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Purpose: To prepare nanoscale ultrasound contrast agents (Nano-UCAs) and examine the role of their surface charge in complement
activation and phagocytosis.

Materials and Methods: We analyzed serum proteins present in the corona formed on Nano-UCAs and evaluated two important
protein markers of complement activation (C3 and SC5b-9). The effect of surface charge on phagocytosis was further assessed using
THP-1 macrophages.

Results: When Nano-UCAs were incubated with human serum, they were opsonized by various blood proteins, especially C3. Highly
charged Nano-UCAs, whether positive or negative, were favorably opsonized by complement proteins and phagocytized by
macrophages.

Conclusion: Charged Nano-UCAs show a higher tendency to activated complement system, and are efficiently engulfed by
macrophages. The present results provide meaningful insights into the role of the surface charge of nanoparticles in the activation
of the innate immune system, which is important not only for the design of targeted Nano-UCAs, but also for the effectiveness and
safety of other theranostic agents.
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Introduction

Ultrasound contrast agents (UCAs) are generally gas-filled microbubbles (MBs) with a diameter of 1-8 um, which can
oscillate upon interacting with the ultrasound wave thus enhancing the reflected ultrasound signal, and have been used in
clinical imaging for decades.' Traditional MBs are small enough to freely circulate in capillariesbut too large to
extravasate from blood vessels to deliver drugs to the tissue. In recent years, nanoscale ultrasound contrast agents (Nano-
UCAs) have emerged as an effective drug delivery system for molecular imaging and target therapy, because of their
responsive properties to external stimuli.** With a size of hundreds of nanometers, Nano-UCAs can extravasate from
blood vessels and accumulate in tumor tissue via the enhanced permeability and retention effect.® Most Nano-UCAs have
a liquid perfluorocarbon core and a phospholipid shell, capable of undergoing liquid-to-gas phase transition.”® Nano-
UCAs have many potential uses, covering a broad spectrum of biomedical research that can be translated into future
theranostic applications, such as molecular imaging,”'® image-guided therapy,'' ultrasound-mediated drugs and gene

delivery,'>"? ultrasound-triggered immunotherapy,'*'> and biosensors.'® Numerous UCA designs have been developed,
including echogenic liposomes,'” nanodroplets or nanoemulsions,'® micelles,'® and gas-filled nanobubbles.”® The

chemical composition of these nanoparticles can be fine-tuned according to the physicochemical and biological
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properties of the active compound and their intended application. The outer shell of Nano-UCAs is usually composed of
different anionic, cationic, and neutral molecules (phospholipids, polymers, surfactants, etc). Anionic UCAs are typically
used to deliver anticancer drugs (eg, doxorubicin, paclitaxel, etc).?'** Cationic UCAs can be electrostatically coated with
nucleic acids, and used in sonoporation for gene delivery.”> Surface charge properties are important not only for the
stability of nanoparticles (NPs) in vitro but also for their blood half-life in vivo. The surface charge of NPs is generally
characterized through the zeta potential, which is exhibited by any particle in suspension, as well as macromolecules and
material surfaces.”* The measurement of the zeta potential is a standard technique to evaluate the surface charge of NPs
and predict their stability in vitro.>> However, few studies have reported the role of the surface charge or zeta potential of
NPs in the innate immune system.

The innate immune system, including the complement network and the mononuclear phagocytic system (MPS), is the
first line of defense against invasion by viruses, bacteria, as well as foreign substances such as micro- and
nanoparticles.”® Following intravenous administration, NPs are rapidly covered by blood proteins (opsonins) to form
a “protein corona”, in a process termed opsonization. This process aids immune cells to recognize the NPs. The
complement protein 3 (C3) is at the core of the complement enzyme-linked reaction, which involves all complement
activation pathways. Upon activation, C3 produces important opsonins, such as C3b and its fragments (iC3b and
C3dg).?” Phagocytes (either neutrophils or macrophages) can recognize NPs labeled with opsonins via their receptors
on the cell surface and eliminate them from the bloodstream.*®

The composition of the protein corona depends on the surface and physicochemical properties of the NPs.?’ Previous
studies have evaluated the interactions of plasma or serum proteins with various NPs, for example, carbon nanotubes,*®'
micelles,* liposomes,** polymeric nanospheres,>**> iron oxide,*® and gold NPs.*” To the best of our knowledge, no
systematic studies of the opsonization and activation of the complement system induced by UCAs (microbubbles,
nanoemulsions, or nanodroplets) have been published. The shell of UCAs is generally composed of a thin and soft
monolayer of phospholipids and lipid-derived polymers.**>° The gaseous or liquid core endows UCAs with high fluidity
and deformability, making them very different from other types of NPs with little or no deformability.

Identifying the materials that are used to prepare Nano-UCAs and understanding their interaction with the immune
system are the key to their successful clinical translation. It is well known that the size, shape, hydrophobicity, and
polyethylene glycol (PEG) coating of NPs are important factors that affect their interactions with the immune system.**”
42 However, little is known about the role of the surface charge of Nano-UCAs in these interactions. In this study, we
investigated the role of the surface charge of Nano-UCAs in opsonization, complement activation, and phagocytosis. The
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process of complement activation was assessed by identifying the composition of the protein corona of Nano-UCAs and
quantifying the production of activated C3 and terminal complement complex SC5b-9. The interaction of Nano-UCAs
with immune cells was investigated by observing the phagocytosis of NPs using activated THP-1 macrophages. The
results of the present study are expected to provide useful insights for understanding the role of nanoscale ultrasound
contrast agents in the immune response.

Materials and Methods

Human Serum Specimen Collection

All participants provided informed consent, and the study was approved by the Ethics Committee of West China Hospital
of Sichuan University (No. 2021889). The study was conducted in accordance with the Helsinki Declaration. Whole
blood samples from the median cubital vein were collected from healthy blood donors at the Department of Ultrasound
Imaging, West China Hospital, Sichuan University. The samples were coagulated at room temperature for 2 h and then
centrifuged at 2000 g for 20 min to separate the serum.

Synthesis and Characterization of Nano-UCAs

The neutral phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, S01004 A.V.T Pharmaceutical Co., Ltd,
Shanghai, China) was used as the main component of the shell of Nano-UCAs. To prepare neutral (Neu) Nano-UCAs, a 5
molar% amount of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-
mPEG2000, FO1008 A.V.T Pharmaceutical Co., Ltd) was added to DPPC to prevent aggregation in vitro and also provide
stealth properties to the Nano-UCAs. To prepare Nano-UCAs with a charged shell, either the negatively charged lipid
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS, S04002 A.V.T Pharmaceutical Co., Ltd) or the positively charged
cholesteryl 3p-N-(dimethylaminoethyl) carbamate hydrochloride molecule (DC-CHOL, 002003 A.V.T Pharmaceutical
Co., Ltd) was further added to the neutral Nano-UCAs. The composition and nomenclature of the different formulations
used in this study are shown in Table 1. Nano-UCAs were synthesized using a thin film hydration method, as described
below. The required raw materials were weighed and mixed according to the molar% in Table 1, then dissolved in
chloroform at 5 mg/mL using a round-bottomed flask. The solvent was evaporated under vacuum in a rotary evaporator
at 50 °C until a thin and homogeneous lipid film was formed and dried. Sterile saline was added to the lipid film (1 mg/
mL) and the mixture was dispersed at 50 °C using an ultrasonic cleaner (SB-3200-DTD, Scientz Biotechnology Co., Ltd,
Ningbo, China). Five milliliters of the obtained suspension were then placed on an ice bath for 5 min and mixed with
1 mL perfluorohexane (CgFi4, Strem Chemicals, Inc., Newburyport, USA). The mixture was sonicated using an
ultrasonic oscillation instrument (SCIENTZ-IID, Scientz Biotechnology Co., Ltd) for 5 min at 300 W and 50% duty
cycle to generate the nanoparticles. The NPs suspension was extruded through a polycarbonate (PCTE) membrane (filter
size 0.8 um, ¢ = 19.05 mm, 100/PK, SterliTech CO, Washington, USA) using a hand extruder (Genizer LLC, California,
USA). The resulting suspension of Nano-UCAs was stored at 4 °C until use. Transmission electron microscopy (TEM)

Table | The Composition and the Nomenclature of Nano-UCAs with
Different Surface Charge

Nomenclature Composition (Molar%)

75%(-) Nano-UCAs 75% DPPS+20% DPPC+5%DSPE-mPEG2000
50%(-) Nano-UCAs 50% DPPS+45% DPPC+5%DSPE-mPEG2000
25%(-) Nano-UCAs 25% DPPS+70% DPPC+5%DSPE-mPEG2000
Neu Nano-UCAs 95%DPPC+5%DSPE-mPEG2000

25%(+) Nano-UCAs 25% DC-Chol+70% DPPC+5%DSPE-mPEG2000
50%(+) Nano-UCAs 50% DC-Chol+45% DPPC+5%DSPE-mPEG2000
75%(+) Nano-UCAs 75% DC-Chol+20% DPPC+5%DSPE-mPEG2000

Abbreviations: DPPS, |,2-dipalmitoyl-sn-glycero-3-phospho-L-serine; DPPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine; DSPE-mPEG2000, |,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-methoxy (polyethylene glycol)-2000; DC-Chol, cholesteryl 3B-N-(dimethylaminoethyl) carba-
mate hydrochloride.
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images were obtained to inspect the shape of the Nano-UCAs (Tecnai G2 F20 S-TWIN electron microscope, FEI, Inc.,
Hillsboro, USA). The NPs’ size and zeta potential were measured using a NanoBrook 90plus PALS analyzer
(Brookhaven, Inc., New York, USA). The NPs concentration was measured by a ZetaView instrument (Particle
Metrix, Kassel, Germany) and then adjusted to 1x10'? or 1x10'° particles/mL for subsequent experiments.

Incubation of Neu Nano-UCAs with Serum to Extract Adsorbed Proteins

The assay system is based on Chen F and Vu Vivian P’s methods.*®** A 1x10'? particles/mL concentration of Neu Nano-
UCAs in saline was mixed with serum samples obtained from three blood donors in a volume ratio of 1:3 (v/v). At the
end of incubation (37 °C, 1 h), the nanoparticles were recovered and washed three times by centrifugation at 100,000 g in
Ca®"/Mg**-supplemented phosphate-buffered saline (PBS) for 5 min using a Beckman Optima TLX ultracentrifuge. The
pellets deposited in the serum were washed with 100 uL. 2% sodium dodecyl sulfate (SDS) for 1 h at room temperature to
extract the proteins making up the corona. The protein supernatant was recovered by additional ultracentrifugation and
stored in frozen aliquots at —80 °C until use.

Identification of Proteins in Neu Nano-UCAs Corona

The adsorbed proteins recovered from the surface of the Neu Nano-UCAs were mixed with non-reducing sample loading
buffer (PO016N, Native Gel Sample Loading Buffer, 5X, Beyotime Biotechnology, Shanghai, China) and loaded (20 puL
per lane) onto 4% stacking sodium dodecyl sulfate-polyacrylamide gels. Electrophoresis was then performed (70 V for
20 min); the resulting gel strips of whole proteins were carefully cut down using a disposable surgical blade. Inside the
gel strips, the proteins were dehydrated using acetonitrile (ACN), reduced, alkylated with dithiothreitol and iodoaceta-
mide, and then digested into peptides using trypsin. Peptides (8 pg) were resolubilized in 0.1% formic acid (FA) and
analyzed using an EASY-nLC 1200 (Thermo Fisher Scientific, Inc., Waltham, USA) with an Orbitrap Fusion Lumos
Tribrid mass spectrometer system (Thermo) in data-dependent acquisition (DDA) mode. The separation column (75 pum
x 15 c¢cm, C18 column packed with 3.0 um C18 particles) was used with a flow rate of 300 nL/min using 0.1% FA
(solvent A) and 80% ACN plus 0.1% FA (solvent B) with a 78 min gradient. The LC separation gradient was 5-8%
solvent B for 8 min, 8-22% solvent B for 50 min, 22—32% solvent B for 12 min, 32-90% solvent B for 1 min, and 90%
solvent B for the last 7 min. Ion source settings, including the spray voltage, sweep gas, and ion transfer tube
temperature, were obtained from tune settings and adjusted for current instrument states. For the MS1 scans, the mass
ranged from m/z 350 to 1550 with a resolution of 60,000 (at m/z 200), an automatic gain control (AGC) target value was
1 x 10°, a maximum injection time was 50 ms, the highest intensity precursor ions were for MS2 analysis in 3 seconds,
the minimum abundance of precursor ions is 50,000, and the isolate the window is 2. For the MS2 scan, normalized HCD
collision energy was 35%, the resolution was 15,000 (at m/z 200), the AGC target value was set to 5 x 10%, and the
maximum injection time was 80 ms. The RF lens was 30% and the spectra were collected in profile mode (MS1) and in
centroid mode (MS2). Qualitative and quantitative analyses of the MS spectra were performed using the Maxquant
software and “Wu Kong” platform (https://www.omicsolution.com/wkomics/main/).

Assay of Activated C3 Bound to Nano-UCAs

In order to study the binding of activated C3 to Nano-UCAs with different surface charges, 1x10'* particles/mL of
neutral and charged Nano-UCAs were mixed with human serum samples in 1:3 (v/v) ratio to prepare the protein
supernatant. For each sample, 20 pL aliquots were mixed with non-reducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer and boiled for 5 min. The boiled proteins were electrophoretically separated
by Tris-Gly 8% gel and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked using
5% (w/w) non-fat dry milk in 1XPBS with 0.1% Tween-20 (PBS-T) for 1 h at room temperature and probed with
corresponding primary antibodies (mouse monoclonal antibody raised against activated human complement factor C3,
13/15 sc-47687, Santa Cruz Biotechnology, Inc., Dallas, USA) at 4 °C overnight, followed by washing the membrane
three times with Tris-buffered saline containing 0.05% Tween-20 (TBS-T). Finally, the resulting samples were incubated
for 1 h with the corresponding secondary antibodies against the primary antibody species (Mouse IgGk light chain
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binding protein conjugated to horseradish peroxidase (HRP), sc-516102, Santa Cruz). The protein band signals on PVDF
membrane were visualized using a chemiluminescence imager (ChemiDoc™ MP, Bio-Rad System, Inc., Hercules, USA).

SC5b-9 ELISA

Before and after incubation with Nano-UCAs, the serum was analyzed to determine the SC5b-9 levels using an enzyme-
linked immune sorbent assay (ELISA) kit (MicroVue SC5b-9 Plus EIA, Quidel Corporation, San Diego, USA). To
quantify the SC5b-9 levels, we used standards SC5b-9 series with concentrations of 10, 40, 110, and 170 ng/mL,
according to the manufacturer’s instructions. Standards and samples were added to microassay wells pre-coated with
anti-SC5b-9 specific monoclonal antibody. After 1 h of incubation, a wash cycle was performed to remove unbound
materials. HRP-conjugated antibodies to antigens on SC5b-9 were added to each well. Incubation with HRP-conjugated
antibodies for 30 min was then followed by another wash cycle. Finally, a chromogenic enzyme substrate was added to
each well. After reacting with the bound HRP-conjugated antibodies, the substrate turned blue. A reagent was then added
to stop color development, resulting in a yellow color. Standard and sample absorbance (A445) values were measured by
a microplate reader (Synergy HT, Bio-Tek, Vermont USA). Quantitative analysis of the samples was performed by
interpolating the A4s0 results using the linear regression equation of the standard curve.

Cell Culture

Human pro-monocytic THP-1 cells (CC1904, CellCook Biotechnology Co., Ltd., Guangzhou, China) and human non-
small cell lung cancer NCI-H1299 cells (CC0203, CellCook Biotechnology Co., Ltd.) were routinely grown in RPMI
1640 medium (22,400-089, Gibco, Karlsruhe, Germany), containing 10% (v/v) heat-inactivated fetal calf serum (10,100—
147, Gibco) supplemented with 10,000 units/mL penicillin and 10,000 units/mL streptomycin (15,140-122, Gibco). Cells
were maintained at 37 °C in a humidified atmosphere of 95% air and 5% CO,.

Nano-UCAs Uptake by Macrophages

To evaluate Nano-UCAs uptake by macrophages, THP-1 cells were seeded in 35-mm 6-well plates at a density of 1x10°
cells/well in the presence of 100 nM phorbol myristate acetate (PMA, P1585, Sigma, St Louis, USA) and allowed to
attach to the plates for 48 h. After addition of PMA, differentiated THP-1 cells were incubated with 1x10'® particles/mL
Nano-UCAs labeled with 1,1’-dioctadecyl-3,3,3”,3’-tetramethyl-indocarbocyanine (Dil) perchlorate (C1036, Beyotime
Biotechnology) at room temperature for 1 h. After lysosomal fluorescence (C1046, Lyso-tracker red, Beyotime
Biotechnology) and nucleus fluorescence (C1022, Hoechst 33,342 blue, Beyotime Biotechnology) staining, cells were
fixed and visualized by the laser confocal fluorescence microscopy (LCFM, A1R-MP, Nikon, Tokyo, Japan). For
quantitative analysis, after incubation with Dil-labeled Nano-UCAs, THP-1 cells were detached with trypsin EDTA,
collected, and analyzed using a flow cytometer (FACS Caliburl, BD Biosciences, Franklin Lake, USA). The labeled
Nano-UCAs were also incubated with non-phagocytic NCI-H1299 cells and observed using LCFM, as described above.

Statistical Analysis
The data were analyzed using GraphPad Prism 8 (GraphPad Software, CA, USA). Differences were assessed using the
one-way analysis of variance followed by the Newman—Keuls post-hoc test for multiple group comparisons and the
Student’s #-test for comparisons between two groups. All quantitative data shown in the figures are presented as mean +
standard deviation (SD).

Results
Characterization of Nano-UCAs with Different Surface Charges

In this study, we prepared seven formulations of Nano-UCAs. In particular, positively and negatively charged Nano-
UCAs were prepared by adding different molar ratios of anionic or cationic molecules to the Neu Nano-UCA
samples (Table 1); the synthesis is illustrated in Figure 1A. In order to evaluate the role of the surface charge in
complement activation, the particle size and corresponding distribution were kept as constant as possible for all
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Figure | Synthesis and characterization of different Nano-UCAs formulations. (A) Schematic representation of Nano-UCAs with various surface charges. Nano-UCAs with
neutral, positive, and negative surface charges were prepared with different molar ratios of DPPC (blue ball), DC-CHOL (pink ball), and DPPS (green ball). DSPE-mPEG2000
(5 mol%, purple ball) was added to all formulations to prevent particle aggregation. (B) Transmission electron microscopy images of Nano-UCAs with different surface
charges. (C) Mean particle size (nm), (D) mean polydispersity index (PDI), and (E) mean zeta potential (mV) of different Nano-UCAs formulations.

formulations. The TEM images in Figure 1B show that the Nano-UCA particles were almost spherical and had
a size of approximately 500-600 nm, with a soft smooth surface. The particle size, polydispersity index (PDI), and
zeta potential of different Nano-UCA formulations are shown in Figures 1C-E, respectively. The only significant
difference between the different nanoparticles is the change in zeta potential. For Neu Nano-UCAs formulated with
95% DPPC + 5% DSPE-mPEG2000, the zeta potential was —0.32+1.95 mV. When the anionic phospholipid DPPS
was added to the neutral formulation, the zeta potential decreased gradually from —0.32+1.95 mV (0%) to —11.29
+2.01 mV (25%), —22.85+10.81 mV (50%), and —40.95+1.16 mV (75%). In contrast, the zeta potentials of the
formulations containing 0%, 25%, 50%, and 75% DC-CHOL increased gradually from —0.32+1.95 mV to 15.80
+3.18 mV, 29.16+£7.78 mV, and 51.33+£2.89 mV, respectively. When stored in saline at 4 °C, all Nano-UCAs

remained relatively stable during the test period (Figure 2).
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Figure 2 In vitro stability of Nano-UCAs. (A) Mean particle size (nm), (B) mean polydispersity index (PDI), and (C) mean zeta potential (mV) of different formulations in
saline at |, 2, 4, 7, and 14 days. Each dot represents the mean + SD of three replicates.
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Relationship Between Protein Corona, Activated C3, and Surface Charge of Nano-UCAs
To investigate the composition of the protein corona covering the Neu Nano-UCAs, we performed MS analysis of the serum
proteins bound to Nano-UCAs (Figure 3A and Supplementary Table 1). C3 was among the most abundant proteins in all three
tested serum samples. To further study the influence of surface charge on the opsonization, the activated C3 in the protein corona
was determined using the Western blot (WB) analysis. Figure 3B suggests that activated C3 was bound to a protein cluster rather
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Figure 3 Role of surface charge of nanoscale ultrasound contrast agents in the activation of complement system and phagocytosis. (A) Protein corona formed on Neu
Nano-UCAs: heat map of top 30 proteins identified in coronas. Proteins are ranked according to the logarithm of the confidence score determined from the number of
peptides and the quality of the MS spectra. (B) Western blot non-reducing bands of activated C3 bound to differently charged Nano-UCA surfaces in serum samples. The
experiment was repeated three times using three different serum samples. (C) Gray values analysis of WB bands of activated C3. The experiment was repeated three times
using three different serum samples. Data are shown as mean + SD (**P < 0.001). (D) Enzyme-linked immunosorbent assay for quantitative detection of human SC5b-9. The
graph in the top-right corner shows the standard curve of SC5b-9, and the histogram below it shows the quantity of SC5b-9 produced in serum samples incubated with
differently charged Nano-UCAs. The control column displays SC5b-9 levels in serum before incubation with Nano-UCAs. Data are shown as mean + SD of three repeated
experiments. (E) Effects of surface charge (zeta potential, mV) on the levels of activated C3 (determined by Western blot analysis, blue) and SC5b-9 (determined by ELISA,
red) in serum after incubation with Nano-UCAs. For a given Nano-UCAs formulation, each pair of data in the figure represents an individual measurement.
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than to the Nano-UCA surface alone: the eluted activated C3 of all surface-charged Nano-UCAs showed a smeared high-
molecular-weight pattern (=270 kDa), compared to that of purified C3 with a molecular weight of 195 kDa. The experiment was
repeated three times using three different serum samples. Based on the integrated density (ID) calculated from the gray value
(dots per inch, Figure 3C) of the activated C3 WB band by ImageJ software (1.51j8 version, National Institutes of Health, USA),
the neutral Nano-UCAs adsorbed the lowest amount of activated C3 (836.45+320.34 ID). The Nano-UCAs with a lower charge
bound a relatively low amount of activated C3, with 3490.56+1450.29 ID and 1481.39+40.59 ID for the 25% negatively charged
and 25% positively charged Nano-UCAs, respectively. The 50% (-) and 50% (+) Nano-UCAs adsorbed a higher amount of
activated C3 than the lower-charge samples, with 6072.28+1049.22 ID and 4145.03+286.69 ID for the negatively and positively
charged Nano-UCAs, respectively. The high-charge Nano-UCAs adsorbed the highest amount of activated C3, with 19,448.67
+522.58 ID and 18,775.48+1950.21 ID for 75% (-) and 75% (+) Nano-UCAs, respectively.

Analysis of Complement Activation

Serum SC5b-9 levels were measured to assess the effect of the Nano-UCAs on complement activation. To determine the
concentration of SC5b-9, a standard curve was obtained using the standard samples provided with the SC5b-9 Plus EIA
kit. The slope, intercept, and correlation coefficient of the best-fit line lay within the ranges specified by the manufacturer
(y = 0.007466x + 0.2036, r = 0.997). Figure 3D reveals that an increased surface charge led to increased production of
SC5b-9 in the serum. For instance, the amount of SC5b-9 produced by Neu Nano-UCAs was 19.84+4.70 pug/mL, while
the 25% (-) and 25% (+) Nano-UCAs produced SC5b-9 levels of 30.414+25.69 and 23.27+8.82 nug/mL, respectively. For
the 50% (-) and 50% (+) Nano-UCAs, the produced amounts of SC5b-9 were 99.85+32.70 and 47.87+1.52 pg/mL,
respectively. Similar to the activated C3 bound on Nano-UCAs, 75% (-) and 75% (+) Nano-UCAs produced the highest
amounts of SC5b-9 complex: 152.65+3.65 and 78.64+27.93 ng/mL, respectively. These results indicate a significant
correlation between activated C3, SC5b-9, and the surface charge of the Nano-UCAs (Figure 3E), suggesting that the
activation of the complement system by the Nano-UCAs depends on their surface charge.

Nano-UCAs Uptake by Macrophages

To further examine whether the Nano-UCAs were simply adsorbed on the cell surface or engulfed by macrophages, THP-
1 and NCI-H1299 cells were separately incubated with Dil-labeled Nano-UCAs. After vigorously washing the cells,
almost all Nano-UCAs disappeared from the culture medium, whereas they were still observed in the THP-1 cells
(Figure 4). LCFM imaging revealed that the Nano-UCAs were localized within fluorescently labeled green lysosomes
(Figure 4). Figures 5SA-D shows the uptake of differently charged Nano-UCAs by THP-1 cells. All charged Nano-UCAs
exhibited strong red fluorescence inside the THP-1 cells (Figure 5A). The analysis of the mean fluorescence intensity
(MFI) (Figure 5B) indicated that the uptake of Nano-UCAs by THP-1 cells increased significantly with increasing
surface charge density, especially for Nano-UCAs with 75% positive charge. The MFI values of 25% (-), 50% (-), and
75% (-) Nano-UCAs were 10.6, 11.5, and 11.9 times higher than those of the Neu Nano-UCAs, respectively. Moreover,
the MFI values of 25% (+), 50% (+), and 75% (+) Nano-UCAs were 9.0, 9.9, and 28.5 times higher than those of the Neu
Nano-UCAs, respectively. Similar quantitative results were obtained by flow cytometry (Figures 5C and D).

Discussion
NPs hold great potential for application in nanomedicine, however, their ability to target diseased tissues is still largely
unknown, with only 0.7% (median) of the administered NPs dose found to be delivered to solid tumors.** One of the
direct causes for this low efficiency is that the NPs are rapidly cleared by the innate immune system.****¢

The opsonization of blood proteins and uptake by the MPS have been suggested to be the main mechanisms for the
rapid removal of liposomes from the blood, affecting their lifespan.*”*** The outer layer of the liposomes is similar to that
of MBs and Nano-UCAs, consisting of neutral and/or charged phospholipids. Klapper et al found that neutral liposomes
made with the phospholipid dimyristoyl phosphatidylcholine (DMPC) incubated in plasma led to the generation of
complement activation products (C3a and SC5b-9).*” Van den Hoven et al reported that empty liposomes containing 5
mol% DSPE-PEG2000 did not significantly induce complement activation (C3, SC5b-9).°° Chonn et al conducted an in-

depth study on the effect of the liposome surface charge on complement activation. They used serum samples obtained
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NCI-H1299

THP-1

Figure 4 Confocal laser scanning microscopy of phagocytosis of Neu Nano-UCAs by THP-1 macrophages. In this experiment, the nanoparticles were first incubated with
donor serum to produce the protein corona and then incubated with cells. Non-phagocytic NCI-H1299 cells were also incubated with the same donor serum and used for
comparison. Dil-labeled Neu Nano-UCAs (red) were observed in THP-1 cells after intensive washing with PBS, but were not detected in NCI-H1299 cells.

from healthy humans or guinea pigs incubated with liposomes, followed by determining the residual hemolytic activity of
the serum as a measure of complement activation. They found that the surface charge of liposomes was a key factor in
complement activation regardless of the surface charge type.’’

The innate immune system interacts not only with liposomes, but with all nano- and micro- particles. Lundqvist et al
used polystyrene NPs coated with different polymers to conduct a systematic assessment of the effects of the surface
charge and size of NPs on the protein corona.?’ They found that both the size and surface charge played an important role
in formation of the corona of NPs. They also showed that most proteins involved in the complement pathway, such as C3
and the complement factor H, can be adsorbed on the surface of neutral NPs. Our proteomic analysis showed that 600-nm
Neu Nano-UCAs incubated with human serum adsorbed more than 30 proteins on their surface (Figure 3A and
Supplementary Table 1). Among these proteins, C3 exhibited the highest content, and was bound to other proteins

(forming a cluster) rather than to the native nanoparticle surface (Figure 3B), as also reported in other studies.*> Using
dextran-coated iron oxide nanoworms incubated in human serum and plasma, Chen et al revealed that the nanoworms
were rapidly opsonized by C3 via the alternative pathway of complement system.*® They also demonstrated that C3
covalently bound to the protein corona of NPs rather than to the dextran shell.*® Although the NPs used in the present
study are very different from those considered by Chen et al in terms of size, shape, surface coating, and core material,
their binding to C3 was rather similar. Although all our Nano-UCAs contained 5 mol% of DSPE-PEG2000, the
PEGylation did not prevent either the formation of protein corona or complement activation.

Sonazoid"™ microbubbles coated with 100% negatively charged phospholipid hydrogenated egg phosphatidylserine
(HEPS) are preferably taken up by Kupffer cells in liver,’> providing a parenchyma-specific contrast image denoted as
Kupffer phase image.”* However, the exact mechanism by which Sonazoid™ microbubbles are specifically accumulated
in Kupffer cells is still unclear. Only one previous study investigated the role of the MB surface charge in contrast-
enhanced ultrasound imaging.>* Some microbubble agents adhere to activated leukocytes in postcapillary venules via cell
surface integrin or opsonization of complement components, resulting in persistent myocardial contrast enhancement in
areas of tissue inflammation.’* Furthermore, Fisher et al showed that negatively charged microbubbles (2—3 pum) induced
capillary retention, and suggested that this retention was mediated by the attachment of activated C3b to the surface of
MBs.>® They used flow cytometry to analyze the complement bound to the surface of MBs and found that C3b mainly
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Figure 5 Phagocytosis of Nano-UCAs with different surface charges by THP-1 cells. (A) Confocal laser scanning microscopy images of cell uptake of Nano-UCAs after
serum incubation to generate protein corona. Lysosomes of THP-1 cells, cell nuclei, and Nano-UCAs were labeled with green, blue, and red fluorescent dye, respectively. All
Nano-UCAs were incubated with THP-1 cells for | h. Scale bar = 10 mm. (B) Quantification of cell uptake based on MFI values of each cell obtained from confocal laser
scanning microscopy. (C) Cell uptake of Nano-UCAs determined by flow cytometry. (D) Quantitative cell uptake of Nano-UCAs with different surface charges, obtained by
flow cytometry.
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bound to anionic MBs, but exhibited much lower adsorption on the surface of neutral MBs containing PEG-40 stearate.
Our study further suggests that, regardless of their charge, all Nano-UCAs could induce complement activation; a higher
surface charge led to higher amounts of activated C3 binding to NPs (Figure 3C) and of SC5b-9 produced in serum
(Figure 3D). Figure 3E summarizes the above findings: the surface charge (or the absolute zeta potential value) of the
Nano-UCAs plays an important role in opsonization (activated C3) and complement activation (SC5b-9).

Following complement activation, the Nano-UCAs are cleared by immune cells in vivo. The binding of the
complement component C3b to the NPs surface leads to phagocytosis, due to the presence of complement receptors
on phagocytic cells.’®>” As shown in Figure 3E, compared with the Neu Nano-UCAs, the charged Nano-UCAs adsorbed
or activated the highest amounts of C3 and SC5b-9, leading to their efficient engulfment by macrophages (Figure 5A).
This finding may partly explain the mechanism of the specific Kupffer phase imaging of Sonazoid™ microbubbles.

The opsonization of NPs is a key step in complement activation, phagocyte recognition, and clearance from blood
circulation. Most attempts to avoid or reduce the binding of opsonins have focused on the preparation of stealth NPs.
Several strategies have been explored, including using smaller inorganic NPs,”® cell-mimicking microspheres (coating
the particles with blood cell membranes),””®° preparing particles with natural biomolecules,®' controlling protein corona

 or combining drug carriers with histocompatibility molecules.®*

components,®® using cell vesicles as drug carriers,
Unfortunately, many of these approaches often ignore the role of the nanoparticle surface charge in the innate immune
system, despite its importance for the clinical safety and efficacy of nanomedicines.

Recent studies showed that the low targeting efficiency of NPs to tumor sites (0.7-2.2%) severely hinders their
clinical application in cancer treatment.***> Potential toxic effects, such as anaphylactoid reactions associated with
charged Nano-UCAs, are another important issue affecting their clinical translation, as already reported for liposomes

and other types of nanomedicines.’® These aspects should be carefully considered in future formulation designs.

Conclusion

In this study, we synthesized Nano-UCAs with different surface charges. Our results show that the surface charge plays
an important role in the opsonization and complement activation. Charged Nano-UCAs show a higher tendency to
interact with C3 and produce more SC5b-9 compared to neutral Nano-UCAs. Furthermore, the charged Nano-UCAs are
efficiently engulfed by macrophages. These results allow us to identify the corona composition of the Nano-UCAs and
demonstrate the importance of the surface charge in the complement activation and uptake of Nano-UCAs by
macrophages.
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