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Abstract

The blood brain barrier (BBB) is a major impediment to the delivery of therapeutics into the

central nervous system (CNS). Gold nanoparticles (AuNPs) have been successfully employed in

multiple potential therapeutic and diagnostic applications outside the CNS. However, AuNPs have

very limited biodistribution within the CNS following intravenous administration. Magnetic

resonance imaging guided focused ultrasound (MRgFUS) is a novel technique that can transiently

increase BBB permeability allowing delivery of therapeutics into the CNS. MRgFUS has not been

previously employed for delivery of AuNPs into the CNS. This work represents the first

demonstration of focal enhanced delivery of AuNPs into the CNS using MRgFUS in a rat model

both safely and effectively. Histologic visualization and analytical quantification of AuNPs within

the brain parenchyma suggest BBB transgression. These results suggest a role for MRgFUS in the

delivery of AuNPs with therapeutic potential into the CNS for targeting neurological diseases.
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Background

Therapeutic nanoparticles (1 – 100 nm in diameter) have emerged as promising tools in

nanomedicine.1 Gold nanoparticles (AuNPs) are bio-inert and nontoxic which are important

features of biocompatible nanomaterials.2–4 AuNPs have been successfully employed in

cancer targeting,5–9 imaging,10 delivery of therapeutics,11 gene targeting,12 as well as
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thermal ablation of tumors.13–20 These novel targeted diagnostic and therapeutic

applications could have significant implications within the central nervous system (CNS) in

the treatment of neurological disorders where targeted therapies are most highly desirable in

light of toxicity vulnerabilities.

However, the blood brain barrier (BBB) provides a significant impediment to targeted AuNP

applications within the CNS. The endothelial cells of brain capillaries are uniquely

interconnected by intercellular protein bridges, called tight junctions, which block the free

diffusion of small molecules from the circulation into the brain parenchyma. In effect,

normal brain capillaries may exclude nanoparticle uptake into the brain that is driven by

hydrostatic and osmotic gradients, while passive or active transcellular uptake can still

occur.

AuNP data from several biodistribution studies in animals with intact BBB highlight

delivery challenges associated with the BBB.21–24 When De Jong et al. delivered

intravenous AuNP with size ranges between 10 nm to 250 nm into rats, they could only

detect gold in the brains of animals treated with the 10 nm AuNP.21 Moreover only 0.3% of

the delivered dose was found within the brain in comparison to 46.3% within the liver.21

Similarly, Sonavane et al. detected gold within the brain of mice treated with either 15 nm

or 50 nm AuNPs at very high doses of 1g/kg, but not with 100 nm or 200 nm AuNPs.23

However, the reported amounts represented less than 0.08% of the administered dose.23

Even more intriguing, when polyethylene glycol (PEG) coated AuNPs with sizes of 10 nm

and 50 nm were employed by Trentyuk et al. in rats, they did not measure any significant

amount of gold in the brain.22 Most recently Lasagna-Reeves et al. examined the

biodistribution of daily intra-peritoneal delivery of 12.5 nm AuNPs in mice over 8 days. The

AuNP biodistribution within the brain was extremely limited in comparison to the liver or

spleen even after serial AuNP administration.24 The above studies clearly underscore the

size-dependent and limited nature of AuNP delivery into the CNS for which the intact BBB

is the explanation. Therefore, strategies that result in transient permeability of the normal

BBB could potentially enhance the biodistribution of therapeutic AuNPs into the brain for

the treatment of neurological diseases wherein the BBB is intact. Such strategies should

ideally entail safe and reversible transient increases in BBB permeability to AuNP

therapeutics while simultaneously limiting the influx of toxins into the CNS.

MRI-guided focused ultrasound (MRgFUS) is a novel technique that selectively and focally

disrupts the BBB, thereby increasing its permeability to macromolecules into regions of

interest within the brain.25–29 Intravenously injected lipid-shell perfluorocarbon

microbubbles assist with BBB disruption. This noninvasive technique also increases BBB

permeability in a transient, non-toxic and reversible manner.25, 29 The BBB disruption

induced with MRgFUS typically lasts for 4–6 hrs and has been shown to allow transit of

macromolecules up to 150 kDa into the brain in mouse and rat models.30–32 Magnetic

resonance imaging (MRI) is used to select the region of brain to be targeted by focused

ultrasound and also to visualize the extent of BBB disruption. The feasibility of MRgFUS

mediated delivery of macromolecules and therapeutics into the brain has been successfully

demonstrated in several studies.33–39 However, the application of MRgFUS to enhance

delivery of AuNP-based nano-carriers into the CNS has not been previously described. Such
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an application could potentially have significant implications especially given the BBB

limitations of CNS biodistribution of intravenously administered AuNPs.

Hence, given the significant therapeutic and diagnostic potential of AuNPs within the CNS

in conjunction with the selective and targeted capabilities of FUS to overcome delivery

challenges across the BBB, this study was undertaken in order to ascertain if FUS could

enhance the clinical utility of AuNPs for subsequent CNS applications. We hypothesized

that FUS could alter the conventional biodistribution of AuNPs leading to enhanced delivery

within the brain. Accordingly, we assessed the delivery of 50 nm polyethyleneglycol coated

AuNPs (PEG-AuNPs) across the BBB with FUS in a rat model since this AuNP size was

previously shown to have the best intracellular uptake kinetic profile,40–42 For the first time,

we demonstrate significant enhanced delivery of AuNPs into the brain parenchyma using

focus ultrasound. We also conclusively address the issue of AuNP localization within the

CNS by detecting AuNPs within brain parenchyma using silver enhancement histology.

Lastly we show that our MRgFUS scheme can result in delivery into the CNS that offset the

traditional miss-match in AuNP biodistribution between the brain and liver. Taken together,

these results suggest a potential role for MRgFUS for future delivery of AuNP-based

therapeutics into the CNS.

Methods

Characterization of AuNPs

Size-certified 50 nm AuNPs coated with thiolated PEG (MW 2000) were purchased from

Nanocs, New York. AuNPs were further characterized with TEM for core diameter

assessment and also with agarose gel electrophoresis to document PEG coverage. For the

TEM assessment, samples were loaded onto carbon-coated copper grids and images were

obtained using Hitachi HD2000 STEM (Hitachi Corp). Particle sizes were measured from

TEM using Image J software. For the agarose gel characterization, the differential

electrophoretic mobilities of PEG coated and non-PEG coated AuNPs were assessed.

Samples were run on a 1% agarose gel at 120 mV for 30 minutes and the gel was

subsequently photographed.

MRgFUS delivery scheme

This study was conducted with the approval of the Sunnybrook Hospital Research Institute

Animal Care Committee (Animal Use Protocol #10–281) and in compliance with the

guidelines established by the Canadian Council on Animal Care and the Animals for

Research Act of Ontario, Canada. Wistar rats weighing 243–272 g (Charles River, Quebec,

Canada), were anaesthetized with inhaled isofluorane for induction. Hair over the dorsal

aspect of the skull was shaved and dilapidated. An angio-catheter was inserted into the tail

vein. Maintenance anaesthesia was then achieved with ketamine (40–50 mg/kg) and

xylazine (10 mg/kg) and the animal was removed from isofluorane exposure for 5 minutes

prior to the start of the experiment. The animal was placed in a supine position with the

exposed scalp immersed in degassed water and with its limbs secured (Figure 1). The

degassed water serves as a conduction media for ultrasound waves emitted from a

spherically focused transducer constructed in-house (558 kHz, FN=0.8, 10 cm aperture).43
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The transducer is mounted on a MRI-compatible 3D positioning system similar in principle

the one described previously.43 Magnetic resonance imaging (MRI) of the animal brain was

obtained prior to and after focused ultrasound BBB disruption. The images were obtained

using a 1.5 T MRI (Signa 1.5 T, General Electric) set at ETL = 4, FOV = 6 cm × 6 cm, slice

thickness = 1 mm, 128 × 128 with T2W FSE parameters being TE = 61.7 ms, TR = 2000

ms, and T1W FSE parameters being TE = 10 ms, TR = 500 ms. Gadodiamide was given at a

dose of 0.2 mL/kg prior to and after focused ultrasound BBB disruption to assess the

changes in brain vascular permeability. After baseline imaging,animals received 14 mg/kg

(by weight of HAuCl4) of 50nm PEG-AuNPs (Nanocs, Inc., New York, NY, U.S.A.),

followed immediately by 0.02 mL/kg Perflutren lipid microspheres (Definity®, Lantheus

Medical Imaging, Inc., N. Billerica, MA, U.S.A) diluted 10:1 in normal saline. The tail vein

angio-catheter lines were immediately flushed with saline after nanoparticle and

microbubble administration. Focused ultrasound was delivered at the start of microbubble

infusion. The target selected for sonication was the parasagittal right frontal lobe. This

region was covered using two lines of 4 focal point sonications spaced anterior to posterior

in the hemisphere at 2 mm intervals. The two sets of 4 focal point sonications were

separated in time by 5 minutes with Definity® administration immediately prior to each

sonication set. PEG-AuNP were only administered once prior to the first sonication. The

BBB was disrupted using 0.42W acoustic power (approximately 0.26 MPa peak acoustic

pressure) in 10 ms bursts at 1 Hz periodic repeat frequency for 2 minutes.

Experimental Design

Animals served as their respective controls for MRgFUS in that the right hemisphere was

always sonicated by FUS while the non-treated left hemisphere served as the control.

AuNPs were always administered prior to FUS sonication. Animals were observed for 2 hrs

and then euthanized with 120mg/kg pentobarbital sodium (Euthanyl®, BIMEDA-MTC

Animal Health Inc, Cambridge, Canada) via intraperitoneal injection. Blood was collected

through cardiac puncture. The liver, spleen, kidney, stomach, and brain were collected. The

right and left hemispheres of the brain were separated along the midline interhemispheric

fissure, photographed and stored separately. The isolated tissues and blood from animals

(n=5) were weighed accurately and were stored at −20 °C until gold content analysis.

Another set of Wistar rats weighing 392 to 451 gm were randomly assigned to receive

intravenously either 5 mg (by weight of HAuCl4) of AuNPs (n=4) or an equivalent saline

volume (n=3) immediately prior to sonication. These animals were allowed to recover from

anaesthetic and were maintained in a monitored animal facility. During recovery blow-by

oxygen at 10 L/min was administered if it was felt the animals showed signs of respiratory

distress such as increased work of breathing, excess secretions, or crackles. Animals were

observed on a daily basis for signs of neurological impairment including involuntary limb

movement, lethargy, weakness, dehydration, and weight loss. Two doses of Buprenorphine

0.125 mg/kg (University of McGill) were administered 12 hrs apart during recovery. The

animals were allowed to survive for 4 weeks and then sacrificed for assessment of delayed

effects of MRgFUS application with and without AuNP administration.
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Histology and silver-augmentation for in-situ AuNP detection

Animals underwent light microscopic histological evaluations of the brain, spleen, liver and

kidney at 2 h (n=1) and 5 days (n=1) and of the brain at 4 weeks (n=4) after AuNP

administration. Tissue preparation and silver-augmentation were carried out by the

Pathology Department at the Hospital for Sick Children in Toronto, Canada. Tissues fixed

with 3.7% formalin (Sigma-Aldrich) were embedded in paraffin blocks, and then sliced into

5 µm sections. For assessment of delayed pathological changes in the brain at 4 weeks the

whole brain was isolated, fixed with 3.7% formalin, and 10 sections spaced 500 µm apart in

the mid axial plane on each brain were examined for evidence of necrosis, hemorrhage,

vacuolation, neuronal loss, and inflammation. The silver-enhancement protocol from

Jackson ImmunoResearch Laboratories, Inc (West Grove, PA, USA) was employed on

dewaxed mounted sections of brain, liver, spleen, and kidney. Silver enhancement was

quenched after 30–40 minutes, and sections were then counter-stained with hematoxylin and

eosin (H&E). Representative tissue sections were also stained with H&E, but without any

silver enhancement as controls.

Measurement of brain and organ distribution of AuNP

Gold was extracted from the harvested organs using protocols previously described by

Niidome and colleagues.45 Briefly, the harvested organs and blood were digested in aqua

regia (3:1 HCL/HNO3) in screw top glass vials. Subsequent evaporation of the aqua regia

produced a residue which was dissolved in 3 mL of 0.5N HCl and analyzed by ICP-MS. The

ICP-MS analysis was conducted by Maxxam Analytics, Burnaby, British Columbia,

Canada.

Statistical Analysis

Statistical analysis was performed using PASW Statistics 18 software. Normality of data

was confirmed using the Kolmogorov–Smirnov test with Lilliefor’s correction. A two-tailed,

paired t-test (α=0.05, n=5) was used to determine if the difference in gold content between

right and left hemispheres was statistically significant. One-way analysis of variance

(α=0.05, n=5) was used to determine if the difference in gold content between organs was

statistically significant. Homogeneity of variances was assured with the Levene statistic.

Results

Characterization of AuNPs

Polyethylene glycol (PEG) coating of gold nanoparticles was confirmed with agarose gel

electrophoresis. We examined the electrophoretic mobilities of PEG AuNPs and bare

AuNPs. In addition to the 50 nm diameter particles, we also\ employed 10 nm diameter

particles as a control. Polyethylene g lycol-coated AuNPs showed no electrophoretic

mobility compared to AuNPs stabilized with citrate (Figure 2A). However, the overall

differential mobility of 10 nm AuNPs (control) was significantly higher than for the 50 nm

particles (Figure 2A). The pegylated AuNPs had a dark brown coloration (Figure 2C).

AuNPs were also assessed for core size by transmission electron microscopy (TEM). The

TEM demonstrated monodisperse spherical AuNPs (Fig. 2B).
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MRgFUS Disruption of BBB

The schematic for the MRgFUS system is demonstrated in Figure 1. For each animal only

the right hemisphere was sonicated in the presence of circulating microbubbles. Following

micro-bubble assisted disruption of the BBB, MRI gadolinium contrast agent was given and

an MRI scan was obtained. Contrast-enhanced T1-weighted (Figure 3A) did not show

gadolinium extravasations prior to focal BBB disruption. The corresponding T2-weighted

MRI (Figure 3B) prior to BBB disruption was normal. Following MRgFUS, extravasations

of gadolinium was demonstrated within the right hemisphere confirming BBB disruption

(Figure 3C). Some areas of BBB disruption showed corresponding signal changes on T2-

weighted images (Figure 3D). The disruption was carried out within the paramedian aspect

of the hemisphere and extended from the convexity to the base of the skull as demonstrated

in the contrast enhanced sagittal, and coronal T1-weighted images (Figure 3E–F). A non-

homogeneous contrast enhancement pattern within the ultrasound focus was observed in 3

of 5 animals in which orthogonal magnetic resonance imaging was performed. The average

spacing between peak contrast intensity in these animals 0.16 cm (n=3) corresponded well

with the half wavelength of the ultrasound (approximately 0.13 cm), suggesting standing

wave influence.

Gross pathological examination of the brain

The gross pathology of the brain was examined 2 hours after BBB disruption. The sonicated

right and non-sonicated left hemispheres were sectioned along the midline interhemispheric

fissure. Examination of the medial aspects of the hemispheres clearly demonstrates evidence

of punctate extravasations seen as reddish-brown deposits within the sonicated hemisphere

whereas the non-sonicated hemisphere has a normal appearance (Supplementary Figure 1A

in Supporting Information). The extravasations represent disruption of the BBB in focal

areas within the treated hemisphere. This was further confirmed by silver enhancement

histology (Supplementary Figure 1B in Supporting Information).

Histological examination of the brain

The hemispheres were examined by H&E histology as well as silver augmentation

techniques. Silver augmentation is a well-established technique for visualizing AuNPs in

H&E sections. Coronal and axial sections were examined. A representative coronal section

at low magnification shows (arrow) areas of extravasations within the sonicated right

hemisphere but not within the non-sonicated left hemisphere (Figure 4A). Silver

augmentation in combination with H&E demonstrates AuNPs within the perivascular spaces

as well as within the brain parenchyma (arrow) following MRgFUS treatment of the right

hemisphere (Figure 4B). AuNPs can be visualized (arrow) approximately 150 µm from the

site of disruption (Figure 4B). On the contrary, the AuNPs within the non-sonicated left

hemisphere localized mainly within intravascular compartment without any appreciable

localization within the brain parenchyma (Figure 4C). At 4 weeks after focused ultrasound

application to the right hemisphere 2 of 7 animals demonstrated small resolving subcortical

hemorrhage (Supplementary Figure 2A in Supporting Information). However, no isolated

areas of necrosis, inflammation, or neuronal loss were found (Supplementary Figure 2B in
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Supporting Information). Remnant perivascular and parenchymal AuNPs were present 4

weeks after MRgFUS delivery (Supplementary Figure 2C in Supporting Information)).

Histological examination of the liver, spleen, and kidney

Histological sections of liver, spleen, and kidney of treated animals were performed in order

to assess for any significant changes. There were no histological abnormalities noted

(Supplementary Figure 3A–C in Supporting Information). Using silver augmentation,

AuNPs were visualized within the spleen, liver, and kidney. The most significant AuNPs

visualization was noted within the spleen, which corresponded to the maximum gold

concentration per gram of organ tissue recorded by inductively coupled mass spectroscopy

(ICP-MS) amongst all the organs tested (Figure 5).

Quantitative assessment of AuNP content within the brain

Animals were intravenously given 50 nm PEG-AuNPs (14mg/kg) via the tail vein and the

right hemisphere was sonicated with MRgFUS. Two hours after BBB disruption animals

were euthanized and each hemisphere was assessed for gold content by ICP-MS. The ICP-

MS data show a significant difference between the gold content of the sonicated right

hemisphere versus the non-sonicated left hemisphere. MRgFUS treatment of the right

hemisphere resulted in over 3-fold enhancement of AuNP delivery when compared to the

left hemisphere brain (1593 ± 190 ng Au/gm brain S.E.M. Right Hemispheres versus 474 ±

46 ng Au/gm brain S.E.M. Left Hemispheres, P = 0.007) (Figure 5).

Biodistribution of AuNPs outside the CNS

The biodistribution of 50 nm PEG-AuNP outside the CNS was also assessed at 2 hours after

BBB disruption similar to the assessment for the CNS content (brain in particular). The gold

content of the spleen, liver, kidney, and blood for each animal were measured by ICP-MS

and reported in ng/gm of organ. The highest amount of gold was seen within the spleen

(20760 ± 4097 ng/gm, S.E.M), followed by blood (4796 ± 4032 ng/gm S.E.M), kidney

(3914 ±1225 ng/gm, S.E.M) and liver (1685 ± 990 ng/gm, S.E.M) (Figure 6). Gold content

was significantly different between organs (df = 3, F = 43.058, P < 0.001).

Discussion

The intact BBB is a major impediment to the delivery of therapeutics into the CNS for the

treatment of neurological disorders. Therefore, novel delivery strategies that can overcome

the traditional challenges associated with the BBB have the potential to significantly impact

the diagnosis and subsequent targeting of disease processes within the CNS. Nano-delivery

platforms serve as attractive carriers in light of their small size as well as their unique

abilities to traverse biological membranes. In particular, AuNP platforms have been

employed in multiple practical therapeutic and diagnostic applications outside the

CNS.6–12, 14–19 However, there are significant limitations in CNS bioavailability of AuNPs

following intravenous administration based on animal biodistribution studies.21–24

Therefore, in order to improve applicability of AuNP delivery platforms within the CNS, we

employed MRgFUS - a novel technique that has been shown to transiently disrupt the BBB

and potentially deliver therapeutics into the brain.33–39
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To the best of our knowledge, this study represents the first demonstration of focal enhanced

delivery of AuNPs into the cerebral hemisphere. We used MRgFUS parameters that had

been previously optimized and well tolerated in small animals.43 The study was designed

such that each animal would serve as its own control. The right hemisphere of the brain was

sonicated with MRgFUS while the left hemisphere was not, and served as control. By

quantifying the amount of gold within both hemispheres of the brain, we were able to show

that MRgFUS alters the AuNP biodistribution within the sonicated right hemisphere to

comparable levels like the liver within 2 hrs of administration of AuNP. Hence a significant

amount of AuNPs can be delivered into the brain with MRgFUS within a short period of

time, which would not have been otherwise possible by conventional means. In addition,

MRgFUS appeared to limit the fraction of AuNPs that would have otherwise been

sequestered in the spleen and liver. Using silver augmentation techniques, we detected

AuNPs within the brain parenchyma of the MRgFUS treated right hemisphere. There were

areas of red blood cells (RBCs) extravasation in conjunction with AuNPs, but we also

observed gold within the brain parenchyma even in the absence of RBC extravasation in the

acute (2 hr) and subacute period (4 weeks). This would suggest that AuNPs could be safely

delivered across the BBB without RBC extravasation. Areas of red blood cell extravasation

in the region of BBB disruption clustered in white matter tracts, which may be indicative of

regional variability in the brain vasculature response to a set peak sonication pressure or

effects of non-homogeneity in microbubble size. Furthermore, we were able demonstrated

that FUS can deliver AuNPs to distances as far as 150 µm from the transiently disrupted

BBB without any associated extravasation of RBCs (Figure 4). This is particularly important

since therapeutics can be delivered further into the brain thereby overcoming diffusion-

related limitations within the brain parenchyma. The extensive migration of AuNPs into the

brain parenchyma could be attributed to the combined ballistic effects of bubble oscillation,

radiation pressure and acoustic streaming. In addition, enhanced diffusion across the

extracellular space following BBB disruption could also play a secondary role.

The exact localization of AuNPs within normal brain, parenchyma versus intra-vascular

space, has not been defined previously. We have observed AuNPs in the capillaries within

normal brain and extravasation of AuNPs into the brain parenchyma in the region of focused

BBB disruption. Parenchymal localization of AuNPs has significant therapeutic relevance

because if AuNPs are restricted to the intra-vascular space, then that would of necessity limit

their clinical utility for targeted delivery application into the brain parenchyma. We

demonstrated both peri-vascular and intra-parenchymal localization of AuNPs with the

MRgFUS-treated right hemisphere suggesting that the AuNPs have transgressed the BBB.

On the contrary, the non-treated left hemisphere had AuNP localized to the intravascular

space and AuNPs were cleared from the intravascular spaces by 4 weeks. Interestingly this

non-sonicated hemisphere also had measurable AuNP content by ICP-MS although there

was no detectable gold within the brain parenchyma. These findings suggest that the ICP-

MS quantified AuNP content from previous biodistribution studies might have as well been

reflective of intravascular space localization as opposed to localization within the brain

parenchyma as has been previously reported in prior biodistribution studies.21–24 Lastly,

MRgFUS opened the BBB in focal areas as is evident from the AuNP deposition within the

brain. Focal opening of the BBB is more advantageous compared to the non-focal
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widespread BBB disruption that is encountered with osmotic agents employed for a similar

purpose. MRgFUS therefore translates into targeted delivery, which in itself is a necessary

requirement for advancing AuNP platform therapeutics within the CNS to treat neurological

disorders.

Given the potential for induction of seizures, hemorrhage, and cerebral edema after BBB

disruption we observed a set of rats in which received MRgFUS disruption with the same

ultrasound parameters as the group of animals in which gold uptake was quantified. The

survival of these animals (n=7) to 4 weeks with no evidence of seizures or neurological

deficit shows that focal transient disruption of the BBB with MRgFUS was safe. Delivery of

AuNPs into the CNS by MRgFUS in four of these animals did not result in any neurological

deficit or pathologic changes on brain histology secondary to vascular occlusion or

induction of inflammatory response. We did however observe resolving hemorrhagic foci in

the sonicated hemisphere in some animals. From our previous experience, the intensity of

gadolinium enhancement can be a marker for the degree of BBB disruption. Comparing the

peak intensity observed in our study to prior studies suggests that we may be able to reduce

the sonication peak pressure even further, allowing transient blood brain barrier disruption

with lower risk of immediate complication such as hemorrhage.

Furthermore, we were also interested in the effects of MRgFUS on the biodistribution

profile of the AuNPs. Traditionally, AuNPs concentrate in the liver and spleen from

systemic delivery. This effect appears to be less with PEG coated AuNPs. As expected, most

of our AuNPs were found in the spleen followed by the blood after 2 hrs. However, the

amount of AuNPs within the liver was within a tenth of magnitude comparable to the

MRgFUS sonicated right hemisphere when normalized for the mass of the organ. This

would at least suggest that MRgFUS mediated-delivery significantly minimizes the

traditional AuNP biodistribution miss-match that exists between the liver and brain.

Furthermore since this was assessed only at 2 hrs post treatment and a substantial amount of

AuNP was still present in blood, it is possible that additional AuNPs would have

accumulated in sonicated hemisphere brain over time. Moreover, because we normalized our

AuNP values based on the entire right hemisphere mass as opposed to the focal volume of

BBB disruption within the hemisphere, we may have underestimated the relative amount

AuNPs delivered into the region of brain with BBB disruption. Ideally, one would acquire a

more accurate representation of the enhanced focal delivery of AuNP by normalizing the

gold content to the volume of brain that demonstrates BBB disruption after sonication.

However, volumetric image acquisition in our system was limited due to resolution

constraints associated with imaging the small brain of rats. Another potential approach to

circumventing the effects of the spleen and liver on AuNP biodistribution would be intra-

arterial administration via the carotid artery.

A major limitation of conventional delivery of large molecules such as 50 nm AuNPs is

compromised diffusion within the extracellular spaces of the brain. The size constraint of

normal brain extracellular space has previously been predicted at 38 – 64 nm based on in

vivo diffusion analysis with quantum dots and dextrans.44 Nonetheless, we employed 50 nm

AuNPs since this particle size has been shown to have the best intracellular uptake kinetic

profile,40–42 which is advantageous for therapeutic delivery. Through MRgFUS we were
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able to circumvent diffusion-related limitations by demonstrating focal delivery of 50 nm

AuNPs across the blood-brain barrier further into brain parenchyma. Once focally delivered,

the favorable uptake kinetics of 50 nm AuNPs can be exploited for intracellular delivery of

chemotherapy, small interfering RNAs (siRNAs), peptides and other macromolecules of

therapeutic value. In addition, given the successful delivery of 50nm AuNPs, one should

anticipate marked enhanced delivery of smaller particles with optimal passive diffusion

profiles.

In summary, our work represents the first demonstration of focal enhanced delivery of

AuNPs with therapeutic potential into the cerebral hemisphere using MRgFUS in a rat

model. Based on silver enhancement histology, this work also provides the first direct

evidence of localization of AuNPs within the brain parenchyma suggesting BBB

transgression. Lastly, we also show that MRgFUS could significantly minimize the AuNP

biodistribution mismatch that traditionally exists between the liver and brain. Taken

together, these results suggest a potential role for MRgFUS in the delivery of AuNPs with

therapeutic potential into the CNS for targeting neurological disorders.
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Figure 1. Schematic representation of the focused ultrasound system
Animal was placed supine with part of the skull submerged in a water tank. Transcranial

ultrasound was then delivered to the right hemisphere. MRI was employed to confirm BBB

disruption.
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Figure 2. Characterization of AuNP
(A) Agarose gel (1%) electrophoresis of PEG and citrate stabilized AuNPs. PEG stabilized

AuNPs did not demonstrate any mobility on the gel, whereas citrate stabilized particles

migrated. (B) Transmission electron micrographs demonstrating spherical AuNPs (scale bar

100 nm). (C) Vial demonstrating the reddish brown coloration of 50 nm PEG AuNP.
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Figure 3. Magnetic resonance imaging (MRI) demonstrating disruption of BBB by MRgFUS
(A) Contrast enhanced axial T1-weighted images prior to MRgFUS does not show

extravasation of gadolinium. (B) T2-weighted axial image prior to MRgFUS shows no

increased signal. (C) Contrast enhanced axial T1-weighted images following MRgFUS

shows extravasation (arrow) of gadolinium in the right hemisphere (R) but not the left

hemisphere (L) suggesting BBB disruption. (D) T2-weighted axial images following

MRgFUS shows increased T2 signal (arrow) corresponding to area of BBB disruption in the

right hemisphere (R). Contrast enhanced coronal (E) and sagittal (F) T1-weighted images
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following MRgFUS show extravasation of gadolinium (arrow) in the right hemisphere

confirming BBB disruption.
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Figure 4. CNS localization of AuNP following of BBB disruption by MRgFUS
(A) H&E histology of coronal section of the right and left frontal lobes. The area (arrow) of

BBB disruption by MRgFUS within the right frontal lobe is shown (scale bar 50,000 µm).

(B) Demonstration (arrows) of peri-vascular and brain parenchyma localization of AuNP by

silver enhancement and H&E histology within the right frontal lobe of CNS following

MRgFUS. AuNP can be seen up to distances of 150 µm from initial site of BBB disruption

(scale bar 50 µm). (C) Demonstration (arrow) of intra-vascular localization of AuNP by

silver enhancement and H&E histology within the left frontal lobe of CNS in the absence of
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MRgFUS. There was evidence of brain parenchyma (CNS) localization in left frontal lobe

(scale bar 50 µm).
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Figure 5. Enhanced CNS biodistribution of AuNP 2 hr following MRgFUS
Following tail vein injection of AuNPs, the FUS sonicated right hemisphere had a 336%

enhanced uptake in comparison to the non-sonicated left hemisphere (n=5, P = 0.007). Error

bars are standard error of the mean.
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Figure 6. Biodistribution of AuNP outside the CNS 2 hr following MRgFUS
The largest amount of AuNPs following tail vein injection was noted in the spleen, followed

by kidney, blood and liver. Error bars are standard error of the mean (n=5, P < 0.001

between group ANOVA).
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