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Abstract
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease with extremely limited
therapeutic options. Abnormal accumulation of misfolded and aggregated proteins in the soma of motor
neurons is one of the main pathological hallmarks of ALS. Hence, reducing the burden of misfolded
protein in motor neurons has emerged as a promising therapeutic approach to control the disease.
Antisense oligonucleotides (ASOs) carry the potential to effectively silence proteins with gain-of-function
mutations, such as superoxide dismutase 1 (SOD1). However, the extremely poor blood-brain barrier
(BBB) penetration of ASOs and invasiveness of current intrathecal delivery methods, warrant the
development of alternative strategies for the delivery of ASOs to the central nervous system (CNS). In the
current study, we report the effective delivery of a next-generation SOD1 ASO (Tofersen) into the brain of
mice using calcium phosphate lipid nanoparticles following systemic delivery. Most importantly, for the
�rst time, we demonstrate the superior capability of transcranial focused ultrasound (FUS) with
intravenously administered microbubbles to signi�cantly improve the delivery of ASO-loaded
nanoparticles into the mouse brain compared to control mice receiving FUS without microbubbles.
Histological examination in combination with contrast enhanced MRI suggests that the opening of the
BBB in this context is transient and without evidence of any perturbation in the neural micro environment,
parenchymal injury or necrosis indicating the treatment is well tolerated. Further in vivo evaluation of this
strategy could lead to the development of a promising new approach for therapeutic delivery to treat ALS
in patients.

Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder resulting from the degeneration
of both the upper and lower motor neurons in the motor cortex, brainstem, and spinal cord.1 While the
cause for the majority of ALS cases remains unidenti�ed, environmental, toxic, endogenous retroviral, and
genetic factors have all been implicated.2

Approximately 10% of ALS cases are associated with a family history of the disease (familial or fALS)3,
while the remaining 90% of cases are sporadic (sALS). It is likely that a proportion of sALS cases also
contains a genetic component, but the complex inheritance of genetic risk is not completely understood.
A leading hypothesis states that the mutations in ALS-associated genes result in the accumulation of
misfolded and aggregated proteins in the motor neurons, leading to cell death. This implies that a gain-
of-function mechanism contributes signi�cantly to the underlying cause of the disease.4–6 Currently,
there are only two food and drug administration (FDA)-approved drugs for ALS treatment, riluzole and
edaravone, however, both therapies only slow disease progression by 2–3 months and largely address
downstream mechanisms of the disease and not the underlying cause.1,7

Gene therapy holds great promise in fALS cases8 since the causative genetic mutation is known in many
cases. The �rst ALS causative genetic mutation was found in the gene encoding Cu/Zn superoxide
dismutase (SOD1) in 1993.9 SOD1 is a 153-amino acid homo-dimeric metalloprotein that is involved in
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the reduction of oxidative stress via dismutation of harmful superoxide radicals into hydrogen peroxide
and molecular oxygen.9 SOD1 is primarily distributed in the cytoplasm, however, it is also found in the cell
nucleus and mitochondria.9 Over 160 mutations in the SOD1 gene have been found to be associated with
ALS. Many mechanisms have been proposed as the common structural feature that leads to the gain-of-
function toxicity of mutant SOD1, including increased protein misfolding and aggregation,
oligomerisation and dimer destabilization.6,10 These mutations initiate numerous pathways to induce
cellular toxicity, including anomalous metal binding, mitochondrial dysfunction, endoplasmic reticulum
stress, and oxidative stress.9,11 Hence, sliencing mutant SOD1 production has been proposed as a
potential therapeutic avenue for SOD1 fALS.

One of the most promising therapeutic approaches that can be implemented to reduce mutant SOD1
levels in the CNS is the use of antisense oligonucleotides (ASOs).12–16 ASOs are short, synthetic, single-
stranded nucleic acids that can reduce or modify protein synthesis in cells through several mechanisms
that mainly involve altering mRNA.17 For instance, when used in SOD1-related ALS, ASOs are capable of
binding to target SOD1 mRNA through Watson-Crick base-pairing. This DNA-RNA hybridization activates
RNase H enzyme resulting in the degradation of mRNA responsible for the production of SOD1
protein.16,17 Previous studies have demonstrated that in addition to motor neurones, SOD1-targeted ASOs
would also silence the SOD1 expression in other cell types, such as astrocytes, reducing the astrocyte-
mediated toxicity to healthy motor neuron cells18, further strenghtenening their use in ALS therapy.
Currently, next-generation ASOs that are chemically modi�ed to provide higher stability in biological �uids
and improved target mRNA binding potency are available.16,19 The second-generation SOD1 ASO
(BIIB067, Tofersen) is currently undergoing phase III clinical trials for SOD1 ALS.20 However, one of the
main challenges associated with the use of ASOs for the treatment of ALS is their extremely poor BBB
penetration to reach the CNS.21 The commonly used administrative methods for delivering ASOs to the
CNS, including intrathecal and intraventricular injections, are invasive and associated with a higher risk of
adverse events and side-effects, such as in�ammatory responses, headaches, post–lumbar puncture
syndrome, edema, nausea, and increased risk of infection.17 Hence, there is an unmet and urgent need to
develop alternative, non-invasive therapeutic delivery strategies that can deliver therapeutic ASOs into the
CNS for ALS treatment, particularly considering the vulnerability of this patient population.

Transcranial focused ultrasound (FUS), especially Magnetic Resonance Imaging (MRI)-guided FUS, has
emerged as a powerful technique that can transiently open the BBB in the presence of microbubbles and
has been shown in human clinical trials to be safe, including in ALS patients.22–27 Our group recently
developed a calcium phosphate (CaP) lipid nanoparticle (NP) formulation that can improve stability and
half-life of ASOs (ASO 333611) and target motor neurons in the brain of zebra�sh.28 In the current study,
we demonstrate the cerebrovasculature delivery of exogenous next-generation SOD1 ASO (Tofersen)-
loaded CaP lipid NPs into the CNS using MRI-guided FUS (Fig. 1). This is the �rst demonstration of MRI-
guided FUS to deliver ASO-loaded NPs to the brains of mice. With further development, our approach
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could lead to a shift in the current treatment paradigm and result in improved survival outcomes for those
living with ALS.

Results

Cy5-SOD1 ASO CaP lipid NPs are stable, non-toxic and
reduce intracellular SOD1 protein levels
The Cy5-SOD1 ASO CaP lipid NPs were prepared as per Chen et al. with minor modi�cations (Figure
S1b).28 The Cy5-SOD1 CaP lipid NPs were 73 ± 18 nm in size, negatively charged (ζ-potential − 21 mV),
highly stable29 and had a Cy5-SOD1 ASO encapsulation e�ciency of 23–30% (Figure S1c,d&e). Using
non-loaded CaP lipid NPs as the control, it was possible to con�rm the presence of Cy5-SOD1 ASO in all
the CaP lipid NPs through �ow nanoanalyzer (Figure S1f and Figure S2). Moreover, the NPs were capable
of successful pH-dependent release of Cy5-SOD1 ASO when analysed through agarose gel
electrophoresis (Fig. 2a) and were stable in serum with no signi�cant difference in particle size after 7
days of incubation (Fig. 2b), con�rming their suitability for in vivo use.

Next, we investigated the cellular internalization of Cy5-SOD1 ASO CaP lipid NPs in a mouse motor
neuron-like cell line (NSC-34)30 by imaging the interactions in real time using confocal microscopy. The
CaP lipid NPs used for this purpose contained LissRd B-DSPE in the outer lipid coating in order to
facilitate tracking of particles and Cy5-SOD1 ASO separately. The NP association with the cell membrane
was observed within 5 min (Figure S3) and for the most part, the CaP NPs were internalized; crossing the
membrane and being present within the cytoplasm within 1 h. We observed regions both with and without
co-localization of Rd B from the nanoparticle lipid layer and Cy5 from the SOD1 ASO. This �uctuation in
�uorescence coincidence indicates the presence of both intact and dissociated NPs after this time,
suggesting that some particles had likely encountered their delivery stimulus, resulting in pH-dependent
dissociation (Fig. 2d and Figure S3). Moreover, when analysed through �ow cytometry for cellular
association, a dose- and time-dependent uptake of NPs was observed (Fig. 2e). In addition, the MTS
assay indicated the absence of any signi�cant toxicity from NPs on NSC-34 cells after 48 h when tested
over a range of concentrations (Fig. 2c) supporting the suitability of NPs for in vivo studies. When in vitro
transfection and gene silencing was performed on HEK293T cells (encapsulated ASO is directed towards
human SOD1), the cells incubated with Cy5-SOD1 ASO CaP lipid NPs for 72 h had signi�cantly reduced
SOD1 protein levels (> 3.3-fold) with a relatively faint protein band appearing at ~ 19 kDa after western
blotting compared to the cell only negative control (Fig. 2f).

In vivo biodistribution studies in mice demonstrated an improved bioavailability of SOD1 ASO when
encapsulated in CaP lipid NPs

In order to determine the in vivo biodistribution of Cy5-SOD1 ASO CaP lipid NPs, NPs equivalent to 0.25
mg/kg of Cy5-SOD1 ASO was intravenously administered to healthy male and female C57BL/6 mice and
the ex vivo �uorescence of organs was quanti�ed 6 h and 48 h after NP administration. Mice injected
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with free Cy5-SOD1 ASO were used as the control. After 6 h, there was > 3-fold higher �uorescence signal
in the blood from the NP group compared to free ASO group, indicating a longer in vivo circulation time of
ASO when encapsulated in the NPs (Figure S5). In both NP and free ASO groups, �uorescence in the
clearance organs including liver, spleen and gut were observed (Figure S5). After 48 h, the reduction in
Cy5-SOD1 ASO NP signal in clearance organs as well as in blood indicated it was clearing from the body,
further con�rming the long in vivo circulation time of SOD1 ASO when encapsulated in NPs. There was
no statistically signi�cant difference in the brain uptake of NPs and the free ASO (Figure S5) in mice,
indicating the need for an alternative strategy to improve the delivery of NPs into the CNS.

The optimal focused ultrasound conditions to safely and transiently open the BBB in C57BL/6 mice were
determined

FUS combined with intravenously administered microbubbles (MBs) has emerged as a powerful method
of transiently enhancing the BBB permeability to promote therapeutic delivery into the CNS.31,32 First, in
order to determine the safe and optimal ultrasound conditions and MB dose that can be used to
transiently open the BBB in healthy C57BL/6 mice, an Evans blue uptake study together with Gadolinium
(Gd) contrast enhanced-MRI was performed (Fig. 3a). Evans blue is a dye that stably binds to albumin
protein in the blood. Thus, Evans blue is frequently used as a surrogate marker for large proteins and its
presence in brain tissue indicates the extravasation of albumin from the blood to the brain tissue
con�rming BBB opening.33 Different ultrasound exposure levels (0.33 MI, 0.325 MI, 0.319 MI, 0.22 MI and
0.14 MI, where MI stands for mechanical index34), MB doses (0.15 mL/kg and 0.4 mL/kg), and exposure
times (30 sec and 120 sec) were tested to determine the optimal conditions for BBB opening (Table S1).
The MBs were activated in-house and thoroughly characterized to determine their size and concentration
prior to use (Fig. 3b). The MBs were 1–2 µm in size and the 0.15 mL/kg MB dose contained 2.2 × 107

MBs whereas the 0.4 mL/kg dose contained 1.1 × 108 MBs when characterized using coulter counter
(Fig. 3b).

At 0.33 MI with 120 sec exposure, both MB doses were able to open the BBB, which was con�rmed
through the Gd-based contrast enhancement in the brain in both T2- and T1-weighted MR images, as well
as ex vivo brain analysis for Evans blue extravasation (Fig. 3c & d). The regions of Gd uptake in the brain
overlapped with the regions of Evans blue extravasation indicating the opening of the BBB through FUS is
localized and dependant on external sonication parameters and MB dose. There was no observable
difference in the BBB opening when FUS was applied to the left or right side of the brain. However, even
prior to the administration of Gd, contrast changes in the brain tissue where FUS was applied were visible
in the T2-weighted MR brain images of mice that were subjected to FUS at 0.33 MI with 120 sec exposure
time using 0.4 mL/kg MB dose (Fig. 3c). This indicated probable irreversible brain damage or
intraparenchymal haemorrhage rather than a transient BBB opening.35 This was further evident through
behavioural changes and slow post-recovery of mice in this group including inactivity, ataxia and tremors,
which can be associated with neurological trauma. Additionally, as per the dynamic curve (Fig. 3c), the
maximum T1 derived concentration for this group is greater and the uptake rate into the tissue is much
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greater compared to other groups as indicated by the slope to the maximum. Mice receiving 0.33 MI FUS
for 120 sec with 0.15mL/kg MB dose recovered without any observable adverse symptoms or
behavioural changes, and within 24 h the BBB integrity was mostly restored as indicated by a reduction in
Gd contrast on T2-weighted MRI (Fig. 3d). Moreover, there was no difference in contrast in the brain
tissue where FUS was applied prior to Gd administration (Fig. 3d). Furthermore, the difference in the
extent of BBB opening was supported by the 2-fold increase in T1 derived concentration for Gd uptake in
the FUS applied brain region in the case of 0.4 mL/kg MB dose (Gd 1.2 × 105 µM) compared to the 0.15
mL/kg MB dose (Gd 6.5 × 104 µM). This indicated the remarkable effect and importance that MB dose
plays on the extent of BBB opening and its recovery. However, there was still a window to further optimize
the BBB opening by �ne tuning the experimental parameters, in order to obtain fast and complete BBB
recovery as a desirable outcome from this work. Interestingly, all the FUS exposure levels below 0.33 MI,
including 0.14 MI, 0.22 MI, 0.319 MI and 0.325 MI failed to open the BBB irrespective of the use of high or
low MB doses and sonication time (Table S1, Fig. 3e, Figure S6) when tested through Gd contrast
enhanced-MRI and Evans blue analysis. However, it was intriguing to see that the use of 0.33 MI exposure
level with 0.15 mL/kg MB dose and 30 sec exposure time resulted in successful, mild and reversible
opening of the BBB (Fig. 3f). Gd-contrast enhanced MRI con�rmed the fast and complete recovery of BBB
with no adverse behavioural effects. Given their success and limited BBB impact, these conditions were
adapted for the subsequent NP-based FUS experiments.

Focused ultrasound signi�cantly enhances the delivery of Cy5-SOD1 ASO CaP lipid NPs into the brain of
mice

Mice were administered MBs at 0.15 mL/kg and then subjected to 0.33 MI FUS for 30 seconds. The Cy5-
SOD1 ASO CaP NPs and Gd contrast agent were administered immediately after FUS exposure following
the positioning of mice in the MRI machine. Prior to Gd administration, the brain appeared to be entirely
homogenous in T2-weighted MR images indicating the absence of any brain tissue damages or blood
pooling following FUS. The T2 and T1-weighted MR images following Gd administration indicated
successful BBB opening with obvious contrast enhancement in the brain tissue in the region FUS was
applied (Fig. 4a). Albumin extravasation in the cerebral cortex and central grey matter further confrimed
BBB disruption (data not shown). The difference in the extent of BBB opening despite the use of the same
FUS conditions and MB dose was due to the number of active MBs in each injection of the same volume
as per the subsequent coulter counter analysis (Figure S7 and S8). This indicated the important role that
the MBs play when opening the BBB with FUS. The region where the focal point of the ultrasound
transducer was positioned exhibited the greatest contrast and highest Gd uptake (dark), followed by the
surrounding region with lesser contrast enhancement (enhanced) and lower Gd uptake (Fig. 4c). The
remaining brain tissue appeared normal in both T2 and T1-weighted MR images without any apparent Gd
uptake as determined by the lack of contrast enhancement (Fig. 4c). The mice recovered without any
adverse behavioural changes following MRI. After 6 h from NP administration, the mice were euthanized
and the organs were imaged ex vivo for Cy5-SOD1 ASO NP signal using IVIS �uorescence imaging.
Encouragingly, the region of NP uptake in the brain perfectly overlapped with the Gd contrast enhanced
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region from MRI where the BBB was temporarily open (Fig. 4a). Moreover, it was compelling to observe
that the NP uptake in the brain was proportional to the extent of Gd contrast and therefore BBB opening
observed through MRI (Fig. 4a i, ii and iii). A linear relationship was observed between the ex vivo
�uorescence in the brain from NPs and the Gd concentration in the brain where FUS was applied (Fig. 4f).
This includes a change in total radiant e�ciency [p/s]/[µW/cm²] (Cy5 �uorescence) in the brain from 2.5
× 108 to 3.0 × 108 and 6.8 × 108 with a change in Gd uptake measured by T1 derived Gd concentration36

from 6.7 × 104 µM to 9.4 × 104 µM and 1.7 × 105 µM respectively (Fig. 4d and Fig. 4f). The regions of
interests (ROIs) used to calculate the Gd uptake in each brain are shown in Fig. 4c, where the highest
contrast enhanced region is referred to as dark, the region with lower contrast enhancement as enhanced
and the normal brain tissue as normal in FUS treated mice. For comparison, a control study was
performed where mice were subjected to FUS at 0.33 MI for 30 sec without the administration of MBs and
instead administered with saline only. The same procedure of NP and Gd contrast agent administration
was then performed prior to MR imaging. The absence of any contrast enhancement in the brain in T2
and T1-weighted MR images indicated the absence of any BBB opening in the control group (Fig. 4b).
This supports the absence of any gross effect on the brain following FUS treatment without the presence
of echogenic MBs. Importantly, the NP uptake in the brain was > 3.5-fold higher in the case of FUS group
with MBs compared to the control group (FUS without MBs, Fig. 4e). This con�rmed the ability of FUS to
effectively open the BBB and improve delivery of therapeutic agents into the brain. The quantitative
analysis performed using a standard curve generated for free Cy5-SOD1 ASO through IVIS imaging
revealed that 6–11% of the Cy5-SOD1 ASO compared to the administered dose has reached the brain
tissue in FUS group mice depending on the extent of BBB opening, which is an extremely promising
number for a drug delivery system (Figure S9).

In order to detect any adverse effect of the FUS on the neuroparenchyma, FUS treated (n = 2) and control
(n = 2) mice brains were immunostained with GFAP and Iba1 to detect any astrocytic or microglial
reactivity, respectively. Microglia, in particular, are a very sensitive marker of any perturbation in the neural
micro environment. As per Fig. 5, there was no evidence of increased GFAP or Iba1 staining in the
sonicated regions (ipsilateral) compared to the non-sonicated (contralateral) regions 6 h post FUS
(Fig. 5). Additionally, no parenchymal injury or necrosis was observed upon examination of H&E stained
sections .

Discussion
The ground-breaking approach of ASO therapy has drastically improved the gene therapy landscape for
ALS with promising ASOs currently undergoing in-human clinical trials.20 However, limitations
surrounding ASOs exist for ALS therapy, requiring invasive delivery approaches and long infusion times
to deliver ASOs to the CNS. Our group has developed a CaP lipid NP formulation that can improve ASO in
vivo stability, extend biological half-life, as well as allow for the systemic delivery of ASOs into the CNS.
These NPs are ~ 70 nm in size (diameter), negative in charge and highly stable. One of the key factors
involved in the intracellular delivery of therapeutic agents using such NPs is their ability to successfully
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release the cargo at the desired location. In this regard, the pH-responsive disassembly of our CaP lipid
NPs facilitates the release of encapsulated ASOs when the particles are exposed to a low pH environment
inside cells.37 When tested on NSC-34 mouse motor neuron cells, rapid and successful internalization of
NPs into the cells was observed and consequent release of ASO into the cytoplasm was successful.
Furthermore, SOD1 ASO NPs displayed no signi�cant cytotoxicity when tested on NSC-34 cells, signifying
their suitability for in vivo applications.

CaP precipitates have been used as successful in vitro gene transfection agents for many decades and
the in vivo effectiveness has increased with more recent innovations in lipid coating strategies.38

Moreover, previous studies have demonstrated the successful in vivo SOD1 gene silencing e�cacy of
SOD1 ASOs directly infused into the CNS of preclinical models including mice, rats, and monkeys, as well
as in clinical trials involving human.39 In the current study, a next-generation SOD1 ASO (Tofersen), that is
currently in early clinical trials13, was loaded into CaP lipid NPs and the gene silencing e�ciency was
examined in HEK293T cells. The delivery of ASO was shown to be safe and effective in cell culture,
substantially reducing SOD1 protein levels when using CaP lipid NPs compared to the untreated cells,
supporting their application in vivo.

Understanding the basic in vivo pharmacokinetics of NPs is vital for the development of an e�cacious
treatment platform for ALS. The in vivo pharmacokinetics of gene carrying CaP NPs with various outer
lea�et lipids and PEG coatings have been investigated in small animal models for other diseases, such as
cancer.40 However, the study of SOD1 ASO encapsulated CaP lipid NPs presented here is completely
novel. Hence, an in vivo biodistribution study of Cy5-SOD1 ASO CaP lipid NPs was �rst performed in
healthy, immunocompetent C57BL/6 mice and compared with the distribution of free Cy5-SOD1 ASO. The
SOD1 ASO NPs displayed safe and improved in vivo bioavailability with prolonged circulation compared
to the free ASO, indicating the advantage of using a NP vector for the delivery of ASO. The absence of any
statistical difference in SOD1 ASO uptake in the brain in two groups was unsurprising, since it is well
known that BBB presents a major limitation for systemic administration to achieve therapeutic delivery
into the brain, especially when the integrity and permeability of BBB is not compromised.41 The BBB
poses a major barrier for treatment of neurodegenerative diseases, since it prevents over 98% of
therapeutic compounds from accessing the CNS.42 Only small (  400 Da), non-polar and lipophilic
compounds have the capability to pass via passive transport,42 unless the BBB is compromised in some
way43. This warrants alternative strategies to be utilized in order to improve the therapeutic SOD1 ASO-
loaded NP delivery into the brain for ALS treatment. Hence, as the next step, the effectiveness of using
MRI-guided FUS as a method for temporarily opening the BBB to enhance the therapeutic delivery was
examined.

Transcranial FUS, particularly MRI-guided FUS, has recently emerged as a promising technique during
drug delivery applications into the CNS.44 FUS combined with intravenously administered MBs is a
powerful method of transiently opening the BBB to deliver therapeutic agents into the CNS.45 The
biologically inert MBs with a lipid shell and a per�uorocarbon gas core are typically 1–10 µm in size.46
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The cavitation of MBs in response to the ultrasound pressure �eld enables the reversible opening of the
tight junctions of the BBB endothelial cells, allowing therapeutic molecules to cross the BBB effectively.47

In this work, we demonstrate for the �rst time that using FUS, in combination with intravenously injected
MBs, we can successfully deliver ASO-loaded NPs across the BBB into the brains of rodents.

The optimal FUS conditions to safely open the BBB vary based on multiple factors, including the species
on which FUS is being applied, the instrument performance, FUS pressure and exposure time as well as
the properties of MBs used. Previous studies have demonstrated the variation in BBB opening subjected
to changes in some of the aforementioned factors and subsequent delivery of therapeutics, especially in
rats.35,48 While the majority of studies have focused on the successful opening of the BBB, only limited
studies have reported the safe recovery of the BBB in mice after exposure. It is extremely important to
carefully optimize the FUS parameters to ensure the long-term safety of the technique on the receipient.
Hence, in the current study we demonstrate the importance of optimising FUS parameters to safely and
transiently open the BBB in mice through an extensive optimization. Gd-contrast enhanced MR imaging
of the brain tissue as well as the analysis of albumin extravasation using Evans blue and IHC were used
for the assessments. The results obtained indicated that the highest chosen FUS exposure level (0.33 MI)
with long exposure time (120 sec) was capable of opening the BBB at both high (0.4 mL/kg) and low
(0.15 mL/kg) MB doses. However, the high MB dose resulted in irreversible BBB opening with possible
blood pooling or tissue damage being detected even in pre-contrast T2-weighted MR images. Despite a
low MB dose being able to open the BBB with no signi�cant abnormality in the brain tissue, it took days
to observe a full recovery of the BBB. Despite previous studies indicating longer time points and high
exposure frequencies to presumably increase the therapeutic delivery and coverage within the sonicated
regions, our results indicate that this could result in the slow recovery of BBB, which could be a safety
concern. Interestingly, below the threshold level of 0.33 MI all other frequencies were unable to effectively
open the BBB irrespective of the exposure time or MB dose used. After thorough optimization, we were
able to achieve safe, successful and transient BBB opening with fast recovery when the mice were
exposed to 0.33 MI frequency for 30 sec exposure time with low MB dose. A�rming the safety of the
protocol, the optimised levels did not result in any observable behavioural/physical changes or morbidity.
Literature reports MB doses equivalent to 2 × 108 MBs/kg to produce sterile in�ammatory effects
together with an elevation of both pro-in�ammatory and anti-in�ammatory cytokines.49 Thus, the
selection of a lower MB does in our study is less likely to induce any signi�cant apoptotic effect. The
Evans blue uptake in the brain tissue was consistent with the contrast enhanced region in the brain in
both T1 and T2-weighted MR images, indicating a localized opening of the BBB through FUS.

Previous work has demonstrated the MRI-guided FUS-based therapeutic delivery using different NP
systems including liposomes, gold NPs and polymeric NPs mainly in the context of cancer and mostly
using rat models.25,44,48,50 However, to-date no work has been done on the FUS-mediated therapeutic CaP
NP delivery into the mouse brain in the context of ALS. The current study demonstrates the prolonged in
vivo circulation and improved delivery of SOD1 ASO into the brains of mice using MRI-guided FUS
together with aforementioned optimal FUS conditions. The FUS-mediated BBB opening was able to
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improve the delivery of therapeutic NPs > 3.5-fold compared to the control group without BBB opening. A
linear relationship between the extent of BBB opening assessed through the Gd-uptake in the FUS applied
brain region and NP uptake in the brain through the ex vivo �uorescence imaging was observed. Since the
current study has been conducted using low intensity FUS conditions that can open the BBB, a useful
window exists to further increase the NP delivery into the brain by repeated BBB opening for multiple
dosing schedule, magnifying the FUS/MB levels or by increasing the bolus dose of SOD1 ASO NPs. The
immediate next step will be to assess the therapeutic e�cacy of the FUS-mediated SOD1 ASO CaP lipid
NP delivery system in an ALS mouse model, such as SOD1-G93A. Furthermore, ASO silencing of ALS-
causative genes, including FUS and C9orf72, are currently under investigation, highlighting the
importance and usefulness of novel ASO delivery methods may be in the treatment of ALS.

Taken together, our approach lays a strong foundation to develop an e�cient gene delivery method for
the treatment of ALS. Furthermore, this approach carries the potential to be a technological platform for
the treatment of a broad spectrum of CNS disorders, with the possibility of delivering numerous
therapeutic agents including drugs, siRNA, miRNA as well as peptides. The delivery of NPs could be
further improved by combining the NP-FUS approach with other technologies, such as surface
modi�cation of NPs with targeting moieties that can promote NP uptake by speci�c cell populations
known to contribute to ALS disease progression including astrocytes.

Conclusion
ALS is a progressive neurodegenerative disease, for which there is no effective treatment. Gene therapy,
especially ASO therapy, holds great promise to become the �rst disease modifying treatment for ALS.
However, the inability of ASOs to cross the BBB to reach the CNS could pose a signi�cant challenge
during their successful translation into the clinic. To date, no studies have focused on improving the
bioavailability of ASOs loaded in NPs in the CNS using FUS in the context of ALS. The current study, for
the �rst time demonstrates the successful delivery of SOD1 ASO CaP lipid NPs into the brain of mice
using MRI-guided FUS together with intravenously administered microbubbles. A > 3.5-fold higher
therapeutic NP uptake in the brain was achieved with the FUS-mediated BBB opening, compared to the
control group of mice without any BBB opening. The current study provides a novel approach to
effectively deliver therapeutics into the brain for the treatment of ALS. The same technique can be
adapted to deliver different types of therapeutics across BBB, opening up many new avenues of therapy
in the future.

Experimental
Materials and methods

Cholesterol, DOPA (1,2-dioleoyl-sn-glycero-3-phosphate), DOTAP (1,2-dioleoyl-3-trimethylammonium-
propane (chloride salt)), DSPE-PEG-2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt)), LissRd B-DSPE (1,2-dipalmitoyl-sn-glycero-3-
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phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)) and 1,2-distearoyl-sn-
glycero-3-phosphocholine were purchased from Avanti Polar Lipids Inc. All other chemicals were
purchased from Sigma-Aldrich and used as received unless otherwise stated. Rabbit polyclonal antibody
to SOD1 was purchased from abcam (ab13498) and goat anti-rabbit IgG (H + L) secondary antibody HRP
conjugate was purchased from Invitrogen to be used in western blot experiments. Cy5-SOD1 ASO
adapted from McCampbell et al. (2018)13 was synthesised by Integrated DNA Technologies and was
used as received (target sequence 5’ Cy5-C*AG*GA*TA*C*A*T*T*T*C*T*A*CA*GC*T 3’ where * indicates
phosphorothioate bonds and italic bases are 2′-O-methoxyethylribose).

In vivo biodistribution of Cy5-SOD1 ASO CaP lipid NPs

All animal experiments including biodistribution and FUS were approved by the University of Queensland
Animal Ethics Committee and conformed to the guidelines of the Australian Code of Practice for the care
and use of animals for scienti�c purposes (AEC approval number: AIBN/CAI/SCMB/223/20). For all
animal studies, 6–8 week-old male and female C57BL/6 mice were acquired from the Animal Resource
Centre and were allowed access to food and water ad libitum throughout the course of the stay and
experiments.

For the biodistribution study, mice were randomly divided into 3 sub-groups (n = 4, 2 male and 2 female).
The �rst group was administered with free Cy5-SOD1 ASO (0.25 mg/kg ASO dose) intravenously and the
second group was administered with Cy5-SOD1 ASO CaP lipid NPs (0.25 mg/kg ASO dose/ 5 µg SOD1
ASO per mouse) and were imaged at 0 min, 30 min, 3 h and 6 h time points. The third group of mice were
administered with Cy5-SOD1 ASO CaP lipid NPs (0.25 mg/kg ASO dose) and were imaged at 0 min, 8 h,
24 h and 48 h time points. After the �nal imaging time point, the mice were sacri�ced and the major
organs (kidney, liver, gut, spleen, lungs, heart, brain and spinal cord) of all animals were harvested and
imaged immediately for ex vivo �uorescence using an IVIS Lumina X5 imaging system (PerkinElmer Inc.,
Waltham, MA, USA) and analyzed using the Living Image software (PerkinElmer Inc.). The 620Ex/670Em

wavelengths were used to analyse the Cy5 �uorescence from SOD1 ASO.

Generation of microbubbles

Phospholipid-shelled microbubbles with octa�uoropropane gas core were prepared in-house, following a
previously described chemical synthesis protocol.51,52 In brief, a 9:1 molar ratio of 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (DSPE-PEG2000 Amine) were mixed and dissolved in the sterile chloroform.
The chloroform was evaporated in the vacuum desiccator overnight. The dried lipid �lm was then
rehydrated with sterile �ltered phosphate-buffered saline (PBS) with 10% glycerol and 10% propylene
glycol to a concentration of 1 mg/mL and sonicated in a water bath sonicator (Branson, M1800) for 10
min at 55 °C. Resulting solution was placed in the glass 1.5 mL HPLC vials, air was removed and
octa�uoropropane gas (C3F8; Arcadophta) was introduced into the empty headspace of the vial. At the
day of experiment, the vials were equilibrated to the room temperature and lipid solution was diluted with
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0.5 mL of sterile 0.9% NaCl. Microbubbles were generated by agitation in a dental amalgamator at 4000
rpm for 45 s. Following activation, vials were sealed with para�lm to minimise the gas exchange between
the vial and the external environment. 

Determining the optimal focused ultrasound conditions required to safely open the BBB

For determining the optimal parameters to safely open the BBB using FUS, female C57BL/6 mice (6-8
weeks old) were intravenously administered with two different doses of MBs (high dose – 0.4 mL/kg, low
dose – 0.15 mL/kg) diluted up to 100 µL with sterile saline through lateral tail vein using a catheter. The
mice were then subjected to FUS at different exposure levels (0.33 MI, 0.325 MI, 0.319 MI, 0.22 MI and
0.14 MI) for different durations (120 sec and 30 sec). The centre frequency was 250 kHz with a burst
length of 10 ms and a burst repetition frequency of 1 Hz. During all injections, FUS experiments and
imaging time points, mice were anesthetized with 2% iso�urane in oxygen at a �ow rate of 2.5 L min-1.
Following FUS exposure, the mice were shifted to the MR machine. The MR images were acquired on a
7T Bruker ClinScan using a 23 mm ID volume mouse head coil. Dual-echo dynamic gradient echo (GRE)
images were acquired with the following parameters: GRE_6slice: �ip angle = 45°, 6 X 1 mm slices, FOV =
20 X 20 mm, in-plane resolution = 313 x 313 µm, TR = 75 ms, TE = 3 and 6 ms, acquisition time = 3.6 sec.
Following localiser images, a T1 weighted �3d-vibe and T2-weighted images were acquired with the same
slice positioning as the dynamic GRE_6slice images. Dynamic GRE_6slices images with 200
measurements were acquired (acquisition time = 12 min). After a 2 min baseline period the mice were
administered with 50 µL of Gadovist (Gadolinium contrast agent) and 100 µL of 1% (w/v) Evans blue dye
in sterile saline mixed in 50 µL of sterile saline through lateral tail vein using a catheter. Following the
dynamic GRE images, high resolution T2_TSE images were acquired in coronal, sagittal and transverse
planes then the GRE_6slices were repeated with 20 measurements. High resolution T1_tse images in the
three planes, �3d_swi, �3d_dixon_T1mapit were acquired followed by another GRE_6slices with 20
measurements. After MRI the mice were allowed to recover to observe any behavioural changes. After a
speci�c period, they were euthanized through cervical dislocation and the brains were removed to observe
Evans blue extravasation. The optimal parameters, including the FUS exposure level, time and the MB
dose that can be used to safely and transiently open the BBB in mice without causing adverse effects
were selected to be used in the following nanoparticle delivery experiments. 

FUS-mediated delivery of Cy5-SOD1 ASO CaP lipid NPs into the brain of mice

To deliver Cy5-SOD1 ASO CaP lipid NPs into the brain, female C57BL/6 mice (6-8 weeks old) were
intravenously administered with 0.15 mL/kg dose of MBs diluted with sterile saline through lateral tail
vein using a catheter. The mice were then subjected to FUS at 0.33 MI exposure levels for 30 sec. The
centre frequency was 250 kHz with a burst length of 10 ms and a burst repetition frequency of 1 Hz.
During all injections, FUS experiments and imaging time points, mice were anesthetized with 2%
iso�urane in oxygen at a �ow rate of 2.5 L min-1. Following FUS exposure, the mice were shifted to the
MR machine. The MR images were acquired on a 7T Bruker ClinScan using a 23 mm ID volume mouse
head coil. Dual-echo dynamic gradient echo (GRE) images were acquired with the following parameters:
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GRE_6slice: �ip angle = 45°, 6 X 1 mm slices, FOV = 20 X 20 mm, in-plane resolution = 313 x 313 µm, TR =
75 ms, TE = 3 and 6 ms, acquisition time = 3.6 sec. Following localiser images, a T1 weighted �3d-vibe
and T2-weighted images were acquired with the same slice positioning as the dynamic GRE_6slice
images. Dynamic GRE_6slices images with 200 measurements were acquired (acquisition time = 12
min). After a 2 min baseline period the mice were administered with 50 µL of Gadovist (Gadolinium
contrast agent) and Cy5-SOD1 ASO CaP lipid NPs (equivalent to 0.25 mg/kg ASO dose) through lateral
tail vein using a catheter. Following the dynamic GRE images, high resolution T2_TSE images were
acquired in coronal, sagittal and transverse planes then the GRE_6slices were repeated with 20
measurements. High resolution T1_tse images in the three planes, �3d_swi, �3d_dixon_T1mapit were
acquired followed by another GRE_6slices with 20 measurements. After MRI the mice were allowed to
recover to observe any behavioural changes. After 6 h from NP administration, the mice were euthanized
through cervical dislocation and the organs were harvested and imaged for ex vivo �uorescence using an
IVIS Lumina X5 imaging system (PerkinElmer Inc., Waltham, MA, USA) and analyzed using the Living
Image software (PerkinElmer Inc.). The 620Ex/670Em wavelengths were used to analyse the Cy5
�uorescence from SOD1 ASO. The same experiment was repeated for the control study without the
administration of MBs and instead administering saline only.

Histological examination of the brain tissue

To assess for potential injury associated with FUS, the extracted brains of were �xed in 4% PFA for 48 h
at 4 oC. Following �xation, brains were subsequently washed with PBS and cryoprotected in 30% sucrose
for 48 h at 4 oC, before snap frozen and stored at -80 oC. Mouse brains were coronally sectioned (18 µM)
using a cryostat (Jung CM 3000, Leica Instruments GmbH, Nussloch, Germany). 

Hematoxylin and eosin (H&E)  stain

Sections were stained with freshly �ltered Lillie-Mayer’s hematoxylin (POCD Healthcare, Australia) for 3 
min, rinsed in running tap water for 1 min, differentiated by quickly dipping 10 times in 1% acid alcohol,
washed in running tap water until clear, blued in saturated aqueous carbonate solution for 1 min, washed
in running tap water for 30 seconds, counterstained in �ltered 1% alcoholic eosin for 1 minute, dehydrated
in 3 × 3-minute changes of absolute ethanol, cleared in 2 × 3-minute changes of xylene, mounted in DePex
mounting medium and cover slipped.

GFAP and IBA1 immunohistochemistry 

The primary antibodies used were; rabbit anti-glial �brillary acidic protein ([GFAP], #Z0334, Dako,
Glostrup, Denmark) diluted 1/13 000 and rabbit anti-ionized calcium binding adaptor molecule 1 (Iba1,
#016-20001, Wako, Richmond, VA) diluted 1/500 in 2% normal donkey serum (NDS). The secondary
antibody used was biotinylated donkey antirabbit (#715-065-152, Jackson ImmunoResearch, West Grove,
PA) diluted 1/1000 in phosphate buffered saline (PBS). Sections were mounted on charged glass
microscope slides (Superfrost Plus microscope slides, Lomb Menzel-Glaser, Thermo Scienti�c, Waltham,
MA) and heated at 60°C for 20 minutes. The sections were then dewaxed in 2 changes of xylene (2 min
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each change), followed by 3 changes of absolute alcohol (2 min each change), and then gently washed in
running tap water (3 min). After a brief rinse in distilled water, antigen retrieval was performed by
microwave heating the sections to a gentle boil in 10 mM sodium citrate buffer, pH 6 for 10 (GFAP) or 20
(Iba1) min. Slides were removed from the microwave and once the buffer cooled to 50°C, they were gently
washed in running tap water (3 min). All subsequent steps were performed at room temperature in a
humidi�ed chamber. Sections were circled with a peroxidase-antiperoxidase pen (Dako), rinsed in 2
changes of PBS (5 min each) and then incubated in 10% NDS (Jackson ImmunoResearch) in PBS for 60 
min. The NDS was drained from the slides and the sections were incubated with the primary antibody
overnight. The following day, the sections were rinsed in 3 changes of PBS (5 min each) prior to blocking
endogenous peroxidase by incubating sections in 0.3% hydrogen peroxide in PBS for 30 min. Slides were
rinsed in 3 changes of PBS (5 min each), and then incubated in the secondary antibody for 60 min. Slides
were rinsed in 3 changes of PBS (5 min each), incubated in Vector Avidin-Biotin Complex (ABC) reagent
(Vector Laboratories, Burlingame, CA) for 60 min and rinsed again in 3 changes of PBS (5 min each). The
antibody reaction was visualized using diaminobenzidine. Sections were then rinsed in running tap water
for 5 min, dehydrated in 3 changes of absolute ethanol (3 min each), cleared in 2 changes of xylene (3 
minutes each), mounted in DePex mounting medium (Sigma Life Science, Madrid, Spain) and cover
slipped.

Images of GFAP and IBA1-stained tissue sections were acquired using a Leica Confocal SP8 FALCON
(Leica, Germany) with an attached colour camera. A 10× air objective was used with white balancing
performed to equalise colour intensity for each image.  Images were processed with LASX software
 (Leica, Germany) and FIJI software (version 1.53q)53.

Statistics

Statistical comparison by analysis of variance was performed using student’s t-test or one-way analysis
of variance (ANOVA) using a Tukey’s multiple comparisons post-test (GraphPad Prism 8.3.1.). P < 0.05
was considered statistically signi�cant.
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Figures

Figure 1

Schematic diagram representing a) the focused ultrasound (FUS)-mediated blood-brain barrier opening
experimental timeline b) the FUS sonication procedure on a mouse (nanoparticles containing Cy5-SOD1
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antisense oligoneucleotide-loaded calcium phosphate core encapsulated in a lipid coating containing
DOPA (1,2-dioleoyl-sn-glycero-3-phosphate), DOTAP (1,2-dioleoyl-3-trimethylammonium-propane and
DSPE-PEG-2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000]) and c) the post-sonication procedure with MRI followed by ex vivo �uorescence imaging
and histopathological analysis of the brain tissue.

Figure 2

a) Agarose gel electrophoresis to determine the pH-dependent dissociation of NPs to release Cy5-SOD1
ASO in acidic pH (5.0) in contrast to physiological pH (7.4) b) serum stability of Cy5-SOD1 ASO CaP lipid
NPs c) cellular viability determined by the MTS assay of NSC-34 cells treated with Cy5-SOD1 ASO CaP
lipid NPs with a 48 h incubation time (n=3) d) cellular internalization of Cy5-SOD1 ASO CaP lipid NPs
containing LissRd B-DSPE after 1 h incubation on NSC-34 cells – scale bar: 10 µm e) cellular association
of Cy5-SOD1 ASO CaP lipid NPs, i - for a range of Cy5-SOD1 ASO concentrations after 1 h, ii – for two
different Cy5-SOD1 ASO concentrations after 4 h of incubation with NSC-34 cells f) knockdown of SOD1
protein expression in HEK293T cells incubated with i – Cy5-SOD1 ASO CaP lipid NPs ii – cell only
(negative control) iii – Cy5-SOD1 ASO encapsulated in Lipofectamine 3000 (positive control) for 72 h at
37 ˚C (The band at 19 kDa for the whole gel is in ESI Figure S4).

Figure 3

a) Experimental setup for the application of FUS in mice b) characterization of MBs through coulter
counter c) T2-MR image (coronal view) before Gd administration, T2 and T1-MR images after Gd
administration demonstrated the intense BBB opening (indicated by dotted square) that is visible even
prior to Gd administration, the change in T1 derived contrast agent concentration in the brain tissue
depicts the uptake of Gd in different regions of the brain (highest uptake in "dark" region, less uptake in
"enhanced" region, no uptake in "normal" region) and ex vivo Evans blue extravasation in the brain in mice
subjected to 0.33 MI/120 sec/high MB dose d) T2 and T1-MR images (coronal view) and ex vivo Evans
blue extravasation in the brain of mice subjected to 0.33 MI/120 sec/low MB dose indicating the
transient BBB opening and recovery e) T2 and T1-MR images (coronal view) and ex vivo Evans blue
extravasation in the brain of mice subjected to 0.22 MI/120 sec/high MB dose indicating the absence of
any BBB opening at these conditions and f) T2 and T1-MR images (coronal view) in the brain of mice
subjected to 0.33 MI/30 sec/low MB dose indicating the mild, safe and transient BBB opening and
recovery.
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Figure 4

a) T2-MR images demonstrating the BBB opening through Gd-based contrast enhancement and ex vivo
Cy5-SOD1 ASO CaP lipid NP uptake in the brain of FUS group mice b) T2-MR images demonstrating the
absence of any BBB opening and lack of any signi�cant NP uptake in the brain through ex vivo
�uorescence imaging of control mice c) regions of interest (FUS group – dark/enhanced/normal and
control group – cortical/striatum) used to derive the graphs for change in T1 and T2* derived
concentrations in the brain tissue d) change in T1 and T2* derived concentrations in the brain tissue of
mice in FUS and control groups (the T1 derived concentration is mostly tissue Gd whereas the T2*
derived concentration is mostly blood Gd concentration) e) ex vivo organ �uorescence of mice in FUS and
control groups obtained through �uorescence imaging f) theoretical and actual change in NP uptake in
the brain of FUS group mice through ex vivo �uorescence with respect to the change in T1 derived
concentration (Gd uptake) in the brain region subjected to FUS (dark).

Figure 5

a-d) Hippocampal astrocytic GFAP and e-h) cortical microglial IBA1 immunopositivity in the ipislateral
and contralateral brain regions of FUS and control group mice. Scale bar = 200 µm.
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