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Anti-miRNA103/107 encapsulated
in transferrin-conjugated lipid nanoparticles
crosses blood-brain barrier and reduces brain
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MicroRNA (miRNA), by post-transcriptionally regulating the
expression of genes involved in stroke response, represents
important effectors in stroke pathophysiology. Recently, the
103/107 miRNA family emerged as a possible therapeutic
target in stroke, as it controls the expression of sodium calcium
exchanger 1, a plasma membrane transporter that plays a
fundamental role in stroke pathophysiology. Although the neu-
roprotective properties of this and other miRNAs are prom-
ising, several pharmacokinetic drawbacks remain to be faced
for the development of a translatable therapy based on small
RNAs in CNS diseases. In the present study, to overcome these
limitations, the anti-miRNA103/107 was encapsulated in spe-
cific preparations of lipid nanoparticles (LNPs), and their effec-
tiveness was evaluated both in an in vitromodel of hypoxia rep-
resented by primary neuronal cortical cultures exposed to
oxygen and glucose deprivation followed by reoxygenation,
and in an in vivo model of stroke obtained in rats exposed to
transient occlusion of the middle cerebral artery. The results
of the present study demonstrated that the encapsulation of
anti-miRNA103/107 in transferrin-conjugated PEG-stabilized
LNPs allowed the blood-brain barrier crossing and significantly
reduced brain ischemic damage. The present achievements
pave the way for the exploitation of a systemic intravenous
miRNA delivery strategy in stroke therapy.

INTRODUCTION
Despite the advancement of knowledge in the field of therapy for neuro-
degenerative diseases and cerebral ischemia, the results so far obtained
are not completely satisfactory. Indeed, despite that cerebral ischemia
represents the second cause of death and the leading cause of disability
in the world, the tissue plasminogen activator (rTPA) remains the only
therapeutic option, and its use is limited to 3%–4% of patients, for its
very narrow therapeutic time window.1 Considering these premises, it
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urges the need to develop innovative therapeutic strategies capable of
overcoming the limits of the available treatment. In this regard, a class
of small non-coding RNA, microRNA or miRNA molecules, are
emerging as promising therapeutic options in stroke and other neuro-
logical disorders.2 In fact, these molecules can regulate the expression
of target proteins involved in the pathogenesis of the entire spectrum
of known disorders including neoplastic, cardiovascular, infectious,
degenerative, and inflammatory-autoimmune diseases.3 What make
miRNAs particularly attractive as potential therapeutic agents is the
ability to target at the same time more than 20 different messenger
RNAs, either preventing their translation, or promoting their degrada-
tion, thus regulating the activity of numerous proteins.4,5 This latter
aspect is particularly relevant for pathologies characterized by the acti-
vation of several pathways that cannot be targeted by a single drug.

Recently, the 103/107 miRNA family has been identified as a possible
therapeutic target in stroke, as it is able todetermine the downregulation
of the member 1 of sodium calcium plasmamembrane exchanger fam-
ily (NCX1), which plays a fundamental role in stroke.6–11 The use of the
specific anti-miRNA, able to prevent stroke-induced NCX1 downregu-
lation determined a significant reduction of the infarct lesion in
ischemic rats.12 Although the neuroprotective properties of this and
other miRNAs are promising, several pharmacokinetic drawbacks
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Table 1. LNP-anti-miR103/107composition

Lipid composition of LNPs (molar ratio)

Formulation DSPC CHOL DODAP PEG2000-Cer16 DSPE-PEG-Mal Surface conjugation
Anti-miR103/107theoretical
loading (nmol/mg lipids)

LNP 1 1.8 0.8 0.4 – – –

LNP 1 1 1.8 0.8 0.4 – – 27.6

LNP 2 1 1.8 2 0.4 – – 41.4

LNP 3 1 1.8 0.8 0.2 0.2 Transferrin 27.6

LNP 4 1 1.8 2 0.2 0.2 Transferrin 41.4

Molecular Therapy: Nucleic Acids
remain to be faced for the development of a translatable therapy based
on small RNAs in CNS diseases, such as (1) stability after systemic
administration, (2) blood-brainbarrier (BBB) crossing, (3) achievement
of the ischemic brain region, and (4) uptake into the target cells.

To overcome these limitations, the anti-miRNA103/107 was encapsu-
lated in specific preparations of lipid nanoparticles (LNPs), including
transferrin-conjugated stabilized lipid nanoparticles, and their effec-
tiveness was evaluated both in an in vitro model of hypoxia repre-
sented by primary neuronal cortical cultures exposed to oxygen and
glucose deprivation (OGD) followed by reoxygenation, and in an
in vivomodel of stroke obtained in rats exposed to transient occlusion
of the middle cerebral artery (tMCAO).

The development of this delivery approach of 103/107 anti-miRNA
capable of specifically reaching the CNS following systemic adminis-
trationmay therefore constitute an innovative therapeutic strategy for
the treatment of ischemic brain disease both in terms of drug molec-
ular structure and in terms of pharmaceutical formulation.
Table 2. Characterization of LNP-anti-miR103/107: size, polydispersity

index (PI), zeta potential (z) encapsulation efficiency (EE%), and anti-

miR103/107 actual loading

Formulation
Diameter
(nm) ± SD

PI ±
SD

z (mV
± SD)

Anti-miR103/
107
actual loading
(nmol/mg
lipids ±SD)

EE (%
± SD)

LNP 147.7 ± 11.0 0.2 ± 0.01 �16.8 ± 3.7 – –
RESULTS
Characterization of LNPs encapsulating anti-miR-103/107

Different lipid nanoparticle (LNP) formulations were prepared (Ta-
ble 1) and characterized as described in the materials and methods
section. As reported in Table 2, LNPs prepared without anti-
miR103/107 had a mean diameter of about 147.7 nm and a negative
zeta potential (z) (�16.8 mV). The encapsulation of anti-miR103/107
as well as the conjugation of transferrin (Tf) on the LNP surface led to
an increase of the size up to 173.4 nm in the case of LNPs 3. All the
formulations were characterized by a narrow size distribution (poly-
dispersity index [PI] < 0.2) and a negative z (from about �11.6 to
�29.4 mV). The use of different lipid molar ratio did not significantly
affect the particle size; on the other hand, the higher percentage of the
ionizable lipid, namely DODAP, led to an increase of the zeta poten-
tial (Table 2). In all cases, the encapsulation efficiency (EE%) of anti-
miR103/107 into the LNPs was always very high, especially when a
higher percentage of DODAP was used, e.g., LNPs 2 and LNPs 4.
LNP 1 154.3 ± 4.3 0.2 ± 0.03 �29.4 ± 3.5 20.5 ± 0.7 75 ± 2.3

LNP 2 147.4 ± 4.5 0.2 ± 0.03 �19.3 ± 2.6 34.7 ± 0.0 84 ± 2.5

LNP 3 173.4 ± 3.2 0.1 ± 0.04 �26.8 ± 2.4 22.3 ± 0.3 81 ± 3.1

LNP 4 153.3 ± 2.5 0.1 ± 0.02 �11.6 ± 3.2 38.1 ± 0.1 92 ± 2.8
LNPs did not exhibit toxicity in primary rat cortical neurons

In vitro experiments were performed in primary rat cortical neurons
to demonstrate the absence of toxicity. To this aim, rat cortical neu-
rons were exposed to different LNP preparations with an initial con-
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centration of 0.7 mg/mL lipids and 0.4 mg/mL anti-miRNA in basal
conditions, after 1:1,000, 1:100, and 1:10 v/v dilution, and their effects
onmitochondrial redox activity were observed after 24 h of treatment.
The results reported in Figure S1 demonstrated the absence of toxicity
of empty LNPs 1–4, since no changes in mitochondrial oxidative ca-
pacity were observed in basal conditions.
LNPs 1, 3, and 4 encapsulating anti-miRNA103/107 counteracted

the impairment of mitochondrial redox activity in cortical

neurons exposed to OGD/reoxygenation

In order to demonstrate the effectiveness of LNPs to exert neuroprotec-
tion, primary cortical neurons were exposed to OGD followed by reox-
ygenation (OGD/REOXY) in presence or in absence of LNPs 1–4. The
results obtained demonstrated that LNPs treatment was able to prevent
the impairment in mitochondrial redox ability occurring in cortical
neurons during OGD/REOXY, and that this effect was more evident
for cortical neurons exposed to OGD/REOXY in the presence of
LNPs 1, 3, and 4 (Figure 1), whereas LNP 2 did not show any effect.

To clarify whether these effects might be related to the ability of LNPs
to interfere with NCX 1 expression and activity through the release of
anti-miRNA103/107 into neurons, further experiments were per-
formed by using cortical neurons exposed for 6 h to LNPs 1–4 empty
or pre-loaded with anti-miRNA103/107. As reported in Figure 2A,
the expression of neuronal anti-miRNA did not change following
empty LNPs exposure. By contrast, after treatment with anti-
mirRNA-103/107-loaded LNPs, the expression of neuronal anti-
miRNA significantly and robustly increased (Figure 2B).



Figure 1. Effect of anti-miRNA103/107-loaded LNP

formulations on mitochondrial redox activity in

cortical neurons exposed to OGD/reoxygenation

The values for each column represent the mean

percentage ± SEM. *p < 0.05 vs. control neurons; **vs.

control untreated OGD/REOXY exposed neurons.
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Anti-miR-103/107-loaded LNP 3 and 4 treatment significantly

reduced ischemic volume in rats subjected to tMCAO

The effect of the four formulations of LNPs containing anti-
miRNA103/107 (70 mg/mL of lipids) was assessed on the progression
of ischemic damage. Several experimental approaches have been eval-
uated in terms of duration of treatment and frequency of administra-
tions and the most significant results were obtained when the animals
underwent four repeated intravenous (i.v.) infusions: 18 and 24 h
before stroke induction, and 1 h and 5 h after ischemia. As shown
in Figure 3, the use of LNP 3 and LNP 4 and, to a lesser extent,
Figure 2. Expression analysis by real-time PCR of anti-miRNA103/107 levels o

LNPs

Anti-microRNA levels are expressed as fold change of relative expression levels over the

the mean ± SEM. Results of anti-microRNA expression were normalized with respect to

group.
LNP 1, encapsulating anti-miRNA 103/107 was able to induce a sig-
nificant reduction of ischemic volume. In order to verify whether
LNPs may per se have a neuroprotective role and reduce the ischemic
volume, experiments were also carried out in animals receiving LNPs
loaded with miRNA scramble. In this experimental subgroup, LNPs
were used without dilution from the starting stock. The data obtained
did not show any difference in terms of changes in ischemic volume
when the effect of LNPs loaded withmiRNA scramble at dose 1/1 (n =
4) was compared with the ischemic volume calculated in animals
receiving vehicle (n = 3) (Figure S2).
n cortical neurons treated with empty (eLNP) and anti-miR-103/107-loaded

control group, represented by untreated cortical neurons. Each column represents

U6 snRNA as internal control. n = 4–5 samples per each group. *p < 0.05 vs. control
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Figure 3. In vivo effect of anti-miRNA103/107-loaded LNPs on ischemic

volume of rats subjected to tMCAO followed by 24 h from reperfusion

Ischemic damage was assessed in rats subjected to tMCAO and treated with four

bolus injections of LNPs through the caudal vein 24 and 18 h before tMCAO in-

duction, and 1 and 5 h after reperfusion. Vehicle group represents animals treated

with tMCAO and saline solution. Each column represents the mean ± SEM.

*p < 0.05 vs. vehicle group.
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Treatment with LNP 3 and 4 encapsulating anti-miRNA103/107

prevented NCX1 downregulation in rat cerebral cortex after

tMCAO

First, we observed an increase in anti-miRNA103/107 levels in tem-
poroparietal cortex of rats treated with LNP1–4 loaded with anti-
miRNA103/107 (Figure 4A). Then, we assessed NCX1 levels in terms
of mRNA and protein content to evaluate whether treatment with
LNPs might abolish the NCX1 downregulation mediated by cerebral
miR-103/107 rise during ischemia in temporoparietal brain cortex of
ischemic rats.Indeed, following treatment of ischemic rats with LNPs
1, 3, and 4 encapsulating anti-miRNA103/107, the decrease of ncx1
mRNA induced by tMCAO was prevented (Figure 4C). Similarly,
western blot analysis showed that downregulation of NCX1 protein
induced by tMCAo and observed in temporoparietal brain cortex of
ischemic rats was significantly prevented after LNP 1, 3, and 4 treat-
ments (Figure 4B).

Anti-miRNA-103/107 plasma levels changed over time after i.v.

administration of LNP-anti-miRNA 103/107 in non-ischemic

animals

In order to verify the permanence in circulation of the nanoencapsu-
lated anti-miRNA administered intravenously, plasma samples were
collected from untreated animals (control group) and from animals
receiving LNP anti-miRNA as previously described. Real-time PCR
analysis showed that anti-miRNA103/107 levels were considerably
high up to 96 h after the last administration. At a longer time interval
of 7 days, anti-miRNA plasma levels returned to basal (Figure 5A).

Furthermore, to verify that LNP3 loaded with anti-miRNA103/107
reached the brain, anti-miR 103a was labeled with rhodamine in 50

and encapsulated in nanoparticles.

The rhodamine fluorescence intensity has been quantified in animals
treated with 50-Rho-Anti-miR103a-30 loaded LNP3 in several organs,
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as shown in Figure 5B. Interestingly, the fluorescence intensity was
higher in brain than in heart, liver, and muscle, thus supporting the
hypothesis that transferrin-conjugated LNPs were preferentially
localized in the brain.

DISCUSSION
The results of the present study demonstrated for the first time that
the encapsulation of anti-miRNA103/107 in transferrin-conjugated
stabilized LNPs allowed the BBB crossing and significantly reduced
brain ischemic damage.

In particular, here we gave the basis for the development of a new ther-
apeutic strategy for the treatment of cerebral ischemia based on the use
of anti-miRNA103/107 incorporated in lipid nanocarriers, which can
be intravenously administered. The main element of originality con-
sisted in the proposal of a drug formulation with an innovative phar-
macodynamic mechanism to treat a disease for which, at present, there
are no other strategies, except for the fibrinolytic agent rTPA or intra-
arterial thrombectomy. It should also be stressed that the use of a lipid-
based nanocarrier, already used in the treatment of hereditary trans-
thyretin-mediated amyloidosis or for vaccination against COVID-19,
is proposed here for the delivery of anti-miRNA into the CNS, repre-
senting a strategy capable of generating technological improvements
not only in the ischemic cerebral pathology under study, but also in
numerous other unexplored neurodegenerative diseases. In fact, the
use of anti-miRNAs to treat diseases, such as Parkinson’s, Alzheimer’s,
and amyotrophic lateral sclerosis, is emerging in recent years as a fron-
tier therapy.13–16 Therefore, an i.v.-administrable formulation able to
deliver therapeutic RNA across the BBB to reach the brain regions
involved in the pathological process represents a significant advance-
ment toward the research of novel therapeutic strategies.

It should be underlined that drug delivery systems (DDSs) for BBB
crossing in stroke and other neurological disorders is a subject of
intense and diverse studies.17 Indeed, numerous papers reported spe-
cific, safe, and effective targeted delivery of the DDSs carrying diverse
therapeutic agents to the cerebrovascular targets after intravascular
injection in animals.17 An intense and promising field of research is
represented by the use of nanoparticles modified with antibodies tar-
geting proteins expressed on endothelium. In this regard, it has been
reported that modified urokinase fused with the ligands (antibodies
and scFv) binding to the endothelial cell surface determinant
PECAM-1 accumulates in the brain, lyses thrombi, and alleviates
thrombotic stroke in a mouse model.18 Another important outcome
has been given with DDSs using ligands binding to VCAM-1, which
being relatively more selective, appears on the surface of pathologi-
cally altered BBB endothelium, thus showing remarkable uptake in
the animal brain injury models allowing magnetic resonance imaging
of the pathology.19 More recently, it has been reported that targeting
CAMs, especially VCAM, with mAbs and nanocarriers represent a
promising direction for innovative stroke therapies.20

In our study we propose a new approach favoring BBB crossing and
brain accumulation by using transferrin on the LNP surface. We



Figure 4. Evaluation of NCX1 expression in samples of ipsilateral cortex from ischemic rats treated with anti-miRNA103/107-loaded LNPs

(A) Expression analysis by real-time PCR of anti-miRNA103/107 levels in temporoparitel cortex of rats treated with anti-miR-103/107-loaded LNP1-4 24 h after i.v. injection.

Results were normalized with respect to U6 snRNA as internal control. n = 3 samples per each group. (B) NCX1 protein levels are expressed as percentage vs. the sham-

operated controls. Each column represents the mean ± SEM. Results of NCX1 expression were normalized with respect to a-tubulin. On the top, representative blots of

NCX1 and a-tubulin signals in the sham and ischemic animals euthanized at 24 h from reperfusion. n = 4 samples per each group. *p < 0.05 vs. sham-operated control group.
#p < 0.05 vs. vehicle group. (C) ncx1 mRNA levels are expressed as fold change of relative expression levels over the sham-operated group. Each column represents the

mean ± SEM. Results of ncx1 expression were normalized with respect to GAPDH as internal control. n = 3 samples per each group. *p < 0.05 vs. control group.
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showed that LNPs represent an additional promising approach to
design new therapies based on miRNA in the treatment of ischemia.
LNPs are the most investigated platform for RNA delivery with many
formulations in clinical trials and three products approved by the
Food and Drug Administration,21 thus offering guarantees for the
future scale-up and large-scale production of the formulation in
GMP grade. Here, LNPs with different compositions, namely
different content of ionizable lipids and conjugation with transferrin,
have been tested. All the formulations, used at three different concen-
trations, showed no toxicity on cortical neurons. Neuroprotection in
primary cortical neurons exposed to OGD/REOXY was also evident
by using LNP encapsulating anti-miRNA103/107, but only in the
case of LNPs 1, 3, and 4. Actually, among all the LNP formulations
tested in the present study, LNP 2 is characterized by a higher content
of ionizable lipid compared with LNP 1; thus, while the ionizable lipid
is the key component to have RNA uptake into cells as well as lyso-
somal escape, its concentration must be finely tuned up for optimal
transfection efficiency. Interestingly, in the case of transferrin-tar-
geted LNPs, both formulations, LNP 3 and 4, provided high levels
of neuroprotection, suggesting that the presence of transferrin on
the surface should change the mechanism of cell uptake, leading to
high neuroprotection independently on the ionizable lipid content.
In vivo studies demonstrated that animals receiving LNP encapsu-
lating anti-miRNA103/107 showed an ischemic volume significantly
lower than untreated animals. Interestingly, the highest reduction in
ischemic volume obtained with LNP 3 and 4 could be ascribed to the
presence of transferrin on the LNP surface that could facilitate BBB
crossing. This peculiar feature may explain why LNP 2 loaded with
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 5. Plasma and organ distribution of aanti-miR-103/107-loaded LNP 3 after i.v. injection

(A) Expression analysis by real-time PCR of circulating anti-miRNA103/107 levels in blood of rats exposed to tMCAO and treated with anti-miR-103/107-loaded LNP 3 at

different time intervals from reperfusion. In (B) are reported RHOD-1/Fluorescein fluorescent levels in different organs after i.v. injection of fluorescent LNP3. (A) Anti-

microRNA levels are expressed as fold change of relative expression levels over the vehicle group, represented by ischemic rats treated with saline solution. (B) Quantifi-

cation of fluorescence intensity on tissue sections at the level of the brain cortex, liver, heart and gastrocnemius muscle is expressed in terms of pixel intensity value. Pixels

expressing rhodamine co-localizing with fluorescein were identified. Results are expressed in arbitrary units. Each column represents the mean ± SEM. Results of anti-

microRNA expression were normalized with respect to U6 snRNA as internal control. n = 3–4 samples per each group. *p < 0.05 vs. other experimental groups.
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anti-miRNA103/107, which lacks transferrin on their surface, was
ineffective in vivo, although effective in vitro. However, the reduced
ischemic volume found at a lesser extent also in the case of transferrin
untargeted LNP1 also suggests a partial alteration of BBB in this
experimental animal model.

Finally, it should be underlined that plasma levels of anti-miR-103/
107 drops 96 h after LNP injection, thus rendering higher the trans-
lational potential of this therapeutic approach. This is not surprising
because LNPs are designed to be long circulating nanoparticles due to
the presence of polyethylenglycol on the nanoparticle surface. In
particular, PEGylation of nanoparticles avoids their opsonization
leading to a longer blood circulation and to a wide distribution in tis-
sues. Notably, all LNP preparations did not show cytotoxic effects
and, more importantly, the neuronal expression of anti-miRNA
and miR-103/107 itself did not undergo changes following the expo-
sure of neurons to the four different LNP empty preparations. By
contrast, a significant reduction in miR-103/107 levels was observed
in neurons exposed to anti-miRNA LNPs, thus confirming the occur-
rence of the internalization process. Notably, following the systemic
administration of LNP 1–4 to ischemic rats, a quantitative increase
of anti-miRNA103/107 was observed, the latter was associated with
a reduction of miRNA-103/107 in the temporoparietal cortex of
rats. As expected, the administration of LNPs containing anti-
miRNA103/107 was able to prevent the reduction of the sodium cal-
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
cium exchanger, NCX1, thus promoting neuronal survival in
ischemic conditions.12

While the study demonstrated that LNPs encapsulating anti-
miRNA103/107 could represent a novel and powerful weapon against
ischemic damage, further studies should allow for setting up the
optimal therapeutic posology to design a future therapeutic strategy.
Another limitation of our approach is represented by the lack of spec-
ificity for the ischemic region, as it occurs with DDSs equipped with
antibodies against penumbra-related selective targets.20

In summary, the present study confirms the important role of the
miRNA-103/107 family as a therapeutic target in stroke and validates
a potentially exploitable pharmacological strategy not only for the
administration of drugs that reach the CNS and are therefore useful
for the treatment of ischemic or neurodegenerative pathology, but
for any other pathology in which it becomes extremely important to
direct the drug at the target organ level, opening new perspectives of
pharmacological innovation in different sectors of medical pathology.

MATERIALS AND METHODS
Reagents

Anti-microRNA103/107 (50-rUrCrArUrArGrCrCrCrUrGrUrArCrAr
ArUrGrCrUrGrCrU-30) and (50-/5RhoR-XN/rUrCrArUrArGrCrCr
CrUrGrUrArCrArArUrGrCrUrGrCrU-30), namely anti-miR103/107,
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was synthesized by Tema Ricerca s.r.l. (Bologna, Italy). 1,2-dioleyl-3-di-
methylammonium propane (DODAP), N-palmitoyl-sphingosine-
1-succinyl[methoxy(polyethylene glycol)2000] (PEG2000-Cer16)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(po-
lyethylene glycol)-2000]-Maleimide (DSPE-PEG-Mal) and 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein)
(ammonium salt) were obtained by Avanti Polar Lipids. Disteroylphos-
phatidylcholine (DSPC) was kindly offered from Lipoid GmbH (Cam,
Switzerland). Cholesterol (CHOL), human transferrin (Tf), ammonium
ferrithiocyanate, sodium borate, sodium chloride, sodium citrate, so-
dium phosphate, HEPES, ethylenediaminetetraacetic acid (EDTA),
citric acid, Sepharose G-25, and 2-iminothiolane (Traut’s reagent)
were purchased from Sigma-Aldrich (USA). Ethanol and other solvents
were obtained by Exacta Optech (Italy).
Preparation of LNPs encapsulating anti-miRNA103/107

Lipid nanoparticles encapsulating anti-miRNA103/107 (LNP-anti-
miRNA103/107) were prepared as previously described,22 with
some modifications. Briefly, an ethanol stock solution of lipids
(40% v/v of total preparation) composed of DSPC/CHOL/DODAP/
PEG2000-Cer16 (see Table 1) and an anti-miRNA103/107 citric
acid solution (20mM, pH 4.0), were prepared. To obtain double-mar-
keted LNP, a citric acid solution (20 mM pH 4.0) of anti-miR103/107
sequence labeled with rhodamine dye was used. In addition, the fluo-
rescent lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(carboxyfluorescein) was added to lipid ethanol solution (0.1% w/w
of total lipids).

In the case of LNP-anti-miRNA103/107 decorated with Tf, a lipid
composition of DSPC/CHOL/DODAP/PEG2000-Cer16/DSPE-PEG
2000-Mal (see Table 1) was used. Then, the lipid ethanol solution
was added to the buffer solution under stirring; the resulting suspen-
sion was dimensioned by a thermos barrel extruder system (Northern
Lipids Inc., Vancouver, BC, Canada), maintained at 65�C, repeatedly
passing the suspension through polycarbonate membranes with
decreasing pore sizes (Nucleopore Track Membrane 25 mm, What-
man, Brentford, UK). The preparation was then dialyzed (3.5 kDa
cutoff) against 20 mM citrate buffer (pH 4.0 for 1 h) to remove
the excess of ethanol and against HBS (20 mM HEPES, 145 mM
NaCl, pH 7.4 for 12–18 h), to remove the citrate buffer and to
neutralize the LNP surface charge. For Tf-LNP, Tf was first thiolated
using 2-iminothiolane (Traut’s reagent). Briefly, Tf was dissolved in
0.1M Na-borate buffer pH 8, followed by the addition of Traut’s
reagent (1:40 mol/mol). After 60-min incubation at room tempera-
ture, the excess Tf was removed by molecular exclusion chromatog-
raphy, Sepharose G-25 column. Thereafter, thiolate-Tf was incu-
bated with preformed LNPs-miR-103/107 (DSPC/CHOL/DODAP/
PEG2000-Cer16/DSPE-PEG2000-Mal) overnight at 25�C. The un-
conjugated Tf and non-encapsulated miRNA were removed by ultra-
centrifugation at 80,000 rpm at 4�C for 40 min (Optima Max E,
Beckman Coulter, USA; rotor TLA 120.2). Blank LNPs were also pre-
pared and used as control. All LNP formulations were prepared in
triplicate.
LNP characterization

Size, PI, and superficial charge of LNPs

Themean diameter, PI, and zeta potential (z) of LNPs were determined
byZetasizerUltra (MalvernPanalytical,UnitedKingdom). Resultswere
averaged over three measurements from independent batches.

Lipid dosage in LNPs

The amount of phospholipids in the LNP-anti-miR-103/107 was
determined by the Stewart assay.23 Briefly, an aliquot of the LNPs
was added to a two-phase system, consisting of an aqueous ammo-
nium ferrothiocyanate solution (0.1 N) and chloroform. Each tube
was mixed on vortex and then centrifugated for 5 min. The chloro-
form phase was collected and the concentration of DSPC was ob-
tained by measure of the absorbance at 485 nm with an ultraviolet-
visible spectrophotometer (UV VIS 1204; Shimadzu Corporation,
Kyoto, Japan). The concentration of the total lipids content was calcu-
lated considering a constant ratio between the lipids.

Anti-miR-103/107 encapsulation in LNPs

The amount of anti-miRNA103/107 encapsulated into the LNPs was
determined spectrophotometrically. Briefly, an aliquot of the formulation
was dissolved inmethanol (1:100 v/v) and samples were centrifugated for
30 min at 13,000 rpm (MIKRO 20; Hettich, Tuttlingen, Germany). The
supernatants were analyzed by UV (UV-1800, UV Spectrophotometer)
at the wavelength of 260 nm. The amount of anti-miRNA loaded into
the nanocarriers was expressed as anti-miRNA encapsulation efficiency
(EE %), calculated as % ratio between anti-miRNA actual loading (mg
of anti-miRNA/mg of total lipids) and anti-miRNA theoretical loading
in formulation. For each formulation, results were calculated as the
mean of the measures obtained in three different batches (n = 3).

Rat primary cortical neurons

Rat primary cortical neurons were prepared from 17-day-oldWistar rat
embryos (Charles River).24 Briefly, rats were first anesthetized and then
decapitated to minimize animal’s pain and distress. Dissection and
dissociation were performed in Ca2+\Mg2+-free phosphate-buffered sa-
line (PBS) containing glucose (30 mM). Tissues were incubated with
papain for 10 min at 37�C and dissociated by trituration in Earle’s
BalancedSalt Solution containingDNase (0.16U\mL), bovine serumal-
bumin (10 mg\mL), and ovomucoid (10mg\mL). Neurons were plated
in plastic Petri dishes (Falcon Becton-Dickinson) pre-coated with poly-
D-lysine (20 mg\mL) and were grown inMEM\F12 (Life Technologies)
containing glucose, 5% of deactivated fetal bovine serum, and 5% of
horse serum (Life Technologies), glutamine (2 mM\L), penicillin
(50 U\mL), and streptomycin (50 mg\mL) (Invitrogen). Within 48 h
of plating, cytosine arabinoside (ara-C) (10 mM) was added to prevent
non-neuronal cell growth. Neurons were cultured at 37 �C in a humid-
ified 5%CO2 atmosphere and used after 7–10 days of culture. Cell den-
sity was 5 � 106 cells/well of 60 mm for analysis of qRT-PCR and
15� 106 cells/well of 100 mm for western blot analysis.

In vivo experimental groups

Ninety Sprague-Dawley male rats (Charles River Laboratories, Calco,
Varese, Italy) weighing 200 to 250 g were housed under diurnal
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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lighting conditions (12-h darkness/light). It has been calculated that
about 20% of the animals used were excluded from the experimental
groups due to the absence of ischemic lesions (10%) or to mortality
related to the experimental procedure (10%). Animals were randomly
allocated in the different experimental groups, and the treatment with
LNP formulations was blindly performed, since each formulation was
labeled with a number by a researcher different from the one perform-
ing the treatment. Furthermore, the collected samples were identified
with a numeric code and all the postmortem experiments were per-
formed by a researcher blinded to the applied treatment. The key to
open the blinding was provided only after the analysis was concluded.
Finally, sample size was a priori determined by G-power software. Ex-
periments were performed according to the international guidelines
for animal research. The experimental protocol was approved by
the Animal Care Committee of the “Federico II”University of Naples.
Transient focal ischemia and evaluation of infarct volume

Transient focal ischemia was induced, as previously described25. In
brief, occlusion of the middle cerebral artery (MCA) was performed
in male rats anesthetized using a mixture of oxygen and sevoflurane
at 3.5% (Medical Oxygen Concentrator LFY-I-5A). A 5-O surgical
monofilament nylon suture (Doccol, Sharon, MA) was inserted
from the external carotid artery into the internal carotid artery and
advanced into the circle of Willis up to the branching point of the
MCA, thereby occluding the MCA. Achievement of ischemia was
confirmed by monitoring regional cerebral blood flow in the area of
the right MCA. Cerebral blood flow was monitored through a dispos-
able microtip fiberoptic probe (diameter 0.5 mm) connected through
a Master Probe to a laser Doppler computerized main unit (PF5001;
Perimed, Järfälla, Sweden) and analyzed using PSW Perisoft 2.5.26

Animals not showing a cerebral blood flow reduction of at least
70% were excluded from the experimental group, as well as animals
that died after ischemia induction. Rectal temperature was main-
tained at 37 ± 0.5�C with a thermostatically controlled heating pad
and lamp. All surgical procedures were performed under an operating
stereomicroscope in a blind manner.

Animals were killed with sevoflurane overdose 24 h after ischemia.
Brains were quickly removed, sectioned coronally at 1-mm intervals,
and stained by immersion in the vital dye (2%) 2,3,5-triphenyltetrazo-
liumhydrochloride. The infarct volumewas calculated by summing the
infarction areas of all sections and by multiplying the total by slice
thickness.26 To avoid that edema could affect the infarct volume value,
infarct volume was expressed as percentage of the ischemic damage by
dividing the infarct volume by the total ipsilateral hemispheric volume.
Experimental in vivo drug administration

LNP nanovectors, empty, or carrying the selected anti-miRNA, were
administered in rats through the tail vein. For each experimental
group, i.v. administration of 100 mL of the different LNPs, diluted
to the appropriate concentration by adding saline solution (0.9%
NaCl, pH 7.4), was carried out as a bolus, using a 1-mL insulin syringe
(BD Plastics). Ischemic control animals received only saline adminis-
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tration. The animals received four administrations, 24 and 18 h before
ischemia and 1 and 5 h after tMCAO induction.

LNPs loaded with rhodamine-labeled anti-miRNA were injected in
non-ischemic animals four times at the same time intervals and in the
same amount of non-labeled LNPs administered to ischemic animals.

Anti-miRNA levels were evaluated in the temporoparietal cortex of
rats injected with anti-miRNA, 24 h after the last injection. Anti-
miRNA levels were also in plasma obtained from blood (500 mL)
withdrawn from tail vein at different time intervals after LNP injec-
tion: 3, 24, 48, 96, and 168 h. To dilate the blood vessels, rat tails
were immersed in preheated water at 38�C for 40–50 s. Blood was
collected into purple top EDTA tubes and centrifuged (2,000 rpm)
at 4�C for 20 min. After centrifugation, plasma was collected into
1.5-mL Eppendorf tubes labeled with tracking number and “plasma.”

Fluorescence intensity quantification

Animals were anesthetized and transcardially perfused with saline so-
lution containing 0.01 mL heparin (10 U/mL heparin in 0.1 M PBS)
followed by 60 mL of 4% paraformaldehyde. The brain, liver, and
heart were rapidly removed on ice and postfixed overnight at +4�C
and cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB)
with sodium azide 0.02% for 24 h at 4�C. The gastrocnemius was
frozen with liquid nitrogen and stored at �80�C. The organs were
then sectioned frozen on a sliding cryostat at 10-mm thickness. Sub-
sequently, after mounting the slides, they were observed directly un-
der the confocal microscope (Zeiss LSM 700).

Quantification of fluorescence intensity on tissue sections at the level
of brain cortex, liver, heart, and gastrocnemius muscle was done in
terms of pixel intensity value by using the NIH image software.
Briefly, digital images were taken with �20 objective and identical
laser power settings and exposure times were applied to all the pho-
tographs from each experimental set. Images were first thresholded
to identify the positive signal; subsequently, the pixels expressing
rhodamine co-localizing with fluorescein were identified. Results
were expressed in arbitrary units. n = 3 mice per group.

Western blot analysis

Samples from cortical neurons and rat ischemic brain regions were ho-
mogenized in a lysis buffer (50 mmol/L Tris-HCl, pH 7.5, 100 mmol/L
NaCl, 1% Triton X-100) containing protease and the phosphatase in-
hibitor. After centrifugation at 12,000� g at 4�C for 15 min, the super-
natants were collected. Protein concentration was estimated using the
Bradford method, by means of a spectrophotometer (Eppendorf).
Then, 80–100 mg of protein lysate was mixed with a Laemmli sample
buffer and boiled at 95�C for 5 min. The samples were resolved by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. Blots were probed with antibodies
for NCX1 (Swant, rabbit polyclonal, 1:1,000), and a-tubulin (Abcam,
mouse monoclonal, 1:10,000) diluted in tris-buffered saline (TBS-T)
1% bovine serum albumin overnight (4�C). Then, they were detected
using horseradish peroxidase conjugated secondary antibody (mouse
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and rabbit, Cell Signaling; 60 min at room temperature in 5% non-fat
milk) and an enhanced luminescence kit (Amersham Pharmacia
Biotech, NJ, USA).

Real-time PCR

Total RNA from neuronal cultures or brain tissues was extracted by us-
ing Trizol following the supplier’s instructions (TRI Reagent, Sigma).
For miRNA analysis, 5 ng of RNA was specifically retrotranscribed in
the target cDNA, using High-Capacity cDNA Reverse Transcription
Kit (AppliedBiosystems) andTaqmanprobes, followingTaqManSmall
RNA Assays Protocol (16�C for 30 min, 42�C for 30 min, and 85�C for
5 min). Regarding mRNA analysis, 1 mg of total RNA was retrotras-
cribed, following the manufacturer’s protocol: 25�C for 10 min, 37�C
for 120 min, and 85�C for 5 min. Quantitative real-time PCR was per-
formed with TaqMan Universal PCR Master Mix II (Applied Bio-
systems) in a 7500 Fast Real-Time PCR System (AB Applied Bio-
systems). cDNA samples were amplified simultaneously in triplicate
in one assay run, following the protocol for Taqman assays: 50�C for
2 min, 95�C for 10, 40 cycles of amplification of 95�C for 15 s, and
60�C for 1 min. All reactions were run in triplicate. Results were
analyzed and exported with 7500 Fast System SDS Software. Taqman
probes used are the following: miRNA Assay anti-miRNA103/107-3p
(ID: 121115_mat); miRNA Control Assay U6 snRNA (ID: 001973);
Taqman Assay Slc8a1 (Rn01472843_m1); Taqman Assay Gapdh
(Rn99999916_s1).

OGD and REOXY

Cortical neurons were first exposed to OGD for 3 h and then to reox-
ygenation for 24 h.27,28 In brief, the culture mediumwas replaced with
a hypoxia medium, which was previously saturated with 95% N2 and
5% CO2 for 20 min; it contained NaCl 116 mM, KCl 5.4 mM, MgSO4

0.8 mM, NaHCO3 26.2 mM, NaH2PO4 1 mM, CaCl2 1.8 mM, glycine
0.01 mM, and 0.001 w/v phenol red. Hypoxic conditions were main-
tained with a hypoxia chamber (temperature 37�C, atmosphere 95%
N2, and 5% CO2). These experimental conditions induced a 30%
decrease of pO2 in the medium. Deprivation of oxygen and glucose
was stopped by placing the cells in the regular culture medium satu-
rated with a mixture of 95% O2 and 5% CO2 for 10 min. Reoxygena-
tion was achieved by returning neurons to normoxic conditions
(37�C in a humidified 5% CO2 atmosphere) for 24 h.

Determination of mitochondrial oxidative activity

Mitochondrial function was assessed by measuring the level of mito-
chondrial dehydrogenase activity using the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5, diphenyltetrazoliumbromide (MTT) as sub-
strate.28 The assay is based on the ability of living mitochondria to
convert dissolved MTT into insoluble formazan. Briefly, after treat-
ments, the medium was removed, and the cells were incubated in
500 mM of MTT solution (0.5 mg/mL) for 1 h in a humidified 5%
CO2 incubator at 37�C. The incubation was then stopped by removing
the medium and by adding 1 mL of DMSO to solubilize the formazan.
The absorbance was detected at 540 nm. Data were expressed as the
percentage of mitochondrial redox activity compared with untreated
cultures.
Statistical analysis

Values were expressed as means ± standard error of the mean (SEM).
Real-time PCR results were expressed as fold change (2�DDCt)
compared with the control group settled to 1, following the instruc-
tions provided by the literature.24 Briefly, difference between Ct
values of gene of interest and internal control (DCt) was calculated
for both control sample and target sample. Then, difference between
DCt of target sample and control sample (DDCt) was calculated. Fold
change of gene expression of target samples compared with control
sample is calculated as 2�DDCt. Statistical analysis was performed
with GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego,
CA), using one-way analysis of variance followed by Newman-
Keuls posttest for group more than two. To compare two groups, un-
paired t test was used. Statistical significance was accepted at the 95%
confidence level (p < 0.05).

Statistical analysis for in vitro experiments was performed by using
one-way analysis of variance followed by Newman-Keuls. The MTT
experiments were performed in triplicate and the values expressed
as percentage of mean ± SEM.
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