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L-Type amino acid transporter 1 (LAT1)-specific ligands and
polyion complexes are used as brain-specific targets to deliver
RNA-based drugs across the blood-brain barrier. We character-
ized an LAT1-targeting antisense oligonucleotide (ASO)-encap-
sulated nanoparticle, Phe-NPs/ASO. A 25% density of phenylal-
anine effectively binds to the surface of LAT1-targeting NPs in
the GL261-Luc cells, and Phe-NPs/ASO shows higher binding
affinity compared to that without phenylalanine by cellular
binding assay. To further characterize the blood-brain barrier-
targeting effect and tissue distribution following a single-
dose intravenous injection in mice, we performed in vivo bio-
distribution studies using fluorescence imaging. The Phe-NPs/
ASOs were detected in the brain tissue 1 h post-intravenous in-
jection at an approximately 64-fold higher ratio than that of the
same ASOs administered in the absence of any NP carrier. The
brain tissue delivery of ASO-loaded Phe-NPs was also confirmed
in a fluorescence imaging study performed in non-human pri-
mates. These results demonstrate that Phe-NPs may successfully
deliver an ASO to the brain tissue across brain regions. Phe-NPs
loadedwith RNA-based drugs have the potential to treat diseases
of the CNS, including all forms of neurodegenerative diseases.

INTRODUCTION
RNA-based drugs have great potential for treating diseases by modu-
lating gene expression through various RNA-mediated processes,
such as RNAi and target gene degradation. As therapeutic agents, oli-
gonucleotides have recently become of substantial interest; however,
the select, effective, and safe delivery of oligonucleotide-based drugs
to target tissues remains a challenge for broader therapeutic applica-
tions. Progress has been made regarding various RNA modification-
chemistry technologies aimed at enhancing RNA stability and pharma-
cological effects via sequence modification and the addition of various
moieties. Modified antisense oligonucleotides (ASOs), which are
currently approved as drugs or in clinical development, have been de-
signed to target genetic mutations. Most of these ASOs are adminis-
tered intrathecally (IT) or intracerebroventricularly (ICV).1–5 How-
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ever, these advanced chemical modifications of oligonucleotide drugs
do not fully resolve the challenge of selective, targeted delivery to
diseased organs and tissues of interest while minimizing delivery to
non-diseased tissues, thereby managing safety more effectively. Novel
drug delivery systems are required, particularly when attempting to
treat devastating diseases in hard-to-reach organs featuring blood-tis-
sue barriers, such as the CNS, and under drug administration condi-
tions that are less invasive than IT or ICV. Thus, we sought to develop
a specific, brain-targeting, nanoparticles (NPs)-based delivery system
for RNA-based drug cargoes that would achieve pharmacologically
relevant drug concentrations in the CNS while controlling excessive
drug exposure in non-diseased, non-target organs.

Recently, specific receptor- and transporter-mediated NPs have been
developed to deliver RNA-based drugs across the blood-brain barrier
(BBB) and CNS into specific brain cell types.6–8 Transferrin, low-den-
sity lipoprotein, nicotinic acetylcholine, insulin, and insulin-like
growth factor receptors have been studied for drug delivery through
receptor-mediated transcytosis.9,10 In addition, a transport vehicle
targeting CD98hc enabled prolonged brain exposure, compatibility,
and distinctive kinetics.11 A choline-modified doxorubicin-polyeth-
ylene glycol (PEG) polymer conjugate was developed for brain
targeting and glioma therapy.12 L-Carnitine conjugated to poly (lac-
tic-co-glycolic acid)-modified NPs was prepared for glioma cell tar-
geting.13,14 Our brain drug delivery design strategy revolved around
targeting NP carriers with drug cargo to transporters and receptors
overexpressed in the endothelium, which is an integral part of
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the BBB. These NPs would then cross the BBB to reach the CNS via
transporter-, receptor-, or adsorption-mediated transcytosis and
endocytosis.15–22 However, the brain delivery efficiency of currently
designed nanomaterials with nucleic acid cargoes is relatively low
and insufficient in drug cargo concentrations to induce pharmacolog-
ically driven therapeutic effects within the CNS.23–26 To achieve spec-
ificity in molecular material transport across the BBB, most studies
have focused on the conjugation of targeting moieties, such as ligands,
antibodies, aptamers, transferrin, and glycosidic moieties, to the sur-
face of lipid-based or polymeric NPs.27,28

The L-type amino acid transporter 1 (LAT1), also known as SLC7A5, is
one of the most extensively investigated transporters for drug delivery
across the BBB. This amino acid transporter is involved in cell prolif-
eration and differentiation through the uptake of essential amino
acids.29–31 LAT1 in the BBB has a high binding affinity for amino acids,
such as isoleucine, phenylalanine (Phe), methionine, tyrosine, histidine,
and tryptophan.32–34 It forms a heterodimer35–37 with CD98hc and is
expressed on the plasma membrane of brain capillary endothelial cells
(BCECs) in the BBB. LAT1 plays an important role in the delivery of
amino acids and hormones and in the delivery of clinically used drugs
such as gabapentin, pregabalin, levodopa, and melphalan so that these
molecules reach their target sites in the brain.35–37 Studies have further
shown that LAT1 is highly expressed not only in endothelial cells of the
BBB but also in brain cells such as neurons, astrocytes, and glial cells,
making this transporter attractive for BBB crossing and for brain cell
uptake of a particular drug once it has reached the CNS.33,38,39 In glio-
blastomas, LAT1-targeted NPs encapsulating the drugs temozolomide
and sorafenib induce synergistic anticancer effects following the
buildup of these drugs to pharmacologically active levels in brain tissue,
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once they havemoved beyond the BBB.40,41 How-
ever, LAT1-targeting NPs with an RNA-based
drug cargo have not been investigated.

Thus,we sought todevelop anLAT1-targetingNP
for the delivery of an ASO cargo to the CNS, with
the following design strategy tooptimize tissuede-
livery: (1) a size of NPs in the range of 15–50 nm
to maximize BBB endo- or transcytosis; (2) a
sufficient half-life of NPs in blood circulation
following systemic intravenous (IV) administra-
tion, and (3) an optimal density of LAT1 ligands
at the surface of polymer-based NPs to maximize
binding to BCECs and crossing of the BBB over time.33,34,40,42 Based on
this design strategy, we developed BIORCHESTRA’s Drug Delivery
System to generate an NP carrier encapsulating an RNA-based drug
cargo of choice, an ASO. The building blocks consisted of PEG
and poly-L-lysine (PLL) copolymer chains (later amended with LAT1
ligands), which, upon polyion complexation with ASOmolecules in so-
lution, self-assembled into NPs, effectively encapsulating the ASOmol-
ecules. In the present study, we addressed that brain-targetingNPs with
ASO cargo systemically deliver the ASOs to the brain.

RESULTS
Preparation and characterization of the NPs: Polymer

constituents and ASO-loaded micelle formation

LAT1-targeting ASO-loaded NPs were formed by exploiting the ionic
interactions between ASO molecules and poly(ethylene glycol)-b-
poly(L-lysine) (PEG-PLL) cationic polymer chains. The LAT1-target-
ing ligand density on the external surface of the NPs was controlled by
optimizing the ratio of targeting (with Phe) to non-targeting (without
Phe) polymer quantities in solution (Figure 1A).

To obtain polyion-complexed micelles with a stable structure, a
hydrophobic component and a cross-linkable adjunct moiety
were considered in the design of the polymers. Nicotinamide (NA)
and 3-mercaptopropanamide (MPA) were introduced to enhance
micellar stability through hydrophobic interactions and cross-linking
at the core upon NP formation. NA and MPA also helped control
drug cargo release kinetics from the NPs, since the pKa of the pyridine
ring in NA is 5.8 and the disulfide bonds formed by MPA after NP
formation may be cleaved under low pH or high glutathione (GSH)
conditions. In the synthesis of LAT1-targeting and non-targeting
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Figure 2. Characterization studies of Phe-NPs/ASO

(A) Hydrodynamic size distribution of Phe-NPs/ASO. (B) Morphologies of Phe-NPs/ASO observed by a cryo-transmission electron microscope before lyophilization and

(C) after lyophilization. Scale bar: 50 nm. (D) Changes in total ASO concentration in synthesized Phe-NPs/ASO under various GSH concentrations (0, 0.1, 1.0, 10, and

100 mM). Data are presented as means ± SDs (one-way ANOVA and Tukey multiple comparisons tests; *p < 0.05, ****p < 0.0001 vs. 0 mM GSH, ####p < 0.001 vs. 1 mM

GSH). (E) Total ASO concentration in synthesized Phe-NPs/ASO under varying pH conditions (pH 5.28 and pH 7.10). Data are presented as means ± SDs (unpaired t test,

****p < 0.001 vs. pH 5.28).
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polymers, equal amounts of NA and 3,30-dithiodipropionic acid
(DTDPA) were added to azido-poly(ethylene glycol)-b-poly(L-lysine)
(N3-PEG-PLL(NH2)) or monomethoxy-poly(ethylene glycol)-b-
poly(L-lysine) (MeO-PEG-PLL(NH2)) polymers to form NA and
MPA on the side chains of the lysine groups through N-(3-dimethy-
laminopropyl)-N0-ethylcarbodiimide hydrochloride/N-hydroxysuc-
cinimide (EDC/NHS) coupling reactions. Pale yellow powders of
N3-PEG-PLL(NA/MPA) and MeO-PEG-PLL(NA/MPA) were ob-
tained in 90% and 85% yields, respectively. The chemical structures
and compositions of both polymers were characterized by 1H-NMR
(Figures S1–S3). An additional reaction was conducted to synthesize
the LAT1-targeting polymer. H-L-Tyr(propargyl)-OH, which fea-
tures an alkyne structure at the end of the Phe ligands (Figures S4
and S5), was conjugated to N3-PEG-PLL(NA/MPA) via a click
reaction to form Phe-PEG-PLL(NA/MPA) with a triazole linkage
(Figure 1B). The conjugation ratio of the Phe ligands to the targeting
polymer was greater than 99%, as calculated based on 1H-NMRmea-
surements (Figure S6). To further characterize NPs, we performed dy-
namic light scattering analyses. Phe-NPs/ASO exhibited a size of
approximately 41.01 ± 2.80 nm and a polydispersity index (PDI) of
0.08 ± 0.03 (Figure 2A). As shown in Figures 2B and 2C, the overall
morphology of Phe-NPs/ASO before and after lyophilization was
assessed using cryo-transmission electron microscopy (cryo-TEM)
imaging. Their physical size was <50 nm, demonstrating highly ho-
mogeneous NP sizes during preparation. Detailed characteristics in
size distribution, zeta potential, pH, and encapsulation efficiency
(EE%) of NPs before and after lyophilization are shown in Table 1.
These data indicated that the morphology of the NPs remained un-
changed before and after lyophilization. Additionally, the results
showed that particle numbers of NPs progressively decreased and
therefore dissociated in the presence of 1.0, 10, or 100 mM GSH
(F(4,13) = 169.9, p < 0.0001; Figure 2D). Moreover, Phe-NPs/ASO
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
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Table 1. Characterization of Phe-NPs/ASO before and after lyophilization

Phe-NPs/ASO Size, diameter, nm PDI Zeta potential, mV pH EE%

Before lyophilization 41.01 ± 2.80 0.08 ± 0.03 26.3 ± 3.15 7.36 ± 0.07 94.8 ± 0.81

After lyophilization 42.40 ± 0.41 0.07 ± 0.004 26.5 ± 0.31 7.29 ± 0.05 –
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exhibited a pH-dependent dissociation behavior (t(7) = 18.30,
p < 0.0001; Figure 2E). At pH 5.28, particle numbers decreased
compared to particles at pH 7.10, indicative of NP dissociation. The
GSH and pH parameters controlling NP dissociation kinetics were
dependent on the MPA or NA characteristics.

In vitro characterization of Phe-NPs/ASO: Cellular uptake,

endosomal escape, cell viability, and cytotoxicity

Cellular internalization of NPs was dependent on the LAT1 ligand den-
sity on the outer surface of the NPs.43 To determine the optimal density
of LAT1 ligands, we quantified cellular uptake of NPs containing naked
Cy5.5-labeledASOcargomolecules (ASO-Cy5.5)with varyingpercent-
ages of Phe ligands (0%, 25%, 50%, 75%, and 100%) inLAT1-expressing
GL261-Luc cells using flow cytometry. The NPs (containing 300 nM
ASOs) with varying ligand density, which have a size of 42–45 nm
(PDI <0.2), were added to cells and incubated for 30 min. The percent-
ages of Cy5.5+ GL-261-Luc cells after NP exposure was significantly
increased compared to that observed in cells treated with ASO-Cy5.5
(F(6,14) = 272.1, p< 0.0001), while the percentage of Cy5.5

+ cells also var-
ied depending on the Phe ligand densities at the surface of NPs (Fig-
ure 3A). In particular, treatment with NPs featuring a 25%-Phe ligand
density showed an approximately 2-fold increase in intensity, as
compared to NPs with 0%-Phe ligand density (p < 0.001). At
25%-Phe, NPs also exhibited higher fluorescence intensities as
compared to the 75%-Phe and 100%-Phe ligand density groups, while
intensities in that 25%-Phe group were comparable to those measured
in the 50%-Phe group (p < 0.001 vs. 75%-Phe group; p < 0.01 vs.
100%-Phe group; p = 0.43 vs. 50%-Phe group) (Figure 3A). We consid-
ered a 25%-Phe ligand density on the surface of LAT1-targeting NPs to
be adequate.

We further evaluated NP targetability using a cellular binding assay
and by testing Cy5.5-labeled ASO-loaded NPs with 0%-Phe ligand
density (NT-NPs/ASO-Cy5.5) and NPs with 25%-Phe ligand density
(Phe-NPs/ASO-Cy5.5), with or without Phe ligandmolecules, against
highly expressing LAT1 GL261-Luc cells. The size of each NPs
was around 40 nm and had 26 mV of surface charge (Table S1). In
the absence of Phe ligand molecules, exposure to Phe-NPs/ASO-
Cy5.5 resulted in an approximately 3-fold higher fluorescence inten-
sity compared to exposure to NT-NPs/ASO-Cy5.5 (t(6) = 4.465,
p < 0.01) (Figure 3B). In the presence of Phe ligands, the fluorescence
intensities of Phe-NPs/ASO-Cy5.5-exposed cells were considerably
lower than those of NT-NPs/ASO-Cy5.5-treated cells (t(6) = 0.2946,
p = 0.7782) (Figure 3B).

Endosomal escape is essential for the efficient cytosolic delivery of
nanocarrier drug cargoes to act biologically.44,45 Therefore, we tested
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in vitro the time-dependent endosomal escape of ASO molecules
from our NPs. GL261-Luc cells were exposed to Phe-NPs/ASO-
Cy5.5, incubated for 1 h, and washed with fresh cell culture medium.
The cells were then incubated for 0, 1, 2, or 4 h. Our image analyses
showed that Cy5.5 fluorescence was detected in the cytoplasm at the
0 h time point and co-localized with the green fluorescence signal cor-
responding to endosomal structures. After 1–2 h of incubation, the
intensities of both the green and red fluorescence signals increased
and co-localized puncta were detected. After a 4 h incubation period,
co-localized puncta decreased in number compared to that with
shorter incubation times, while the red puncta fluorescence signal
increased (Figures 3C and 3D). These data demonstrate, mechanisti-
cally, that Phe-NPs/ASO-Cy5.5, once taken up intracellularly, may
release ASO cargo via an effective endosomal escape process. Our
data showed that kinetically, this escape process may be active
approximately 1–4 h following cellular internalization of the NPs.
To exclude any potential effects of these NPs on cellular toxicity,
we investigated the viability and cytotoxicity of NT-NPs/ASO and
Phe-NPs/ASO in GL261-Luc cells. The GL261-Luc cells were exposed
to various concentrations of NT-NPs/ASO or Phe-NPs/ASO for 48 h.
There were no significant effects on cell viability or cytotoxicity
following exposure to NT-NPs/ASO or Phe-NPs/ASO at any of the
tested concentrations (Figures S7A and S7B).

LAT1 gene and protein expression in brain cells and tissues

To assess the expression of the LAT1 (SLC7A5) gene in the brains of
humans and non-human species (including Macaca fascicularis,
Rattus norvegicus, and Mus musculus), we conducted an exhaustive
analysis of published RNA sequencing data (Figure S8). SLC7A5
was expressed at a level similar to or higher than the average expres-
sion of all other genes in the brains of humans and non-humans (Fig-
ure S8). We also investigated SLC7A5 expression in the brains of
healthy humans and patients with Alzheimer disease (AD). There
were no significant differences in SLC7A5 expression between the
two groups (p = 0.9660) (Figure S8). Consistently, we found that
the LAT1 protein was highly expressed in cultured neuronal and glial
cells (Figure S9). The level of LAT1 expression in the brain differed
slightly among brain regions; it was generally co-expressed with the
CD31 protein, a marker of BCECs, throughout the brains of mice
and monkeys (Figure S10). Therefore, LAT1 is abundantly expressed
in BCECs of the BBB.

Pharmacokinetics and biodistribution of Phe-NPs/ASO in the

mouse

To evaluate the targeting effect and time-dependent biodistribution of
Phe-NPs/ASO, we conducted an in vivo fluorescence imaging
biodistribution study in mice following the IV administration of the
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Figure 3. In vitro characterization of Phe-NPs/ASO-Cy5.5

(A) Quantification of Phe-NPs/ASO-Cy5.5 cellular uptake in a GL261-Luc cell line, at varying Phe ligand densities. (B) Changes in Cy5.5 fluorescence intensities following

exposure to targeting Phe-NPs/ASO-Cy5.5 or NT-NPS/ASO-Cy5.5 in the absence or presence of a Phe inhibitor; GL261-Luc cell line. Data are presented as means ± SDs

(one-way ANOVA and Tukey multiple comparison tests; *p < 0.05; **p < 0.01; ****p < 0.0001). (C) Confocal microscopy imaging of Phe-NPs/ASO-Cy5.5 cellular uptake in

GL261-Luc cells; 0, 1, 2, and 4 h of incubation with Phe-NPs/ASO-Cy5.5. Cell nuclei were stained with DAPI (blue), acidic organelles were labeled using LysoTracker (green),

and ASO-Cy5.5 was detected under red fluorescence. Scale bars: 20 mm. (D) Temporal changes in mean fluorescence intensity of Phe-NPs/ASO-Cy5.5 alone and its co-

localization with acidic organelles.

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
particles. As shown in Figure 4, we injected the ASO-Cy5.5, or the
LAT1-targeting Phe-NPs/ASO-Cy5.5 particles, or the LAT1-non-tar-
geting NT-NPs/ASO-Cy5.5 particles at a total ASO concentration of
1 mg/kg in each case through the tail veins of mice. We subsequently
monitored systemic fluorescence imaging for up to 24 h. In the ASO-
Cy5.5 group, the fluorescence signal was mostly distributed in the kid-
ney from 5 min post-IV injection and for up to 60 min and was then
rapidly eliminated (Figure 4A). In the Phe-NPs/ASO-Cy5.5-treated
group, an intense fluorescence signal was detected at the whole-
body level, including the head area, with maximal intensity approxi-
mately 10 min post-IV injection. A moderate fluorescence signal was
detected in the head area for up to 480 min (8 h) post-IV injection. In
contrast, the NT-NPs/ASO-Cy5.5-treated group showed only a mod-
erate fluorescence signal in the whole organism, as compared to the
Phe-NPs/ASO-Cy5.5-treated group, at 5, 10, and 60 min time points.
Additionally, the fluorescence signal in the head area was lower than
the signal detected in the Phe-NPs/ASO-Cy5.5-treated group at all
time points. These results indicate that in mice, Phe-NPs/ASO-
Cy5.5 favorably localized in the brain region compared to the naked
ASO or NT-NPs/ASO-Cy5.5 groups.

We also measured the fluorescence intensity signals in the blood of
mice administered 1 mg/kg IV of either ASO-Cy5.5 or Phe-NPs/
ASO-Cy5.5 as an indicator of ASO pharmacokinetics. The Phe-
NPs/ASO-Cy5.5 fluorescence signal half-life was approximately
93 min. The signal gradually decreased in intensity up to the 360
min (6 h) time point (Figure 4B). In contrast, the signal of the
ASO-Cy5.5 decreased more rapidly with a fluorescence signal half-
life of approximately 43 s (Figure 4B). These results indicate that
Phe-NPs/ASO-Cy5.5 was significantly more stable in systemic circu-
lation than the naked ASO form.

Given the high fluorescence intensity observed in the head area
following IV administration of Phe-NPs/ASO-Cy5.5, we quantified
the cumulative fluorescence in the brain and expressed it as a percent-
age of the total injected dose per gram (%ID/g) of brain tissue. The
analysis shows that the fluorescence intensity signal in the brain
was increased by nearly 2-fold 90 min post-IV administration of
Phe-NPs/ASO-Cy5.5 compared to that of ASO-Cy5.5 (ID%/g values
of, respectively, 7.00% ± 0.82% and 0.11% ± 0.01%; t(4) = 8.281,
p < 0.01; Figure 4C).

To investigate the potential of Phe-NPs/ASO-Cy5.5 to cross the BBB
in mice, we performed intravital confocal laser scanning microscopy
(IV-CLSM) imaging, which allowed us to track the brain tissue pene-
tration kinetics of Phe-NPs/ASO-Cy5.5 post-IV administration, and
compared it with ASO-Cy5.5 molecules. In the latter, a Cy5.5 fluores-
cence signal was detected within the blood vessels for up to 10 min
post-IV injection; no further fluorescence signal was evident at the
30-min time point (Figure 4D). In contrast, Phe-NPs/ASO-Cy5.5 ex-
hibited a strong Cy5.5 fluorescence signal within blood vessels at
3 min post-IV injection of NPs, a signal that, impressively, increased
gradually over time (Figure 4E). At the 30 min post-IV time point, the
Cy5.5 fluorescence signal was detectable on the brain parenchyma
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
side and was prolonged for up to 90min post-IV injection (Figure 4E).
These data demonstrate that circulating Phe-NPs/ASO-Cy5.5 effec-
tively crossed the BBB into brain tissue in significant quantities.

Pharmacokinetics and biodistribution of Phe-NPs/ASO-Cy5.5 in

non-human primate marmosets

Given the comparably high expression of LAT1mRNA and protein in
non-human primate (NHP) versus mouse brains, we sought to estab-
lish the biodistribution and proof of mechanism of Phe-NPs/ASO-
Cy5.5 in the brain of an NHP species to lay the groundwork for the
clinical translatability of this RNA-based NP medicine. Our data
showed that following a 1 h IV infusion of Phe-NPs/ASO-Cy5.5 in
a marmoset, a high fluorescence intensity signal was observed at
the level of the brain 30 min post-IV infusion (Figure 5A). The rela-
tively strong Cy5.5 fluorescence signal was sustained for up to 3 h
post-IV infusion around the head area and was sustained for up to
72 h post-IV infusion (Figure 5A). Cy5.5 fluorescence was detected
in the lungs and the liver. In the kidney, a relatively moderate
Cy5.5 fluorescence signal was observed at early time points post-infu-
sion, which increased gradually over time (Figure 5A), indicating that
Phe-NPs/ASO-Cy5.5 were eliminated and excreted primarily via the
renal route.

We further measured the fluorescence intensity signals in the cerebro-
spinal fluid (CSF) of the marmosets post-IV infusion of Phe-NPs/
ASO-Cy5.5. Our data showed that the Cy5.5 signal significantly
increased at the 2 h time point post-IV infusion by approximately
3.3-fold, compared to that at the baseline, measured prior to IV infu-
sion (Figure 5B). While this signal gradually declined over time, it was
still approximately 2-fold higher than the baseline, at the 6 h post-IV
time point (Figure 5B).

Phe-NPs/ASO target knockdown in mouse brain

We further sought to determine whether the ASO cargo, which was
effectively delivered to the brain tissue through its Phe-NPs/ASO,
could effectively modulate its intended molecular target, miR-485-
3p, within brain cells in vivo. Therefore, we determined the target
gene expression levels in the brain using qPCR analysis following
ICV or IV administration of Phe-NPs/ASO in mice. ICV-delivered
Phe-NPs/ASO particles resulted in a significant dose-dependent
knockdown of the target gene in all brain sub-regions investigated,
including the cortex, striatum, thalamus, hippocampus, andmidbrain
(brain region: F(9,90) = 3.807, p < 0.001; treatment: F(2,90) = 95.91,
p < 0.0001; interaction: F(18,90) = 1.224, p = 0.26) (Figure 6A). Simi-
larly, and impressively, to ICV, IV administration of Phe-NPs/ASO
resulted in a significant dose-dependent knockdown of the target
gene in all brain sub-regions investigated (brain region: F (9,60) =
1.664, p = 0.1180; treatment: F (2,60) = 46.75, p < 0.0001; interaction:
F (18,60) = 0.6791, p = 0.8176) (Figure 6B). Collectively, these data
clearly demonstrate that our Phe-NPs/ASO, upon IV administration,
can not only deliver a therapeutic ASO of choice through the BBB but
it can also intracellularly reach brain cells in situ, releasing their RNA
cargo via endosomal escape, for the ASO to induce pharmacologically
relevant activity on a target of choice in vivo.
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Figure 4. Pharmacokinetics, biodistribution, and BBB crossing of Phe-NPs/ASO-Cy5.5 in mouse

(A) In vivo fluorescence imaging of Hsd:ICR (CD-1) mice after 1.0 mg/kg IV administration of ASO-Cy5.5, Phe-NPs/ASO-Cy5.5, or NT-NPS/ASO-Cy5.5, for up to 24 h.

(B) Pharmacokinetics of IV-administered ASO-Cy5.5 or Phe-NPs/ASO-Cy5.5 in blood. (C) Accumulated ASO in mouse brain, expressed as %ID/g, 90 min post-IV

administration of 1.0 mg/kg of ASO-Cy5.5 or Phe-NPs/ASO-Cy5.5. Data are presented as means ± SDs (unpaired t test, ****p < 0.001 vs. naked ASO-Cy5.5). (D and E) IV-

CLSM imaging, in vivo BBB crossing: ASO-Cy5.5 (D) and Phe-NPs/ASO-Cy5.5 in mouse brain (E). Scale bar: 100 mm.
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DISCUSSION
NP-based platforms have a promising potential for delivering tar-
geted RNA-based gene therapeutics, such as mRNA, ASO, siRNAs,
and miRNAs, against a broad range of diseases, including neurode-
generative diseases.46,47 In this study, we designed and functionally
characterized a systemically deliverable LAT1-targeting NPs, Phe-
NPs/ASO, using a therapeutic ASO as a test cargo that targets miR-
485-3p, an miRNA implicated in neurodegenerative pathways within
the CNS.48,49 Size and morphology are essential parameters in nano-
material design that influence the transport and adsorption of bio-
molecules, as well as their tissue biodistribution and subsequent
cellular internalization in vivo.50,51 In general, small spherical NPs
feature a high surface-area-to-volume ratio, which facilitates greater
drug cargo loading and surface modification for targeted delivery.9,52

Moreover, small NPs may penetrate the BBB more efficiently, allow-
ing drugs to reach the brain parenchymal cells more easily.53,54 Very
small NPs, <10–20 nm, may be subject to rapid renal clearance, and
the size dispersion of NPs may negatively impact particle interactions
with the target biological system.55,56 Here, we developed a Phe-NPs/
ASO system with the following optimal morphological features: a
spherical shape, a size of 40 nm, BBB crossing idealness while retard-
ing renal clearance, and a PDI of approximately 0.1. These findings
suggest that Phe-NPs/ASO possesses ideal properties for targeted
selectivity, BBB penetration, cellular adsorption, and intracellular
delivery.

Stability and dissociation properties are key design parameters forNPs
and their cargo to efficiently act on targeted biological systems. Our re-
sults demonstrate that Phe-NPs/ASOwere highly stable in vitro under
conditions mimicking the blood environment in vivo, as compared to
a “naked”ASO control. PEG polymer chains have been used widely in
the formulation of the outer layer of NPs and are known to enhance
stability while maintaining blood circulation, biocompatibility, and
water solubility.57 These characteristics enable drug-carrying NPs to
flow effectively through blood vessels, avoid rapid clearance, and reach
the target tissues in higher quantities. Additionally, Phe-NPs/ASO ex-
hibited GSH- and pH-dependent dissociation kinetics, with effective
ASO drug cargo release via endosomal escape upon cellular internal-
ization. GSH is a molecular species involved in cellular redox reac-
tions. It usually remains at concentrations of 10mMin the bloodstream
but reaches 3 mM concentrations in various types of brain cells.58–61

With endosomes exhibiting an acidic pH range of 5.0–6.0, efficient en-
dosomal escape is essential for the cytosolic delivery of drug cargoes
via internalized NPs.62,63 Based on our design strategy and the resul-
tant physicochemical properties of Phe-NPs/ASO, including GSH
concentration and pH dependence, our delivery system-maintained
stability in biofluids, such as blood, effectively reached the CNS and
delivered pharmacologically active ASO drug cargo intracellularly
through an endosomal escape process.

The conjugation of targeting moieties onto NPs is another design
element of nanomedicines to enhance particle affinity toward specific
cells or tissues.64 The density of the targeting ligand moieties on the
outer surface of NPs is a key control parameter in achieving optimal
8 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
targeting and delivery to the tissue of interest, including the brain.20,65

One study demonstrated that LAT1-targeting NPs exhibit substan-
tially higher cellular uptake into glioblastoma cells than non-LAT1-
targeting NPs.41 Consistent with this finding, our results demon-
strated that Cy5.5-labeled ASO-loaded NPs with 25%, 50%, 75%, or
100% Phe densities (Phe(25, 50, 75, and 100)-NPs/ASO-Cy5.5)
showed higher cellular uptake efficiency in GL261-Luc cells,
compared with those in an ASO-Cy5.5 control or with otherwise
identical NPs without Phe ligand. These findings strongly suggest
that LAT1 targeting is an efficient strategy to improve cellular uptake
efficiency as well as the crossing of a LAT1-decorated tissue barrier,
such as the BBB, of brain-targeting NPs. However, there were no
discernible differences in cellular uptake based on variations in Phe
ligand density in the 25%–100% range. Based on previous find-
ings,66,67 a saturation in cellular uptake efficiency was observed
once a 25% Phe ligand density on the outer surface of NPs was
reached. Additionally, the cellular uptake of NPs with 25% Phe den-
sity exhibited was significantly reduced in the presence of competitive
Phe ligands (Figure 3B). Taken together, these findings indicated that
our ASO-carrying NPs specifically targeted the LAT1 transporter,
with a Phe ligand density of 25%. Notably, NT-NPs/ASO-Cy5.5 dis-
played a relatively higher cellular uptake than the ASO-Cy5.5 control
in vitro. A likely interpretation is that the NPs conferred extra stability
to their ASO cargo when present in the extracellular culture medium,
thereby providing additional time for cellular uptake processes, while
a portion of the particles might also have been taken up by LAT1-in-
dependent cellular uptake pathways.41

Most ASO-loaded nanomedicines developed to date rely solely on
electrostatic stabilization, which makes them susceptible to dissocia-
tion in vivo. This instability typically leads to a short half-life while
circulating in blood.68 Achieving prolonged stability is essential for
the effective accumulation of therapeutic molecules, such as ASOs,
at pharmacologically active levels in targeted tissues.69 In the present
study, upon IV administration, Phe-NPs/ASO-Cy5.5 distributed in a
robust and organ-wide fashion to the CNS of both mouse and higher-
level species, such as NHP marmosets, compared with that of the
ASO-Cy5.5 control or non-LAT1-targeting NT-NPs/ASO-Cy5.5 par-
ticles. The half-life of Phe-NPs/ASO-Cy5.5 particles in mouse blood
was approximately 93 min, which is clear evidence of Phe-NPs/
ASO particle superiority regarding stability under dynamic physio-
logical conditions. In addition to this stability challenge, crossing
the BBB represents another significant hurdle for successful NP deliv-
ery to the CNS.68 Our IV-CLSM study demonstrated that Phe-NPs/
ASO-Cy5.5 particles effectively crossed the BBB and broadly reached
brain tissue regions. Specifically, significant accumulation of nanocar-
rier-delivered ASO-Cy5.5 in the brain was observed 90 min post-IV
administration of Phe-NPs/ASO-Cy5.5 particles, which we approxi-
mated to 7.0% (%ID/g) of the total ID reaching the brain. A host of
other NP-based drug delivery systems commonly achieve relatively
low brain accumulation between 1.0% and 5.0% (%ID/g).23–25

Furthermore, when IV administered, Phe-NPs/ASO demonstrated
a significant knockdown effect on the miRNA target of ASO in
all sub-regions of the brain that we investigated. Notably, the
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Figure 5. Biodistribution and pharmacokinetics of Phe-NPs/ASO-Cy5.5 in NHP

(A) Temporal changes in Cy5.5 fluorescence in marmoset, post-IV administration of Phe-NPs/ASO-Cy5.5. (B) Pharmacokinetics of IV-administered Phe-NPs/ASO-Cy5.5 in

the CSF of cynomolgus monkeys.
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knockdown effect exhibited a dose-dependent tendency similar to
that observed when the same NPs were administered directly into
the brain via the ICV route, achieving up to a 50% target gene knock-
down. Overall, these results strongly suggest that our optimally de-
signed NP delivery system effectively delivers its ASO target to a
broad set of brain sub-regions with subsequent pharmacological
activity against its intended miRNA target in brain cells following
stability in the blood and effective crossing of the BBB after IV admin-
istration. In a higher-level species, such as NHP marmoset, the
IV-delivered Phe-NPs/ASO particles consistently showed effective
biodistribution in the CNS, with the ASO cargo being detected
“downstream” in the CSF. Similar to NHP brains, the human brain
also expresses high levels of LAT1 protein at the BBB and in various
human brain cell types.35

In summary, we successfully developed a LAT1-targeting, RNA-
based drug cargo NP with demonstrated brain accumulation of the
drug cargo following non-invasive IV administration. The optimiza-
tion of the Phe-NPs/ASO particle size and shape allowed for
enhanced stability in blood circulation, while the addition of Phe
ligand moieties on the outer surface of the particles significantly
increased the selectivity and binding affinity to the LAT1 transporter
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 9
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Figure 6. Phe-NPs/ASO target knockdown in sub-regions of mouse brain

(A) Target gene knockdown in sub-regions of mouse brain, 1 h post-ICV injection of 1.5 or 10 mg Phe-NPs/ASO. (B) Target gene knockdown in sub-regions of mouse brain,

30 min post-IV injection of 10 or 20 mg/kg of Phe-NPs/ASO. Data are presented as means ± SDs (one-way ANOVA and Tukey multiple comparison tests; *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001). OB, olfactory bulb; CB, cerebellum; CTX, cortex; HP, hippocampus; HTH, hypothalamus; ME, medulla; MID, midbrain; PO, pons;

STR, striatum; TH, thalamus; n.s., not significant.
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expressed on BCECs, thereby facilitating efficient crossing of the BBB
in rodent and NHP brains. Transporters such as glucose transporter 1
(GLUT1) and LAT1 may intracellularly uptake NPs via transporter-
mediated transcytosis or endocytosis17,20; the detailed underlying
mechanisms for NPs crossing the BBB may be explored in a future
study. Unlike GLUT1, LAT1 expression is maintained under patho-
logical conditions such as AD36,38,70,71; our LAT1-targeting Phe-
NPs/ASO drug carrier system holds the potential for a broad range
10 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
of brain drug delivery applications in numerous CNS diseases,
including neurodegenerative diseases.

MATERIALS AND METHODS
Materials

The DTDPA, Tris(3-hydroxypropyltriazolylmethyl) amine, copper
(II) sulfate, sodium ascorbate, and L-GSH were purchased from
Sigma-Aldrich (St. Louis, MO). Nicotinic acid, NHS, EDC, and
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DTT were purchased from Alfa Aesar (Thermo Fisher Scientific, Ha-
verhill, MA). N-(tert-Butoxycarbonyl)-L-tyrosine methyl ether, prop-
argyl bromide, and potassium carbonate were purchased from TCI
Chemicals (Tokyo, Japan); a-methoxy-u-amino poly(ethylene gly-
col)-r-poly-L-lysine (MeO-PEG-PLL(NH3

+/Cl�), MW = 18,094 Da)
and azido-u-amino PEG-PLL-NH2 (N3-PEG-PLL(NH3

+/Cl�),
MW= 18,021 Da) were purchased from Alamanda Polymers (Hunts-
ville, AL). HEPES solution (1 M) and HEPES powder for NPs formu-
lation were purchased from Hyclone� (Cytiva, Waltham, MA, USA)
and Thermo Fisher Scientific, respectively. Nuclease-free water and
the Quant-iT RiboGreen Assay Kit (R11490) were purchased from
Qiagen (Hilden, Germany) and Invitrogen (Thermo Fisher Scienti-
fic), respectively.

Experimental methods

Preparation of Phe-NPs/ASO

NPs were prepared by mixing MeO-PEG-PLL(NA/MPA), a copol-
ymer without any LAT1-targeting ligand, Phe-PEG-PLL(NA/
MPA), and a copolymer amended with an LAT1-targeting ligand,
all in solution with ASO molecules. Targeting and non-targeting co-
polymers were dissolved at a concentration of 8 mg/mL in a 200 mM
DTT solution (10mMHEPES buffer). Both copolymer solutions were
mixed in a 3:1 v/v ratio. The ASO solution (180 mM) was prepared by
dissolution in nuclease-free water.

The ASO and polymer solutions were then mixed in a 2:1 v/v ratio
using a microfluidic mixer (Ignite, Precision NanoSystems [Cytiva],
Vancouver, BC, Canada). The polymer-to-ASO mixing ratios were
determined based on the optimized conditions for NP formation,
including an amine (in polymer)-to-phosphate (in ASO) N-to-P ratio
of 1.6. The mixture of ASO and polymer was kept at 25�C for 30 min
for stabilization and then transferred to a dialysis cassette (MW cutoff
of 20 kDa). Dialysis was conducted against a 5 mM HEPES and 5%
DMSO solution for 1 day and in 5 mM HEPES for 2 days. After dial-
ysis, the samples were filtered using a filter (0.22 mm polyethersulfone
bottle top filter, Corning, Corning, NY) and lyophilized with cryopro-
tectant (mannitol and sucrose, 1:4 v/v). Lyophilized powder of Phe-
NPs/ASO was stored at �20�C prior to use. The size distribution of
NPs was measured using a Zetasizer (ZS and Ultra Red, Malvern Pan-
alytical, Malvern, UK). Cryo-TEM images were acquired using a
300-kV cryo-biotransmission electron microscope with high-resolu-
tion structural capabilities (Krios G4 Cryo-TEM, Thermo Fisher
Scientific, at the Institute for Basic Science, Daejeon, South Korea).

Characterization of NPs

Encapsulation efficiency by Quant-iT RiboGreen Assay

Typically, the RiboGreen assay method is used to confirm the RNA
content within lipid NPs. In this study, we aimed to obtain the
ASO content and EE% within polyion complex micelles by using a
modified method of the RiboGreen assay. The experiment was con-
ducted according to the protocol provided by the manufacturer.
For the measurement, the ASO concentration in the NPs was diluted
to 2 mg/mL with Tris-ethylenediaminetetraacetic acid (Tris-EDTA
[TE]) buffer, and 50 mL was transferred to a black 96 well plate. To
measure EE%, 50 mL TE 1� buffer or 0.2% dextran sulfate (MW
5,000, TdB Labs, Uppsala, Sweden) solution was added. The standard
curve was prepared by mixing 50 mL ASO solutions at concentrations
of 0.4, 1, 2, 4, and 125 mg/mL (in TE buffer) with 50 mL 0.2% dextran
sulfate solution and transferring them to the plate. The plate was incu-
bated at 37�C for 15min. Then, 100 mL RiboGreen diluted 1:100 % v/v
was added to each well, and the fluorescence intensity was measured
using a microplate reader (Infinite M Plex, TECAN, Maennedorf,
Switzerland) at excitation wavelength/emission wavelength (Ex/
Em) = 480/525. The measurements were performed in technical
triplicate (N = 3).

Stability test

For the stability study of Phe-NPs/ASO against GSH and pH, GSH
solution was prepared by dissolving in 10 mM HEPES buffer (pH
7.10) at different concentrations of 0.1, 1.0, 10, and 100 mM, and
different pHs of HEPES buffer (pH 5.28 and pH 7.10) were prepared.
After dissolving the Phe-NPs/ASO in nuclease-free water (150 mM
ASO concentration), NP solution was mixed with each GSH solution
or HEPES in a 1:9 v/v ratio. Then, the mixture was incubated for
30 min at 25�C. The stability of the NPs was assessed by measuring
the total particle number concentration of NPs using a Zetasizer
(ZS and Ultra Red).

In vitro studies

Cell culture

GL261-Luc cells, a glioma cell line, was used as an in vitro model of
cells expressing LAT1. GL261-Luc cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum and 1% penicillin, in a 95%
O2/5% CO2 incubator at 37�C.

Cell uptake and flow cytometry assays

Flow cytometry was performed as previously described.20 GL261-Luc
cells were seeded at a density of 5� 104 cells per well in a 24 well plate
and incubated at 37�C, 95% O2/5% CO2, for 24 h. Cells were then
incubated with PBS and either ASO-Cy5.5 or ASO-Cy5.5 with vary-
ing ligand densities (0%, 25%, 50%, 75%, and 100%). A target concen-
tration of 7.5 mM of either the ASO-Cy5.5 or the NPs with varying
ligand densities was obtained in 20 mL PBS and upon re-dispersion
in 480 mL of culture medium. The prepared samples were then added
to the appropriate wells; wells were incubated at 37�C, 95% O2/5%
CO2, for 30 min. Cells were subsequently digested using 0.25% w/v
trypsin-EDTA and treated culture medium. The cell suspensions
were collected and centrifuged at 1,000 rpm for 2 min. Upon centri-
fugation, the suspensions were washed twice with PBS and re-sus-
pended in 200 mL PBS. Using a BDAccuri C6 Plus (BectonDickinson,
Franklin Lakes, NJ) flow cytometer, cell numbers and Cy5.5 fluores-
cence intensities were measured. Fluorescence data of live cells were
ultimately captured, based on 15,000 gated events, using the BD
CSampler Plus (Becton Dickinson).

Cell-based assay for ASO-loaded NPs uptake

To investigate the ability of Phe to target LAT1, we performed a
competition assay using GL261-Luc cells. The cellular uptake of
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 11
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NT-NPs/ASO-Cy5.5 and Phe-NPs/ASO-Cy5.5 was compared in the
presence or absence of free Phe. Briefly, cells were cultured in a 96
well plate at a seeding density of 5 � 103 cells per well. At 24 h
post-seeding, the cells were washed in cell culture medium and the
selected wells were treated with 10 mL LAT1 ligand, Phe (1 mM in
cell culture medium); other wells were given an additional 10 mL
cell culture medium. The 96 well plate treated with ligands was
then placed at 37�C in the CO2 incubator for an additional hour.
NT-NPs/ASO-Cy5.5 or Phe-NPs/ASO-Cy5.5 (20 mL) was then added
at a total ASO concentration of 300 nM/well, and 20 mL PBS was
added into another well as a non-treated control. The 96 well plate
was transferred back to the incubator for an additional hour to allow
cellular uptake of the ASO-loaded NPs. The cell culture medium was
subsequently removed, and the cells were washed three times with
PBS. After a final addition of 100 mL PBS to each well, cell fluores-
cence was measured using a microplate reader (Ex/Em = 650/
690 nm). The measured fluorescence intensity of the NP treatment
group was subtracted from that of the untreated control.

Cell-based assay for endosomal escape analysis

Endosomal escape imaging was performed as previously described.72

Briefly, GL261-Luc cells were seeded at a density of 3 � 103 cells per
dish on glass coverslip plates and incubated for 24 h at 37�C, 95% O2/
5% CO2, conditions. Cells were then washed twice with PBS, exposed
to Phe-NPs/ASO-Cy5.5 at a total ASO concentration of 300 nM, and
incubated again at 37�C, 95% O2/5% CO2, for 1 h. Cells were then
washed twice with PBS, and dishes were filled with culture medium
and incubated at 37�C for 0, 1, 2, or 4 h. The cells were washed again
with PBS at the predetermined times. The cells were then treated with
75 nM LysoTracker (Invitrogen) for 3 min, and cell nuclei were
stained with Hoechst dye 33342 (6-min exposure time). Cells were ul-
timately washed three times with PBS and fixed with 4% paraformal-
dehyde for 10 min. Confocal images were acquired using a Leica
confocal microscope (STELLARIS 5 in vivo confocal system, Leica
Microsystems, Wetzlar, Germany), and Cy5.5-labeled cells were
analyzed using companion imaging software (Leica Application Suite
X, LeicaMicrosystems). The region of interest intensities of each color
in the confocal images were analyzed by ImageJ. In brief, the red and
colocalized yellow signals were analyzed by setting color thresholds
for each color. The mean intensities of each color were analyzed in
five different cells selected at each time point.

In vivo studies in mouse

Animals

Hsd:ICR (CD-1) mice were purchased from Koatech (Pyeongtaek,
South Korea). The Hsd:ICR mice originated from the Charles River
Laboratories (Wilmington, MA). C57BL/6J mice were purchased
from DBL (Eumseong, South Korea) and obtained from Jackson
Laboratory (Bar Harbor, ME). The animal studies were approved
by the Institutional Animal Care and Use Committee (IACUC)
at BIORCHESTRA (approval nos. BOIACUC-20220215-0001,
BOIACUC-20220215-0003, and BOIACUC-20220218-0001). All
procedures related to the animal studies outlined in this paper strictly
adhered to the guidelines set forth by the IACUC for animal care. All
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mice were housed under controlled conditions, with a fixed temper-
ature of 20�C ± 1�C and a relative humidity of 25% ± 10%, under 12 h
light/dark cycles.

For the NHP marmoset study, NP drug sample administration and
in-life biological sampling were conducted at either KBIO Health
(approval no. KBIO-IACUC-2020-145) or KRIBB (approval nos.
KRIBB-AEC-20263 and KRIBB-AEC-22127); biosample analyses,
such as fluorescence intensities based on blood and CSF samples,
were conducted at BIORCHESTRA.

Biodistribution in mouse

We investigated the biodistribution of Phe-NPs/ASO (with Cy5.5-
labeled ASO) in the mouse following tail vein administration, using
a live in vivo imaging system (IVIS) imaging method (IVIS Lumina
LT Series III, Revvity, Waltham, MA). Hair on the backs and heads
of the animals was shaved off prior to recording the IVIS images.
The injection amount of NT-NPs/ASO-Cy5.5 and Phe-NPs/ASO-
Cy5.5 in mice was set at a total ASO dose of 25 mg in 200 mL PBS
(0.125 mg/mL ASO concentration). As a negative control, unformu-
lated ASO-Cy5.5 was dissolved in PBS and fluorescence intensity was
adjusted to NPs/ASO-Cy5.5 by dilution with PBS to avoid saturation
of the fluorescence imaging in IVIS. One mouse per study group was
administered the ASO-Cy5.5. Three mice per group were adminis-
tered the non-LAT1-targeting NT-NPs/ASO-Cy5.5; another three
mice per group were given the LAT1-targeting Phe-NPs/ASO-
Cy5.5. IVIS imaging was then performed at pre-set time points of
5, 10, and 30 min and at 1, 2, 4, 6, 8, 12, and 24 h. The imaging
data were processed using Living Image Software version 4.7.2
(Revvity).

Blood samples

The 200 mL PCR tubes were pre-conditioned with 10 mL of an antico-
agulant, 3.2% sodium citrate solution. Mice were administered, via
tail vein injection, ASO-Cy5.5 or Phe-NPs/ASO-Cy5.5 (containing
25 mg ASO amount, 0.125 mg/mL, N = 3 per group). Then, 20 mL
of arterial blood was drawn at pre-set time points of 30 min, 1, 2, 4,
6, 8, 12, and 24 h. The collected blood was immediately placed in
pre-conditioned PCR tubes, mixed, and stored on ice. Lysis buffer
(30 mL) was added to each tube immediately after blood collection
at all time points. The mixture solutions of 50 mL/tube were next
transferred to a black 96 well plate. Fluorescence intensities were
measured (Ex/Em = 650/690 nm) using a microplate reader
(SpectraMax iD3; Molecular Devices, San Jose, CA).

Quantification of ASO delivery to the brain

We quantified the amount of fluorescence-labeled ASO materials
delivered via nanocarriers to the brain tissue, as described previ-
ously.20 The amount of Phe-NPs/ASO-Cy5.5 was detected by
measuring the Cy5.5 fluorescence intensities in brain tissue
slices. Six-week-old male Hsd:ICR mice (N = 3) were IV injected
with either Phe-NPs/ASO-Cy5.5 (containing 25 mg of ASO amount,
0.125 mg/mL) or PBS as a negative control. Mice were sacrificed
1.5 h after injection. Whole brains were dissected after perfusion
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with PBS. Half of each brain was immediately weighed and homoge-
nized using a multi-bead shocker (TissueLyser II, Qiagen) with
600 mL lysis buffer (Passive Lysis buffer 5�; Promega, Madison,
WI). Brain lysates were then centrifuged at 5,000 rpm for 10 min,
and the supernatants were transferred to a black 96 well plate.
Cy5.5 fluorescence intensities were measured (Ex/Em = 650/
690 nm) using a microplate reader (SpectraMax iD3; Molecular
Devices).

IV-CLSM

IV-CLSM was performed as previously described.65 Mice were anes-
thetized with 2.5% isoflurane (ISOTROY 100, Troikaa Pharmaceuti-
cals, Ahmedabad, India) during the experimental process. A 3- to
5-mm diameter hole was drilled into the skull. A glass coverslip
was then placed on the brain. After fixing the head of the mouse in
a steady position, the microscope lens was focused on the brain tissue
and blood capillaries, which were accessible through a glass coverslip.
Phe-NPs/ASO-Cy5.5 or ASO-Cy5.5 were IV injected (containing
25 mg of ASO amount, 0.125 mg/mL) into 6-week-old male
Hsd:ICR mice, and Cy5.5 fluorescence intensities were measured us-
ing an IV-CLSM system (STELLARIS, Leica). Time-dependent fluo-
rescence intensities of Cy5.5 (Ex/Em = 640/662–738 nm) were
observed at the surface of the brains of mice for 90 min. Images
were recorded every 30 s.

Target knockdown in tissue: RNA extraction and qPCR analysis

RNA extraction and qPCR analyses were performed as previously
described.48,73 Total RNAwas extracted from brain sub-regions using
Trizol reagent (Invitrogen) according to the Direct-zol RNA Mini-
prep Plus instructions (Zymo Research, Irvine, CA). A miScript II
RT Kit (Qiagen) was used for cDNA synthesis. Expression levels of
the ASO target, the miR-485-3p miRNA, were measured using
qPCR with a Bio-Rad CFX real-time PCR system (Bio-Rad, Hercules,
CA) and the TOPreal Probe qPCR PreMIX (Enzynomics, Daejeon,
South Korea), according to the manufacturers’ instructions. The
expression of RNU6 was used as an internal control. Relative expres-
sion levels of miR-485-3p were calculated using the 2�DDCt method
and normalized to RNU6.

In vivo study in NHP

Biodistribution in marmoset

To investigate the biodistribution of Phe-NPs/ASO-Cy5.5 in
marmoset, a live imaging method was implemented using ASO-
Cy5.5. The hair on the back and head of the marmosets was shaved
off prior to IVIS imaging measurements. The fluorescence inten-
sities of ASO-Cy5.5 and Phe-NPs/ASO-Cy5.5 were adjusted to
the same initial fluorescence intensity baselines. Marmosets were
administered either ASO-Cy5.5 or Phe-NPs/ASO-Cy5.5 (contain-
ing 0.255 mg of ASO amount, 0.125 mg/mL of ASO concentration;
N = 1 per group) through the tail vein. IVIS images were subse-
quently acquired at preset time points of 0 and 30 min and at 1,
2, 3, 5, 8, 24, 48, and 72 h post-1 h IV infusion (infusion rate:
2.0 mL/h). The data were processed using Living Image Software
version 4.7.2.
CSF biosampling and analyses in cynomolgus monkey

Cynomolgus monkeys received an IV infusion of Phe-NPs/ASO-
Cy5.5 (containing 2.75 mg of ASO amount, 0.125 mg/mL of ASO
concentration, N = 1 per group). At 10, 30, 120, and 360 min post-
1 h IV infusion (infusion rate: 20 mL/h), CSF samples were collected
in tubes. The CSF was collected sequentially in two independent vials
at each time point post-IV infusion to minimize the risk of contam-
ination during CSF collection. To determine fluorescence intensities,
cynomolgus monkey CSF (30 mL) and lysis buffer (1�, 30 mL) were
placed in a 0.2 mL PCR tube and vortexed; 50 mL of the mixture
was then titrated and transferred to a 96 well plate, and 5 mL of an
SDS solution (5%, diluted with RNase-free water) was added to
each well and incubated at room temperature for 2 h. Samples were
measured at Ex/Em = 650/690 nm using the microplate reader
(SpectraMax iD3, Molecular Devices). Relative fluorescence inten-
sities over time were calculated using the following method based
on the basal intensity in the CSF before IV administration of Phe-
NPs/ASO-Cy5.5.

ASO target knockdown study in mouse

Male C57BL/6J mice were used to quantify ASO target knockdown
across brain regions in vivo following ICV or IV administration of
Phe-NPs/ASO. Animals were housed in groups of four to five, at
controlled temperature (23�C ± 1.0�C) and humidity (30%–70%),
under regular 12 h light-dark cycles (light on at 8:00 a.m.).
Two distinct studies were conducted, depending on the route of
administration of the Phe-NPs/ASO: study 1 was performed under
a single ICV administration of the NPs; study 2 used a single IV
administration.

In study 1 (ICV), mice were anesthetized with 250mg/kg 2,2,2-tribro-
moethanol (Sigma-Aldrich) in 2-methyl-2-butanol (Sigma-Aldrich)
via intraperitoneal (IP) injection (10 mL/kg). The mice were placed
in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Under
aseptic conditions, the Phe-NPs/ASO solution (1.5 or 10 mg, dissolved
in PBS) was infused into the right lateral ventricle (0.5 mm anterior to
bregma, 1.0 mm right of midline, and 2.5 mm below the skull surface)
with a 10-mL Hamilton microsyringe (infusion volume: 5 mL, infusion
rate: 0.5 mL/min).48 Upon completion of the injection, the delivery
needle was held in place for an additional 5 min to reduce the risk
of backflow of the Phe-NPs/ASO or vehicle solution. The drilled
hole was sealed with dental cement, and the wounded skin was fixed
with autoclips. The brain and spinal cord were extracted. The brain
was dissected into 10 sub-regions: olfactory bulb, cortex, striatum,
thalamus, hypothalamus, hippocampus, midbrain, cerebellum,
pons, and medulla. The spinal cord was dissected into cervical,
thoracic, and lumbar cord sub-regions. The collected tissues were
stored in a freezer until further analysis.

In study 2 (IV), mice were implanted with an indwelling jugular cath-
eter (25G, polyurethane tubing; Instech Laboratories, Plymouth
Meeting, PA) placed in the right jugular vein under anesthesia with
250 mg/kg 2,2,2-tribromoethanol (Sigma-Aldrich) in 2-methyl-2-
butanol (Sigma-Aldrich) via IP injection (10 mL/kg). Catheter
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patency was confirmed with a gentle 0.2 mL heparinized saline
(30 IU/mL) push. Phe-NPs/ASO (10 or 20 mg/kg total ASO dose,
5 mL/kg) were administered to the mice through a catheter. Thirty
minutes after IV administration of NPs, the mice were sacrificed
for brain and spinal cord tissue collection. The detailed tissue collec-
tion processes were identical to those described in study 1 (ICV).

Statistical analyses

All statistical analyses were performed using GraphPad Prism version
10.0.2 (GraphPad Software, La Jolla, CA) and R statistical package,
version 4.1.2 (R Foundation for Statistical Computing, Vienna,
Austria). All data are presented as means ± SDs. The statistical signif-
icance between groups was determined using a two-tailed unpaired t
test. Tukey’s post hoc test was used for all one-way ANOVAs with
repeated measures. Bonferroni’s post hoc test was used for all
repeated measures and two-way ANOVAs. The level of statistical sig-
nificance was set at p < 0.05.
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