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ABSTRACT: Overcoming the reticuloendothelial system
(RES) has long been a vital challenge to nanoparticles as
drug carriers. Modification of nanoparticles with poly-
ethylene glycol helps them avoid clearance by macrophages
but also suppresses their internalization by target cells. To
overcome this paradox, we developed an RES-specific
blocking system utilizing a “don’t-eat-us” strategy. First, a
CD47-derived, enzyme-resistant peptide ligand was de-
signed and placed on liposomes (D-self-peptide-labeled
liposome, DSL). After mainline administration, DSL was
quickly adsorbed onto hepatic phagocyte membranes
(including those of Kupffer cells and liver sinusoidal
endothelial cells), forming a long-lasting mask that
enclosed the cell membranes and thus reducing interactions between phagocytes and subsequently injected nanoparticles.
Compared with blank conventional liposomes (CL), DSL blocked the RES at a much lower dose, and the effect was
sustained for a much longer time, highly prolonging the elimination half-life of the subsequently injected nanoparticles.
This “don’t-eat-us” strategy by DSL was further verified on the brain-targeted delivery against a cryptococcal meningitis
model, providing dramatically enhanced brain accumulation of the targeted delivery system and superior therapeutic
outcome of model drug Amphotericin B compared with CL. Our study demonstrates a strategy that blocks the RES by
masking phagocyte surfaces to prolong nanoparticle circulation time without excess modification and illustrates its utility
in enhancing nanoparticle delivery.
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Nanotechnology has inspired the concept of the “magic
bullet” that selectively attacks pathogens and diseased
tissue, leading to huge investments in the develop-

ment of agents to more efficiently diagnose and treat human
diseases, such as solid tumors, atherosclerosis, and infection,
among others.1−6 However, unlike its high efficacy in in vitro
studies, the in vivo therapeutic efficacy of nanosized drugs is
often significantly limited by the reticuloendothelial system
(RES) barrier, with a major fraction of the administered dose
distributed in the organs with abundant accumulation of
macrophages (e.g., the liver and spleen).7 Modification of
nanoparticles with polymer materials, such as poly(ethylene
glycol) (PEG), is an efficient method of reducing interaction
with phagocytes.8,9 However, this “stealth” nanoparticle
strategy also lowers binding/uptake by target cells.10

On the other hand, RES blockade is a strategy that blocks or
depletes macrophages to boost the efficiency of nanocarriers.

Research has shown this strategy to be a feasible alternative or
supplement to PEG modification.11,12 Unlike stealth nano-
particles, the RES blockade is achieved by preinjection of
gadolinium chloride, chloroquine, dextran sulfate, or clodro-
nate to suppress phagocytic function, which obviates the need
to modify the subsequently injected nanoparticles and limit
their uptake. However, the application of these preinjection
materials is limited by systematic toxicity.13−16 Blocking the
RES with blank conventional liposomes (CL) is thought to be
more suitable for clinical treatment, as a phospholipid is a safe
reagent for mainline administration, and several studies have
reported that blocking the RES with high doses of CL increases
accumulation of subsequently injected nanoparticles at target
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sites.11,15 However, rapid elimination of CL from the RES
means that repeated injections are required for every
treatment, leading to excessive dosages and poor time-
effectiveness. Additionally, the effects of CL on nanoparticle
internalization by target cells is also unclear, limiting its clinical
utility.
CD47 is a glycoprotein expressed on mammalian cell

membranes. Its extracellular domain could interact with signal
regulatory protein alpha (SIRPα) in phagocytes, leading to
tyrosine phosphorylation of the immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) in SIRPα and a subsequential
inhibitory signal counteracting phagocytosis.17−21 Thus, CD47
is a putative marker of “self” that gives phagocytes a “don’t-eat-
me” signal.22−24 Therefore, with the help of CD47 (or a
CD47-mimicking peptide fragment), nanocarrier circulation
time can be prolonged in vivo. As blocking the RES with CL is
not time-effective,25 we labeled liposomes with a CD47-
derived “self” peptide and hypothesized that it could delay
clearance by the RES with its “don’t-eat-me” signal, realizing a
prolonged “don’t-eat-us” blockade effect on the RES by
masking phagocyte surfaces and improving the in vivo
circulation time of subsequently injected nanoparticles.

In this study, we explored the use of a “self” liposome to
block the RES and improve the delivery of subsequently
injected nanoparticles. The natural mouse “self” peptide (NS)
was designed by homologous modeling, and the enzyme-
resistant peptide ligand D-mouse “self” peptide (DS) was
designed by retro-inverso isomerization, which can fully
emulate the biological activities of parent molecules.26,27

After labeling liposomes with DS (DSL), we demonstrated
that DSL adhere to macrophage membranes, inhibit uptake by
macrophages for more than 24 h in vitro, and delay clearance of
DSL from the liver and spleen for more than 48 h in vivo, thus
prolonging the circulation time of subsequently injected
poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs)
(Scheme 1). Modification of PLGA NPs with the brain-
targeting peptide ligand apamin (APA) showed the potential
for enhanced brain-targeted delivery of APA-PLGA NPs by
DSL blocking, in sharp contrast to high doses of CL, after
which nanoparticles could not penetrate endothelial cells,
impeding drug delivery.

Scheme 1. Schematic Diagram Depicting Enhanced Delivery of Nanoparticles by Macrophage Blockadea

aIn this schematic illustration, DSL is first injected, and then the phagocytic activity of macrophages is inhibited by interactions between the D-self
peptide and SIRPα. In this way, DSL remains on the cell surface and masks macrophages for a prolonged period. Thus, the subsequently injected
nanoparticles avoid clearance by macrophages and realize enhanced delivery efficiency to targeted organs.

Figure 1. Characterization of DS and its high affinity to mouse SIRPα. (a) Docking site between DS and mouse SIRPα was validated by the
molecular docking technique. (b) Surface plasma resonance response units between DS and mouse SIRPα using a DS concentration range of
0−5 μM.
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RESULTS AND DISCUSSION

Design of DS and Its Affinity with SIRPα. The structural
models of mouse SIRPα and CD47 were built by a homology
modeling method with the SWISS-MODEL server using
experimentally determined human proteins as templates. The
human SIRPα and CD47 proteins share high sequence
similarities with the corresponding mouse proteins (Figures
S1a,b and S2a,b). The L-peptide (NS) structural model was
built based on the structure of mouse CD47 (Figure S2c). The

retro-inverso peptide, which was made of D-amino acids and
the adopted inverso sequence of the L-peptide, was built by
mutating the residues of the L-peptide. The L-peptide and
retro-inverso peptide were docked into the binding pocket of
mouse SIRPα. In the binding mode of the retro-inverso
peptide (D-self-peptide, DS) (Figure 1a), DE9, DE16, and
DN20 form hydrogen bonds with the backbone of SIRPα,
whereas DR10 has ionic interactions with the negatively
charged D95. DI4 is located in the hydrophobic pocket formed

Figure 2. Characterization of DSL and its ability to adhere to cell membranes and delay phagocytosis by macrophages. (a) Size distribution
of DSL. (b) Expression of phosphotyrosine and total SIRPα as determined by immunoprecipitation and immunoblotting for normalization.
**p < 0.01 as compared with RAW264.7. Data are shown as mean ± SD (n = 3). (c) Schematic diagram depicting DSL adhering to the
macrophage cell membrane after recognition by the Fcγ receptor and phagocytic ability being inhibited by interactions between DS and
SIRPα. (d) Percentage of CL and DSL phagocytosed by macrophages. RAW264.7 cells were incubated with HPTS-loaded CL/DSL for
various incubation periods. Wells were replaced with fresh medium after 1 h incubation. Data are shown as mean ± SD (n = 3). (e,f)
Colocalization of cell membrane and CL/DSL at 1, 2, 6, and 24 h. Medium in wells was replaced with fresh medium after the first 1 h of
incubation. Scale bar = 10 μm.
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by L77 and L79. The side chains of DT6, DS11, and DV15
also point toward the hydrophobic residues of SIRPα. Both the
L-peptides (Figure S3) and D-peptide effectively interacted with
the target SIRPα protein, accounting for the considerable
binding affinity of the designed peptides.
In accordance with the results of homology modeling and

docking analysis, peptides were synthesized and palmitic acid
was linked to the amino terminal by solid-phase synthesis;
molecular weight (MW) and purity were further confirmed by
electrospray ionization mass spectroscopy and high-perform-
ance liquid chromatography (Figures S4 and S5). The affinity
between the peptides and mouse SIRPα was then validated by

surface plasma resonance (SPR), and the data showed that the
binding constant between DS and mouse SIRPα was 0.64 μM
(kD) (Figure 1b), similar to that of the natural L-peptide (kD =
0.57 μM) (Figure S6).

DS Modification Allows Long-Term Residence of
Liposomes on Macrophage Membranes. Blank CL and
peptide-modified liposomes were prepared. DS was added to
lipid film at a final molar ratio of 0.05% (DSL). The other
molar ratios tested in our experiment are depicted in the figure
captions. Size distribution and ζ-potential are depicted in
Table S1. The mean diameter of the DSL was 89.2 nm.

Figure 3. DSL delayed clearance in vivo by suppressing phagocytosis from KCs and LSECs. (a) In vivo and (b) ex vivo fluorescence images of
liposomes injected into mice. (c) Ex vivo liver fluorescence intensity as calculated by Bruker MI SE 7.1. (d) Fluorescence images of DiO
(green) and FRET DiI (red) 15 min, 2 h, and 24 h after oral administration; scale bar = 20 μm. (e) FRET ratio of CL and DSL in the liver.
(f) Colocalization of liposomes and cell membrane in KCs and LSECs; scale bar = 5 μm. (g) Percentage of CL and DSL phagocytosed by
KCs and LSECs. Cells were incubated with HPTS-loaded CL/DSL for 1 h, then CL/DSL were replaced with fresh medium, and the cells
were further incubated for 5 h. ***p < 0.001; data are shown as mean ± SD (n = 3).
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Transmission electron microscopy showed that DSL were
nanometer-sized, spherical particles (Figures 2a and S7).
As depicted in Figure 2b, when NSL or DSL bound to

SIRPα, phospho-SIRPα levels greatly increased, leading to
dephosphorylation of multiple proteins and inhibition of the
phagocytic activity of macrophages (Figure 2c).22,28 Mean-
while, the macrophage-like cell line RAW264.7 was used to
confirm the function of the peptide. With no significant
differences in cellular adhesion (Figure S8), we further
evaluated the subcellular localization of different liposome
formulations, and the peptide modification ratio was optimized
at 0.05% (molar ratio) (Figure S9a,b). Meanwhile, we found
that DSL accumulated around the cell membrane, whereas
some NSL were endocytosed into the cytoplasm (Figure
S10a,b), which validated the prolonged antiphagocytic activity

of the enzyme-resistant D-peptide on DSL. Moreover, a SIRPα
blockade study (Figure S11) and uptake mechanism study
(Figure S12) in RAW264.7 cells also confirmed that the
interaction between DS and SIRPα inhibited phagocytosis by
macrophages.
The cellular locations of CL and DSL were also investigated

(Figure 2e,f). At the first time point (1 h), CL were largely
located in the cytoplasm, with only a small fraction at the cell
membrane. Most CL were metabolized by macrophages as
time increased to 24 h. In contrast, DSL showed good
colocalization at the cell membrane even after 24 h of
incubation. The phagocytosed percentage of each liposome
type was quantified using a pH-sensitive pyranine probe (1-
hydroxypyrene-3,6,8-trisulfonic acid, HPTS) (Figure S13).29

The phagocytosed percentage of CL quickly increased to 49%

Figure 4. Macrophage uptake of PLGA NPs was strikingly suppressed after masking with DSL. (a) Schematic diagram depicting PLGA NP
escape from macrophage uptake after masking the macrophage surface with DSL. (b) Size distribution of PLGA NPs. (c) Percent of PLGA
NPs phagocytosed by RAW264.7 cells. Cells were pretreated with phosphate-buffered solution, CL (1 mg/mL), or DSL (1 mg/mL) for 2 h.
Data are shown as mean ± SD (n = 3). (d,e) Uptake of PLGA NPs by RAW264.7 cells. Cell membranes were labeled with DiO (green);,
liposomes were labeled with Egg Liss Rhod PE (red), and PLGA was loaded with DiD (cyan). Scale bar = 10 μm.
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in the first hour and to over 90% as time prolonged to 12 h,
whereas only 12 and 33% of DSL were endocytosed into
macrophages at 1 and 24 h, respectively, displaying the high
resistance of DSL to phagocytosis (Figure 2d).
In vivo and ex vivo images showed the tendency of DSL

labeled with near-infrared fluorescence (DiR) to delay
clearance from the liver and spleen (Figures 3a−c and S14).
Moreover, to evaluate the structural integrity of CL and DSL, a
Förster resonance energy transfer (FRET) pair of DiO/DiI was
coloaded into liposomes (Figure S15).30 After tail injection of
FRET pair-loaded liposomes, the FRET signals in liver sections
were observed at different time points: 30 min, 4 h, and 24 h
(Figure 3d). Quantitative analysis of FRET ratios showed a
large decrease of over 60% in the CL-treated group, whereas
only an insignificant loss of FRET signal was observed in the
DSL group (Figure 3e). Meanwhile, 24 h after injection of CL
and DSL, liver sections were prepared to observe the
colocalization of liposomes and Kupffer cells (KCs)/liver
sinusoidal endothelial cells (LSECs) (Figure S16). The results
revealed that DSL remained highly overlapped with KCs and
LSECs, whereas most CL were metabolized from both cell
types. Colocalization of cells and CL/DSL was further studied
with KCs and LSECs isolated from Balb/c mice (Figure
S17).31 Confocal imaging revealed that a considerable
proportion of CL were endocytosed into the cytoplasm in
both KCs and LSECs, whereas DSL largely remained on the

cell membrane, further verifying the in vivo results (Figure 3f).
Additionally, quantitative analysis was performed and demon-
strated that the phagocytosed percentage of DSL was strikingly
reduced compared to that in the CL-treated group (Figure 3g),
further confirming that DSL delays clearance from phagocytes
in vivo.
From these results, a fundamental conclusion can be drawn

that DSL are absorbed onto macrophage cell membranes after
mainline administration. Interactions between DS and SIRPα
then effectively delay phagocytosis of DSL; thus, phagocyte
surfaces remain masked by DSL for a long time.

Masking Phagocytes with DSL Highly Reduced
Uptake of Following Injected Nanoparticles. As
described above, DSL adhere to the macrophage membrane
with high and prolonged resistance to phagocytosis, which
confirmed the hypothesis that masking macrophage surfaces
with DSL could solve the poor time-effectiveness of the RES
blockade strategy, and Figure 4a demonstrates the possible
mechanism of enhanced delivery of subsequently injected
nanoparticles realized by macrophage masking.
To assess the effects of RES blockade on nanoparticle

delivery, a PLGA NP, a safe material for intravenous injection,
was adopted as a carrier. PLGA NPs were prepared by a
precipitation method (Figures 4b and S18, Table S1).32 For
quantitative analysis, with preincubation of liposomes at
concentrations from 0.25 to 2 mg/mL, we found that CL-

Figure 5. Pretreatment with DSL suppressed liver/spleen uptake and blood clearance of PLGA NPs in mice. (a) In vivo and (b) ex vivo
fluorescence images of PLGA NPs injected into mice. Mice were pretreated with CL or DSL for 2 h. (c) Blood DiD concentration profile and
related (d) elimination half-life and (e) AUC after treatment with DiD-loaded PLGA NPs (administration dose of DiD was 20 μg/kg), *p <
0.05, **p < 0.01, ***p < 0.001; NS represents nonsignificance; data are shown as mean ± SD (n = 3). (f) Fluorescence colocalization of
PLGA NPs and macrophages/LSECs. Macrophages were dyed with F4/80 (green), and LSECs were dyed with CD31 (khaki); scale bar = 20
μm.
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treated groups showed no significant blockade effect on the
uptake of PLGA NPs as compared with control groups after 6
h incubation, whereas DSL-treated groups still showed a high
resistance to macrophage capture (Figure S19). For qualitative
observation, after pretreatment with CL (1 mg/mL) or DSL (1
mg/mL) for 1 h, PLGA NPs were added, and the cells were
further cultured for different time intervals. Confocal images
showed that uptake of PLGA NPs in the CL-treated group was
reduced in the first 2 h, and as incubation time prolonged to 6
h, PLGA NPs were endocytosed into the cytoplasm in large
quantities (Figures 4d and S20). However, PLGA NPs
incubated with DSL-treated macrophages showed sustained
resistance to uptake until incubation time reached 24 h (Figure
4e). Additionally, labeling PLGA NPs with HPTS demon-
strated that phagocytosis of PLGA NPs in the DSL-treated
group was highly decreased as compared with that in the
phosphate-buffered solution (PBS)- and CL-treated groups
(Figure 4c).

Figure 5a,b shows the in vivo and ex vivo distribution of
PLGA NPs after pretreatment with PBS, CL (100 mg/kg or
400 mg/kg), or DSL (100 mg/kg). PLGA NPs in the DSL-
treated group showed reduced distribution in the liver and
spleen. A pharmacokinetic assay showed that DSL treatment
(100 mg/kg) significantly prolonged the blood elimination
half-life of PLGA NPs over that after CL treatment (400 mg/
kg) (Figure 5c,d) and exhibited an area under curve
(AUC0−24h) comparable to that of CL treatment (400 mg/
kg), which was 3 times higher than that in the PBS-treated
group (Figure 5e). In addition, to assess the prolonged in vivo
blockade effect, the colocalization of PLGA NPs and KCs/
LSECs was evaluated 8 h after PLGA NP injection (Figure 5f).
The fluorescence signal of PLGA NPs in the DSL-treated
group (100 mg/kg) showed an intensity strikingly lower than
that in the PBS- or CL-treated (400 mg/kg) groups, indicating
satisfactory and prolonged escaping capabilities of PLGA NPs
in the DSL-treated group.

Figure 6. Effects of pretreated liposome dose on in vitro cell uptake of and BBB penetration by APA-PLGA NPs. (a) Schematic diagram
showing that uptake of APA-PLGA NPs by endothelium was suppressed by preincubation with CL. (b) Flow cytometry histograms and (c)
fluorescence images of the uptake of APA-PLGA NPs by bEnd.3 cells after 2 h incubation. Cells were pretreated with CL or DSL for 2 h
(white arrows indicate CL enclosing bEnd.3 cells), scale bar = 10 μm. (d−f) Permeation of APA-PLGA NPs through the in vitro BBB model
was reduced by pretreatment with CL. Cells preincubated with PBS or liposomes (red) and then treated with APA-PLGA NPs (green). After
incubation, (e) Transwell membrane was used to obtain vertical images by confocal microscopy, and (f) APA-PLGA NPs in the basolateral
chamber were counted using a multimode plate reader.
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Furthermore, the timeliness of the DSL blockade function
was evaluated in vitro and in vivo. As depicted in Figure S21a,
the blockade effect of liposomes with different pretreatment
durations on macrophage uptake was investigated. Cells were
first incubated with CL (1 mg/mL) or DSL (1 mg/mL) for
different time intervals (1, 2, 6, and 12 h), and then the
medium was replaced, and PLGA NPs (200 μg/mL) were
added and incubated for a further 2 h. After 1 h of PLGA NP
incubation, there was no significant difference between the two
groups. However, when incubation time prolonged to 2 h,
uptake of PLGA NPs in the CL-treated group was significantly
higher than that in the DSL group (p < 0.01). After 6 h
incubation, the DSL group maintained its blockade effect,
whereas the CL group failed to exhibit any difference from the
control group. Additionally, an in vivo fluorescence study

verified the effects of DSL. Mice were injected with DSL (100
mg/kg) 12, 24, or 36 h before administration of PLGA NPs.
Whole-animal fluorescence images are shown in Figure S21b
and demonstrate a redistributive trend similar to that in all
DSL-treated groups. Pharmacokinetic experiments were also
performed to quantify the bioavailability of PLGA NPs (Figure
S21c). The elimination half-life and AUC0−24h both increased
in DSL-treated groups as compared to those in the control
groups (Figure S21d,e and Table S3).

Masking Phagocytes with DSL Enhanced Brain
Delivery of PLGA NPs. The blood−brain barrier (BBB)
formed by endothelial tight junctions protects the brain from
harmful substances while hampering systemic delivery of
therapeutic drugs from the blood into the brain.33−35

Therefore, delivery of nanoparticles across the BBB is highly

Figure 7. Observation of the APA-PLGA NP crossing the BBB. (a,b) 3D fluorescence images of APA-PLGA NP (green) in the mouse
cerebrum observed using LSFM 2 h after administration; mice were pretreated with (a) CL (400 mg/kg) or (b) DSL (100 mg/kg). (c) Cross
sections at depths of 200, 400, and 600 μm were collected, and the distribution profiles of APA-PLGA NP from blood vessels to the brain
parenchyma in the selected region (indicated by a white arrow) were calculated. (d) Depth profiles of the mean fluorescent intensities from
0 to 600 μm in the brain parenchymal region (indicated by a yellow arrow).
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dependent on receptor-mediated transportation. To achieve
ideal clinical treatment in brain disease, nanoparticles must be
retained in the brain for long enough with effective enhanced
cellular uptake by endothelial cells.36 Herein, we applied our
“don’t-eat-us” strategy to actively target delivery of a drug to
the brain and evaluated its ability to achieve long circulation of
subsequently injected nanoparticles. PLGA NPs were modified
with apamin (APA), a brain-targeting ligand, to produce APA-
PLGA NPs.34,37

To assess the effects of preincubated liposomes on cellular
uptake by target cells, a mouse brain microvascular endothelial
cell line (bEnd.3) was used as a cell model. On the basis of
CL/DSL distribution in the brain (Figure S22), bEnd.3 cells
were pretreated with PBS, CL (0.2 or 1 mg/mL), or DSL (0.2
mg/mL). After preincubation for 2 h, the APA-PLGA NPs was
added, and cells were further incubated for 2 h. Fluorescence
observations and flow cytometry analysis revealed considerably
reduced uptake of PLGA NPs after pretreatment with 1 mg/
mL of CL, whereas pretreatment with lower doses of CL/DSL
(0.2 mg/mL) produced only marginal effects (Figure 6a−c).
Meanwhile, a penetration assay was also performed, in which
bEnd.3 cells were seeded on a Transwell membrane and
incubated for 10 days to allow formation of intercellular tight
junctions (Figure S23).38,39 APA-PLGA NPs were added after
pretreatment of the cells with different doses of CL/DSL, and
a vertical distribution of CL and PLGA NPs showed that

penetration of NPs was significantly lower in the CL-treated (1
mg/mL) group (Figure 6d,e). Likewise, quantitative analysis
showed strikingly reduced penetration through the BBB model
membrane in the CL-treated (1 mg/mL) group, as only one-
fifth of the NPs managed to reach the basal compartment
compared with the proportion in the control group, and no
significant reduction was observed in the 0.2 mg/mL CL/DSL
pretreated groups (Figure 6f).
In vivo and ex vivo fluorescence observations revealed a

fluorescence signal in the brains of the DSL-treated group
much higher than that in the other two groups (Figure S24a−
c). Additionally, to further assess the in vivo penetrative ability
of APA-PLGA NPs, transparentized whole brains were
prepared by the BABB method 2 h after injection of NPs
and observed by light sheet fluorescence microscopy (Figures
7a,b and S25).40 The APA-PLGA NP in the CL-treated group
showed a slight signal in the brain parenchyma (Figure 7a),
whereas those in the DSL-treated group showed a distinct
fluorescence signal in the cerebrum as well as deep penetration
of the brain parenchyma (Figure 7b). Meanwhile, in the
extravascular parenchyma of the cerebrum at a depth of up to
600 μm from the cortical surface, the DSL-treated group
showed a marked fluorescence signal with a higher
extravascular distribution (Figure 7c,d). This phenomenon
was also confirmed by fluorescence images of horizontal
whole-brain sections (Figure S26).

Figure 8. Pharmacokinetics and in vivo antifungal effect of AmB-APA-PLGA NPs combined with different RES-blockade strategies. (a)
Serum AmB concentration profile and related (b) AUC of AmB-PLGA NP (administration dose of AmB was 2 mg/kg) after pretreatment of
CL or DSL, *p < 0.05, **p < 0.01, ***p < 0.001; NS represents nonsignificance; data are shown as mean ± SD (n = 3). (c) Survival rate of
infected mice after different treatments, treatments were given at day 1, day 3, and day 5 (orange arrows) postinfection. (d) Gomori’s
methenamine silver (GMS)-stained slides prepared from cross sections of brains at day 7 postinfection and visualized by light microscopy.
Pathogens are indicated by red arrows.
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Finally, the “don’t-eat-us” strategy was further verified on the
therapeutic treatment of disease models. Deep fungal infection
has seen rising incidence with high mortality, and the clinical
application of amphotericin B (AmB), a commonly used
antibiotic for epiphyte, is limited by its ineffective passage
through the BBB.41 Here, AmB-loaded APA-PLGA-NPs
(AmB-APA-PLGA-NPs) was constructed against the crypto-
coccal meningitis model, and it was demonstrated that the
“don’t-eat-us” strategy provided effective improvement on its
delivery and therapeutic effect. The pharmacokinetic study
showed that DSL treatment even with a quartered dose (100
mg/kg) could exhibit an AUC0−24h comparable to that of CL
treatment (400 mg/kg), which was also 2-fold higher than that
in the PBS-treated group (Figure 8a,b). In a longer-term
therapeutic study, the survival rate of mice with DSL treatment
(100 mg/kg) was significantly higher than those in other
treatment groups (Figure 8c). The histopathological examina-
tion and brain fungal burden results revealed a clear recovery
of mice pretreated with DSL (100 mg/kg), whereas the brain
tissues of mice in untreated or CL (400 mg/kg) groups were
heavily infiltrated by immune cells (Figures 8d and S27).
Additionally, the main physiological indexes and H&E
(hematoxylin and eosin) staining results demonstrated good
compatibility of the AmB therapy with DSL blockade strategy
(Figures S28). Taking together, these results showed that the
“don’t-eat-us” strategy prolonged the circulation time of the
NPs without affecting the interactions between the NPs and
target cells, thus highly improving the targeted delivery and
therapeutic effect of drug-loaded delivery systems.

CONCLUSIONS

In summary, our “don’t-eat-us” strategy boosted the perform-
ance of NPs for a prolonged duration without sacrificing their
targeting affinity, demonstrating a feasible way to balance long-
term circulation and targeted delivery. Currently, long-term
circulation strategies, such as PEGylation and RES blockade
with high doses of CL, could successfully improve the
pharmacokinetics of nanocarriers and enhance their active-
targeting effect, yet it should not be neglected that they might
also have some negative effects on target affinity. Therefore,
based on the “don’t-eat-me” signal of SIRPα and its specific
expression on phagocytes, we developed this strategy to
specifically inhibit phagocytic activity, leaving both drug-
loaded carriers and target cells free to interact. Moreover, in
addition to the commonly used RAW 264.7 cells, the system
was comprehensively verified on multiple models, including
LSECs and KCs. This work represents a major advance in the
drug delivery dilemma associated with the RES barrier and
could serve as a complementary strategy to enhance delivery of
various existing nanodrugs. In addition, as the phagocytic
activity of phagocytes is specifically inhibited by our strategy, it
is expected that the strategy could also play a key role in the
treatment of some diseases, including liver cirrhosis and liver
transplantation complications.42,43

METHODS
Design of the Peptide. Mouse protein sequences of CD47 and

SIRPα were searched from NCBI (https://www.ncbi.nlm.nih.gov/).
The protein structures of CD47 and SIRPα were constructed with
SWISS-MODEL (https://swissmodel.expasy.org/), and human
CD47 and SIRPα protein complex structure (PDB ID: 2JJS) was
used as the template.44 The L-peptide structure model was built on
the basis of the structure of mouse CD47. The retro-inverso peptide

was built by mutating the residues of L-peptide to D-amino acids using
bioluminate package in Schrodinger2015. Docking of the peptides
with mouse SIRPα was performed with ZDOCK (https://zlab.
umassmed.edu/zdock/).45 The Flexpeptide docking package in
Rosetta was adopted in order to further refine the binding pose of
the peptides.46 The pictures of protein structures were prepared with
PYMOL.

SPR Measurements. The affinity between peptides and SIRPα
was validated by SPR using an OpenSPR system (Nicoya Lifesciences,
Waterloo, Canada). SPR was performed under a constant flow rate of
20 μL/min at 25 °C. To immobilize the SIRPα on the nitrilotriacetic
acid modified chip (Nicoya Lifesciences, Canada), 200 mM imidazole
was injected into OpenSPR followed by 40 mM NiCl2, in order to
activate the sensor surface of the chip, and then 10 μg/mL His-tagged
SIRPα (Sino Biological, China) was injected into SPR. Afterward,
different concentrations of peptides were tested in SPR at a flow rate
of 20 μL/min with PBS buffer. All concentrations of peptides were
performed three times. After each test, the chip was regenerated by 10
mM HCl.

Phagocytosis Percentage Assay. To quantify the phagocytosed
percent of liposomes or PLGA NP, first, RAW264.7 was cultured in a
96-well plate, then HPTS-loaded liposomes (1 mg/mL) or PLGA NP
(200 μg/mL) were added to the wells and incubated with cells for a
given period, and then the cells were washed with cold PBS.
Fluorescence (excitation spectra 400−480 nm; bandwidth, 5 nm) was
measured at an emission wavelength of 510 nm (bandwidth, 5 nm)
with SYNERGY H1 microplate reader (BioTek, USA).

HPTS is a fluorescence dye which exhibits two major fluorescence
maximum excitation wavelengths (403 nm at lower pH and 450 nm at
higher pH). The fluorescence at 413 nm is relatively pH independent
and is used to standardize the concentration of dye associated with
the cells.23 The phagocytosed percent was calculated by the ratio of
the fluorescent excited at 450 nm/413 nm, and the equation was as
follows:

percent phagocytosed
ratio (pH 7.4) ratio (measured)

ratio (pH 7.4) ratio (pH 6.0)
=

−
−

Ratio (measured) is the 450/413 ratio of liposomes/PLGA NPs
treated with cells. Ratio (pH 7.4) and ratio (pH 6.0) are the
fluorescence ratio of liposomes/PLGA NP in PBS and acidified buffer
(pH 6.0), respectively.23

Cryo-Sectioning and Immunostaining. To study the liver
distribution of CL and DSL, at 24 h after Egg Liss Rhod PE-labeled
liposomes were administered, mice were sacrificed and the livers were
carefully removed, frozen in OCT (Sakura Tissue Tek), and sectioned
at 8 μm (CM1950, Leica). Then the sections were stained with
primary anti-F4/80 antibody or anti-CD31 antibody, both followed
by Alexa Fluor 488-conjugated secondary antibody. The sections were
then dyed with DAPI (5 μg/mL) for 5 min, and images were captured
with a fluorescence microscope (DMi8, Leica).

For liver and spleen distribution of PLGA NPs, tissue sections were
prepared by the method described above. Then macrophages in the
liver and spleen were stained with primary anti-F4/80 followed by
Alexa Fluor 488-conjugated secondary antibody. The LSECs were
stained with primary anti-CD31 followed by Cy3-conjugated
secondary antibody. Images were captured with a fluorescence
microscope (DMi8, Leica) after dyed with DAPI.

Cellular Uptake of CL/DSL in KCs and LSECs. KCs and LSECs
were seeded in Cell Carrier-96 Ultra Microplates (PerkinElmer, USA)
and cultured overnight. Then CL or DSL labeled with Egg Liss Rhod
PE were added into the wells at a concentration of 1 mg/mL and
incubated for another 6 h (CL or DSL was replaced by fresh medium
at 2 h). After that, cells were washed twice with PBS, fixed with 4%
PFA for 15 min, and the cell membranes were stained with DiO (10
μg/mL) for 30 min at room temperature. Images of the cells were
taken with a high content analysis system (HCS) (Operetta CLS,
PerkinElmer, USA).

In Vitro BBB Model Transcytosis Study. bEnd.3 cells were
seeded into a 24-well Transwell plate (Corning, USA) and
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consistently cultured for 10 days to form monolayers. The bEnd.3
monolayers were used for transcytosis study after their trans-
endothelial electric resistance had reached over 150 Ω·cm2.38 After
pretreatment of liposomes for 2 h, cells were further incubated with
coumarin 6-loaded APA-PLGA NP (200 μg/mL) for 2 h. Then
Transwell membranes were transferred onto glass microscope slides,
and the penetration of PLGA NP was observed by HCS. Meanwhile,
the medium in the basolateral chamber was collected, and the
fluorescence was analyzed by an Infinite F200 pro multimode reader
(Tecan, Switzerland) (excitation/emission: 485/535 nm).
3D Fluorescence Imaging of Whole Brain. At 2 h after the

injection of APA-PLGA NP, mice were anesthetized by intra-
peritoneal injection of sodium pentobarbital (50 mg/kg) and then
perfused with 40 mL of ice-cold PBS followed by 80 mL of 4% PFA.
Afterward, brains were removed from the skull and placed in 4% PFA
overnight. After being rinsed with PBS three times, brains were then
dehydrated in a graded ethanol series (30, 50, 70, 80, and 96% and
twice in 100% for 1 day each) at room temperature. Then the brains
were further rinsed in 100% hexane for 1 h and transferred into a
clearing solution which consisted of 1 part benzylalcohol (Adamas-
beta) in 2 parts benzylbenzoate (Adamas-beta). Before imaging, the
brains were stored in the clearing solution for at least 2 days.30 The
observation of whole brain was performed by LSFM (LaVision
BioTec GmbH, Bielefeld, Germany). During the observation, the
samples were placed in an imaging reservoir made of 100% quartz
(LaVision BioTec) and automatically scanned through the illumina-
tion plane, and the fluorescence signal was imaged by an sCMOS
camera. Coumarin 6 (green) signal was acquired at the excitation
wavelength of 470/40 nm, with an emission filter of 525/50 nm. The
images were then reconstructed and analyzed using Imaris software
(Bitplane).
Statistical Analyses. Statistical significance was determined by

Student’s unpaired t tests for comparisons between two groups, and
one-way ANOVA followed by a Tukey test was used for comparisons
among more than two groups. Differences were considered significant
at *p < 0.05, **p < 0.01, and ***p < 0.001.
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Abbreviations 

BBB: Blood brain barrier 

CL: blank conventional liposomes 

DS: D-Self peptide 

DSL: D-Self peptide modified liposomes 

FRET: Förster Resonance Energy Transfer 

HCS: High Content Analysis System 

HPTS: 1-hydroxypyrene-3,6,8-trisulfonic acid 

KD: The equilibrium dissociation constant 

NS: Natural self peptide 

NSL: Natural self peptide modified liposome 

PEG: Poly(ethylene glycol) 

PLGA NP: poly (lactic-co-glycolic acid) nanoparticles 

RES: reticuloendothelial system 

SIRPα: signal regulatory protein alpha 
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Method: 

Materials. Egg Lecithin Phosphatidylcholine (LP) and Cholesterol (Cho) were 

provided by A.V.T. Pharmaceutical Ltd. (Shanghai, China). Egg Liss Rhod PE was 

purchased from Avanti Polar Lipid Inc. (Alabaster, AL, USA). PLGA (50:50, 0.67 

dL∕g) was provided by Lactel Absorbable Polymers (Birmingham, USA). DAPI, 

DiOC18(3) (DiO), DiIC18(3) (DiI), DiIC18(5) (DiD) and DiIC18(7) (DiR) were 

supplied by US Everbright Inc (Suzhou, China). Rabbit anti-F4/80, Rabbit anti-ZO-1, 

Rabbit anti-Claudin5, Alexa Fluor 488 labeled sheep anti-rabbit, HRP labeled sheep 

anti-rabbit and APC-labeled Donkey anti-rabbit were purchased from Bioss 

biotechnology co. LTD (Beijing, China). Phosphotyrosine antibody was supplied by 

BOSTER Biological Technology co.LTD (Wuhan, China). Rabbit anti-SIRPα was 

supplied by Proteintech Group, Inc (Wuhan, China). 

8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) was supplied by Ark Pharm, Inc. 

(Libertyville, USA). The other chemicals and reagents were of analytical grade. 

Cell lines and Animals. RAW264.7 and bEnd.3 were provided by Cell bank of 

Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) (BI, Israel) supplemented with 10% Fetal Bovine Serum 

(FBS) (Hyclone, USA), and detached for passage using 0.25% Trypsin/0.5mM EDTA 

(BI, Israel). Cells were kept in an incubation chamber at 37 °C and 5% CO2 with a 

humidified atmosphere. Cryptococcus neoformans var. grubii (serotype A) strain H99 

was purchased from American Type Culture Collection (ATCC, USA) and grown in 

nutrient-rich yeast extract-peptone-dextrose (YPD) medium at 30°C. The female 

Balb/c mice (4 weeks, 18-22 g) were purchased from Chongqing Academy of Chinese 

Materia Medica and raised in laboratory animal environment of SPF, housed on a 

12-hour light/dark cycle at 22-24℃ and 30-50% relative humidity. All animal 

experiments were conducted under guidelines of Ethical Review Committee of 

experimental animals at the Southwest University of China. 

Synthesis of Peptides. Natural mouse “Self” peptide (NS) (palmitic 

acid-GNYTCEVTELSREGKTVIELK), D-mouse “Self” peptide (DS) (palmitic 

唐宜轩
高亮
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acid-GKDLDEDIDVDTDKDGEDRDSDLDEDTDVDEDCDTDYDNDG) and scrambled 

peptide (palmitic acid-GCDVDGSDTDEDEDEDVDYDTDEDRDTDLDLDEDKDTDKDIDVD 

ND) were synthesized by means of solid phase peptide synthesis performed using 

Fmoc-protected amino acids and purified to homogeneity by reverse-phase 

high-performance liquid chromatography (HPLC), and their molecular weights were 

verified by electrospray ionization-mass spectrometry (ESI-MS). 

Preparation and Characterization of Liposomes. Liposomes were prepared by 

thin-film evaporation method.1 In brief, LP (dissolved in methanol) and Cho 

(dissolved in chloroform) were mixed at a molar ratio of 7:3. For liposomes modified 

with peptide, NS or DS were added at a molar ratio of 0.05% or as depicted in the 

related figures. The Egg Liss Rhod PE, DiI or DiR were added to weighed lipid film 

at a concentration of 40 μg Egg Liss Rhod PE per 8 mg LP, 10 μg DiI per 8 mg LP 

and 50 μg DiR per 8 mg LP, respectively. After vacuum drying overnight, the lipid 

film was hydrated with the distilled water at 37°C, and then ultrasonicated under an 

ice water bath and sequentially extruded through a polycarbonate membrane with 

pore sizes of 200 and 100 nm to prepare liposomes. Liposomes loaded with HPTS 

were also prepared by thin-film evaporation except that the mixed lipid film was 

hydrated in HPTS buffer (10 mM HPTS in PBS) before the formation of liposomes by 

extrusion. The size distributions and morphologies of various liposomes were 

determined by a dynamic light scattering method with a Zeta Sizer Nano Series (Nano 

ZS 90, Malvern, U.K.) and transmission electronic microscopy (TEM) (FEI Tecnai 

G20, USA), respectively. Every sample was measured in triplicate. 

Preparation and Characterization of PLGA NP. The PLGA NP were prepared 

using nanoprecipitation.2, 3 Briefly, 5 mg polymer was first dissolved in 1 mL acetone. 

For apamin (APA) modified PLGA NP, palmitic acid-apamin was added at 20 nmol 

peptide/mg PLGA (0.04mg/mg).4 Then Coumarin 6, DiD, DiR and AmB were 

dissolved at a weight ratio of 0.1%, 0.1%, 0.2% and 5% to polymers respectively. The 

acetone solution was added dropwise to 10 ml of water under stirring. The mixture 

was then stirred in open air for 2 h and washed three times by ultrafiltration in 

Amicon tubes (MWCO 100kDa, Millipore). Then PLAG NP were concentrated and 
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resuspended with PBS to desired concentrations indicated by fluorescence intensity. 

For HPTS loaded PLGA NP, the aqueous phase was replaced by HPTS buffer (10 mM 

HPTS in PBS). The other steps were conducted as described above. 

The size distribution of PLGA NP was detected by dynamic light scattering 

(Zetasizer Nano ZS90, Malvern). TEM and SEM were used for morphologic studies. 

TEM imaging was performed on LVEM5 (Delong instruments, USA) operating at 5 

kV. SEM images were captured using JSM-7800F (JEOL, Japan) at an excitation 

voltage of 10 kV.  

Immunoprecipitation and Western Blotting. RAW264.7 were seeded into 60mm 

petri dishes (Corning, USA) at a density of 5x104 cells/mL and cultured for 24 h. 

Different liposomes were added into the dishes at a final concentration of 1 mg/mL 

and incubated for 1 h. After incubation, the cells were washed with cold PBS for 3 

times and then lysed on ice in 400 μL of lysis buffer supplied with 1% phosphatase 

inhibitors and 1% PMSF. For immunoprecipitation, whole lysate was mixed with 

anti-SIRPα antibody (Preteintech, China) conjugated to agarose A+G at 4℃ overnight. 

Precipitated proteins were separated on 10% SDS-PAGE and transferred to PVDF 

membrane for Western Blotting, in which anti-phospholyrosine and anti-SIRPα were 

applied followed by HRP-conjugated IgG as second antibodies. 

Cellular adhesion in RAW264.7. Liposomes adhered to the cell membrane of 

RAW264.7 were prepared with methods as described previously, and the temperature 

was set at 4℃ to prevent endocytosis.5 In brief, 2×105 RAW264.7 were seeded in 35 

mm Petri dishes (Corning, USA) and cultured for 24 h. Then the dishes were 

transferred into 4℃ for 30 min prior to the addition of the DiI loaded liposomes. After 

incubation with liposomes (1 mg/mL) for a given period of time, the cells were 

washed with cold PBS. The fluorescence intensities of the cells were measured by 

fluorescence-activated cell sorter (FACS) (BD Calibur, BD Biosciences, USA). 

Cellular Uptake in RAW264.7. For uptake studies of liposomes, RAW264.7 were 

seeded in Cell Carrier-96 Ultra Microplates (PerkinElmer, USA) and cultured 

overnight. Then Egg Liss Rhod PE labeled liposomes were added to the wells at a 

final concentration of 1 mg/mL and incubated for different time intervals, among 
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which liposomes were replaced with fresh medium after incubated for 1 h. Then cells 

were washed twice with PBS, fixed with 4% paraformaldehyde (PFA) for 15min and 

cell membranes were stained with DiO (10 μg/mL) for 30 min at room temperature. 

Cell images were taken with a High Content Analysis System (HCS) (Operetta CLS, 

PerkinElmer, USA). 

In Vitro Blocking of SIRPα. To block SIRPα in vitro, we pre-incubated RAW264.7 

with 5 μg/mL anti-mouse SIRPα antibody (APC labeled, Sino Biological) for 30 min, 

then DSL was added at a final concentration of 1 mg/mL and cells were cultured for 

another 1 h before flow cytometry analysis or Confocal imaging. 

Uptake Mechanism of liposomes in RAW264.7. Cells were seeded into 24-well 

plate (Corning, USA) at a density of 5 × 104 per well and cultured for 24 h. Then 

RAW264.7 cells were preincubated with various endocytosis inhibitors for 1 h, 

including chlorpromazine (40 μM) (inhibiting the endocytosis mediated by clathrin), 

colchicine (36 μM) (inhibiting the endocytosis related to microtubulin), monensin (14 

μM) (blocking the acidification of the endosome), brefeldin A (40 μM) (inducing the 

disintegration of Golgi apparatus and inhibiting the transportation of phagocytosed 

substance to lysosome), Filipin (12.5 μM) (inhibiting the endocytosis mediated by 

caveolae).6-9 The control groups were incubated with blank medium for the same 

period of time. Then 1 mg/mL DiI loaded CL or DSL were added into the wells and 

incubated for another 1 h. The mean cell fluorescence of 10000 cells was determined 

by BD FACS Calibur for each replica. 

In Vivo and Ex Vivo Fluorescence Image. For DiR loaded liposomes (CL/Dir and 

DSL/DiR), they were injected to mice by tail vein. Fluorescence and X-ray images 

were collected at predetermined time points by FX pro in vivo Imaging System 

(Carestream, USA). At the same time, mice treated with the same dose of liposomes 

were sacrificed for ex vivo imaging. For DiR loaded PLGA NP (PLGA NP/DiR), The 

collection of fluorescence images was conducted as described above. 

Pharmacokinetic Studies. For DiD loaded PLGA NP, after pre-treatment with CL or 

DSL, DiD loaded PLGA NP were injected to mice at a dose of 20 μg DiD/kg mice 

weight by tail vein. After dosing, blood samples were collected at different time 
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points (15 min, 30 min, 1, 2, 4, 8, 12 and 24 h). Three animals were used for each 

group. Approximately 40 μL of blood was collected from each mouse, and analyzed 

with a 384-well black plate (Greiner, Germany) in Infinite F200 pro multimode reader 

(Tecan, Switzerland) (excitation/emission: 595/665 nm). The DiD concentrations in 

blood were calculated with a standard curve covering the concentration range of 

0.15-20 ng/mL.  

For AmB loaded APA-PLGA NP (AmB-APA-PLGA NP), after pre-treatment with 

CL or DSL, AmB-APA-PLGA NP were injected to mice at a dose of 2 mg/kg mice 

weight by tail vein. After dosing, blood samples were collected from retro-orbital sites 

at different time points (30 min, 1, 2, 4, 8, 12 and 24 h). Prior to the analysis, AmB 

was extracted from the plasma by the addition of 0.8 mL of methanol to 0.2 mL of  

plasma.  The  mixture was vortexed for 5 min and centrifuged at 10,000 rpm for 10 

min. The supernatant was collected and measured by HPLC. 

The pharmacokinetic parameters were calculated using a two-compartmental model 

with PKsolver 2.0.10 

FRET Assay. DiO (5 μg per 8 mg LP, DiO: DiI = 1:3) were loaded into CL or DSL 

and then administrated to mice by vein injection. At predetermined time points of 30 

min, 2 h and 24 h, mice were sacrificed and the livers were carefully excised and cut 

into 8-µm-thick sections using a CM1950 freezing microtome (Leica, Germany). 

Sections were observed using HCS. FRET DiI signals were excited from 435–460 nm 

and collected from 515–580 nm. The DiO signal was obtained after excitation at 435–

460 nm and collected from 470–515 nm. The ratio, IDiI/(IDiO + IDiI), was calculated to 

quantify the FRET change, where IDiI and IDiO are the average intensities in the 

images. 

Isolation and immunofluorescence of KCs and LSECs. KCs were isolated from 

Balb/c mice using collagenase by two-step perfusion method, separated by a single 

Percoll gradient centrifugal elutriation.33-34 For Immunofluorescence staining of F4/80, 

cells were seeded in Cell Carrier-96 Ultra Microplates (PerkinElmer, USA) and 

cultured overnight. After fixed with 4%PFA and treated with 0.1% Triton X-100, cells 

were dyed with anti-F4/80(1:100 diluted) and followed with Alexa Fluor 
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488-conjugated secondary antibody. Observation was performed by HCS after the 

cells were dyed with DAPI (5 μg/mL) for 5 min. 

For isolation of LSECs, the liver sinusoidal cells were firstly isolated by two-step 

perfusion method and concentrated by Percoll gradient centrifugal elutriation, and 

further purified with LSEC binding magnetic beads (Miltenyi).35 For 

immunofluorescence staining of CD31, cells were seeded in Cell Carrier-96 Ultra 

Microplates (PerkinElmer, USA) and cultured overnight. After fixed with 4%PFA and 

treated with 0.1% Triton X-100, cells were dyed with anti-CD31 (1:100 diluted) and 

followed with Alexa Fluor 488-conjugated secondary antibody. For staining of SIRPα, 

fixed cells were dyed with APC labeled anti-SIRPα (5 μg/mL). Observation was 

performed by HCS after dyed with DAPI (5 μg/mL) for 5 min. 

Phagocytosed Percentage of CL/DSL in KCs and LSECs. KCs and LSECs were 

seeded in 96-well plate and cultured overnight. Then HPTS loaded CL or DSL were 

added to the wells at a concentration of 1 mg/mL and incubated for 2 h, and then 

replaced by fresh medium and further incubated for 4 h. After that, cells were washed 

with PBS and analyzed as described in phagocytosis percentage assay. 

Cellular Uptake in bEnd.3. bEnd.3 were seeded in Cell Carrier-96 Ultra Microplates 

(PerkinElmer, USA) and cultured overnight. Then different liposomes were added to 

the wells as depicted in the figures. After incubation for 2 h, cells were washed twice 

with pre-warmed PBS (37℃), and coumarin 6 loaded APA-PLGA NP (200 μg/mL) 

were added and further incubated for 2 h. Then cells were fixed with 4% PFA for 

15min and cell nucleic acid was stained with DAPI (5 μg/mL) for 5 min at room 

temperature. Cell images were taken with HCS. 

For quantitative analysis, briefly, cells were seeded into 12-well and cultured for 

24 h. Then, different liposomes were added to each well and incubated for 2 h. After 

replacing the medium, coumarin 6-loaded APA-PLGA NP (200 μg/mL) were added 

and further incubated for 2 h. Cell fluorescence intensity was measured by FACS 

Calibur flow cytometry (BD Biosciences, USA). 

Fluorescence Images of Brain horizontal section. At 2 h after injection of 

APA-PLGA NP, mice were anesthetized by intraperitoneal injection of pentobarbital 
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sodium (50 mg/kg) and then perfused with 40 ml ice-cold PBS followed by 80 ml of 

4%PFA. Brains were removed from the skull and placed in 4%PFA over-night. Then 

the brains were washed with PBS and immersed in 30% sucrose solution over 2 d for 

dehydration. After that, brains were frozen in OCT (Sakura Tissue Tek), and sectioned 

at 8 μm (CM1950, Leica). Then the sections were dyed with DAPI (5 μg/mL) for 5 

min, and images were captured by HCS and 5× air objective. The whole brain images 

were reconstructed with Harmony® 4.8. 

Pharmacodynamics Studies. BALB/c mice were anesthetized with isoflurane and 

then inoculated with the C. neoformans suspension (concentration 5 × 108 cell/mL, 

dose 5 µL/20 g) through foramen magnum 24 hours after an intraperitoneal injection 

of cyclophosphamide (2 µg /20 g).11 

After modeling, the infected mice were indived into 5 groups, i) Untreated, ii) 

PBS+AmB-PLGA NP, iii) CL (100mg/kg)+AmB-PLGA NP, iv) CL (400 

mg/kg)+AmB-PLGA NP and v) DSL(100mg/kg) +AmB-PLGA NP,  the dose of 

AmB is 2 mg/kg, The drug administration was performed at day 1, 3 and 5 

postinfection through tail vein. The survival rates of the mice (n = 10/group) were 

observed for 30 days.  

For brain fungal burden test, mice were sacrificed at day 7 and the brains were 

removed aseptically, weighed, and homogenized in sterile saline (1mL/g tissue). The 

number of CFU was determined by a plate dilution method in triplicate using yeast 

extract dextrose chloramphenicol agar, and colony counting was performed after 48 h 

of incubation at 30 ℃.  

For histopathological observation, On day 7 post-treatment, treated and untreated 

mice were anesthetized with isoflurane and sacrificed. The brains were carefully 

removed and collected for analysis. Samples were fixed in 4% formaldehyde and 

embedded in paraffin for sectioning. Sections were stained with Gomori methenamine 

silver (GMS) for histopathological examination under a light microscope. 

Biocompatibility Study. Normal mice were indived into 5 groups, i) PBS, ii) 

PBS+AmB-APA-PLGA NP, iii) CL (100mg/kg)+AmB-APA-PLGA NP, iv) CL (400 
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mg/kg)+AmB-APA-PLGA NP and v) DSL(100mg/kg) +AmB-APA-PLGA NP,  the 

dose of AmB is 2 mg/kg, The drug administration was performed at day 1, 3 and 5 

through tail vein. The mice were sacrificed at day 7, Major organs (brains, hearts, 

livers, spleens, lungs, and kidneys) were fixed in 4% paraformaldehyde fixative 

solution and sections were obtained. Then, the sections were stained with hematoxylin 

and eosin (H&E), and observed using an optical microscope. 
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Supporting Figures 

 

Figure S1. (a) Sequence alignment between mouse CD172a (SIRPα) and human 

CD172a (SIRPα), homologous sequence was shown as black background, functional 

concordance sequence was shown as grey background. (b) Homologous modeling of 

CD47. Human: green; mouse: red. 
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Figure S2. (a) Sequence alignment between mouse CD47 and human CD47, 

homologous sequence was shown as black background, functional concordance 

sequence was shown as grey background, red rectangular frame showed the functional 

sequence of “Self” peptide. (b) Homologous modeling of CD47. Human: yellow; 

mouse: blue. (c) Establishing mouse CD47 loop from human CD47 loop by 

Homologous modeling, human: yellow, mouse: blue.   

  



15 
 

 

Figure S3. The interaction between natural mouse Self peptide (NS) and mouse 

SIRPα. 
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Figure S4. (a) The molecular weight of NS was certificated by ESI-MS and then (b) 

purity of peptide was affirmed by HPLC. 
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Figure S5. (a)The molecular weight of DS was certificated by ESI-MS and then (b) 

purity of peptide was affirmed by HPLC. 
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Figure S6. SPR response units between peptides and Mouse SIRPα. 
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Figure S7. TEM image of DSL. 
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Figure S8. Adhering of different liposomes onto the cell membrane of RAW264.7, 

data are shown as mean± SD (n=3). 
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Figure S9. (a) Confocal images and (b) percent phagocytosed of RAW264.7 cells 

incubated with CL and DSL, DS were labeled on liposomes at a molar ratio of 0.5%, 

0.05% and 0.005%, respectively. CL/DSL were removed after 1h of incubation, and 

then cells were cultured with fresh medium for another 5h. Scale bar= 10 μm. ***p 

<0.001, NS represents non-significance, data are shown as means ± SD (n = 3). 
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Figure S10. (a) Confocal images and (b) percent phagocytosed of CL, NSL and DSL 

in RAW264.7 cells. Liposomes were removed after 1h of incubation, and then cells 

were cultured with fresh medium for another 5h. Scale bar= 10 μm. ***p <0.001, NS 

represents non-significance, data are shown as means ± SD (n = 3). 
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Figure S11. The effect of SIRPα on the uptake of DSL by RAW264.7. (a) Confocal 

images of RAW264.7 incubated with DSL (Liss Rhod PE EPC labeled) (red), cells 

were pre-incubated with APC labeled anti-SIRPα (Cyan) and cell membrane was 

labeled with DiO (green). The white arrows indicate the DSL phagocytosed by 

macrophage after SIRPα blocked with antibody. Scale bar= 10 μm. (b) Cellular uptake 

of DiI-labeled DSL measured by FACS. RAW264.7 cells were pre-incubated with or 

without anti-SIRPα. **p < 0.01, Data are shown as mean ± SD (n=3).  
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Figure S12. Cellular uptake mechanism of CL/DSL in RAW264.7. Five kinds of 

inhibitors were used in our experiments. Results were plotted percent normalized to 

corresponding non-treated groups, ***p < 0.001. Data are shown as mean ± SD (n=3). 

Interestingly, when macrophage was pretreated with BFA (inhibit the transportation of 

liposomes to lysosomes) or monensin (blocking the acidification of the endosome) 

which inhibit the cellular metabolism of liposomes, fluorescence intensity of CL 

treated macrophage was highly promoted whereas DSL treated cells showed no 

difference with control group, indicating the intracellular transportation of DSL in 

macrophages was not related to the clearance mediated by lysosomes. 
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Figure S13. The pH-dependent properties of HPTS. (a) Excitation spectra of HPTS, 

the emission of HPTS was collected at 510nm and excitation were 400-480 nm. (b) 

Laser scanning microscopy images of RAW264.7. Cells were incubated with 

HPTS-loaded CL/DSL for 6 h. Fluorescence were observed by A1+R laser scanning 

confocal microscope (Nikon, Japan), scale bar=10μm.  
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Figure S14. In vivo and ex vivo biodistribution of DiR loaded CL and DSL. DS were 

modified on liposomes at a molar ratio of 0.5%, 0.05% and 0.005%. Images of (a) 

whole-body and (b) main organs at different time points were collected respectively. 

(c) and (d) showed mean fluorescence intensity from the liver and spleen of mice 

treated with different liposomes. The results of in vivo and ex vivo distribution of  CL 

and 0.05%DSL (abbreviated as DSL) was finally shown in the manuscript (Figure 3a). 

Fluorescence were quantified using Bruker MI SE 7.1. Data are shown as mean ± SD 

(n=3). 
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Figure S15. Establishing and stability of DiO/DiI FRET liposomes. (a) Change of 

FRET signal in the absence (Untreated) or presence of acetone, the mixture of DiO 

and DiI labeled DSL was served as control. Fluorescence signal was collected by 

microplate reader, excited at 450 nm and emission was collected from 480 nm to 600 

nm. (b) Relative FRET ratio of integral and broken DSL, FRET ratio was calculated 

by Equation: IDiI/ (IDiO + IDiI), where IDiO represents fluorescence intensity at 501 nm, 

and IDiI represents fluorescence intensity at 565 nm, data are shown as the percent 

normalized to Untreated group (*p< 0.05, **p < 0.001 and ***p <0.001 as compared 

to Untreated) (n=3). (c) The stability of FRET ratio, FRET ratio was measured for 

CL/DSL after incubation with PBS or whole FBS. Data are shown as mean± SD (n = 

3). 
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Figure S16. Fluorescence co-localization between liposomes and KCs/LSECs. Liver 

sections were prepared 24 h after liposomes were injected. (a) KCs were dyed with 

anti-F4/80 (green) and (b) LSECs were dyed with anti-CD31 (green), liposomes were 

labeled with Liss rhod PE EPC (red), scale bar=20 μm. 
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Figure S17. Immunofluorescence detection of KCs and LSECs. (a) KCs were stained 

with anti-F4/80, (b) LSECs were stained with anti-CD31 and anti-SIRPα. Scale bar= 

10 μm.   
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Figure S18. (a) SEM image of PLGA NP, scale bar= 100 nm. (b) TEM image of 

PLGA NP, scale bar= 200 nm. 
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Figure S19. Uptake of PLGA NP by RAW264.7. Cells were pre-treated with different 

concentrations of CL/DSL for 1 h and washed with PBS, then DiD loaded PLGA NP 

(200 μg/mL) were added and further incubated for 6 h, the mean fluorescence of cells 

was measured by FACS. Data are shown as mean ± SD(n=3) (*p< 0.05, **p < 0.001 

and ***p <0.001). 
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Figure S20. the uptake of PLGA NP by RAW264.7, cell membranes were labeled 

with DiO (green), PLGA were loaded with DiD (cyan). Scale bar=10μm. 
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Figure S21. Mice treated with DSL showed a sustained tendency to delay the 

clearance of PLGA NP. (a) Uptake of PLGA NP by macrophage. Macrophage was 

pre-treated with CL (1 mg/mL) or DSL (1 mg/mL) for 1, 2, 6 and 12 h respectively, 

then incubated with PLGA NP for 2 h before FACS analysis. (b) In vivo real-time 

distribution of PLGA NP with different pre-treatments by living fluorescence imaging. 

Mice were pre-treated with DSL (100 mg/kg) for 12, 24 and 36 h, respectively. (c) 

Blood DiD concentration profile and related (d) elimination half time and (e) AUC of 

DiD after administration of PLGA NP (the administration dose of DiD was 20 μg/kg). 

*p < 0.05, **p < 0.01, ***p < 0.001, data are shown as mean ±SD (n=3). 
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Figure S22. Biodistribution of liposomes in brain. CL and DSL were labeled with 

DiD at a ratio of 0.1% (wt/wt), then liposomes were injected to mice by tail vein. 2h 

after injection, mice were sacrificed, and blood and brains were collected respectively. 

The fluorescence intensities of DiD were measured by F200 pro multimode reader 

(Tecan, Switzerland) (excitation/emission: 595/665 nm), and the biodistribution of 

CL/DSL was calculated with the concentration of DiD correspondingly. Data are 

shown as mean± SD (n=3). 
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Figure S23. Subcellular localization of tight junction proteins in bEnd.3 cells. Cells 

were incubated in glass cover slips for 10 days. After fixed with 4%PFA and treated 

with 0.1% Triton X-100, cells were dyed with anti-ZO-1 (1:100 diluted) and 

anti-claudin 5 (1:100 diluted), respectively. And then followed with Alexa Fluor 

488-conjugated secondary antibody. Observation was performed by HCS after dyed 

with DAPI (5 μg/mL) for 5 min. Scale bar= 20 μm.  
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Figure S24. (a) In vivo and (b) ex vivo brain distribution of DiR loaded APA-PLGA 

NP. (c) showed mean fluorescence intensity from the brains. Data are shown as mean 

± SD (n=3). 
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Figure S25. Distribution of APA-PLGA (green) in whole brain, three-dimensional 

fluorescence images were observed by LSFM. 
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Figure S26. Horizontal brain fluorescence image of Coumarin 6-loaded PLGA NP. 
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Figure S27. Tissue burden study of treatment groups showing their in vivo therapeutic 

effect against Cryptococcus neoformans. (a) Inoculation scheme of brain tissue 

homogenate from different treatment groups with serial dilution ratios (b) fungal 

growth of the inoculated homogenates from 7d treatment groups. ***p <0.001, data 

are shown as means ± SD (n = 3). 
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Figure S28. H&E staining of the main organs of the mice in different treatment 

groups. 
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Supporting Tables 

Table S1. Characterization of the liposomes and PLGA NP (n=3). 

nanoparticles Mean size(nm) PDI ζ (mV) 

CL 89.2± 2.7 0.15± 0.01 -4.3± 0.1 

0.05% NSL 85.5± 3.3 0.13±0.02 -4.5± 0.2 

0.5% DSL 87.2± 1.9 0.11±0.02 -4.3± 0.2 

0.05% DSL 85.6± 3.1 0.09±0.01 -4.6± 0.5 

0.005% DSL 86.6± 2.2 0.07±0.02 -4.6± 0.3 

PLGA NP 94.5± 4.3 0.13±0.02 -24.6± 1.1 

APA-PLGA NP 98.9± 5.1 0.18±0.01 -25.8± 0.9 
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Table S2. Pharmacokinetic parameters obtained from mice treated with DiD-loaded 

PLGA NP by i.v. injection, mice were pre-injected with PBS or different liposomes 

for 2 h.  

 Pre-treated with 

  PBS 
CL 

 (100 mg/kg)  

CL  

(400 mg/kg)  

DSL 

 (100 mg/kg)  

Elimination 

half-time (h) 
2.06± 0.63 3.32± 0.82 3.77± 0.34

*

 5.44± 0.40
***

 

AUC
0-t 

(ng·h/mL) 174.13± 27.46 275.48± 38.98
**

 599.20± 58.40
***

 545.68± 38.49
***

 

AUC
0-∞

 (ng·h/mL) 174.41± 29.31 294.15± 39.95
**

 606.35± 53.82
***

 568.95 ±54.42
***

 

MRT(h) 2.13± 0.47 3.38± 0.66 4.63± 0.46
**

 7.21± 0.39
***

 

Data are shown as mean ±SD (n=3). *p < 0.05, **p < 0.01 and ***p < 0.001 as compared to PBS 

treated group. 
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Table S3. Pharmacokinetic parameters obtained from mice treated with DiD-loaded 

PLGA NP by i.v. injection, and mice were pre-injected with DSL (100 mg/kg) at 12h, 

24h and 36h before PLGA NP was injected.  

 

Control 

Time after DSL treated 

  12h 24h 36h 

Elimination 

half-time (h) 
2.26± 0.35 5.73± 0.47*** 5.47± 0.35*** 4.16± 0.76* 

AUC0-t (ng·h/mL) 152.19± 20.11 465.91± 92.50** 398.48± 101.52** 288.12± 41.42* 

AUC0-∞ (ng·h/mL) 152.67± 20.25 492.97±102.15** 413.82± 112.43** 293.21± 40.22* 

MRT(h) 2.45± 0.31 7.25± 0.67*** 6.05± 0.58*** 4.18± 0.66* 

Data are shown as mean ±SD (n=3). *p < 0.05, **p < 0.01 and ***p < 0.001 compare to PBS 

treated group. 
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