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1. Introduction

Cardiovascular disease (CVD), the leading 
cause of mortality in industrially devel-
oped countries,[1] is primarily caused by 
atherosclerosis, a progressive inflamma-
tory disease of the arteries.[2–4] Athero-
sclerosis is characterized by an abnormal 
lipid and inflammatory cell accumulation 
in the intima, the subendothelial layer of 
large arteries.[5] During the development 
of atherosclerosis, several factors such as 
blood flow perturbation and hypercholes-
terolemia alter the function of both vas-
cular endothelial cells (ECs) and smooth 
muscle cells (VSMCs), the main cellular 
components of arteries. These factors 
promote EC dysfunction and changes in 
VSMCs phenotype,[6,7] leading to vessel 
wall homeostasis perturbation and lipo-
protein diffusion into the arterial wall.[8] 
Retention of cholesterol-rich lipoproteins 
in susceptible areas of the arterial vascu-
lature favors low-density lipoprotein (LDL) 
oxidation, followed by endothelial activa-
tion, and macrophage infiltration, which 
internalize the modified LDL by a non-
regulated mechanism leading to foam cell 
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differentiation.[9] As a result, atheroma plaque is developed and 
consequently, the vascular diameter is reduced thus increasing 
the incidence of cardiovascular events.[10–13]

The role of atherosclerosis as the major risk factor leading 
to cardiovascular complications[14,15] highlights the importance 
of finding new therapeutic strategies to facilitate the reverse 
of lipid build-up in the plaques. Cholesterol efflux from mac-
rophages is a key process in reverse cholesterol transport (RCT) 
and promotes the delivery of excess cholesterol from peripheral 
cells and tissues to the liver for excretion.[16] RCT occurs through 
the interaction of apolipoprotein A-I (apoA-I) contained in high-
density lipoproteins (HDL) with the adenosine triphosphate-
binding cassette transporters A1/G1 (ABCA1/ABCG1).[17–19]  
Therefore, targeting RCT and ABCA1 could represent a valu-
able therapeutic approach to prevent atherosclerosis.

The inversely associated relationship between low HDL 
cholesterol levels and CVD risk in epidemiologic studies high-
lighted the potential of HDL mimetics (recombinant/recon-
stituted HDL or rHDL) as a therapeutic tool and inspirational 
source for biomedical engineering.[20–23] rHDL, designed to 
mimic the atheroprotective function of endogenous pre-β 
HDL particles, are complexes of full-length apoA-I or apoA-I 
mimetic peptides and phospholipids. Their characteristics 
allow rapid mobilization of cholesterol from periphery to 
plasma and have shown to reduce atherosclerosis burden in 
animal models.[24–28]

Based on these encouraging data, several rHDL have been 
designed and used in clinical trials for CVD therapy.[20,29] 
The discovery of apoA-I Milano, a natural apoA-I variant 
associated with very low levels of HDL and reduced athero-
sclerosis,[30,31] allowed formulating ETC-216. This rHDL is 
composed of apoA-I-Milano and phospholipids that mimics 
the properties of nascent HDL. In the phase II “The ApoA-I 
Milano Trial,” ETC-216 showed a mean 2.7% coronary ath-
erosclerosis regression in acute coronary syndrome patients 
but also development of serious adverse effects in some 
patients thus its use was discontinued.[32] A new formula-
tion containing apoA-I-Milano, denominated MDCO-216, 
was tested and proven to be safe in terms of immunostimu-
latory effects.[33] However, the phase I/II MILANO-Lipids, 
and Other Surrogate Biomarkers Trial (PILOT) study and the 
second phase II trial, MILANO-DRIVE demonstrated its lack 
of efficacy.[34]

Another rHDL with ability to rapidly mobilize large amounts 
of cholesterol into the HDL fraction is CER-001. This rHDL is 
composed of recombinant human apoA-I and a lipid mixture 
composed of sphingomyelin and 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1′-rac-glycerol). Although CER-001 did not cause any 
significant reduction in coronary atherosclerosis as evaluated in 
the CHI-SQUARE study,[35] it has been shown a U-shaped CER-
001 dose-response curve with the greatest atheroma regression 
occurring at a low concentration.[35]

Finally, CSL-112 is a rHDL consisting of human plasma 
derived apoA-I and soybean phosphatidylcholine (apoA-I : lipid, 
mol ratio = 1 : 55), which arose as an improvement of its prede-
cessor, CSL-111. CSL-111 initially showed an enhanced choles-
terol mobilization and improved anti-inflammatory markers, 
but was disfavored due to its hepatotoxicity.[36] On the con-
trary, CSL-112 was well tolerated and not associated with any 

significant alterations in liver or kidney function.[21] Moreover, 
CSL-112 has been found to enhance cholesterol efflux very effi-
ciently[37] and its beneficial potential in reducing major adverse 
cardiovascular events will be assessed in the on-going large 
phase III AEGIS-II study (NCT03473223).[21,29]

Importantly, the physicochemical characteristics of rHDLs 
should be taken into consideration to improve their efficiency 
on promoting cholesterol efflux.[38,39]. Very recently, the effi-
ciency of cholesterol removal by rHDL mimicking different 
HDL maturation stages has shown to be higher with 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) rHDL, a nanopar-
ticle that resembles nascent HDL. In fact, cholesterol efflux 
from macrophage- and vascular smooth cell-derived foam 
cells induced by DPPC rHDL was even more efficient than 
that induced by rHDL with the lipid composition of CSL-112. 
Among the physicochemical characteristics of DPPC rHDL 
underlying this effect are the higher physical binding affinity 
of cholesterol for saturated long-chain-length phospholipids 
and the planar geometry of the DPPC lipid bilayer, which 
favors cholesterol transfer.[38–40] In addition, it has been shown 
that cholesterol transfer to DPPC rHDLs, which show a planar 
bilayer, is favored thermodynamically from the high curvature 
of the cell membrane promoted by ABCA.[40,41]

Therefore, the use of well-formulated apoA-I nanoparticles 
constitutes a significant advance toward clinical application 
because at therapeutic doses they neither present toxicity nor 
immunogenicity, making them appropriate for therapeutic appli-
cation.[42] Based on their biocompatibility, rHDL can be consid-
ered ideal carriers for the delivery of drugs and other therapeutic 
agents, as it has been shown for DNA and synthetic RNA, when 
incorporating cationic or zwitterionic lipids within rHDLs.[43,44]

The discovery that multiple miRNAs participate in the pro-
gression of atherosclerosis and in the regulation of RCT by 
directly targeting ABCA1 has opened new opportunities in 
the use of nanotechnology-based miRNAs therapeutic plat-
forms.[45,46] One of the most studied and well-known “target” of 
ABCA1 is miR-33a. As an intronic miRNA, miR-33a expression 
is linked to that of SREBP2 and both co-ordinately participate 
in the regulation of intracellular cholesterol levels.[47] Among 
the multiple roles in the regulation of cholesterol metabolism, 
miR-33a functionally regulates the activity of ABCA1 interfering 
with the protein expression. Both therapeutic and macrophage-
specific miR-33 knockdown intervention to reduce miR-33 
levels provided promising results in the past.[47] The advantages 
of using miRNAs rely both on their small repressive capacity on 
any single target gene, which is usually less than twofold and 
on their inherent ability to target multiple genes in the same 
biological pathway.[48,49] It has been shown that the inhibition 
of miRNAs using antisense oligonucleotides promotes RCT 
through upregulation of the ABCA1 gene.[45,46] Therefore, some 
studies have used cationic lipid/polymer-based nanoparticles 
for miRNA delivery in preclinical models,[50] while some others 
have delivered functional miRNA mimics into macrophages in 
chitosan nanoparticles to promote RCT in vivo.[51] Nguyen et al. 
showed that miR-33 can be delivered to naïve macrophages 
by chitosan nanoparticles and modulates the expression of its 
target gene, ABCA1, both in vitro and in vivo and have sug-
gested that these miRNA containing nanoparticles can be used 
in vivo to target atherosclerotic lesions.[51]
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Given the huge complexity of atherosclerotic disease, the use 
of coculture systems reflecting the cellular complexity of ath-
erosclerosis has been identified as an advantageous approach 
to in vitro research.[52] The importance of these in vitro studies 
relies on i) the demand to overcome the translational gap,  
ii) provide a suitable model to understand the physiological 
mechanisms underlying RCT, and iii) improve the efficiency 
of the nanoparticles in promoting cholesterol efflux, functional 
pathways that are central to the development of atherosclerosis.

In that context, in this work we sought to develop a thera-
peutic strategy to improve RCT and cholesterol efflux based in a 
two-step administration of rHDL (Figure 1). In a first nanodisc 
administration, antagomiR-33a-loaded DPPC:cholesteryl ester 
(CE):1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC) 
rHDLs have been used to induce the overexpression of ABCA1 
transporter, and in a second step, DPPC rHDLs have been used 
to remove more efficiently cholesterol from foam cells. A triple-
compartment cell culture 2D model comprising ECs, SMCs 
and foam cells has been used mimicking the atheroma plaque 
components in vitro.[53] This strategy allows independent iso-
lation of each cellular compartment for downstream analysis 
without cell sorting.

We find that sequential administration of rHDL potenti-
ates cholesterol efflux compared to one-step administration of 

DPPC rHDL. The results indicate that delivery of antagomiR-
33a by rHDL efficiently upregulates ABCA1 expression and 
potentiates the cholesterol efflux induced by DPPC rHDL from 
foam cells in a 2D atheroma model. Overall, these data indicate 
that this therapeutic approach might be used in vivo to target 
more efficiently atherosclerotic lesions and improve prognosis 
of the disease.

2. Results

2.1. Development and Biophysical Characterization  
of DPPC:CE:LPC and DPPC rHDL

HDL were reconstituted with DPPC:CE:LPC (75:20:5% mol) for 
antagomiR-33a delivery or DPPC alone for cholesterol efflux 
as indicated in the Experimental Section. ApoA-I:lipid ratio 
was optimized to 1:125 mol:mol in both compositions. Nano-
particle formation is illustrated in Figure 2A. Once reconsti-
tuted, rHDLs were purified by size exclusion chromatography. 
As shown in Figure  2B, rHDL showed a homogeneous peak 
centered at 11–13  mL, preceding the elution of free apoA-I at 
15  mL. Size distribution of nanodiscs determined by dynamic 
light scattering (DLS) showed an average diameter of the  

Small 2022, 18, 2105915

Figure 1.  Schematic representation of the strategy to improve RCT and cholesterol efflux based in a two-step administration of rHDL. Overexpression 
of ABCA1 transporter is induced by a first administration with antagomiR-33a-loaded DPPC:CE:LPC rHDLs. A second step, which involves DPPC rHDLs 
administration, is used to remove more efficiently cholesterol from foam cells.
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particles of ≈10  nm (Figure  2C,F). Finally, α-helical struc-
ture content determined by circular dichroism (CD) showed 
higher α-helical content in rHDLs compared to free apoA-I  
(≈2.2–2.5 times, Figure 2D and Table 1). These results indicate 
a correct reconstitution of rHDLs (Figure 2B–D). Size and mor-
phology of nanoparticles were determined by negative stain 

electron microscopy (NS-EM) (Figure 2E), which showed a cir-
cular morphology, consistent with a discoid shape as shown by 
typically stacked nanoparticles resembling a “rouleaux” forma-
tion and, circular shapes presented by nanodiscs viewed from 
the top (Figure  2E). Longitudinal and transverse axes were 
10.6 ± 0.8 and 3.9 ± 0.4 nm, respectively. The longitudinal axis 

Small 2022, 18, 2105915

Figure 2.  Development and biophysical characterization of rHDL. A) Schematic representation of rHDL reconstitution and purification by gel filtration 
chromatography on a Superdex 200 column. B) Gel filtration profiles of DPPC and DPPC:CE:LPC rHDLs, profiles were monitored by absorbance at 
280 nm. C) rHDL size profiles determined by DLS. No significant differences between the different rHDL compositions were determined. D) Circular 
dichroism of DPPC and DPPC:CE:LPC rHDLs and apoA-I protein in solution. θMRE: mean residue ellipticity. E) Representative rHDL transmission 
electron microscopy images. Magnification 100×. Scale bar of 50 nm. F) rHDL diameter determined from DLS (hydrodynamic diameter) and NS-EM 
images. Size of rHDL (F) was measured as Feret diameter calculated from 1600 particles.

 16136829, 2022, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202105915 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [27/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fsmll.202105915&mode=


www.advancedsciencenews.com www.small-journal.com

2105915  (5 of 15) © 2022 The Authors. Small published by Wiley-VCH GmbH

was similar to the diameter range (8–10  nm) determined by 
both DLS and NS-EM (Figure 2F).

2.2. Binding of miRNA to rHDL

Next, DPPC:CE:LPC rHDL particles were loaded with a con-
trol miRNA as illustrated in Figure 3A. Binding efficiency of 
miRNA was assessed at different miRNA:apoA-I ratios. As 
shown in Figure 3B, maximum miRNA binding was obtained 
at 1:1 mol:mol ratio.

2.3. Delivery of AntagomiR-33a by DPPC:CE:LPC rHDL into 
Foam Cells in Atheroma Plaque Model

2.3.1. 2D Atheroma Plaque Model Setup

A modular coculture system, which facilitates the separation 
of each cellular compartment, was used to set up a three-cell 
2D-atheroma model. The system allows coculturing ECs, 
VSMCs, and macrophage-derived foam cells mimicking the 
vascular compartment thus facilitating the study of dynamics 

and interaction of rHDL with foam cells. A schematic illustra-
tion of the model is shown in Figure 4A. The use of 0.4  µm 
pored transwell inserts allows separation of VSMCs and ECs 
by a thin transwell membrane. This avoids translayer contam-
ination by the other cell types while at the same time allows 
to individually isolate each culture layer. Barrier function was 
validated by determining transendothelial electrical resistance 
(TEER) of ECs. The calculated TEER value calculated by Ohm’s 
law, 24.6  ±  1.2  Ω  cm2 confirmed integrity and permeability of 
the in vitro barrier and are in agreement with values reported 
by others.[54,55]

As illustrated in Figure  4B, delivery of antagomiR-33a 
by DPPC:CE:LPC rHDL would promote miR-33a silencing 
and consequently upregulation of ABCA1 and ABCG1 
transporters.

2.3.2. Uptake of DPPC:CE:LPC rHDL by ECs, VSMC,  
and Foam Cells

We next aimed to address the delivery of antagomiR-33a by 
rHDL through the 2D atheroma model and determined the 
efficiency of rHDL uptake by ECs, VSMCs and foam cells 
in confluent populations. To establish the optimal condition 
for efficient microRNA delivery, different concentrations of 
rHDL were used (0–100  µg  mL−1) (Figure  4C) and uptake of 
DiI-labeled DPPC:CE:LPC rHDL by the different cell types 
was assessed after 24  h by fluorescent microscopy and flow 
cytometry. As shown in Figure  4, foam cells were extremely 
avid internalizing DPPC:CE:LPC rHDL (Figure  4C, lower 
panel). On the other hand, VSMCs showed residual rHDL 
uptake (Figure 4C, middle panel) while ECs internalized rHDL 
in a moderate way (Figure  4C, top panel) compared to foam 
cells. To quantify rHDL uptake efficiency, cells from the dif-
ferent compartments were isolated after incubation with the 
nanoparticles and their uptake was analyzed by flow cytom-
etry as described in the Experimental Section. As shown in 

Small 2022, 18, 2105915

Table 1.  α-helical content of apoA-I and rHDL determined by CD.

α-Helical content α-Helicity ratio rHDL/
apoA-I

apoA-I 31.1 ± 2.0 –

DPPC 71.3 ± 2.5a) 2.3 ± 0.2a)

DPPC:CE:LPC 67.4 ± 3.4a) 2.2 ± 0.1a)

a)α-helical content calculated from ellipticity values measured at 222 nm. R is the 
ratio of α-helicities between rHDLs and free protein. Data represent the mean ± SD 
(n  =  3). All measurements were performed independently three times and levels of 
significance were determined by a two-tailed Student's t-test. * p < 0.01 compared 
to apoA-I.

Figure 3.  MicroRNA loading of DPPC:CE:LPC rHDL. A) Schematic representation of rHDL loading with microRNA. B) Efficiency of miRNA binding 
to rHDL determined by qRT-PCR. A mimic control (cel-miR-67 mature sequence) was used at miRNA:protein mol ratios ranging 0.001–10:1. Binding 
efficiency was calculated as described in the Experimental Section. Data represent the mean ± SD of at least three independent measurements.
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Figure 4.  DPPC:CE:LPC rHDL are efficiently delivered into foam cells in the 2D atheroma model. A) A schematic illustration of the 2D atheroma model. 
The system allows coculturing ECs, VSMCs, and macrophage-derived foam cells mimicking the vascular compartment. B) ABCA1 and ABCG1 upregu-
lation in foam cells by the delivery of antagomiR-33a loaded rHDL, which promotes miR-33a silencing. C) Fluorescent images showing rHDL uptake 
in ECs (top panel), VSMC (middle panel), and foam cells (lower panel) at different rHDL concentrations (0–100 µg mL−1). D) Uptake of DiI-labeled 
DPPC:CE:LPC rHDL concentrations (0–100 µg mL−1) by the different cell types assessed by flow cytometry. Data represent the mean ± SD of at least 
three independent measurements. Levels of significance were determined by a two-tailed Student's t-test. * p < 0.01 compared to no rHDL addition 
(0 µg mL−1). Scale bars 50 µm.
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Figure 4D, and confirming the results obtained by fluorescent 
microscopy, foam cells showed the highest ability in rHDL 
uptake, which resulted saturated at 50  µg  mL−1. Considering 
the fluorescence determined in foam cell uptake when treated 
with 100  µg  mL−1 as 100%, rHDL uptake by ECs was 34% 
compared to foam cells while the uptake by VSMCs resulted 
residual (Figure 4D).

2.3.3. Delivery of AntagomiR-33a by DPPC:CE:LPC rHDL  
to Foam Cells

Intracellular delivery of miRNA by rHDL to foam cells was 
then assessed in the 2D atheroma model. First, delivery of cel-
miR-67 (a microRNA that is naturally and specifically expressed 
in C. elegans) was used to set up validation. DPPC:CE:LPC 
rHDL particles loaded with cel-miR-67 at 1:1 mol:mol ratio 
were added in the ECs compartment at different concentra-
tions (0–100  µg  mL−1 rHDL) and miRNA incorporation into 
foam cells was determined after 24 h incubation with nanopar-
ticles (Figure 5A). Total RNA was purified and intracellular cel-
miR-67 levels were quantified as indicated in the Experimental 
Section. As shown in Figure 5A, delivery efficiency of miRNA 
reached maximum values at 100 µg mL−1 rHDL.

Similarly, a DPPC:CE:LPC rHDL dose-dependent 
(0–20  µg  mL−1 rHDL) uptake assay was performed in mac-
rophage-derived foam cells cultured alone in monolayer. In the 
absence of the vascular barrier simulated in the 2D atheroma 
model, the rHDL concentration required to achieve maximal 
delivery resulted five times lower (10 µg mL−1 rHDL) compared 
with the ones required in the 2D atheroma model (Figure S1, 
Supporting Information).

We next examined the ability of silencing miR-33a by deliv-
ering antagomiR-33a in DPPC:CE:LPC rHDL in the 2D ath-
eroma model. Therefore, nanoparticles were loaded with 
antagomiR-33a and then, 50  µg  mL−1 rHDL-antagomiR-33a 
were added into the ECs compartment and incubated for 48 h. 
Delivery of antagomiR-33a to foam cells by rHDL reduced 
approximately four times the levels of endogenous miR-33a com-
pared with cells treated with nanodisc carrying control miRNA 
(Figure 5B). The extent of miR-33a silencing was also analyzed 
by determining the mRNA levels of ABCA1 and ABCG1, two 
known targets of miR-33a. As shown in Figure  5C, treatment 
with antagomiR-33a loaded rHDL resulted in ≈2.5- and twofold 
higher levels of ABCA1 and ABCG1 compared to control cells 
(treated with control miRNA), respectively. Similarly, upregula-
tion of ABCA1 and ABCG1 protein levels in foam cells by deliv-
ering antagomiR-33a in DPPC:CE:LPC rHDL was confirmed by 
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Figure 5.  miRNA transfer capacity, miR-33a downregulation, and ABCA1/ABCG1 upregulation by miRNA delivery by DPPC:CE:LPC rHDL to foam cells. rHDLs 
were added to the cells in Opti-MEM to allow miRNA delivery, mir-33a repression, and protein upregulation. A) Intracellular delivery of miRNA by rHDL to 
foam cells assessed in the 2D atheroma model. DPPC:CE:LPC rHDL particles loaded with cel-miR-67 at 1:1 mol:mol ratio were added in the ECs compart-
ment at different concentrations (0–100 µg mL−1 rHDL). B) miR-33a silencing by delivering antagomiR-33a in DPPC:CE:LPC rHDL (50 µg mL−1) in the 2D 
atheroma model. C) mRNA levels of ABCA1 and ABCG1 after delivery of antagomiR-33a by rHDL to foam cells. MiR-33a and mRNA levels were determined 
after incubation of rHDL with 2D atheroma model foam cells during 48 h by qRT-PCR determined as described in the Experimental Section. D) Upregulation 
of ABCA1 and ABCG1 protein levels in foam cells by delivering antagomiR-33a in DPPC:CE:LPC rHDL. E) Expression levels of ABCA1 and ABCG1 determined 
by optical density. The data in (A), (B), (C), and (E) represent the mean ± SD of at least three independent measurements. The data in (D) correspond to a 
representative western blot of n = 3. Levels of significance were determined by a two-tailed Student's t-test. *p < 0.01 compared to control miRNA.
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Western blot Figure 5D. Expression levels of ABCA1 and ABCG1  
determined by optical density were 4.0  ±  0.8 and 2.3  ±  0.6, 
respectively (Figure 5E).

2.4. Cholesterol Efflux Promoted in Foam Cells  
within the 2D Atheroma Model

Finally, the efficiency of cholesterol efflux induced by sequen-
tial administration of antagomiR-33a by DPPC:CE:LPC rHDL 
followed by DPPC rHDL was evaluated in macrophage-derived 
foam cells loaded with TopFluor Cholesterol (Figure 6A).[56] The 
efficiency of DPPC rHDL as cholesterol acceptor was compared 
with natural HDL (Figure 6B).

Additionally, a comparative study between cholesterol efflux 
in foam cells cultured in 1D and foam cells grown in the 2D 
atheroma model was performed. AntagomiR-33a-loaded 
DPPC:CE:LPC rHDL at 10 µg mL−1 was used in foam cells cul-
tured alone and, 50 µg mL−1 in the 2D atheroma model. Nano-
particles were incubated for 48 h with the cells to allow cargo 
delivery and ABCA1/ABCG1 upregulation. After cholesterol 
loading, DPPC rHDL (10 µg mL−1) or HDL (10 µg mL−1) were 
administered and incubated for 6 h to allow cholesterol efflux 
(Figure 6C).

2.4.1. HDL as Cholesterol Acceptor

Incubation with miRNA-devoid rHDL (empty-rHDL) induced 
a cholesterol efflux to HDL of ≈5% in both 1D and 2D ath-
eroma model cultured foam cells (Figure  6D). The contribu-
tion of upregulating ABCA1 and ABCG1 to cholesterol efflux 
was assessed by incubating the cells with TO901317, an LIVER 
X RECEPTOR (LXR) agonist, as an internal control of the 
assay.[57] As shown in Figure 6D, TO901317 treatment increased 
significantly cholesterol efflux to HDL when compared to cells 
treated with empty-rHDL in both 1D and 2D cultured foam cells 
(Figure 6D). Similarly, upregulation of ABCA1 and ABCG1 by 
delivery of antagomiR-33a promoted a significant enhancement 
of cholesterol efflux to HDL. On the other hand, treatment with 
TO901317 and antagomiR-33a in combination caused a three 
times higher cholesterol efflux compared to cells treated with 
empty-rHDL (Figure 6D). Combination of TO901317 and antag-
omiR-33a-rHDL caused a synergistic upregulation of ABCA1 
and ABCG1 protein levels in foam cells (Figure S2, Supporting 
Information).

The cholesterol efflux was paralleled by a similar reduction 
in the intracellular cholesterol content (Figure S3A, Supporting 
Information).

2.4.2. DPPC rHDL as Cholesterol Acceptor

DPPC as cholesterol acceptor showed a higher efficiency in 
terms of cholesterol efflux compared to HDL (Figure  6E). 
Treatment with DPPC:CE:LPC rHDL without antagomiR-33a 
(10  µg  mL−1 rHDL in 1D or 50  µg  mL−1 rHDL in the 2D ath-
eroma model) induced a cholesterol efflux of ≈7.5% in both 1D 
cultured foam cells and 2D cultures (Figure  6E). Stimulation 

of LXR with TO901317 resulted in a significantly increased 
cholesterol efflux of 52 and 59% in 1D and 2D cultured foam 
cells, respectively, compared to cells treated with rHDL without 
antagomiR-33a (7.3 ± 1.5 vs 11.1 ± 1.3, and 8.3 ± 1.8 vs 13.2 ± 0.6, 
respectively) (Figure  6E). Delivery of antagomiR-33a by 
DPPC:CE:LPC rHDL into foam cells (10 µg mL−1 rHDL in 1D 
or 50 µg mL−1 rHDL in the 2D atheroma model) increased cho-
lesterol efflux by 100 and 77% in 1D and 2D cultured foam cells, 
respectively (7.3  ±  1.5 vs 14.6  ±  0.8 and 8.3  ±  1.8 vs 14.7  ±  1.2, 
respectively). On the other hand, treatment combination with 
TO901317 and antagomiR-33a also caused a higher effect on 
cholesterol efflux than cells treated with the agonist and antag-
omiR-33a alone (Figure 6E). The reduction in the intracellular 
cholesterol content when DPPC rHDL was used as cholesterol 
acceptor paralleled the cholesterol efflux to rHDL (Figure S3B, 
Supporting Information). In addition, data indicate that five 
times higher concentrations of antagomiR-33a loaded rHDL 
are required in foam cells grown in 2D atheroma model to 
achieve similar cholesterol efflux concentrations in those cul-
tured in 1D.

Being lipid-poor apoA-I the most efficient acceptor of cho-
lesterol from macrophages in the arterial wall via ABCA1 its 
effects as cholesterol acceptor was also determined. As shown 
in Figure S4 in the Supporting Information, cholesterol efflux 
to apoA-I (10 µg mL−1) in foam cells treated with empty-rHDL 
was 15.4 ± 1.2%, in the presence of TO901317 was 21.5 ± 2.1%, 
when cells were pre-treated with antagomiR-33a-loaded rHDL 
cholesterol efflux was 27.0 ± 1.4%, and combination of TO901317 
and antagomiR-33a-loaded rHDL caused a cholesterol efflux to 
apoA-I of 37.0  ±  2.8%. These results support that antagomir-
33a-loaded rHDLs induce ABCA1 in functional level.

3. Discussion

Atherosclerotic plaque formation is a complex process in 
which macrophages play a key role in progression or regres-
sion of plaques.[1] During the last decades, disease manage-
ment has improved significantly,[58] however research must 
now shift toward the necessity to develop new therapeutic 
strategies focused on accelerating atherosclerosis regres-
sion.[1] Although animal models provide essential information 
for atherosclerosis research, 2D culture and 3D multicellular 
atherosclerosis models allow mimicking in vivo-like condi-
tions,[53,59] tackling the interaction between different cells 
in atherosclerotic plaques and, understanding the dynamics 
of new therapeutic approaches. Over the past five years, bio-
nanomaterial-based strategies have emerged as therapeutic 
or theranostic agents for managing atherosclerosis.[60] Several 
nanoplatforms to direct delivery of pharmaceutical agents to 
atherosclerotic plaque-associated macrophages have shown 
to beneficially modulate disease process and improve out-
comes. In example, core–shell nanoplatform composed of 
a poly(d,l-lactide-co-glycolide) efficiently deliver both siRNA 
against lectin-like oxidized low-density lipoprotein receptor-1 
and atorvastatin to the atherosclerotic lesions and, exert a syn-
ergistic therapeutic effect on both endothelial cells and mac-
rophages.[61] Similarly, mannose-functionalized dendrimeric 
nanoparticle (mDNP)-based platforms have been successfully 
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used for macrophage-specific delivery of LXR-L, leading to 
plaque attenuation and favorable modulation of plaque charac-
teristics.[62] Moreover, mDNPS have also been proven to simul-
taneously deliver SR-A siRNA (to reduce LDL uptake) and LXR 

ligand (LXR-L, to stimulate cholesterol efflux) with significant 
regression of atherosclerotic lesions.[63]

In addition, nanoparticles have turned out to be powerful 
delivery vehicles for miRNA-based therapeutics through inhibition  

Small 2022, 18, 2105915

Figure 6.  Cholesterol efflux promoted in foam cells by sequential rHDL administration in a triple cell 2D atheroma model. A) Macrophage-derived 
foam cells loaded with TopFluor Cholesterol. B) Illustration of the acceptors used for cholesterol efflux. C) Schematic representation of time-course 
sequential administration of rHDL prior cholesterol efflux assay. D) Cholesterol efflux in 1D and 2D atheroma model cultured foam cells with HDL 
as acceptor. E) Cholesterol efflux in 1D and 2D atheroma model cultured foam cells with DPPC rHDL as acceptor. Cholesterol efflux was calculated 
as described in the Experimental Section. The data in (D) and (E) represent the mean ± SD of at least three independent measurements. Levels of 
significance were determined by ANOVA. * p < 0.01.
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of targets that drive disease progression or overexpression of 
beneficial intermediates in CVD settings.[64–66]

In this work we sought to develop a targeted nanoparticle 
approach based in a staged administration of rHDL carrying 
antagomiR-33a to upregulate ABCA1 transporter followed by 
DPPC rHDL, which has been previously shown to be highly 
efficient removing cholesterol from foam cells.[40] We have 
investigated the efficiency of this strategy in a three-cell type 
2D culture model mimicking the atheroma plaque microen-
vironment. A major challenge to realizing this goal has been 
an effective formulation and delivery of therapeutic miRNAs to 
the cytoplasm of foam cells in the atheroma context. A concep-
tual breakthrough to this problem is surpassed with the dem-
onstration that natural HDL contain miRNAs and that these 
HDL-bound miRNAs have improved stability compared with 
naked miRNAs.[67] In addition, and taking the advantage that 
HDLs bind with their high-affinity receptor, scavenger receptor 
type B1 (SR-B1), we have developed functional HDL-like nano-
particles composed of DPPC:CE:LPC, which physically and 
chemically resemble to a natural mature HDLs; contain apoA-I, 
which is the main protein constituent of HDLs,[68] selectively 
target cells that express SR-B1;[69,70] and show no cytotoxicity 
(data not shown). Furthermore, HDL-mediated delivery of 
miRNAs to recipient cells was demonstrated to be dependent 
on SR-B1.[67] Purified DPPC:CE:LPC rHDLs showed an average 
diameter of ≈10  nm as determined by DLS and NS-EM and 
high α-helical structure content determined by CD, indicating 
a correct reconstitution of rHDLs (Figure 2). In addition, they 
bound efficiently miRNA, reaching a maximum capacity at 1:1 
mol:mol ratio and proved to be very avidly internalized by foam 
cells in the 2D atheroma model (Figures 3 and 4). It has been 
reported that HDL-miRNAs are taken up by HDL’s receptor, 
SR-B1 and that transendothelial transport of HDL is actively 
regulated by a process that involves at least SR-B1, endothe-
lial lipase and ABCG1.[67,71,72] Therefore, and using a transwell 
system, we tested whether DPPC:CE:LPC rHDL are efficiently 
transported through EC/VSMC bilayer (Figure  4C,D). Using 
fluorescent microscopy, we found DiI-rHDL within the ECs 
and not between the intercellular spaces, confirming the results 
obtained by others.[73,74] VSMC showed residual intracellular 
uptake of DiI-labeled DPPC:CE:LPC rHDL while the uptake 
in macrophage-derived foam cells resulted to be highly effi-
cient (Figure 4C), results that were further corroborated by flow 
cytometry (Figure 4D). We have also addressed the efficiency of 
nanoparticles reaching target cells in the 2D atheroma model 
and found that a fivefold higher concentration is required to 
achieve similar results than those observed in foam cells cul-
tured alone in monolayer (Figure 5A and Figure S1, Supporting 
Information).

We found that a simple treatment of DPPC:CE:LPC rHDL-
antagomiR-33a for 48 h efficiently reduced intracellular miR-33 
leading to upregulation of ABCA1 and ABCG1 transporters 
(Figure 5). Besides, our results confirm that miRNAs delivered 
via rHDL can escape the endosomal system and function in the 
RNA-induced silencing complex complex. Similar results have 
been shown using PEGylated chitosan nanoparticles delivering 
antagomiR-33 into the atheroma plaque.[51]

Once the first part of our goal proven to be effective, we fur-
ther sought to improve the therapeutic relevance of our model 

by potentiating the extent of cholesterol efflux by a second-step 
administration of DPPC rHDL. We have previously shown 
that DPPC rHDL are more efficient favoring cholesterol efflux 
than CSL-112, nanoparticles composed of soy-PC, which are 
currently being tested in humans.[40,75] Therefore, and after 
inducing ABCA1 overexpression by DPPC:CE:LPC rHDL car-
rying antagomiR-33a, cells were loaded with fluorescent cho-
lesterol and incubated with DPPC rHDL to promote choles-
terol efflux (Figure 6). We used two cholesterol acceptors, HDL 
and DPPC rHDL and compared the efflux efficiency to each 
acceptor both in foam cells cultured alone and in those cul-
tured in the 2D atheroma model. Cholesterol efflux into mature 
HDL particles is mainly mediated by ABCG1 transporter while 
ABCA1 targets mainly lipid free apoA-1 or discoidal pre-β-HDL 
(DPPC rHDL in our experimental conditions).[40,76,77] We deter-
mined similar cholesterol efflux in the foam cells cultured in 
1D or in the 2D atheroma model using 10 or 50  µg  mL−1 of 
antagomiR-33-loaded DPPC:CE:LPC rHDL, respectively. When 
HDL was used as cholesterol acceptor, both antagomiR-33a 
delivery and T0901317 promoted a significant enhanced cho-
lesterol efflux compared to that of cells treated with empty 
DPPC:CE:LPC (Figure 6D). Being ABCG1 the transporter that 
mainly mediates cholesterol transport to assembled HDL,[78,79] 
the results presented here indicate that enhancing the in vitro 
expression of ABCG1 by delivery of antagomiR-33a is as effec-
tive as T0901317 in contributing to cholesterol efflux to HDL. 
The undesired side-effects of treatments with T0901317, which 
are associated with enhanced lipogenesis, resulting in elevated 
serum triglyceride levels and hepatic steatosis, highlights the 
potential of delivering antagomiR-33a to upregulate ABCG1 
and potentiating cholesterol efflux without affecting cell cito-
toxicity.[80,81] As previously shown, DPPC rHDL-induced choles-
terol efflux was more efficient than HDL.[40] Very interestingly, 
in 1D cultures, cholesterol efflux in cells pretreated with antag-
omiR-33a-loaded rHDL was two times higher than that in cells 
treated with empty DPPC:CE:LPC rHDL and slightly but sig-
nificantly higher than cells treated with TO901317 (Figure 6E). 
Similarly, in 2D atheroma model, pretreatment with antag-
omiR-33a-loaded rHDL caused a 1.8 times higher cholesterol 
efflux compared to cells treated with empty rHDL and slightly 
higher than cells treated with TO901317 (Figure  6E). These 
results indicate that using rHDL as antagomiR-33a carrier is 
an efficient tool to upregulate ABCA1 and its potency is higher 
than that of T0901317. The higher efficacy of DPPC rHDL com-
pared to natural HDL is in agreement with the study conducted 
by Adorni et  al. showing that ABCA1 accounts for cholesterol 
efflux of 50%, while approximately 20% of the cholesterol efflux 
can be attributable to ABCG1.[76]

Notably, the results obtained in this proposed two-step ath-
eroma plaque-targeting strategy highlights its use as a prom-
ising therapeutic intervention for favoring reverse cholesterol 
transport. It also can improve the overall targeted delivery effi-
ciency of rHDL broadening potential applications in several 
diseases. Bringing the strategy of sequential administration of 
rHDL into in vivo usage is a challenge that requires further 
studies before clinical steps can be initiated. Systematic basic 
studies as those presented here concerning the mechanisms 
of nanoparticle transport, their interactions with cells and effi-
cacy, improve the translation of basic research into developing 
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and bringing novel nanomedical tools. This process involves 
multidisciplinary efforts and requires strong expertise in safety 
and healthcare issues. As mentioned above, a large number 
of studies have used rHDL as therapeutic agent addressing 
the central antiatherogenic and cardioprotective properties 
of HDL.[56,82] Inflammatory and atherogenic processes have 
been shown to be reduced by repeated infusion treatment with 
rHDL.[83] Therefore, sequential administration of antagomiR-
33a-loaded rHDL followed by DPPC rHDL infusion could rep-
resent a good strategy to favor the reverse transport of choles-
terol and contribute to the reduction of atheroma plaque. In any 
case, future in vivo studies in animal models will provide the 
necessary information to calculate the doses, the time interval 
between infusions and determine the antiatherogenic effects of 
the treatment strategy proposed in this work.

4. Conclusion

In summary, our findings demonstrate that sequential targeting 
of foam cells with nanoparticles including a first antagomiR-
33a delivery by DPPC:CE:LPC rHDL followed by a second infu-
sion of DPPC rHDL induces a potent cholesterol efflux from 
foam cells, which may overcome current technique barriers to 
promote clinical applications. Additionally, the usefulness of 
2D cell culture models as an experimental approach to bioen-
gineer atheroma models is endorsed by the possibility of dis-
secting separately the events occurring in the process to better 
understand the observed effects.

5. Experimental Section
Materials: DPPC, LPC, cholesterol (Chol), and 23-(dipyrrometheneboron 

difluoride)-24-norcholesterol (TopFluor Cholesterol) were purchased from 
Avanti Polar Lipids (Alabaster, Alabama, USA).

Cholesteryl linoleate (18:2 CE), sodium cholate hydrate, methyl-
β-cyclodextrin, bovine serum albumin (BSA), BSA fatty acid free, acyl-
CoA:cholesterol acyltransferase (ACAT) inhibitor (Sandoz 58-035), 
and cell culture reagents were obtained from Sigma-Aldrich (Madrid, 
Spain). The synthetic LXR ligand T0901317 was purchased from Cayman 
Chemical (Ann Arbor, Michigan, USA).

Human ApoA-I Purification: Human apoA-I was purified from 
E. coli BL21 (DE3) pLysS transformed with recombinant hapoA-I 
(rhapoA-I) vector (kindly provided by Prof. Oda, Children’s Hospital 
Oakland Research Institute (Oakland, CA, USA) as described 
before.[84] Briefly, protein expression was induced with isopropyl β-d-
thiogalactopyranoside (final concentration 0.4 × 10−3 m) in transformed 
E. coli BL21 (DE3) pLysS. Bacteria were maintained for 3  h at 37  °C 
and then harvested and centrifuged at 6000  ×  g for 15  min at 4  °C. 
Bacteria pellet was resuspended in protein extraction buffer (20  × 10−3 
m Tris-HCl, pH 8.0) supplemented with 0.1% (v/v) IGEPAL CA-630 and 
protease inhibitors (Complete ethylenediaminetetraacetic acid (EDTA)-
free and phenylmethylsulfonyl fluoride 1:100 (v/v)) and sonicated 
at 4  °C. Samples were centrifuged at 9500  ×  g for 30  min at 4  °C and 
the supernatant was filtered through 0.2  µm filters and loaded into a 
HiTrap TALON crude 5 mL (GE Healthcare, Chicago, IL, USA). Protein 
was eluted in 20  × 10−3 m NaPO4, 500  × 10−3 m NaCl, 500  × 10−3 m 
imidazole, pH 7.4 after being washed in 20 × 10−3 m NaPO4, 500 × 10−3 m  
NaCl, 20 × 10−3 m imidazole buffer, pH 7.4. Endotoxin was removed by 
washing in washing buffer supplemented with Triton X-114 0.1% (v/v). 
Concentration of apoA-I was determined from its extinction coefficient 
32 430 m−1 cm−1 at 280 nm.

rHDL Reconstitution and Purification: HDL reconstitution was 
performed as previously described.[40] Briefly, dried lipid mixtures of 
DPPC or DPPC:CE:LPC (75:20:5% mol), final concentration 12.5 × 10−3 m,  
were resuspended in Tris-Cl, EDTA,  NaCl (TEN) buffer (10  × 10−3 m 
Tris-HCl, 1  × 10−3 m EDTA, 150  × 10−3 m NaCl, pH 8.0) and vortexed 
at 42  °C to allow multilamellar vesicle (MLV) formation. Next, sodium 
cholate was added in 1:1.2 (lipid:cholate) molar ratio to partially 
solubilize MLVs. As soon as cholate is added, the sample is vortexed and 
incubated for 5 min at 42 °C (the cycle of vortexing and incubating the 
sample at 42 °C is repeated three times).

Next, purified apoA-I was added, apoA-I to lipid molar ratio of 1:125 
(mol/mol), and the solution was maintained above lipid transition 
temperature (Tm) for 15 min and mixed vigorously every 5 min. Samples 
were then incubated overnight at 42  °C and 800  rpm in an Eppendorf 
Thermomixer (Eppendorf AG, Hamburg, Germany). At the end of the 
incubation, nanodisc solution was transferred to a cellulose dialysis 
membrane (14 kDa molecular weight cutoff) (Sigma-Aldrich, Sant Luis, 
MO, USA) and dialyzed against 5  L of TEN buffer to remove cholate. 
Dialysis was performed at 42 °C for 48 h, with buffer changing every 24 h. 
Finally, dialyzed nanodiscs were collected and centrifuged at 13 100 × g 
for 30 min to discard aggregates. Supernatant was then passed through 
a 0.2 µm filter and maintained at 4 °C.

rHDL purification was performed on a Superdex 200 10/300 GLASS 
(GE Healthcare, Chicago, IL, USA) with TEN buffer as eluent. The column 
was calibrated with molecular size standards from Amersham Biosciences 
(Amersham, UK). Samples were eluted at 4 °C at a 0.2 mL min−1 flow rate 
and elution profiles were expressed as retention volume.

rHDL Characterization: Circular Dichroism: Secondary structure 
content of apoA-I was determined in a thermostatized Jasco 810 
spectropolarimeter in a 0.1 cm path length quartz cuvette. Spectra (200–
260 nm) were obtained at 25 °C with a bandwidth of 1 nm and response 
time of 1  s and 50  nm per scan speed. Each spectrum represents the 
average of 15 accumulations and was corrected subtracting the buffer 
spectra. Next, for each wavelength, θMRE (mean residue ellipticity) was 
calculated using the following formula

MRW DEG/1000
10 apoA-I bandwidthMREθ [ ]= ×

× ×
� (1)

where MRW = MW/(aa-1); [apoA-I] is the protein concentration (g mL−1); 
bandwidth is in cm; MW is the molecular weight; aa is the number of 
amino acids.

The α-helicity of the protein for each rHDL composition was 
calculated using θMRE at 222  nm using the following equation: % 
α-helix = ((θ)222 + 3000)/(36 000 + 3000) × 100.[85]

DLS: The hydrodynamic radius of rHDLs was determined by DLS in 
a Nano-S Zetasizer (Malvern Instruments, Malvern, UK) as previously 
described.[86] Measurements were performed in triplicate (15 runs, 10 s 
each) at 25 °C. Viscosity and refractive index of TEN buffer were applied 
to the measurements. Data were analyzed using Zetasizer software.

NS-EM: Size and morphology of the rHDL were determined by 
adsorbing 10  µL of each rHDL preparation on a glow-discharged thin 
carbon-coated 300-mesh copper grid (Cu-300CN; Pacific Grid-Tech, San 
Francisco, CA, USA) as previously described.[87] The excess of solution 
was removed and the grid was washed three times in deionized water. 
Then, one drop (≈30  µL) of 1% (w/v) uranyl acetate (pH 4.6) solution 
was applied and maintained for 1–3  min in the dark before excess 
stain was removed. Finally, the excess of solution was removed and 
the sample was air dried at room temperature. Fiji software was used 
for Feret diameter calculation, longitudinal and transversal diameters 
measurements and particle size quantification.[88] Individual particles 
were automatically selected and then checked to remove overlapping 
or damaged particles. 1600 particle images from images of each rHDL 
sample were used for the statistical analysis of particle size distribution.

Isolation of Human HDL and LDL: HDLs and LDLs were isolated from 
human plasma of healthy individuals by ultracentrifugation as previously 
described.[40] Briefly, blood was collected in EDTA tubes and samples 
were centrifuged for 10 min at 3000 × g and at 4 °C. LDL was purified from 
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the obtained human plasma by ultracentrifugation by adjusting plasma 
density with KBr to 1.21  g  mL−1), for HDL purification, plasma density 
was adjusted to 1.4 g mL−1. Two phases were generated by layering cold 
PBS buffer. The samples were centrifuged at 27 000 rpm for 22 h at 4 °C 
using the Swinging-Bucket 28.1 rotor. The bands corresponding to LDL 
and HDL were carefully recovered and lipoproteins were passed through 
a prebalanced Sephadex G25 gel filtration column (PD-10 desalting 
column, GE Healthcare, Chicago, IL, USA) to remove KBr. Lipoprotein 
concentration was measured using the detergent compatible Protein 
Asssay kit (Bio-Rad, Herculaes, CA, USA).

Lipoprotein size was measured using DLS as described above and 
polydispersity was analyzed. Samples were stored at 4 °C for a maximum 
of two weeks. The study was conducted according to the guidelines of 
the Declaration of Helsinki, and approved by the Institutional Review 
Board Research Ethics Committee from the University of the Basque 
Country (Comité de Ética en la Investigación y la Práctica Docente de la 
Universidad del País Vasco/Euskal Herriko Unibertsitatea, CEID/IIEB).

LDL Acetylation: LDL acetylation was performed as previously 
described and[40] LDL acetylation was confirmed by 0.7% agarose gel 
electrophoresis in 90 × 10−3 m Tris-HCl, 80 × 10−3 m boric acid, pH 8.2 
buffer (Figure S5, Supporting Information). Detailed methodology can 
be found in the Supporting Information.

Quantitative and Qualitative Analysis of Foam Cell Formation: 
Quantitative analysis of the formation of foam cells (acetylated LDL 
125 µg mL−1) was performed with Oil-Red-O (ORO) dye (Sigma-Aldrich, 
Saint Luis, MO, USA) as described before.[40] ORO signal was relativized 
to cell number by staining the cell nuclei with Crystal Violet (Sigma-
Aldrich, Saint Luis, MO, USA) (Figure S6A, Supporting Information).

Qualitative analysis of foam cells was performed by optical 
microscopy by visualizing lipid droplets with ORO staining and 
nuclei with Mayer´s Hematoxylin (Sigma-Aldrich, Madrid, Spain).  
(Figure S6B,C, Supporting Information). Detailed methodology can be 
found in the Supporting Information.

Cell Cultures: Human umbilical vein endothelial cells (HUVECs) 
were kindly provided by Dr. Alicia Rodriguez (University of the Basque 
Country, Universidad del País Vasco/Euskal Herriko Unibertsitatea; 
Spain) and human artery smooth muscle cells (VSMCs) were purchased 
from Coriell Cell Repositories (Coriell AG11545, Camden, NJ, USA) and 
used between passages six and nine for all experiments. Monocultures 
of all vascular cells were maintained in 75  cm2 tissue culture treated 
vented flasks (Corning, Corning, NY, USA) in a 37  °C and 5% CO2 
environment in the appropriate media. For VSMC, flasks were previously 
coated with 0.1% gelatin (Sigma-Aldrich, Madrid, Spain) and cells 
were incubated in medium 199 (Thermofisher Scientific, Paisley, UK) 
supplemented with fetal bovine serum (FBS; Thermo Fisher Scientific, 
Inchinnan, UK), 0.02  mg  mL−1 endothelial cell growth supplement, 
0.05 mg mL−1 Heparin, and 2 × 10−3 m l-glutamine. J774A.1 macrophages 
were maintained in Dulbecco’s modified Eagle medium media (Thermo 
Fisher Scientific, Paisley, UK) supplemented with 10% FBS (Thermo 
Fisher Scientific, Inchinnan, UK), l-glutamine (Thermo Fisher Scientific, 
Inchinnan, UK), and Penicillin/Streptomycin (Sigma Aldrich, Madrid, 
Spain). Monocultures of J774A.1 cells were maintained in 75 cm2 tissue 
culture treated vented flasks (Corning, Corning, NY, USA) in a 37 °C and 
5% CO2 environment. The differentiation of J774A.1 cells to foam cells 
was achieved by incubating for 24 h the cells with 125 µg mL−1 acetylated 
LDL in 24 well tissue culture treated plates (Corning, Corning, NY, USA).

Atheroma Plaque Model: Triple-Cell Coculture: Development of triple-
compartment cell culture 2D model comprising ECs, VSMCs and foam 
cells mimicking the atheroma plaque components in vitro is illustrated 
in Figure S7, Supporting Information). VSMCs were seeded at a density 
of 8 × 104 cells on the underside of 0.1% Gelatin (Sigma-Aldrich, Madrid, 
Spain) coated 0.4 µm pore 24 well transwell inserts (Corning, Corning, 
NY, USA). This was achieved by inverting the insert and seeding VSMCs 
in 50  µL of VSMC media onto the bottom of the insert (Figure S7, 
Supporting Information). The VSMCs were then allowed to adhere to 
the transwell membrane for 1  h at 37  °C and 5% CO2. The transwell 
was then reoriented and 0.5  mL VSMC media was gently added into 
the well and 200  µL on top of the insert. The following day, ECs were 

seeded at confluent density (8 ×  104  cells) on the upper surface of the 
transwell inserts and rested for additional 24  h (Figure S7, Supporting 
Information). J774A.1 derived foam cells were prepared in separate wells 
to ensure they were ready for use following the 24 h rest period. In this 
case, J774A.1 cells were differentiated to foam cells by growing the cells 
in the presence of 125  µg  mL−1 acetylated LDL for 24  h in Opti-MEM 
(Thermofisher Sci., Madrid, Spain).[40] Then, foam cells were washed 
thoroughly to remove any residual acetylated LDL and wells were filled 
with medium 199. Coculture inserts were then transferred into wells 
containing foam cells (Figure S7, Supporting Information).

TEER Measurement: TEER measurement is a noninvasive technique 
for indirectly evaluating the tight junction integrity of the cells through 
the measurement of the electrical resistance across a cellular layer. The 
evaluation of TEER value was performed by using TEER measurement 
equipment (Millicell ERS-2 Voltohmmeter, Merck, Darmstadt, Germany). 
The TEER values of transwell membrane and transwell membrane with 
ECs monolayer were measured in triplicate. The TEER values were finally 
determined as follows

cm ( ) cm2 2TEER RT RB A( ) ( )( ) ( )Ω ⋅ = Ω − Ω × � (2)

where RT is the total resistance across the cellular monolayer on the 
membrane, RB is the blank resistance of the membrane only (without 
cells), and A is the surface area of the membrane (0.33  cm2 in this  
12 well insert case).

Quantification of DiI-Labeled DPPC:CE:LPC rHDL by Flow Cytometry: 
To determine internalized DiI-labeled DPPC:CE:LPC rHDL by 
Fluorescent Activated Cell Sorter, cells were incubated with the labeled 
rHDL for 24  h in the transwell inserts (ECs, VSMC and foam cells) or 
foam cells cultured alone in monolayer. Then, cells were washed twice 
with PBS and each cell type was recovered from its compartment by 
incubating the cells with PBS supplemented with EDTA 5 × 10−3 m. Once 
detached, fluorescence of 10 000 events was acquired for data analysis. 
Fluorescence intensities (FI) were measured by flow cytometry on a 
CytoFlex (Beckman Coulter, Madrid, Spain). All measurements were 
performed at least in triplicate and 10 000 events were acquired for data 
analysis in each sample.

MicroRNA Delivery: rHDL-miRNA Conjugation: HDL particles in 
TEN buffer were incubated with miRNAs (Hairpin Inhibitor Control or 
hsa-miR-33a-5p hairpin inhibitor) for 90 min at 30  °C in agitation. The 
efficiency of miRNA binding to rHDL was determined by qRT-polymerase 
chain reaction. rHDL was conjugated to Hairpin Inhibitor Control (based 
on cel-miR-67 mature sequence) at miRNA:protein mol ratios ranging 
0.001–10:1. Samples were next washed four times in the same buffer by 
centrifugation (Amicon Ultra-4 Centrifugal Filter Units (100 000 Dalton 
Pores, Merck, Darmstadt Germany)) and TRIzol reagent (Thermofisher 
Sci., Madrid, Spain) was used for extraction and purification following 
the manufacturer’s guidelines. 20 pmol UniSp6 spike-in RNA (QIAGEN, 
Germany) were added to each sample for extraction control and 
normalization. To quantify bound miRNA, miRCURY locked nucleic 
acid miRNA PCR System (QUIAGEN, Germany) was used on a CFX96 
Touch Real-Time PCR Detection System (Bio-Rad, CA, USA) according to 
manufacturer’s protocol. cel-miR-67 miRCURY LNA miRNA PCR Assay 
(QIAGEN, Germany) that matched the mature form of miRNA cel-miR-
67–3p was used as primers.

miRNA Delivery and Functional Studies: For assay optimization, conjugated 
rHDLs with miRNA at 1:1 miRNA:protein mol ratio were diluted in Opti-MEM 
(Thermofisher Sci., Madrid, Spain) (0–20  µg  mL−1 of protein in foam cell 
monolayers or 0–100 µg mL−1 in the ECs compartment in 2D cultures) and 
incubated 24 h with the cells seeded in 24-well plates. To determine miRNA 
delivery efficiency and activity, the following day cells were washed twice with 
PBS and TRIzol reagent was added for total RNA extraction.

For functional studies cells were incubated with miRNA conjugated 
rHDLs (1:1 miRNA:protein mol ratio) for 24  h in Opti-MEM 
(Thermofisher Sci., Madrid, Spain). Then, the same volume of DMEM 
medium (Sigma-Aldrich, Madrid, Spain) supplemented with 20% (v/v) 
FBS, 2 × 10−3 m l-glutamine (Invitrogen, Madrid, Spain), 100 units mL−1 
penicillin, and 100  µg  mL−1 streptomycin (Invitrogen, Madrid, Spain) 
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was added. After additional 24  h, cells were washed with PBS, and 
TRIzol reagent was added to determine miRNA and mRNA levels, or 
lysis buffer (50 × 10−3 m Tris-HCl, pH 7.5, 0.1% sodium dodecyl sulphate, 
0.1% deoxycholic acid, 0.1 × 10−3 m EDTA, 0.1 × 10−3 m Ethylene glycol 
tetraacetic acid, 1% NP-40, 5.3 × 10−3 m NaF and 1.5 × 10−3 m NaP) to 
determine protein levels.

RNA Isolation and Quantitative Real-Time PCR: For mRNA and miRNA 
quantification, total RNA from cells was isolated using TRIzol reagent 
according to manufacturer’s guidelines. For ABCA1 and ABCG1 mRNA 
expression study, One Step SYBR PrimeScript RT-PCR Kit (Perfect Real 
Time) (Takara, Japan) was used for cDNA synthesis and quantitative 
PCR. Glyceraldehyde 3-phosphate dehydrogenase mRNA was used as the 
housekeeping mRNA for normalization. For miRNA analysis, miRCURY 
LNA miRNA PCR System (QUIAGEN, Germany) was used as before. 
U6 snRNA was used as the housekeeping control for normalization. 
All primers were synthesized (Laboratorios Conda, Spain) based on 
sequences published in Massachusetts General Hospital PrimerBank 
(https://pga.mgh.harvard.edu/primerbank/).

Cholesterol Efflux Assay: Functionality of rHDLs was analyzed 
through their capacity to induce cholesterol efflux from cells loaded 
with TopFluor-Cholesterol as described before.[40] Labeling medium 
was prepared by complexing a mixture of cholesterol and TopFluor-
cholesterol (3:1, M:M) with β-cyclodextrin (16  × 10−3 m). Once mixed, 
cholesterol was dried under nitrogen stream and mixed with an 80-molar 
excess of β-cyclodextrin dissolved in minimum essential medium eagle 
(MEM)-Hepes 25  × 10−3 m media (pH 7.4). Finally, the mixture was 
sonicated at 40 °C in a water bath for 30 min to resuspend cholesterol 
and further incubated for 3 h at 37 °C in agitation.

After antagomiR-33a delivery by DPPC:CE:LPC rHDL across 
2D cocultures (Figure S8, Supporting Information), macrophage-
differentiated foam cells were loaded with labeling media diluted in 
Roswell Park Memorial Institute Medium-1640 containing 0.4% BSA and 
4  µg  mL−1 ACAT inhibitor (1:1, v:v) plus 2% of FBS, for an hour. Cells 
were then washed and incubated in RPMI-1640 containing 0.2% BSA and 
2 µg mL−1 ACAT inhibitor for 15 h with or without 3 × 10−6 m of TO901317 
LXR agonist in order to induce ABCA1 and ABCG1 upregulation.[57]

After resting time, DPPC rHDLs or HDLs were added to the cells in 
MEM-Hepes 25 × 10−3 m (pH 7.4) containing 2 µg mL−1 ACAT inhibitor. 
As an internal control of the experiment, BSA 10  µg  mL−1 was added 
to TopFluor-Cholesterol loaded cells to obtain nonspecific efflux in 
the absence of acceptors. After 6  h incubation, media and cells were 
collected to assess cholesterol efflux.

Since nanoparticles were reconstituted using human recombinant 
apoA-I and cholesterol efflux was assessed in murine macrophages, 
purified human recombinant apoA-I was used to determining specific 
efflux from ABCA1 transporter. It has been previously demonstrated that 
the ABCA1-mediated efflux of free cholesterol from ABCA1-expressing 
J774.A1 cells exhibits a hyperbolic dependence on the concentration 
of human apoA-I in the extracellular medium and conforms to the 
Michaelis–Menten equation similar to that of mouse apoA-I.[89] In 
addition, it has been shown that efflux to recombinant human apoA-I 
and human plasma apoA-I is similar.[90]

Collected media were centrifuged for 15 min at 2900 × g to remove 
cell debris. Cell monolayers were washed gently with MEM-Hepes 25 × 
10−3 m and solubilized with lysis buffer (50  × 10−3 m Tris-HCl, pH 7.5, 
0.1% SDS, 0.1% deoxycholic acid, 0.1 × 10−3 m EDTA, 0.1 × 10−3 m EGTA, 
1% NP-40, 5.3  × 10−3 m NaF, and 1.5  × 10−3 m NaP) during 30  min in 
a plate shaker at room temperature. Fluorescence of both culture 
media and cell lysates was measured using a Synergy HTX Multimode 
microplate reader (λex: 485 ± 20 nm, λem: 528 ± 20 nm) and FI were used 
to calculate cholesterol efflux in each condition as follows

Cholesterolefflux %
culturemediaFI

culturemediaFI celllysateFI
100= + × � (3)

Culture media FI was obtained by subtracting the fluorescence 
intensity of the media with no acceptors. Specific efflux of each acceptor 
was calculated by subtracting the efflux to BSA.

Statistical Analysis: All measurements were performed at least 
three times, unless otherwise stated, and results are presented as 
mean  ±  standard deviation. A Shapiro–Wilk test was performed to 
confirm that the data were normally distributed. The null hypothesis 
was verified, indicating that the data were normally distributed. For the 
statistical analysis of variables with a normal distribution, the Student 
t–test or  Analysis of variance was used. The categorical variables were 
compared using the Chi square test or Fisher’s exact test. A p-value 
<0.05 was considered significant. All statistical analyzes were performed 
with the SPSS 25 (SPSS, Inc., Chicago, IL, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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