
in vivo acquisition time points and ex vivo in all organs
(except the brain) at 3h post-injection, and did not
change in the presence of a magnetic field (P> 0.05 for
all measures, Supplementary Figure S2). However, when
comparing the individual relative fluorescence in the
abdominal region we found that it was significantly
reduced in the intraarterial administration vs. the intra-
venous route (P =0.0109, P=0.0062 and P=0.0031 for
F1 at 30 min, 1 h and 3 h post-injection, respectively and
P=0.0025, P=0.0025, P=0.0025 for M1 at 30min, 1h
and 3h post-injection, respectively), and was also
reduced in the liver ex vivo in the endovascular route
with the magnet M1 (P=0.0012); see Supplementary
Figure S3.

Improved cortical NC targeting

As shown in Figure 2(a), no differences were observed
in the retention of the NC in the whole brain when
implanting the magnet M1 for 30min (P> 0.05 for
M1 vs. F1 for both administration routes). However,
when dissecting the cortical and subcortical tissue we
observed a significant increase (P =0.0382; Figure 2
(b)) in the brain fluorescence in the ipsilateral cortex
when the magnetic field was applied by M1, in areas
under the influence of the magnetic. Furthermore, a
NC signal increase in the ipsilateral cortical and sub-
cortical tissue was observed compared to the corre-
sponding contralateral (P <0.05 for all measures; see
Figure 2(b)).
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Acute endovascular administration of magnetized
nanocarriers dafter cerebral ischemia is feasible and
safe

The safety study showed that the body weight loss and
the mortality rate after MCAo were similar among NC
and vehicle groups and within the expected values
(Supplementary Figures S4(a) and S4(b)). Our results
also showed no significant differences in functional
outcome, infarct volume nor hemorrhagic transforma-
tions (P > 0.05 for all measures) (Figure 3).

Potential systemic toxicity of the endovascular-ICA
administration of NC was studied at 48 h and 4 weeks
after MCAo and no significant differences in the levels
of alanine aminotransferase (ALT), lipase, creatinine,
urea and sodium were observed among groups
(P> 0.05 for all measures). Only aspartate aminotrans-
ferase (AST) was increased at 48 h vs. the Naive group
(P=0.031 and P=0.031 for Vehicle and NC groups,
respectively) and creatine kinase (CK), a muscular
injury-related enzyme, was increased at 48h in the
NC treatment vs. the Naive group (P =0.027).
Importantly, the increased levels of AST and CK in
the vehicle and NC groups returned to normal levels
at 4 weeks (P > 0.05 for all comparisons), thus confirm-
ing the muscle injury-related increased levels of AST
and CK acutely after the surgical intervention in the
MCAo0 model. Finally, the levels of a-amylase were
increased at 48 h after the ischemia compared to the
Naive group (P =0.0025 for the NC group), returning
to normal levels at 4weeks (P=0.0005 vs. the NC
group at 48h post-ischemia). See Figure 4 and
Supplementary Figure S4(c).

Modelling magnetic field properties increases brain
nanomaterial retention after ischemia

We investigated the magnetic properties of the two
FeNdB magnets designed as NC retention devices for
the mouse brain, a permanent magnet (M1) and a
focused magnet (M2) (Figures 5 and S5).
Experimental measurements of the spatial magnetic
field distributions at different distance from the surface
of the M1 and M2 showed that the magnetic force
decreases as an inverse square law with the distance,
displaying a higher magnetic force within the first 3 mm
from the surface. However, M2 displays a 2.5-fold
increase of the maximum values of the magnetic field
and 5.5-fold increase of the magnetic force compared
to M1, which is in agreement with the theoretical
modelling of the magnetic field distribution of both
magnet prototypes (Figure 5).

Next, we aimed to prove the in vivo effectiveness of
M1 and M2 devices on magnetic brain targeting after
acute endovascular NC administration at the

calculated therapeutic dose after cerebral ischemia by
FMI (Figure 6(a)). Our results show a significant
2.424+0.78-fold increase of in vivo NC signal reaching
the brain region at 3 h only by the M2 device compared
with the F2 control (P =0.0209). This advantage was
maintained at 48 h post-injection in vivo (2.56 +0.53-
fold increase, P=0.0001) and confirmed ex vivo
(2.16 £0.8-fold increase, P=0.0398). On the other
hand, the M1 device showed a 1.72 +0.51-fold increase
in brain NC signal in vivo at 48 h post-injection com-
pared to the F2 control, although not significant
(P=0.055). Importantly, M2 device showed 1.49+
0.31 times more brain NC signal at 48 h than M1 in
vivo (P=0.0182). In parallel, FMI values were similar
in the abdominal region in vivo at 3h and 48 h post-
injection and ex vivo in all organs (P> 0.05 for all
measures, Supplementary Figure S6(b)).

From a translational perspective, we aimed to confirm
the results by MRI, a clinically-relevant technique, to
better define the spatial brain distribution of the NC
after M2 implantation using the T2 relaxation properties
of the SPION; see Figure 6(b). In accordance with the
results observed by FMI, a significant increase in the
particles count was observed in the ipsilateral cortex
when the M2 device was implanted vs. the F2 control
(P=0.0125; see Figure 6(b)), thus confirming the success
in magnetic retention of the NC in the brain cortex.

Finally, a specific Prussian blue staining was con-
ducted to confirm the MRI findings, to identify the
location  of the nanomaterial in  tissues.
Representative images of brain, liver and spleen from
animals receiving NC intraarterially in the presence of
M2 are shown in Figure 7 and Supplementary Figure
S7. Spleen slices were used as Prussian blue controls®®
and liver slices were also stained to confirm the pres-
ence of the NC in tissues as NC typically accumulate in
the liver (Supplementary Figure S7). Brain slices
showed extensive positive staining in the ipsilateral
brain hemisphere, predominantly in microvessel-like
structures, while the presence of ferric iron in the con-
tralateral hemisphere was negligible, matching with the
FMI and MRI results (see Figure 7). Additionally, the
predominant distribution of NC in ipsilateral brain
microvessels was confirmed by co-localization of the
Cy7.5 fluorescence with lectin-FITC stained microves-
sels (Figure 7).

Administration-related cautions

Adverse events have been previously described after
intraarterial cell administration such as micro-
occlusions or increased mortality rate.'>?**° In this
regard, it should be highlighted that the average size
of the nanomaterial used in the present study was
273.21 +34.7nm, within an acceptable range to avoid
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Figure 5. Characterization of the magnetic field and magnetic force of the magnet devices. (a) Spatial distribution by computational
modelling of the magnetic field and spatial distribution of the magnetic force for M| (left) and M2 (right) at 3 mm above the magnet
surface. (b) Graph showing the magnetic field (B; dotted lines) and magnetic force (B*dB; straight lines) of M1 (black) and M2 (red) at
3 mm above the magnet surface, measured by 3 D Hall probe. (c) Image (above) of M| and M2 devices and illustrative image (below) of
the dust effectivity test of magnetic targeting of ferrimagnetic magnetite microparticles for M| and M2.

embolization complications. Indeed, no differences
were observed in the mortality rate between ischemic
mice receiving NC or vehicle intraarterially (Safety
study 1. 21.1% and 27.3%, respectively (P=0.727);
see Supplementary Figure S4(b)). Importantly, we
observed a trend (P=0.091) between the total iron
load dose and the mortality rate among ischemic C57
mice receiving NC intraarterially, which alerts us on
potential harms of the use of certain nanomaterials.

Discussion

In this study, we tested the use of biocompatible nano-
materials to improve brain targeting after stroke taking
advantage of the endovascular route to reach the brain
vasculature and the use of functionalized nanocarriers

for imaging and magnetic targeting. Our data prove the
safety and feasibility of acute brain endovascular infu-
sion of multimodal biocompatible PLGA-NC in a
mouse model of cerebral ischemia to significantly
improve brain delivery, paving the way for future
nanomaterial-based treatments in the context of EVT.

A crucial aspect to consider while investigating a
new therapeutic approach is the ideal administration
route in terms of safety and efficient delivery while
considering the particularities of a given pathological
condition. As mentioned above, endovascular treat-
ments have the advantage of a more selective targeting
while minimizing the side effects of systemic drug deliv-
ery in filtering organs.'"'? In consistency with previous
studies,®*"*? we have observed that intravenously
administered NC predominantly accumulate in the
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subcortical regions, where data is represented as median (IQR). #P < 0.01, *P < 0.05, **P < 0.01, ***P < 0.001.

liver, lungs and spleen, while their retention in the brain
is almost negligible. In contrast, our data confirm the
significant advantage for stroke-affected brain tissue
targeting following the intraarterial-ICA administra-
tion route,**** as seen both by MRI and FMI when
delivering small nanocarriers (below 300nm in our
study). The preferential ipsilateral and negligible con-
tralateral hemisphere NC accumulation, seen both in
healthy and ischemic mice in our study, has been
already described by Lesniak and colleagues observing
a preferential ipsilateral accumulation of Bevacizumab
after intraarterial administration of the free antibody,
which was further enhanced following the blood-brain
barrier (BBB) opening with mannitol and preserving
the preference for the ipsilateral hemisphere of the
injection.” Further investigations are required for a
deeper understanding of the underlying mechanisms

for this specific ipsilateral uptake and to fully elucidate
the effects of this approach on the integrity of the BBB.
However, we did not observe major hemorrhagic
events after intraarterial vehicle nor NC administration
following MCAo, evidencing the safety in the context
of cerebral ischemia. Similarly, the SAVER-I Phase I
trial has also demonstrated the feasibility and safety of
the intraarterial administration of free verapamil after
standard thrombectomy with no evidence of hemor-
rhagic transformations.'

Brain delivery of therapeutic agents in minimally
invasive approaches has been a major challenge
which could be faced with new nanomedicine tools.
Due to the inherent nanocarriers accumulation in fil-
tering organs, many strategies have been focused on
adding affinity moieties to increase the specific accu-
mulation in target organs but have been hindered by
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numerous challenges. A recent study has nicely
reported a substantial increase of nanocarriers accu-
mulation in the brain by using red blood cells as a
vascular carrier for NC and administration through
the ICA, confirming the enormous advantage of this
endovascular delivery route in downstream organs,
which can be further improved with nanomedicine-
based strategies for brain targeting.*® In this light,
seizing the advantages of polymeric nanoparticles to
administer therapeutic agents with a sustained
release, increased half-life in vivo and reduced system-
ic toxic effects,?’ we have used a PLGA-based nano-
carrier with biocompatible properties which has been
functionalized with SPION and Cy7.5 for a magnet-
ically guided retention and in vivo tracking by MRI
and FMI as previously described by our group.?® In
our opinion, the use in the present study of biocom-
patible approved biomaterials for the medical use as
PLGA and SPION with improved magnetic targeting
is a potential advantage for the clinical translation of

nanomedical products, however other non-
magnetized PLGA formulations or alternative bio-
genic/synthetized biomaterials could be wused to
achieve the successful brain delivery using the endo-
vascular route after stroke.

To further improve the guided transport of the used
nanocarriers, NC were functionalized with SPION to
allow their retention by a magnetic field device to spe-
cific brain areas which was proved by our FeNdB devi-
ces in cortical areas under magnetic influence, with
particular success with the focused magnet design
(M2) showing better performance related to higher
magnetic field and magnetic field gradient in deeper
positions, as previously described.*®-** This is the first
time that a focused magnet designed for mouse brains
is used to target the cortical delivery of nanocarriers
after stroke in endovascular-ICA administrations,
although other authors have also used an external
magnet to enhance the delivery of magnetized cells to
specific organs, including the brain after intravenous
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stem cell administration and BBB opening in a rat
model of traumatic brain injury.*

Our results first failed in showing an advantage in
magnetic targeting using permanent magnets (M1) and
short implantation times (30min) in whole hemi-
spheres. Nonetheless, finest experiments further
proved the increased NC retention in the cortex after
the advantageous intraarterial-ICA administration, by
focusing on the specific area of magnetic field influence
(several mm, corresponding to the cortical brain areas)
with FMI and better spatial resolution in MRI using
the improved focused magnet (M2). It is worth noting
that we have also been able to detect by different in vivo
and ex vivo imaging techniques the presence of the NC
in the brain up to 48 h after the endovascular infusion,
suggesting that a substantial proportion of the admin-
istered NC remains available in the target organ for a
long time period, easing the sought-after sustained
release  of  encapsulated  therapeutic  agents.
Interestingly, even though a substantial amount of
the NC still remains in filtering organs such as the
lungs, liver and spleen, our study also proves that the
endovascular administration diminished the accumula-
tion of NC in the liver, a known off-target accumula-
tion of nanomaterials in filtering organs. Importantly,
this unavoidable accumulation of the NC observed in
our study did not alter known biomarkers of liver/pan-
creas/renal damage at short- nor at long-term after
intraarterial infusion compared to healthy mice, and
only alterations related to the surgical intervention
were found transiently altered, supporting the safety
of the NC treatment in terms of systemic toxicity.

As previously mentioned, the pre-clinical use of the
intraarterial administration route has raised safety con-
cerns in previous investigations since thromboembo-
lisms have been described as a common related
complication, mainly associated with the infusion
rate, dose or cell size.!>?*! To prevent this major com-
plication, NC with an average diameter below 300 nm
were freshly prepared in a saline suspension, vortexed
and sonicated before the endovascular infusion to
avoid the NC aggregation. The CBF, which was
monitored during a controlled infusion, was only tran-
siently and moderately reduced, as similarly reported in
previous studies using mesenchymal stem cells by intra-
arterial administration,zg’41 but the intraarterial-ICA
infusion of NC was not associated to mortality, a wors-
ening of the ischemic damage nor a higher risk of hem-
orrhages, suggesting a low risk of thromboembolisms.
Nonetheless, from a translational perspective, future
pre-clinical studies should refine these endovascular
delivery approaches and study the observed cerebral
blood flow changes with advanced imaging techniques.
On the other hand, the maintenance of iron homeosta-
sis in the context of cerebral ischemia is of great

importance, as iron catalyzes the formation of free rad-
icals and hence, can cause oxidative stress and worsen
the ischemic damage.*” Importantly, we did not
observe an increase in the infarct volume nor hemor-
rhages following the acute endovascular-ICA NC
administration (containing SPION) after stroke com-
pared to the vehicle infusion, suggesting the safety in
the tested conditions. Nevertheless, we observed a
trend in higher total iron load dose and increased mor-
tality only in ischemic mice but not in naive, indicating
a potential iron load-related risk in the context of acute
ischemic cerebral damage. Hence, the iron load should
be strictly adjusted when using magnetized nanocar-
riers as drug delivery systems in the context of cerebral
ischemia. Although we have shown some data regard-
ing long term safety at 2 weeks, additional studies with
long-term monitoring of the administered NC in terms
of safety and biodistribution are needed. Furthermore,
our histological findings suggest an endothelial uptake
of the nanocarriers, but other cellular or extracellular
localizations within the brain parenchyma upon endo-
vascular administration and magnetic brain targeting is
yet to be investigated. In this light, this approach could
be further combined with promising strategies aiming
at the BBB crossing of therapeutic agents, such as the
selective BBB temporary opening with nanoagonists
such as adenosine 2A receptor agonist-labelled
PAMAM dendrimers*® or the functionalization of
nanoparticles with selective antibodies for a BBB
receptor-mediated transcytosis.** Finally, the present
investigation provides evidence supporting the poten-
tial use and advantages of the endovascular delivery of
PLGA nanocarriers which have already proven the ver-
satility for the encapsulation or adsorption of a large
variety of proteins, ranging from 8 to 66.5kDa (e.g.
VEGF, SDF, BDNF or albumin), showing successful
encapsulation efficiencies, and posterior in vitro release
with preserved functionality of the released factors.*>
This supports the encapsulation of therapeutic mole-
cules for tissue repair, for example. However any
potential restriction on the molecular weight of the
cargo proteins should be further studied for specific
neuroprotective or neurorestorative agents, always in
balance with suitable nanoformulation sizes for a safe
endovascular delivery and proving its advantage in
front of free drug deliveries.

The present study proves the advantage and safety
of intraarterially delivered magnetized nanocarriers for
specific brain targeting in the context of cerebral ische-
mia. Nonetheless, there are several limitations that
should be considered for future studies. The biodistri-
bution and safety of the proposed nanocarriers should
be readdressed for different encapsulated molecules or
the addition/removal of imaging or affinity moieties.
Furthermore, the iron load-derived toxicity, as well as
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the clearance mechanism and kinetics of this type of
magnetic nanocarrier is yet to be fully elucidated.
Finally, from a translational perspective, studies in
large animals with gyrencephalic brains and larger ves-
sels/capillaries or in humanized prototypes should be
used to demonstrate the feasibility of the proposed
therapy.
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