
Acta Pharmaceutica Sinica B 2022;12(4):2043e2056
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
The effect of drug loading and multiple
administration on the protein corona formation
and brain delivery property of PEG-PLA
nanoparticles
Yuyun Tanga,y, Jinchao Gaoa,y, Tao Wangb, Qian Zhanga,
Antian Wanga, Meng Huanga, Renhe Yua, Hongzhuan Chena,c,
Xiaoling Gaoa,*
aDepartment of Pharmacology and Chemical Biology, Shanghai Universities Collaborative Innovation Center for
Translational Medicine, Shanghai Jiao Tong University School of Medicine, Shanghai 200025, China
bDepartment of Geriatric Psychiatry, Shanghai Mental Health Center, Shanghai Jiao Tong University School of
Medicine, Alzheimer’s Disease and Related Disorder Center, Shanghai Jiao Tong University, Shanghai 200025,
China
cInstitute of Interdisciplinary Integrative Biomedical Research, Shuguang Hospital, Shanghai University of
Traditional Chinese Medicine, Shanghai 201210, China
Received 27 July 2021; received in revised form 23 August 2021; accepted 10 September 2021
KEY WORDS

Protein corona;

Nanoparticles;

Brain delivery;

Microglia;

PEG-PLA
Ab

nanop

cogni

comp

*C

E-
yTh

Peer

https:

2211-

by El
breviations: aM, a-mangostin; Ab, a

articles; cou7, coumarin 7; DLS, d

tive impairment; NP, blank PEG-P

lexes; PEG-PLA, poly(ethylene glyc

orresponding author. Tel.: þ86 21 64

mail address: shellygao1@sjtu.edu.c

ese authors made equal contribution

review under responsibility of Chine

//doi.org/10.1016/j.apsb.2021.09.029

3835 ª 2022 Chinese Pharmaceutic

sevier B.V. This is an open access a
Abstract The presence of protein corona on the surface of nanoparticles modulates their physiological

interactions such as cellular association and targeting property. It has been shown that a-mangostin (aM)-

loaded poly(ethylene glycol)-poly(L-lactide) (PEG-PLA) nanoparticles (NP-aM) specifically increased

low density lipoprotein receptor (LDLR) expression in microglia and improved clearance of amyloid beta

(Ab) after multiple administration. However, how do the nanoparticles cross the blood‒brain barrier and

access microglia remain unknown. Here, we studied the brain delivery property of PEG-PLA nanoparti-

cles under different conditions, finding that the nanoparticles exhibited higher brain transport efficiency
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and microglia uptake efficiency after aM loading and multiple administration. To reveal the mechanism,

we performed proteomic analysis to characterize the composition of protein corona formed under various

conditions, finding that both drug loading and multiple dosing affect the composition of protein corona

and subsequently influence the cellular uptake of nanoparticles in b.End3 and BV-2 cells. Complement

proteins, immunoglobulins, RAB5A and CD36 were found to be enriched in the corona and associated

with the process of nanoparticles uptake. Collectively, we bring a mechanistic understanding about the

modulator role of protein corona on targeted drug delivery, and provide theoretical basis for engineering

brain or microglia-specific targeted delivery system.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The blood‒brain barrier (BBB) is essential for maintaining the
internal environment of the brain. However, it also largely limits
the brain uptake of most pharmaceuticals1,2, and represent a
fundamental obstacle that must be overcome in the development
of new treatments for brain disorder. Nanoparticulate drug de-
livery system is now emerging as an important means to treat the
brain diseases3,4. However, limited amounts of nanomedicine have
been reported to cross the BBB5,6. Therefore, the improvement of
brain targeting efficiency of nanoparticles delivery systems to
ensure the effectiveness of drug treatment for brain diseases is an
urgent problem to be solved.

Among many polymers, PEG-PLA nanoparticles have widely
been applied for drug delivery, due to its suitable safety and
clinical translation ability7e9. Several functionalized PEG-PLA
nanoparticles have been designed for brain drug delivery, with
covalent conjugation of protein ligands such as lectins and the
transferrin receptor antibodies on the surface of the nano-
particles10,11. Our previous work found that the multiple admin-
istration of aM-loaded PEG-PLA nanoparticles (NP-aM) showed
a favorable biodistribution in the brain and improved the thera-
peutic efficacy of aM in Alzheimer’s disease model mice,
including reducing Ab deposition and reversing behavioral defi-
cits12. Interestingly, NP-aM specifically increased LDLR expres-
sion in microglia and enhanced the cellular uptake and
degradation of Ab12. However, how did the drug-loaded PEG-
PLA nanoparticles cross the BBB and access microglia remain
unknown, which largely hinder the optimization of the
nanoformulation.

It has now been well acknowledged that when expose to bio-
logical fluids, nanoparticles attract a wide range of plasma com-
ponents, resulting in the formation of protein corona13. Different
nanoparticle physiochemical properties such as the shape, size,
surface area and charge can influence the composition of protein
corona14e16. Moreover, the corona composition varies depending
on the biological environment in which nanoparticles are
dispersed13,16,17. In contrast, the formed protein corona may play a
modulatory role in the physiological interactions of the nano-
particles in vivo, thereby affecting the pharmacokinetics, bio-
distribution, cellular association, and targeting ability of
nanoparticles18,19. Protein corona can even been utilized as a
targeting strategy to direct nanoparticles into specific cells20e22. It
is believed that any nanoparticles inevitably adsorb proteins when
entering the biofluid23. In the case of PEGylated nanoparticle
system, although PEGylation could reduce protein absorption24,
protein corona still occurs25,26. In addition, several literatures re-
ported that some PEGylated nanoparticles exhibited rapid elimi-
nation upon repeated administration, with an increased
accumulation in the liver and spleen27,28. Macrophages in the liver
and spleen were speculated as the main cells to capture the
nanoparticles29. These effects were likely due to complement
proteins and anti-PEG antibodies adsorbed on the surface of
nanoparticles28,30. Therefore, we hypothesize that drug loading
and dosing frequency might change the composition of protein
corona on PEG-PLA nanoparticles, and thereby affect their brain
delivery property and microglia-targeted accumulation.

To test the above hypothesis, here we firstly determined and
compared the brain delivery and microglia-targeting efficiency of
PEG-PLA nanoparticles under different loading conditions
(unloaded or aM-loaded) and dosing frequency (single dose or
multiple doses). To study the role of protein corona in this process,
we then prepared protein corona formed on the blank PEG-PLA
nanoparticles (NP) and NP-aM by exposing them to plasma ob-
tained from different conditions (from animal untreated or treated
with the nanoparticles for 7 days) in vitro, and determined the
cellular uptake of the nanoparticle-corona complexes (NP-corona
complexes) in b.End3 (brain capillary endothelial cell line) and
BV-2 microglial cells. Next, proteomics analysis was carried out
to examine the composition of the corona formed on the nano-
particles. We found that the nanoparticles exhibited higher brain
delivery and microglia targeting efficiency after aM loading or
multiple administration. Moreover, some specific corona compo-
sitions such as complement proteins, immunoglobulins, RAB5A
and CD36 were identified to be associated with nanoparticles
uptake under different conditions. These different corona com-
positions could largely influence the brain delivery property of the
nanoparticles.

2. Materials and methods

2.1. Materials and cells

Methoxy poly(ethylene glycol)3000-poly(lactic acid)40,000
(methoxy PEG-PLA) was kindly obtained from East China Uni-
versity of Science and Technology. aM was provided by Shanghai
Sunny Biotech Co., Ltd. CD16/CD32 antibody (14-0161-81,
Carlsbad, Invitrogen, CA, USA) and CD11b-antibody (13-0112-
82, Carlsbad, Invitrogen, CA, USA) were purchased from Invi-
trogen. RAB5A antibody (ab66746, Cambridge, MA, USA) and
CD36-antibody (ab23680, Cambridge, MA, USA) were purchased
from Abcam.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Immortalized mouse brain endothelial cell line b.End3 and
immortalized mouse microglial cell line BV-2 were obtained from
ATCC (https://www.atcc.org/). BV-2 and b.End3 cells were
cultured at 37 �C and 5% CO2 in DMEM (SH30243.01, HyClone
Laboratories Logan, UT, USA) supplemented with 10% FBS
(10100147, Gibco, Carlsbad, CA, USA), 1% GlutaMAX
(35050061, Thermo Fisher Scientific, Waltham, MA, USA), and
1% penicillinestreptomycin solution (15140122, Thermo Fisher
Scientific, Waltham, MA, USA).

The human plasma samples were collected from subjects
enrolled in the Shanghai Mental Health Center, Shanghai Jiao
Tong University School of Medicine (China). The study was
approved by the Institution’s Ethical Committee of Shanghai
Mental Health Center. Written informed consent was obtained
from each study participant and/or his/her legal guardians.

2.2. Preparation and characterization of nanoparticles

Both NP and NP-aM were prepared by using the emulsion/solvent
evaporation method as previously described12. Briefly, 10 mg
methoxy PEG-PLA (to prepare NP) or 10 mg methoxy PEG-PLA
and 1 mg aM (to prepare NP-aM) were dissolved in 1 mL
dichloromethane, followed by the addition of 2 mL sodium
cholate solution (1%, w/v). Then the solution was emulsified by
probe sonication (220 W, 2 min) on ice to form oil-in-water
emulsion. After that, the resulting emulsion was magnetically
stirred in 18 mL sodium cholate solution (0.5%, w/v) for 5 min.
The RE-2000A rotary vacuum evaporator (RE-2000A, Yarong,
Shanghai, China) was employed to evaporate the dichloro-
methane. Then the nanoparticles were obtained by centrifugation
at 18,000�g for 45 min (Multifuge X1R, Thermo Fisher Scien-
tific, Waltham, MA, USA).

Fluorescent-labeled NP/NP-aM were prepared through the
similar process above with coumarin 6 (cou6) as the fluorescent
probe. First, 10 mg methoxy PEG-PLA and 0.1 mg cou6 (to
prepare cou6-labled NP) or 10 mg methoxy PEG-PLA, 1 mg aM
and 0.1 mg cou6 (to prepare cou6-labled NP-aM) were dissolved
in 1 mL dichloromethane. The next steps were performed with the
same procedure of NP/NP-aM preparation. The unentrapped
cou6/aM was removed with the application of a sepharose CL-4B
column.

The zeta potential and particle size of nanoparticles were
measured using a dynamic light scattering (DLS, Zetasizer Nano-
ZS90, Malvern, UK) detector. The morphology of nanoparticles
was characterized with a JEM-1400 plus transmission electronic
microscope (JEM-1400 plus TEM, JEOL, Tokyo, Japan). Samples
were negatively stained with a 2% solution of sodium phospho-
tungstate. The function groups on the surface of NP and NP-aM
were determined via 1H NMR analysis (Thermo Fisher Scientific,
Waltham, MA, USA) after dissolving in DMSO-d6.

2.3. Drug-loading capacity (DLC) and encapsulation efficiency
(EE) of NP-aM

NP-aM were dissolved in acetonitrile for 5 min, then the super-
natant was collected. The concentration of aM in NP-aM was
determined by HPLC with a Venusil MP C18 column (5 mm,
4.6 mm � 150 mm, Agela Technology, Tianjin, China). The
mobile phase was consisted of methanol and 5 mmol/L ammo-
nium formate buffer (pH 3.0, 94:6) with 1.0 mL/min flow rate.
The wavelength of ultraviolet detector was 325 nm.

The DLC of NP-aM was calculated as shown in Eq. (1):
DLC ð%ÞZC1 �N

C2
� 100 ð1Þ

The EE of NP-aM was calculated as shown in Eq. (2):

EE ð%ÞZC1 �N �M2

M1 �C2
� 100 ð2Þ

C1 is the detected concentration of aM, C2 is the concentration
of nanoparticle solution, N is the dilution factor, M1 is the dosage
of aM, and M2 is the dosage of PEG-PLA compound.

2.4. Animals and treatments

Three-months old female C57BL/6 mice were provided by
Shanghai SLAC Laboratory Animal Co., Ltd., maintained in
pathogen-free condition with controlled humidity and tempera-
ture. The animal experiments were performed according to the
institutional guidelines from Shanghai Jiao Tong University
School of Medicine (China).

The mice were divided into four administration groups. For the
0d-NP and 0d-NP-aM groups, the mice were intravenously
administered with the cou6-labeled NP and NP-aM in a single-
dose (70 mg/kg nanoparticles, containing 0.2 mg/kg cou6),
respectively. For the 7d-NP and 7d-NP-aM groups, the mice were
intravenously administered with NP and NP-aM for 6 days,
respectively, and the cou6-labeled NP or NP-aM were adminis-
tered at the last day (70 mg/kg, containing 0.2 mg/kg cou6). At the
designed time points (20, 60 and 100 min) post-administration, the
mice (n Z 3e5 per time point for each groups) were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg) through
intraperitoneal administration. The blood was harvested, and the
brains were collected after cardiac perfusion with saline. The brain
samples were then weighed for the quantitative analysis of the
cou6-labeled nanoparticles (cou6-NPs).

2.5. Isolation of primary microglial cells

Primary microglial cells were obtained from C57/BL6 mice by
using magnetic beads according to the manufacturer’s protocol
(11047, Dynabeads Biotin Binder, Invitrogen, Carlsbad, CA,
USA). The mice were sacrificed at 60 min after administration
with the brain tissues collected. Then the brains were cut into fine
pieces in DMEM supplement with 1% GlutaMAX and 1%
penicillinestreptomycin solution. The resulting single-cell sus-
pension was prepared by enzymatic dissociation with 200 U/mL
papain enzyme for 15 min at 37 �C. After that, the cells were
incubated with 100 mL anti-CD11b pre-conjugated magnetic
beads for 30 min at 4 �C, and then placed on a magnetic holder for
2 min for removing the supernatant containing the unbound cells.
After that, the cells were added with 4 mL of isolation buffer and
washed for four times to achieve high purity.

2.6. Detection of cou6

The level of cou6 in the mice blood, brain, and microglia were
analyzed using high performance liquid chromatography (HPLC,
Shimadzu, Japan). Briefly, cou6 were released from microglial
cells upon repeated freezing and thawing. The resulting cell
splitting solution, brain homogenate and blood were extracted by
the addition of hexane with coumarin 7 (cou7) as the internal
standard. After vortexing for 2 min, the mixture was centrifuged at
18,000�g for 5 min (Multifuge X1R, Thermo Fisher Scientific).

https://www.atcc.org/
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After that, the supernatant was collected and vaporized under a
vacuum concentrator, followed by redissolving in methanol and
consequence centrifuging at 18,000�g for 5 min. The supernatant
was collected and then measured by HPLC with a Venusil MP C18
column (5 mm, 4.6 mm � 150 mm, Agela Technology, Tianjin,
China). The mobile phase was consisted of methanol and water
(96:4) with 1.0 mL/min flow rate and 35 �C column temperature.
The excitation and emission wavelength were 465 and 502 nm,
respectively.

The brain/blood ratio of cou6 was calculated as shown in Eq. (3):

Brain
�
blood ratioZ

Amount of cou6 in brain

Amount of cou6 in blood
ð3Þ

Brain tissue samples and the splitting solution of microglial
cells were normalized by levels of total proteins detected by BCA
Protein Assay. The microglia/brain ratio of cou6 was calculated as
shown in Eq. (4):

Microglia
�
brain ratio Z

Amount of cou6 in microglia
Total protein content of microglia

Amount of cou6 in brain
Total protein content of brain

ð4Þ

2.7. Preparation of the NP-corona complexes

NP or NP-aM were administered intravenously (70 mg/kg) in C57/
BL6 mice for 7 days. Twenty-four hours post-injection, the blood was
collected in tubes with heparin anticoagulation. Blood from the un-
treated mice was also collected. 7d-plasma (from animal treated with
nanoparticles for 7 days) and 0d-plasma (from animal untreated) were
then prepared by centrifugation at 1200�g at 4 �C for 10 min
(Multifuge X1R, Thermo Fisher Scientific). Immediately after that, NP
and NP-aM (300 mL, 10 mg/mL) were incubated with 0d-plasma and
7d-plasma (150 mL) for 1 h at 37 �C, respectively. Following the in-
cubation, the samples were centrifugated at 18,000�g (Multifuge
X1R, Thermo Fisher Scientific), 4 �C for 10 min and washed two
times with PBS. Based on the nanoparticle loading (unloaded or aM-
loaded) and incubation conditions (0d-plasma or 7d-plasma), either 0d-
NP-corona, 7d-NP-corona, 0d-NP-aM-corona or 7d-NP-aM-corona
was obtained. The resulting NP-corona complexes were redissolved in
PBS with the zeta potential and particle size detected with DLS, and
the morphology characterized via TEM analysis following negatively
staining with a 2% solution of sodium phosphotungstate.

2.8. Mass spectrometry analysis

Three replicates of NP-corona complexes (0d-NP-corona, 7d-NP-
corona, 0d-NP-aM-corona, 7d-NP-aM-corona) were prepared.
Protein corona was eluted from nanoparticles by incubation in 2%
SDS for 10 min at 100 �C, followed by centrifugation at 18,000�g
for 10 min. The supernatant was collected and the protein con-
centration was detected by BCA Protein Assay. The samples were
reduced in the addition of 10 mmol/L dithiothreitol at 37 �C for
1 h, followed by alkylation with 55 mmol/L iodoacetamide for 1 h
in dark. The proteins were then exchanged with NH4HCO3

(50 mmol/L) and centrifugation for 20 min at 14,000�g for 3
times. After digesting with trypsin, the samples were centrifugated
at 14,000�g for 20 min. The resulting tryptic peptides were
subsequently incubated with 1% trifluoroacetic acid (TFA). C18
Ziptips was employed to purified the samples in 0.1% TFA with
50% acetonitrile. After lyophilizing via a SpeedVacuum
(ThermoSavant, Thermo Fisher Scientific, Waltham, MA, USA)
for 2 h, the samples were redissolving in 1% formic acid with 5%
acetonitrile.

Afterward, data-dependent acquisition (DDA) analysis for li-
brary generation were performed on an Orbitrap Exploris 480
mass spectrometer connected to an Easy-nLC 1200 chromatog-
raphy system via an Easy Spray (Thermo Fisher Scientific).
Samples were separated with a self-packed analytical PicoFrit
column (75 mm � 40 cm, New Objective) packed with ReproSil-
Pur 120 C18-AQ (1.9 mm, Dr. Maisch GmbH, Germany). The
DDA raw data were matched with the mouse Uniprot fasta data-
base using the Pulsar search engine (available in Spectronaut
Pulsar). Each sample was analyzed in a data-independent acqui-
sition (DIA) mode and the raw files were analyzed in Spectronaut
X (Biognosys, Switzerland). The false discovery rate (FDR) was
set to 1% for analysis.

The composition of 0d-plasma, 7d-plasma (n Z 4 for each
group), and protein corona formed on NP-aM incubated with
plasma from mild cognitive impairment (MCI) patients (MCI-NP-
aM-corona) and healthy people (Healthy-NP-aM-corona) (n Z 5
for each group) were also determined via the same method.

2.9. Qualitative and quantitative analysis of the cellular uptake
of cou6-NPs

BV-2 or b.End3 cells were seeded into 24-well glass-bottom plates
at 50,000 cells/well and cultured overnight. Then the cells were
incubated with cou6-labeled NP, NP-aM, 0d-NP-corona, 7d-NP-
corona, 0d-NP-aM-corona, or 7d-NP-aM-corona at the concen-
tration of 15 mg/mL in DMEM at 37 �C for 3 h. After washing
with PBS, the cells were fixed with 3.7% formaldehyde for 10 min
and triple rinsed with PBS. Then the cells were stained with DAPI
for 10 min and qualitatively analyzed by confocal microscope
(Leica TCS SP8, Weztlar, Germany).

Quantitative analysis of the cellular uptake of the six cou6-NPs
was measured through a high content screening (HCS) reader
(CX5 HCS, Thermo Fisher Scientific, Waltham, MA, USA). BV-2
or b.End3 cells were seeded into 96-well plates at 5000 cells/well.
After cultured overnight, the cells were incubated with 15 mg/mL
cou6-NPs in DMEM at 37 �C for 3 h, and, then fixed and quali-
tatively analyzed using HCS.

2.10. Permeability of NP-corona complexes across the BBB
model

To build up a simple BBB model, b.End3 cells were seeded into a
Transwell insert (PIRP12R48, Millipore, Billerica, MA, USA)
pre-coated with collagen I at 105 cells/cm2. The tight junction
protein claudin-5 in the BBB model was detected under a laser
confocal microscope. The trans-epithelial electrical resistance
(TEER) were measured at the culture time of 2, 4 and 6 days.
Permeability study were performed when TEER became consis-
tent. The cou6-labeled NP-corona complexes were added to the
upper chamber in DMEM. The medium in the lower chamber
were collected at the designed time points (1, 2, 4, 8 and 24 h).
The nanoparticles concentrations were determined through fluo-
rescence quantification using a multimode microplate reader
(Varioskan™ LUX, Thermo Fisher Scientific, Waltham, MA,
USA).

To evaluate cellular uptake of NP-corona complexes in BV-
2 cells in the BBB model. BV-2 cells were seeded into the lower
chamber at 50,000 cells/well and cultured overnight. The cellular
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uptake of NP-corona complexes in BV-2 cells at 12 h were
qualitatively analyzed using HCS and qualitatively analyzed by
confocal microscope (Leica TCS SP8).

2.11. Mechanisms of the cellular uptake of the cou6-NP-corona
complexes

To study the mechanisms of the cellular uptake of the different
NP-corona complexes, BV-2 or b.End3 cells were seeded into 96-
well glass-bottom plates at 5000 cells/well, and cultured over-
night. To study the involvement of CD16/32, the cells were pre-
incubated with 5 mg/mL anti-CD16/32 for 24 h. To reveal the
function of complement protein, ethylene diamine tetraacetic acid
(EDTA) treatment was performed to inhibit the binding of com-
plement protein to the surface of nanoparticles, in which the
nanoparticles were incubated with the plasma in the presence of
10 mmol/L EDTA. To determine the involvement of RAB5A or
CD36, NP-corona complexes were incubated with RAB5A or
CD36 antibody (1 mg/mL) for 1 h to block RAB5A or CD36 in the
corona. After that, the NP-corona complexes were incubated with
cells in serum-free DMEM at the concentration of 15 mg/mL at
37 �C for 3 h, and then the cells were fixed and qualitatively
analyzed using HCS.

2.12. Statistical analysis

All data were analyzed with GraphPad Prism software and
expressed as mean � SD unless otherwise indicated. Two-tailed
Student’s t-test was used for two-group comparison. One-way
ANOVA was used for multiple-group comparison. Differences
were considered to be statistically significant at P < 0.05.
3. Results

3.1. Multiple-dose or aM-loaded PEG-PLA nanoparticles show
higher brain distribution and microglial accumulation

NP and NP-aM were prepared by means of ultrasonic emulsifi-
cation as described previously. The DLC of NP-aM was
2.71 � 0.12% with the EE 43.3 � 5.1%. The size of NP and NP-
aM were 85.1 � 6.2 and 147.8 � 5.6 nm, and their zeta potential
were �21.1 � 1.7 and �20.6 � 0.8 mV, respectively. Their size
and zeta potential hardly changed after labeling with cou6
(Supporting Information Table S1), a widely-used probe for PEG-
PLA nanoparticles, which can be well reserved in the nano-
particles and largely represent their behavior31e33.

To evaluate the brain delivery property of PEG-PLA nano-
particles under different dosing frequency or loading conditions,
we injected single-dose (0d) or multiple-dose (7d) of NP or NP-
aM into C57/BL6 mice, respectively. Then we collected blood
and brain, and isolated microglial cells by using magnetic beads.
The amounts of cou6-NPs were determined by HPLC, and the
protein content of brain and microglia was determined by BCA
Protein Assay (Fig. 1A). 0d-NP, 7d-NP, 0d-NP-aM and 7d-NP-
aM exhibited very similar pharmacokinetic profiles in blood, that
is, similar area under the blood concentrationetime curve
(AUCall) were achieved (Fig. 1B, Supporting Information Table
S2). Intriguingly, biodistribution analysis showed that, compared
with NP, NP-aM achieved an improved brain biodistribution
profile with the AUCall of cou6-NPs in brain enhanced by 2.35-
and 1.91-fold for the single-dose and multiple-dose group,
respectively (Fig. 1C, Supporting Information Table S3).

We next evaluated the brain/blood ratio of cou6-NPs at 60 min
(Fig. 1D, Supporting Information Tables S4 and S5). Compared
with that of 0d-NP-aM, the brain/blood ratio of 7d-NP-aM was
enhanced by 79%. Similarly, the brain/blood ratio of 7d-NP was
increased by 83% compared with 0d-NP (Fig. 1D). This suggested
that nanoparticles with multiple-dose exhibited higher brain/blood
ratio than that with single-dose in mice. In addition, the brain/
blood ratio presented a dramatically enhancement in the aM-
loaded nanoparticles compared with unloaded ones. 7d-NP-aM
exhibited 2.3-fold higher brain distribution than 7d-NP. Consis-
tently, 0d-NP-aM showed 2.2-fold higher brain distribution than
0d-NP (Fig. 1D). Also, the AUCbrain/AUCblood ratio of 7d-NP-aM
(1.69) were found to be much higher than that of 7d-NP (0.43),
and 0d-NP-aM (1.40) also showed a significant enhancement in
AUCbrain/AUCblood ratio when compared with 0d-NP (0.38)
(Tables S2 and S3). Together, these results suggest that after
multiple administration or aM loading, PEG-PLA nanoparticles
showed higher brain transport efficiency.

To study the effect of loading condition and dosing frequency
on microglia uptake efficiency, we determined the microglia/brain
ratio of cou6-NPs at 60 min. It was found that PEG-PLA nano-
particles with multiple-dose exhibited much higher brain/blood
ratio than that with single-dose in mice. The microglia/brain ratio
of 7d-NP-aM was increased by 68% compared with that of 0d-
NP-aM, while that of 7d-NP was enhanced by 62% compared
with that of 0d-NP. Besides, aM-loaded nanoparticles showed
higher microglia/brain ratio than the unloaded ones. The micro-
glia/brain ratio of 7d-NP-aM was elevated by 78% compared with
that of 7d-NP, while that of 0d-NP-aM was enhanced by 76%
compared with that of 0d-NP (Fig. 1E).

The above data indicated that, both drug loading and dosing
frequency exert great influence on the brain delivery property the
PEG-PLA nanoparticles. Compared with single-dose, PEG-PLA
nanoparticles with multiple-dose exhibited higher brain transport
efficiency and microglia uptake efficiency. aM-loaded nano-
particles showed the same result compared with unloaded. Upon
exposure to biofluid, nanoparticles adsorb a multitude of proteins.
It is believed that the composition of this protein corona is depend
on the physiochemical properties of nanoparticles and the bio-
logical environment34e36, thereby providing the nanoparticles
with a “biological” identity that influences physiological in-
teractions in vivo13. We hypothesized that different coronas
formed on nanoparticles affect the brain delivery via different
mechanisms to enter the cells.
3.2. Preparation and characterizations of the NP-corona
complexes

In order to prepare different NP-corona complexes and study the
effect of corona on cellular uptake mechanisms, the nanoparticles
were incubated in different plasma of C57 mice in vitro. We
prepared protein corona formed on NP and NP-aM by exposing
them to plasma obtained from 0d-plasma (from animal untreated)
or 7d-plasma (from animal treated with the nanoparticles for 7
days) to mimic single-dose or multiple-dose of nanoparticles
in vivo. Based on the nanoparticle loading (unloaded or aM-
loaded) and incubation conditions (0d-plasma or 7d-plasma),
either a 0d-NP-corona, 7d-NP-corona, 0d-NP-aM-corona or 7d-
NP-aM-corona was obtained (Fig. 2A).



Figure 1 Brain distribution of PEG-PLA nanoparticles under different loading condition and dosing frequency. (A) Schematic of the nano-

particles administered into C57/BL6 mice (70 mg/kg, i.v.). Microglial cells were isolated by using magnetic beads. The concentration of cou6-NPs

in blood, brain and microglial cells was determined by HPLC. The protein content of brain and microglial cells was determined by BCA Protein

Assay. (B and C) The concentrations of cou6-NPs in blood (B) and brain (C) at 20, 60 and 100 min after administration. (D) Brain/blood ratio of

cou6-NPs at 60 min. (E) The ratio of cou6-NPs in microglial cells and brain tissue at 60 min. The microglial cells and brain tissue were

normalized by levels of total proteins detected by BCA. n Z 3e5 per time point for each groups. Data are presented as the mean � SEM.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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TEM visualized the protein corona on the surface of the NP-
corona complexes (Fig. 2B and C). aM loading significant in-
crease the size of nanoparticles. Moreover, NP-corona complexes
showed a bigger size compared to that without corona (Fig. 2B‒
D). In contrast, the zeta potentials of nanoparticles were all
negative and hardly changed following the formation of protein
corona (NP e21.4 � 0.9 mV, 0d-NP-corona �19.0 � 0.6 mV, 7d-
NP-corona �20.0 � 0.6 mV, NP-aM �20.5 � 0.6 mV, 0d-NP-
aM-corona �22.0 � 1.3 mV, and 7d-NP-aM-corona
�20.2 � 0.5 mV, Fig. 1E).

3.3. Cellular uptake of NP-corona complexes

To examine the cellular uptake efficiency of NP-corona complexes
in vitro, b.End3 and BV-2 cells were used as cell models corre-
spond to the situation of brain and microglial cells delivery
respectively. Quantitative analysis showed that NP-corona com-
plexes (7d-NP-corona or 7d-NP-aM-corona) displayed significant
higher cellular uptake in b.End3 and BV-2 cells compared to
nanoparticles without corona (NP or NP-aM, Fig. 3A and C). In
addition, the uptake of NP-corona complexes incubated with 7d-
plasma (7d-NP-corona or 7d-NP-aM-corona) was much higher
than that with 0d-plasma (0d-NP-corona or 0d-NP-aM-corona). In
addition, compared with that unloaded (0d-NP-corona or 7d-NP-
corona), aM-loaded NP-corona complexes (0d-NP-aM-corona or
7d-NP-aM-corona) showed a significant enhancement in cellular
uptake (Fig. 3A and C). Such findings were confirmed by confocal
imaging analysis (Fig. 3B and D).

In the absence of protein corona, NP-aM also exhibited an
increased cell uptake compared with NP. 1H NMR spectrum
shows a significant difference in the third peak (d Z 3.4) between
NP and NP-aM (Supporting Information Figs. S1 and S2), which
could be derived from the methoxy group (CH3O‒) of aM. The
increased hydrophobic functional group CH3O‒ on the surface of
NP-aM could be a possible reason that aM loading promote the
cellular uptake of nanoparticles.

Furthermore,we investigated theabilityofNP-coronacomplexes
to cross theBBBby using b.End3 cellsmonolayer as an in vitroBBB
model (Fig. 4A) as described previously37. The trans-epithelial
electrical resistance (TEER) reached 172 U$cm2 and the expres-
sion of tight junction protein claudin-5 was well observed when the
cellswere cultured for 6 days (Fig. 4B andC).NP-corona complexes



Figure 2 Preparation and characterizations of the corona formed on NP and NP-aM in 0d-plasma or 7d-plasma. (A) Schematic illustration of

the NP-corona complexes preparation setup: the NP and NP-aM were incubated with plasma from untreated C57 mice or animal treated with the

nanoparticles for 7 days. (B and C) Morphology and particle size distribution of NP/0d-NP-corona/7d-NP-corona (B) and NP-aM/0d-NP-aM-

corona/7d-NP-aM-corona (C) under TEM and DLS. Scale barZ 50 nm. (D) Particle size and PDI of the nanoparticles (nZ 5). (E) Zeta potential

of the nanoparticles (n Z 5).
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withaMloading (0d-NP-aM-coronaor7d-NP-aM-corona) resulted
in a significant higher percentage transport compared with that
unloaded(0d-NP-coronaor7d-NP-corona).And the transportofNP-
corona complexes formed in 7d-plasma (7d-NP-corona or 7d-NP-
aM-corona)wasmuchhigher than that formed in0d-plasma(0d-NP-
corona or 0d-NP-aM-corona, Fig. 4D). Such findings are in accor-
dance with that found in nanoparticles uptake by bEnd.3 cells
(Fig. 3A and B) and the brain transport efficiency in vivo (Fig. 1D).

To better reflect the interaction between the nanoparticles and
microglia, the cellular uptake of nanoparticles was evaluated by
culturing BV-2 cells at the bottom of the BBB model, in which the
nanoparticles should firstly cross the BBB and then get access to
the microglia (Fig. 4A). Similarly, the BV-2 uptake showed a
dramatically enhancement in NP-corona complexes with aM
loading (0d-NP-aM-corona or 7d-NP-aM-corona) compared to
unloaded (0d-NP-corona or 7d-NP-corona). The uptake of NP-
corona complexes formed in 7d-plasma (7d-NP-corona or 7d-
NP-aM-corona) was also much higher than that formed in 0d-
plasma (0d-NP-corona or 0d-NP-aM-corona, Fig. 4E and F). Such
findings are also in accordance with that found in nanoparticles
uptake by BV-2 cells (Fig. 3C and D) and the microglia uptake
efficiency in vivo (Fig. 1E).

3.4. Proteomics analysis of the protein corona

Under different loading and incubation, the composition of
these protein coronas formed on nanoparticles conditions may
varied a lot, which may contribute to the differences in cellular
uptake. To examine the composition of the corona formed on
nanoparticles, proteomics analysis was carried out using mass



Figure 3 Cellular uptake of NP-corona complexes under different loading and incubation conditions in b.End3 and BV-2 cells. (A and C)

Quantitative analysis of NP, NP-aM and NP-corona complexes in b.End3 (A) and BV-2 (C) cells. NP-corona complexes formed on NP or NP-aM

in 0d-plasma or 7d-plasma were isolated as described in the Methods. All nanoparticles were labeled with cou6 and incubated with cells for 3 h at

the concentration of 15 mg/mL. (B and D) Laser confocal imaging of NP, NP-aM and NP-corona complexes in b.End3 (B) and BV-2 (D) cells,

Scale bar Z 50 mm. Data are presented as the mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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spectrometry. As shown in the heatmap, nanoparticles with
different loading or incubation conditions led to adsorption of
different types and amounts of proteins. A significantly higher
total number of proteins was detected in the corona formed on
nanoparticles loaded with aM (n Z 1730 in 7d-NP-aM-corona;
n Z 1745 in 0d-NP-aM-corona) in comparison with unloaded
(n Z 986 in 7d-NP-corona; n Z 710 in 0d-NP-corona)
(Fig. 5A and B). 1H NMR analysis of functional groups on the
surface of nanoparticles indicated the existence of the hydro-
phobic functional group CH3O‒ on NP-aM (Figs. S1 and S2),
which could contribute to the absorption of a larger number of
proteins.

As shown in the Venn diagrams, the levels of 395 proteins were
enhanced in 0d-NP-aM-corona compared with 0d-NP-corona,
while that of 162 proteins were upregulated in 7d-NP-aM-corona
compared with 7d-NP-corona. The intersection of Venn diagrams
showed 88 common proteins (Fig. 5C). Top 30 proteins among the
88 common proteins were displayed in the heatmap, among which
two proteins associated with endocytosis, CD36 and RAB5Awere
found (Fig. 5E). RAB5A has been reported to involve in the fusion
of plasma membranes and early endosomes38. CD36 is related to
the phagocytosis of microglia and the lipoprotein endocytosis by
endothelial cells39,40. Therefore, we hypothesized that RAB5A
and CD36 are engaged in the cellular uptake of NP-corona
complexes loaded with aM.

Moreover, compared with 0d-NP-corona, 465 proteins were
upregulated in 7d-NP-corona, while compared with 0d-NP-aM-
corona, 578 proteins were upregulated in 7d-NP-aM-corona
(Fig. 5D). Venn diagrams reported 225 common proteins in the
intersection (Fig. 5D), among which top 60 proteins were
displayed in the heatmap (Fig. 5F). We then performed GO
analysis, and found that complement activation and immuno-
globulin receptor binding are significantly enriched in both the
comparison between 7d-NP-corona and 0d-NP-corona (Fig. 5G
and H), and the comparison between 7d-NP-aM-corona and 0d-
NP-aM-corona (Fig. 5I and J). It has been reported that comple-
ment proteins and immunoglobulins are positive correlated with
the phagocytic uptake41e44. We hypothesized that the enrichment
of complement proteins and immunoglobulins contribute to the
enhancement of cellular uptake efficiency of NP-corona com-
plexes formed in 7d-plasma. This hypothesis was consistent with
the heatmap in Fig. 5F, in which a number of complement proteins
and immunoglobulins were upregulated in the corona of nano-
particles incubated with 7d-plasma compared with 0d-plasma.
Meanwhile, immunoglobulin and complement proteins were also
found enriched in the 7d-plasma (Supporting Information Table
S6), which could be a key cause of the change of protein
corona composition.

3.5. Mechanism study of the cellular uptake of NP-corona
complexes under different loading and incubation conditions

We continued to determine the potential mechanisms of cellular
uptake of the different NP-corona complexes in b.End3 and BV2
cells. Proteomic analysis suggested that the enrichment of com-
plement proteins and immunoglobulins in the corona might pro-
mote the cellular uptake efficiency of NP-corona complexes
incubated with 7d-plasma. EDTA, a global inhibitor of all com-
plement activation pathways, including classical pathway (CP),
lectin pathway (LP) and alternative pathway (AP) was used to



Figure 4 Bloodebrain barrier permeability of the NPecorona complexes. (A) Schematic diagram of the in vitro BBB-Transwell model. (B)

Laser confocal imaging of tight junction protein claudin-5 in the BBB model. Scale bar Z 40 mm. (C) The TEER of b.End3 cells were measured

at the culture time of 2, 4 and 6 days. (D) The percentage of NP-corona complexes transported across the BBB (n Z 3). (E and F) Quantitative

analysis (E) and laser confocal imaging (F) of the cellular uptake of NP-corona complexes in BV-2 cells cultured at the bottom of the BBB model,

in which the nanoparticles firstly crossed the BBB and then got access to the microglia for 12 h, Scale bar Z 40 mm. Green: cou6-Nano, Blue:

Nucleus. Data are presented as the mean � SD (n Z 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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evaluate the contribution of complement system45,46. It is well-
known that the activation of the CP and LP of the complement
system is Ca2þ-dependent, whereas Mg2þ is essential for the
operation of the AP47,48. The incubation of NPs with plasma was
performed in the presence of EDTA to chelate both Ca2þ and
Mg2þ, a previous developed method to inhibit the binding of
complement protein to the surface of nanoparticles45. Consistent
with previous observations, the uptake of NP-corona complexes
incubated with 7d-plasma (7d-NP-corona or 7d-NP-aM-corona)
was much higher than that with 0d-plasma (0d-NP-corona or 0d-
NP-aM-corona) in b.End3 (Fig. 6A and B) and BV-2 cells
(Fig. 6C and D). In experiment of EDTA treatment, the uptake of
7d-NP-corona (by 116%) and 7d-NP-aM-corona (by 120%) were
significantly reduced in b.End3 cells (Fig. 6A and B). Meanwhile,
the uptake of 7d-NP-corona (by 152%) and 7d-NP-aM-corona (by
164%) were suppressed in BV-2 cells (Fig. 6C and D). These
results suggest that complement activation is involved in the
internalization of NP-corona complexes in both b.End3 and BV-
2 cells.

The cellular uptake might also be enhanced by the binding of
the exposed Fc regions of immunoglobulins to FcgR on the sur-
face of cells49. To test this hypothesis, we pre-incubated the cells
with CD16/32 antibody to block the binding of immunoglobulins
in the corona to the FcgRIII and FcgRII on the surface of cells.
The uptake of 7d-NP-corona (by 96%) and 7d-NP-aM-corona (by
194%) were significantly reduced in b.End3 cells (Fig. 6A and B).
While the uptake of 7d-NP-corona and 7d-NP-aM-corona were
not suppressed in BV-2 cells (Fig. 6C and D). These results



Figure 5 Proteomics analysis of the corona formed on NP or NP-aM in 0d-plasma or 7d-plasma. (A) Heatmap of relative abundance (log2
scale) values for each corona protein between samples. (B) Venn diagram of the total amount of proteins in NP-corona complexes. (C) The light

gray of the Venn diagram indicates the upregulated proteins of 0d-NP-aM-corona compared to 0d-NP-corona, and the dark gray indicates the

upregulated proteins of 7d-NP-aM-corona compared to 7d-NP-corona (fold change > 1.5, P value < 0.05). Venn diagram reports the number of

unique and common proteins. (D) The light gray of the Venn diagram indicates the upregulated proteins of 7d-NP-corona compared to 0d-NP-

corona, and the dark gray indicates the upregulated proteins of 7d-NP-aM-corona compared to 0d-NP-aM-corona (fold change > 1.5). Venn

diagram reports the number of unique and common proteins. (E) Heatmap of relative abundance (log2 scale) values for the top 30 proteins

(ordered by maximum fold change) among the common proteins in (C) are displayed. (F) Heatmap of relative abundance (log2 scale) values for

the top 60 proteins (ordered by maximum relative abundance values) among the common proteins in (D) are displayed. (GeJ) GO analysis of the

upregulated proteins (fold change > 1.5) of 7d-NP-corona compared to 0d-NP-corona (G and H) and 7d-NP-aM-corona compared to 0d-NP-aM-

corona (I and J).
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indicate that Fcg receptor-mediate phagocytosis is involved in the
internalization of NP-corona complexes in b.End3 cells, not in
BV-2 cells.

Proteomic analysis indicated that the enrichment of RAB5A
and CD36 in the protein corona might promoted the cellular
uptake of NP-corona complexes with aM loading. These pro-
teins might play an important role in enhancing the delivery of
NP-aM to the brain and microglia. In order to evaluate the role
of RAB5A and CD36 in the uptake of the nanoparticles, we used
RAB5A and CD36 antibody to block the specific protein on the
surface of NP-corona complexes. The cellular uptake showed a
dramatically enhancement in NP-corona complexes loaded with
aM (0d-NP-aM-corona or 7d-NP-aM-corona) compared to
unloaded (0d-NP-corona or 7d-NP-corona) in b.End3 (Fig. 6E
and F) and BV-2 cells (Fig. 6G and H). In the presence of CD36
and RAB5A antibody, nanoparticle uptake was strongly reduced
for 0d-NP-aM-corona (by 47% and 43%, respectively) and 7d-
NP-aM-corona (by 40% and 46%, respectively) in b.End3 cells
(Fig. 6E and F). Similar effects of CD36 and RAB5A antibody
in the uptake of 0d-NP-aM-corona (reduced by 73% and 54%,



Figure 6 UptakeMechanisms ofNP-corona complexes under different loading and incubation conditions. NP-corona complexes formed onNP or

NP-aM in 0d-plasma or 7d-plasma were isolated as described in the Methods. All NP-corona complexes were labeled with cou6 and incubated with

cells for 3 h in DMEM at the concentration of 15 mg/mL. (A and C) b.End3 (A) and BV-2 (C) cells were exposed to 7d-NP-corona with or without the

treatment of 5 mg/mL anti-CD16/32 or 10mmol/L EDTA, and 0d-NP-corona as control. (B andD) b.End3 (B) and BV-2 (D) cells were exposed to 7d-

NP-aM-coronawith or without the treatment of 5 mg/mL anti-CD16/32 or 10mmol/L EDTA, and 0d-NP-aM-corona as control. (E andG) b.End3 (E)

andBV-2 (G) cellswere exposed to 0d-NP-aM-coronawith orwithout the treatment of 1mg/mLanti-CD36 or 1mg/mL anti-Rab5a, and 0d-NP-corona

as control. (F andH) b.End3 (F) andBV-2 (H) cellswere exposed to 7d-NP-aM-coronawith orwithout the treatment of 1mg/mLanti-CD36or 1mg/mL

anti-Rab5a, and 7d-NP-corona as control. Data are presented as the mean� SD (nZ 5). *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
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respectively) and 7d-NP-aM-corona (reduced by 38% and 37%,
respectively) were observed in BV-2 cells (Fig. 6G and H),
suggesting that the presence of RAB5A and CD36 in the corona
can lead to an increased uptake.

Several studies have shown that disease state (such as tumors)
may affect the composition of protein corona and influence the
targeting ability of nanoparticles50,51. Accordingly, we analyzed
and compared the composition of protein corona formed after
incubating the nanoparticles with plasma from MCI patients
(MCI-NP-aM-corona) and healthy people (Healthy-NP-aM-
corona), respectively. CD36 and RAB5Awere found in both MCI-
NP-aM-corona and Healthy-NP-aM-corona, suggesting that the
functional protein absorption could also exist under disease state
to enhance the brain distribution of the nanoparticles (Supporting
Information Table S7).

4. Discussion

Nanoparticles adsorb a wide range of proteins when enter the
biological environment13. The formed protein corona provides the
nanoparticles with a "biological identity" that affects the phar-
macokinetics, biodistribution, cellular association, and targeting
ability in vivo. In this study, we investigated how the drug-loaded
PEG-PLA nanoparticles cross the blood‒brain barrier and access
microglia, and found that the composition of protein corona on
PEG-PLA nanoparticles varied under different drug loading and
dosing frequency. These changes of protein corona subsequently
affected the cellular uptake of nanoparticles in b.End3 and BV-
2 cells with the association of specific adsorbed components, and
thereby influenced the brain delivery property and microglia-
targeted internalization of nanoparticles in vivo.

Microglia are resident immune cells in the central nervous
system (CNS). They are critical regulators to maintain homeo-
stasis of the CNS52. However, microglia may themselves initiate
neural dysfunction and neurodegeneration through loss of ho-
meostatic and/or gain of aberrant function, revealing their poten-
tial as therapeutic targets53. Unfortunately, drug compounds
cannot easily access to microglia due to the obstacle of BBB. It is
likely to be important to develop highly-efficient nanoparticulate
delivery system that can cross BBB and specifically target
microglia.

Recently, several studies have been conducted to develop
promising nanoparticles by modulating the composition of formed
corona in blood circulation. Guan et al.54 modified ligand D8 on
liposomes to improve immunocompatibility by attenuating natural
IgM absorption. Zhang et al.55 developed SP-sLip to achieve
brain-targeted delivery by adsorbing plasma apolipoproteins E, A1
and J on the surface of nanocarriers. Controlling the corona



2054 Yuyun Tang et al.
composition on the surface of nanoparticles could offer exciting
possibilities in specific drug delivery. Therefore, a better under-
standing of the uptake mechanisms of nanoparticles might help
engineer more efficacious systems.

Our results indicated that the composition of protein corona
formed on PEG-PLA nanoparticles varied under different loading
and multiple dosing condition. The specific corona composition
we found can affect the cellular uptake and, as a result, nano-
particles can be internalized via different mechanisms when
adsorbed with different protein coronas. This could subsequently
affect the brain delivery and microglia targeting efficiency of
nanoparticles.

Many studies have shown that the adsorbed opsonins (such as
complement proteins and immunoglobulins) can interact with
immune cells via membrane receptors and subsequently induce
phagocytosis of the nanoparticles6,45,56. Despite that PEGylation
can reduce the binding of plasma proteins24, our studies demon-
strate that complement proteins and immunoglobulins are
enriched in the corona of nanoparticles incubated with 7d-plasma.
We found that both complement activation and Fcg receptor-
mediate phagocytosis are involved in the internalization of
nanoparticles in b.End3 cells, which may contribute to the process
of crossing BBB. Moreover, complement activation is related to
the internalization of nanoparticles in BV-2 cells, which may
contribute to accessing microglia. However, repeated injection of
PEGylated nanopharmaceuticals may also lead to unexpected
immune-mediated side effects such as allergic responses, due to
anti-PEG antibodies triggered complement activation6,57. Thus, a
balance between their side effects and the benefit of targeting is
necessary to be considered in engineering the nano-surface of drug
delivery systems.

Additionally, our results show that RAB5A and CD36 in the
corona can enhance the cellular uptake of aM-loaded nano-
particles in both b.End3 and BV-2 cells. RAB5A has been reported
to be associated with the fusion of plasma membranes and early
endosomes38. It is the major regulator of clathrin-mediated
endocytosis58,59, which may be the pathway involved in nano-
particles uptake. CD36 is a kind of integral proteins expressed on
the membrane of macrophages, endothelial and microglial cells. It
has been reported that CD36 is associated with the recruitment of
caveolin and subsequently play the role of phagocytosis60.
Therefore, the enhancement of nanoparticles uptake in the pres-
ence of CD36 may be related to caveolin-mediated endocytosis.
Further studies are required to characterize the details of the
mechanisms involved in these potential proteins.

It is commonly believed that drug loading hardly influences the
biological processing of nanoparticles. However, we found that
the brain distribution and cellular uptake of nanoparticles
increased significantly after aM loading. Previous studies found
that, with the increase of nanoparticles hydrophobicity, more
proteins could be adsorbed on the surface61,62. Therefore, the
increased hydrophobic functional group CH3O on the surface of
NP-aM is very likely contribute to the larger number of protein
absorption, in which the enrichment of RAB5A and CD36 might
play an important role in enhancing the delivery of NP-aM to the
brain and microglia.

Repeated administration also caused the change of protein
corona composition. Proteomic analysis showed that although the
total number of proteins absorbed on the surface of the nano-
particles hardly changed between the 7d-NP-aM-corona and
0d-NP-aM-corona (and 7d-NP-corona and 0d-NP-corona), the
specific protein composition altered. This could be due to the
significant differences in plasma protein composition after
repeated nanoparticle administration, in which immunoglobulin
and complement proteins were found enriched in the 7d-plasma.

Beside dosing frequency and loading condition, other factors
likely to influence corona composition should also be taken into
consideration, such as PEG density, different routes of adminis-
tration and disease condition. Moreover, the determination of
protein corona formed in vivo would better reflect the protein
corona on the biological behavior of the nanoparticles. However,
the separation of protein corona formed in vivo is rather complex,
usually need several steps such as centrifugation, size exclusion
chromatography separation and ultrafiltration50,63. These pro-
cesses may largely remove the soft corona on the surface of
nanoparticles. As proteins in the soft corona also play an impor-
tant role in the biological process of nanoparticles64, we prepared
the nanoparticleecorona complexes by simple centrifugation
immediately after incubating the nanoparticle with fresh plasma.
Previous studies showed that with such preparation process,
similar major components in corona formed in vivo and in vitro55.
The differences in the compositions and biological processing of
protein corona formed in vitro and in vivo need further exploration
and more works should be done to optimize purification tech-
nology. Dosages may also be an important factor in the protein
corona formation. Different dosages may produce different ther-
apeutic effects and change the biofluid environment, which may
lead to different protein corona on the nanoparticles. More work is
required to fully disentangle the association between the corona
and biological fate of nanocarriers.
5. Conclusions

Collectively, here we revealed the influences of drug loading and
dosing frequency on the brain delivery property of PEG-PLA
nanoparticles, and found that nanoparticles showed higher brain
transport efficiency and microglia uptake efficiency after aM
loading and multiple administration. We presented an investi-
gation on the corona that formed on NP and NP-aM under
various plasma incubation conditions, and linked these coronas
to the in vitro cellular uptake in b.End3 and BV-2 cells. Our
results demonstrate that, both drug loading and multiple dosing
have an effect on the resulting corona and subsequent cellular
uptake of PEG-PLA nanoparticles. Some components in the
corona such as complement proteins, immunoglobulins, RAB5A
and CD36 are associated with the process of nanoparticle
internalization. Taken together, this suggests, different corona
composition can affect the cellular uptake of nanoparticles by
different mechanisms, and thereby may influence the brain de-
livery property of nanoparticles in vivo. Our data provide new
insights into the development of brain or microglia-specific tar-
geted delivery system.
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