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Abstract

Gene therapy holds promise for the treatment of many pathologies of the central nervous system 

(CNS), including brain tumors and neurodegenerative diseases. However, the delivery of 

systemically administered gene carriers to the CNS is hindered by both the blood-brain barrier 

(BBB) and the nanoporous and electrostatically charged brain extracelluar matrix (ECM), which 

acts as a steric and adhesive barrier. We have previously shown that these physiological barriers 

may be overcome by, respectively, opening the BBB with MR image-guided focused ultrasound 

(FUS) and microbubbles and using highly compact “brain penetrating” nanoparticles (BPN) 

coated with a dense polyethylene glycol corona that prevents adhesion to ECM components. Here, 

we tested whether this combined approach could be utilized to deliver systemically administered 

DNA-bearing BPN (DNA-BPN) across the BBB and mediate localized, robust, and sustained 

transgene expression in the rat brain. Systemically administered DNA-BPN delivered through the 

BBB with FUS led to dose-dependent transgene expression only in the FUS-treated region that 

was evident as early as 24 h post administration and lasted for at least 28 days. In the FUS-treated 

region ~42% of all cells, including neurons and astrocytes, were transfected, while less than 6% 

were transfected in the contralateral non-FUS treated hemisphere. Importantly, this was achieved 

without any sign of toxicity or astrocyte activation. We conclude that the image-guided delivery of 

DNA-BPN with FUS and microbubbles constitutes a safe and non-invasive strategy for targeted 

gene therapy to the brain.
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Gene therapy approaches have shown promise for the treatment of Parkinson’s disease,[1-6] 

Alzheimer’s disease,[7,8] lysosomal storage diseases[9,10] and brain tumors.[11] Viral gene 

vectors have been used in clinical trials for neurological disorders and shown to be 

therapeutically effective.[12] However, viral vectors, such as adenovirus, adeno-associated 

viruses and herpes simplex viruses have significant limitations, including safety concerns, 

limited packaging capacity, technical difficulties in scale up and high production costs.[13] 

Moreover, prior exposures and/or repeated administrations of these vectors lead to 

neutralizing immune responses that ultimately reduce the efficiency of transgene delivery.

[14,15] DNA-bearing nanoparticles (DNA-NP) have emerged as a versatile and easily 

adaptable platform for gene therapy devoid of the aforementioned limitations.

Regardless of the type of gene vectors used, the blood brain barrier (BBB) prohibits delivery 

of systemically administered vectors to the central nervous system (CNS), resulting in 

minimal transgene expression.[16] Even specific viral vectors or DNA-NP with BBB-

targeting ligands achieve only minimal accumulation in the brain when administered at very 

high doses, which are associated with potential adverse effects in peripheral organs.[17] For 

this reason, the majority of preclinical and clinical studies have focused on direct 

intracranial administration of gene vectors. However, the invasive nature of this approach 

and the risks associated with surgery limit the applicability of this strategy and its potential 

use for repeated administrations. Various methods for circumventing the BBB, such as intra-

arterial infusion of osmotic agents, have been proposed, but they are invasive and non-

targeted,[18,19] leading to transgene expression in an uncontrolled fashion.

Currently, focused ultrasound (FUS) is the only modality allowing repeated, non-invasive, 

and temporary BBB permeabilization, leading to localized therapeutic delivery to the brain.

[20,21] Circulating ultrasound contrast agent microbubbles (MBs), when exposed to low 

intensity FUS, oscillate in volume with acoustic rarefaction and compression.[22] 

Ultimately, interactions between these activated MBs with the vascular wall lead to 

disruption of tight junctional complexes[23] and induction of active transport processes 

across the BBB.[24] Importantly, high capillary density in the brain permits many points of 

entry after FUS application, potentiating improved distribution compared to local injection. 

BBB opening is temporary, typically resolving within 4-6 h,[20,25] and has shown safety in 

several experimental animal models, including rhesus macaques.[26] Furthermore, both 

preclinical and clinical studies have demonstrated the potential of FUS to deliver 

systemically administered payloads including imaging agents,[27,28] ~100 nm liposomes,

[29,30] ~150 kDa antibodies,[31,32] recombinant proteins,[33] ~20 nm viruses[34,35] and 

~10 μm neural stem cells[36] into the brain. Toward this end, the size of BBB opening is 

dependent on FUS acoustic pressures[37], suggesting the FUS parameters can be tuned to 

accommodate delivery of therapeutics of different sizes. FUS can be aimed with guidance 

from magnetic resonance imaging systems, allowing for accurate targeting of predefined 
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brain structures; devices capable of targeting ultrasound through the human skull with sub-

millimeter precision are currently in clinical trials.[38,39]

Once beyond the BBB, the brain parenchyma provides an additional barrier to the diffusion 

of nanoparticles (NP). This brain-tissue barrier (BTB) consists of a nanoporous 

microstructure of negatively charged ECM macromolecules that hampers the distribution of 

NP[40,41] and viruses[42] via adhesive interactions and/or steric obstruction. It has recently 

been shown that sub-115 nm NP densely coated with neutrally charged and bio-inert 

polyethylene glycol (PEG) are able to overcome the BTB and rapidly diffuse within the 

brain tissue.[40] We have demonstrated that BBB opening with MR-guided FUS and MBs 

can facilitate the delivery of colloidally stable, densely PEGylated 60 nm fluorescent tracer 

brain-penetrating NP (BPN) across the BBB.[21] Once delivered across the BBB, BPN 

exhibited wide dispersion into the tissue away from the vessels of entry, allowing for 

homogeneous distribution in the FUS-treated tissue.

In this study, we used colloidally stable DNA-NP with a dense PEG coating (DNA-BPN) 

previously shown to achieve remarkable penetration through the BTB and high levels of 

transfection following direct intracranial administration.[43] By combining FUS-mediated 

BBB opening with systemically administered DNA-BPN, we formulated a non-invasive 

strategy to achieve safe, highly localized, robust, and sustained transgene expression in the 

CNS.

Results and Discussion

We formulated highly PEGylated DNA-BPN based on a gold-standard cationic polymer, 

polyethylenimine (PEI), as previous described.[43-45] This technique allowed the 

formulation of highly compact and colloidally stable 56 ± 2nm DNA-BPN with a PEG to 

PEI w/w ratio of 50 that is substantially higher than PEGylation ratios used 

traditionally[46-48]. Effective shielding of the NP positive surface charge was confirmed by 

the near-neutral ζ-potential (+1.5 ± 0.3 mV; Table 1). We further measured the stability of 

DNA-BPN in pooled human plasma (PHP; Innovative Research, Novi, MI); DNA-BPN 

retained their colloidal stability following incubation in PHP at 37°C, as evidenced by the 

well-preserved hydrodynamic diameters (65 ± 7 nm), near-neutral surface charge (−1.8 ± 

0.8 mV) and polydispersity index (PDI) of 0.25 (Table 1). Despite a minimal increase in 

size, DNA-BPN did not aggregate, retained their sub-100 nm diameter and DNA 

compaction over at least 30 min of incubation in PHP at 37°C, as demonstrated by the 

hydrodynamic diameter histograms and transmission electron micrographs (Figure 1a, b). 

This may be attributed to the inclusion of free PEI in the formulation of BPN allowing the 

formation of strongly positive polymer core that leads to efficient DNA compaction in spite 

of the steric hindrance imposed by the use of dense amounts of PEG.

To measure the in vivo transfection efficiency of DNA-BPN, we formulated DNA-BPN with 

a plasmid containing a luciferase reporter gene driven by a long-acting β-actin promoter 

(pBAL). These DNA-BPN were intravenously co-injected at 3 different concentrations (50 

μg, 100 μg and 200 μg) with MBs in Sprague-Dawley rats (n = 5 per dose) and FUS was 

applied to the striatum of the left hemisphere. Gene expression was measured using an In 
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Vivo Imaging System (IVIS100; Xenogen, Alameda, CA). FUS-mediated BBB 

permeabilization led to targeted DNA-BPN delivery to the brain and robust bioluminescence 

at the ultrasound focus (i.e. anatomical location where FUS was applied) (Figure 2a). 

Bioluminescence was not detected in brain tissue outside of the FUS focal region. 

Furthermore, extending the IVIS scan to include the entire rat revealed that transgene 

expression was not detectable in any other off-target organs, including the liver (Figure S1). 

However, we acknowledge the possibility that more sensitive approaches could show some 

limited expression in off-target organs. Such studies will be important when specific 

applications of this approach are indicated. Ex vivo bioluminescent imaging was also 

performed on freshly excised brains at day 28 after DNA-BPN administration in order to 

confirm that the in vivo transfection measurements were not due to signal from extra-axial 

tissues such as the skin and/or the skull (Figure 2b). Ex vivo images offer higher resolution 

and thus confirmed luciferase transgene expression through the entire ultrasound focus 

without off-target transgene expression. Repeated IVIS imaging demonstrated persistent 

dose-dependent reporter transgene expression for at least 28 days. Of note, even the lowest 

DNA-BPN dose led to bioluminescence signal significantly above the background (Figure 

2c, d). Importantly, gene expression was observed as early as 24 hours after FUS-mediated 

delivery of DNA-BPN. Compared to commonly used viral vectors, this constitutes a very 

short lag time. [49] Some viral vectors (e.g. AAV2) require up to 5 weeks to achieve 

maximal expression, [50] indicating that their expression kinetics are less favorable than that 

of DNA-BPN. Importantly, expression persistence represents a marked improvement over 

previously published results using non-viral gene vectors. For example, in a study wherein 

MB bound pDNA was delivered across the BBB with FUS, expression dropped to ~10% of 

maximum after just 14 days.[51]

We next determined the transfection efficiency and neuron-astrocyte tropism following 

FUS-mediated delivery of DNA-BPN. We used DNA-BPN containing an mCherry plasmid 

driven by the β-actin promoter (pBACH). The hydrodynamic diameter (56±2 nm) and ζ-

potential (1.5±0.3 mV) of these pBACH-carrying DNA-BPN were consistent with those of 

DNA-BPN complexed with pBAL. One week after FUS mediated delivery of pBACH 

bearing DNA-BPN, whole-brain ex vivo epifluorescence imaging confirmed mCherry 

transgene expression in the FUS-targeted region (Figure 3a). Microscopic examination of 

the FUS-targeted regions of nuclear counterstained (Draq5) brain cross-sections (Figure 3b) 

yielded visually detectable levels of mCherry expression, even at the lowest DNA-BPN 

dose. DNA-BPN achieved efficient transfection throughout the ultrasound focus region, in 

good agreement with a previous study suggesting the ability of densely PEGylated DNA-

BPN to distribute homogeneously throughout brain parenchyma.[43] At the 200 μg DNA-

BPN dose, 42.3% of cells in the ultrasound focus expressed the transgene compared to only 

5.8% in the non-FUS treated contralateral hemisphere (Figure 3c). The population of cells 

transfected by the 200 μg dose was significantly greater than the transfection efficiency of 

30.2% or 28.0% found at the 100 μg or 50 μg doses, respectively. Consistent with our results 

generated using pBAL, mCherry gene expression appeared to be dose dependent (Figure 3c, 

n=6 per dose). Furthermore, we confirmed that transgene expression is directly dependent 

on FUS treatment because, even at a very high DNA-BPN dose, transgene expression 

beyond the intact BBB of the contralateral hemisphere was minimal. The highly efficient 
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transfection of a large cell population within the FUS focus is most likely attributed to the 

contribution of FUS to improving DNA-BPN penetration through the BBB,[44] as well as 

the widespread distribution of DNA-BPN within the brain tissue. This is in good agreement 

with previous findings in which ultrasound enhanced delivery and transfection efficiency in 

FUS-treated tissue following systemic administration of NP.[52,53] In fact, ultrasound 

mediated delivery of pBAL bearing NP, similar to the formulation used in the current study, 

led to strong and localized expression in hard-to-transfect skeletal muscle in vivo,[44] even 

greater than the level achieved by direct injection.

To then determine which cell types are transfected with this approach, additional cross-

sections were immunolabeled for NeuN (neuronal marker), GFAP (astrocyte marker), and 

mCherry (Figure 4). DNA-BPN vectors entered both astrocytes and neurons in FUS-targeted 

tissue (Figure 4a). Out of the transfected neuron-astrocyte cell population, approximately 

42% of transfected cells were neurons and the remaining 58% of transfected cells were 

astrocytes (Figure 4B, n = 6).

Numerous gene therapy studies have shown the importance of restricting transgene 

expression to particular cell types. Cell-specific transgene expression can be achieved by the 

use of specific promoters. For example, transgene expression in the brain can be limited to 

astrocytes with a GFAP promoter[54] or neurons with a synapsin[55] or MeCP2[56] 

promoter.

Neurotrophic factors including glial cell line-derived neurotrophic factor (GDNF), which 

has been shown to be neuroprotective in models of neurodegenerative disease[57], is 

produced primarily by a subset of neurons in the striatum[58]. For this reason, several 

groups have pursued neuronal specific gene therapies[55]. However, several other studies 

have demonstrated a prominent role of astrocytes in neurodegenerative disease 

progression[59,60] and astrocyte proliferation has been observed in models of 

neurodegeneration[61]. Moreover, astrocyte populations have been shown to increase 2-4 

fold over the lifetime of rodents,[62] while neuronal populations are declining. Astrocyte-

specific overexpression of neurotrophic factors leads to similar therapeutic efficacy as 

neuron-derived expression.[54] Non-viral vectors such as the DNA-BPN used in the current 

study have the advantage of allowing remarkable versatility for gene delivery applications. 

Broad cellular tropisms will allow greater control at the gene level to restrict transgene 

expression to the target cells.

FUS has previously demonstrated the ability to improve efficiency of several different gene 

vectors in the brain after systemic administration. While self-complementary adeno-

associated virus 9 (scAAV9) broadly transfects cells beyond the BBB even without 

additional targeting mechanisms, doses as high as ~1×1011 vg/g have been found to 

transduce only 19% of motor neurons in adult mice.[63] Delivery of scAAV9 into the 

brain[34] or spinal-cord[64] with FUS achieved almost 80% total transduction efficiency in 

the brain and 87% of neurons in the spinal cord at 2.5 ×109 or 2×109 vg/g, respectively. 

While scAAV9 currently yields higher transfection than DNA-BPN in the brain after 

delivery with FUS, scAAV9 has a packaging capacity of just 2.4 kb[65], which may limit 

the versatility of this vector for some applications. Indeed, tailorability, high packaging 
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capacity and ease of manufacture make non-viral gene vector systems enticing, and further 

optimization of DNA-BPN formulation may enhance efficiency in the CNS.

FUS has recently been shown to mediate transgene expression in mouse brain after delivery 

of relatively large (i.e. ~100 nm diameter) non-viral liposomal-based gene vectors [66]. 

Although transfection efficiency was not reported, luciferase co-localized with neurons and 

astrocytes [37]. To deliver these relatively large liposomes across the BBB, a FUS frequency 

of 500 KHz was used with a peak-negative pressure of 0.5 MPa. While reactive gliosis was 

not assessed, H&E staining did reveal that some petechiae were evident [37]. In contrast, our 

smaller diameter (56 + 2 nm) brain penetrating gene-vectors were delivered across the BBB 

with FUS [i.e. 1 MHz frequency with 0.6 MPa peak-negative pressure to a species with a 

much thicker skull (rats)] and MBs without creating petechiae or gliosis. Our study also 

differs in that our mCherry reporter studies reveal that combining these relatively small 

vectors with a near-neutral (+1.5 ± 0.3 mV) surface chargepotentiateshomogeneous 

dispersion through FUS-targeted tissue. Furthermore, we demonstrated that this system 

provides robust transgene expression for at least 28 days as opposed to 4 days.

Finally, we histologically examined brain tissues for signs of toxicity and/or gliosis. 

Hematoxylin and eosin (H&E) stained brain tissues that had been transfected via the 

delivery of DNA-BPN with FUS-mediated BBB opening were used to assess local toxicity 

(Figure 5 a); comparisons were made to contralateral control hemispheres (i.e. FUS−, DNA-

BPN+) and animals receiving no treatment. Importantly, no cellular damage was observed at 

any dose in either the FUS-treated or contralateral control hemispheres. Hemosiderin 

staining was found in the FUS treated region in only 2 of the n=18 brains tested. When 

examined as fraction of tissue area coverage, less than 0.1% of the observed H&E stained 

tissue area was hemosiderin positive, thereby indicating that erythrocyte leakage across the 

BBB after FUS treatment was an exceptionally rare occurrence. GFAP immunolabeling was 

used to assess potential astrocyte activation (i.e. gliosis) (Figure 5a). Comparisons of 

average grayscale intensity in GFAP stained images across several depths in the brain 

revealed that GFAP staining intensity was unchanged when compared to both the 

contralateral region (i.e. FUS−, DNA-BPN+) and untreated controls (FUS−,DNA-BPN-). 

This indicates that no long-term astrocyte activation occurred in response to DNA-BPN 

delivery via FUS-mediated permeabilization of the BBB (Figure 5b, n=6 per group). We 

also note that no long-term changes in animal behavior were observed following FUS-

mediated delivery of DNA-BPN.

While the long term safety of BBB opening with FUS and MBs has been confirmed in 

animals through both tissue histology and animal behavior tests, it is also well known that 

driving MBs beyond a mode of stable cavitation and into an inertial cavitation mode can 

lead to blood pooling in tissue.[67,68] Nonetheless, inertial cavitation is avoidable and it has 

been argued that minor erythrocyte extravasation would have minimal impact[27,69] and 

such minor effects would be acceptable in treatments of diseases like tumors or 

neurodegenerative disease. With regard to PEI, its high positive charge density has raised 

concerns about toxicity.[48] In particular, non-PEGylated PEI NP have been shown to lead 

to cell death in vitro and in vivo after intracranial administration[43,70]. However, when the 

surface of PEI-based NP are densely coated with PEG, such as with the DNA-BPN used in 
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the current study, toxicity is negligible.[43] Our safety results are consistent with those 

reported for convection enhanced delivery of PEI-based DNA-BPN, wherein no vector-

induced toxicity was observed at high doses in rats.[43]

In conclusion, we provide here the first demonstration of targeted, robust, and sustained 

CNS transfection achieved by delivering systemically administered DNA-BPN across the 

BBB with FUS and MBs. This platform approach for gene delivery to the CNS has potential 

as a targeted and non-invasive modality for treatment of a variety of neurological diseases, 

including brain tumors and neurodegenerative diseases.

Materials and Methods

Animals

Female Sprague-Dawley rats were purchased from Harlan and maintained on a 12/12h light/

dark cycle. Rats used in the experiments weighed between 180-220 g and were given food 

and water ad libitum. All animal experiments were approved by the Animal Care and Use 

Committee at the University of Virginia and conformed to the National Institutes of Health 

regulations for the use of animals in research.

DNA-BPN Fabrication and Characterization

To synthesize a PEG5k-PEI copolymer, methoxy-PEG-N-hydroxysuccinimide (mPEG-NHS; 

5 kDa; Sigma-Aldrich, St. Louis, MO) was conjugated to 25 kDa branched PEI (Sigma-

Aldrich), as previously described (PEG5k-PEI)[43-45]. Nuclear magnetic resonance (NMR) 

was used to confirm a PEG: PEI ratio of 50; a ratio previously shown to provide sufficient 

shielding of the DNA-NP positive surface charge[43]. 1H NMR (500 MHz, D2O): δ 2.48 – 

3.20 (br, CH2CH2NH), 3.62 – 3.72 (br, CH2CH2O). The pBAL and pBACH plasmids were 

produced by Copernicus Therapeutics Inc. (Cleveland, OH). DNA-NP were formulated by 

the drop-wise addition of 10 volumes of plasmid DNA (0.2 mg/ml) to 1 volume of polymer 

solution with a PEI concentration of 0.38 mg/ml and PEGPEI concentration of 1.17 mg/ml. 

PEI solutions were prepared at a previously optimized nitrogen to phosphate (N/P) ratio of 6 

and at PEG5k-PEI to PEI molar ratio of 3. This resulted in formulation of NP with a DNA: 

PEI: PEG-PEI ratio of 1:0.1:0.6 and a DNA:polymer ratio of 1:0.7. This ratio allows the 

administration of high DNA amounts (50 μg, 100 μg or 200 μg) while limiting the amount of 

polymer administered (35 μg, 70 μg, 140 μg respectively). Gene vectors were washed with 3 

volumes of ultrapure water, and concentrated to 1 mg/ml using Amicon® Ultra Centrifugal 

Filters (100,000 MWCO; Millipore Corp., Billerica, MA) so as to remove free polymers. 

DNA concentration was determined using a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE).

To characterize DNA-NP in water as well as PHP we used a Nanosizer ZS90 (Malvern 

Instruments, Southborough, MA). Hydrodynamic diameter and PDI were measured in 10 

mM NaCl at pH 7.0 by dynamic light scattering (DLS); ζ-potential was similarly measured 

by laser Doppler anemometry. In order to determine the DNA-NP morphology, transmission 

electron microscopy (TEM) was used (Hitachi H7600; Hitachi High Technologies America, 

Schaumburg, IL). PEI gene vector stability was assessed following incubation of DNA-NP 
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in PHP, filtered through Amicon® Ultra Centrifugal Filters (100,000 MWCO), at 37°C. We 

conducted DLS before and immediately after treatment with PHP as well as at 5 min, 10 

min, 20 min and 30 min of incubation. TEM was also conducted immediately after treatment 

with PHP and at 10 min, 20 min and 30 min of incubation.

FUS-Mediated DNA-BPN Delivery

All sonications were performed using a 1 MHz spherical-face single element FUS 

transducer with a diameter of 4.5 cm (Olympus, Center Valley, NJ). FUS (0.6 MPa, 120 s, 

10 ms bursts, 0.5 Hz burst rate) was targeted to the left striatum. Peak negative pressure was 

calibrated in de-gassed water using a hydrophone (HGL-0085: bandwidth: 0.5 kHz-40 MHz) 

and 17-dB preamplifier (GL-0095, Onda Corp., Sunnyvale, CA). The 6-dB acoustic 

beamwidth along the axial and transverse directions are 15 mm and 4 mm, respectively. The 

waveform pulsing was driven by a waveform generator (Tektronix AFG310, Bracknell, UK) 

and amplified using a 55 dB RF power amplifier (ENI 3100LA; Electronic Navigation 

Industries, Richardson, TX).

Female Sprague-Dawley rats (180-220 g) were anesthetized with an intraperitoneal injection 

of ketamine (40 mg/kg; Fort Dodge, IA) and dexmedetomidine (0.2 mg/kg, Pfizer, New 

York, NY) in sterile 0.9% saline. A tail vein catheter was inserted to allow intravenous 

injections of DNA-BPN and microbubbles. Animal heads were shaved and depilated before 

being secured prone in a stereotaxic frame (Stoelting, Wood Dale, IL). Rat heads were 

ultrasonically coupled to a FUS transducer and positioned such that the ultrasound focus was 

localized to the left striatum. Rats received a co-injection of DNA-BPN (dose based on 

DNA: 50 μg, 100 μg or 200 μg) and MBs (3×105 MBs/g body weight) followed by 0.3 ml of 

2% heparinized saline to clear the catheter. Sonication began immediately after clearance of 

the catheter.

Microbubble Preparation

MBs used in this study are similar to Optison (GE Healthcare, Little Chalfont, 

Buckinghamshire, UK). To produce MBs, a 1% solution of serum albumin in saline was 

sonicated (20 kHz, 30 s) with an ultrasound disintegrator (XL2020; Misonix, Farmingdale, 

NY) with an extended ½-inch titanium probe. The flask containing the solution had its 

headspace filled with octofluoropropane gas prior to sonication. MBs were sized and 

counted using a Coulter Counter (Multisizer 3, Beckman Coulter, Fullterton, CA).

In Vivo Bioluminescence Imaging

Animals were anesthetized and maintained on 2-2.5% isofluorane in oxygen. D-Luciferin 

(Gold Biotechnology, St. Louis, MO) was administered by intraperitoneal injection at 150 

mg/kg. Animals were serially imaged using an IVIS100 imaging system (Xenogen, 

Alameda, CA, USA). Photons were collected and integrated for a period of 1 minute. 

Images were processed using Xenogen’s Living Image software. Total flux intensities were 

measured from a region of interest over the FUS targeted region.
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Ex Vivo Bioluminescence Imaging

Immediately following the final in vivo bioluminescence imaging session, rats treated with 

FUS and DNA-BPN bearing β-actin-luciferase plasmid rats were euthanized and 

decapitated. The brains were quickly dipped in 10 mg/ml D-luciferin and imaged using the 

IVIS100 imaging system. Photons emitted were collected over 2 min.

Whole Brain Epifluorescence Imaging

One week after delivery of pBACH-bearing DNA-BPN with FUS, rats were euthanized. 

Immediately following euthanasia, left and right carotid arteries were cannulated and 

perfused with 20 ml of 2% heparinized 0.9% saline followed by 10 ml of 4% 

paraformaldehyde. Brains were immediately placed into 0.9% saline and imaged using an 

IVIS100 imaging system with the 605 nm excitation and 650 nm emission filters.

Histological Processing

Immediately following euthanasia, left and right carotid arteries were cannulated and 

perfused with 20 ml of 2% heparinized 0.9% saline followed by 10 ml of 4% 

paraformaldehyde. Brains were suffusion-fixed in 4% paraformaldehyde for 24 h at 4°C 

prior to desiccation in 30% sucrose for 24 h at 4°C. Desiccated brains were placed in OCT 

compound for 1 h prior to flash freezing and ultimate storage at −80°C. Brains were 

mounted with OCT and sectioned in a cryostat (Leica, Buffalo Grove, IL). Transverse 8 μm 

thick sections were mounted and stained.

Histology

Hematoxylin and Eosin (H&E) staining was performed on mounted sections according to 

standard protocols. Tissues were imaged on a bright field microscope (Zeiss, Jena, 

Germany) equipped with a color CCD Camera (Olympus, Center Valley, NJ).

Immunofluorescence

Mounted sections were washed 3× for 10 min in phosphate buffered saline (PBS) then 

incubated with blocking solution (Vector Labs, Burlingame, CA). Next, sections were 

incubated overnight at 4°C with mouse anti-mCherry (1:200; Abcam, Cambridge, MA). 

After washing 3× for 10 min in PBS, sections were incubated for 1 h at room temperature 

with Alexafluor-488 conjugated goat anti-mouse IgG (1:250; Invitrogen, Grand Island, NY) 

and Draq5 (1:1000; Thermo Scientific, Waltham, MA). After washing 3× for 10 min in 

PBS, slides were mounted using Prolong Gold (Invitrogen) and a coverslip. Sections were 

imaged on a Nikon Eclipse TE2000 confocal microscope (Nikon, Melville, NY) equipped 

with a 20× oil objective. Transfection efficiency was assessed using ImageJ by manually 

counting Draq5+ cells and comparing this to Draq5+ mCherry+ cells. At least three 

representative fields of view were counted from at least three different section depths within 

the rat brain.

To assess cell tropism, mounted sections were washed 3× for 10 min in PBS and incubated 

with blocking solution (Vector Labs, Burlingame, CA). Sections were next incubated 

overnight with mouse anti-mCherry (1:200; Abcam). After washing 3× for 10 min in PBS, 
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sections were incubated for 1 hr at room temp with Alexa Fluor 647 conjugated goat anti-

mouse IgG (Invitrogen). After washing 3× for 10 min in PBS, sections were incubated with 

mouse anti-glial fibrillary acidic protein (GFAP) (1:500; Millipore Corp.) and mouse anti-

neuronal nuclear antigen (NeuN) (1:500; Millipore Corp.). After washing 3× for 10 min in 

PBS, sections were mounted using Prolong Gold (Invitrogen). Sections were imaged on a 

Nikon Eclipse TE2000 confocal microscope equipped with a 20× oil objective. Cellular 

tropism was assessed using ImageJ by manually comparing localization of mCherry+ cells 

with NeuN+ cells and GFAP+ cells. At least three representative fields of view were 

counted from at least three different section depths within the rat brain.
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Figure 1. 
DNA-BPN stability in PHP (A) Gene vector hydrodynamic diameter (number mean) 

distribution following incubation in PHP at 37°C for 0, 10, 20 and 30 min. Size was 

measured by DLS in 10 mM NaCl at pH 7.0. (B) Transmission electron microscopy images 

of gene vectors following incubation in PHP at 37°C. Scale bar: 100 nm.
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Figure 2. 
FUS-mediated delivery of pBAL DNA-BPN across the BBB leads to robust and localized 

transgene expression in the rat brain. (A) Representative IVIS bioluminescence scans 

acquired 7 days after delivery of luciferase-bearing DNA-BPN into the rat brain with FUS. 

Bioluminescence was dependent on the DNA-BPN dose. (B) Ex vivo bioluminescence IVIS 

scans showing transgene distribution through axial plane (left) and coronal plane (right) 28 

days after FUS treatment. (C) Representative IVIS bioluminescence images in a rat given 

200 μg luciferase bearing DNA-BPN over 28 days. (D) Line graph of bioluminescence total 

flux over the 28 day test period. n = 5 at each dose. *Significantly different than all other 

doses tested (p<0.05).
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Figure 3. 
FUS mediated delivery of pBACH DNA-BPN into rat brain leads to efficient and localized 

transfection. (A) Representative whole brain ex vivo epifluorescence IVIS scans taken 7 

days after delivery of DNA-BPN. (B) Confocal fluorescence images show mCherry (red, 

left column), Draq5 (blue, middle column) and merge (right column) images 7 days after 

FUS-mediated delivery of DNA-BPN. Arrows indicate co-localization of mCherry and 

Draq5. Scale bar = 100 um. (C) Bar graphs showing transfection efficiency 7 days after 
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DNA-BPN delivery with FUS compared to contralateral non-FUS treated hemisphere. n = 6 

per dose. * Significantly different (p<0.05).
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Figure 4. 
DNA-BPN delivered across the BBB with FUS transfect both astrocytes and neurons. (A) 

Representative confocal fluorescent images show mCherry (red, left column), GFAP (green, 

middle-left column), NeuN (blue, middle-right column), and merge (right column) images 7 

days after delivery of pBACH DNA-BPN with FUS (top row) or without FUS (bottom row). 

Arrows indicate colocalization of mCherry and GFAP (red) or NeuN (yellow). Scale bar = 

100 μm. (B) Bar graph showing the relative fraction of mCherry+ cells that colocalize with 

the GFAP astrocytic marker or the NeuN neuronal marker. n = 6.
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Figure 5. 
Examination of brain tissues for toxicity and gliosis at 1 week after DNA-BPN delivery with 

FUS. (A) Representative images from n=6 per dose H&E-stained sections (top) or confocal 

GFAP-immunofluorescence sections 7 days after DNA-BPN delivery with FUS. No signs of 

toxicity were found in brains treated with FUS and DNA-BPN. Hemosiderin staining was 

found in 11% of n=18 brains tested. (B) Bar graph of GFAP grayscale intensity in the FUS+ 

and DNA-BPN treated regions as well as the contralateral FUS− hemisphere. n=6 per dose. 

No statistical differences were found.
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Table 1

Physiochemical properties of DNA-BPN.

Hydrodynamic Diameter ± SEM (nm)
a ζ-potential ± SEM

(mV)
b PDI

a

Number mean z-average

DNA-BPN 56 ± 2 106 ± 1 1.5 ± 0.3 0.18

DNA-BPN in

plasma 
c 65 ± 7 130 ± 2 −1.8 ± 0.8 0.25

a
Size and PDI were measured by DLS in 10 mM NaCl at pH 7.0 and data are presented as the average of at least 3 measurements ± standard error 

of the mean (SEM).

b
ζ-potential was similarly measured by laser Doppler anemometry and data are presented as the average of at least 3 measurements ± SEM.

c
Physicochemical characteristics were measured following 5 min incubation in PHP at 37°C.
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