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Atherosclerosis treatments by gene regulation are garnering attention, yet delivery of
gene cargoes to atherosclerotic plaques remains inefficient. Here, we demonstrate that
assembly of therapeutic oligonucleotides into a three-dimensional spherical nucleic acid
nanostructure improves their systemic delivery to the plaque and the treatment of ath-
erosclerosis. This noncationic nanoparticle contains a shell of microRNA-146a oligonu-
cleotides, which regulate the NF-κB pathway, for achieving transfection-free cellular
entry. Upon an intravenous injection into apolipoprotein E knockout mice fed with a
high-cholesterol diet, this nanoparticle naturally targets class A scavenger receptor on
plaque macrophages and endothelial cells, contributing to elevated delivery to the pla-
ques (∼1.2% of the injected dose). Repeated injections of the nanoparticle modulate
genes related to immune response and vascular inflammation, leading to reduced and
stabilized plaques but without inducing severe toxicity. Our nanoparticle offers a safe
and effective treatment of atherosclerosis and reveals the promise of nucleic acid nano-
technology for cardiovascular disease.
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Atherosclerosis is the chronic inflammation and remodeling of the vascular wall
induced by hyperlipidemia, which underpins cardiovascular diseases (CVDs), the lead-
ing causes of death globally (1). Vascular inflammation in the context of atherosclerosis
involves many cell types and their interactions, including endothelial cells (ECs),
smooth muscle cells, and immune cells, mainly macrophages and T cells (2). Conven-
tional interventions for atherosclerosis involve stent and balloon angioplasty (3, 4) that
commonly cause recurring stent restenosis. Meanwhile, administration of statins to
treat hyperlipidemia (5, 6) only slows down disease progression.
Bionanomaterials hold immense potential for managing atherosclerosis; they not

only can be engineered to encapsulate therapeutic (7) or imaging agents (8), but also
can be constructed with different types of biomolecular building blocks to achieve spe-
cific delivery to cell types of the plaque (9), e.g., lipoproteins that are naturally home to
macrophages (10), nanoparticles (NPs) with peptides that target adhesion molecules of
ECs (11), and sugar-based NPs that engage scavenger receptors (SRs) (12) or CD44
receptor (13) of macrophages in the plaque. Intriguingly, noncationic nucleic acid-
based nanostructures derived from the assembly of plasmids or oligonucleotides are
rarely used for constructing atherosclerosis nanomedicines despite their biocompatibility,
abundant cellular entry without the aid of transfection agents (14), and convenient load-
ing of functional nucleic acids for regulating disease pathways by hybridization (15). Past
atherosclerosis nanomedicines that adopted a gene therapy approach mostly employed
cationic carriers for electrostatically complexing gene cargoes and displaying targeting
ligands for promoting plaque delivery. Yet, with genes, ligands, and the cationic carrier
all included, this tricomponent NP often becomes bulky (>100 nm; prone to clearance
by the liver and spleen that hampers systemic delivery to the plaque (16)) and remains
cationic (leading to cytotoxicity that may limit clinical translation (17)).
We present a noncationic nucleic acid-based nanostructure to overcome these gene

delivery obstacles to atherosclerotic plaques, with nucleic acid serving as a dual targeting
agent for engaging plaque-related receptors and gene regulation agent for blocking biologi-
cal pathways linked to atherogenesis. The core is a polyethylene glycol (PEG)-coated
superparamagnetic iron oxide NP (SPION); both SPION and PEG are biocompatible
and often used as a carrier and NP stabilizing agent, respectively, in cardiovascular drug
delivery applications (18, 19). The outer shell contains a layer of phosphorothioate (PS)-
modified microRNA-146a (miR-146a) oligonucleotides attached to the PEG-coated
SPION core (PEG-SPION). MiR-146a, a key inhibitor of vascular inflammation, sup-
presses the NF-κB signaling pathway in macrophages and ECs (20, 21), two major cell
types of the plaque. As NF-κB signaling mediates proinflammatory responses during
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atherogenesis, we believe that miR-146a is a suitable candidate
for pharmacological intervention of atherosclerosis (22). The
PS backbone endows the microRNA (miRNA) with protection
against extra and intracellular nuclease degradation (23). Overall,
miR-146a-functionalized SPION (miR-146a-SPION) is a spheri-
cal nucleic acid (SNA) nanostructure that abundantly enters both
cell types without the aid of cationic or lipophilic transfection
agents (24). Previously, we reported that modifying NPs with a
shell of noncoding DNA oligonucleotides promotes their cellular
uptake via class A scavenger receptors (SR-A) in vitro and delivery
to atherosclerotic plaques in vivo (25). Here, we demonstrate that
the miR-146a-SPIONs accumulate in the atherosclerotic plaques
of apolipoprotein E knockout (ApoE�/�) mice fed on a high-
cholesterol diet (HCD), an established model of atherosclerosis
(26), upon an intravenous (i.v.) injection; notably, miR-146a-
SPIONs naturally target SR-A on plaque macrophages and ECs
in vivo. Aortic accumulation of miR-146a-SPIONs reach ∼1%
of the injected dose (ID; 1.2% ID or 8.9% ID/g; SI Appendix,
Fig. S1), a high-delivery efficiency when benchmarked against
past reported atherosclerosis nanomedicines (SI Appendix, Table
S1). Repeated injections of miR-146a-SPIONs reduce and stabi-
lize the plaque by down-regulating genes linked to immune
responses and vascular inflammation without inducing severe
systemic toxicity.

Results

Synthesis and Characterization of miR-146a-SPIONs. To pre-
pare miR-SPIONs, we synthesized carboxy-terminated PEG-
SPIONs with a core size of ∼20 nm (SI Appendix, Fig. S2) and
covalently conjugated amine-terminated miR-146a oligonucleo-
tides (sequence information in SI Appendix, Table S2) with the
PEG via carbodiimide cross-linker chemistry (Fig. 1A) (25).
The PEG-SPIONs have a mean hydrodynamic size of 59.3 nm
and ζ-potential of –8.2 mV, and the miR-146a-SPIONs have a
larger mean hydrodynamic size of 72.7 nm and a more negative
ζ-potential of –21.8 mV. For all SPION types tested, the size
distribution is homogeneous (SI Appendix, Table S3). Agarose
gel electrophoresis of the SPIONs data show that the miRNA-
conjugated SPIONs migrated closer to the positive electrode
than PEG-SPIONs (SI Appendix, Fig. S3), matching the zeta
potential measurements. The average loading of miR-146a-
SPIONs is 275 strands per SPION. Denaturing polyacrylamide
gel electrophoresis (PAGE) confirms the covalent loading of
miRNA to the PEG-SPIONs. Whereas no free miRNA was
detected inside the PAGE gel for the miRNA-conjugated
SPIONs, distinct free miRNA bands were found for a physical
mixture of PEG-SPIONs and free miR-146a strands (SI
Appendix, Fig. S4). For ex vivo and in vivo distribution studies,
we prepared Cy5-miR-SPIONs by covalently attaching Cya-
nine 5 (Cy5)- and amine-terminated miR-146a oligonucleoti-
des to carboxy-terminated PEG-SPIONs. To reveal the effect
of the miR shell on plaque-NP interactions, we prepared Cy5-
PEG-SPIONs by covalently labeling amine-terminated Cy5 to
carboxylated PEG-SPIONs. The Cy5-labeled PEG-SPIONs
and miR-146a-SPIONs were 66.6 nm and 79.3 nm in mean
hydrodynamic size, respectively. Attachment of Cy5 did not
significantly alter their hydrodynamic sizes, zeta potentials,
serum stability, cytotoxicity, and cellular uptake (SI Appendix,
Table S3 and Figs. S3–S6).
We briefly characterized the SPIONs in serum-containing

medium. Compared with serum-free conditions, incubation of
PEG-SPIONs and miR-146a-SPIONs in serum-containing
medium for 24 h led to an increase in their hydrodynamic

diameters by 5–13 nm, indicating serum adsorption to the
SPIONs but without inducing evident aggregation (SI Appendix,
Table S3). Also, the serum protein corona did not drastically
affect cellular uptake or receptor targeting of miR-146a-SPIONs
in vitro. Compared with serum-free conditions, the cellular
uptake of miR-146a-SPIONs by RAW 264.7 macrophages
in serum-containing medium was only attenuated by 21.8%.
Pretreatment with fucoidan (a ligand of SR-A) for 1 h drastically
reduced cellular uptake of miR-146a-SPIONs by 68.4% and
84.7% under serum-containing and serum-free conditions,
respectively (SI Appendix, Fig. S7).

Ex Vivo Delivery to Macrophages and ECs. Initially, we evalu-
ated the association of miR-SPIONs to the macrophages and
ECs of atherosclerotic plaques ex vivo. Before our immunofluo-
rescence (IF) studies, we verified that the aortic root tissue sec-
tions collected from uninjected plaque-bearing HCD-fed
ApoE�/� mice do not emit detectable tissue autofluorescence
in the Alexa Fluor 532, Cy3 (both dyes for labeling the second-
ary antibodies), or Cy5 wavelength (dye for labeling all SPION
types tested) (SI Appendix, Fig. S8A). We also could not detect
fluorescence when tissue sections from uninjected mice were
stained with fluorescently labeled secondary antibodies only as
negative control (SI Appendix, Fig. S8 B and C), confirming
the specificity of our IF data below. By using confocal IF to
track the tissue-level distribution of the SPIONs in the aortic
root, we captured more intense Cy5 fluorescence in both the
macrophage-rich region (CD68-positive) and the EC-rich
region (ICAM-1-positive) for the miR-146a-SPION sample
than the PEG-SPION sample (Fig. 1C, with additional nuclear
counterstaining shown in SI Appendix, Figs. S9 and S10). Also,
miR-146a-SPIONs bind to intraplaque SR-A-expressing cells
more abundantly than PEG-SPIONs (Fig. 1C), proof of the
utility of the miRNA shell in facilitating SR-A targeting
ex vivo. To eliminate potential bias in data interpretation due to
tissue autofluorescence, we further employed immunohistochem-
istry (IHC) to stain the aortic root sections with the same pri-
mary antibody against ICAM-1 as used for the IF images. IHC
and IF of two adjacent aortic root sections revealed similar distri-
bution of ICAM-1 expression (SI Appendix, Fig. S11). To
remove potential bias due to antibody specificity, we also verified
in aortic root tissue sections collected from nonatherosclerotic
untreated C57BL/6 mice that no ICAM1 or CD68-positive
regions were detected by both primary and secondary antibodies
because normal blood vessels should not express ICAM1 or
contain CD68-expressing macrophages (SI Appendix, Figs. S12
and S13).

To measure the cellular-level distribution of the SPIONs in
the aorta, we analyzed the uptake of SPIONs by different cell
types from the aorta by flow cytometry. We detected a signifi-
cantly higher fraction of Cy5-positive plaque macrophages for
the former group (90.9% vs. 66.2%) and a significantly higher
fraction of Cy5-positive plaque ECs for the miR-146a-SPION
sample (84.7%) than the PEG-SPION group (56.2%) (Fig.
1D). These data highlight the enhanced ex vivo binding of
SPIONs to the plaque due to the miRNA shell. Because nearly
all aortic ECs (84.7%) and macrophages (90.9%) were Cy5
positive for the miR-146a-SPION group due to the direct soak-
ing of the aorta with SPIONs, it was challenging to ascertain
the ex vivo association of SPIONs to SR-A-rich aortic ECs and
macrophages. Therefore, we deferred our assessment of the
association of miR-146-SPIONs to SR-A-rich aortic macro-
phages and ECs to in vivo studies (Fig. 2).
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In Vitro Gene Regulation in Macrophages and ECs. Next, we
evaluated the ability of the miR-146a-SPIONs to down-regulate
genes in vitro, using RAW264.7 mouse macrophage and C166
mouse EC cell lines to show whether the miR-146a-SPION
effectively inhibits target gene expression. Representative trans-
mission electron microscope images portray the intracellular
accumulation of PEG-SPIONs and miR-146a-SPIONs after 2 h
of incubation (SI Appendix, Fig. S14), proof of their in vitro cel-
lular entry. We incubated RAW 264.7 macrophages with miR-
146a-SPIONs or PEG-SPIONs for 24 h and treated the cells
with lipopolysaccharide (LPS) for another 24 h to induce
inflammatory responses (27). qRT-PCR measurements showed

significant inhibition of several previously reported targets of
miR-146a (28, 29) (Fig. 1B), including components of innate
immune signaling (e.g., tumor necrosis factor [TNF] receptor-
associated factor 6 [TRAF6] and interleukin 1 receptor-associated
kinase 2 [IRAK2], and interferon regulatory factor 5), as well as
some effector molecules (e.g., chemokine monocyte chemoattrac-
tant protein-1, cytokines such as interleukin-1β [IL-1β], and
TNF-α) for miR-146a-SPION-treated cells compared with PEG-
SPION-treated cells (Fig. 1E). Also, we detected a significant
increase in miR-146a expression levels upon incubating the LPS-
treated macrophages with miR-146a-SPIONs for 24 h (SI
Appendix, Fig. S15A), verifying the efficient intracellular delivery

Fig. 1. Ex vivo binding of miR-146a-SPIONs to endothelial cells and macrophages in atherosclerotic plaque and in vitro down-regulation of genes related to
NF-κB pathway by miR-146a-SPIONs in cell lines. (A) Preparation of miR-SPIONs. (B) The NF-κB pathway and miR-146a target in aortic macrophage and EC.
(C) Representative confocal images showing the ex vivo association of Cy5-labeled PEG-SPIONs and miR-146a-SPIONs (red; with white arrows) to macro-
phages, ECs and SR-A in atherosclerotic plaques from aortic root sections. Green pseudo color: CD68 (macrophages), ICAM-1 (ECs) or SR-A. The white dotted
lines indicate the border of the vascular wall from aortic roots. (D) Flow cytometric analysis shows the association of Cy5-labeled PEG-SPIONs (blue) and
miR-146a-SPIONs (red) to total macrophages and total ECs in the aorta of ApoE�/� mice after 2 h of ex vivo incubation (n = 4–6, across two independent
experiments). Statistical significance was calculated by one-way ANOVA with Tukey’s test for post hoc analysis. (E and F) In vitro down-regulation of genes in
RAW264.7 macrophages and C166 ECs related to the NF-κB proinflammatory pathway 24 h following incubation of miR-146a-SPIONs (red) or PEG-SPION
(blue) (n = 5, across two independent experiments). Statistical significance was calculated by Student’s t test. All the data are presented as mean ± SEM.
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of miR-146a. Then, we transfected C166 ECs with miR-146a-
SPIONs or PEG-SPIONs for 24 h and treated the cells with
TNF-α for another 24 h to induce inflammation (30). We
observed similar inhibition of TRAF6 and IRAK2, and proin-
flammatory endothelial adhesion molecules, including ICAM-1
and vascular cell adhesion protein (VCAM)-1 in miR-146a-
SPION-treated cells compared with PEG-SPION-treated cells
(Fig. 1F). These data suggest that the effective delivery of miR-
146a by the SNA nanostructure enhanced the suppression of
marker genes of the NF-κB pathway in both cell types. These
data also motivate us to evaluate the ability of miR-146a-SPIONs
in inhibiting these genes in atherosclerotic plaque-bearing mice.

Blood Pharmacokinetics and Distribution to the Aorta. We
monitored the pharmacokinetics of miR-146a-SPIONs upon
an i.v. injection into plaque-bearing HCD-fed ApoE�/� mice
by sampling the blood plasma, because the presence of erythro-
cytes may bias the measurement of iron content, which was
used to quantify the SPION concentration. Inductively coupled

plasma mass spectrometry (ICP-MS) analysis revealed that
PEG-SPIONs have a slightly longer half-life than miR-146a-
SPIONs (2.67 vs. 1.89 h) (SI Appendix, Fig. S16). For our
in vivo efficacy studies, we prepared miR-nc-SPIONs that con-
tained scrambled miRNA sequences in the outer shell. The
miR-nc-SPIONs had a hydrodynamic size, zeta potential,
miRNA loading (263 strands per SPION), serum stability, cel-
lular uptake properties, and plasma half-life (2.07 h) similar to
the miR-146a-SPIONs (SI Appendix, Table S3 and Figs. S3–S6
and S16). To clarify the effect of surface charge on in vivo distri-
bution, we further prepared abasic oligonucleotide-conjugated
SPIONs (abasic-SPIONs) as another miRNA-free, negatively
charged control NP by covalently attaching amine-terminated
abasic oligonucleotides to carboxylated PEG-SPIONs. For this
abasic oligonucleotide (the same length as miR-146a), more than
half of the bases contained the negatively charged phosphate and
ribose but without the nucleobase (SI Appendix, Table S2). The
abasic-SPIONs had a hydrodynamic size, zeta potential, and
serum stability similar to the miR-146a-SPIONs, but with a

Fig. 2. Accumulation of miR-146a-SPIONs inside atherosclerotic plaques. (A) ICP-MS measurements of the iron content in the aorta and heart (sites of pla-
ques for ApoE�/� mice) show more abundant accumulation of miR-146a-SPIONs (red) and miR-nc-SPIONs (green) than PEG-SPIONs (blue) 2 h postinjection
(n = 6 mice per group, across two independent experiments). (B) Representative confocal images of the aortic root confirm stronger colocalization of Cy5-
labeled miR-146a-SPIONs and Cy5-labeled miR-nc-SPIONs than Cy5-PEG-SPIONs (red) with aortic SR-A-rich macrophages or ECs 2 h postinjection. Green
pseudo color: SR-A. Blue: DAPI. (C) Flow cytometric analysis of the cells in the aorta reveal stronger association of miR-146a-SPIONs (red) and miR-nc-SPIONs
(green) to the aortic cell types than PEG-SPIONs (blue), including total macrophages, SR-A+ macrophages, total ECs, and SR-A+ ECs 2 h postinjection (n = 6–8
mice per group, across two independent experiments). MFI: mean fluorescence intensity. (D) Representative flow cytometry histograms confirm that all
types of aortic cells uptake Cy5-labeled miR-146a-SPIONs (red) and Cy5-labeled miR-nc-SPIONs (green) more readily than Cy5-labled PEG-SPIONs (blue) 2 h
postinjection. Data are presented as means ± SEM. Statistical significance was calculated by one-way ANOVA with Tukey’s test for post hoc analysis.
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slightly higher oligonucleotide loading (SI Appendix, Table S3).
The abasic sites were situated at the periphery of the SNA nano-
structure, enabling us to explore the effect of negative charge on
plaque delivery and SR-A targeting.
We chose 2 h postinjection as the time point for in vivo distri-

bution studies. Because the blood circulation half-life of miR-
146a SPIONs is ∼2 h, it is desirable for them to reach the plaques
before predominant clearance from circulation. To bolster this
claim, we showed by ICP-MS measurements that miR-146a-
SPIONs accumulated in the phosphate buffered saline (PBS)-
perfused aorta and heart most abundantly 2 h postinjection
compared with other time points tested (0.5, 8, and 24 h)
(SI Appendix, Fig. S17A), matching the distribution profile of
DNA-coated SPIONs (25). Specifically, 2 h postinjection, the
iron contents of the aorta and heart in the miR-146a-SPION
(1.2% ID) and miR-nc-SPION groups (1.0% ID) were signifi-
cantly higher than the PEG-SPION and abasic-SPION groups
(both ∼0.4% ID) (Fig. 2A and SI Appendix, Fig. S18), indicating
that a negative surface charge alone does not guarantee improved
plaque delivery. Between miR-146a-SPIONs and PEG-SPIONs,
we did not detect a significant difference in their organ-level distri-
bution at other time points (SI Appendix, Fig. S17 B–D); both
SPION types primarily accumulate in the liver (20–25% ID) and
spleen (10–15% ID), with limited accumulation in the kidneys
(<2% ID). These data support that 2 h is a sufficient duration for
targeting and accumulation in the plaques. Ex vivo fluorescence
imaging of the aorta excised from ApoE�/� mice injected with
Cy5-labeled miR-146a-SPIONs or PEG-SPIONs revealed intense
Cy5 fluorescence hot spots that indicate NP localization only in
the miR-146a-SPION group but not the PEG-SPION group 2 h
postinjection (SI Appendix, Fig. S19A). These data further confirm
that the miRNA shell promotes the delivery of SPIONs to the
aortic plaque, consistent with the aortic accumulation of DNA-
SPIONs (1.25% ID) (25). As a negative control, we i.v. injected
free Cy5 dyes into ApoE�/� mice but did not detect fluorescence
hot spots in the aorta by ex vivo imaging (SI Appendix, Fig. S20).
These distinct distribution patterns suggest that the Cy5 dyes are
stably connected to miR-146a-SPION and that free dyes do not
target plaques. Moreover, we measured the distribution of
miR-146a-SPIONs upon injection into healthy C57BL/6 mice.
ICP-MS measurements revealed similarly low iron contents in the
aorta and heart for both miR-146a-SPION (0.3% ID) and PEG-
SPION groups (0.2% ID) (SI Appendix, Fig. S21), and ex vivo
fluorescence imaging of the aorta showed no obvious Cy5 fluores-
cence hot spots for both types of Cy5-labeled SPIONs
(SI Appendix, Fig. S19). These data indicate selective delivery of
miR-146a-SPIONs to plaques. At 24 h postinjection, the accumu-
lation of miR-146a-SPIONs in the aorta was ∼0.5% ID, indicat-
ing considerable retention of SPIONs in the plaque (SI Appendix,
Fig. S22). Therefore, we kept the consecutive injections 2–3 d
apart in our efficacy studies (Figs. 3 and 4).
To detect the intraplaque tissue-level distribution of SPIONs,

we i.v. injected plaque-bearing mice with Cy5-labeled SPIONs
and harvested the tissues 2 h postinjection. Representative confo-
cal images revealed stronger Cy5 fluorescence signals in the aor-
tic roots from the miR-146a-SPION and miR-nc-SPION
groups than the PEG-SPION group, indicating more abundant
accumulation of miRNA-coated SPIONs in the plaque (Fig.
2B). Notably, by jointly examining Cy5 fluorescence with SR-A
IF, we further showed that both miR-SPION types colocalize
more with SR-A than PEG-SPIONs, suggesting stronger bind-
ing of the SPIONs to SR-A due to the miRNA shell (Fig. 2B).
Then, we quantified the intraplaque cellular-level distribution of
SPIONs to the aorta by measuring Cy5 fluorescence of different

aortic cell types by flow cytometry. Total macrophages and ECs
from single-cell suspensions of the aorta were identified accord-
ing to surface markers (see gating strategy in SI Appendix, Fig.
S23). Data were expressed in terms of the fraction of Cy5-
labeled SPION-positive cells in SPION-injected mice compared
with uninjected mice for setting the negative gate (Fig. 2D). The
mean fractions of Cy5-positive total macrophages for the miR-
146a-SPION (5.9%) and miR-nc-SPION (3.9%) groups were
∼4–6 times of that of Cy5-PEG-SPION group (0.9%). Like-
wise, the mean fractions of Cy5-positive total ECs for the miR-
146a-SPION (30.2%) and miR-nc-SPION (20.1%) groups
were ∼10–15 times that of the PEG-SPION group (2.1%)
(Fig. 2C). As control studies, we confirmed that the Cy5 fluores-
cence detected originated from Cy5-labeled NPs but not free
Cy5 molecules and that miR-146a-SPIONs more efficiently
delivered miRNA to aortic macrophages and aortic ECs than
Lipofectamine, a commercial transfection agent (SI Appendix,
Fig. S24). Our in vivo data indicate preferential uptake of
miRNA-coated SPIONs by the two major aortic cell types over
PEG-SPIONs, echoing the ex vivo binding to aortic macro-
phages and ECs of miR-146a-SPIONs (Fig. 1).

Furthermore, we probed the role of SR-A in mediating the
intraplaque cellular-level distribution of SPIONs. By using
unstained cells to set the negative gate (Fig. 2D), we verified
that i.v. injection of PEG-SPIONs or miR-SPIONs did not
significantly alter the expression of SR-A by aortic macrophages
and ECs (SI Appendix, Fig. S25). The mean fractions of Cy5-
positive SR-A-rich aortic macrophages for the Cy5-miR-146a-
SPION (20.5%) and Cy5-miR-nc-SPION (17.0%) groups
were approximately twofold that of the Cy5-PEG-SPION
group (7.6%). Also, the mean fractions of Cy5-positive SR-A-
rich aortic ECs for the Cy5-miR-146a-SPION (66.4%) and
Cy5-miR-nc-SPION (41.0%) groups were four- to sixfold
that of the Cy5-PEG-SPION group (11.6%) (Fig. 2C). The
∼2.5-fold larger fraction of Cy5-positive SR-A-rich macro-
phages (20.5%) than total macrophages (5.9%) together with
the ∼1.2-fold larger fraction of Cy5-positive SR-A-aortic ECs
(66.4%) than total aortic ECs (30.2%) collectively indicate the
preferential uptake of miR-146a-SPIONs by SR-A-rich macro-
phages and ECs, matching our confocal IF data in the aortic
root (Fig. 2B). By contrast, abasic-SPIONs did not associate
with SR-A-rich macrophages and SR-A-rich ECs in the aorta as
preferentially as miR-146a-SPIONs. The mean fractions of
Cy5-positive SR-A-rich aortic macrophages (23.0%) and ECs
(75.4%) were only ∼15–40% larger than those of Cy5-positive
total aortic macrophages (16.2%) and total aortic ECs (66.0%)
(SI Appendix, Fig. S26). These data suggest that negative sur-
face charge is not a critical factor for SNAs to target SR-A.
Finally, because ∼30% ID of the injected SPIONs accumulate
in the liver (SI Appendix, Fig. S27), we investigated the intrahe-
patic cellular-level distribution of SPIONs (see gating strategy
in SI Appendix, Fig. S28). The mean fractions of Cy5-positive
liver SR-A-rich macrophages for the Cy5-miR-146a-SPION
(60.4%) and Cy5-miR-nc-SPION (50.0%) groups were three-
to fourfold higher than that of the Cy5-PEG-SPION group
(16.1%) (SI Appendix, Figs. S29 and S30). The cellular-level
distribution in the liver of ApoE�/� mice match the distribu-
tion to aortic macrophages, underscoring that the miRNA shell
promotes delivery to SR-A-rich macrophages in vivo.

It is challenging to ascertain the effect of protein corona on
SR-A targeting of i.v.-injected NPs in vivo because serum pro-
teins are abundant in blood. To gain some insights, we analyzed
the protein corona of PEG-SPIONs and miR-146a-SPIONs
derived from 2 h of incubation in blood plasma collected from
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Fig. 3. miR-146a-SPIONs reduced and stabilized atherosclerotic plaques and inhibited genes linked to atherogenesis. (A) After 9 wk of HCD, the ApoE�/�

mice received two weekly i.v. injections from weeks 10–12 while continuing the HCD. (B) qRT-PCR analysis of aortic RNA reveals significant down-regulation
of genes targeted by miR-146a (IRAK2) and genes downstream of the NF-κB pathway (IL-1β, TNF-α, and VCAM-1) by miR-146a-SPIONs. For the miR-146a-
SPION group, representative images of (C) Oil Red O (ORO)-stained intact aortas and (D) ORO-stained sections of aortic roots indicate most substantial
reduction in the plaque fat content (red), and (E) Sirius Red-stained aortic roots reveal most abundant accumulation of collagen (red). For the miR-146a-
SPION group, the (F) fractional plaque area in total aorta (n = 8–10 mice per group, across three independent experiments) is the lowest, (G) plaque area
in the aortic root is the lowest, and (H) collagen content in aortic root is the highest. Data of aortic root sections were chosen from n = 6 images per
mouse from n = 6–8 mice per group. Data are presented as means ± SEM. Statistical significance was calculated by one-way ANOVA with Tukey’s test for
post hoc analysis.
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plaque-bearing ApoE�/� mice. PAGE analysis of the desorbed
proteins revealed similar protein band patterns for both SPION
types but darker bands for miR-146a-SPIONs (SI Appendix, Fig.
S31A). Corroborating bicinchoninic acid assay showed approxi-
mately twofold more proteins adsorbed to miR-146a-SPIONs
(SI Appendix, Fig. S31B). Downstream liquid chromatography-
tandem mass spectrometry analysis confirmed the similar com-
position of their protein coronas. The most abundant proteins
bound were all different isoforms of fibrinogen (∼55 kDa, which
matched the darkest band of our PAGE data), albumin, beta

globulin, and apolipoprotein A (SI Appendix, Fig. S31C). As pro-
tein adsorption moderately decreases cellular uptake in vitro (SI
Appendix, Fig. S7A), we believe that the superior SR-A targeting
by miR-146a-SPIONs compared with PEG-SPIONs is due to
the miRNA shell rather than any additional amounts or different
types of plasma proteins bound.

In Vivo Efficacy of miR-146a-SPIONs on Plaque Development
and Morphology. We then examined whether miR-146a-SPIONs
exhibit anti-atherosclerosis efficacy by i.v. injecting them into
ApoE�/� mice that were fed with HCD for the first 9 wk, a
duration required for advanced plaques to be developed (26).
Besides uninjected mice as negative control, our treatment
groups included miR-146a-SPIONs, miR-nc-SPIONs, PEG-
SPIONs, and miR-146a complexed with Lipofectamine (Lipo+
miR-146a). Our injections took place twice a week from weeks
10–12 (Fig. 3A), keeping the amounts of miR strands and iron
oxide injected constant across all groups. All mice were killed
24 h after the final dose. In our first set of studies, we extracted
the RNA from intact aortas and examined the expression of tar-
get genes of miR-146a that were related to the NF-κB pathway
by qRT-PCR. Injections of miR-146a-SPIONs significantly
reduced the aortic expression of IRAK2 (direct target gene of
miR-146a), IL-1β, VCAM-1, and TNF-α (downstream genes of
the NF-κB pathway) compared with uninjected or Lipo+miR-
146a; such treatments also significantly inhibited the first three
marker genes in the aorta compared with PEG-SPIONs (Fig. 3B).
Moreover, we detected ∼9.5-fold higher miR-146a expression in
the aorta excised from mice that underwent a full treatment of
miR-146a-SPIONs (SI Appendix, Fig. S15B), confirming the
delivery of miR-146a to the plaques via SNAs. These data indicate
the in vivo gene regulation affordable by miR-146a-SPIONs and
match our in vitro data on the inhibited proinflammatory genes
in RAW 264.7 macrophages and C166 ECs upon treatment of
miR-146a-SPIONs (Fig. 1 E and F).

Next, we evaluated the effect of miR-146a-SPIONs on pla-
que size by staining whole aortas and aortic root sections with
Oil Red O (Fig. 3 C and D and SI Appendix, Fig. S32). The
lesion areas in the aortas of mice from the miR-146a-SPION
group were significantly smaller than those for all other groups,
with ∼30% reduction for miR-146a-SPION-treated mice than
uninjected mice (Fig. 3F). The lesion areas in the aortic roots
of mice from the miR-146a-SPION group were significantly
smaller than those from the uninjected, miR-nc-SPION, and
Lipo+miR-146a groups, with ∼20% smaller lesion areas for
miR-146a-SPION-treated mice than uninjected mice (Fig.
3G). Furthermore, we assessed the effect of miR-146a-SPIONs
on plaque stabilization because advanced plaques with low col-
lagen contents are prone to rupture, inducing thrombosis and
subsequent severe vascular events (31). Sirius Red staining of
the aortic root sections showed significantly thicker collagen
cap around the plaques for the miR-146a-SPION group than
other groups (Fig. 3 E and H). These data suggest the efficacy
of miR-146a-SPIONs in ameliorating atherosclerosis.

We addressed the plaque contents and inflammatory cell
types in the aortic root in various treatment groups. Our IF
data reveal smaller CD68-positive regions (an indicator of mac-
rophage contents) and ICAM-1-positive regions (an indicator
of endothelial inflammation) of the miR-146a-SPION treat-
ment group than all other treatment groups (Fig. 4 A and B).
Analysis of the fluorescence signals of the plaque area showed
that the aortic CD68- and ICAM-1-positive areas for the miR-
146a-SPION group were ∼30% and ∼20% smaller than other
groups (Fig. 4 D and E), respectively. Corroborating IHC

Fig. 4. miR-146a-SPIONs inhibited the morphological markers of athero-
sclerotic plaques. Representative confocal images of the sections of aortic
roots reveal most apparent reduction in (A) CD68 (marker of monocytes
and macrophages; red pseudo color) for the miR-146a-SPION group and
(B) ICAM-1 (marker of ECs; green pseudo color). Blue: DAPI. (C) Representative
IHC images of the sections of aortic roots reveal most apparent enhance-
ment in of α-SMA (highly expressed by smooth muscle cells; brown) for the
miR-146a-SPION group. The dotted region indicates the necrotic core of the
plaque. For the miR-146a-SPION group, (D) CD68-positive area in the aortic
root is the lowest, (E) ICAM-1-positive area in the aortic root is the lowest, (F)
α-SMA-positive area in the aortic root is the highest, and (G) area of necrotic
core in the aortic root is the lowest. Data of aortic root sections were from
an average of six images per mouse, from n = 6–8 mice per group (across
three independent experiments). Data are presented as means ± SEM. Statis-
tical significance was calculated by one-way ANOVA with Tukey’s test for post
hoc analysis.
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images showed a similar reduction (23.5%) in ICAM-1 expres-
sion due to miR-146a-SPION treatment (SI Appendix, Fig. S33).
Besides intense ICAM-1-positive signals in the intimal layer of
activated ECs, we also detected moderate signals in the plaque
interior that contains smooth muscle cells, immune cells, and
possibly ECs, in agreement with previous studies (32–34). In
addition to inflamed ECs, ICAM-1 is also expressed by immune
cells, e.g., infiltrating T cells (35). Moreover, IHC showed
higher expression of α-SMA, a marker of the contents of vascu-
lar smooth muscle cells contributing to collagen production and
fibrous cap formation (36), in the miR-146a-SPION treatment
group than in all other treatment groups (Fig. 4C). The aortic
α-SMA-positive area for the miR-146a-SPION group is ∼20%
higher than other groups (Fig. 4F), indicating plaque stabiliza-
tion and matching the Sirius Red staining data (Fig. 3E). Fur-
thermore, treatment with miR-146a-SPIONs significantly
reduced the size of the necrotic core, a key contributor to pla-
que vulnerability and rupture (37), compared with other treat-
ments; the area of the necrotic core for the miR-146a-SPION
group is ∼40% smaller than other groups (Fig. 4 C and G).
Repeated injections of miR-146a-SPIONs did not change the
body weight, weights, and histological structure of major
organs, liver function, or blood cell composition of mice 24 h
after full treatment (SI Appendix, Figs. S34–S36) and up to 4 wk
after full treatment (SI Appendix, Figs. S37–S39). There was pro-
nounced clearance of SPIONs from major internal organs 4 wk
after full treatment (SI Appendix, Fig. S40) compared with 24 h
after single injection (SI Appendix, Fig. S22). In short, miR-
146a-SPIONs regressed and stabilized atherosclerotic plaques
without causing severe toxicity.

Mechanism of Anti-Atherosclerosis Effect of miR-146a-SPIONs.
To gain insights into the anti-atherosclerosis efficacy of miR-
146a-SPIONs, we extracted the intact aortas from plaque-
bearing mice that received treatments of “miR-146a-SPIONs,”
“miR-nc-SPIONs,” “PEG-SPIONs,” or “Untreated” mice (n = 3),
followed by isolating the whole RNA for RNA-seq analysis. For
pairwise comparisons, we identified differentially expressed tran-
scripts (DETs) with statistical significance of Q < 0.05.
Initially, we analyzed the pairwise comparison between the

“miR-146a-SPION” and “PEG-SPION” groups to evaluate the
efficacy of the miRNA shell. Statistically enriched gene ontol-
ogy (GO) terms most related to atherosclerosis are “lipid meta-
bolic process” and “immune system process” (Fig. 5A and SI
Appendix, Table S4). On lipid metabolic process, miR-146a-
SPION treatment regulated several DETs, including the
up-regulation of Lrp8, encoding ApoER2, whose deficiency
accelerates atherosclerotic lesion necrosis formation (38); the
down-regulation of Ephx2, which is an epoxide hydrolase asso-
ciated with atherosclerosis and other CVDs (39, 40) and Plcl2,
a susceptibility loci for atherosclerotic stroke and myocardial
infarction (41, 42). On immune system process, miR-146a-
SPION treatment down-regulated Olr1, Nlrp1b, Ets1,
CaMK4, and Dab2ip (Fig. 5 B and C). Olr1, also known as
oxidized low-density lipoprotein receptor-1 (LOX-1), is a SR for
oxidized low-density lipoprotein (43). Nlrp1b is involved in
inflammatory disorders and secretion of IL-1β (44, 45). Ets1 is
a transcription factor for endothelial inflammation (46).
CaMK4 regulates Ca2+ signaling in atherosclerosis and induces
macrophage inflammation (47, 48). Dab2ip inhibits the
DAB2IP-ASK1 pathway for alleviating atherosclerosis (49).
Finally, the GO term of “regulation of I-κB kinase/NF-κB sig-
naling” was also significantly enriched, echoing our in vitro (Fig.
1 E and F) and in vivo (Fig. 3B) qRT-PCR data on the

regulation of the NF-κB signaling pathway affordable by miR-
146a-SPIONs. Collectively, these data suggest that the 3D shell
of miR-146a suppresses several biological processes related to the
development of atherosclerosis (particularly inflammatory
responses) and possibly lipid handling and entry to plaque cells,
both contributing to plaque formation (Fig. 5).

Finally, we analyzed the pairwise comparison between the
“miR-146a-SPION” and “Untreated” groups to evaluate the
efficacy of the overall NP. Statistically enriched GO terms most
related to atherosclerosis are “immune system process” and
“Wnt signaling pathway” (SI Appendix, Fig. S41A and Table
S5). miR-146a-SPION treatment regulated several DETs related
to “immune system process,” including the up-regulation of
Otud7b (50) and Mapk7 (51) and down-regulation of Traf1
(52) (SI Appendix, Fig. S41B). miR-146a-SPION treatment also
up-regulated Fzd5 (53, 54) and down-regulated Ndrg2 (55),
which are DETs related to “Wnt signaling pathway” (SI
Appendix, Fig. S41B). Wnt pathway components are abundantly
detected in atherosclerotic plaque (56). From both comparisons,
we conclude the efficacy of miR-146a-SPIONs for atherosclero-
sis stems from inhibiting EC activation, modulating immune
responses, cholesterol transportation and processing, and vascular
remodeling.

Discussion

Our miR-146a-SPIONs are safe and effective plaque targeting,
gene delivery, and therapeutic nanostructures. First, the outer
miRNA shell promotes the delivery to plaque macrophages and
ECs by naturally targeting SR-A in vivo, so that this SNA
nanostructure may overcome a major gene delivery hurdle to

Fig. 5. miR-146a-SPIONs modulated the expression of genes related to
immune response pathways and vascular inflammation in comparison to
PEG-SPIONs. (A) Key enriched biological processes found by comparing
the “miR-146a-SPION” group (n = 3) to the “PEG-SPION” group (n = 3).
(B) Volcano plot showing the distribution of DETs by comparing the “miR-
146a-SPION” group to the “PEG-SPION” group (absolute fold change > 2).
(C) Representative DETs found in the comparison between “miR-146a-
SPION” and “PEG-SPION” groups indicate the effect of miR-146a-SPION
treatment on gene expression.
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atherosclerotic plaques without the need for adding peptides, pro-
teins, or aptamers for targeting other plaque components. Second,
miR-146a-SPIONs are effective anti-atherosclerosis nanostructures
that inhibit multiple proinflammatory genes related to both mac-
rophages and ECs along the NF-κB pathway in the aorta.
Researchers can now take advantage of miR-SPIONs to regulate
other gene targets or biological pathways linked to atherosclerosis,
inflammation, or CVDs in general by adjusting the oligonucleo-
tide sequence. Finally, miR-146a-SPIONs do not induce severe
toxicity, reinforcing the merit of using noncationic bionanomateri-
als in cardiovascular applications.
Further translation of miR-SPIONs as anti-atherosclerosis

nanomedicines will require several limitations to be addressed.
Our miR-SPIONs exhibit a blood half-life of ∼2 h, on par with
noncationic nucleic acid-based nanostructures used in nonather-
osclerosis applications (e.g., DNA nanogel [t1/2 = 1.14 h]) (57),
DNA tetrahedron (t1/2 = 24.2 min) (58), and siRNA-protein
octamer (t1/2 ∼ several hours) (59), as well as cationic lipid-
nucleic acid nanocomplexes used in atherosclerosis applications
(e.g., miRNA-loaded micelles [t1/2 < 2 h] (60), siRNA-loaded
lipid NPs [t1/2 = 1.2 h] (61), and antagomir-loaded liposomes
[t1/2 = 190.8 s] (30)). While the blood pharmacokinetics of
miR-146a-SPIONs are sufficient for plaque delivery, their nega-
tive surface charge may contribute to clearance by the liver and
spleen (17, 62). To make plaque delivery more efficient, there is
still considerable room for improving the pharmacological proper-
ties of atherosclerosis nanomedicines that adopt a gene regulation
approach, compared with those that exploit other therapeutic
mechanisms (e.g., statin-loaded reconstituted HDL [t1/2 = 21.9 h]
(63) and mucic acid NPs that modulate SR expression [t1/2 =
28 h] (12)). Moreover, as the central premise of our delivery
strategy to atherosclerotic plaques lies in the ability of SNAs to
naturally target SR-A, other types of nucleic acid-based nano-
structures (64, 65) that enter cells via SR may also be gene car-
riers for atherosclerosis. For instance, DNA octahedral nanocages
enter cells via LOX-1, another member of the SR family (66).
The uncertainty is that whereas many past studies documented
profuse SR-A expression in human atherosclerotic macrophages
(67, 68), reports on the SR-A expression in human ECs remain
scarce. Clear understanding in the cardiovascular biology of SR
in humans will enhance the translational potential of nucleic
acid nanotechnology.
On the role of miR-146a in atherogenesis, an established

understanding is that miR-146a endows atheroprotective prop-
erties to the blood vessel wall and negatively regulates the
NF-κB pathway linked to inflammation and atherosclerosis
(22). Interestingly, deletion of miR-146a in bone marrow
(BM)-derived cells may alleviate atherosclerosis. Cheng et al.
prepared two groups of atherosclerosis mouse models with
genetic knockout of the low-density lipoprotein receptor
(Ldlr�/�) by providing the same HCD for 12 wk (69). The
first group of Ldlr�/� mice received transplantation of BM col-
lected from wildtype mice, whereas the second group received
transplantation of BM collected from mice with genetic knock-
out of miR-146a (miR-146a�/�). The authors observed higher
levels of circulating proinflammatory markers (e.g., soluble
ICAM-1 and TNF-α), but paradoxically, smaller plaques in the
aortic arch for the second group. Furthermore, the authors
detected fewer circulating proatherogenic leukocytes (which led

to reduced atherosclerosis) and larger spleen sizes in the second
group. It turns out that miR-146a in BM-derived cells protects
against HCD-induced exhaustion of hematopoietic stem cells
in the BM (70) and prevents splenomegaly (71). However, the
effect of miR-146a deficiency in hematopoietic cells on athero-
sclerosis remains inconsistent because Del Monte et al. later
reported a limited difference in plaque sizes in the aortic arch
and aortic root between these two mice groups that were fed
with an HCD for 20 wk instead (72). A follow-up report even
documented the presence of more large neutrophil extracellular
traps in the atherosclerotic plaques and adhered to the vascular
wall for the second group of mice (73). In our work, a full sys-
temic treatment of miR-146a-SPIONs reduced proinflamma-
tory cytokines in the aorta (Fig. 3B) without changing spleen
size (SI Appendix, Fig. S37B) or population of leukocytes (SI
Appendix, Fig. S38A) in plaque-bearing ApoE�/� mice 4 wk
after treatment. As our treatment entails the delivery of miR-
146a to the plaque rather than its depletion in the BM, the
mechanism of action of miR-146a-SPIONs likely stems from
regulation of the NF-κB pathway rather than exhaustion of
hematopoietic stem cells in the BM.

Materials and Methods

For detailed Materials and Methods, please see SI Appendix.

Preparation of miR-146a-SPIONs. Amine-modified, PS miR-146a strands
(miR-NH2) were covalently attached to carboxylate-terminated PEG-SPIONs, fol-
lowing literature precedent on the attachment of DNA oligonucleotides to
carboxylate-terminated PEG-SPIONs (25). The sequence of miR-146a is 50 UGAG
AACUGAAUUCCAUGGGUU 30 (Idobio). See SI Appendix for methods of preparing
PEG-SPIONs.

In Vivo Efficacy Studies. ApoE�/� mice fed with an HCD for 9 wk were ran-
domly divided into various treatment groups of nine animals each. Mice were
i.v. injected with either PEG-SPIONs (10 mg/kg Fe), miR-146a-SPIONs (10 mg/kg
Fe and 1.5 mg/kg miRNA), miR-nc-SPIONs (10 mg/kg Fe and 1.5 mg/kg miRNA),
miR-146a (1.5 mg/kg) complexed with Lipofectamine 3000 (60 μg/kg), or PBS
twice a week from weeks 10–12, with HCD maintained throughout the treatment
period. The mice were killed on week 12 for further analysis. The size of treat-
ment group was estimated based on Dunnett’s formalism and power calculation
(α = 0.05, power = 0.80). Briefly, μ = �N δ/σ, where μ is the correlation coeffi-
cient that depends on the size of each group, N. With four different treatment
groups, μ is 4.46 (74). If the superior treatment group gives an outcome (δ) of
1.5 SD (σ) better than the control group, the required size of N is (4.46� 1.5)2 =
8.84, or equivalently nine mice per group.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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