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Abstract Accumulating evidence has demonstrated that nucleic acid-based therapies are promising for

atherosclerosis. However, nearly all nucleic acid delivery systems developed for atherosclerosis necessi-

tate injection, which results in rapid elimination and poor patient compliance. Consequently, oral delivery

strategies capable of targeting atherosclerotic plaques are imperative for nucleic acid therapeutics. Herein

we report the development of yeast-derived capsules (YCs) packaging an antisense oligonucleotide

(AM33) targeting microRNA-33 (miR-33) for the oral treatment of atherosclerosis. YCs provide stability

for AM33, preventing its premature release in the gastrointestinal tract. AM33-containing YCs, defined as

YAM33, showed high transfection in macrophages, thus promoting cholesterol efflux and inhibiting foam

cell formation by regulating the target genes/proteins of miR-33. Orally delivered YAM33 effectively

accumulated within atherosclerotic plaques in ApoE− /− mice, primarily by transepithelial absorption
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via M cells in Peyer’s patches and subsequent translocation via macrophages through the lymphatic sys-

tem. Inhibition of miR-33 by oral YAM33 significantly delayed the progression of atherosclerosis. More-

over, oral treatment with YCs co-delivering AM33 and atorvastatin afforded significantly enhanced anti-

atherosclerotic effects. Our findings suggest that yeast-based microcapsules represent an effective carrier

for oral delivery of nucleic acids, either alone or in combination with existing drugs, offering a promising

approach for precision therapy of atherosclerotic diseases.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Despite considerable progress in the treatment of atherosclerotic

cardiovascular diseases, the mortality rate resulting from

myocardial infarction and stroke remains the leading cause of

death worldwide1. Currently, statins and proprotein convertase

subtilisin/kexin type (PCSK) 9 inhibitors capable of lowering the

levels of low-density lipoprotein (LDL) are the most common

drugs clinically used for the treatment of atherosclerosis2-4.

However, these lipid-lowering therapies afford limited efficacy in

the regression of atherosclerosis, and treatment with these drugs

only showed a 20%‒40% reduction in subsequent major coronary

events5,6. Furthermore, long-term systemic administration of these

drugs may cause various side effects, including diabetes, rhab-

domyolysis, liver injury, and nasopharyngitis, mainly due to the

non-specific distribution of drug molecules. Moreover, due to the

high cost of PCSK9 inhibitors, their applications impose a heavy

financial burden on patients7,8. Consequently, more specific,

effective, and safe therapies capable of promoting atherosclerosis

regression are imperative for the management of many cardio-

vascular diseases.

Increasing evidence has demonstrated that nucleic acid-based

therapies hold great promise for the treatment of atherosclerosis.

In addition to DNA therapies, different types of RNA therapeutics

have been evaluated in preclinical and clinical studies for treating

atherosclerotic diseases, including antisense oligonucleotides

(ASOs), small interfering RNAs (siRNAs), microRNA (miRNA)

mimetic and inhibitor therapies, and messenger RNA (mRNA)9-14.

Of note, Volanesorsen, an ASO targeting hepatic apolipoprotein

C-III mRNA was approved by the European Union in 2019, for the

treatment of adult patients with familial chylomicronemia syndrome,

hypertriglyceridemia, and familial partial lipodystrophy15-17. Most

recently, inclisiran, a siRNA therapy capable of notably reducing

PCSK9 synthesis in the liver and decreasing cholesterol levels, has

been approved by the Food and Drug Administration of USA in

20219,12,18. For therapeutic applications of RNA therapeutics,

different chemical modification approaches have been developed

to enhance their stability, target affinity, and tissue/cell uptake

efficiency13,14,19. Alternatively, various classes of nonviral delivery

vectors, such as liposomes, lipid nanoparticles, exosomes, polymeric

micelles, dendrimers, lipoprotein-based carriers, DNA nano-

structures, and bioresponsive nanoparticles are examined or used to

achieve local or site-specific delivery of RNA therapies to target

tissues or cells10,19-27. However, nearly all delivery systems for

nucleic acid therapeutics developed thus far need to be administered

via injection, particularly intravenous injection, to realize desirable

targeting effects23,27. Meanwhile, their targeting capability mainly

relies on direct penetration through the impaired endothelium or the

disrupted vasculature28-31, which can be considerably impaired by

unexpected surface coating of biomolecules in the blood and rapid

elimination via the mononuclear phagocytic system. Moreover,

intravenous injection is invasive and often results in poor patient

compliance. This is particularly concerning for chronic diseases like

atherosclerosis, which typically require lifelong treatment. Therefore,

there is a critical need to develop safe, effective, patient-friendly, and

innovative delivery strategies to facilitate the clinical translation of

existing nucleic acid therapies.

Oral delivery is the preferred route for treating chronic diseases

that necessitate frequent administration, due to its numerous ad-

vantages, including non-invasiveness, convenience, cost-

effectiveness, favorable safety performance, high patient accep-

tance and adherence, and ease of dosage adjustment32-34. How-

ever, oral delivery of a sufficient amount of nucleic acid molecules

to atherosclerotic plaques is extremely challenging, due to the

harsh gastrointestinal environment, low absorption/bioavailability,

and long way before translocation to aortic lesions. Previously,

we discovered that microcapsules derived from Saccharomyces

cerevisiae yeast can be transported to distant inflammatory

sites in murine models of tumors and arthritis after oral

administration35,36. For these yeast-derived capsule (YC) delivery

systems, their oral targeting to inflammation is mainly mediated

by Dectin-1-based transcytosis via M cells in intestinal Peyer’s

patches and sequential endocytosis in monocytes/macrophages,

which are then translocated to neighboring lymphoid

tissues and finally delivered to remote inflammatory sites35,37-39. Of

note, YCs can efficiently load different types of therapies, varying

from small-molecule drugs, and peptides/proteins, to nucleic

acids35,37-43.

Based on these encouraging findings, herein we hypothesize

that YCs can serve as an efficient platform for site-specifically

delivering nucleic acid therapeutics to aortic plaques via the oral

route (Fig. 1), thereby realizing targeted treatment of athero-

sclerosis. As a proof of concept and with the aim to develop an

effective and safe oral deliverable nucleic acid therapy, anti-

miR33 (AM33), an ASO targeting intronic microRNA-33-5p

(miR33) was used as a candidate drug, since accumulative evi-

dence indicates that miR-33 plays a pivotal role in the patho-

genesis of atherosclerosis44,45. miR33 is located within the gene

encoding sterol-regulatory element-binding factor-2 (SREBF-2),

a well-recognized transcriptional regulator of genes involved in

cholesterol biosynthesis and cellular cholesterol transport.

miR33 can suppress the expression of adenosine triphosphate-

binding cassette transporters A1 (ABCA1) and G1 (ABCG1)

genes46, thus attenuating the cholesterol efflux and decreasing

biosynthesis of high-density lipoprotein (HDL)44,47,48. By

contrast, miR-33 antagonism with AM33 affords atheropro-

tective effects by regulating cholesterol and fatty acid synthesis/

uptake, raising plasma HDL, lowering very low-density
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lipoprotein levels, and reprograming the immune cell landscape

in plaques49,50. Besides demonstrating the targeting and thera-

peutic effects of orally delivered AM33-loaded YCs, we attempt

to substantiate that YCs can site-specifically co-deliver nucleic

acid and small-molecule therapeutics to achieve synergistic anti-

atherosclerotic efficacies.

2. Materials and methods

2.1. Materials

Yeast of Saccharomyces cerevisiae was obtained from

Lesaffre International Corporation (France). The oligonucleotide

Figure 1 Schematic illustration of the composition and engineering of orally deliverable nucleic acid therapies based on yeast-derived bio-

mimetic microcapsule (YCs) containing atorvastatin (ATO) and anti-miR33 (AM33) for targeted treatment of atherosclerosis. (A) A sketch

showing the engineering of orally deliverable YC therapies containing ATO and AM33. (B) Translocation and targeted atherosclerotic treatment

via orally delivered YCs loaded with ATO and AM33.
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anti-miR33 (TGCAATGCAACTACAATGCAC, defined as AM33)

and Cy3-labeled anti-miR33 (Cy3-AM33) were biosynthesized by

Ribo Life Science Co., Ltd. (Suzhou, China). Atorvastatin (ATO) was

purchased from Aladdin Biochemical Technology Co., Ltd.

(Shanghai, China). Branched polyethyleneimine (PEI) with molec-

ular weight (Mw) of 25 kDa, fluorescein isothiocyanate (FITC),

DNase I, collagenase I, collagenase XI, and hyaluronidase were

purchased from Sigma‒Aldrich (USA). Anti-ABCA1 antibody, anti-

ABCG1 antibody, and anti-CD68 antibody were supplied by Abcam

(USA). 25-[N-[(7-Nitro-2-1,3-benzoxadiazol-4-yl) methyl] amino]-

27-norcholesterol (NBD-cholesterol), cell counting kit-8 (CCK-8)

and all ELISA kits were obtained from Boster (Wuhan, China).

Lipopolysaccharide (LPS) and 4′,6-diamidino-2-phenylindole

(DAPI) were purchased from Beyotime (Shanghai, China).

LysoTracker Green was obtained from Invitrogen (USA). Human

oxidized low-density lipoprotein (ox-LDL) and purified human high-

density lipoprotein (HDL) were purchased from Yiyuan Bio-

technologies (Guangzhou, China). Cycloheximide (CXI) was ob-

tained from MedChemExpress LLC (USA). All the other reagents are

commercially available and used as received.

2.2. Preparation of yeast microcapsules

Yeast microcapsules (YCs) were prepared following the proced-

ures described in our previous study38. Briefly, 50 g yeast was

suspended in 500 mL of 1 mol/L NaOH, and the resulting slurry

was heated at 80 ◦C for 1 h. The sample was retrieved by

centrifugation at 2200×g (Eppendorf) for 15 min, rinsed twice

with deionized water, dispersed in aqueous solution at pH 4.5, and

then incubated at 55 ◦C for 1 h. After centrifugation and

comprehensive washing with deionized water, the yeast sample

was rinsed four times with isopropyl alcohol and additionally

washed with acetone twice. Finally, the yeast sample was

collected and dried under vacuum.

2.3. Synthesis of FITC-conjugated PEI

To synthesize FITC-conjugated PEI (FITC-PEI), 4 mg FITC in

2 mL of DMSO was added into 4.5 mL of DMSO containing

36 mg PEI. The obtained solution was stirred in the dark at 37 ◦C

for 4 h. After complete reaction, FITC-PEI was obtained by

dialysis of the reaction solution against deionized water for 24 h.

2.4. Preparation of PEI-containing YCs

To prepare PEI-loaded YC (YC-PEI), a certain amount of YC was

dispersed in deionized water by sonication, and different contents

of PEI in aqueous solution was added with the weight ratio of PEI

to YC ranging from 0.02:1 to 0.5:1. The mixture was incubated at

37 ◦C for 4 h. YC-PEI was obtained after centrifugation and

rinsing with deionized water. FITC-labeled YC-PEI was fabri-

cated through similar procedures by packaging FITC-PEI in YCs.

2.5. Self-assembly of ATO/PEI nanoparticles

ATO-loaded PEI nanoparticles (ATO-PEI NP) were prepared by

self-assembly. In brief, different contents of ATO and 10 mg PEI

were co-dissolved in 1 mL of DMSO (the weight ratio of ATO to

PEI ranging from 1:1, 1.25:1, 1.75:1, 2.5:1, to 5:1), and then

dialyzed against deionized water for 24 h at room temperature.

The aqueous solutions containing ATO/PEI nanoparticles were

collected for further experiments.

2.6. Preparation of YCs packaged with AM33 or ATO

To package AM33 into YC, 3.8 mg YC-PEI (at a PEI/YC weight

ratio of 0.1:1) was suspended in 10 mL of deionized water and

stirred at 37 ◦C for 30 min. An appropriate amount of AM33

(5 nmol) was added, followed by stirring at 37 ◦C for 2 h. AM33-

loaded YC (YAM33) was obtained by centrifugation at 2000×g for

10 min, washing with deionized water, and freeze-drying. Similarly,

Cy3-AM33-loaded YC (i.e., Cy3-YAM33) was prepared.

To load ATO into YC, 15 mg YC was suspended in 10 mL of

deionized water. 1.5 mg of ATO/PEI nanoparticles (obtained at an

ATO/PEI weight ratio of 1:0.6) was added and incubated at 37 ◦C

for 4 h. After centrifugation at 2000×g for 5 min, rinsing with

deionized water 3 times, and freeze-drying, ATO-loaded YC

(defined as YATO) was obtained.

To prepare YC co-loaded with AM33 and ATO, 70 mg YATO

was suspended in 100 mL of deionized water, into which 7 mg PEI

was added and stirred at 37 ◦C for 2 h. The obtained solution was

centrifuged and washed with deionized water to remove un-loaded

PEI, and then 100 nmol AM33 was added. After 4 h of incubation

at 37 ◦C, YC containing both ATO and AM33 (defined as YAA)

was collected by centrifugation, rinsing with deionized water, and

lyophilization.

2.7. Characterization of various particles

Particle size and ζ-potential measurements were performed on a

Malvern Zetasizer Nano ZS instrument (Britain) at 25 ◦C. Scan-

ning electron microscopy (SEM) was carried out on a FIB-SEM

microscope (Crossbeam 340, Zeiss, Germany), while trans-

mission electron microscopy (TEM) observation was conducted

on a Tecnai-10 microscope (Philips, the Netherlands) operating at

an acceleration voltage of 80 kV. Confocal laser scanning mi-

croscopy (CLSM) observation was performed by a Zeiss LSM510

laser scanning confocal microscope (Germany).

To quantify the content of ATO in ATO/PEI nanoparticles, the

lyophilized sample of ATO/PEI nanoparticles was dispersed in

methanol to extract ATO. Then high-performance liquid chro-

matography (HPLC, LC-20A, Shimadzu, Japan) was performed to

determine the concentration of ATO. The detection wavelength

was 244 nm, while the mobile phase consisted of deionized water

and methanol (v/v, 65:35), with a flow rate of 1.0 mL/min. The

content of ATO in YATO and YAA was detected through similar

procedures. On the other hand, AM33 entrapped in YAM33 or

YAA was determined by quantifying un-loaded AM33 in an

aqueous solution via fluorescence measurement of Cy3-AM33.

The excitation and emission wavelengths were set at 550 and

570 nm, respectively.

2.8. In vitro stability and release studies

The stability of YAM33 was tested at 37 ◦C in deionized water,

0.01 M PBS (pH 7.4), or saline. At different time points, the

content of Cy3-AM33 in the supernatant was measured by fluo-

rescence spectroscopy (F-7000, Hitachi, Japan). For in vitro

release tests, 10 mg Cy3-YAM33 or YAA was dispersed in 4.0 mL

of aqueous solution and placed into dialysis tubing, which was

then immersed in 40 mL of simulated gastric fluid at pH 1.2 and

incubated at 37 ◦C. After 2 h, the dissolution medium was

changed to simulated intestinal fluid at pH 7.4. At specific time

intervals, 3 mL of release medium was withdrawn, and fresh

medium was supplemented. The AM33 concentrations in release
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buffers were quantified by fluorescence spectroscopy, while the

amount of ATO was detected by HPLC. Meanwhile, the

morphology of YAM33 was observed by TEM and CLSM at

different time points.

Also, the stability of AM33 in gastrointestinal fluid was eval-

uated by agarose gel electrophoresis. Briefly, 200 μL of aqueous

solution containing YAM33 or free AM33 (at 0.5 mg/mL of

AM33) was incubated at 37 ◦C for 4 h in 0.2 mL of simulated

gastric fluid or simulated intestinal fluid. Then the solution was

loaded on a 1.2% agarose gel for 30 min at 120 V. YAM33 and

free AM33 without any treatment were employed as controls. The

gel images were acquired using a Chemiluminescence Imaging

System (Vilber Bio Imaging, France).

In a separate study, 100 μL of aqueous solution containing

YATO or free ATO (at 0.5 mg/mL of ATO) was incubated at 37 ◦C

for 4 h in 0.2 mL of simulated gastric fluid or simulated intestinal

fluid. Then the solution containing free ATO was filtrated through

a 0.22-μm microporous filter membrane and detected by HPLC.

Meanwhile, the solution from the YATO group was centrifuged

and 300 μL of methanol was added to the precipitate. The mixture

was sonicated for 10 min to allow complete extraction of ATO

from YCs. Following centrifugation, the ATO content in the su-

pernatant was determined by HPLC.

2.9. Animals

All animal care and experimental protocols were conducted in

accordance with the rules of the Animal Ethical and Experimental

Committee of the Third Military Medical University (Army

Medical University, Chongqing, China; approval number

AMUWEC2019122). Male apolipoprotein E-deficient (ApoE− /− )

mice (about 6 weeks old) were supplied by the Vital River Co.,

Ltd. (China). Male C57BL/6 mice (6‒8 weeks) were obtained

from the Animal Center of the Army Medical University. All mice

were acclimatized for at least 7 days before further experiments.

2.10. Cell culture

RAW264.7 mouse macrophages were purchased from the Institute

of Biochemistry and Cell Biology (Shanghai, China). The cells

were cultured in RPMI 1640 medium supplemented with 10%

fetal bovine serum (FBS) and penicillin/streptomycin at 37 ◦C in a

humidified atmosphere containing 5% CO2.

Also, bone marrow-derived macrophages (BMDMs) were

differentiated from mouse bone marrow cells. In brief, C57BL/6

mice of 4 weeks’ old were sacrificed and the leg bones were

isolated. After the epiphyses of the bones were cut, the marrow

was flushed with Dulbecco’s modified Eagle’s medium (DMEM)

using a 5-mL syringe. The cell suspension was centrifuged at

250×g for 10 min. The cell pellet was treated with red blood cell

lysate, then resuspended in DMEM and passed through 70-μm cell

strainers. BMDMs were acquired by in vitro differentiation of the

collected cells in the presence of macrophage colony-stimulating

factor for 7 days.

2.11. In vitro cellular uptake

RAW264.7 cells were seeded on a glass cover slide in 12-well

plates at a density of 1 × 105 cells/well. After 12 h, the culture

medium was replaced with fresh medium containing Cy3-YAM33

(at 0.2 nmol/L of Cy3-AM33) and incubated for various durations.

Before observation, nuclei were stained with DAPI, while

endosomes/lysosomes were stained with LysoTracker Green for

1 h. Fluorescence images were acquired by CLSM. Dose-

dependent internalization was performed after incubation for 3 h

in the same manner. Additionally, cellular internalization of free

Cy3-AM33 in RAW264.7 cells was examined after 3 h of

incubation.

To quantify the extent of YAM33 internalization,

RAW264.7 cells were seeded in 12-well plates and incubated

overnight. After the cells were incubated with Cy3-YAM33 at

defined doses for specified time periods, the cells were harvested

and fluorescence intensities were quantified via flow cytometry

(BD FACSCelesta, USA). Through similar procedures, time- and

dose-dependent cellular uptake of Cy3-YAM33 in BMDMs was

also investigated.

2.12. In vitro cholesterol efflux assay

The effect of YAM33 treatment on cholesterol internalization was

first explored. To this end, RAW264.7 macrophages in 24-well

plates (5 × 104 cells per well) were pretreated with a medium

containing free AM33 or various concentrations of YAM33 for

8 h. Then, the medium was removed and changed to NBD-

cholesterol at 1 μg/mL, followed by 4 h of incubation. The cells

were washed and lysed in 0.1% Triton X-100 and the fluorescence

intensities of NBD-cholesterol in the cell lysates were measured

by fluorescence spectroscopy. The excitation and the emission

wavelengths were set at 465 nm and 535 nm, respectively.

In vitro cholesterol efflux was performed based on a previously

reported method with slight modification25. Briefly, RAW264.7

macrophages in 24-well plates at a density of 5 × 104 cells per well

were incubated with phenol red-free RPMI 1640 medium con-

taining 1 μg/mL NBD-cholesterol for 4 h. After cholesterol loading,

the cells were treated with free AM33 or various concentrations of

YAM33 in the presence of 10 μg/mL HDL for 8 h. Then the cells

were lysed in 0.1% Triton-X100 and the fluorescence intensities of

NBD-cholesterol in the cell lysates were measured. Following

similar procedures, the effects of different concentrations of blank

YCs on cholesterol efflux were also examined.

2.13. Studies on foam cell formation in vitro

RAW264.7 macrophages were stimulated with 0.1 μg/mL LPS for

12 h. The medium was then replaced with fresh medium con-

taining free AM33 (0.2 nmol/L) or gradient concentrations of

YAM33 and incubated for 4 h. The cells were treated with

50 μg/mL ox-LDL for 48 h. Subsequently, cells were rinsed twice

with PBS and fixed in 4% paraformaldehyde, then stained with

0.3% Oil Red O (ORO) for 30 min. The formation of foam cells

was assessed by optical microscopy. Similarly, the effect of blank

YCs on foam cell formation was also investigated.

To examine the bioactivity of YAM33 after crossing the

epithelial barrier, Caco-2 cells were cultured (1 × 105 cells/well)

on the polycarbonate membranes of Transwell plates (Corning

Costar Corp). Then the apical solution was replaced with fresh

medium containing YAM33 at 1 nmol/L AM33. After 8 h, the

medium at the basolateral side was collected to evaluate its effects

on the foam cell formation in ox-LDL-induced macrophages.

2.14. Quantitative real-time PCR (qRT-PCR)

RAW264.7 macrophages in 12-well plates at a density of

3 × 105 cells per well were incubated with free AM33 or various
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concentrations of YAM33 for 2 h. Total RNA was extracted from

transfected cells using the TRNzol Universal Reagent (Tiangen

Biotech Co., Ltd., Beijing, China). cDNA was amplified using an

iScript cDNA Synthesis Kit (Bio-Rad, USA), and gene expression

was measured by qRT-PCR using SYBR Green PCR Supermix

(Bio-Rad, USA). ß-Actin served as a control. Gene-specific

primers are summarized in Supporting Information Table S1.

2.15. Analysis of ABCA1 and ABCG1 expressions

RAW264.7 macrophages in 12-well plates (3 × 105 cells per well)

were treated with medium containing free AM33 or various

concentrations of YAM33 for 4 h. Subsequently, macrophages

were labeled with ABCA1 antibodies and Alexa Flour 488-labeled

secondary antibody. After washing twice with PBS, samples were

analyzed by flow cytometry.

In a separate study, RAW264.7 cells were seeded on a glass

cover slide in 12-well plates at a density of 3 × 105 cells/well.

After 12 h, the culture medium was replaced with fresh medium

containing free AM33 or various concentrations of YAM33 and

incubated for 4 h. Before observation, cells were stained with

ABCG1 antibody and Alexa Fluor 488-labeled secondary anti-

body. Fluorescence images were acquired by CLSM after coun-

terstaining with DAPI.

2.16. In vitro anti-inflammatory effects

RAW264.7 macrophages were seeded in 12-well plates, into

which LPS at 0.5 μg/mL was added. After incubation for 3 h, free

AM33 or different doses of YAM33 were added and incubated for

another 6 h. The levels of tumor necrosis factor (TNF)-α, inter-

leukin (IL)-1ß, and IL-6 in the supernatant were determined by

ELISA.

2.17. In vitro cytotoxicity

RAW264.7 macrophages or BMDMs were seeded in 96-well

plates at a density of 1 × 104 cells per well and incubated over-

night. Then different doses of YAM33 or YAA (varying from 0.05,

0.1, 0.2, 0.5, 1.0, to 2.0 nmol/L) were added. After incubation for

24 h, cell viability was determined by Cell Counting Kit (CCK)-8.

2.18. In vivo atherosclerotic plaque targeting effects of YAM33

in ApoE− /− mice

Atherosclerotic plaques in male ApoE− /− mice were induced by

feeding a high-fat diet containing 20% lard and 1.25% cholesterol

for 3 months. Then Cy3-YAM33 at 20 mg/kg was orally admin-

istered to C57BL/6 mice or ApoE− /− mice, while C57BL/6 mice

in the control group were treated with the same dose of YAM33.

Animals were sacrificed at 12 h after oral gavage. The aortas were

resected and imaged on an IVIS spectrum system (PerkinElmer,

USA).

In a separate study, ApoE− /− mice with advanced atheroscle-

rosis were separately administered with Cy3-YAM33 or Cy3-

labeled AM33/PEI complexes (i.e., Cy3-PAM33) at 20 mg/kg of

Cy3-AM33 by oral gavage. At 12 h after administration, mice

were euthanized and different organs/tissues, including the aorta,

Peyer’s patch (PP), mesenteric lymph node (MLN), inguinal

lymph node (ILN), liver, spleen, lung, kidney, and intestine, were

isolated for ex vivo imaging.

2.19. Studies on the transportation processes and mechanisms

of YAM33 after oral delivery

Cy3-YAM33 at 20 mg/kg was orally gavaged in ApoE− /− mice fed a

high-fat diet for 3 months. At 3 and 12 h post-administration, mice

were euthanized. Then the aorta, PP, MLN, ILN, and main organs

were isolated and imaged by the IVIS spectrum system. Additionally,

the fragments of aortic tissues and PP were suspended in a mixture of

DNase I (60 U/mL), hyaluronidase (60 U/mL), collagenase I (450

U/mL), and collagenase XI (125 U/mL) at 37 ◦C for 40 min. The

obtained suspension was passed through a 70-μm cell strainer,

centrifuged, and cultured in DMEM for 4 h. Then the cells were

rinsed and the attached cells were fixed in 4% paraformaldehyde,

stained with rat anti-mouse CD68 antibody, and FITC-labeled goat

anti-rat IgG (H + L), while nuclei were stained with DAPI. Images

were acquired using a Zeiss confocal microscope.

To further investigate the transport mechanism of YAM33,

laminarin was used to assess its inhibitory effect on intestinal

adsorption of YAM33. In this case, C57BL/6 mice were randomly

divided into 3 groups. The control group received oral saline

administration, while the other two groups were treated with Cy3-

YAM33 at 20 mg/kg of Cy3-AM33 by oral gavage with or without

pre-treatment with laminarin at 15 mg/kg for 1 h prior to Cy3-

YAM33 ingestion. Animals were sacrificed 4 h after administra-

tion, and the PP tissue was harvested and imaged by an IVIS

spectrum system. Subsequently, the PP was embedded in Tissue-

Tek O.C.T. Compound and 7 μm-thick cryosections were prepared

and stained with anti-GP2 antibody (MBL International Corpo-

ration, Japan) at 2.5 μg/mL in the dark at 4 ◦C for 12 h. Then the

sections were incubated with corresponding FITC-labeled sec-

ondary antibody (1:250; Beyotime, Shanghai, China) at 37 ◦C for

30 min. Nuclei were counterstained with DAPI. Images were

captured by a Zeiss confocal microscope.

Moreover, CXI was employed to further examine the effect of

lymphatic transport on intestinal absorption and plaque-targeting

capacity of orally delivered YAM33. Briefly, ApoE− /− mice fed

with a high-fat diet for 3 months were randomly divided into 5

groups. The control group received oral saline administration,

while the other four groups were orally administrated with Cy3-

YC, Cy3-AM33, Cy3-YAM33, or Cy3-YAM33 plus oral pre-

treatment with CXI at 3 mg/kg 1 h prior to Cy3-YAM33 de-

livery. Animals were sacrificed at 12 h after administration, and

the aorta, PP, MLN, ILN, and intestinal tissues were isolated for

ex vivo imaging.

Subsequently, the integrity of YAM33 before and after crossing

the intestinal epithelial barrier was examined. To this end, saline

or Cy3-YAM33 (at 20 mg/kg of Cy3-AM33) was orally admin-

istrated to C57BL/6 mice. At 4 h post-administration, mice were

euthanized, and the small intestine and PP tissues were isolated,

embedded in Tissue-Tek O.C.T. Compound, frozen sliced, and

stained with DAPI. Fluorescence images were acquired by CLSM.

2.20. In vivo anti-atherosclerotic efficacy of various

formulations

ApoE− /− mice were fed with a high-fat diet for 3 months. After

the first month, all mice were randomly assigned to five groups,

which received various treatments every three days for an addi-

tional 2 months. Mice in the model group were orally treated with

saline. The AM33 group was treated by subcutaneous injection of

free AM33 at 5 mg/kg. The PAM33 group was orally administered

with PAM33 at 5 mg/kg of AM33, while two YAM33 groups were
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Figure 2 Rational design, screening, and characterization of AM33-loaded YCs (YAM33). (A) The loading efficiency of AM33 in PEI-

deposited YC at different weight ratios of AM33 to YC. (B) TEM (left) and SEM (right) images of the finally screened YAM33. (C) Typical

fluorescence images of YAM33. PEI was labeled with FITC (green), while AM33 was labeled with Cy3 (red). (D, E) Size (D) and ζ-potential

(E) values of various formulations. (F) In vitro release of AM33 from YAM33 in various media. (G) In vitro release profiles of AM33 from

different formulations in solutions simulating gastrointestinal conditions. (H, I) Confocal microscopy (H) and TEM (I) images of YAM33 at

various time points after incubation in simulated gastrointestinal fluid. (J) Representative flow cytometric profiles (left) and quantification (right)

show dose-dependent internalization of Cy3-YAM33 in macrophages after 3 h of incubation. (K) Flow cytometric curves (left) and quantification

(right) of time-dependent uptake of Cy3-YAM33 in macrophages. (L) Fluorescence images indicating dose-dependent cellular uptake of

Cy3-YAM33 in macrophages. (M, N) Fluorescence images (M) and quantified co-localization ratios (N) show intracellular trafficking of
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treated with a low dose of YAM33 (at 5 mg/kg of AM33) and a

high dose of YAM33 (at 20 mg/kg of AM33) by oral gavage. After

different treatments, mice were euthanized. The whole aorta,

blood, and main organs including the stomach, intestine, liver,

spleen, lung, and kidney were collected to evaluate therapeutic

effects and possible adverse effects. The possible in vivo efficacy

of blank YCs was also examined following similar procedures.

In another cohort study, ApoE− /− mice were fed with a high-fat

diet for 4 months to induce advanced atherosclerotic plaques.

After the first month, all mice were randomly assigned to five

experimental groups, which were orally administered with saline,

free ATO at 7.8 mg/kg, YATO at 7.8 mg/kg of ATO, YAM33 at

5 mg/kg of AM33, or YAA at 5 mg/kg AM33 and 7.8 mg/kg ATO

every three days for additional 3 months. Then similar procedures

as mentioned above were followed.

2.21. Measurement of atherosclerotic plaques

To assess the degree of atherosclerotic lesions, the aortas were

fixed in 4% paraformaldehyde for 24 h. Then they were opened

longitudinally and stained with ORO. Additionally, the aortic root

and liver were embedded in the Tissue-Tek O.C.T. Compound.

Serial sections were prepared and stained with ORO. The plaque

areas were quantified by Image-Pro Plus 6.0 software (Media

Cybernetics, USA).

2.22. Histology and immunohistochemistry

The sections of the aortic root were separately stained with ORO,

Masson’s trichrome, anti-CD68 antibody, anti-TNF-α antibody, or

anti-IL-1ß antibody. The sections of major organs were stained

with hematoxylin and eosin (H&E). Then optical microscopy

images were acquired and quantitative analysis was performed.

2.23. Quantitative analyses of blood samples

The collected blood samples were analyzed for quantification of

biochemical markers relevant to liver/kidney functions, hemato-

logical parameters, and plasma lipoprotein parameters including

total cholesterol, triglyceride, and HDL.

2.24. Western blot analysis

Proteins were extracted from RAW264.7 cells or aorta tissues

using the RIPA lysis buffer containing protease inhibitors based on

the manufacturer’s protocol. Then 15 μg protein samples were

separated by SDS-PAGE gels, followed by transferring onto pol-

yvinylidene difluoride membranes. Membranes were incubated

with primary antibodies to ABCG1, ABCA1, or ß-actin at 4 ◦C

overnight, followed by incubation with appropriate secondary

antibodies for 1 h. Detection was performed using a ChemiDoc

Touch Imaging System (Bio-Rad, USA). The densitometry of

each band was quantified by Image J.

2.25. Statistical analysis

All data are expressed as means ± standard deviation (SD). Sta-

tistical analyses were assessed by the one-way ANOVA test for

data with more than two groups, and an unpaired t-test was con-

ducted for experiments with two groups. Statistical significance

was set at P < 0.05.

3. Results and discussion

3.1. Preparation and characterization of AM33-loaded YCs

YCs were fabricated by sequential treatment with alkali, acid, and

organic solvents to remove the core contents35,51, yielding mi-

crocapsules with an average diameter of 1.4 μm and ζ-potential of

− 7.7 mV. Compared to untreated yeasts, a substantial loss of

cytoplasmic components in the obtained YCs was observed by

TEM and SEM (Supporting Information Fig. S1). To enhance the

loading capacity and transfection efficiency of AM33, a cationic

polymer PEI was first introduced into the YC core. Initially, the

effects of the weight ratio of PEI to YCs on the loading efficiency,

ζ-potential, and cytotoxicity of resulting PEI-containing YCs

(defined as YC-PEI) were interrogated. Blank YCs exhibited

negative ζ-potential in deionized water, while the incorporation of

PEI led to positive ζ-potential for the obtained YC-PEI. The

loading efficiency of PEI and ζ-potential of YC-PEI notably

increased with an increase in the PEI content. Nevertheless, the

cell viability of YC-PEI-treated RAW264.7 macrophages

decreased when the PEI feeding was enhanced (Supporting

Information Fig. S2). After incubation at the same dose for

24 h, YC-PEI with the PEI/YC weight ratios at either 0.2:1 or

0.5:1 showed remarkably higher cytotoxicity as compared to blank

YC. Consequently, the formulation with the PEI/YC weight ratio

of 0.1:1 was used to prepare YC-PEI for the following experi-

ments. Characterization by TEM and SEM revealed a similar

shape and particle size for thus engineered YC-PEI, compared to

blank YC, with an average diameter of 1.5 μm (Supporting

Information Fig. S3A and S3B). CLSM observation showed

intense green fluorescent signals of FITC-labeled PEI in YCs,

indicating the successful entrapment of PEI (Fig. S3C).

Subsequently, the nucleic acid AM33 was packaged into YC-

PEI through electrostatic interactions between cationic PEI and

negative AM33, yielding AM-containing YC-PEI, which is

termed YAM33. To optimize the entrapment efficiency of AM33

in YC, the effect of the AM33/YC weight ratio on AM33 loading

was examined. The entrapment efficiency considerably increased

with an escalating dose of AM33, and it was approximately 100%

for the formulation with a weight ratio of AM33/YC at 1:100,

which was selected to prepare YAM33 in the following experi-

ments (Fig. 2A). After loading AM33, TEM and SEM observation

showed a densely filled core in YC (Fig. 2B). CLSM images

indicated considerable overlap of fluorescent signals from FITC

and Cy3, which was used to label PEI and AM33, respectively,

suggesting co-loading and complexation of PEI and AM33

(Fig. 2C). The average size of YAM33 was 2.3 μm, and its ζ-

potential was 7.2 mV (Fig. 2D and E).

Upon incubation in water, 0.01 M PBS (pH 7.4), or saline for

48 h, YAM33 showed notably slow release profiles, demonstrating

its good stability, which was largely due to the protection of YC

walls (Fig. 2F). To assess the stability of AM33 within YAM33 in

the harsh environment of the gastrointestinal tract, YAM33 was

incubated with simulated gastric or intestinal fluids for 4 h at

Cy3-YAM33 in macrophages after incubation for various periods of time. Before observation, nuclei were stained with DAPI (blue), while

endosomes/lysosomes were stained with LysoTracker (green). Data in (A, D‒G, J‒K) are mean ± SD (n � 3).
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37 ◦C. The agarose gel electrophoresis results showed that AM33

encapsulated in YAM33 remained undetectable, while free AM33

was partially degraded, indicating the effective protection of

AM33 by YCs (Supporting Information Fig. S4). In vitro release

tests were then performed in media simulating the gastrointestinal

pH conditions. We found evidently rapid dissolution of AM33

from free AM33 and PEI/AM33 nanoparticles (defined as

PAM33) within 2 h in simulated gastric fluid, showing a cumu-

lative release percentage >50%. After the release medium was

switched to PBS simulating intestinal pH, nearly complete AM33

release was detected for PAM33 at 24 h. By contrast, notably slow

release was observed for YAM33 at pH 1.2, and almost no release

occurred in the simulated intestinal fluid (Fig. 2G). In line with

these results, CLSM and TEM observation showed that the con-

tent of YAM33 was only reduced in the first 2 h and no obvious

changes were observed in the next 10 h (Fig. 2H‒I). Also, the

shell of YCs was intact in this period. These results substantiated

that the newly engineered YAM33 is able to protect the loaded

nucleic acid from degradation and prevent its early release in the

gastrointestinal environment.

3.2. In vitro cellular evaluations of YAM33

After oral administration, YCs will be predominantly transported

to inflammatory sites through monocytes/macrophages, which

recognize ß-1,3-glucan on YCs via the membrane phagocytic

pattern-recognition receptor Dectin-135,39. Accordingly, we

examined the cellular internalization of YAM33 in RAW264.7

macrophages and BMDMs, using Cy3-labeled AM33 (i.e., Cy3-

YAM33). Both flow cytometry quantification and CLSM obser-

vation revealed efficient endocytosis of Cy3-YAM33 in two types

of macrophages, in time- and dose-dependent patterns (Fig. 2J‒L

and Supporting Information Figs. S5 and S6). Of note, RAW264.7

macrophages incubated with Cy3-YAM33 exhibited notably

higher intracellular fluorescence intensities compared to those

treated with free Cy3-AM33 at an equivalent dose of Cy3-AM33

(Supporting Information Fig. S7). In addition, staining of endo-

lysosomes by LysoTracker (green fluorescence) suggested that

endocytosed Cy3-YAM33 was transported in macrophages via the

endolysosomal pathway (Fig. 2M and N). Moreover, although Cy3

fluorescence (red) was primarily co-localized with green fluores-

cence at 2 h after incubation, considerable Cy3 fluorescence alone

was detected at 4 and 6 h, indicating effective endolysosomal

escape at these time points, largely benefiting from the proton

sponge effect-mediated rupture of endolysosomes induced by

PEI52,53. By contrast, the extremely low level of Cy3-AM33

internalized in macrophages exhibited minimal lysosomal escape

at all examined time intervals (Supporting Information Fig. S8).

This suggests that encapsulation by YC can effectively promote

cellular uptake and endolysosomal escape of AM33. Furthermore,

we examined the retention and release profiles of YAM33 in

macrophages. To this end, fluorescence changes in macrophages

with endocytosed Cy3-YAM33 were detected. It was found that

fluorescence intensities of Cy3-YAM33 in macrophages gradually

decreased after incubation for different time periods (Supporting

Information Fig. S9). Nevertheless, notable fluorescence of Cy3-

YAM33 was still observed even at 24 h. This result implied that

Cy3-YAM33 internalized in macrophages can be slowly released.

The long-term retention of endocytosed YAM33 in macrophages

is important to reduce therapeutic loss during translocation.

Previous studies have demonstrated that miR-33 can suppress

cholesterol efflux by down-regulating the expression of ABCA1

and ABCG1, while inhibition of miR-33 effectively reverses its

detrimental impact on cholesterol efflux44,45. Initially, we

confirmed that YAM33 at various doses of AM33 had no signif-

icant effects on the cholesterol internalization in macrophages, in

comparison to the control and free AM33 (Supporting Information

Fig. S10). Then HDL-mediated cholesterol efflux in macrophages

was examined. Compared to the fresh medium-treated control

group, YAM33 treatment significantly enhanced cholesterol efflux

in a dose-dependent pattern (Fig. 3A). Notably, blank YCs dis-

played minor effects on cholesterol efflux, while YAM33 showed

remarkably higher activity in terms of improving cholesterol

efflux than the equivalent dose of free AM33 and blank YCs

(Supporting Information Fig. S11).

Subsequently, we interrogated whether treatment with YAM33

is effective in suppressing foam cell formation by inhibiting

endocytosis of ox-LDL. In accordance with the above result,

macrophages treated with YAM33 showed considerably less lipid

accumulation and low degrees of foam cell formation, in the

presence of 50 μg/mL ox-LDL, which was also dose-dependent

(Fig. 3B). In contrast, free AM33 and blank YCs demonstrated

less effectiveness compared to the same dose of YAM33

(Supporting Information Fig. S12).

Further, we evaluated the effects of AM33 delivered via YCs

on the transfection and expression of target genes and proteins of

miR33. Pretreatment of macrophages with YAM33 dramatically

enhanced the expression of ABCA1 and ABCG1 at both the

mRNA and protein levels, with the most potent activity achieved

by YAM33 at 1 nmol/L (Fig. 3C and D). Consistently, remarkably

higher expressions of ABCA1 and ABCG1 were also detected by

flow cytometry and immunofluorescence analyses (Fig. 3E and F).

Correspondingly, YAM33 effectively decreased the expression of

typical proinflammatory cytokines, including IL-6, IL-1ß, and

TNF-α in LPS-treated macrophages (Supporting Information

Fig. S13). These findings are in line with the reversed choles-

terol transport and inhibited foam cell formation after treatment

with YAM33.

Collectively, these data revealed that YAM33 can effectively

attenuate the formation of foam cells, by increasing the expres-

sions of ABCA1 and ABCG1 and promoting cholesterol efflux.

Therefore, YAM33 may serve as a promising therapy for

atherosclerosis.

3.3. Atherosclerotic plaque-targeting capability of orally

delivered YAM33 and its transport mechanisms

According to the previous finding, YCs can be effectively inter-

nalized by macrophages that are closely associated with the

pathogenesis of atherosclerosis54,55, therefore we speculate that

YCs may also transport AM33 to the chronic inflammatory sites

by oral administration. To validate the plaque-targeting capacity of

YAM33, atherosclerosis was established in ApoE− /− mice sub-

jected to a western diet for 3 months. At 12 h post oral delivery of

Cy3-YAM33, ex vivo imaging showed significant fluorescent

signals in the isolated aortas, while no obvious fluorescence was

observed in the aortas of C57BL/6 mice subject to similar treat-

ments. The fluorescence intensity of the aortic tissues from

ApoE− /− mice was 2.5-fold higher than that of normal aortas from

C57BL/6 mice (Fig. 4A). Moreover, compared with Cy3-labeled

PAM33 (i.e., nanoparticles formed by AM33 and PEI), Cy3-

YAM33 exhibited significantly higher fluorescent signals in the

aorta (Fig. 4B). In line with this result, Cy3-YAM33-treated mice

displayed higher fluorescence distribution in the intestine, liver,
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and kidney (Supporting Information Fig. S14). We also examined

the distribution profile of Cy3-YAM33 in different lymphatic

tissues that are intimately related to the intestinal absorption of

microparticles56. It was found that Cy3-YAM33 displayed a

notably higher accumulation in the PP and MLN, in comparison to

PAM33. Nevertheless, no significant differences were observed in

the ILN, when Cy3-YAM33 was compared with Cy3-PAM33

(Fig. 4C).

Subsequently, mechanisms underlying the transportation and

translocation of YAM33 were further investigated. At 3 h after

oral administration, significant fluorescent signals were observed

in the intestinal tissue of ApoE− /− mice treated with Cy3-YAM33

(Fig. 4D). Additionally, the fluorescence signal of Cy3-YAM33 in

the PP, MLN, and aorta were also detected at 3 h. At 12 h, a more

significant distribution of Cy3-YAM33 in the PP and whole aorta

was observed (Fig. 4D and E). Immunofluorescence analysis

confirmed the presence of Cy3-YAM33 in CD68+ macrophages

isolated from the PP or aorta of ApoE− /− mice (Fig. 4F). Notably,

relatively weak fluorescence was detected in the major organs,

including the kidney, spleen, lung, and heart, at the examined time

points (Supporting Information Fig. S15). Further, it was found

that YAM33 and blank YCs showed comparable fluorescent sig-

nals in the isolated aortas and lymphatic tissues (including the PP,

MLN, and ILN) of ApoE− /− mice, while no obvious fluorescence

was observed in these tissues of the free AM33 group (Supporting

Information Fig. S16). Additionally, the fluorescent intensities of

Cy3-YAM33 in the aortas and lymphatic tissues were significantly

decreased after mice were pretreated with CXI, a well-known

lymphatic transport inhibitor. Consequently, both lymphatic

transport and macrophage-mediated translocation are essential for

plaque-targeting of orally delivered YAM33.

In a separate study, we observed that pretreatment with lami-

narin (a soluble ß-1,3-glucan that can be recognized by Dectin-1)

via oral delivery significantly inhibited Cy3-YAM33 accumulation

in the PP (Supporting Information Fig. S17). This was confirmed

by fluorescence observation of the PP section (Supporting

Information Fig. S18). Furthermore, immunofluorescence anal-

ysis revealed considerable localization of Cy3-YAM33 in glyco-

protein 2 (GP2)-positive M cells (Supporting Information

Fig. S18). These results implied that orally delivered YAM33

was mainly translocated by M cells in intestinal PPs via the

Dectin-1 receptor.

Also, we examined the integrity and bioactivity of YAM33

after translocation across the intestinal epithelial barrier. Direct

observation by CLSM revealed intact spherical particles with

diameters of 2—3 μm in the intestinal epithelial cells and M cells

in the PP at 4 h after oral administration of Cy3-YAM33

(Supporting Information Fig. S19). This indicates that YAM33

remains intact before and after transport via M cells in the PP. In

addition, the bioactivity of YAM33 after crossing a monolayer of

Caco-2 epithelial cells was evaluated. The results showed that

the YAM33-containing medium collected from the basolateral

Figure 3 In vitro promotion of cholesterol efflux and inhibition of foam cell formation by YAM33 via regulating miR-33 target genes/proteins.

(A) Cholesterol efflux from macrophages treated with different formulations. The dose of free AM33 was 0.2 nmol/L. MFI, mean fluorescence

intensity. (B) Optical microscopy images showing ox-LDL-induced foam cell formation in macrophages after treatment with different doses of

YAM33 or AM33 at 0.2 nmol/L. (C) Quantification of mRNA levels of Abca1 (left) and Abcg1 (right) in macrophages by real-time PCR after

different treatments. (D) Western blot analysis of protein levels of ABCA1 and ABCG1 in macrophages at 8 h after indicated treatments. (E) Flow

cytometric quantification of relative protein levels of ABCA1 in macrophages pretreated with different formulations for 4 h. (F) Fluorescence

microscopy images showing the ABCG1 expression in macrophages treated with different formulations for 4 h. Data in (A, C‒E) are presented as

mean ± SD (n � 3‒4). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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side of a Transwell plate significantly inhibited the ox-LDL-

induced foam cell formation in macrophages (Supporting

Information Fig. S20), indirectly demonstrating that YAM33

maintained its anti-atherosclerotic activity after translocation

through a simulated intestinal barrier. Moreover, the effective

transport across the epithelial cell barrier suggests that intestinal

absorption of YAM33 in the PP may also be mediated by

epithelial cells.

Taken together, these results substantiate that the intestinal

absorption of orally delivered YAM33 is mainly mediated by M

cells and epithelial cells in the PP, followed by internalization and

transport by macrophages in the lymphatic system. This efficient

translocation process allows YCs to notably enhance the intestinal

absorption of AM33, thus improving the targeting efficiency of

orally delivered AM33 to atherosclerotic lesions. Of note, the

loading of AM33 does not affect the transport and tissue distri-

bution profiles of native YCs.

3.4. In vivo efficacy of orally delivered YAM33 in ApoE− /− mice

Based on the above promising results, the in vivo therapeutic ef-

fects of YAM33 were examined. Atherosclerosis in ApoE− /− mice

was established by feeding a high-fat diet for 3 months. At Week

5, ApoE− /− mice were randomly divided into 5 groups and treated

with different formulations every three days (Fig. 5A). Of note,

free AM33 was administered via subcutaneous injection, while

oral delivery was also conducted for AM33/PEI nanoparticles (i.

e., PAM33). After 2 months, mice were euthanized and aortic

tissues were excised for therapeutic evaluations. Analysis of ORO-

stained whole aortas revealed remarkable atherosclerotic lesions

Figure 4 In vivo intestinal transportation and targeting of atherosclerotic plaques by orally delivered AM33 packaged in YCs. (A) Ex vivo

images (left) and quantitative results (right) showing accumulated Cy3-YAM33 in the aortas. ApoE− /− mice fed with a western diet for 3 months

or C57BL/6 mice were orally administrated with Cy3-YAM33. At 12 h after administration, mice were euthanized and aortas were isolated for

ex vivo imaging. C57BL/6 mice in the control group were treated with the same dose of YAM33. (B) Representative ex vivo images (left) and

quantitative analysis (right) illustrating the distribution of Cy3-PAM33 or Cy3-YAM33 in aortas with established plaques in ApoE− /− mice. (C)

Ex vivo images (left) and quantification (right) showing transportation of Cy3-PAM33 or Cy3-YAM33 in the PP, MLN, and ILN. ApoE− /− mice

fed a high-fat diet for 3 months were orally administrated with Cy3-PAM33 or Cy3-YAM33. At 12 h after administration, mice were euthanized,

and PP, MLN, ILN, and aortas were isolated for ex vivo imaging. (D, E) Ex vivo images (left) and quantitative data (right) illustrating the

accumulation of Cy3 fluorescent signals in the intestine, PP, MLN, and aortas. ApoE− /− mice fed a high-fat diet for 3 months were orally

administrated with Cy3-YAM33. At 0, 3, or 12 h after administration, mice were euthanized. Then the intestine, PP, MLN, and aortas were

isolated for ex vivo imaging. (F) Co-localization of Cy3-AM33 (red) and the macrophage marker CD68 (green) in cryosections of PP and aortic

plaques. Data in (A‒E) are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 In vivo therapeutic effects of YAM33 in ApoE− /− mice with diet-induced atherosclerosis. (A) Schematic illustration of the treatment

protocols. (B) Representative photographs of ORO-stained en face aortas from mice treated with different formulations. (C) Quantitative analysis

of the lesion area in aortas. (D) Representative images of aortic root sections from ApoE− /− mice after various treatments and stained with ORO,

Masson’s trichrome, or anti-CD68 antibody. Scale bars, 200 μm. (E‒G) Quantitative analysis of the relative areas of plaques (E), collagen (F), and

macrophages (G) in sections of the aortic root. (H‒J) Typical Western blot bands (H) and quantitative analysis of relative protein levels of ABCA1

(I) and ABCG1 (J) in aortas. ApoE− /− mice were fed a western diet for 3 months. After the first month, all mice received various treatments every

3 days for additional 2 months. Mice in the saline group were orally treated with saline, while other groups were separately administered with

AM33 at 5 mg/kg (subcutaneous injection) as well as orally treated with PAM33 at 5 mg/kg of AM33, YAM33 at 5 mg/kg of AM33 (low dose), or

YAM33 at 20 mg/kg of AM33 (high dose). Data in (C, E‒G, I, J) are presented as mean ± SD (n � 3‒6). *P < 0.05, **P < 0.01, ***P < 0.001;

ns, no significance.
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in ApoE− /− mice treated with saline (Fig. 5B and C). Comparable

ORO-stained areas were also measured in the aortas of mice

subjected to PAM33 treatment at 5 mg/kg of AM33 by oral

gavage. Naked AM33 at 5 mg/kg delivered via subcutaneous in-

jection only slightly decreased the plaque area, affording limited

therapeutic efficacy. By contrast, we found significantly smaller

lesion areas in aortas isolated from mice orally treated with

YAM33 at the low (5 mg/kg) and high (20 mg/kg) doses of AM33.

Similar results were observed in ORO-stained cryosections of

aortic roots isolated from different groups (Fig. 5D and E). In a

separate study, the possible in vivo efficacy of blank YCs was

investigated in ApoE− /− mice. As compared to the model group,

blank YCs only slightly reduced the lesion area (Supporting

Information Fig. S21), showing no statistical significance.

Histological examination after Masson’s trichrome-staining of

aortic sections indicated notably high contents of collagen around

plaques in two YAM33 groups, as compared to those of other

groups (Fig. 5D and F). Moreover, immunohistochemistry anal-

ysis revealed the smallest CD68-positive areas for the YAM33-

treated groups, implying the considerably attenuated accumula-

tion of macrophages (Fig. 5D and G). According to previous

findings, macrophages in the plaques may facilitate the formation

of vulnerable lesions, while thick fibrous caps, primarily consist-

ing of collagen, contribute to plaque stability57. Correspondingly,

YAM33 also effectively reduced the expression of typical proin-

flammatory cytokines, including TNF-α and IL-1ß (Supporting

Information Fig. S22). Accordingly, oral treatment with YAM33

can improve the stability of plaques.

Figure 6 Fabrication and characterization of YCs loaded with ATO and AM33. (A) A sketch showing the self-assembly of ATO/PEI nano-

particles. (B) Loading contents of ATO in ATO/PEI nanoparticles obtained at various weight ratios of ATO to PEI. (C) ζ-Potential values of ATO/

PEI nanoparticles assembled at different ATO/PEI weight ratios. (D) Size distribution profiles (upper panels) and TEM images (lower panels) of

ATO/PEI nanoparticles formulated at various ATO/PEI weight ratios. (E,F) TEM (upper) and SEM (lower) images of the finally screened YC

loaded with ATO/PEI nanoparticles alone (i.e., YATO) (E) and YC loaded with ATO/PEI nanoparticles and AM33 (i.e., YAA) (F). (G,H) In vitro

release profiles of ATO (G) and AM33 (H) from YAA in aqueous solutions simulating gastrointestinal conditions. Data in (B,C,G,H) are presented

as mean ± SD (n � 3).
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Subsequently, we determined the in vivo effects of orally

delivered YAM33 on the expressions of target proteins of miR-33.

In this aspect, significantly higher protein levels of ABCA1 and

ABCG1 were detected in the aorta of mice treated with YAM33

(Fig. 5H—J). Whereas free AM33 could also increase ABCA1 and

ABCG1 expressions, their levels were considerably lower than

those of the YAM33 groups. Orally delivered PAM33 showed no

significant effects on both ABCA1 and ABCG1 levels, compared

to the model group. These data are consistent with the above

findings on the plaque area and compositions.

Taken together, our results demonstrated that oral treatment

with YAM33 can effectively delay the progression of atheroscle-

rosis by increasing the expression of ABCA1 and ABCG1,

lowering the infiltration of macrophages in plaques, and inhibiting

the formation of vulnerable plaques. This potent efficacy of

YAM33 should be due to the enhanced stability and increased

absorption of AM33 in the gastrointestinal tract as well as pro-

moted plaque targeting via the hitchhiking effect of macrophages.

3.5. Engineering of YCs simultaneously loaded with AM33 and

atorvastatin

On the basis of promising therapeutic effects achieved by orally

delivered YAM33, we hypothesize that combination therapy of

atherosclerosis can be easily realized via the YC-based oral tar-

geting strategy. As a proof of concept, AM33 and atorvastatin

(ATO) were co-encapsulated in YCs, in view of the fact that ATO

can lower lipid levels, stabilize atherosclerotic plaques, and pro-

mote atherosclerosis regression. According to our previous

studies, hydrophobic therapeutics bearing carboxyl groups can

interact with amino-containing polymer PEI via electrostatic

forces and hydrogen bonding, thereby self-assembling into posi-

tively charged nanoparticles58,59. Herein, ATO/PEI nanoparticles

were formulated by this strategy (Fig. 6A). The impact of the

ATO/PEI weight ratio on the formation of nanoparticles and drug

loading was first examined. Among all tested ATO/PEI weight

ratios, nanoparticles formed at 1:0.6 exhibited the highest drug

loading content (Fig. 6B). Positive ζ-potential values were

detected for nanoparticles assembled at various weight ratios of

ATO/PEI (Fig. 6C). In addition, all nanoparticles showed mono-

dispersed size distribution profiles and well-defined spherical

structures (Fig. 6D). The average diameter of ATO/PEI nano-

particles was increased from 144 to 554 nm as the ATO/PEI

weight ratio varied from 1:0.2 to 1:1. Consequently, ATO/PEI

nanoparticles (with the mean diameter of 189.4 nm and ζ-poten-

tial of 40.0 mV) assembled at the ATO/PEI weight ratio of 1:0.6

was used to prepare ATO-loaded YCs (defined as YATO) by

simply incubating with YCs.

Characterization by SEM and TEM revealed a densely pack-

aged core for the obtained YATO (Fig. 6E), with a ζ-potential of

31 mV. Then YCs co-packaged with ATO and AM33 were pre-

pared by incubation of YATO with AM33, taking advantage of

electrostatic interactions between AM33 and positively charged

ATO/PEI nanoparticles deposited in YCs. YCs containing both

ATO and AM33, defined as YAA, also displayed a densely loaded

core (Fig. 6F), comparable to that of YATO. The average size of

YAA was 2.3 μm, and its ζ-potential was 30.1 mV. The entrapment

efficiency of ATO and AM33 in YAA was found to be

52.1 ± 3.9% and 83.3 ± 1.4%, while the corresponding drug

loading content was 4.4 ± 0.7% and 2.8 ± 0.3%, respectively.

In vitro tests indicated nearly no ATO release from YAA in a

simulated gastric fluid, while it was rapidly released in a simulated

intestinal fluid (Fig. 6G). For AM33, its release profile from YAA

was similar to that of YAM33 (Fig. 6H). Further, HPLC analysis

indicated that ATO encapsulated in YCs could be clearly detected

after incubation with simulated gastric or intestinal fluids for 4 h,

while free ATO was unstable in the examined solutions, especially

in the gastric fluid (Supporting Information Fig. S23). Of note,

carboxylic acid-containing ATO can be easily transformed into the

lactone form in the presence of gastric acid60. Together, the

nucleic acid drug AM33 and clinically used small-molecule drug

ATO can be efficiently loaded into YCs by a facile self-assembly

and deposition strategy. The newly engineered YAA is able to

protect the encapsulated nucleic acid and small-molecular drug

from degradation, thus achieving synergistic anti-atherosclerotic

efficacy.

3.6. Therapeutic effects of orally delivered YAA in ApoE− /−

mice

We then interrogated the in vivo efficacies of YAA. In this case,

more severe atherosclerotic plaques were induced in ApoE− /−

mice by a Western diet for 4 months (Fig. 7A). After 4 weeks,

randomly assigned mice were orally treated with different for-

mulations every 3 days. At week 17, mice were euthanized for

therapeutic evaluations. Direct observation and quantitative anal-

ysis of ORO-stained whole aortas suggested that oral adminis-

tration of YATO, YAM33, and YAA reduced the atherosclerotic

lesion areas, to much more significant degrees than free ATO

(Fig. 7B and C). Among various formulations, YAA afforded the

best efficacy. Inspection of ORO-stained aortic root sections

showed similar results (Fig. 7D and E). Also, treatment with

different formulations effectively increased the collagen content

and decreased the macrophage infiltration in aortic tissues, as

implicated by histological examination (Fig. 7D, F, and G). Again,

YAA was more efficacious than YATO and YAM33, mainly due to

the synergistic effect of AM33 and ATO.

In addition, examination on H&E or ORO-stained liver sec-

tions indicated that intracellular lipid droplets in the liver were

also most effectively reduced after YAA treatment (Fig. 8A).

Furthermore, whereas interventions with different formulations

could reduce the levels of total cholesterol and triglyceride as well

as increase the HDL levels in the blood serums (Fig. 8B—D), the

most significant effects were achieved by orally delivered YAA.

Collectively, these results demonstrated that co-delivery of AM33

and ATO via YCs further potentiates the in vivo anti-

atherosclerotic efficacy of YAM33 by synergistically lowering

the contents of lipids and increasing the HDL level. These findings

also suggested that YCs can be employed as an effective bio-

mimetic platform for co-delivering different types of anti-

atherosclerotic agents via the oral route.

3.7. Safety profiles of various YCs

Finally, safety studies were conducted for different YC-based

formulations. In vitro experiments indicated that YAM33 and

YAA exhibited almost no cytotoxicity in both RAW264.7 mac-

rophages and BMDMs (Supporting Information Figs. S24 and

S25), at the examined doses. The possible side effects after

long-term treatment with various YCs were also examined in vivo.

During the course of treatment, the body weight of all the treated

mice gradually increased, with no significant differences observed

between the groups (Supporting Information Fig. S26). Analysis

on the organ index of major organs including the liver, spleen,
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Figure 7 Therapeutic effects of orally delivered YAA in ApoE− /− mice. (A) Schematic illustration of the treatment protocols. (B) Repre-

sentative photographs of en face ORO-stained aortas from mice after treatment with different formulations. (C) Quantitative results of the lesion

area in aortas. (D) Representative images of aortic root sections stained with ORO, Masson’s trichrome, or anti-CD68 antibody. Scale bars,

200 μm. (E‒G) Quantitative analysis of the relative areas of plaques (E), collagen (F), and macrophages (G) in sections of the aortic root.

ApoE− /− mice were fed a western diet for 4 months. After the first month, all mice were orally administered various formulations every 3 days for
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lung, and kidney also demonstrated no significant differences

among different groups (Supporting Information Fig. S27). Mea-

surement of typical hematological parameters (including red

blood cells, white blood cells, hemoglobin, and platelets) revealed

no abnormal deviations in different groups. Moreover, the levels

of typical biochemical markers relevant to hepatic and kidney

functions did not show abnormal elevations (Supporting

Information Fig. S28). Further examination on H&E-stained sec-

tions of major organs and gastrointestinal tissues indicated no

obvious damage in all YC formulation-treated mice (Supporting

Information Figs. S29 and S30). These preliminary results

demonstrated that YCs containing ATO, AM33, or ATO/AM33

display good safety performance for oral gavage at the exam-

ined dose.

4. Conclusions

In summary, we successfully engineered orally deliverable bio-

mimetic nucleic acid therapies by efficiently loading an antisense

oligonucleotide AM33 or co-loading AM33 and a small-

molecular drug into yeast-derived microcapsules (i.e., YCs) for

targeted treatment of atherosclerosis. The constructed AM33-

loaded YCs (YAM33) can be rapidly internalized in macro-

phages and intracellularly transported through the endolysoso-

mal pathway, thus effectively promoting cholesterol efflux and

inhibiting foam cell formation by up-regulating gene/protein

expressions of ABCA1 and ABCG1 in macrophages. Orally

delivered YAM33 effectively accumulated in atherosclerotic

plaques in the aortas of ApoE− /− mice, primarily by trans-

epithelial absorption via M cells in Peyer’s patches and subse-

quent translocation via macrophages through the lymphatic

system. In ApoE− /− mice with established atherosclerosis, oral

treatment with YAM33 significantly reduced the plaque area in

the aortas and improved plaque stability. By simultaneously

packaging AM33 and ATO (a clinically frequently used lipid-

lowering drug) into YCs, an oral targeting combination therapy

YAA was developed, which afforded significantly potentiated

in vivo anti-atherosclerotic efficacy by synergistic effects of co-

payloads. Moreover, preliminary studies showed good safety

profiles of YAM33 and YAA after long-term oral delivery. To the

best of our knowledge, YAM33/YAA represents the first orally

deliverable anti-atherosclerotic nucleic acid therapy examined

thus far. Moreover, compared with other delivery vectors

investigated for gene therapy of atherosclerosis, such as lenti-

viruses44, cationic lipid or polymer NPs61-63, cationic lipid/

polymer hybrid NPs64,65, and bilayered NPs66, our YCs-based

delivery platform owns multiple advantages like easy prepara-

tion, low cost, high loading efficiency for nucleic acids, and good

biocompatibility. In addition to AM33, this yeast-based platform

can be employed for oral delivery of other nucleic acids (such as

siRNA, miRNA, and mRNA), either alone or in combination

with existing drugs, for precision therapy of atherosclerotic

diseases.

Figure 8 In vivo regulation of lipids in ApoE− /− mice after treatment with different formulations. (A) Representative photographs of liver

sections stained with H&E or ORO. Scale bars, 50 μm. (B‒E) The serum levels of total cholesterol (B), triglyceride (C), and HDL (D). Data in

(B‒D) are presented as mean ± SD (n � 4). *P < 0.05.

an additional 3 months. The model group was treated with saline alone, while other groups were separately administered ATO at 7.8 mg/kg, YATO

at 7.8 mg/kg of ATO, YAM33 at 5 mg/kg of AM33, or YAA at 5 mg/kg AM33 and 7.8 mg/kg ATO. Data in (C, E‒G) are presented as mean ± SD

(n � 4). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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