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ABSTRACT OF THE DISSERTATION 
 

Cell membrane based nanostructure for biological neutralization 
 

 
by 

 

Dan Wang 

 

Doctor of Philosophy in NanoEngineering 
 

University of California San Diego, 2024 
 

Professor Liangfang Zhang, Chair 
 

Harmful reagents, including small molecules, proteins, bacteria, and viruses, have posed 

a serious threat to public health. The current medical countermeasures reply on accommodating 

the structures of the causative agents for the design of therapeutic agents. Despite their pivotal 

roles in treating numerous diseases, these strategies show inadequate efficacy, in part, due to the 

diversity of toxicants, leading to narrow-spectrum neutralization. Therefore, it is essential to 

explore innovative methods of biological neutralization that offer enhanced therapeutic efficacy. 
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The dissertation focuses on the development of novel cell membrane-based nanostructures. Cell 

membraned based nanoparticles represent a unique solution by mimicking susceptible host cells, 

intercepting harmful agents without knowing their molecular structure. By functionalization of 

cell membrane coated nanoparticles and exploiting novel nanostructures, these nanoformulations 

have potential in broad spectrum neutralization of a variety of pathological agents. 

The first chapter discusses recent advances in biological neutralization using cell 

membrane coated nanoparticles, which explores different source cell membranes and 

functionalization strategies. The second chapter of this thesis introduces a new type of neuron 

cell membrane coated nanoparticles, highlighting its potential in neutralizing neurotoxins. 

Functioning as neuron decoys, these nanoparticles bind with neurotoxins, diverting them away 

from attacking the neurons. The third chapter of this thesis will concentrate on the 

functionalization of CNPs, including surface modification with heparin and ganglioside moieties 

via metabolic engineering. Heparin functionalized CNPs demonstrate the ability to bind with 

SARS-CoV-2, inhibiting viral infectivity. Glycan-modified CNPs enhance botulinum toxin 

binding capacity, which indicate higher detoxification efficacy than nanoparticles made from 

unmodified CNPs. Finally, the fourth chapter will demonstrate the design and biological 

neutralization of a new therapeutic platform, nanodiscs, a discoidal-shaped nanostructure. By 

inheriting native cell membrane functions, these nanodiscs have a broad neutralization ability 

against bacterial toxins and neurotoxins.  

The dissertation serves as a paradigm to design nanostructures with different attributes 

for biological neutralization. By incorporating varying cell membrane types and surface 

engineering strategies, the functionalities of cell membranes are significantly enhanced. 

Additionally, nano discs put forth a new strategy for neutralization, counteracting the obstacles 
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related to toxin associated challenges. These cell membrane-based nanostructures broaden the 

current arsenals for biological neutralization.



1 

Chapter 1 Introduction 
 
1.1 Introduction  
 

Threats from harmful molecules, either endogenous or exogenous, pose significant health 

problems. For example, poisoning by toxic chemicals, including drugs, nerve agents, and animal 

venom, leads to serious and sometimes deadly consequences.[1-3] Meanwhile, excessive 

production of endogenous molecules, including inflammatory cytokines, digestive enzymes, and 

auto-antibodies, underlie some of the most critical inflammatory disorders, such as sepsis, 

rheumatoid arthritis, and immune hypersensitivities.[4, 5] The threats can also come from 

infectious pathogens. For example, pathogenic bacteria secrete toxins in bacterial infections to 

manipulate host cell functions, favoring their colonization and reproduction. [6] In viral 

infections, viral particles attach themselves to the host cell membrane for invasion, hijacking 

host cell machinery to replicate.[7] To counteract these threats, biological neutralization 

represents a general strategy that deploys therapeutic agents to bind with the harmful molecules 

or pathogens, block their bioactivity, and thus prevent them from causing diseases.[8] 

Therapeutic platforms, such as antisera, monoclonal antibodies, and small-molecule 

inhibitors, have been widely used for neutralization.[9-12] Despite their pivotal roles in treating 

numerous diseases, these platforms sometimes show inadequate efficacy. The reason is 

attributable, in part, to their design of focusing on the causative molecules or pathogens, which 

leads to narrow-spectrum neutralization solutions.[13] For example, some antidotes are highly 

effective in treating poisoning, but most deadly toxicants do not have specific pharmacological 

antidotes. In inflammatory disorders, existing agents neutralizing one or a few cytokines are 

insufficient to halt or reverse disease progression due to the multiplicity of cytokine targets and 

signaling network redundancy.[14] In bacterial infections, bacterial toxins display enormous 
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diversity of molecular structures.[15] In contrast, current neutralizing agents target specific toxin 

structures and require customized designs for different toxins, making their wide applications 

impractical. Similarly, viral neutralization focuses heavily on specific viral species and therefore 

cannot be deployed across different species or families of viruses or may be rendered ineffective 

as the virus accumulates mutations and escapes treatments.[16] Overall, these challenges 

underscore the need for innovative biological neutralization approaches. 

Cell membrane-based nanostructures have emerged as a new therapeutic strategy. They 

were used as host decoys for a wide range of biological neutralization applications. Compared to 

traditional neutralization strategies, these nanoparticles stand out by mimicking susceptible host 

cells rather than accommodating the structures of the causative agents for the design of 

therapeutics. As all pathological agents must interact with host cells for bioactivity, these 

nanoparticles bypass the diversity of these agents and create function-driven and broad-spectrum 

neutralization solutions. Cell membrane-based nanostructures include cell membrane coated 

nanoparticles (CNPs) and cell membrane based nanodiscs (CNDs). CNPs comprise synthetic 

cores enclosed by natural cellular membranes, replicating the distinctive features of host cells to 

achieve unique biointerfacing capabilities.[17] By carefully selecting specific membrane types, 

fine-tuning membrane compositions, diversifying substrate materials, and customizing synthetic 

substrate physicochemical attributes, scientists have adeptly transformed CNPs into a versatile 

category of nanomedicine with promisingapplications. 

1.2 Native cell membrane coated nanoparticles 
 

Initial development of CNP focuses on harnessing functions of various cell types to bind 

with and neutralize toxins, while the synthetic core mostly serves as a template to stabilize the 
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membrane and maintain an overall small size critical for high collision frequency and potent 

toxin neutralization.  

Figure 1.1 A biomimetic CNP that absorbs pore-forming toxins  
Schematic structure of RBC-NPs and their mechanism of neutralizing PFTs. Secreted by 
bacteria, PFTs perforate cell membranes and lyse the RBCs. After absorbing PFTs, CNPs 
diverted the toxins away from their cellular targets, preventing toxin-mediated haemolysis. (B) 
TEM visualization of a PFTs-absorbed CNPs (scale bar, 20 nm). (C) Centrifuged RBCs after 
incubation with α-toxin mixed in PBS, PLGA nanoparticles, liposomes, RBC membrane vesicles 
or CNPs indicated the ability of the CNPs to neutralize PFTs. (D, E) Survival rates of mice over 
15 days following an intravenous injection of α -toxin (75 μg/kg). The RBC-NPs, RBC vesicles 
or PEG–PLGA nanoparticles were administered intravenously 2 min either before (D) or after 
(E) the toxin injection. All injections were performed via tail vein (n = 9). Copyright 2013, 
Nature Publishing Group.  
1.2.1 Blood cell membrane coated nanoparticles 

Red blood cells (RBCs) are long-circulating delivery vehicles in the body. The ability is 

largely mediated by their surface markers, including CD47 and complement regulatory proteins. 

RBCs membrane-coated nanoparticles (denoted ‘RBC-NPs’) were initially developed to mimic 

natural RBCs and prolong nanoparticle circulation but soon were applied to neutralize RBC 

susceptible toxins. [18] Particularly, pore-forming toxins (PFTs) are virulence factors secreted by 
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bacteria that perforate cell membranes for bioactivity. RBC-NPs absorbed PFTs and diverted 

them away from their intended cellular targets. These nanoparticles acted as host decoys and 

effectively neutralized  alpha-hemolysin (Figure 1.1).[19] Based on the same working principle, 

they were also shown to neutralize other PFTs, such as melittin, listeriolysin O (LLO), 

streptolysin O (SLO), hemotoxin, and cytolysin.[20-24] 

Following the initial development, RBC-NPs were also applied to neutralize pathological 

antibodies and small molecule toxicants. In antibody induced anemia (AIHA), autoantibodies 

attack the surface antigens present on RBCs, leading to a decreased number of RBCs in the 

blood. Current treatments start with systemic cytotoxic drugs and B cell-depleting monoclonal 

antibodies, followed by splenectomy depending on patient response to the therapy. Considerable 

iatrogenic risk was imposed while spleen removal heightens susceptibility to severe 

infections.[25] By serving as an alternative target for autoantibodies, RBC-NPs deplete 

circulating autoantibodies without contributing additional toxic metabolites. [26] As a small 

molecule neurotoxic chemical, organophosphorus compounds (OPs) disrupt cholinergic synaptic 

transmissions by inactivating acetylcholinesterase (AChE), a membrane-anchored protein on 

RBCs, neuromuscular junctions, and cholinergic brain synapses. RBC-NPs with AChE receptors 

on its surface preserved RBC AChE enzymatic activity. By scavenging dichlorvos (DDVP), a 

model OPs, these nanoparticles improved the survival of lethal DDVP challenged mice. [27] 

Besides RBC-NPs, CNPss made with membranes from other types of blood cells were 

also developed for biological neutralization. Platelet is a blood circulating sentinel for vascular 

damage and invasive microorganisms. Its main function is maintaining hemostasis as they stop 

bleeding via recruiting to sites of vascular injury and triggering the coagulation cascade. [28] 

Platelets are also a major player in modulating innate immunity or regulating tumor growth and 
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metastasis. Platelets membrane-coated nanoparticles (denoted ‘PNP’) inherit rich surface 

moieties of platelets and show platelet-like functions such as immune modulation, 

subendothelium adhesion, and pathogen interactions. [29] For example, PNP offered specific 

glycosphingolipid receptors for neutralizing Shiga toxin (Stx), a toxin produced by Escherichia 

coli that induces hemolytic uremic syndrome. [30] In another example, by absorbing methicillin-

resistant Staphylococcus aureus (MRSA) secreted toxins, PNPs blocked platelet and macrophage 

damage induced by these toxins, demonstrating therapeutic benefit against MRSA infection in 

vivo. [31] Like RBC-NP, PNPs also neutralize anti-platelet antibodies that otherwise cause 

immune thrombocytopenia purpura (ITP). [32] 

1.2.2 White blood cell membrane coated nanoparticles 

White blood cells (WBCs), such as macrophages, dendritic cells, B cells, T cells and 

neutrophils, are also blood cells playing critical roles of immune modulation, pathogen 

clearance, and tissue repair. WBC membrane coated nanoparticles (WBC-NPs) mimic host cells 

to bind with bacterial endotoxins, inflammatory cytokines, or viruses, diverting them away from 

their intended host target.[19] Such a decoy-based working mechanism can bypass the need to 

elucidate biomolecule structures or pathogen signaling pathways often too complex to 

understand.[33] This neutralization property makes WBC-NPs a versatile and broad-spectrum 

countermeasure platform technology (Figure 1.2). 

For example, MФ-NPs have been developed to sequester bacterial endotoxins in sepsis. 

When bacteria invade the host, macrophages bind to bacterial endotoxins through toll-like 

receptor 4 (TLR-4) and CD14. These macrophages then release proinflammatory cytokines such 

as tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and interferon-gamma (IFN-γ). 

These cytokines further activate other macrophages. Such signaling propagation may lead to 
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sepsis. In severe sepsis, septic shock may occur, resulting in multiorgan damage and death. To 

manage sepsis, MФ-NPs were made by coating J774 mouse macrophage membranes onto PLGA 

cores (Figure1.3).[34] By acting as macrophage decoys, these nanoparticles bound and 

neutralized endotoxins that would otherwise trigger immune activation.  

 

Figure 1.2 A schematic summary of using white blood cell (WBC) membrane-coated 
nanoparticles (WBC-NPs) for medical applications.  
WBC-NPs are made by cloaking plasma membranes derived from natural WBCs onto synthetic 
cores. WBC-NPs inherit natural cellular markers on the source cell membranes for 
biointerfacing. WBC-NPs have been applied to numerous research areas including their use as 
carriers for drug delivery, as countermeasures for biological neutralization, as nanovaccines for 
immune modulation, and as tools for circulating tumor cell (CTC) isolation and basic studies. 
 

Besides, they sequestered proinflammatory cytokines and inhibited their ability to 

potentiate the sepsis cascade. In a mouse model of LPS-induced endotoxemia, MФ-NPs reduced 

lethality and serum proinflammatory cytokine levels after intravenous administration. When 

mice were challenged with a lethal dose of Escherichia coli intraperitoneally, MФ-NPs alleviated 
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bacteria burden, lowered proinflammatory cytokines in the blood and major organs, and 

ultimately improved overall survival rate. Macrophage membranes were also coated onto iron 

oxide nanoparticles for LPS sequestration in sepsis management.[35] The positively charged iron 

oxide nanoparticles were coated with negatively charged macrophage membrane through 

extrusion. The resulting MФ-NPs were administered intravenously into endotoxemia mice. They 

sequestered LPS and reduced serum levels of proinflammatory cytokines. By halting the immune 

response, these nanoparticles also conferred a survival benefit. 

MФ-NPs were also used to inhibit bacterial infections. The primary antibacterial 

mechanism is the neutralization of LPS and proinflammatory cytokines, which promoted 

bacterial uptake by macrophages. Additional antibacterial actions can be introduced by selecting 

core materials that have antibacterial capabilities. For example, MФ-NPs were prepared with a 

composite nanoparticle core containing bactericidal TiO2 to treat bacterial infection in the 

bone.[36] In the MФ-NP synthesis, composite nanoparticle cores were first cultured with 

macrophage cells for phagocytosis. Then, an external electric field was applied to the cells, 

inducing membrane re-assemble and nanoparticle coating. These MФ-NPs absorbed LPS and 

proinflammatory cytokine IL-6, attenuating subsequent macrophage activation in vitro. Under 

UV-irradiation, the TiO2 core generated reactive oxygen species (ROS) that killed bacteria 

directly. 
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Figure 1.3 Macrophage membrane-coated nanoparticles (MФ-NPs) concurrently absorbing 
endotoxins and proinflammatory cytokines for sepsis management.  
A) Schematic representation of using MФ-NPs to neutralize endotoxins and proinflammatory 
cytokines as a two-step process for sepsis management. B) TEM images of MФ-NPs negatively 
stained with uranyl acetate. (Scale bar: 100 nm) Inset: a zoomed-in view of a single MФ-NP. 
(Scale bar: 10 nm) C) Representative protein bands of macrophage cell lysate, membrane 
vesicles, and MФ-NPs resolved using Western blotting. D) Quantification of LPS removal with a 
fixed amount of LPS (25 ng) while varying MФ-NPs. E–G) Removal of proinflammatory 
cytokines, including E) IL-6, F) TNF-α, and G) IFN-γ, with MФ-NPs (n = 3, mean ± standard 
deviation). H) Survival curve of mice with bacteremia after treatment with MФ-NPs (n = 10). I) 
Bacterial enumeration in blood, spleen, kidney, and liver at 4 h after MФ-NPs was 
intraperitoneally injected. *p < 0.05, **p < 0.01. Copyright 2017, National Academy of 
Sciences. 
 

Besides sepsis and bacterial infections, MФ-NPs were also used as anti-inflammatory 

therapeutics to treat other disorders. For example, MФ-NPs rescued transplanted liver from 
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ischemia-reperfusion injury (I/RI) through LPS sequestration.[37] In this case, intravenously 

administered MФ-NPs neutralized LPS in circulation and inhibited the activation of hepatic 

macrophages, which together effectively halted the pathogenesis of hepatic I/RI. In addition, 

MФ-NPs also controlled inflammation and accelerated bone repair after traumatic bone 

injury.[38] In the study, MФ-NPs neutralized inflammatory cytokines in the injured bone tissue 

to safeguard the synthesis of mineralized extracellular matrix for bone regeneration. Meanwhile, 

the gold nanocage core generated heat under near-infrared (NIR) irradiation and released 

resolvin D1, an anti-inflammatory drug. Furthermore, macrophage membranes were coated onto 

amphiphilic chitosan oligosaccharide nanoparticle cores responsive to ROS for degradation.[39] 

When used to treat atherosclerosis, these MФ-NPs neutralized inflammatory cytokines in the 

atherosclerotic tissues, including TNF-α, IL-1β, and IL-6. The rich ROS in the inflamed 

atherosclerotic tissue triggered the degradation of the nanoparticle cores and thus released 

atorvastatin, the antiatherosclerotic payload, for further anti-inflammatory treatment. 

In addition to MФ-NPs, nanoparticles coated with neutrophil membranes (denoted 

“neutrophil-NPs”) were also applied to treat inflammatory disorders such as rheumatoid arthritis. 

In this case, neutrophil membranes were coated onto PLGA cores to neutralize inflammatory 

cytokines that would otherwise drive progressive joint damage.[40] These nanoparticles mirror 

the cytokine receptors on the source cells. They inhibit multiple types of cytokines concurrently, 

overcoming the complexity and heterogeneity of the inflammatory network. In mouse models of 

inflammatory arthritis, neutrophil-NPs suppressed synovial inflammation and elicited a robust 

chondroprotective effect. Neutrophil-NPs were also applied to reverse immunosuppression in the 

tumor microenvironment.[39] In this regard, neutrophil-NPs neutralized granulocyte-

macrophage colony-stimulating factor (GM-CSF) and chemokine ligand 2 (CXCL2) in vivo. As 
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a result, they inhibited the generation, expansion, and tumor-tropic migration of myeloid-derived 

suppressor cells (MDSCs) that would otherwise establish an immunosuppressive tumor 

microenvironment. In mice bearing subcutaneous B16F10 tumor, intravenously administered 

neutrophil-NPs inhibited the migration of MDSCs, promoted tumor infiltration and activation of 

T lymphocytes, and enhanced the anticancer efficacy of checkpoint blockade cancer 

immunotherapy. 

Recently, nanoparticles coated with WBC membranes were also used for viral 

neutralization. These WBC-NPs inherit key surface receptors from their parent cells for viral 

binding, blocking the viruses from interacting with their intended host targets. For example, T 

cell membrane-coated PLGA nanoparticles (TNPs) were developed for HIV neutralization.[41] 

The TNPs utilized T cell viral receptors, including CD4, C–C chemokine receptor type 5 

(CCR5), and C–X–C chemokine receptor type 4 (CXCR4) for binding with viral envelope 

glycoprotein gp120. By acting as decoys, TNPs inhibited the gp120-mediated killing of T cells 

and the infection of peripheral blood mononuclear cells (PMBCs) by HIVs in vitro. The TNPs 

further neutralized 125 strains of HIV pseudoviruses across major circulating clades, 

demonstrating broad-spectrum neutralization capability. Following the same principle, MФ-NPs 

were applied to inhibit SARS-CoV-2 infectivity (Figure 1.4).[42] The nanoparticles retained 

critical SARS-CoV-2 binding receptors on the surface, including ACE2, C-type lectin domain 

family 10 (CLEC10), and CD147. When tested against authentic SARS-CoV-2 virus, MФ-NPs 

inhibited viral infectivity in vitro. The multifunctionality and engineering flexibility of WBC-

NPs may provide additional advantages for antiviral applications. For example, combining 

cytokine neutralization and viral binding is an attractive strategy as sepsis also causes major 

fatality in sustained viral infections.[43] Additional viral receptors can be added onto the cell 
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membranes through chemical conjugation, lipid insertion, or genetic engineering. Such 

membrane modification can increase the nanoparticle-virus affinity for better antiviral outcomes. 

 

Figure 1.4 Cellular nanosponges inhibit SARS-CoV-2 infectivity.  
A) Schematic mechanism of cellular nanosponges inhibiting SARS-CoV-2 infectivity. B) 
Selective protein bands of cell lysate, cell membrane vesicles, and cellular CNPs resolved with 
Western blotting analysis. C,D) The neutralization against SARS-CoV-2 infection by C) MΦ-NS 
and D) CNPs made from RBC membrane (RBC-NS, used as control) was tested using live 
SARS-CoV-2 viruses on Vero E6 cells. The IC50 value for MΦ-NS was found to be 882.7 µg 
mL−1 (membrane protein concentration). Data are presented as mean + standard deviation (n = 
3). A horizontal dashed line marks the zero levels. IC50 value was derived from the variable 
slope model using Graphpad Prism 8. Copyright 2020, American Chemical Society. 
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A summary of WBC-NPs developed for biological neutralization is listed in Table 1.1. 

Overall, WBC-NPs have been shown to neutralize bacterial endotoxin, inflammatory cytokines, 

and viruses, with applications in treating various diseases, including infections, cancers, and 

inflammatory disorders. These nanoparticles have shown to be effective countermeasure 

nanotherapeutics with broad-spectrum neutralization activity. The multifunctionality and 

engineering flexibility of the WBC-NPs implies significant potentials of these nanoparticles for 

broad medical applications. 

Table 1.1 Selective WBC-NPs developed for biological neutralization 

Source cell Disease Key target 

 
Macrophage 

 

 
Sepsis 

 

 
LPS and inflammatory cytokines 

 
 Liver transplant LPS and inflammatory cytokines 

 Atherosclerosis Cytokines and oxidated LDL 

 Viral injection SARS-Cov-2 

Neutrophil Inflammatory arthritis Inflammatory cytokines 

 Cancer Cytokines and chemokines 

T cell Viral infection HIV 

 

1.2.3 Bacterial membranes coated nanoparticles 

Besides mammalian cells, bacterial membranes have also been used as coating materials 

to make cellular CNPs. Pathogenic bacteria adhere to the host cells via surface receptors, 

allowing them to multiply in the host. For example, Helicobacter pylori (H. pylori) bacteria had 

the species-specific tissue tropism due to a plethora of adhesins on its surface, leading to the 

development of gastritis ulcers and gastric cancer. Polymeric nanoparticles coated with H. pylori 
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outer membrane (denoted ‘OM-NPs’) occupied binding sites on the host cells and in turn 

reduced bacteria attachment (Figure 1.5). They also promoted dissociation of colonized H. pylori 

from infected mouse stomach tissue. [44] 

 

 

Figure 1.5 Bacterial membrane coated nanoparticles against bacterial infections  
(A) OM‐NPs inherit outer bacteria antigens to inhibit colonization of H. pylori on the stomach 
lining by competing with H. pylori bacteria. (B) Treatment with OM‐NPs reduces H. pylori 
adhesion on AGS cells. (C) Remaining H. pylori on AGS cells after incubation with OM‐NPs 
decreases with increase of OM-NPs concentration, indicating bacteria dissociation ability of 
OM‐NPs. (D) OM-NPs reduce H. pylori colonization on the mouse stomach tissue. Mouse 
stomach tissue is incubated with PBS or OM-NPs before H. pylori is added. Scale bar=5 mm. 
Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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1.3 Engineering cell membrane-coated nanoparticles  
 
1.3.1 Fine-tuning membrane composition  

To enhance the functionalities of CNPs, researchers have also tailored the membrane 

composition of CNPs for improved therapeutic performance. Various techniques have been 

explored, including lipid insertion, membrane hybridization, metabolic engineering, and genetic 

modification (Table 1.2).  

Lipid insertion exploits the fluidity of bilayered lipid membranes to functionalize CNPs 

with the assistance of lipid tethers. This involves synthesizing ligand-linker-lipid conjugates, 

which are then spontaneously inserted into membranes through hydrophobic interactions. For 

instance, 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[amino(polyethyleneglycol)-2000] 

(PEG-DSPE) was conjugated with folate or aptamers, and the lipid tether facilitated the 

anchoring of these small molecules onto the membrane. The resulting functionalized CNPs 

targeted folate receptors-overexpressing KB cells and nucleolin-overexpressing MCF-7 breast 

cancer cells, exhibiting higher cellular uptake compared to non-targeted CNP counterparts [45]. 

PEG-DSPE has also been employed to anchor antibodies onto CNPs, targeting human epidermal 

growth factor receptor 2 (HER2), epithelial growth factor receptor (EGFR), or epithelial cell 

adhesion molecule (EpCAM) on cancer cells [46].  

Another strategy involves coating nanoparticles with hybrid membranes originating from 

distinct cell types, resulting in hybrid membrane-coated nanoparticles ("hybrid cellular 

nanoparticles" or "hybrid CNPs") with enhanced multi-functionalities and multitasking 

capabilities. For example, cancer cell-RBC hybrid CNPs exhibited prolonged blood circulation 

and increased accumulation at the tumor site [47]. Hybrid CNPs formed by the fusion of cancer 

cell membranes with white blood cell (WBC) membranes demonstrated enhanced detection 
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sensitivity for circulating tumor cells due to reduced interaction with background WBCs [48]. 

Additionally, the fusion of cancer cell membranes with dendritic cell (DCs) membranes resulted 

in hybrid CNPs combining antigen-presenting abilities with homotypic targeting, showing higher 

anti-tumor efficacy in 4T1 tumor-bearing mice [49].  

Metabolic engineering directly manipulates membrane composition through cellular 

metabolic pathways by culturing source cells with modified metabolic substrates. For instance, 

glycoengineering employs sugar substrates such as N-acetylmannosamine (ManNAc), N-

acetylneuraminic acid (Neu5Ac), N-acetylgalactosamine (GalNAc), and fucose to manipulate 

glycosylation pathways. In a specific application, azido group (N3) modified ManNAc was used 

to introduce N3 on human macrophage membranes, and the resulting N3-labeled T cell 

membranes coated nanoparticles were conjugated with heparin, inhibiting SARS-CoV-2 

infectivity [50]. Phospholipid engineering, another metabolic engineering approach, employs 

choline substrates to modify cell membranes through a natural biolipid synthesis pathway. For 

instance, macrophages incubated with azide-choline were engineered, and the resulting 

membranes were conjugated with a tumor-targeting peptide and coated onto Fe3O4 

nanoparticles for siRNA delivery [51].  

Genetic engineering involves directly modifying cell membrane surface proteins through 

selective gene editing. DNA or mRNA is intracellularly delivered into the cytosol by various 

methods, and the genetically modified membranes are then coated onto nanoparticles, imparting 

CNPs with various functions, including targeting ability [52]., prolonged circulation [53]., and 

immune modulation [54]. In an example, C1498 mouse leukemia cells were engineered to 

overexpress VLA-4, and the resulting engineered membrane-coated nanoparticles targeted 

vascular cell adhesion molecule-1 (VCAM-1) on inflamed endothelial cells, improving anti-
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inflammatory drug delivery to inflamed lungs and demonstrating therapeutic efficacy in a murine 

model of endotoxin-induced lung inflammation [55] 

 

1.3.2 Customizing substrate physicochemical attributes 

Besides membrane functionalization, the customization of substrate physicochemical 

properties, including size, shape, anisotropy, dimension, and elasticity, can further enhance the 

functionalities of Cellular Nanoparticles (CNPs). Smaller nanoparticles have demonstrated 

prolonged circulation time and enhanced tumor accumulation, whereas larger nanoparticles are 

more susceptible to organ capture, resulting in reduced tumor accumulation. For instance, RBC 

membrane-coated mesoporous silica nanoparticles with a 60nm core size exhibited prolonged 

blood circulation compared to those with a 90nm core size [56]. Similarly, bacteria membrane-

coated gold nanoparticles with a smaller core size (30nm) showed higher lymph node 

accumulation compared to CNPs with a larger core size (90nm), enhancing antibacterial immune 

responses [57].  

Table 1.2 Representative strategies of tailoring cell membrane composition 

Method Highlight Reference 

Lipid insertion Efficient, applicable to many ligands [46] 

Membrane 

hybridization 
Provide CNPs with functionalities exclusive to 
individual membranes [48] 

Metabolic 

engineering 

Alter membrane composition directly with 
minimum impact to membrane function. The 
subsequent conjugation is applicable to many 
ligands. 
 

[50] 

Genetic 

engineering 

Alter membrane composition directly with 
biocompatibility. Stable expression minimizes 
downstream manufacturing effort.  

[52] 
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The particulate shape of CNPs is a crucial factor in customizing their biological 

properties. Nanoparticles with anisotropic shapes, whether prolate or oblate ellipsoids, 

demonstrated immune evasion capabilities, synergizing with a red blood cell membrane coating 

to prolong circulation half-life in the bloodstream. Additionally, due to their increased surface 

Table 1.3 Common customizable physicochemical attribute of CNP substrate  

Physicochemical 

attributes 
Properties Reference 

Size A smaller size may prolong circulation time 

ideal for passive targeting. A larger size may 

facilitate organs to capture the CNP. 

[56] 

Shape An anisotropic shape may better resist cell 

clearance and therefore enhance neutralization 

efficiency. 

[58] 

CNPs with cubic gold cores demonstrate 

photothermal effect. 
[59] 

Aspect ratio Planar device with membrane coating enables 

highly sensitive toxin detection 

[60] 

 

 Nanofibers with pancreatic beta cells coating 

enhance insulin secretions 
[61] 

Mechanical properties Softer CNPs with a more protein-rich surface 

showed lower macrophage uptake and higher 

cancer cell uptake. 

[62] 
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area, these CNPs exhibited improved efficacy in detoxifying toxins in a mouse model of alpha 

toxin intoxication compared to their spherical counterparts [58]. Cubic particles, such as gold 

nanocages, have also been used as core materials, exhibiting tunable photothermal effects. 

Combined with the stealth effect of RBC membranes, these CNPs demonstrated therapeutic 

efficacy upon near-infrared (NIR) irradiation in a mouse model of breast cancer [59]. Moreover, 

cell membranes have been coated onto materials with different aspect ratios, such as nanofibers 

or planar devices, adding dimension and flexibility. For instance, RBC membranes were coated 

onto carbon nanotube-based field-effect transistors (FETs), demonstrating high sensitivity in 

detecting PFTs [60]. Additionally, nanofibers coated with pancreatic beta cell membranes were 

used to enhance the insulin secretion function of beta cells [61].  

The mechanical properties of nanoparticle cores have been reported to impact the bio-

interfacing properties of CNPs. In a study, mesenchymal stem cell membranes were coated onto 

silica nanocapsules (referred to as “MCSN”) with different elasticity [63]. Compared with stiff 

MCSN, soft MCSN demonstrated a higher concentration of CXCR4 and CD90 receptors on the 

surface, leading to enhanced uptake by Huh-7 liver cancer cells. The customization of 

physicochemical properties has a great impact on the functionalization of CNPs (Table 1.3).  

 
1.4 Summary and outlook 
 

Overall, CNPs are powerful nanomedicine platforms that leverage cell membrane 

functions for detoxification. They have opened therapeutic opportunities for critical diseases 

currently challenging or untreatable. As our understandings on cellular mechanisms of diseases 

deepens, cellular CNPs will play more important roles in future medicine. 

Fine-tuning sizes enable CNPs to achieve prolonged circulation and increased tumor 

accumulation. Moreover, particulate shape and mechanical properties contribute to 
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biointerfacing properties, impacting their efficacy in biological applications. Coating cell 

membranes onto materials with diverse aspect ratios introduces dimension and flexibility. These 

refined physicochemical customizations improve CNPs design, elevating their capabilities for 

intricate biointerfacing scenarios. The combination of these approaches with membrane 

functionalization highlights the multifaceted strategies aimed at CNP functionalities for diverse 

biological applications. 

Chapter 1, in part, is a reprint of the material as it appears in Advanced Healthcare 

Materials, 2021, Dan Wang, Shuyan Wang, Zhidong Zhou, Dean Bai, Qiangzhe Zhang, 

Xiangzhao Ai, Weiwei Gao, and Liangfang Zhang; Advanced Materials, 2022, Shuyan Wang, 

Dan Wang, Yaou Duan, Zhidong Zhou, Weiwei Gao, and Liangfang Zhang. The dissertation 

author was either the primary investigator or a major contributor and co-author of these papers. 
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Chapter 2 Neuronal cell membrane coated nanoparticles for detoxification of neurotoxins 
 
2.1 Introduction 
 

Neurotoxins are an extensive group of chemical and biological compounds that inhibit or 

destroy the proper functions of the nervous system. [1, 2] Some neurotoxins impair nerve signal 

transmission by binding with voltage-dependent ion channels and disrupting the channel 

functions. [3, 4] Some bind with neuron surface receptors, initiating cellular processes that block 

synaptic vesicle release and neuron communications. [5, 6] Some act as agonists or antagonists 

of the neuron membrane receptors, inhibiting regular neurotransmitter binding and signal 

transmission. [7, 8] Numerous types of neurotoxins, together with their close association with 

bacterial infection, animal envenomation, and bioweaponry, cause serious public health concerns 

and security threats, underscoring the importance of developing effective detoxification 

strategies against neurotoxins. [9-11] 

Currently, neutralizing antibodies represent the primary detoxification approach against 

neurotoxins. [12] However, antibody development requires the identification and isolation of 

target toxins. Given the enormous diversity of neurotoxins, neutralizing antibody development 

has been lagging. In addition, antibodies developed for individual neurotoxins often show highly 

variable cross-reactivity among congeners, and such cross-reactivity is typically associated with 

degeneracy and mimicry in immune recognition that reduces the potency. [13] Therefore, a 

cocktail of antibodies is necessary to cover the wide range of toxic congeners, and the cross-

reactivity with less potent congeners often reduces the effectiveness. [14] The difficulties are 

further exacerbated by toxin profiles in natural sources that vary geographically or change under 

different [15] environmental conditions. [16] As a result, the efficacy of antibody cocktails 

remains highly limited. [17] Other antitoxin platforms that rely on toxin structure as the design 
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cue, such as small molecule inhibitors, also suffer from restricted selectivity against enormously 

diverse neurotoxins. [18, 19] 

Recently, “cellular nanosponges” or CNPs, referring to nanoparticles made by coating 

natural cell membranes onto synthetic nanoparticle cores, have emerged as an attractive broad-

spectrum detoxification strategy. [20, 21] The hallmark of this detoxification strategy is the host 

cell mimicry that allows nanoparticles to act as host cell decoys and intercept harmful toxins 

regardless of the toxin’s molecular structure and mechanism of action. The CNPs strategy 

focuses on host cells instead of causative toxins for detoxification, and thus, it can overcome the 

challenge of toxin diversity. By choosing an appropriate type of cell membrane that is 

susceptible to a group of toxins, the resulting cellular CNPs can ensure specificity against that 

group of toxins for detoxification. Following the early success of using CNPs to detoxify 

bacterial toxins, [22, 23] the technology has also shown effective binding and neutralization 

against numerous harmful agents such as small molecule toxicants, [24, 25] autoimmune 

antibodies, [26] inflammatory cytokines, [27] bacteria, [28] and viruses. [29] 

2.2 Results and discussion 
 
2.2.1 Preparation and characterization 

Neurotoxins must bind with neuronal membrane-associated receptors for bioactivity 

despite their enormous structural diversity. Such a shared property motivated us to develop 

neuronal membrane-coated CNPs (denoted “Neuron-NS”) as a function-based detoxification 

platform. To fabricate Neuron-NS, we choose Neuro-2a cells, a mouse neural crest-derived cell 

line, as a model cell line to fabricate Neuron-NS since this cell line has been extensively used for 

neurotoxin studies (Figure 2.1). We first derived a neuronal membrane from Neuro-2a cells by 

using an established process that involved mechanical disruption and differential centrifugation. 
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[30, 31] Meanwhile, we prepared polymeric cores using poly(lactic-co-glycolic) acid (PLGA) 

through a nanoprecipitation method. Lastly, we coated the neuronal membrane onto the PLGA 

cores with sonication.  

Figure 2.1 Schematic of neuronal membrane-coated nanoparticles.  
Neuron-NS are constructed by coating polymeric nanoparticle cores with natural neuronal 
membrane. Neuron-NS can function as decoys of source neurons, bind with neurotoxins, and 
divert them away from attacking the neurons. 
 

The membrane coating led to an increase in the diameter and a less negative surface ζ 

potential from the PLGA cores, suggesting the addition of a lipid bilayer membrane shell onto 

the polymeric cores (Figure 2.2A). [32] When visualized with transmission electron microscopy 

(TEM), Neuron-NS showed a spherical core−shell structure (Figure 2.2B). The shell thickness 

was comparable to that of a single lipid bilayer. When suspended in 1× PBS, the size of Neuron-

NS remained unchanged within 48 h, indicating high colloidal stability (Figure 2.2C). The 

presence of voltage-gated sodium channels was confirmed with antibody staining. We also 

examined the sidedness of Neuron-NS. The right-side-out membrane orientation was confirmed 

by comparing the level of neural cell adhesion molecule (NCAM) on Neuron-NS and on the 

source Neuro-2a cells containing an equal amount of membrane proteins (Figure 2.2D).  
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Characterization of Neuron-NS. (A) Neuron-NS were made with the membrane of Neuro-2a 
cells. Their hydrodynamic size (diameter, nm) and surface zeta potential (ζ, mV) were measured 
with dynamic light scattering (DLS). (B) A representative image of Neuron-NS examined with 
transmission electron microscopy (TEM). (Scale bar: 100 nm.) Inset: the zoomed-in view of a 
single Neuron-NS. (Scale bar: 50 nm.) Samples were stained with uranyl acetate. (C) Neuron-NS 
stability in 1X PBS or water measured with DLS for their sizes over 48 h. (D) Comparison of 
fluorescence intensity measured from Neuro-2a cells (100 μL, approximately 2 × 106 cells) and 
Neuron-NS (100 μL of suspension, 0.4 mg/mL protein content) containing equivalent amounts of 
the cell membrane. The samples were stained with Alexa 488-labeled anti-mouse neural cell 
adhesion molecule 1 (NCAM-1) antibody. MFI: mean fluorescence intensity; n.s.: not 
significant. (E) Neuron-NS, labeled with DiD were injected intravenously into mice through the 
tail vein. At different time points, blood was collected and measured for fluorescence to evaluate 
the systemic circulation lifetime of the Neuron-NS. Inset: the semilog plot of fluorescence signal 
at different time points. Statistical analysis was performed using a paired two-tailed t-test. Data 
presented as mean + s.d. In all datasets, n = 3 independent experiments using the same batch of 
Neuron-NS. (F) Biodistribution profile of Neuron-NS measured by intravenously injecting DiD-
labeled Neuron-NS into mice. At 24, 48, and 72 h time points, the organs from a randomly 
grouped subset of mice were collected, homogenized, and quantified for fluorescence. 
Fluorescence intensity per gram of tissue and relative signal per organ were compared (n = 6) 

To examine the pharmacokinetics of Neuron-NS, we labeled the CNPs with a fluorescent 

dye and injected them into mice through the tail vein. As shown in Figure 2.2E, the Neuron-NS 

Figure 2.2 Characterization of Neuron-NS.  
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signal from the blood decreased steeply in the first 2 h after the injection but more gradually after 

the 2 h time point. Based on a two-compartment model, an elimination half-life was calculated to 

be about 14.9 h. [33] The organ distribution of Neuron-NS was also analyzed at 24, 48, and 72 h 

time points following systemic administration. When the signal was normalized to the organ 

weight, Neuron-NS were largely retained in the liver and spleen, two primary organs of the 

reticuloendothelial system (RES, Figure 2.2F). When analyzed for distribution per organ, 

Neuron-NS were largely distributed in the blood and the liver. Meanwhile, a significant level of 

Neuron-NS was also found in the blood. As the level of Neuron-NS in blood decreased with 

time, the level in the liver increased accordingly. This distribution pattern implied an uptake of 

these CNPs by the RES over the study period. 

 
2.2.2 Neuron-NS neutralize TTX in a cytotoxicity assay 

 After fabricating the Neuron-NS, we examined their neutralization capacity against TTX 

in a cytotoxicity assay. [34, 35] The study has three steps. In the first step, we incubated the cells 

with a veratridine (VTD) and ouabain (O) mixture. VTD opens the voltage-gated sodium channel 

(VGSC), enhancing Na+ influx into the cells. This process was exacerbated by O, which prevents 

Na+ efflux by blocking the action of Na+/K+-ATPase. Our study showed that the viability of 

Neuro-2a cells reduced as the VTD and O concentrations increased (Figure 2.3A). A VTD 

concentration of 50 μM and an O concentration of 1 mM were chosen for the subsequent studies. 

We added TTX into the VTD and O mixture in the second step. TTX was reported to block 

VGSC, inhibiting VTD- and O-induced Na+ influx and the associated cytotoxicity. Indeed, in 

our study, cell viability recovered as the TTX dosage increased, reaching a maximum of 

approximately 40% with a TTX concentration of 50 nM (Figure 2.3B). In the third step, we 

allowed a fixed initial concentration of TTX to incubate with Neuron-NS before mixing with 
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VTD and O. As shown in Figure 2.3C, increasing Neuron-NS concentration led to a dose-

dependent decrease of Neuro-2a cell viability. Such a correlation indicated that TTX was 

neutralized by the Neuron-NS, which prevented TTX from suppressing VTD- and O-induced 

cytotoxicity. Under our experimental conditions, 10 mg/mL Neuron-NS effectively neutralized 

50 nM TTX, as the CNPs at this concentration were able to fully reverse cell viability recovery 

induced by TTX. In contrast, CNPs made with red blood cell membrane or macrophage 

membrane were unable to neutralize TTX, suggesting that the neutralization is due to specific 

proteins in the neuronal membrane. We also found that incubating Neuron-NS with saxitoxin, a 

potent blocker against the voltage-gated sodium channel, demolished their neutralization 

capability against TTX. These results indicate that Neuron-NS neutralizing TTX is likely 

through their voltage-gated sodium channels in the neuronal membrane. 

Figure 2.3 Neuron-NS neutralize TTX in a cytotoxicity assay.  
(A) Cell viability measured from Neuro-2a cells incubated with the mixture of veratridine (VTD) 
and ouabain (O). The molar concentration of VTD to O was 1:20. The mixture caused 
cytotoxicity to Neuro-2a cells in a concentration-dependent manner. (B) Cell viability measured 
from Neuro-2a cells incubated with the mixture of VTD, O, and TTX. VTD was kept at 50 µM 
and O was kept at 1 mM. TTX prevented the cytotoxicity induced by VTD and O in a dose-
dependent manner. (C) Cell viability measured from Neuro-2a cells incubated with the mixture 
of VTD, O, and Neuron-NS-treated TTX. VTD was kept at 50 µM and O was kept at 1 mM. 
TTX initial concentration was 50 nM. Neuron-NS neutralized TTX, resulting in a dose-
dependent decrease in cell viability. Data presented as mean ± s.d. In all datasets, n = 3 
independent experiments using the same batch of Neuron-NS. 
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2.2.3 Neuron-NS neutralize TTX in a calcium flux assay 

Next, we used a calcium flux assay to evaluate Neuron-NS for TTX neutralization. [36, 

37] As shown in Figure 2.4A, we first loaded Neuro-2a cells with Fluo-4, a Ca2+-sensitive dye, 

and used these cells as the control. We added VTD to the next group. VTD opened the VGSC, 

causing a rapid entry of Ca2+ into the cells, reflected by a brighter green fluorescence. However, 

when we treated the cells first with TTX and then added VTD, they maintained a low 

fluorescence signal comparable to the control group, suggesting that TTX abolished VTD-

induced Ca2+ influx. We then mixed TTX with Neuron-NS. After removing the CNPs, we added 

the solution containing unbound TTX to the cells and then added the VTD. We observed the 

recovery of the green fluorescence, suggesting the neutralization of TTX by Neuron-NS.  

To demonstrate the TTX neutralization with Neuron-NS in real-time, we monitored cell 

fluorescence continuously and plotted the relative fluorescence change (ΔF/F0) versus time 

(Figure 2.4B). Herein, F0 is the mean fluorescence intensity before adding VTD, and ΔF is the 

fluorescence intensity change at given time points. After 50 s, 1× PBS was added to the cells in 

the control group. We observed a slight fluorescence increase, likely due to the disturbance when 

the samples were added to the cells. We next added VTD to the cells and observed a significant 

fluorescence increase. Such an increase reached a maximum (ΔFmax) at 100 s. We then incubated 

the cells with TTX and then added VTD. This time, the fluorescence change remained low, 

comparable to that of the control group, suggesting that TTX inhibited VTD from inducing Ca2+ 

influx. We next incubated TTX with the Neuron-NS. After removing the Neuron-NS, we added 

the solution to the cells and then added VTD. We observed a fluorescence increase to a level 

comparable to that of the VTD group, suggesting the neutralization of TTX by the CNPs. Using 

the same experimental setup, we fixed TTX concentration but incubated it with Neuron-NS 



32 

ranging from 0 to 40 mg/mL and plotted the maximum fluorescence change(ΔFmax/F0) versus 

Neuron-NS concentration. As shown in Figure 2.4C, Neuron-NS neutralized TTX in a dose-

dependent manner. 

Figure 2.4 Neuron-NS neutralize TTX in a calcium flux assay.  
(A) Representative fluorescence images of Neuro-2a cells co-incubated with Fluo-4, a Ca2+ 
sensitive dye. Cells were exposed to PBS (control), VTD only, TTX plus VTD, and TTX 
incubated with Neuron-NS plus VTD. (B) Timelapse fluorescence change of Neuro-2a cells as 
an indication of Ca2+ influx after adding various concentrations of VTD. F0 is the mean 
fluorescence intensity of the cells without VTD. ΔF is the difference between the fluorescence 
intensity at given time points and F0. (C) Neuron-NS neutralize TTX, reflected by a dose-
dependent recovery of VTD-induced Ca2+ influx in Neuro-2a cells. ΔFmax is the maximum 
increase of fluorescence intensity due to Ca2+ influx. Data presented as mean ± s.d. In (A-C), 
VTD was 100 μM and TTX was 300 nM; in (A-B), Neuron-NS was 40 mg/mL; n.s.: not 
significant; statistical analysis by paired t-test. In all datasets, n = 3 independent experiments 
using the same batch of Neuron-NS. 
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2.2.4 Neuron-NS neutralize TTX in a cell osmotic swelling assay 

We further tested Neuron-NS for their ability to neutralize TTX in a cell osmotic swelling 

assay. [38, 39] As shown in Figure 2.5A, Neuro-2a cells exhibited a typical ellipsoidal shape 

with short neuritis under normal culture conditions. However, a mixture of VTD and O added to 

the culture elicited swelling and rounding up of the cells. Such a morphology change is due to a 

combined effect of VTD and O. Specially, VTD opens VGSC, causing uncontrolled Na+ influx, 

and O inhibits Na+/K+-ATPase that would otherwise keep intracellular Na+ concentration low. 

TTX is known to counteract the effects of VTD and O by blocking VGSC.  

When cells were treated with the mixture of TTX, VTD, and O, they maintained their 

typical morphology. We then incubated TTX with Neuron-NS. After removing the Neuron-NS, 

we mixed the remaining TTX with VTD and O and added the mixture to the cells. This time, we 

observed cell rounding similar to the morphology when VTD and O were added without TTX. 

This experiment further demonstrated the neutralization of TTX by Neuron-NS. Based on this 

observation, we quantified TTX neutralization with Neuron-NS by measuring the cell roundness 

factor defined as 4π × area/perimeter2. A cell roundness factor value closer to zero indicates a 

more elongated morphology, whereas a value closer to 1 indicates a more rounded morphology. 

As shown in Figure 2.5B, the roundness factor of Neuro-2a cells increased with VTD/O 

concentrations, indicating a dose-dependent cell rounding. The roundness factor reached a 

plateau when the VTD concentration was higher than 25 μM (or when the O concentration was 

higher than 500 μM; VTD/O = 1/20). We then mixed VTD/O at these concentrations with 

various concentrations of TTX. 
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Figure 2.5 Neuron-NS neutralize TTX in a cell osmotic swelling assay.  
(A) Representative images of Neuro-2a cells exposed to 1X PBS, mixture of VTD/O, mixture of 
TTX and VTD/O, and mixture of TTX incubated with Neuron-NS and VTD/O, respectively. 
Scale bar = 20 μm. (B) Comparison of the roundness among Neuro-2a cells treated with different 
concentrations of VTD/O. The molar ratio of VTD/O concentrations was kept at 1:20. (C) 
Comparison of the roundness among Neuro-2a cells treated with mixtures containing VTD/O 
and various concentrations of TTX. The concentration of VTD was 25 μM and the concentration 
of O was 500 μM. (D) Comparison of the roundness among Neuro-2a cells added with the 
mixture of VTD/O and TTX incubated with various concentrations of Neuron-NS. The 
concentration of VTD was 25 μM and O was 500 μM. Initial TTX concentration was 100 nM 
before mixing and incubation with different concentrations of Neuron-NS. Data presented as 
mean ± s.d. n.s.: not significant; statistical analysis by paired t-test. All experiments used the 
same batch of Neuron-NS. 

When the mixture was added to the cells, the value of the roundness factor decreased as 

the TTX concentration increased, indicating the inhibition of cell rounding (Figure 2.5C). The 

value of the cell roundness factor reached a plateau when TTX concentration was higher than 

100 nM. Lastly, we incubated 100 nM TTX with different concentrations of Neuron-NS. After 
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removing the CNPs, we mixed unbound TTX with VTD/O and added the mixture to the cells. As 

shown in Figure 2.5D, when the Neuron-NS concentration increased, the roundness factor 

increased accordingly, indicating TTX neutralization by Neuron-NS in a dose-dependent 

manner. When the Neuron-NS reached 20 mg/mL, the roundness factor became comparable to 

that of cells treated with VTD/O but without TTX, indicating a complete neutralization of 100 

nM TTX by 20 mg/mL Neuron-NS. 

 
 
2.2.5 Neuron-NS neutralize TTX in vivo 

 Next, we examined the efficacy of Neuron-NS for neutralizing TTX in vivo. In the study, 

we injected TTX subcutaneously and tested a range of TTX dosages (Figure 2.6A). We selected 

the dosage of 9.5 μg/kg to perform the in vivo efficacy study. At this dosage, two-thirds of the 

mice died from TTX intoxication within 40 min. Using this dosage, we first tested Neuron-NS 

efficacy in a treatment regimen, where TTX was administered subcutaneously, followed by a 

single intravenous injection of Neuron-NS. We did not observe a survival benefit when the 

mouse group received 20 mg/kg Neuron-NS (Figure 2.6B). However, when the Neuron-NS 

dosage was increased to 40 mg/kg, the survival rate also increased from 70% to 80%. All mice 

survived when the dosage was further increased to 80 mg/kg. To further demonstrate Neuron-NS 

efficacy, we also conducted the test in a preventative regimen, where Neuron-NS was first 

injected into mice intraperitoneally, followed by a single subcutaneous injection of TTX at the 

dosage of 9.5 μg/kg. In this experiment, mice injected with 50, 100, and 200 mg/kg Neuron-NS 

showed 70%, 80%, and 100% survival rates, respectively, demonstrating a dose-dependent 

survival benefit (Figure 2.6C). Overall, the tests in both treatment and preventative regimens 

showed effective protection from Neuron-NS against TTX intoxication in vivo. 
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2.2.6 In vivo biosafety of Neuron-NS 

Finally, we evaluated the acute toxicity of Neuron-NS after in vivo administration in 

mice. Neuron-NS were injected intravenously through the tail vein into the mice at a dosage of 

80 mg/kg. We first examined red blood cell, platelet, and white blood cell counts 24 h after the 

Neuron-NS administration. Their values were comparable to the baseline levels (Figure 2.7A).  

Figure 2.6 In vivo biosafety of Neuron-NS.  
(A) Counts of various blood cells 24h after intravenous injection of PBS or Neuron-NS (n = 3; 
data represents geometric mean + SD). WBC, white blood cells; RBC, red blood cells; PLT, 
platelets. (B) Blood biochemistry panel analysis after 24h administration of PBS or Neuron-NS 
intravenously (n = 3; mean + SD). ALB, albumin; ALP, alkaline phosphatase; ALT, alanine 
transaminase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; CA, calcium; 
PHOS, phosphorus; GLU, glucose; NA+, sodium; K+, potassium; TP, total protein; GLOP, 
globulin. (C) H&E staining of histology sections from major organs (lung, heart, liver, kidney, 
and spleen) one day after PBS or Neuron-NS administration. Scale bar = 250 μm. In (A) and (B), 
statistical analysis was performed by using the paired Student’s t-test, and comparison between 
PBS and Neuron-NS groups was not statistically significant (P > 0.05). 
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We also tested a panel of additional blood markers shown in Figure 2.7B and found their 

levels consistent with the baseline levels. Therefore, blood analysis implied short-term safety of 

Neuron-NS. We also collected the major organs of the mice and performed histopathological 

analysis. Tissue sections of major organs, including the lungs, heart, liver, kidneys, and spleen, 

showed no histological lesions compared to those in the control group (Figure 2.7C). These 

results confirmed the absence of acute toxicity of Neuron-NS. 

 
2.3 Methods  
 
Neuron Membrane Derivation 

Neuro-2a cells, a mouse neuroblastoma cell line, were obtained from American Type 

Culture Collection (ATCC, CCL-131) and cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Corning) supplemented with 10% fetal bovine serum (FBS, Hyclone) and 1% 

penicillin–streptomycin (Gibco). The cells were maintained at 37 °C with 5% CO2 in a humidity-

controlled incubator. The cells were cultured in T175 culture flasks to full confluency and were 

detached with trypsin-ethylenediaminetetraacetic acid (EDTA, Hyclone). The cell suspension 

was centrifuged at 700g for 5 min, and the collected cells were washed three times with 1× 

phosphate-buffered saline (PBS, Hyclone) with centrifugation at the same settings. After the 

centrifugation, the supernatant was discarded, and the pellet was suspended in isolation buffer 

consisting of 100 mM ethylene glycol-bis(2-aminoethyl ether)-N,N,N’,N’-tetraacetic acid 

(EGTA, Sigma) and 100 μL of phosphatase inhibitor and protease inhibitor cocktail (100×, 

Millipore-Sigma). Cells were then disrupted using a Kinematica Polytron PT 10/35 probe 

homogenizer (at 70% power and 20 passes). The homogenized solution was centrifuged at 20 k 

×g for 25 min at 4 °C. The pellet was discarded, and the supernatant was centrifuged again at 

100 k ×g for 35 min at 4 °C. The cell membrane was finally collected as the pellet and washed 
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twice with 0.2 mM EDTA in water. Membrane protein content was quantified by a bicinchoninic 

acid (BCA) protein assay kit (Pierce, Thermo Fisher Scientific) and bovine serum albumin 

(BSA) as a standard reference. Approximately 1 × 108 Neuro-2a cells were able to yield 2 mg of 

membrane material (protein weight). The membrane was suspended in 0.2 mM EDTA at 4 

mg/mL (protein concentration, 1 mg of CNPs ≈ 1 × 1012 CNPs) and stored at −80 °C for 

subsequent studies. 

Preparation of Neuron-NS 

Neuron-NS were formulated with a two-step process. In the first step, the polymeric 

nanoparticle core was prepared by a nanoprecipitation process. Specifically, 1 mL of poly(d,l-

lactide-co-glycolide) acid (PLGA, 50:50 PLGA, 0.67 dL/g, Lactel Absorbable Polymers) in 

acetone (10 mg/mL) was added rapidly into 2 mL of DI water. For fluorescently labeled PLGA 

cores, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD, 

excitation/emission = 644 nm/665 nm; Life Technologies) or 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindotricarbocyanine iodide (DiR, excitation/emission = 750 nm/778 nm; Life 

Technologies) was loaded into the polymeric cores at 0.1 wt %. The solution was stirred under a 

vacuum aspirator to remove the organic solvent. In the second step, the Neuro-2a cell membrane 

was mixed with PLGA cores at a polymer-to-membrane protein weight ratio of 1:1. The mixture 

was then sonicated in a bath sonicator (Thermo Fisher Scientific) for 2 min. 

Neuron-NS Physicochemical Characterization 

The hydrodynamic diameter and the surface ζ potential of Neuron-NS were measured 

with dynamic light scattering (DLS, Malvern ZEN 3600 Zetasizer). In the long-term colloidal 

stability study, nanoparticle suspensions were adjusted to 1× PBS with a 0.5 mg/mL final protein 

concentration. Samples were stored at 4 °C, and the hydrodynamic diameter was measured every 
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8 h for 48 h. In the morphological study, nanoparticles were stained with uranyl acetate (0.2 wt 

%) and visualized using transmission electron spectroscopy (FEI 200 kV Sphera). In the 

membrane sidedness study, Neuro-2a cells (2 × 106 cells) and Neuron-NS (100 μL, 0.2 mg/mL, 

membrane protein) containing an equal amount of membrane content were blocked with 2 wt % 

BSA for 1 h. The cells and Neuron-NS were then incubated with Alexa Fluor 647-conjugated 

antimouse neural cell adhesion molecule (NCAM, Bio-Techne) for 30 min at 37 °C followed by 

centrifugation (20 k ×g, 10 min) to pellet the nanoparticles. The fluorescence intensity of the 

unbound antibody was measured by a plate reader (BioTek Synergy Mx) and was used to 

calculate the number of antibodies bound to Neuron-NS and Neuro-2a cells. 

Animal Care and Injections 

All animal studies were approved under the guidelines of the University of California San 

Diego (UCSD) Institutional Animal Care and Use Committee (IACUC). In all animal studies, 4-

week-old ICR mice (Harlan Laboratories, male and female) were used. Mice were housed in an 

animal facility at UCSD under federal, state, local, and NIH guidelines for animal care. In the 

study, no inflammation or any abnormal appearance was observed at the sites of injection. 

Pharmacokinetics, Biodistribution, and Retention Studies of Neuron-NS 

In the pharmacokinetics study, 150 μL of DiD-labeled Neuron-NS (25 mg/kg, protein weight) 

was injected through the tail vein. At 1, 15, and 30 min and 1, 2, 4, 8, 24, and 48 h after the 

injection, one drop of blood (∼30 μL) was collected from each mouse via submandibular 

puncture with heparin (Millipore-Sigma) coated microtubes. Then, 20 μL of blood was mixed 

with 180 μL of PBS in a 96-well plate for fluorescence measurement with a plate-reader (BioTek 

Synergy Mx, Agilent). Pharmacokinetic parameters were calculated to fit a two-compartment 

model. For the biodistribution study, 150 μL of DiD-labeled Neuron-NS (25 mg/kg, protein 
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concentration) was injected intravenously through the tail vein. At 24, 48, and 72 h after the 

injection, major organs, including the liver, kidneys, spleen, brain, lungs, heart, and blood, were 

collected from the mice (n = 3). The collected organs were then weighed and homogenized in 1× 

PBS for fluorescence measurement with the plate reader. 

Neuro-2a Cytotoxicity Assay 

Neuro-2a cells were seeded 1 day before the experiment in a 96-well plate (Corning) at a 

8000 cells/well density. The plate was maintained under the same conditions as described for cell 

maintenance. On the day of the experiment, a stock solution of ouabain (O) and veratridine 

(VTD) in dimethyl sulfoxide (DMSO, Millipore-Sigma) was first made. This stock solution 

contained 200 mM O and 10 mM VTD. From this stock solution, a working solution of DMEM, 

containing 4000 μM O, 200 μM VTD, 10% v/v fetal bovine serum (FBS, Thermo Fisher 

Scientific), and 1% v/v penicillin–streptomycin (PS, Thermo Fisher Scientific), was prepared. 

Serial dilutions of the working solution containing O at 4, 16, 60, 240, 1000, and 4000 μM or 

VTD at 0.2, 0.8, 3, 12, 50, and 200 μM were made. After preparing the serial dilutions, the 

culture medium in the 96-well plate was removed, and 100 μL of the above serial dilutions was 

added to each well. The plate was then incubated for 24 h followed by a viability test with a 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) assay (Promega). To study the effect of tetrodotoxin (TTX, R&D Systems) on 

cytotoxicity, the diluted working solutions containing O at a final concentration of 1000 μM, 

VTD at a final concentration of 50 μM, and TTX at final concentrations ranging from 0 to 100 

nM were added to the cells. Cell viability was measured by following the same procedure as 

described above. To study how TTX neutralization by Neuron-NS affected the cytotoxicity, 180 

μL of Neuron-NS in DMEM was mixed with 180 μL of TTX in DMEM. The concentrations of 
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Neuron-NS in the mixture ranged from 0 to 10 mg/mL (protein concentration), and the TTX 

concentration in the mixture was kept at 50 nM. The mixtures were incubated for 1 h, and then, 

the nanoparticles were removed by using Amicon Ultra-4 centrifugal filters (Millipore, 30 kDa 

molecular weight cutoff, centrifuged at 6000g for 10 min). Then, 267 μL of the filtrate was 

mixed with 3 μL of O-VTD DMSO stock solution, 27 μL of FBS, and 3 μL of PS. The mixture 

contained O with a final concentration of 1 mM and VTD with a final of concentration of 50 μM. 

Then, 100 μL of the mixture was added to the cells. Cell viability was measured by following the 

same procedure described above. In all measurements, the viability measured from cells cultured 

without O, VTD, or TTX was used as 100%. 

Neuro-2a Cell Calcium Flux Assay 

Neuro-2a cells were seeded in a 96-well tissue culture plate at a density of 1 × 104 

cells/well. The plate was cultured for 24 h before the study under the same conditions as 

described for cell maintenance. On the day of the study, cells were incubated with 4 μM Fluo-4-

AM dye (Abcam, excitation/emission = 494 nm/516 nm) in 1× Hank’s balanced salt solution 

(HBSS, Gibco) at 37 °C for 30 min. Then, the cells were washed three times with 1× PBS. For 

the fluorescence imaging, cells with 100 μL of 1× PBS added were used as the control. To study 

the effect of VTD, 100 μL of VTD in 1× PBS to a final concentration of 100 μM was added to 

cells. To study the effect of TTX, 100 μL of TTX in 1× HBSS was added to cells, which were 

incubated 15 min at room temperature, and then, 100 μL of VTD in 1× PBS was added to a final 

VTD concentration of 100 μM. To study TTX neutralization with Neuron-NS, 300 nM TTX was 

mixed with 40 mg/mL Neuron-NS (protein concentration) in 1× HBSS. The mixture was 

incubated for 1 h; then, the nanoparticles were removed with Amicon Ultra-4 centrifugal filters 

(Millipore, 30 kDa molecular weight cutoff, centrifuged at 6000g for 10 min). After the 
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centrifugation, 100 μL of the filtrate containing unbound TTX was added to the cells, which 

were incubated at room temperature for 15 min. Then, VTD was added into the well to a final 

concentration of 100 μM. All images were taken with an EVOS inverted microscope (Thermo 

Fisher Scientific). To collect time-lapse fluorescence images, images were taken every 20 s for 

300 s at room temperature. The fluorescence intensity of time-lapse images was calculated with 

ImageJ. F0 is the mean baseline fluorescence intensity. ΔF is the fluorescence intensity change at 

given time points relative to F0. To study dose-dependent neutralization, 300 nM TTX was 

incubated with nanoparticles of 0, 10, 20, 30, and 40 mg/mL (protein concentration), separately. 

ΔFmax is the maximum increase of fluorescence intensity change relative to F0. 

Neuron-NS Cell Osmotic Swelling Assay 

Neuro-2a cells were seeded 1 day before the experiment in a 96-well plate (Corning) at a 

density of 8000 cells/well. The plate was maintained under the same conditions as described for 

cell maintenance. In the study, cells with 1× PBS added were used as a control group. To induce 

cell rounding, 500 μM O and 25 μM VTD were added to cells. To study the effect of TTX, 500 

μM O, 25 μM VTD, and 100 nM TTX were added to cells. To study TTX neutralization, 100 nM 

TTX was mixed with 20 mg/mL Neuron-NS (protein concentration). After incubation for 1 h, the 

nanoparticles were removed by Amicon Ultra-4 centrifugal filters (30 kDa molecular weight 

cutoff, centrifuged at 6000g for 10 min). The unbound TTX with 500 μM O and 25 μM VTD 

was added into the wells. In all groups, bright-field images were taken after incubation of the 

cells for 12 h with the EVOS inverted microscope (Thermo Fisher Scientific). To evaluate VTD 

and O dose-dependent cell rounding, the final concentrations of VTD were 0, 6, 12, 25, and 50 

μM. The final concentrations of O were 120, 240, 500, and 1000 μM. To evaluate TTX dose-

dependent inhibition of cell rounding, the final concentrations of TTX were 0, 10, 50, 100, and 
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200 nM; the VTD final concentration was 25 μM, and the O final concentration was 500 μM. To 

study dose-dependent neutralization, Neuron-NS with concentrations of 0, 5, 10, 20, and 40 

mg/mL (protein concentration) were incubated with 100 nM TTX. The VTD final concentration 

was 25 μM, and the O final concentration was 500 μM. Bright-field images of the cells were 

taken with the EVOS microscope and then analyzed with ImageJ to quantify cell roundness. 

Specifically, the cell roundness was calculated on manually segmented cells using the free-hand 

tool in ImageJ. In the program, the cell roundness is defined as 4π × area/perimeter2. Values 

approaching 0 indicate a more elongated cell morphology, whereas values approaching 1 

indicate a more circular cell morphology. Three images were used in each group, and 10 cells 

were analyzed for each image. 

In Vivo Treatment of TTX Intoxication with Neuron-NS 

In the TTX lethality study, free TTX of various dosages (8–12 μg/kg) was injected 

subcutaneously into ICR mice (n = 10 mice per group). Mice were observed for 24 h, and the 

survival time was recorded. To examine the neutralization effect of Neuron-NS, TTX (9.5 μg/kg) 

was first injected subcutaneously (injection volume = 0.2 mL, n = 10 mice per group). After 1 

min of TTX injection, various dosages of Neuron-NS were injected intravenously (injection 

volume = 0.2 mL). Mice were observed for 24 h, and their survival time was recorded. 

In Vivo Prevention of TTX Intoxication with Neuron-NS 

To examine the efficacy of preventing TTX intoxication, ICR mice (n = 10 mice per 

group) were first injected with Neuron-NS at various dosages through intraperitoneal 

administration (injection volume: 0.5 mL). 2 min after the administration of Neuron-NS, mice 

were injected with TTX at 9.5 μg/kg subcutaneously. The experiment was terminated 24 h after 

the TTX injection. Mice were observed for 24 h, and their survival time was recorded. 
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Neuron-NS Safety Evaluation 

In the study, Neuron-NS (10 mg/mL, protein concentration) were injected intravenously 

through the tail vein into the mice at a dosage of 80 mg/kg (n = 3 mice). At 24 h after the 

injection, approximately 250 μL of whole blood was collected into Eppendorf tubes and allowed 

to coagulate. Then, the samples were centrifuged at 2000g for 6 min to collect serum for the 

comprehensive metabolic panel analysis. Meanwhile, 100 μL of the whole blood was collected 

into an EDTA-coated microtube for the complete blood count. All blood samples were tested at 

the UCSD Animal Care Program Diagnostic Services Laboratory. Immediately after blood 

collection, mice were euthanized to collect major organs, including the lungs, heart, liver, 

kidneys, and spleen. Organs were fixed in 10% formalin (Fisher Scientific), sectioned, and 

stained with hematoxylin and eosin (H&E) for histological analysis. Histology slides were 

imaged with a Micromaster II microscope (Fisher Scientific) 

2.4 Conclusion 
 

In summary, we derived the membrane of neuronal cells and coated it onto polymeric 

nanoparticles, forming Neuron-NS for neurotoxin detoxification. Using cell-based assays, we 

showed that Neuron-NS neutralized TTX, effectively reversing the adverse effects of TTX on 

cell viability, calcium flux, and cell osmotic swelling. In mouse models challenged with TTX 

intoxication, the Neuron-NS enhanced the mouse survival rate in both treatment and prevention 

regimens. In addition, mice injected with Neuron-NS showed an absence of acute toxicity. 

Neuron-NS leverages the binding interactions with the neuron membrane shared by all 

neurotoxins regardless of their molecular structures. This strategy overcomes the limitations of 

current structure-based detoxification approaches. Besides TTX, Neuron-NS also neutralized 

botulinum toxin and saxitoxin, two additional neurotoxins with distinct working mechanisms, 
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demonstrating broad-spectrum detoxification capabilities of Neuron-NS. [40, 41] Although the 

Neuron-NS reported here is largely a proof-of-concept study, its success demonstrates the 

feasibility and allows for more efficient neurotoxin detoxification in the future. For example, the 

neuron membrane can be coated onto nanoscale oil droplets. The membrane and the oil core can 

work together to neutralize toxins. Alternatively, the membrane can be coated onto enzymatic 

nanoparticles for continuous detoxification, as the toxin degradation will no longer be limited by 

membrane–toxin binding stoichiometry. [42] The membrane can also be modified through 

metabolic or genetic methods to further enhance detoxification capacity. [43] Bulk materials 

such as hydrogels can imbed Neuron-NS and enhance their local retention for a prolonged 

detoxification ability. [44, 45] So far, antibodies are the main detoxification platform against 

TTX. However, the effectiveness of anti-TTX antibodies varies dramatically in different studies. 

In addition, Neuron-NS differ from the antibodies in their composition and working mechanism, 

making a direct comparison of their efficacy challenging. [46, 47] Nevertheless, the reported 

Neuron-NS formulation is expected to join current detoxification research and become a 

promising biomimetic nanoparticle system for the effective management of various types of 

neurotoxic poisoning. 

Chapter 2, in full, is a reprint of the material as it appears in ACS nano, 2022, Dan Wang, 

Xiangzhao Ai, Yaou Duan, Nianfei Xian, Ronnie H. Fang, Weiwei Gao, and Liangfang Zhang. 

The dissertation author was the primary author of this paper. 

2.5 Reference  

 

[1] C.G. Goetz, E. Meisel, Biological neurotoxins, Neurologic clinics 18(3) (2000) 719-740. 

[2] B.P. Lanphear, R.O. Wright, K.N. Dietrich, Environmental neurotoxins, Pediatrics in Review 
26(6) (2005) 191-198. 



46 

[3] S. Cestèle, W.A. Catterall, Molecular mechanisms of neurotoxin action on voltage-gated 
sodium channels, Biochimie 82(9-10) (2000) 883-892. 

[4] M. Stevens, S. Peigneur, J. Tytgat, Neurotoxins and their binding areas on voltage-gated 
sodium channels, Frontiers in pharmacology 2 (2011) 14152. 

[5] A. Brunger, R. Jin, M. Breidenbach, Highly specific interactions between botulinum 
neurotoxins and synaptic vesicle proteins, Cellular and Molecular Life Sciences 65 (2008) 2296-
2306. 

[6] C. Colasante, O. Rossetto, L. Morbiato, M. Pirazzini, J. Molgó, C. Montecucco, Botulinum 
neurotoxin type A is internalized and translocated from small synaptic vesicles at the 
neuromuscular junction, Molecular Neurobiology 48 (2013) 120-127. 

[7] V. Hassan-Puttaswamy, D.J. Adams, R.M. Kini, A distinct functional site in Ω-neurotoxins: 
novel antagonists of nicotinic acetylcholine receptors from snake venom, ACS Chemical Biology 
10(12) (2015) 2805-2815. 

[8] P. Yasawardene, U. Jayarajah, I. De Zoysa, S.L. Seneviratne, Mechanisms of star fruit 
(Averrhoa carambola) toxicity: a mini-review, Toxicon 187 (2020) 198-202. 

[9] O. Cenciarelli, P.W. Riley, A. Baka, Biosecurity threat posed by botulinum toxin, Toxins 11(12) 
(2019) 681. 

[10] M. Tiemensma, R.W. Byard, Fatal sea snake envenomation, The American Journal of 
Forensic Medicine and Pathology 42(4) (2021) 401-404. 

[11] S. Cai, R. Kumar, B.R. Singh, Clostridial neurotoxins: Structure, function and implications to 
other bacterial toxins, Microorganisms 9(11) (2021) 2206. 

[12] T. Minamitani, K. Kiyose, R. Otsubo, T. Ito, H. Akiba, R.A. Furuta, T. Inoue, K. Tsumoto, 
M. Satake, T. Yasui, Novel neutralizing human monoclonal antibodies against tetanus neurotoxin, 
Scientific Reports 11(1) (2021) 12134. 

[13] M. Cohn, Degeneracy, mimicry and crossreactivity in immune recognition, Molecular 
immunology 42(5) (2005) 651-655. 

[14] D.M. Snow, R.R. Cobb, J. Martinez, I. Finger-Baker, L. Collins, S. Terpening, E.S. Syar, N. 
Niemuth, D. Kobs, R. Barnewall, A monoclonal antibody combination against both serotypes A 
and B botulinum toxin prevents inhalational botulism in a guinea pig model, Toxins 13(1) (2021) 
31. 

[15] C.-M.J. Hu, R.H. Fang, J. Copp, B.T. Luk, L. Zhang, A biomimetic nanosponge that absorbs 
pore-forming toxins, Nature nanotechnology 8(5) (2013) 336-340. 

[16] K.K. Hill, G. Xie, B.T. Foley, T.J. Smith, Genetic diversity within the botulinum neurotoxin-
producing bacteria and their neurotoxins, Toxicon 107 (2015) 2-8. 



47 

[17] W. Pradidarcheep, W.T. Labruyère, N.F. Dabhoiwala, W.H. Lamers, Lack of specificity of 
commercially available antisera: better specifications needed, Journal of Histochemistry & 
Cytochemistry 56(12) (2008) 1099-1111. 

[18] M. Pirazzini, O. Rossetto, Challenges in searching for therapeutics against Botulinum 
Neurotoxins, Expert opinion on drug discovery 12(5) (2017) 497-510. 

[19] C. Quezada, M. Vera, L.F. Barraza, Y. García, E.D. Pereira, Molecularly imprinted 
nanoparticle-based assay (MINA): Potential application for the detection of the neurotoxin domoic 
acid, Analytica Chimica Acta 1181 (2021) 338887. 

[20] R.H. Fang, A.V. Kroll, W. Gao, L. Zhang, Cell membrane coating nanotechnology, Advanced 
materials 30(23) (2018) 1706759. 

[21] S. Wang, D. Wang, Y. Duan, Z. Zhou, W. Gao, L. Zhang, Cellular nanosponges for biological 
neutralization, Advanced Materials 34(13) (2022) 2107719. 

[22] Y. Chen, M. Chen, Y. Zhang, J.H. Lee, T. Escajadillo, H. Gong, R.H. Fang, W. Gao, V. Nizet, 
L. Zhang, Broad‐spectrum neutralization of pore‐forming toxins with human erythrocyte 
membrane‐coated nanosponges, Advanced healthcare materials 7(13) (2018) 1701366. 

[23] Y. Chen, Y. Zhang, M. Chen, J. Zhuang, R.H. Fang, W. Gao, L. Zhang, Biomimetic 
nanosponges suppress in vivo lethality induced by the whole secreted proteins of pathogenic 
bacteria, Small 15(6) (2019) 1804994. 

[24] Y. Chen, Y. Zhang, J. Zhuang, J.H. Lee, L. Wang, R.H. Fang, W. Gao, L. Zhang, Cell-
membrane-cloaked oil nanosponges enable dual-modal detoxification, Acs Nano 13(6) (2019) 
7209-7215. 

[25] Z. Pang, C.-M.J. Hu, R.H. Fang, B.T. Luk, W. Gao, F. Wang, E. Chuluun, P. Angsantikul, S. 
Thamphiwatana, W. Lu, Detoxification of organophosphate poisoning using nanoparticle 
bioscavengers, ACS nano 9(6) (2015) 6450-6458. 

[26] J.A. Copp, R.H. Fang, B.T. Luk, C.-M.J. Hu, W. Gao, K. Zhang, L. Zhang, Clearance of 
pathological antibodies using biomimetic nanoparticles, Proceedings of the National Academy of 
Sciences 111(37) (2014) 13481-13486. 

[27] Q. Zhang, D. Dehaini, Y. Zhang, J. Zhou, X. Chen, L. Zhang, R.H. Fang, W. Gao, L. Zhang, 
Neutrophil membrane-coated nanoparticles inhibit synovial inflammation and alleviate joint 
damage in inflammatory arthritis, Nature nanotechnology 13(12) (2018) 1182-1190. 

[28] Y. Zhang, Y. Chen, C. Lo, J. Zhuang, P. Angsantikul, Q. Zhang, X. Wei, Z. Zhou, M. Obonyo, 
R.H. Fang, Inhibition of pathogen adhesion by bacterial outer membrane‐coated nanoparticles, 
Angewandte Chemie International Edition 58(33) (2019) 11404-11408. 

[29] Q. Zhang, A. Honko, J. Zhou, H. Gong, S.N. Downs, J.H. Vasquez, R.H. Fang, W. Gao, A. 
Griffiths, L. Zhang, Cellular nanosponges inhibit SARS-CoV-2 infectivity, Nano letters 20(7) 
(2020) 5570-5574. 



48 

[30] R.H. Fang, C.-M.J. Hu, B.T. Luk, W. Gao, J.A. Copp, Y. Tai, D.E. O’Connor, L. Zhang, 
Cancer cell membrane-coated nanoparticles for anticancer vaccination and drug delivery, Nano 
letters 14(4) (2014) 2181-2188. 

[31] H. Gong, Q. Zhang, A. Komarla, S. Wang, Y. Duan, Z. Zhou, F. Chen, R.H. Fang, S. Xu, W. 
Gao, Nanomaterial biointerfacing via mitochondrial membrane coating for targeted detoxification 
and molecular detection, Nano Letters 21(6) (2021) 2603-2609. 

[32] C.-M.J. Hu, L. Zhang, S. Aryal, C. Cheung, R.H. Fang, L. Zhang, Erythrocyte membrane-
camouflaged polymeric nanoparticles as a biomimetic delivery platform, Proceedings of the 
National Academy of Sciences 108(27) (2011) 10980-10985. 

[33] S.E. Gratton, P.D. Pohlhaus, J. Lee, J. Guo, M.J. Cho, J.M. DeSimone, Nanofabricated 
particles for engineered drug therapies: A preliminary biodistribution study of PRINT™ 
nanoparticles, Journal of Controlled Release 121(1-2) (2007) 10-18. 

[34] S. Saruhashi, K. Konoki, M. Yotsu-Yamashita, The voltage-gated sodium ion channel 
inhibitory activities of a new tetrodotoxin analogue, 4, 4a-anhydrotetrodotoxin, and three other 
analogues evaluated by colorimetric cell-based assay, Toxicon 119 (2016) 72-76. 

[35] Y. Kudo, J. Finn, K. Fukushima, S. Sakugawa, Y. Cho, K. Konoki, M. Yotsu-Yamashita, 
Isolation of 6-deoxytetrodotoxin from the pufferfish, Takifugu pardalis, and a comparison of the 
effects of the C-6 and C-11 hydroxy groups of tetrodotoxin on its activity, Journal of Natural 
Products 77(4) (2014) 1000-1004. 

[36] K. Sugimoto, I. Kissin, G. Strichartz, A high concentration of resiniferatoxin inhibits ion 
channel function in clonal neuroendocrine cells, Anesthesia & Analgesia 107(1) (2008) 318-324. 

[37] I. Vetter, C.A. Mozar, T. Durek, J.S. Wingerd, P.F. Alewood, M.J. Christie, R.J. Lewis, 
Characterisation of Nav types endogenously expressed in human SH-SY5Y neuroblastoma cells, 
Biochemical pharmacology 83(11) (2012) 1562-1571. 

[38] K. Kogure, M.L. Tamplin, U. Simidu, R.R. Colwell, A tissue culture assay for tetrodotoxin, 
saxitoxin and related toxins, Toxicon 26(2) (1988) 191-197. 

[39] G.S. Offeddu, C.E. Tanase, S. Toumpaniari, M.L. Oyen, R.E. Cameron, Stiffening by osmotic 
swelling constraint in cartilage‐like cell culture scaffolds, Macromolecular Bioscience 18(11) 
(2018) 1800247. 

 

 

  



49 

Chapter 3 Surface-modified CNPs for biological neutralization 
 
3.1 Glycan-modified CNPs for enhanced neutralization of botulinum toxin 
 
3.1.1 introduction  

Botulinum neurotoxin (BoNT) is a protein toxin produced by the bacterium Clostridium 

botulinum (C. botulinum) and other related clostridial species [1]. BoNT includes seven distinct 

serotypes, designated as A-G, and belongs to the clostridial neurotoxin family along with tetanus 

neurotoxin [2]. All BoNT serotypes interfere with neural transmission by inhibiting the release of 

acetylcholine, a critical neurotransmitter at the neuromuscular junction, resulting in paralysis of 

the skeletal and autonomic nervous systems [3]. While BoNT has found numerous medical 

applications, it possesses characteristics that also make it a potential biowarfare weapon and 

bioterrorist agent [4]. Notably, BoNT is highly potent and lethal, often considered the deadliest 

substance known [5]. Additionally, it remains stable in complex forms and aerosolized 

formulations, facilitating its deliberate release in populated areas [6,7]. Moreover, the bacterium 

C. botulinum, an anaerobic spore-former, is relatively easy to culture, making unauthorized 

production of BoNT relatively straightforward [8]. The medical use of BoNT also raises 

concerns about its unlawful possession, transport, and misuse [9]. Furthermore, there is currently 

no effective treatment for BoNT intoxication. Recent efforts have focused on developing small 

molecule inhibitors [10,11], neutralizing antibodies [12], and vaccines [13,14]. However, 

progress has been slow due to the substantial diversity of BoNT structures. Given these 

characteristics, the threat posed by BoNT is significant, necessitating the development of an 

effective and broad-spectrum countermeasure against BoNT. 

Over the past decade, CNPs composed of synthetic cores wrapped with natural cell 

membranes have emerged as a biomimetic detoxification platform [15-17]. One example is the 
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use of CNPs made with red blood cell (RBC) membrane, which mimic the properties of source 

RBCs and exhibit susceptibility to pore-forming toxins (PFTs) [18]. This susceptibility enables 

CNPs to intercept PFTs regardless of the molecular structures of the toxins [19,20]. Importantly, 

CNPs rely on the functionalities of host cells rather than the toxin structure for detoxification. 

This unique feature allows them to overcome the diversity of toxins and achieve broad-spectrum 

efficacy. Furthermore, by selecting specific types of cell membranes for coating, CNPs have 

demonstrated successful detoxification against various classes of harmful agents, including small 

molecule neurotoxicants [21,22], autoimmune antibodies [23,24], inflammatory cytokines [25], 

bacteria [26], and viruses [27]. Building upon these studies, researchers have also explored 

modifications to natural cell membrane composition or structure for enhanced detoxification 

[28,29]. For example, intrigued by the binding interactions between SARS-CoV-2 spike 

glycoprotein (S protein) and cell glycosaminoglycans like heparin, researchers have modified the 

cell surface glycans and increased the membrane heparin density on CNPs [30]. As a result, 

CNPs with a higher heparin density showed a greater binding capacity with viral S proteins and 

significantly increased inhibitory efficacy against SARS-CoV-2 infectivity. 

Due to their unique biomimetic design, CNPs are capable of neutralizing BoNT, as the 

toxin relies on binding to host cells for its harmful effects. Although the exact mechanism of 

BoNT cellular entry is not fully understood, studies have revealed that ubiquitous polysialylated 

gangliosides, including GM1 and GT1b on the cell surface, are critical receptors responsible for 

the initial BoNT binding [31,32]. Given the crucial role of gangliosides, we hypothesized that 

increasing the expression level of gangliosides on the CNPs could enhance BoNT binding and 

neutralization capacity. To investigate this hypothesis, we chose THP-1 cells (MΦs), a human 

leukemia monocytic cell line with macrophage-like functions, as the source cells, in combination 
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with glycan modification, to fabricate CNPs for BoNT detoxification. MΦ CNPs have been 

extensively studied for various detoxification applications [27,30,33]. Like neurons, MΦs also 

possess complex glycolipids that are essential for initial BoNT binding and are targets of BoNT 

[34]. In this study, we first used unmodified MΦs (denoted ‘un-MΦs’) and increased the 

expression levels of gangliosides using a metabolic glycan-engineering approach [35]. 

Subsequently, we collected the membrane from these modified MΦs (denoted ‘gan-MΦs’) and 

utilized it to prepare CNPs (denoted ‘gan-MΦ-NS’) by coating the membrane onto polymeric 

cores made from poly(lactic-co-glycolic acid) (PLGA). Our findings demonstrate that gan-MΦ-

NS exhibit an enhanced capacity for BoNT binding and higher detoxification efficacy compared 

to CNPs prepared from unmodified MΦs (denoted ‘un-MΦ-NS’). 

3.1.1 Preparation and characterization of gan-MΦ-NS 

In the study, we increased ganglioside expression on THP-1 cells (MΦ) by culturing 

these cells in media with high concentrations of N-acetyl-d-mannosamine-tetraacylated 

(Ac4ManNAc). Ac4ManNAc is a monosaccharide precursor known for its ability to increase cell 

surface ganglioside levels through sialic acid metabolism and glycosylation [42,43]. Following 

the glycanmodification of the THP-1 cells, we derived their membrane using disruption together 

with differential centrifugation [44]. Meanwhile, we prepared PLGA cores using an established 

nanoprecipitation method. Lastly, we coated the cell membrane onto PLGA cores using 

sonication, forming gan-MΦ-NS formulation with overexpressed gangliosides on the surface. 

DLS measurements showed that gan-MΦ-NS and un-MΦ-NS had comparable hydrodynamic 

diameters (Figure 3.1A). These values were larger than the bare PLGA cores, indicating the 

coating of a bilayered cell membrane onto the polymeric cores. In addition, the CNPs showed 

less negative surface zeta potential (ξ) values than the PLGA cores, likely due to the charge 
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screening by the coated cell membrane. Notably, the zeta potential value of gan-MΦ-NS was 

slightly more negative than that of un-MΦ-NS, attributable to the higher sialic acid levels on 

gan-MΦ-NS [45]. The gan-MΦ-NS was further visualized by TEM. We observed a typical 

spherical core-shell structure consistent with the unilamellar membrane coating surrounding a 

solid core (Figure 3.1B). Moreover, the hydrodynamic sizes of CNPs showed minor changes 

over 72 h in water, 1X phosphate-buffered saline (PBS), and 50% serum, suggesting their 

excellent colloidal stability (Figure 3.1C). These results demonstrate the successful fabrication of 

gan-MΦ-NS. 

We next verified ganglioside expression on gan-MΦ-NS. We selected GM1 and GT1b, 

two key ganglioside receptors responsible for BoNT binding, and measured their expression 

levels. It was shown that gan-MΦ-NS had 2.4 folds higher GM1 expression and 2.2 folds higher 

GT1b expression than un-MΦ-NS (Figure 3.1D). Notably, gan-MΦ-NS and un-MΦ-NS showed 

negligible cytotoxicity. We further compared the pharmacokinetic profiles of these two CNP 

formulations. Specifically, we loaded a hydrophobic fluorophore (DiD) into the PLGA cores and 

prepared the DiD-labeled gan-MΦ-NS or DiD-labeled un-MΦ-NS. At all times, serum 

concentrations of gan-MΦ-NS were higher than those of un-MΦ-NS. At 48 h after intravenous 

injection, gan-MΦ-NS showed 8.3% overall retention in the blood compared to the 2% of the un-

MΦ-NS (Figure 3.1E). Based on a two-compartment model that has been applied to fit the 

circulation results of CNPs in previous studies, the elimination half-life was calculated as 20.1 h 

for gan-MΦ-NS and 12.6 h for un-MΦ-NS in the blood [36]. The prolonged circulation of gan-

MΦ-NS is attributable to the increased ganglioside levels on the membrane, which suppress CNP 

clearance by the mononuclear phagocyte system (MPS)[46, 47].  
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Figure 3.1 Preparation and characterization of gan-MΦ-NS.  
(A) Hydrodynamic diameter (top, nm) and zeta potential (bottom, mV) of gan-MΦ-NS. The 
PLGA cores and un-MΦ-NS were used as controls. (B) A representative image of gan-MΦ-NS 
examined with transmission electron microscopy. Scale bar = 50 nm. (C) The hydrodynamic 
diameter of gan-MΦ-NS and un-MΦ-NS in H2O, 1X PBS, and 50% serum over 72 h. (D) GM1 
and GT1b expression levels on gan-MΦ-NS in comparison with un-MΦ-NS. (E) DiD-loaded un-
MΦ-NS and gan-MΦ-NS were injected intravenously through the tail vein of mice. At various 
time points, blood was withdrawn intraorbitally and measured for fluorescence at 670 nm to 
evaluate the systemic circulation lifetime of the CNPs. (F, G) The biodistribution profile of gan-
MΦ-NS at 24, 48, and 72 h after the intravenous injection of DiD-labeled gan-MΦ-NS in mice. 
(F) Relative signals per organ. (G) Mean fluorescent intensities (MFI) per gram of tissue (n = 3 
per group). In (A, C, D), data are presented as mean ± s.d. and n = 3 independent experiments 
using the same batch of gan-MΦ-NS or un-MΦ-NS. The data in (E) are presented as mean ± s.d. 
and n = 6 independent experiments using the same batch of gan-MΦ-NS or un-MΦ-NS. The data 
in (F) and (G) are presented as mean + s.d. and n = 3 independent experiments using the same 
batch of gan-MΦ-NS. ***p < 0.001; statistical analysis was performed using a two-tailed paired 
t-test. 
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We also tested gan-MΦ-NS biodistribution in mice at 24, 48, and 72 h after the 

intravenous injection. The analysis of the proportion of signals per organ shows a decrease in 

signals in the blood over time and a corresponding increase in signals in the liver and spleen 

(Figure 3.1F). Meanwhile, the analysis of signals per organ weight shows that gan-MΦ-NS 

accumulated mostly in the liver and spleen, the two primary organs in the reticuloendothelial 

system (RES, Figure 3.1G). Additionally, the blood showed significant levels of gan-MΦ-NS. 

These results suggest that gan-MΦ-NS, despite their enhanced ganglioside pression, are most 

likely cleared through RES. 

 

3.1.2 BoNT binding capacity and specificity of gan-MΦ-NS 

 Following the characterization of gan-MΦ-NS, we then examined their binding capacity 

against BoNT. We first kept the CNP concentration constant and varied the toxin concentration. 

As shown in Figure 3.2A, gan-MΦ-NS showed a higher binding capacity with BoNT than un-

MΦ-NS. Based on this experiment, the dissociation constant of BoNT with gan-MΦ-NS and un-

MΦ-NS were measured to be 1.03 × 10−12 M and 4.14 × 10−12 M, respectively. Additionally, 

serial dilutions of un-MΦ-NS or gan-MΦ-NS were mixed with BoNT at a fixed concentration. 

After the incubation, CNPs were removed by ultracentrifugation, and the unbound BoNT 

concentration in the supernatant was quantified by ELISA. As shown in Figure 3.2B, as the CNP 

concentration increased, the concentration of the remaining BoNT decreased, suggesting a dose-

dependent binding interaction between CNPs and BoNT. At all concentrations tested, gan-MΦ-

NS exhibited lower levels of remaining BoNT in the supernatants than un-MΦ-NS counterparts, 

indicating a higher BoNT binding capacity of gan-MΦ-NS than un-MΦ-NS. We further treated 
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the CNPs with NA to test whether the enhanced BoNT binding capacity was due to the 

overexpressed gangliosides. This enzyme degrades gangliosides by cleaving the terminal sialic 

acid residues. After NA treatment, we washed the CNPs and repeated the binding study. As 

shown in Figure 3.2C, after the NA treatment, the remaining BoNT concentrations in both 

groups were near the baseline, suggesting the loss of BoNT binding capacity. This result 

confirmed that the enhanced BoNT binding of gan-MΦ-NS was due to a higher level of 

gangliosides on the CNP surfaces. We also measured bound BoNT release from the CNPs for 60 

h and found negligible BoNT release during the period. 

 

Figure 3.2 BoNT binding capacity and specificity of gan-MΦ-NS.  
(A) Quantification of BoNT binding to un-MΦ-NS or gan-MΦ-NS with fixed CNP 
concentrations. In this experiment, a fixed concentration of 100 μg/mL of un-MΦ-NS or gan-
MΦ-NS was mixed with BoNT at various concentrations, ranging from 0 to 1000 pg/mL. After a 
30-min incubation period, concentrations of unbound BoNT were determined using ELISA. (B) 
BoNT was mixed with different concentrations of un-MΦ-NS or gan-MΦ-NS and incubated for 
30 min. Then the mixture was ultracentrifuged, and the remaining BoNT concentrations in the 
supernatant were measured by ELISA. (C) The un-MΦ-NS and gan-MΦ-NS were pre-treated 
with neuraminidase A (NA, 100 units) overnight, followed by the binding capacity 
measurements as described in (C). Data presented as mean + standard deviation (n = 3 
independent experiments using the same batch of the CNPs); n.s.: not significant; *p < 0.01; 
****p < 0.0001; statistical analysis was performed using a two-tailed paired t-test 
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3.1.3 In vitro neutralization of BoNT by gan-MΦ-NS 

We next tested BoNT neuralization by gan-MΦ-NS in vitro using a synaptic vesicle 

recycling assay. In this assay, Neuro-2a cells, a murine neuroblastoma cell line, were first 

fluorescently stained for their synaptic vesicles with a styryl FM dye. After washing, the cells 

were treated with high K+ and Ca2+, which depolarized the cells and quickly released the vesicles 

through exocytosis. The depolarization led to the loss of the dye to the extracellular space and a 

concomitant loss of fluorescence (Figure 3.3A) [48, 49]. When BoNT was added to the cells, it 

blocked synaptic vesicle release. Therefore, the depolarization treatment caused negligible 

fluorescence change. However, when BoNT was first mixed with gan-MΦ-NS and then added to 

the cells, the fluorescence loss appeared after the depolarization treatment, implying that gan-

MΦ-NS neutralized the biofunction of BoNT. However, if gan-MΦ-NS was first treated with NA 

and then mixed with BoNT, the fluorescence loss was not detected, suggesting that the observed 

BoNT neutralization was mediated by the gangliosides on the gan-MΦ-NS surface. 

We used the same assay to compare gan-MΦ-NS and un-MΦ-NS for their dose-

dependent neutralization against BoNT. The study was carried out in two regimens. In a pre-

incubation regimen, we first mixed BoNT with CNPs and then added the supernatants to the cells 

for testing. When the CNP concentration increased, the percentage of synaptic inhibition 

decreased accordingly, indicating a dose-dependent BoNT neutralization by both CNP 

formulations (Figure 3.3B). However, synaptic inhibition by gan-MΦ-NS was consistently lower 

than un-MΦ-NS, indicating a higher BoNT neutralization capacity of gan-MΦ-NS than un-MΦ-

NS.  
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Figure 3.3 In vitro neutralization of BoNT by Gan-MΦ-NS. 
(A) Representative fluorescence images of Neuro-2a cells before and after depolarization 
treatment for synaptic vesicle release. Gan-MΦ-NS (8 mg/mL) or NA-treated gan-MΦ-NS (8 
mg/mL) were incubated with the BoNT (12.5 ng/mL) for 30 min. After removing CNPs, the 
supernatants were incubated with the cells to test BoNT neutralization using a synaptic vesicle 
recycling assay. The green color represents synaptic vesicles stained with FM1-43 (a styryl 
fluorescent dye). Scale bar, 25 μm. (B) Synaptic inhibition with various concentrations of gan-
MΦ-NS in a pre-incubation regimen, where the CNP and BoNT were mixed first. After 
removing the CNPs, the supernatants were added to the cells. (C) Synaptic inhibition with 
various concentrations of gan-MΦ-NS in a competitive regimen, where the CNP was added to 
the cells, followed by adding BoNT. In both regimens, un-MΦ-NS, NA-treated gan-MΦ-NS, and 
NA-treated un-MΦ-NS were used as controls. For the signal normalization, fluorescence from 
cells added with BoNT (12.5 ng/mL), but no CNP treatment, was defined as 0% of synaptic 
inhibition. Fluorescence from cells without BoNT or CNPs was defined as 100% of synaptic 
inhibition. Data presented as mean ± s.d. (n = 3); n.s.: not significant; *p < 0.05; **p < 0.01; 
statistical analysis was performed by using a two-tailed paired t-test. 
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When the two CNP formulations were treated with NA, both lost their BoNT 

neutralization capability, confirming the specific role played by the gangliosides in neutralizing 

BoNT. In a competitive regimen, we added CNPs to the cells, followed by adding BoNT to the 

mixture solution. In this regimen, CNPs must compete with the cells to bind the toxin for 

neutralization. As a result, their neutralization capacity became lower than the pre-incubation 

regimen (Figure 3.3C). However, like in the pre-incubation regimen, gan-MΦ-NS showed a 

higher neutralization capacity than un-MΦ-NS at all tested concentrations, and BoNT 

neutralization was mediated by the gangliosides on the CNP surface. 

3.1.4 In vivo neutralization of BoNT by gan-MΦ-NS 

Before testing the in vivo neutralization of BoNT using a mouse BoNT intoxication 

model, we first determined the lethal dosage of BoNT in a single intravenous injection. As 

shown in Figure 3.4A, BoNT induced a dose-dependent lethality. Under our experimental 

conditions, we found that 0.75 ng/kg was the lowest dosage to cause 100% of death (LD100), 

and 0.65 ng/kg was the median lethal dosage to cause 50% of mouse death (LD50). Next, we 

examined CNP efficacy using a treatment regimen where an LD100 (0.75 ng/kg) of BoNT was 

administered intravenously first, followed by an intravenous injection of the CNP 1 min later. As 

shown in Fig. 3.4B, all mice injected with gan-MΦ-NS (100 mg/kg) survived. In contrast, only 

40% of mice injected with the same dose of un-MΦ-NS survived within 7 days, and all mice 

treated with PBS died. Notably, this study chose a 1-min time interval between BoNT and CNPs 

injections. The detoxification efficacy of CNP is likely to decrease as this interval increases 

owing to the extremely potent BoNT neurovirulence. Besides the treatment regimen, we also 

evaluated the CNP efficacy in a preventive regimen, where the CNP was first administered 

intravenously, followed by injecting LD50 (0.65 ng/kg) of BoNT 1 min later. As shown in 
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Figure 3.4C, all mice treated with gan-MΦ-NS (100 mg/kg) survived. In contrast, 83.3% of mice 

treated with un-MΦ-NS survived, and only 50% of mice treated with PBS survived. Similar to 

the treatment regimen, the detoxification efficacy of CNPs is likely to decrease as this interval 

increases in the preventative regimen due to the continuous clearance of the CNP in vivo. 

Nevertheless, these results demonstrated a significantly enhanced protection of gan-MΦ-NS 

against BoNT intoxication in vivo. 

 

Figure 3.4 In vivo neutralization of BoNT by Gan-MΦ-NS.  
(A) Survival rates of mice within 7 days after intravenous injection of BoNT (0.5-1 ng/kg, n = 6). 
(B) Survival rates of mice treated with gan-MΦ-NS in a treatment regimen where BoNT (0.75 
ng/kg) was first injected intravenously into mice, followed by the intravenous injection of gan-
MΦ-NS (0.2 mL, 100 mg/kg) 1 min later. Mice treated with PBS (0.2 mL) or un-MΦ-NS (0.2 
mL, 100 mg/kg) were used as controls. (C) Survival rates of mice treated with gan-MΦ-NS in a 
prophylactic regimen, where gan-MΦ-NS (0.2 mL, 100 mg/kg) was first injected intravenously 
into mice, followed by BoNT injection (0.65 ng/kg) 1 min later. Mice treated with PBS (0.2 mL) 
or un-MΦ-NS (0.2 mL, 100 mg/kg) were used as controls. In all groups, n = 6, *p < 0.05, ***p < 
0.001. Statistical analysis was performed by using a Log-rank test. 
 

3.1.5 In vivo safety of gan-MΦ-NS 

Lastly, we investigated the acute toxicity of gan-MΦ-NS in vivo. In this experiment, our 

primary objective was to test possible adverse effects at the therapeutic dosages used in the in 

vivo efficacy studies. Therefore, we used the highest therapeutic dosage, 100 mg/kg, for the 

toxicity evaluation. In the study, the healthy mice were injected with gan-MΦ-NS intravenously 
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(100 mg/kg, n = 3). A blood count and a comprehensive metabolic panel were performed 1 day 

after the CNP injection. It was shown that the hemocytes, including red blood cells (RBC), white 

blood cells (WBC), and platelets (PLT), of mice injected with gan-MΦ-NS, were comparable to 

those of the control mice injected with PBS (Figure 3.5A). Meanwhile, all blood markers were 

consistent with baseline levels, confirming the excellent biosafety profile of gan-MΦ-NS in mice 

(Figure 3.5B). 

 

Figure 3.5 In vivo biosafety of gan-MΦ-NS.  
(A) Counts of various blood cells 1 day after intravenous injection of PBS or gan-MΦ-NS (n = 3; 
data represents the geometric mean + SD). WBC, white blood cells; RBC, red blood cells; PLT, 
platelets. (B) A blood biochemistry panel analysis after 1 day of PBS or gan-MΦ-NS injection (n 
= 3; mean + SD). ALB, albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; AMY, 
amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; CA, calcium; PHOS, phosphorus; 
GLU, glucose; NA+, sodium; K+, potassium; TP, total protein; GLOP, globulin. (C) H&E 
staining of histology sections from major organs, including the heart, liver, spleen, lung, and 
kidney, 1 week after PBS or gan-MΦ-NS administration. Scale bar = 250 μm. 
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Seven days after the CNP injection, the mice were sacrificed, and the major organs were 

collected, sectioned, and stained with hematoxylin and eosin (H&E) for histological analysis. As 

shown in Figure 3.5C, the organ tissues in the mice, including the liver, spleen, heart, lungs, and 

kidneys, appeared normal compared to the mice injected with PBS. Overall, these results 

demonstrate the absence of short-term toxicity of gan-MΦ-NS. 

3.1.6 Methods 

Cell culture 

THP-1 cells, a human monocytic leukemia cell line, were obtained from American Type 

Culture Collection (ATCC, TIB-202). The cells were seeded in T175 suspension flasks 

(Olympus Plastics) at 2 × 105 cells/mL and cultured in RPMI 1640 medium supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Thermo Fisher Scientific) at 37 

°C with 5% CO2 in a humidity-controlled incubator. For glycol modification, 100 μM N-

acetylmannosamine-tetraacylated (Ac4ManNAc, Chem-Impex) were added to the cell culture. 

After 72 h, cells were harvested by centrifugation at 800×g and washed twice with 1X PBS (pH 

= 7.4). The cells were resuspended in a 1:1 mixture of serum-free RPMI and HyCryo 2X 

cryopreservation medium (GE Healthcare) and stored at -80 °C for subsequent studies. 

Preparation and characterization of CNPs 

Cell membranes from un-MΦs and gan-MΦs were harvested with a previously published 

protocol [36]. Briefly, thawed cells were washed with 1X PBS and resuspended in a hypotonic 

lysing buffer containing 30 mM Tris-HCl (pH = 7.5), 225 mM D-mannitol, 75 mM sucrose, 0.2 

mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), and a protease 

and phosphatase inhibitor cocktail (all reagents from Millipore-Sigma). Cells were then disrupted 

with a probe homogenizer (Kinematica Polytron PT 10/35 GT). The homogenate was 
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centrifuged at 20 k × g for 25 min at 4 °C. The pellet was discarded, and the supernatant was 

centrifuged again at 100 k × g for 35 min at 4 °C. The cell membrane was collected as the pellet 

and washed with 0.2 mM ethylenediaminetetraacetic acid (EDTA) in water by 

ultracentrifugation. Membrane protein was quantified with a bicinchoninic acid (BCA) protein 

assay (ThermoFisher Scientific) in reference to bovine serum albumin (BSA). Approximately 1 

× 108 cells yield 2 mg membrane (protein weight). The membrane was suspended in 0.2 mM 

EDTA and stored at -80 °C for subsequent studies. 

The cell membranes were coated onto polymeric cores with a sonication method. Briefly, 

the polymeric cores were synthesized by adding 1 mL poly(lactic-co-glycolic acid) (50:50 

PLGA, 0.67 dl/g; Lactel Absorbable Polymers) in acetone (10 mg/mL) to 2 mL water. After 

evaporation of acetone, membranes from un-MΦs or gan-MΦs were mixed with the cores at a 

polymer-to-membrane protein weight ratio of 1:1. The mixture was then sonicated in a bath 

sonicator (Thermo Fisher Scientific) for 2 min. The size and zeta potential were measured with 

dynamic light scattering (DLS, Malvern ZEN 3600 Zetasizer). CNP microscopic morphology 

was visualized with transmission electron microscopy (TEM, FEI 200 KV Sphera) with uranyl 

acetate staining. Colloidal stability was studied by suspending CNPs in 1X PBS or 50% serum at 

a protein concentration of 0.5 mg/mL. The samples were stored at 4 °C. The hydrodynamic 

diameter was measured with DLS daily for 3 d. 

Quantification of ganglioside levels on gan-MΦ and gan-MΦ-NS 

For GM1 quantification, gangliosides were first extracted from the MΦs or CNPs by 

following an established protocol [37,38]. The extraction was performed with 1 × 108 cells or 2 

mg CNPs (membrane protein weight). The cells or CNPs suspensions were suspended in 560 μL 

ultrapure water and mixed with 800 μL methanol. Then 400 μL chloroform was added to the 
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mixture. The sample was stirred for 2 h at room temperature and then centrifuged at 500×g for 5 

min. The upper phase containing gangliosides was collected. After evaporation of the residue 

solvents, the gangliosides in the water were extracted by a Sep-Pak tC18 solid-phase extraction 

cartridge (Waters). Briefly, the cartridge was first washed with 3 mL methanol, followed by 3 

mL chloroform-methanol-water mixture (2:43:55, v%). Then the sample was loaded onto the 

cartridge. The flow-through was collected and reloaded onto the column for optimized 

adsorption. After the adsorption, the cartridge was washed with 3 mL of a chloroform-methanol-

water mixture (2:43:55, v%) and 3 mL of methanol-water (50:50, v%). Gangliosides were eluted 

with 3 mL methanol. After evaporation of the solvent, ganglioside powder was dissolved in 50 

μL methanol for high-performance liquid chromatography (HPLC, Agilent) analysis with a C18 

analytical column (Brownlee, 2 μL injection volume). The mobile phase consisted of an 

acetonitrile-water gradient (20%-100% acetonitrile for 20 min at 0.3 mL/min). The gangliosides 

were monitored at 215 nm. A standard curve was obtained with known concentrations of GM1 

(2–0.125 mM, Fisher Scientific) and used to calculate GM1 concentrations in the sample. 

For GT1b quantification, 10 mg/mL NHS-Fluorescein (Thermo Scientific) DMSO stock 

solution was prepared. An NHS-Fluorescein working solution was prepared by adding 5 μL 

stock solution into 45 μL sodium bicarbonate buffer (pH = 8.2, Millipore-Sigma). Then, 5 μL 

working solution was mixed with 50 μL anti-GT1b ganglioside antibody (1 mg/mL, Millipore-

Sigma) and 45 μL sodium bicarbonate buffer. The mixture was incubated at room temperature 

for 1 h and washed with 1X PBS by using Amicon Ultra-4 Centrifugal Filters (Millipore, 10 kDa 

molecular weight cutoff). After the centrifugation, the dye-labeled antibody was resuspended in 

50 μL 1X PBS. To examine GT1b level, 400 μL CNP suspensions (1 mg/mL, un-MΦ-NS or gan-

MΦ-NS, membrane protein concentration) were blocked by adding BSA (final concentration 1 
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w/v%) in 400 μL 1X PBS for 30 min, followed by mixing with 4 μL dye labeled-antibody (1 

mg/mL) and incubating for 30 min. CNPs were pelleted by centrifugation at 20 k × g for 5 min 

and then resuspended in 1X PBS (400 μL) to measure the fluorescence intensity with an Infinite 

M200 plate reader (Tecan, excitation/emission = 494/518 nm). 

In vivo pharmacokinetics and biodistribution studies 

All animal studies were approved under the Institutional Animal Care and Use 

Committee (IACUC) guidelines at the University of California San Diego (UCSD). The 6-week-

old ICR male and female mice were purchased from Harlan Laboratories and housed in an 

animal facility at UCSD under federal, state, local, and National Institutes of Health guidelines 

for animal care. To label the CNPs, DiD dye (excitation/emission = 645/665 nm, Thermo Fisher 

Scientific) was mixed with PLGA in acetone (0.1 wt%), followed by CNP preparation with the 

above procedure. For the pharmacokinetic study, DiD-labeled gan-MΦ-NS (100 μL, 20 mg/kg, n 

= 3) was injected intravenously via the tail vein. At 0.02, 0.25, 0.5, 1, 2, 4, 8, 24, and 48 h 

postinjection, one drop of blood (∼30 μL) was collected from each mouse via submandibular 

puncture with heparin-coated tubes. Then 20 μL blood was mixed with 180 μL 1X PBS in a 96-

well plate for fluorescence measurement with an Infinite M200 plate reader (Tecan). The DiD-

labeled un-MΦ-NS was also prepared as a control group. For the biodistribution study, DiD-

labeled gan-MΦ-NS (200 μL, 100 mg/kg, n = 3) was injected through the tail vein. At 24, 48, 

and 72 h postinjection, organs, including the liver, kidneys, spleen, brain, lungs, heart, and blood, 

were collected, and homogenized using a mini bead-beater (Biospec) in 1X PBS. All 

fluorescence measurements were performed with an Infinite M200 plate reader (Tecan). 

BoNT binding capacity and specificity of gan-MΦ-NS 
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BoNT and CNP binding was first investigated by maintaining constant CNP 

concentration while varying the toxin concentration. Specifically, 100 μg/mL un-MΦ-NS or gan-

MΦ-NS was mixed with BoNT ranging from 0 to 1000 pg/mL (final concentration) in 1X PBS 

containing 1w/v% BSA. The mixtures were incubated for 30 min at 37 °C and then centrifuged 

at 20 k × g for 10 min to pellet the CNPs. The remaining BoNT in the supernatants was 

quantified with ELISA assay to calculate the amount of BoNT that bound to the CNPs. BoNT 

and CNP binding was also examined by keeping toxin concentration constant while varying the 

CNP concentration. Specifically, 25 ng/mL (0.5 U/mL, U is the toxin amount that causes 50% of 

mice death within 4 days) BoNT type A1 from Clostridium botulinum (List labs) was mixed 

with 100 μL various concentrations of un-MΦ-NS or gan-MΦ-NS (0-8 mg/mL) in 1XPBS 

containing 1w/v% BSA. The mixtures were incubated at room temperature for 30 min under 

vortexing and then centrifuged at 20 k × g for 10 min to pellet the CNPs. The remaining BoNT 

in the supernatants was quantified with an enzyme-linked immunosorbent assay (ELISA, R&D 

Systems). To verify the binding specificity, 100 units of α2-3,6,8,9 Neuraminidase A (NA, New 

England Biolabs) in a storage buffer (50 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.5) 

were first mixed with 2 mg un-MΦ-NS or gan-MΦ-NS in 50 μL reaction buffer (5 mM CaCl2 

and 50 mM sodium acetate at pH 5.5) overnight to degrade the gangliosides. NA-treated CNP 

binding with BoNT was quantified by using the same procedure. 

In vitro neutralization of BoNT by gan-MΦ-NS 

BoNT cellular activities were examined by using a synaptic vesicle recycling assay 

[39,40]. In this assay, Neuro-2a cells (a murine neuroblastoma cell line, ATCC) were washed 

twice with Hank’s balanced salt solution (HBSS) and incubated with 10 μM N-(3-

Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium Dibromide (FM1-43, 
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excitation/emission = 480/520 nm, Thermo Fisher Scientific) in HBSS containing 2 mM CaCl2 

and 56 mM KCl for 10 min. The cells were then washed twice in Ca2+/K+-free HBSS containing 

0.5 mM EGTA to remove the free dye. The cells were kept in 100 μL Ca2+/K+-free HBSS and 

depolarized by adding 2 μL Ca2+/K+ solution (2 mM Ca2+ and 56 mM K+). Cells were imaged 

with an inverted fluorescence microscope (EVOS, Thermo Fisher Scientific) for 15 min with 1 

min intervals. The images were analyzed with ImageJ to quantify the fluorescence. The intensity 

from cells without the treatment and with FM1-43 but without depolarization was normalized as 

0 and 100% intensity. 

To evaluate BoNT neutralization, 0-25 ng/mL of BoNT were incubated with Neuro-2a 

cells (15,000 cells/well in a 96-well plate) for 3 h. The cells were washed with HBSS twice, 

followed by depolarization and fluorescence imaging. The lowest BoNT concentration that 

reached maximum inhibition was determined (12.5 ng/mL), and this inhibition was defined as 

100%. To evaluate BoNT neutralization, two regimens were tested. In a pre-incubation regimen, 

BoNT (12.5 ng/mL final concentration) was incubated with un-MΦ-NS or gan-MΦ-NS at 

various concentrations (0-8 mg/mL) for 30 min. Then the CNP was removed with centrifugation 

at 20 k × g for 10 min. The supernatant was tested for BoNT activity. In a competitive regimen, 

the Neuro-2a cells were first added with un-MΦ-NS or gan-MΦ-NS (0–8 mg/mL in 100 μL 

medium), followed by adding BoNT (12.5 ng/mL final concentration). Cells were incubated for 

30 min. Then the media were replaced, and the cells were used in the above assay to examine the 

BoNT activity. For the specificity studies, the CNPs were treated with α2-3,6,8,9 Neuraminidase 

A (NA, 100 units) 12 h to cleave gangliosides, followed by an inhibition test. 

In vivo neutralization of BoNT by gan-MΦ-NS 
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To determine the lethal dosage of BoNT in vivo, the BoNT stock was first diluted in 

gelatin-phosphate buffer (30 mM, pH 6.2, 0.2 w/v% gelatin) [41]. Then, BoNT solutions were 

injected intravenously through the tail vein into ICR mice (∼20 g) at various dosages (0-2 ng/kg, 

n = 6). Mouse survival was monitored twice daily over 7 d. The values of LD100 (the lowest 

dosage to cause 100% of death) and LD50 (the dosage to cause 50% of death) were derived from 

the variable slope model using GraphPad Prism 7. Two dosing regimens were used to examine 

the CNP therapeutic efficacy. In a treatment regimen, BoNT at the LD100 dose (0.75 ng/kg) was 

injected intravenously into mice. After 1 min, un-MΦ-NS or gan-MΦ-NS (0.2 mL, 100 mg/kg, n 

= 6) were injected intravenously. In a prevention regimen, mice were first injected with un-MΦ-

NS or gan-MΦ-NS (0.2 mL, 100 mg/kg, n = 6) through the tail vein. Two minutes after the 

injection, mice were injected with BoNT at LD50 dose (0.65 ng/kg) through the tail vein. Mice 

were monitored twice daily for euthanasia criteria, which included morbidity exceeding 24 h, 

weight loss exceeding 30%, or the emergence of agonal breathing. In both regimens, 100 mg/kg 

was chosen as it was the minimum dosage of gan-MΦ-NS leading to 100% of mice survival. 

In vivo biosafety study 

For the biosafety evaluation, gan-MΦ-NS (200 μL, 100 mg/kg, n = 3) were injected 

intravenously into the mice through the tail vein. At 7 d postinjection, the whole blood (∼400 

μL) was collected through the submandibular puncture and coagulated in an Eppendorf tube. 

After centrifugation at 3 k × g for 5 min, the serum was collected for comprehensive metabolic 

panel analysis. Meanwhile, 80 μL of whole blood was collected into an EDTA-coated 

anticoagulant microtube for the complete blood count. All blood samples were tested at the 

UCSD Animal Care Program Diagnostic Services Laboratory. Major organs, including the liver, 

heart, spleen, lungs, and kidneys, were harvested, fixed in 10% formalin for 24 h, and sectioned 
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for hematoxylin and eosin (H&E) staining. The UCSD Moores Cancer Center Tissue 

Technology Shared Resource performed histological preparation. Images were taken with a 

Micromaster II Microscope (Fisher Scientific). 

3.1.7 Conclusion 

In summary, this study focuses on utilizing glycan-modified MΦ cells to fabricate 

cellular CNPs and demonstrates that increasing their surface ganglioside expression is an 

effective strategy for enhancing the binding and neutralization of BoNT. MΦs play crucial roles 

in various diseases, and their unique properties enable MΦ CNPs to neutralize a wide range of 

biological agents [16]. Meanwhile, cell surface glycans serve as a major target for toxins or 

pathogens to gain entry into cells [50,51]. In this work, we achieved glycan modification by 

solely utilizing metabolic engineering without the need for additional biochemistry. Both in vitro 

and in vivo experiments showed that glycan-modified MΦ CNPs had superior efficacy in 

neutralizing BoNT as compared to the CNPs made from wild-type MΦ cell membrane. Notably, 

BoNT cellular entry requires the cooperation of two independent cellular receptors. While 

gangliosides are well-known as one of the receptors, the other receptor, likely specific to 

neuronal membrane, is still under investigation [52,53]. The complexity involved in 

understanding BoNT cellular entry poses challenges in the development of traditional BoNT 

countermeasures. However, the CNP platform offers a unique solution by effectively 

neutralizing BoNT regardless of its mechanisms of action, as the cellular CNPs capitalize on the 

shared functions of BoNT serotypes. Overall, this study demonstrates that combining CNP 

technique with cell surface glycan engineering holds great promise in the development of 

nanomedicines that can serve as broad-spectrum countermeasures against emerging threats posed 

by BoNT and other neurotoxins. 
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Chapter 3.1, in full, is a reprint of the material as it appears in Journal of the American 

Chemical Society, 2021, Xiangzhao Ai, Dan Wang, Anna Honko, Yaou Duan, Igor Gavrish, 

Ronnie H. Fang, Anthony Griffiths, Weiwei Gao, and Liangfang Zhang; The dissertation author 

was a major contributor and co-author of this paper. 
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3.2 Surface glycan modification of CNPs to promote SARS-CoV-2 inhibition  
 
3.2.1 introduction  

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for 

the current pandemic of coronavirus disease 2019 (COVID-19), a crisis with an unprecedented 

threat to global public health. [1-3] So far, the antiviral drugs such as remdesivir, [4] monoclonal 

antibodies such as bamlanivimab and etesevimab, [5] and vaccines manufactured by Pfizer-

BioNTech, Moderna, and Janssen [6] have been approved as emergency-use authorization in the 

United States for COVID-19 treatment and prevention. However, SARS-CoV-2 can undergo 

genetic mutations over time, resulting in the unpredictable evolutions of new viral strains 

resistant to the current therapeutics or vaccines. [7-9] Therefore, innovative strategies that can 

inhibit the infectivity of SARS-CoV-2 and its potential mutated strains are highly demanded. 

Nanomedicine platforms have shown high potential in the diagnosis, treatment, and prevention 

of viral infections. [10-13] Among them, cell-membrane-coated nanoparticles, namely, “cellular 

nanosponges”, have attracted much attention. CNPs are made by cloaking plasma membranes of 

the host cells onto synthetic cores. They inherit natural protein and glycan receptors from the 
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host cells, either known or unknown, to bind with viral proteins and divert the viruses away from 

the intended cellular targets. [14] Such a working mechanism shifts the focus from the causative 

viruses to the hosts and thus overcomes virus diversity, limiting the traditional antiviral 

approach. CNPs effectively capture and inactivate pathogenic viruses such as human 

immunodeficiency virus (HIV), [15] influenza virus, [16] Zika virus, [17] and recently SARS-

CoV-2, [18, 19] unlocking a broad-spectrum antiviral strategy. 

During the infection, SARS-CoV-2 viruses use their spike-like proteins (S proteins) on 

the surface to attach to the cellular angiotensin-converting enzyme 2 (ACE2) for entering the 

host cells. Recent studies suggest that, before the ACE2 binding, the receptor-binding domain 

(RBD) of the viral S protein first interacts with the glycocalyx components of the membranes 

such as heparin or heparan sulfate (HS). [20] Such interactions lead to an open conformation of 

the S protein that enhances its subsequent binding to the ACE2. [21] This observation is further 

supported by SARS-CoV-2 inhibition in vitro using heparin or heparan sulfate. [22, 23] 

Therefore, alteration of heparan sulfate on the host cell surface presents potential therapeutic 

opportunities against SARS-CoV-2 infection. 

3.2.2 Preparation and characterization of heparin-modified CNPs 

Metabolic labeling of an azido group (N3) onto THP-1 cells, a human macrophage (MΦ) 

cell line, was achieved by incubating the cells with N-azidoacetylmannosamine-tetraacylated 

(Ac4ManNAz). In this process, Ac4ManNAz was metabolized into N-azidoacetyl neuraminic 

acid and then incorporated into glycans for expression. [24] To confirm the expression, we 

measured the N3 level on the cells before and after the incubation by tagging the N3 group with 

dibenzocyclooctyne-cyanine 3 (DBCO-Cy3) via copper-free click chemistry. The cell surface N3 

level increased significantly when the cells were incubated with Ac4ManNAz (Figure 3.6A). 
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However, despite a high level of N3 expression, the cell viability showed no detectable change 

(Figure 3.6B).  

After the N3 expression, we first derived the membranes of N3-expressing THP-1 cells 

and purified them using mechanical disruption and differential centrifugation. [25] Meanwhile, 

PLGA cores were made with a nanoprecipitation procedure by adding the polymer in an organic 

solvent to an aqueous phase followed by evaporation. [26] Then, cell membranes were coated 

onto PLGA cores with bath sonication, forming azido-expressing CNPs (denoted “N3-NS”). 

CNPs were also made with unmodified THP-1 cells (denoted “NS”) as a control. 

Following the formulation, dynamic light scattering (DLS) measurements revealed that 

NS and N3-NS had similar hydrodynamic diameters of 95.8 ± 3.6 and 99.7 ± 3.4 nm, 

respectively. These values are higher than that of the uncoated PLGA cores (82.7 ± 2.2 nm), 

suggesting the addition of a bi-layered cell membrane onto the polymeric cores (Figure 3.6C). 

Meanwhile, the surface zeta-potential of the N3-NS (−30.4 ± 1.9 mV) was less negative than that 

of the PLGA cores (−50.5 ± 1.4 mV) but comparable to that of the NS (−32.4 ± 2.2 mV) (Figure 

3.6D), likely due to the charge screening by the membrane coating. To examine the membrane-

sidedness, we stained the N3-expressing THP-1 source cells and N3-NS containing equal 

amounts of membrane content by using DBCO-Cy3 dye for the surface N3 levels. After removal 

of the free dye, the two samples showed comparable N3 levels (Figure 3.6E). This result 

indicated that the N3-NS adopted a right-side-out membrane orientation because an inside-out 

membrane coating would have reduced the levels of N3-labeled glycans. When suspended in 

water, phosphate-buffered saline (PBS, 1×), and 50% serum, the sizes of NS and N3-NS 

remained unchanged over 72 h, suggesting their good colloidal stability (Figure 2F). Together, 

these results demonstrated the successful preparation of N3-NS. 
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Figure 3.6 Formulation and characterization of N3-NS 
(A) Surface N3 levels of the THP-1 cells cultured with or without Ac4ManNAz. (B) Cell 
viability of THP-1 cells cultured with or without Ac4ManNAz. (C, D) Hydrodynamic size (C, 
diameter) and surface zeta potential (D, mV) of the PLGA core, CNPs made with unmodified 
THP-1 membranes (“NS”), and N3-NS. (E) Comparison of the N3 levels on N3-NS (100 μL, 1 
mg/mL of membrane proteins) and source cells (100 μL, approximately 1 × 107 cells) containing 
equal amounts of membrane content. The N3 levels were measured by staining the samples with 
DBCO-Cy3 (10 μM). (F) Hydrodynamic sizes of NS and N3-NS in H2O, 1× PBS, and 50% 
serum over 72 h. Data presented as mean + s.d. (n = 3); n.s.: not significant; ***p < 0.001; 
statistical analysis by paired t-test. 
 
3.2.3 Enhanced binding of SARS-CoV-2 S protein by HP-NS 

 To fabricate HP-NS, we first functionalized heparin with DBCO by conjugating DBCO-

NH2 to the carboxylic groups of the heparin, followed by purification with dialysis. In 1H NMR 

analysis, the product spectrum showed additional peaks around approximately 7.5 ppm, 

consistent with DBCO (Figure 3.7A). [27] When analyzed with UV absorption spectroscopy, the 

product showed DBCO absorption at about 290–310 nm (Figure 3.7B). [28] Moreover, in the 
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analysis with high-performance liquid chromatography (HPLC), the elution time of the DBCO 

signal (at 290 nm) from the product shifted when compared with that of DBCO-NH2, suggesting 

the conjugation to the heparin polymer chain (Figure 3.7C). Together, these results confirm the 

successful synthesis of DBCO-heparin. The DBCO density (the weight percentage of DBCO in 

the DBCO-functionalized heparin product) was determined to be 2.3 ± 0.1 wt % based on the 

UV absorption spectroscopy. 

Next, we formulated HP-NS by conjugating DBCO-heparin onto N3-NS through a 

copper-free click chemistry reaction. When DBCO-heparin input was increased from 0 to 15 

mg/mL, the heparin density on HP-NS increased but reached a plateau at an input of 10 mg/mL 

(Figure 3.7D). Based on this study, we selected three HP-NS formulations with low, middle, and 

high heparin densities (denoted “HP-NS/L”, “HP-NS/M”, and “HP-NS/H”, respectively). The 

heparin density of the three formulations (the weight percentage of the conjugated heparin 

compared to the total membrane protein weight) was 0.6, 3.8, and 6.8 wt %, respectively. 

Heparin conjugation had little effect on the HP-NS hydrodynamic sizes (Figure 3.7E). However, 

as the heparin content increased, the zeta potential of the nanoparticles became less negative, 

likely due to the increased contribution of the negative charge from the heparin backbone. In 

addition, all three HP-NS formulations showed excellent colloidal stability in water, 1× PBS, and 

50% serum, respectively (Figure 3.7F). 
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Figure 3.7 Fabrication and characterization of heparin-modified CNPs (HP-NS) 
(A) 1H NMR spectrum (500 MHz) of heparin (top) and DBCO-heparin (bottom). The broad 
signal at 7–8 ppm corresponds to the DBCO moiety. (B, C) UV absorbance spectrum (B) and 
HPLC analysis (C) of heparin, DBCO-NH2, and DBCO-heparin. (D) Relationship between 
DBCO-heparin initial input and heparin density on NS surfaces. Three HP-NS formulations with 
low, middle, and high heparin densities (denoted “HP-NS/L”, “HP-NS/M”, and “HP-NS/H”) 
were chosen for the subsequent studies. (E) DLS measurements of hydrodynamic size (diameter) 
and zeta potential (ζ) for N3-NS, HP-NS/L, HP-NS/M, and HP-NS/H. (F) Hydrodynamic size of 
HP-NS/L, HP-NS/M, and HP-NS/H in H2O, 1× PBS, and 50% serum over 72 h. Data presented 
as mean + s.d. (n = 3); n.s.: not significant; ***p < 0.001; statistical analysis by one-way 
ANOVA. 
 
3.2.4 Neutralization of SARS-CoV-2 pseudovirus infectivity by HP-NS 

After formulating HP-NS, we then evaluated their binding capability with SARS-CoV-2 

S proteins. In the study, serial dilutions of HP-NS were mixed with the S proteins (recombinant 

S1 subunit). After the incubation, HP-NS were removed with ultracentrifugation, and the 

unbound S protein concentration in the supernatant was quantified. As shown in Figure 3.8A, 
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when the amounts of HP-NS increased, the concentration of the unbound S protein decreased, 

suggesting a dose-dependent S protein neutralization of all three HP-NS formulations. At each 

HP-NS concentration, the amount of S proteins removed correlated with the heparin density on 

the HP-NS surfaces: the higher the heparin density was, the more S proteins were bound and 

removed. Based on these experimental results, we calculated the CNP concentrations needed to 

remove 50% of S proteins (denoted “IC50”) under our experimental conditions (Figure 3.8B). 

We found that the IC50 values of N3-NS, HP-NS/L, HP-NS/M, and HP-NS/H were 2.69 ± 0.18, 

1.60 ± 0.15, 0.80 ± 0.06, and 0.50 ± 0.02 mg/mL, respectively. 

To verify that the enhanced S protein binding was indeed due to the surface-conjugated 

heparin, we treated HP-NS formulations (2 mg/mL) with heparinase that selectively cleaved the 

heparin (Figure 3.8C). After the enzyme digestion, the HP-NS were washed and collected by 

centrifugation. In the binding test, the HP-NS without the enzyme treatment showed S protein 

removal in correlation with their heparin density. In contrast, for all HP-NS formulations with 

heparinase treatment, S protein concentrations remained high and comparable to the baseline. 

This experiment confirms the specific role played by the conjugated heparin in binding and 

removing S proteins. CNPs made with THP-1 membranes inhibited SARS-CoV-2 infection by 

neutralizing multiple factors. For example, CNPs absorb S proteins through binding receptors 

such as ACE2 on the membrane. [29] Other receptors such as C type lectin domain family 10 

(CLEC 10) and CD147 on the cell membrane may also bind with S proteins for removal. [30] 

Meanwhile, the membrane also contains various cytokine receptors such as CD120 for TNF-α. 

[31, 32] To confirm that heparin conjugation will not impact the binding capability of other cell 

membrane receptors on the CNP surface, we tested CNP binding with fluorescently labeled 

antibodies against proinflammatory cytokine receptors. In the study, phycoerythrin (PE)-labeled 
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anti-CD130 (IL-6 receptor), anti-CD120a (TNF-α receptor), and anti-CD119 (IFN-γ receptor) 

were incubated with HP-NS or N3-NS. After the incubation, the CNPs were removed. 

Supernatants from all HP-NS formulations showed fluorescence intensities comparable with that 

of N3-NS (Figure 3.8D). The results confirm that the heparin modification on the CNPs had a 

negligible impact on their inherent cytokine binding capabilities. 

 

Figure 3.8 Enhanced binding of SARS-CoV-2 S protein by HP-NS.  
(A) Dose-dependent binding of various HP-NS formulations with SARS-CoV-2 S proteins. The 
initial S protein concentration is 10 ng/mL. (B) Corresponding binding IC50 values calculated 
from (A). (C) S protein binding capacity of HP-NS with or without heparinase treatment. The 
initial S protein concentration was 10 ng/mL. (D) Comparison of CNP binding with antibodies 
against cell membrane surface receptors of three proinflammatory cytokines (IL-6, TNF-α, and 
IFN-γ). Data presented as mean + s.d. (n = 3); n.s.: not significant; ***p < 0.001; statistical 
analysis by one-way ANOVA. 



81 

 
3.2.5 Neutralization of live SARS-CoV-2 infectivity by HP-NS. 

We next investigated the capability of HP-NS to inhibit SARS-CoV-2 pseudovirus 

infectivity. In the study, human lung epithelial cells were seeded in 96-well plates the day before 

the experiment. Serial dilutions of N3-NS or HP-NS and pseudotyped SARS-CoV-2 were added 

to the cell monolayers. After 24 h of incubation, the virus-infected cells were determined by the 

expression of genetically encoded green-fluorescent reporters inside the host cells. As shown in 

Figure 3.9A, control cells without adding the viruses or the CNPs showed no fluorescence. In 

contrast, cells added with viruses but not CNPs showed a strong green fluorescence, confirming 

the viral entry and infection in the epithelial cells. The fluorescence decreased obviously with the 

addition of N3-NS or HP-NS, suggesting the inhibition of viral infectivity by the CNPs. To 

quantify the inhibition of the infectivity, we varied the concentration of the CNPs added to the 

cell culture and measured the fluorescence intensity (Figure 3.9B). As the amounts of HP-NS 

increased, the fluorescence intensity from the host cells decreased, indicating a concentration-

dependent inhibition effect. The percent of SARS-CoV-2 infectivity was correlated to the 

amounts of heparin on the HP-NS surfaces at all concentrations: the higher the heparin density, 

the less the SARS-CoV-2 infectivity. Based on these results, a half-maximal inhibitory 

concentration (IC50) of HP-NS to inhibit SARS-CoV-2 infectivity under our experimental 

conditions was calculated (Figure 3.9C). The IC50 values of N3-NS, HP-NS/L, HP-NS/M, and 

HP-NS/H were 193 ± 60, 43 ± 24, 17 ± 8, and 6 ± 3 mg/mL, respectively. 



82 

 

Figure 3.9 Neutralization of SARS-CoV-2 pseudovirus infectivity by HP-NS.  
(A) Representative fluorescence images of NL-20 cells without or with HP-NS (25 μg/mL) under 
the infection of SARS-CoV-2 pseudovirus (5 × 107 viral genes per well) for 24 h. Green 
represents the fluorescent proteins in the nuclei (scale bars: 100 μm). (B) Dose-dependent 
inhibition of SARS-CoV-2 infectivity by N3-NS, HP-NS/L, HP-NS/M, and HP-NS/H. The cells 
with SARS-CoV-2 infection but without any treatment served as a control of 100% infectivity. 
(C) Corresponding inhibition IC50 values calculated from (B). Data presented as mean + s.d. (n 
= 3); n.s.: not significant; ***p < 0.001; statistical analysis by one-way ANOVA. 
 

Finally, we evaluated the effects of heparin modification on CNP neutralization against 

live SARS-CoV-2 virus. Herein, we selected HP-NS/H (HP-NS lead formulation) and N3-NS 

(control group) to perform a plaque reduction neutralization assay. In the study, we first 
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amplified a low-passage sample of SARS-CoV-2 in Vero E6 cells to make a working stock of 

the virus. Then the Vero E6 cells were seeded at 8 × 105 cells per well in six-well plates the day 

before the experiment. In the experiment, serial half-log dilutions of the CNPs starting from 5 

mg/mL were mixed with 200 plaque-forming units (PFU) of SARS-CoV-2. The mixture was 

incubated at 37 °C for 1 h and then added to the cell monolayers followed by another 1 h of 

incubation. Mock-infected and diluent-only infected wells served as negative and positive 

controls, respectively. Monolayers were overlaid and incubated for 2 days followed by viral 

plaque enumeration. Following the incubation, cultures without adding CNP samples showed a 

viral count comparable to that in the negative control, confirming viral entry and infection of the 

host cells. As shown in Figure 3.10A, inhibition of the infectivity increased as the concentration 

of N3-NS increased, suggesting a dose-dependent neutralization of the live virus. Based on the 

results, a half-maximal inhibitory concentration (IC50) value of 170 μg/mL for N3-NS was 

obtained. In parallel, a similar dose-dependent inhibition of the viral infectivity was observed 

with HP-NS/H (Figure 3.10B). In this case, an IC50 value of 0.0254 μg/mL was obtained. A 

significantly lower IC50 value of HP-NS/H indicates a much higher potency than N3-NS, 

confirming the effect of heparin modification on enhancing SARS-CoV-2 inhibition. 
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Figure 3.10 Neutralization of live SARS-CoV-2 infectivity by HP-NS. The neutralization against 
live SARS-CoV-2 infection by N3-NS (A) and HP-NS/H (B) was tested on Vero E6 cells. The 
IC50 values for N3-NS and HP-NS/H were determined to be 170 and 0.0254 μg/mL (membrane 
protein concentration), respectively. In all data sets, n = 3. Data are presented as mean + standard 
deviation. Horizontal dashed lines mark the zero levels. IC50 values were derived from the 
variable slope model using Graphpad Prism 8. 
3.2.6 Methods 

Metabolic labeling of azido groups (N3) on macrophages (MΦ). THP-1 cells, a human 

monocytic leukemia cell line, were obtained from American Type Culture Collection (ATCC, 

TIB-202), and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin (all from Thermo Fisher Scientific). The cells were 

maintained at 37°C with 5% CO2 in a humidity-controlled incubator. For metabolic labeling, the 

cells were seeded in T175 suspension flasks (Olympus Plastics) at a density of 2×105 cells/mL, 

added with N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz, Millipore-Sigma, final 

concentration 50 μM), and cultured for 72 h. After the culture, the cells were harvested by 

centrifugation at 800 ×g and washed three times with 1X PBS (pH = 7.4). To determine the N3 

level on the membrane, cells were incubated with 10 μM dibenzocyclooctyne-cyanine 3 (DBCO-
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Cy3, Millipore-Sigma, excitation = 540 nm, emission = 570 nm) for 1 h at 37 ºC. After the 

incubation, the cells were washed with 1X PBS three times (centrifugation at 800 ×g) to remove 

the unreacted DBCO-Cy3. The cells were resuspended in 1X PBS at a concentration of 5×105 

cells/mL. The fluorescence intensity of cell suspension was measured with a plate reader (TeCan 

Infinite M200). The average N3 amount on each cell was calculated by comparing the 

fluorescence intensity of cell suspension with DBCO-Cy3 solutions with known concentrations. 

The cell viability was determined by using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-tetrazolium (MTS) assay (BioVision) following 

the manufacturer’s instruction. Cells without Ac4ManNAz treatment were used as the control 

group with 100% viability. Cells were stored at -80 ºC for subsequent use. 

Cell membrane derivation.  

The MΦ membrane was harvested by following a previously published protocol. Briefly, 

frozen cells were thawed and washed with 1X PBS three times (centrifugation at 800 ×g). The 

cell pellet was resuspended in a hypotonic lysing buffer containing 30 mM Tris-HCl (pH = 7.5), 

225 mM D-mannitol, 75 mM sucrose, 0.2 mM ethylene glycol-bis(β-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid (EGTA), and a protease and phosphatase inhibitor cocktail (all 

reagents from Millipore-Sigma). Cells were then disrupted using a Kinematica Polytron PT 

10/35 probe homogenizer (at 70% power and 20 passes). The homogenized solution was 

centrifuged at 20k ×g for 25 min at 4°C. The pellet was discarded, and the supernatant was 

centrifuged again at 100k ×g for 35 min at 4°C. The cell membranes were finally collected as the 

pellet and washed twice with 0.2 mM ethylenediaminetetraacetic acid (EDTA) in water. 

Membrane protein content was quantified by bicinchoninic acid (BCA) protein assay kit (Pierce, 

Thermo Fisher Scientific) and bovine serum albumin (BSA) as a standard reference. 
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Approximately 1×108 THP-1 cells were able to yield 1 mg of membrane material (protein 

weight). The membrane was suspended in 0.2 mM EDTA at 4 mg/mL (protein concentration) 

and stored at -80°C for subsequent studies. 

Preparation and characterization of azido-modified cellular nanodecoys (N3-NS). 

The cell membranes were coated onto polymeric cores by using a sonication method.1-2 

Briefly, to synthesize the polymeric cores, 1 mL poly(DL-lactic-co-glycolic acid) (50:50 PLGA, 

0.67 dl/g; Lactel Absorbable Polymers) in acetone (10 mg/mL) was added immediately into 2 

mL water. The solution was placed below a vacuum aspirator until the acetone evaporated 

completely. For coating, unmodified or N3-labeled THP-1 membranes were mixed with PLGA 

cores at a polymer-to-membrane protein weight ratio of 1:1. The mixture was then sonicated in a 

bath sonicator (Thermo Fisher Scientific) for 2 minutes, resulting in NS and N3-NS, 

respectively. To determine the membrane sidedness, N3-NS was incubated with 10 μM DBCO-

Cy3 (excitation/emission = 540/570 nm) for 1 h at 37 ºC followed by centrifugation (20k ×g and 

10 min) to pellet the nanoparticles. The pellet was washed with 1X PBS three times 

(centrifugation at 20k ×g) to remove the unreacted DBCO- Cy3, and further resuspended in 1X 

PBS (1 mg/mL) to measure the fluorescence intensity by a plate reader (TeCan Infinite M200). 

The fluorescence generated from N3-NS was compared to that from the equivalent number of 

azido-labeled cells. The hydrodynamic diameter and the surface zeta potential were measured 

with dynamic light scattering (DLS, Malvern ZEN 3600 Zetasizer). To study the long-term 

colloidal stability, nanoparticle suspensions were adjusted to 1X PBS or 50% serum at a final 

protein concentration of 0.5 mg/mL. Samples were stored at 37°C, and the hydrodynamic 

diameter was measured daily for three days. 

Synthesis of DBCO-modified heparin (DBCO-heparin).  
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Heparin was conjugated with DBCO by following a previously published method. 

Briefly, 60 mg heparin sodium salt (Millipore-Sigma H3149, from porcine intestinal mucosa, 

average MW = 18 kDa) was dissolved in 1 mL 4-morpholineethanesulfonic acid (MES) buffer 

(50 mM, pH = 4.0), and the carboxylic acid groups were activated by adding 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC, 65 mg) and N-hydroxysuccinimide 

(NHS, 38.5 mg) for 30 min. Then 0.55 mL DBCO-NH2 in dimethylsulfoxide (DMSO, 10 

mg/mL, all reagents from Millipore-Sigma) were added dropwise into the solution with stirring. 

After 24 h of the reaction, DBCO-heparin product was purified with dialysis in Slide-A-Lyzer 

MINI dialysis cups (with a 10 kDa molecular weight cut-off, Thermo Fisher Scientific) against 4 

L DI water (3 days, replace the water once every 12 h). After the dialysis, the solution was 

lyophilized, and DBCO-heparin was obtained as white powders (38 mg, 63 wt% of yield, 

defined as the percentage of DBCO-heparin to the initial heparin input). Conjugation of DBCO 

to heparin was confirmed by 1H NMR (Varian INOVA-500M, Varian Inc., Palo Alto, USA) 

with deuterium oxide (D2O, Millipore-Sigma) as the solvent. The amount of DBCO in the 

conjugates was determined by comparing the absorbance of DBCO-heparin at 290 nm with a 

standard curve consisting of various DBCO-NH2 solutions with known concentrations. The 

conjugation and the purity of heparin-DBCO were also analyzed with a high-performance liquid 

chromatography (HPLC) system (Agilent 1220 Infinity II LC) using a C18 analytical column 

(Brownlee) and a mobile phase of acetonitrile in water starting at 5%(v/v) and ramping up to 

40%(v/v) over 20 min. The flow rate was kept at 0.3 mL/min. 

Preparation and characterization of heparin-modified CNPs (HP- NS).  

The HP-NS were prepared by conjugating DBCO-heparin onto the N3-NS through a 

copper-free click chemistry reaction. Briefly, N3-NS suspensions (0.1 mL, 5 mg/mL in 1X PBS) 
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were mixed with 0.1 mL of DBCO-heparin solutions in 1X PBS. The mixtures had a N3- NS 

concentration of 2.5 mg/mL and DBCO-heparin concentrations of 0, 0.625, 1.25, 2.5, 5, 10, 15 

mg/mL. The mixtures were placed on a shaker. After 2 h of reaction, nanoparticles were 

collected by centrifugation (20k ×g, 10 min at 4°C). The heparin concentration in the supernatant 

was quantified by a toluidine blue O (TBO) assay. Briefly, 50 μL of the supernatant was pipetted 

into a 96-well plate, followed by adding 50 μL of freshly TBO solution (Thermo Fisher 

Scientific, 100 μg/mL in 1X PBS). The absorbance at 630 nm was measured within one minute. 

The HP concentration was determined by comparing the absorbance with a standard curve made 

from various HP solutions of known concentrations. The amount of heparin conjugated onto HP-

NS was calculated by subtracting the heparin in the supernatant from the initial heparin input. 

The value was used to calculate the heparin density. 

Quantification of HP-NS binding with SARS-CoV-2 spike proteins (S proteins).  

To study binding ability, recombinant SARS-CoV-2 spike protein S1 subunit (Sino 

Biological, 10 ng/mL) with a polyhistidine (His) tag at the C-terminus was mixed with HP-NS. 

The nanoparticle concentrations in the mixture ranged from 0 to 8 mg/mL. The mixtures were 

incubated for 2 h at 37°C and then centrifuged at 20k ×g for 10 min to pellet the nanoparticles. 

The S protein concentration in the supernatant was quantified by detecting the His-tag of the 

protein with an enzyme-linked immunosorbent assay (ELISA, GenScript Biotech). To verify the 

binding specificity, 10 units of heparinase I (New England Biolabs) were mixed with 

nanoparticles (2 mg/mL) in a reaction buffer containing 50 mM NaCl, 1 mM dithiothreitol, 1 

mM CaCl2, and 10 mM phosphate-citrate (pH = 6, all reagents from Millipore-Sigma). After 4 h 

of digestion, the nanoparticles were tested for binding with the S proteins using the same 

procedure as described above. To investigate the effect of heparin on membrane receptor 
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binding, CNPs were suspended in 1X PBS containing 1% BSA and added with phycoerythrin 

(PE)-labeled anti-CD119, anti-CD120a, or anti-CD130 (Biolegend). The volume of the mixture 

was 100 μL. The final concentration of the CNPs was kept at 5 mg/mL, and the concentration of 

the antibodies was 200 ng/mL. The mixtures were incubated for 30 min at 37°C. After the 

incubation, the CNPs were spun down by using centrifugation (20k ×g, 10 min). The 

fluorescence of the remaining PE-labeled antibodies in the supernatant was measured 

(excitation/emission = 550/575 nm). Their concentrations and bound antibodies were determined 

based on standard curves of the free antibodies. 

Inhibition of SARS-CoV-2 pseudovirus infectivity.  

Human lung epithelial cells (NL- 20) were obtained from ATCC (CRL-2503) and 

cultured in Ham’s F-12 Medium (Invitrogen) supplemented with 4% FBS, 1% penicillin-

streptomycin 0.1 mM nonessential amino acids, 1.5 g/L sodium bicarbonate, 2.7 g/L glucose, 5 

μg/mL insulin, 10 ng/mL human epidermal growth factor, 10 μg/mL human transferrin, and 0.5 

μg/mL hydrocortisone (all reagents from Millipore-Sigma). For pseudovirus inhibition studies, 

the NL-20 cells were seeded in a 96-well plate (Corning) at a density of 1.5×104 cells/well and 

maintained at 37°C with 5% CO2 in a humidity-controlled incubator. After 24 h incubation, the 

culture media were replaced by 100 μL free media with serial dilutions of HP-NS ranged from 0 

to 200 μg/mL. Then 50 μL free media containing 2.5 μL 2×1010 viral genes (VG)/mL SARS-

CoV-2 pseudovirus (Montana Molecular) and 0.6 μL sodium butyrate (500 mM, Millipore-

Sigma) were added to each well of the NL-20 cells. The plate was rocked gently 5-10 times to 

ensure uniform transduction across each well. After an additional 24 h incubation, the intensity 

of genetically encoded mNeonGreen fluorescent protein in the nucleus was determined by a 

microplate reader (excitation/emission = 485/515 nm), and the live-cell imaging was performed 
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using an EVOS inverted fluorescence microscope (Thermo Fisher Scientific). The percent 

inhibition of viral infectivity was calculated by comparing the fluorescence intensity of virus-

only control wells with nanoparticles-treated wells at known concentrations. 

Plaque reduction neutralization assay.  

Vero E6 cells (BEI resources, NIAID, NIH: VERO C1008 (E6), African green monkey 

kidney, Working Bank #NR-596) were maintained in humidified incubators at 37°C and 5% 

CO2 in Dulbecco’s modified Eagle medium (DMEM) with GlutaMAX and sodium pyruvate 

(Gibco) and 10% certified US- origin heat-inactivated fetal bovine serum (HI-FBS; Gibco). Cells 

were seeded on the day before the experiment at a density of 8 × 105 cells per well in 6-well 

plates. SARS-CoV-2 USA-WA1/2020 was propagated on Vero E6 cells in DMEM 

supplemented with GlutaMAX, sodium pyruvate, non-essential amino acids, Antibiotic-

Antimycotic (Gibco), and 2% HI- FBS. The supernatant was harvested at 62 h and clarified by 

centrifugation, then the concentration of HI-FBS was brought up to 10% final concentration prior 

to cryopreservation at -80°C. The final passage was VERO+3, Vero E6+2. All experiments with 

infectious SARS-CoV-2 virus were performed under biosafety level-4 (BSL-4) conditions at the 

National Emerging Infectious Diseases Laboratories (NEIDL). 

On the day of assay initiation, CNPs were vortexed for 10 seconds to resuspend and 

serially diluted by half-log in Dulbecco’s PBS (Gibco) in a Nunc DeepWell polypropylene plate 

(Thermo Scientific) and covered with a sterile, breathable sealing film (CELLTREAT Scientific 

Products) for transport to biocontainment. SARS-CoV-2 was diluted in DMEM with GlutaMAX 

and sodium pyruvate supplemented with Antibiotic-Antimycotic and 2% HI-FBS to target 100 

plaque-forming units (PFU) per well, and an equal volume added to the diluted test articles in the 

DeepWell plate. Samples were gently mixed and incubated for 1 h at 37°C before plating on 6-
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well plates (200 μL in triplicate). Following 1 h incubation at 37°C with periodic rocking, a 

semi-solid overlay was added composed of a 1:1 mixture of 2× modified Eagle medium 

(Temin’s modification; Gibco) supplemented with 10% HI-FBS, 2× GlutaMAX, and 2× 

Antibiotic-Antimycotic mixed with 2.5% Avicel RC-591 (kindly provided by DuPont Nutrition 

& Health) prepared in distilled water (Gibco). Plates were incubated for two days at 37°C and 

5% CO2 and fixed with 10% neutral buffered formalin (Richard-Allan Scientific) for removal 

from biocontainment, where they were stained with a solution of 0.2% Gentian Violet (Ricca 

Chemical Company) and 10% neutral buffered formalin, rinsed, and then plaques were 

enumerated. Percent neutralization was calculated from virus-only control wells using the means 

of the triplicate wells. From these, the half-maximal inhibitory concentration values (IC50) were 

calculated in GraphPad Prism using a nonlinear regression from the log10 transformed 

concentrations. For these curves, the bottom was constrained to “constant equal to 0” and the top 

as “must be less than 100.” 

3.2.7 Conclusion 

In summary, we showed that increasing the surface heparin density of CNPs promotes 

their binding capability with SARS-CoV-2 S proteins and enhances the potency of inhibiting 

viral infectivity. In our previous work, both wild-type THP-1 cell CNPs and lung epithelial cell 

CNPs inhibited SARS-CoV-2 infectivity with comparable potency. In the current study, we 

opted for THP-1 cells because their membranes were also able to neutralize various types of 

inflammatory cytokines, which would help suppress immune disorders in viral infections. 

Heparin has been shown to enhance S protein binding to ACE2, likely by stabilizing ACE2 

during the virus-cell interactions, increasing the proportion of S proteins bound to ACE2, and 

increasing the occupancy of individual S proteins. Surface modification of CNPs brought heparin 
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to the proximity of ACE2, allowing the two moieties to cooperate and enhance binding to the 

viruses. The effect is remarkable, as reflected by over 3 orders of magnitude decrease of the IC50 

value in live SARS-CoV-2 virus studies. 

Besides SARS-CoV-2, other viruses such as dengue-2 virus, [33] Ebola virus, [34]) and 

Zika virus [35] also bind with heparin or heparin sulfate to initiate cell entry. The same 

glycoengineering approach is also applicable to other glycans such as terminal-linked sialic acid, 

known as the cellular receptors of viruses such as influenza virus, [36] Middle East respiratory 

syndrome coronavirus (MERS-CoV), [37] reovirus, [38] and rotavirus. [39] Therefore, 

increasing the density of these glycans is also anticipated to enhance viral inhibition by the 

CNPs. Previous studies using synthetic glycan nanoparticles showed that nanoparticle size and 

shape affect interligand spacing and thus affect nanoparticle–virus binding affinity. CNPs are 

expected to have similar properties. Therefore, optimizing CNP size and shape can be a way to 

modulate virus binding affinity toward neutralizing different viruses. Specific for lung delivery, 

some other factors to consider include the margination effect and lung deposition efficiency of 

the CNPs. Previous studies also showed the in vivo capability of macrophage CNPs (made with 

mouse J774 macrophages) to target multiple organs, including the lungs after intravenous or 

intraperitoneal injections. Membrane vesicles made from THP-1 macrophages were also tested 

for inhalation to inhibit SARS-CoV-2 infection. Based on these prior studies, we expect that 

different CNP formulations can be developed for various administration routes, including 

intravenous injection to neutralize plasma virus and inhalation to target damaged organs such as 

the lungs. Overall, combining the surface glycan engineering technology with the CNPs antiviral 

technology can create new opportunities for developing potent and broad-spectrum antiviral 

therapeutics. 



93 

Chapter 3.2, in full, is a reprint of the material as it appears in Biomaterials, 2023, 

Xiangzhao Ai, Dan Wang, Ilkoo Noh, Yaou Duan, Zhidong Zhou, Nilesh Mukundan, Ronnie H. 

Fang, Weiwei Gao, Liangfang Zhang. The dissertation author was a major contributor and co-

author of this paper. 
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Chapter 4 Cell membrane based nanodiscs for broad spectrum neutralization 
 
4.1 Synthesis of Erythrocyte Nanodiscs for Bacterial Toxin Neutralization 
 
4.1.1 introduction 

Nanodiscs (NDs) are small discoidal lipid bilayers enclosed by membrane scaffolding 

stabilizers. [1, 2] Typical NDs are sub-20 nm in diameter, and common stabilizers include 

membrane scaffold proteins, [3] peptides, [4] and synthetic polymers. [5] The unique disc-like 

structure allows NDs to reduce phagocytosis by the reticuloendothelial system compared to their 

spherical counterparts. [6-8] This feature makes NDs attractive for the targeted delivery of 

antitumor, antivirus, and antibacterial drugs. [9-11] Due to their small size and disc shape, NDs 

can penetrate draining lymph nodes effectively and thus become appealing nanovaccine 

formulations. [12, 13] Additionally, typical ND synthesis involves simple solubilization and 

reconstitution of lipid bilayer membranes, making their manufacturing scalable. [14] With these 

advantages, NDs have recently gained increasing attention as a versatile nanomedicine platform. 

[15-17] 

So far, most ND formulations are made with synthetic lipid bilayers. [18, 19] For a 

specific application, the formulation requires careful optimization of lipid composition. [20] 

However, rational lipid selection approaches still need to be improved, and the trial-and-error 

approach may only sometimes lead to a desirable outcome. [21, 22] Meanwhile, some synthetic 

lipids can impose immune risks, limiting ND applications. [23, 24] In this perspective, we 

wonder whether NDs can be made with natural cell membranes consisting of native lipids, 

proteins, and their associated biological functions. By fabricating cellular NDs that do not 

involve synthetic lipid bilayers or post-synthesis functionalization, we hypothesize that these 

cellular NDs can inherit native cell membrane functions for broad therapeutic applications. [25, 
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26] In fact, an ND formulation was recently made directly from the bacterial outer membrane. 

With their small size and disc shape, the bacterial NDs were transported to the lymph nodes 

rapidly and interacted with antigen-presenting cells effectively. As a result, they presented the 

native bacterial antigens to the immune system and mounted effective antibacterial immunity. 

To test our broad hypothesis of cellular NDs, here we use human red blood cell (RBC) 

membrane to synthesize NDs (denoted “RBC-NDs”) and apply them for detoxification against 

bacterial toxins (Figure 4.1A). RBC-NDs are synthesized by mixing the RBC membrane with 

amphiphilic scaffold copolymer styrene-maleic acid (SMA) at optimized stoichiometry. RBC-

NDs provide natural membrane lipids and proteins that can absorb and trap bacterial toxins, 

preventing them from attacking the host cells. The toxin neutralization studies are carried out 

with two RBC susceptible bacterial toxin samples: (a) purified α-toxins from methicillin-resistant 

Staphylococcus aureus (MRSA) as a known model toxin, and (b) whole secreted proteins (wSP) 

from MRSA bacteria as a complex toxin sample containing known and unknown bacterial 

toxins. [27-29] In vitro studies show that RBC-NDs inhibit effectively toxin-induced hemolysis 

and cytotoxicity. In vivo studies reveal significant survival benefits from RBC-NDs to mice 

challenged by both purified bacterial toxin and wSP. Overall, this work demonstrates the 

feasibility of preparing RBC-NDs and using such cellular NDs for therapeutic applications. 

4.1.2 Preparation and characterizatio of RBC-NDs 

To determine the reaction stoichiometry, we gradually increased the membrane-to-SMA 

weight ratios. The nanodisc yield was quantified by measuring the membrane protein content in 

the retentate divided by the membrane protein input, which was found to increase accordingly 

and reach a plateau at a membrane-to-SMA ratio of 1 : 5 (Figure 4.1B). We chose this ratio to 

prepare the RBC-NDs for all subsequent experiments. Upon mixing with SMALP200, the RBC 
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membrane vesicle size decreased significantly, suggesting the transformation of larger 

membrane vesicles (132.5±3.7 nm) to much smaller RBC-NDs (18.7±2.9 nm) (Figure 4.1C). 

Meanwhile, the zeta potential values measured from the RBC-NDs and the membrane vesicles 

are comparable, implying the preservation of the cellular proteins and surface properties. 

Transmission electron microscopy (TEM) revealed disc-shaped nanoparticles with a 

homogeneous size distribution, similar to previous SMA-stabilized synthetic lipid nanodiscs and 

bacterial membrane nanodiscs (Figure 4.1D). [30] 

These results indicate the successful synthesis of RBC-NDs. For the stability test, RBC-

ND samples were stored in 1X phosphate-buffered saline (PBS) at 4 °C for 14 days and 50 % 

fetal bovine serum (FBS) at 37 °C for 72 h (Figure 4.1E). We observed little change in RBC-ND 

size in both studies, indicating good buffer storage stability and biostability. 

We next investigated RBC-ND pharmacokinetic and biodistribution profiles in mice. For the 

pharmacokinetic study, we labeled RBC-NDs with Alexa Fluor® 647 and injected the 

fluorescently labeled samples via the tail vein (10 mg kg−1 membrane protein, n=6). We 

collected blood samples at a series of time points within 48 h. When fitted with a two-

compartment model, the pharmacokinetic profile shows a circulation half-time of 15.2 h (Figure 

4.1F). [31, 32] For the biodistribution study, we also injected fluorescently labeled RBC-NDs 

into mice through the tail vein (10 mg kg−1 membrane protein, n=6) and measured the 

fluorescence values of the heart, liver, spleen, lung, kidney, and blood. As shown in Figure 1G, 

the liver and spleen, the two major reticuloendothelial system (RES) organs, emitted the 

strongest signal. A significant fluorescence level was also observed in the blood at all time 

points. As the blood fluorescence decreased, the fluorescence in the liver increased. Such 

correlation indicates that the RES is primarily responsible for clearing the RBC-
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NDs.

 

Figure 4.1Preparation and characterization of human red blood cell nanodiscs (RBC-NDs).  
A) Schematic preparation of RBC-NDs and their mechanism of neutralizing bacterial toxins. B) 
Yield (% protein in supernatant) and loss (% protein in precipitate) at different weight ratios of 
RBC membrane protein to SMA copolymer. C) Dynamic light scattering measurements of size 
(diameter) and zeta potential (mV) of RBC membrane vesicles and RBC-NDs. D) Transmission 
electron microscopy (TEM) image of RBC-NDs (scale bar: 50 nm). Insert: a zoom-in view of 
RBC-NDs (scale bar:10 nm) (E) Stability of RBC-NDs in 1X PBS at 4 °C for 14 days and 50 % 
fetal bovine serum (FBS) at 37 °C for 72 hours. F) Pharmacokinetic profile of RBC-NDs after 
intravenous injection of Alexa Fluor® 647-labeled RBC-NDs (10 mg kg−1, membrane protein). 
G) Biodistribution of RBC-NDs in mice at 24, 48, and 72 h after intravenous injection. In all 
studies, n=3. Data in B, C, and G are presented as mean ± standard deviation. Data in E and F are 
presented as mean+standard deviation. 
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4.1.3 Neutralization of α-toxin and wSP in vitro 
 

Following the formulation and characterization studies of RBC-NDs, we investigated 

their neutralization against α-toxin in vitro. To establish the hemolytic activity of α-toxin, we 

varied the toxin concentration and measured the hemolysis. The percent hemolysis of α-toxin 

followed a sigmoidal curve as a function of the log of the toxin concentration. We found that 8 

μg mL−1 α-toxin caused complete RBC lysis (HD100, Figure 4.2A). We then used this 

concentration in the subsequent neutralization studies. As shown in Figure 2B, we first used a 

preincubation regimen, where various concentrations of RBC-NDs were mixed with α-toxin and 

then added to RBCs. The RBC-ND concentration that inhibited half of the hemolysis (IC50) is 

0.21 μg mL−1, and 2 μg mL−1 was needed to inhibit the hemolysis (IC100, preincubation) 

completely. Then, we used a competitive regimen to evaluate the neutralization efficiency, where 

variousconcentrations of RBC-NDs were mixed with RBCs and then added with α-toxin. The 

IC50 and IC100 values of RBC-NDs were 0.85 μg mL−1 and 16 μg mL−1, respectively. These 

results demonstrated that RBC-NDs effectively neutralized the membrane lysis activity of α-

toxin. We next investigated RBC-NDs against α-toxin-induced cytotoxicity on human umbilical 

vein endothelial cells (HUVECs). To establish the cytotoxicity profile of α-toxin, we varied the 

toxin concentration and measured the cell viability. The value followed a sigmoidal curve as a 

function of the log of the toxin concentration where 4 μg mL−1 α-toxin caused 100 % cell death 

(EC100, Figure 4.2C). We then carried out the neutralization in a preincubation regimen, where 

various concentrations of RBC-NDs were first mixed with α-toxin (4 μg mL−1). Then the 

mixtures were added to HUVECs. As shown in Figure 4.2D, RBC-NDs showed a dose-

dependence neutralization against α-toxin, and the neutralization followed a typical sigmoidal 
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profile. HUVEC viability was 50 % and 100 % when the RBC-ND concentrations were 0.13 

μg mL−1 (IC50) and 1 μg mL−1 (IC100), respectively. We also conducted the study in a 

competitive regimen, where RBC-NDs were first mixed with HUVECs, followed by α-toxin 

addition. In this case, RBC-NDs showed an IC50 value of 0.77±0.05 μg mL−1 and an IC100 

value of 8±0.12 ug mL−1 (Figure 4.2D). A live-dead cell assay further confirmed the 

neutralization activity. 

RBC-NDs were further examined for protection against wSP-induced cytotoxicity on 

HUVECs. In the study, 1.22 v/v % wSP caused 70 % cell death (EC70), and 2 v/v % wSP caused 

complete cell death (EC100) (Figure 4.2G). In a preincubation regimen of neutralization, we 

mixed various concentrations of RBC-NDs with wSP (1.22 v/v %, EC70) and added the mixtures 

to the HUVECs. Figure 4.2H shows that cell viability was 50 % and 100 % when the RBC-ND 

concentrations were 0.76 μg mL−1 (IC50) and 4 μg mL−1 (IC100), respectively. In a competitive 

regimen, where RBC-NDs were first mixed with HUVECs followed by the addition of wSP 

(1.22 v/v %), the IC50 and IC100 values increased to 2.59 μg mL−1 and 16 μg mL−1, respectively 

(Figure 4.2H). A live-dead cell assay further confirmed the observed neutralization efficacy of 

RBC-NDs 
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Figure 4.2 RBC-NDs neutralizing hemolysis and cytotoxicity of α-toxin and wSP.  
A), E) Quantification of hemolysis after incubation of RBCs with (A) α-toxin or (E) wSP at 
various concentrations. B), F) Quantification of hemolysis in preincubation and competitive 
regimens. For preincubation regimen, different concentrations of RBC-NDs were premixed with 
(B) α-toxin (8 μg mL−1, HD100) or (F) wSP (0.8 v/v %, HD50) followed by incubating with 
RBCs. For competitive regimen, different concentrations of RBC-NDs were premixed with 
RBCs followed by incubating with (B) α-toxin (8 μg mL−1, HD100) or (F) wSP (0.8 v/v %, 
HD50). C), G) Viability of HUVECs treated with different concentrations of (C) α-toxin or (G) 
wSP. D), H) Viability of HUVECs in preincubation and competitive regimens. For preincubation 
regimen, different concentrations of RBC-NDs were premixed with (D) α-toxin (4 μg mL−1, 
EC100) or (H) wSP (1.22 v/v %, EC70) followed by incubating with HUVECs. For competitive 
regimen different concentrations of RBC-NDs were premixed with HUVECs followed by 
incubating with (D) α-toxin (4 μg mL−1, EC100) or (H) wSP (1.22 v/v %, EC70). In all studies, 
n=6, and data are presented as mean±standard deviation. 

 

4.1.4 Neutralization of α-toxin and wSP in vivo 

After confirming RBC-ND neutralization against bacterial toxins in vitro, we assessed 

such capability in vivo using mouse models of α-toxin or wSP intoxication. When mice were 

injected with α-toxin through the tail vein, their survival decreased as the toxin dosage increased. 

An α-toxin dosage of 0.25 mg kg−1 concentration to test RBC-ND neutralization. In a therapeutic 

regimen, we first injected α-toxin (0.25 mg kg−1) intravenously and 2 min later injected RBC-
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NDs. As shown in Figure 4.3B, at 10, 20, and 30 mg kg−1 of the RBC-ND, the mouse survival 

rate was 40 %, 60 %, and 100 %, respectively. Such dose-dependent survival benefit reflects the 

neutralization efficacy of RBC-NDs against α-toxin intoxication. In a prevention regimen, RBC-

NDs (10 mg kg−1) were first injected into mice via the tail vein, followed by α-toxin (0.25 

mg kg−1) injection at various intervals. As shown in Figure 4.3C, only 40 % of mice challenged 

with α-toxin 5 min after RBC-NDs injection survived. When the interval decreased to 3 min, the 

survival increased to 80 %. At a 1-min interval, all mice survived. This interval-dependent 

survival benefit indicates strong protection of RBC-NDs against α-toxin lethality. 

To evaluate RBC-ND neutralization against MRSA wSP in vivo, we first established the wSP 

lethality in mice. Injection of fresh tryptic soy broth (TSB) and 1.5 mL kg−1 wSP caused no 

death, but 2.0 mL kg−1 caused 50 % death (LD50, Figure 4.3D). Above this dosage (2.5 and 3 

mL kg−1), no mice survived. We used 2.0 mL kg−1 (LD50) of wSP for the following study. In a 

therapeutic regimen, mouse survival was 60 % and 80 % when the RBC-NDs were injected 

within 2 min at 5 mg kg−1 and 10 mg kg−1, respectively (Figure 4.3E). All mice survived when 

the RBC-ND dosage increased to 20 mg kg−1. In a prevention regimen, mice were first injected 

with 20 mg kg−1 RBC-NDs, followed by wSP (2.0 mL kg−1) at various intervals. As shown in 

Figure 4.3F, mice challenged with wSP at 3 and 5 min after the nanodisc injection showed 

survival rates of 80 and 70 %, respectively. At a 1-min interval, all mice survived. Like mice 

challenged with purified α-toxin, the correlation between the injection interval and the survival 

rate indicates the protective effect of RBC-NDs against wSP intoxication. 
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Figure 4.3 In vivo neutralization efficacy of RBC-NDs against α-toxin and wSP.  
A) Survival rates of mice over 48 h following intravenous injection of α-toxin at various dosages 
(n=10). B) Survival rates of mice over 48 h in a therapeutic regimen, where mice were first 
injected with α-toxin (0.25 mg kg−1) followed by injections of RBC-NDs within 2 min at various 
dosages. C) Survival rates of mice over 48 h in a prevention regimen, where mice were first 
injected with RBC-NDs (10 mg kg−1) followed by injection of α-toxin (0.25 mg kg−1) at various 
intervals, including 1, 3, and 5 min. D) Survival rates of mice over 48 h following intravenous 
injections of tryptic soy broth (TSB, 3.0 mL kg−1) and wSP at various dosages. E) Survival rates 
of mice over 48 h in a therapeutic regimen, where mice were first injected with wSP (2.0 
mL kg−1) followed by injections of RBC-NDs at various dosages. F) Survival rates of mice over 
48 h in a prevention regimen, where mice were first injected with RBC-NDs (20 mg kg−1) 
followed by injections of wSP (2.0 mL kg−1) at various intervals including 1, 3, and 5 min. In all 
studies, n=10. Statistical analysis was performed using Log-rank and Mantel-Cox test. 
 

Finally, we evaluated the acute toxicity of RBC-NDs after in vivo administration in 

healthy mice. RBC-NDs were injected intravenously at 30 mg kg−1 (the highest concentration 
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used in this study) through the tail vein. We first examined the RBC, platelet, and white blood 

cell counts 24 h after the injection. Their values were comparable to the baseline levels (Figure 

4.4A). Next, we tested the comprehensive serum chemistry panel, which was consistent with the 

baseline levels (Figure 4.4B). Therefore, the blood analysis indicated the short-term safety of 

RBC-NDs. 

 

Figure 4.4 In vivo biosafety of RBC-NDs.  
A) Counts of various blood cells 24 h after intravenous injection of PBS (control) or RBC-NDs 
(30 mg  kg−1). WBC, white blood cells; RBC, red blood cells; PLT, platelets. B) Blood 
biochemical panel analysis after 24 h administration of PBS or RBC-NDs. ALB, albumin; ALP, 
alkaline phosphatase; ALT, alanine transaminase; AMY, amylase; TBIL, total bilirubin; BUN, 
blood urea nitrogen; CA, calcium; PHOS, phosphorus; GLU, glucose; NA+, sodium; K+, 
potassium; TP, total protein; GLOP, globulin. C) H&E staining of histology sections from major 
organs (heart, liver, spleen, lung, and kidney) after 24 h administration of PBS or RBC-NDs. 
Scale bar=100 μm. Two groups of data were analyzed by using a student's t-test (two-tailed), and 
the comparison between PBS and RBC-NDs groups was not statistically significant (P>0.05). In 
all studies, n=6, and data are presented as mean+standard deviation. 
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We also collected the mouse heart, liver, spleen, lung, and kidney. The organ tissues were 

sectioned and stained with hematoxylin and eosin (H&E). The histological analysis showed 

similar appearances between the control and treated groups without apparent irregularities, 

indicating the absence of acute toxicity from the RBC-NDs (Figure 4.4C). Collectively, these 

data show good biosafety of the RBC-NDs. 

 
4.1.5 Conclusion 

 In conclusion, we formulated cellular nanodiscs using natural RBC membrane and 

demonstrated their robust detoxification capability against bacterial toxins. The resulting RBC-

NDs were significantly smaller than RBC membrane vesicles and were stable in biological 

solutions. We used purified α-toxin and wSP from MRAS bacteria to demonstrate that RBC-NDs 

effectively inhibited the hemolysis and cytotoxicity induced by these bacterial toxins. In mouse 

models of α-toxin and wSP intoxication, RBC-NDs conferred survival benefits in both 

therapeutic and prevention regimens. Moreover, RBC-NDs showed no apparent acute toxicity in 

vivo. Together, these results illustrate that the RBC-ND is an effective detoxification platform. 

Inspired by the formulation and associated biological functions of RBC-ND, similar design 

strategies may be applied to other types of cell membranes for novel cellular nanodiscs towards 

broad biomedical applications. 

We previously developed RBC membrane-coated nanoparticles (RBC-NPs) and studied 

their capacity for neutralizing PFTs. [33-35] Note that the RBC-ND formulation reported here 

distinguishes greatly from the prior spherical RBC-NP formulation in terms of their size, shape, 

morphology, structure, and composition. We expect that the cellular nanodisc technology will 

enable additional opportunities of leveraging natural cell membranes for broad medical 

applications. 
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Chapter 4.1, in full, is a reprint of the material as it appears in Angewandte Chemie 

International Edition, 2023, Lei Sun, Dan Wang, Ilkoo Noh, Ronnie H. Fang, Weiwei Gao, and 

Liangfang Zhang; The dissertation author was a major contributor and co-author of this paper. 
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4.2 Neuronal membrane nanodiscs for broad-spectrum neurotoxin detoxification 
 
4.1.1 Introduction 
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 Nanodiscs, characterized by their disc-shaped structure consisting of phospholipids 

surrounded by a stabilizing belt, have become invaluable tools in various fields, from membrane 

protein research to drug delivery. [1-4] The recent advancement of cell membrane nanodiscs 

(denoted 'cellular-ND') has opened new possibilities in nanomedicine. [5-7] These biomimetic 

nanoconstructs inherit the advantageous traits of traditional synthetic nanodiscs, such as their 

diminutive size, remarkable stability, and efficient tissue penetration. However, what sets 

cellular-NDs apart is their unique composition derived from natural cell membranes, allowing 

them to interact with biological systems and execute cellular functions in innovative ways.  

For instance, cellular-NDs made from the outer membrane of Gram-negative bacteria inherit 

the multi-antigenic nature and inherent immunogenicity of their source membrane, making them 

ideal candidates for antibacterial vaccination. [5] Due to their small size, these nanodiscs exhibit 

enhanced localization to draining lymph nodes following subcutaneous administration compared 

to traditional outer membrane vesicles, ultimately extending the survival of vaccinated subjects 

upon challenge with live bacteria. Similarly, those derived from cancer cell membranes, when 

combined with a lipid adjuvant, are rapidly engulfed by antigen-presenting cells, eliciting robust 

anti-tumor immune responses. [7] 

Expanding upon these initial developments, cellular-NDs have been harnessed for biological 

neutralization. Leveraging a top-down fabrication approach using cell membranes enables 

cellular-NDs to function as host cell decoys, entrapping harmful molecules based on membrane 

functionality without the need to identify specific targets. Their small size may enhance collision 

rates with toxin targets, thereby augmenting bioneutralization efficacy. Building upon these 

principles, researchers have engineered cellular-NDs utilizing human red blood cell (RBC) 

membranes, effectively neutralizing pore-forming toxins such as α-toxin and secreted proteins 
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from methicillin-resistant Staphylococcus aureus (MRSA). [6] Additionally, platelet membrane-

derived nanodiscs serve as decoys, neutralizing pathological anti-platelet antibodies and bacterial 

virulence factors in animal models. [8] 

Drawing on this background, in this work, we undertake an effort to expand the application 

of cellular-NDs in biological neutralization [9]. One promising avenue is their potential use in 

neutralizing neurotoxins, a class of compounds drawing considerable attention due to their 

unparallel potency. Neurotoxins like tetrodotoxin (TTX), saxitoxin (SAX), and botulinum toxin 

(BoNT) are notorious for their lethal effects, raising concerns about their potential as biological 

weapons capable of causing widespread devastation. [10-13] Conventional antidotes, including 

monoclonal antibodies and small-molecule inhibitors, monoclonal antibodies, and polymer 

affinity ligands, typically target the specific molecular structures of individual toxins. [14-18] As 

a result, enormous structural diversity exhibited by neurotoxins present significant challenges in 

antidote development, particularly in achieving broad-spectrum efficacy. [19-21] In certain cases 

such as BoNTs, their cell surface receptors are yet fully discovered. For some identified 

receptors, the molecular details the govern the recognition remain undertermined. [22] 

Regardless of the structural and functional diversity, neurotoxins rely on cell membrane 

binding for bioactivity. For example, TTX and SAX bind selectively with voltage-dependent ion 

channels, plugging their entrance to permeate ion influx. [23, 24] Using a different mechanism, 

BoNT recognizes a wide range of cell surface receptors to initiate endocytosis and subsequently 

block pre-synaptic release of acetylcholine, the neurotransmitter at the neuromuscular junction. 

[22] Leveraging this shared property among neurotoxins, we propose the utilization of neuron 

membrane-derived nanodiscs for broad-spectrum neurotoxin neutralization. To achieve this goal, 

in this work, we engineer neuron-NDs using a human neuronal membrane through a facile self-
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assembly process. After thorough characterization of the neuron-ND, we assess their efficacy in 

neutralizing TTX and BoNT, two model toxins representing distinct working mechanisms. Using 

comprehensive cell function assays, we demonstrate that neuron-NDs neutralize TTX, 

preventing TTX-induced ion channel blockage. We also show that neuron-NDs neutralize BoNT, 

reversing BoNT-induced inhibition of synaptic vesicle recycle. In animal models of intoxication, 

Neuron-NDs neutralize both toxins, offering significant survival benefits in toxin-intoxicated 

animals. These findings underscore the potential of neuron-NDs for broad-spectrum neurotoxin 

neutralization and their importance in combating neurotoxin-related threats. 

4.1.2 preparation and characterization of Neuron-ND 

We derived neuron membrane from human SH-SY5Y cells and made neuron membrane-

derived vesicles (denoted ‘Neuron-V’) using sonication. Subsequently, we combined these 

vesicles with styrene-maleic acid (SMA) copolymer, resulting in the spontaneous formation of 

Neuron-ND. [5] During this process, the hydrodynamic diameter of the sample decreased from 

80.5 ± 12.1 nm to 26.3 ± 2.5 nm (Figure 4.5B). The zeta potential values remained consistent, 

shifting from -24.5 ± 1.3 mV before the addition of SMA to -25.1 ± 2.3 mV afterward. 

Examination under a transmission electron microscope revealed a disc-shaped nanostructure with 

uniform size distribution in the final sample (Figure 4.5C). Furthermore, the sample 

demonstrated stability in both water and 1X phosphate-buffered saline (PBS) for a period of one 

week (Figure 4.5D). These findings align with previously documented formulations of cell 

membrane-nanodiscs, affirming the successful synthesis of Neuron-ND. [5-8] 

Following the fabrication of Neuron-NDs, we labeled them with a fluorescent dye and 

administered them to mice via the tail vein injection. To evaluate the pharmacokinetic profile of 

Neuron-NDs, we monitored the fluorescence intensity of mouse blood samples at different time 
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points post-injection. Figure 4.5E illustrates a rapid decline in signal within the first hour, 

followed by a slower rate of decrease thereafter. Employing a two-compartment model, we 

calculated an elimination half-life of 19.7 hours (Figure 4.5E, inset). For the assessment of 

Neuron-ND biodistribution, we measured fluorescent intensity in the heart, liver, spleen, lung, 

kidney, and blood at 24, 48, and 72 h post-injection (Figure 4.5F). Upon normalization per gram 

of tissue, Neuron-NDs exhibited predominant accumulation in the liver and spleen, the primary 

organs of the reticuloendothelial system (RES). Analyzing on an organ-specific basis revealed 

liver and spleen as the major sites of Neuron-ND distribution. Notably, substantial fluorescence 

persisted in the blood across all time points. The decrease in blood fluorescence corresponded 

with an increase in liver signal, indicating the role of the reticuloendothelial system (RES) in 

Neuron-ND clearance. [25]  

Following Neuron-ND formulation, we then investigated its ability to neutralize TTX 

using a cell osmotic swelling assay. [26] In this study, neuro-2a cells were exposed to veratridine 

(VTD) and ouabain (O). VTD facilitates Na+ influx by activating the voltage-gated sodium 

channel (VGSC), while O prevents Na+ efflux by inhibiting Na+/K+-ATPase. [27, 28] 

Consequently, intracellular Na+ accumulates, causing cellular swelling and rounding. TTX is 

known to block VGSC, counteracting the effects of VTD and O, thus helping cells maintain their 
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elongated shape. Consequently, TTX neutralization is evidenced by a more rounded cell shape.

 

Figure 4.5 Preparation of characterization of Neuron-ND.  
(A) Schematic preparation of neuron membrane-derived nanodiscs (denoted ‘Neuron-ND’). We 
derived neural cell membranes (Neuron-V) from human neuronal cells. Neuron-V was then 
mixed with styrene-maleic acid (SMA) copolymer to form Neuron-ND, which showed a 
discoidal shape with natural membrane lipids and proteins, surrounded by SMA copolymer. (B) 
Size (diameter, nm) and zeta potential (mV) of neuron membrane vesicles (Neuron-V) and 
Neuron-ND, measured by dynamic light scattering (DLS). (C) Transmission electron microscopy 
(TEM) image of Neuron-ND (scale bar: 100 nm). Inset: a zoom-in view of Neuron-ND (scale 
bar: 20 nm). (D) DLS measurement of Neuron-ND size in 1X PBS at 4°C for 8 days. (E) 
Pharmacokinetic profile of Neuron-ND in mice. After intravenous injection of Alexa Fluor® 647 
labeled Neuron-ND through the tail vein. Mouse blood samples were collected, and their 
fluorescence intensity was measured at different time points. Inset: semi log plot of fluorescence 
signal at different time points. (F) Biodistribution profile of Neuron-ND was measured by 
intravenously injecting Alexa Fluor® 647 labeled Neuron-ND into mice. At 24, 48, and 72 h 
time points, the organs from a randomly grouped subset of mice were collected, homogenized, 
and measured for fluorescence. In all datasets, n=3 independent experiments using the same 
batch of neuron membranes. In (E) and (F), Neuron-ND dosage was 10 mg/kg (membrane 
protein). Data (B) and (E) are presented as mean ± s.d. Data (D) and (F) are presented as mean + 
s.d. 
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4.1.3 Neutralizaiton of TTX and BoNT in vitro 

As shown in Figure 4.6A, control cells added with PBS displayed a typical ellipsoidal 

shape. However, exposure to VTD and O induced a rounder shape due to uncontrolled Na+ 

influx. Conversely, the addition of TTX enabled the cells to maintain their usual ellipsoidal 

morphology, indicating TTX's counteraction of VTD/O-induced osmotic swelling. Upon mixing 

TTX with Neuron-ND and administering the mixture to the cells, the cells appeared round, 

suggesting TTX neutralization by Neuron-ND.  

To quantitatively assess this neutralization effect, we measured the cell roundness factor on 

a scale from 1 to 0, where 1 indicates a circular shape and values less than 1 indicate elongation. 

As shown in Figure 4.6B, cells treated solely with synthetic lipid nanodisc (denoted ‘LND’) 

control exhibited elongated shapes due to the absence of TTX neutralization. However, upon 

Neuron-ND addition, the roundness factor increased with escalating Neuron-ND concentrations, 

plateauing at 0.5 mg/mL and above. The maximum roundness value closely matched that of cells 

treated with VTD and O only, implying complete TTX neutralization.  

Furthermore, we evaluated TTX neutralization using a cell-based sodium flux fluorescence 

assay. [26, 29] In this assay, neuro-2a cells loaded with a Na+-sensitive dye allowed monitoring 

of fluorescence changes indicative of Na+ influx across the cell membrane (Figure 4.6C). 

Control cells exhibited stable fluorescence, indicating consistent Na+ influx. Upon VTD 

addition, fluorescence significantly increased, signifying induced Na+ influx. However, co-

treatment with TTX and VTD resulted in fluorescence levels comparable to controls, indicating 

TTX counteraction of VTD. Upon mixing TTX with Neuron-ND and subsequent addition to the 

cells, the fluorescence signal increased upon VTD addition, suggesting recovery of Na+ influx 

due to TTX neutralization by Neuron-ND. Notably, this neutralization was confirmed by 



117 

observing LND-treated cells, which showed no increase in Na+ influx, indicating the absence of 

TTX neutralization. Quantification using the maximum fluorescence change (∆Fmax/F0) 

revealed a dose-dependent neutralization against TTX with increasing Neuron-ND 

concentrations (Figure 4.6D).  

Additionally, we investigated the neutralization of TTX by Neuron-ND using a cytotoxicity 

assay. This assay relies on a similar mechanism to the cell swelling assay, where intracellular 

Na+ accumulation due to VTD and O leads to cytotoxicity, and TTX counteracts these effects, 

enhancing cell viability. Decreased cell viability thus reflects TTX neutralization. As depicted in 

Figure 4.6E, LND-treated cells exhibited the highest viability, indicating no TTX neutralization. 

Conversely, as Neuron-ND concentrations increased, cell viability decreased, indicating dose-

dependent TTX neutralization. At 1 mg/mL of Neuron-ND, cell viability was comparable to that 

of cells treated with VTD and O but not TTX, suggesting complete TTX neutralization. 
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Figure 4.6 Neuron-ND neutralize TTX in vitro.  
(A) Representative images of neuro-2a cells treated with different reagents indicated in the 
graph. Scale bar = 20 µm. (B) Quantification of cell roundness in a cell osmotic swelling assay 
(n = 30). (C) Na+-induced fluorescence changes at different measured from different study 
groups. Reagents indicated in the graph were added at 1 min. Neuron-ND or LND concentration 
was kept at 1 mg/mL (n = 3). (D) Maximum fluorescence change (∆Fmax/F0) of neuro-2a cells 
measured in a sodium flux fluorescence assay (n = 6). (E) The viability of neuro-2a cells treated 
with various groups indicated in the graph (n = 5). In (B) and (C), data are presented as mean + 
s.d. In (D) and (E), data are presented as mean ± s.d. The statistical analysis was performed using 
the student’s t-test (n.s., not significant). 
 

We next used BoNT as a different model toxin and tested the ability of Neuron-ND to 

neutralize it. Initially, we assessed the capacity of Neuron-ND in binding with BoNT. First, we 

held BoNT concentrations constant and varied Neuron-ND concentrations (Figure 4.7A). 
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Initially, the bound BoNT increased as Neuron-ND concentration increased, plateauing when 

Neuron-ND concentrations exceeded 50 μg/mL. Approximately 6 μg/mL Neuron-ND bound 

with 50% of the BoNT (EC50). In the subsequent experiment, we maintained Neuron-ND input 

constant and varied BoNT concentrations (Figure 4.7B). The study yielded a sigmoid binding 

profile of bound BoNT against the logarithm of BoNT input, with the EC50 value for Neuron-

ND binding with BoNT calculated to be 370 pg/mL.  

Following the binding study, we then tested BoNT neutralization by examining the ability of 

neuro-2a cells to recycle the synaptic vesicles as a function assay. [30, 31] In this assay, neuro-2a 

cells were loaded with a styryl FM dye, which stained synaptic vesicles green under a 

fluorescence microscope. Upon addition of a K+ and Ca2+ solution to polarize the cells, rapid 

release of stained vesicles through exocytosis occurred, resulting in the loss of FM dye and a 

reduction in cell fluorescence intensity (Figure 4.7C). However, pre-incubation with BoNT 

before treatment with K+ and Ca2+ led to cells retaining fluorescence, indicating BoNT inhibition 

of synaptic vesicle release. Conversely, treatment with a mixture of BoNT and Neuron-ND 

resulted in fluorescence diminishment after K+ and Ca2+ treatment, indicating restoration of 

synaptic vesicle release and BoNT neutralization by Neuron-ND. We also tested LND for 

neutralization, with cells treated with BoNT and LND retaining fluorescence, confirming that the 

observed inhibition was attributed to Neuron-ND.  
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Figure 4.7 Neutralization of BoNT by Neuron-ND.  
Relative binding of BoNT (0.5 ng/mL) to Neuron-NDs at various concentrations. (B) Relative 
binding of BoNT at various concentrations to Neuron-ND (5 μg/mL). (C) Representative 
fluorescence images of Neuro-2a cells before and after treatment with high K+ and Ca2+ to 
induce synaptic vesicle release. In this assay, neuro-2a cells were incubated with Neuron-ND or 
LND (1 mg/mL), followed by adding BoNT (12.5 ng/mL). The green color represents synaptic 
vesicles stained with FM1-43, a styryl fluorescent dye. Scale bar, 20 μm. (D) Remaining 
fluorescence of neuro-2a cells after depolarization. Cells were exposed to PBS (control), BoNT 
only, BoNT+Neuron-ND, and BoNT+LND. (E) Remaining fluorescence at various 
concentrations of Neuron-ND (0-1 mg/mL). In both (D) and (E), fluorescence from cells before 
depolarization with high K+ and Ca2+ was defined as 100%. Data presented as mean ±s.d. The 
statistical analysis was performed using the student’s t-test (****p<0.0001) 
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Following the microscopic observation, we quantitatively measured cell fluorescence to 

compare BoNT neutralization in each group. Addition of K+ and Ca2+ to the PBS group led to 

approximately 50% reduction in fluorescence intensity (Figure 4.7D). However, with the 

presence of BoNT, fluorescence reduction was only about 20%, indicating higher inhibition of 

synaptic vesicle release. Cells treated with Neuron-ND and then BoNT exhibited fluorescence 

reduction comparable to the PBS group, while cells treated with LND and then BoNT showed 

fluorescence reduction like the BoNT group. These findings corroborated the effective BoNT 

neutralization by Neuron-ND. Furthermore, as Neuron-ND concentration increased, remaining 

fluorescence (or inhibition of synaptic vesicle release) decreased accordingly, indicating dose-

dependent BoNT neutralization by Neuron-ND (Figure 4.7E). The IC50 value, representing the 

Neuron-ND concentration inhibiting half of BoNT-induced synaptic inhibition, was determined 

to be 0.64 mg/mL. 

 
4.1.4 Neutralization of TTX and BoNT in vivo 

After demonstrating the ability of Neuron-ND to neutralize TTX and BoNT in vitro, we next 

assessed such neutralization ability in mouse models of TTX or BoNT intoxication. In a lethal 

TTX intoxication model, mice were injected with 9 μg/kg TTX subcutaneously. At this dosage, 

60% of mice survived. In a treatment regimen, mice were injected with TTX (9 μg/kg) followed 

by injections of Neuron-ND (Figure 4.8A). Injection of Neuron-ND led to higher survival rates: 

at dosages of 5, 10, or 15 mg/kg, the survival rates were 70%, 80%, and 100%, respectively 

(Figure 4.8B). In comparison, PBS, or LND groups showed no survival benefit. We also used a 

sub-lethal TTX intoxication model. In this model, mice were injected with 8 μg/kg TTX 

subcutaneously. At this dosage, all mice survived, allowing us to evaluate TTX intoxication 

using a five-point scale based on their intoxication symptoms, including lethargy, mobility, 
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response to stimuli, and hunching. [32] Each symptom contributed to one score with a maximum 

score of four. As shown in Figure 4.8C, mice injected with 5, 10, and 15 mg/kg of Neuron-ND 

received an average score of 3.3, 2.8, and 1.5, respectively. In comparison, the LND and PBS 

groups showed scores of 3.3 and 3.7, which were significantly higher compared with the 

Neuron-ND group at the same concentrations. 

We also used a preventative regimen to examine the efficacy, where mice were first injected 

with Neuron-ND intravenously, followed by injection of TTX (9 μg/kg) subcutaneously (Figure 

4.8D). Injection of Neuron-ND resulted in higher survival rates: at dosages of 2, 5, or 10 mg/kg, 

the survival rates were 60%, 90%, and 100%, respectively (Figure 4.8E). Similar to previous 

study, the LND and PBS groups showed no survival benefits. In the sublethal model, mice were 

injected with 8 μg/kg TTX subcutaneously, and their intoxication symptoms were scored. Mice 

treated with 2, 5, and 10 mg/kg of Neuron-ND received an average score of 3.3, 2.3, and 0.7, 

respectively. (Figure 4.8F) In contrast, the score of the LND group was comparable to that of the 

PBS group. These results demonstrated effective TTX detoxification by Neuron-ND in vivo.  

To evaluate Neuron-ND neutralization against BoNT in vivo, we determined the LD100 

value of BoNT to be 10 ng/kg when the toxin was injected through the tail vain. Next, we 

injected BoNT of this dosage followed by injections of Neuron-ND, both intraveneously  (Figure 

4.8G). Injection of Neuron-ND resulted in higher survival rates: at dosages of 5, 10, or 15 mg/kg, 

the survival rates were 0%, 50%, and 100%, respectively (Figure 4.8H). In comparison, PBS or 

LND groups showed no survival benefit. In a sub-lethal BoNT intoxication model, mice were 

injected with 6 ng/kg BoNT. At this dosage, 100% of mice survived, enabling the evaluation of 

BoNT intoxication using a scoring system based on symptoms, including ruffled fur, wasp waist, 

motility, respiration, and body weight loss. [32] As shown in Figure 4.8I, mice treated with 5, 10, 
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and 15 mg/kg of Neuron-ND received an average score of 13.5, 14, and 4.7, respectively. In 

comparison, the LND or PBS-treated group received significantly higher scores.  

We also used a preventative regimen to examine the efficacy of Neuron-ND in neutralizing 

BoNT. In the lethal BoNT intoxication model, mice were first intravenously injected with Neuron-

ND, followed by injection of BoNT (10 ng/kg) intravenously (Figure 4.8J). Injection of Neuron-

ND resulted in higher survival rates: at dosages of 2, 5, or 10 mg/kg, the survival rates were 33%, 

83%, and 100%, respectively (Figure 4.8K). In comparison, all mice died in the PBS or LND 

groups. In the sublethal model, mice treated with 2, 5, and 10 mg/kg of Neuron-ND received an 

average score of 13.7, 11.2, and 6.2, respectively. In comparison, the score of the LND group 

scored an average value of 13.5, comparable to that of the PBS group. (Figure 4.8L). These results 

demonstrated effecctive BoNT neutralization by Neuron-ND in vivo. 
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Figure 4.8 In vivo neutralization of TTX and BoNT by Neuron-ND.  
(A) Schematic of Neuron-ND for TTX neutralization in 4-week-old ICR mice. In the treatment 
regimen, mice received a subcutaneous injection of TTX, followed by the intravenous injection of 
Neuron-ND, LND, or PBS. The interval between TTX and nanodisc injection was 1 min. Mice 
survival was monitored for 24 h after the TTX injection. (B) Survival rate of mice over 24 h in a 
treatment regimen. TTX dosage was kept at 9 μg/kg. (C) Intoxication score of mice in a treatment 
regimen. The scores were recorded within 2 h after TTX injection. TTX dosage was maintained at 
8 μg/kg. (D) Schematic of Neuron-ND for TTX neutralization in the preventative regimen. Mice 
were first injected intravenously with Neuron-ND, LND, or PBS. After 2 min, they were 
challenged by a subcutaneous injection of TTX. Mice survival was monitored for 24 h after the 
TTX injection. (E) Survival rate of mice over 24 h in a preventative regimen. TTX dosage was 
kept at 9 μg/kg. (F) Intoxication score of mice in a preventative regimen. TTX dosage was kept at 
8 μg/kg. (G) Schematic depiction of Neuron-ND for BoNT neutralization. In the therapeutic 
regimen, mice received an intravenous injection of BoNT, followed by an intravenous 
administration of Neuron-ND. The interval between BoNT and nanodisc injection was 1 min. Mice 
survival and clinical scores were monitored for 7 d after the BoNT injection. (H) Survival rate of 
mice over 7 d in a therapeutic regimen. BoNT dosage was kept at 10 ng/kg. Mice treated with 
LND (15 mg/kg) or PBS served as controls. (I) Clinical scores of mice in a therapeutic regimen. 
BoNT dosage was maintained at 6 ng/kg. (J) Schematic of Neuron-ND for BoNT neutralization in 
the preventative regimen. Mice were first injected intravenously with Neuron-ND, followed by the 
intravenous injection of BoNT 2 min later. Mice survival and clinical scores were monitored for 7 
d after the BoNT injection. (K) Survival rate of mice over 7 d in a preventative regimen. BoNT 
dosage was kept at 10 ng/kg. Mice treated with LND (10 mg/kg) or PBS were used as controls. (L) 
Clinical score of mice treated with Neuron-ND at different dosages in a preventative regimen. 
BoNT dosage was kept at 6 ng/kg. In (B) and (C), n = 10 per group. In other groups, n = 6 per 
group. *P ≤ 0.05, ****P ≤ 0.001, ****P ≤  0.0001. Statistical analysis was performed with a 
Student’s t-test (two-tailed). 
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Figure 4.9 In vivo biosafety of Neuron-ND.  
(A) Blood cell counts 7 days after intravenous injection of Neuron-ND (15 mg/kg) or PBS (n=3). 
WBC, white blood cells; RBC, red blood cells; PLT, platelets. (B) Blood biochemistry panel 7 
days after administration of PBS or Neuron-ND (15 mg/kg) intravenously (n = 3). ALB, 
albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; AMY, amylase; TBIL, total 
bilirubin; BUN, blood urea nitrogen; CA, calcium; PHOS, phosphorus; GLU, glucose; NA+, 
sodium; K+, potassium; TP, total protein; GLOP, globulin. (C) Hematoxylin-and-eosin (H&E) 
staining of histology sections from major organs (lung, heart, liver, kidney, and spleen) 7 days 
after PBS or Neuron-ND (15 mg/kg) administration. Scale bar = 200 μm. All data presented as 
mean ±s.d. In panels A and B, a statistical analysis was performed using the paired Student’s t-
test, with no statistically significant difference between the PBS and Neuron-ND groups (P > 
0.05). 
 

Lastly, we assessed the acute toxicity of Neuron-ND in healthy mice following in vivo 

administration via tail vein injection at a dosage of 15 mg/kg. After 7 d, both blood count and 

comprehensive metabolic panel analysis were conducted. Figure 4.9 A illustrates that the levels 

of RBC, white blood cells (WBC), and platelets (PLT) in mice injected with Neuron-ND were 
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comparable to those in the control group receiving PBS injections. Moreover, the comprehensive 

blood chemistry results depicted in Figure 4.9B aligned with baseline levels. Histopathological 

analysis of major organs, including the liver, spleen, heart, lung, and kidney, was performed as 

depicted in Figure 4.9 C. Tissue samples were collected, sectioned, and stained with hematoxylin 

and eosin (H&E) 7 days post-injection. Remarkably, no abnormalities were observed in the 

Neuron-ND treated group compared to the control group. These findings strongly suggest the 

biosafety of Neuron-ND at the tested dosage. 

4.2.5 Methods 
 

Neuron membrane derivation: SH-SY5Y cells, a human neuroblastoma cell line, were 

obtained from American Type Culture Collection (ATCC, CRL-2266) and cultured in the 

Dulbecco's modified Eagle's medium (DMEM, Corning) supplemented with 10% fetal bovine 

serum (FBS, Hyclone) and 1% penicillin-streptomycin (Gibco). The cells were maintained at 

37°C with 5% CO2 in a humidity-controlled incubator. The cells were cultured in T175 culture 

flasks to full confluency and detached with ethylenediaminetetraacetic acid (EDTA, Hyclone). 

Then, the cells were harvested by a rubber scraper (Fisher Scientific) and centrifuged at 700 ×g 

for 5 min. The collected cells were washed three times with 1X phosphate-buffered saline (PBS, 

Hyclone) with centrifugation at the same settings. After the centrifugation, the supernatant was 

discarded, and the pellet was resuspended in isolation buffer consisting of 30 mM Tris-HCl (pH 

= 7.5), 225 mM D-mannitol, 75 mM sucrose, 0.2 mM ethylene glycol-bis(b-aminoethyl ether)-

(N, N, N’, N’-tetraacetic acid) (EGTA), and 100 µL of protease-phosphatase inhibitor cocktail 

(all from Millipore-Sigma). Cells were then disrupted using a Kinematica Polytron PT 10/35 

probe homogenizer (70% power and 20 passes). The homogenized solution was centrifuged at 20 

k ×g for 25 min at 4°C. The pellet was discarded, and the supernatant was centrifuged again at 
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100 k ×g for 35 min at 4°C. The cell membrane was collected as the pellet and washed twice 

with 0.2 mM EDTA in water. Membrane protein content was quantified by using a bicinchoninic 

acid (BCA) protein assay (Pierce, Thermo Fisher Scientific). Approximately 1×108 SH-SY5Y 

cells yield 1 mg of membrane (protein weight). The membrane was suspended in 0.2 mM EDTA 

and stored at -80°C for subsequent studies.  

Preparation of Neuron-ND: Neuron-ND was prepared by mixing the SH-SY5Y membrane 

with SMALP 200 (Cube Biotech), followed by sonicating the mixture (Fisherbrand 120 Sonic 

Dismembrator, 100 W for 30 s) in an ice water bath. After the sonication, the mixture was stirred 

overnight at 4°C. After that, the mixture was centrifuged at 150 k × g for 30 min. The pellet was 

discarded, and the supernatant was collected. The Neuron-NDs in the supernatant were 

concentrated with an Amicon filtration tube (Millipore, 10 kDa molecular weight cut-off or 

MWCO). The protein content of the Neuron-ND in the retentate was quantified using a BCA 

protein assay. For fluorescently labeled Neuron-ND, 100 µg Alexa FluorTM 647-NHS (Ex/Em = 

650/668, Invitrogen) dissolved in dimethyl sulfoxide (Sigma, DMSO) was mixed with 10 mg 

Neuron-ND in 0.1 M sodium bicarbonate buffer. After incubation at room temperature for 1 h, 

the mixture was washed three times using 10 kDa MWCO Amicon Ultra centrifugal filters. The 

dye-labeled Neuron-ND was stored at 4 °C for further use. To prepare lipid nanodiscs (LND), 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Sigma, 10 mg) was dissolved in 1 mL 

chloroform and methanol mixture (1 : 1). This solution was evaporated to form a dry lipid film 

below a vacuum aspirator, which was then added with 1 mL PBS and 50 mg SMALP 200. After 

sonication for 30 s in an ice water bath, the mixture was stirred overnight at 4 °C. 

Physicochemical characterization of Neuron-ND: Neuron-ND size and zeta potential were 

measured with dynamic light scattering (DLS, Malvern ZEN 3600 Zetasizer, at 0.5 mg/mL). For 
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Neuron-ND morphology, samples were negatively stained with 1% uranyl acetate (Electron 

Microscopy Sciences) and visualized using a JEOL 1200 EX II transmission electron microscope 

(TEM). To evaluate the stability, Neuron-ND samples (1 mL, 1 mg/mL) were suspended in 1X 

PBS or water at 4 °C, and their sizes and polydispersity index (PDI) were measured at various 

time points (0, 1, 2, 4, 6, and 8 d) with DLS.  

Animal care and injections: All animal studies were approved under the guidelines of the 

University of California San Diego (UCSD) Institutional Animal Care and Use Committee 

(IACUC). In all animal studies, 4-week-old ICR mice (Harlan Laboratories, male) were used. 

Mice were housed in an animal facility at UCSD under federal, state, local, and NIH guidelines 

for animal care. In the study, no inflammation or any abnormal appearance was observed at the 

sites of injection.  

Pharmacokinetics, biodistribution of Neuron-ND: In the pharmacokinetics study, Alexa 

FluorTM 647 labeled Neuron-NDs (15 mg/kg, protein weight) was injected through the tail vein 

(n = 3), and the blood samples were collected at predetermined time points (1, 3, 5, 15, and 30 

min, and 1, 4, 8, 24, and 48 h) via submandibular puncture with heparin-coated microtubes 

(Millipore-Sigma). In the study, 20 μL of blood was mixed with 80 μL PBS in a 96-well plate for 

fluorescence measurement with a plate reader (BioTek Synergy Mx, Agilent). Pharmacokinetic 

parameters were calculated based on fitting with a two-compartment model. For the 

biodistribution study, Alexa FluorTM 647 labeled Neuron-NDs (15 mg/kg, protein weight) were 

injected intravenously through the tail vein. At 24, 48, and 72 h after the injection, major organs, 

including the liver, kidney, spleen, lung, heart, and blood, were collected from the mice. The 

collected organs were then weighed and homogenized in 1X PBS for fluorescence measurement.  
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In vitro Neuro-2a cell viability assay: Neuro-2a cells were seeded at 4000 cells/well density 

one day before the experiment in a 384-well plate (Corning). The plate was maintained under the 

same conditions as described for cell maintenance. On the day of the experiment, a working 

solution of DMEM, comprising 200 μM of Ouabain, 320 μM of veratridine (VTD), 10 v/v% of 

fetal bovine serum (FBS, Thermo Fisher Scientific), and 1 v/v% of penicillin-streptomycin (PS, 

Thermo Fisher Scientific) was prepared. Serial dilutions of the working solution containing O at 

12.5, 25, 50, 100, and 200 μM or VTD at 20, 40, 80, 160, and 320 μM were added to each well. 

After 24 h incubation, the cell viability was measured by a 3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega). To study the 

impact of tetrodotoxin (TTX, R&D Systems) on cytotoxicity, the cells were treated with the 

diluted working solutions containing O (final concentration 100 μM), VTD (final concentration 

160 μM), and TTX (final concentrations ranging from 0 to 320 nM). Cell viability was measured 

by following the same procedure as described above. To study how TTX neutralization by 

Neuron-ND affected the cytotoxicity, a mixture of 50 μL Neuron-ND and 4 μL TTX was 

prepared in DMEM. The concentrations of Neuron-ND in the mixture ranged from 0 to 10 

mg/mL (protein concentration), and the TTX concentration in the mixture was kept at 0.8 μM. 

After 1 h incubation, Neuron-NDs were removed using Amicon Ultra-4 Centrifugal Filters (10 

kDa MWCO, centrifuged at 6000 ×g for 10 min). Subsequently, 13 μL of the filtrate was mixed 

with 2 μL O-VTD stock solution (in DMSO), and 115 μL cell culture medium. Then, 25 μL 

mixture containing O (final concentration 100 μM) and VTD (final concentration 160 μM ) was 

added to the cells. Cell viability was measured as described above. The neutralization effect of 

LND was assessed using the same procedure as with Neuron-ND. In all measurements, the 

viability measured from cells cultured without O, VTD, or TTX was used as 100%.  
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In vitro cell osmotic swelling assay: Neuro-2a cells were seeded in a 384-well plate at 2500 

cells/well density. The plate was incubated under the same conditions as described above for cell 

maintenance. To induce cell swelling, a mixture of VTD (160 μM) and O (100 μM) was added to 

the cells. To study the neutralization against TTX, TTX (final concentration 80 nM) was 

incubated with LND (1 mg/mL) or Neuron-ND at various concentrations (0-1 mg/mL) for 30 

min. Following incubation, the supernatant containing unbound TTX was obtained by removing 

Neuron-ND via centrifugation (6000 ×g for 10 min with Amicon Ultra-4 centrifugal filters, 

MWCO = 10 kDa). The unbound TTX mixed with VTD (final concentration 160 μM) and O 

(final concentration 100 μM) was incubated with Neuro-2a cells for 12 h. Following the 

incubation, the bright field images of the cells were taken with an EVOS inverted microscope 

(Thermo Fisher Scientific). The cell roundness was defined as (4𝜋 × area)/(perimeter)2. 

Roundness values approaching 0 indicate a more elongated cell shape, whereas values 

approaching 1 indicate a circular cell shape. In the study, 30 cells randomly chosen from these 

images were analyzed for each experimental group to assess the neutralization effects.  

In vitro Neuro-2a cell sodium flux assay: Neuro-2a cells were seeded in a 384-well culture 

plate at a density of 2500 cells/well and cultured for 24 h before the study under the conditions 

described above. On the day of the study, 1 mL of the sodium flux dye loading solution (Brilliant 

Sodium Flex, ION biosciences) was prepared by following the manufacturer’s instructions. The 

cell culture medium was replaced with 20 μL of the dye-loading solution, and cells were 

incubated at 37°C for 30 min. Serial dilutions of VTD were made using DMSO to concentrations 

of 0.4, 0.8, 1.6, and 3.1 μM. To study the effect of VTD on inducing sodium influx, 1 μL VTD 

solution was added into each well, resulting in final VTD concentrations of 62.5, 125, 250, and 

500 μM. To study the effect of TTX on inhibiting VTD-induced sodium influx, TTX was serially 
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diluted in PBS to concentrations of 0.4, 0.8, 1.6, and 3.1 μM. Subsequently, 2 μL TTX solution 

was added to each well, resulting in final TTX concentrations of 31.3, 62.5, 125, and 250 nM. 

After incubation for 15 min, 1 μL VTD was added to achieve a final VTD concentration of 250 

μM. The fluorescent intensity was recorded 60 sec before the addition of VTD. After adding 

VTD, the fluorescent intensity measurements were taken every 20 seconds for 300 seconds at 

room temperature. To study TTX neutralization with Neuron-ND, 1.3 mM TTX was mixed with 

10 mg/mL Neuron-ND or LND control. After 1 h incubation, the nanodiscs were removed with 

Amicon Ultra-4 centrifugal filters (Millipore, 30 kDa MWCO) using centrifugation (6000 ×g for 

10 min). Subsequently, 2 μL of the filtrate containing unbound TTX was added to the cells and 

incubated at room temperature for 15 min. Then, VTD was added into the well to a final 

concentration of 250 μM. We initiated the recording of the fluorescent intensity 60 sec before the 

addition of VTD. After adding VTD, the fluorescent intensity was measured every 20 sec for 300 

sec at room temperature. For dose-dependent neutralization, 125 nM TTX was incubated with 

Neuron-ND of 0, 0.125, 0.25, 0.5, and 1 mg/mL (protein concentration). In the data plotting, 

ΔFmax represents the maximum increase in fluorescence intensity change relative to F0, where F0 

is the mean baseline fluorescence intensity, and ΔF is the fluorescence intensity change at given 

time points relative to F0.  

In vivo neutralization of TTX by Neuron-ND: To evaluate the toxicity of TTX in vivo, 

subcutaneous injections of various dosages of TTX solutions (8-10 μg/kg) were administered to 

ICR mice (n = 10). Mouse survival was monitored for 24 h after the TTX injection. A TTX 

dosage that induced 40% of death in mice (LD40) was selected for the following studies. To 

evaluate the neutralization effect of Neuron-ND, mice were treated in both treatment and 

prevention regimens. In the treatment regimen, ICR mice (n=10) were subcutaneously injected 
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with TTX (9 μg/kg). After 1 min, they received intravenous injections of LND (15 mg/kg) or 

Neuron-ND at varying dosages (5-15 mg/kg, 100 μL injection volume). In the preventative 

efficacy study, mice first received an intravenous injection of LND (10 mg/kg) or Neuron-ND at 

varying dosages (2-10 mg/kg, 100 μL injection volume). After 2 min, mice were subcutaneously 

injected with TTX (9 μg/kg). In both regimens, the mouse survival was monitored for 24 h after 

TTX injection. To evaluate the neutralization effect in a sublethal model, the sublethal dosage of 

TTX (8 μg/kg) was injected subcutaneously into ICR mice (n=6). The degree of intoxication was 

scored on a five-point scale (0, normal; 4, maximal score). The intoxication score was based on 

the syndrome, including lethargy, mobility, response to stimuli, and hunching (Table 1). In the 

treatment regimen, ICR mice were first subcutaneously injected with TTX. LND (15 mg/kg) or 

Neuron-NDs at varying dosages (5-15 mg/kg, 100 μL injection volume) were administered 

intravenously 1 min after subcutaneous injection of sublethal dosage of TTX. In the prevention 

regimen, TTX was first injected subcutaneously. After 2 min, LND (10 mg/kg) or Neuron-NDs 

at varying dosages (2-10 mg/kg, 100 μL injection volume) were administered intravenously. In 

both regimens, the syndromes of mice were monitored for 2 h after TTX injection. 

Quantification of botulinum toxin (BoNT) binding with Neutron-ND: To evaluate BoNT 

binding with Neuron-ND, 500 pg/mL BoNT type A1 from Clostridium botulinum 

(Metabologics) was mixed with 100 μL Neuron-ND or LND (0-100 μg/mL) in 1X PBS 

containing 1w/v% BSA. The mixtures were incubated at room temperature for 30 min under 

vortexing. The unbound BoNT concentration in the mixture or BoNT standard was quantified 

with an enzyme-linked immunosorbent assay (ELISA, R&D Systems).  

BoNT neutralization by Neuron-ND in vitro: The neutralization was investigated by using a 

synaptic vesicle recycling assay. Specifically, Neuro-2a cells were seeded at 8000 cells/well 
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density in a 96-well plate and cultured for 24 h. On the day of the experiment, 0-25 ng/mL of 

BoNT were incubated with Neuro-2a cells for 3 h. The cells were washed twice with Hank’s 

balanced salt solution (HBSS), followed by incubation with 10 μM N-(3-

triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide (FM1-43, Ex/Em = 

480/520 nm, Thermo Fisher Scientific) in HBSS containing 2 mM CaCl2 and 56 mM KCl. After 

10 min of incubation, the cells were washed twice with Ca2+/K+-free HBSS containing 0.5 mM 

EGTA. The cells were kept in 100 μL Ca2+/K+-free HBSS and depolarized by adding 2 μL 

Ca2+/K+ solution (with the final concentration of 2 mM Ca2+ and 56 mM K+). Cells were imaged 

with an inverted fluorescence microscope (EVOS, Thermo Fisher Scientific) from 2 min before 

polarization to 8 min after polarization. The images were analyzed with ImageJ to quantify the 

fluorescence. The intensity from cells without the treatment and with FM1-43 but without 

depolarization was normalized as 0 and 100 % intensity. To evaluate BoNT neutralization by 

Neuron-ND, the Neuro-2a cells were added with LND (1 mg/mL, control) or Neuron-ND at 

various concentrations (0-1 mg/mL) in 100 μL medium, followed by adding BoNT (12.5 ng/mL 

final concentration). After incubation for 3h, the media were replaced, and the same procedure 

was used to examine the effect of BoNT. 

Neutralization of BoNT by Neuron-ND in vivo: The BoNT stock was first diluted in gelatin-

phosphate buffer (30 mM, pH 6.2, 0.2 w/v% gelatin) and subsequently injected intravenously 

through the tail vein into ICR mice at various dosages (0-2 ng/kg, n = 6). Mouse survival was 

monitored daily for 7 d. To evaluate the neutralization of Neuron-ND, two dosing regimens were 

used to examine the therapeutic efficacy. In a treatment regimen, BoNT at the LD100 dose (10 

ng/kg) was injected intravenously into mice. After 1 min, LND (15 mg/kg) or Neuron-ND at 

varying dosages (5-15 mg/kg) was injected intravenously (n = 6). In a prevention regimen, mice 
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were first injected with LND (10 mg/kg) or Neuron-ND at varying dosages (2-10 mg/kg) through 

the tail vein (n = 6). Two minutes after the injection, mice were injected with BoNT at an LD100 

dose (10 ng/kg). Mice were monitored daily for 7 d. The humane endpoint was set as weight loss 

exceeding 30% or the emergence of agonal breathing. To evaluate BoNT neutralization in a 

sublethal model, the sublethal dosage of BoNT (6 ng/kg) was injected intravenously into ICR 

mice (n=6). Clinical scores were recorded according to previously reported criteria, where mice 

were scored based on ruffled fur, wasp waist, motility, respiration, and body weight loss. In the 

treatment regimen, mice were first subcutaneously injected with BoNT. LND (15 mg/kg) or 

Neuron-NDs at varying dosages (5-15 mg/kg, 100 μL injection volume) were administered 

intravenously 1 min after injection of sublethal dosage of BoNT. In the prevention regimen, 

BoNT was first injected intravenously. After 2 min, LND (10 mg/kg) or Neuron-NDs at varying 

dosages (2-10 mg/kg, 100 μL injection volume) were administered intravenously. In both 

regimens, the syndromes of mice were monitored for 7 d. 

In vivo biosafety study: For the biosafety evaluation, Neuron-ND (15 mg/kg, n = 3) was injected 

intravenously into the mice through the tail vein. The control group received an injection of the 

same volume of PBS. At 7 d postinjection, approximately 310 μL of the blood was collected via 

the submandibular puncture. 250 μL blood was coagulated in an Eppendorf tube and then 

centrifuged at 3 k ×g for 5 min to collect the serum for comprehensive metabolic panel analysis. 

Additionally, 60 μL blood was collected into an EDTA-coated microtube for the complete blood 

count without further processing. All blood samples were tested at the UCSD Animal Care 

Program Diagnostic Services Laboratory. To evaluate the impact of Neuron-ND on tissue and 

organs, mice were euthanized and major organs including the liver, heart, spleen, lung, and 

kidney, were harvested. The collected organs were fixed with 10% formalin and sectioned for 
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hematoxylin and eosin (H&E) staining. Histological slide images were taken with a Micromaster 

II Microscope (Fisher Scientific). 

4.2.6 Conclusion  

In summary, we fabricated neuron-NDs using natural neuronal membrane and 

demonstrated their broad-spectrum detoxification capabilities against neurotoxins. Comprising 

membrane building blocks stabilized by synthetic polymer chains, these neuron-NDs were 

significantly smaller than neuronal membrane vesicles, exhibited a disc shape, and showed high 

stability in biological buffers. Using comprehensive cellular assays, we validated their ability to 

mitigate TTX-induced ion channel inhibition and reverse BoNT-induced suppression of synaptic 

vesicle recycling. Crucially, in mouse models, Neuron-ND administration led to significant 

improvements in survival rates following TTX and BoNT intoxication, underscoring their 

therapeutic potential. Importantly, even in healthy mice, Neuron-ND injections elicited no 

discernible acute toxicity. Collectively, these findings underscore the Neuron-ND as a versatile 

and potent platform for neurotoxin detoxification, offering broad-spectrum protection against 

these harmful agents. 

Chapter 4.2, in full, has been submitted for publication of the material. The dissertation 

author was the primary author of this paper. 
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Chapter 5 Conclusion  

5.1 Neuronal cell membrane coated nanoparticles for effective detoxification of neurotoxins 

This chapter covered the preparation and characterization of cell membrane coated 

nanoparticles for neurotoxin neutralization. By coating neuron cell membranes onto polymeric 

cores, the resulting nanoparticles inherited surface receptors from source cells, which made them 

decoys of neurotoxin. We used tetrodotoxin as the model neurotoxin and showed that these 

nanoparticles were able to lure neurotoxins, bind with and neutralize the toxins, and thus block 

them from attacking the host neuron cells. The detoxification efficacy in vitro was demonstrated 

in a cytotoxicity assay, a calcium flux assay and a cell osmotic swelling assay. In the mouse 

model of TTX intoxication, neuron cell membrane-coated nanoparticles enhanced mouse 

survival in therapeutic and prophylactic regimens without showing acute toxicity. Overall, this 

work provides a new type of cell membraned coated nanoparticles by using neurons as the 

source cell for neurotoxin neutralization. Besides tetrodotoxin, the present of related receptors on 

nanoparticle surface. The application of this new formulation holds great potential to treat 

various injuries and diseases caused by neurotoxins. 

5.2 Surface modified CNPs for biological neutralization 

This chapter presented the functionalization of macrophage membrane-coated 

nanoparticles via metabolic engineering. In the first part, we report glycan modified CNPs for 

botulinum toxin neutralization. Specifically, macrophage was metabolically engineered to 

increase the expression levels of gangliosides. The glycan modified cell membrane was coated 

onto a polymeric core, creating glycan modified nanoponges. These CNPs with higher levels of 

gangliosides on the surface had greater binding capacity with botulinum toxin when compared to 

unmodified counterparts. In a mouse model of botulinum toxin intoxication, the glycan-modified 
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CNPs showed more pronounced survival benefits in both treatment and preventative regimens. 

This study demonstrates that combining CNP technique with cell surface glycan engineering 

holds great promise in the development of nanomedicines. This strategy serves as broad-

spectrum countermeasures against emerging threats posed by BoNT and other neurotoxins..  

In the second chapter, we adopted the metabolic engineering strategy to fabricate heparin 

modified CNPs for virus neutralization. In particular, cellular nanosonges were made with azido 

expressing host cell membranes followed by conjugating different density of heparin onto CNPs 

surface. Modified cellular nanosonges brought heparin to the proximity of their surface receptor, 

which cooperated to enhance virus binding. Thus, CNPs with a higher level of heparin density 

bound more SARS-Cov-2 S proteins and showed a higher inhibition efficacy against SARS-Cov-

2 live virus infectivity. Therefore, heparin-engineered CNP is an effective platform to neutralize 

SARS-Cov-2. Its applications can be extended to the neutralization of other heparin-dependent 

viruses. Overall, surface modified CNPs offer more functions with the potential to neutralize 

various pathological agents.  

5.3 Cell membrane based nanodiscs for broad spectrum neutralization 

Nanodiscs, discoidal nanostructures enclosed by membrane scaffold stabilizers, are a 

compelling nanomedicine platform due to their ultrasmall size and distinct disc shape. This 

chapter presented the utilization of nanodiscs for the broad spectrum neutralization of bacterial 

toxins and neurotoxins. In the first section, we report a red blood cell membrane based nanodisc, 

synthesized by mixing cell membrane with amphiphilic scaffold copolymer. The resulting 

nanodiscs neutralized hemolytic activity and cytotoxicity caused by α-toxin and whole secreted 

proteins from methicillin-resistant Staphylococcus aureus bacteria. After administering those 
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toxins into mice, nanodiscs treated mice conferred survival benefits in both therapeutic and 

prevention regimens.  

In the second section, we generated nanodisc by using neuron cell membranes through a 

similar self assembly process. We assess their efficacy in neutralizing tetrodotoxin and 

botulinum toxin. In vitro cell function assays demonstrated nanodiscs bound with tetrodotoxin, 

preventing ion channel blockage. We also showed that these nanodiscs reversed botulinum toxin 

induced inhibition of synaptic vesicle recycle. In mouse models of intoxication, nanodiscs 

offered significant survival benefits. Overall, these findings underscore the potential of nanodiscs 

for broad-spectrum neutralization and their importance in combating related threats to human 

health. 

 

 




