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Abstract 

Atherosclerosis, a chronic inflammatory disease characterized by arterial plaque formation, is one of the most promi-
nent causes of cardiovascular diseases. However, the current treatments often do not adequately compromise 
the chronic inflammation-mediated plaque accumulation and the disease progression. Therefore, a new and effective 
strategy that blocks atherosclerosis-associated inflammation is urgently needed to further reduce the risk. Colchicine, 
a potent anti-inflammatory medication, has shown great potential in the treatment of atherosclerosis, but its adverse 
effects have hampered its clinical application. Herein, we developed a novel delivery nanosystem encapsulated 
with colchicine (VHPK-PLGA@COL), which exhibited improved biosafety and sustained drug release along with the 
gradual degradation of PLGA and PEG as confirmed both in vitro and in vivo. Surface modification of the nanoparti-
cles with the VHPK peptide ensured its capability to specifically target inflammatory endothelial cells and alleviate ath-
erosclerotic plaque accumulation. In the ApoE − / − atherosclerotic mouse model, both colchicine and VHPK-PLGA@
COL treatment significantly decreased the plaque area and enhanced plaque stability by blocking the NF-κB/NLRP3 
pathways, while VHPK-PLGA@COL exhibited enhanced therapeutic effects due to its unique ability to target inflam-
matory endothelial cells without obvious long-term safety concerns. In summary, VHPK-PLGA@COL has the potential 
to overcome the key translational barriers of colchicine and open new avenues to repurpose this drug for anti-athero-
sclerotic therapy.
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Introduction
With the increase of the aging population, cardiovascular 
disease (CVD) has become a significant public health issue 
with the highest mortality rate worldwide, accounting for 
nearly one-in-three deaths [1]. Atherosclerosis (AS), an 
immune-mediated, chronic and progressive inflammatory 
process characterized by atherosclerotic plaque forma-
tion beneath the endothelium, has been recognized as the 
major pathological cause of CVD development [2]. Chronic 
inflammation-mediated endothelial dysfunction is consid-
ered the initiative cause of AS [3] that triggers the adhesion 
and migration of circulating monocytes through vascu-
lar walls due to the activation of adhesion molecules and 
chemokines, thus contributing to atherosclerotic plaque 
development and progression. Vascular cell adhesion mol-
ecule-1 (VCAM-1) (CD106), an immunoglobulin super-
family glycoprotein (100 to 110 kDa), is overexpressed by 
inflammatory endothelial cells at the sites of atherosclerotic 
plaque, mediates the adhesion of leukocytes to endothelial 
cells and facilitates their transmigration to nascent athero-
mata [4–6]. Inflammation has been implicated in all stages 
of AS, from monocyte activation to plaque rupture [7]. To 
date, despite the introduction of the concept of lifestyle 
measures, noninvasive therapeutic intervention for AS has 
focused primarily on pharmacologically controlling risk 
factors such as hypercholesterolemia, hypertension, and 
hyperglycemia. However, a substantial portion of the pop-
ulation still has CVD [8] even after receiving the optimal 
treatment, a phenomenon known as residual risk. Hence, 
it is urgent to identify novel drug targets that can efficiently 
block AS-associated chronic inflammation, and conse-
quently decrease the persistent residual risk of CVD.

In the landmark clinical trial, the Canakinumab Anti-
inflammatory Thrombosis Outcome Study (CANTOS), 
Ridker and colleagues have demonstrated for the first 
time that treatment with canakinumab, a fully human 
monoclonal antibody targeting the proinflammatory 
mediator interleukin-1β, reduced the risk of cardio-
vascular events by 15% in patients with stable coronary 
artery disease (CAD) [9]. However, its wide clinical 
acceptance was limited due to the observed increase in 
the number of deaths related to infections and pharma-
coeconomic cost [10, 11]. Colchicine (COL), an alkaloid 
drug, is classically used as an anti-inflammatory drug 
to treat gout, familial Mediterranean fever, and pericar-
dial disease [12]. Interestingly, multiple large-scale ran-
domized and controlled clinical trials involving patients 
with stable CAD (the LoDoCo and LoDoCo2 trials) and 
recent myocardial infarction (COLCOT and COPS tri-
als) have demonstrated that colchicine improved survival 
by reducing the risk of myocardial infarction, ischemic 
stroke, and ischemia-driven revascularization by 25–30% 

[13–15]. However, little is known about the mechanisms 
by which colchicine exerts its cardiovascular protec-
tive effects. Previous studies have shown that colchicine 
has ability to inactivate the Nod-like receptor family 
pyrin domain containing protein 3 (NLRP3) inflamma-
some, thus reducing the release of the proinflammatory 
cytokines interleukin-1β (IL-1β), interleukin-18 (IL-18), 
and C-reactive protein (CRP) [16, 17]. In addition, recent 
studies have found that colchicine exerts cardioprotec-
tive effects by modulating the nuclear factor-κB (NF-κB) 
axis [18, 19]. Frustratingly, the clinical application of col-
chicine in AS treatment is significantly hampered by its 
adverse side effects due to its narrow therapeutic dose 
ranges. An excessive dose of colchicine can cause severe, 
even lethal, systemic toxicity, including gastrointestinal 
disturbance and multiorgan failures [20, 21]. Further-
more, long-term treatment with colchicine to alleviate 
AS and prevent CVD might increase the possibility of 
adverse effects. Therefore, it is of great importance to 
optimize the delivery and doses to improve therapeutic 
efficacy, and concomitantly reduce the adverse effects of 
colchicine in the treatment of atherosclerotic cardiovas-
cular diseases.

Nanomaterials exhibit tremendous application poten-
tial in atherosclerotic plaque treatment [22] due to their 
structural advantages, such as small size, large surface 
area, controllable modification, etc., and unique proper-
ties applicable for targeted and sustained release of drugs 
and attenuation of drug adverse effects [23]. Among vari-
ous nanomaterials, poly(lactic-co-glycolic acid) (PLGA) 
is an FDA-approved biodegradable and biocompat-
ible copolymer with a long half-life [24, 25]. The use of 
poly(ethylene glycol) (PEG)-functionalized nanoparticles 
(NPs) is another effective strategy to increase the biocom-
patibility and stability, protect the nanosystem from the 
reticuloendothelial system (RES) and increase the circula-
tion time of the nanoparticles [26]. In addition, the thera-
peutic efficacy of nanoparticles can be further enhanced 
after surface modification with the VHPK peptide, which 
specifically targets VCAM-1 on endothelial cells [4].

In the present study, we developed colchicine-encap-
sulated nanoparticles (VHPK-PLGA@COL) composed 
of PLGA and PEG and decorated with the VHPK pep-
tide to specifically target the VCAM-1 molecule that is 
overexpressed on the surface of inflammatory endothe-
lial cells in AS [4, 27]. We expected that these VHPK-
PLGA@COL, compared with free drugs alone, would 
be dominantly enriched in atherosclerotic plaques and 
exert enhanced antiatherosclerosis therapeutic effi-
cacy in atheroprone apolipoprotein-E-deficient mice 
(ApoE − / − mice) with reduced off-target and systemic 
adverse effects, thereby overcoming the key translational 
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barriers for the clinical application of colchicine in anti-
atherosclerotic therapy.

Materials and methods
Materials
PLGA-PEG-COOH (PLGA (lactide:glycolide = 50:50, 
MW: 10000  Da); PEG (MW: 2000  Da)) was pur-
chased from Xi’an Ruixi Biological Technology Co. 
(Xi’an, China). Dulbecco’s modified Eagle’s medium 
(DMEM) was purchased from HACAKA (Shang-
hai, China). Colchicine, polyvinyl alcohol (PVA; MW: 
30,000–70,000  Da), the fluorescent dyes 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine 
iodide (DiR), 4′,6-diamidino-2-phenylindole (DAPI), 
N-(3-dimethylaminopropyl)-N’-ethylcarbodii-mide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were 
provided by Sigma‒Aldrich Corporation (St Louis, MO, 
USA). VHPK (VHPKQHRGGSKGC) and FITC-VHPK 
peptides were purchased from Qiangyao Biological Tech-
nology Co. (Suzhou, China). The Cell Counting Kit-8 
(CCK-8) assay kit was purchased from Dojindo Laborato-
ries (Mashiki-machi, Tabaru, Japan). Recombinant human 
tumor necrosis factor α (TNF-α) was purchased from 
NoVo Protein Scientific, Inc. (Canada). The anti-mouse 
CD68 antibody, anti-mouse VCAM-1 antibody, anti-
mouse MMP-9 antibody, anti-mouse NLRP3 antibody, 
anti-mouse IL-1β antibody, anti-mouse IL-18 antibody, 
anti-mouse p65 antibody, and anti-mouse caspase-1 anti-
body were purchased from Cell Signaling Technology (MA, 
USA). Enzyme-linked immunosorbent assay (ELISA) kits 
were purchased from Boster Biological Technology Co. 
Ltd. (Wuhan, China). Oil red O (ORO) and hematoxylin 
and eosin (H&E) were purchased from Servicebio (Wuhan, 
China). Human umbilical vein endothelial cells (HUVECs) 
were purchased from Science Cell (Carlsbad, CA).

Preparation of VHPK‑PLGA@COL and confirmation of VHPK 
peptide binding
Preparation of VHPK‑PLGA@COL
PLGA@COL was prepared using a modified double-emul-
sion method (W/O/W method) [28, 29]. According to this 
method, 50 mg of PLGA-PEG-COOH and 25 mg of colchi-
cine were fully dissolved in 2 mL of chloroform  (CHCl3) as 
the oil phase. Then, 200 μL of double-distilled water was 
added to serve as the inner aqueous phase, and the mixture 

was emulsified with a sonicator (Sonics & Materials Inc., 
Newtown, Connecticut, USA) to obtain a primary emul-
sion. Subsequently, 5  mL of 4% PVA solution was added 
for the second sonication cycle to form a W/O/W double 
emulsion. Ten milliliters of 2% isopropanol solution was 
then added, and the solution was magnetically stirred for 
4  h until the organic solvents had evaporated completely 
and the surfaces of the NPs solidified. Finally, PLGA@COL 
was purified by centrifugation (10,000 rpm, 7 min).

VHPK-PLGA@COL was fabricated by the carbodiimide 
method [30]. Briefly, excess EDC and NHS at a molar ratio 
of 2:1 were added to 0.1 M MES buffer solution (pH = 5.2) 
to activate the carboxyl group of PLGA@COL, and the 
mixture was allowed to react on a shaker for 2 h. The unre-
acted EDC and NHS were removed by centrifugal washing. 
Then, the activated PLGA@COL and 5 mg of VHPK pep-
tide were dispersed in 0.1 M MES buffer solution (pH = 8) 
and reacted in a shaker for 12  h. Finally, VHPK-PLGA@
COL was rinsed with double-distilled water three times to 
remove the unreacted materials.

DiI- or DiR-labeled PLGA@COL or VHPK-PLGA@
COL was added to an appropriate amount of DiI or DiR 
when dissolving PLGA-PEG-COOH. We fabricated FITC-
labeled NPs using a similar method except we replaced the 
VHPK peptide with FITC-VHPK peptide. VHPK-PLGA 
was prepared using the same procedures described above 
without the addition of colchicine in the first step as a 
blank control.

Confirmation of VHPK peptide binding
To confirm the conjugation of the VHPK peptide to 
PLGA@COL, VHPK-PLGA@COL was visualized by 
observing the colocalization of DiI-labeled PLGA@COL 
(red) and FITC-labeled VHPK peptide (green) using confo-
cal laser scanning microscopy (CLSM; A1R, Nikon, Tokyo, 
Japan). The carrier rate of the VHPK peptide was analyzed 
by flow cytometry (FCM; FACS Vantage SE, Becton Dick-
inson, San Jose, CA, USA). To further evaluate the density 
of VHPK peptide on VHPK-PLGA@COL, the concentra-
tion of VHPK peptide in the supernatant was determined 
using high-performance liquid chromatography (HPLC, 
Kromasil 100-5C18: 5  µm, 4.6  mm × 250  mm; Tempera-
ture: 25  ℃; Mobile phase: 0.1% Trifluoroacetic Acid in 
Acetonitrile and 0.1% Trifluoroacetic Acid in water; Flow 
Rate: 1.0 ml/min; Run Time: 20 min; Wavelength: 220 nm). 
The VHPK peptide binding capacity (BC) and binding effi-
ciency (BE) were calculated as follows:

BC (%) =
mass of VHPK peptide binding on nanoparticles

mass of nanoparticles
× 100%
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The mass of VHPK peptide on nanoparticles = mass 
of VHPK peptide used – mass of VHPK peptide in the 
supernatant.

Characterization of VHPK‑PLGA@COL
The morphology and structure of VHPK-PLGA@COL 
were observed using scanning electron microscopy (SEM; 
Hitachi S-3400N, Hitachi, Ltd., Tokyo, Japan) and trans-
mission electron microscopy (TEM; Hitachi H-7600, 
Hitachi, Ltd., Tokyo, Japan). The size, polydispersity 
indexes (PDIs), and zeta potentials of VHPK-PLGA and 
VHPK-PLGA@COL were measured by a dynamic light 
scattering detector (DLS, Malvern Instruments, Malvern, 
UK). To test the stability of VHPK-PLGA@COL, the 
size and PDI were monitored using DLS in phosphate-
buffered saline (PBS) containing 10% fetal bovine serum 
(FBS) for 7 d.

The standard curve of colchicine dissolved in double-
distilled water was established by measuring the absorb-
ance of solutions with different concentrations with 
a UV‒vis–NIR spectrophotometer at a wavelength of 
353  nm. The concentration of colchicine was calculated 
based on the corresponding absorbance of the UV spec-
trum at 353  nm. The drug loading capacity (LC) and 
encapsulation efficiency (EE) were calculated as follows:

The mass of COL encapsulated in nanoparticles = mass 
of COL used—mass of COL in the supernatant.

Drug release analysis
In vitro drug release analysis
The cumulative release of colchicine from VHPK-
PLGA@COL was investigated by adding the nanoparti-
cles into a dialysis bag (MWCO 3500 Da) and immersing 
it in 50 mL of PBS (pH 7.4) at 37 °C or 4 °C with shaking 
at 100 rpm. At specific time intervals (0, 0.5, 1, 1.5, 2, 2.5, 
3, 6, 10, 16, 20, 24, 30, 39, and 48 h), 1 mL of sample was 
withdrawn from the buffer solution and replaced with an 
equal volume of fresh PBS. As a control, an equal amount 
of free colchicine was added to a dialysis bag (MWCO 
3500 Da) at 37 °C with shaking at 100 rpm. The cumula-
tive release of colchicine was calculated according to the 
standard curve.

BE (%) =

mass of VHPK peptide binding on nanoparticles

mass of VHPK peptide used
× 100%

LC (%) =
mass of COL encapsulated on nanoparticles

mass of nanoparticles
× 100%

EE (%) =
mass of COL encapsulated on nanoparticles

mass of COLused
× 100%

In vivo drug release analysis
Male SD rats were purchased from the Animal Center 
of Chongqing Medical University. Rats were randomly 
divided into two groups (n = 3 for each group). Colchi-
cine and VHPK-PLGA@COL were intravenously admin-
istered via the tail vein at an equivalent dose of 0.1 mg/kg 
colchicine. Blood samples (200 µL) were drawn from the 
carotid vein at the preset time points, e.g., 0.25, 0.5, 0.75, 
1, 2, 4, 8, 12, 24, and 48 h, after intravenous administra-
tion, and centrifuged immediately at 3000 rpm for 5 min 
to obtain plasma. The plasma was placed in a 3 KDa cen-
trifugal filter and centrifuged for 10  min at 10,000  rpm 
to separate free colchicine from plasma. The ultrafil-
trate (50 µL) was placed in a glass tube with 50 µL of the 
internal standard (20  ng/ml tegafur), and 2  ml of n-hex
ane:dichloromethane:isopropanol (300:150:15, v/v/v) was 
added. The mixture was vortexed for 3  min and centri-
fuged at 3500  rpm for 10  min. Then, the upper organic 
layer was decanted into another tube and evaporated to 
dryness at 40 ℃ under a gentle stream of nitrogen. The 
residue was reconstituted in 50 µL of mobile phase and 
then was injected into a liquid chromatography–tandem 
mass spectrometer (LC–MS/MS) to measure the colchi-
cine concentration. The LC–MS/MS system consisted 
of an HPLC (Agilent Technologies, Palo Alto, CA, USA) 
and a mass spectrometer (MS, Applied Biosystems Sciex, 
Ontario, Canada) using electrospray ionization (ESI). 
Chromatography was performed on a Zorbax Extend 
C18 column (5 µm, 150 mm × 4.6 mm i.d. Agilent Tech-
nologies) maintained at 40 ℃ with a mobile phase of for-
mic acid:10  mM ammonium acetate:methanol (1:49:75, 
v/v/v) at a flow rate of 1.1 ml/min. For quantitative anal-
ysis, the MS was run in multiple reaction monitoring 
(MRM) mode. The MRM transitions for colchicine were 
400.1 → 358.3 (m/z) and for tegafur were 200.5 → 130.9 
(m/z).

Cell culture and establishment of the inflammatory cell 
model
HUVECs were cultured in DMEM supplemented with 
10% FBS and 1% penicillin/streptomycin and incubated 
at 37  °C in a 5%  CO2 atmosphere. Cultured cells in the 
logarithmic growth phase were used for cell experiments. 
Inflammatory endothelial cells were induced by incuba-
tion with 20 ng/mL TNF-α [4] at 37 °C for 24 h.

Establishment of the mouse model of atherosclerosis
Six-week-old homozygous male apolipoprotein E knock-
out C57BL/6 mice (ApoE − / − mice) were purchased 
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from Beijing Huafukang Biotechnology Co., Ltd. (License 
SCXK 2019e0008), quarantined, and acclimatized for one 
week before the experiments. All mice were subjected 
to a 12  h light/dark cycle under specific pathogen-free 
conditions at 27  °C and properly handled in accordance 
with the guidelines of the Institutional Animal Care and 
Use Committee (IACUC) of Chongqing Medical Univer-
sity. All animal experiments were approved by the Ani-
mal Ethics Committee of Chongqing Medical University. 
ApoE − / − mice were fed a high-cholesterol diet (HCD; 
40% fat, 40% carbohydrate, and 20% protein) with a high 
level of cholesterol (D12108C-high-fat rodent diet with 
1.25% cholesterol, FBSH, Shanghai, China) for 10 weeks 
[4, 31] to induce atherosclerotic plaque formation in 
the mouse aortic region and establish an atheroscle-
rotic mouse model. As the normal group, six-week-old 
ApoE − / − mice were fed a normal chow diet (NCD; 10% 
fat, 70% carbohydrate, and 20% protein).

In vitro cytotoxicity and blood compatibility tests 
of VHPK‑PLGA@COL
Cytotoxicity test
The toxicity of colchicine and VHPK-PLGA@COL was 
detected by CCK-8 assays, live/dead cell staining, and 
FCM. First, HUVECs were seeded in a 96-well plate at 
a density of 1 ×  104 cells per well and incubated for 24 h. 
The cells were treated with colchicine or VHPK-PLGA@
COL at different concentrations (0.1, 0.2, 0.4, 0.8, 1, 30 
and 50 μg/mL) for 24 h and 48 h, respectively. Cell via-
bility was measured using a CCK-8 assay. In addition, 
HUVECs (5 ×  105) were seeded in laser confocal cell cul-
ture dishes and cultured for 24 h, followed by treatment 
with 0.8  µg/mL colchicine and VHPK- PLGA@COL for 
24 h. Then, the cells were stained with M5 HiPer Calcein 
AM/PI and observed by CLSM (Beijing, China). Mean-
while, the cell survival rate following drug treatment for 
24 h was determined by FCM.

Blood compatibility test
For the hemolysis evaluation, fresh blood was collected 
from anesthetized C57BL/6 mice with anticoagulant 
containing ethylenediaminetetraacetic acid (EDTA), and 
the whole blood was diluted with saline to obtain diluted 
whole blood. Twenty microliters of the diluted whole 
blood was added to 1 mL of VHPK-PLGA@COL solution 
at various concentrations (0.4, 0.8, 2, 3, 4, and 5 µg/mL) 
and incubated at 37 °C for 1 h. Red blood cells in saline 
were used as negative controls, and those in double-dis-
tilled water were regarded as positive controls. Subse-
quently, the supernatant of each sample was collected by 
centrifugation (3000 rpm, 5 min), and the absorbance at 
540 nm was measured using a microplate reader.

Analysis of the targeting ability of VHPK‑PLGA@COL
Targeting ability analysis in vitro
The ability of VHPK-PLGA@COL to target HUVECs was 
evaluated using both CLSM and FCM. The inactivated 
and activated cells (induced by 20  ng/mL TNF-α) were 
seeded into laser confocal cell culture dishes and cul-
tured for 24 h. Then, the original medium was replaced 
with fresh medium containing 0.4  µg/mL DiI-labeled 
VHPK-PLGA@COL or PLGA@COL and incubated for 
another 2  h. After washing three times with PBS, the 
cells were fixed with 4% paraformaldehyde for 15  min 
and stained with DAPI solution for another 10 min, fol-
lowed by washing twice with PBS. Cell images were cap-
tured by CLSM. For the blocking experiment, activated 
HUVECs were cultured with medium containing free 
VHPK peptide solution overnight, followed by incuba-
tion with medium containing 0.4  µg/mL DiI-labeled 
VHPK-PLGA@COL for 2  h. Cell images were cap-
tured by CLSM. For dynamic uptake analysis, activated 
HUVECs were incubated with 0.4  µg/mL DiI-labeled 
VHPK-PLGA@COL or PLGA@COL for various periods 
(0, 0.5, 2, and 4 h), and the uptake of VHPK-PLGA@COL 
or PLGA@COL by HUVECs was quantitatively deter-
mined and analyzed by FCM.

In vivo targeting analysis
To determine the biodistribution and targeting capabil-
ity of VHPK-PLGA@COL in vivo, equal volumes of DiR-
labeled VHPK-PLGA@COL and PLGA@COL or saline 
as the control group were intravenously administered to 
ApoE − / − atherosclerotic mouse models (3 mice/group). 
After 24 h, the aortas from the aortic root to the bifurca-
tion of the iliac artery, hearts, livers, spleens, lungs, and 
kidneys were dissected from different groups of mice 
and imaged by an in  vivo imaging system (IVIS, Perkin 
Elmer, U.K.). In addition, sections of the isolated aortic 
sinuses were directly immunofluorescence staining of 
VCAM-1 (green) followed by staining with DAPI solu-
tion to determine the distribution of VHPK-PLGA@COL 
and PLGA@COL by CLSM.

Animal experiments
Animal experimental protocol
As illustrated in the scheme (Fig. 1c), six-week-old male 
ApoE − / − mice were randomly and investigator-blindly 
divided into 5 groups (G1-G5: normal, control, VHPK-
PLGA, colchicine, VHPK-PLGA@COL; 5 mice/group). 
Mice in G1, the normal group, were fed a normal chow 
diet (NCD) throughout the experimental period. All 
mice from G2 to G5 were first fed a high-cholesterol 
diet (HCD) for 10 weeks to establish the atherosclerotic 
model followed by treatment with saline as the control 
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(G2), VHPK-PLGA (G3), colchicine (G4), and VHPK-
PLGA@COL (G5), respectively.

The indicated formulations were administered intrave-
nously via the tail vein every two days for 8  weeks at a 
dosage of 0.1 mg/kg colchicine and an equivalent amount 
of saline. The colchicine dosage used was based on pre-
viously published studies [32, 33]. Upon termination of 
the study, the body weights of mice were recorded, and 
the animals were sacrificed under anesthesia. Blood was 
collected in EDTA spray-coated tubes and centrifuged at 
3000  rpm for 5  min to collect plasma. The aortas from 
the heart to the iliac bifurcation and organs were care-
fully dissected and fixed with 4% paraformaldehyde 
solution.

In vivo biosafety evaluation of VHPK‑PLGA@COL
Hematological parameters, including red blood cells 
(RBCs), platelets (PLTs), white blood cells (WBCs), and 
hemoglobin (HGB) content, in blood samples collected 
from different groups of mice were analyzed, respectively. 
Meanwhile, biochemical parameters in the correspond-
ing plasma samples, including alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), creatinine 

(CRE), blood urea nitrogen (BUN), total cholesterol 
(TC), triglyceride (TG), low-density lipoprotein choles-
terol (LDL-C), and high-density lipoprotein cholesterol 
(HDL-C), were also evaluated accordingly. In addition, 
the major organs of mice, including heart, liver, spleen, 
lung, and kidney, were harvested and fixed with 4% para-
formaldehyde for H&E staining.

Evaluation of the in vivo anti‑atherosclerotic effect 
of VHPK‑PLGA@COL
Quantitative analysis of the atherosclerotic plaques Dig-
ital images of the aortic arch were obtained after the aortas 
were dissected from the mice. The plaque shape, size, and 
distribution throughout the entire aorta were observed 
intuitively with gross pathological specimens. The whole 
aorta was longitudinally opened and stained with ORO, 
and photos of the stained aortas were quantitatively ana-
lyzed by ImageJ to evaluate the therapeutic efficacy of the 
different formulations.

Assessment of the stability of atherosclerotic plaques To 
assess stability of the atherosclerotic plaques, sections 
of the aortic sinus were stained with H&E and ORO and 

Fig. 1 Schematic illustration of the preparation of VHPK-PLGA@COL and the therapeutic paradigm and potential mechanisms. a After 
encapsulating COL in the nanoparticles, the VHPK peptide was subsequently added to target AS, forming VHPK-PLGA@COL. b These nanoparticles 
could accumulate in inflamed endothelial cells that overexpressed VCAM-1 and restrict the progression of AS by inhibiting NF-κB/NLRP3 pathways 
and reducing the secretion of proinflammatory cytokines such as IL-1β and IL-18. c In our study, six-week-old male ApoE − / − mice were divided 
into 5 groups (G1-G5). In G1, the normal group, mice were fed a normal chow diet (NCD). In G2 to G5, mice were fed a high-cholesterol diet (HCD) 
for 10 weeks followed by treatment with saline, VHPK-PLGA, COL, or VHPK-PLGA@COL, respectively, for 8 weeks
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incubated with antibodies, including anti-CD68 and anti-
matrix metalloproteinase-9 (MMP-9), respectively, for 
immunofluorescence analysis. Then, the sections were 
visualized using CLSM. Furthermore, quantitative anal-
ysis of atherosclerotic plaques or the positive area was 
determined by ImageJ.

Quantification of inflammatory cytokines in plasma
The levels of TNF-α, IL-1β, IL-18, and CRP in the plasma 
of mice were analyzed and quantified using commercial 
ELISA kits according to the manufacturer’s instructions.

Western blot
Total proteins were extracted from entire aortas dis-
sected from different groups of mice. The protein con-
centration was determined using BCA assay. Equivalent 
amounts of denatured protein samples were separated 
by 12% SDS‒PAGE, transferred to PVDF membranes 
(Bio-Rad Laboratories, Hercules, CA, USA), and blocked 
with 5% bovine serum albumin (BSA) for 1  h at room 
temperature. The membranes were then incubated over-
night at 4 °C with primary antibodies against NF-κB p65, 
NLRP3, caspase-1, IL-1β, IL-18, α-Tubulin, and GAPDH, 
followed by incubation with HRP-conjugated secondary 
antibodies for 1 h at room temperature. The blot signals 
were visualized by enhanced chemiluminescent (ECL) 
reagents and detected through a Bio-Rad imaging system 
(Bio-Rad, USA). The expression level of the target pro-
teins was semi-quantified by measuring the relative gray 
value of each target protein band with the corresponding 
GAPDH or α-Tubulin as internal control for the normali-
zation of data.

Statistical analysis
All statistical analysis were performed using Graph-
Pad Prism (version 8.02). One-way analysis of variance 
(ANOVA) was performed for multiple comparisons. All 
data are displayed as the mean ± SD and P values < 0.05 
were considered statistically significant.

Results
Preparation of VHPK‑PLGA@COL and confirmation of VHPK 
binding
PLGA@COL was synthesized using the improved 
W/O/W method. To achieve specific and precise target-
ing of inflammatory endothelial cells in atherosclerotic 
plaques, PLGA@COL was further modified with the 
VHPK peptide by forming an amide bond via a chemi-
cal reaction between the –COOH groups of PLGA@COL 
and the –NH2 groups of the VHPK peptide. After 12 h of 
incubation, dehydration condensation was performed. 
A schematic diagram of drug synthesis is illustrated in 
Fig. 2a. To confirm the successful conjugation of PLGA@

COL with the VHPK peptide, images were obtained by 
CLSM, which showed the greatest overlap between green 
(FITC-VHPK) and red (PLGA@COL/DiI) in the nano-
particles (Fig.  2b). FCM quantitatively confirmed that 
the conjugation rate of the VHPK peptide was strikingly 
high at 98.72 ± 1.26% (Fig. 2c, d). Further studies showed 
that the VHPK peptide binding capacity and binding effi-
ciency were 2.63 ± 0.07% and 38.38 ± 1.31%, respectively 
(Fig. 2e).

Characterization of VHPK‑PLGA@COL and drug release
Characterization of VHPK‑PLGA@COL
We prepared VHPK-PLGA@COL, VHPK-PLGA, and 
colchicine solutions at the same concentration in PBS. 
The free colchicine solution appeared  as a light  yellow-
ish-green clear liquid, while the VHPK-PLGA@COL and 
VHPK-PLGA solutions were milky white (Fig.  3a). The 
SEM and TEM images further confirmed the well-defined 
spherical morphology of VHPK-PLGA@COL (Fig. 3b-c). 
The diameters of VHPK-PLGA and VHPK-PLGA@COL 
were 155.97 ± 1.80 nm and 187.50 ± 1.71 nm, respectively 
(Fig. 3d), which were consistent with the TEM and SEM 
analyses. The zeta potentials of VHPK-PLGA and VHPK-
PLGA@COL were − 3.89 ± 0.58 mV and − 33.56 ± 1.82 mV, 
respectively (Fig. 3e). Moreover, the average size and PDI 
of VHPK-PLGA@COL did not change significantly over 
7 d, thus confirming the good stability of the nanoparti-
cles (Fig. 3f ).

The UV–vis–NIR spectrum showed that VHPK-
PLGA@COL and colchicine featured a characteristic 
absorption peak at 353 nm, but no such peak was exhib-
ited for VHPK-PLGA (Fig.  3g). These different features 
between VHPK-PLGA and VHPK-PLGA@COL implied 
that colchicine was successfully loaded in the nanopar-
ticles. In addition, the absorbance of colchicine at dif-
ferent concentrations was measured by UV‒vis–NIR 
spectrophotometry (Fig.  3h), showing a linear relation-
ship between the absorbance at 353  nm and colchicine 
concentration (Fig. 3i). According to the standard curve 
of colchicine constructed from the absorption spectra, 
the encapsulation efficiency and loading capacity of col-
chicine in VHPK-PLGA@COL were 93.32 ± 1.14% and 
31.81 ± 0.27%, respectively (Fig. 3j).

Sustained drug release by VHPK‑PLGA@COL
To evaluate the cumulative drug release profile of colchi-
cine, VHPK-PLGA@COL was transferred to dialysis bags 
and immersed in PBS (pH = 7.4) at 37  °C and 4  °C with 
shaking at 100 rpm, respectively, whereby an equivalent 
amount of free colchicine transferred to dialysis bags 
(37  °C, 100  rpm) served as the control. After 48  h, the 
amount of colchicine released in the nanoparticle groups 
at 37  °C and 4  °C were 70.73 ± 1.54% and 7.55 ± 0.79%, 
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respectively, while the release rate in the free colchicine 
group reached 100% only after 1 h. As shown in Fig. 3k, 
the release of colchicine from VHPK-PLGA@COL was 
much slower at the storage temperature (4 °C) than that 
at body temperature (37  °C), whereas the release of col-
chicine from VHPK-PLGA@COL was also much slower 
than the free colchicine (70.73 ± 1.54% in 48 h vs 100% in 
1 h), which might be attributed to the gradual degrada-
tion and rupture of PLGA and PEG polymers.

Following intravenous administration of free col-
chicine, the blood concentration of colchicine peaked 
rapidly and then decreased sharply with a maximum con-
centration of 7.82 ± 0.33  ng/mL, whereas the maximum 
concentration was 3.61 ± 0.55  ng/mL following intrave-
nous administration of VHPK-PLGA@COL and a persis-
tent and stable plasma drug concentration was observed 
over 48  h (Fig.  3l). These results demonstrated a steady 
and long-term colchicine release pattern from VHPK-
PLGA@COL in vivo.

Fig. 2 Preparation of VHPK-PLGA@COL and confirmation of VHPK peptide binding. a Schematic illustration of the preparation of VHPK-PLGA@
COL. b Investigation of VHPK peptide (labeled with FITC in green) on the surface of PLGA@COL (labeled with DiI in red) by CLSM (scale bar = 2 μm). 
c Quantitative analyses of the conjugation rate of VHPK peptide on PLGA@COL and VHPK-PLGA@COL by the FCM method. d Quantitative analysis 
of flow cytometry. e The VHPK peptide binding capacity (BC) and binding efficiency (BE) on the surface of VHPK-PLGA@COL
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Fig. 3 Characterization of VHPK-PLGA@COL and drug release. a Appearance characteristics of COL, VHPK-PLGA and VHPK-PLGA@COL. b, c SEM 
and TEM images of VHPK-PLGA@COL. d, e The size distribution and zeta potentials of VHPK-PLGA and VHPK-PLGA@COL. f Average size and PDI 
of VHPK-PLGA@COL over 7 days. g UV‒vis–NIR absorbance spectra of VHPK-PLGA, COL and VHPK-PLGA@COL. h The absorbance of COL at different 
concentrations. i The corresponding concentration-absorbance intensity relationship at a wavelength of 353 nm. (j) The encapsulation efficiency 
(EE) and drug loading capacity (LC) of VHPK-PLGA@COL. k In vitro cumulative release of COL from VHPK-PLGA@COL in PBS solution at 4 °C and 37 °C, 
100 rpm, and COL in PBS solution at 37 °C, 100 rpm. l Plasma concentration–time profiles of colchicine in rats after intravenous administration 
of colchicine and VHPK-PLGA@COL at an equivalent dose of 0.1 mg/kg colchicine. (mean ± SD, n = 3)
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In vitro cytotoxicity and blood compatibility 
of VHPK‑PLGA@COL
CCK-8, FCM and live/dead cell staining were employed 
to evaluate the cytotoxicity of VHPK-PLGA@COL. 
According to the CCK-8 cytotoxicity assay, colchicine 
and VHPK-PLGA@COL induced a dose-dependent 
response of cytotoxicity, whereby colchicine reduced 
cell viability at 24  h from 97.2% to 50.6% and VHPK-
PLGA@COL reduced cell viability from 97.9% to 73.6% 
at doses ranging from 0.1 to 50  μg/mL (Fig.  4a). Fol-
lowing treatment for 48  h, cell viability decreased from 
89.6% to 39.9% by colchicine and from 95.5% to 66.3% 
by VHPK-PLGA@COL, respectively (Fig.  4b). Based on 
these results, colchicine at a concentration of 0.8  µg/
mL was used for the following live/dead cell staining 
and FCM assays. As shown in Fig. 4c, the live/dead cell-
staining showed that the prevalence of green-fluorescent 
cells (live) in the VHPK-PLGA@COL group was obvi-
ously higher than that in the colchicine group. In addi-
tion, FCM analysis showed that the percentages of living 
cells in the normal control group, colchicine, and VHPK-
PLGA@COL treatment group were 95.0%, 78.1%, and 
91.8%, respectively (Fig.  4d, e), suggesting that colchi-
cine loaded in VHPK-PLGA@COL was much less toxic 
to cells than free colchicine (cell viability 91.8% vs 78.1%) 
due to its encapsulation and sustained release from 
VHPK-PLGA@COL.

Hemocompatibility is an important evaluation crite-
rion for the biosafety of biological materials. As shown in 
Fig. 4f, g, similar to saline, VHPK-PLGA@COL at various 
concentrations did not cause any hemolytic reactions, 
whereas red blood cells were obviously destroyed in the 
water. These results confirmed the good biocompatibility 
of VHPK-PLGA@COL, thus allowing further functional 
evaluation of these nanoparticles in vivo.

Targeting ability of VHPK‑PLGA@COL
Targeting ability of VHPK‑PLGA@COL in vitro
The ability of VHPK-PLGA@COL labeled with DiI to 
target inactivated and TNF-α-activated HUVECs was 
observed using CLSM (Fig.  5). A substantial amount of 
VHPK-PLGA@COL was found to adhere to activated 
cells as presented by strong red fluorescence signals com-
pared with the weak fluorescence signal in the PLGA@
COL group. Blocking analysis showed that the addition 

of the VHPK peptide prior to the administration of 
VHPK-PLGA@COL to cells significantly weakened the 
fluorescence signals on targeted cells, thus verifying the 
specific function of VHPK peptide for endothelial cell 
targeting. Nevertheless, weak fluorescence was observed 
in inactivated cells following the administration of either 
VHPK-PLGA@COL or PLGA@COL. These results dem-
onstrated that VHPK-PLGA@COL, not PLGA@COL, 
could specifically target the inflammation-activated 
HUVECs via the VHPK peptide.

To further determine the binding efficiency, activated 
HUVECs were incubated with VHPK-PLGA@COL or 
PLGA@COL for different periods. The results showed 
that a few nanoparticles accumulated around the cells 
at 0.5  h and some nanoparticles appeared around the 
nucleus at 2  h after incubation with VHPK-PLGA@
COL. At 4 h, many nanoparticles were swallowed by the 
cells and gathered around the nucleus. Remarkably, the 
fluorescence intensity gradually increased in cells incu-
bated with VHPK-PLGA@COL, while it became less 
obvious in cells incubated with PLGA@COL (Fig.  6a). 
These findings were further confirmed by FCM analy-
ses (Fig. 6b, c).

In vivo targeting of atherosclerotic plaques by VHPK‑PLGA@
COL
To investigate the ability of VHPK-PLGA@COL to 
target atherosclerotic lesions and its pharmacokinet-
ics, VHPK-PLGA@COL and PLGA@COL labeled with 
DiR were intravenously injected into mice with HCD-
induced atherosclerosis, while mice injected with saline 
served as the control. Since the surface of the athero-
sclerotic plaques was featured with inflamed endothe-
lial cells overexpressing VCAM-1, it is then supposed 
to be the specific target of VHPK-PLGA@COL. As 
expected, ex vivo imaging of the harvested aortas from 
mice injected with VHPK-PLGA@COL harbored much 
stronger fluorescence signals than those from PLGA@
COL group (Fig.  7a, b). Consistently, imaging analy-
sis of aortic sinus sections further confirmed that the 
VHPK-PLGA@COL-treated plaques had significantly 
higher DiR fluorescence signals than the PLGA@COL-
treated plaques (Fig.  7d). These data demonstrated 
that VHPK-PLGA@COL was capable of binding to 

(See figure on next page.)
Fig. 4 In vitro cytotoxicity and blood compatibility analyses of VHPK-PLGA@COL. a, b CCK-8 assay on cell viability of HUVECs after treatment 
with COL and VHPK-PLGA@COL at various concentrations for 24 h and 48 h, respectively. c Live/dead cell-staining images of HUVECs after treatment 
for 24 h with COL and VHPK-PLGA@COL (colchicine: 0.8 µg/mL) as observed by CLSM. d, e FCM analysis of the rate of living HUVECs after treatment 
with COL and VHPK-PLGA@COL (colchicine: 0.8 µg/mL) for 24 h. f Images of the hemolysis test of VHPK-PLGA@COL at different concentrations 
after centrifugation. g Measurement of the absorbance of the supernatant at 540 nm in the hemolysis test. (n = 3, *P < 0.05, **P < 0.01***P < 0.001, 
****P < 0.0001; ns = no significance)
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Fig. 4 (See legend on previous page.)
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atherosclerotic plaques at a considerably higher level 
than PLGA@COL due to the unique property of VHPK 
peptide to target VCAM-1 molecules overexpressed on 
inflammatory endothelial cells.

In addition, the distribution of DiR fluorescence sig-
nals in certain major organs, especially the liver and 
spleen, was also evaluated. Compared to PLGA@COL 
without the inflammatory endothelial cell targeting 
capacity, the unexpected distribution of VHPK-PLGA@
COL in the major organs slightly decreased (Fig. 7a, c), 
thus providing additional possibilities to target athero-
sclerotic plaques for VHPK-PLGA@COL.

Evaluation of the therapeutic efficacy of VHPK‑PLGA@COL 
in vivo
In vivo biosafety evaluation
Next, various approaches, including body weight exami-
nation, hematological analysis, blood biochemical anal-
ysis, and histological analysis of main organs by H&E 
staining, were employed to systemically evaluate the 
biosafety of VHPK-PLGA@COL. Histologically, H&E 

staining showed no obvious histological changes in the 
main organs of mice from five different groups (Fig. 8a). 
Meanwhile, no significant difference was observed in the 
body weight of mice from all 5 groups (Fig. 8b). Hemato-
logical analysis showed that there were no significant var-
iations in RBCs, PLTs, or HGB. Importantly, the counts 
of WBCs, the immune-associated cells, were similar 
between the different treatment groups and the untreated 
normal group of mice (Fig. 8c). Additionally, clinical bio-
chemical analysis showed normal levels of ALT, AST, 
CRE, and BUN, indicating that the biological functions 
of the liver and kidney were not affected by systemic 
administration of nanoparticles (Fig.  8c). On the other 
hand, the levels of TC and LDL-C in mice from the non-
treated control, VHPK-PLGA, COL, and VHPK-PLGA@
COL groups all consistently increased due to HCD with 
no significant differences among these different groups 

Fig. 5 Targeting ability of PLGA@COL and VHPK-PLGA@COL in vitro. HUVECs with or without activation by TNF-α, TNF-α ( +) or TNF-α (-), were 
incubated with DiI-labeled PLGA@COL or VHPK-PLGA@COL for 2 h and images were observed with CLSM. For blocking analysis, activated cells were 
first treated with VHPK peptide solution followed by incubation with VHPK-PLGA@COL (middle column). (blue = nucleus, red = nanoparticles, scale 
bar = 50 μm)
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Fig. 6 Targeting ability of VHPK-PLGA@COL in vitro: Time-point study. a CLSM images and b FCM results of activated HUVECs following incubation 
with DiI-labeled PLGA@COL or VHPK-PLGA@COL for different periods. c Quantitative results of data from flow cytometric analyses. (blue = nucleus, 
red = nanoparticles, scale bar = 50 μm, n = 3, **P < 0.01***P < 0.001)

Fig. 7 Targeting atherosclerotic plaques by VHPK-PLGA@COL in vivo. a Representative ex vivo fluorescence images of aortas and major 
organs, b Quantitative data of DiR fluorescent signals accumulated in the aortas, c Heatmap of DiR fluorescent signals in major organs at 24 h 
post intravenous injection (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001). d CLSM images of aortic sinus sections prepared from atherosclerotic mice 
after intravenous injection of saline, DiR-labeled VHPK-PLGA or VHPK-PLGA@COL for 24 h. (blue = DAPI, green = VCAM-1, red = nanoparticles, 
P = atherosclerotic plaque, L = vessel lumen, scale bar = 50 μm)

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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Fig. 8 Biosafety evaluation of VHPK-PLGA@COL in vivo. a H&E staining of the heart, liver, spleen, lung, and kidney of ApoE − / − mice after different 
treatments. b Body weight and c hematological parameters and biochemical parameters of ApoE − / − mice after different treatments. (n = 5, Scale 
bar = 100 µm)
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Fig. 9 Quantitative analysis of atherosclerotic plaques. a Digital images of the aortic arch (top) and en face micrographs of ORO-stained aortas 
(bottom) after 8 weeks of treatment. b Plaque area ratio (%) in the aortic arch; (c) Quantitation of the percentage of ORO-positive area compared 
with total luminal surface area (n = 5, *P < 0.05, **P < 0.01***P < 0.001, ****P < 0.0001; ns  no significance)
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of atherosclerotic mice. Nevertheless, TG and HDL-C 
remained at normal levels and showed no significant 
differences among all groups of mice (Fig.  8c). Taken 
together, these results have demonstrated the good bio-
compatibility and safety of these nanoparticles in  vivo 
and colchicine had no significant effect on plasma lipid 
metabolism [33, 34].

In vivo anti‑atherosclerotic effect of VHPK‑PLGA@COL
Quantitative analysis of  atherosclerotic plaques We 
next examined the therapeutic efficacy of different formu-
lations against AS development. As shown in the digital 
images of the aortic arch (Fig.  9a), VHPK-PLGA@COL 
significantly decreased the plaque area (19.16 ± 1.02%), 
whereas free colchicine only slightly reduced the plaque 
area (36.76 ± 4.93%) compared with the non-treated con-
trol group (49.86 ± 1.78%) (Fig. 9b). Similarly, the en face 
micrographs of the ORO-stained aortas showed that treat-
ment with VHPK-PLGA@COL and colchicine reduced 
the plaque areas of the entire aortas from 48.82 ± 3.24% 
to 11.82 ± 2.81% and 21.75 ± 1.34% (Fig. 9c), respectively. 
Even though both colchicine and VHPK-PLGA@COL 
exhibited anti-atherosclerotic effects, the therapeutic effi-
cacy of VHPK-PLGA@COL was more pronounced than 
that of free colchicine, possibly due to their enhanced 
enrichment in the targeted site.

Assessing the effect of VHPK‑PLGA@COL on the stability 
of  the  atherosclerotic plaques The unpredictable rup-
ture of vulnerable atherosclerotic plaques triggers adverse 
cardiovascular events such as acute coronary syndrome 
(ACS) and even sudden cardiac death (SCD) [35]. There-
fore, assessing the stability of atherosclerotic plaques is of 
significance in plaque risk stratification and the reduction 
of major adverse cardiovascular events (MACEs). Herein, 
we further assessed the effect of VHPK-PLGA@COL on 
the stability of atherosclerotic plaques by examining the 
changes in the pathological features and biological com-
ponents within the plaque following different treatments.

Histologically, H&E staining of the cross-sections of 
the aortic sinus showed that the plaque area dramatically 
decreased after treatment with colchicine (21.75 ± 1.34%) 
or VHPK-PLGA@COL (11.82 ± 2.81%) compared with 
the non-treated control group (48.82 ± 3.24) (Fig. 10a,b). 
Similarly, the ORO area was significantly decreased in 

the colchicine (8.36 ± 0.26%) and VHPK-PLGA@COL 
(5.65 ± 0.66%) groups compared with the non-treated 
control group (13.10 ± 0.94%) (Fig.  10a, c). Consistently, 
these results indicated that VHPK-PLGA@COL exhib-
ited a better therapeutic effect on AS than free colchicine 
according to plaque burden and lipid deposition analyses.

Macrophages are the main immune cell compo-
nents within atherosclerotic plaques and play critical 
roles in the occurrence and development of AS. Mac-
rophages progressively engulf ox-LDL and serve as 
major sources of foam cells. Additionally, macrophages 
secrete cytokines and chemokines that interact with 
other immune cells and contribute to inflammatory 
cascade reactions and plaque rupture [36, 37]. In addi-
tion, MMP-9 plays an important role in extracellular 
matrix degradation, a process that leads to atheroscle-
rotic plaque destabilization [33]. Hence, we examined the 
effect of VHPK-PLGA@COL on macrophage infiltration 
and MMP9 expression in atherosclerotic plaques. Immu-
nofluorescence (IF) staining of CD68 (a macrophage 
marker) on aortic sinus sections showed that treatment 
with colchicine and VHPK-PLGA@COL led to a 41.32% 
and 50.97% reduction in the number of macrophages, 
respectively, compared with the non-treated control 
group (Fig. 10a, d). On the other hand, IF immunostain-
ing of MMP9 showed that treatment with colchicine and 
VHPK-PLGA@COL decreased the expression of MMP-9 
by 27.60% and 54.68%, respectively, compared with the 
non-treated control group (Fig. 10a, e). In general, the AS 
plaques in the VHPK-PLGA@COL group exhibited a sta-
ble phenotype as featured by the smallest plaque burden, 
the least lipid deposition, the fewest infiltration of mac-
rophages, and the lowest expression of MMP-9 compared 
with colchicine-treated and non-treated control groups.

Quantification of the inflammatory cytokines in plasma
We then examined the levels of several inflammatory 
cytokines (TNF-α, IL-1β, IL-18 and CRP) in the plasma 
from mice following different treatments for 8 weeks. As 
shown in Fig. 10f, systemic administration of colchicine 
and VHPK-PLGA@COL significantly reduced the plasma 
levels of these inflammatory cytokines compared to non-
treated group, suggesting that the anti-atherosclerotic 
effect of colchicine and VHPK-PLGA@COL might be 
associated with their potent anti-inflammatory functions.

(See figure on next page.)
Fig. 10 Assessment of the effect of VHPK-PLGA@COL on the stability of atherosclerotic plaques and measurement of plasma inflammatory 
cytokines in mice. a H&E and ORO-staining, and immunofluorescence studies on the expression of CD68 and MMP-9 on cross-sections of aortic 
sinus (scale bar = 200 μm). b‑e Quantitative analysis of plaque area, lipid deposition area, and CD68 and MMP-9 mean fluorescence intensity 
in cross-sections of the aortic sinus. f The levels of proinflammatory factors (TNF-α, IL-1β, IL-18 and CRP) in the plasma of mice from different 
treatment groups were measured using ELISAs. (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns  no significance)
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Fig. 10 (See legend on previous page.)
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The potential mechanisms involved in VHPK‑PLGA@
COL‑mediated anti‑atherosclerotic effect
The NLRP3 inflammasome constitutes one of the impor-
tant immune response cascades and plays a crucial role 
in the formation and progression of AS [28, 38, 39]. The 
NLRP3 inflammasome complex is composed of NLRP3, 
apoptosis-associated speck-like protein (ASC), and pro-
caspase-1, whereby NF-κB plays an essential role in the 
first step of NLRP3 inflammasome activation through 
regulating the expression of the NLRP3 protein and some 
inflammatory cytokine precursors (e.g., pro-IL-1β and 
pro-IL-18). Herein, we explored whether colchicine and 
VHPK-PLGA@COL achieved their therapeutic effects 
on AS through interfering with the NF-κB/NLRP3 path-
ways. As expected, the levels of NF-κB p65, NLRP3, cas-
pase-1, IL-1β and IL-18 remained relatively low in aortas 

of healthy normal mice, but markably increased in the 
aortas of both non-treated and VHPK-PLGA-treated 
AS mice, suggesting that the elevated activation of the 
NF-κB/NLRP3 inflammasome pathway is closely associ-
ated with AS development and that VHPK-PLGA had no 
inhibitory effect on NF-κB/NLRP3 inflammasome acti-
vation. On the contrary, treatment with colchicine and 
VHPK-PLGA@COL significantly decreased the levels of 
these NF-κB/NLRP3 inflammasome components in the 
aortic lesions of AS mice. Again, the inhibitory effect of 
VHPK-PLGA@COL on the NF-κB/NLRP3 inflamma-
some pathway was more pronounced than that of free 
colchicine(Fig.  11a–f). Taken together, these results 
suggest that colchicine’s anti-atherosclerotic effect was 
possibly attributed to the inhibition of NF-κB/NLRP3 
inflammasome activation, which was further amplified 

Fig. 11 Inhibitory effect of VHPK-PLGA@COL on NF-κB/NLRP3 inflammasome pathways. a Western blot (WB) analysis on the expression of p65, 
NLRP3, caspase-1, IL-1β, and IL-18 proteins in the aortas of different groups of mice after 8 weeks of treatment. b-f The semi-quantification of WB 
data on p65, NLRP3, caspase-1, IL-1β, and IL-18 protein expressions in aorta (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns  no significance)
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by VHPK-PLGA@COL due to their unique properties 
of inflammatory endothelial cell targeting and sustained 
release.

Discussion
In recent years, emerging evidence from several clinical 
trials (LoDoCo, LoDoCo2, COLCOT and COPS trials) 
strongly suggests that clinical application of colchicine is 
associated with significant reductions in the incidence of 
the composite of cardiovascular mortality [40]. However, 
it has not yet been approved for anti-atherosclerosis in 
clinic. The primary barrier for the clinical translation of 
colchicine in anti-atherosclerosis treatment is its adverse 
effects after systemic administration. Pharmacologically, 
colchicine is metabolized by the CYP3A4 enzyme and 
cleared by the P-glycoprotein efflux pump in the bile and 
kidneys. It has been shown that potent inhibitors of the 
CYP3A4 and P-glycoprotein efflux pathways or the mal-
function of the liver and kidney can increase blood drug 
concentration and even cause acute colchicine toxicity 
[40]. However, polypharmacy and the related comor-
bidities, especially renal dysfunction, are common phe-
nomena among AS patients [41] that can increase the 
possibility of colchicine-related adverse effects. These 
limitations prompted us to reconsider a new strategy to 
repurpose colchicine for anti-atherosclerosis treatment 
and concomitantly minimize its systemic toxicity. To 
date, there is still lack of related studies on how to reduce 
colchicine toxicity. In the present study, we aimed to 
develop a colchicine-loaded nanoparticle platform that 
can preferably deliver the drug to atherosclerotic plaque 
sites with sustained release and reduced systemic toxicity.

PLGA, one of the most successfully developed bio-
degradable polymers [42], has been approved by FDA 
and widely utilized owing to its properties of excellent 
biocompatibility, biodegradability, and controlled drug 
release[25]. The safety of PLGA has been well estab-
lished in previous studies[43–45], and this polymer is 
currently used in resorbable sutures, bone implants, and 
tissue engineering scaffolds in humans[46]. Meanwhile, 
PLGA presents a stable linker to polyethylene glycol to 
improve the circulation and half-life in the blood and to 
couple targeting moieties for specific cellular uptake [25, 
47]. These unique properties of PLGA make them good 
candidates for fabricating nanoparticles as efficient car-
riers of drugs, including colchicine. Herein, we success-
fully fabricated PLGA-based nanoparticles encapsulated 
with colchicine, designated as VHPK-PLGA@COL, and 
confirmed that these nanoparticles achieved sustained 
drug release (Fig.  3k–l) and attenuated the cell toxicity 
of colchicine (Fig. 4a–g) both in vitro and in vivo. Mean-
while, after systemic administration of VHPK-PLGA@
COL into AS mice for 8  weeks, no obvious abnormal 

changes were observed in body weight, hematological 
and blood biochemical parameters, and the histology and 
function of several main organs, thus further confirm-
ing their biosafety and excellent biocompatibility in mice 
(Fig. 8a–c).

Endothelial cells lining the inner layer of the blood ves-
sels are in direct contact with the blood, thus enabling 
nanoparticles to easily target inflamed endothelium on 
atherosclerotic plaques. Endothelial cells are vulner-
able to becoming inflamed and dysfunctional because of 
their constant exposure to various risk factors, such as 
hypercholesterolemia, hyperglycemia, hypertension, and 
smoking, and then play a critical role in the initiation and 
progression of AS. Hence, targeted inhibition of inflam-
matory endothelial cells is conducive to the early control 
or therapy of AS. In the present study, we made func-
tionalized VHPK-PLGA@COL modified with the VHPK 
peptide which can specifically target VCAM-1, a recep-
tor that is usually overexpressed by inflamed endothelial 
cells on atherosclerotic plaques [48], making it an attrac-
tive candidate target molecule for endothelial-specific 
drug delivery in the treatment of AS. In previous studies, 
various types of nanoparticles have been conjugated with 
VHPK peptide and exhibited good targeting capability 
and anti-atherosclerotic effects [48–50]. Herein, we have 
demonstrated that VHPK-PLGA@COL can preferably 
accumulate in inflamed endothelial cells both in  vitro 
and in vivo as compared to the nontargeted NPs (PLGA@
COL) (Figs.  5–7). In the AS mouse model, we showed 
that systemic administration of free colchicine and 
VHPK-PLGA@COL significantly reduced plaque areas 
and enhanced plaque stability compared to the non-
treated AS mice, but VHPK-PLGA@COL was signifi-
cantly enriched in atherosclerotic plaques and exhibited 
augmented anti-atherosclerotic efficacy compared with 
free colchicine (Figs.  9–10). These compelling findings 
suggest that colchicine encapsulated in VHPK-PLGA@
COL could be optimally tuned to maximize their thera-
peutic efficacy while minimizing their adverse effects in 
anti-atherosclerotic treatment due to their unique capa-
bility to target inflamed endothelial cells.

The repurposing of colchicine for the treatment of ath-
erosclerotic cardiovascular diseases will benefit from a 
better understanding of how it works. The NF-κB/NLRP3 
activation involves two key steps, priming and activation 
(Fig. 1b). During priming, various stimuli activate NF-κB 
signaling through damage-associated molecular patterns 
(DAMPs), leading to increased expression of pro-IL-1β, 
pro-IL-18, NLRP3, ASC and procaspase-1. In the second 
step, further stimuli promote the assembly of the NLRP3 
inflammasome complex, which subsequently induces the 
splicing of procaspase-1 itself to obtain activated cas-
pase-1 responsible for cleaving pro-IL-1β and pro-IL-18 
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into the mature and secreted forms IL-1β and IL-18 [51]. 
Extracellular IL-1β and IL-18 trigger a cascade of inflam-
matory responses and amplify inflammation through 
self-activation [52]. These changes facilitate the recruit-
ment of monocytes/macrophages and increase vascular 
inflammation, which in turn further activate the NF-κB/
NLRP3 pathways. This vicious circle most likely contrib-
utes to the non-resolving chronic vascular inflammation 
that drives AS progression. Indeed, several lines of evi-
dence have shown that NF-κB/NLRP3 inflammasome 
pathways play an important role in AS development and 
progression [9, 53, 54]. A previous study has shown that 
colchicine exhibited therapeutic effect on AS through 
inhibiting the assembly of the NLRP3 inflammasome by 
binding tubulin to disturb microtubule dynamics, lead-
ing to the inhibition of the cleavage of pro-IL-1β and 
pro-IL-18 into mature forms and the subsequent attenu-
ation of inflammation in the vessel wall [55]. In the pre-
sent study, we demonstrated a significantly elevated level 
of several components (NF-κB p65, NLRP3, caspase-1, 
IL-1β and IL-18) in NF-κB/NLRP3 pathways in athero-
sclerotic plaques, while systemic administration of free 
colchicine and VHPK-PLGA@COL into AS mice sig-
nificantly downregulated the expression level of these 
inflammatory components, whereby the downregulation 
of NF-κB may play a central role in colchicine-mediated 
inhibition of NLRP3 inflammasome pathways. Consist-
ently, our results indicate that VHPK-PLGA@COL-
mediated inhibition of NF-κB/NLRP3 pathways was 
more pronounced than free colchicine treatment. Taken 
together, these findings suggest that VHPK-PLGA@
COL exerted potent anti-atherosclerotic effects possibly 
through their augmented inhibition of NF-κB/NLRP3 
pathways.

Conclusion
In this study, PLGA@COL was synthesized by an 
improved W/O/W method, and the targeting moieties 
(VHPK peptide) were attached to the surface of PLGA@
COL to form VHPK-PLGA@COL. VHPK-PLGA@COL 
has significantly improved the biosafety and therapeutic 
effects of colchicine in AS mouse models because of its 
encapsulation and sequentially sustained release from 
nanoparticles with unique capability to target inflamed 
endothelial cells. Mechanistically, the improved anti-
atherosclerotic effects conferred by VHPK-PLGA@COL 
are most likely attributed to their augmented inhibitory 
effects on the NF-κB/NLRP3 pathways. These compelling 
findings have shown great potential for the translational 
repurposing of colchicine delivered through VHPK-
PLGA@COL in anti-atherosclerotic treatment.
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