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Abstract
The blood-brain barrier (BBB) constitutes a significant obstacle for the delivery of drugs into the central nervous system (CNS). Nanoparticles have been able to partly overcome this obstacle and can thus improve drug delivery across the BBB. Furthermore, focused ultrasound in combination with gas filled microbubbles has opened the BBB in a temporospatial manner in animal models, thus facilitating drug delivery across the BBB. In the current study we combine these two approaches in our quest to develop a novel, generic method for drug delivery across the BBB and into the CNS. Nanoparticles were synthesized using the polymer poly(butyl cyanoacrylate (PBCA), and such nanoparticles have been reported to cross the BBB to some extent. Together with proteins, these nanoparticles self-assemble into microbubbles. Using these novel microbubbles in combination with focused ultrasound, we successfully and safely opened the BBB transiently in healthy rats. Furthermore, we also demonstrated that the nanoparticles could cross the BBB and deliver a model drug into the CNS.
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Introduction
The blood-brain barrier (BBB) is the physical barrier that protects the brain from bloodborne toxins and infectious agents. Additionally, it maintains the homeostasis by regulating the influx of nutrients and efflux of waste products. The BBB consists of endothelial cells, pericytes and astrocytes. The endothelial cells constitute the main physical barrier, caused by tight junctions connecting endothelial cells through intercellular anchor proteins such as claudin and occludin, thereby hindering paracellular diffusion of anything but small uncharged molecules [1]. Additionally, brain endothelial cells have a strongly up-regulated expression of efflux pumps which pump molecules that enter the endothelial cells back to the vascular lumen, therefore effectively preventing abluminal transcellular transport [2]. Accordingly, molecules larger than 600 Da and 98% of molecules smaller than 600 Da do not pass the BBB unless actively transported [3]. 

The BBB limits the ability for drugs to exert their effects within the CNS. Considerable research efforts have focused on circumventing the BBB with the aim of providing efficient drug delivery to the CNS. Generally, drug design and development are extremely time consuming and resource demanding, taking 10-15 years, and costing at least $4 billion (also counting failed drugs), before a drug reaches the market [4]. Due to the high cost, and relatively low success rate for drugs targeting the brain and diseases associated to it, a generic approach to CNS drug delivery would be highly valuable [5]. 

Gas filled microbubbles (MBs) are used clinically in contrast-enhanced ultrasound imaging. Ultrasound waves propagate through high- and low-pressure cycles, the pressure differences make the MBs expand during the low-pressure phase and compress during the high-pressure phase, a process called cavitation. This oscillation can be stable for several cycles (stable cavitation), but it can also end in more or less violent collapse of the MBs (inertial cavitation), depending on the pressure amplitude and frequency. It has been documented that ultrasound-induced oscillation of MBs can cause BBB disruption (BBBD). Using focused ultrasound (FUS), areas limited to a finite volume of the brain can undergo BBBD without causing tissue damage or bleeding [6]. With this approach the disruption is temporary and full recovery of the BBB is expected [7, 8]. This is thus a promising approach to increase the delivery of intravenously administered drugs into the brain. The exact mechanism of BBBD remains to be elucidated, but it is probably a combination of loosening up or making pores through tight junctions for paracellular uptake [9], increased endocytosis [10] and transcellular transport from sonoporation [11]. Some preclinical studies using drugs injected before or during FUS to treat CNS tumors have been performed on rats, mice, and non-human primates [12-14]. In these studies both tumor growth reduction and prolonged lifetime have been observed, and the success of these studies paved the way for the first clinical trial in glioblastoma patients [15].

During the last decades, the use of nanoparticles (NPs) as in vivo drug delivery vehicles has gained enormous attention and several agents have entered the clinic, mostly to treat various types of solid tumors [16]. A major advantage of administering drugs encapsulated in NPs is that the NPs can possibly act as a generic transport vessel for drugs, and patients are protected from systemic effects caused by freely circulating drugs. Furthermore, it can lead to an increased dose at the pathological site by taking advantage of passive targeting through the enhanced permeability and retention (EPR) effect [17] – which is characteristic for inflammatory diseases such as arthritis and some types of tumors [18]. NPs have also been reported to be delivered to the brain in combination with MBs and FUS [19-22]. Delivery of NPs covalently linked to MBs has been compared to co-injection of MBs and NPs during FUS treatment in skeletal muscle [23] and in C6 glioma in hind legs of mice [24], and NPs linked to MBs were found to be more efficient. Moreover, ultra small iron NPs have been incorporated into polymeric [25] and lipid [26] MBs, delivered to the brain and imaged by MRI.

Recently, we introduced self-assembled MBs stabilized with NPs (NPMBs) fabricated from the polymer poly(butyl cyanoacrylate) (PBCA). We have shown that these NPMBs can be used as ultrasound contrast agents [27] and for drug delivery [28]. PBCA-NPs have been shown to intrinsically pass the BBB via transcytosis and the surfactant polysorbate 80 is considered to facilitate the BBB-passage, whereas NPs with other surfactants show less or no transport [29]. Furthermore, doxorubicin loaded PBCA-NPs have shown beneficial effects in the treatment of rat glioma model [30]. Similarly to conventional therapy, this treatment approach has the drawback of affecting the brain systemically.

Herein, we demonstrate that our novel NPMBs can be used for safe BBBD, that NPs are delivered into the CNS and that the encapsulated model drug fluorophore is released. 

Methods
Synthesis and characterization of nanoparticles and microbubbles
The synthesis of PBCA NPs with encapsulated fluorescent dye (NR668, hydrophobically modified Nile Red [31], a kind gift from Dr. Klymchenko) and NP-stabilized MBs have been described previously [27, 28] and is based on a two-step process. In short, the miniemulsion polymerization method was used to prepare an oil-in-water emulsion of butyl cyanoacrylate (BCA, Henkel Loctite), a co-stabilizer (Miglyol 810N, Cremer) and NR668 (0.5 wt%) in 0.1M HCl using BrijL23 (Sigma-Aldrich) and a polyetheramine (Jeffamine M-2070, Huntsman) as polyethylene glycol (PEG) stabilizers. The polyetheramine reacts with the monomer and starts the polymerization reaction, resulting in PEGylated polymeric NPs. NPs were analyzed by dynamic light scattering (DLS, Malvern Zetasizer Nano ZS) to measure size, polydispersity (PDI) and ζ-potential. NPMBs were formed by mixing NPs (0.1 wt%) and the surface-active protein casein (0.5 wt%) in PBS (phosphate buffered saline pH 7.4). The solution was saturated with perfluoropropane (PFP, FluoroChem) and vigorously stirred using an ULTRA-TURRX® (IKA Werke) for 2 min at 26,000 rpm. The concentration of the NPMBs was determined from light microscopy images using a 20x phase contrast objective. NPMBs were counted and the size was calculated by analyzing the images in ImageJ [32]. The resulting MBs were sealed under PFP-atmosphere and used within two days of production.

Animals
17 female Sprague Dawley rats (NTac:SD; Taconic) were purchased at 8-9 weeks of age and used at body weight of 210-260 g. The animals were housed in individually ventilated cages and were provided with clean food and sterile water ad libitum. The housing conditions were free of specific pathogens according to recommendations from the Federation of European Laboratory Animal Science Association [33], and the environmental conditions were controlled with temperatures between 19 and 22 °C, relative humidity between 50 and 60 % and 12 hour cycles of light and darkness. All experimental procedures involving laboratory animals were performed in compliance with protocols approved by the Norwegian National Animal Research Authorities. 

Magnetic resonance imaging
Magnetic resonance imaging (MRI) was performed on a 7.05 T horizontal bore magnet (Biospec 70/20 Avance III, Bruker Biospin) with a 86 mm volume resonator for RF transmission and a phased array rat brain surface coil for reception. During scanning, animals were anesthetized with Isoflurane (~2% in 78% medical air/20% O2) and lay supine in a custom made MR-bed (Supplementary information Fig. S1), which allowed sonication from below after the surface coil was removed. Respiration rate and body temperature were monitored using pressure-sensitive and rectal temperature probes (SA Instruments), respectively. Gas anesthesia was adjusted accordingly and warm water flow in the animal bed maintained the body temperature at 37 °C. Before treatment, images were recorded, the animals were placed in the scanner, coils were tuned and matched and a tri-pilot with navigator scan (1min) was acquired. For pre- and post-treatment imaging, the following MR sequences were acquired: For detecting extravasation of the gadolinium (Gd) based MRI contrast agent, which was used for verifying BBBD, a T1-weighted fast spin echo sequence was used (T1-RARE sequence: echo time (TE) of 9.37 ms, repetition time (TR) of 800 ms, RARE factor of 4, 14 averages, and scan time 6 min and 10 s). For the detection of edema, a T2-weighted fast spin echo sequence was used (T2-RARE sequence: TE of 15 ms, TR of 3000 ms, RARE factor of 8, 8 averages, lasting 6 min and 24 s). For in vivo detection of hemorrhage, a Fast Low Angle Shot (FLASH) sequence was used (FLASH, Flip angle of 60°, TE of 5 ms, TR of 350 ms, zero fill acceleration of 1.3, 10 averages, lasting 6 min and 8 s). All MR sequences had the same geometry with FOV of 40x27 mm, matrix size (MTX) of 200x135, and 12 slices á 1 mm.

Ultrasound experiments
Skull attenuation characterization
A custom made single element focused 1 MHz transducer (Imasonic SAS) of piezoelectric composite was used. Transducer diameter was 50 mm, with a focus at 125 mm, giving an f-number of 2.5. The acoustic attenuation through the skull bone was measured on harvested rat skulls from animals of similar size as the ones used for BBBD experiments. A hydrophone (Onda HGL-0200) and preamplifier (Onda AH-2010) was submersed in a water tank and connected to a xy-translation stage. It was placed at the focal point of the transducer and the parietal part of the skull was positioned 2-4 mm away from the hydrophone tip. The acoustic signals registered by the hydrophone were displayed by an oscilloscope (LeCroy WaveSurfer 44xs) and transferred to a PC for post processing. 

BBBD treatment
The animals were anesthetized with isoflurane (2% in 78% clinical air/20% O2) and the tail veins were cannulated (Fig. 1 for time line). The heads were shaved with a hair trimmer before depilatory cream was applied to remove the remaining hair. The animals were placed in the MR-bed and scanner, the MR-contrast agent Omiscan (GE Healthcare AS, gadolinium based contrast agent, 0.5 mmol/kg, 1 ml/kg) was injected as bolus using a cannula which subsequently was filled with heparin (1 IE, 0.1 ml), and then pre-treatment T1-RARE, T2-RARE and FLASH images were acquired. The BBBD treatment, based on results from others [34, 35], was performed as follows: The animal was placed 120 mm above the ultrasound transducer, Omniscan (0.5 mmol/kg, 1 ml/kg) was injected and the sonication was started using the following settings: pulse repetition frequency: 1 Hz, burst time: 10 ms, treatment time: 3 minutes. The in situ mechanical index (MI) varied (MI = peak negative pressure (MPa) divided by square root of frequency (MHz)). NPMBs were injected at sonication start (2*107 MBs/kg, 30 s injection) and the cannula was filled with Heparin (1 IE, 0.1 ml). The animals were on isoflurane during the whole procedure but the extra oxygen supply was turned off during treatment. Fifteen animals were used for a total of 26 treatments, i.e. some animals were given multiple treatments. The 4 experimental groups were exposed to MI 0.15 (5 treatments), 0.25 (10 treatments), 0.30 (4 treatments), or 0.35 (5 treatments). Control treatments without MB injection were performed at MI 0.55 (1 animal, 1 treatment) and MI 0.75 (1 animal, 1 treatment). (see Supplementary information Table S1 and S2 for grouping details). Within 5 minutes after the treatment, the animal was placed back in the MR scanner in the same position as during the pre-treatment images and post-treatment T1-RARE, T2-RARE and FLASH images were acquired and used for assessment of successful BBBD, edema and hemorrhage respectively. To be classified as BBBD or edema positive, visual examination of the MR images had to reveal signal enhancement in the treated region compared to the corresponding non-treated contralateral region. Visual appearance of dark spots on FLASH images in the treated region that were not found in the untreated region, were considered as presence of hemorrhages.
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Fig. 1 Treatment timeline
Bold line indicates FUS treatment.

BBB-recovery experiments
The animals underwent the same treatment procedure as for BBBD. After MRI post-treatment scanning, the animals were kept under anesthesia for 2 h, when BBBD was evaluated again. A pre-Omniscan T1-RARE image was acquired to check for any residual contrast agent. The animals were given Omniscan (0.5 mmol/kg) injections and T1-RARE sequence was acquired to detect any leakage through the BBB. After the 2 h time point the cannula was removed and the animals were taken off anesthesia. 24 h post BBBD treatment the animals were again anesthetized, cannulated and scanned as described for the 2 h time point. Thereafter the animals were euthanized with a lethal dose of pentobarbital.

Histology
After post-treatment MRI, animals were sacrificed for histological examination. If no blood vessel staining was required, pentobarbital (100 mg/kg) was injected intravenously and the animals were intracardially perfused with PBS followed by paraformaldehyde (4%) before the brains were preserved. [How many] brains were imbedded in Tissue-Tek™ CRYO-OCT Compound (Sakura, The Netherlands) and frozen in liquid N2.  [How many] brains used for hematoxylin and eosin (H&E) staining were submerged in 4 % formalin in PBS for at least 24 h. When blood vessel staining was performed, fluorescein (FITC) labeled Lycopersicon esculentum (tomato) lectin (Vector Laboratories Inc. Peterborough, England), which binds to glycolax available on the luminal membrane of vascular endothelial cells, was used [36]. Tomato lectin 5 mg/kg was injected and circulated for 5 minutes before the animals were euthanized by pentobarbital injection (100 mg/kg) and the brain was frozen as described above. The frozen brain tissue was cut into 4 and 25 µm sections, whereas the paraffin fixed tissue was cut as 4 µm sections before H&E staining. The sections were analyzed by a trained neuropathologist blinded to the samples.

Confocal laser scanning microscopy (CLSM) of tissue
Cryosections (4 and 25 µm thick) were thawed for 30 minutes before DAPI (4',6-diamidino-2-phenylindole, a cell nucleus stain) supplemented Vectashield (Vector Laboratories Inc. Burlingame, CA) was added and a cover slip mounted. The cover slip was sealed with colorless nail polish. CLSM (Leica TCS SP8) was used to study the extravasation and penetration of NPs containing the fluorescent dye NR668 [31] using a 63x/1.2 water objective. To excite FITC and NR668, a white light laser was used at 495 nm (detection 505-540 nm) and at 561 nm (detection 599-699 nm), respectively and for DAPI a 405 nm laser (detection 416-468 nm) was used. Image processing was performed by ImageJ [32] and Amira 5.3.3 (FEI Visualization Sciences Group) for 3D visualization of image stacks



Results
Characterization of nanoparticles and microbubbles
The PBCA NPs, encapsulating the fluorescent dye NR668 had a diameter of 177 nm, PDI of 0.12 and ζ-potential of -12 mV. The NPs were used together with casein to self-assemble into NPMBs with a size range of 1-10 µm (95% within 0-5 µm), and a mean size of 2.2-2.6 µm (Fig. 2, supplementary information Fig. S2). The concentration of MBs generated was typically 1-4*107 MBs/ml.
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Fig. 2 NPMB size distribution
Histogram showing size distribution of NPMBs as percentage of total number of NPMBs counted.

Acoustic attenuation through rat skull
The acoustic pressure was attenuated 35-40% as the ultrasound wave passed through the skull, depending on the angular position of the skull with respect to the incoming acoustic wave (Supplementary information Fig. S3). The results were comparable to what has been reported previously [37, 38] and were used to estimate the in situ pressure generated during BBBD experiments.

BBBD experiments
BBBD with NPMBs and FUS was evaluated for several MIs (table 1). BBBD was characterized by increased signal intensity on post-treatment T1-weighted MRI caused by leakage of Omniscan into the brain tissue (Fig. 3 and Fig. 4). Brain tissue edema was characterized by increased signal intensity on T2-weighted images and the tissue hemorrhage was characterized by the appearance of low signal intensity spots on FLASH images.








Table 1 
Treatments of animals at different MI and scoring regarding BBBD (positive contrast in T1-RARE images), edema (positive contrast in T2-RARE images) and hemorrhage (negative contrast in FLASH images). 13 animals used for a total of 24 treatments (see Supplementary information Table S1 for detailed grouping details). + present, - not present, *hemorrhage could not be ruled out.
	MI
	Treatments
	BBBD
	Edema
	Hemorrhage

	0.15
	5
	+++--
	+++--
	-----

	 
	
	 
	 
	 

	0.25
	10
	+++++
	+++++
	-----

	 
	
	+++++
	[bookmark: _GoBack]+++++
	----- 

	0.30
	4
	++++
	+++-
	--*-

	 
	
	 
	 
	 

	0.35
	5
	+++++
	+++++
	+-*+*

	 
	 
	 
	 
	 



An in situ MI of 0.25 was sufficient to give consistently successful opening of the BBB without hemorrhage (Table 1 and Fig. 3a). BBBD was occasionally induced at an in situ MI of 0.15, while with sonication at an MI of 0.35, hemorrhage seen as black spots in the FLASH images was detected in several animals (Fig. 3b and  Table 1). Edema (observed in T2-RARE images) was generally detected in all cases where the BBB had been disrupted, except in experiments where the opening showed little signal increase on T1-weighted images. To quantitate the BBBD as well as edema from the MR images, the ratios between the intensities in regions of interest in the treated and contralateral untreated hemisphere were calculated. In Fig. 4 the increase in the ratio with increasing MI is presented. 

Furthermore, formalin fixed tissue was H&E stained in order to evaluate the presence of extravascular erythrocytes and if other abnormalities related to the treatment were present. The examination of these sections revealed no damage, pathology or extravascular erythrocytes in the brain at MI 0.25 (Fig. 5). Two animals were subjected to substantially higher MI (0.55 and 0.75) without NPMBs present. These treatments did not result in BBBD. Over the course of the experiments the breathing and body temperature of the animals were stable.
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Fig. 3 BBBD at different MI
a MR images showing the effect of FUS at MI 0.25 in combination with intravenously injected NPMBs. T1-weighted images show clear signal enhancement (circle) in the left hemisphere indicating successful BBBD. T2-weighted images show some signal enhancement that is attributed to edema. FLASH images show successful BBBD, and importantly, no hemorrhage is detected. b MR images showing the effect of FUS at an MI of 0.30 and 0.35 (yellow and red circle respectively) in combination with intravenously injected NPMBs. As for MI 0.25, successful BBBD and edema are detected at MI 0.30, but black spots are visible in the FLASH scan at MI 0.35 (arrows), indicating hemorrhage. Scale bar is 4 mm.
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Fig. 4 BBBD at different MI
Relative MR-intensity from treated and untreated hemisphere. Standard deviation is between treatments. Number of treatments varies between 3 and 11 for the different MI (see Supplementary information Table S1 for detailed grouping details). 

BBB recovery
To verify that no permanent BBB damage had occurred, the integrity of the BBB was evaluated one day post BBBD (MI 0.25) by injecting Omniscan and studying its extravasation into the brain. It was found that after 24 h there was no significant difference (0.1 significance level) between the pre- and post-Omniscan MR scans (Fig. 6a-d). Two animals were evaluated two hours post treatment. These animals showed a reduction of Gd in the brain, indicating that the BBB had started recovery. 
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Fig. 5 Histology
H&E stained brain section revealing no pathology or bleeding (MI 0.25). a T1-RARE image showing the sonicated region inside the grey box. b H&E image of the grey box from a. Scale bar is 1 mm. c Magnification of image b corresponding to the black box. Scale bar is 0.1 mm.
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Fig. 6 BBBD recovery
a-c From a representative animal. a Immediately after experiment. b and c Control for residual Gd-contrast after 24 h, before and after new Omniscan injection respectively. The difference in image contrast between b and a/c is due to b being recorded before Omniscan injection. Scale bar is 4 mm. d Comparing the signal enhancement day 1 pre and post treatment and day 2 pre and post contrast agent injection. Region of interests for treated and untreated region are selected and signal intensity ration calculated. Standard deviations represent difference between treatments. Number of treatments is 3.


Nanoparticle extravasation
CLSM located fluorescent NPs in the brain tissue. Two different staining patterns were detected; larger areas of diffuse staining and small defined spots. The diffuse NR668 fluorescence (green area in Fig. 7a) probably originated from NR668 that was released from the NPs. Closer to blood vessels, more distinct fluorescent spots were observed (Fig. 7a and b, arrow), probably arising from NR668 still being contained within the NPs as the spectra was equal to free NP spectra in suspension. The release of the dye from NPs was verified by the difference in spectra emitted from the diffuse staining patterns and the distinct fluorescent spots as the fluorescence spectra of NR668 depend on the hydrophobic environment of the dye (Fig. 7c) [39]. 
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Fig. 7 NP extravasation and fluorophore release
CLSM images of brain sections showing cell nuclei (blue), blood vessels (red) and NR668 (green). a and b 4 µm section showing a cloud-like distribution of NR668, probably due to the dye which has been released from degrading NPs, and also a few NPs in close vicinity to blood vessels (spots indicated by white arrows). Magnified area shows an example of an area with mostly diffuse staining. c Fluorescence spectra from area with diffuse staining in a (black spectrum) and spotted staining close to blood vessels (grey spectrum from regions indicated with white arrows in a and b (excitation 561 nm). Scale bars are 20 µm.




Discussion
Blood-brain barrier disruption
We have developed an innovative self-assembled, NPMB platform. Combined with FUS these novel NPMBs were successfully utilized to achieve BBBD. Importantly, we were able to efficiently deliver the NPs across the BBB and into the brain.

NP-functionalized MBs have been used previously in combination with FUS to increase NP accumulation in tumors [24]. The most common way to functionalize MBs with NPs is to chemically link the MBs with NPs. Our approach with NPs that self-assemble onto the surface of the MB is simple and involves no extra reagents or purification steps. The NPMBs have a narrow size distribution and there are small differences between batches. Thus the individual NPMBs have similar resonance frequency and respond similarly to the ultrasound field, making their behavior predictable with little variations. We have previously demonstrated the successful use of air-filled NPMBs in vivo for model drug delivery [28] and imaging [27]. However, clinical MBs are usually made from a perfluorcarbon or sulfur hexafluoride gas [40]. In the present study we used PFP instead of, which resulted in a more narrowly distributed MB-size.

Our results show that at MI 0.15 the BBBD was limited and sometimes not detectable at all. In one case, at MI 0.30, weak intensity dark spots were seen on FLASH images. Since the signal intensity on FLASH images are very sensitive to the increased T2* relaxation related to hemorrhage, these dark spots were interpreted as such. However, at MI 0.35 hemorrhage was readily detected in 2 out of 5 treatments and potential hemorrhage was found in 2 other treatments. Although the window for safe opening may be considered narrow (MI = 0.15-0.30), MI 0.25 consistently opened the BBB and did not produce bleeding at any instances seen by MR and verified by H&E staining post mortem. Furthermore, no other pathology was seen on H&E stained tissue sections with MI 0.25. Measurements of NPMBs in flow phantoms and acoustic measurements, indicates that at MI up to 0.35 there is no or little inertial cavitation, although the MB destruction starts at approximately MI 0.2. However, the destruction of NPMBs probably becomes increasingly violent as the pressure increases. It could be that stable oscillation alone is not enough for effective BBBD, but that NPMB destruction is needed. Results from Hynynen and co-workers have previously suggested that for lipid MBs an in situ MI less than 0.46 generated BBBD with no or little erythrocyte extravasation independently of transducer frequency, within the tested range 0.26-2.04 MHz [34]. Furthermore, it has been found that stable cavitation is sufficient to achieve BBBD [41]. The amount of MBs injected during our experiments, 2*107 MBs/kg, is similar to those previously used by Hynynen and co-workers [34, 35], although in the literature the MB concentration varies between roughly 2*106 and 6*108 MBs/kg [42-44]. 

Compared to the commercially available lipid or albumin based MBs, our NPMBs have a thicker shell (about 100-200 nm), suggesting a shell thickness of one NP layer [27]. Comparably, the commercially available MB Sonovue® (lipid based) and Optison® (albumin based) are estimated to be 4 and 15 nm thick respectively [45]. More recently, Lammers and co-workers made a polymeric MB from a continuous layer of PBCA, with a shell thickness of ≈50 nm, measured by scanning electron microscopy [25]. With our setup, hemorrhage occurred at a lower MI than previously reported and BBBD using Sonovue MB occurred as low as MI 0.11 (data not shown). An explanation for differences in MI tolerated compared to what other research groups have shown, could be that the transducer generates a relatively large sonication volume. This could generate standing waves inside the skull that are hard to predict, and could result in a in situ MI that is different from the estimated MI [37]. Standing waves will generate a spatial acoustic pattern where high and low intensity ultrasound regions are separated by a quarter of a wavelength. However, spatially varying patterns were not observed within the sonicated regions. The reproducibility of the results indicates that it is not only low batch-to-batch variation in our NPMB-platform, but that the acoustic power generated also is predictable. 

Re-examination of the animals after BBBD treatment showed that restoration of the BBB integrity had started already after 2 h, and that after 24 h it was fully restored for all animals, with the exception of one animal that still showed a weak signal increase due to Omniscan extravasation that was quantified comparing image intensity values from the treated area to the non-treated area.

In the literature very little data is available on delivery of NPs to the brain by BBBD using FUS and MBs. It has been shown that gold-NPs up to 120 nm in diameter can be delivered to the CNS [20]. Effective diffusion of NPs within extracellular matrix of the brain was reported when the NPs were around 100 nm or less in diameter [19]. Others have used ultra small iron NPs incorporated in polymeric PBCA MBs [25] or in lipid MBs [26]. In the former of the iron NP articles, it was found that FITC-dextran of 70 kD did not extravasate longer than 30 µm from the blood vessel after about 2 h of circulation. Since the PBCA NPs used to stabilize NPMBs had a size of 177 nm (z-average) it was not expected that they would diffuse far from the blood vessels. In line with this expectation, ex vivo CLSM images show that NPs were located just outside blood vessels, and that the dye NR668 was released from the NPs and diffused further away from the blood vessels. The same distribution pattern was also observed in prostate tumor xenografts exposed to the NPMBs and FUS (26). Altogether the results indicate a promising feature of our NPMB platform for future therapeutic studies. 

Conclusions
We have developed an innovative self-assembled, NP-stabilized MB technology platform. By application of FUS after intravenous injection of these NPMBs we achieved well-controlled BBBD and NP delivery across the BBB into the brain. Importantly, release and delivery of a model drug into the brain was demonstrated, proving that this platform has promising features for drug delivery across the BBB. Concisely, these results are promising and warrant continuation of our research into a FUS-based method for drug delivery across the BBB and into the CNS.
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