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ABSTRACT: The rapid clearance of nanoparticles by the
mononuclear phagocyte system (MPS) severely compromises
nanocarrier delivery efficiency and reduces the isolation yield of
circulating biomarkers such as nucleosome-bound cell-free
DNA (cfDNA) and exosomes. While liposome-based
preconditioning is a promising strategy for transient MPS
blockade, effective formulations remain scarce. Here, we report
a potent MPS-blocking liposome (the Blocker) identified
through an integrated screening strategy combining in vitro
Kupffer cell uptake assays with in vivo biodistribution profiling.
Notably, even upon co-administration, the Blocker effectively
extended the circulation half-life of a widely used FDA-
approved PEGylated liposomal carrier by 2.1 folds, based on
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which liposome-assisted metabolic glycan labeling was significantly enhanced in a mouse tumor model. Furthermore,
liposomal MPS blockade markedly inhibited the clearance of endogenous circulating cfDNA and exosomes, leading to a 6.8-
fold increase in recovered cfDNA yield. This work highlighted liposomal blockade as a versatile platform for improving
nanoparticle delivery and liquid biopsy sensitivity.
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1 Introduction

Nanocarriers play an increasingly vital role in modern therapeutics
and diagnostics, enabling efficient delivery of diverse cargoes —
from small-molecule drugs and imaging agents to nucleic acid-
based therapeutics [1-3]. Nanocarriers have also significantly
advanced chemical biology research. A prominent example was
liposome-assisted metabolic glycan labeling or liposome-assisted
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bioorthogonal reporter (LABOR), which offers enhanced cell and
tissue selectivity for visualization and profiling of glycans [4-7].
However, one major challenge faced by nanocarriers is the rapid
clearance by the mononuclear phagocyte system (MPS) in vivo,
resulting in typically less than 1% of the injected dose reaching the
target tissue [8]. The MPS comprises tissue-resident macrophages,
blood monocytes, dendritic cells, and progenitor cells [9]. In the
MPS, Kupffer cells account for 80%-90% of the body's total
macrophage population and are located at the luminal side in the
hepatic sinusoid [10, 11]. Based on their strategic location and
abundance, Kupffer cells are considered to play a dominant role in
sequestering and clearance of circulating nanoparticles. Beyond
markedly reducing the circulation half-life and therapeutic efficacy
of exogenously administered nanoparticles, the MPS also actively
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clears endogenous circulating particles, including nucleosomes [12]
and extracellular vesicles [13], thereby undermining the sensitivity
of liquid biopsies that rely on biomarkers such as cell-free DNA
(cfDNA) or exosomes.

Several strategies have been explored to temporarily attenuate
MPS-mediated clearance [14]. These include macrophage depletion
with cytotoxic compounds such as clodronate or propamidine in
liposomal formulations [15]. Gadolinium chloride was also
employed for depletion mainly by suppressing phagocytosis in
Kupffer cells [16]. Several compounds negatively impacting
endocytosis or lysosome trafficking were also reported to reduce
uptake of nanoparticles by MPS [17, 18]. However, systemic and
immune-related toxicity concerns were raised for these methods
[14]. An alternative and potentially safer strategy was
preconditioning of MPS with endogenously induced or
exogenously administrated particles, which lower the dose
threshold needed for efficient nanocarrier delivery [19]. As an
example, hijacking the fact that aged red blood cells (RBCs) are
eliminated by MPS, anti-RBC antibodies intensifying this process
have been shown to induce the MPS blockade [20]. Administration
of various blank nanoparticles including ferrihydrite [21] or
intralipid [22] for temporary and reverse macrophage saturation
have proven useful as well.

Among nanoparticles explored for MPS blockade, liposomes
have attracted great attention owing to their safety profiles, history
of clinical success and formulation flexibility. Beyond augmenting
nanoparticle drug delivery [23], liposomes have been shown to
reduce cfDNA clearance [24] and improve efficiency of nucleic acid
therapeutics such as siRNA and mRNA [25], highlighting the
potential of liposomal MPS blockade. Of note, accumulating
evidence underscores that the intrinsic biophysical properties of
nanocarriers may play a critical role in determining their
pharmacokinetics, such as cellular interactions, clearance by the
MPS, and in vivo biodistribution [26-29]. However, the screening
of effective liposomal MPS blockers along with efforts to elucidate
how their formulation dictates MPS uptake efficiency remains rare.

Here, we designed a library of 18 liposomes with systematically
varied compositions, and identified a candidate liposomal MPS
Blocker through an integrated screening strategy combining in vitro
Kupffer cell uptake assays with in vivo biodistribution profiling.
Upon simultaneous intravenous injection (iv.) administration at
equal concentration, the liposomal Blocker extended the serum half-
life of a widely used U.S. Food and Drug Administration (FDA)-
approved PEGylated liposomal formulation (the carrier in
LipoDox®) by 2.1 folds. This Blocker was applied to enhance
LABOR in a mouse tumor model. Furthermore, administration of
the liposomal Blocker significantly reduced the clearance of
circulating biomarkers, including ¢fDNA and exosomes, in mice.
Notably, the use of the MPS Blocker led to a 6.8-fold increase in
recovered cfDNA. Collectively, the identified liposomal MPS
Blocker showed potential as a versatile platform for improving
nanocarrier-based labeling, therapeutic delivery, as well as
circulating biomarker detection.

2 Experimental

2.1 Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, Cas no. 4235-
95-4), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Cas no.
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816-94-4) and 10x anticoagulant ethylenediaminetetraacetic acid
(EDTA) solution (catalogue no. A885473) were purchased from
Shanghai Macklin Biochemical. Cholesterol (Chol, Cas no. 57-88-
25) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy-(polyethylene glycol)-2000] (DSPE-PEG2000, Cas no.
147867-65-0) were purchased from A.V.T. Pharmaceutical
Corporation.  2-[4-{(Bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl]
amino)methyl}-1H-1,2,3-triazol-1-ylJacetic acid (BTTAA, Cas no.
1334179-85-9) and alkyne-Cy5 (catalogue no. CCTTA116) were
purchased from Click Chemistry Tools. Copper(Il) sulfate
pentahydrate (CuSO,, Cas no. 7758-98-7), DNase I (catalogue no.
D5025), and collagenase (catalogue no. C2674) were purchased
from Sigma Aldrich. Sodium-L-ascorbate (catalogue no. $105026)
was purchased from Aladdin. Sulfo-Cy5-COOH (catalogue no.
$61728), Sulfo-Cy3-COOH (catalogue no. $25252), and Sephadex
G-50 (catalogue no. S14032) were purchased from Yuanye Bio-
Technology. Polycarbonate membranes (catalogue nos. 800282 and
800281) were purchased from Whatman. 9AzSia was synthesized as
previously described [30].

Immortalized mouse Kupffer cells (catalogue no. BNCC340733)
were purchased from BeNa culture collection. Mouse Kupffer cell
complete medium (catalogue no. CM-M132) was purchased from
Wuhan Procell Life Science & Technology. Dulbecco modified
eagle medium (DMEM, catalogue no. 11965092), USA fetal bovine
serum (FBS, catalogue no. A5669701) and Penicillin-Streptomycin
(10,000 U/mL, catalogue no. 15140122) were acquired from Gibco
Life Sciences. Tissue-Tek O.C.T. compound (catalogue no. 4583)
was purchased from Sakura. FITC-conjugated anti-mouse F4/80
antibody (catalogue no. 123107) was purchased from Biolegend.
Hoechst 33342 (catalogue no. TH00702) was purchased from
Solarbio. DBCO-Cy5 (dibenzocyclooctyne-cyanine 5) (catalogue
no. #923) was purchased from AAT Bioquest. Apostle MiniMax
high efficiency cfDNA isolation kit (catalogue no. A17830) was
purchased from Apostle Bio. PowerUp™ SYBR™ green master Mix
(catalogue no. A25742) was purchased from Thermo Fisher
Scientific. BeyoMag™ blood genomic DNA isolation kit with
magnetic beads (catalogue no. D0091S), carrier RNA (catalogue no.
R0036), 4% paraformaldehyde (PFA, catalogue no. P0099) and
QuickBlock blocking buffer (catalogue no. P0252) were purchased
from Beyotime. Exosomes affinity-based isolation kit (EVlent™,
catalogue no. EV02-05-01) was purchased from EVLiXiR. CD9
antibody (catalogue no. HY-P80610) was purchased from
Medchem Express. Anti-rabbit IgG, horseradish peroxidase (HRP)-
linked antibody (HRP anti-rabbit antibody, catalogue no. 7074S)
was purchased from Cell Signaling Technology. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (catalogue no. WB2001) was purchased from New Cell &
Molecular Biotech. Polyvinylidene fluoride (PVDF) membrane
(catalogue no. IPVH00010) and Immobilon Western
Chemiluminescent HRP Substrate (catalogue no. WBKLS0500)
were purchased from Merck Millipore. All primers were purchased
from RuiBiotech.

2.2 Liposome preparation and characterization

Liposomal blocker candidates were prepared by a thin-film
hydration-extrusion method. Lipid mixtures containing DOPC,
DSPC and Chol at different molar ratios were dissolved in
chloroform, and the solvent was evaporated in a round-bottom
flask to yield a uniform lipid film that was further dried under
vacuum overnight. The lipid film was rehydrated at room
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temperature with PBS (pH 7.4) or PBS containing 2.5 mM sulfo-
Cy5-COOH. After 10 min sonication, the dispersion underwent ten
freeze-thaw cycles using liquid nitrogen and bath at 37 °C. The
resulting multilamellar vesicles were then extruded 21 times
through a polycarbonate membrane with a pore size of 0.4 um, and
free Sulfo-Cy5-COOH was removed on a Sephadex G-50 column.

Phospholipid content was determined using the Stewart assay.
Liposomes (LPs) were diluted 100-fold with chloroform and mixed
with ammonium ferrithiocyanate reagent to form a colored
complex. The chloroform layer was then collected and its
absorbance was measured at 488 nm using an ultraviolet (UV)
photometer.

The concentration of encapsulated Sulfo-Cy5-COOH within
liposomes was measured by fluorescence intensity (A.,: 650 nm, A:
670 nm) on a Synergy 4 microplate reader (BioTek, USA)
subsequent to the complete disruption of liposomes using 0.1%
(v/v) Triton X-100. The liposome diameters were measured via
dynamic light scattering (DLS, Brookhaven ZetaPALS instrument).

Carrier was prepared following the same protocol, except for
being rehydrated with 2.5 mM Sulfo-Cy3-COOH or 9AzSia
aqueous solutions (300 mM) before extruded through 0.2-um
polycarbonate membranes to obtain carrier-Cy3 and carrier-9Az,
respectively.

2.3 Cell culture and in vitro liposomal uptake screening

Kupffer cells were cultured in mouse Kupffer cell complete
medium. 4T1 cells were cultured in DMEM containing 10% FBS
supplemented with 100 units/mL Penicillin and 100 ug/mL
Streptomycin (p/s). For liposome screening in vitro, Kupffer cells
were seeded at 4.0 x 10° cells/mL in 6-well plates and were allowed
to adhere for 12 h. Subsequently, sulfo-Cy5-encapsulated LPs were
added to the designated wells at a final Cy5 concentration of 1 pM.
Following a 3 h incubation, the cells were washed three times with
PBS to remove unbound liposomes. Cellular uptake was then
quantified by measuring Cy5 fluorescence via flow cytometry.

24 Animals

6-8-week-old BALB/c female mice were purchased from Vital
River Laboratory Animal Center and maintained under specific
pathogen-free conditions.

2.5 Characterization of liposome distribution in mice

Guided by the in vitro screening data, we selected the three LP
formulations exhibiting the highest Kupffer cell uptake capacity
(DOPC:DSPC:Chol = 10:0:5, 8:2:10 and 10:0:10) for LP blockers
screening in vivo. Mice were administered with each of the three
LPs via tail vein at a dose of 1.2 pmol/kg Cy5-equivalent. Various
tissues (liver, heart, spleen, lung and kidney) were harvested for ex
vivo imaging 30 min post-treatment, using a Perkin-Elmer IVIS (in
vivo imaging system) animal imaging system. Additionally, mouse
liver tissues were also collected and fixed with 4% PFA at 4 °C
overnight followed by dehydration with 15% sucrose and 30%
sucrose for at least 48 h. The tissues were then embedded with
Tissue-Tek O.C.T. compound and sectioned at 10 um thickness on
a cryostat (Leica CM1950) at —20 °C. The liver sections were
incubated with 5 pg/mL of fluorescein isothiocyanate (FITC)-
conjugated anti-mouse F4/80 antibody at 4 °C overnight, then
washed with PBS for three times and stained with Hoechst 33342
(5 pg/mL) for an additional 2 h, followed by fluorescence
microscopy analysis on a Zeiss LSM 700 confocal laser scanning
microscope (CLSM).
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2.6 Liposomal MPS blockade

To investigate the impact of the Blocker/Carrier ratio on liposomal
MPS blockade effects, the Blocker dose was fixed at 0.2 mmol/kg
lipid, while the Carrier-Cy3 dose was varied at 0.1, 0.2, or
0.4 mmol/kg. Mice were co-administered with both Blocker and
Carrier via tail-vein injection, with Carrier-Cy3 alone serving as the
control group. Tissues (liver, heart, spleen, lung and kidney) were
harvested 30 min post-injection and imaged ex vivo using a
PerkinElmer IVIS imaging system.

2.7 Pharmacokinetics

For the pharmacokinetics study, mice were co-administered with
both Carrier-Cy3 (0.2 mmol/kg lipid) and Blocker (0.2 mmol/kg
lipid) via tail vein, with Carrier-Cy3 alone serving as the control
group (No Blocker). At predetermined time points, blood was
sampled from the retro-orbital sinus of mice using non-heparinized
capillary tubes. After clotting at room temperature for 30 min, the
blood samples were centrifuged at 2000 g for 10 min at 4 °C, and
serum was carefully transferred to fresh tubes. Liposomes in serum
were completely lysed with 0.1% Triton X-100, and the half-life of
Carrier was determined from Cy3 absorbance measurements at
550 nm using a Synergy 4 microplate reader (Bio-Tek, USA).

2.8 Metabolic glycan labeling

Subcutaneous 4T1 breast tumors were established in 6-week-old
female BALB/c mice by inoculating 1 x 10° 4T1 cells into the right
flank. When tumors reached ~ 200 mm’, mice were randomized
into two groups and treated intravenously with either (i) Carrier-
9AzSia alone (0.2 mmol/kg lipid, No Blocker) or (ii) the mixture of
Blocker (0.2 mmol/kg lipid) and Carrier-9AzSia (0.2 mmol/kg,
With Blocker). After 24 h, DBCO-Cy5 was administered
intravenously at a dose of 5 mg/kg. At 48 h post-treatment, all mice
were subjected to in vivo imaging using a Perkin-Elmer IVIS animal
imaging system. Subsequently, tumors were excised and divided
into three portions. One portion was cut into small pieces, and then
digested with 435 U/mL DNase I and 218 U/mL collagenase in
DMEM at 37 °C for 30 min. The digested tissue was passed through
a sterile 70 pm cell strainer to remove any undigested debris. The
resulting cell suspension was washed three times with ice-cold PBS
and resuspended in PBS for flow cytometry analysis. The second
portion was homogenized and lysed with 4% (w/v) SDS in PBS.
The lysate was sonicated, heated at 95 °C for 10 min, and incubated
for 1 h at room temperature in a click buffer containing 100 uM
alkyne-Cy5, 50 pM CuSO,, 100 uM BTTAA, and 2.5 mM freshly
prepared sodium-L-ascorbate. Following SDS-PAGE, fluorescent
bands were visualized using a Typhoon FLA 9500 scanner to
quantify Cy5 retention in tumor. Equal loading was assessed by
Coomassie staining and ChemiDoc XRS+ imaging. The remaining
tumor portion was fixed with 4% PFA at 4 °C overnight, followed
by dehydration in 15% sucrose and 30% sucrose for at least 48 h,
then embedded in Tissue-Tek O.C.T. compound, snap-frozen,
sectioned at 10 pm thickness, and stained with Hoechst 33342
(5 pg/mL) for imaging by confocal microscopy.

29 Genomic DNA (gDNA) extraction and quantification

gDNA was extracted from mouse blood using the BeyoMag™ blood
genomic DNA isolation kit and quantified on a Qubit fluorometer
(Invitrogen). The purified gDNA stock was stored at —20 °C. A
standard curve was prepared from serial dilutions of the stock using
water with 0.1 % (v/v) Tween-20 to yield gDNA solutions at 0.08,
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0.4, and 2 ng/pL concentrations. The freshly prepared dilutions
were analyzed by quantitative PCR (qPCR).

210 cfDNA and quantification

Mice were administered via the tail vein injection with (i) PBS, (ii)
100 mg/kg (0.085 mmol/kg lipid) of the Blocker, or (iii) 300 mg/kg
(0.256 mmol/kg lipid) of the Blocker. One-hour post-injection,
blood was collected from the retro-orbital sinus into 1.5-mL DNA-
free tubes containing 10x EDTA anticoagulant solution. Samples
were immediately placed on ice, and centrifuged at 1000 g for
10 min at 4 °C. The plasma was transferred to a fresh 1.5-mL tube
and centrifuged again at 3000 g for 10 min at 4 °C to remove
residual cells.

cfDNA was extracted from plasma using the high efficiency
cfDNA isolation kit, and eluted with 12 pL elution buffer
containing 20 ng/uL spike-in carrier RNA. For qPCR analysis, 9 uL
cfDNA was combined with 10 pL PowerUp™ SYBR™ green master
mix, 1 pL primer mixture containing forward primer (5 uM)
reverse primer (5 pM). Quantitation was performed on a StepOne
Plus Real-Time PCR System (Applied Biosystems). All primers
were designed with the NCBI Primer-BLAST tool, and their
sequences are listed in Table S2 in the Electronic Supplementary
Material (ESM).

Plasma ¢fDNA concentrations (ng/mL) were quantified using a
gDNA-derived calibration curve (Fig. S5 in the ESM) generated by
linear regression. Sample cycle threshold (Cf) values obtained from
qPCR were substituted into the calibration curve to calculate
cfDNA concentration ¢ (ng/uL) in the eluate. Total cfDNA yield
was then calculated as ¢ x 12 pL (elution volume) and normalized
to ng/mL plasma relative to the original plasma volume.

2.11 Exosome extraction and quantification

Plasma was obtained as detailed in cfDNA extraction and
quantification, and exosomes were isolated from 200 pL plasma
using an exosome affinity-based isolation kit. For western blot
analysis, exosome-enriched beads were resuspended in 25 pL of 2x
SDS-PAGE loading buffer and heated at 98 °C for 10 min. The
supernatants were collected by magnetic separation and diluted
with PBS to 50 pL. Samples were separated by SDS-PAGE and
transferred onto PVDF membranes. Membranes were blocked with
QuickBlock blocking buffer overnight at 4 °C and incubated with
CD9 antibody in Tris buffered saline with Tween 20 (TBST)
overnight at 4 °C. After three washes with TBST, membranes were
incubated with HRP-conjugated anti-rabbit secondary antibody in
TBST for 1 h at room temperature, followed by three washes with
TBST. Protein blots were visualized using immobilon Western
chemiluminescent HRP substrate and imaged with a 5200
Chemiluminescence Imaging System (Tanon, China).

3 Results and discussion

3.1 Liposome library preparation and in vitro Kupffer cell
uptake screening

Several liposome biophysical properties such as stiffness and fluidity
are correlated with the phase transition temperature (Tm).
Therefore, aiming to prepare a combinatorial liposome library with
varied phase transition temperatures, DOPC (Tm = -17 °C) and
DSPC (Tm = 55 °C), two widely used phospholipids with
significantly different Tm values were selected as the main
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component and blended at different molar ratios. Additionally,
Chol was incorporated at different percentages to further diversify
the library (Fig. 1(a)). A total of 18 liposomes with distinct
formulations were successfully prepared by a thin-film hydration-
extrusion method, with varied molar ratios of DOPC:DSPC:Chol
(Fig. 1(b)). The liposomes were organized into three groups, with
(DOPC + DSPC):Chol molar ratios being 10:3, 10:5, and 10:10,
respectively. Within each group, the molar ratio of DOPC to DSPC
varied from 0:10 to 10:0. DLS analysis confirmed that all liposomes
exhibited hydrodynamic diameters ranging from approximately
220 to 300 nm, with polydispersity indices between 0.1 and 0.2
(Table S1 in the ESM), indicating high uniformity across the library.

Liposomes encapsulating Cy5 (LPs-Cy5) were prepared to
dissect MPS uptake efficiency for the 18 candidates. The
encapsulated Cy5 concentrations were listed in Table S2 in the
ESM. Immortalized mouse Kupffer cells (ImKC) were treated with
various LPs-Cy5 (1 uM based on Cy5) for 3 h at 37 °C, followed by
washing and flow cytometry analysis to quantify Kupffer cell uptake
(Fig. 1(c)). Within each group with fixed (DOPC + DSPC):Chol
molar ratio, the Cy5 mean fluorescence intensity (MFI) was
significantly different and a generally increasing trend was observed
as the molar ratio of DOPC/DSPC increased, suggesting a favored
uptake of low-Tm liposome by Kupffer cells. Additionally,
cholesterol titration from 23.1 mol% to 50 mol% elicited only a
modest uptick in LPs internalization. These results confirmed that
the Kupffer cell-liposome interactions and subsequent uptake
efficiencies were correlated with intrinsic liposomal biophysical
properties. Based on the in wvitro results, three liposome
formulations showing the highest uptake signal (as indicated by the
red dashed boxes in Fig. 1(c)) corresponding to the formulations of
(DOPC+DSPC):Chol = (10+0):5, (8+2):10, and (10+0):10, were
selected for subsequent in vivo screening and bio-distribution
analysis.

32 In vivo liposomal MPS blocker screening and
characterization

To identify the optimal liposomal Blocker formulation from the
three candidates, BALB/c mice were iv. administered with each of
the three LPs-Cy5 (1.2 pumol/kg based on Cy5). Various tissues were
harvested for ex vivo imaging 30 min post-injection. This short
interval was chosen to mainly reflect the intrinsic MPS uptake and
minimize other contributions such as clearance. Ex vivo imaging
revealed distinct accumulation profiles across the three
formulations (Fig. 2(a)). The highest Cy5 fluorescence intensity was
observed in mice treated with the (DOPC+DSPC):Chol = (10+0):10
formulation (Fig. 2(b)). Quantitative analysis showed that the
hepatic Cy5 intensity in this group was 1.6-fold and 1.9-fold higher
than the other two groups, respectively. To further analyze the
distribution and cellular targeting of the liposomes in liver, liver
sections were immunostained with FITC-conjugated F4/80
antibody and examined by CLSM (Fig. 2(c)). The Cy5 signal
showed extensive overlap with F4/80-positive Kupffer cells, with
minimal localization to hepatocytes or sinusoidal endothelial cells.
These results collectively establish the formulation DOPC:Chol =
50:50 as the optimal candidate for MPS blockade, which we refer to
as the "Blocker".

To functionally validate the efficacy of the identified Blocker, we
performed a competitive assay by co-administering it with a widely
used liposomal carrier. The objective was to determine whether the
Blocker could reduce MPS-mediated clearance and prolong the
systemic circulation of a co-injected nanocarrier. Of note, the co-
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Figure1 Design, preparation and Kupffer cell uptake screening of a combinatorial liposome library for mononuclear phagocyte system blockade. (a) Chemical structures
of DOPC, DSPC and Chol, which were mixed at different molar ratios for the preparation of 18 different LPs. (b) Ternary phase diagram showing the relative proportions
of DOPC, DSPC, and Chol in each formulation of the LP. (c) Flow cytometry analysis of Kupffer cell liposomal uptake. Kupffer cells were treated with various LPs-Cy5
for 3 h before analysis. The three LPs showing the highest Kupffer cell uptake were highlighted in red dashed frame. Data represent mean + standard error of the mean
(SEM) from three biological replicates. P values were calculated by one-way ANOVA. a.u.: arbitrary units. *P < 0.05; **P < 0.01; **P < 0.001.

administration of blocker and carrier, while more convenient, is
also more challenging than pre-treatment with blocker followed by
carrier injection, which was commonly used in previous efforts in
MPS blockade development [14]. As a representative nanocarrier,
the liposome in Lipodox® (Sun Pharmaceutical Industries Ltd,
DSPC:Chol:DSPE-PEG2000 = 56:39:5) [31, 32], an FDA-approved
PEGylated liposome was selected and was hereafter referred to as
"Carrier". The Carrier was prepared using a conventional thin-film
hydration and extrusion method. A side-by-side comparison of the
Blocker and Carrier liposomes was summarized in Fig. 3(a). The
Carrier had a mean hydrodynamic diameter of 183.1 + 1.4 nm,
which was comparable to that of the Blocker (224.0 £ 2.7 nm).
DSPC was the main lipid component in the widely used efficient
nanocarrier. This was aligned well with our in vitro screening
results showing that DSPC-rich formulations were less efficiently
internalized by Kupffer cells (Fig. 1), which was desired for efficient
in vivo delivery. Furthermore, the presence of PEGylation on the
Carrier surface helps to minimize opsonization, aggregation, and
phagocytic uptake, thereby favoring extended circulation [33].

For the competition assay, the mice were intravenously injected
with mixtures of Cy3-labeled Carrier (Carrier-Cy3; 0.1, 0.2, or
0.4 mmol/kg, respectively based on lipid) and the Blocker (fixed at
0.2 mmol/kg lipid). In control experiments, the mice were
administrated with Carrier-Cy3 alone. Tissues were harvested at
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0.5 h post-injection for ex vivo imaging (Fig. 3(b)). A marked
reduction in hepatic Cy3 MFI was observed in the "With Blocker
group" compared to controls (Figs. 3(c) and 3(d)). The MFI values
in the presence of Blocker were 65.9%, 52.1%, and 74.2% of those in
the control group at three different Carrier dosages, respectively,
suggesting ratio-related MPS blocking effects. Pharmacokinetic
analysis further confirmed the functional benefit of Blocker co-
administration at equal concentration (Fig. 3(e)). The circulation
half-life (t,,,) of the Carrier was extended from 1.1 h without
Blocker to 2.3 h when co-administrated with Blocker at equal
concentration, representing a 2.1-fold increase and confirming a
significant prolongation of systemic exposure.

To exclude the possibility that the observed effects were due to a
non-specific dose-saturation effect, Carrier-Cy3 (0.2 mmol/kg lipid)
was co-injected with empty Carrier at equal concentration. No
significant difference in liver fluorescence was detected between this
group and the Carrier-Cy3-only group (Fig. S1 in the ESM),
confirming that the MPS blockade effect should be attributed to the
optimized formulation of the Blocker and not merely an increase in
total lipid dose. Collectively, these results suggest that the Blocker
should be preferentially taken up by Kupffer cells, thereby
competitively inhibiting MPS clearance of a co-administered
nanocarrier.
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Figure2 Biodistribution analysis of candidate liposomal blockers in mice. (a) Ex vivo fluorescence imaging showing the distribution of the three selected LPs-Cy5 in
major organs of BALB/c mice. Mice were i.v. administered with each LP-Cy5 (1.2 umol/kg based on Cy5) and sacrificed 0.5 h post treatment. Liver was highlighted by
dashed circle. Three biological replicates were performed for each group. Scale bar: 2 cm. (b) Quantified fluorescence intensity of Cy5 signal in liver. Data represent mean
+ SEM from three biological replicates. P values were calculated by one-way ANOVA. a.u.: arbitrary units. *P < 0.05; ns: not significant. (c) Representative CLSM images
of frozen liver sections from mice treated as described in (a). The sections were immunostained with FITC labeled F4/80 antibody and stained with Hoechst 33342. Scale

bars: 10 and 20 um for zoomed-in and zoomed-out images, respectively.

3.3 Liposomal MPS blocker for enhanced liposome-
assisted metabolic glycan labeling

We next evaluated the effect of liposomal MPS blockade on
metabolic glycan labeling in vivo using liposomes encapsulating
azido sugars (Fig. 4(a)). BALB/c mice bearing subcutaneous 4T1
tumors were divided into two groups: the first group (With Blocker
group) were co-administrated intravenously with Blocker (0.2
mmol/kg lipid) and 9AzSia-encapsulated Carrier (Carrier-9AzSia,
0.2 mmol/kg lipid), while the control group (No Blocker) received
Carrier-9AzSia alone. DBCO-Cy5 was administered intravenously
24 h post liposome injection, to label azide-modified sialoglycans
via copper-free click chemistry [34]. After another 24 h, the mice
were anesthetized prior to in vivo imaging to visualize the labeled
sialoglycans. A markedly enhanced glycan labeling signal in tumor
region was observed in the "With Blocker group" (Fig. 4(b)).

Nano Research, 2026, 19, 94908501
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Quantitative analysis confirmed that the Cy5 MFI values in tumor
region of the "With Blocker group" were significantly higher than
those in the control group, with a 1.7-fold enhancement (Fig. 4(c)).
To further assess labeling efficiency at the cellular level, the mice
were euthanized and single-cell suspensions derived from
dissociated tumor tissues were analyzed by flow cytometry
(Figs. 4(d) and 4(e)). A 3.2-fold increase in Cy5 signal intensity was
observed in the "With Blocker group” compared to controls.
Consistent with these findings, CLSM imaging of tumor tissue
sections exhibited stronger Cy5 fluorescence in the presence of
Blocker (Fig. S2 in the ESM). To compare the efficiency of liposome-
mediated incorporation of 9AzSia into tumor sialylated
glycoproteins, the tumor lysates were reacted with alkyne-Cy5 via
copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) [35]
before in-gel fluorescence scanning analysis, which demonstrated
enhanced the labeling intensity with Blocker (Fig. 4(f) and Fig. S3 in
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Figure3 In vivo assessment of liposomal MPS blockade. (a) Schematic diagram comparing liposomal Blocker and Carrier in terms of formulation, size and stealth. (b)
Schematic of experimental procedures for biodistribution analysis of Carrier-Cy3 with or without Blocker. BALB/c mice were i.v. administrated with the mixture of
Blocker and Carrier-Cy3. The mice were then euthanized 0.5 h post-injection, and their tissues were isolated for ex vivo imaging, Carrier alone without Blocker was used
as the control. (c) Ex-vivo fluorescence imaging of various organs following the procedure in (b). Liver was highlighted by a dashed circle. Three biological replicates were
performed for each group. Scale bar: 2 cm. (d) Quantified fluorescence intensity of Cy3 in the liver. Data represent mean + SEM from three biological replicates. P values
were calculated by one-way ANOVA. a.u.: arbitrary units. **P < 0.01; ns: not significant. (¢) Pharmacokinetic profiles and half-life (t,,) analysis of Carrier-Cy3 in mice
serum with or without Blocker at equal concentration. Data represent mean + SEM from three biological replicates.

the ESM). Collectively, these data indicate that liposomal MPS
blockade effectively improves liposome-mediated metabolic glycan
labeling, presumably by prolonging the systemic circulation of the
liposome carrier encapsulating unnatural sugars and thus
enhancing tumor accumulation.

34 Liposomal MPS Blocker for increased circulating
biomarker recovery

Liquid biopsy analyzing biomarkers such as c¢fDNA and
exosomes has emerged as a promising non-invasive approach
for diagnosis and disease monitoring. Both cfDNA and
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Figure4 MPS blockade for enhanced liposome-assisted metabolic glycan labeling in vivo. (a) Schematic of experimental procedures for liposomal-assisted metabolic
glycan labeling with or without liposomal Blocker. A mixture of liposome Blocker and Carrier-9AzSia was i.v. administrated into 4T1 tumor-bearing BALB/c mice at 0 h,
and DBCO-Cy5 was administered at 24 h. Mice were anesthetized at 48 h for living imaging, followed by euthanasia to collect the tumor. Carrier alone without Blocker
was used as the control. (b) In vivo whole-body fluorescence imaging of mice. Nine biological replicates were performed for each group. Scale bar: 2 cm. (c) Quantified
fluorescence intensity of Cy5 in tumor region. Data represent mean + SEM from nine biological replicates. P values were calculated by one-way ANOVA. **P < 0.01.
Representative flow cytometry analysis of single cell suspension obtained from (d) tumor tissue dissociation and (e) their quantitation of Cy5 fluorescence intensity. In (e),
data represent mean + SEM from three biological replicates. P values were calculated by one-way ANOVA. **P < 0.001. (f) Representative in-gel fluorescence scanning of
tumor lysates after reaction with alkyne-Cy5. The Coomassie brilliant blue (CBB)-stained gel demonstrates comparable protein loading across samples. Five biological
replicates were performed. Full results for the five replicates and fluorescence intensity statistical analysis were presented in Fig. S3 in the ESM.

exosomes are rapidly cleared from circulation by the MPS, Blocker -treated mice exhibited a marked shift to left side as
which substantially compromises their detection sensitivity compared to PBS group, corresponding to smaller Ct and
and clinical utility. We anticipated that the liposomal MPS higher cfDNA concentration due to MPS blockade. To quantify
Blocker developed in this study may enhance the recovery of cfDNA concentrations, a standard curve was generated using
these biomarkers, thereby improving the performance of liquid mouse gDNA of known concentrations (Figs. S4 and S5 in the
biopsy in clinical settings (Fig. 5(a)). ESM). Based on the standard curve and the Ct values, the

To test whether liposomal MPS blockade could inhibit the amounts of amplifiable cfDNA were calculated. The Blocker
clearance of cfDNA and exosomes in vivo, mice were iv. treatment led to a 5.5- and 6.8-fold increase in mean cfDNA

administrated with PBS, low dose Blocker (100 mg/kg), and high recovery at 100 and 300 mg/kg doses, respectively, compared
dose Blocker (300 mg/kg), respectively. After one hour, 200 pL to the PBS control (Fig. 5(c)). Exosomes isolated from the
plasma sample was collected from each mouse for cfDNA and plasma samples were analyzed by western blot, using the signal
exosome extraction. A pair of primer covering a 101-bp amplicon from exosome -specific marker CD9 to reflect the exosome
in mouse genome (Table S3 in the ESM) was used in qPCR to concentration. As shown in Fig. 5(d), stronger CD9 band
compare the amount of cfDNA. As shown in Fig. 5(b), qPCR intensities were observed in both Blocker-treated groups than

amplification curves for cfDNA samples extracted from the PBS group. Statistical analysis confirmed a significant
Nano Research, 2026, 19, 94908501 94908501 (8 of 11) (B 7% 2 | Sci@pen
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Figure 5 MPS blockade for reduced clearance of cfDNA and exosome. (a) Schematic for MPS Blocker-mediated enhancement of circulating biomarkers recovery.
(b) The qPCR amplification curves of plasma cfDNA samples from mice treated with PBS, 100 mg/kg (0.085 mmol/kg) Blocker or 300 mg/kg (0.256 mmol/kg) Blocker 1
h before plasma collection. Six biological replicates were performed for each group. (c) Quantified cfDNA yield from mice plasma. Data represent mean + SEM from six
biological replicates. P values were calculated by one-way ANOVA. **P < 0.01; **P < 0.001. (d) Western blotting analysis of exosomes extracted from plasma
samples. Exosome -specific marker CD9 was used to reflect the exosome concentration. Three biological replicates were performed for each group.
(e) Quantified relative intensity from the western blot analysis. Data represent mean + SEM from three biological replicates. P values were calculated by one-way ANOVA.

**P<0.01.

increase in CD9 signal comparing to PBS control (P < 0.01),
with 1.4- and 1.5-fold enhancements at 100 and 300 mg/kg,
respectively (Fig. 5(e)). These results demonstrate improved
isolation yield for both circulating biomarkers by the Blocker.

4 Conclusions

The efficient delivery of nanocarriers and sensitive detection of
circulating biomarkers are significantly hampered by their rapid
clearance by the MPS. To overcome this limitation, we constructed
a liposomal library with various formulations and identified a
potent MPS-blocking liposome (the Blocker) through an integrated
screening strategy combining in vitro Kupffer cell uptake assays
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with in vivo biodistribution profiling. Upon co-administration at
equal concentration, the Blocker effectively competed for MPS
uptake, extending the circulation half-life of a co-injected
PEGylated liposomal Carrier by 2.1 folds. Theoretically, co-
administration presents a greater challenge than a pre-conditioning
protocol using the same Blocker, due to the lack of the time
window for the Blocker to act before the Carrier is introduced. The
fact that the Blocker effectively extended the circulation half-life of a
widely used liposomal Carrier even under this stringent co-
administration setting provides strong validation of its blocking
efficiency. We therefore anticipate that the Blocker would perform
with equal or even higher efficiency in a pre-conditioning protocol.
This MPS blockade strategy, in combination with liposome
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carriers encapsulating azido sugars, significantly enhanced tumor-
selective metabolic glycan labeling in mice. Furthermore, the
Blocker markedly inhibited the clearance of mice endogenous
circulating biomarkers, leading to a 6.8-fold increase in recovered
cfDNA and enhanced exosome recovery. As evidenced by the
efficient improvement for both nanocarrier delivery and circulating
biomarker detection, the liposomal Blocker may represent a
versatile platform with broad potential to advance a range of
biomedical applications. Given the reported low toxicity of both
cfDNA with extended circulation [24] and nanoparticles with
plasma half-lives reaching 16.6 h [36] or even exceeding 20 h [37],
we anticipate overall low safety concerns regarding the prolonged
circulation of both endogenous and administered particles in mice.
One important future direction would be to systematically and
rigorously evaluate the safety profile and efficacy of MPS Blocker
across diverse animal models, and ultimately, in clinical settings.

The more substantial increase in cfDNA yield compared to
exosomes following MPS blockade might be due to the differences
in their clearance kinetics and the detailed mechanisms by which
they are recognized and cleared. While the circulation half-life of
cfDNA was reported to be around 16 min [38] to 2 h [39], the
clearance of exosomes was more rapid, with a half-life of only
2-7 min [40, 41]. The shorter half-life indicates a higher baseline
clearance rate and a greater challenge for complete MPS blockade.
Furthermore, circulating nucleosome-bound cfDNA exists as
compact nucleoprotein complexes with a diameter typically in the
range of 10-20 nm [42], while exosome is extracellular vesicle with
a diameter ranging from 30 to 150 nm [43]. The distinct physical
properties of the two biomarkers could lead to differential
competition with the liposomal Blocker used in this work. Despite
differential Blocker-derived improvement between cfDNA and
exosomes, the Blocker's ability to enhance the yield of both
highlights its potential to improve the detection of other
biomarkers. Further studies extending this approach to other
rapidly cleared targets, such as circulating tumor cells (CTCs) and
apoptotic bodies, are warranted and may validate its utility as a
universal pre-analytical enhancer for liquid biopsy.

Electronic Supplementary Material: Supplementary material
(formulation and characterization of liposomes, supplementary ex-
vivo fluorescence images and CLSM images, supplementary in-gel
fluorescence scanning data, primer sequences, qPCR amplification
curves, standard curves for DNA concentration calculation, etc.) is
available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908501.
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