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 ABSTRACT 

Accumulation of extracellular β-amyloid (Aβ) is crucial for the pathogenesis of 

Alzheimer’s disease (AD), and the development of novel therapeutic agents that

can both accelerate Aβ clearance and inhibit the subsequent pathological cascades

is regarded as a promising strategy for AD management. In our previous study,

we have constructed discoidal apolipoprotein E3–reconstituted high-density 

lipoprotein (ApoE3-rHDL) as an efficient nanoplatform that can penetrate the 

blood–brain barrier and accelerate Aβ clearance for a combination treatment of

AD. To further improve its drug loading capacity, we hypothesized that spherical 

rHDL might serve as a more powerful nanocarrier if it has the same brain 

delivery and Aβ clearance abilities as the discoidal rHDL does. To evaluate the

potential of spherical rHDL as a promising alternative for the combination therapy

for AD, here, we investigated the effect of the shape of rHDL on its brain delivery,

Aβ clearance, and anti-AD efficacy. We found that spherical rHDL had stronger

Aβ-binding affinity than discoidal rHDL did, more effectively facilitated microglial 

uptake and degradation of Aβ1–42, achieved better brain distribution after 

intravenous administration, and more powerfully reduced Aβ deposition, decreased

microglia activation, attenuated neurological damage, and rescued memory deficits

in a mouse model of AD. Among the rHDLs evaluated, monosialotetrahexosyl

ganglioside–incorporated spherical rHDL exerted the best effect. The findings 

of this study for the first time show a shape effect of an rHDL nanocarrier on its

biological functions and suggest that a spherical lipoprotein-mimic nanocarrier 

may serve as a more efficient multifunctional nanoplatform for AD therapy. 
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1 Introduction 

High-density lipoprotein (HDL), a natural nanoparticle 

and the smallest lipoprotein, plays a well-recognized 

biological role and is highly suitable as a nanoplatform 

for medical diagnostics and therapeutics [1–3]. To pro-

duce them on a large scale and to prevent blood-borne 

pollution, HDLs had been successfully reconstructed 

to serve as nanomedicines because they exert a 

biological action or facilitate targeted drug delivery 

[4–6]. Just as natural HDL, discoidal and spherical 

reconstituted HDLs (rHDLs) have been developed for 

such biomedical applications [4–7]. Nonetheless, the 

shape effect of rHDL on its biological functions has 

hardly been explored [8, 9].  

Alzheimer’s disease (AD) is the most common 

form of dementia and imposes a heavy medical and 

economic burden on modern society [10]. Accumulation 

of extracellular β-amyloid (Aβ) is crucial for AD 

pathogenesis, and the common late-onset form of 

AD is characterized by an overall impairment of Aβ 

clearance [11–14]. In addition, it has been widely 

acknowledged that the secondary pathological 

processes—such as neuroinflammation, formation of 

neurofibrillary tangles, synapse dysfunction, and 

neuron loss—can independently increase the severity 

of AD, once they are initiated by Aβ aggregation 

[15–17]. Thus, the development of novel therapeutic 

agents that can both accelerate Aβ clearance and inhibit 

other subsequent pathological cascades is regarded 

as a promising strategy for AD management [18]. 

By mimicking HDL in the central nervous system 

(CNS), in our previous work, we constructed apo-

lipoprotein E3–reconstituted high-density lipoprotein 

(ApoE3-rHDL) as an efficient nanoplatform that can 

penetrate the blood–brain barrier (BBB) and accelerate 

Aβ clearance to serve as a novel nanomedicine   

for the treatment of AD [19, 20]. By incorporating 

monosialotetrahexosyl ganglioside (GM1) into the 

lipid membrane of ApoE3-rHDL, we next designed 

GM1-rHDL, which possessed antibody-like strong 

binding affinity for Aβ, more effectively facilitated 

microglia-mediated Aβ degradation and Aβ efflux 

across the BBB, and simultaneously allowed for effective 

loading of a neuroprotective peptide, as a nanoplatform 

for the combination therapy for AD [21]. Nevertheless, 

these rHDL nanocarriers are both discoidal in shape 

and allow for drug loading only via insertion into 

the lipid membrane or via conjugation with the 

surface components of rHDL. Therefore, these rHDLs 

can achieve only low loading capacity, limited drug 

protection, and may even compromise the targeting 

property of the nanocarriers. In contrast, spherical 

rHDL with a core can provide additional space for 

drug loading not only for hydrophobic but also for 

hydrophilic agents [22–24] and thus may serve as an 

attractive alternative for the combination treatment 

of AD. 

To evaluate the potential of spherical rHDL as a 

promising alternative for the combination treatment 

of AD, it is critical to investigate the shape effect of 

rHDL on its brain delivery, A-binding affinity, and 

A clearance capacity. To achieve this goal, here we 

constructed two discoidal rHDL nanocarriers (d-rHDL 

and d-GM1-rHDL) and two corresponding spherical 

rHDL nanocarriers (s-rHDL and s-GM1-rHDL). We 

evaluated their brain delivery capacity by determining 

their binding affinity for low-density lipoprotein 

receptor (LDLR, the major receptor on the BBB that 

mediates the blood-to-brain transcytosis of rHDL 

[25–28]), their cellular uptake in bEnd.3 cells (a mouse 

brain microvascular endothelial cell line), and their 

brain distribution following intravenous administration. 

We then compared their capacity for Aβ clearance 

by detecting their binding affinity for both the Aβ 

monomer and oligomer, evaluated their effect on 

microglia-mediated cellular uptake and degradation 

of Aβ, and determined their effect on AD-related 

neuropathology and cognitive deficits. 

2 Experimental 

2.1 Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 

and GM1 were acquired from Avanti Polar Lipids 

(Alabaster, AL, USA). Full-length ApoE3 was 

provided by Peprotech (Rocky Hill, NJ, USA). Aβ1–42, 

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 

perchlorate (DiI), 1,1-dioctadecyl-3,3,3,3-tetramethy-

lindotricarbocyanine iodide (DiR), and Aβ enzyme- 

linked immunosorbent assay (ELISA) kits were 
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purchased from Invitrogen (Carlsbad, CA, USA). 

FAM-Aβ1–42 was provided by AnaSpec (Fremont, CA, 

USA). All cell culture reagents were bought from Gibco 

(Grand Island, NY, USA) unless indicated otherwise. 

2.2 Cell lines 

BV2 cells and bEnd.3 cells were provided by the Cell 

Institute of the Chinese Academy of Sciences (Shanghai, 

China) and were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10%  

of fetal bovine serum (FBS), 100 UmL−1 penicillin, 

and 2 mM Gluta MAX-I supplement at 37 °C in a 

humidified atmosphere containing 5% of CO2. 

2.3 Animals 

Senescence-accelerated mouse resistant 1 (SAMR1) 

and senescence-accelerated mouse prone 8 (SAMP8) 

mice were obtained from the Animal Center of   

the First Affiliated Hospital of Tianjin University of 

Traditional Chinese Medicine. The animals were 

housed at a specific pathogen-free animal facility 

with free access to food and water. The protocol of 

the animal experiment was approved by the Animal 

Experimentation Ethics Committee, Shanghai Jiao 

Tong University School of Medicine. 

2.4 Preparation and characterization of d-rHDL, 

s-rHDL, d-GM1-rHDL, and s-GM1-rHDL 

d-rHDL composed of DMPC and ApoE3 and d-GM1- 

rHDL consisting of DMPC, GM1, and ApoE3 were 

prepared as described previously [19, 21]. s-rHDL and 

s-GM1-rHDL were prepared by the same protocol 

by adding cholesterol oleate (3:100, mass ratio of 

cholesterol oleate to total lipid) to the lipid mixture 

for the preparation of d-rHDL and d-GM1-rHDL, 

respectively [29]. DiI, DiR-labeled d-rHDL, s-rHDL, 

d-GM1-rHDL, and s-GM1-rHDL were prepared in  

a similar manner except that DiI (1% to DMPC, w/w) 

and DiR (1% to DMPC, w/w) were included for 

preparation of the lipid film. Zetasizer Nano-ZS90 

(Malvern Instruments, UK) was used to measure the 

zeta potential and size distributions of d-rHDL, 

s-rHDL, d-GM1-rHDL, and s-GM1-rHDL. Transmission 

electron microscopy (TEM), cryo-scanning electron 

microscopy (Cryo-SEM), and atomic force microscopy 

(AFM) were carried out to characterize the morphology 

and structure of the nanoparticles. For TEM analysis, 

the samples were subjected to negative staining with 

1.75% phosphotungstic acid and then examined under 

a Hitachi H-7650 transmission electron microscope 

(Hitachi, Inc., Japan). For Cryo-SEM analysis, the 

samples were prepared by means of a VITROBOT 

automated Cryo-SEM sample preparation unit (FEI, 

Holland) and stored in liquid nitrogen until imaging. 

The images were acquired using an FEI TECNAI G2 

electron microscope (FEI, Holland) at 200 kV and 

160 °C. For AFM analysis, the samples were dried  

on mica film before scanning, and the images were 

obtained via Multimode NanoScope Ⅲa (Bruker, 

Germany). 

The DMPC concentration of these nanoparticles was 

determined via liquid chromatography with mass 

spectrometry (Shimazhu 20AD-AB Sciex 4000 Mass 

Spectrometer) on a phenyl column with methanol: 

0.1% formamide buffer (pH 3.0) (98:2) as the mobile 

phase at the flow rate of 0.4 mLmin−1 with an ESI 

source in positive ion mode. The curtain gas was set 

to 10 psi, ion source gas 1 to 50 psi, and ion source 

gas 2 to 50 psi. The needle voltage was 4,500 V, gas 

temperature 600 °C, collision gas 20 psi, decluttering 

potential 170 V, and collision energy 41 V. Multiple 

reaction monitoring (MRM) mode was chosen for the 

detection of DMPC via the transition of m/z from 

678.5 to 184.1. 

2.5 Preparation of Aβ1–42 monomer and oligomer 

Aβ1–42 was dissolved in hexafluoro-2-isopropanol at 1 

mgmL−1 and stored at –20 °C. Before use, hexafluoro- 

2-isopropanol was evaporated, and the peptide was 

resuspended in dimethyl sulfoxide (DMSO) at a 

concentration of 5 mM and was water bath–sonicated 

for 10 min to obtain a monomeric preparation. For the 

preparation of the Aβ1–42 oligomer, monomeric peptide 

DMSO solution (5 mM) was diluted to 100 μM with 

deionized water and incubated at 4 °C for 24 h. The 

presence of the oligomer in these preparations has 

been previously confirmed and characterized [30]. 

2.6 Surface plasmon resonance (SPR) analysis 

This analysis was performed on a Biacore T200 
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instrument (GE Healthcare, USA). LDLR was immo-

bilized onto an NTA chip. Phosphate buffer (PBS) 

(0.01 M, pH 7.4) served as a buffer solution. LDLR 

solution at 2 μgmL−1 was injected for 20 s at a flow 

rate of 5 μLmin−1. The upstream parallel flow cell 

was blank (filled with PBS). The binding of different 

groups was conducted in PBS (0.01 M, pH 7.4) with 

the analytes (containing 0−100 nM ApoE3) injected 

into the flow system at a flow rate of 30 μLmin−1. 

Dissociation was conducted in the same buffer for  

30 min, and the chip was then regenerated with 

0.5% SDS for 30 s, then with 350 mM EDTA for 30 s. 

Calculation of the kinetic constants of binding was 

performed in the BIA evaluation software using   

the 1:1 Langmuir binding model. d-rHDL, s-rHDL, 

d-GM1-rHDL, and s-GM1-rHDL served as the 

analytes. 

The Aβ1–42 monomer and oligomer were immobilized 

to a CM5 chip (RU, 2,000) as previously described 

[20]. A parallel flow channel that was activated by 

EDC/NHS and then blocked with 1 M ethanolamine 

served as the reference channel. Experiments were 

conducted with sterile PBS (pH 7.4) as running 

buffer, and an analyte was injected at a flow rate of 

30 μLmin−1. A series of concentrations of d-rHDL, 

s-rHDL, d-GM1-rHDL, and s-GM1-rHDL (diluted in 

0.01 M PBS, pH 7.4) was injected into the flow system, 

and the kinetic constants of binding were obtained 

using a 1:1 Langmuir binding model via the BIA 

evaluation software. 

2.7 Uptake of Aβ by BV2 cells in the presence of 

d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL  

BV2 cells, a mouse brain microglial cell line, were 

employed to evaluate the effect of the shape on 

rHDL-facilitated cellular uptake of FAM-Aβ1–42. The 

cells were seeded at 5 × 103 cells per well in 96-well 

plates, allowed to grow for 24 h, and then exposed to 

a series of concentrations of DiI-labeled d-rHDL, 

s-rHDL, d-GM1-rHDL, or s-GM1-rHDL. 

For a quantitative experiment, d-rHDL, s-rHDL, 

d-GM1-rHDL, and s-GM1-rHDL were diluted to the 

DMPC concentration of 0.25, 0.5, 1, and 2 μgmL−1. 

After incubation with the different concentrations  

of d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL  

for 1 h, the cells were coincubated with 2 μgmL−1 

FAM-Aβ1–42 for 3 h. Then, the cells were washed twice 

with PBS, fixed in 4% formaldehyde for 15 min at 

37 °C, stained with Hoechst 33258 for 15 min at room 

temperature, and then subjected to the analysis under 

a High Content Kinetic Scan (HCS) Reader (Thermo 

Scientific, USA). The cellular uptake data were 

normalized for comparison by setting the data obtained 

from d-rHDL (0.5 μgmL−1) to 1.0. 

2.8 Intracellular Aβ degradation in BV2 cells in 

the presence of d-rHDL, s-rHDL, d-GM1-rHDL, or 

s-GM1-rHDL  

To reveal the possible promoting effect of d-rHDL, 

s-rHDL, d-GM1-rHDL, and s-GM1-rHDL on cellular 

degradation of Aβ, BV2 cells were seeded in 96-well 

plates at a density of 5 ×103 cells per well, allowed to 

grow for 24 h, and then were exposed to 0.5 μgmL−1 

(DMPC concentration) of d-rHDL, s-rHDL, d-GM1- 

rHDL, or s-GM1-rHDL. After incubation for 1 h, the 

cells were coincubated with 2 μgmL−1 Aβ for 3 h. 

After a wash with PBS, the cells were lysed in 1% 

SDS containing a protease inhibitor cocktail (Roche, 

Switzerland). The total protein content of cell lysates 

was analyzed by a bicinchoninic acid (BCA) protein 

assay (Thermo, USA). The remaining intracellular 

Aβ1–42 levels were quantified with an ELISA kit 

(Invitrogen, USA) and normalized to total protein of 

the lysates [31]. 

2.9 Brain distribution of d-rHDL, s-rHDL, d-GM1- 

rHDL, and s-GM1-rHDL following intravenous 

administration 

Twenty nude mice were randomly distributed into four 

groups, and intravenously injected with DiR-labeled 

d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL. The 

fluorescent images were captured at 30 min, 1, 2, 4, 

and 24 h after injection with the CRi Maestro® in vivo 

fluorescence imaging system (CRi, MA, USA). Four 

hours after administration, three mice of each group 

were committed to collection of different organs and 

were imaged. 

2.10 Immunohistochemical analysis 

Following 4-week treatment with d-rHDL, s-rHDL, 
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d-GM1-rHDL, or s-GM1-rHDL at the DMPC dose  

of 1 mgkg−1, the mice were anesthetized, and the 

heart was perfused with cold saline. The brains 

were collected and fixed in 4% paraformaldehyde, 

embedded in paraffin, and sectioned at 4 μm. For 

immunohistochemical analysis, the slides were 

incubated in 70% citric acid for 3 min, and then in 

methanol containing 1% peroxide for 10 min. After 

microwave treatment in distilled water for 3 min, the 

slides were blocked for 1 h in a 20% normal goat 

serum solution containing 0.1% of Triton X-100, and 

then incubated with a primary antibody in the blocking 

solution overnight at 4 °C. The 6E10 antibody against 

Aβ was used to stain Aβ plaques, and the IBA1 

antibody to stain the activated microglia [32]. The 

antigens were detected by means of secondary 

antibodies by standard ABC-DAB methods; the images 

were captured via a microscope (Leica DM2500P 

with Leica DFC320 digital camera) and analyzed in 

the Image Pro-Plus software (Media Cybernetics, 

Silver Spring, MD).  

The brain sections were stained with cresyl violet 

or hematoxylin–eosin (H&E) in accordance with a 

standard protocol and then subjected to examination 

under a Leica microscope. Nissl staining sections served 

for determination of neuronal injury in the cortex 

and in the CA1 region and the dentate gyrus (DG) 

region of the hippocampus. H&E-stained sections were 

subjected to robust examination of the morphological 

changes in the hippocampus. 

2.11 The Morris water maze (MWM) test 

The MWM test was performed as described elsewhere 

to evaluate the spatial learning and memory of AD 

model mice [33]. After the 4-week treatment with 

d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL at 

the DMPC dose of 1 mgkg−1, the mice were trained 

four times a day for five days. A computer-controlled 

tracking system (Shanghai Jiliang Software Technology 

Co., Ltd.) was implemented to record the escape latency 

and swimming route. On the sixth day, with the 

platform removed, the mice were placed into the tank 

from the same fixed positions and allowed to swim 

freely for 60 s, with the times of platform crossing 

recorded. 

2.12 Statistical analysis 

The data were expressed as mean ± standard deviation 

(SD). Differences between two groups were evaluated 

by two-tailed Student’s t test, and among multiple 

groups by one-way ANOVA followed by Bonferroni’s 

test. Statistical significance was defined as p < 0.05. 

3 Results and discussion 

3.1 Preparation and characterization of discoidal 

and spherical rHDLs 

d-rHDL and d-GM1-rHDL were prepared by incubating 

ApoE3 with DMPC liposomes or GM1-DMPC 

liposomes, respectively, according to our previously 

reported method [21]. s-rHDL and s-GM1-rHDL were 

prepared by the same procedure by adding cholesterol 

oleate to form the core of spherical rHDL. DiI or DiR 

(at 1% of DMPC, w/w) was incorporated into the 

membrane of d-rHDL, d-GM1-rHDL, s-rHDL, and 

s-GM1-rHDL for fluorescent labeling. The size dis-

tributions of d-rHDL, d-GM1-rHDL, s-rHDL, and 

s-GM1-rHDL were determined by dynamic light 

scattering (DLS), and the particle size was found to 

be 27.42 ± 9.70 (mean ± SD), 28.68 ± 3.65, 26.03 ± 3.26, 

and 26.38 ± 5.66 nm, respectively (Fig. 1, Table 1). 

The zeta potential of GM1-modified formulations, i.e., 

d-GM1-rHDL (–35.18 ± 0.78 mV) and s-GM1-rHDL 

(–33.65 ± 0.29 mV), was more negative than that of 

d-rHDL (–9.83 ± 0.45 mV) and s-rHDL (–7.87 ± 0.16 mV; 

Table 1), thus indicating effective incorporation of 

GM1, an anionic amphiphilic glycolipid, into the lipid 

membrane. Fluorescent labeling hardly changed either 

the size or the zeta potential of d-rHDL, d-GM1-rHDL, 

s-rHDL, and s-GM1-rHDL (Table S1 in the Electronic 

Supplementary Material (ESM)). TEM analysis revealed 

that d-rHDL, d-GM1-rHDL, s-rHDL, and s-GM1-rHDL 

generally had a circular shape with a diameter ~ 20 nm 

(Fig. 1). Cryo-SEM and AFM analyses confirmed the 

discoidal shape (with a stick projection) of d-rHDL 

and d-GM1-rHDL and the spherical shape (with a 

circle projection) of s-rHDL and s-GM1-rHDL.  

3.2 Discoidal and spherical rHDLs show similar 

binding affinity for LDLR 

Accessing the brain is one of the major properties for  
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Table 1 Particle sizes and zeta potentials of nanoparticles 

Nanoparticle PDIa Particle size (d, nm) Zeta potential (mV)

d-rHDL 0.24 27.42 ± 9.70 −9.83 ± 0.45 

s-rHDL 0.24 26.03 ± 3.26 −7.87 ± 0.16 

d-GM1-rHDL 0.26 28.68 ± 3.65 −35.18 ± 0.78 

s-GM1-rHDL 0.26 26.38 ± 5.66 −33.65 ± 0.29 

a PDI, polydispersity index. 
 

nanoparticles to exert their therapeutic effects in the 

CNS. ApoE nanoparticles have been shown to cross 

the BBB via LDLR-mediated transcytosis [19, 22, 34, 

35]. Therefore, it is crucial to determine the LDLR 

recognition capacity of different nanoparticles. Here, 

SPR analysis was performed to characterize the 

LDLR-binding affinity of the discoidal and spherical  

rHDLs. Previous work revealed that one LDLR can 

bind to one ApoE-containing nanoparticle [36]. Even 

when there may be several ApoE molecules on a single 

nanoparticle, the steric effects of both the nanoparticles 

and the dextran matrix of the chip surface would 

not allow one nanoparticle to bind to several ligands 

simultaneously. Therefore, as in previous work [36, 37], 

we utilized the 1:1 Langmuir binding model to 

analyze the interaction between LDLR and rHDLs. 

As presented in Fig. 2, d-rHDL, d-GM1-rHDL, s-rHDL, 

and s-GM1-rHDL showed similar binding curves and 

binding affinity constants (KD) toward LDLR (0.47, 

0.39, 0.30, and 0.43 nM, respectively), suggesting that 

the discoidal and spherical rHDLs possessed similar 

binding affinity for LDLR. 

 

Figure 1 Particle size, morphology, and structures of the four groups of nanoparticles. (a) Size distribution of d-rHDL, d-GM1-rHDL, 
s-rHDL, and s-GM1-rHDL measured by DLS on a Zetasizer. (b) Morphology of d-rHDL, d-GM1-rHDL, s-rHDL, and s-GM1-rHDL 
observed by TEM after negative staining with phosphotungstic acid (1.75%, w/v) (scale bar = 50 nm). (c) The structure of d-rHDL, 
d-GM1-rHDL, s-rHDL, and s-GM1-rHDL was examined by Cryo-SEM (scale bar = 50 nm). (d) AFM images of d-rHDL, d-GM1-
rHDL, s-rHDL, and s-GM1-rHDL. 
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Figure 2 SPR analysis of the ApoEconcentration-dependent 
binding of LDLR. Concentration-dependent curves of binding of 
(a) d-rHDL, (b) s-rHDL, (c) d-GM1-rHDL, and (d) s-GM1-rHDL 
to LDLR. The kinetic constants of binding were calculated by 
means of the BIA evaluation software using the 1:1 Langmuir 
binding model. 

3.3 The brain delivery efficiency of discoidal and 

spherical rHDLs 

Sequentially, we determined the effect of the shape 

on the brain delivery of the various nanoparticles  

by evaluating their uptake by bEnd.3 cells (a mouse 

brain endothelial cell line [38]) and found that the 

cellular uptake of spherical rHDL was slightly higher 

than that of discoidal rHDL (Fig. 3(a)). At the con-

centration of total lipid of 0.5, 4, and 20 μgmL−1, the 

uptake of s-rHDL by bEnd.3 cells was 35.93%, 6.47%, 

and 18.53% higher than that of d-rHDL, respectively. 

Accordingly, at the concentration of total lipid 0.5, 4, 

and 20 μgmL−1, the cellular uptake of s-GM1-rHDL  

was 62.94%, 44.84%, and 27.23% higher than that of 

d-GM1-rHDL, respectively. Some investigators found 

that the spherical nanoparticles need to overcome a 

minimal membrane-bending energy barrier, as com-

pared with their nonspherical counterparts, whereas 

internalization of disk-like nanoparticles involves   

a strong membrane deformation, responsible for a 

large free energy barrier [39]. The above SPR analysis 

revealed that discoidal and spherical rHDLs possessed 

similar binding affinity for LDLR; therefore, we 

assumed that the difference in the membrane-bending 

energy barrier between discoidal and spherical rHDLs 

could be the major reason for their difference in 

cellular uptake. 

We then evaluated the brain delivery efficiency   

of the different nanoparticles after intravenous 

administration, where d-rHDL, s-rHDL, d-GM1-rHDL, 

and s-GM1-rHDL were fluorescently labeled with DiR 

(characterization of size and zeta potential is shown 

in Table 1 ). As shown in Figs. 3(b) and 3(c), a slightly 

greater fluorescent signal of DiR was observed in  

the brains after the administration of spherical rHDLs 

(s-rHDL or s-GM1-rHDL) than that after the treatment 

with discoidal rHDLs (d-rHDL or d-GM1-rHDL), 

suggesting that the brain delivery of spherical rHDLs 

was slightly higher than that of discoidal rHDLs. The 

higher cellular internalization efficiency of spherical 

rHDLs in the brain endothelial cells might be the 

major cause of such difference. 

 

Figure 3 (a) High-content scanning quantitative analysis of concentration-dependent cellular uptake of DiI-d-rHDL, DiI-s-rHDL, 
DiI-d-GM1-rHDL, and DiI-s-GM1-rHDL after incubation with bEnd.3 cells at 37 °C for 3 h. (b) Accumulation of DiR-d-rHDL, 
DiR-s-rHDL, DiR-d-GM1-rHDL, and DiR-s-GM1-rHDL in the brain of mice at 4 h after intravenous administration; n = 3. (c) Quantitative 
accumulation of DiR-d-rHDL, DiR-s-rHDL, DiR-d-GM1-rHDL, and DiR-s-GM1-rHDL in the brain of mice at 4 h after intravenous
administration; n = 3, **p < 0.01. 
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3.4 Spherical rHDLs show higher binding affinity 

for the Aβ monomer and oligomer 

One of the most important mechanisms underlying 

the rHDL-mediated Aβ clearance is the binding to Aβ 

and facilitation of its cellular uptake and degradation 

in microglia [19, 21]. Aβ1–40 and Aβ1–42 are the most 

common sequential proteolytic byproducts of amyloid 

β-protein precursor (APP) [40, 41]. Although Aβ1–40 

constitutes ~ 90% of the cleaved form of APP, Aβ1–42 

has a greater propensity to aggregate and plays a 

critical role in the initiation of plaque formation  

and AD pathogenesis [42–44]. Aggregates of Aβ1–42 

(protofibrils and fibrils) have also been reported to be 

more toxic to cultured neurons than Aβ1–40 aggregates 

are [45–47]. Here, to compare the effectiveness of 

discoidal rHDLs and spherical rHDLs at facilitating 

Aβ clearance, we first compared the binding affinity 

between the rHDL nanocarriers and the Aβ1–42 

monomer or oligomer (the soluble Aβ species). For 

this analysis, the Aβ1–42 monomer and oligomer were 

separately immobilized on two separate flow cells of 

a CM5 chip via an amino coupling reaction as 

described elsewhere [21]. The reference flow cell was 

blocked with ethanolamine immediately after activation. 

An ApoE concentration–dependent binding process 

was recorded after the application of d-rHDL, s-rHDL, 

d-GM1-rHDL, or s-GM1-rHDL. As compared with 

d-rHDL (KD = 4.85 ± 2.91 and 7.93 ± 0.98 nM, 

respectively), s-rHDL (KD = 2.21 ± 0.76 and 2.34 ±  

0.33 nM, respectively) showed stronger binding affinity 

for the Aβ monomer and oligomer. As in our previous 

study, incorporation of GM1 enhanced the A-binding 

affinity of rHDL [21]. Moreover, s-GM1-rHDL (KD = 

0.79 ± 0.74 and 0.32 ± 0.43 nM, respectively) also 

showed stronger A-binding affinity than did d-GM1- 

rHDL (KD = 0.95 ± 0.87 and 0.88 ± 0.49 nM, respectively; 

Fig. 4). Some studies have shown that the interaction 

between ApoE and A depends on the ApoE isotype 

and conformation [48]. Lipidation of ApoE increases 

its affinity for A 5- to 10-fold by changing the 

conformation of ApoE [49]. Here, we found that 

spherical rHDLs have stronger binding affinity for 

A than do their corresponding discoidal controls. 

This phenomenon could be caused by the increased 

curvature of the spherical structures that changes  

 

Figure 4 SPR analysis of the ApoE concentration–dependent 
binding of (a) d-rHDL, (b) s-rHDL, (c) d-GM1-rHDL, or      
(d) s-GM1-rHDL to the Aβ1–42 monomer and oligomer. The kinetic 
constants of binding were calculated with the BIA evaluation 
software by using the 1:1 Langmuir binding model, n = 3. 

the conformation of ApoE and better presents its 

A-binding site. 

3.5 Spherical rHDLs more effectively facilitate 

microglial cellular uptake and degradation of Aβ1–42  

It is well known that several Aβ clearance pathways 

likely exist in the CNS, including proteolytic digestion, 

efflux across the BBB, and bulk flow drainage of 

interstitial fluid and cerebrospinal fluid [50]. Nano-

particles possessing Aβ-binding affinity have an 

ability to accelerate cell-based proteolytic digestion  

of Aβ [19, 21]. s-GM1-rHDL, which manifested the 

strongest Aβ-binding affinity, was expected to effectively 

accelerate Aβ clearance via the above mechanisms. 
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Owing to the high affinity for both LDLR and Aβ, we 

assumed that this binding would promote cellular 

uptake. BV2 cells (a mouse microglia cell line) served 

as a cell model to verify the relation between high 

affinity and nanoparticle-facilitated cellular uptake 

and degradation of Aβ [51]. As illustrated in Fig. 5, 

consistent with the trend of A-binding affinity, 

spherical rHDLs (s-rHDL and s-GM1-rHDL) more 

effectively enhanced the cellular uptake and degra-

dation of A when compared with the discoidal rHDLs 

(d-rHDL and d-GM1-rHDL). s-GM1-rHDL, which 

manifested the strongest A-binding affinity, showed 

the highest A uptake and degradation efficiency. 

3.6 Spherical rHDLs more effectively reduce Aβ 

deposition, decrease microglia activation, attenuate 

neurological damage, and reverse memory deficits 

in AD model mice 

We then performed immunohistochemical analysis to 

evaluate the ability of d-rHDL, s-rHDL, d-GM1-rHDL, 

and s-GM1-rHDL to reduce Aβ deposition and 

microglia activation. As indicated in Fig. 6, compared 

with NaCl (the negative control), all the four rHDLs 

dramatically reduced both types of Aβ plaques. 

Specifically, the amount of Aβ plaques in the brains 

of the s-rHDL-treated mice was 33.16% lower than 

that in the brains of the d-rHDL-treated animals. 

Likewise, the amount of Aβ plaques in the brain of 

s-GM1-rHDL–treated mice was 24.70% lower than 

that in the d-GM1-rHDL–treated mice. We did not 

determine the binding affinity of rHDLs for the 

 

Figure 5 Spherical rHDLs promote cellular uptake and degradation 
of Aβ. (a) Cellular uptake of Aβ1–42 in the presence of d-rHDL, 
s-rHDL, d-GM1-rHDL, and s-GM1-rHDL; the d-rHDL group 
was set to 100%. (b) ELISA results on cell degradation of Aβ1–42 in 
the presence of d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL 
at total lipid concentration of 0.5 μgmL−1; *p < 0.05, **p < 0.01, 
***p < 0.001. 

 

Figure 6 The effect of d-rHDL, s-rHDL, d-GM1-rHDL, or 
s-GM1-rHDL on the clearance of Aβ plaques in brains of SAMP8 
mice. Eight-month-old SAMP8 mice (n = 3) received 4-week 
daily intravenous injections of d-rHDL, s-rHDL, d-GM1-rHDL, 
or s-GM1-rHDL at the DMPC dose of 1 mgkg−1. Age-matched 
SAMP8 and SAMR1 mice dosed with normal saline served as 
the negative and normal control, respectively. The brain sections 
(4 μm) were immunostained with an anti-Aβ antibody (6E10) and 
quantitatively analyzed in the Image Pro-Plus software. Scale bar, 
100 μm. 

Aβ fibril (i.e., the major component of Aβ plaques). 

Nevertheless, such significantly reduced amounts of 

Aβ plaques in both the cortex and hippocampus 

after the rHDL treatment suggested that, just as the 

multifunctional nanoplatforms reported previously 

[52, 53], rHDLs may also induce A disaggregation 

and degradation. The higher A clearance efficiency 

of spherical rHDLs could be caused by their elevated 

efficiency of brain delivery, higher binding affinity 

for the Aβ monomer and oligomer, and greater capacity 

for facilitating microglia-mediated Aβ uptake and 

degradation. Such clearance of the soluble form of A 

(Aβ monomer and oligomer) thus effectively induces 

disaggregation and degradation of Aβ fibrils to remove 

intracerebral Aβ plaques. The reduced Aβ burden 

thus decreased microglia activation. As shown in  

Fig. 7, the level of microglia activation in the brain of 

s-rHDL-treated mice was 27.55% less than that in 

d-rHDL-treated mice. Likewise, the level of microglia 

activation in the s-GM1-rHDL–treated mice was 27.98%  
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Figure 7 The negative effect of d-rHDL, s-rHDL, d-GM1-rHDL, 
or s-GM1-rHDL on microglia activation in the brain of SAMP8 
mice. Eight-month-old SAMP8 mice (n = 3) received 4-week 
daily intravenous injections of d-rHDL, s-rHDL, d-GM1-rHDL, 
or s-GM1-rHDL at the DMPC dose of 1 mgkg−1. Age-matched 
SAMP8 and SAMR1 mice dosed with normal saline served as 
the negative and normal control, respectively. The brain sections 
(4 μm) were immunostained with an anti-IBA1 antibody and 
quantitatively analyzed in the Image Pro-Plus software. Scale bar, 
100 μm. 

less than that in the d-GM1-rHDL–treated mice (Fig. S1 

in the ESM).  

Moreover, the neuroprotective effects of d-rHDL, 

s-rHDL, d-GM1-rHDL, and s-GM1-rHDL were 

evaluated morphologically after Nissl staining and 

H&E staining (Figs. 8 and 9). It was found that Nissl 

bodies in the cortex and in the CA1 and DG regions 

of the hippocampus of the animals treated with rHDLs 

were much denser and more organized than those 

in the mice injected with NaCl. Spherical rHDLs 

more effectively attenuated neurological damage than 

the discoidal rHDLs did, and the animals treated 

with s-GM1-rHDL showed the greatest alleviation of 

neuronal damage. 

Spherical rHDLs more effectively reduced Aβ 

deposition, decreased microglia activation, and 

attenuated neurological damage. These changes should 

therefore improve the spatial learning and memory 

of AD model animals. As revealed by the MWM test  

 

Figure 8  The neuroprotective effects of d-rHDL, s-rHDL, 
d-GM1-rHDL, and s-GM1-rHDL as evidenced by Nissl staining. 
Eight-month-old SAMP8 mice (n = 3) received 4-week daily 
intravenous injections of d-rHDL, s-rHDL, d-GM1-rHDL, or 
s-GM1-rHDL at the DMPC dose of 1 mgkg−1. Age-matched 
SAMP8 and SAMR1 mice dosed with normal saline served as the 
negative and normal control, respectively. The brain sections (4 μm) 
were immunostained with Nissl reagents. Scale bar, 100 μm. 

 

Figure 9 The neuroprotective effects of d-rHDL, s-rHDL, 
d-GM1-rHDL, and s-GM1-rHDL as determined by H&E staining. 
Eight-month-old SAMP8 mice (n = 3) received 4-week daily 
intravenous injections of d-rHDL, s-rHDL, d-GM1-rHDL, or 
s-GM1-rHDL at the DMPC dose of 1 mgkg−1. Age-matched 
SAMP8 and SAMR1 mice dosed with normal saline served as the 
negative and normal control, respectively. The brain sections (4 μm) 
were immunostained with H&E reagents. Scale bar, 100 μm. 

(Fig. 10), compared with the SAMP8 mice treated 

with NaCl (i.e., the negative control AD model mice 

[54, 55]), all the animals treated with rHDLs showed 

attenuation of memory deficits. Compared with 

discoidal-rHDL–treated mice, spherical-rHDL–treated 

animals manifested lesser memory loss, and the animals 
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treated with s-GM1-rHDL behaved the best in terms 

of learning performance with shortest latency (Fig. 10(a)) 

and spent the longest time in the target quadrant 

after removal of the hidden platform (Fig. 10(b)). The 

representative swimming paths are depicted in 

Fig. 10(c). In addition, as revealed by a nesting test, as 

expected, these s-GM1-rHDL-treated mice showed 

higher nest construction capability than did the animals 

treated with the other formulations (Fig. 10(d) and 

Fig. S2 in the ESM). 

4 Conclusions 

In summary, we focused on the effect of the shape of 

rHDL on its brain delivery, Aβ clearance, and AD 

severity. We found that spherical rHDLs manifested 

stronger Aβ-binding affinity than discoidal rHDLs 

did, more effectively accelerated their cellular uptake 

and Aβ1–42 degradation in microglia, achieved a better 

brain distribution after intravenous administration, 

and more strongly reduced Aβ deposition, decreased 

microglia activation, alleviated neurological deteriora-

tion, and reversed memory impairments in AD model 

mice. Among the rHDLs evaluated, GM1-containing 

spherical rHDL exerted the best effect. The findings 

of this work for the first time reveal the shape effect 

of an rHDL nanocarrier on its biological functions and 

suggest that spherical lipoprotein-mimic nanocarriers 

hold great potential as a more effective multifunctional 

nanoplatform for AD therapy. 
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Figure 10 The alleviating effect of d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL on memory deficits in AD model mice as 
evidenced by the MWM test and nesting test. Eight-month-old SAMP8 mice (n = 3) received 4-week daily intravenous injections of 
d-rHDL, s-rHDL, d-GM1-rHDL, or s-GM1-rHDL at the DMPC dose of 1 mgkg−1. Age-matched SAMP8 and SAMR1 mice dosed with 
normal saline served as the negative and normal control, respectively. (a) Latency time. (b) The percentage of time spent in the target
quadrant. (c) A typical swimming path. (d) The nesting score. Data are presented as mean ± SEM; n = 6; *p < 0.05, **p < 0.01 
significantly different from that of the SAMP8/NaCl group. 
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potential of DiI/DiR-nanoparticles, quantitative data 

of Aβ plaques and activated microglia in d-rHDL, 

s-rHDL, d-GM1-rHDL and s-GM1-rHDL groups of 

mice brains, nesting results of d-rHDL, s-rHDL, 

d-GM1-rHDL and s-GM1-rHDL groups of mice) is 

available in the online version of this article at 

https://doi.org/10.1007/s12274-018-2107-8.  
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