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  1.     Introduction 

 The blood-brain barrier (BBB) is the primary obstacle for 
treating diseases of the central nervous system (CNS). [ 1,2 ]  It 
consists of closely packed endothelial cells, pericytes, astrocytes, 
tight junctions, and extracellular matrix components, which 
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together line cerebral blood vessels and 
prevent the vast majority of therapeutic 
and toxic compounds from entering 
the CNS. [ 3,4 ]  Several different strategies 
have been evaluated for enhancing drug 
delivery across the BBB, including e.g., 
pharmacological modulation, via the 
intra-arterial injection of hyperosmotic 
fl uids such as mannitol, [ 5 ]  or pharma-
ceutical optimization, via the design of 
drug delivery systems targeted to recep-
tors (over-) expressed by brain endothelial 
cells, such as the transferrin receptor, to 
enable active carrier-mediated transport 
across the BBB. [ 2,5–8 ]  

 In recent years, also ultrasound (US)-
based techniques have started to attract 
signifi cant attention for enhancing drug 
delivery across the BBB. [ 9–13 ]  The use of 
US to permeabilize vascular endothelium 
and cellular membranes is referred to as 
sonoporation, and it is known to profi t 
substantially from the concomitant use of 

microbubbles (MB). MB are 1 to 5 µm-sized gas- or air-fi lled 
vesicles stabilized by lipids, polymers or proteins, and they are 
routinely used as US contrast agents. MB substantially reduce 
the acoustic forces needed to induce sonoporation. In addition 
to permeabilizing vascular and cellular membranes, MB have 
also been employed for thrombolysis and for "direct" drug 
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delivery, upon loading low-molecular-weight or nucleic acid-
based therapeutics into or onto their shell, and then locally trig-
gering the release, extravasation and/or internalization of the 
incorporated or attached therapeutic agents upon exposure to 
destructive US pulses. [ 14–20 ]  

 Remarkably, the majority of efforts in this area of research 
have focused on enhancing drug delivery to tumors and tumor 
cells, in spite of the fact that angiogenic blood vessels in tumors 
are known to already be relatively leaky. Conversely, when 
considering that the most debilitating CNS disorders, such 
as Alzheimer and Parkinson’s disease, can potentially only be 
curatively treated with macromolecular drugs, such as growth 
factors, there appears to be an obvious need for establishing 
materials and methods to permeate the BBB and to do so in a 
quantifi able and controllable manner, ideally via non-invasive 
imaging guidance. 

 Here, we employed poly( n -butyl-cyanoacrylate) (PBCA)-
based MB, containing ultrasmall super-paramagnetic iron oxide 
(USPIO) nanoparticles within their polymeric shell, to at the 
same time mediate and monitor BBB permeation. Shell-incor-
porated USPIO and fl uorophores are known to be effi ciently 
released upon US-mediated MB destruction. [ 18,21 ]  Based on 
this, we reasoned that magnetic resonance imaging (MRI) of 
USPIO release from MB and their subsequent extravascular 
deposition into the CNS might be a suitable means for non-
invasively assessing BBB permeation. 

 As exemplifi ed by  Figure    1  , USPIO-containing MB were 
i.v. infused into healthy mice and transcranially destroyed 
using high mechanical index US pulses. The accumulation 
of released and extravasated USPIO in brain tissue was visu-
alized and quantifi ed using MRI. In parallel, the delivery of 
the 70 kDa macromolecular model drug fl uorescein isothiocy-
anate (FITC)-dextran across the BBB was monitored using 2D 

and 3D microscopy techniques, confi rming that US-mediated 
MB destruction enables effi cient drug delivery relatively deep 
into the brain. Such theranostic strategies, in which diagnostic 
materials and methods are used to deliver therapeutic entities 
across the BBB in a controllable and quantifi able manner, are 
considered to be highly useful for effi ciently and (more) safely 
delivering drugs to the CNS, providing real-time feedback 
on the degree of BBB opening, and thereby minimizing the 
chances of doing damage to healthy brain tissue (as a result 
of over-permeation, e.g., bleedings, infl ammation and edema 
formation).   

  2.     Results and Discussion 

 USPIO nanoparticles were incorporated into the shell of PBCA-
based MB using a one-pot synthetic procedure ( Figure    2  A). 
Coulter counter measurements showed that the average diam-
eter of the MB was ≈2.5 µm, and scanning electron microscopy 
(SEM) indicated a shell thickness of ≈50 nm (Figure  2 B–D). 
The shell thickness of the USPIO-MB was found to be compa-
rable to that of regular MB (56 ± 5 vs. 48 ± 8 nm, respectively; 
Supporting Information Table S1). The transmission electron 
microscopy (TEM) images in Figure  2 E–H confi rm the effi cient 
embedding of USPIO into the MB shell. Using inductively cou-
pled mass spectrometry (ICP-MS), it was demonstrated that 
each individual MB contained ≈15 fg of iron, corresponding to 
an encapsulation effi ciency of ≈40%. [ 21 ]  The amount of iron per 
MB remained stable for >6 months, confi rming a proper shelf-
life. The colloidal stability of the USPIO-MB was assessed using 
zeta potential and creaming velocity analyses, showing that 
upon USPIO embedding, both the zeta potential (–42 ± 4.4 
vs. –38 ± 5.9 mV) and the creaming velocity (6 ± 0.9 vs. 11 ± 
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 Figure 1.    Schematic experimental setup for mediating and monitoring drug delivery across the BBB using USPIO-loaded MB. After an MRI pre-scan (A), 
USPIO-MB and 70 kDa FITC-dextran were co-injected (B). Then, the USPIO-MB were destroyed using US, resulting in the generation of acoustic forces, 
USPIO release from the MB, permeation of the BBB, and USPIO extravasation (C). After an MRI post scan, to visualize and quantify USPIO deposition 
in the brain (D), rhodamine-lectin was injected and FITC-dextran extravasation and penetration was assessed using 2D and 3D microscopy (E).
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1.0 µm s −1 ) slightly decreased, which indicates that USPIO 
incorporation slightly increases the stability of the dispersion 
(Supporting Information Table S1). Furthermore, in phantom 
experiments, a signifi cant decrease in relaxation times was 
observed upon the US-mediated destruction of USPIO-MB, 
which results from the (partial) release of USPIO nanoparti-
cles from the MB shell. [ 21 ]  This notion is in line with the TEM 
images in Figure  2 E–H, which also clearly indicate that upon 
exposure to destructive US pulses, partof the entrapped iron is 
released from the MB shell.  

 Upon i.v. infusion, USPIO-containing MB could be readily 
detected in the brain of mice, using power Doppler US imaging 
( Figure    3  A, Supporting Information Video S1). To visualize 
and quantify BBB permeation, morphological  T  2 *-weighted 
MR images and  T  2 *-relaxometry of the brain of mice ( n  = 5 
per group) were acquired before and after USPIO-MB admin-
istration and exposure to destructive US pulses (for 1, 5 and 
30 min). Control mice received either USPIO-MB alone or US 
alone. As shown in Figure  3 B,C, a signifi cant increase in  R  2 * 
relaxation rates was observed for animals treated with both 
USPIO-MB and US. One minute of US in combination with 
USPIO-MB resulted in an insignifi cant increase in  R  2 * values 
(by 5.5%;  p  = 0.11), while 5 and 30 min of US plus USPIO-MB 
highly signifi cantly ( p  < 0.01) increased the  R  2 * values vs. 

baseline, by 14.4% and 21.0%, respectively. No signifi cant dif-
ferences vs. baseline were observed in control groups. In line 
with this, for the latter two, analysis of variance (ANOVA) 
testing vs. the respective control groups showed highly sig-
nifi cant increases in  R  2 * ( p <  0.0001). USPIO-MB plus 5 min 
of US resulted in higher  R  2 * values than 5 min of US alone 
and USPIO-MB alone, and USPIO-MB plus 30 min of US pre-
sented with higher values than 30 min of US alone and USPIO-
MB alone (Figure  3 C). USPIO deposition across the BBB and 
into the CNS was confi rmed using post-mortem Prussian blue 
staining (Figure  3 D). These fi ndings indicate that the USPIO 
nanoparticles embedded in the MB shell can be used to quan-
titatively assess the degree of BBB permeation, using a 3T clin-
ical MR scanner.  

 To rule out the possibility of treatment-induced brain edema 
formation, the  T  2 -based FLAIR (fl uid-attenuated inversion 
recovery) sequence was used, which enables edema assess-
ment. As shown in Supporting Information Figure S1, no 
hint towards the induction of brain edema in any of the treat-
ment groups was found. Since the blood half-life time of MB is 
known to be in the order of 1–2 min, [ 22 ]  and since the post-US 
MR scans were obtained at 40 min after USPIO-MB injection, 
the observed increases in  R  2 * values can therefore be consid-
ered to truly refl ect USPIO extravasation across the BBB, rather 
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 Figure 2.    Synthesis and characterization of USPIO-loaded MB. A) Schematic synthetic protocol. B) Size and size distribution of USPIO-loaded and 
regular MB. C–H) SEM and TEM images of intact (C,E,G) and destroyed (D,F,H) USPIO-MB, exemplifying an average diameter of ≈2.5 µm, a shell 
thickness of ≈50 nm, effi cient USPIO incorporation into the shell, and (partial) USPIO release upon US-mediated MB destruction. See Supporting 
Information Table S1 for more details.
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than USPIO-MB still circulating in cerebral blood vessels. 
Microhemorrhages as a cause for changes in  R  2 * can also be 
excluded, as sonication with USPIO-free MB did not alter  R  2 * 
values (Supporting Information Figure S2A,B). 

 To demonstrate that the developed hybrid materials are 
more effi cient for mediating and monitoring BBB permeation 
than is the separate application of USPIO nanoparticles and 
MB, we co-administered a comparable amount of regular MB 
with a clinically relevant concentration of Resovist (i.e., car-
boxydextran-coated SPIO), and exposed the animals to 5 min 
of US. As additional controls, Resovist was also administered 
alone, as well as in combination with only MB and only US. 
As shown in Supporting Information Figure S2C,D, neither 
of these conditions resulted in a signifi cant increase in  R  2 * 
values, in spite of the fact that a >5 higher amount of iron was 
injected in case of Resovist as compared to USPIO-MB (70 vs. 
13 µg, respectively). 

 To evaluate if the USPIO-MB- plus US-induced opening of 
the BBB enables macromolecular drug delivery to the brain, the 
fl uorescent model drug FITC-dextran (70 kDa) was i.v. injected 
directly before USPIO-MB infusion, and prior to exposure to 
transcranial US. To facilitate the 2D fl uorescence microscopy 
(2D-FM) and 3D two-photon laser scanning microscopy (3D-
2PM) analyses of FITC-dextran extravasation, rhodamine-lectin 
was i.v. injected, to enable intravital staining of functional blood 
vessels in the brain. Prior to sacrifi cing the animals and har-
vesting brain tissue, they received an i.p. injection of heparin 
(to prevent blot clotting) and they were intracardially perfused 
with PBS (to remove intravascular FITC-dextran). As shown in 
the upper panels in  Figure    4  A, in line with the MRI analyses, 
in animals treated with USPIO-MB plus 5 and 30 min of US, 
very bright signals corresponding to extravasated FITC-dextran 
could be observed using 2D-FM, always surrounding perfused 
and rhodamine-labeled blood vessels. In control animals, as 
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 Figure 3.    Mediating and monitoring BBB permeation using USPIO-MB. A) Power Doppler US images before and directly after the i.v. infusion of 
USPIO-MB. B) MR imaging of USPIO deposition across the BBB upon US-induced USPIO-MB destruction. Color-coded  R  2 *-maps are overlaid on 
morphological  T  2 *-weighted images, which were recorded before and after exposure to US. C) Quantifi cation of the increase in  R  2 * values, presented 
as percentage ± SEM. * indicates  p  < 0.0001 vs. USPIO-MB alone and US alone. D) Prussian Blue staining of brain tissue, confi rming the deposition 
of USPIO nanoparticles (arrows) across the BBB and within the CNS.
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well as in animals treated with USPIO-MB plus 1 min of US, 
no signifi cant FITC-dextran extravasation could be detected. 
These fi ndings were validated using 3D-2PM (lower panels in 
Figure  4 A), clearly confi rming that USPIO-MB in combination 
with 5 and 30 min of US induced highly effi cient FITC-dextran 
delivery across the BBB.  

 To quantitatively assess the extent of FITC-dextran extrava-
sation across the BBB and its penetration into the CNS, an 
automated image analysis method was developed in which an 
algorithm fi rst identifi es and segments blood vessels on the 
basis of the rhodamine-lectin signal, and subsequently calcu-
lates distance maps (20 concentric rings; 10 pixels in depth) 
around each blood vessel (Figure  4 B). Within each of these 
rings, the average signal intensity of FITC-dextran was quanti-
fi ed, and compared for 30 images from three brain sections for 
all  n  = 5 animals in each of the 7 treatment groups. The results 
of these analyses, in which the signal intensity of FITC-dextran 
is described as a function of distance from the vessel surface, 
are depicted in Figure  4 C. As can be clearly seen, in line with 
the fi ndings obtained using quantitative MRI (Figure  3 B,C) 
and qualitative 2D and 3D microscopy (Figure  4 A), in animals 
treated with USPIO-MB plus 5 and 30 min of US, the signal 

intensity of extravasated FITC-dextran was signifi cantly higher 
( p  < 0.005) than that in all other treatment groups (Figure  3 C). 
Thus, it can be concluded that the local destruction of USPIO-
MB via transcranial US enhances the permeability of the 
BBB, and that the extent of BBB opening is large enough to 
enable effi cient extravasation and penetration of 5–10 nm-sized 
(70 kDa) macromolecular model drugs into the CNS. 

 Using USPIO-containing MB in combination with transcra-
nial US, we here provide proof-of-principle for a theranostic 
nano-in-micromaterial that enables the simultaneous induc-
tion and imaging of BBB permeation (Figures  1  and  2 ). Such 
advanced nano- and microtheranostic materials are considered 
to be highly useful for improving both disease diagnosis and 
disease treatment. [ 23–26 ]  The non-invasive imaging insights 
obtained here using MRI and post-mortem Prussian Blue 
staining showed signifi cant USPIO deposition in the brain upon 
combining USPIO-MB with 5 and 30 min of US (Figure  3 ), 
and 2D and 3D microscopy techniques confi rmed that USPIO-
MB-mediated BBB permeation signifi cantly improves the 
delivery of the 5–10 nm-sized macromolecular model drug 
FITC-dextran into the CNS (Figure  4 ). Conversely, when com-
bining USPIO-MB with 1 min of US, no signifi cant increases 
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 Figure 4.    FITC-dextran extravasation and penetration. A) 2D fl uorescence (2D-FM) and 3D two-photon microscopy (3D-2PM) of FITC-dextran (green) 
extravasation across rhodamin-lectin-stained (red) blood vessels, showing effi cient macromolecular (model) drug delivery across the BBB upon the 
combination of USPIO-MB with 5 and 30 min of US. B) Extravasation and penetration were quantifi ed using a procedure in which 1) vessels were 
segmented by rhodamine-lectin-thresholding, 2) a distance map was calculated, 3) concentric rings were drawn around the vessels, and 4) the signal 
intensity of FITC-dextran was measured within each ring. C) Signal intensity of extravasated FITC-dextran as a function of distance to vessel surface. 
Values represent the mean signal intensity within each concentric rings ± SEM. * and # indicate  p  < 0.005 vs. USPIO-MB alone and US alone.
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in BBB opening could be observed, using either MRI or 2D and 
3D microscopy (Figure  3 ,  4 ). This illustrates that in this par-
ticular experimental setup, the minimal US duration for effi -
cient MB-mediated BBB permeation is somewhere between 1 
and 5 min. It also shows that non-invasive MR imaging, on a 
clinical 3T scanner, can be used to report on (and eventually 
potentially tailor) BBB permeation using USPIO-MB. In this 
regard, it should be kept in mind that the USPIO-MB used in 
this study are prepared using prototypic, safe, well-character-
ized and clinically relevant materials. USPIO- and PBCA-based 
nano- and micromaterials have been extensively evaluated over 
the years, both in animal models and in patients, [ 27,28 ]  and 
the required soft- and hardware tools required for performing 
simultaneous MR-guided HIFU (high-intensity focused ultra-
sound) are becoming increasingly more accessible. 

 Surely, for enabling safe and effi cient image-guided drug 
delivery across the BBB, several parameters can still be further 
refi ned, including, e.g., MB-related properties (such as MB size, 
shell-thickness, USPIO-loading, circulation time, surface-coating 
and active targeting), US-related properties (such as power, dura-
tion, frequency and high-intensity focusing), [ 29 ]  and MRI-related 
properties (such as higher-fi eld MR scanners and optimized 
methods to sensitively detect subtle changes in  T  2 *, ideally in 
real-time, in a device enabling simultaneous US treatment and 
MR imaging). Thus, with still plenty of room for future optimi-
zation, our results indicate that relatively simple and straightfor-
ward theranostic materials and methods can be used to mediate 
and monitor BBB permeation, thereby substantially facilitating 
temporally and spatially targeted drug delivery (in-) to the CNS. 

 Our fi ndings agree with several previous efforts focusing 
on the use of MB plus US for enabling image-guided and 
improved drug delivery across the BBB. Kinoshita, Hynynen, 
and colleagues, for instance, showed that the CNS accumula-
tion of macromolecular anticancer agents, such as Herceptin, 
can be predicted on the basis of non-invasive MR imaging of 
the BBB penetration of a co-administered low-molecular-weight 
gadolinium-based contrast agent, [ 10 ]  and Marty and co-workers 
demonstrated that differently sized MR contrast agents can be 
employed to non-invasively assess the duration and extent of 
BBB opening. [ 30 ]  The advantage of using theranostic USPIO-
loaded MB for mediating and monitoring BBB permeation lies 
in the fact that only a single agent needs to be administered 
to mediate and monitor BBB permeation, that the overall dose 
of the MR contrast agent injected can be minimized, and that 
further material functionalization is easily possible, including 
e.g., antibody-targeting of MB to BBB endothelial cells, and co-
incorporating both contrast agents and drugs within the MB 
shell. Therefore, and also because it has become increasingly 
apparent that external means to open up the BBB are needed to 
enable more effi cient and safe (macromolecular) drug delivery 
to the brain, we suggest that theranostic MB-based materials 
hold signifi cant potential for individualizing and improving 
drug delivery to the brain.  

  3.     Conclusion 

 This study shows that polymer-based MB, containing USPIO 
nanoparticles within their shell, can be employed to at the same 

time mediate and monitor BBB permeation. External means to 
temporally and spatially control BBB opening are considered to 
be important for individualizing and improving interventions 
in case of Alzheimer’s disease, Parkinson's disease, and brain 
tumors, as these pathologies require systemic treatment with 
relatively large drug molecules (such as growth factors and anti-
bodies; which because of an intact BBB do not effi ciently reach 
the target site upon i.v. injection). Materials and methods ena-
bling safe and effi cient drug delivery across the BBB, ideally in 
an image-guided, targeted and triggered manner, consequently 
seem to hold signifi cant potential for treating CNS disorders.  

  4.     Experimental Section 
  Materials :  n- butyl-cyanoacrylate (BCA) was obtained from Special 

Polymer Ltd, potassium ferrocyanide from AppliChem, and iron(III)
chloride, iron(II)chloride tetrahydrate, FITC-dextran (70 kDa), Triton 
X-100 and Nuclear Fast Red solution from Sigma Aldrich. Ammonium 
hydroxide solution (NH  3 · H  2  O, 25%) was obtained from Carl Roth 
GmbH, rhodamine-labeled RicinusCommunis Agglutinin I (rhodamine-
lectin) from Vector Laboratories, Dulbecco's PBS from Life Technologies 
Corporation, 0.9 % saline and heparin-sodium from Braun, Tissue-Tek 
OCT Compound from Sakura Finetek Europe, and Resovist from Bayer 
Vital GmbH. 

  Synthesis and Characterization of USPIO and USPIO-MB : Ultrasmall 
super-paramagnetic iron oxide (USPIO) nanoparticles were prepared 
using a standard co-precipitation method of ferrous and ferric salts. [ 31 ]  
Briefl y, FeCl  3   (16 mmol; 2.66 g) and FeCl  2 · 4H  2  O (8 mmol; 1.63 g) 
were dissolved in deionized water. An aqueous ammonia solution 
(25%, NH  3 · H  2  O, 4 mL) was then added drop-wise, followed by 10 min 
of vigorous stirring at 1500 rpm. After stirring, a permanent magnet 
was used to isolate the precipitated iron oxide nanoparticles, which 
were washed three times by re-dispersion in deionized water. The 
purifi ed USPIO were physicochemically analyzed and subsequently 
stored in 40 mL of diluted HCl (0.02 M) [ 28 ] : The properties of the USPIO 
nanoparticles were: core size (as determined by transmission electron 
microscopy) = 5.5 ± 1.1 nm; hydrodynamic diameter and polydispersity 
(as determined by dynamic light scattering, in HEPES buffer, pH 7) = 
252 ± 66 nm and 0.35, respectively; zeta potential (as determined 
using nanosizer, at pH 7) = 18.9 ± 2.5; molar ratio Fe 2+ :Fe 3+  = 1:2; 
and crystallinity (as determined using X-ray diffraction) = typical 
highly crystalline magnetite diffraction pattern, in line with JCPDS 
No. 19.0629. The longitudinal ( r  1 ) and transversal ( r  2 ) relaxivity of 
the nanoparticles could not be determined, because of aggregation 
in water at pH 7, which results in susceptibility artifacts. [ 32 ]    MB 
with and without USPIO nanoparticles were synthesized as 
previously described. [ 33 ]  USPIO-MB were synthesized by adding 
3 mL of  n -butyl-cyanoacrylate (BCA) monomer to an aqueous solution 
containing 1% (w/v) triton X-100 and 225 mg of pre-synthesized USPIO 
nanoparticles; regular MB were prepared similarly, but without USPIO 
nanoparticles in solution. [ 21 ]  The mixture was stirred for 60 min at 
10 000 using an Ultra-turrax mixer (IKA-Werke), giving rise to PBCA-MB 
containing USPIO in their shell. Subsequently, USPIO-MB were purifi ed 
and size-isolated by two sequential rounds of centrifugation at 500 rpm 
for 10 min. After each centrifugation step, the MB were re-dispersed in 
an aqueous solution containing 0.02% (w/v) triton X-100. The mean 
diameter, size distribution and concentration of the USPIO-MB were 
analyzed using a Multisizer 3 (Beckman Coulter). The average shell 
thickness (determined on the basis of 50 individual MB), shape and 
surface morphology of the MB were visualized using cryo-scanning 
electron microscopy (FESEM, Hitachi-S4800). The encapsulation of 
USPIO into the MB shell was visualized using transmission electron 
microscopy (TEM; Philips EM400T). The iron concentration in 
USPIO-MB was analyzed using inductively coupled plasma mass 
spectrometry (ICP-MS; Elan-DRCII; Perkin Elmer). This was done 
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in triplicate, in a solution containing 10 8  MB. The reported value and 
the standard deviation (Supporting Information Table S1) therefore 
represent the intra-batch variability, rather than the variability in the 
amount of USPIO per individual MB. The colloidal stability of the MB 
in solution at 25 °C and pH 7 was evaluated by means of zeta potential 
measurement using a Malvern zetasizer (Nano ZS). In this context, the 
electrophoretic mobility was measured and the zeta potential calculated 
using the Henry’s equation. Similarly, to evaluate colloidal stability, a 
direct measurement of the creaming velocity was performed at pH 7.4 
and 25 °C using a separation analyzer LUMiFuge (LUM GmbH). The 
data was analyzed using SEPview software and the experimentally 
obtained creaming velocities extrapolated to 1xg to obtain the creaming 
velocities at ambient conditions. 

  Animal Model and In Vivo Experiments : All animal experiments 
were approved by a governmental review committee on animal care. 
Eight-weeks old CD-1 nude mice were obtained from Charles River 
Laboratories. Mice were anesthetized using isofl urane via a nose cone. 
Thirty-fi ve animals were used, subdivided into 7 groups of 5 animals. 
Three groups received USPIO-MB plus US for 1, 5 or 30 min, three 
others received US alone, for 1, 5 or 30 min. One group received only 
USPIO-MB. All animals were initially examined with MRI (MRI-Pre; to 
obtain baseline  R 2 * -values), directly followed by the i.v. injection of 70 kDa 
FITC-dextran at a dose of 200 mg kg −1  in 0.9% saline. Then, in the 
US plus MB groups, 8.5 × 10 8  USPIO-MB were i.v. infused for 5 min 
into the tail vein. Total injection volumes never exceeded 150 µL. For 
the respective groups, mice were then exposed to transcranial Power 
Doppler US for 1, 5 or 30 min, and afterwards, always exactly 40 min 
after the injection of the USPIO-MB - a second MRI scan (MRI-Post) 
was performed. Two hours after the MRI-Post-scan, 250 I.U. heparin 
were injected i.p., followed by an i.v. injection of rhodamine-lectin 
into the tail vein at a dose of 15 mg kg −1 . Animals were sacrifi ced by 
inhalation of isofl urane in lethal dosage. Subsequent to exsanguination, 
a thoracotomy was performed to intracardially perfuse the mouse with 
50 mL of phosphate-buffered saline at physiological conditions, to 
clear the vasculature of FITC-dextran. Fifteen additional mice received 
different combinations of regular PBCA-MB (i.e., without USPIO), 
US and free USPIO nanoparticles (i.e. Resovist; 50 µmol kg -1 ). Three 
animals received standard MB with 5 min of US to assess the impact of 
MB destruction on hemorrhage. Four groups with 3 animals each were 
evaluated to analyze the effect of co-administration of Resovist alone, 
and with or without 5 min of US and/or regular MB. 

  Ultrasound :   Ultrasound imaging and treatment was performed 
using the Vevo 2100US system (VisualSonics), connected to a MS250 
transducer. Anaesthetized animals were mounted onto a heated custom-
made mouse bed, supplying air and isofl urane through a nose cone. 
Power Doppler US was used at 16 MHz with a peak negative pressure of 
≈3.6 MPa, resulting in a mechanical index of 0.9, to achieve a focal plane 
in the brain (≈3 mm below the skin). To apply US over the whole brain, 
the transducer was fi xed, and the mouse bed was constantly moved 
through a gear, covering the whole skull in 3 s. The total US duration 
was set to 1, 5, or 30 min. 

  Magnetic Resonance Imaging : USPIO nanoparticle deposition 
after US-mediated USPIO-MB destruction, as well as morphological 
alterations and edema formation in the brain, were evaluated by MRI. 
MRI was performed using a Philips Achieva 3.0 T clinical MRI scanner, 
equipped with a mouse volume coil. For morphological imaging, a  T  2 -
weighted turbo spin echo (TSE) sequence ( TR  = 2152 ms,  TE  = 100 ms, 
slice thickness = 1 mm, fl ip angle = 90 °, FOV = 22 mm × 22 mm × 20 mm, 
matrix size = 160 × 160), and a  T  2 * turbo fi eld echo (TFE) with dual 
echo sequence ( TR  = 14 ms,  TE fi rst   = 4.6 ms,  TE second   = 9.21 ms, slice 
thickness = 2 mm, fl ip angle = 15 °, FOV = 28 mm × 28 mm × 20 mm, 
matrix size = 116 x 117) were applied. For evaluation of edema 
formation, we used a fl uid attenuated inversion recovery (FLAIR) 
sequence ( TR  = 11 000 ms,  TE  = 139.14 ms, slice thickness = 3 mm, 
fl ip angle = 90°, FOV = 20 mm × 38 mm × 21 mm, matrix size = 92 
× 60).  T  2 *-relaxation times ( T  2 *) were determined using a  T  2 *-weighted 
multi-slice multi-shot fast-fi eld gradient-echo sequence ( TR  = 1295 ms, 
 TE  range = 10–117.8 ms, delta  TE  = 7.7 ms, slice thickness = 1 mm, fl ip 

angle = 30°, FOV = 33 mm × 29 mm × 16 mm, matrix size 84 × 72). 
Images were acquired at 15 echo times, and  T  2 * was calculated by fi tting 
an exponential curve of the signal amplitudes as a function of echo time 
for each pixel. For calculation of average brain  R  2 * (i.e., 1/ T  2 *), regions 
of interest (ROI, based on >5000 voxels) were selected in coronary slices 
caudal of the olfactory bulb and frontal of the cerebellum. Subsequently, 
color-coded  R  2 *-maps were generated and overlaid on  T  2 *-weighted 
morphological images. Phantoms were prepared by mixing USPIO-
containing or regular MB into a warm aqueous solution containing 2.5% 
gelatin ( c  = 50 MB µL -1 ). Subsequently, 1 mL of the solution was fi lled 
into an Eppendorf tube and rapidly cooled down (–20 °C for 15 min). 
In another Eppendorf tube, prior to cooling, the MB were destroyed by 
sonication. The phantoms were measured in a knee coil (SENSE Flex 
M Philips, Netherlands). For morphological imaging, a  T  2 -weighted 
Turbo Spin Echo (TSE) sequence ( TR  = 846 ms,  TE  = 100 ms, slice 
thickness = 1 mm, fl ip angle = 90 °, FOV = 56 mm × 11 mm × 4 mm, 
matrix size = 160 × 160) was applied.  T  2 *-relaxation times ( T  2 *) were 
determined using a  T  2 *-weighted multi-slice multi-shot fast-fi eld 
gradient-echo sequence ( TR  = 290 ms,  TE  range = 6–131 ms, delta
 TE  = 4.2 ms, slice thickness = 1 mm, fl ip angle = 30°, FOV = 
55 mm × 11 mm × 6 mm, matrix size = 176 × 176). Images were acquired 
at 30 echo times, and  T  2 * was calculated as described beforehand. 
Per phantom, 4 slices and 5 measurements per slice were performed. 
Quantifi cation was performed using the Relaxation Maps Tool (Philips 
Research Laboratories). 

  Histological Evaluation :   Brain tissue was harvested and mounted 
in Tissue-Tek O.C.T. compound. It was snap-frozen at –80 °C and cut 
into transversal sections of 8 µm thickness, using a CM3050S cryostat 
(Leica Microsystems). For each animal, 3 slices were examined, each 
100 µm apart. For rhodamine-lectin-stained vessels and FITC-dextran 
extravasation, ten images per slice were recorded by 2D fl uorescence 
microscopy (FM) at 400-fold magnifi cation with an AxioImager M2 
microscope, equipped with an AxioCam MR3- and an AxioCam ICc-1-
camera (Carl Zeiss). Images were randomly chosen from the cortical 
region of the brain. Automated quantifi cation was performed for thirty 
images per brain. Based on the mean signal intensity of FITC-dextran 
in the concentric rings of these thirty images, each brain resulted in a 
graph depicting average signal intensity around a vessel as a function 
of distance to the vessel (in 1.6 µm steps, equivalent to 10 pixels). For 
3D visualization, transversal sections of 70 µm thickness were imaged 
using a pulsed Ti-sapphire laser MaiTaiDeepSee (Spectra Physics), 
attached to the upright two-photon laser scanning microscope (2PM) 
system Fluoview 1000MPE (Olympus), with a 20X water dipping 
objective (1.05 NA, WD2.0). For excitation, the laser was tuned to a 
wavelength of 800 nm at 5% output. Emitted fl uorescent signals were 
detected with two sensitive non-de-scanned photomultiplier tubes. 
The emission of FITC-dextran and rhodamine-lectin was collected 
at 495–540 nm and 575–630 nm, respectively. Series of subsequent 
xy-frames with 1024 × 1024 pixels in fi fty 1 µm  z -steps were obtained 
for structural 3D reconstruction of the vasculature. Image analysis was 
conducted using the imaging software Imaris 7.4 (Bitplane). Defi niens 
Developer XD 2.0.4 was used for automated histological evaluation. To 
confi rm USPIO deposition in the brain, Prussian Blue stainings were 
performed. To this end, after methanol fi xation at –20 °C, brain sections 
were incubated for 5 min with a 10 % aqueous solution of K 4 Fe(CN) 6 , 
and then with a 1:1 mixture of 10% K 4 Fe(CN) 6  and 20% HCl for 
30 min. Tissues were counterstained with Nuclear Fast Red for 10 min. 
Subsequently, the sections were washed with water and mounted with 
coverslips. 

  Statistical Analysis :   All results are represented as averages ± standard 
error of the mean. For intra-individual changes in  R  2 *, statistical 
signifi cance was examined by using the paired two-tailed Student’s 
t - test. Based on the large amount of histological and MRI data 
obtained, evaluation of the statistical difference between the individual 
groups was performed using analysis of variance (ANOVA). The least 
signifi cant difference (LSD) test for post-hoc evaluation was employed. 
All calculations were performed using IBM SPSS Statistics 20.  p  < 0.05 
was considered to represent statistical signifi cance.  
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