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A B S T R A C T   

Nanoparticle-based therapeutics represent potential strategies for treating atherosclerosis; however, the complex 
plaque microenvironment poses a barrier for nanoparticles to target the dysfunctional cells. Here, we report 
reactive oxygen species (ROS)-responsive and size-reducible nanoassemblies, formed by multivalent host-guest 
interactions between β-cyclodextrins (β-CD)-anchored discoidal recombinant high-density lipoprotein (NP3

ST) 
and hyaluronic acid-ferrocene (HA-Fc) conjugates. The HA-Fc/NP3

ST nanoassemblies have extended blood cir-
culation time, specifically accumulate in atherosclerotic plaque mediated by the HA receptors CD44 highly 
expressed in injured endothelium, rapidly disassemble in response to excess ROS in the intimal and release 
smaller NP3

ST, allowing for further plaque penetration, macrophage-targeted cholesterol efflux and drug de-
livery. In vivo pharmacodynamicses in atherosclerotic mice shows that HA-Fc/NP3

ST reduces plaque size by 53%, 
plaque lipid deposition by 63%, plaque macrophage content by 62% and local inflammatory factor level by 64% 
compared to the saline group. Meanwhile, HA-Fc/NP3

ST alleviates systemic inflammation characterized by 
reduced serum inflammatory factor levels. Collectively, HA-Fc/NP3

ST nanoassemblies with ROS-responsive and 
size-reducible properties exhibit a deeper penetration in atherosclerotic plaque and enhanced macrophage tar-
geting ability, thus exerting effective cholesterol efflux and drug delivery for atherosclerosis therapy.   

1. Introduction 

Atherosclerosis is a chronic inflammatory disease, the underlying 
cause of many life-threatening cardiovascular events [1–3]. Intimal 
macrophages play a critical role in atherosclerotic progression [4–6]. At 
early stages, monocytes are recruited to the intima and differentiate into 
macrophages. Within the intima, those macrophages engulf excessive 
amounts of oxidized lipoprotein particles and turn into pathological 
macrophage/foam cells. Foam cells secrete inflammatory factors to 
induce a maladaptive inflammatory response, eventually leading to the 

destabilization of atherosclerotic plaques. Delivering drugs to intimal 
macrophage/foam cells to suppress plaque inflammation is a potential 
intervention strategy for atherosclerosis therapy [7–9]. Nanoparticles 
have been widely utilized as drug and gene carriers for atherosclerosis 
therapy [10–12]. Nanoparticles must penetrate a thick fibrous 
cap—mainly composed of vascular smooth muscle cells and collagenous 
fibers—through leaky vasculature and subsequent inflammatory 
cell-mediated sequestration (ELVIS) effect [13,14] before they reach 
pathological macrophage/foam cells [15,16]. Although particles in the 
range of 100–200 nm typically have prolonged circulation in the blood, 
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their penetration in atherosclerotic plaque is limited [17,18]. Instead, 
nanoparticles of smaller size (sub 40 nm) can effectively penetrate 
plaque tissue and reach intimal macrophage/foam cells [19], but their 
plaque accumulation is insufficient due to short circulation time [18, 
20]. To effectively end up in atherosclerotic lesions, nanoparticles are 
desired to have extended blood circulation and deep atherosclerotic 
plaque penetration. 

In atherosclerotic plaque, excess reactive oxygen species (ROS) are 
produced by pathologic resident cells [21–23]. Although 
ROS-responsive materials have been developed to utilize oxidative 
microenvironment for biomedical applications, including atheroscle-
rosis therapy [24–30], using ROS stimulus to design a smart delivery 
system for more efficient delivery of drugs to atherosclerotic plaques has 
not been attempted before. In this study, we developed a 
ROS-responsive size-reducible nanocarrier on the basis of multivalent 
host-guest interactions of β-cyclodextrins (β-CD)/ferrocene (Fc) for tar-
geted treatment of atherosclerosis (Scheme 1). In this delivery system, 
simvastatin (ST) was selected as a model statin drug to suppress plaque 
inflammation and promote cholesterol efflux [31–33]. β-CD-anchored 
discoidal recombinant high-density lipoprotein (rHDL), termed as 
NP3

ST, was utilized as a core as it was shown to possess not only deep 
plaque penetration property by virtue of its small size but also plaque 
targeting and cholesterol removal ability [34,35]. Fc was grafted onto 
hyaluronic acid (HA), and the resulting HA-Fc conjugates were utilized 
to crosslink NP3

ST through multivalent host-guest interactions between 
β-CD/Fc to form ROS-responsive nanoassemblies (HA-Fc/NP3

ST) [36, 
37]. We engineered the particles of nanoassemblies to have the size in 
the range of 100–200 nm in order to have extended circulation time in 
the blood. HA was expected to guide the nanoparticles to accumulate in 
the plaque lesions area by targeting the CD44 receptors that are highly 
expressed in endothelial cells of plaque lesions [38–40]. Upon entering 
the plaque intima, the hydrophobic Fc was expected to be oxidized into 
hydrophilic ferrocenium ion (Fc+) under the action of excess ROS [41, 

42], leading to disintegration between β-CD/Fc and the disassembly of 
HA-Fc/NP3

ST. The released NP3
ST was expected to play an essential role 

in atherosclerosis by penetrating through plaque, targeting the macro-
phage/foam cells, and mediating cholesterol efflux. We characterized 
the structure, properties and functions of HA-Fc/NP3

ST both in vitro and 
in vivo. We tested and confirmed the delivery efficiency and efficacy of 
HA-Fc/NP3

ST in an animal model of atherosclerosis. 

2. Materials and methods 

2.1. Materials 

Sodium hyaluronic acid (HA, molecular weight 150 kDa) was pur-
chased from Freda Biochem Co., Ltd. (Shandong, China). Amantadine 
hydrochloride, coumarin 6 (C6, Ex/Em, 465/502) and Hoechst 33342 
(Ex/Em, 346/460) were obtained from Aladdin (Shanghai, China). 
Ferrocenylmethylamine hydrochloride (Fc-NH2) was purchased from 
Xuzhou Guanrong Pharmaceutical&Chemical Co. Ltd. (Jiangsu, China). 
Soybean phospholipid (SPC) was purchased from A.V.T. Pharmaceutical 
Co. Ltd. (Shanghai, China). NBD-cholesterol (Ex/Em, 472/540) was 
obtained from Cayman Chemical (USA). Simvastatin (ST) was kindly 
donated by Shangyu Jingxin Pharmacy Company (Shaoxing, China). 
β-cyclodextrin (β-CD) was obtained from Zhiyuan Biotechnology Co., 
Ltd (Binzhou, China). Dulbecco’s modified Eagle’s medium (DMEM) and 
fetal bovine serum (FBS) were purchased from Wisent (Nanjing, China). 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
penicillin, streptomycin and oil red O were purchased from Sigma- 
Aldrich (USA). Oxidized low-density lipoprotein (oxLDL) was obtained 
from Yiyuan Biotech. Co., Ltd (Guangzhou, China). Rhodamine 123 
(Rho123, Ex/Em, 490/524), rhodamine isothiocyanate (RITC, Ex/Em, 
490/575) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbo- 
cyanine iodide (DiR, Ex/Em, 748/780) were purchased from Nanjing 
Senbeijia Biological Technology Co., Ltd (Jiangsu, China). D- 

Scheme 1. Illustration of the assembly of ROS-responsive size-reducible HA-Fc/NP3
ST nanoassemblies and their desired performance in vivo. Small-sized NP3

ST is 
crosslinked by HA-Fc conjugates to large-sized HA-Fc/NP3

ST nanoassemblies through multivalent host-guest interactions between β-CD/Fc. After accumulating in 
atherosclerotic plaque mediated by the HA-CD44 recognition, HA-Fc/NP3

ST rapidly disassembles caused by excess ROS in the intima and releases smaller NP3
ST, 

allowing for further plaque penetration to regress atherosclerotic plaque via macrophage-targeted cholesterol efflux and drug delivery. 
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α-tocopheryl polyethylene glycol 1000 succinate (TPGS)-block-β-CD 
conjugates (TPGS-βCD) was synthesized by our lab [34]. The apolipo-
protein A-I (apoA-I; 97% purity) was isolated from the industrial waste 
during the production of albumin in our lab [43]. Lecithin cholesterol 
acyl transferase (LCAT) was isolated from the human plasma by using 
agarose gel chromatography from human plasma [44]. Methanol and 
acetonitrile of chromatographic grade were used for HPLC analysis. All 
other reagents were of analytical grade. 

2.2. Synthesis and characterization of HA-Fc conjugates 

HA-Fc conjugates were synthesized by grafting Fc-NH2 onto the HA 
backbone through amidation reaction [45]. The synthesized HA-Fc 
conjugates were characterized by using 1H-NMR analysis in D2O at 
500 MHz (Bruker AVANCE AV-500, Germany). The grafting degree (GD) 
of Fc in HA-Fc, defined as the number of Fc per 100 sugar residues of 
HA-Fc, was calculated by iron content (P, %) of the product shown in 
equation (1). The P was measured by Inductively Coupled Plasma Op-
tical Emission Spectrometer (ICP-OES, PerkinElmer Optima8000, USA) 
under the conditions shown in Table S1. Besides, amantadine (Am) was 
utilized as a surrogate of Fc-NH2 to synthesize HA-Am. The GD of Am in 
HA-Am conjugates was obtained from the 1H-NMR spectrums by 
comparing the integrals of signals at δ 1.65–1.85 (peak III) and δ 2.10 
(peak 3) in Fig. S1 [46]. 

GD =
379 × P

56 − 197 × P
(1)  

2.3. Preparation of nanoparticles 

To prepare NP3
ST, ST-loaded liposome (NP1

ST) was prepared by using 
ethanol injection method [35]. Then TPGS-block-β-CD (TPGS-βCD) 
conjugates were inserted into NP1

ST via post-insertion method in water 
bath under a rotation rate of 100 rpm at 37 ◦C for 5 h to anchor β-CD on 
the surface of NP1

ST (NP2
ST). Finally, NP3

ST was obtained by incubating 
NP2

ST with apoA-I (6 mg/mL) in the presence of sodium cholate under 
stirring at room temperature for 8 h [47]. 

HA-Fc/NP3
ST was prepared by incubating HA-Fc with NP3

ST. Briefly, 
HA-Fc was dissolved in Tris-HCl buffer (0.01 M, pH 8.0) and then 
dropwise added into NP3

ST solution under stirring at room temperature 
for 8 h (molar ratio of Fc/β-CD was 1:1). After that, the mixture was 
incubated in an ultrasonic bath at room temperature for 3 h. All the 
operation was processed in dark. Finally, the mixture was sterile-filtered 
through 0.22 μm millipore filter, and HA-Fc/NP3

ST was obtained. Be-
sides, HA-Am/NP3

ST, served as ROS-unresponsive control nano-
assemblies, was prepared by incubating HA-Am with NP3

ST under the 
same operations. 

2.4. Particle size, zeta potential, entrapment efficiency (EE), and drug 
loading (DL) measurements 

The nanoparticles’ particle size and zeta potential were measured by 
dynamic light scattering (DLS) (Brookhaven Instruments, U.S.A) at 
25 ◦C. The EE and DL of drug-loaded nanoparticles were quantified by 
using the mini-column centrifugation method [35,48]. 

2.5. Stability assessments 

The storage stability, dilution stability and LCAT resistance capacity 
of the nanoparticles were assessed by measuring the change of particle 
size and EE. Briefly, the nanoparticles were incubated in Tris-HCl buffer 
at 4 ◦C for 14 days, diluted by 50 times with Tris-HCl buffer and incu-
bated with 4.67 μg/mL LCAT (mimicking plasma LCAT level in the 
examined subjects [49]) for 2 h and 24 h, respectively. The changes of 
particle size and EE were measured. The drug leakage ratio was 
expressed as the percentage of EE reduction after storage relative to the 

EE before storage [50]. 

2.6. Fluorescence resonance energy transfer (FRET) assay 

Nanoassemblies between HA-Fc and NP3
ST was verified by FRET 

analysis. Rho 123 and RITC, used as FRET pairs, were conjugated onto 
HA-Fc and apoA-I, respectively [51]. Then, Rho 123-labeled HA-Fc 
and/or RITC-labeled apoA-I were utilized to prepare the 
fluorescence-labeled HA-Fc/NP3

ST. The excitation and emission wave-
lengths of these channels were listed in Table S2, and the fluorescence 
intensities were measured by fluorescence spectrophotometer 
(RF-5301PC, Shimadzu, Japan). FRET index was calculated by using 
equation (2) [52]. 

FRET index =
Fb

Db
−

Fd

Dd
(2)  

Where Fb and Db mean the fluorescence intensity of dual-labeled 
nanoassemblies in the channel F and D, Fd and Dd mean the fluores-
cence intensity of Rho 123-labeled nanoassemblies in the channel F and 
D. 

2.7. ROS-responsiveness assessment 

The H2O2-triggered oxidation of Fc was first assessed as described in 
Supporting Information. The ROS-responsiveness of the HA-Fc/NP3

ST 
was then evaluated by using the FRET method. Briely, the dual 
fluorescence-labeled Rho123-HA-Fc/NP3

ST-RITC was incubated in Tris- 
HCl buffer supplemented with 0.02 mM of H2O2 (mimicking the ROS 
concentration in normal tissue [53]) or 1 mM of H2O2 (mimicking the 
ROS concentration in atherosclerotic plaque [54]). The FRET index was 
determined at 0, 1, 2, 4 and 8 h post-incubation. Besides, 
ROS-responsiveness of HA-Am/NP3

ST was evaluated. Furthermore, the 
morphologies of HA-Fc/NP3

ST before and after treatment by 1 mM of 
H2O2 for 2 h were imaged by transmission electron microscopy (TEM) 
(H-7650, Hitachi High-Technologies Corporation, Japan) [35]. Finally, 
nanoparticles were mixed in Tris-HCl buffer supplemented with 1 mM 
H2O2. After incubation for 0, 1, 2, 4 and 8 h, the mixture were diluted by 
20 times, and particle size and zeta potential were determined. 

2.8. Verification of multivalent host-guest interaction 

Multivalent host-guest interaction property of the HA-Fc/NP3
ST was 

evaluated by FRET method. The dual fluorescence-labeled Rho123-HA- 
Fc/NP3

ST-RITC was incubated in Tris-HCl buffer supplemented with 0, 
1, 5 or 50 equivs of free β-CD. The FRET index was determined at 0, 1, 3, 
and 12 h post-incubation. 

2.9. In vitro drug release studies 

Dialysis method was utilized to study in vitro release kinetics of ST. 
Briefly, the nanoparticle was mixed with 1 mM H2O2, and 3 mL of the 
mixture was loaded into dialysis tube (molecular weight cutoff at 3500 
Da). The dialysis tube was immersed in the medium consisting of 100 mL 
PBS (0.01 M, pH 7.4) supplemented with 1 mM H2O2 as well as 0.5% 
sodium dodecyl sulfonate (SDS). The dialysis tube was incubated at 
37 ◦C water bath under a rotation rate of 100 rpm for 120 h. The released 
ST was sampled from the release medium at pre-determined time points 
and measured by using HPLC [35]. Drug release profiles in the absence 
of H2O2 were determined for comparison. 

2.10. Cell viability assay 

Murine aortic endothelial cells (MAECs) and RAW 264.7 cells were 
cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin 
and 100 μg/mL streptomycin sulfate at 37 ◦C and 5% CO2. The 
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cytotoxicities of the formulated nanoparticles on MAECs and RAW 
264.7 cells were assessed by using MTT method [35]. 

2.11. Construction of cell models 

MAECs (5.0 × 104) were seeded on a Transwell polyester membrane 
cell culture insert in 24-well plate (pore size 0.4 μm, diameter 6.5 mm, 
Corning Incorporated, Corning, NY, USA). The transendothelial elec-
trical resistance (TEER) values of the endothelium monolayer were 
measured by using an electrical resistance meter (Millicell®-Electrical 
Resistance System, Millipore, USA), and a continuous endothelium 
monolayer formed until the cell monolayer exhibited a steady TEER 
value [55,56]. Macrophage spheroids were prepared with RAW 264.7 
cells using the hanging-drop/agarose method [57,58]. In addition, 
macrophage monolayer was obtained by seeding RAW 264.7 cells in the 
lower chamber of Transwell. 

To construct injured endothelium-macrophage spheroid model, the 
obtained macrophage spheroids were handpicked and translocated to 
the lower chamber of Transwell. Then tumor necrosis factor-α (TNF-α) 
(10 ng/mL) was added to the upper chamber to damage the intact cell 
monolayer. In order to evaluate the change of the endothelium cell 
monolayer, TEER values were monitored and the expression of CD44 on 
MAECs was quantified using a flow cytometer (MACSQuant, Miltenyi 
Biotec, Gladbach, Germany). In addition, an injured endothelium- 
macrophage monolayer model was constructed via replacing the 
macrophage spheroids with macrophage monolayer [51]. 

2.12. Cellular drug uptake study 

In the injured endothelium-macrophage monolayer model and 
injured endothelium-macrophage spheroid model, the culture medium 
in the upper chamber was replaced with fresh medium containing 
nanoparticles and the culture medium in the lower chamber was 
replaced with fresh medium supplemented with 1 mM of H2O2. After 
incubation at 37 ◦C for different lengths of time, the culture medium and 
cells in the lower chamber were collected for quantification of the drug 
content by using HPLC and protein content via BCA assay (Beyotime 
Institute of Biotechnology, China), respectively. The amount of drug 
uptake was indirectly determined by subtracting the amount of drug in 
the culture medium from the total amount of the added drugs. The 
amount of cellular drug uptake was normalized based on the cell protein 
content of each group and expressed as μg mg− 1 protein [35,47]. 

2.13. Transendothelial investigation 

Transport of nanoparticles across the endothelium monolayer was 
evaluated by measuring the apparent permeability coefficient (Papp, 
cm/s) of ST [51,59]. The effect of free HA or sodium azide on ST 
permeation was investigated via pretreatment of the endothelial cells 
with free HA (10 mg/mL) for 2 h or sodium azide (1 mg/mL) for 1 h. In 
addition, permeation of nanoparticles across the continuous endothelial 
monolayer was determined. 

2.14. Penetration study 

Penetration of nanoparticles in the macrophage spheroids was 
evaluated by using confocal laser scanning microscope (CLSM). Briefly, 
the obtained macrophage spheroids were handpicked and translocated 
to 15 mm glass-bottom dishes. Next, hydrophobic fluorescent dye C6 
was loaded into nanoparticles as a surrogate of ST, and the macrophage 
spheroids were treated with 1 mL of C6-loaded nanoparticles supple-
mented with 1 mM of H2O2 for 8 h. After that, the macrophage spheroids 
were rinsed with PBS thrice and imaged by CLSM (LSM700, Carl Zeiss, 
Germany) using Z-stack scanning from the top of the macrophage 
spheroid to the equatorial plane [60]. The fluorescence intensity in the 
center of macrophage spheroids at equatorial plane was analyzed by 

Image-Pro Plus 6 to represent the penetration ability of nanoparticles 
[61]. Besides, penetration of nanoparticles in macrophage spheroids was 
evaluated in the absence of H2O2. 

2.15. Macrophage targeting studies 

Macrophage targeting behavior of nanoparticles was assessed using 
the injured endothelium-macrophage monolayer model. The C6-loaded 
nanoparticles were added to the upper chamber and the medium in the 
lower chamber was changed to fresh medium supplemented with 1 mM 
of H2O2. After incubation for 8 h, the fluorescence intensities of C6 in 
macrophages were determined by flow cytometry. To investigate the 
influence factors in macrophage targeting behavior of nanoparticles, the 
overexpressed CD44 on MAECs were blocked by pretreatment with free 
HA (10 mg/mL) for 2 h [51], the medium in the lower chamber was 
changed to the fresh medium without H2O2 or the overexpressed SR-BI 
on macrophages were blocked by pretreatment with free apoA-I (50 
mg/mL) for 2 h [62]. For fluorescent microscopic analyses, macro-
phages were cultured on the glass coverslips in the lower chamber of 
transwell. After incubation, the macrophages were rinsed with PBS 
thrice, counterstained with Hoechst 33342 (10 mg/mL) for 15 min and 
finally imaged under CLSM. 

2.16. Cholesterol efflux assay 

Cholesterol efflux assay was investigated in the injured endothelium- 
macrophage monolayer model. The RAW 264.7 cells in the lower 
chamber of Transwell were incubated with oxLDL (60 μg/mL) and NBD- 
cholesterol (5 μM) for 24 h. Then, the cells were washed and treated with 
fresh medium supplemented with 1 mM of H2O2. In the meantime, 
nanoparticles were added to the upper chamber and incubated for 24 h. 
Finally, the amount of NBD-cholesterol in the media and macrophages 
lysates were quantified by a microplate reader at an excitation of 469 nm 
and an emission wavelength of 537 nm. Cholesterol efflux (%) was 
expressed as the percentage of fluorescence intensity in the media 
relative to the total fluorescence intensity in the media and cell lysates 
[63]. The effects of nanoparticles on the cholesterol content, perme-
ability and fluidity of cell membrane of macrophages in the injured 
endothelium-macrophage monolayer model were evaluated [35]. RAW 
264.7 cells in the lower chamber of Transwell treated with DMEM alone, 
or oxLDL alone were tested as control groups. 

2.17. Intracellular lipid deposition 

Intracellular lipid deposition was assessed in the injured 
endothelium-macrophage monolayer model. The RAW 264.7 cells in the 
lower chamber of Transwell were incubated with oxLDL (60 μg/mL) for 
24 h. Then, the cells were washed and treated with fresh medium sup-
plemented with 1 mM of H2O2. In the meantime, nanoparticles were 
added to the upper chamber and incubation for 24 h. Finally, the 
intracellular lipid deposition in the macrophages was imaged under 
inverted fluorescence microscope (IX53, Olympus, Japan) and the pos-
itive staining area (%) was quantified by Image-Pro Plus 6 [47]. RAW 
264.7 cells in the lower chamber of Transwell treated with DMEM alone 
or oxLDL alone were tested as control groups. 

2.18. Macrophage phenotypic analysis 

RAW 264.7 cells seeded in the lower chamber of Transwell were 
incubated with oxLDL (60 μg/mL) for 24 h. Then, the cells were treated 
with fresh DMEM medium supplemented with 1 mM of H2O2. In the 
meantime, nanoparticles were added to the upper chamber. The cells 
were incubated for 24 h and then collected for macrophage phenotypic 
analysis [34]. RAW 264.7 cells in the lower chamber of Transwell 
treated with DMEM alone or oxLDL alone were tested as control groups. 
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2.19. Inflammatory cytokine inhibition assays 

RAW 264.7 cells in the lower chamber of Transwell were incubated 
with oxLDL (60 μg/mL) for 24 h. Then, the cells were treated with fresh 
medium supplemented with 1 mM of H2O2. In the meantime, nano-
particles were added to the upper chamber and incubation for 24 h. 
After that, the medium in the lower chamber was centrifuged at 12000 
rpm for 10 min at 4 ◦C. The supernatants were collected to measure the 
concentrations of interleukin-6 (IL-6), TNF-α and chemokine ligand 2 
(CCL2) using ELISA kit (Dakewe Biotech Co., Ltd, China), respectively. 
RAW 264.7 cells in the lower chamber of Transwell treated with oxLDL 
alone were tested as a control group. 

2.20. Atherosclerosis model 

The animal experiments in this study were carried out in accordance 
with the National Institute of Health Guide for the Care and Use of 
Laboratory Animals. The protocol was approved by Institutional Animal 
Care and Use Committee of China Pharmaceutical University. Male wild- 
type C57BL/6 mice (6 weeks) were purchased from Qinglong Mountain 
Animal center (Nanjing, China). Male apoE-deficient mice (5 weeks) 
were obtained from the Model Animal Research Center of Nanjing 
University (Nanjing, China) and utilized to develop an atherosclerosis 
model via feeding a high-cholesterol diet (21% fat and 0.15% choles-
terol) for 16 weeks [51,64]. 

2.21. Pharmacokinetic study in wild-type C57BL/6 mice 

Hydrophobic fluorescent dye DiR was loaded into nanoparticles as a 
surrogate of ST. The wild-type C57BL/6 mice were randomly divided 
into 4 groups of three (n = 3) and injected with DiR-labeled Nano-
particles via tail vein. At fixed time points, an equal volume of blood 
samples was collected into 96-well black plates. An IVIS system (FX 
PRO, Kodak, USA) was utilized to measure the fluorescence intensity of 
blood samples at 0, 1, 2, 4, 8, 12 and 24 h post-injection. 

2.22. Tissue distribution in atherosclerotic mice 

The atherosclerotic mice were randomly divided into 4 groups of 
three (n = 3) and injected with DiR-labeled nanoparticles via tail vein. 
After injection for 4 h or 24 h, the mice were sacrificed. Major organs 
(heart, liver, spleen, lung, kidney) and aortic trees were collected and 
then imaged under an IVIS system using 720 nm excitation and 790 nm 
emission filters [64]. 

2.23. Plaque penetration and macrophage colocalization in 
atherosclerotic mice 

The atherosclerotic mice were randomly divided into 2 groups of 
three (n = 3) and injected with DiR-labeled nanoparticles via tail vein. 
At 4 h after injection, the mice were sacrificed. The aortic roots were 
collected and 8 μm thick paraffin sections were prepared, which were 
further processed with CD31 [65] or CD68 [66] immunostaining. 
Finally, the slides were observed by CLSM. 

2.24. Pharmacodynamics study in atherosclerotic mice 

The atherosclerotic mice were randomly divided into 5 groups of six 
(n = 6). All groups were treated with two injections per week (3–4 days 
apart) via tail vein for 12 weeks: (ⅰ) saline, (ⅱ) saline, (ⅲ) NP3

ST, (ⅳ) HA- 
Am/NP3

ST, (ⅴ) HA-Fc/NP3
ST. Besides, the second group received ST 

orally per day during the treatment. The ST dose in each group was 15 
mg/kg. Notably, the mice were fed with high-cholesterol diet during the 
therapeutic period. Finally, the mice were euthanized, the serum levels 
of inflammatory factors (IL-6, TNF-α and CCL2) were determined by 
using ELISA kit, and the aortic roots were collected for hematoxylin and 

eosin (H&E) staining, oil red O staining, CD68 immunostaining and 
CCL2 immunostaining [51]. Microscopic images of the aortic root sec-
tions were digitized and quantified with Image Pro Plus 6.0 software. 

2.25. Safety study in atherosclerotic mice 

The atherosclerotic mice were randomly divided into 2 groups of six 
(n = 6), which received saline or HA-Fc/NP3

ST (15 mg/kg ST) two in-
jections per week (3–4 days apart) via tail vein for 12 weeks. After that, 
blood samples were gathered for biochemical analysis of alanine 
aminotransferase (ALT), aspartate transaminase (AST) and alkaline 
phosphatase (ALP) via ELISA kit (Dakewe, China). Besides, main tissues 
(heart, liver, spleen, lung, kidney) were collected for H&E staining and 
imaged under an inverted fluorescence microscope. 

2.26. Statistical analysis 

All values were expressed as mean ± standard deviation (SD). Sta-
tistical analysis was performed with mann whitney u test or One-way 
ANOVA by SPSS 19.0 (IBM Corporation, USA). Significance was re-
ported as *p < 0.05, **p < 0.01 or ***p < 0.001. 

3. Results and discussion 

3.1. Characterization of HA-Fc conjugates and nanoassemblies 

HA-Fc and HA-Am conjugates were synthesized via amidation re-
action. The 1H-NMR spectra confirmed the presence of characteristic 
proton peaks of HA (glucoside H) and Fc-NH2 (c) in HA-Fc, and the 
characteristic proton peaks of HA (glucoside H) and Am (III) in HA-Am, 
verified the successful synthesis of HA-Fc and HA-Am (Fig. S1). The GD 
of Fc and Am in the synthesized HA-Fc and HA-Am conjugates was 14.3 
± 1.0% and 15.3 ± 1.0%, respectively. 

Particle size, zeta potential, EE and DL of the prepared nanoparticles 
were measured (Fig. 1A–D). The particle size of NP3

ST significantly 
increased after being crosslinked by HA-Fc and HA-Am. The zeta po-
tentials of nanoassemblies became more negative because of the pres-
ence of negatively charged of HA. DL of the HA-Fc/NP3

ST utilized in this 
work was 1.80 ± 0.01%. Nonetheless, HA-Fc/NP3

ST with a higher DL 
could be prepared by increasing the mass ratio of ST/SPC during the 
preparation process (Table S3). Besides, the nanoparticles showed high 
stability after storage for 14 days or being diluted by 50 times because 
negligible changes of particle size and drug leakage were observed 
(Fig. S2). Compared with NP3

ST, both nanoassemblies showed higher 
stability in the presence of LCAT for even 24 h, attributing to the shield 
effect of HA polymers [48]. 

The oxidation properties of Fc were investigated. Given •OH pro-
duction in the Fenton reaction triggered by the oxidation of Fc, degra-
dation of MB after capture of •OH was utilized to characterize the H2O2- 
triggered oxidation of Fc [67]. The results showed that degradation of 
MB was H2O2 concentration-dependent and suggested that Fc was 
promptly oxidized by 1 mM of H2O2 (Fig. S3). Consequently, 1 mM of 
H2O2, a typical ROS concentration close to the oxidative stress in 
atherosclerotic plaque [23,54,68–71], was chosen as 
ROS-responsiveness condition in the following experiments in this work. 
FRET phenomenon was observed in Rho123-HA-Fc/NP3

ST-RITC 
(Fig. 1E). The emission intensity of Rho123 at 524 nm decreased and 
that of RITC at 575 nm increased in Rho123-HA-Fc/NP3

ST-RITC, indi-
cating the energy transfer from fluorescence donor of Rho123 to 
acceptor of RITC and the coexistence of both components on the nano-
assemblies. The FRET index was calculated as 1.768 ± 0.085, which was 
utilized to reflect FRET efficiency. Therefore, FRET method was utilized 
to confirm ROS-responsiveness of HA-Fc/NP3

ST. The FRET indices of 
Rho123-HA-Fc/NP3

ST-RITC in the presence of 1 mM of H2O2 signifi-
cantly decreased over a course of 8 h-incubation while Rho123--
HA-Am/NP3

ST-RITC was unresponsive (Figs. S4A and 1F). The 
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ROS-triggered disassembly of HA-Fc/NP3
ST was visually illustrated by 

TEM (Fig. 1G). NP3
ST exhibited as small-sized discoidal particles and 

aligned as rouleaux [35], which changed into large-sized spheres with 
multi-seed structure surrounded by a white rim after being crosslinked 
by HA-Fc. However, HA-Fc/NP3

ST was disassembled after incubation 
with 1 mM of H2O2 for 2 h characterized by the loose and irregular shape 
as well as release of the small-sized particle. To directly verify the 
ROS-triggered size-reducible property of HA-Fc/NP3

ST, the changes of 
particle size and zeta potential after mixing the nanoassemblies with 1 
mM of H2O2 were measured at predetermined time points. The particle 
size and zeta potential of HA-Fc/NP3

ST after incubation with 1 mM H2O2 
for 8 h were close to that of NP3

ST (Fig. 1H and I), which demonstrated 
the H2O2-triggered disassembly of HA-Fc/NP3

ST and release of 
small-sized NP3

ST. Furthermore, the multivalent host-guest interactions 
in HA-Fc/NP3

ST were also verified by using FRET method (Figs. S4B and 

S5). FRET indices of Rho123-HA-Fc/NP3
ST-RITC in the presence of 0, 1 

and 5 equivs of free β-CD were almost unchanged over a course of 12 
h-incubation while that promptly decreased against 50 equivs of free 
β-CD [72]. Subsequently, drug release in response to ROS was studied. 
Only 38.2% of the drug was released in 72 h in the absence of ROS 
(Fig. 1J), while almost 36% of drug was released within 4 h in the 
presence of 1 mM of H2O2 and 55% of drug was released after 72 
h-incubation (Fig. 1K). In contrast, drug release profiles of 
HA-Am/NP3

ST in the presence or abscence of H2O2 were almost no 
different. Taken together, we demonstrated that small-sized NP3

ST were 
assembled into large-sized HA-Fc/NP3

ST by HA-Fc conjugates based on 
multivalent host-guest interactions between β-CD/Fc. Upon encoun-
tering oxidative stress microenvironment mimicking the plaque intima, 
the hydrophobic Fc was oxidized into hydrophilic ferrocenium ion (Fc+) 
under the action of excess ROS, hence leading to disintegration between 

Fig. 1. Characterization of the nanoparticles. (A) Particle size (n = 5). (B) zeta potential (n = 5). (C) EE (n = 5). (D) DL (n = 5). (E) The emission spectra of Rho123- 
HA-Fc/NP3

ST, HA-Fc/NP3
ST-RITC and Rho123-HA-Fc/NP3

ST-RITC with excitation at 490 nm. (F) The change of FRET indices of dual-labeled nanoassemblies during 
incubation with 0.02 mM or 1 mM of H2O2 (n = 3). (G) TEM images of nanoparticles. The red arrows indicated the discoidal particles in the TEM image of HA-Fc/ 
NP3

ST, and the purple arrows indicated the released NP3
ST with small size in the TEM image of HA-Fc/NP3

ST + H2O2. The change of particle size (H) and zeta 
potential (I) of nanoparticles after incubation with 1 mM of H2O2 (n = 5). In vitro drug release profiles of nanoparticles at the predetermined time points in the 
absence (J) and presence (K) of 1 mM of H2O2 (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 

J. He et al.                                                                                                                                                                                                                                       



Bioactive Materials 19 (2023) 115–126

121

β-CD/Fc, disassembly of HA-Fc/NP3
ST, and release of small-sized NP3

ST. 

3.2. HA-Fc/NP3
ST shows efficient transendothelial behavior, deeper 

penetration in macrophage spheroids and specific macrophage targeting 
ability 

HA-Fc/NP3
ST at the ST concentration of 5–40 μg/mL exhibited no 

cytotoxicity on MAECs and RAW 264.7 cells (Fig. S6). The TEER change 
and CD44 expression of the endothelial monolayer after TNF-α stimu-
lation were observed (Fig. S7), suggesting the successful construction of 
an injured endothelium model. Drug leakage ratio of nanoparticles 
during the process of transendothelial transport was negligible (Fig. S8). 
Therefore, the measured Papp values of the drug could represent the 
transport behavior of nanoparticles. Besides, the TEER of the endothelial 
monolayer after incubation with nanoparticles for 8 h stayed almost 
unchanged (Table S4), indicating that endothelial monolayer was not 
damaged by the nanoparticles. In the transendothelial transport 
assessment, NP3

ST exhibited the highest transendothelial capability 
studied in the model of continuous endothelial monolayer [73], but 
HA-Fc/NP3

ST and HA-Am/NP3
ST showed higher Papp values in the 

model of damaged endothelial monolayer (Fig. 2A). The pretreatment of 
the damaged endothelial monolayer with 10 mg/mL of free HA for 2 h 
[51] or 1 mg/mL of sodium azide for 1 h [74] significantly reduced 
transendothelial transport of HA-Fc/NP3

ST and HA-Am/NP3
ST. This 

observation suggests that the nanoassemblies crosslinked by HA poly-
mer specifically accumulate to the damaged intercellular space and leak 
into the lower chamber with the help of HA-CD44 receptors affinity and 
that they cross the endothelial monolayer through energy-dependent 
transcellular transport pathway [51]. In fluorescent C6-loaded nano-
particles penetration assessment, macrophage spheroids were utilized to 
mimick three-dimensional structure of atherosclerotic plaque tissue and 
the penetration behaviors were evaluated by using CLSM (Fig. 2B and 
C). NP3

C6 showed the highest penetration ability among all the tested 
groups probably ascribed to its small size. ROS-responsive HA-Fc/NP3

C6 
nanoassemblies penetrated deeper in macrophage spheroids than 
HA-Am/NP3

C6. Nonetheless, such behavior difference in penetration 
was not seen in the absence of H2O2. The result ascertains that 
HA-Fc/NP3

C6 rapidly disassembled in response to the presence of H2O2 
and released smaller NP3

C6 that penetrated deeper in the macrophage 

spheroids. Macrophage targeting behavior of nanoparticles was studied 
in the injured endothelium-macrophage monolayer model by using 
CLSM and flow cytometry. The C6 signal intensity increased in the 
following order: free C6, NP3

C6, HA-Am/NP3
C6 and HA-Fc/NP3

C6 
(Fig. S9, 2D and 2E). Uptake of HA-Fc/NP3

C6 by macrophages was 
significantly inhibited by the pretreatment of the endothelial cells with 
free HA, removal of H2O2 in the lower chamber or pretreatment of the 
macrophages with free apoA-I, suggesting that HA-Fc/NP3

C6 competes 
with free HA or apoA-I for targeting to macrophages and shows 
ROS-responsiveness. Cellular drug uptake profiles of nanoparticles in 
the macrophages of injured endothelium-macrophage monolayer model 
and injured endothelium-macrophage spheroid model were determined 
(Fig. S10). HA-Fc/NP3

ST showed higher cellular drug uptake amount 
than either NP3

ST or HA-Am/NP3
ST attributing to its efficient trans-

endothelial and macrophage spheroid penetration capacity as verified 
above. Taken together, HA-Fc/NP3

ST shows efficient transendothelial 
behavior, a deeper penetration ability in macrophage spheroids and 
macrophage targeting in vitro. 

3.3. HA-Fc/NP3
ST exhibits effective anti-atherosclerotic effects in vitro 

Cholesterol efflux from macrophages in the lower chamber of 
Transwell was assessed by measuring the reduction of NBD-cholesterol 
fluorescence intensity. Cholesterol efflux capacity increased gradually 
in the order: DMEM, free ST, HA-Am/NP3

ST, NP3
ST, HA-Fc/NP3

ST. Free 
ST is reported to upregulate the expression of cholesterol efflux re-
ceptors on macrophage/foam cells [75], and NP3

ST, the core particle, 
possesses favorable cholesterol removal ability [35]. HA-Fc/NP3

ST 
showed higher cholesterol efflux capacity than free ST by 5.37-fold, 
NP3

ST by 1.85-fold and HA-Am/NP3
ST by 2.25-fold (Fig. 3A). Consid-

ering the majority of intracellular cholesterol accumulating in the cell 
membrane, the effect of nanoparticles on cell membrane property was 
evaluated. As observed, HA-Fc/NP3

ST reduced cholesterol content 
(Fig. 3B) as well as improved permeability (Fig. 3C) and fluidity 
(Fig. 3D) of macrophage membrane. Oil red O staining was carried out 
for intracellular lipid deposition assessment. The capacity of nano-
particles to reduce intracellular lipid deposition was consistent with 
their cholesterol efflux capacity (Figs. 3E and S11). The changes of 
macrophage phenotypes were determined by flow cytometry. 

Fig. 2. Transport behaviors in vitro. (A) Papp values of nanoparticles across the endothelial cell monolayer (n = 5). (B) Penetration of C6-loaded nanoparticles in 
macrophage spheroids imaged by CLSM, and (C) quantification of fluorescence intensity in the center of spheroids at depths of 90 μm (red circles) analyzed by Image- 
Pro Plus 6 (n = 6). (D) Fluorescent microscopy images of the intracellular uptake of C6-loaded nanoparticles by macrophages, and (E) quantitative analysis of the 
cellular uptake of C6-loaded nanoparticles by macrophages after different treatments in flow cytometry study (n = 5). Scale bar: 200 μm for B, 30 μm for D; **p <
0.01, ***p < 0.001 
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CD86+/F4/80+ and CD206+/F4/80+ cells represented M1-like and 
M2-like macrophages, respectively. Both oxLDL and H2O2 induced the 
macrophages to M1 phenotype [76–79], but HA-Fc/NP3

ST significantly 
polarized the macrophages to M2 phenotype (Fig. 3F and G), which 
could be explained by cellular cholesterol efflux capacity of rHDL par-
ticles [34,35] and ST intervention [80,81]. We went on to study the 
inhibitory effect of nanoparticles on inflammatory cytokine IL-6 
(Fig. 3H), TNF-α (Fig. 3I) and CCL2 (Fig. 3J) secretion. We found that 
despite the stronger cholesterol efflux capacity of NP3

ST than 
HA-Am/NP3

ST, the latter was more potent in inhibiting the inflamma-
tory cytokine secretion, presuming its higher efficiency bringing drugs 
to the cell. Compared with the untreated group, HA-Fc/NP3

ST reduced 

the secretion of IL-6 by 56%, TNF-α by 57% and CCL2 by 54%. 

3.4. HA-Fc/NP3
ST shows improved accumulation in plaque and stronger 

anti-atherosclerotic effects in vivo 

To verify the long circulation time of HA-based nanoassemblies, 
pharmacokinetics of the nanoparticles was evaluated in male wild-type 
C57BL/6 mice. After i.v. injection of DiR-labeled nanoparticles, DiR 
fluorescence intensity of blood samples colleted at a certain time in-
terval was measured to represent the residual content of nanoparticles. 
Compared with free DiR or NP3

DiR, fluorescence imaging indicated that 
HA-based nanoassemblies gained extended blood circulation (Fig. 4A 

Fig. 3. Anti-atherosclerotic effects in vitro. (A) Cholesterol efflux (%) from macrophage-derived foam cells (n = 5). Effects of nanoparticles on the (B) cholesterol 
content expressed as μg/mg protein of cells, (C) permeability indicated by intracellular fluorescence intensity of fluorescent product and (D) fluidity tested by 
fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH) of cell membrane in macrophage-derived foam cells (n = 5). (E) Oil red O staining of intracellular 
lipid deposition imaged by inverted fluorescence microscope. (F) The phenotype sorting analysis of macrophages, and (G) the quantitative analysis of the M2/M1-like 
macrophages ratio (n = 5). Secretion levels of the inflammatory cytokines (H) IL-6, (I) TNF-α and (J) CCL2 by macrophage-derived foam cells assessed by using ELISA 
(n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 
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and B). Nevertheless, the majority of nanoparticles were cleared from 
the blood in 24 h following injection. Tissue distribution of DiR-labeled 
nanoparticles was also assessed in the atherosclerotic mice after i.v. 
injection for 4 h and 24 h (Fig. 4C–E and S12). Compared with NP3

DiR, 
HA-based nanoassemblies showed much higher accumulation in lesion- 
prone aortic arch but reduced accumulations in the major organs (heart, 
liver, spleen, lung, kidney). The percentage of nanoparticle in plaques 
was calculated as the DiR fluorescence intensity in aorta/(total DiR 
fluorescence intensity of the main organs + DiR fluorescence intensity in 
aorta) × 100% [64]. HA-Fc/NP3

DiR was found to accumulate in 
atherosclerotic lesions more efficiently than HA-Am/NP3

DiR. We 
attributed it to the ROS-triggered disassembly and release of small-sized 
NP3

DiR enabling deeper plaque penetration. Subsequently, distribution 
of the two nanoassemblies in atherosclerotic plaque was assessed. 
HA-Fc/NP3

DiR (Red) penetrated deeply in the atherosclerotic plaque 
evidenced by the high fluorescence intensity in the deep of plaque tissue 
(CD31 labeled with green) (Fig. 4F). Meanwhile, HA-Fc/NP3

DiR (Red) 
colocalized with the macrophages or de-differentiated vascular smooth 
muscle cells (VSMCs) (CD68 labeled with green) more prominently 
(Fig. 4G). Quantification analysis demonstrated that HA-Fc/NP3

DiR 
penetrated deeper in atherosclerotic plaque by 1.48-fold and more 
effectively target to macrophages by 1.83-fold than HA-Am/NP3

DiR 

(Fig. 4H). After that, in vivo anti-atherosclerotic efficacy of HA-Fc/NP3
ST 

was confirmed more effective than either NP3
ST or HA-Am/NP3

ST 
(Fig. 5A and B). Compared with the saline group, HA-Fc/NP3

ST reduced 
plaque size by 53%, decreased plaque lipid deposition by 63%, lowered 
CD68-positive cells content (macrophages or de-differentiated VSMCs) 
by 62% and resulted in reduction of inflammatory factor CCL2 by 64%. 
Meanwhile, HA-Fc/NP3

ST reduced serum inflammatory factor levels of 
IL-6 by 52% (Fig. 5C), TNF-α by 59% (Fig. 5D) and CCL2 by 48% 
(Fig. 5E) than the saline group, which suggested its potent inhibitory 
effects on systemic inflammation. Finally, safety study was performed in 
atherosclerotic mice. HA-Fc/NP3

ST did not cause toxicity to the liver and 
kidney as similar levels of ALT, AST and ALP were observed in the saline 
and HA-Fc/NP3

ST groups (Fig. 5F). Besides, HA-Fc/NP3
ST did not cause 

pathological damages to the major organs (Fig. 5G). Collectively, 
HA-Fc/NP3

ST exert extended blood circulation, accumulate in athero-
sclerotic lesions, penetrate deeply in plaque and target to the macro-
phages. Moreover, HA-Fc/NP3

ST exhibit effective antiatherosclerotic 
activity but show almost no safety problems to the atherosclerotic mice. 
That is to say, HA-Fc/NP3

ST has potential clinical use for the treatment of 
atherosclerosis via alleviating inflammation and lowering lipid deposi-
tion in plaque, while its complicated preparation process can be a 
challenge for large scale production. Furthermore, the effectiveness and 

Fig. 4. Pharmacokinetic and distribution of nanoparticles in mice. (A) Ex vivo images, and (B) quantified DiR fluorescence intensities of whole blood collected from 
wild-type C57BL/6 mice at fixed time points measured by IVIS spectrum system (n = 3). (C) Ex vivo images of the aortas and main organs in atherosclerotic mice 
imaged by IVIS spectrum system, (D) quantified fluorescence intensities in the aortas and (E) the percentage of nanoparticle in plaque (n = 3). Immunofluorescence 
analysis of (F) the penetration ability of DiR-labeled nanoparticles (Red) across the CD31-labeled plaque tissues (Green), and (G) the colocalization of DiR-labeled 
nanoparticles (Red) and CD68-labeled cells (Green) imaged by CLSM, (H) quantification of DiR fluorescence intensity in the aortic root sections analyzed by Image- 
Pro Plus 6 (n = 3). Scale bar: 100 μm for F, 40 μm for G; **p < 0.01, ***p < 0.001 
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Fig. 5. Pharmacodynamics and safety studies in mice. (A) Representative images, and (B) quantitative analysis of aortic root sections stained with H&E for plaque 
size, oil red O staining for neutral lipid deposition, CD68 immunostaining for CD68-positive cells content and CCL2 immunostaining for inflammatory factor level in 
atherosclerotic mice (n = 6). The serum levels of (C) IL-6, (D) TNF-α and (E) CCL2 from the atherosclerotic mice (n = 6). (F) The activity of ALT, ALP and AST activity 
in plasma from the atherosclerotic mice (n = 6), and (G) H&E histopathological staining of major organs (heart, kidney, liver, spleen, lung). Scale bar: 1000 μm for 
H&E, oil red O and CD68 as well as 200 μm for CCL2 in A, 200 μm for G; *p < 0.05, **p < 0.01, ***p < 0.001 
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biosafety have been demonstrated in atherosclerotic mice only. Given 
that there exist obvious pathological differences between humans and 
mice, HA-Fc/NP3

ST should be thoroughly evaluated in large animal 
models of atherosclerosis to better predict its efficacy and safety and 
then tested in clinical trials. 

4. Conclusions 

In this work, ROS-responsive size-reducible HA-Fc/NP3
ST nano-

assemblies were developed successfully for targeted atherosclerosis 
therapy. HA-Fc/NP3

ST were assembled via multivalent host-guest in-
teractions between β-CD/Fc with ROS-responsiveness in the athero-
sclerotic lesions. HA-Fc/NP3

ST effectively crossed the injured 
endothelium via the recognition of HA-CD44 receptors, disassembled 
rapidly caused by ROS, penetrated deeper in macrophage spheroids and 
promoted macrophage-targeted cholesterol efflux. HA-Fc/NP3

ST specif-
ically accumulated in an atherosclerosis-prone region, effectively 
penetrated through the plaque and highly colocalized with the athero-
sclerotic plaque-associated macrophages. HA-Fc/NP3

ST exhibited much 
improved antiatherogenic effects. In summary, rHDL-based ROS- 
responsive HA-Fc/NP3

ST nanoassemblies represent a new drug delivery 
system for deeper penetration into atherosclerotic plaque and enhanced 
macrophage targeting, effectively enhancing cholesterol efflux and 
exerting anti-inflammatory therapy for atherosclerotic diseases. 
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