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Acute kidney injury (AKI) is a serious condition characterized by a sudden decrease in kidney function, often

leading to chronic kidney disease. Current treatment options are limited, necessitating novel therapeutic

strategies. We previously showed that microRNA-486-5p (miR-486-5p) protects against AKI by

regulating cell death (apoptosis) both in vitro and in vivo. However, efficient and selective delivery

remains a challenge. In this study, we designed and developed nanoparticles (NPs) to encapsulate and

deliver miR-486-5p to cultured endothelial and kidney tubular epithelial cells. NPs were characterized
and optimized for size, polydispersity index, surface charge, and encapsulation efficiency. The stability of
NPs in long-term storage and in biological solutions was confirmed. Results indicated effective cellular

uptake of NPs, cargo microRNA delivery to the intracellular environment, and the absence of cytotoxicity

upon NP treatment. Functional assessments showed that miR-486-5p-encapsulating lipid-polymeric
hybrid NPs (HNPs) suppressed the expression of Forkhead Box Protein O1 (FOXO1), a validated target of
miR-486-5p, in all cell lines investigated, suggesting effective miR-486-5p protection and transport.

Both endothelial and tubular epithelial cells were significantly protected against induced apoptosis when

pretreated with miR-486-5p-encapsulating HNPs. However, selective siRNA-mediated knockdown of

FOXO1 did not result in injury protection, suggesting involvement of other miR-486-5p targets.
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Furthermore, cell injury-induced expression of inflammatory cytokines was inhibited by HNP-delivered

miR-486-5p in both cell lines. These findings demonstrate the protective and anti-inflammatory effects

DOI: 10.1039/d5na00581g
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1 Introduction

Acute kidney injury (AKI) is defined by an abrupt decline in
kidney function.' It is a common complication of hospitaliza-
tion and associated with increased in-hospital mortality and
progressive chronic kidney disease (CKD)."* One of the most
prevalent causes of AKI is ischemia-reperfusion (IR) in which
the blood flow to the kidneys is substantially reduced, leading to
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of miR-486-5p-HNP systems in injured endothelial and tubular epithelial cells, highlighting their capacity
as a potential nano-therapy for AKI and paving the way for in vivo studies and clinical applications.

the lack of adequate oxygen (hypoxia) and nutrients necessary
for cell survival.® Therefore, in IR cases, renal vascular endo-
thelial cells undergo apoptosis, resulting in the irreversible
rarefaction of vascular networks adjacent to tubular epithelial
cells.* These tubular epithelial cells are responsible for the
reabsorption, secretion, and regulatory functions of the
kidneys. Therefore, when they experience extensive necrosis
and apoptosis during IR, kidney failure occurs.*® Existing
clinical strategies, such as dialysis, primarily manage the
consequences of AKI, such as extracellular fluid overload,
uremia, and electrolyte imbalances, but no curative treatments
are currently available.”> However, in recent years, preclinical
studies done by Vifias et al. (2016) and Douvris et al. (2024) have
revealed that microRNA-486-5p (miR-486-5p) represents
a promising therapy for AKL™*

MicroRNAs are highly conserved small non-coding RNAs
(22-24 nucleotides) that regulate gene expression post-trans-
lationally.® Recognizing and binding target mRNAs by their seed
sequence (nucleotides 2-8), microRNAs inhibit the translation
of mRNAs through a variety of mechanisms, such as ribosomal
hindrance and endonuclease-dependent mRNA cleavage.®™ In
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this respect, microRNAs function similarly to small interfering
RNAs (siRNAs), although there are several notable differences.*
Most importantly, siRNAs are produced through a unique
biogenesis pathway that renders them entirely complementary
to their target mRNAs. Therefore, each siRNA perfectly hybrid-
izes with and stimulates the degradation of only one mRNA,
whereas microRNAs can simultaneously target multiple
different mRNAs in a cell.”

MiR-486-5p is a muscle-enriched microRNA involved in cell
survival, angiogenesis, and developmental pathways.”® We have
previously shown that miR-486-5p encapsulated in lipid-based
carriers (lipofectamine) protects cultured human umbilical
endothelial cells (HUVECs) exposed to hypoxia-
reoxygenation by blocking apoptosis.*'* Furthermore, in mice
and rats subjected to surgical kidney IR, tail vein injection of
miR-486-5p encapsulated in lipid-based carriers reduced kidney
damage markers, protected against injury, and, in rats, pre-
vented the late development of kidney fibrosis.”®* While the
mechanisms by which miR-486-5p functions are unclear,
hundreds of genes (mRNAs) have been validated as miR-486-5p
targets, such as Forkhead Box Protein O1 (FOXO1), Phosphatase
and Tensin Homolog (PTEN), and Mastermind Like transcrip-
tional Coactivator 3 (MAML3)."*** Despite their potential as
a treatment option for AKI, there are multiple challenges in
developing effective miR-486-5p-based therapeutics.'® Notably,
microRNAs are prone to rapid enzymatic degradation by
nucleases, have short half-life in vivo, and are unable to cross
the negatively charged plasma membrane to enter the cells.””*®
Moreover, lipid-based carriers of microRNAs, such as lipofect-
amine and invivofectamine, have been shown to be associated
in vivo with significant immunostimulatory, inflammatory, and
off-target organ toxicity."*>>

Nanomedicine approaches, including nanoparticle (NP)
platforms, have been incorporated into the generation of
numerous RNA-based therapies.” NPs are sub-1000 nm size
particles that can accommodate molecular cargos, such as
microRNAs, in their core and protect them by their outer
shell.**** The latest advances in NP technology have led to the
development of a variety of multifunctional NP platforms with
the capacity to deliver single, dual, and multi-drug compo-
nents.”* These advances have facilitated NP tracking through
imaging and selective targeting of organs, cells, and subcellular
components.>»?*® Several NP-drug systems are already in clinical
use, such as Onpattro and COVID-19 vaccines, or under inves-
tigation in preclinical and clinical trials.””"**

Due to their physicochemical properties, NP platforms have
been applied in preclinical studies to various kidney disor-
ders.**** Indeed, recent studies have explored the use of NPs
with diverse formulations enabling the transport of different
macromolecules (e.g. proteins, mRNAs, siRNAs, and micro-
RNAs) to the kidneys.*** For instance, microRNA-146a pack-
aged in polyethylenimine NPs has been shown to inhibit pro-
fibrotic and inflammatory signaling pathways in the kidneys
of mice, suggesting that the delivery of appropriate microRNAs
may be a therapeutic option for preventing renal fibrosis.*®
Furthermore, polymeric NPs synthesized to encapsulate and
deliver microRNA-30a significantly upregulated the expression
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of this microRNA in glomerular podocytes of mice with diabetic
nephropathy, repressing hyperglycemia-induced elevated
Notch-1 signaling, enhancing podocyte survival, and reducing
glomerular sclerosis.?” However, no studies have investigated
the therapeutic potential of NP-delivered microRNAs in IR-AKI.
Accordingly, as an important first step toward overcoming the
challenges of safe and efficient miR-486-5p delivery to ischemic-
reperfused kidneys, we formulated NP platforms that encap-
sulate and transport miR-486-5p to endothelial and kidney
tubular epithelial cells under control conditions or after
oxidative stress injury.

MiR-486-5p-encapsulating NPs are designed to protect their
cargo from degradation, remain stable during the treatment
process, and bypass both extra- and intracellular barriers to
release functional copies of miR-486-5p into the cellular cyto-
plasm without significant toxicity.”®** Additionally, for in vivo
administration in AKI cases, NPs are designed to travel through
the systemic circulation, maintain their composition, and
significantly accumulate in the kidneys while resisting ongoing
clearance.? Since the biophysical and biochemical properties of
NPs directly influence their performance in each of these
aspects, we designed, synthesized, characterized, and opti-
mized four different formulations of these platforms: (1) poly-
meric NPs (PNPs), (2) lipid-polymeric hybrid NPs (HNPs), and
(3,4) poloxamer-based NPs (PI-NP1 and PI-NP2). To enhance the
ability of our miR-486-5p-encapsulating NPs to address AKI, we
assessed their cellular uptake, stability, cytotoxicity, function-
ality, and impact on apoptosis using HUVECs, human proximal
tubular epithelial cells (hPTECs), and human kidney tubular
epithelial (HK2) cells. Our findings represent an essential step
toward creating an NP-based delivery system suitable for miR-
486-5p administration in vivo for future clinical applications.

2 Results

2.1 Nanoparticle optimization

NPs were synthesized via a modified nanoprecipitation method
with the components shown in Fig. 1A. All NPs indiscriminately
contain in their cores poly(lactic-co-glycolic acid) (PLGA) poly-
mers, polyethyleneimine C14 (PEI-C14) cationic lipids, and
miR-486-5p cargos stabilized through hydrophilic and electro-
static interactions. PNPs and HNPs are covered with poly-
ethylene glycol (PEG) layers on their outermost surface to
prevent aggregation and immune system detection.*>** PI-NPs,
on the other hand, are coated with poloxamer 188, a Food
and Drug Administration (FDA)-approved biocompatible block
copolymer composed of linear repeating units of poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO).** NPs exhibited
diameters below 200 nm (Fig. 1B) and polydispersity index (PDI)
values below 0.4 post-concentration (Fig. 1C), indicating that all
NP solutions are relatively monodisperse. NP monodispersity
was also suggested by the presence of one peak on Zetasizer
intensity-size graphs (Fig. S1). The surface charges, expressed as
zeta potentials, were —18.1 mV and —23.9 mV for HNP and PI-
NP2, respectively, as opposed to —4.0 mV and —4.8 mV for
PNP and PI-NP1. The efficiency of microRNA encapsulation
(EE%) was between 60 and 75% for all NPs, with PI-NP1 and PI-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Nanoparticle synthesis, characterization, and morphology. (A) Schematic representation of constituents incorporated in NP synthesis and
their assumed organization. (B) Mean size (diameter; nm) of NPs encapsulating 10 nM miR-486-5p measured immediately after synthesis using
a Zetasizer dynamic light scattering (DLS) instrument; n = 5. (C) Mean polydispersity index of NPs measured using the Zetasizer DLS instrument; n
= 3. (D) Mean surface charge (mV) of NPs measured and expressed as zeta potentials; n = 3. (E) Mean encapsulation efficiency (EE%) of NPs
calculated as a ratio of NP-entrapped to the total amount of 10 nM Cy5-labelled microRNA using established formulations; n = 3. (F) Trans-
mission electron microscopy (TEM) image of PNPs, (G) HNPs, (H) Pl-NP1, and (I) Pl-NP2 encapsulating 10 nM miR-486-5p. Error bars represent
standard error. DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine. PEG: polyethylene glycol. PEI-C14: polyethyleneimine C14. PLGA:

poly(lactic-co-glycolic acid). PNP: polymeric nanoparticle. HNP: hybrid

NP2 encapsulating the largest amount of cargo, followed by PNP
and HNP (Fig. 1E). Lastly, transmission electron microscopy
(TEM) imaging demonstrated the NPs in water post concen-
tration with expected size and morphology (Fig. 1F).

Storage at 4 °C caused no significant alteration in the size of
NPs at any time point of measurement (days 0, 15, and 30 post
synthesis; Fig. 2A). To evaluate if microRNA cargos inside the
NPs remained protected, RT-qPCR was performed on HUVECs
24 h post treatment with NPs that were either immediately
synthesized (day 0) or synthesized and stored for 30 days at 4 °C
(day 30). Although the endogenous expression of miR-486-5p in
endothelial cells is negligible, we encapsulated Cel-miR-54 that
is only transcribed in Caenorhabditis elegans inside the NPs.”*

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanoparticle. Pl-NP: poloxamer-based nanoparticle.

As depicted in Fig. 2B, there was no significant difference
between the relative Cel-miR-54 levels in HUVECs treated with
day 0 versus day 30 NPs, indicating that NP-mediated microRNA
protection and cellular uptake were unaffected after a 30 day-
long storage at 4 °C. Incubation of cells with naked Cel-miR-
54 resulted in no detectable increase in Cel-miR-54 levels in
HUVECs.

Similarly, to ascertain the stability of NPs while they interact
with proteins in biological solutions, we incubated them for 1 h
at 37 °C in different concentrations of fetal bovine serum (FBS):
0%, 1%, 5%, and 10%. As shown in Fig. 2C, no significant
alteration in the size of NPs was observed, suggesting NP
stability.

Nanoscale Adv.
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Fig. 2 Nanoparticle stability. (A) Mean size (diameter; nm) of NPs encapsulating 10 nM miR-486-5p measured using a Zetasizer dynamic light
scattering (DLS) instrument after 0, 15, and 30 days of storage at 4 °C post synthesis; n = 3. (B) Mean fold-change in the levels of Cel-miR-54
relative to the negative control (untreated cells) measured by RT-gqPCR in HUVECs 24 h post treatment with NPs encapsulating 10 nM Cel-miR-
54. Lipofectamine (LFN)-borne Cel-miR-54 acted as the positive control. Naked Cel-miR-54 controlled for NP-independent delivery, which was
found to be undetectable. NPs were either synthesized on the day of transfection (day 0) or 30 days earlier and stored at 4 °C (day 30); n = 3. (C)
Mean size (diameter; nm) of NPs measured using the Zetasizer DLS instrument after 1 h of incubation in 0%, 1%, 5% and 10% fetal bovine serum
(FBS) solutions at 37 °C; n = 3. ****P < 0.0001. ns = non-significant. Error bars represent standard error. PNP: polymeric nanoparticle. HNP:
hybrid nanoparticle. Pl-NP: poloxamer-based nanoparticle.
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2.2 Nanoparticles undergo cellular uptake and transfer
microRNA

We next used Cy5-labelled microRNA (Cy5-miRs) as cargo to
evaluate the NPs' ability to interact with and enter target cells.
As shown in Fig. 3A, HUVECs were treated with NPs containing
10 nM Cy5-miRs and visualized after 24 h via fluorescent
microscopy. The colocalization of cellular nuclei (blue) and the
Cy5-miRs (magenta) in close proximities suggested successful
cellular uptake of all four NP types, resulting in the transport of
microRNA cargos inside. Furthermore, HUVECs treated with
NPs containing 10 nM Cy5-miRs were subjected to flow
cytometry to determine the extent of NP-cellular interaction and
uptake. As demonstrated in Fig. 3B, a prominent shift was

View Article Online

Nanoscale Advances

observed in the Cy5 fluorescence intensity in these cells 24 h
post treatment, indicating that all NPs targeted and entered
a significant portion of the cell population. These findings
suggest that all NPs could interact with target cells, undergo
cellular uptake, and transfer their microRNA cargos to the
intracellular environment.

2.3 Nanoparticles knock down the miR-486-5p target and
inhibit apoptosis with no cytotoxicity

Aiming to rescue/protect target cells from injury, NPs must
cause no additional toxicity upon treatment. As shown in
Fig. 4A, the lactate dehydrogenase (LDH) cytotoxicity assay
revealed no significant difference in LDH levels between
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Fig. 3 Cellular uptake of nanoparticles. (A) Confocal microscopy images depicting HUVEC nuclei stained with 4/,6-diamidino-2-phenylindole
(DAPI) in blue, NP-delivered Cy5-labelled microRNAs (Cy5-miRs) in magenta, and the colocalization of these fluorescent signals in the merged
panels. Images were captured 24 h post treatment with NPs encapsulating 10 nM microRNA. Empty PNP treatment acted as the negative control.
Magnification 100 x. (B) Flow cytometry histograms depicting the count of Cy5+ HUVECs 24 h post transfection with NPs that were either empty
or encapsulating 10 nM Cy5-miRs. APC: allophycocyanin. PNP: polymeric nanoparticle. HNP: hybrid nanoparticle. Pl-NP: poloxamer-based

nanoparticle.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cytotoxicity and cell viability assessment of NP-encapsulated miR-486-5p. (A) Mean fold-change in lactate dehydrogenase (LDH)
released into the culture medium relative to the negative control (untreated cells), measured in HUVECs 24 h post treatment with NPs that were
either empty or encapsulating 50 nM or 150 nM miR-486-5p. 5% Hydrogen peroxide (H,O,) acted as the positive control. Lipofectamine (LFN)-
borne miR-486-5p controlled for delivery efficiency; n = 4. (B) CCK-8 assay assessing metabolic activity by mean percent change of optical
density (OD) absorbance at 450 nm relative to the negative control (untreated cells), measured in HUVECs 24 h post treatment with NPs that
were either empty or encapsulating 50 nM or 150 nM miR-486-5p. 5% Hydrogen peroxide (H,O,) acted as the positive control. Lipofectamine
(LFN)-borne miR-486-5p controlled for delivery efficiency; n = 3. ns = non-significant. Error bars represent standard error. PNP: polymeric
nanoparticle. HNP: hybrid nanoparticle. PI-NP: poloxamer-based nanoparticle. CCK-8: cell counting kit-8.

HUVECs treated with miR-486-5p-containing NPs (at 50 nM and
150 nM) and the untreated counterparts. Similarly, the cell
counting kit-8 (CCK-8) assay (Fig. 4B) revealed no significant
decrease in cell viability (metabolic activity) in HUVECs treated
with miR-486-5p-containing NPs (at 50 nM and 150 nM)
compared to untreated controls. These data indicate that there
was no cytotoxicity associated with our miR-486-5p-NP
platforms.

After successful cellular uptake, NPs must escape endo-
somes and release their miR-486-5p cargo into the cytosol for
target mRNA translation inhibition. To evaluate the function-
ality of NP-delivered miR-486-5p, we measured the expression
levels of FOXO1 protein, a validated mRNA target of miR-486-
5p, in HUVECs and kidney tubular epithelial cells (hPTECs
and HK2) 72 h post treatment with NPs containing 19.6 nM

Nanoscale Adv.

miR-486-5p.” As depicted in Fig. 5A and B and S2, miR-486-5p-
encapsulating HNPs significantly reduced FOXO1 protein
levels in all three cell lines compared to untreated cells.
However, treatment of HUVECs with the other NP formulations
(PNPs, PI-NP1s, and PI-NP2s) containing 19.6 nM miR-486-5p
under similar conditions did not cause a reduction in FOXO1
protein levels (Fig. 5C). To ensure that the FOXO1 knockdown
was indeed due to the activity of HNP-delivered miR-486-5p, we
treated HUVECs with Cel-miR-54-encapsulating HNPs under
similar conditions. As shown in Fig. 5C, no reduction in FOXO1
protein levels was evident in these cells.

Next, we evaluated the protective effect of miR-486-5p-
encapsulating HNP treatment on hydrogen peroxide (H,O,)-
induced apoptosis in HUVECs and hPTECs by measuring
caspase3  (CC3) activity  (schematic

cleaved enzyme

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Functional assessment of NP-encapsulated miR-486-5p and Cel-miR-54. (A and B) Mean levels of FOXOL1 protein relative to the negative
control (untreated cells) and the housekeeping GAPDH protein (loading control), measured by immunoblotting in (A) HUVECs (n = 4) and (B)
hPTECs (n = 3) 72 h post treatment with HNPs that were either empty or encapsulating 19.6 nM miR-486-5p. Each pair of bands represents
technical duplicates. Lipofectamine (LFN)-borne miR-486-5p acted as the positive controls. (C) Mean levels of FOXO1 protein relative to the
negative control (untreated cells) and the housekeeping GAPDH protein (loading control), measured by western blotting in HUVECs (hn =1) 72 h
post treatment with PNPs, Pl-NP1s, PI-NP2s, and HNPs that were either empty or encapsulating 19.6 nM microRNA. PNPs, Pl-NP1s, and
PI-NP2s encapsulated miR-486-5p, and HNPs encapsulated Cel-miR-54. Each pair of bands represents technical duplicates. Lipofectamine
(LFN)-borne miR-486-5p acted as the positive controls. *P < 0.05. **P < 0.01. Error bars represent standard error. FOXO1: forkhead box O1.
GAPDH: glyceraldehyde-3-phosphate dehydrogenase. PNP: polymeric nanoparticle. HNP: hybrid nanoparticle. PI-NP: poloxamer-based

nanoparticle.
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Fig. 6 Apoptosis assessment in cells treated with miR-486-5p-loaded hybrid nanoparticles (HNPs). (A) Schematic representation of cleaved
caspase3 (CC3) enzyme activity assay experimental procedure with a substrate composed of a fluorophore (F) linked to a quencher (Q) by CC3
recognition sequence "DEVD.” (B,C) CC3 enzyme activity assay in (B) HUVECs (n = 5) and (C) hPTECs (n = 5) treated with HNPs that were either
empty or encapsulating 19.6 nM miR-486-5p or scrambled (SCB) microRNAs (negative controls) 6 h prior to 2 h of exposure to 5% hydrogen
peroxide (H,O,). *P < 0.05. ***P < 0.001. Error bars represent standard error. HNP: hybrid nanoparticle.

representation of the assay in Fig. 6A). As depicted in Fig. 6B
and C, pretreatment of HUVECs and hPTECs with miR-486-5p-
encapsulating HNPs significantly inhibited apoptosis and pro-
tected the cells. This finding was also validated by preliminary
flow cytometry data (Fig. S3), where measurement of annexin5
(A5) and propidium iodide (PI) signals revealed decreased
apoptosis in 5% H,0,-exposed HUVECs and hPTECs pretreated
with miR-486-5p-encapsulating HNPs.

Finally, to determine the potential role of FOXO1 targeting
by miR-486-5p in the inhibition of apoptosis, and to see if
independent FOXO1 knockdown could emulate miR-486-5p's
protective effect, we treated cells with HNPs containing 19.6 nM
FOXO1 siRNA instead of miR-486-5p under similar conditions.
As shown in Fig. 7A and B, the CC3 enzyme activity assay
revealed no reduction, but rather a significant stimulation, in
apoptosis in HUVECs and hPTECs pretreated with FOXO1

Nanoscale Adv.

siRNA-encapsulating HNPs prior to 5% H,0, exposure. These
results suggest that ubiquitous FOXO1 knockdown with siRNA,
unlike miR-486-5p, does not protect the cells.

2.4 Nanoparticle-delivered miR-486-5p suppresses
inflammatory cytokines

Lastly, we investigated the effects of miR-486-5p-encapsulating
HNPs on H,0,-induced inflammation in HUVECs and hPTECs
by measuring the mRNA levels of interleukin (IL)-6, tumour
necrosis factor (TNF)-a, IL-4, and IL-10. As presented in Fig. 8A,
H,0, exposure in HUVECs markedly increased the expression of
pro-inflammatory cytokines IL-6 and TNF-a, while pretreatment
with miR-486-5p-encapsulating HNPs significantly inhibited
TNF-a upregulation. In hPTECs, pretreatment with miR-486-5p-
encapsulating HNPs  attenuated the  H,0,-triggered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Apoptosis assessment in cells treated with FOXO1 siRNA-
encapsulating hybrid nanoparticles (HNPs). Cleaved caspase3 (CC3)
enzyme activity assay in (A) HUVECs (n = 3) and (B) hPTECs (n = 3)
treated with HNPs that were either empty or encapsulating 10 nM
FOXO1 siRNA or scrambled (SCB) siRNA (negative controls) 6 h prior to
2 h of exposure to 5% hydrogen peroxide (H,O,) or serum-free media.
*P < 0.05. ***P < 0.001. ns = non-significant. Error bars represent
standard error. HNP: hybrid nanoparticle. FOXO1: forkhead box O1.

upregulation of both TNF-a and IL-6, highlighting the anti-

inflammatory properties of HNP-mediated miR-486-5p
delivery (Fig. 8B). The expression of anti-inflammatory
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cytokines IL-4 and IL-10 remained largely unaffected by the
treatment of HNP-miR-486-5p systems in both cell lines.

3 Discussion

Given the severity and prevalence of AKI-related complications
alongside the lack of effective treatments, novel approaches to
address this condition are needed."** We have previously shown
that miR-486-5p blocks IR-induced kidney injury and prevents
long-term IR consequences in rodent models.”*'* However,
there are limitations to using microRNAs as AKI therapies since
they are highly susceptible to degradation in vivo and cannot
selectively target the kidneys."”** Moreover, lipid-based carriers
such as lipofectamine and invivofectamine are unsuitable for
delivering miR-486-5p in clinical settings due to their high
toxicity.*” Recent studies have illustrated that these lipid-based
carriers significantly damage cells at high concentrations in
vitro and trigger adverse immune reactions in vivo."' To
overcome these limitations, in this study we employed
nanomedicine-based technologies. NPs can protect and provide
for spatiotemporal delivery of a wide variety of drug macro-
molecules to specific organs and tissues in a vast array of
diseases.*** However, as the physicochemical properties of NPs
directly impact their cargo encapsulation and delivery, they
must be precisely optimized for their specific therapeutic
purpose(s). For this reason, we developed four NP platforms to
encapsulate and transport miR-486-5p into the cytosol of
endothelial and kidney tubular epithelial cells.

Our NPs were synthesized using biocompatible constituents
and were relatively monodisperse, encapsulating high amounts
of microRNA cargo. The NPs were engineered within the size
range previously shown in similar studies to be effective for
renal accumulation (100-400 nm in diameter),****** as
evidence indicates that among various physicochemical char-
acteristics, NP size is a major determinant of this process.>**
When stored at 4 °C, the NPs and their encapsulated microRNA
cargos remained stable and functional for up to 30 days. Like-
wise, NPs maintained their integrity during incubation in bio-
logical solutions, which 1is essential for all in vivo
nanotherapeutic agents. Cellular uptake assessments showed
that all NPs and their microRNA cargos were internalized by the
target cells 24 h post treatment. Additionally, none of the NPs
caused cellular toxicity upon treatment and uptake. Next, our
data in endothelial and tubular epithelial cells indicated that
post treatment, HNP-delivered miR-486-5p emerged from the
HNP core and inhibited FOXO1 translation. Reduction in
FOXO1 protein levels is evidence for HNP's ability to protect
miR-486-5p throughout the course of treatment, escape the
endosomes, and release functional miR-486-5p into the cytosol
for RISC binding and target mRNA recognition.> In contrast,
treatment of miR-486-5p-encapsulating PNP, PI-NP1, and Pl-
NP2 did not decrease FOXO1 levels in the cells. Even though
we did not analyze the exact mechanism of cellular internali-
zation and endosomal escape for our NPs in the cell lines we
investigated, similar NP systems have been studied using
cancer cell lines.”**® These studies have shown that, based on
NPs' properties, the cellular internalization process can be
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Fig. 8 Cytokine mRNA levels in cells treated with miR-486-5p-loaded hybrid nanoparticles (HNPs), with or without H,O,. Relative expression of
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merase chain reaction.

varied from endocytic to macropinocytic pathways, and endo-
somal escape can be attributed to mechanisms related to
membrane disruption and proton-sponge effects.”****®* While
the exact reason why FOXO1 was not knocked down by some of
the NPs is unclear, one possibility is that these NPs might not
have been able to escape cellular endosomes, or that miR-486-
5p could not detach from the cationic lipids in the NP core
after cellular entry.

Nanoscale Adv.

Subsequently, apoptosis assays showed that HNP-delivered
miR-486-5p significantly blocked apoptosis in cells exposed to
5% H,0,, suggesting that miR-486-5p-HNP systems promote
cell survival by protecting against injury. Our findings also
revealed that FOXO1 silencing using siRNAs did not block
apoptosis in any cell line, indicating that other targets must be
involved in miR-486-5p-mediated apoptosis inhibition. These
targets may include (but are not limited to) PTEN, MAML3,
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Forkhead Box Protein P1 (FOXP1), and Tumor Necrosis Factor
Superfamily Member 4 (TNFSF4), which we have previously
validated in HUVECs through RNA-sequencing of biotinylated
miR-486-5p pulldown RNA.*® Lastly, measurement of cellular
cytokine mRNA levels revealed that miR-486-5p-encapsulating
HNPs suppressed injury-induced inflammation by inhibiting
H,0,-triggered upregulation of IL-6 (in tubular epithelial cells
only) and TNF-a (in both endothelial and tubular epithelial
cells), demonstrating that miR-486-5p is a multi-functional
agent that can, through its various targets, simultaneously
influence several cellular pathways.

This study has several limitations that should be acknowl-
edged. First, all experiments were conducted in vitro using
cultured cells that may not fully recapitulate the complexity of
in vivo kidney injury. As such, the stability, biodistribution,
renal accumulation, and therapeutic efficacy of our miR-486-
5p-encapsulating NPs remain to be analyzed in animal
models of IR-AKI. Second, despite their widespread use as
surrogate models for renal endothelial cells, HUVECs may not
be ideal representatives of the specialized endothelial pop-
ulations within the kidney microvasculature.®®®* Third,
apoptosis is not the only cellular pathway that plays a role in AKI
progression, and the effect of NP-delivered miR-486-5p on
necrosis, pyroptosis or other autophagy processes requires
further study. Lastly, while NP physicochemical properties were
optimized for renal targeting in principle, their actual targeting
specificity, clearance kinetics, and off-target effects in vivo are
unknown.

Our in vitro findings provide an important foundation for
advancing miR-486-5p-NP systems to in vivo evaluations. Since
this stage of developing miR-486-5p-based nano-therapies for
AKI focused on cultured cells, our primary method for assessing
their protective effects was the measurement of cellular
apoptosis. However, our next set of aims include studying the
performance of miR-486-5p-encapsulating NP platforms in vivo
using animal models with and without IR kidney injury. Further
research can enhance our NP formulations and, leveraging
advancements in nanotechnology, facilitate optimization of NP
physicochemical characteristics (e.g. size) as well as specific
modifications that will enable these NPs to selectively target
injury-prone regions of the kidneys, such as the proximal
convoluted tubules.

4 Conclusion

In summary, this study designed miR-486-5p-encapsulating
NPs that target endothelial and kidney tubular epithelial cells
in vitro. NP characterization revealed favorable qualities, no
cytotoxicity, stability in biological solutions, and stability after
long-term storage at 4 °C. NPs entered and transported cargo
microRNAs into the intracellular environment of treated cells.
HNPs containing miR-486-5p significantly knocked down the
target gene FOXO1, suggesting effective miR-486-5p protection
and delivery. Induced apoptosis was significantly inhibited in
cells receiving miR-486-5p-HNP systems compared to the
untreated cells. However, siRNA-based silencing of FOXO1 did
not inhibit apoptosis, indicating likely involvement of other
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miR-486-5p targets in apoptosis prevention. Finally, injury-
induced upregulation of inflammatory cytokines was sup-
pressed when cells were treated with miR-486-5p-encapsulating
HNPs. Given their favorable stability, functional profile, and
lack of cytotoxicity, our miR-486-5p-encapsulating HNPs hold
translational potential as a therapeutic platform for IR-AKI. The
next steps include comprehensive preclinical in vivo studies to
assess biodistribution, renal targeting efficiency, therapeutic
efficacy, and safety, which will lay the groundwork for clinical
applications.

5 Materials and methods
5.1 Materials

PLGA ester cap LG 50:50 MW: 1 kDa was obtained from Alkina
Inc  (Lafayette, 1IN  USA).  1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-PEG (DSPE-PEG) 200 MW: 2805.497
and mPEG-PLGA LG 50:50 MW: 5-10 kDa were purchased from
Sigma Aldrich (Oakville, ON Canada). CCK-8 assay buffer was
purchased from Sigma Aldrich. PEI-C14 was chemically
synthesized according to established protocols. The following
reagents and kits were ordered from ThermoFisher Scientific
(Waltham, MA USA): poloxamer 188 non-ionic surfactant 100X,
dimethylsulfoxide (DMSO), acetonitrile (ACN), acetone, chloro-
form, RNAse free water, dimethylformamide (DMF), TagMan
universal master-mix II with no UNG, TagMan microRNA
reverse transcription kit (miR-486-5p primer: AM17100; Cel-
miR-54 primer: 4464084), TagMan TNF-a primer, TagMan IL-
4 primer, TagMan IL-6 primer, TagMan IL-10 primer, TagMan
RNA-to-CT 1-Step Kit, DAPI nuclear counterstain, and Opti-
MEM Reduced Serum Medium. Lipofectamine RNAiMAX
transfection reagent was obtained from Life Technologies
(Carlsbad, CA USA). 0.05% Trypsin EDTA was procured from
Meditech (Canton, MA USA). Fetal bovine serum (FBS) CA origin
was purchased from VWR (Radnor, PA USA). miRNeasy micro
kit (50) was ordered from QIAGEN (Toronto, ON Canada). The
following items were purchased from American Type Culture
Collection (ATCC; Boston, MA USA): HUVECs (PCS-100-013),
hPTECs (PCS-400-010), HK2 cells (CRL-2190), renal epithelial
cell basal medium (PCS-400-030), renal epithelial cell growth kit
(PCS-400-040), and keratinocyte serum-free media bullet kit
(17005-042). EBM-2 endothelial growth medium (CC-3156) and
its supplemented growth factor kit (CC-4176) were ordered from
Lonza (Basel-Stadt, Switzerland).

A has-miR-486 mirVana microRNA mimic (MC10546) was
obtained from Ambion (Austin, TX USA). A Cy5-miR-223-3p
mimic and 0.2 pmol miRIDIAN were procured from Horizon
Discovery Biosciences (Cambridge, England UK). TagMan
microRNA assays which included U6 SnRNA
(GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATAC
AGAGAAGATTAGCATGGCCCCTGCGCAAGGATGA-
CACGCAAATTCGTGAAGCGTTCCATATTTT), hsa-miR-486-5p
(UCCUGUACUGAGCUGCCCCGAG), and Cel-miR-54
(AGGAUAUGAGACGACGAGAACA) were purchased from Ther-
moFisher Scientific. Primary rabbit antibodies against FOXO1
(#2880) and glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH; #2118) were ordered from Cell Signaling (Danvers, MA
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USA). Goat and anti-rabbit secondary horseradish peroxidase
(HRP) antibody (AB97051) was obtained from Abcam Inc.
(Cambridge, England UK). Nitrocellulose membrane rolls
(1620115) were procured from BioRad (Diisseldorf, Nordheim
Westfalen Germany). PI, A5, and binding buffer were purchased
in a Dead Cell Apoptosis Kit from ThermoFisher Scientific.
Radioimmunoprecipitation assay (RIPA) buffer, CC3 assay
buffer, CC3 lysis buffer, lysis solutions, and polyacrylamide gels
were made according to established protocols.

5.2 Nanoparticle synthesis

Stock solutions were prepared as follows: PEI-C14 — 1 mg mL ™"
in DMSO (PEI-C14 was derived according to established proto-
cols and the purified compound was checked by H-NMR and
ESI mass spectrometry?’); PLGA - 5 mg mL ™" in acetone; PLGA-
PEG - 10 mg mL ™" in acetone; DSPE-PEG - 2 mg mL ™" in sterile
water; 10% and 1% poloxamer 188. Before the addition of these
stock solutions to the NP synthesis vials, their respective
solvents were aspirated and equal volumes of water were
incorporated. In all NPs, microRNAs (25 pL, 0.05 nmol) were
first mixed with PEI-C14 and after 10 min, the remaining
reagents were pipetted into the synthesis vial. The solutions
were stirred for 120 min on a magnetic stir plate at 300 rpm at
4 °C. The NP solutions were concentrated by centrifugation at
10xg for 20 min in 100 K filters (ThermoFisher Scientific).

5.3 Nanoparticle characterization

Size, PDI, and surface charge of all NPs were measured using
DLS. 10 pL of the NP solution was diluted in either RNase free
water or phosphate buffered saline (PBS) and transferred into
a cuvette for size calculation (Zetasizer; Malvern; Vancouver, BC
Canada). For TEM imaging, 20 pL of freshly generated NPs were
deposited onto carbon-coated copper grids and stained, with
the excess amount of the solution blotted. Once fully dried, the
grids were imaged using a JEM-1400 Flash TEM (120 kv) elec-
tron microscope. To determine EE%, each NP was first loaded
with 10 nM Cy5-miRs (Cy5-miR-223-3p) under dark conditions
and concentrated. The NPs were then treated with DMF to
release their Cy5-miR cargos. The fluorescence values were read
by a BioTek microplate reader (Agilent; Santa Clara, CA USA) at
651 nm/670 nm and the amount of Cy5-miRs was estimated
using a standard curve.

5.4 Cell culture

HUVECs were cultured at 37 °C in room air with 5% CO, in
endothelial cell growth medium-2 supplemented with 2% FBS
and other complementary factors (hydrocortisone, human
recombinant fibroblast growth factor (hFGF), vascular endo-
thelial growth factor (VEGF), recombinant insulin-like growth
factor (R3-IGF), ascorbic acid, human recombinant epidermal
growth factor (hEGF), GA-1000, heparin). hPTECs were cultured
at 37 °C in room air with 5% CO, in renal epithelial cell basal
medium supplemented with 0.5% FBS and other complemen-
tary factors (triiodothyronine, hEGF, hydrocortisone hemi-
succinate, insulin, epinephrine, transferrin, and r-alanyl-t-
glutamine). HK2 cells were cultured at 37 °C in room air with
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5% CO, in keratinocyte serum-free medium supplemented with
bovine pituitary extract (BPE) and hEGF. Cells were split every 2-
3 days (HUVECs and HK2 cells) or 3-4 days (hPTECs) once they
reached over 70% confluency. Passages 3-10 were used for all
experiments.

5.5 Cellular uptake of nanoparticles

Microscopy studies were conducted with HUVECs treated with
Cy5-miR (Cy5-miR-223-3p)-loaded NPs yielding a final concen-
tration of 10 nM. The cells were seeded onto glass coverslips
within 12-well plates. After 24 h of NP treatment, cells were
washed with PBS and fixed in 10% formalin for 15 min, followed
by 3 rounds of PBS rinsing. The slides were then incubated for
2 h with 300 nM DAPI for nuclear staining. Slides were then
mounted and imaged under a confocal microscope (Thorlabs
Inc., Saint-Laurent, QC Canada). Images were analyzed with
Image] software. Flow cytometry was performed using samples
treated with 20 nM Cy5-miR (Cy5-miR-223-3p)-containing NPs.
After incubation at 37 °C for 24 h post treatment, the cells were
trypsinized for 2 min, centrifuged at 18xg for 10 min, and
resuspended in PBS containing 2% FBS. Gating strategies were
applied to exclude debris and doublets, and positive staining
was determined based on isotype control or unstained cells. The
data were analyzed by Flow]Jo software (Tree Star Inc., Ashland,
OR USA).

5.6 Total RNA extraction and RT-qPCR

Total RNA was extracted using an miRNeasy Micro Kit (QIAGEN)
or TagMan RNA-to-CT 1-Step Kit. The cells were lysed in QIAzol
or wash buffer and purified following a series of centrifugation
steps based on the manufacturer's protocol. Purified total RNA
was eluted in RNase free water. The concentration and purity of
RNA were determined with a Nanodrop2000 (ThermoFisher
Scientific) by measuring the absorbance ratios at 260 nm/
280 nm. Subsequently, 10 ng of total RNA was reverse tran-
scribed with a TagMan microRNA reverse transcription kit or
TagMan mRNA RT-qPCR primers and mastermix according to
the manufacturer's protocol for miR-486-5p, Cel-miR-54, U6,
TNF-a, IL-4, IL-6, IL-10, and GAPDH. Real-time qPCR was per-
formed via TagMan microRNA assay and using a TagMan RNA-
to-CT 1-Step Kit with a Bio-Rad CFX96. The expression levels of
target microRNAs and mRNAs were respectively normalized to
U6 and GAPDH and relative values were calculated using the
AACtq method.®

5.7 Cytotoxicity assay

Cell viability was determined by the release of LDH into the
growth medium or by metabolic activity measured via CCK-8
assay. In the LDH assay, HUVECs were treated with miR-486-
5p-loaded NPs and 24 h post treatment, the medium was
collected and centrifuged at 16 100xg for 15 min, the super-
natant (approximately 300 pL) was isolated, and LDH in the
medium was measured using a kinetic assay by the addition of
PBS containing 0.02% NADH and 0.03% sodium pyruvate.
Absorbances were read at 340 nm for 10 min, with readings
taken at 1 min intervals. The data are presented normalized to
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the negative controls. In the CCK-8 assay, HUVECs were seeded
in 96-well plates at a density of 5000 cells/well, treated 24 h later
with miR-486-5p-loaded NPs, and washed in CCK-8 buffer at
24 h post treatment. Optical density (OD) absorbances were
read at 450 nm.

5.8 Immunoblotting

HUVECs, hPTECs, and HK2 cells were counted by a BioRad
automatic counter (Mississauga, ON Canada), seeded in 6-well
plates at a density of 100 000 cells/well, and treated 24 h later
with NPs or lipofectamine RNAiMAX plus microRNA (10 nM or
19.6 nM). At 72 h post treatment, cells were lysed in cold RIPA
buffer and centrifuged at 12 000xg at 4 °C for 5 min. Protein
quantification was performed using the DC Protein Assay (Bi-
oRad). Lysates were then boiled, and proteins were resolved by
SDS polyacrylamide gel electrophoresis, transferred to nitro-
cellulose membranes, blocked in 5% milk for 1 h, and incu-
bated for 16 h at 4 °C with the primary FOXO1 antibody (1:1000).
The rationale for measurement of FOXO1 levels is based on the
validation of this protein as a highly prominent miR-486-5p
target that is involved in multiple apoptotic and cell survival
pathways.>>** Loading control GAPDH was incubated for 1 h at
room temperature. Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit secondary
antibody (1:5000) for 1 h at room temperature and visualized by
chemiluminescence (BioRad). Densitometry analyses were per-
formed using Image] software (NIH; Bethesda, MD USA).

5.9 Apoptosis assessments

5% H,0, was used as an in vitro inducer of apoptosis as it elicits
oxidative stress and activates cellular pathways driven by reac-
tive oxygen species, mimicking those observed during IR
injury.64,65

CC3 enzyme activity was measured as previously described.™
Briefly, HUVECs and hPTECs were lysed in cold CC3 buffer
(50 mM HEPES (pH 7.4), 0.2% Triton-X, 0.15 mg mL "' di-
thiothreitol (DTT), 0.1 mM EDTA) and centrifuged at 12 000xg
at 4 °C for 5 min. Protein quantification was performed using
the DC Protein Assay (BioRad). Cell lysates (50 pg protein/
sample) were incubated at 37 °C for 16 h in the presence of
a 200 pM AC-DEVD-AMC substrate (Cayman Chemicals, Ann
Arbor, MI USA) with and without the AC-DEVD-CHO inhibitor (4
uM; BioMol, Farmingdale, NY USA) in assay buffer containing
50 mM HEPES (pH 7.4), 100 mM NacCl, 0.14 mg mL~* DTT,
1 mM EDTA, 0.2% Trixon-X and 10% glycerol. Fluorescence was
measured using a BMG FLUOstar Galaxy microplate reader
(Labexchange, Burladingen, Germany) with an excitation
wavelength of 360 nm and an emission wavelength of 460 nm.

For the PI-A5 flow cytometry test, post treatment with NPs,
HUVECs and hPTECs were trypsinized for 2 min and centri-
fuged at 750xg at 4 °C for 10 min. The supernatant was di-
scarded, and the cells were resuspended in 500 pL of binding
buffer. 25 pL of PI and 25 pL of A5 were then mixed with the
resuspension solution for 15 min under dark conditions, fol-
lowed by the addition of 500 pL of binding buffer. Flow
cytometry analysis was then conducted after 1 h on the
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FACSCalibur Flowcytometry System (BD Biosciences, New York,
NY USA). The data are analyzed by Flow]Jo software.

5.10 Statistical analysis

All data have been presented as mean =+ standard error. One-
way and two-way analysis of variance (ANOVA) were used for
comparisons among two and multiple groups, and p-values
below 0.05 were considered significant. Graphs and statistical
results were generated and modified using GraphPad Prism
software (San Diego, CA USA), BioRender (Toronto, ON Canada),
Microsoft Excel, and PowerPoint (Microsoft Office; Redmond,
WA USA).
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