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Passive targeting of high-grade gliomas via EPR effect: a closed
path for metallic nanoparticles?
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Passive tumor targeting via enhanced permeability and retention (EPR) effect has long been considered the most effective
mechanism for the accumulation of nanoparticles inside solid tumors. However, several studies have demonstrated that
the EPR effect is largely dependent on the tumor type and location. Particularly complex is the situation in brain tumors,
where the presence of the blood-brain tumor barrier (BBTB) adds an extra limiting factor in reaching the tumor
interstitium. However, it remains unclear whether these restraints imposed by the BBTB prevent the EPR effect from
acting as an efficient tumor targeting mechanism for metallic nanoparticles. In this work, we have studied the EPR effect of
metallic magnetic nanoparticles (MMNPs) in a glioblastoma (GBM) model by parametric MRI. Our results showed that only
MMNPs < 50 nm could reach the tumor interstitium, whereas larger MMNPs were unable to cross the BBTB. Furthermore,
even for MMNPs around 30-50 nm, the amount of them found within the tumor was scarce and restricted to the vicinity of
large tumor vessels, indicating that the BBTB strongly limits the passive accumulation of metallic nanoparticles in brain
tumors. Therefore, active targeting becomes the most reasonable strategy to target metallic nanoparticles to GBMs.

specificity, since the signal enhancement they produce in tumors is
Introduction simply due to the extravasation of the CA through the more
permeable angiogenic vessels.!2 As for the treatment, given that
GBM is a very fast-growing and highly infiltrating tumor, very
aggressive therapy is usually chosen, based on surgical resection,
followed by radiotherapy and chemotherapy. But even with such
aggressive treatment, the 5-year survival rate remains very low, as
mentioned above.!3 Therefore, there is an urgent need to improve
the therapeutic efficacy of GBM treatments and the diagnostic
specificity of in vivo imaging. Some of the more recent approaches
to tackle this problem have emerged from nanotechnology. In the
21st Century, nanotechnology has undergone a vigorous
development that has opened up new and promising horizons in
several different fields, including nanomedicine.’®1¢ In particular,
nanoparticles (NPs) have emerged as promising tools to overcome
current limitations in cancer diagnosis and treatment.'7-1° In this
sense, metallic magnetic nanoparticles (MMNPs) have attracted a
great deal of attention due to their wide range of applications in
tumor theranostics. MMNPs can be used as CAs for MR, as heating
mediators in magnetic hyperthermia, or as drug-delivery carriers.2%
21 However, a critical aspect that has been limiting their applicability
in vivo is the ability of these nanomaterials to reach and accumulate
in the tumor efficiently.?2 Passive tumor targeting through the
enhanced permeability and retention (EPR) effect, first described by
Maeda and Matsumura in 1986,23 has long been considered the
prevalent and most effective mechanism that governs the

Glioblastoma multiforme (GBM) is the most common primary
malignant brain tumor, responsible for 15% of all brain-tumor
diagnoses worldwide, exhibiting very aggressive behavior and poor
prognosis.! The median survival of GBM patients following diagnosis
is only about 15 months, with less than 5% of patients surviving
more than five years.> 3 GBM represents 50% of all gliomas, if we
consider all age groups, since, although the highest incidence is
between 55 and 60 years, GBM can affect people of any age.*
Regarding GBM diagnosis, it relies on neuroimaging exams, mainly
Magnetic Resonance Imaging (MRI), followed by histological
confirmation.> MRI is a powerful technique with many remarkable
advantages, such as its non-invasive character, the use of non-
ionizing radiation, its excellent image quality, and its ability to
provide both anatomical and functional information.® However,
despite the advantages mentioned above, the specificity of MRI in
tumor diagnosis is limited, and the use of contrast agents (CAs) is
often required for the proper visualization of the tumor.” The vast
majority of the CAs currently used in clinical MRI are chelates of the
paramagnetic gadolinium (1) ions.® These Gd-chelates have several
limitations, namely, toxicity issues related to the unexpected
release and tissue deposition of Gd3*,°! and lack of diagnostic
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particles. The cutoff size of these fenestrations determines the
maximum size of the particles that can extravasate into the tumor
interstitium.?® Indeed, the size dependence of the EPR effect has
been extensively studied in preclinical models, showing efficient
tumor targeting for NPs ranging from 12 to 200 nm.30-32 NPs outside
this range would be rapidly cleared from the bloodstream, either by
the kidneys, if they are smaller, or by the mononuclear phagocyte
system (MPS), if they are larger.33 The situation is more complex in
brain tumors, where the EPR effect encounters an additional
obstacle, the blood-brain barrier (BBB).3* The BBB is formed by
endothelial cells connected by tight junctions that create a highly
restrictive barrier that protects the central nervous system from
infectious agents and toxins. This barrier is compromised during
tumor progression, especially in high-grade tumors such as GBM,
resulting in a leaky vasculature known as the blood-brain tumor
barrier (BBTB). However, the BBTB is highly heterogeneous,
exhibiting non-uniform vascular permeability, which directly affects
the EPR effect in GBM. Thus, according to the studies by Sarin et
al.,3% 36 using organic NPs (polyamidoamine dendrimers), the pore
size upper limit of the neoplastic capillaries of malignant brain
tumors is around 12 nm. However, Schlageter et al.,3” who studied
the microvessel structure in brain tumor models using electron
microscopy, reported pore sizes around 50 nm, and the existence of
endothelial gaps of about 1.1 um. But not only the size of NPs is
important for passive tumor targetting, other aspects, such as
lipophilicity, stiffness, and above all, blood circulation times are also
critical.3® Indeed, most papers claiming an efficient EPR effect of
nanomaterials in brain tumors refer to liposomes3°! or polymeric
NPs,%2 43 whereas no conclusive evidence of such effect has been
reported so far for MMNPs. Thus, the main goal of this work was to
evaluate the ability of metallic NPs, which exhibit substantially
higher stiffness than liposomes or polymeric NPs, to passively reach
the tumor interstitium of high-grade gliomas. MRI offers unique
advantages for the in vivo evaluation of the EPR effect of MMNPs
since it can simultaneously assess the biodistribution and
pharmacokinetics of MMNPs, along with tumor vascular
permeability. Here, we report a detailed study on the ability of long-
circulating PEGylated iron oxide NPs, previously reported by us,* to
passively target GBM via EPR effect. To this end, we produced NPs
with hydrodynamic diameters (HD) ranging from 30 to 70 nm, in
physiological conditions. These MMNPs were administered
intravenously in rats bearing orthotopic C6 gliomas and followed by
quantitative MRI for up to 24 h. Furthermore, MMNPs distribution
within the tumors was assessed histologically in tissue sections, and
the blood residence time determined by relaxometry. Only MMNPs
below 50 nm HD were able to cross the BBTB and accumulate in the
tumor interstitium, albeit very inefficiently, with small amounts of
MMNPs found only nearby large tumor blood vessels. These
findings strongly suggest that passive targeting via the EPR effect is
insufficient for efficient delivery of MMNPs to malignant brain
tumors, leading to active transport as the most plausible strategy to
achieve successful targeting.
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Results and discussion
Characterization of nanoparticles

In this work, three different iron oxide magnetic NPs were
synthesized, hereinafter referred to as MMNP1, MMNP2, and
MMNP3. As can be observed in Figure 1, MMNP1 and MMNP2
showed cubical shape, and 7 and 20 nm in size, respectively,
whereas MMNP3 exhibited spherical shape and 22 nm in size
(Figure 1a-f). We used different ratios of Fe precursor:oleic acid
(MMNP1=5:2, MMNP2=2:1, and MMNP3=0.2:10), resulting in
differences in the size or shape of the NPs, in agreement with
previous studies by Park et al.,*> who reported that the morphology
of magnetic NPs could be fine-tuned on demand by varying the
precursor to solvent ratio. However, we realized that other
parameters, such as heating ramp and stirring, affected the final
result drastically. Overall, we concluded that an increase in the
temperature ramp from 1°C/min to 3°C/min, high Fe precursor to
oleic acid ratios, and low stirring promoted more homogenous
growing and larger sizes of the MMNPS. Therefore, we followed this
strategy to obtain NPs of different sizes. To render highly water
stable and monodisperse nanoconjugates, MMNPs were
functionalized with strong binding ligands based on a gallol group as
anchor and PEG molecules as solubilizing agents. MMNP1 was
functionalized with gallol-PEG1.5kDa-OH, while MMNP2 and
MMNP3 were functionalized with gallol-PEG3kDa-OH.*¢ The size of
PEG was selected according to previous studies reported by us.**
The presence of the gallol-PEG ligand at the nanoparticle surface
was confirmed by FTIR spectroscopy, being able to assign the main
peaks of the ligand in the corresponding functionalized-MMNPs
(Figure S1). To prove the proper functionalization and,
consequently, to demonstrate the high stability of these MMNPs,
the hydrodynamic diameters (HD) were measured by DLS. MMNP1
showed an HD around 24 nm in water, which slightly increased in
PBS (31nm) and FBS (34nm). The same trend was observed for
MMNP2 and MMNP3, HDs of 34 nm and 45 nm respectively in
water, 46 nm and 62 nm in PBS, and 51 nm and 71 nm in FBS
(Figure 1d-f, Figure S2). Moreover, the stability of the MMNPs
under physiological conditions was studied by measuring the HD
diameters in FBS for 168h, resulting in very similar values
throughout this time (Figure 1g). The zeta potentials of MMNPs
were also measured, being -8.2 mV for MMNP1, -13.4 mV for
MMNP2, and -15.0 mV for MMNP3, which also explains the high
stability in biological media (Figure 1h).”

The transverse relaxivities (r) determined at high magnetic field
(9.4T) were 136.5 mM1esl 153.6 mMles? and 54.3 mM-les for
MMNP1, MMNP2, and MMNP3, respectively (Figure S3). MMNP1
and MMNP2 values were in good agreement with previously
reported results for similar magnetic nanoparticles.*® As for the
lower r, values of MMNP3, they can be explained by differences in
the anisotropy of the core, which directly affects the Néel
relaxation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Physicochemical characterization of MMNPs. TEM images and the corresponding size distribution histograms of MMNP1 (a, d),
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MMNP2 (b, e), and MMNP3 (c, f). Scale bar corresponds to 50 nm in all cases. g) HDs of the three MMNPs determined in FBS at different
times using DLS. h) Summary table containing the core diameter of the three MMNPs measured by TEM (D), the HD determined by DLS,
the zeta potential (£), and the transverse relaxivity (r,) at 9.4 T and 1.44 T (in brackets).

Cytotoxicity assessment

An exhaustive cytotoxicity evaluation was performed in N13 cells,
including mitochondrial activity assays, cell cycle analysis, cell
morphology evaluation, and live-dead experiments. The MTT assay
showed no significant effect on the mitochondrial activity of any of
the NPs for concentrations up to 50 pg/mL, and only MMNP3
showed some effect at the highest concentration tested (100
pg/mL) (Figure 2a). On the other hand, the evaluation of the cell
cycle showed that cells exposed to MMNP1 and MMNP2 kept the
proportion of cells in the different phases of the cell cycle (Go/G1-S-
G,/M) virtually identical to the negative control at any of the
concentrations tested. On the contrary, MMNP3 at concentrations
above 50 pg/mL altered the cell cycle preventing cells from
progressing from G; to S phase (significant p<0.05) and even
inducing some apoptosis (subGg) (Figure 2b and S4). Likewise, the
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live-dead assay and the evaluation of cell morphology by optical
images showed absence of cytotoxicity of all three MMNPs for
concentrations up to 50 pg/ml, and only MMNP3, at the highest
concentration tested (100 pg/ml), induced changes in the
morphology of cells (Figures 2c-2f and S5), a decrease in the total
number of cells (Figure 2g), but no changes in dead cell percentage
(Figure 2h). The moderate cytotoxic effects caused by MMNP3 at
high concentrations can be related to higher uptake efficiency by
cells due to the larger size of these MMNPs, as previously shown by
Wu et al.®® In conclusion, the exhaustive cytotoxicity evaluation
demonstrates the biosafety of all MMNPs for concentrations as high
as 50 pg/mL, which is well above the expected in vivo cellular
exposure concentration for the amount of MMNPs injected in the in
vivo experiments.
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Fig. 2. Cytotoxicity evaluation of MMNPs on N13 cells. a) MTT assay after 24 h exposure to growing concentrations of MMNPs. b) Flow
cytometry analysis of cell cycle after 24 h of exposure to MMNP. Images of the cultured cell exposed to PBS (c), MMNP1 100 pg/mL (d),
MMNP2 100 pg/mL (e), MMNP3 100 pg/mL (f). The images show the merge of brightfield (grey), DAPI (blue) and TO-PRO-3 lodine (red).
The scale bar corresponds to 100 um. Live-dead assay: total amount of cell, by counting nuclei stained with DAPI (g), percentage of dead

cells, by calculating nuclei stained with DAPI and PI (h).

In vivo MRI studies

Once the MMNPs were characterized physicochemically and
biologically in vitro, their capacity to target brain tumors via the EPR
effect was evaluated in vivo by MRI using an orthotopic model of
GBM. First, short-term pharmacokinetics (PKs), over the first 30
min, were calculated by semi-quantitative analysis of dynamic T,
MRI experiments.®® The relative intensity to the contralateral
healthy brain showed that MMNP1 and MMNP2 produced a slight
continuous signal decay up to the end of the experiment, being a
little more pronounced for MMNP1 (Figure 3a,b), whereas MMNP3
did not induce any signal change (Figure 3c). These results suggest
that only a small amount of MMNP1 and MMNP2 entered the
tumor during this short period of time, while MMNP3 did not enter
at all. Since the ability of any compound to reach the tumor
depends, in the first place, on the tumor vascular permeability, we
performed T; dynamic contrast-enhanced (DCE) MRI using a
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commercial Gd-chelate (Gadovist, Schering AG, Berlin, Germany) to
evaluate such permeability in our tumor model. After the
intravenous injection of the Gd-chelate, a rapid signal enhancement
was observed, in agreement with the expected extravasation of
small CAs into the tumor interstitium (Figure 3d). This rapid signal
increase was followed by a slow signal decay, corresponding to the
clearance of the Gd-chelate from the tumor. These pharmacokinetic
profiles demonstrate the high vascular permeability of our tumor
model and are in good agreement with those reported for human
GBMs.>2 Therefore, the short pharmacokinetics studies show, on
the one hand, that the BBTB of our C6 tumor model exhibit the high
expected permeability of high-grade gliomas, and, on the other
hand, that despite this high vascular permeability, MMNPs ranging
from 30 to 70 nm can barely cross the BBTB and reach the tumor
interstitium during this time window.
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Fig. 3. Short-term MRI pharmacokinetics of MMNP1 (a), MMNP2 (b), MMNP3 (c) and Gadovist (d) in orthotopic C6 glioma tumors. The
relative intensity corresponds to the ratio of the tumor signal divided by the signal from the healthy contralateral parenchyma.

Then, to evaluate the passive tumor targeting of our MMNPs via the
EPR effect, we conducted long-term pharmacokinetics studies by

This journal is © The Royal Society of Chemistry 20xx

morphological and parametric MRI (Figure 4). The high-resolution
T,-weighted MR images in Figure 4a show very subtle contrast

Biomaterials Science, 2013, 00, 1-3 | 5

Please do not adjust margins




Page 9 of 46

ARTICLE

changes at 1h and 24 h after the injection of MMNP1 and MMNP2,
which can be better appreciated in the parametric T, maps (Figure
4c), where a ring-shaped darkening appears at the periphery of the
tumor due to the decrease in T, mediated by MMNPs. On the
contrary, no changes could be observed for MMNP3, neither in the
morphological nor in the parametric T, images, indicating that these
MMNPs could not reach the tumor interstitium even at 24h, that is,
they could not passively target the tumor. Conversely, T;-weighted
images (Figure 4b) and time-to-peak (TTP) parametric images
(Figure 4d) acquired after injection of the Gd-chelate showed a
strong contrast change with the typical enhancement pattern of

Biomaterials/Science
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GBMs,>3 characterized by high and rapid Gd uptake at the periphery
of the tumor, and slight and slow uptake at the center of the tumor,
corresponding to the well-vascularized and necrotic parts,
respectively. Indeed, several studies have shown the correlation
between DCE-MRI-derived parameters and tumor
neovascularization patterns using immunohistochemistry.> 53
Therefore, the low penetrability of the MMNPs into the tumor
could not be attributed to the absence of tumor vascularization but
to the restrictive permeability of the BBTB, which allowed small
molecules, such as the Gd-chelates, to readily extravasate, whereas
it hampered the passage of the larger MMNPs.

Fig. 4. Evaluation of passive tumor targeting by parametric MRI. a) T,-weighted high-resolution MR images acquired at Oh, 1h, and 24h
following the intravenous injection of MMNPs (10 mg Fe /kg). b) Average Ti-weighted MR images of the first 5 minutes after the
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intravenous injection of Gadovist (0.1 mmol/kg). c) Parametric T, maps corresponding to the same animals and slices shown in (a). d) Time
to peak (TTP) images calculated from the DCE-MRI measurements in (b), overlaid on T,-weighted images for better visualization.

The quantitative analysis of these data is shown in Figure 5, where
the mean transverse relaxation rate, R, (1/T,), was calculated in the
periphery of the tumor, using the TTP maps as a reference, over the
entire tumor, and in the contralateral healthy parenchyma. Small
but significant changes of R, were obtained in the tumor at 1 h post-
injection of MMNP1 and MMNP2, with a AR, of 0.8 s and 1.7 s
respectively, whereas in the case of MMNP3, there were no
significant differences between the R, values in the tumor and the
contralateral part. Importantly, AR, was significantly higher at 24 h
post-injection of MMNP1 (AR, of 1.7 s1) and even higher in the case
of MMNP2 (AR, 3.1 s1), as compared to 0 h and 1 h. On the
contrary, no significant differences in R, were observed for MMNP3
at any experimental time. As expected, the changes in R, were
larger in the periphery of the tumor (Figure 5a), corresponding to
very short TTP values (Figure 4d), which are known to correlate with
In other words, MMNPs
accumulated in areas of tumors that are well vascularized and
highly permeable. Accordingly, the average R, changes over the
entire tumor were smaller (Figure 5b) due to the effect of the

vascular density and/or permeability.>*

necrotic core of the tumor, where not even the Gd chelate could
arrive efficiently, as shown by the long TTP values (Figure 4d).
Interestingly, MMNP2 showed higher accumulation than MMNP1 at
1 h and 24 h, despite the fact that MMNP1 showed a more
pronounced entry into the tumor during the first 30 min post-
injection (Figure 3), suggesting that MMNP2 are retained in the
tumor interstitium more efficiently, thus favoring the EPR effect for
these MMNPs.
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In summary, our results show that only MMNPs with sizes around
50 nm or below can passively accumulate in GBM, whereas MMNPs
with sizes > 70 nm cannot cross the BBTB. These results are in
agreement with the 50 nm pore size of brain tumor microvessels
reported by Schlageter et al.3” Our data also suggest that although
smaller MMNPs can more easily cross the BBTB, they are also more
quickly cleared from the tumor, resulting in a less efficient EPR
effect. But more importantly, our data show that even for MMNPs
around 30-50 nm, the EPR effect in GBMs is very inefficient,
allowing MMNPs to reach very small concentrations within the
tumor, which very likely are insufficient for diagnostic or
therapeutic applications. This is in line with clinical outcomes from
anticancer drug delivery nanosystems, which have cast doubt on
the efficacy of the EPR effect to target tumors passively,®®
particularly brain tumors.>”

On the other hand, other studies have reported positive results
regarding passive targeting of NPs to GBMs with nanomaterials.
However, in most cases, these studies referred to soft NPs, such as
liposomal or polymeric NPs.30 31 39 40 Thjs higher EPR effect
efficiency is very likely related to the higher elasticity of soft NPs,
which has been demonstrated to play a critical role in cell and
tumor uptake.58 %

Therefore, not only the presence of BBTB, but also the stiffness of
MMNPs may be a major factor underlying the inability of these NPs

to effectively target tumors via EPR effect.
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Fig. 5. Quantification of the average changes (n=4) in the transverse relaxation rate (R,) in the tumor periphery (a) and over the entire
tumor (b), at 1 and 24 h after the intravenous injecton fo MMNPs (10 mg Fe /kg). C and T correspond to contralateral and tumor,

respectively. The star indicates significant differences (o = 0.05).

Histological analysis

Brain sections containing the tumor were stained with Hematoxylin
and Eosin (H&E) to determine their microanatomy and with

This journal is © The Royal Society of Chemistry 20xx

Prussian blue (PB) to detect the presence of MMNPs. As expected,
C6 tumors showed high cellularity, dense cell packing, and high
vascularization, with wide blood vessels evidenced by the presence

Biomaterials Science, 2013, 00, 1-3 | 7
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of red blood cells (Figure 6a-c).6% 61 On the other hand, PB staining,
which reacts with colloidal iron from MMNPs, revealed the
presence of MMNP1 and MMNP2 within the tumor interstitium,
thus demonstrating that these MMNPs were able to passively cross
the BBTB, although very inefficiently, being only detectable in the
vicinity of the major blood vessels (Figure 6d,e), were the presence
of larger fenestrations likely allowed these NPs to go through. As for
the MMNP3, they could not be detected at all (Figure 6f), indicating
that these MMNPs were not able to cross the BBTB. These data
support the conclusions derived from the in vivo MRI studies, which
indicate, on the one hand, that the cutoff size for passive tumor

Biomaterials Science

targeting of MMNPs is around 50 nm, and, on the other hand, that
the EPR effect is not sufficient to achieve efficient delivery of
MMNPs to brain tumors. Histological evaluation of liver, spleen,
kidney and liver was also conducted after 24 hours of exposure to
MMNPs to assess their potential in vivo toxicity (Figure S6). Normal
histological architecture was observed in all cases, in the absence
necrotic foci, inflammatory cells, edema or any other sign of
toxicity. Therefore, the systemic administration of MMNPs did not
produce any detectable tissue alteration related to toxicity in the
main organs.

Fig. 6. Representative histological sections of H&E staining of tumors at 24h post injection of MMNP1 (a), MMNP2 (b) and MMNP3 (c).
Arrows indicate the main blood vessels. Representative histological sections of PB staining of the same tumors: MMNP1 (d), MMNP2 (e)

and MMNP3 (f). The scale bar corresponds to 50 pm.

Blood analysis

Additionally, the long-circulating nature of our MMNPs, which was
expected according to previous results reported by us,** was
assessed by analyzing blood plasma samples at 1 h and 24 h after

8 | Biomaterials Science, 2021, 00, 1-3

intravenous injection of MMNPs by TEM and relaxometry (Figure 7).
TEM images clearly showed the presence of a large amount of
MMNPs in plasma at 1h, which, although at a much lower
concentration, were still present at 24 h (Figure 7a). Then, the

This journal is © The Royal Society of Chemistry 20xx
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concentration of MMNPs in the blood was calculated from the
transverse relaxation rate (R,) estimated in the blood plasma at 1 h
and 24 h using the relaxivity values obtained in vitro at 1.44 T
(Figure S3), and the percentage of MMNPs to the injected dose was
calculated using estimated blood volumes according to published
data (Figure 7b).%2 The results confirmed the high concentration of
MMNPs present at 1 h after their intravenous administration, with
relative concentrations ranging from 22% to 46% of the injected
dose. Finally, the concentration of MMNPs at 24 h was very low in
all cases, in agreement with the TEM images, although still
detectable. These results demonstrate that our MMNPs remain in
circulation for several hours, which should promote tumor
accumulation if the EPR effect worked as an efficient mechanism in
brain tumors. However, as discussed above, none of the MMNPs
exhibited substantial passive tumor targeting, which in principle
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could be attributable to the restrictions imposed by the BBTB,®?
although very likely there are other factors involved. Indeed, there

Fig. 7. Representative TEM images of blood samples at 1 h and 24 hiafter MMNRs tgettoena). doupdrebatdgtRaeffdrtand it ktmosg
MMNPs administration calculated based on 1.44 T relaxivity values (b). criticism highlighting the importance of several factors that would

Experimental Section
Materials

Chemicals and solvents were purchased to commercial suppliers
(Acros Organics and Fisher Scientific, Sigma Aldrich) and used as
received. Iron (lll) chloride, Sodium Oleate, Oleic acid 99%, Gallic
acid, Poly ethylene glycol 1500 Da, Poly ethylene glycol 3000 Da, 1-
octadecene, Triethylamine, dicyclohexyl carbodiimide, 4-
Dimethylaminopyridine, Hydrochloric acid, Sodium sulfate,
Phosphate Buffered Saline (PBS), 3-[4,5-dimethylthiazol-2yl]-2,5-
diphenyl tetrazolium bromide (MTT), Roswell Park Memorial
Institute (RPMI), Dulbecco's Modified Eagle's Medium (DMEM).
Milli-Q water (18.2 MQ, 0.22uM filter por size) from Millipore.
Toluene, ethanol, acetone, hexane, dimethylsulphoxide,
chloroform, dichloromethane and tetrahydrofuran were used
anhydrous and HPLC grade.

Synthesis of the Nanoparticles

This journal is © The Royal Society of Chemistry 20xx

hinder the transport of nanometric systems through the tumor
microenvironment and limit their arrival to the numerous tumor
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pBfification of the NPs: first, NPs were washed several times, adding
acetone-ethanol (ratio 1:1) in order to precipitate them; after that,
they were centrifuged at 5.000 rpm for 10min; and finally, the NPs
were suspended in toluene.

Synthesis of MMNP2. 1.8g (2 mmol) of the previously prepared iron
oleate and 0.285g (1 mmol) of oleic acid were solved in 15g of 1-
octadecene. This solution was heated to 200 °C under inert
atmosphere, and subsequently raised to 320 °C with a heating ramp
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of 1 °C / min. The synthesis was maintained at that temperature for
1h, and then the reaction was cooled down. Then, the same
protocol described for MMNP1 was performed. Finally the MMNP2
were suspended in toluene.

Synthesis of MMNP3. 0.18g (0.2 mmol) of the previously prepared
iron oleate and 2.84g (10 mmol) of oleic acid were solved in 5g of 1-
octadecene. This solution was heated to 320 °C under inert
atmosphere. The synthesis was maintained at that temperature for
1h, and then the reaction was cooled down. After this procedure, it
was performed the same purification method commented above in
the synthesis of MMNP1. Finally the NPs MMNP3 were suspended
in toluene.

Functionalization of MMNPs

Detailed procedures concerning the synthesis of ligand are
described in the supporting information. The functionalization was
performed by a ligand exchange protocol previously described by
us.*6

Physicochemical characterization

TEM. Electron microscopy images were recorded on a FEI Tecnai G2
Twin microscope (accelerating voltage 100 kV). NPs samples for
TEM analysis were prepared on a carbon-coated copper grid at a
concentration of 1 g/L Fe. The diameters were calculated on an
average of hundred NPs measured.

ICP-HRMS. Fe concentration was determined on an ICP-HRMS.
Magnetic NPs were digested with aqua regia. Briefly, 2.5 mL of aqua
regia were added to 25 pL of a solution of NPs in a volumetric flask.
The mixture was left overnight. Then, milli-Q water was added to
complete the total volume of 25 mL.

DLS. Size distribution and zeta potential of the gallol derived
magnetic NPs were determined on a Zetasizer Nano ZS90 (Malvern,
USA). The NPs were dispersed in milli-Q water, PBS or FBS at a
concentration of 100 mg/L of Fe. Details on DLS measurements are
provided in the supporting information.

Magnetic Relaxivivities. r, relaxivities were calculated at 1.44 T
(Bruker Minispec) and 9.4 T (Bruker Biospec) using concentrations
of magnetic NPs ranging between 0.1 and 2 mM of Fe under
physiological conditions, at 37°C. T, was determined using
acquisition schemes based on the Carl-Purcell-Meiboom-Gill
(CPMG) sequence, either by spectroscopy (1.44 T) or imaging (9.4
7).

In vitro cell experiments

Cell Culture. Mouse microglia cell line N13 were cultured in Roswell
Park Memorial Institute medium (RPMI) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, and 1%
penicillin/streptomycin at 37 2C in an incubator with 5% CO,. Rat
Glioblastoma cell line C6 were cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, and 1% penicillin/streptomycin at 37 2C in
an incubator with 5% CO,.

Cytotoxicity assays. Cytotoxicity was evaluated in N13 cells using
the MTT assay, cell morphology studies and
viable/necrotic/apoptotic assays, which are described in detail in
the supporting information.
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Flow cytometry. N13 cells were seeded overnight in 12-well plates
(120.000 cells per well), in a total volume of 1 mL, and treated as
described before. Then, cells were fixed in an ice-cold solution of
70% (v/v) ethanol for at least 24h, incubated for 10min in DNA
extraction buffer (0.2 M Na,HPOQ,, pH 7.8) and then incubated with
0.1% (w/v) RNAse (Thermofisher,Waltham, MA, USA) and 50 pg/mL
propidium iodide at 37 °C for 30min before analysis of the DNA
content by flow cytometry using cell quest software (BD
Biosciences, San Jose, CA, USA).

In vivo experiments

Experiments involving animals followed the ethical guidelines of our
local ethical committee and national regulations for the care and
use of experimental animals (R.D. 53/2013, accreditation number
04/09/2018/132).

Tumor implantation. Male Wistar rat (8-week, 190 g, n = 3),
provided by Janvier Labs, were used. C6 cells were brought to 80-
90% confluence in culture. Then, cells were trypsinized and pelleted
at 4 °C. The animals were anesthetized by intraperitoneal injection
of a mixture of anesthetics (Buprenorphine / Medetomidine /
Ketamine) and placed in the stereotactic apparatus. An incision was
made in the skin, leaving the skull exposed, and a small perforation
was performed 3.5 mm to the right of the bregma. 10° cells were
inoculated at 5.5 mm from the cranial surface, corresponding to the
caudate nucleus.

In vivo MRI. Animals were anesthetized with 1% isoflurane, their
tail vein cannulated, and then placed in the magnet. Vital constants,
respiration and body temperature, were monitored throughout the
entire experiment. Magnertic NPs were administered intravenously
via tail vein at a concentration of 10 mg/kg Fe.

MRI experiments were conducted on a Bruker Biospec 9.4 T system.
The acquisition scheme is described in detail in the supporting
information. Short-term pharmacokinetics, corresponding to the
first 30 min post-injection, were obtained by semi-quantitative
analysis of a dynamic T,-weighted image sequence. The average
signal from regions of interest (ROIs) placed on the tumor was
normalized to the average signal from ROIs placed on the
contralateral brain tissue.

Then, to assess tumor vascularization and permeability, dynamic
contrast-enhanced MRI (DCE-MRI) was performed following the
intravenous injection of a commercial Gd chelate (Gadovist®) at a
dose of 0.3 mmol/kg. These results were used to determine the
viable (vascularized) and necrotic parts of the tumor, which were
used for the short- and long-term pharmacokinetics analyses.

Finally, long-term pharmacokinetics were determined by
quantitative T, mapping at 0, 1 and 24 h. According to the DCE-MRI
experiments, T, values were calculated as the average within ROIs
placed on the peripheral (vascularized) part of the tumor and over
the entire tumo, as explained above.

Parametric T, and TTP maps were calculated with scripts written in-
house in IDL (Interactive Data Language, Harris Geospatial
Solutions, Inc., Broomfield, CO, USA).

Histology. Histology was evaluated at 24 h post MMNPs injection.
Animals were sacrificed, and tumors and main organs were
extracted. Histology was determined by light microscopy. Tissue
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architecture was evaluated in H&E-stained tissue sections, while
Prussian Blue staining was used to visualize iron deposits (for
further details see the supporting information).

Statistical analysis. Statistical analysis was performed using the
SPSS package (SPSS Inc., Chicago, Illinois). Cell viability and in vivo
MRI data are shown as mean * standard deviation (SD). Student's t-
test or two-way analysis of variance were used to determine
significant differences. The level of significance was p<0.05.

Conclusions

The results presented here indicate that the EPR effect is a
very inefficient mechanism to target brain tumors with
metallic nanoparticles. On the one hand, our data indicate that
the cutoff size of the BBTB is around 50 nm, impeding MMNPs
above this size to reach the tumor interstitium passively. On
the other hand, even for MMNPs around 30-50 nm and
despite their long circulation times and high bioavailability, the
amount of them found within the tumor was scarce and
restricted to the surroundings of large tumor vessels. These
findings add experimental evidence in favor of postulates that
question the efficiency of the EPR effect to passively target
nanoparticles to solid tumors, particularly brain tumors. Taken
together, our results suggest that alternative mechanisms,
such as active targeting, are needed for effective delivery of
MMNPs to brain tumors.
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