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Abstract Lipid-coated perfluorocarbon nanodroplets (lp-NDs) hold great promise in bio-medicine as

vehicles for drug delivery, molecular imaging and vaccine agents. However, their clinical utility is

restricted by limited targeted accumulation, attributed to the innate immune system (IIS), which acts

as the initial defense mechanism in humans. This study aimed to optimize lp-ND formulations to mini-

mize non-specific clearance by the IIS. Ginsenosides (Gs), the principal components of Panax ginseng,

possessing complement inhibition ability, structural similarity to cholesterol, and comparable fat solubi-

lity to phospholipids, were used as promising candidate IIS inhibitors. Two different types of ginsenoside-

based lp-NDs (Gs lp-NDs) were created, and their efficacy in reducing IIS recognition was examined. The

Gs lp-NDs were observed to inhibit the adsorption of C3 in the protein corona (PC) and the generation of

SC5b-9. Adding Gs to lp-NDs reduced complement adsorption and phagocytosis, resulting in a longer

blood circulation time in vivo compared to lp-NDs that did not contain Gs. These results suggest that

Gs can act as anti-complement and anti-phagocytosis adjuvants, potentially reducing non-specific clear-

ance by the IIS and improving lifespan.
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1. Introduction

In the past twenty years, lipid-coated perfluorocarbon nano-
droplets (lp-NDs) have been extensively studied as effective
contrast agents in diagnostic imaging and therapy1. These lp-NDs,
generated from phospholipids structurally similar to those located
in the cell membrane, are biocompatible and biodegradable car-
riers capable of encapsulating fat-soluble drugs and oxygen in the
perfluorocarbon (PFC) core. The liquid PFC with high oxygen
solubility enables them to act as blood substitutes and transport
oxygen2,3. Additionally, they can convert into gaseous echogenic
microbubbles when activated by an external stimulus4.

While intense research efforts have focused on the clinical
translation of lp-NDs, their in vivo application encounters sub-
stantial challenges. A significant concern is the non-specific
removal of these foreign substances by the innate immune system
(IIS). The IIS, which includes the mononuclear phagocytic system
(MPS) and the complement system, plays essential parts in pro-
tecting the body against viruses, bacteria andmicro-/nanoparticles5.
After being administered intravenously, nanoparticles (NPs)
quickly become coated by blood proteins, forming the “protein
corona (PC)”. This process, known as opsonization, involves active
complement fragments (like C3b/iC3b), immunoglobulins, and
other opsonins that coat the surface of the NPs and trigger phago-
cytotic activity6. Ultimately, similar to other NPs, lp-NDs are
considered foreign objects and are eliminated promptly from the
bloodstream7. Improved understanding of the mechanisms by
which lp-NDs interact with opsonins and macrophages is therefore
crucial for reducing non-specific clearance and improving their
delivery efficacy.

Various innovative methods have been established to prevent
the indiscriminate clearance of NPs. These involve regulating their
physicochemical features, including surface charge, size, hydro-
philicity, and functionality8,9. The grafting of polyethylene glycol
(PEG) is a universally used technique in NPs, which involves
attaching a hydrophilic and flexible polymer to their surface to
reduce non-specific uptake10e12. Examples of PEG used include
Genexol-PM, Onivyde, Doxil, Lipoplatin, and NK105, with the
former three consisting of paclitaxel, irinotecan, and doxorubicin,
respectively, in PEGylated liposomes or a polymeric micelle;
while the latter two are in late-stage clinical development13,14.
However, PEG modifications could enhance the immunogenicity
of NPs, which might induce an anti-PEG antibody reaction upon
frequent intravenous administration of PEGylated NPs. This re-
action could hasten blood clearance and potentially cause acute
hypersensitivity15.

The complement system of IIS, made up of more than thirty
proteins, works through a complex cascade mechanism that is
triggered via three pathways: the classical pathway (CP), activated
by complexes of antigeneantibody; the alternative pathway (AP),
activated unprompted by complement components attaching to
pathogen surfaces; and the lectin pathway (LP), where mannan-
binding lectin or ficolin interact with mannose-containing carbo-
hydrates on bacterial or viral surfaces16. The three complement
pathways converge at C3 and share a common final pathway,
underscoring the pivotal significance of the C3 in the complement
system17. Inhibition of complement activation presents an un-
common but efficient strategy to suppress opsonophagocytosis.

Based on the molecular mechanisms underlying lp-NDs’ non-
specific clearance, introduction of surface modifications that
reduce IIS recognition is currently a significant focus of research.
Ginseng, the valuable root of Panax ginseng C.A. Meyer (family
Araliaceae), is a highly regarded herbal medicine that finds
extensive use in Asia, notably in China, Japan, and Korea18. The
beneficial effects of ginseng are thought to be its primary active
components, the dammarane-type triterpene saponins known as
ginsenosides (Gs). The Gs possess an aglycone featuring a
distinctive dammarane framework, with a skeleton portion that
closely resembles that of cholesterol19,20. Prior research has
demonstrated that Gs displays an anti-complement effect21, and
may stabilize mixed phospholipid-ginsenoside membranes, akin to
cholesterol22,23.

The study aimed to identify the PC components on lp-ND
surface and examine how complement proteins in the corona
affect non-specific clearance by IIS. Furthermore, we aimed to
optimize preparations of ginsenoside lp-NDs (Gs lp-NDs), and
examined the anti-complement and anti-phagocytosis activities of
lp-NDs formulated with Gs as well as their biosafety, biocom-
patibility, and bio-metabolism properties.
2. Materials and methods
2.1. Materials

Lipid agents used for lp-NDs synthesis, including 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) (catalog no. T0343) and 1,2-
distearyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (poly-
ethylene glycol)2000] (DSPE-mPEG2000) (catalog no. B80580)
were purchased fron AVT Pharmaceutical Tech Co. (Shanghai,
China). The core is filled with phase-transition material per-
fluorohexane (C6F14) (Matrix Scientific, catalog no. U10M,
Colombia, SC, USA). Recombinant lepirudin (Boatman Biotech,
catalog no. BRHD12A, Shanghai, China) was employed as an
anticoagulant agent. Gs Rd (catalog no. PU0561-0025), Rh2 (cat-
alog no. PS0956-0025), and Re (catalog no. PU0336-0025) were
purchased from Push Biotechnology (Chengdu, China). Mouse
anti-human C1q antibody (catalog no. ab71940) and mouse anti-
human properdin antibody (catalog no. ab58984) were purchased
from Abcam (Cambridge, MA, USA). Ethylenediaminetetraacetic
acid (EDTA) (catalog no. R003464) and ethylene glycol tetraacetic
acid (EGTA) (catalog no. R016727) were purchased from Rhawn
Chemical Technology (Shanghai, China). Fluorescent probes
included 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine
perchlorate (DiI) (Beyotime Biotechnology, catalog no. C1036,
Shanghai, China), Lyso-Tracker (Beyotime Biotechnology, catalog
no. C1047S) and Hoechst (Beyotime Biotechnology, catalog no.
C1011). Magnesium chloride (MgCI2) (catalog no. M4880) was
obtained fromSigma (St. Louis,MO,USA). Phosphate buffer saline
(PBS) (catalog no. P1020) and 10% Sodium dodecyl sulfate (SDS)
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(catalog no. S1010) were obtained from Solarbio Science & Tech-
nology (Beijing, China).

The experimental protocol was reviewed and approved by the
Ethics Committee of West China Hospital of Sichuan University
(Ethics approval number: 2021889).
2.2. Preparation and characterization of lp-NDs

We employed a thin-film hydration technique as described below
to produce lp-NDs. The formulas of lp-NDs and Gs lp-NDs are
provided in Table 1. In brief, lp-NDs consisted of DPPC and
DSPE-mPEG2000 in a molar ratio of 95:5, while Gs lp-NDs
incorporated varying Gs (25%, 50% and 75% molar ratio,
respectively), DPPC and DSPE-mPEG2000. All lipids and Gs
were homogeneously mixed in chloroform (shell material quality/
chloroform volume, 5 mg/mL, Keshi, Chengdu, China). The shell
solution was concentrated by rotary evaporation (Shanghai Yarong
Biochemical Instrument Factory, RE2000B, Shanghai, China) at
50 �C overnight to produce the shell membrane, which was then
dispersed using an ultrasonic cleaner (Scientz Biotechnology,
SCIENTZ-IID, Ningbo, China) with sterile saline (shell mem-
brane quality/saline volume, 0.2 mg/mL) at 50 �C. After the so-
lution was cooled, 5 mL of the suspension was mixed with 1 mL
of C6F14 on an ice bath for 5 min. The mixture was transformed
into particles by sonication for 5 min at 300 W (50% duty cycle)
using a ultrasonic oscillator (Scientz Biotechnology, SCIENTZ-
IID). The particle suspension was filtered using a hand extruder
(Genizer, HandExtruder-1ml, Los Angeles, CA, USA) equipped
with a polycarbonate membrane filter (Genizer, 19.05 mm in
diameter and 0.4 mm pore size). The resulting lp-NDs were stored
at 4 �C and its morphology was observed by an electron micro-
scope (FEI Company, Tecnai G2 F20 S-TWIN, Hillsboro, OR,
USA). The concentration of lp-NDs was quantified using the
nanoparticle tracking instrument (Particle Metrix, ZetaView,
Meerbusch, Germany). The size, polydispersity index (PDI), and
zeta potential (ZP) of all lp-NDs were assessed utilizing the
Table 1 The composition and the nomenclature of the

different lp-NDs.

Nomenclature Composition

(molar ratio)

Lp-NDs/C lp-NDs 95% DPPCþ5% DSPE-mPEG2000

Non-PEG lp-NDs 100% DPPC

75% Rd lp-NDs 75% Rdþ20% DPPCþ5%

DSPE-mPEG2000

50% Rd lp-NDs 50% Rdþ45% DPPCþ5%

DSPE-mPEG2000

25% Rd lp-NDs 25% Rdþ70% DPPCþ5%

DSPE-mPEG2000

75% Rh2 lp-NDs 75% Rh2þ20% DPPCþ5%

DSPE-mPEG2000

50% Rh2 lp-NDs 50% Rh2þ45% DPPCþ5%

DSPE-mPEG2000

25% Rh2 lp-NDs 25% Rh2þ70% DPPCþ5%

DSPE-mPEG2000

DPPS, diphenylbis(4-(pyridin-3-yl)phenyl)silane; DPPC, 1,2-

dihexadecanoyl-rac-glycero-3-phosphocholine; DSPE-mPEG2000,

N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-

glycerol-3-phosphoethanolamine, sodium salt.
Brookhaven analyzer (Brookhaven Instruments Corporation,
NanoBrook 90plus PALS, Holtsville, NY, USA).

2.3. Fourier transform infrared spectroscopy (FTIR) of Gs lp-
NDs

The Gs in Gs lp-NDs was confirmed via FTIR spectroscopy. Gs
Rd and Rh2 contain double bonds (CZC) in their chemical
structure (Fig. 1A). An infrared spectrometer (Thermo Nicolet
Corporation, Nicolet IS10, Madison, GA, USA) was used for
FTIR spectroscopy in the KBr pellet mode. FTIR spectra were
acquired within the 400e4000 cm�1 range.

2.4. Assessment of Gs encapsulation in Gs lp-NDs

Ultra-performance liquid chromatography (UPLC) coupled with
the AB Sciex 5500 Qtrap system, a hybrid triple quadrupole/linear
ion trap mass spectrometry (MS) (AB SCIEX, Redwood City, CA,
USA) was utilized to quantify the Gs in Gs lp-NDs. Briefly, 5 mg of
Gs was diluted in 1 mL of chloroform as the mixed stock standard
solution. Working solutions were prepared from the stock standard
via dilution with methanol. The Gs Re was used as an internal
reference solution (working concentration 12 mg/mL). Gs lp-NDs
(1 � 1012 particles/mL; 200 mL) were mixed with 50 mL of the
internal reference solution and 100 mL of acetonitrile. The mixture
was vortexed for 30 min at 4 �C to promote demulsification. Next,
the demulsified solution was dried using a soft nitrogen flow at a
temperature of 37 �C. Residues were dissolved in a solution of 50%
methanol and 50% water (v/v) and then subjected to vortex mixing
for 30 min followed by centrifugation at 4 �C and 100,000 �g for
20 min. Ultimately, 5 mL of supernatant was used for analysis. A
Phenomenex C18 column (50 mm� 22.1 mm, 1.7 mm)was utilized
for separation at 35 �C with the mobile phase being a mixture of
0.05% ammonia water (A) and acetonitrile (B). The following
gradient elution programwas employed: from 0 to 4 min, the eluent
B concentration was increased from 10% to 90%; from 4 to 5 min,
the eluent B concentration was kept at 90%; from 5 to 5.01 min, the
eluent B concentration was decreased from 90% to 10%; from 5.01
to 6 min, the eluent B concentration was maintained at 10%. Flow
rate was maintained at 0.45 mL/min. Ionization of Gs Rd and Re
was performed using an electrospray negative ion source (ESR‒).
An electrospray positive ion source (ESRþ) was utilized for ioni-
zation of Gs Rh2, followed by detection in the multiple reaction
monitoring mode. Table 2 summarizes the mass spectrometry pa-
rameters such as molecular mass, precursor ions, fragment ions,
declustering potential and collision energy. The calculation of
encapsulation efficiency (EE) was based on the subsequent Eq. (1)

EE ð%ÞZEncapsulatedGs=TotalGs�100 ð1Þ

2.5. PC preparation

Experimental conditions (incubation time and temperature, elution
method) were selected according to previous reports24,25. Whole
human blood from healthy donor was collected into lepirudin
tubes (containing 20 antithrombin units/mL). To create Lp-ND-
protein complexes, lp-NDs (1 � 1012 particles/mL) were com-
bined with lepirudin anticoagulated plasma (1:3, v/v; in the sub-
sequent content, if no explicit specifications, ‘plasma’ refers to
lepirudin-anticoagulated plasma), and incubated at 37 �C for
1 h. The mixture obtained was centrifuged at 100,000�g for



Figure 1 (A) Molecular structural formulae of cholesterol and ginsenosides. (B) Activation pathways of the complement system: proteins and

dependent ions. (C) Schematic diagram of lp-ND preparation. (D) Transmission electron microscopy images of lp-NDs. Scale bar Z 500 nm. (E)

Changes in size and polydispersity index of lp-NDs stored at 4 �C in 14 days. Data are presented as mean � SD (n Z 3), ns, not significant.
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15 min to isolate the complexes. The complexes formed were
subjected to three wash cycles with phosphate buffered saline
(PBS) to eliminate any unbound protein. Then, the lp-ND-protein
complexes were incubated with 2% sodium dodecyl sulfate (SDS)
in PBS for 1 h at room temperature to elute the PC, followed by
ultracentrifugation at 1000�g for 10 min at room temperature.

2.6. Analysis of binding proteins of lp-NDs

Label-free liquid chromatographyemass spectrometry (LCeMS)
analysis was conducted on plasma proteins attached to lp-NDs to
determine the PC constituents. Enzymatic peptide segments were
cleaned and desalted before MS analysis using a C18 Stage Tip
column. A high-performance liquid chromatography system was
used to introduce the PC solution into a C18 reverse phase column,
and the peptides were examined with a Fusion Lumos Tribird mass
spectrometer (Thermo Fisher Scientific, Wilmington, MA, USA).
The MaxQuant software (Max Planck Institute of Biochemistry,
Version1.6.2.6, https://maxquant.org/) and the “Wu Kong” platform
(https://www.omicsolution.com/wkomics/main/) were used to scru-
tinize the MS data.

2.7. Enzyme-linked immunosorbent assay (ELISA)

The activation of complement by lp-NDs in the fluid phase was
assessed by ELISA, which included quantification of C3 in the PC
and SC5b-9 in lepirudin plasma.

2.7.1. C3
The ELISA kit (Abcam, catalog no. ab108822) was used to
quantify the C3 concentration in PC, following the manufacturer’s
instructions.
Table 2 Analytical parameters of UPLCeMS analysis of ginsenosi

Ginsenoside Q1 (m/z) Q3 (m/z)

Rd (ESR�) 945.8 783.2/621.5

Rh2 (ESRþ) 623.5 587.3/407.5

Re (ESR�)a 945.8 475.4/637.4

aInternal reference.
2.7.2. SC5b-9
The SC5b-9 levels in human plasma and rat plasma were deter-
mined using ELISA kits specific for humans (MicroVue SC5b-9
Plus EIA, Quidel Corporation, San Diego, CA, USA) and rats
(Hycult Biotech, HK106-01, Uden, Netherlands), respectively,
following the manufacturer’s instructions.

2.8. Analysis of the complement activation pathway

Complement activation by both the CP and the LP are Ca2þ and
Mg2þ ion-dependent, whereas that by the AP requires only Mg2þ

(Fig. 1B). To distinguish the pathway of complement activation,
inhibitor of different pathways were added to plasma prior to the
experiment, these included: EDTA (10 mmol/L), which inhibits all
three pathways; EGTA/Mg2þ (10 mmol/L EGTA and 10 mmol/L
MgCl2), which specifically inhibits Ca2þ sensitive pathways; anti-
C1q antibody (1:50 dilution), which inhibits the CP; anti-properdin
(anti-P) antibody (1:500 dilution), which inhibits the AP; and
1 � PBS for control group. All inhibitors were added to plasma
30 min prior to the experiment and incubated at 37 �C. Next, lp-
NDs (1 � 1012 particles/mL) were added to plasma (1:3 v/v) and
incubated at 37 �C for 1 h. Samples were processed using the above
C3 and SC5b-9 ELISA protocols.

2.9. In vitro cellular uptake

In advance, the necessary uptake materials were prepared. Spe-
cifically, all lp-NDs were prestained with the red DiI fluorescent
lipophilic dye (5 mmol/L). Plasma were pre-incubated with EDTA
(10 mmol/L) to impede complement activation. Subsequently,
1 � 1012 particles/mL of DiI-labeled lp-NDs were combined with
EDTA plasma at a ratio of 1:3 v/v and incubated at 37 �C for 1 h.
This process led to the formation of lp-NDs@PC [C-],
des.

Declustering potential (eV) Collision energy (eV)

�260 �50/�57

20 15/124

�216/�216 �66/�55

https://maxquant.org/
https://www.omicsolution.com/wkomics/main/
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characterized by lp-NDs with a protein corona lacking complement
components. Simultaneously, DiI-labeled lp-NDs were mixed with
untreated plasma using comparable procedures to prepare lp-NDs
encapsulating complete complement components in their PC,
referred to as lp-NDs@PC [Cþ]. As the control, lp-NDs were
exposed to PBS, denoted as bare lp-NDs.

The Thp-1 (CellCook, catalog no. CC1904, Guangzhou,
China) and NCI-H1299 (CellCook, catalog no. CC0203) cell lines
were cultured in complete medium which was consist of RPMI
1640 medium (Gibco, Thermo Fisher Scientific, catalog no.
11875101) supplemented with 10% fetal calf serum (Gibco,
Thermo Fisher Scientific, catalog no. 10100-147, Waltham, MA,
USA) and penicillin-streptomycin 10,000 units/mL (Gibco,
Thermo Fisher Scientific, catalog no. 15140122), at 37 �C in a
95% air and 5% CO2 humidified incubator. Additionally, Thp-
1 cells were treated with 100 nmol/L phorbol myristate acetate
(PMA) (Sigma, catalog no. P1585) for 48 h to induce differenti-
ation before phagocytosis experimentation.

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donors’ peripheral blood using a density gradient
separation method, followed by subsequent purification through
an adhesion-based method. Specifically, PBMCs were obtained
from EDTA anticoagulated blood using human lymphocyte sep-
aration medium (Solarbio Science & Technology, catalog no.
P8610). To obtain monocyte-derived macrophages, obtained
PBMCs were cultured in complete medium at 37 �C in a 5% CO2

cell incubator for a duration of 2 h. Non-adherent cells were
subsequently eliminated, while adherent cells were gently washed
twice with warm sterile PBS. The adherent cells were then
cultivated in a complete medium supplemented with human
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(PeproTech, catalog no. 300-23, Rocky Hill, CT, USA) at a con-
centration of 50 ng/mL. Every two days, half of the medium was
renewed. Following a culture period of 5e7 days, the adherent
cells differentiated into mature macrophages. In order to elicit
polarization towards the M1 phenotype and procure fully mature
peripheral blood macrophages (PBMs), the mature macrophages
were subjected to stimulation with human lipopolysaccharide
(LPS) (Sigma, catalog no. L4391) at a concentration of 50 ng/mL
and human interferon-gamma (IFN-g) (PeproTech, catalog no.
300-02) at a concentration of 20 ng/mL for a duration of 24 h.

To examine the impact of complement on phagocytosis,
cellular uptake experiment was performed. The cells were incu-
bated with DiI-labeled C lp-NDs, lp-NDs@PC [C-] and lp-
NDs@PC [Cþ] at a concentration of 1 � 109 particles/mL, at
room temperature for 1 h. Quantitative analysis was performed
using flow cytometry (BD Biosciences, FACS Calibur, San Jose,
Table 3 The volume of components added in anti-complement assa

Group Gs test

GVBþþ e

Serum of guinea pig 200

Gs solution 200

Rabbit anti-sheep erythrocyte antibody 100

2% SRBC 100

Ultrapure water e

GVBþþ buffer (141 mmol/L NaCl, 0.5 mmol/L MgCl2, 0.15 mmol/L calciu

sodium barbital, pH 7.3e7.4); Gs, ginsenoside; SRBC, sheep red blood ce
CA, USA). In parallel, the cells were stained with the nuclear dye
Hoechst (blue) for nuclear visualization and lysosome dye Lyso-
Tracker (green) for intracellular localization. Subsequently, im-
aging was performed using a fluorescent confocal laser scanning
microscope (CLSM) (A1R-MP, Nikon Corporation, Tokyo,
Japan). Quantification of the degree of co-localization between the
two fluorescent dyes was achieved by colour scatter plots and
calculation of the Pearson’s correlation coefficient (PCC). Line-
scan intensity curves obtained from single cell images using the
Plot Profile plug-in of Fiji software (National Institutes of Health,
version 1.53t, Bethesda, MD, USA).

2.10. Assay of anti-complement activity of Gs Rd and Rh2
monomers against the CP

The assay based on the complement fixation test was conducted in
keeping with a reported protocol26. Sheep red blood cells (SRBCs)
(Bersee, catalog no. RCB001, Beijing, China) were incubated with
rabbit anti-sheep erythrocyte antibody (1:1000) (Bersee, catalog
no. BM351Y) in GVBþþ buffer (Sigma, catalog no. G6514,
containing 141 mmol/L NaCl, 0.5 mmol/L MgCI2, 0.15 mmol/L
calcium chloride, 0.1% gelatin, 3.1 mmol/L barbituric acid and
1.8 mmol/L sodium barbital, pH 7.3e7.4) to prepare sensitized
erythrocytes (SEs). Gs Rd and Rh2 were dissolved in dimethyl
sulfoxide (DMSO) (Solarbio Science & Technology, catalog no.
D8371) at a concentration of 2 mg/mL, and then further diluted
with GVBþþ. One to thirty dilution of guinea pig serum (Bersee,
catalog no. BM361Y) was selected for submaximal hemolysis (the
system reached 100% hemolysis). Detailed procedures and results
obtained with this dilution ratio are provided in Supporting In-
formation Section S1 and Fig. S1. Varying concentrations of Gs
were combined with guinea pig serum and incubated for 10 min at
37 �C. Afterward, SEs were introduced and incubated at 37 �C for
30 min. The assay controls were subjected to the conditions listed
in Table 3. After centrifugation at 4 �C and 1000 g, the values of
optical density (OD) were measured at a wavelength of 405 nm.
Anti-complement activity was expressed as hemolysis inhibition
rate according to Eqs. (2)e(4):

Hemolysis rateGs ð%ÞZ ðODGs test�ODGs controlÞ
��

OD100% lysis

eODGs control

��100 ð2Þ

Hemolysis ratecomplement ð%ÞZODComplement=OD100% lysis�100 ð3Þ

Hemolysis inhibition rate ð%ÞZ1‒
�
Hemolysis rateGs

�
Hemolysis

rateComplemt

��100 ð4Þ
y of the classical pathway (mL).

Gs control Complement 100% lysis

400 200 e

e 200 e
200 e e

e 100 e

e 100 100

e e 500

m chloride, 0.1% gelatin, 3.1 mmol/L barbituric acid and 1.8 mmol/L

lls; ‒, not applicable.
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2.11. Assay of anti-complement activity of Gs Rd and Rh2

monomers against the AP

Klerx’s method was used to analyze the anti-complement activity
via AP27. Stock solution of Gs Rd and Rh2 was diluted with GVB-
Mg-EGTA (GVBþþ buffer supplemented with 2 mmol/L MgCl2,
and 8 mmol/L EGTA). One to fifteen dilution of human serum was
selected for submaximal hemolysis. The detailed procedures and
results obtained with the selected dilution ratio are provided in
Supporting Information section S2 and Fig. S2. The samples were
mixed with human serum and incubated at 37 �C for 10 min, fol-
lowed by the addition of 0.5% rabbit erythrocytes (RERs, Bersee,
catalog no. RCB003) and further incubation at 37 �C for 30 min.
Identical conditions were used for different assay controls (as
specified in Table 4). OD values were measured at 405 nm after
centrifugation (4 �C, 1000�g). Anti-complement activity was
expressed as hemolysis inhibition rate according to the above Eq.
(2‒4).

2.12. Assay of the inhibitory effects of Gs Rd and Rh2 lp-NDs on
the complement system

C lp-NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs (1 � 1012

particles/mL) were separately incubated with plasma (1:3 v/v) for
1 h at 37 �C to form lp-NDs-protein complexes. Following the
incubation, lp-NDs-protein complexes were separated by spinning
at 100,000�g for 15 min, and the resulting pellets were rinsed
thrice with PBS to eliminate any unbound protein. The PC was
isolated from the lp-NDs-protein complexes by exposing them to
2% SDS in PBS for 1 h at room temperature, followed by an
additional ultracentrifugation step (10 min, 1000�g). The PC
composition and abundance on the surfaces of C lp-NDs, 25% Rd
lp-NDs, and 25% Rh2 lp-NDs were evaluated through the
implementation of LCeMS as mentioned before. Additionally, the
aforementioned ELISA methods were employed to quantify the
concentrations of C3 in the PC and SC5b-9 in the plasma of C lp-
NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs, respectively.

Twelve male SpragueeDawley (SD) rats, weighing 280 � 20 g
and aged 8 weeks, were obtained from Dossy Experimental An-
imals Co., Ltd. (Chengdu, China). The rats were acclimatized for
one week prior to the experiment and provided ad libitum access
to standard diet and water to ensure normal conditions. The ani-
mals were randomly divided into groups (n Z 3 per group): C lp-
NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs. The lp-ND con-
centration was based on the injection dose of microbubble
SonoVue (0.4 � 109 bubbles/kg) [Bracco, International, B.V.
SonoVue, Summary of product characteristics. 2005. p. 9.]. The
lp-NDs group received an intravenous injection of lp-NDs
(0.4 � 109 particles/kg). The rats had unrestricted access to
Table 4 The volume of components added in anti-complement assa

Group Gs test Gs cont

GVB-Mg-EGTA e 350

Gs solution 150 150

Human serum 150 e

0.5% ERs 200 e

Ultrapure water e e

GVB-Mg-EGTA, veronal buffer saline containing 0.1% gelatin, 2.5 mmol/

rocytes; ‒, not applicable.
water but were fasted for 12 h before the experiment. Tail vein
puncture was used to collect 200 mL of blood samples at 0, 5, and
60 min after administering lp-NDs, using lepirudin anticoagulant.
The level of SC5b-9 was quantified using a rat-specific ELISA kit
mentioned above.

2.13. Assay of the inhibitory effects of Gs Rd and Rh2 lp-NDs on
phagocytosis

Thp-1 cells and PBMs at a concentration of 2 � 106 cells per well
were plated in 6-well plates. DiI-labeled Gs and control C lp-NDs
were preincubated with the same human plasma for 1 h to covered
PC, then added to the cell medium at a final concentration of
1 � 109 particles/mL. After 1-h incubation in the incubator, the
cells were washed thrice with sterile saline to remove any unbound
lp-NDs. Subsequently, the cells were stained with fluorescent dyes
for lysosomes and nuclei, fixed, and then examined by CLSM.
Flow cytometry was used to evaluate cells detached using
trypsineEDTA, which were incubated with lp-NDs labeled with
DiI to quantify the results.

2.14. Pharmacokinetics analysis

To establish the blood circulation patterns of Gs lp-NDs, phar-
macokinetics properties of all the lp-NDs in SD rats (8 weeks,
280 � 20 g, male) were evaluated. To this end, DiI-labeled 25%
Rd, 25% Rh2, and control C lp-NDs were injected through the tail
vein based on their weight (0.4 � 109 particles/kg). Blood samples
were collected at specific time intervals after drug administration
using a tail vein, and diluted with 1 � PBS in a 96-well plate. The
diluted samples were measured using fluorescence spectrometry
(549/565 nm) with three replicates for each lp-NDs fluorescence
intensity on a SynergyH1 instrument (BioTek Instruments,
Winooski, VT, USA). The intervals at which blood was sampled
included 2, 5, 15, and 30 min, and 1, 3, 6, 12, 24, and 48 h.

A gross fluorescence imaging was used to evaluate the in vivo
distribution of Gs lp-NDs in rats. Rats were administered 25% Rd
lp-NDs, 25% Rh2 lp-NDs, and control C lp-NDs via the tail vein,
according to their body weight (0.4 � 109 particles/kg), respec-
tively. After induction of isoflurane anesthesia (RWD, R510-22,
Shenzhen, China), the rats were subsequently humanely eutha-
nized via cervical dislocation at different time points post-
administration. Their lungs, hearts, kidneys, spleens, and livers
were quickly removed and washed with saline. The organs were
weighed and examined for particle distribution using an IVIS
Spectrum in vivo fluorescence system (Xenogen Corp., Alameda,
CA, USA), and measured the total fluorescence intensity per unit
tissue mass (TFI/organ mass [g]). Subsequently, the major MPS-
associated organs (liver, lung and spleen) were weighed,
y of the alternative pathway (mL).

rol Complement 100% lysis

150 e

e e
150 e

200 200

e 300

L MgCl2 and 8 mmol/L EGTA); Gs, ginsenoside; RERs, rabbit eryth-
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homogenized at 4 �C and the total fluorescence intensity (TFI) of
25% Rd lp-NDs, 25% Rh2 lp-NDs, control C lp-NDs was assessed
using a fluorescence spectrometry (549/565 nm; BioTek In-
struments, SynergyMx, Winooski, VT, USA).

Furthermore, we assessed the uptake of lp-NDs by tissue-
resident macrophages. Specifically, partial liver, lung and spleen
were snap frozen at dissection and sent for frozen sectioning. The
sliced sections were then dehydrated at 37 �C for 10e20 min.
Following this, the sections were fixed with 4% paraformaldehyde
in PBS at room temperature for 30 min. The sections were washed
thrice on a rocking platformwith PBS for 5 min per wash to remove
excess fixative. Antigen retrieval was performed by immersing the
sections in citrate antigen retrieval solution and subjecting them to
microwave treatments: 8 min on medium power, an 8-min cooling
period, and finally 7 min on low-medium power. After antigen
retrieval, the sections were allowed to naturally cool. Next, three
wash cycles were performed, and the tissue sections were outlined
using a histological pen and blocked with BSA for 30 min. The
primary antibody (anti-CD68 Rabbit pAb, diluted 1:200, Service-
bio, catalog no. GB113109, Wuhan, China) was added to the sec-
tions, which were incubated overnight at 4 �C in a humid chamber.
Subsequently, three wash cycles were performed, and the corre-
sponding secondary antibody (Alexa Fluor 488-conjugated goat
anti-rabbit IgG, Servicebio, catalog no. GB22301) was added and
incubated at room temperature in the dark for 50 min. Slides were
washed three times again. DAPI staining solution (Servicebio,
catalog no. G1012) was added and incubated at room temperature
for 10 min in the dark. The slides were washed three times. Finally,
a fluorescence quenching agent (Servicebio, catalog no. G1401)
was applied to the slides for 5 min, followed by a 10-min water
rinse. Immunofluorescence sections were visualized using fluo-
rescence microscopy (Eclipse C1, Nikon, Tokyo, Japan), and field
of view was randomly selected for subsequent analysis.

2.15. In vitro hemolysis test of Gs lp-NDs

EDTA anticoagulated human blood was diluted with PBS,
collected in hematocrit capillary tubes, and centrifuged for 5 min
to determine the packed cell volume. A 2% red blood cell (RBC)
suspension was prepared using the appropriate quantity of PBS.
Two percent of RBC (200 mL) were incubated with C lp-NDs,
25% Rd lp-NDs, and 25% Rh2 lp-NDs at two concentrations
(1 � 109 particles/mL and 1 � 1012 particles/mL) for 2 h at 37 �C.
The negative control group consisted of 200 mL normal saline
mixed with 200 mL of 2% RBC. The positive control group was
prepared by mixing ultrapure water with 200 mL of 2% RBC to
induce complete hemolysis. After incubation, the samples un-
derwent centrifugation at 800�g for 3 min. After collecting
100 mL of supernatant from each sample, a reader system was
used to analyze a 96-well microplate at a wavelength of 570 nm to
determine the percentage of hemolysis, which was calculated
using the subsequent Eq. (5):

Percentage of hemolysis ð%ÞZ�
ODSample�ODSaline

��
�
ODComplete hemolysis�ODSaline

��100 ð5Þ

2.16. Cytotoxicity assay

The cytotoxic effects of Gs lp-NDs on differentiated Thp-1 and
HUVEC cells (CellCook, catalog no. CC4004) were assayed with
the cell counting kit-8 (CCK-8) kit (4A Biotech, catalog no.
FXP132, Suzhou, China) according to the manufacturer’s proto-
col. In brief, the cells were seeded onto 96-well plates and sub-
sequently incubated at 37 �C in a 5% CO2 environment for 24 h to
facilitate attachment. Following this, the cells were exposed to C
lp-NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs for predetermined
periods of 24 or 48 h, utilizing two distinct concentrations:
1 � 109 and 1 � 1012 particles/mL, respectively. Then, three
rinses with PBS were performed. Subsequently, 10 mL of CCK-8
solution was added to each well and incubated for 2 h at 37 �C.
Finally, the absorbance at 450 nm was measured using a micro-
plate reader.

2.17. Evaluation of biological safety

SD rats (8 weeks, 280 � 20 g) were divided into a control group
administered C lp-NDs (n Z 12), 25% Rd lp-NDs group (n Z 12)
and 25% Rh2 lp-NDs group (n Z 12). At 0, 24, and 48 h, three
rats’ weights and biochemical parameters (aspartate transaminase
[AST], alanine transaminase [ALT], blood urea nitrogen [BUN],
creatinine [CREA] and uric acid [UA]) were evaluated. Addi-
tionally, at 0, 24, and 48 h, three rats were euthanized to procure
tissue samples from the heart, liver, spleen, lung, and kidney.
Organ sections (4 mm) were subjected to H&E staining for
microscopic analysis.

3. Results

3.1. Characterization of lp-NDs

The synthetic pathway of lp-NDs is schematically presented in
Fig. 1C. Lp-NDs’ morphology, characterized via transmission
electron microscope (TEM) imaging (Fig. 1D), displayed a
spherical shell core structure with a discernible white mass in the
center, indicating the presence of the liquid PFC core. The lp-NDs
obtained exhibited a particle size of w400 nm and excellent
stability throughout the duration of study: mean sizes of lp-NDs
after synthesis and on Days 0, 1, 3, 7 and 14 were
397.94 � 5.14 nm, 402.78 � 4.15 nm, 398.20 � 2.46 nm,
421.58 � 19.96 nm and 413.51 � 4.75 nm, respectively (each
P > 0.05; Fig. 1E). Moreover, the PDI was approximately
0.2e0.3: PDI values after synthesis and on Days 0, 1, 3, 7 and 14
were 0.22 � 0.02, 0.23 � 0.02, 0.22 � 0.02, 0.26 � 0.03 and
0.28 � 0.02 nm, respectively (each P > 0.05; Fig. 1E). The
formulated lp-NDs possessed a slight negative ZP
(�6.92 � 2.72 mV), which could be attributed to inclusion of the
negatively charged lipid DSPE-mPEG2000. This feature contrib-
utes to the physical stability of lp-NDs, preventing aggregation
and fusion. The lp-NDs lacking DSPE-mPEG2000 exhibited a
nearly neutral surface charge (�0.32 � 1.23 mV) and significant
particle aggregation under TEM (Supporting Information Fig. S3).

3.2. Lp-NDs opsonized with C3 in plasma and activate the AP

Exposure of lp-NDs to lepirudin plasma resulted in the adsorption
of the PC enriched with C3 (Fig. 2A, Supporting Information
Table S1), with stoichiometric analysis indicating binding of 44.17
C3 molecules per lp-ND. The KEGG enrichment analysis revealed
that the term “complement and coagulation cascades” was highly
enriched (Fig. 2B).

Activation of the initial part of the complement cascade was
evaluated by the quantities of the C3 (Fig. 2C). Upon inhibition of
the complement system with EDTA, only 1.43 � 0.06 mg/mL C3



Figure 2 Influence of complement-mediated surface protein corona (PC) on phagocytosis of lp-NDs: formation and characterization. (A) Heat

map of the top 30 plasma proteins identified as components of the PC formed on lp-NDs. The values in heat map indicate the logarithmically

transformed label-free quantification (LFQ) detected by LCeMS, multiplied by 2. #1e3 indicate three distinct plasma samples. (B) Top 20 KEGG

enrichment pathways. (C) Inhibition of complement pathway by different blockers: EDTA inhibits all pathways, EGTA/Mg2þ specifically inhibits

Ca2þ-sensitive pathways, anti-C1q antibody inhibits the classical pathway (CP), anti-properdin (anti-P) antibody inhibits the alternative pathway

(AP), and PBS was used as the control group. C3 levels in the PC are quantified by enzyme-linked immunosorbent assay (ELISA). The

accompanying graph illustrates the standard curve for C3. (D) Following the inhibition of complement pathway by different blockers, the SC5b-9

levels in plasma incubated with lp-NDs are assessed by ELISA. The accompanying graph displays the standard curve for SC5b-9. (E) Effects of

complement components on phagocytosis observed via confocal laser scanning microscopy. Three groups: bare lp-NDs, lp-NDs@PC [C�] (lp-

NDs with protein corona lacking complement components) and lp-NDs@PC [Cþ] (lp-NDs with a protein corona containing complete com-

plement components) interact with macrophages for 10, 30, 60 and 120 min, respectively. The lp-NDs are labeled with DiI (red), nucleus are

labeled with Hoechst (blue) and lysosomes are labeled with Lyso-tracker (green). Single cell (arrow) higher magnification boxed areas are shown

on the upper right, beneath color scatter plots corresponding to the whole images, line-scan intensity curves corresponding to the single cell

1852 Jie Zhou et al.
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was generated, which exhibited a substantial decrease compared
to the control group (C3 in the complete PC of control was
2.54 � 0.32 mg/mL, P < 0.01). Neither EGTA/Mg2þ

(2.32 � 0.25 mg/mL, P Z 0.40) nor anti-C1q antibody
(2.29 � 0.33 mg/mL, P Z 0.40) inhibited C3 opsonization, while
anti-P antibody (1.89 � 0.20 mg/mL, P < 0.05) significantly
inhibited C3 opsonization compared to the control group. Our
findings indicate that C3 opsonization predominantly initiates
complement activation through the AP. The deposition of human
C3 on lp-NDs PC was reduced by 43.62% with EDTA and by
25.52% with anti-P antibody. The small amount of C3 observed
may be attributed to plasma-intrinsic C3.

The soluble terminal complement complex (SC5b-9) was used
to evaluate the terminal activation of the complement cascade
(Fig. 2D). Compared to the control group (37.68 � 7.15 mg/mL),
the levels of SC5b-9 were notably reduced in both EDTA chelated
plasma (0.27 � 0.07 mg/mL, P < 0.001) and anti-P plasma
(5.01 � 0.90 mg/mL, P < 0.001). Conversely, there were no
notable variations in SC5b-9 concentrations between the control
plasma and EGTA/Mg2þ (29.65 � 4.88 mg/mL, PZ 0.35) or anti-
C1q plasma (26.89 � 1.06 mg/mL, P Z 0.14) groups. SC5b-9
production was decreased by > 99% using EDTA and 86.69%
using anti-P antibody. In summary, our findings provide evidence
for the activation of the AP by lp-NDs.

3.3. Complement component proteins covering lp-NDs
contribute to phagocytosis

The specific roles of the deposited complement components in
phagocytosis of lp-NDs were further investigated. Specifically,
DiI-labeled lp-NDs were incubated with different pretreated
plasma (plasma pre-incubated with PBS or EDTA) and PBS to
generate lp-NDs@PC [Cþ] (lp-NDs with protein corona con-
taining complete complement components), lp-NDs@PC [C�]
(lp-NDs with protein corona not containing complement compo-
nent) and bare lp-NDs, respectively, and added to Thp-1 cells. To
determine whether lp-NDs simply adhere to the cell surface or
undergo internalization, non-phagocytic NCI-H1299 cells were
also exposed to lp-NDs and compared with Thp-1 cells. After
thorough washing of cultures, CLSM images revealed that nearly
all lp-NDs disappeared from the medium of NCI-H1299 cells
(Supporting Information Fig. S4). In contrast, lp-NDs were
internalized by Thp-1 macrophages and co-localized with lyso-
somes (Fig. 2E).

The uptake of lp-NDs@PC [Cþ] was higher than that of bare
lp-NDs and lp-NDs@PC [C�] at 60 and 120 min, especially at
60 min (Fig. 2E and F). However, no significant differences were
observed in phagocytic uptake between bare lp-NDs and lp-
NDs@PC [C�] based on mean fluorescence intensity (MFI) of
per cell quantitative analysis at 10, 30, 60 and 120 min (all
P > 0.05; Fig. 2F). Regarding the subcellular localization of lp-
NDs, our initial aim was to validate their intracellular presence
using lysosomal fluorescence probe. However, we made an
intriguing observation that lp-NDs exhibited partial co-
images (arrow). The intracellular co-localization between lp-NDs and lysos

bar Z 10 mm. (F) Quantification of Thp-1 cells’ uptake based on fluoresc

microscopy images of bare lp-NDs, lp-NDs@PC [C-] and lp-NDs@PC [C

intensity (MFI) of cellular uptake of bare lp-NDs, lp-NDs@PC [C-] and

mean � SD (n Z 3), ns, not significant. *P < 0.05, **P < 0.01, ***P <
localization with lysosomes (Fig. 2E), as evidenced by a
Pearson’s correlation coefficient (PCC) exceeding 0.50. Notably,
lp-NDs@PC [Cþ] demonstrated the highest PCC (0.84) after
60 min, coinciding with the highest phagocytotic MFI. Further-
more, in the fluorescence co-localization positioneintensity dia-
gram, lp-NDs@PC [Cþ] after 60 min also exhibited more
overlapping curves.

To compare internalization of lp-NDs by Thp-1 cells, flow
cytometry analysis was conducted. As depicted in Fig. 2G, the his-
togram andMFI quantitative analysis demonstrated increased uptake
of lp-NDs@PC [Cþ] at 60 and 120 min compared to bare lp-NDs
and lp-NDs@PC [C�] (all P < 0.05), clearly suggesting that
complement production plays a role in enhancing phagocytosis.

3.4. Anti-complement effect of Gs in vitro

Anti-complement hemolysis assay of CP revealed that Gs Rd and
Rh2 were ineffective in inhibiting hemolysis, with inhibition rates
not exceeding 10% (shown in Fig. 3A and B). For the AP, he-
molysis inhibition rates were 41.01 � 1.59%, 23.21 � 0.57%,
13.53 � 0.54%, 9.97 � 1.56%, 6.86 � 0.27%, 5.76 � 0.38%,
4.87 � 0.63% and 0.19 � 1.66% at Gs Rd dilution ratios of 1:1,
1:2, 1:4, 1:8, 1:16, 1:32, 1:64 and 1:128, respectively (Fig. 3C),
suggesting inhibition of the AP to some extent. Hemolysis inhi-
bition rates by Gs Rh2 were 52.77 � 0.57%, 35.27 � 0.56%,
28.47 � 0.63%, 23.74 � 0.10%, 18.48 � 0.63%, 10.66 � 0.55%,
1.34 � 2.01%, and 0% at dilution ratios of 1:1, 1:2, 1:4, 1:8, 1:16,
1:32, 1:64 and 1:128, respectively (Fig. 3D), similarly indicating
that Rh2 exerts an inhibitory effect on the AP. Our findings sug-
gest that Rd and Rh2 monomers are capable of inhibiting the AP
of complement in vitro.

3.5. Preparation of Gs lp-NDs

Schematic diagram of Gs lp-NDs is illustrated in Fig. 4A. In brief,
Gs lp-NDs comprise a core consisting of C6F14 enveloped by a lipid
shell modified with Gs. TEM images revealed a typical spherical
shell/core morphology (Fig. 4B). Particles of 75% Rd lp-NDs and
75% Rh2 lp-NDs imaged via TEM were deformed, shriveled and
ruptured, which could be attributed to the effects of the thermal
electron beam utilized during imaging. Particle size, PDI, and ZP of
Gs lp-NDs were assessed promptly subsequent to their synthesis
(Fig. 4C‒E, Table 5). The sizes of all Gs lp-NDs ranged from
384.65 � 18.59 nm to 408.80 � 5.21 nm, and no significant statis-
tical differences (allP> 0.05; Fig. 4C)were found. PDI ranged from
0.19� 0.05 to 0.27� 0.05, with no significant statistical differences
(all P> 0.05; Fig. 4D). Our results indicate that particle size is well
regulated with a narrow dispersity (PDI value < 0.3). Nonetheless,
our findings indicate that Gs lp-NDs with higher concentrations of
Gs display larger negative ZP (Fig. 4E), which could be explained by
the negative groups present in the Gs structure.

Regarding the stability of the formulation, regardless of Rd and
Rh2, notable fluctuations in the diameter of particles for both 50%
and 75% Gs lp-NDs were detected during the 14-day storage
omes is assessed using the Pearson correlation coefficient (PCC). Scale

ence intensity of per cell (a.u.) obtained from confocal laser scanning

þ] at 10, 30, 60, and 120 min. (G) Flow cytometry mean fluorescence

lp-NDs@PC [Cþ] at 10, 30, 60, and 120 min. Data are presented as

0.001. ****P < 0.0001.



Figure 3 Assay of the anti-complement activities of ginsenoside Rd and Rh2 monomers in vitro. (A) Hemolysis inhibition rate of Rd in the

classical pathway (CP). (B) Inhibition rate of hemolysis induced by Rh2 in the CP. (C) Hemolysis inhibition rate of Rd in the alternative pathway

(AP). (D) Inhibition rate of hemolysis induced by Rh2 in the AP. Data are presented as mean � SD (n Z 3).
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duration at 4 �C (Fig. 4F). However, no significant variations were
observed in size (Fig. 4F), PDI (Fig. 4G), and ZP (Fig. 4H) of 25%
Gs lp-NDs, indicating superior stability of this formulation.

3.6. Encapsulation test

Ginsenoside Rd and Rh2 contain a CZC structure and exhibit
different infrared spectra to DPPC and DPPS-mPEG2000. FTIR
spectroscopy was further conducted to verify encapsulation of Gs
in Gs lp-NDs. The molecular structure of the shell materials is
depicted in Fig. 5A. As shown in Fig. 5B and C, several peaks
were prevalent in the spectra of Gs lp-NDs. Peaks at 1644 cm�1

could be ascribed to the stretching vibration of the CZC structure
observed in Gs and all Gs lp-ND samples. These peaks were ab-
sent in C lp-NDs, indicating the successful loading of Gs on lp-
NDs. In addition, characteristic peaks of the CZO group
appeared at 1738 cm�1 in the spectra of C lp-NDs and all Gs lp-
NDs, indicating the presence of phospholipid.

Multistage mass spectra of Gs Rd, Rh2, and Re (internal
standard) are shown in Fig. 5D‒F, respectively. Rd had a
retention time of 3.03 min and generated an excimer ion peak at
m/z 945.8 [M�H]‒, accompanied by the production of fragments
at m/z 783.2 and 621.5 (Fig. 5D). In the cationic mode, the
retention time of Rh2 was 3.92 min, with an excimer ion peak
observed at m/z 623.5 [MþH]þ (as shown in Fig. 5E), accom-
panied by the formation of fragment ions at m/z 587.3 and 407.5.
The first-order mass spectrometry in anion mode exhibited an
excimer ion peak [M�H]� with m/z 945.8 for Gs Re, similar to
Gs Rd. However, the obtained fragment ions at m/z 475.4 and
637.4 were distinct, as depicted in Fig. 5F. Gs of the different
formulations were subsequently quantified using the standard
curve of Rd and Rh2 to determine their actual amounts in Gs lp-
NDs. The chromatograms obtained for all Gs lp-NDs are
depicted in Supporting Information Fig. S5. EE of 25%, 50%,
and 75% Rd lp-NDs were determined as 97.23 � 3.56%,
93.42 � 5.16% and 92.84 � 1.22%, respectively. EE of 25%,
50%, and 75% Rh2 lp-NDs were 98.04 � 2.18%, 96.15 � 3.03%
and 99.28 � 1.41%, respectively (Table 5).

3.7. Anti-complement effects of Gs lp-NDs in vitro and in vivo

To assess the impact of Gs lp-NDs on complement activation in PC,
we conducted LCeMS analysis to examine the surface proteome
composition of C lp-NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs



Figure 4 Characterization of Gs lp-NDs. (A) Schematic diagram of Gs lp-NDs. (B) Transmission electron microscopy images of different Gs

lp-ND formulations. Scale barZ 500 nm. (C) Particle size of different Gs lp-ND formulations after preparation. (D) Polydispersity index (PDI) of

different Gs lp-ND formulations following their preparation. (E) Zeta potential (ZP) of different Gs lp-ND formulations after preparation. (F)

Mean particle size of different Gs lp-NDs on Days 1, 2, 4, 7, and 14. (G) PDI of different Gs lp-NDs on Days 1, 2, 4, 7, and 14. (H) ZP of different

Gs lp-ND formulations on Days 1, 2, 4, 7, and 14. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.

****P < 0.0001.
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(Fig. 6A). Our findings revealed thatC3maintained its prominence as
the second most abundant protein in the C lp-NDs group. Its label-
free quantification (LFQ) intensity was determined to be
5.06� 109� 1.70� 108, indicating a substantial presence. Although
C3 was not the most abundant protein, its abundance was only
slightly lower than that of the most abundant protein, immunoglob-
ulin kappa constant (5.08� 109� 3.85� 108), and this difference did
not reach statistical significance (P Z 0.3247). In contrast, the
analysis of 25% Rd lp-NDs and 25% Rh2 lp-NDs groups revealed a
notable shift in the abundance of C3 protein. It no longer remained
among the top five most abundant proteins, instead ranking as the
sixth and eighth most abundant proteins in these groups. The quan-
titative LFQ intensity of C3 in the three groups demonstrated a
notable decrease in C3 abundance in both the 25% Rd lp-NDs and
25% Rh2 lp-NDs groups (2.68 � 109 � 7.00 � 108, 2.07 � 109 �
4.81 � 107, respectively) compared to the control group (Fig. 6B).
These differences were found to be statistically different, with
P values less than 0.01 and 0.001, respectively.

Additionally, the levels of C3 and SC5b-9were quantified in vitro.
The concentrations of C3 in the PC of 25% Rd lp-NDs and 25%Rh2
lp-NDs PC were 2.41 � 0.24 mg/mL and 2.26 � 0.54 mg/mL,
respectively (Fig. 6C), which are statistically lower than that in the C
lp-NDs (3.58� 0.41 mg/mL; P< 0.05). Plasma SC5b-9 levels were
additionally measured to assess terminal complement activation
(Fig. 6D). Plasma concentrations of SC5b-9 were statistically higher
in C lp-NDs (35.85 � 2.23 mg/mL) compared with 25% Rd lp-NDs
(21.48 � 2.58 mg/mL, P Z 0.0008) and 25% Rh2 lp-NDs
(15.89 � 2.30 mg/mL, P Z 0.0001).

In vivo measurement of SC5b-9 generation after Gs lp-NDs
and C lp-NDs administration was conducted. At 5-min post-
intravenous injection of lp-NDs, SC5b-9 levels remained stable
across all groups. However, after 1 h, a significant increase in



Table 5 Characterization of different lp-NDs.

Add heading Size (nm) PDI ZP (mV) EE (%)

Lp-NDs/C lp-NDs 397.94 � 5.15 0.22 � 0.02 �6.92 � 2.72 e

75% Rd lp-NDs 384.65 � 18.59 0.21 � 0.04 �8.47 � 2.69 92.84 � 1.22

50% Rd lp-NDs 399.45 � 12.29 0.22 � 0.09 �5.68 � 1.57 93.42 � 5.16

25% Rd lp-NDs 408.80 � 5.21 0.27 � 0.05 �5.92 � 1.44 97.23 � 3.56

75% Rh2 lp-NDs 398.34 � 4.99 0.21 � 0.02 �9.47 � 1.71 99.28 � 1.41

50% Rh2 lp-NDs 391.54 � 19.10 0.19 � 0.05 �8.57 � 0.99 96.15 � 3.03

25% Rh2 lp-NDs 408.68 � 7.17 0.27 � 0.04 �5.64 � 0.53 98.04 � 2.18

SD, standard deviation; PDI, polydispersity index; ZP, zeta potential; EE encapsulation efficiency; ‒, not applicable. Data are presented as

mean � SD (n Z 3).
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SC5b-9 was evident in the C lp-ND group (Fig. 6E). Notably, the
C lp-ND group exhibited the highest level of SC5b-9
(0.161 � 0.015 mAU/mL) exceeding those of 25% Rd lp-NDs
(0.129 � 0.007 mAU/mL, P Z 0.46) and 25% Rh2 lp-NDs
(0.084 � 0.011 mAU/mL, P Z 0.0017), although the differ-
ence between C lp-ND and 25% Rd lp-ND groups was not
significant.

3.8. Anti-phagocytosis effects of Gs lp-NDs in vitro and in vivo

3.8.1. Cellular uptake in vitro
The cellular uptake of C lp-NDs and Gs lp-NDs by Thp-1 cells
and PBMs is illustrated in Fig. 6F and I, respectively. In the C lp-
NDs group, particles manifested increased fluorescence (red)
within both cells, exhibiting a distinct localization within lyso-
somes (green). Data from MFI analysis showed that Thp-1 cells
internalized a higher number of C lp-NDs than Gs lp-NDs
(Fig. 6G, both P < 0.01). The MFI value of C lp-NDs in Thp-
1 cells was found to be 3.29-fold higher than that of 25% Rd lp-
NDs and 14.34-fold higher than that of 25% Rh2 lp-NDs
(Fig. 6G). Similarly, in PBMs, the MFI value of C lp-NDs was
4.19-fold higher than that of 25% Rd lp-NDs and 9.56-fold higher
than that of 25% Rh2 lp-NDs (Fig. 6J, both P < 0.001).

Complementary results were obtained from flow cytometry
experiments, as depicted in Fig. 6H and K. In Thp-1 cells, the MFI
of the C lp-ND group (6360.37 � 233.74) was significantly higher
compared to 25% Rd lp-NDs (4775.13 � 190.83, P < 0.0001) and
25% Rh2 lp-NDs (5007.03 � 122.27, P < 0.0001), indicating a
Figure 5 Encapsulation test of Gs lp-NDs. (A) Chemical structures of g

Re), DPPC and DSPE-mPEG2000. (B) Fourier-transform infrared (FT-IR)

NDs. (D) Multistage mass spectra of Gs Rd. (E) Multistage mass spectra
reduced phagocytic uptake of particles after Gs added. Similarly,
in PBMs, the MFI of the C lp-ND group (7133.63 � 433.86) was
also significantly higher than that of 25% Rd lp-NDs
(3625.23 � 132.66, P < 0.0001) and 25% Rh2 lp-NDs
(3331.73 � 151.81, P < 0.0001).

For the co-localization of lp-NDs and lysosome, in both Thp-
1 cells (Fig. 6F) and PBMs (Fig. 6I), the three types of lp-NDs
showed a different degree of overlap with lysosomes, as observed
by the yellow fluorescence resulting from the merging of lysosomes
(green) and lp-NDs (red). Additionally, both PCC values and plot
profile analysis revealed that all three lp-NDs exhibited partial
localization properties within lysosomes in both Thp-1 cells and
PBMs, with PCC values of about 0.6 and 0.5, respectively.

3.8.2. Gs lp-NDs exhibit prolonged blood circulation and
reduced accumulation in lung and liver
The fluorescence intensities of lp-NDs in blood samples taken at
various times after intravenous injection (2, 5, 10 and 30 min, and
1 h, as well as 3, 6, 12, 24 and 48 h) were used to determine the
concentrations of Gs lp-NDs and C lp-NDs in circulation.
Following injection, 25% Rd lp-NDs and 25% Rh2 lp-NDs dis-
played extended blood retention at 2, 5, 10, 30 min, and 1 h
compared to C lp-NDs (Fig. 7A). The circulation half-lives of
25% Rd lp-NDs and 25% Rh2 lp-NDs were determined as 186.40
and 54.68 min, respectively, which were longer than that of C lp-
NDs (21.73 min).

The distribution was evaluated using an in vivo fluorescence
system. Following injection, fluorescence density was detected in
insenoside Rd (Gs Rd), ginsenoside Rh2 (Gs Rh2), ginsenoside Re (Gs

spectroscopy of Gs Rd lp-NDs. (C) FT-IR spectroscopy of Gs Rh2 lp-

of Gs Rh2. (F) Multistage mass spectra of Gs Re.



Figure 6 Anti-complement and anti-macrophage effect of Gs lp-NDs. (A) Top 30 plasma proteins identified by PC LCeMS analysis of C lp-

NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs. The values in heat map indicates the logarithmically transformed label-free quantification (LFQ)

multiplied by 2. #1e3 indicates three different plasma samples. (B) The LFQ of C3 in C lp-NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs. (C)

In vitro human C3 in PC of C lp-NDs, 25% Rd lp-NDs and 25% Rh2 lp-NDs. (D) In vitro human SC5b-9 generation following plasma incubation

with C lp-NDs, 25% Rd lp-NDs, and 25% Rh2 lp-NDs. (E) In vivo SC5b-9 production in rats following injection with C lp-NDs, 25% Rd lp-NDs,

and 25% Rh2 lp-NDs. (F) Uptake of C lp-NDs and Gs lp-NDs by Thp-1 cells. Lysosomes of THP-1 cells, cell nuclei, and lp-NDs are labeled with

green, blue, and red fluorescent dye, respectively. Scale bar Z 50 mm. (G) Quantification of Thp-1 cell uptake based on mean fluorescence

intensity (MFI) values of each cell obtained from confocal laser scanning microscopy (CLSM) images. (H) Cell counts/fluorescence intensity

histogram and relevant MFI of Thp-1 cells uptake C lp-NDs and Gs lp-NDs, determined via flow cytometry. (I) Internalization of C lp-NDs and Gs

lp-NDs by peripheral blood macrophages (PBMs). Lysosomes within PBMs cells, cell nuclei, and lp-NDs are fluorescently labeled with green,

blue, and red dyes, respectively. Scale barZ 20 mm. (J) Quantification of PBMs cell uptake by determining the MFI values for each cell, based on

analysis of CLSM images. (K) Flow cytometer analysis of the histogram depicting PBMs cell count and fluorescence intensity, along with the

corresponding MFI, illustrating the uptake of C lp-NDs and Gs lp-NDs by PBMs. Data are presented as mean � SD (n Z 3). *P < 0.05,

**P < 0.01, ***P < 0.001. ****P < 0.0001.
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the lung, liver, spleen, kidney and heart. As shown in Fig. 7B, both
Gs lp-NDs and C lp-NDs were primarily distributed in lung, liver,
spleen, and kidney, but not heart. As shown in Fig. 7C, in the lung,
TFI/weight (/g) of C lp-NDs reached peak levels 10 min after
injection, which was an earlier time-point compared to all Gs lp-
ND groups (peak time 1 and 3 h for 25% Rd lp-NDs and 25% Rh2
lp-NDs, respectively). The highest TFI/weight of C lp-NDs was
4.06 times greater than that of 25% Rd lp-NDs and 2.01 times
greater than that of 25% Rh2 lp-NDs in the lung. In liver, TFI/
weight of both C lp-ND and 25% Rh2 lp-ND groups attained
maximal levels at 6 h. In contrast, the peak time of 25% Rd lp-
NDs was earlier, and highest TFI/weight was lower than that of
C lp-NDs and 25% Rh2 lp-NDs. Interestingly, in the spleen, TFI/
weight of both 25% Rd lp-ND and 25% Rh2 lp-ND groups were



Figure 7 Metabolism of Gs lp-NDs. (A) Mean fluorescence intensity (MFI) of Gs lp-NDs and C lp-NDs in the blood circulation. (B) Dis-

tribution of Gs lp-NDs and C lp-NDs in internal organs of rats. (C) Total fluorescence intensity/weight (TFI/weight) of C and Gs lp-NDs in rat

lung, liver, spleen, kidney and heart. (D) The TFI of fluorescent-labeled lp-NDs in the homogenized samples derived from liver, spleen and lung.

Data are presented as mean � SD (n Z 3).
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3.69 and 1.8 times higher, respectively, than the C lp-ND group,
with a similar peak time of 3 h. Furthermore, the kidney accu-
mulation of lp-NDs was significantly lower compared to that in
the lung, liver, and spleen. Additionally, a notable minimal
accumulation of lp-NDs was observed in the heart.

Given the significance of the liver, spleen, and lungs as pivotal
organs within the MPS, housing a multitude of tissue-resident
phagocytes, we conducted an in-depth analysis to examine the
abundance of lp-NDs in the homogenized samples derived from
these tissues. As depicted in Fig. 7D, a discernible pattern of
gradual hepatic accumulation was evident across all three lp-NDs,
demonstrating a sustained increase within the liver following
administration. The culmination of this accumulation was
observed at about 3 and 6 h, respectively, with the peak of the C
lp-NDs (579.67 � 116.32) occurring around 3 h, while the peak
of the 25% Rd lp-NDs (489.33 � 97.73) and 25% Rd lp-NDs
(471.67 � 122.65) were observed approximately 6 h post-
administration. Notably, this trend was also evident in the
spleen, wherein the highest TFI of C lp-NDs (191.00 � 45.13)
was evident at 3 h, while the peak TFIs of the 25% Rd lp-NDs
(318.67 � 67.00) and 25% Rd lp-NDs (303.67 � 23.25) were
observed at approximately 6 h. Moreover, the TFIs of C lp-NDs in
lung homogenate reached their peak at 10 min, which was
consistent with the overall fluorescence results obtained from the
gross specimen (Fig. 8B and C). Furthermore, our investigation
unveiled a consistent trend wherein the TFI of C lp-NDs in both
the hepatic and splenic tissues exhibited a sustained elevation
compared to that of 25% Rd lp-NDs and 25% Rh2 lp-NDs,
although this disparity did not reach statistical significance (all
P > 0.05). We hypothesize that the lack of statistical difference
could potentially be attributed to inherent limitations in tissue
homogenization experiments, which may inadvertently affect the
integrity of lp-NDs during the homogenization process. To
minimize potential damage to lp-NDs during tissue homogeni-
zation, we implemented immunofluorescence detection by label-
ing macrophages in tissue slices. This approach provided a
slightly more precise evaluation of lp-ND engulfment within the
tissues. However, it is important to emphasize certain limitations
associated with the assessment of immunofluorescence detection
using sections. The primary limitation arose from the inhomo-
geneous distribution of lp-NDs in organs. To address this, we
implemented a random selection process involving CD68-
negative tissue cells and CD68-positive macrophages for fluo-
rescence image and semi-quantitative analysis. The results
exhibited a notable likeness to the TFI observed in tissue ho-
mogenate, despite some standard deviations displaying a sub-
stantial range, resulting in minimal statistical significance
(Supporting Information Fig. S6).

3.9. Safety of Gs lp-NDs

The potential cytotoxicity of Gs lp-NDs was assessed using CCK-
8 and hemolysis assays. The hemolysis percentage of human RBC
was significantly lower than the limiting value of 5%28, as shown
in Fig. 8A, indicating excellent hemocompatibility of Gs lp-NDs.
Additionally, as shown in Fig. 8B (Thp-1) and 8C (HUVEC), cell
viabilities were >90% after treatment with Gs lp-NDs at both low
(1 � 109 particles/mL) and high (1 � 1012 particles/mL) con-
centrations. These findings clearly indicate that Gs lp-NDs do not
exert significant cytotoxicity in vitro.

To investigate the potential in vivo toxicity of Gs lp-NDs, we
evaluated various parameters in a rat model, including changes in
body weight, blood biochemical parameters, and organ histopa-
thology. Body weight was monitored for one week following in-
jection. The results showed a gradual increase in body weight in all
groups, signifying that Gs lp-NDs do not induce body weight loss



Figure 8 Biocompatibility of Gs lp-NDs. (A) Hemocompatibility of Gs lp-NDs. (B) CCK-8 assay for THP-1 and (C) HUVEC cells. (D) Body

weights of rats treated with C lp-NDs, (E) 25% Rd lp-NDs and (F) 25% Rh2 lp-NDs. (G) Blood biochemical parameters of rats treated with C lp-

NDs, (H) 25% Rd lp-NDs and (I) 25% Rh2 lp-NDs. (J) Histological staining of major organs at 24 and 48 h after intravenous administration of C

lp-NDs and Gs lp-NDs. Scale bar Z 100 mm. Data are presented as mean � SD (n Z 3).
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in rats (Fig. 8D‒F). Blood biochemical tests revealed no signifi-
cant differences in ALT, AST, BUN, UA, and CREA levels be-
tween the experimental and control (treated with saline) groups,
indicative of low toxicity of Gs lp-NDs (Fig. 8G‒I). Histological
staining of vital organs post intravenous administration of Gs lp-
NDs after 24 and 48 h showed no significant abnormalities in
the heart, liver, spleen, lung or kidney, confirming the in vivo low
toxicity of Gs lp-NDs (Fig. 8J).

4. Discussion

Lp-NDs, also known as perfluorocarbon nanoparticles/nano-
emulsions or phase-shift nanoparticles/nanoemulsions, offer a
novel approach to diagnosis, therapy, and vaccine agents4. These
nanodroplets consist of a liquid perfluorocarbon core stabilized by
an emulsifier shell primarily composed of phospholipids, and can
effectively serve as vehicles for targeted drug delivery with high
monitoring performance, improved drug solubility and bioavail-
ability, and controlled release kinetics in response to various
external stimuli, including ultrasound, photoacoustic, microwave,
and magnetic resonance imaging1.

However, non-specific clearance by the IIS severely impedes
the clinical application of lp-NDs. Willmann et al.29 previously
demonstrated that macrophages could rapidly remove lipid shell-
targeted microbubbles from the bloodstream, resulting in a half-
life of only 3.5 min. While limited research has focused on the
pharmacokinetics of nanoscale lp-NDs, low delivery efficiency
(<1%) of liposomes possessing shells similar to lp-NDs has been
documented7. DPPC, which serves as the major component of
mammalian cell membranes with excellent biocompatibility30,
was utilized as the primary membrane material in our study.
However, the half-life of lp-NDs composed of DPPC was only
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21.73 min (Fig. 7A), which was significantly lower than the
clinical requisite half-life period of several hours31.

Compared to other nanomaterial types, lp-NDs require greater
diameters, particularly with respect to ultrasonic imaging quality
and necessary stimuli, to promote vaporization. The ideal diameter
post-phase change of lp-NDs ranges from 2.5 to 4 mm32,33. Ac-
cording to the ideal gas laws, which account for surface tension
effects, the expansion of a resulting bubble following vaporization
of a PFC droplet is anticipated to be w3e6 times in diameter34.
Accordingly, we infer that a diameter of w400 nm is optimal for
lp-NDs, which is sufficiently small to penetrate the loose capillary
space within tumor tissue. Particle size and distribution are widely
recognized as important factors in drug delivery and medical
imaging35. Particles ranging from 200 to 500 nm in diameter are
more readily internalized by both phagocytic and non-phagocytic
cells compared to smaller particles7,35. Therefore, efficacious
surface modifications of lp-NDs are necessary to mitigate non-
specific clearance.

The formation of the PC presents the initial biological response
to nanomaterial exposure within the body and is a key factor in
labeling of nanomaterials by biological systems. However, there is
a lack of literature on the PC composition related to lp-NDs.
Earlier research on liposome PC has provided valuable insights for
design of lp-NDs. Corbo et al.36 synthesized liposomes using a
combination of DPPC, dioleoylphosphatidylcholine (DOPC) and
cholesterol, and identified the top five proteins that adsorbed onto
the liposome surface after murine plasma exposure: serum albu-
min, apolipoprotein-E, Ig mu chain C region, apolipoprotein A-IV,
and myosin. Giulimondi et al.37 demonstrated that liposomes
comprised of DOTAP (1,2-dioleoyl-3-trimethylammonium-pro-
pane), DOPC, and DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(10-
rac-glycerol)) interacted with lipoproteins, immunoglobulins,
coagulation, acute phase proteins, and complement components
when exposed to human plasma. In other types of nanomaterials,
such as superparamagnetic iron oxide (SPIO), the most abundant
protein on the surface plasma coating was determined as C325,
followed by serum albumin, immunoglobulin heavy constant mu,
and others. Consistently, C3 was determined as the most abundant
constituent of PC in our study. The PC of NPs exhibit significant
variations despite sharing common components whereas NPs
possessing different shell materials may manifest analogous sur-
face PC. These inconsistencies could be attributed to a range of
factors, such as particle size, composition, ZP, and fabrication
techniques employed.

The surface of NPs attracts numerous proteins. The most
frequently identified constituents of the corona are serum albumin,
apolipoproteins, complement system proteins, immunoglobulins,
and alpha-2 macroglobulin38,39. Several studies have demon-
strated that the attachment of blood proteins to nanomaterial
surfaces is a competitive adsorption process40, while others sug-
gest that proteins bind or adsorb NPs through stronger chemical or
hydrogen bonds41. The proteins facilitating recognition and
clearance of NPs by the IIS are yet to be clarified. The cleavage of
C3 by C3-convertases is a fundamental reaction in all three
complement pathways, generating two biologically active com-
ponents: C3a, an anaphylatoxin; and C3b, a powerful opsonin.
C3b can covalently attach to the activated surface of NPs, thereby
enhancing their recognition and phagocytosis by the MPS42. Our
research showed that the complement component covering lp-NDs
contributes to phagocytosis. Data obtained by our group were
concordant with other published studies. Scieszka et al.43 reported
that human polymorphonuclear neutrophils reduced uptake of
liposomes when exposed to heat-inactivated-complement serum
compared to normal serum. Meanwhile, Huong and colleagues
observed that anti-C3 antibody treatment of serum completely
blocked liposome uptake by rat peritoneal macrophages, indi-
cating that complement receptor-mediated phagocytosis may
serve as a potential mechanism for liposome uptake44. Subse-
quently, Scieszka et al.45 showed that phagocytosis was not
possible in the absence of C3 in the serum. Furthermore, they
found that an antibody targeting the receptor for C3bi prevented
phagocytosis in serum45. Klapper et al.46 further investigated
complement activation triggered by phospholipid vesicles in
plasma and whole blood of humans. They reported that exposing
phospholipid vesicles to plasma resulted in the production of fluid-
phase complement products: C3a and SC5b-9, and granulocytes
bound to or engulfed the vesicles in a manner that relied on
complement activation46. The complement system is a complex,
highly orchestrated cascade process involving multiple compo-
nents. Several of the components promote phagocytosis, such as
initiator complement components (C1q), membrane-binding
components (C3b and C4b)47, and complement receptor proteins
(CR1 and CR3)48. However, the possibility that macrophages
recognize lp-NDs via other signal transmission and receptor
pathways cannot be discounted.

Ginseng (the root of P. ginseng C.A. Meyer, Araliaceae) is
commonly used as a tonic in traditional oriental medicine49. The
primary active component of P. ginseng is Gs, which has
numerous beneficial pharmacological properties including anti-
oxidant, anti-inflammatory, and immunostimulatory activities50.
Lee et al.51 reported inhibitory effects of four Gs (Rk3, Rh4, Rg6,
and F4) on complement activation via the CP. The group of Kim
showed strong anti-complementary activity of the total saponin
fraction of P. ginseng against the CP but not AP at concentrations
of 50e500 mg/mL21. So far, more than 100 types of Gs have been
isolated52. While several researchers have reported anti-
inflammatory effects of Gs Rd and Rh253e56, their potential
anti-complement effects are yet to be established. The activities of
Gs Rd and Rh2 were examined using the anti-complement he-
molysis assay based on the complement fixation test as described
in earlier reports26,27. Gs Rd and Rh2 were found to have no
impact on the CP, but they were effective in inhibiting the AP. Our
results were inconsistent with those of Kim et al. 21, which could
be attributed to two possible factors. Firstly, Kim and co-workers
investigated the anti-complementary activities against CP and AP
of the total saponin fraction. Since their data indicated no anti-
complementary activity against the AP of saponins, the group
did not conduct further studies on the potential effects of Gs
monomers against the AP. In general, the components of ginseng
are distinct based on the Panax species, growth environment,
cultivation and extraction methods57. Accordingly, we hypothe-
size that the inhibitory effect of total saponin on the AP observed
in one study may not be an accurate representation of Gs mono-
mer activity. We further modified the anti-complement assay in
which the guinea pig serum or human serum was titrated to obtain
submaximal levels for avoiding excess or deficiency of hemolysis
(Supporting Information Materials S1 and S2). However, the
lipophilic steroid structure of Gs Rd and Rh2 leads to poor water
solubility, resulting in a maximum anti-complement ability of only
40%e50% even at high Gs concentrations (1 mg/mL).

Gs are natural plant-derived compounds featuring a steroid
structure akin to cholesterol and have limited bioavailability due to
their low water solubility58. This property poses a significant draw-
back to their therapeutic potential. Consequently, investigators have
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redirected their attention to the interplay between Gs and diverse
phospholipids and focused on uncovering their capacity to stabilize
the phospholipid membrane, akin to cholesterol20,59. The additional
glycoside chain present in Gs distinguishes them from cholesterol
and alters their physical and chemical characteristics23. The addition
of the glycoside chain enhances the hydrophilic properties of Gs,
which could underlie their utility as an ideal stabilizer59. Selvaraj
et al.60 demonstrated that the amount of released curcumin from
curcumin-loadedGs liposome is proportional to that ofGs. Thegroup
speculated that excessGs induces a drastic shift in the hydrophilic and
hydrophobic balance of the membrane. To date, numerous reports
have demonstrated that encapsulation of NPs by Gs-modified phos-
pholipids prolongs metabolic cycling and reduces clearance
levels23,61e63. However, the precise mechanisms underlying this ef-
fect remain elusive and require further investigation. Existing
research maintains that these properties are conferred by the mem-
brane stabilization effects of Gs. However, we believe that the anti-
complement effect of Gs also plays a part, along with other exist-
ing complex mechanisms that are yet to be uncovered. Simulta-
neously, we posit that, as indicated by Hong et al.61, the different Gs
and their distinct sugar chain structures confer disparate and
intriguing effects upon anchoring. Specifically, in Hong et al.61

investigation, when Rh2 is anchored in the liposome membrane, it
exhibits an effect greater than the sum of its parts (1 þ 1 > 2), by
bolstering the stability of the lipid membrane, extending the sub-
stance’s circulation duration within the bloodstream, amplifying its
accumulation within tumor tissues, and prepossessing immunosup-
pression counteracting capabilities. Given the global magnitude of
cancer as a critical public health issue and its standing as the second
most prevalent cause of mortality on a global scale, the integration of
Gs Rd and Rh2 as surface modifiers in lp-NDs presents a compelling
prospect as an exceptionally promising and innovative drug delivery
system.

An intriguing discovery from our study reveals that lp-NDs,
despite our initial objective of demonstrating intracellular locali-
zation, exhibit partial co-localization with lysosomes (Figs. 2E, 6F
and 6I). The escape of nanomedicine drugs from lysosomes poses
a significant challenge at the intracellular level. In accordance
with existing literature, it has been documented that phospholipid-
based nanocarriers display higher level of co-localization with
lysosomes64. Lysosome localization presents both advantageous
and disadvantageous aspects. On the positive side, it enables
passive targeting of the lysosomes. Conversely, on the negative
side, this localization may lead to reduced efficacy. Our study
offers evidence supporting two key findings. Firstly, it confirms
the presence of lp-NDs within cells. Secondly, it demonstrates that
lp-NDs exhibit a higher degree of co-localization with the lyso-
somal compartment, particularly in Thp-1 cell lines compared to
PBMs. Meanwhile, Gs lp-NDs exhibited prolonged circulation
time compared to the control group, with a longer half-life and
delayed peak concentration in major MPS organs, both at the
tissue cellular and macrophage levels. Although the concentration
of Gs lp-NDs in the spleen appeared comparable and even higher
than the control group in gross spleen fluorescence imaging,
spleen homogenate, and spleen immunofluorescence sections, this
might be attributed to the rapid accumulation of excessive C lp-
NDs in the lungs after injection, resulting in decreased concen-
tration in circulation. Additionally, the small size of the rat spleen
may contribute to the overall reduction in the total amount of C lp-
NDs entering the spleen. In larger organs such as the lungs and
liver, the TFI/weight (/g) of lp-NDs was approximately 4e10
times higher than in the spleen. It was observed that Gs lp-NDs
exhibited varying degrees of delayed peak concentration and
lower peak intensity. However, it is important to note that using
fluorescence-based methods to measure drug metabolism and
distribution is only a preliminary experiment. The optimal
approach would involve using nuclide labeling with DPPC.

5. Conclusions

In summary, we created a novel lp-ND system modified with Gs to
address the limitations of current lp-ND formulations, including
(1) non-specific clearance by the IIS (including opsonization by
PC, complement system activation, and macrophage phagocy-
tosis) and (2) short cycle times. Lp-NDs serve as ideal nano-
carriers, necessitate prolonged half-life times in the bloodstream
and elevated rates of delivery to the intended target site. Combi-
nations of Gs and phospholipid exhibit multiple functionalities,
including, but not limited to, inhibition of complement compo-
nents and anti-phagocytosis effects. The Gs Rd and Rh2, chosen
for lp-NDs modification in this research, exhibited effective anti-
complement and anti-phagocytosis activities, albeit limited.
Further research is warranted to identify further valuable bioactive
compounds within the treasure trove of the plant kingdom.
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