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Cell membrane coating technology is a technique that faithfully replicate the unique 

biomimicry and biointerfacing properties of natural cell membranes onto synthetic 

nanoparticulate cores, providing them with additional biological functionalities to create new 

therapeutic modalities. One major application of cell membrane coating technology is 

biodetoxification-based therapy, in which cell membrane-coated nanoparticles (CMNP), 

mimicking susceptible parent cells, are used to capture and retain biotoxins that would 
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otherwise target parent cells. By serving as decoys to intercept the interaction of harmful 

molecules and infectious pathogens, CMNPs allow a function-driven and broad-spectrum 

biodetoxification strategy without the prior knowledge of the threat. These properties of 

CMNPs are especially valuable in designing novel and efficacious therapy to ameliorate 

“cytokine storms” in inflammatory diseases, which involves orchestra of multiple cytokines 

and complex signaling pathways, posing significant challenges for conventional treatment.  

Herein, we discuss the development and engineering of a new generation of CMNPs, 

macrophage membrane-coated nanoparticle (MΦ-NP), for inflammation management via 

biodetoxification. Firstly, recent development of cell membrane-coated nanoparticles in 

neutralizing pathogenic biological molecules will be discussed, highlighting their promising 

roles played in inflammation management. The second portion of this dissertation will 

demonstrate the development of a local delivery formulation of macrophage membrane-coated 

metal-organic framework (MΦ-MOF) as a potential enzyme delivery vehicle for therapeutic 

treatment of gout. The MOF core can efficiently encapsulate and protect the bioactivity of the 

loaded enzyme, while macrophage cell membrane coatings provide additional cytokine 

neutralization functionalities that synergize with the encapsulated enzyme to target disease 

pathology from multiple dimensions. The third section of this dissertation will cover the 

development of MΦ-NP in oral formulation as an anti-inflammatory strategy for the 

management of inflammatory bowel diseases (IBD) via their natural cytokine neutralization 

capability. Along the lines of IBD, the third section will also explore future directions to 

enhance oral delivery efficacy of MΦ-NP, including the use of encapsulated C. reinhardtii and 

acidophilic C. pitschmannii as biomotors. Finally, we will focus on the improvement of current 

systemic delivery formulation of MΦ-NP through genetic engineering for detoxification. 



xxii 
 

Macrophages are genetically engineered to express proline-alanine-serine (PAS) peptide 

chains, which provide additional protection against opsonization and phagocytosis, resulting in 

prolonged in vivo residence times. The prolonged residence times contribute to enhanced 

nanoparticle efficacy in inhibiting inflammatory cytokines in mouse models of 

lipopolysaccharide-induced lung injury and sublethal endotoxemia, respectively. 

This dissertation will serve as an example for rational design and engineering of MΦ-

NP for therapeutic treatments of various inflammatory disorders. By harnessing the versatile 

engineering flexibility, this MΦ-NP holds promising potential to become the next generation 

drug-free anti-inflammatory nanomedicine, which can be easily developed in a plethora of 

novel formulations to address other unmet clinical needs in inflammatory diseases.
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Chapter 1 
Cellular Nanosponges for Biological 

Neutralization 
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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 [4-6]. The threats can also come from 

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

manipulate host cell functions favoring their colonization and reproduction [7, 8]. In viral 

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

cell machinery to replicate [9, 10]. In order 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 the diseases [11-14].  

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

have been widely used for neutralization [15-19]. 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. For example, some antidotes are highly effective in treating 

poisoning, but most deadly toxicants do not have specific pharmacological antidotes [12]. 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 [20]. In bacterial infections, bacterial toxins display enormous diversity of molecular 

structures and epitopic targets [21, 22].  In contrast, current neutralizing agents target specific toxin 
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structures and require customized design 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 [23]. Overall, these challenges 

underscore the need for innovative biological neutralization approaches.  

Recently, the emergency of cell-membrane-coated nanoparticles offers a unique solution 

to address the challenges facing current biological neutralization technologies [24]. These 

nanoparticles are made by first deriving natural cell membranes and then coating them onto 

synthetic cores. Cell-membrane coated nanoparticles were first developed by coating red blood 

cell (RBC) membranes onto polymeric cores [25]. The goal was to replicate the long-circulation 

feature of natural RBCs desirable for drug delivery. However, the success of these biomimetic 

nanoparticles soon sparked the idea of using them as decoys of susceptible RBCs for biological 

neutralization [26]. All pathological agents must interact with host cells for their bioactivity. 

Therefore, researchers can design cell decoys to intercept these harmful agents and divert them 

away from the intended cellular targets without knowing the molecular structure of the agents. A 

shift of focus from the causative agents to the host cells makes function-driven and broad-spectrum 

neutralization solutions possible. Shortly after developing RBC-membrane coated nanoparticles, 

they were successfully applied to neutralize bacterial toxins, pathological antibodies, and chemical 

toxicants [27-29]. As membranes of other cell types were successfully coated onto synthetic 

materials, the cell decoy approach has been applied to neutralize other pathological agents such as 

inflammatory cytokines and viruses, with favorable outcomes [30-32]. This new class of cell-

membrane-coated nanoparticles was named “cellular nanosponges” to emphasize their working 

mechanisms of “soaking up” harmful toxins or pathogens for neutralization. 
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In this article, we review recent progress of the development and application of cellular 

nanosponges for neutralization against numerous pathological agents, including bacterial toxins, 

chemical toxicants, inflammatory cytokines, pathological antibodies, and viruses (Figure 1.1). 

Under each category, we organize the review based on source cell types used to make the cellular 

nanosponges and highlight the relationship between nanosponge design and the corresponding 

biological neutralization functions. Overall, this article demonstrates cellular nanosponges as a 

nanomedicine platform that can effectively leverage the diverse functions of cell membranes for 

biological neutralization towards the treatment of various medical problems. 

                    

Figure 1.1 A schematic summary of using cellular nanosponges for biological neutralization. Cellular 
nanosponges are made by coating synthetic nanoparticle cores with the plasma membranes of natural cells. 
They act as host cell decoys, intercept harmful molecules or infectious pathogens, and divert them away 
from the intended cellular targets. Cellular nanosponges have been applied to neutralize various 
pathological agents, including bacterial toxins, chemical toxicants, inflammatory cytokines, pathological 
antibodies, and viruses. 
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1.2 Neutralizing Bacterial Toxins 

Neutralizing bacterial toxins can suppress bacterial growth without direct disruption of 

their cycles [33, 34]. Instead, this approach facilitates the host immune system for effective 

bacterial clearance [35]. Additionally, neutralizing bacterial toxins may create synergy with other 

compounds for more effective antimicrobial activities [36]. These features make toxin 

neutralization unlikely to elicit drug resistance as compared to traditional antibiotics. However, 

conventional approaches for toxin neutralization rely primarily on the toxin structure for design 

cues [37]. Therefore, they are limited by the substantial diversity of the toxins. In contrast, cellular 

nanosponges harness the functional similarity among the toxins for neutralization, regardless of 

toxins’ molecular structures or epitopic targets. As a result, the nanosponge has led to function-

driver, broad-spectrum, and membrane type-specific toxin neutralization.  

Pore-forming toxins (PFTs) are common bacterial toxins specializing in perforating the 

plasma membranes of the host cells. By interacting with the immune cells, PFTs promote bacterial 

dissemination and colonization [38]. Therefore, disarming PFTs has been a potential strategy to 

reduce bacterial infection and halt resistance development [39]. In this regard, RBC-membrane-

coated nanosponges (denoted “RBC-NS”) were developed to absorb various PFTs. For example, 

RBC membrane was coated onto poly(lactic-co-glycolic acid) (PLGA) nanoparticles to neutralize 

alpha-hemolysin (α-toxin) of methicillin-resistant Staphylococcus aureus (MRSA) [26]. In vitro, 

these nanoparticles decreased RBC hemolysis by absorbing α-toxins. When α-toxin was mixed 

with RBC-NS and injected subcutaneously into mice, the toxin no longer induced skin lesions. 

When challenged with a lethal dose of α-toxin intravenously, mice injected with RBC-NS via the 

same route before the toxin injection showed the highest survival rate than the groups injected with 
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poly(ethylene glycol) (PEG)-functionalized PLGA nanoparticles (denoted “PEG-NPs”) or RBC 

membrane vesicles.  

Following the initial development, RBC-NS were also used to neutralize other PFTs such 

as Streptolysin O [40, 41], hemotoxin from Candida albicans [42], and cytolysin from 

Enterococcus faecalis [43]. As an anti-virulence platform, RBC-NS were also applied to neutralize 

whole secreted proteins (wSP) of bacteria [44, 45]. In this study, RBC-NS inhibited wSP-induced 

cytotoxicity on human umbilical vein endothelial cells and hemolysis in vitro (Figure 1.2) [44]. 

When the mice were challenged with a lethal dose of wSP, the RBC-NS increased the mouse 

survival rate. RBC-NS also protected organs from toxin damages when the mice were challenged 

with a sublethal dose of wSP pre-incubated with the nanosponges.  

 

                 

Figure 1.2 RBC-membrane-coated nanosponges (RBC-NS) neutralize hemolytic toxins in MRSA 
culture for the treatment of MRSA infection. A) Schematic illustration of using RBC-NS to treat MRSA 
toxin-induced toxic shock in mice. RBC-NS are constructed by wrapping PLGA polymeric cores with 
natural RBC membrane. They absorb and detain hemolytic toxins in MRSA culture and therefore protect 
mice from toxic shock induced by the toxins. B) Survival rates of mice over 24 h in a therapeutic regimen 
with RBC-NS, where mice are first injected with wSP (1.4 mL kg−1, LD100) followed by injections of 
RBC-NS at different intervals and dosages (n = 6 per cohort). C) Lung photographs from mice injected 
with sucrose (10%, naïve), wSP only (0.7 mL kg−1), and wSP (0.7 mL kg−1) preincubated with RBC-NS, 
followed by an injection of Evans Blue dye in 24 h. Mice are euthanized 10 min after the dye injection. The 
lungs are perfused thoroughly before the photographs are taken. Photographs are representative of three 
mice. Scale bars = 5 mm. D) Fluorescence-stained spleen sections showed lower NF-kB expression in mice 
injected with wSP preincubated with RBC-NS than that in mice injected with wSP alone. Each image is 
representative of three examined sections. Scale bars = 100 μm. A–D) Reproduced with permission [44]. 
Copyright 2019, Wiley-VCH. 
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Recently, new designs of RBC-based nanosponges were developed for toxin neutralization. 

For example, RBC-NS were embedded into polyacrylate hydrogels, resulting in a nanosponge-

hydrogel hybrid formulation for bacterial detoxification (denoted “NS-gel”) [46]. While the 

nanosponges absorbed PFTs, the hydrogel retained nanosponges at the infection sites. The synergy 

of such a combination enhanced localized toxin neutralization for better anti-virulence efficacy. In 

a subcutaneous MRSA infection mouse model, the skin lesion development of mice treated with 

NS-gel was slower than those treated with hydrogel without embedded nanosponges. Meanwhile, 

RBC membrane was coated onto other nanoparticle cores, such as hydrogel nanoparticles [47], 

iron oxide [45], and anisotropic polymeric nanoparticles [48], for toxin neutralization. In the above 

examples, PLGA cores stand out for their high encapsulation efficiency of hydrophobic payloads 

and controlled-release properties, and hydrogel cores are especially suited for encapsulating 

hydrophilic drugs and delivering them in response to environmental cues. Meanwhile, iron oxide 

cores confer photothermal lysis upon external laser irradiation, and anisotropic polymeric cores 

resist cellular uptake and reduce clearance from the blood circulation. In addition, RBC membrane 

was also coated onto nanomotors made from gold nanowires for guided toxin neutralization [49]. 

Under ultrasound propulsion, the RBC-motor nanosponges were more effective for PFT 

neutralization than uncoated motors or regular RBC-NS without active propulsion enabled by the 

motors.  

Besides RBCs, platelets are also an important target of bacterial toxins such as Pertussis 

toxin and Shiga toxin [50]. Therefore, platelet-membrane-coated nanosponges have also been 

developed for toxin neutralization. For example, Shiga toxin recognizes specific glycosphingolipid 

receptors on platelet membrane and thus activates platelet cells, causing thrombocytopenia and 

microthrombus formation. Platelet-membrane-coated magnetic helical Pd/Ni/Au nanomotor 
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(denoted “PL-motors”) was developed to neutralize Shiga toxin [51]. When guided with a 

magnetic field, the PL-motors were more effective for Shiga toxin binding and neutralization than 

the uncoated motors. When challenged with Shiga toxin, cells treated with PL-motors in a 

magnetic field showed higher viability than those treated with uncoated nanomotor or platelet 

vesicle.  

Bacterial membranes were also used as coating materials to make nanosponges that 

mimicked source bacteria and competed with them for binding to the host cells or tissues. For 

example, outer membrane vesicles (OMVs) of Helicobacter pylori were collected and coated onto 

PLGA nanoparticles (denoted “OM-NPs”) for inhibiting bacterial adhesion (Figure 1.3) [52]. In 

the study, the OM-NPs bound with the human gastric epithelial cells (AGS cells) in a dose-

dependent manner. By competing with H. pylori bacteria for binding, these OMV-based 

nanosponges inhibited H. pylori adhesion to the AGS cells. Even after the bacteria bound with the 

cells, the nanosponges were able to detach them from the AGS cells. When tested on the stomach 

tissue of C57BL/6 mice, these nanosponges inhibited H. pylori attachment in vivo. 

 

 

Figure 1.3 Neutralization of bacterial adhesion by bacterial outer membrane coated nanoparticles 
(OM-NPs). A) Schematic illustration of using OM-NPs to neutralize H. pylori adhesion and inhibit 
bacterial colonization on the stomach lining. B) Treatment with OM-NPs reduced H. pylori adhesion on 
AGS cells. C) The remaining H. pylori bacteria on AGS cells after incubation with OM-NPs decreased with 
the increase of the concentration of OM-NPs. D) OM-NPs reduced H. pylori colonization on the mouse 
stomach tissue. Mouse stomach tissue was incubated with PBS or OM-NPs before H. pylori bacteria were 
added. Scale bar = 5 mm. A–D) Reproduced with permission [52]. Copyright 2019, Wiley-VCH. 
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Table 1.1 summarizes examples of using nanosponges to neutralize bacterial toxins. The 

nanosponge-toxin complex formation in the neutralization process has also inspired other 

promising applications. For example, some complexes were developed as “nanotoxoids” to elicit 

meaningful and safe antibacterial immunity [53]. Moreover, the nanosponge-enabled toxin capture 

in combination with mass spectrometry has led to a novel “biomimetic virulomics” strategy for 

identifying bacterial virulence factors with cell-type specificity [54, 55]. Together, these emerging 

applications indicate that bacterial toxin neutralization by cellular nanosponges plays a significant 

role in developing nanomedicine against infectious diseases. 
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Table 1.1 Summary of using cellular nanosponges to neutralize bacterial toxins. 
 

Nanosponge 
platform a) 

Bacterial toxins Mechanisms 

RBC-NS • Alpha-hemolysin [26] 
• Streptolysin O [40, 41] 
• Hemotoxin [42] 
• Cytolysin [43] 
• Whole secreted proteins 

of bacteria [44, 45] 

• Specific binding of bacterial 
toxins with toxin receptors on 
RBC membrane 

NS-gel • Staphylococcus aureus 
secreted toxins [46] 

• Specific binding of bacterial 
toxins with toxin receptors on 
RBC membrane and hydrogel 
retaining nanosponges at 
infectious sites 

Motor sponge • Melittin [49] • Active motion of the motor 
increasing toxin adsorption and 
neutralization efficiency 

PL-motor • Shiga toxin [51] • Specific binding of Shiga toxin 
to receptor on platelet 
membrane and autonomous 
motion increasing toxin binding 
and neuralization efficiency 

OM-NP • Adhesion molecules on 
Helicobacter pylori [52] 

• Bacterial membrane 
nanosponges competing with 
bacteria for binding sites on 
host cells and tissues 

a) RBC-NS: red blood cell (RBC) membrane-coated nanosponge; NS-gel: nanosponge-hydrogel hybrid; 
Motor sponge: RBC-membrane-coated gold nanomotor; PL-motor: platelet-membrane-coated magnetic 
helical nanomotor; OM-NP: bacteria outer membrane vesicle-coated nanoparticle. 
 

1.3 Neutralizing Chemical Toxicants 

Chemical toxicants pose a significant threat to public health. For example, 

organophosphorus compounds (OPs), commonly found in insecticides and nerve agents, are one 

of the leading causes of poisoning worldwide [56]. OPs bind with acetylcholinesterase (AChE) 

expressed on neuromuscular junctions, cholinergic brain synapses, and RBCs. Such binding 

irreversibly deactivates AChE, leading to the accumulation of acetylcholine (ACh). ACh 

accumulation disrupts cholinergic synaptic transmissions and induces severe neurotoxicity and 



 11 

even fatality [57]. Inspired by the presence of AChE on the RBC membrane, researchers have 

developed cell-mimicking nanoparticles cloaked with the RBC membrane for neutralizing OPs. 

With membrane-bound AChE, these nanoparticles act as decoys for OP binding, thereby diverting 

OPs away from endogenous AChE targets and mitigating OP poisoning.  

In one study, RBC-membrane-coated PLGA nanoparticles (denoted “RBC-NPs” in the 

study, which have a similar composition as “RBC-NS” above) were tested for OP neutralization 

(Figure 1.4) [29]. The resulting RBC-NPs retained membrane-bound AChE and its enzymatic 

activity. These RBC-NPs absorbed dichlorvos (DDVP), a model OP, in a dose-dependent manner. 

They also reduced the loss of AChE activity on RBC ghosts upon exposure to OP. RBC-NPs 

absorbed OP and protected AChE activity more effectively than PEG-coated PLGA nanoparticles, 

indicating the key role of RBC membrane coating in OP neutralization. In mice intravenously or 

orally challenged with lethal doses of DDVP, RBC-NPs improved the survival of mice and 

preserved the endogenous AChE activity. This study validated the feasibility of using cell-

membrane-coated nanoparticles as decoys for OP neutralization.  
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Figure 1.4 RBC-membrane-coated PLGA nanoparticles (RBC-NPs) for neutralizing DDVP, an 
organophosphorus compound. A) Schematic illustration of DDVP neutralization by RBC-NPs. With 
membrane-bound AChE receptors, RBC-NPs bind to DDVP molecules in the circulation, thereby 
preserving the ability of endogenous AChE at the synapse to break down ACh. B) The survival curves and 
C) relative RBC AChE activity of mice receiving intravenous injection of 200 mg kg−1 RBC-NPs, PEG-
coated PLGA nanoparticles (PLGA-PEG NPs) or phosphate-buffered saline (PBS), immediately after 
intravenous injection of DDVP at a lethal dose (10 mg kg−1). D) The survival curves and E) relative RBC 
AChE activity of mice receiving intravenous injection of 200 mg kg−1 RBC-NPs, PLGA-PEG NPs or PBS, 
immediately after oral administration of DDVP at a lethal dose (150 mg kg−1). In all data sets, n = 10. The 
error bars represent the standard error of the mean. The statistical analysis is performed using the two-tailed 
t-test (****p ≤  0.0001, NS = no statistical significance). A–E) Reproduced with permission [29]. 
Copyright 2015, American Chemical Society. 
 
 

In another study, RBC membrane was coated onto olive oil nanodroplets to form oil 

nanosponges (Oil-NS) for OP neutralization [58]. In this design, the RBC membrane coating 

provided AChE receptors for specific OP binding while the oil core provided a reservoir for non-

specific OP absorption. Such dual-modal detoxification mechanism enhanced the overall 

detoxification capacity of the nanosponges. Oil-NS were shown to absorb three different OPs, 

including paraoxon (POX), diisopropyl fluorophosphate (DFP), and DDVP, in a dose-dependent 
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manner. They also protected the endogenous AChE on RBC ghosts against POX. Compared with 

RBC-NPs or uncoated oil droplets, Oil-NS performed much better at OP absorption and AChE 

protection, demonstrating the advantages of dual-modal detoxification. In mice subcutaneously 

challenged with a lethal dose of POX, Oil-NS mitigated the intoxication symptoms, reduced the 

loss in the endogenous AChE activity, and improved the survival of mice. Besides a treatment 

regimen, Oil-NS also showed prophylactic efficacy against POX. Pre-treating mice with Oil-NS 

before POX exposure improved the survival of mice and retained the endogenous AChE activity. 

These results show Oil-NS as a promising prophylactic and therapeutic platform against OPs. 

In addition to neutralizing OPs, cell-membrane-coated nanoparticles have also been used 

to absorb small molecule chemotherapeutics to reduce chemotherapy-associated toxicity. For 

example, RBC-NPs were used to absorb doxorubicin (DOX), a commonly used chemotherapeutic 

drug (Figure 1.5) [59]. In this design, DOX absorption by RBC-NPs was primarily driven by the 

electrostatic interactions between the negatively charged membrane and cationic DOX. Following 

initial absorption onto the membrane, DOX diffused into the negatively charged PLGA core, 

which served as a reservoir for DOX. RBC-NPs maintained their surface charge after DOX 

absorption due to this reservoir effect and remained well-dispersed in buffers. By contrast, 

uncoated PLGA nanoparticles aggregated after DOX absorption due to drastic changes in the 

surface charge. In the study, RBC-NPs were shown to protect B16-F10 melanoma cells from DOX 

cytotoxicity and improve cell viability. Recently, outer mitochondrial membrane (OMM) from 

mouse livers was coated onto PLGA nanoparticle cores [60]. These nanoparticles (denoted 

“OMM-NPs”) bound with ABT-263, a B-cell lymphoma protein 2 (Bcl-2) inhibitor that targets 

the OMM. As a result, OMM-NPs effectively protected the cells from ABT-263-induced cell death 

and apoptosis in vitro. They also attenuated ABT-263-induced thrombocytopenia in vivo. 
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Figure 1.5 RBC-membrane-coated nanoabsorbents (NAbs) for neutralizing DOX. A) Schematic 
illustration of NAb fabrication and DOX absorption by NAbs. B) Percentage of absorption of cationic DOX 
or anionic methotrexate (MTX) by NAbs or uncoated PLGA nanoparticles (PLGA NPs), respectively (n = 
3, mean ± standard deviation). C) Changes in the surface charge of NAbs or PLGA NPs when incubated 
with DOX at varying concentrations (n = 3, mean ± standard deviation). D) Viability of B16-F10 melanoma 
cells when exposed to DOX at varying concentrations in the absence or presence of NAbs (n = 6, mean ± 
standard deviation). The statistical analysis is performed using the Student’s t-test (*p < 0.01, **p < 0.001). 
A–D) Reproduced with permission.[59] Copyright 2016, Royal Society of Chemistry. 
 
 

Table 1.2 summarizes examples of using cellular nanosponges to neutralize chemical 

toxicants. Overall, these studies have demonstrated RBC-membrane-coated nanoparticles as a 

versatile detoxification platform for neutralizing chemical toxicants such as OPs and 

chemotherapeutic compounds. Apart from the RBC membrane, nanoparticles cloaked with other 

cell membranes can also be used to neutralize chemical toxicants, provided that the membranes 

possess surface receptors for toxicant recognition. The membranes can be further modified to 

incorporate more toxicant-specific receptors through lipid insertion, metabolic or genetic 

engineering for a higher detoxification capacity [61]. Additionally, encapsulating cargo molecules 
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such as enzymatic scavengers that specifically degrade toxicants can boost the detoxification 

efficiency [62, 63]. With such engineering flexibility, cell-membrane-coated nanoparticles are 

expected to make a significant impact in neutralizing chemical toxicants. 

 

Table 1.2 Summary of using cellular nanosponges to neutralize chemical toxicants. 
 

Nanosponge 
platform a) 

Chemical toxicant b) Mechanism c) 

RBC-NP • DDVP [29] 
• DOX [59] 

• Specific binding of DDVP with 
AChE receptor on RBC membrane 

• Electrostatic binding of cationic 
DOX with negatively charged 
RBC membrane 

Oil-NS • DDVP [58] 
• POX [58] 
• DFP [58] 

• Specific binding of toxicants with 
AChE receptor of RBC membrane 
and non-specific absorption of 
toxicants by the oil core 

OMM-NP • ABT-263 [60] • Specific binding of ABT-263 with 
Bcl-2 receptor on outer 
mitochondrial membrane 

a) RBC-NP: RBC-membrane-coated PLGA nanoparticle; Oil-NS: RBC-membrane-coated oil nanosponge; 
OMM-NP: outer mitochondrial membrane-coated PLGA nanoparticle; b) DDVP: dichlorvos; DOX: 
doxorubicin; POX: paraoxon; DFP: diisopropyl fluorophosphate; c) AChE: acetylcholinesterase; Bcl-2: B-
cell lymphoma protein 2. 
 
 
1.4 Neutralizing Inflammatory Cytokines 

Immune cells, such as macrophages, neutrophils, and T cells, secrete inflammatory 

cytokines to regulate inflammation and remove harmful stimuli during trauma or infection [14, 

64]. However, oftentimes, the production of inflammatory cytokines becomes excessive, resulting 

in pathogenic cytokine storm and serious inflammatory disorders [14]. For example, in sepsis, 

bacterial endotoxins interact with macrophages through the toll-like receptor 4 (TLR-4) and CD14 

receptor. Such interactions induce macrophages to release various inflammatory cytokines, 

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

γ), which further activate other macrophages. Such signaling propagation and potentiation in 
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severe sepsis can lead to septic shock, multi-organ failure, and death [65, 66]. Inflammation caused 

by sustained elevation of inflammatory cytokines can also lead to other disorders, including 

rheumatoid arthritis [67, 68], inflammatory bowel disease [69, 70], atherosclerosis [71, 72], and 

muscular dystrophy [73]. With such prominent roles in these diseases, inflammatory cytokines are 

common targets for neutralization. 

Currently, a few cytokine-neutralizing antibodies, including Infliximab (TNF-α antibody), 

Tocilizumab (IL-6 antibody), and Emapalumab (IFN-γ antibody), have been approved for treating 

inflammatory disorders [13]. However, the therapeutic efficacies of these cytokine attenuation 

treatments vary with substantial dose-limiting adverse effects due to non-selective biodistribution 

[74]. In addition, inflammation is orchestrated by different molecules with complicated sensor and 

feedback pathways. Inhibiting a single inflammatory cytokine might trigger another compensatory 

inflammatory response [14, 75]. Antibodies that neutralize a single cytokine are often inadequate 

in treating inflammatory disorders. In contrast, cell-membrane-coated nanoparticles present 

identical antigenic profiles as the target cells. As a result, they mimic source cells and neutralize 

cytokines in a multiplex fashion, leading to effective outcomes in treating various inflammatory 

disorders. 

Among all types of cells, sentinel immune cells interact extensively with inflammatory 

cytokines during inflammation. Especially, macrophages are naturally rich in cytokine-binding 

receptors, including CD126, CD130, CD120a, CD120b, and CD119 on the cell surface [76]. As a 

result, macrophage-membrane-coated nanoparticles (denoted “MΦ-NPs”) have been widely 

studied for anti-inflammation treatment. MΦ-NPs were first developed by coating the membrane 

of J774 cells, a mouse macrophage cell line, onto PLGA polymeric cores [77]. When applied to 

treat sepsis, MΦ-NPs bound with bacterial endotoxin and inflammatory cytokines, inhibiting 
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cytokine functions of potentiating downstream cytokine storms and sepsis. In the study, MΦ-NPs 

effectively sequestered cell response to lipopolysaccharide (LPS) and inflammatory cytokines in 

vitro. In mice, MΦ-NPs significantly reduced lethality and serum inflammatory cytokine levels 

after intravenous injection in an LPS-induced endotoxemia mouse model. In a mouse Escherichia 

coli bacteremia model, treatment with MΦ-NPs reduced pro-inflammatory cytokine levels, 

inhibited bacterial dissemination, and ultimately conferred a significant survival advantage to 

infected mice. 

Macrophage membrane has also been coated onto cores fabricated from various materials 

for broad functionalities. For example, macrophage membrane was coated onto iron oxide 

nanoparticle cores for sepsis management [78]. Compared to polymeric cores, the positively 

charged iron oxide cores enhanced the binding affinity of the nanoparticles towards negatively 

charged LPS. The resulting MΦ-NPs, when administered intravenously into LPS-induced 

endotoxemic mice, significantly reduced LPS and serum levels of pro-inflammatory cytokines, 

which led to an improved overall survival rate. Similarly, MΦ-NPs were also synthesized by 

coating the membrane of mouse RAW 264.7 macrophages onto a composite nanoparticle core 

containing bactericidal TiO2 to treat bacterial infection in the bone [79]. These MΦ-NPs not only 

sequestered LPS and inflammatory cytokines but also generated reactive oxygen species (ROS) 

under UV irradiation to kill bacteria, resulting in enhanced antibacterial activities in vivo. 

Recently, MΦ-NPs have also been studied to treat other inflammatory disorders. For 

example, macrophage-membrane-coated metal–organic framework (MOF) was developed to 

deliver uricase (denoted “MΦ-MOF-uricase”) to treat gout, inflammatory arthritis mediated by 

chronic deposition of monosodium urate crystals (Figure 1.6) [80]. In this case, MOF effectively 

encapsulated and delivered uricase while maintaining their bioactivity of degrading monosodium 
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urate crystals. Simultaneously, the macrophage membrane neutralized inflammatory cytokines 

associated with gout pathogenesis, such as IL-6, TNF-α, and IL-1β. In a murine gout model 

generated by intra-articular injection of monosodium urate crystals into the ankle joints, MΦ-

MOF-uricase treatment significantly reduced urate level and suppressed joint inflammation, 

ameliorating gout-mediated joint damage. Furthermore, MΦ-NPs were used to rescue transplanted 

liver from ischemia-reperfusion injury through LPS neutralization, inflammation suppression, and 

inhibition of hepatic macrophage activation [81]. Based on a similar working mechanism, 

macrophage-membrane-coated gold nanocages and amphiphilic chitosan oligosaccharide 

nanoparticle cores were used to accelerate bone repair and treat atherosclerosis through synergistic 

cytokine neutralization and controlled anti-inflammation payload delivery [82, 83].  

 

                 

Figure 1.6 Schematic design of macrophage-membrane-coated uricase-loaded MOF nanoparticles 
(MΦ-MOF-uricase) and in vivo gout management. A) Design features and proposed mechanism of MΦ-
MOF-uricase for the neutralization of inflammatory cytokines and enzymatic degradation of uric acid. B) 
Change in ankle joint diameter of mice with gout after intra-articular treatment with PBS, free uricase, MΦ-
MOF, RBC-MOF-uricase, or MΦ-MOF-uricase (n = 4, mean ± standard deviation (SD)). C) Remaining 
uric acid level in the ankle joints 48 h after the treatment (n = 4, mean ± SD). D–F) Remaining IL1β (D), 
TNFα (E), and IL6 (F) levels in the ankle joints 48 h after the treatment (n = 4, mean ± SD). A–F) 
Reproduced with permission [80]. Copyright 2020, American Chemical Society. 
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Like MΦ-NP, neutrophil membrane-coated nanoparticles (denoted “neutrophil-NPs”) 

were also developed for neutralizing inflammatory cytokines. For example, neutrophil-NPs made 

with PLGA cores were used to inhibit synovial inflammation and alleviate joint damage in 

inflammatory arthritis [84]. In this case, neutrophil-NPs inhibited multiple cytokines concurrently. 

By inheriting chondrocyte-binding ligands from the source cells, neutrophil-NP penetrated deep 

into the cartilage matrix. In a mouse model of collagen-induced arthritis and a human transgenic 

mouse model of arthritis, neutrophil-NPs conferred significant therapeutic efficacy by 

ameliorating joint damage and suppressing overall arthritis severity. Neutrophil-NPs were also 

used to restore immunosuppression in the tumor microenvironment due to their capability to 

neutralize granulocyte-macrophage colony-stimulating factor (GM-CSF) and chemokine ligand 2 

(CXCL2), two cytokines crucial for myeloid-derived suppressor cells (MDSCs) expansion and 

tumor-tropic migration (Figure 1.7) [85]. In mice with subcutaneous B16F10 tumors, neutrophil-

NPs treatment significantly inhibited the expansion and accumulation of MDSCs in tumor sites 

that would otherwise induce an immunosuppressive environment. This reversion of tumor 

microenvironments enhanced tumor-filtrating T lymphocytes activity and improved anti-cancer 

efficacy of checkpoint blockade cancer immunotherapy. 
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Figure 1.7 Pseudoneutrophil cytokine sponges (pCSs) inhibited the expansion and activation of 
MDSC, restoring antitumor microenvironment. A) Schematics showing the preparation and cytokine 
neutralization of pCSs. B–F) pCSs inhibited MDSC expansion in bone marrow (B), peripheral blood (C), 
tumors (D), spleen (E), and lymph node (F). G, H) Flow cytometry quantification of CD4+ (G) and CD8+ 
T (H) cells among DAPI−CD45+ tumor-infiltrating leukocytes after pCSs treatment. I) Tumor growth curve 
of subcutaneously implanted B16F10 tumors from C57BL/6 mice treated with or without pCSs. J, K) The 
volume (J) and weight (K) of excised B16F10 tumors. L) Kaplan–Meier survival curves for mice treated 
with pCSs, α-PD-1, pCSs plus α-PD-1, or control. A–L) Reproduced with permission [85]. Copyright 2019, 
American Chemical Society. 
 
 

Table 1.3 summarizes examples of using cellular nanosponges to neutralize inflammatory 

cytokines. Overall, recent studies have demonstrated cell-membrane-coated nanoparticles as a 

promising approach for anti-inflammation therapy. Particularly, MΦ-NPs and neutrophil-NPs, 

with inherent inflammatory cytokines binding capability acquired from membrane coating, have 

shown great potential in treating a wide variety of inflammatory diseases, including sepsis, arthritis, 

and atherosclerosis. In addition, the successful use of neutrophil-NPs for restoring antitumor 
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microenvironment suggests that immune cell-membrane-coated nanoparticles may serve as a 

synergistic therapy for cancer immunotherapy. 

Table 1.3. Summary of using cellular nanosponges to neutralize inflammatory cytokines. 
 

Nanosponge platform a) Inflammatory cytokine b) Mechanism 
MФ-NP • IL-6 [77-83] 

• TNF-a [77, 78, 81-83] 
• IFN-g [77] 
• IL-1b [83] 
• oxLDL [83] 
• MCP-1 [83] 

• Specific binding of 
cytokines with 
cytokine receptors on 
macrophage cell 
membrane 

MФ-MOF-NP • IL-1b [80] 
• TNF-a [80] 
• IL-6 [80] 

• Specific binding of 
cytokines with 
cytokine receptors on 
macrophage cell 
membrane 

Neutrophil-NP • IL-1b [84] 
• TNF-a [84] 
• GM-CSF [85] 
• CXCL2 [85] 

• Specific binding of 
cytokines with 
cytokine receptors on 
neutrophil cell 
membrane 

a) MФ-NP: macrophage-membrane-coated nanoparticle; MФ-MOF-NP: macrophage-membrane coated 
metal-organic framework nanoparticle; Neutrophil-NP: neutrophil membrane-coated nanoparticle; b) IL-6: 
interleukin 6; TNF-α: tumor necrosis factor alpha; IFN-γ: interferon gamma; IL-1β: interleukin 1 beta; 
oxLDL: oxidized low-density lipoprotein; MCP-1: monocyte chemoattractant protein-1; GM-CSF: 
granulocyte-macrophage colony-stimulating factor; CXCL2: C-X-C motif chemokine ligand 2. 
 
 
1.5 Neutralizing Pathogenic Antibodies 

Cellular nanosponges have also been studied to neutralize and deplete pathological 

antibodies in antibody-induced anemia, where autoantibodies attack surface antigens present on 

RBCs. The disease may be idiopathic, as in autoimmune hemolytic anemia (AIHA). Treatments 

start with systemic steroids, then escalate to cytotoxic drugs and B cell-depleting monoclonal 

antibodies, followed by splenectomy depending on patient response to the therapy. Drug-based 

immune suppression imposes considerable iatrogenic risk while spleen removal heightens 

susceptibility to severe infections [86, 87]. The disease may also be drug-induced, as in drug-

induced anemia. Treatments include discontinuance of the offending drug and, much more often 
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than in AIHA, blood transfusions. The latter carries the risks of hemolytic transfusion reactions, 

the formation of alloantibodies, and iron toxicity [88-90]. 

To minimize disease burden without the need for drug-based immune suppression, 

researchers studied the efficacy of RBC-NS to abrogate the effect of pathological antibodies in 

antibody-induced anemia (Figure 1.8) [28]. In vitro experiments showed that RBC-NS bound 

specifically with anti-RBC antibodies in a dose-dependent manner. While intraperitoneal injection 

of anti-RBC antibody into mice induced acute anemia, the same amount of antibody preincubated 

with the nanosponges failed to induce an anemic response. The efficacy of RBC-NS was further 

tested in a mouse model of antibody-induced anemia, where low-dose antibodies were 

administrated daily via intraperitoneal injection to keep an antibody level for anemia progression. 

After the anemia was established, mice treated with RBC-NS via intravenous injection showed 

significant benefit in anemia-related parameters, such as RBC count, hemoglobin level, and 

hematocrit. Notably, assessment of autoantibodies against mouse RBCs showed no observable 

elevation of autologous anti-RBC responses in mice receiving RBC-NS treatment. This result 

confirms that the RBC-NS/anti-RBC antibody complex does not potentiate a humoral immune 

response against particle-associated membrane antigens. 
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Figure 1.8 RBC-membrane-coated nanosponges (RBC-NS) for clearing pathological antibodies. A) 
Scheme of RBC-NS neutralizing anti-RBC antibodies (anti-RBCs). These nanosponges contain antigens 
from RBCs and bind with anti-RBCs, thereby protecting RBCs from phagocytosis. B, C) In vitro 
characterization of RBC-NS. B) Equivalent amounts of RBC-NS incubated with anti-RBCs or anti-Fc 
demonstrated significantly greater specific binding than nonspecific binding. The corresponding PEGylated 
nanoparticles (PEG-NPs) incubated with anti-RBCs served as a negative control. C) The relative binding 
capacity of nanosponges in PBS versus RBC-NS in serum at saturation. There is no significant difference 
between the two different environments. D–F) In vivo neutralization of anti-RBCs by RBC-NS. Mice (n = 
10) were intraperitoneally (i.p.) injected with 200 μg of anti-RBCs on days 0, 1, 2, and 3. After each dose 
of the antibody, the mice received 2 mg of RBC-NS (red), PEG-NP (black), or PBS (blue) via tail-vein 
injection. Blood was collected daily to monitor the RBC count (million cells per microliter) (D), 
hemoglobin level (grams per deciliter) (E), and hematocrit (%) (F) of the mice. A–F) Reproduced with 
permission [28]. Copyright 2014, The Authors, published by National Academy of Sciences of the United 
States of America. 
 
 

The concept of using nanosponges to neutralize pathological antibodies was recently 

extended to treat immune thrombocytopenic purpura (ITP) by using platelet membrane-coated 

nanoparticles (denoted “PNPs”) [91]. ITP is an immune-mediated hematological disorder 

characterized by a low level of platelets and easy or excessive bleeding due to the presence of anti-

platelet autoantibodies [92, 93]. These pathological antibodies bind to specific antigens on the 
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platelet surface, leading to platelet sequestration and destruction by the reticuloendothelial system 

[94]. Current therapies for the treatment of ITP are non-specific, such as corticosteroids and 

invasive and irreversible splenectomy for those who fail to respond to the drug treatment [95, 96]. 

These treatments can, at times, result in complications that are more burdensome than the disease 

itself. In the study, PNPs acted as decoys that bound pathological antiplatelet antibodies in a dose-

dependent manner (Figure 1.9) [91]. When the anti-platelet antibodies were preincubated with the 

PNPs followed by intraperitoneal injection, the mice kept platelet counts similar to the healthy 

mice. In a mouse model of antibody-induced thrombocytopenia, the mouse group treated with 

PNPs had significantly higher platelet counts and hemostatic capacity than the control groups 

treated with PLGA-PEG NPs (without platelet membrane). 
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Figure 1.9 Platelet-membrane-coated nanoparticles (PNPs) for neutralizing anti-platelet antibodies 
for the treatment of immune thrombocytopenia. A) Preparation of PNPs. The platelet membrane was 
derived from fresh platelets using a repeated freeze–thaw process. Then the purified membrane is coated 
onto PLGA nanoparticles by sonication. B, C) In vitro binding of anti-platelet antibodies to PNPs. B) 
Relative binding of anti-platelet antibodies to either PNPs or PEG-NPs (n = 3; mean ± SD). C) Relative 
binding of anti-platelet antibodies to PNPs in either PBS or mouse serum. There is no significant difference 
between PBS and mouse serum environments (n = 3; mean ± SD). D, E) In vivo treatment of antibody-
induced thrombocytopenia by PNPs. Mice were i.p. injected with anti-platelet antibodies. After 15 min, 
blank solution, PNPs, or PEG-NPs were injected intravenously via the tail vein. D) Platelet counts from 
blood collected before and 24 h after administration (n = 8; mean ± standard error of the mean (S.E.M.)). 
E) A bleeding time test was performed to test the hemostatic capacity. The tail tip was excised and then 
immersed into a warmed saline solution. The time of bleeding cessation was recorded. ***p < 0.001, 
Student’s t-test. A–E) Reproduced with permission [91]. Copyright 2016, Elsevier. 
 
 

Examples of using cellular nanosponges to neutralize pathological antibodies are 

summarized in Table 1.4. Overall, cellular nanosponges show promise in treating antibody-

mediated autoimmune diseases, in which target antigens on susceptible cells can vary from patient 
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to patient. RBC and platelet nanosponges serve as valuable prototypes for selective antibody 

depletion while minimizing iatrogenic risks associated with many traditional drug-based therapies. 

Moreover, the applications of cellular nanosponges can be extended to other immune 

hypersensitivities driven by pathological antibodies targeting self-antigens, including pernicious 

anemia, Grave disease, and myasthenia gravis. Nanosponges can also be loaded with drugs or 

formulated with cores from different materials, such as metallic or inorganic nanoparticles, for 

multifunctional formulations [28]. Ultimately, cellular nanosponges represent a promising 

platform for the clearance of pathological antibodies, and further study towards translation is 

warranted. 

 

Table 1.4. Summary of using cellular nanosponges to neutralize pathological antibodies. 
 

Nanosponge platform a) Antibody Mechanism 
RBC-NS • Anti-RBC 

antibody [28] 
• Specific binding of anti-RBC 

autoantibodies with surface 
antigens on RBC membrane 

PNP • Anti-platelet 
antibody [91] 

• Specific binding of anti-platelet 
autoantibodies with surface 
antigens on platelet membrane 

a) RBC-NS: RBC-membrane-coated PLGA nanoparticle; PNP: platelet-membrane-coated PLGA 
nanoparticle. 
 
 
1.6 Neutralizing Viruses 

Viruses bind with surface receptors on the host cell membranes through envelope or capsid 

proteins. These binding interactions enable viruses to fuse with the host cell membrane for cellular 

entry [9, 10]. Inspired by the critical role of virus-host cell binding in viral infectivity, researchers 

have developed nanoparticles cloaked with the host cell membrane as a countermeasure against 

viral infections. These nanoparticles inherit surface receptors of the source cells critical for viral 

binding. They act as decoys to intercept and neutralize viruses, thereby preventing viruses from 
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infecting the host cells. So far, cell-membrane-coated nanoparticles have been used to neutralize 

several different virus species, such as human immunodeficiency virus (HIV), severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), and Zika virus. 

HIV attacks immune cells, particularly T lymphocytes, inducing immune cell depletion 

and leading to acquired immunodeficiency syndrome (AIDS) [97]. The cellular entry of HIV is 

initiated by binding of viral envelope glycoproteins, mainly gp120, with the cluster of 

differentiation 4 (CD4) receptor on T cells. HIV gp120 then binds to C-C chemokine receptor type 

5 (CCR5) or C-X-C chemokine receptor type 4 (CXCR4) coreceptor on T cells [98]. Based on this 

mechanism, researchers cloaked PLGA nanoparticles with the membrane of CD4+ T cells 

(denoted “TNPs”) for neutralizing HIV (Figure 1.10A) [30]. These nanosponges retained CD4, 

CCR5, and CXCR4 surface receptors and therefore bound to HIV gp120 in a dose-dependent 

manner and inhibited the gp120-induced apoptosis of bystander CD4+ T cells. Following pre-

incubation with TNPs, the infectivity of HIV on peripheral mononuclear blood cells and human-

monocyte-derived macrophages was reduced. Later, TNPs were shown to neutralize 125 different 

strains of HIV pseudoviruses, demonstrating the breadth and potency of the nanosponges in 

neutralizing viruses (Figure 1.10B–D) [31]. These two studies showed that TNPs suppressed both 

free and cell-associated viruses, providing a holistic approach to combating HIV infection. 
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Figure 1.10 T-cell-membrane-coated PLGA nanoparticles (TNPs) for neutralizing HIV infectivity. A) 
Schematic illustration of the mechanism of HIV neutralization by TNPs. B) Neutralization potency (IC80) 
expressed as micrograms per milliliter of TNP against different HIV Env-pseudoviruses, as tested using the 
TZM-bl assays. C) Summary of neutralization potencies (IC80) for TNP against the multi-subtype 
pseudoviruses included in (B). Horizontal bars represent geomean IC80 values. D) The TNP readily bound 
to HEK 293 T/17 cells expressing a panel of HIV gp120, while coculture with the broadly neutralizing 
antibody VRC03 inhibited TNP-cell binding interactions. A) Reproduced with permission [30]. Copyright 
2018, Wiley-VCH. B–D) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 
International license (https://creativecommons.org/licenses/by/4.0) [31]. Copyright 2020, The Authors, 
published by American Society of Microbiology. 
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Unlike HIV, SARS-CoV-2 enters the human host primarily via the respiratory tract and 

infects various airway and alveolar cells, leading to severe respiratory syndromes, organ injuries, 

and potential mortality [99]. The cellular entry of SARS-CoV-2 is mainly mediated by the binding 

of the viral spike glycoprotein (S protein) with angiotensin-converting enzyme 2 (ACE2) and 

cluster of differentiation 147 (CD147) receptors on the host cells [100, 101]. Based on this 

mechanism, researchers made two types of cellular nanosponges by cloaking PLGA nanoparticles 

with the membrane of human lung epithelial type II cells (Epithelial-NS) or of human macrophages 

(MΦ-NS, Figure 1.11) [32]. These nanosponges retained the critical receptors for SARS-CoV-2 

binding, including ACE2 and CD147. Following pre-incubation with the nanosponges, the 

infectivity of SARSCoV-2 on monkey epithelial Vero E6 cells was reduced. These two 

nanosponges showed similar dose-dependent inhibitions of SARS-CoV-2 infectivity: the dose 

required to neutralize 50% of viral infectivity (IC50) was 827.1 μg mL−1 for Epithelial-NS and 

882.7 μg mL−1 for MΦ-NS. In contrast, RBC-NS, which lacked SARS-CoV-2-specific surface 

receptors, were ineffective in neutralizing the viruses. Notably, some patients with COVID-19 

infection progress to severe pneumonia, septic shock, or multiple organ failure due to cytokine 

storm [102]. Besides neutralizing the causative viruses, MΦ-NPs can also neutralize the associated 

cytokines and thus manage the downstream hyperinflammatory response. 
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Figure 1.11 Cellular nanosponges for neutralizing SARS-CoV-2 infectivity. A) Schematic illustration 
of the mechanism of SARS-CoV-2 neutralization by cellular nanosponges. The nanosponges were 
constructed by wrapping polymeric nanoparticle cores with plasma membranes of lung epithelial cells and 
macrophages (MΦs). The resulting nanosponges (denoted “Epithelial-NS” and “MΦ-NS,” respectively) 
inherited the surface antigen profiles of the source cells and served as decoys to bind with SARS-CoV-2. 
Such binding interaction blocks viral entry into the host cells and inhibits viral infectivity. B, C) 
Neutralization against SARS-CoV-2 infection by Epithelial-NS (B) and MΦ-NS (C) was tested using live 
SARS-CoV-2 viruses on Vero E6 cells. The IC50 values for Epithelial-NS and MΦ-NS were found to be 
827.1 and 882.7 μg mL−1 (based on membrane protein concentration), respectively. In all data sets, n = 3. 
Data are presented as mean + SD. The horizontal dashed lines mark the zero levels. IC50 values were 
derived from the variable slope model using Graphpad Prism 8. A–C) Reproduced with permission [32]. 
Copyright 2020, American Chemical Society. 
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Zika virus is a mosquito-borne virus transmitted to human hosts through mosquito bites, 

leading to neurological disorders and congenital disabilities such as fetal microcephaly [103, 104]. 

As a natural host for Zika virus, mosquito cells have a high binding affinity for the virus. The 

binding interaction is possibly mediated by the viral envelope protein E and yet unidentified 

receptors on the mosquito cell membrane [105, 106]. Based on this mechanism, researchers coated 

gelatin nanoparticles with the membrane of mosquito Aedes albopictus C6/36 cells for neutralizing 

Zika virus [107]. These nanosponges inherited membrane proteins from the source cells and were 

able to bind the Zika virus. They inhibited the infectivity of the Zika virus on Vero cells, leading 

to reduced intracellular and extracellular viral titers. In mice infected with Zika virus, the 

nanosponges reduced the viral load in major organs, including the brain, and prolonged animal 

survival. Additionally, these nanosponges inhibited the spread of the virus across the placental 

blood barrier in pregnant mice and reduced the severity of fetal microcephaly. 

The use of cellular nanosponges to neutralize viruses is summarized in Table 1.5. Overall, 

cellular nanosponges have been demonstrated to be a unique approach to neutralizing different 

virus species. Unlike conventional antiviral therapies, this neutralization strategy is potentially 

agnostic to viral mutations. As long as the identified host cells remain the viral targets, cellular 

nanosponges can recognize and neutralize the virus regardless of viral mutations [32]. Besides, 

this strategy does not directly suppress viral replication. Therefore, it does not impose high 

selective pressure for resistance development. Additionally, cellular nanosponges such as 

macrophage nanosponges have shown broad-spectrum neutralization of not only viruses but also 

proinflammatory cytokines [77]. They can provide more holistic treatment for viral infections, 

driven, in part, by overstimulated host immune responses [108]. For future clinical translation, the 

efficacy of these cellular nanosponges against viral infections needs to be further validated in 
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appropriate animal models. With continuous development, cellular nanosponges may make a 

significant contribution to combating viral infections. 

 

Table 1.5. Summary of using cellular nanosponges to neutralize viruses. 
 

Nanosponge platform a) Virus b) Mechanism b, c) 

TNP • HIV [30, 31] • Specific binding of HIV 
glycoprotein gp120 with CD4 
and other co-receptors on CD4+ 
T cell membrane 

Epithelial-NS • SARS-CoV-2 [32] • Specific binding of SARS-
CoV-2 S protein with ACE2 
receptor on epithelial cell 
membrane 

MФ-NS • SARS-CoV-2 [32] • Specific binding of SARS-
CoV-2 S protein with ACE2 or 
CD147 receptors on 
macrophage cell membrane 

Nanosponge made with 
mosquito cell membrane 

• Zika virus [107] • Specific bind of Zika envelope 
protein E with unidentified 
receptors on mosquito cell 
membrane. 

a) TNP: CD4+ T-cell-membrane-coated PLGA nanoparticle; Epithelial-NS: human lung epithelial cell 
membrane-coated nanosponge; MΦ-NS: human macrophage cell membrane coated nanosponge; b) HIV: 
human immunodeficiency virus; SARSCoV-2: severe acute respiratory syndrome coronavirus 2; c) CD4: 
cluster of differentiation 4; S protein: spike protein; ACE2: angiotensin-converting enzyme 2; CD147: 
differentiation 147. 
 

1.7 Summary 

The hallmark of cellular nanosponges is their faithful mimicry of source cells, which allows 

them to neutralize a myriad of harmful molecules or infectious pathogens while bypassing the 

enormous diversity and complexity of these pathological agents. By leveraging the natural protein 

receptors on the cell membranes, cellular nanosponges have been demonstrated to effectively 

neutralize numerous biological and chemical agents, including bacterial toxins, chemical toxicants, 

inflammatory cytokines, autoantibodies, and viruses. Upon binding to the cellular nanosponges, 

the biological agents are expected to complex with the nanosponges, which can thus neutralize the 
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virulence and biological function of the agents. Such complexes are subsequently taken up by the 

immune cells such as macrophages for metabolic processing or cleared by the mononuclear 

phagocytic system (MRS). A number of cell membranes from cells such as RBC, platelet, 

macrophage, T cell, or bacterium have been used to fabricate corresponding cellular nanosponges 

towards a wide range of biological neutralization applications. In addition, different nanomaterials 

have been used to fabricate nanoparticle cores of the cellular nanosponges, which provide the 

nanosponges with additional functionality. As a function-driven and broad-spectrum neutralization 

therapeutic modality, the cellular nanosponges have some unique features as compared to the 

conventional chemical-based or antibody-based antidots. Instead of targeting specific harmful 

agents, the cellular nanosponges function as surrogates of the host cells to capture and neutralize 

harmful biological agents that target the host cells. Therefore, nanosponge therapy is well-

positioned to treat complicated medical conditions that involve multiple pathogenesis mechanisms 

such as sepsis, which involves pathogen infection and inflammatory cytokine disorder. The 

nanosponge therapy is also expected to be agnostic to the mutations of the target agents such as 

viruses; as long as the host cell remains the viral target, the cellular nanosponges will be able to 

neutralize the virus regardless of viral mutation variants. 

Despite the great promise, challenges exist toward further development and application of 

cellular nanosponges. For example, the density of protein receptors on wild-type cell membranes 

may limit the neutralization capacity of the nanosponges. To overcome this potential limitation, 

using metabolic or genetic engineering to enhance the expression level of the receptor offers a 

solution [61, 109, 110]. Alternatively, replacing stoichiometric binding with enzyme-based 

degradation may also overcome the limitation [80]. Cellular nanosponges also face the challenge 

of adapting various disease settings for broader biological neutralization applications. In this 
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regard, non-spherical substrates, such as nanofibers or planer substrates, can be coated with cell 

membranes for neutralization while providing additional functionalities desirable for applications 

such as tissue engineering or biosensing [60, 111, 112]. Toward future translation, cellular 

nanosponges need to be manufactured with maximum immune compatibility. For this purpose, the 

cell membranes can be derived from the patient’s own cells, resulting in “personalized” 

neutralization therapy. The membranes can also be derived from genetically engineered “universal” 

cells to fabricate nanosponges that can be applied to all humans [113]. Nanosponge manufacturing 

also needs to consider a few key processes. For example, large-scale cell expansion is needed to 

ensure membrane material supply. In this perspective, biomanufacturing technologies based on 

3D-bioreactors for large and ultra-large scale-up of cell production are beneficial [114, 115]. In 

addition, processes for large-scale cell membrane derivation, efficient nanoparticle coating, and 

reliable quality control methods are also required. Overall, with continuous research and 

development, we expect the cellular nanosponge technology will reveal and demonstrate more 

unique strengths towards biological neutralization applications, which will benefit various patient 

populations. 
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Chapter 2 
Multimodal Enzyme Delivery and Therapy 
Enabled by Cell Membrane-Coated Metal-

Organic Framework Nanoparticles 
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2.1 Introduction 

Enzymes are biocatalysts that help to carry out reactions essential to the normal functioning 

of all living organisms. The lack of critical enzymes or the loss of their functions could lead to the 

deleterious accumulation of biomolecule substrates, disrupting metabolic activities with 

potentially life-threatening consequences [1, 2]. Defective enzyme production commonly occurs 

as a result of inherited genetic disorders. Examples include Gaucher disease and Fabry disease [3, 

4], both of which are lysosomal storage disorders caused by mutations in important housekeeping 

hydrolase genes [5, 6]. The evolutionary loss of certain genes is another cause of enzyme 

deficiency that can lead to some disease states [7]. For instance, uricase, the enzyme responsible 

for uric acid conversion into allantoin, is not encoded in the human genome, which can result in 

gouty arthritis when urate crystals are deposited in the joints [8, 9]. Enzyme replacement therapy 

has become the current standard of care for patients with enzyme deficiency, where exogenous 

proteins are intravenously infused into the bloodstream [10, 11]. Despite their application in the 

clinic, enzymes in free form usually suffer from protease susceptibility and short-acting 

pharmacokinetics, both of which can severely compromise bioavailability [12, 13]. In order to 

attain a therapeutic benefit, frequent administration is oftentimes mandatory for these therapies 

[14, 15], leading to high costs and negatively impacting patient compliance [16]. 

The use of nanoparticulate systems is an emerging strategy to address some of the 

shortcomings associated with the administration of free enzymes [17, 18]. Ideally, functional 

enzymes can be encased into a nanoscale network that allows their catalytic activities to be 

maintained, enabling substrate molecules to access the enzyme while preventing unwanted 

proteolytic degradation by the surrounding environment [19, 20]. Among the various 

nanomaterials, metal–organic frameworks (MOFs) have shown great promise for enzyme delivery 
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applications [21, 22]. MOFs can be fabricated with porous structures that facilitate high-yield 

enzyme loading and allow size-selective exposure to the targeted substrate [23, 24]. Despite these 

favorable characteristics, MOF-based platforms exhibit biocompatibility issues and run the risk of 

inducing immune reactions [25, 26], which would impede their translation into the clinic. 

The use of cell membrane coatings to camouflage synthetic nanomaterials is an effective 

method for nanoparticle functionalization [27]. The membrane-coated nanoparticles fabricated using 

this platform technology exhibit cell-mimicking properties that enable them to excel at in vivo 

applications [28]. For example, red blood cell (RBC) membrane coatings can greatly prolong 

circulation within the bloodstream [29, 30], whereas platelet membrane coatings enable targeted 

delivery to bacteria, cancer, and damaged vasculature [31, 32]. It was also demonstrated that 

nanoparticles functionalized with white blood cell membrane can be used as nanoscale decoys to 

absorb and neutralize inflammatory cytokines, with potential applications for autoimmune disorders 

and sepsis treatment [33, 34]. Overall, cell membrane coatings can be derived from any type of cell, 

enabling researchers a wide range of options for adding functionality and creating synergies with 

nanoparticle-based therapeutics [27, 28, 35]. Notably, it was recently demonstrated that this approach 

could be applied to MOF nanoparticles loaded with siRNA for anticancer applications [36].  

Here, we report on the fabrication of cell membrane-coated MOF nanoparticles for 

effective enzyme delivery (Figure 2.1). Taking uricase as the model enzyme, we successfully 

loaded the enzyme into a zeolitic imidazolate framework-8 MOF nanoparticle by a facile 

formulation process with precise input control [37]. The uricase-loaded MOF (MOF-uricase) 

nanoparticles were then coated with the membrane from either RBCs or macrophages (MΦs), each 

of which provided application-specific benefits. In particular, RBC membrane-coated MOF-

uricase (RBC-MOF-uricase) were systemically administered to catalyze the efficient degradation 
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of serum uric acid in hyperuricemic mice. MΦ membrane-coated MOF-uricase (MΦ-MOF-uricase) 

were locally administered into the joints of mice with gout, where the cytokine-neutralizing 

property of the MΦ membrane synergized with the uricase the alleviate disease symptoms. By 

changing the enzyme payload and membrane coating, we envision that the reported hybrid delivery 

platform could be used to improve therapeutic outcomes for a wide range of conditions requiring 

enzyme therapy.  

 
Figure 2.1 Cell membrane-coated uricase-loaded MOF nanoparticles for the enzymatic degradation 
of uric acid. To fabricate the formulation, MOF-uricase cores are generated by mixing the enzyme payload 
with Zn2+ and 2-methylimidazole (mim), followed by coating with natural cell membrane derived from 
source cells such as RBCs or MΦs. The resulting membrane-coated MOF-uricase nanoparticles effectively 
convert uric acid into allantoin, which can help to manage conditions such hyperuricemia and gout. 

 

2.2 Results and Discussion 

In the study, recombinant uricase was encapsulated within the MOF nanoparticles using a 

one-pot synthesis approach [36]. The enzyme was first premixed with 2-methylimidazole and 

added to a zinc ion-containing solution to start a process of self-assembly, which yielded bare 

MOF-uricase nanoparticles after several hours. To coat MOF-uricase with cell membrane, the 

freshly formed nanoparticles were physically extruded together with purified mouse RBC 
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membrane through porous polycarbonate membranes. The final RBC-MOF-uricase nanoparticles 

were isolated by centrifugation. To quantify loading efficiency, the uricase was fluorescently 

labeled, and then RBC-MOF-uricase were fabricated using different input amounts of the enzyme 

(Figure 2.2A). Across the inputs that were evaluated, the encapsulation efficiency was consistently 

around 90% up to 0.25 U of uricase. It should be noted that formulations fabricated with higher 

uricase inputs were unstable. The size of the RBC-MOF-uricase was highly dependent on uricase 

input (Figure 2.2B). RBC membrane-coated MOF (RBC-MOF) nanoparticles without any uricase 

were approximately 130 nm in size, whereas the size of RBC-MOF-uricase grew to near 270 nm 

at the highest input of 0.25 U. To prevent premature splenic clearance in vivo after intravenous 

administration [38], sub-200 nm RBC-MOF-uricase fabricated using a 0.1 U uricase input were 

used for further study.  

Compared with bare MOF, the size of MOF-uricase increased by approximately 70 nm, 

and coating with the RBC membrane further increased the size of the nanoparticles by about 25 

nm (Figure 2.2C). The surface zeta potential of the MOF dropped from 30 mV to 18 mV after 

uricase encapsulation, while the final RBC-MOF-uricase formulation displayed a negative surface 

potential of -30 mV (Figure 2.2D). The near identical surfaces charges between the RBC-MOF-

uricase and the purified RBC membrane suggested good coating coverage. To visualize the 

physical structure of RBC-MOF-uricase, the nanoparticles were negatively stained with uranyl 

acetate and examined under transmission electron microscopy (Figure 2.2E). The imaging 

confirmed a characteristic core–shell structure, which is consistent with similar cell membrane-

coated nanoparticle platforms, including those employing MOF cores [36, 39, 40]. 

The stability of the RBC-MOF-uricase formulation in physiological condition was 

evaluated by measuring size in phosphate buffered saline (PBS) over the course of 8 days  
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Figure 2.2 Synthesis and characterization of RBC-MOF-uricase. (a) Encapsulation efficiency of uricase 
in RBC-MOF-uricase at different uricase inputs (n = 3, mean + SD). (b) Diameter of RBC-MOF-uricase at 
different uricase inputs (n = 3, mean + SD). (c) Diameter of pristine MOF, RBC-MOF, MOF-uricase, RBC-
MOF-uricase, and RBC membrane vesicles after fabrications (n = 3, mean + SD). (d) Zeta potential of 
pristine MOF, RBC-MOF, MOF-uricase, RBC-MOF-uricase, and RBC membrane vesicles after fabrication 
(n = 3, mean + SD). (e) Transmission electron microscopy image of RBC-MOF-uricase stained with uranyl 
acetate. Scale bar: 200 nm. (f) Stability of RBC-MOF-uricase over the course of 8 days (n = 3, mean ± SD). 
(g) Protein profiles of MOF-uricase, RBC-MOF-uricase, and RBC membrane. MW, molecular weight (kDa); 
arrow indicates uricase band. (h) Western blot for RBC surface marker CD47 (50 kDa) on MOF-uricase, 
RBC-MOF-uricase, and RBC membrane. (i) Uricase release from RBC-MOF-uricase at pH 7.4 in PBS over 
time (n = 3, mean ± SD). (j) In vitro uric acid conversion by RBC-MOF or RBC-MOF-uricase normalized 
to free uricase activity (n = 3, mean + SD). (k) Degradation of uricase (35 kDa), either in free form or in 
RBC-MOF-uricase, when exposed to trypsin for increasing amounts of time. 
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(Figure 2.2F). Whereas the uncoated MOF-uricase quickly grew in size to over 1 µm, the RBC 

membrane-coated nanoparticles exhibited a minimal size increase. This highlighted the role of the 

cell membrane in enhancing the colloidal stability of MOF-based systems. Next, we sought to 

characterize the protein content of RBC-MOF-uricase as an additional means on confirming 

membrane coating. The overall protein profile of the nanoformulation was near identical to that of 

purified RBC membrane, indicating successful translocation of the membrane proteins (Figure 

2.2G). The RBC-MOF-uricase sample had an additional band at approximately 35 kDa, indicating 

the presence of uricase; this band was present on the protein profile for the uncoated MOF-uricase 

sample, but not for the purified RBC membrane. Western blotting analysis was used to confirm 

the presence of CD47 (Figure 2.2H), a key membrane protein found on RBCs that helps to reduce 

immune clearance by acting as a ‘marker-of-self’ [41]. 

The release of the uricase payload from the RBC-MOF-uricase formulation was profiled 

over time in PBS (Figure 2.2I). A quick burst was observed in the first 4 h, after which the release 

plateaued near 30%. Over the course of 2 days, more than 70% of the loaded uricase was retained, 

suggesting that the nanocomplex was highly stable and could be used to achieve prolonged 

delivery of the enzyme payload. The catalytic activity of RBC-MOF-uricase against uric acid as a 

substrate was evaluated in vitro (Figure 2.2J). From the results, it was observed that unloaded 

RBC-MOF nanoparticles had no catalytic activity, whereas the RBC-MOF-uricase retained 

approximately 35% of the activity of the inputted uricase. The decrease in catalytic activity may 

be partly explained by the fact that not all of the uricase is immediately available to participate in 

reactions when loaded inside the MOF matrix. To highlight the benefit of encapsulation into RBC-

MOF for protecting the enzyme payload, both free uricase and RBC-MOF-uricase were incubated 

with trypsin (Figure 2.2K). From western blot analysis, it was observed that free uricase was 



 
 

52 

quickly degraded, while the integrity of the uricase inside the nanoformulation was maintained 

over the course of 2 h. This confirmed that the MOF matrix and membrane coating could provide 

a barrier to prevent unwanted contact of the encapsulated enzyme with degradative proteases, thus 

better preserving enzymatic activity over time. 

After completing the in vitro characterizations, we next sought to characterize the 

performance of the RBC-MOF-uricase formulation in vivo. First, the biodistribution was studied 

24 h after administration of RBC-MOF-uricase fluorescently labeled with a far-red dye (Figure 

2.3A). The majority were found in the liver, which is the main organ mainly responsible for 

nanoparticle clearance [30]. Notably, approximately 15% of the total fluorescent signal was found 

in the blood at 24 h, attesting to the long-circulating properties provided by the RBC membrane 

coating. To assess the in vivo activity of the uricase payload, the nanoformulation was used to treat 

a murine model of hyperuricemia, where elevated uric acid levels are observed in the blood 

(Figure 2.3B). Without any uricase, the serum concentration of uric acid slowly increased over 

time, whereas intravenous administration of RBC-MOF-uricase resulted in a rapid reduction back 

to basal levels. In comparison, administration of free uricase only resulted in a transient drop in 

uric acid levels, which reelevated after 2 h. The modest efficacy observed in mice receiving free 

uricase could likely be attributed to poor bioavailability, highlighting the need for nanodelivery 

systems capable of extending blood residence while protecting the enzyme from degradation. To 

evaluate the biocompatibility of the RBC-MOF-uricase formulation, major blood cell populations, 

including white blood cells, RBCs, and platelets, were enumerated 24 h after nanoparticle 

administration (Figure 2.3C). No significant difference was observed compared with samples 

obtained from mice treated with PBS. At the same timepoint, the major organs, including the heart, 

liver, spleen, lungs, and kidneys, were histologically sectioned and stained with hematoxylin and 
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eosin (H&E) for analysis (Figure 2.3D). The overall structure, integrity, and immune infiltrate in 

all of these tissues were near identical to those from mice administered with PBS, demonstrating 

no signs of acute toxicity and further supporting the safety of RBC-MOF-uricase.  

 

Figure 2.3 In vivo hyperuricemia management and safety. (a) Biodistribution of dye-labeled RBC-
MOF-uricase in major organs, including the heart, liver, spleen, lungs, kidneys, and blood, 24 h after 
intravenous administration (n = 3, mean + SD). (b) Serum uric acid levels over time of hyperuricemic mice 
after intravenous treatment with PBS, free uricase, or RBC-MOF-uricase (n = 4, mean ± SD). *p < 0.05, 
**p < 0.01 (PBS compared with RBC-MOF-uricase); &p < 0.05, &&p < 0.01 (free uricase compared with 
RBC-MOF-uricase); one-way ANOVA. (c) Counts of various blood cells 24 h after intravenous 
administration of PBS or RBC-MOF-uricase (n = 3, geometric mean + SD). WBC: white blood cells, RBC: 
red blood cells, PLT: platelets. (d) H&E-stained histological sections from major organs 24 h after 
intravenous administration of PBS or RBC-MOF-uricase into healthy mice. Scale bar: 250 µm. 

 

A major advantage of using cell membrane coatings to functionalize synthetic nanoparticle 

cores is the ability to custom-tailor the final formulation for different applications by changing the 

membrane source [27]. To this end, we developed a second MOF-uricase formulation using MΦ 

membrane, which excels at cytokine neutralization [34], aiming to address gout. The condition is 
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characterized by the local deposit of uric acid crystals, which can lead to excessive joint 

inflammation mediated by a number of proinflammatory cytokines [9]. MΦ-MOF-uricase 

nanoparticles were fabricated similarly to the RBC-based formulation. Because nanoparticles 

administered locally are not subjected to the same strict size requirements as those for systemic 

injection, we elected to employ MOF-uricase cores inputted with 0.25 U of uricase to maximize 

loading, which led to a formulation approximately 270 nm in size (Figure 2.4A). The zeta potential 

of MΦ-MOF-uricase was also negative, matching closely with that of purified MΦ membrane 

(Figure 2.4B). Whereas unloaded MΦ membrane-coated MOF (MΦ-MOF) nanoparticles did not 

exhibit any uricase activity, MΦ-MOF-uricase retained 38% of the initial activity of the inputted 

uricase (Figure 2.4C). 

Proinflammatory cytokines such as interleukin-1β (IL1β), tumor necrosis factor-α (TNFα), 

and IL6 have been confirmed to play prominent roles in the progression of gout,[42] and MΦ 

membrane is known to possess their cognate receptors [34]. Accordingly, western blot analysis 

was used to verify the presence of IL1 receptor type I (IL1R1), IL1R2, TNF receptor-1 (TNFR1), 

TNFR2, IL6 receptor α-chain (IL6Rα), and glycoprotein 130 (gp130) (Figure 4d). As expected, 

none of these receptors were found on RBC membrane or RBC-MOF-uricase, whereas every 

marker was present on both MΦ membrane and MΦ-MOF-uricase. Next, we sought to test if the 

presence of these receptors on the MΦ-MOF-uricase formulation could be leveraged for the 

neutralization of the proinflammatory cytokines often implicated in joint inflammation [33]. 

Recombinant mouse IL1β, mouse TNFα, or mouse IL6 at a final concentration of 8 ng/mL was 

incubated with the nanoparticles at varying concentrations, and the percentage of bound cytokines 

was quantified (Figure 2.4E-G). Under these experimental conditions, the data indicated that MΦ-

MOF-uricase exhibited half maximal inhibitory concentration values of 380 µg/mL for IL1β, 282 
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µg/mL for TNFα, and 425 µg/mL for IL6. In contrast, RBC-MOF-uricase did not effectively bind 

to any of the tested cytokines.  

 

Figure 2.4 Synthesis and characterization of MΦ-MOF-uricase. (a) Diameter of MΦ-MOF, MOF-
uricase, MΦ-MOF-uricase, and MΦ membrane vesicles after fabrication (n = 3, mean + SD). (b) Zeta 
potential of MΦ-MOF, MOF-uricase, MΦ-MOF-uricase, and MΦ membrane vesicles after fabrication (n = 
3, mean + SD). (c) In vitro uric acid conversion by MΦ-MOF or MΦ-MOF-uricase normalized to free uricase 
activity (n = 3, mean + SD). (d) Western blot for cytokine receptors, including IL1R1 (80 kDa), IL1R2 (45 
kDa), TNFR1 (55 kDa), TNFR2 (75 kDa), IL6Rα (80 kDa), and gp130 (130 kDa), on RBC membrane, MΦ 
membrane, RBC-MOF-uricase, and MΦ-MOF-uricase. (e-g) In vitro neutralization of cytokines, including 
IL1β (e), TNFα (f), and IL6 (g), by RBC-MOF-uricase and MΦ-MOF-uricase at various nanoparticle 
concentrations (n = 3, mean ± SD; four-parameter logistic regression). 

 

After confirming its activity in vitro, the therapeutic efficacy of the MΦ-MOF-uricase 

formulation was evaluated in vivo using a murine gout model induced by the intraarticular injection 

of monosodium urate crystals into the ankle joints. At 24 h after induction, when all mice had 

developed significant inflammation at the injection site, various treatments were administered by 

intraarticular injection, and the degree of ankle swelling was monitored over time (Figure 2.5A). 
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Compared to the PBS control, free uricase and unloaded MΦ-MOF had a modest therapeutic effect, 

while MΦ-MOF-uricase showed the best efficacy and near completely alleviated the ankle 

swelling 48 h after treatment. With its cytokine neutralization capabilities, the MΦ membrane-

coated formulation outperformed RBC-MOF-uricase, which also demonstrated considerable 

efficacy, likely due to its ability to enhance retention of the enzyme at the inflammation site. The 

uric acid remaining in the ankle tissues was quantified 48 h post-treatment, and it was shown that 

MΦ-MOF-uricase significantly reduced levels of the substrate molecule (Figure 2.5B). The effect 

was vastly improved compared with unloaded MΦ-MOF, where 80% of the deposited uric acid 

still remained within the tissues. Similarly, the proinflammatory cytokines present within the ankle 

tissues were evaluated at the same timepoint, and MΦ-MOF-uricase treatment was able to bring 
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levels back down to near baseline (Figure 2.5C-E). This was significantly better than other 

treatments, including free uricase, unloaded MΦ-MOF, and RBC-MOF-uricase, all of which  

Figure 2.5 In vivo gout management and safety. (a) Change in ankle joint diameter of mice with gout 
after intraarticular treatment with PBS, free uricase, MΦ-MOF, RBC-MOF-uricase, or MΦ-MOF-uricase 
(n = 4, mean ± SD). **p < 0.01, ****p < 0.0001 (compared with MΦ-MOF-uricase at 48 h); one-way 
ANOVA. (b) Remaining uric acid in the ankle joints of the mice in (a) after 48 h (n = 4, mean + SD). ***p 
< 0.001, ****p < 0.0001 (compared with MΦ-MOF-uricase); one-way ANOVA. (c-e) Levels of cytokines, 
including IL1β (c), TNFα (d), and IL6 (e), in the ankle joints of the mice in (a) after 48 h (n = 4, mean + 
SD). NS: not significant, *p < 0.05, **p < 0.01, ****p < 0.0001 (compared with MΦ-MOF-uricase); one-
way ANOVA. (f) H&E-stained histological sections of ankle joints of the mice in (a) after 48 h. Scale bar: 
250 µm. 
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reduced cytokine levels to varying degrees. Lastly, histological examination revealed that the 

immune cell infiltrate within the periarticular ankle tissue was markedly reduced in mice treated 

with MΦ-MOF-uricase, indicating only a slight amount of ongoing inflammation within the region 

(Figure 2.5F). Overall, when comparing the effects of MΦ-MOF-uricase with those achieved by 

MΦ-MOF or RBC-MOF-uricase, the data highlights the therapeutic benefits of combining MΦ 

membrane-mediated cytokine neutralization with locally delivered enzyme therapy for addressing 

gout.  

 

2.3 Conclusion 

In conclusion, we have successfully fabricated a cell membrane-coated MOF platform for 

enhancing the activity of enzyme therapies. Using uricase as a model enzyme, it was demonstrated 

that high encapsulation efficiency of the enzyme could be achieved, and membrane coating further 

improved colloidal stability in physiological buffer. Importantly, a significant amount of 

enzymatic activity was retained, and incorporation of uricase within the membrane-coated MOF 

matrix also protected it from proteolytic degradation. To demonstrate the versatility of this 

approach, two separate systems were developed using membrane sourced from either RBCs or 

MΦs. The RBC membrane-coated MOF-uricase formulation was used for the systemic treatment 

of hyperuricemia, rapidly reducing serum uric levels. On the other hand, the MΦ membrane, with 

its ability to neutralize a wide range of proinflammatory cytokines, synergized with the uricase to 

effectively treat localized joint inflammation caused by insoluble uric acid deposits. In the clinic, 

the administration of uricase, which is not a naturally occurring human enzyme, carries major 

immunogenicity concerns and runs the risk of triggering anaphylaxis [43, 44]. As we demonstrated 

here, cell membrane-coated nanodelivery systems are biocompatible and can be used to effectively 
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shield enzyme payloads from the surrounding environment; the effect of this on long-term immune 

responses against the enzyme payload will need to be evaluated in future studies. It is envisioned 

that this strategy can be applied across a wide range of enzyme payloads, and different membrane 

coatings could be employed to generate synergies based on their unique biointerfacing 

characteristics. Membrane material can be derived from autologous sources, facilitating the 

fabrication of personalized therapies [45]. The shape of the MOF core could also be varied to 

enhance nanoparticle–cell interactions, which would be particularly beneficial for targeted 

delivery applications [46]. Overall further development along these lines could lead to novel 

formulations with the potential for transforming the clinical landscape of enzyme therapies. 

 

2.4 Experimental Methods 
2.4.1 Nanoparticle preparation.  

To prepare the MOF nanoparticles, 0.2 mL solutions of zinc nitrate hexahydrate at 1 

mg/mL (Sigma-Aldrich) and 2-methylimidazole at 20 mg/mL (Sigma-Aldrich) were added 

together. The mixture was vortexed for 30 s and left undisturbed for 3 h. Loading of the uricase 

(Candida sp., 5.3 U/mg; Sigma-Aldrich) was achieved by premixing an appropriate amount of the 

enzyme with the 2-methylimidazole solution to achieve uricase inputs ranging from 0.05 to 0.25 

U. For nanoparticle coating, mouse RBC membrane or MΦ membrane was respectively derived 

from CD-1 mouse blood (BioreclamationIVT) [30] or murine J774 MΦs (TIB-67; American Type 

Culture Collection)[34] using previously reported protocols and suspended at 1 mg/mL in water. 

The membrane solution was then added to an equal volume of MOF or MOF-uricase nanoparticles 

for 30 min, followed by sequential extrusion through polycarbonate porous membranes (Whatman) 

using an Avanti mini extruder. The resulting nanoparticles were isolated by centrifugation at 

10,000 g for 5 min and then resuspended in water for further use. Unless otherwise stated, studies 
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were conducted with formulations made using uricase inputs of 0.1 U for RBC-MOF-uricase and 

0.25 U for MΦ-MOF-uricase. RBC membrane vesicles and MΦ membrane vesicles were prepared 

by extruding purified cell membrane through the same set of porous membranes. All nanoparticle 

concentrations are expressed as membrane protein mass per unit volume. 

 

2.4.2 Nanoparticle characterization. 

 Size and zeta potential were measured by dynamic light scattering (DLS) using a Malvern 

Zetasizer Nano ZS. To visualize nanoparticle morphology, the nanoparticle sample was adsorbed 

onto a carbon-coated 400-mesh copper grid (Electron Microscopy Sciences) and stained with 1 

wt% uranyl acetate (Electron Microscopy Sciences), followed by imaging on a JEOL 1200 EX II 

transmission electron microscope. For the stability study, nanoparticle samples were stored in PBS 

at room temperature, and size was measured periodically by DLS over the course of 8 days.  

 

2.4.3 Quantification of uricase loading, release, and activity.  

For loading quantification, uricase was prelabeled with NHS-fluorescein 

(excitation/emission = 494/518 nm; Thermo Scientific), and the fluorescence of the supernatant 

after centrifugation of the extruded nanoparticles was measured using a BioTek Synergy Mx 

microplate reader. To quantify uricase release, at predetermined timepoints, aliquots of 

nanoparticles in PBS were centrifuged to pellet the nanoparticles, and the fluorescence of 

fluorescein in the supernatant was measured using a BioTek Synergy Mx microplate reader. The 

in vitro activity of RBC-MOF-uricase was quantified by an Amplex Red uric acid/uricase assay 

kit (Invitrogen), with uric acid as the substrate and free uricase as the standard. To study the in 

vitro activity of MΦ-MOF-uricase, monosodium urate was synthesized from uric acid (Sigma-
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Aldrich) according to literature [47] and used as the substrate for quantification using an Amplex 

Red uric acid/uricase assay kit. 

 

2.4.4 Protein characterization.  

Samples at 1 mg/mL protein content or an equivalent amount of MOF-uricase were 

prepared in NuPAGE Novex lithium dodecyl sulfate (LDS) sample loading buffer (Invitrogen) 

and run on 12-well Bolt 4%-12% Bis-Tris minigels (Invitrogen) in MOPS running buffer 

(Invitrogen). To visualize the overall protein profile, the gel was incubated in InstantBlue Protein 

Stain (Expedeon) for 1 h and imaged under a Bio-Rad Gel Doc XR system. To assess the presence 

of specific markers, proteins were transferred to 0.45 µm nitrocellulose membranes (Pierce) in 

Bolt transfer buffer (Novex) at 10 V for 60 min. The membranes were then blocked with 2% 

bovine serum albumin (Sigma-Aldrich) in PBS with 0.05% Tween 20 (National Scientific). Blots 

were probed with primary antibodies specific for mouse CD47 (miap301; Biolegend), IL1R1 (H-

8, Santa Cruz Biotechnology), IL1R2 (3H4H4, Proteintech), TNFR1 (H-5, Santa Cruz 

Biotechnology), TNFR2 (TR75-89, Santa Cruz Biotechnology), IL6Rα (D-8, Santa Cruz 

Biotechnology), or gp130 (E-8, Santa Cruz Biotechnology), followed by the appropriate horse 

radish peroxidase (HRP)-conjugated secondary antibodies (Biolegend). Development was done 

using ECL western blotting substrate (Pierce) in a Mini-Medical/90 developer (ImageWorks). 

 

2.4.5 Uricase degradation study.  

All animal experiments were performed in accordance with NIH guidelines and approved 

by the Institutional Animal Care and Use Committee of the University of California San Diego. 

Uricase-specific murine polyclonal antibodies were generated by immunizing a male CD-1 mouse 
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(Envigo) with 0.1 mg uricase in Imject alum adjuvant (Thermo Scientific). Two boosters were 

given before collecting blood to obtain antibody-containing serum. For the study, 5 µL of 0.25% 

trypsin-EDTA (Gibco) was added into 100 µL aliquots containing 0.05 U of uricase in free form 

or encapsulated within RBC-MOF, and the mixtures were incubated at 37 ºC for increasing 

amounts of time. Uricase degradation profiling achieved by western blot analysis as described 

above using the polyclonal anti-mouse uricase as the primary immunostain, followed by an HRP-

conjugated anti-mouse IgG secondary antibody (Biolegend). 

 

2.4.6 In vitro cytokine binding.  

To study the in vitro binding of proinflammatory cytokines, recombinant mouse IL1β 

(Biolegend), TNFα (Biolegend), or IL6 (Biolegend) at a final concentration of 8 ng/mL was mixed 

with nanoparticles at final concentrations ranging from 0 to 2 mg/mL. The mixtures were incubated 

for 2 h at 37 °C and then centrifuged at 16,100 g for 10 min to remove the nanoparticles. Cytokine 

concentrations in the supernatant were quantified by mouse IL1β, TNFα, or IL6 enzyme-linked 

immunosorbent assay (ELISA) kits (Biolegend) per the manufacturer’s instructions. 

 

2.4.7 In vivo biodistribution and safety.  

RBC-MOF-uricase was fluorescently labeled using 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindodicarbocyanine (excitation/emission = 644/665 nm; Invitrogen), and 400 µg of the 

nanoparticles was administered intravenously into adult C57BL/6 mice (Charles River 

Laboratories). Mice were euthanized at 24 h after nanoparticle administration for sample collection. 

For the biodistribution study, the major organs, including the liver, spleen, heart, lungs, kidneys, 

and blood, were collected. The organs were homogenized in 1 mL of PBS using a Biospec Mini-
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Beadbeater-16. Fluorescence was read using a Tecan Infinite M200 plate reader. To calculate the 

signal in the blood, total volume was estimated as 6% of mouse body weight. To obtain blood cell 

counts, whole blood was collected into potassium–EDTA collection tubes (Sarstedt), and analysis 

was performed by the UC San Diego Animal Care Program Diagnostic Services Laboratory. To 

perform the histological analysis, the major organs were sectioned and stained with H&E (Leica 

Biosystems), followed by imaging using a Hamamatsu Nanozoomer 2.0-HT slide scanning system. 

 

2.4.8 In vivo treatment efficacy studies.  

Hyperuricemia in mice was induced based on a previously reported procedure [48]. Food 

and water were withheld overnight prior to the study. Briefly, to increase the serum uric acid levels, 

adult C57BL/6 mice were injected intraperitoneally with 4 mg of allantoxanamide (BOC Sciences) 

suspended in 0.2 mL of 0.5% carboxymethylcellulose sodium (Grainger). After 2 h, the mice were 

intravenously administered with 0.2 mL of PBS, RBC-MOF-uricase at 2 mg/mL, or free uricase 

at an equivalent concentration. Blood samples were collected at predetermined timepoints and 

allowed to clot for 30 min at room temperature. After centrifugation to obtain the serum, the uric 

acid content was assayed using an Amplex Red uric acid/uricase assay kit.  

Gout was induced according to a previously reported procedure [49]. Briefly, adult 

C57BL/6 mice were placed under anesthesia with a cocktail of ketamine (Pfizer) at 100 mg/kg and 

xylazine (Lloyd Laboratories) at 20 mg/kg. This was followed by intraarticular injection with 0.5 

mg of monosodium urate in 25 µL of PBS into the ankle joint. After 24 h, the ankle joints were 

intraarticularly injected with 25 µL of PBS, MΦ-MOF at 2 mg/mL, RBC-MOF-uricase (inputted 

with 0.25 U of uricase) at 2 mg/mL, MΦ-MOF-uricase at 2 mg/mL, or free uricase at an equivalent 

concentration with the mice under anesthesia. Ankle joint swelling was measured with an 
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electronic caliper at the indicated timepoints. To assess the remaining uric acid content and local 

proinflammatory cytokine (IL1β, TNFα, IL6) concentrations, mice were euthanized 48 h after 

treatment, and the periarticular tissues were collected. The tissues were homogenized in PBS 

containing a protease inhibitor cocktail (Sigma-Aldrich). After centrifugation, the supernatant was 

assayed for uric acid content using an Amplex Red uric acid/uricase assay kit and for cytokine 

concentrations by the appropriate ELISA kits per the manufacturer’s instructions. To perform the 

histological analysis, the periarticular tissues were collected 48 h after treatment. The collected 

tissues were fixed with phosphate buffered formalin (Fisher Scientific), decalcified with 10% 

EDTA (Corning), and stained with H&E. Images were obtained using a Hamamatsu NanoZoomer 

2.0-HT slide scanning system. 
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Chapter 3 
Macrophage Membrane Coated Nanosponges for the 

Treatment of Gastrointestinal Diseases 
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3.1 Capsulated Cellular Nanosponges for the Treatment of Experimental 

Inflammatory Bowel Disease 

3.1.1 Introduction 

Inflammatory bowel disease (IBD) refers to chronic relapsing disorders of gastrointestinal 

(GI) tract, including Crohn’s disease and ulcerative colitis. These conditions are characterized by 

intestinal inflammation [1], intestinal epithelial barrier injury [2, 3], and gut microbiome dysbiosis 

[4, 5]. IBD reduces life quality of patients and places a substantial burden on healthcare systems [6, 

7]. Current treatments include small-molecule immunosuppressive agents and kinase inhibitors, 

which can manage symptoms but fail to repair gut mucosal barrier damage or restore intestinal 

microbiome imbalance [8]. Prolonged use of these nonspecific agents may also lead to severe 

toxicity and increase the risk of opportunistic infections [9, 10]. Alternatively, biologics such as 

antibodies targeting tumor necrosis factor (TNF)-α or α4β7 integrin offer promising treatment options 

for IBD by blocking inflammatory signals. However, these biologics may carry risks of 

immunogenicity, poor circulation stability, high cost, and antibody resistance upon repetitive 

administration [11, 12]. Therefore, developing new and effective therapeutics for IBD is highly 

desirable. 

Recently, nanoparticles have gained considerable attention as potential solutions to the 

unmet needs in IBD treatment. Nanoparticle delivery systems exhibit attractive characteristics such 

as target-specificity, stability, biocompatibility, and non-toxicity to the GI system [13]. Various 

nanoparticle carriers have emerged for the delivery of small-molecular agents, antibodies, and 

siRNAs to the colon for IBD treatment [14, 15]. Some nanoparticles possess pH-responsive [16, 

17], ROS-responsive [18-20], or receptor-mediated targeting properties, which can enhance their 

specificity and efficacy. In addition to serving as drug carriers, nanoparticles made with 
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macrophage modulatory and reactive oxygen species (ROS)-scavenging materials, such as 

hyaluronic acid and polydopamine, have been developed as therapeutics for IBD with promising 

outcomes [13, 21-23].  

In the past few years, nanoparticles coated with natural cell membranes have become a 

compelling anti-inflammatory nanomedicine platform. This platform has been named ‘cellular 

nanosponge’ because of its unique ability to absorb and neutralize harmful molecules such as 

toxins and inflammatory cytokines. Among the various types of cellular nanosponges, white blood 

cell (WBC) nanosponges are made with WBC membranes, which replicate the antigenic profile of 

the source cell and act as host cell decoys to adsorb inflammatory molecules. WBC nanosponges 

can effectively bind to different types of cytokines through the corresponding cytokine receptors 

on the cell membranes. Cytokine neutralization can inhibit the downstream macrophage activation 

and halt the propagation of the immune cascade, thereby reducing inflammation. WBC 

nanosponges stand out among other anti-inflammatory agents due to their broad-spectrum 

biological neutralization ability, which is effective against various modes of action of these agents 

[24]. For example, the use of macrophage membrane-coated nanoparticles (MΦ-NPs) has shown 

promise in managing sepsis and reducing inflammation in various diseases. These nanoparticles 

scavenge endotoxins, diverting them away from endogenous macrophages, while also neutralizing 

inflammatory cytokines such as interleukin (IL)-6, IL-1β, and TNF-α.  Studies have also 

demonstrated the efficacy of MΦ-NPs in treating acute pancreatitis and rheumatoid arthritis by 

inhibiting inflammation and reducing disease severity [25-27]. Following a similar principle, 

neutrophil nanosponges have also been used to alleviate joint damage in inflammatory arthritis by 

inhibiting synovial inflammation [28]. 
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The promise of cellular nanosponges in treating inflammatory disorders has motivated our 

efforts to investigate their potential use for the treatment of IBD. Here, we report the development 

of a capsulated oral formulation of MΦ-NPs (denoted 'cp-MΦ-NPs') as an effective, safe, and 

convenient option for IBD treatment. The selection of macrophage membrane over other types of 

cell membranes is due to the predominant roles of macrophages in IBD pathogenesis [29]. The 

polymeric core in the MΦ-NP formulation provides a solid support of the cell membrane to prevent 

membrane fusion and maintain nanoparticle stability. A stable MΦ-NP formulation is crucial for 

accumulation in inflamed colonic epithelium, penetration into the gastrointestinal mucus, and 

binding with targeted molecules [21, 30, 31]. We first fabricate MΦ-NPs by coating mouse 

macrophage membrane onto synthetic cores made from poly(lactic-co-glycolic acid) (PLGA). 

These nanoparticles are then lyophilized and loaded into protective gelatin capsules. The capsules 

are further dip-coated with pH-responsive enteric polymer coating Eudragit S-100 (Figure 3.1.1A). 

The Eudragit S-100 coated capsules protect cp-MΦ-NPs from the harsh acidic and proteolytic 

gastric environment and ensure colonic delivery of the nanoparticles. In vitro, we show that cp-

MΦ-NPs can effectively neutralize the inflammatory cytokines associated with IBD. In vivo, we 

administer cp-MΦ-NPs orally into a mouse model of dextran sulfate sodium (DSS)-induced colitis. 

Upon release from the capsule in the colon, the released MΦ-NPs mimic endogenous macrophages 

and bind to pro-inflammatory cytokines that would otherwise target macrophages. As a result, the 

cp-MΦ-NP treatment restores intestinal barrier functions and ameliorates IBD symptoms in both 

prophylactic and delayed treatment regimes. Overall, our results suggest that cp-MΦ-NPs are a 

promising biomimetic nanomedicine platform for the treatment of IBD. 

 

3.1.2 Results and Discussion 
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In the study, we formulated cp-MΦ-NPs through a three-step process. First, we fabricated 

MΦ-NPs through a process including macrophage membrane derivation, PLGA core fabrication, 

and membrane coating. Second, we suspended the freshly made nanoparticles in 10% sucrose, 

lyophilized them into dry powder, and loaded the dry powder into gelatin capsules. The loading 

was achieved with a special filing funnel provided by the vendor, and the loading efficiency was 

90.8 ± 2.4%. A similar lyophilization process showed to maintain nanosponge 
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Figure 3.1.1 Preparation and characterization of cp-MF-NPs. (A) Schematic illustration of cp-MF-NPs 
and their use to manage IBD. MF-NP capsules are fabricated by coating MF membrane onto polymeric 
cores, followed by lyophilization, capsule loading, and enteric coating of capsules. (B) The average diameter 
and surface zeta potential of MF-NPs and cp-MF-NPs measured with dynamic light scattering (DLS). (C) 
Transmission electron microscopic (TEM) images of resuspended cp-MF-NPs negatively stained with 
uranyl acetate. Scale bar = 100 nm (inset scale bar = 30 nm). (D) MF-NP release profile from Eudragit 
S100-coated capsules in simulated gastric fluid (SGF, pH = 2, red) or simulated intestinal fluid (SIF, pH = 
7.4, blue). (E) Binding kinetic profiles of MF-NPs and cp-MF-NPs against IL-1b, IL-6, and TNF-a. (F) 
Representative GI tract images of mice after oral administration of fluorescence-labeled cp-MF-NPs. Scale 
bar = 1 cm. In all datasets, n = 3; data are presented as mean ± s.d.; n.s. = not significant.  
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size and stability [32]. Third, the capsules were coated with Eudragit S100, a pH-responsive enteric 

polymer, to ensure colon-specific payload release [33]. Dynamic light scattering (DLS) 

measurements revealed that resuspended cp-MΦ-NPs and freshly prepared MΦ-NPs had a 

comparable hydrodynamic diameter (137.0 nm and 123.7 nm, respectively) and surface zeta 

potential (-24.8 mV and -26.1 mV, respectively), suggesting that the lyophilization and 

encapsulation procedures had negligible impact on the nanoparticle structures (Figure 3.1.1B). In 

addition, cp-MΦ-NPs revealed a characteristic core−shell morphology under transmission electron 

microscopy (TEM). The morphology is comparable to freshly prepared MF-NPs, confirming the 

preservation of nanoparticle structure during the formulation process (Figure 3.1.1C) [34]. 

To test pH-responsive nanosponge release from the capsules, we labeled cp-MΦ-NPs with 

a fluorescent dye and put the capsules in a simulated gastric fluid (SGF, pH = 2). Negligible 

amount of MΦ-NPs was released from the capsules into the fluid in 2 h. In contrast, when put in a 

simulated intestinal fluid (SIF, pH = 7.4), the capsules released about 90% of the loaded MΦ-NPs 

within 60 min. This test confirmed a pH-responsive MΦ-NP release from the capsules (Figure 

3.1.1D). When suspended in SIF (pH = 7.4), the hydrodynamic size of cp-MΦ-NPs remained stable 

for 7 days, indicating excellent colloidal stability. We also incubated cp-MΦ-NPs released from 

the capsules with IL-1b, IL-6, and TNF-a, three representative pro-inflammatory cytokines in IBD 

[35, 36]. Nanoparticle binding with these cytokines showed a clear dose dependence binding 

kinetics (Figure 3.1.1E). In fact, cp-MΦ-NPs and freshly prepared MΦ-NPs showed comparable 

cytokine binding kinetics and capacity, implying that the cp-MΦ-NP formulation preserved the 

cytokine binding bioactivity of MΦ-NPs. A western blot analysis further verified the preservation 

of key MΦ surface antigens on cp-MΦ-NPs. Moreover, cp-MΦ-NPs were also able to ameliorate 

the cytokine-induced inflammatory effect on macrophages and reactive oxygen species (ROS) 
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effect on colon epithelial cells in vitro. Lastly, when tested on MC38 cells, a colon tumor cell line 

derived from colon epithelial cells, cp-MΦ-NPs showed the absence of cytotoxicity. 

To study the specificity of cp-MΦ-NPs for colon delivery, we administered fluorescence-

labeled cp-MΦ-NPs orally into C57BL/6 mice and observed their colonic distribution at 

predetermined time points (Figure 3.1.1F). At 2 h and 4 h after the oral administration, most cp-

MΦ-NPs were at the stomach and the ileum, respectively. The fluorescent signal was confined 

within a narrow region during this period, suggesting an intact capsule structure. At 6 h, the 

fluorescence predominantly localized at the colon, and its distribution became broader, suggesting 

the dissolution of the capsule and the release of cp-MΦ-NPs. At 10 h, nanoparticle fluorescent 

intensity diminished significantly and became undetectable at 24 h. These results verified that the 

capsules were able to deliver cp-MΦ-NPs specifically to the colon after oral administration. 

 Next, we investigated the efficacy of cp-MΦ-NPs to ameliorate IBD in a prophylactic 

regimen using a mouse model of DSS-induced colitis. Specifically, we provided C57BL/6 mice 

with drinking water containing 3% DSS for 6 days while administrating cp-MΦ-NPs (3 mg MΦ-

NPs per capsule; 1 capsule per day for 9 days) via oral gavage (Figure 3.1.2A) [36]. The control 

groups included healthy mice and mice treated with DSS only, DSS with capsulated red blood cell 

membraned-coated nanoparticles (denoted as ‘cp-RBC-NPs’), or DSS with empty capsules. We 

first monitored mouse body weight change among different groups as an efficacy indication [37]. 

Compared to the healthy controls, administration of DDS alone led to rapid weight loss in the 

treated mice (Figure 3.1.2B). A maximum weight loss was observed on day 10, which amounted 

to a decrease to 86% of the original weight (14% loss). This confirmed the establishment of the 

disease model (Figure 3.1.2C). Throughout the study, mice treated with cp-MΦ-NPs showed the 

smallest body weight loss (retaining over 95% of the original body weight on day 10), indicating 
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effective amelioration of the colitis symptoms. Notably, mice treated with cp-RBC-NPs or empty 

capsules showed comparable weight loss as that of the DDS only group (no treatment), of which 

the body weight reduced to 88% and 84% of the original body weight, respectively. 

The colon length of mice with DSS-induced colitis correlates with the disease severity, as 

more severe colitis corresponds to a shorter colon length [21, 36]. Therefore, we used colon length 

as another indication to evaluate the efficacy of cp-MΦ-NP treatment. Compared to the colon of 

healthy mice, the colon of mice with colitis shortened significantly (Figure 3.1.2D). In contrast, 

the colon length of mice treated with cp-MΦ-NPs is comparable to that of the healthy controls. 

Neither cp-RBC-NPs nor empty capsules showed efficacy. Quantitative colon length 

measurements further confirmed the above observation. The average colon length of healthy mice 

was 9.4 ± 0.2 cm. DSS challenge shortened the colon length to an average of 6.5 ± 0.5 cm. On the 

contrary, cp-MΦ-NP treatment restored the colon length to 8.8 ± 0.5 cm, comparable tothat of 

healthy mice, and significantly longer than that in either cp-RBC-NP or empty capsules treatment 

groups (7.3 ± 0.2 cm and 6.5 ± 0.8 cm, respectively) (Figure 3.1.2E). In the study, we also 

monitored the disease activityindex (DAI), a summation of weight loss scores, stool consistency 

scores, and rectal bleeding scores [21, 36]. As shown in Figure 3.1.2F, cp-MΦ-NP treatment 
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Figure 3.1.2 In vivo efficacy of cp-MΦ-NPs for DSS-induced colitis in a prophylactic regimen. (A) 
The prophylactic study protocol. Seven-week-old male C57BL/6 mice were provided with either water or 
3% DSS-containing water for 6 days. Meanwhile, the mice were administrated daily with PBS, an empty 
capsule, cp-RBC-NPs or cp-MF-NPs (3 mg of MF-NPs per capsule, 1 capsule per day) via oral gavage for 
9 days. (B, C) Daily body weight plotted as the daily value (B) or values at the end of the treatment (C). 
(D) Mouse colon tissues from different experimental groups were collected and imaged on day 10. (E) 
Quantification of colon length in (D). (F) The disease activity index (DAI) calculated based on stool 
consistency (0–4), rectal bleeding (0–4), and weight loss (0–4). (G) Representative H&E staining images 
of mouse colon tissues from different experimental groups on day 10, scale bar = 1 mm (red dotted box: 
the crypt, blue arrow: the goblet cell, green arrow: infiltrating immune cells, scale bar in magnified image 
= 250 μm). (H) Histomorphological evaluation of the colonic damage based on inflammatory cell infiltrate 
(0–3), epithelial architecture (0–3), muscle thickening (0-3), goblet cell depletion (0-1), and crypt abscess 
(0-1) as scoring criteria. In all datasets, n = 5; data are presented as mean ± s.d.; n.s. = not significant; ***p 
< 0.001 and ****p < 0.0001. Statistical analysis was performed with one-way ANOVA. 
 

significantly decreased the DAI throughout the study as compared to DSS-challenged mice and 

mice treated with cp-RBC-NPs or the empty capsules. We then performed a histological analysis 
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of the colon tissues to investigate the cp-MΦ-NP efficacy at a tissue level. Colon tissue from 

healthy mice showed well-defined fingerlike crypt structures, goblet cells, and the absence of 

infiltrating immune cells (Figure 3.1.2G). Without treatment (DSS only), the colon tissue of the 

mice with IBD showed heavy crypt distortion, severe goblet cell loss, and noticeable infiltrating 

immune cells, comparable to previously reported histological analysis [21]. Colon tissue from 

mice treated with cp-MΦ-NPs showed similar histological features to those of the healthy controls, 

including regular crypt structures, minimal loss of goblet cells, and a low level of infiltrating 

immune cells. Meanwhile, colon tissues of mice treated with cp-RBCs-NPs or empty capsules 

showed distinctive histological features as those in the no-treatment group. We calculated the 

histology scores summarizing the key colonic damage features [38]. As shown in Figure 3.1.2H, 

cp-MΦ-NP treatment significantly reduced the scores to a level close to that of the healthy controls. 

In contrast, all other treatments scored highest, demonstrating cp-MΦ-NP protection against 

pathological damage in colonic epithelium. 

To evaluate the in vivo cp-MΦ-NP efficacy at a cellular level, we examined the colonic 

epithelial cell function and barrier integrity at the end of the indicated treatments. Tissue cross-

sections from the healthy mice stained for zonula occludens protein-1 (ZO-1) and occludin, two 

signature tight junction-associated proteins, showed strong fluorescence with orderly patterns on 

the colonic lumen, indicating an intact intestinal barrier (Figure 3.1.3A) [21]. However, the 

fluorescence diminished on the cross-sections of the tissue from mice with colitis but received no 

treatment, suggesting the disruptions of the colon epithelial and mucosal barriers. The cp-MΦ-NP 

treatment restored the tissue damage, preserving colonic epithelial cell function and barrier 

integrity. Notably, ZO-1 and occludin expressions on samples of mice treated with cp-RBC-NPs 

and empty capsules appeared similar to the DSS group without treatment, indicating the absence 
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of efficacy. To gain a quantitative comparison, we evaluated ZO-1 messenger RNA (mRNA) 

expression in intestinal epithelial cells (Figure 3.1.3B). Consistent with the protein 

immunofluorescence analysis, cp-MΦ-NP treatment kept the expression of ZO-1 mRNA at a level 

comparable to that of the healthy controls. All other treatment groups showed a significant 

reduction in ZO-1 mRNA expression. We also found similar results when analyzing occludin 

mRNA expression, where mice treated with cp-MΦ-NPs showed a similar expression level as the 

healthy mice (Figure 3.1.3C).  We further evaluated intestinal epithelial cell function via a 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Figure 3.1.3D) 

[39]. Compared to the healthy controls, the TUNEL assay found colonic epithelium apoptosis in 

large areas of the crypts from mice with DSS-induced colitis. Treatment with cp-MΦ-NPs reduced 

the apoptosis to a level comparable to that of the healthy controls. Groups treated with cp-RBC-

NPs or empty capsules showed apoptosis levels comparable to that of the disease group. Further 

quantification of TUNEL-positive cells is consistent with the observation, confirming the efficacy 

of cp-MΦ-NPs (Figure 3.1.3E). We hypothesize that the observed anti-inflammatory efficacy was 

due to the capability of cp-MΦ-NPs to neutralize pro-inflammatory cytokines. To test this 

hypothesis, we measured colonic concentrations of representative pro-inflammatory cytokines, 

including IL-6, TNF-a, and IL-1b. As shown in Figure 3.1.3F, mice pretreated with DSS 

exhibited a significant 
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Figure 3.1.3 Cellular and molecular studies of cp-MF-NPs protecting colonic epithelium. (A) 
Representative immunofluorescence images of colon sections collected on day 10 after the indicated 
treatments for analysis of the tight junction ZO-1 and occludin expressions. (B, C) Quantitative mRNA 
expression levels of ZO-1 (B) and occludin (C) via RT-PCR. (D) Representative TUNEL staining of colon 
sections collected on day 10 after the indicated treatments. (E) Quantification of TUNEL positivity based 
on (D). (F-H) Quantitative analysis of the pro-inflammatory cytokine levels, including IL-6 (F), TNF-a 
(G), and IL-1b (H) on day 10 after the indicated treatment. In all datasets (E-H), n = 5; data are presented 
as mean ± s.d.; n.s. = not significant; *p < 0.05, **p < 0.01, and ***p < 0.001; statistical analysis was 
performed with one-way ANOVA.  
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increase in colonic IL-6 levels compared to the healthy controls, consistent with previous studies 

[21, 36]. In contrast, the local IL-6 level in mice treated with cp-MΦ-NPs decreased to a comparable 

level as the healthy controls. Similar results were also observed for TNF-a and IL-1b, confirming 

the pro-inflammatory cytokine neutralization capability of cp-MΦ-NPs (Figure 3.1.3G, H). 

 To fully evaluate the treatment benefit of cp-MΦ-NPs for IBD, we examined the in vivo 

efficacy in a delayed treatment regimen, where cp-MΦ-NPs were administered after establishing the 

colitis (Figure 3.1.4A). In the study, administration of DDS alone led to significant body weight 

loss with time. Without treatment, mice with DSS-induced colitis showed a continuous body weight 

loss with 75.5% of the original body weight on day 13 (Figure 3.1.4B). Within the same period, 

mice treated with cp-MΦ-NPs showed significant bodyweight recovery, reaching 90% of the 

original body weights on day 13, indicating a preclinical treatment benefit of cp-MΦ-NPs. Colitis 

mice treated with cp-RBC-NPs or empty capsules showed similar weight loss as the DSS-only 

group, confirming the treatment efficacy of cp-MΦ-NPs (Figure 3.1.4C). At the study endpoint, the 

mice were sacrificed and examined the colon length. The cp-MΦ-NP treatment preserved the colon 

length comparable to the healthy controls (Figure 3.1.4D). Neither cp-RBC-NP nor empty capsules 

showed efficacy. Quantitative measurements of the colon length further confirmed the efficacy 

observed from cp-MΦ-NPs (Figure 3.1.4E). Meanwhile, the DAI values of the mice treated  
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Figure 3.1.4 In vivo efficacy of cp-MΦ-NPs for DSS-induced colitis in a delayed treatment regimen. 
(A) The delayed treatment study protocol. Seven-week-old male C57BL/6 mice were provided with either 
water or 3% DSS-containing water for 6 days. Then the mice were administrated daily with PBS, an empty 
capsule, cp-RBC-NPs, or cp-MF-NPs (3 mg of MF-NPs per capsule; 1 capsule per day) via oral gavage 
from day 7 to day 13. (B, C) Daily body weight plotted as the daily value (B) or values at the end of the 
treatment (C). (D) Mouse colon tissues from different experimental groups were collected and imaged on 
day 13. (E) Quantification of colon length in (D). (F) The disease activity index (DAI) calculated based on 
stool consistency (0–4), rectal bleeding (0–4), and weight loss (0–4). (G) Representative H&E staining 
images of mouse colon tissues from different experimental groups on day 13, scale bar = 1 mm (red dotted 
box: the crypt, blue arrow: the goblet cell, green arrow: infiltrating immune cells, scale bar in magnified 
image = 250 μm). (H) Histomorphological evaluation of the colonic damage based on inflammatory cell 
infiltrate (0–3), epithelial architecture (0–3), muscle thickening (0-3), goblet cell depletion (0-1), and crypt 
abscess (0-1) as scoring criteria. In all datasets, n = 5; data are presented as mean ± s.d.; n.s. = not significant; 
*p < 0.05, **p < 0.01, and ****p < 0.0001; statistical analysis was performed with one-way ANOVA. 

 

with cp-MΦ-NPs decreased once the treatment started (Figure 3.1.4F), but the DAI values of mice 

in other groups remained high. Histological analysis showed that the colon tissues from healthy mice 
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displayed well-defined fingerlike crypt structures, goblet cells, and no infiltrating immune cells, 

indicating intact colonic epithelial barriers (Figure 3.1.4G). However, the DSS challenge impaired 

the colonic epithelial barriers, indicated by severe crypt distortion, severe goblet cell loss, and heavy 

infiltration of immune cells. Colon tissues from mice treated with cp-MΦ-NPs showed similar 

histological features as those of the healthy controls. In contrast, tissues from mice treated with cp-

RBC-NPs or empty capsules exhibited histological features like the DSS-only group. We also scored 

the severity of colonic epithelial barrier damage and found mice treated with cp-MΦ-NPs were 

scored similarly to the healthy controls (Figure 3.1.4H). Their scores were significantly lower than 

that of other treatment groups. Collectively, these results confirmed that cp-MΦ-NPs effectively 

ameliorated DSS-induced colitis damage in a delayed treatment regimen. 

Finally, we evaluated the acute toxicity of cp-MΦ-NPs after their oral administration into 

healthy C57BL/6 mice. Each mouse received one capsule per day (3 mg cp-MΦ-NPs per capsule) 

from day 1 to day 7. Mice administrated with PBS or empty capsules served as controls. We 

monitored body weight changes daily but found no significant weight loss in all groups (Figure 

3.1.5A). On day 8, we collected blood, feces, and colons from the mice and performed 

comprehensive biomarker analyses. Serum metabolic panel analysis showed no significant changes 

in biomarkers associated with liver or kidney functions in mice treated with cp-MΦ-NPs (Figure 

3.1.5B). Moreover, the WBCs, RBCs, and platelets remained at comparable levels among all groups 

(Figure 3.1.5C).  



 

 

86 

 

Figure 3.1.5 In vivo biosafety of cp-MF-NPs. Seven-week-old male C57BL/6 mice were administrated 
daily with PBS, an empty capsule, or cp-MF-NPs (3 mg of MF-NPs per capsule; 1 capsule per day) via 
oral gavage for 7 days. (A) Daily body weight during the study. (B, C) Comprehensive serum chemistry 
panel (B) and blood cell count (C) performed at the end of the 7-day treatments. ALB, albumin; ALP, 
alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; TBIL, bilirubin; BUN, urea 
nitrogen; CA, calcium; PHOS, phosphorus; CRE, creatinine; GLU, glucose; NA+, sodium; K+, potassium; 
GLOB, globulin (calculated); TP, total protein. (D, E) Gut microbiome analysis based on quantification of 
microbial community observed OTU richness (D) and quantification of α-diversity (Shannon index, E). (F) 
Relative abundance of gut microbiome at phylum-level taxa presented as a percentage of total sequences. 
(G) H&E-stained histological sections from colonic tissues collected at the end of the 7-day treatments. 
Red dotted boxes indicate the crypts, and black arrows indicate the goblet cells. Scale bar = 250 µm. In all 
datasets, n = 3; data are presented as mean ± s.d.; n.s. = not significant. 
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Analysis of fecal samples via 16S rRNA sequencing in the V3 and V4 regions also demonstrated 

that daily administration of cp-MΦ-NPs induced an insignificant impact on the operational 

taxonomic unit (OTU) richness representing intestinal flora abundance (Figure 3.1.5D). 

Measurements of the Shannon a-diversity index also showed a negligible impact of cp-MΦ-NP 

treatment on the microbiota richness and distribution evenness (Figure 3.1.5E). Examination of the 

relative abundance of flora at the phylum level exhibited a similar microbiome composition among 

all experimental groups (Figure 3.1.5F). Furthermore, we collected the colonic tissues and stained 

the sections with hematoxylin and eosin (H&E) for histopathological analysis (Figure 3.1.5G). We 

found that the overall structure, integrity, and immune infiltration of tissues in mice treated with cp-

MΦ- NPs or empty capsules were similar to those of the PBS control group. Together, these results 

indicate that cp-MΦ-NPs have a high biosafety profile.  

 

3.1.3 Conclusion 

In summary, we have successfully developed a capsulated MΦ-NP formulation that 

showed great promise as an anti-inflammatory strategy for managing IBD. The resulting cp-MΦ-

NPs were able to withstand the harsh gastric environment and deliver the medication directly to 

the inflamed colon without being denatured. Once at the disease site, the MΦ-NPs were released 

from the capsules and present the same antigenic profiles as the endogenous macrophages, acting 

as decoys to neutralize pro-inflammatory cytokines. Unlike conventional anti-cytokine biologics 

that inhibit specific and limited targets, cp-MΦ-NPs represent a broad-spectrum approach the 

provides a disease-relevant inhibition of the inflammation cascade in IBD. In a DSS-induced 

murine IBD model, oral administration of cp-MΦ-NPs in both prophylactic and delayed treatment 

regimens significantly reduced colonic pro-inflammatory cytokine levels. The treatment resulted 
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in bodyweight recovery, preservation of colon length, and colon tissue protection. Importantly, cp-

MΦ-NPs showed no acute toxicity.  

In previous studies, cellular nanosponges have shown efficacy in treating various 

inflammatory diseases [40, 41]. The characteristics of these diseases play a crucial role in 

determining the design of nanosponge formulations. Factors such as the membrane type, route of 

administration, and membrane functionalization are typically tailored accordingly. In this work, 

the development of cp-MΦ-NPs exemplifies the underlying principle of biological neutralization 

shared by various types of cellular nanosponges. However, the cp-MΦ-NP formulation illustrates 

the importance of customized design features including freeze-drying, capsule encapsulation, 

colon targeting, and oral delivery. The success of this approach has greatly expanded the 

application potential of the cellular nanosponge platform. 

Toward future translation of cp-MΦ-NPs, several critical aspects should be considered. 

Firstly, optimizing the physicochemical properties of the nanosponges may further enhance the 

disease-targeting ability and treatment efficacy of cp-MΦ-NPs. For instance, modifying the 

surface chemistry of the nanosponges can reduce absorption by healthy tissue while enabling 

deeper penetration into inflamed tissue, thereby enhancing their anti-inflammatory activity [42]. 

Tuning the size and size distribution of the nanosponges may also improve nanoparticle diffusion 

and retention, leading to better treatment efficacy. Additionally, robust evidence in mouse models 

suggests that an altered intestinal microbial flora may contribute to IBD development and 

progression [43, 44]. Thus, modulating nanosponge interactions with microbiota and infiltrated 

immune cells could be beneficial. Nanosponge surface functionalization approaches such as lipid 

insertion, membrane hybridization, metabolic synthesis, and genetic engineering can help achieve 

this goal. Furthermore, it is crucial to establish a large-scale manufacturing process, along with 
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adequate quality control and quality assurance measures, to ensure an adequate supply of cp-MΦ-

NPs for preclinical and clinical tests. These challenges and opportunities remain to be explored in 

the future.  

 

3.1.4 Experimental Methods 

3.1.4.1 Macrophage Membrane Derivation 

Cell membrane of J774 cells, a mouse macrophage cell line, was collected according to a 

previously established protocol [25]. Briefly, frozen cell stocks were thawed and washed with 1X 

phosphate-buffered saline (PBS, Corning) three times. Cells were then suspended 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, all from Millipore-

Sigma), and a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). After 15 min 

of incubation at room temperature, cells were disrupted using a Dounce homogenizer with a tight-

fitting pestle (20 passes). The homogenized solution was centrifuged at 10,000 ×g for 25 min at 

4°C. The pellets were discarded, and the supernatant was centrifuged again at 150,000 ×g for 35 

min at 4°C to pellet the membrane. Following the centrifugation, the membrane was washed once 

by being resuspended in ethylenediaminetetraacetic acid (EDTA, 37 ml, 0.2 mM, Millipore-Sigma) 

and collected with centrifugation at 150,000 ×g for 35 min at 4°C. Finally, the membrane was 

resuspended in 1 ml 0.2 mM EDTA. The membrane protein concentration was measured by using 

a BCA kit (Pierce Thermo Scientific). The membrane suspension was stored at -80°C for 

subsequent uses. 

 

3.1.4.2 Red blood cell (RBC) membrane derivation 
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Human RBC membrane derivation was performed using a published protocol [45, 46]. 

Briefly, packed human RBCs (ZenBio Inc.) were washed with ice-cold 1X PBS and lysed with a 

hypotonic solution containing 0.25X PBS for 20 min. After the cell lysing process, the lysed cells 

were pelleted by centrifugation at 800 ×g for 5 min, followed by removing the supernatant 

containing hemoglobin. Such hypotonic-based cell lysing steps were repeated three times. The 

RBC membrane was resuspended in water at a protein concentration of 10 mg ml-1 and stored at -

80 °C for subsequent studies. 

 

3.1.4.3 Preparation of cell membrane-coated nanoparticles 

Nanoparticles coated with J774 mouse macrophage membrane (denoted “MF-NPs”) were 

synthesized using a previously published procedure [25]. Briefly, 1 ml of poly(dl-lactic-co-

glycolic acid) (PLGA, 50:50, 0.67 dl g-1, Lactel Absorbable Polymers) in acetone (20 mg ml-1, 

Millipore-Sigma) was added dropwise into 4 ml water. The mixture was vacuumed under an 

aspirator for 2 h to evaporate the acetone completely. For fluorescence imaging, 1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindotricarbocyanine Iodide (DiR, excitation/emission = 748/780 nm, Thermo 

Fisher Scientific) was added to the PLGA solution before the mixture was added into the water. 

The dye concentration was 0.1 wt% of PLGA polymer. The macrophage membrane was mixed 

with the PLGA core for cell membrane coating at a polymer-to-membrane protein weight ratio of 

1:1. The mixture was then sonicated with a bath sonicator (Fisher Scientific FS30D) for 3 min. 

RBC membrane-coated nanoparticles (denoted "RBC-NPs") were fabricated following the same 

process.  

 

3.1.4.4 Preparation of nanoparticle-loaded capsules 
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For MF-NP encapsulation, MF-NPs were first lyophilized in 10% sucrose for 48 h using 

FreeZone 4.5 lyophilizer (Labconco). Following the lyophilization, 3 mg of MF-NP powder was 

loaded into a mouse-specific, size M gel capsule using a capsule loading kit (all from Braintree 

Scientific). After the encapsulation, capsules were coated with the commercial enteric coating 

polymer Eudragit S100 (Evonik Operations) for protection from the gastric environment. In brief, 

the Eudragit S100 polymer was dissolved in 95% ethanol (Koptec) with 2.5% triethyl citrate 

(Millipore-Sigma) to a final concentration of 6 w/v%. The polymer solution was then stirred 

overnight in a closed container at room temperature. The capsules were dipped into the Eudragit 

S100 coating solution for coating, followed by 25 min of air-dry. The dip-coating process was 

repeated three times. Loading RBC-NP into the capsules was performed by following the same 

procedure.  

 

3.1.4.5 Nanoparticle physicochemical characterization 

The size (diameter, nm) and surface zeta potential (mV) of the nanoparticles were 

measured using dynamic light scattering (DLS, Malvern Zetasizer Nano ZS). For studying 

morphology, the nanoparticle samples were adsorbed onto carbon-coated copper grids (400-mesh, 

Electron Microscopy Sciences) and stained with 0.2 wt% uranyl acetate (Electron Microscopy 

Sciences). The grids were imaged on a JEOL 1200 EX II transmission electron microscope. For 

evaluating the colloidal stability, the samples were incubated in SIF at 37°C, and the nanoparticle 

size was measured daily with DLS for 7 days. For evaluating the protective effect of the capsule 

against the gastric environment, DiD-labeled MF-NPs were lyophilized and loaded into the 

Eudragit S100-coated capsules. Then the capsules were incubated in a simulated gastric fluid 

(SGF, pH = 2) or simulated intestinal fluid (SIF, pH = 7.4, both from RICCA Chemical). The fluid 
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samples were stirred at room temperature. The release of DiD-labeled MF-NPs was quantified by 

measuring DiD fluorescence signal (excitation/emission = 644/665 nm) in the fluid samples using 

a Tecan Infinite M200 plate reader (Tecan). 

 

3.1.4.6 In vitro cytokine binding study 

Recombinant mouse TNF-α (2 ng ml-1), IL-1β (8 ng ml-1), or IL-6 (8 ng ml-1, all from 

Biolegend) was mixed with MF-NPs at final concentrations ranging from 0 to 2 mg ml-1. The 

mixtures were incubated for 2 h at 37°C, and the MF-NPs were removed by centrifugation at 

16,100 ×g for 10 min. The concentrations of unbound cytokines remaining in the supernatant were 

quantified using mouse TNF-α, IL-1β, and IL-6 enzyme-linked immunosorbent assay (ELISA, kits 

purchased from Biolegend). The measurements were carried out in 1X PBS (pH = 7.4). The bound 

cytokine levels were calculated by subtracting the concentration of unbound cytokine from the 

initial cytokine input. Nonlinear curve fitting was performed in GraphPad Prism 9. 

 

3.1.4.7 Animals 

All mice used in this study were housed in an animal facility at the University of California 

San Diego (UCSD) under federal, state, local, and National Institutes of Health (NIH) guidelines. 

6-week-old male C57BL/6 mice were purchased from Jackson Laboratory and were maintained 

under standard housing with 12 h light - 12 h dark cycle, ambient temperature, and average 

humidity. All animal experiments were performed in accordance with NIH guidelines and approved 

by the Institutional Animal Care and Use Committee (IACUC) of UCSD. 

 

3.1.4.8 Pharmacokinetics and biodistribution studies 
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Capsules loaded with DiR-labeled MF-NPs (3 mg per capsule) were orally administrated 

to 7-week-old male C57BL/6 mice using a capsule dosing syringe (Braintree Scientific). At 2, 4, 

6, 10, and 24 h after the oral gavage, three mice were euthanized at each time point, and the entire 

gastrointestinal (GI) tract was collected. The GI tracks were rinsed with 1X PBS three times for 

biodistribution analysis and imaged using a Xenogen IVIS 200 system. The collected GI tracks 

were weighed and homogenized for quantitative analysis in 1 ml 1X PBS. The fluorescent signals 

were quantified using a Tecan Infinite M200 plate reader (Tecan, excitation/emission = 748/780 

nm).  

 

3.1.4.9 Dextran sulfate sodium (DSS)-induced mouse colitis model 

Six-week-old male C57BL/6 mice were divided into groups of five mice per cage and 

acclimatized for 1 week before the in vivo experiments. In all studies, nanosponge dosage was 

limited to a single capsule per day with its maximum nanosponge loading capacity. In a 

prophylactic regimen, the treatment started from day 1 and ended on day 9. Specifically, mice were 

administered with 3% DSS supplemented in drinking water for 6 days, followed by regular water. 

Mice fed with regular drinking water only were used as a control group. During the treatment 

period, PBS, empty capsules, capsules loaded with RBC-NPs (denoted ‘cp-RBC-NPs’, 3 mg RBC-

NPs per capsule), and capsules loaded with MF-NPs (denoted ‘cp-MF-NPs’, 3 mg MF-NPs per 

capsule) were orally administrated into mice using a capsule dosing syringe one capsule per day 

for 9 days. For the delayed treatment regimen, mice were administrated with 3% DSS 

supplemented in drinking water for 6 days, followed by regular drinking water. At the end of day 

6, mice were orally administered with PBS, empty capsules, RBC-NP capsules (3 mg RBC-NPs 
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per capsule), and MF-NP capsules (3 mg MF-NPs per capsule) at a dosage of one capsule per day 

until day 13.  

 

3.1.4.10 Disease severity evaluation 

In all studies, changes in the body weight of all mice were recorded daily throughout the 

experimental period. In addition, fecal samples were collected on predetermined time points used 

to calculate the disease activity index (DAI) based on stool consistency (0-4), rectal bleeding (0-

4), and weight loss (0-4) [47]. Specifically, (a) stool consistency: 0 = normal, 1 = soft stool, 2 = 

loose stool, and 4  = diarrhea; (b) rectal bleeding: 0 = no blood, 1 = Hemoccult positive, 2 = 

Hemoccult positive and visual pellet bleeding, and 4 = gross bleeding with blood around anus; (c) 

weight loss: 0  = no loss, 1 = 1-5% loss, 2 = 5-10% loss, 3 = 10-20%, and 4 ≥  20% loss. At the 

study endpoints, mice were euthanized. The entire colon was extracted, and the length was 

measured. Then, a piece of colonic tissue (0.5 cm in length, n = 5) was excised from the distal 

section and cut into three sections. The three sections were used for histological analysis, 

immunofluorescence staining, and mRNA quantification, respectively. The remaining colonic 

tissue was weighed and homogenized in 0.5 ml of 1X PBS for the quantification of pro-

inflammatory cytokines concentration. In the quantification, homogenized samples were 

centrifuged for 10 min at 10,000 ×g at 4°C. The concentration of TNF-α, IL-1β, and IL-6 in the 

supernatant were quantified using an ELISA kit (BioLegend). 

 

3.1.4.11 Histological analysis of colonic tissues 

Colon samples collected from the above study were also used for H&E and TUNEL 

staining (n = 5, UCSD Histology Core). To quantify TUNEL positivity, five random areas were 
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selected from each group. Within each area, the total number of cells and the number of TUNEL-

positive cells were counted. TUNEL positivity was determined by calculating the ratio of TUNEL-

positive cells to the total cells. For evaluating the disease severity, the histological samples were 

scored for the presence of neutrophilic and mononuclear infiltrates (0-3), epithelial architecture 

damage (0–3), muscle thickening (0-3), goblet cell depletion (0-1), and crypt abscess (0-1) [48]. 

The colonic histological damage scores were summed, resulting in a final score between 0 and 11. 

 

3.1.4.12 Immunofluorescence analysis of colonic tissues 

For immunofluorescence analysis of ZO-1 and occludin-1 expressions on mouse colonic 

tissues, 0.5 cm of colonic tissues were fixed in Tissue-Tek O.C.T. Compound at -80°C (Sakura 

Finetek). After cryo-section, the colonic tissue samples were permeabilized with 0.25% Trition-

100X and blocked with 2% bovine serum albumin (BSA) in 1X PBS for 1 h. The sections were 

then stained with 5 µg ml-1 mouse anti-ZO-1 antibodies conjugated with AlexaFluor-488 

(ThermoFisher) and 1 µg ml-1 mouse anti-occludin antibodies conjugated with AlexaFluor-594 

(ThermoFisher) overnight at 4°C. Meanwhile, Hoechst 33342 (1 µg ml-1, ThermoFisher) was used 

for nuclei staining. Finally, the immunofluorescence signals were observed by using a confocal 

microscope (Leica SP8). 

 

3.1.4.13 Quantitative reverse transcription PCR (qRT-PCR) 

According to the manufacturer's protocol, RNA was extracted from mouse colonic tissues 

using a Direct-zol RNA Miniprep kit (Zymo Research). The RNA was reverse transcribed into 

cDNA using the ProtoScript First Strand cDNA Synthesis kit (New England BioLabs), followed 

by qPCR using LUNA Universal qPCR Master Mix (New England BioLabs). The cycling 
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condition was 95°C for 1 min and then 40 cycles of 95°C for 15 s and 60°C for 45 s. The relative 

expression of target genes was calculated using b-actin as a reference gene. The primers used for 

amplifications include the following: ZO-1 forward (CTTCTCTTGCTGGCCCTAAAC), ZO-1 

reverse (TGGCTTCACTTGAGGTTTCTG), Occludin forward 

(CACACTTGCTTGGGACAGAG), Occludin reverse (TAGCCATAGCCTCCATAGCC), b-

actin forward (AAGTGTGACGTTGACATCCG), and b-actin reverse 

(GATCCACATCTGCTGGAAGG). All sequences refer to 5’ to 3’. 

 

3.1.4.14 In vivo biosafety study 

For in vivo biosafety study, six-week-old male C57BL/6 mice were divided into groups of 

three mice per cage and acclimatized for 1 week before the in vivo experiments. During the study 

period, PBS (100 µl), empty capsules, and MF-NP capsules (3 mg MF-NPs per capsule) were 

orally administrated into mice using a capsule dosing syringe at a dosage of one capsule per day 

for 7 days. Throughout the study, mouse weight changes were recorded daily, and the mice were 

euthanized at the endpoint for sample collection. For blood chemistry analysis and blood cell 

counts, mouse whole blood was collected into potassium–EDTA collection tubes (Sarstedt). The 

analysis was performed by the UCSD Animal Care Program Diagnostic Services Laboratory. For 

the histological analysis, the colons were sectioned and stained with H&E (Leica Biosystems), 

followed by imaging with a Nanozoomer 2.0-HT slide scanning system (Hamamatsu). 

 

3.1.4.15 Microbiome analysis 

200 mg of feces were collected from each mouse on day 8 of the in vivo biosafety study. 

The fecal samples were properly packed and shipped to Zymo Research Corporation for 
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microbiome analysis. In brief, microbiome DNA was extracted from the mouse feces using 

ZymoBIOMICS®-96 MagBead DNA Kit. The isolated DNA was then used to generate 16S rRNA 

libraries via the Quick-16S™ NGS Library Prep Kit (all from Zymo Research). 16S rRNA 

sequencing was performed on Illumina® MiSeq™ with a primer set specific to the V3 and V4 

regions, and the analysis was conducted using Qiime v.1.9.1. and LEfSe analysis package.  
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3.2 Gastrointestinal tract drug delivery using algae motors embedded in a 

degradable capsule 

3.2.1 Introduction 

Oral delivery to the gastrointestinal (GI) tract has been one of the most widely used 

approaches for drug administration due to its high patient compliance, non-invasiveness, simplicity, 

and low cost [1, 2]. Despite their potential advantages, oral drug formulations face several barriers 

within the GI tract, including poor stability in gastric fluid, limited drug interaction with the 

intestinal lining, and low solubility [3]. Several engineered systems, based on microinjectors and 

microneedles, have been described recently for improving the oral delivery of large biological 

macromolecules via mechanical penetration mechanisms [4, 5]. Other platforms, including 

bioadhesive patches, responsive hydrogels, mucus-penetrating particles, ionic liquids, and 

microgrippers, have been reported for enhancing GI delivery via improved tissue adhesion, 

prolonged retention, and improved drug localization [6-10]. The use of micromotors is another 

promising and effective approach for the active transport of therapeutic agents to specific sites of 

interest [1, 11-14]. A variety of synthetic micromotors, capable of propelling to hard-to-reach 

locations within the body, have been developed for active drug delivery, as well as for other 

biomedical applications including biosensing or microsurgery [15-19]. Early in vivo studies using 

micromotors focused primarily on the GI tract, which can provide a favorable environment for 

movement [19, 20]. Such pioneering studies employed chemically powered micromotors based on 

magnesium or zinc microengines for the enhanced delivery of antibiotics, vaccines, and 

micronutrients [19-22]. These self-propelled micromotors hold particular promise for the local 

delivery of drug payloads towards the treatment of GI diseases and disorders [19]. Although these 

active platforms substantially enhanced delivery efficacy compared to corresponding static 
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microcarriers, they suffer from short lifetimes of operation up to approximately 15 minutes once 

in contact with GI fluid. This decreases the potential of these synthetic micromotors to interact 

with GI mucosa and limits their overall retention, thus leading to decreased drug bioavailability. 

To address this limitation, active micromotor-based GI drug delivery systems with improved 

characteristics need to be developed. 

Here, we report an algae motor-loaded capsule system that combines the efficient long-

lasting movement of natural algae in the small intestine with the protective capabilities of oral 

capsules, thus enabling prolonged retention within the intestinal mucosa towards greatly improved 

GI delivery. Microorganisms, such as bacteria, sperm, and microalgae have evolved over millions 

of years to develop robust actuation systems that enable autonomous motion [23]. The natural 

cellular systems have recently emerged as attractive cargo carriers that are capable of transporting 

therapeutics to hard-to-reach body locations [24, 25]. Combining these motile microorganisms 

with synthetic materials results in biohybrid systems capable of performing multiple tasks [26-28]. 

Whereas sperm and bacteria have been used for over a decade in diverse biomedical applications, 

ranging from cancer therapy to assisted fertilization [29-31], microalgae swimmers have rarely 

been explored as robotic actuators [32]. Microalgae are eukaryotic swimmers that are facile to 

culture, and they offer attractive properties for biomedical applications, including efficient 

propulsion (>100 µm/s), autofluorescence, and phototactic guidance capabilities. 

We chose Chlamydomonas reinhardtii as a model microalgal swimmer for active payload 

delivery in the GI tract due to its many attractive properties, including cytocompatibility, cost-

effective scalable production, good adaptability and motility in diverse aqueous environments, 

abundance of reactive surface groups for functionalization, and autofluorescence for ease of 

tracking in vivo [27, 32-34]. C. reinhardtii swims by beating its two flagella synchronously with 
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a frequency of 50 Hz [35], reaching high speeds up to approximately 200 μm/s [32, 36]. We 

demonstrate that C. reinhardtii display substantially longer propulsion in intestinal fluid compared 

to synthetic chemically powered magnesium (Mg) micromotors, which are the only type of self-

propelled microrobot swimmers that have been reported for in vivo operation in the GI tract [19-

22]. To protect the algae motors from the harsh gastric environment, they were embedded inside a 

protective capsule (Figure 3.2.1A-C), which was prepared with an inner hydrophobic coating to 

entrap aqueous solution for maintaining algae viability along with an outer pH-responsive enteric 

polymer coating. Upon release from the capsule, the algae display constant motility in intestinal 

fluid (Figure 3.2.1D). Compared to the short lifetime of commonly used Mg micromotors, the 

algae motors remain motile for more than 12 h at body temperature. In vivo, this prolonged 

movement leads to notably improved intestinal distribution (Figure 3.2.1E), resulting in enhanced 

retention of a model chemotherapeutic doxorubicin (Dox) conjugated to the algae motors. Overall, 

our findings indicate that natural algae-based active carriers hold great promise for oral drug 

delivery to enhance the treatment of GI diseases. 
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Figure 3.2.1 Schematic of algae motors in a capsule for gastrointestinal tract delivery. (A) Algae 
motors loaded within protective capsules containing an inner hydrophobic coating layer and an outer enteric 
coating layer can be used for oral delivery applications. (B) The algae motor-loaded capsule first enters the 
stomach, where the enteric coating protects it from degradation at acidic gastric pH. Upon entering the 
intestines, the enteric coating is dissolved in the nearly neutral pH and the capsule is degraded, leading to 
complete release of the algae motors. (C) Brightfield (upper) and fluorescent (lower) images of an algae 
motor-loaded capsule. Scale bar, 2 mm. (D) Representative tracking trajectories demonstrating the 
autonomous movement of algae motors in simulated intestinal fluid. (E) Representative biodistribution of 
fluorescently labeled algae motors in the GI tract 5 h after administration in a capsule by oral gavage. 
 

3.2.2 Results and Discussion 
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Movement of algae-based micromotors in simulated intestinal fluid  

We first studied the motion properties of C. reinhardtii, which are commonly utilised as a 

model algal species [37], and compared them with that of Mg micromotors (Figure 3.2.2A). The 

artificial intestinal fluid (SIF) mainly, composed of potassium dihydrogen phosphate at pH 6.8, 

was used to test the movement of algae and Mg micromotors. In SIF, the natural algae motors 

exhibited a stable speed profile of approximately 120 μm/s that lasted for a minimum of 12 h. This 

consistent motile behavior is ascribed to the coordinated, self-sustained beating of algae flagella 

[38] even in suboptimal survival conditions such as SIF. In contrast, the speed of Mg micromotors 

in SIF dramatically decreased from an initial 180 μm/s to 80 μm/s after 15 min before reaching 0 

μm/s after another 15 min. This sharp drop in speed reflects the rapid dissolution and depletion of 

the Mg engine during propulsion. The percentage of motile Mg motors also dropped to 20% after 

15 min of propulsion, whereas the 89% of the algae motors remained moving after 12 h (Figure 

3.2.2B). In tracing their motion, the movement patterns of algae tracked over 2 s intervals appeared 

consistent over the course of 12 h (Figure 3.2.2C), whereas no movement was observed for Mg 

motors after 30 min (Figure 3.2.2D). These data illustrated that the algae motors could self-propel 

efficiently in SIF and maintain consistently fast motility over long periods of time, thereby 

supporting potential for active GI delivery applications.  

To demonstrate their potential for drug delivery, the algae motors were modified with two 

different cargos: a fluorescent dye and polymeric nanoparticles. The green dye fluorescein 

(excitation/emission = 494 nm/518 nm) was first chemically conjugated to the surface of the algae 

[39]. After dye conjugation, the algae could be fluorescently tracked (Figure 3.2.2G-H), and the 

median speed calculated from 100 individual algae was near identical to that of unmodified algae 

(Figure 3.2.2E-F) and consistent with previously reported values [32, 36]. Similarly, red blood 
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cell (RBC) membrane-coated poly(lactic-co-glycolic acid) (PLGA) nanoparticles [40] (denoted 

“NP”) were linked to the algae via click chemistry. To visualize the NP on the algae, the fluorescent 

dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine (DiI, excitation/emission = 550 

nm/567 nm) was encapsulated inside the PLGA core during the fabrication process. The NP-

modified algae motors (denoted “algae-NP motors”) exhibited a similar swimming pattern and 

speed distribution profile in SIF compared to unmodified algae motors (Figure 3.2.2I-J). In 

addition, the intrinsic phototaxis of the algae was not compromised after the NP functionalization. 

The data here confirmed that different payloads, ranging from molecules to nanoparticles, can be 

successfully loaded onto algae motors without affecting their propulsion characteristics, further 

highlighting the active GI delivery potential of algae-based motor systems.  
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Figure 3.2.2 Motility of algae motors and magnesium motors in simulated intestinal fluid (SIF) at 
room temperature. (A) Speed of algae motors and Mg motors in SIF during 12 h of operation (n = 5, mean 
± SD). (B) The percentage of motile motors in SIF during 12 h period (n = 5, mean + SD). (C, D) Time-
lapse snapshots and trajectories of algae motors (C) and Mg motors (D) over a span of 2 s at different 
timepoints during operation. Scale bars, 50 μm. (E-J) Time-lapse images showing trajectories over a span 
of 1 s and corresponding speed distributions of unmodified algae (E, F), fluorescein-labeled algae motors 
(G, H), and algae motors carrying DiI-loaded RBC membrane-coated nanoparticles (I, J) (n = 100). Scale 
bars, 20 μm. 
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Formulation of algae motors into protective capsules 

In order to effectively use algae motors for delivery to the GI tract in vivo, it is necessary 

to overcome the harsh acidic environment of the stomach, which can degrade the algae prior to 

reaching the small intestines. To address this, we modified a commercial capsule to encapsulate 

viable algae in an internal aqueous medium for safe passage through the stomach. First, an 

organosilicon solution, consisting of 4% octadecyltrimethoxysilane (OTMS) [41], was prepared to 

create a thin hydrophobic coating on the inside of the capsule via a thermal evaporation technique. 

To test the stability of a capsule with this internal coating, an aqueous solution containing 

rhodamine dye was encapsulated. Visually, the capsule remained unchanged, whereas significant 

deformation was observed for a control uncoated capsule. By changing the number of coating 

layers, the degradation of the capsules, which is reflected by the release of the dye, could be 

modulated, with 10 layers of coating offering the longest delay in release in SIF. Secondly, the 

exterior surface of the capsule was coated with Eudragit L100-55, a pH-responsive polymer 

commonly used for protecting oral medication from harsh gastric acid conditions; previous studies 

have demonstrated the utility of Eudragit L100-55 as enteric coating for enhancing the delivery of 

micromotors to the intestines [42]. To imitate physiological conditions in the stomach, simulated 

gastric fluid (SGF) at pH 1.5, containing sodium chloride and hydrochloric acid, was utilized. In 

our case, three layers of coating using a 7% (w/v) polymer solution offered full protection of the 

encapsulated cargo from SGF. Upon changing from SGF to SIF, burst cargo release was observed 

within 10 min due to dissolution of the enteric coating at higher pH values. These results confirmed 

that it was possible to load cargo in aqueous solutions using suitably coated capsules for the GI 

delivery of algae motors. 

Next, we investigated the encapsulation of live algae into the modified capsules and their 
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release in vitro. Algae were suspended in tris-acetate-phosphate (TAP) medium and loaded into 

capsules with 10 inner OTMS layers and 3 outer enteric coating layers. For visualization, the 

OTMS and enteric coating layers were labeled with 3’,3'-dioctadecyloxacarbocyanine (DiO, 

excitation/emission = 484 nm/501 nm) and Pacific Blue (excitation/emission = 410 nm/455 nm), 

respectively. Under fluorescence microscopy, a strong signal was observed for both coating layers 

along with the autofluorescence of the algae (excitation/emission = 647 nm/680 nm), confirming 

successful encapsulation of algae motors into the fabricated capsule platform (Figure 3.2.3A). In 

SGF, it was demonstrated that there was no release of algae from the capsules, whereas the algae 

motors could be released over time in SIF (Figure 3.2.3B). The release in SIF was gradual for 

approximately 30 minutes, after which the majority of the algae was released by 45 min from the 

start of the experiment. The total number of released algae reached 9.15 × 105 after 45 min (Figure 

3.2.3C-D). Motion tracking of algae motors within the capsule and algae motors released from the 

capsule revealed similar patterns of movement (Figure 3.2.3E). The median speed calculated from 

100 individual algae also remained unchanged throughout the fabrication process, as well as after 

release from the capsules (Figure 3.2.3F-G). These data indicated that the algae motors could be 

effectively encapsulated and then released from the modified capsule with negligible effect on 

their swimming performance. 
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Figure 3.2.3 Loading and release of algae motors in a capsule in vitro. (A) Brightfield and fluorescence 
microscopy images of autofluorescence of algae motors (red) in a capsule formulation fabricated with a 
DiO-labeled octadecyltrimethoxysilane (OTMS) inner coating (green) and a Pacific Blue-labeled enteric 
outer coating (blue). Scale bar, 1 mm. (B) Release profile of algae motors from a capsule in simulated 
gastric fluid (SGF) (blue line) and simulated intestinal fluid (SIF) (red line). Inset images correspond to t = 
15 min (left) and t = 45 min (right). (C) Quantification of algae release from capsules over time in SIF (n 
= 3, mean + SD). (D) Time-lapse images (t = 15 min, 30 min, and 45 min) showing the release of algae 
motors from a capsule in SIF. Scale bar, 100 μm. (E) Representative tracking lines of encapsulated algae 
motors in TAP medium and released algae motors in SIF. Scale bar, 50 μm. (F, G) Speed distribution of the 
encapsulated algae motors (F) and released algae motors (G) from (E) (n = 100). 
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After evaluating the release of algae motors from the capsules under in vitro conditions, 

we investigated the delivery capabilities of the platform within the GI tract. First, mimicking the 

physiological conditions of the intestines, the motion behavior of algae motors and Mg motors was 

evaluated in SIF at 37 °C in vitro (Figure 3.2.4A-B). The speed of the algae motors was affected 

by the elevated temperature, decreasing from 113 μm/s to 83 μm/s within 15 min of self-propulsion, 

and further dropping to 40 μm/s after 12 h. At the experimental endpoint, approximately 70% of 

the algae remained motile, indicating that they could survive for prolonged periods of time even 

in unfavorable conditions. In comparison, the conventional Mg motors rapidly lost their movement, 

with only 33% still propelling at a high speed of 180 μm/s after 5 min. After another 10 min, only 

8% remained motile with an average speed of 80 μm/s. This fast drop in speed and the fraction of 

motors displaying active motion reflected the rapid depletion of the Mg engine. The algae motors 

also exhibited the ability to swim in viscous simulated mucus [43] over an extended period of time, 

whereas the Mg motors did not. These findings illustrated the greatly improved behavior of the 

algae motors compared to their Mg-based counterparts for applications requiring prolonged 

propulsion. 

 

In vivo biodistribution of algae motors after oral delivery 

Following the in vitro tests, a study was carried out to assess the in vivo biodistribution and 

retention of the algae motors when delivered orally in capsule form. To facilitate imaging and 

quantification in biological tissue, both the algae motors and Mg motors were labeled with the 

same fluorescent dye. The algae motors were directly conjugated with fluorescein, whereas the 

Mg motors were first coated with poly-l-lysine [44] followed by conjugation with fluorescein. As 

a result, both motors could be easily visualized under fluorescence microscopy and displayed near-
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identical signals that did not diminish after 6 h in SIF at 37 °C. Next, the algae motors and Mg 

motors were embedded in the protective capsules and administered by oral gavage into mice. At 5 

h after administration, the mice were euthanized and their GI tracts were imaged ex vivo (Figure 

3.2.4C). Whereas a narrow distribution was observed from the fluorescent signal of the Mg motors, 

the signal for the algae motors was more evenly distributed through the intestines. Quantification 

of the total radiant efficiency within the small intestines corroborated the improved retention of 

the algae motors compared with the Mg motors (Figure 3.2.4D). The observed differences in 

biodistribution suggested that algae, with their long-lasting movement properties, could be 

effective at delivering drug payloads locally within the GI tract. 

      
Figure 3.2.4 Comparison of the distribution of algae motors and magnesium motors in the 
gastrointestinal tract. (A) Speed of algae motors and Mg motors at 37 °C in SIF during 12 h of operation 
(n = 5, mean ± SD). (B) Percentage of motile algae motors (red line) and Mg motors (blue line) at 37 °C in 
SIF during 12 h of operation (n = 5, mean ± SD). (C) Representative images of the GI tract of mice 5 h 
after oral administration of fluorescein-labeled algae motors in a capsule (left) or Mg motors in a capsule 
(right). (D) Quantitative analysis of total fluorescence intensity within the small intestine from the images 
in (C) (n = 3, mean + SD). Student’s two-tailed t-test, **p < 0.01. 
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In vivo delivery of therapeutic drugs using algae motor capsules 

To better understand the mechanism behind the improved biodistribution and retention of 

algae motors within the small intestine, we compared our algae motor capsule formulation with 

different control groups, including TAP medium only (negative control), free algae without a 

capsule, and static algae in a capsule. To prepare the static algae control, live algae were 

deflagellated using acetic acid and resuspended in phosphate buffer saline (PBS) for encapsulation. 

Optical visualization and scanning electron microscopy (SEM) images confirmed successful 

deflagellation and that the resulting static algae lost their motion capabilities in SIF at 37 °C. The 

intrinsic fluorescence of chlorophyll a in algal chloroplasts allows for noninvasive fluorescence 

imaging of algae without the need for chemical modification [45]. We then proceeded to perform 

ex vivo fluorescence imaging on the GI tract of mice receiving the various formulations with 

equivalent fluorescence in order to determine the influence of active movement and capsule 

protection on biodistribution (Figure 3.2.5A). At 5 h after oral administration, algae motors 

delivered inside capsules were more broadly distributed across the intestines compared with static 

algae that were also encapsulated. This result highlighted the importance of self-propulsion, which 

likely helped to increase the interaction of the algae with the intestinal wall, thus leading to 

enhanced retention. Additionally, there was almost no signal observed in the intestines after 

administration of free algae, demonstrating the necessity of using the capsules to protect from the 

harsh stomach acid. Quantification of the fluorescent signal from each sample further supported 

the imaging results, as the fluorescence from the encapsulated algae motor group was 3.5-fold 

greater than the encapsulated static algae group (Figure 3.2.5B). To control for the background 

signal from food contaminants within the stomach [42, 46], capsules loaded with dye-labeled algae 

motors were delivered orally, and it was confirmed that the majority of the algae were distributed 
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within the intestine.  

 
Figure 3.2.5 Gastrointestinal tract delivery of algae motors in comparison with other algae controls. 
(A) Representative ex vivo fluorescence images of GI tissues of mice 5 h after oral administration with TAP 
medium as negative control, free algae without capsule, static algae in a capsule, and algae motors in a 
capsule. (B) Quantitative analysis of the mean fluorescence from the experiment in (A) (n = 3, mean + SD). 
One-way ANOVA, ***p < 0.001, ****p < 0.0001.  

 

We next explored the feasibility of using algae motors for delivering therapeutic drugs to 

the GI tract. Doxorubicin (Dox), a commonly used frontline chemotherapeutic agent [47], was 

selected as a model drug payload. First, RBC membrane-coated NP was loaded with Dox (denoted 

“NP(Dox)”) via a double emulsion solvent evaporation technique [48, 49]. Transmission electron 

microscopy (TEM) imaging confirmed the core–shell structure of the NP. Fluorescence imaging 

showed colocalization of the Dox-loaded PLGA cores and the DiO-labeled RBC membrane 

coating, verifying successful drug loading. Next, NP(Dox) was linked to the algae (denoted “algae-

NP(Dox)”) by click chemistry (Figure 3.2.6A). Fluorescence and SEM imaging confirmed the 

effective binding of NP(Dox) to the algae (Figure 3.2.6B-C). To test the Dox loading onto the 
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algae, we incubated 1 × 106 algae with different concentrations of NP(Dox). The Dox loading yield 

onto the algae was measured at different NP(Dox) inputs and the maximum loading amount (15 

μg) was obtained with 50 μg input of Dox, corresponding to a 30% loading efficiency per 106 cells 

(Figure 3.2.6D). It was also confirmed that Dox, either in free form or nanoparticulate form, did 

not have an influence on the viability of the algae. The mean and median speed of algae-NP(Dox) 

measured from 100 individual algae motors were 108.69 μm/s and 108.78 μm/s, respectively, and 

these values were comparable to those of the bare algae (Figure 3.2.6E-F). Furthermore, it was 

demonstrated that the drug release profile of NP(Dox) was not affected by binding to the algae 

motors (Figure 3.2.6G). After loading onto algae motors, the NP(Dox) payload retained its 

cytotoxic activity, as it was demonstrated that algae-NP(Dox) could inhibit the growth of B16F10 

melanoma cell lines in vitro (Figure 3.2.6H). Algae-NP(Dox) and NP(Dox), both loaded into 

protective capsules, were then administered at the same drug dosage, followed by extraction of the 

intestines to quantify Dox concentration (Figure 3.2.6I). Compared with the tissue homogenates 

of mice administered with NP(Dox), the samples from mice receiving algae-NP(Dox) exhibited 

significantly higher drug levels at all of the timepoints (3 h, 6 h, and 9 h) that were tested. These 

data further supported the benefits of using algae motors with prolonged active self-propulsion to 

enhance the delivery and retention of therapeutic payloads in the small intestinal tissues. Future 

studies will focus on evaluating the potential of algae motors for drug delivery to treat diseases in 

suitable animal models, e.g. inflammatory bowel disease (IBD) and bacterial gastroenteritis.  
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Figure 3.2.6 Characterization of drug-loaded algae motors. (A) Schematic illustration of the fabrication 
process for algae-NP(Dox) motor. (B) Brightfield, autofluorescence of algae chloroplast (red), DiO-labeled 
RBC membrane (green), and merged microscopy images showing the loading of Dox-loaded NP with dye-
labeled RBC membrane onto an algae motor. Scale bar: 5 μm. (C) SEM image of an algae motor loaded 
with NP(Dox). Scale bar, 2.5 μm. Inset shows a zoomed in view corresponding to the dashed red box. Scale 
bar, 200 nm. (D) Quantification of drug loading amount and loading efficiency of 1 × 106 algae-NP(Dox) 
at different Dox inputs (n = 3, mean ± SD). (E, F) Mean (E) and median (F) speed of algae-NP(Dox) motor 
and bare algae. The speed was measured from 100 individual alga. (G) The cumulative drug release profiles 
from algae-NP(Dox) motor and NP(Dox) (n = 3, mean ± SD). (H) Viability of B16-F10 cancer cell lines 
after 24 h, 48 h and 72 h of incubation with blank solution, bare algae, NP(Dox), and algae-NP(Dox) motor 
(n = 3, mean ± SD). (I) Quantification of the total Dox content per small intestine at different times after 
administration of algae-NP(Dox) motor and NP(Dox) in a capsule (n = 3, mean ± SD). Student’s multiple 
t-test, *p < 0.05, **p < 0.01, ***p < 0.001. 
 

In vivo toxicity evaluation of algae motor capsules 

Finally, we evaluated the in vivo safety profile of the algae motor capsule platform 
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following oral administration. A comprehensive blood chemistry panel and blood cell count were 

conducted 24 h after administration (Figure 3.2.7A-B). Compared to untreated control mice, the 

level of all serum biochemistry markers and number of blood cells (red blood cells, white blood 

cells, and platelets) in the mice receiving algae motor capsule treatment remained at normal levels. 

A longer-term safety study in which mice were administered with one algae motor capsule every 

other day on days 0, 2, 4, and 6 also yielded the same result, whereby negligible toxicity, indicated 

by the minor changes of metabolic biomarkers and blood cell counting, to the mice was observed. 

Histological analysis of GI tract tissue sections from algae motor-treated mice stained with 

hematoxylin and eosin (H&E) revealed that structural integrity was preserved and that there was 

no immune cell infiltration into the mucosa or submucosa, indicating the lack of an inflammatory 

response (Figure 3.2.7C). There was also no observable inflammation or pathological changes on 

H&E-stained sections from other major organs such as the heart, lungs, liver, kidneys, and spleen 

(Figure 3.2.7D). Overall, these results suggested that the algae motor capsule platform is safe to 

use for oral drug administration. 
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Figure 3.2.7 In vivo safety analysis of algae motors following oral administration. (A, B) 
Comprehensive blood chemistry panel (A) and blood cell counting (B) taken from nontreated mice, mice 
with single dose treatment, and mice with multiple dose treatment (n = 3, mean + SD). For single dose 
evaluation, mice were orally administrated with one algae motor capsule at day 0, and blood samples were 
collected at day 1. For multiple doses evaluation mice were orally administrated with one algae motor 
capsule every other day on days 0, 2, 4, and 6. Blood samples were collected at day 7. The green dashed 
lines indicate mouse reference ranges of each analyte. (C) Representative H&E-stained histological sections 
from different sections of the GI tract from nontreated mice and mice treated with the algae motors in a 
capsule 24 h after oral administration. Scale bar, 100 μm. (D) H&E-stained histological sections of major 
organs, including the heart, lungs, liver, kidneys, and spleen, from nontreated mice and mice treated with 
the algae motors in a capsule 24 h after oral administration. Scale bar, 250 μm. 
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3.2.3 Conclusion 

The development of microorganism-based micromotors for addressing key healthcare 

issues is still in its infancy [25]. Although various in vitro studies have illustrated the use of 

bacteria-based drug delivery systems, there are major risks associated with their in vivo use when 

considering factors such as pathogenicity or immunogenicity [24]. As an alternative cell type, 

microalgae are nonpathogenic and have been explored in the development of biohybrid systems 

[36, 50]. Microalgal swimmers recently have been employed as biomedical robotic actuators, 

primarily under in vitro settings [32]. Early in vivo studies have mainly focused on the therapeutic 

delivery of algae-derived compounds [51]. More recently, a few studies have reported the use of 

algae as drug carriers for in vivo operation [45, 52]. For example, the spiral structure of Spirulina 

platensis was leveraged to passively prolong retention of curcumin in the intestines for the 

improved treatment of colon cancer and colitis [45]. Additionally, a magnetic nanoparticle-loaded 

microalgae biohybrid imaging system was reported recently, and a swarm of these microswimmers 

could be externally controlled by a magnetic field and tracked using magnetic resonance imaging 

[50]. Despite these advances, there have been no studies exploiting the intrinsic self-propulsion of 

algae for enhanced GI delivery.  

In the present study, several key points have been considered in order to tackle the 

challenges facing the algae-based active GI delivery: protection from the harsh acid environment 

of the stomach enroute to the intestines, selection of suitable algal strain with long-lasting self-

propulsion in intestinal fluid, and cargo/drug loading capability. By addressing these issues, we 

demonstrated here an algae motor capsule system for effective intestinal targeting and prolonged 

tissue retention. Compared to the short lifetime of current Mg-based micromotors, the algae motors 

displayed prolonged propulsion in GI fluid towards enhanced local delivery for the treatment of 
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potential GI diseases and disorders. To achieve intestinal delivery, an enteric-coated capsule 

modified with an inner hydrophobic organosilicon layer was fabricated to effectively protect 

encapsulated algae from the harsh gastric fluid while maintaining their viability. The capsule 

fabrication, encapsulation, and release processes had a negligible effect on the viability of the algae 

motors. Modifying capsules in the manner described here provides an effective approach for 

delivering motile living organisms in aqueous media to the GI tract. To demonstrate the distinct 

advantages of the platform for in vivo intestinal delivery, algae motor capsules were administered 

orally, and their biodistribution and retention properties were compared to various controls. The 

algae motors displayed broader distribution and stronger retention in the GI tract compared to 

synthetic Mg motors. This was likely mediated by the prolonged motion of the live algae, as it was 

shown that static algae that were incapable of propulsion exhibited considerably less retention in 

the intestines. Importantly, we also demonstrated that the the ability of the algae motor capsule 

system could also be utilised for the delivery of a model anticancer drug to the GI tract. Moreover, 

the platform displayed a favorable biosafety profile following oral administration.  

The characteristics of the algae motor in a capsule formulation, particularly its long-lasting 

self-propulsion, can be leveraged for microrobotic biomedical applications beyond the treatment 

of GI diseases and disorders, ranging from GI detoxication to imaging and sensing. There are 

several approaches in which algae motors could be improved in order to enhance their utility for 

GI delivery applications. For example, the incorporation of imaging agents could enable direct 

visualization of algae movement as they operate within the intestines. A recent report described a 

photoacoustic computed tomography-guided microrobotic system for realizing real-time 

navigation and monitoring of synthetic Mg motors in the intestines in vivo [53]. In another example, 

positron emission tomography combined with computed tomography was used to evaluate the 
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swarm behavior of enzyme-powered nanomotors in the bladder [17]. By conjugating magnetic 

microparticles to the algae surface [32], an external magnetic navigation system could be used to 

precisely guide and track algae motors to the target sites. Whereas the current work focused on 

demonstrating the potential of algae motor capsules for enhancing intestinal delivery, future work 

will be required to confirm the therapeutic advantages of the platform in clinically relevant disease 

models, such as those for bacterial GI infection, irritable bowel disease, or colon cancer. 

Microalgae can also be engineered to express biologic payloads that can be produced in situ after 

oral administration [54, 55]. It should be noted that the properties of the capsules can also be tuned 

in order to more precisely target specific regions of the GI tract [42]. Overall, functionalized algae 

motors, loaded within a protective capsule, represent an attractive biohybrid motor system that can 

be applied across a wide range of biomedical applications. 

 

3.2.4 Experimental methods 

3.2.4.1 Algae culture 

The green algae Chlamydomonas reinhardtii (strain CC-125 wild-type mt+) were obtained 

from the Chlamydomonas Resource Center. The algae were transferred from the agar plate to tris-

acetate-phosphate (TAP) medium (Thermo Fisher Scientific) and cultured at room temperature, 

under cycles of 12 h sunlight and 12 h dark. 

 

3.2.4.2 Preparation of Mg micromotors 

Mg micromotors were fabricated using 20 ± 5 μm commercial Mg microparticles (FMW20, 

TangShan Weihao Magnesium Powder Co.) as the core. The Mg microparticles were washed 2 

times with acetone and dried under N2 current to remove impurities. Then, ~10 mg of Mg 
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microparticles were dispersed onto glass slides, which were previously coated with 100 μl of 0.5% 

polyvinylpyrrolidone ethanolic solution (Spectrum Chemical). A coating of TiO2 was deposited 

onto the Mg microparticles by atomic layer deposition at 100 °C for 3000 cycles utilizing a Beneq 

TFS 200 System, leaving a small opening at the contact point between the Mg particles and the 

glass slide. Finally, the Mg micromotors were released by gentle scratching from the glass slide. 

For surface modification with a fluorescent dye, 0.5 mg of Mg micromotors were first mixed with 

0.1% poly-l-lysine (Sigma Aldrich) aqueous solution for 30 min. Then, 2 μg of 5/6-

carboxyfluorescein succinimidyl ester (NHS-fluorescein; Thermo Fisher Scientific) was mixed 

with the motors in PBS buffer for 1 h. The resulting fluorescein-labeled Mg micromotors were 

centrifuged at 3000g for 3 min, washed with ultrapure water, and dried for further use. 

 

3.2.4.3 Preparation of fluorescent dye-labeled algae  

Green algae were washed 3 times with ultrapure water to remove TAP medium and 

suspended in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Thermo Fisher 

Scientific). Then, a 2 μg of NHS-fluorescein was added to 1 ml of algae at 2 × 106 per ml, followed 

by incubation for 1 h at room temperature. After dye conjugation, the modified algae were washed 

3 times with TAP medium to remove free dye, and then they were suspended in TAP medium for 

further use. Near infrared dye-labeled algae was prepared with a similar method by replacing NHS-

fluorescein with NHS-Cyanine7 (NHS-Cy7, λex/λem = 750 nm/773 nm; Lumiprobe).  

 

3.2.4.4 Synthesis of Doxorubicin-loaded polymeric nanoparticles  

Dox-loaded polymeric nanoparticles were synthesized following a published method with 

slight modification [49]. First, 50 μl of 25 mg/ml doxorubicin-HCl (Sigma Aldrich) solution was 



 
 

125 

emulsified in a 500 μl of chloroform solution containing 50 mg/ml PLGA (50:50, 0.66 dl/g, Lactel 

Absorbable Polymers) using a Fisher Scientific FS30D ultrasonic probe sonicator operating at a 

power of 10 W. The process lasted for 2 min with alternating cycles of 2 s power on and 2 s power 

off in an ice bath. Then, the emulsion was transferred to 5 ml of Tris-HCl (Teknova) aqueous 

solution and sonicated for another 2 min. The emulsion was stirred for 3 h to completely remove 

the chloroform. The nanoparticles were centrifuged at 16,100g for 5 min, washed 3 times with 

ultrapure water, and lyophilized for future use. Nanoparticles loaded with DiI (Thermo Fisher 

Scientific) were prepared using a similar procedure by replacing Dox with the dye. 

 

3.2.4.5 Synthesis of cell membrane-coated nanoparticles  

RBC membrane-coated nanoparticles (NP) were synthesized by a membrane cloaking 

technique [40]. RBC membrane was mixed with PLGA cores at a 1:1 membrane protein to polymer 

weight ratio. The mixture was sonicated in a Fisher Scientific FS30D ultrasonic bath sonicator for 

3 min. The NP were isolated by centrifugation for 5 min at 16,100g and washed 3 times with 

ultrapure water. To characterize NP morphology, samples were deposited onto a carbon-coated 

400-mesh copper grid and stained with 1 wt% uranyl acetate (Electron Microscopy Sciences), 

followed by imaging on a JEOL 1200 EX II transmission electron microscope.  

 

3.2.4.6 Preparation of algae-NP motors 

To attach NP onto algae, 1 × 107 green algae were washed 3 times with ultrapure water and 

treated with 20 μM of dibenzocyclooctyne-(polyethylene glycol)4-N-hydroxysuccinimidyl ester 

(DBCO-PEG4-NHS; Click Chemistry Tools) for 1 h at room temperature. The NP were incubated 

with 20 μM of azide-PEG4-NHS for 1 h at room temperature. Both the algae and NP were washed 
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5 times with ultrapure water to remove the unreacted NHS ester. Then, the modified algae and NP 

were mixed together and vortexed for 3 h to complete the click chemistry reaction. After 

conjugation, the resulting algae-NP were separated by centrifugation for 3 min at 500g, washed 3 

times with TAP medium, and resuspended in TAP medium for further use. NP(Dox) conjugation 

onto the algae followed a similar method by replacing NP with NP(Dox). To evaluate the NP(Dox) 

loading efficiency, algae motors at 1 × 106/ml were conjugated to NP(Dox) with Dox content at 

different concentrations (6.25, 12.5, 25, and 50 μg/ml). After fabrication of algae-NP(Dox) motor, 

Dox content in unbound NP(Dox) was measured for the absorbance at 480 nm by the UV-Vis 

spectrometer. The Dox loading amount to algae motor was calculated by subtracting the unbound 

Dox from Dox input.  

 

3.2.4.7 Phototaxis of algae-NP motors 

Phototaxis studies were conducted in 3D-printed microfluidic channels with a 5 mm × 4 

mm × 2 mm chamber. Before testing, the channel was prefilled with 50 μl TAP medium. Then, the 

algae-NP motors were added to one side of the channel, while the other side was illuminated using 

an LED white light for 500 s. As a control, algae motors were added to one side without a light 

source on the other side. Timelapse videos were recorded at 10 s per frame using an Invitrogen 

EVOS FL fluorescence microscope with a 2× objective.  

 

3.2.4.8 Influence of Doxorubicin on algae viability 

To evaluate the influence of free drug, algae motors at 1 × 106/ml were suspended into 

solutions containing different concentrations (0, 5, 10, and 25 μg/ml) of free Dox. After 24 h of 

incubation, each sample was collected, washed 3 times with ultrapure water to remove free drug, 
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and resuspended into ultrapure water. Next, the samples were stained in 5 μM SYTOX fluorescent 

probe (Thermo Fisher) to measure algae viability. A similar method was used to test the viability 

of algae after conjugation of NP(Dox).  

 

3.2.4.9 In vitro anticancer activity of algae-NP(Dox) motors 

B16-F10 mouse melanoma cell lines (CRL-6475, American Type Culture Collection) were 

seeded into a 96-well plate at 5 × 104 per well and further incubated with free Dulbecco's Modified 

Eagle's Medium (DMEM), free Dox, free algae, and algae-NP(Dox) motors for 24 h, 48 h, and 72 

h. All drug-containing wells used the same Dox concentration of 50 μg/ml. An MTS assay 

(Promega) was used to evaluate the cell viability per the manufacturer’s protocol.  

 

3.2.4.10 Algae motility analysis  

To evaluate their motion, unmodified algae motors, fluorescein-conjugated algae motors, 

and algae-NP motors were suspended in SIF (RICCA Chemical). Then, the algae were observed 

at 0 min, 5 min, 15 min, 30 min, 4 h, and 12 h at room temperature (22 °C). In a separate experiment, 

algae were observed at 0 min, 5 min, 10 min, 15 min, 4 h, and 12 h at body temperature (37 °C). 

For Mg micromotor motion analysis, the motors were uniformly dispersed on a glass slide, 

followed by addition of SIF solution. Motion was evaluated at the same timepoints as above, and 

SIF was continuously supplemented to prevent the motors from drying. To test the influence of 

NP(Dox) on motility, the motion of algae-NP(Dox) motors was measured in SIF. To evaluate the 

operation of algae motors in a mucus-rich environment, their motion behavior was analyzed in a 

simulated porcine small intestinal mucus containing 20 mg/ml of mucin (Alfa Aesar) [43]. 

Brightfield movies were captured by a Nikon Eclipse Ti-S/L100 inverted optical microscope 
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coupled with different objectives (10×, and 20×) and a Hamamatsu digital camera C11440. 

Meanwhile, fluorescent movies were captured using a Sony RX100 V camera on an Invitrogen 

EVOS FL fluorescence microscope with different objectives (20× and 40×) in two fluorescence 

channels, GFP and RFP, corresponding to fluorescein and DiI. An NIS Element tracking module 

was used to measure the speed of the motors in SIF. 

 

3.2.4.11 Characterization of algae-NP motors 

To confirm NP binding on the surface of the algae motors, the RBC membrane on NP was 

labeled beforehand with DiO (Thermo Fisher Scientific). Fluorescence microscopy images were 

captured by using an Invitrogen EVOS FL microscope in two fluorescence channels, Cy5 and GFP, 

corresponding to the autofluorescence of algae and DiO. To further confirm the structure of algae-

NP motors, SEM was performed to visualize their morphology. The algae-NP motors were first 

fixed with a 2.5% glutaraldehyde solution (Sigma Aldrich) overnight at 4 °C and then washed 3 

times with ultrapure water. The samples were sputtered with palladium for imaging on a Zeiss 

Sigma 500 SEM instrument using an acceleration voltage of 3 kV. 

 

3.2.4.12 Fabrication of algae motor capsules  

Mouse-specific size M gel capsules were supplied by Torpac. To perform the hydrophobic 

inner coating, 4% (w/w) of OTMS (Tokyo Chemical Industry) solution was prepared in pure 

ethanol and stirred at room temperature for 2 h. An insulin syringe was used to fill the capsule with 

~4 μl of the OTMS solution, following a curing process at 120 °C for 1 h to completely evaporate 

the solvent. This process was repeated for up to 10 times to add more coating layers, and the 

capsules were stored at room temperature. For algae motor encapsulation, 4 μl of algae at a 
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concentration of 2.5 × 105 per μl in TAP medium was slowly injected into the capsule using a 

primed syringe pump. After algae encapsulation, the commercial enteric coating polymer Eudragit 

L100-55 (Evonik Industries) was selected to coat the capsule for protection from gastric acid. First, 

the enteric coating polymer was dissolved at 7% (w/v) in ethanol solution by stirring at room 

temperature overnight. The capsules were then immersed into the enteric coating solution with a 

dip-coating approach followed by solvent evaporation for a total of 3 times. After enteric coating, 

the capsules were stored at room temperature. To evaluate the release of algae motors from the 

capsule formulation, the loaded capsules were immersed into either SGF at pH 1.5 comprising 0.2% 

(w/w) sodium chloride and 0.31% (w/w) hydrochloric acid or SIF at pH 6.8 containing 0.68% 

(w/w) potassium dihydrogen phosphate and 0.15% (w/w) sodium hydroxide under stirring at 700 

rpm. For biodistribution studies, the static algae control (1 × 106), fluorescein-conjugated algae (2 

× 106), fluorescein-labeled Mg motors (0.5 mg), and algae-NP(Dox) motors (5 μg of Dox) were 

encapsulated following a similar process. To generate the static algae control, live algae were 

rapidly treated with 0.5 M of acetic acid to remove their flagella. To quantify the autofluorescence 

(λex/λem = 647 nm/680 nm) of algae motor and static algae samples, a Tecan Infinite M200 plate 

reader was used.  

 

3.2.4.13 Animal care.  

Mice were housed in an animal facility at the University of California San Diego (UCSD) 

under federal, state, local, and National Institutes of Health (NIH) guidelines. Six-week-old CD-1 

male mice were purchased from Charles River Labs. Mice were maintained in standard housing 

with cycles of 12 h light and 12 h dark, ambient temperature, and normal humidity. All animal 

experiments were performed in accordance with NIH guidelines and approved by the Institutional 
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Animal Care and Use Committee (IACUC) of UCSD. 

 

3.2.4.14 Pharmacokinetics and biodistribution studies 

To characterize the biodistribution of algae motors, male CD-1 mice were fed an alfalfa-

free diet (Labdiet, St. Louis, MO, USA) starting 1 week prior to the experiments. To compare the 

biodistribution between fluorescein-labeled algae motors (2 × 106) and Mg-based motors (0.5 mg), 

mice were administered the corresponding capsules containing the motors labeled with equal 

amounts of dye. To evaluate the influence of active propulsion and capsule protection, mice were 

administered with encapsulated active algae (1 × 106), encapsulated static algae (1 × 106), 

unencapsulated active algae (1 × 106), or PBS by oral gavage. The mice were euthanized at 5 h 

after administration. The entire GI tracts were then collected, rinsed with PBS, and imaged using 

a Xenogen IVIS 200 system. For quantitative fluorescent measurements, the collected tissues were 

weighed and then homogenized in PBS. The fluorescent signals were quantified using a Tecan 

Infinite M200 plate reader. To evaluate drug retention, male CD-1 mice were administered with 

algae-NP(Dox) motor capsules (5 μg of Dox), NP(Dox) capsules (5 μg of Dox), and PBS via oral 

gavage. At 3, 6, and 9 h after oral administration, the GI tracts were then collected, weighed, and 

then homogenized in PBS. The amount of Dox was quantified using a Tecan Infinite M200 plate 

reader based on absorbance readings at 480 nm. 

 

3.2.4.15 In vivo safety studies 

Mice were euthanized at 24 h after oral administration of TAP medium or encapsulated 

algae motors (1 × 106). For the comprehensive metabolic panel, aliquots of blood were allowed to 

coagulate, and the serum was collected by centrifugation. To obtain blood cell counts, whole blood 
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was collected into potassium EDTA collection tubes (Sarstedt). For long-term safety, mice were 

administered algae motors in a capsule on days 0, 2, 4, and 6, and they were euthanized for analysis 

on day 7. Lab tests were performed by the UCSD Animal Care Program Diagnostic Services 

Laboratory. To perform the histological analysis, different sections of GI tract and major organs 

were sectioned and stained with H&E (Leica Biosystems), followed by imaging using a 

Hamamatsu Nanozoomer 2.0-HT slide scanning system. 

 

3.2.4.16 Statistical analysis 

All experiments were repeated as independent experiments several times as shown by the 

figure captions. The results are reported as mean ± s.d. A two-tailed, Student’s t-test was used for 

testing the significance between two groups. A one-way analysis of variance (ANOVA) with 

Dunnett’s test was performed to test the significance for multiple comparison. Statistical 

significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. No data were 

excluded from analysis. Samples were randomly allocated to different experimental groups. 

Organisms were cultured and maintained in the same environment and randomly allocated to each 

group. Investigators were not blinded to groups allocation during data collection and analysis. 
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3.3 Extremophile-based biohybrid micromotors for biomedical operations in 

harsh acidic environments  

3.3.1 Introduction 

The operation and navigation of robots in extreme environments have been listed as one of 

the ten grand challenges facing robotics in the next decade [1]. Recent robotic research along these 

lines has focused primarily on developing macroscale robots for operation in challenging 

environments, such as deep oceans with high pressure [2], polar regions with low temperature [3], 

and deserts with high temperature [4]. Upon scaling to the microscale regime, robots face 

additional challenges associated with propulsion in a low Reynolds number medium. Over the past 

decade, various microrobotic platforms have been developed to meet the propulsion requirements 

for diverse biomedical and environmental applications using three motion mechanisms, including 

energy harvesting from external fields [5-9], reaction with fuels present in the local surroundings 

[10-15], or utilizing the intrinsic motility and natural taxis behavior of living biological organisms 

[16-20]. Microrobotic platforms can provide distinctive advantages for in vivo operations by 

leveraging their active propulsion to deliver therapeutics to specific sites within the body [21-26]. 

Notably, micromotors have recently emerged as powerful tools for effective oral drug delivery, 

helping to address several limitations of traditional oral drug formulations such as poor drug 

absorption, short retention, and low bioavailability [27, 28].  However, the extended operation of 

micromotors in the highly acidic gastric environment is still challenging and requires the 
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development of innovative solutions [29].  

Although several studies have aimed at integrating self-actuating mechanical devices in 

millimeter-sized robotic pills for application in the harsh conditions of the GI tract [30-32], 

effective and long-term operation of micromotors in an extremely acidic medium (pH < 3) remains 

highly challenging owing to its ability to corrode or degrade various types of micromotor platforms. 

There are only few reports on the influence of extremely acidic conditions on the movement of 

micromotors. For example, coating magnetically powered microswimmers with Al2O3 films was 

reported to enhance their propulsion in acidic conditions [33]. Al/Pd spherical micromotors were 

shown to operate in a wide range of pH conditions [34]. Finally, the self-propulsion of zinc 

microrockets and magnesium-based Janus micromotors in the gastric environment has led to 

enhanced therapeutic GI delivery [35, 36].  Although synthetic micromotors have demonstrated 

utility for GI applications, their short lifetimes in acidic conditions limit their practical use to only 

short segments within the GI tract. Prolonged operation in the gastric and intestinal fluid can endow 

micromotors with the ability to actively drive therapeutic payloads to widely distributed areas over 

the entire GI tract and enhance the dispersion and retention of drugs for treating diseases and 

disorders. It is clear that realizing efficient and prolonged micromotor operation in a highly acidic 

medium remains an important unmet need, particularly for biomedical applications in the gastric 

environment.   

In this work, we demonstrate an extremophile-based biohybrid micromotor capable of 

continuous and prolonged operation in extremely low pH environments. Many extremophiles, 

capable of surviving under extreme physical or chemical conditions, are found in some of the 
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harshest environments on earth [37]. Among them, acidophilic microalgae have been shown to 

support the ecosystems of extremely acidic environments scattered around the globe associated 

with sulfur springs, volcanic vents, and acid mine drainages [38]. Such acidophilic algae evolved 

from their respective neutrophilic ancestors to thrive at low pH by reducing their proton influx and 

increasing their proton pump efficiency [39, 40]. Here, we demonstrated the efficient and 

prolonged motion behavior of acidophilic algae in strong hydrochloric acid down to pH 1 and their 

tremendous potential for microrobotic gastrointestinal (GI) delivery applications. Specifically, we 

relied on Chlamydomonas pitschmannii, an acidophilic alga isolated from an acid mine drainage 

[41]. C. pitschmannii displayed a negligible change in speed over an extremely broad pH range, 

from pH 1 to 10, compared to the neutrophilic alga Chlamydomonas reinhardtii, which was 

incapable of swimming in acidic medium (pH < 4) and rapidly degraded (Figure 3.3.1A, B). 

Notably, the movement of C. pitschmannii in acidic medium was maintained over an extended 

period of at least 72 h (Figure 3.3.1C). We further evaluated the performance of the acidophilic 

biomotors in gastric fluid (pH 1.5) and intestinal fluid (pH 6.5) and tracked their in vivo 

biodistribution to establish their potential for biomedical applications involving GI tract delivery 

(Figure 3.3.1D, E). Multifunctional biohybrid algae motors were fabricated by decorating the 

acidophilic algae with polymeric nanoparticles, which were loaded with a green fluorescent dye 

for visualization purposes (Figure 3.3.1F). The binding between nanoparticles and C. 

pitschmannii algae was clearly observed by electron microscopy (Figure 3.3.1G). Finally, by 

tuning the surface properties of the cargo, selective targeting to the stomach or broad GI tract 

delivery could be achieved. The effective and long-term movement of cargo-loaded acidophilic 
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algae motors over a wide range of pH conditions, including harsh acidic media, along with their 

strong retention in the GI tract, suggests that the platform holds considerable promise for future 

biomedical applications in the GI tract. Further work on extremophile-based multifunctional 

biohybrid micromotors could lead to the development of novel microrobotic platforms capable of 

excelling in a variety of harsh environments. 
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Figure 3.3.1 Schematics of acidophilic algae micromotors for various biomedical applications. a. 
Acidophilic algae motors are capable of prolonged motion in both neutral and acidic environments, whereas 
neutrophilic algae are incapable of operating in highly acidic environments. b. The relative speed of 
acidophilic algae and neutrophilic algae over a range of pH values compared to their speed in optimal 
culture conditions (modified acidic medium at pH 3.5 for acidophilic algae; TAP at pH 7 for neutrophilic 
algae). c. 2D motion trajectories of acidophilic algae motors over a period of 1 s before and 72 h after 
swimming in HCl at pH 1.5. d. Acidophilic algae motors can operate throughout the entire GI tract for in 
vivo delivery applications. e. Representative biodistribution of acidophilic algae motors in the GI tract at 2 
h after administration by oral gavage. f. 1-second motion trajectory of acidophilic algae-based biohybrid 
motors carrying dye-labeled nanoparticles in HCl at pH ~1.5. Scale bar, 10 μm. g. Representative 
pseudocolored scanning electron microscopy image of a nanoparticle-functionalized acidophilic algae 
motor. Scale bar, 1 μm.  
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3.3.2 Results and Discussion 

Motion behavior of acidophilic algae  

C. pitschmannii CPCC 354 was selected as a model acidophilic algae strain, and its 

swimming behavior was characterized in extremely acidic conditions. To evaluate their movement, 

the algae were cultured in a modified acidic medium (MAM) [42] (pH 3.5) to a density of 1 × 

106/ml, followed by transfer to hydrochloric acid for speed measurement. The algae exhibited 

constant swimming with a speed of 95-105 μm/s (corresponding to ~10 body length/s) in an 

extremely acidic environment at pH 1.5 (Figure 3.3.2A). Their movement was also tracked over 

a 5 s period under the same condition in order to visualize a representative trajectory (Figure 

3.3.2B). When investigating the tolerance range of the algae to extreme acid, we found that they 

displayed a significant decrease in speed and loss of activity after 1 h of motion at pH 1 (Figure 

3.3.2C). Furthermore, the effect of the anion was evaluated by immersing the algae in different 

common strong acids (HCl, H2SO4, and HNO3) adjusted to pH 1.5 (Figure 3.3.2D). The 

detrimental effect of nitric acid on the algae motion could be explained by its strong oxidizing 

capacity compared to the other two acids.  

Interestingly, we observed that the acidophilic algae could not only resist extreme acidic 

conditions (pH < 3), but they were also able to survive in neutral and alkaline environments 

(Figure 3.3.2E). After 30 min of adaptation, the acidophilic algae displayed efficient movement 

across a broad pH range from 1 to 10 (Figure 3.3.2F). In comparison, a model neutrophilic algae 

C. reinhardtii, which have been commonly used as microorganism-based micromotors for various 

environmental and biomedical applications [17, 20, 26, 43], were unable to tolerate extreme acidic 
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pH and could swim only over a narrow pH range between 5 to 8 (Figure 3.3.2F). The contrast 

between the two types of algae was further highlighted by visualizing their trajectories at pH 1.5, 

4, and 7 after various periods of time (Figure 3.3.2G, H). Only slight speed differences were 

observed for the acidophilic algae at all pH values after 24 h, whereas the motility of neutrophilic 

algae rapidly diminished at pH 1.5 and 4 



 
 

145 

. 

 
Figure 3.3.2 Motion behavior of acidophilic algae biomotors in extremely acidic conditions. a. Speed 
of acidophilic algae biomotors at different timepoints (0, 1, 2, 4, 8, and 24 h) in HCl at pH 1.5. b. The 
representative trajectory of an acidophilic alga biomotor over a period of 5 s in HCl at pH 1.5. Scale bar, 
100 μm. c. Swimming speed of algae biomotors upon 1 h of exposure to HCl at pH 1, 1.5, and 2 (n = 100, 
mean + s.d.). d. Swimming speed of acidophilic algae biomotors in different acidic mediums (HCl, H2SO4, 
and HNO3) at pH 1.5 (n = 100, mean + s.d.). e. Viability of acidophilic algae in different media at pH values 
from 1 to 11 (n = 3, mean + s.d.). f. Speed comparison of acidophilic algae with neutrophilic algae at pH 
between 0 to 11 (n = 100, mean ± s.d.). Speed was measured from 100 individual algae. g, h. Representative 
trajectories over a period of 2 s for acidophilic algae (g) and neutrophilic algae (h) after various durations 
(0 h, 4 h, and 24 h) of exposure to HCl at pH 1.5, 4, and 7. Scale bar, 50 μm. 
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Biodistribution and retention of acidophilic algae in the GI tract 

The oral route of administration is the most common approach for drug delivery to treat GI 

disease [44]. A major challenge of GI delivery is overcoming the physiological barrier caused by 

the extreme acidity within the stomach. To investigate the potential of acidophilic algae biomotors 

for improved GI delivery, we first tested their motion ability and viability in vitro in simulated 

gastric (pH ~1.5) and intestinal (pH ~6.5) fluids. They exhibited good adaptation in both 

physiological fluids, and their self-propulsion (~100 μm/s) was unaffected after 8 h of constant 

movement, indicating great promise for in vivo GI operation. In comparison, the neutrophilic algae 

lost their motion ability rapidly upon transfer from the culture medium to gastric fluid at room 

temperature. We also observed for any changes in morphology using electron microscopy after 

incubation in strong gastric acid. The acidophilic algae displayed an intact structure after 2 h of 

motion, whereas the neutrophilic algae were structurally damaged after the same period of time. 

To further mimic the physiological conditions in the stomach [45], we assessed the speed and 

lifetime of acidophilic algae in simulated gastric fluid containing 1 mg/ml of pepsin at body 

temperature (37 ℃) and found that the algae maintained speeds of 65 μm/s and 35 μm/s after 1 h 

and 2 h of incubation, respectively. These results supported the potential of the acidophilic algae 

for active transport throughout the GI tract, whereas the regular neutrophilic algae would be unable 

to traverse the harsh acidic medium in the stomach. 

Next, we demonstrated the distinct advantages of acidophilic algae biomotors for GI 

delivery by examining their biodistribution and retention after oral administration using a murine 

model. Ex vivo fluorescence imaging was conducted to determine the influence of acid tolerance 
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on algae localization within the GI tract (Figure 3.3.3A-C). In order to visualize and track the 

algae, their surfaces were covalently bound with the near-infrared fluorescent dye Cy7 (λex/λem 

= 750 nm/773 nm) [46], which did not hinder their motion behavior in GI fluid. Before oral gavage, 

we confirmed that the dye-conjugated acidophilic algae, neutrophilic algae, and alkaline-treated 

static acidophilic algae were similar in number and fluorescence intensity. At various timepoints 

(0.5 h, 2 h, 5 h, 10 h, and 24 h) after oral administration, the mice were euthanized, and their GI 

tracts were isolated to visualize the location of algae. As shown in Fig. 3a, the acidophilic algae 

displayed a strong signal throughout the entire GI tract, showing sustained retention in the stomach 

as well as wide distribution in the lower GI tract within the first 5 h. In comparison, the signals 

from the neutrophilic algae (Figure 3.3.3B) and the static acidophilic algae (Figure 3.3.3C) 

diminished rapidly within 2 h after administration. These results emphasized the importance of the 

acid tolerance and self-propulsion properties of acidophilic algae, which enabled efficient 

operation in the stomach and effective distribution in the lower GI tract. The visual observations 

were further corroborated by quantifying the total radiant efficiency in the stomach (Figure 3.3.3D) 

or in the small intestine and colon (Figure 3.3.3E) at different timepoints.  
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Figure 3.3.3 Biodistribution of acidophilic algae biomotors in the GI tract. a-c. Mice were orally 
gavaged with Cy7-labeled acidophilic algae (a), Cy7-labeled neutrophilic algae (b), or Cy7-labeled static 
acidophilic algae (c), and distribution in the GI tract was visualized over time. d, e. Measurement of the 
fluorescence intensity in the stomach (d) or small intestine and colon (e) at different timepoints (0.5 h, 2 h, 
5 h, 10 h, and 24 h) after oral gavage (n = 3, mean + s.d.). 

 

Biosafety of acidophilic algae in GI 

To assess the safety of the acidophilic algae, we evaluated their toxicity profile both 

systemically and locally in the lower GI tract. A treatment dosage of 1 × 107 acidophilic algae was 

orally administered to mice, while untreated mice served as controls. A comprehensive blood 
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chemistry panel and blood cell count were conducted 24 h afterward (Figure 3.3.4A, B). There 

was no statistical difference between the untreated control and the algae treatment group in any of 

the 14 blood parameters and blood cell populations that were analyzed. Hematoxylin and eosin 

(H&E)-stained histological sections showed that the stomach and intestinal mucosa or submucosa 

maintained their integrity without any lymphocyte infiltration or signs of inflammation (Figure 

3.3.4C). Finally, histological analysis of the major organs, including the heart, liver, spleen, lungs, 

and kidneys, was performed (Figure 3.3.4D). The appearance of all the organs was normal 

compared to healthy mice. Further studies will be required to comprehensively evaluate the impact 

of algae administration on other immune parameters, both local and systemic, across multiple 

timescales. 
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Figure 3.3.4 In vivo safety evaluation of acidophilic algae. a. Comprehensive blood chemistry panel for 
untreated mice or mice at 24 h after treatment with acidophilic algae micromotors (n = 3, mean + s.d.). 
Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine transaminase; AMY, amylase; 
TBIL, total bilirubin; BUN, blood urea nitrogen; Ca, calcium; PHOS, phosphorus; CRE, creatinine; GLU, 
glucose; Na+, sodium; K+, potassium; TP, total protein; GLOB, globulin (calculated). b. Counts for various 
blood cells taken from untreated mice or mice at 24 h after treatment with acidophilic algae micromotors 
(n = 3, mean + s.d.). Abbreviations: WBC, white blood cells; RBC, red blood cells; PLT, platelets. c. 
Representative hematoxylin and eosin (H&E)-stained histology sections of different portions of the GI tract 
from untreated mice or mice at 24 h after treatment with acidophilic algae micromotors. Scale bar, 100 μm 
d. Representative H&E-stained histology sections of major organs from untreated mice or mice at 24 h after 
treatment with acidophilic algae micromotors. Scale bar, 100 μm   
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Stomach delivery with acidophilic algae motors 

Upon confirming the biodistribution and safety of acidophilic algae for GI administration, 

we evaluated the feasibility of leveraging them for cargo delivery. Poly(lactic-co-glycolic acid) 

(PLGA) nanoparticles were chosen as the model payload since they are attractive for therapeutic 

delivery applications with properties such as controlled and sustained drug release, high drug 

loading yield, and low toxicity [47]. To fabricate the acidophilic algae biohybrid motors, positively 

charged poly-l-lysine (PLL)-coated PLGA nanoparticles (denoted ‘PLLNP’) were attached to the 

negatively charged acidophilic algae surface via electrostatic interaction, thus generating PLLNP-

loaded acidophilic algae biohybrid motors (denoted ‘acido-algae-PLLNP’) (Figure 3.3.5A). The 

surface coating on the PLGA core was first optimized by tuning the incubation time between the 

nanoparticles and the PLL polyelectrolyte to yield PLLNP with a strong positive surface charge. 

The determination of zeta potential at different pH values is important for complexing two 

materials based on electrostatic interactions [48]. To this end, the surface charge of bare acidophilic 

algae and PLLNP was evaluated at pH values ranging from 1 to 11. It was found that the PLL 

coating could promote the effective binding of PLGA nanoparticles to algae at neutral pH, which 

was visualized by fluorescence microscopy (Figure 3.3.5B). The algae were uniformly surrounded 

by 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO; λex/λem = 484 nm/501 nm)-loaded PLLNP. 

A pseudocolored scanning electron microscopy (SEM) image illustrated the attachment of the 

nanoparticles onto the algae cell surface (Figure 3.3.5C). The motion behavior of the acido-algae-

PLLNP was characterized by measuring their speed under extreme acidic conditions at pH 1.5 

(Figure 3.3.5D). The decreased speed of the acido-algae-PLLNP (~50 μm/s) compared to bare 
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acidophilic algae (~100 μm/s) could be attributed to the influence of the positively charged cargo 

on the flagella, as indicated by inconsistent (zigzag trajectory) movement patterns (Figure 3.3.5E).  

Next, we evaluated the gastric cargo delivery ability of the acido-algae-PLLNP biohybrid 

motors. A near-infrared dye, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR, 

λex/λem = 748 nm/780 nm), was encapsulated into PLLNP as a model payload. Prior to the animal 

studies, an in vitro study was conducted to assess the stability of cargo loading on the biohybrid 

motors. In the acido-algae-PLLNP formulation, released dye or unbound nanoparticles were hardly 

detected even after 24 h of incubation in HCl (pH 2) or simulated gastric fluid (pH 1.5), indicating 

highly stable cargo binding to the algae via electrostatic interactions, hydrogen bonding between 

PLL and the diverse functional groups present on the algae surface, and physical entrapment of 

nanoparticles by the highly porous structure of the algae cell wall. Then, acido-algae-PLLNP and 

PLLNP control (without algae) were orally administered to mice to study their biodistribution and 

retention. After 2 h, 5 h, and 10 h, the mice were euthanized, and their GI tracts were isolated for 

ex vivo imaging (Figure 3.3.5F). Both acido-algae-PLLNP and PLLNP were mainly located in 

the stomach, which is attributed to the mucoadhesive property of the positively charged PLLNP 

[44]. However, the motion of the biohybrid motors enabled a higher chance of contact between the 

nanoparticles and the luminal lining, facilitating efficient cargo retention in the stomach. Such 

accumulation can be used to improve drug delivery and enhance tissue penetration, as was 

demonstrated previously using micromotors for oral vaccine delivery [49]. Quantification of the 

fluorescence intensity within the stomach supported the greatly improved retention of PLLNP 

when delivered by acido-algae-PLLNP biohybrid motors as opposed to in free form within the first 
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5 h after oral gavage (Figure 3.3.5G).  

 
Figure 3.3.5 Acido-algae-PLLNP biohybrid motors for stomach delivery. a. Loading of PLLNP onto 
acidophilic algae motors by electrostatic interaction. b. Fluorescence microscopy images of acido-algae-
PLLNP biohybrid motors. Red: acidophilic algae (chloroplast autofluorescence). Green: PLLNP (DiO). 
Scale bar, 20 μm. c. Pseudocolored SEM images of an acido-algae-PLLNP biohybrid motor. Scale bar, 1 
μm. d. Speed comparison of acido-algae-PLLNP and bare acidophilic algae (denoted ‘acido-algae’ in the 
figure) at pH 1.5 (n = 20, mean + s.d.). e. Representative trajectories of the acido-algae-PLLNP biohybrid 
motor over a period of 3 s in HCl at pH 1.5. Scale bar, 10 μm. f. Ex vivo imaging of the GI tract at 2 h, 5 h, 
and 10 h after oral administration of acido-algae-PLLNP (i) or PLLNP (ii). g. Fluorescence intensity of DiR 
dye delivered by acido-algae-PLLNP or PLLNP in the stomach at 2 h, 5 h, and 10 h after oral gavage (n = 
3, mean + s.d.). 
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Entire GI delivery with acidophilic algae motors 

After confirming effective cargo delivery to the stomach by using mucoadhesive PLLNP 

attached to the surface of acidophilic algae motors, we sought to evaluate whether the acidophilic 

algae could be used to transport cargo throughout the entire GI tract given their effective 

distribution shown in Fig. 3. Instead of using positively charged PLLNP, we elected to employ 

PLGA cores with a cell membrane coating, which endows versatile surface functionality and 

biomimetic properties to nanocarriers [50]. Red blood cell membrane-coated PLGA nanoparticles 

(denoted ‘RBCNP’) were prepared based on a previously established protocol [51]. The 

hydrodynamic size and zeta potential of RBCNP were characterized by dynamic light scattering, 

indicating the slight increase in size and negative charge after membrane coating.  The RBC 

membrane coating onto the PLGA surface was further verified by transmission electron 

microscopy (TEM), showing an intact core-shell structure. To achieve loading of RBCNP onto 

algae, a bioorthogonal conjugation approach using copper-free click chemistry was employed [52] 

(Figure 3.3.6A). Briefly, the algae and RBCNP were separately functionalized with 

dibenzocyclooctyne-(polyethylene glycol)4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS) 

and azido-PEG4-NHS ester, respectively. The two components were then conjugated together by 

leveraging these newly introduced functional groups. The attachment of RBCNP to acidophilic 

algae (denoted ‘acido-algae-RBCNP’) was validated by a pseudocolored SEM image (Figure 

3.3.6B) and fluorescent imaging, confirming the effective binding between DiO dye-labeled 

RBCNP and the algal surface (Figure 3.3.6C). Importantly, the covalent binding of RBCNP had 
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minimal effects on the motion behavior (speed and tracking pattern) of the algae motors (Figure 

3.3.6D, E). After 24 h of incubation in acidic fluid, 90% of the fluorescence intensity of DiR-

loaded RBCNP onto the algae surface was preserved, indicating the high binding stability between 

acidophilic algae and RBCNP in a harsh acidic environment. 

Next, we evaluated the feasibility of using acido-algae-RBCNP biohybrid motors for 

delivery throughout the GI tract. DiR was loaded into RBCNP as a model payload to track 

nanoparticle localization at different GI sites in vivo. At 2 h, 5 h, and 10 h after oral administration 

of acido-algae-RBCNP and free RBCNP (without algae) with a similar amount of DiR loading, 

the GI tract was excised for ex vivo fluorescence imaging (Figure 3.3.6F). Due to their acid 

tolerance and movement capabilities, the acido-algae-RBCNP motors were able to transport the 

RBCNP to the entire GI tract as opposed to only the stomach. The fluorescent signals from the 

active biohybrid motor group were more substantial in both the stomach and the small intestine at 

2 h and remained stronger at 5 h and 10 h when compared with the free RBCNP group. Importantly, 

it should be noted that the 10 h cargo retention facilitated by the biohybrid motors was much longer 

than the gastric emptying time of a fluid meal [53]. A similar trend of improved GI payload 

retention by acido-algae-RBCNP was confirmed when quantifying the fluorescent signals, with 2-

fold and 1.5-fold enhancement at 2 h and 5 h after oral gavage, respectively (Figure 3.3.6G). These 

results confirmed that controlling the surface properties of the nanoparticle payload could 

selectively position the biohybrid motors in different regions of the GI tract. 
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Figure 3.3.6 Acido-algae-RBCNP biohybrid motors for entire GI tract delivery. a. Loading of RBCNP 
onto acidophilic algae motors via click chemistry. b. Pseudocolored SEM image of an acido-algae-RBCNP 
biohybrid motor. Scale bar, 1 μm. c. Representative fluorescence microscopy images of an acido-algae-
RBCNP biohybrid motor. Red: acidophilic algae (chloroplast autofluorescence). Green: RBCNP (DiO). 
Scale bar, 10 μm. d. Speed comparison of acido-algae-RBCNP and bare acidophilic algae (denoted ‘acido-
algae’ in the figure) at pH 1.5 (n = 20, mean + s.d.). e. Representative trajectories of acido-algae-RBCNP 
biohybrid motor over a period of 3 s in HCl at pH 1.5. Scale bar, 50 μm. f. Ex vivo imaging of the GI tract 
at 2 h, 5 h, and 10 h after oral administration of acido-algae-RBCNP (i) or RBCNP (ii). g. Fluorescence 
intensity of DiR dye delivered by acido-algae-RBCNP or RBCNP in the entire GI at 2 h, 5 h, and 10 h after 
oral gavage (n = 3, mean + s.d.). 
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3.3.3 Conclusion 

In summary, we have reported on the first extremophile-based algae biohybrid motor for 

application in harsh conditions such as acidic biological fluid. Acidophilic C. pitschmannii algae 

were chosen based on their ability to effectively swim in highly acidic conditions. The unique 

adaptability and long-lasting self-propulsion of the acidophilic algae over a wide pH range (1.5-

10) provided the natural micromotor essential flexibility for efficient performance in both gastric 

and intestinal fluid. In a murine model, oral administration of the acidophilic algae resulted in 

improved GI distribution and retention compared to neutrophilic algae and static acidophilic algae 

controls. By functionalizing the algae with cargo-loaded PLGA nanoparticles via different 

conjugation approaches, the resulting multifunctional biohybrid micromotors were able to 

facilitate cargo delivery to the stomach or the entire GI tract in vivo. Once inside the GI tract, the 

PLGA nanoparticles provide controlled and sustained drug release through the hydrolytic cleavage 

of their polyester backbones [54]. While the current surface attachment strategies were effective 

for loading drug onto the algae motors, other approaches such as the incorporation of small-

molecule drugs inside the algae could be explored [55]. In addition, various drug payloads, 

including chemotherapeutics and biologics, could be incorporated to improve their therapeutic 

activity for local GI diseases [56]. Long-term biosafety monitoring needs to be performed prior to 

the clinical studies of the biohybrid motors to verify their lack of immunogenicity and toxicity. 

Looking forward, we envision decoration of the acidophilic algae with multiple functional units, 

including therapeutics, contrast agents, targeting moieties, and magnetic particles to create 

multifunctional microrobotic platforms with accurate maneuverability for targeted GI drug 
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delivery. Overall, extremophile-based biohybrids offer considerable promise and open the door for 

diverse applications in harsh and inhospitable environments that are unsuitable for traditional 

microrobots. 

 

3.3.4 Experimental Methods 

3.3.4.1 Algae culture 

The acidophilic algae Chlamydomonas pitschmannii (strain CPCC-354 wild-type) were 

obtained from the Canadian Phycological Culture Centre (CPCC). The algae were transferred from 

their original medium to modified acid medium (MAM, CPCC) and cultivated at room temperature 

under cycles of 12 h sunlight and 12 h darkness. The neutrophilic algae Chlamydomonas 

reinhardtii (strain CC-125 wild-type mt+) were obtained from the Chlamydomonas Resource 

Center. The algae were transferred from the agar plate to tris-acetate-phosphate (TAP) medium 

(Thermo Fisher Scientific) and cultured under the same conditions. 

 

3.3.4.2 Preparation of dye-conjugated acidophilic algae 

Acidophilic algae were transferred from the culture medium to 1× phosphate-buffered 

saline (PBS, Thermo Fisher Scientific) followed by 3 washes. Next, 10 μg/ml NHS-Cyanine7 

(NHS-Cy7, Lumiprobe) was incubated with the algae at 1 × 107 per ml for 1 h at room temperature. 

After dye conjugation, the modified algae were washed with ultrapure water for the removal of the 

unreacted dye and resuspended in ultrapure water for further use. Static acidophilic algae were 

prepared through the dropwise addition of 1 M acetic acid (Sigma Aldrich) to active acidophilic 
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algae. After 20 seconds, the pH value of the mixture was quickly neutralized to 7 by the addition 

of 1 M sodium hydroxide (Sigma Aldrich), and the algae were transferred into PBS. Then, the Cy7 

dye conjugation was performed following a similar method as above. Neutrophilic algae were 

suspended in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Thermo 

Fisher Scientific) to complete the Cy7 conjugation. 

 

3.3.4.3 Synthesis of fluorescent dye-loaded nanoparticles 

The synthesis of polymeric nanoparticles was based on a previously reported 

nanoprecipitation method51. Briefly, 0.67 dl/g carboxyl-terminated 50:50 poly(lactic-co-glycolic) 

acid (PLGA, LACTEL Absorbable Polymers) at 20 mg/ml in 1 ml of acetone was added into 1 ml 

of 10 mM Tris-buffer. To fluorescently label the nanoparticles, 0.1 wt% of 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO, λex/λem = 484 nm/501 nm; Thermo Fisher 

Scientific) was encapsulated into the PLGA cores. After nanoprecipitation, the organic solvent was 

evaporated under a vacuum for 1 h. Near-infrared dye-loaded polymeric nanoparticles for in vivo 

studies were prepared following a similar method by replacing DiO with 1,1’-dioctadecyl-

3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR, λex/λem = 748 nm/780 nm; Thermo Fisher 

Scientific). 

 

3.3.4.4 Preparation of membrane-coated nanoparticles 

To prepare the PLGA nanoparticles coated with poly-l-lysine (PLL) (Sigma Aldrich), 10 

mg/ml of preformed PLGA nanoparticles in ultrapure water were added dropwise into 1 ml of 0.05% 
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w/v PLL under 700 rpm stirring for 2 h. Next, 5 washes were used to remove any free 

polyelectrolyte, and the PLLNP were resuspended in ultrapure water for further use. To 

characterize the size and zeta potential of the PLGA cores and PLLNP, the samples were tested 

using a Zetasizer MAL 1267090 (Malvern Panalytical). 

Red blood cell (RBC) membrane-coated nanoparticles (RBCNP) were prepared by a cell 

membrane cloaking technique [50, 51]. RBC membrane was mixed with PLGA cores at a 1:1 

weight ratio of membrane protein to PLGA polymer. The mixture was then sonicated using a Fisher 

Scientific FS30D ultrasonic bath sonicator for 3 min. The RBCNP were isolated by centrifugation 

for 5 min at 16,100g and washed 3 times with ultrapure water. To characterize the size and surface 

zeta potential of RBCNP, the samples were tested using a Zetasizer MAL 1267090. To characterize 

the morphology, the samples were deposited onto a carbon-coated 400-mesh copper grid and 

stained with 1 wt% uranyl acetate (Electron Microscopy Sciences), followed by imaging on a 

JEOL 1200 EX II transmission electron microscope. 

 

3.3.4.5 Preparation of biohybrid motors 

To attach PLLNP, 1 × 107 acidophilic algae were first isolated from MAM and resuspended 

in ultrapure water. Then, the PLLNP were mixed with algae for 30 min. After nanoparticle 

attachment, the resulting acido-algae-PLLNP biohybrid motors were washed 3 times and 

resuspended in ultrapure water. 

To conjugate RBCNP onto algae, the acidophilic algae and RBCNP were linked using click 

chemistry. First, 1 × 107 algae were treated with 20 μM of dibenzocyclooctyne-(polyethylene 
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glycol)4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS, Click Chemistry Tools) for 1 h at room 

temperature. The RBCNP were incubated with 20 μM of azido-PEG4-NHS (Click Chemistry Tools) 

for 1 h at room temperature. Both the algae and RBCNP were centrifuged and washed 3 times with 

ultrapure water to remove the unreacted NHS esters. Then, the modified algae and RBCNP were 

mixed and vortexed for 4 h to complete the click chemistry reaction. After conjugation, the 

resulting acido-algae-RBCNP biohybrid motors were separated by centrifugation at 800g for 3 

min, followed by 3 washes. 

 

3.3.4.6 Binding stability study 

To test the binding stability between PLLNP and acidophilic algae after the formation of 

biohybrid motors, the acido-algae-PLLNP with DiR loading were incubated with two acidic 

conditions (simulated gastric fluid and HCl at pH 2) for 24 h. The detached PLLNP in the 

supernatant was removed by centrifugation at 800g for 3 min. Before and after incubation, the 

fluorescence intensity of PLLNP with DiR loading on the algae surface was measured by plate 

reader.  The binding stability of acido-algae-RBCNP was evaluated following the same method.   

 

3.3.4.7 Motion analysis 

The speed of acidophilic algae, neutrophilic algae, fluorescein-conjugated algae motors, 

acido-algae-PLLNP biohybrid motors, and acido-algae-RBCNP biohybrid motors was analyzed in 

different media: modified acid medium (MAM, pH ~3.5), simulated gastric fluid (SGF, pH ~1.5, 

RICCA Chemical), simulated intestinal fluid (SIF, pH ~6.5, RICCA Chemical), 1× PBS (pH ~7.4), 
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ultrapure water, pH-adjusted aqueous solutions (pH from 0 to 11), sulfuric acid (pH ~1.5, Sigma 

Aldrich), and nitric acid (pH ~1.5, Fisher Scientific). The motion of the acidophilic algae motors 

was also observed in HCl solution (pH ~1.5, Sigma Aldrich) at 0 h, 1 h, 4 h, 8 h, 24 h, and 72 h at 

room temperature (22 °C). Movies were captured by a Nikon Eclipse Ti-S/L100 inverted optical 

brightfield microscope coupled with 10× or 20× objectives and a Hamamatsu digital camera 

C11440 or by a Sony RX100 V camera on an Invitrogen EVOS FL fluorescence microscope with 

20× or 40× objectives. An NIS Element tracking module was used to measure the speed of the 

motors in different media. To mimic the conditions in the stomach of mice, simulated gastric fluid 

containing 1 mg/ml of pepsin (Sigma Aldrich) was used to test the influence of enzymes on the 

motility of acidophilic algae. Speed was measured after incubation for 0 h, 1 h, 2 h, 4 h, and 8 h at 

body temperature (37 °C).  

 

3.3.4.8 Viability of biohybrid motors 

To evaluate the viability of acidophilic algae in solutions with different pH, algae were 

transferred from MAM to aqueous solutions with pH from 0 to 11 and incubated for 2 h at room 

temperature (22 °C). After incubation, algae motors were resuspended into 5 μM SYTOX green 

fluorescent probe (Thermo Fisher Scientific) for 1 h at room temperature (22 °C). The viability of 

the algae was determined by counting the live/dead ratio using an Invitrogen EVOS FL 

fluorescence microscope. 

 

3.3.4.9 Characterization of biohybrid motors 
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To visualize nanoparticle binding on the surface of the algae, PLGA cores were loaded 

beforehand with the fluorescent dye DiO. An Invitrogen EVOS FL microscope was used to capture 

the autofluorescence of algae chloroplasts in the Cy5 channel and DiO-encapsulated nanoparticles 

in the GFP channel. To further confirm the morphology of the acido-algae-PLLNP and acido-

algae-RBCNP biohybrid motors, SEM imaging was performed. Briefly, the biohybrid motors were 

fixed with a 2.5% glutaraldehyde solution (Sigma Aldrich) overnight at 4 °C, followed by washing 

in ultrapure water. The samples were then sputtered with palladium for imaging on a Zeiss Sigma 

500 SEM instrument with an accelerating voltage of 3 kV. 

 

3.3.4.10 Animal care 

Mice were housed in an animal facility at the University of California San Diego (UCSD) 

under federal, state, local, and National Institutes of Health (NIH) guidelines. Mice were 

maintained in standard housing with cycles of 12 h light and 12 h dark, ambient temperature, and 

normal humidity. All animal experiments were performed in accordance with NIH guidelines and 

approved by the Institutional Animal Care and Use Committee (IACUC) of UCSD. 

 

3.3.4.11 Ex vivo GI tract retention study 

To study GI tract distribution and retention, 8-week-old male CD-1 mice (Charles River 

Laboratories) were orally administered with Cy7-conjugated acidophilic algae, Cy7-conjugated 

static acidophilic algae, or Cy7-conjugated neutrophilic algae in 500 μl of PBS at a concentration 

of 1 × 107 per ml. At the predetermined time points (0.5 h, 2 h, 5 h, 10 h, and 24 h), the mice were 
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euthanized, and their GI tracts were excised for analysis. To evaluate the performance of the 

biohybrid motors in vivo, the mice were orally administered with acido-algae-PLLNP, PLLNP, 

acido-algae-RBCNP or RBCNP. At predetermined time points (2 h, 5 h, and 10 h), the mice were 

euthanized, and their GI tracts were excised for analysis. Fluorescent ex vivo GI images were 

obtained with the Xenogen IVIS 200 system. 

 

3.3.4.12 In vivo safety studies 

8-week-old male CD-1 mice were euthanized at 24 h after oral administration of algae 

motors in 500 μl of PBS at a concentration of 1 × 107 per ml. For the comprehensive chemistry 

panel, aliquots of blood were allowed to coagulate, and the serum was collected by centrifugation. 

To obtain blood cell counts, whole blood was collected into potassium EDTA collection tubes 

(Sarstedt). Analyses were conducted by the UCSD Animal Care Program Diagnostic Services 

Laboratory. To perform the histological analysis, different portions of the GI tract and major organs 

were sectioned and stained with H&E (Leica Biosystems), followed by imaging using a 

Hamamatsu Nanozoomer 2.0-HT slide scanning system.  
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Chapter 4 
Extending the In Vivo Residence Time of 

Macrophage Membrane Coated Nanoparticles 
Through Genetic Modification 
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4.1 Introduction 

 In recent years, there has been a surge of interest in the development of cell membrane-

based nanomaterials, especially cell membrane-coated nanoparticles, for biomedical applications 

due to their cell-mimicking properties [1, 2]. Initially, researchers began by using the membrane of 

red blood cells as a coating, but the approach has since expanded to include membranes from 

various cell types [3, 4]. Among these nanoparticles, those coated with macrophage membrane, 

referred to as “MΦ-NPs”, have proven particularly versatile in treating a range of diseases [5]. 

Similar to macrophage cells, MΦ-NPs have the ability to simultaneously absorb endotoxins and 

proinflammatory cytokines, making them effective in managing sepsis caused by bacterial 

infection and orthotopic liver transplantation [6, 7]. MΦ-NPs also inherit the complex bioactivity 

of their source cells in conditions such as cancer, atherosclerosis, and infection, enabling them to 

deliver drug payloads to tumors, atheromatous plaques, and bacteria [8-10]. Like macrophages, 

MΦ-NPs can interact with inflammatory enzymes such as phospholipase A2. In a recent study, 

these nanoparticles acted as sacrificial targets for phospholipase A2 and reduced the severity of 

experimental pancreatitis [11].  Additionally, MΦ-NPs display the same receptors as the source 

cells that viruses such as SARS-CoV-2 rely on for cellular entry, allowing them to inhibit SARS-

CoV-2 infectivity [12, 13]. Collectively, these findings illustrate the promising clinical potential of 

MΦ-NPs. 

Although nanoparticles are often opsonized in the bloodstream and cleared quickly by the 

mononuclear phagocytic system [14, 15], cell membrane-coated nanoparticles have demonstrated 

considerable potential in extending systemic circulation lifetime because of the unique properties 

of natural cell membrane coating [3, 16]. Nonetheless, enhancing in vivo residence time is always 

desirable for certain applications such as biological neutralization and targeted drug delivery. 

Therefore, developing strategies to further increase the residence time of cell membrane-based 
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nanomaterials would be beneficial. In this work, we report on the use of a genetic engineering 

approach to modifying MΦ-NPs for prolonged in vivo residence time. To achieve this goal, we first 

engineer THP-1 cells, a human leukemia monocytic cell line, to express proline-alanine-serine 

(PAS) peptide sequences on the membrane through lentiviral transduction (Figure 4.1). PAS 

polypeptides are characterized by their high solubility and lack of charge, making them versatile 

biological polymers for cell membrane functionalization [17, 18]. Modifying cell membrane with 

PAS peptides has been demonstrated using HEK293 cells, leading to extended circulation times 

[19]. Additionally, PAS sequences exhibit high biodegradability, primarily accumulated in the 

liver, and demonstrate minimal toxicity and immunogenicity. While there are other approaches to 

functionalizing cell membrane, we focus on genetic modification because it allows for the 

expression of specific molecules on sensitive cells, which may be incompatible with harsh reaction 

conditions involved in other approaches. Moreover, genetic modification enables the generation of 

stable cell lines and avoids repetitive chemical modifications, leading to minimal variations. This 

is particularly attractive for large-scale production and future clinical translation of the technology.    

After genetically modifying MΦ cell membrane with PAS peptides, we extracted their 

membrane and coat it onto polymeric cores made of poly(lactic-co-glycolic acid) (PLGA). The 

resulting nanoparticles (denoted as “PAS-MΦ-NPs”) exhibited enhanced immune evading 

capabilities while retaining the natural scavenging ability of MΦ membrane against 

lipopolysaccharides (LPS). In vitro experiments demonstrated that PAS-MΦ-NPs significantly 

reduced protein adsorption and internalization by MΦ cells compared to wild-type MΦ membrane-

coated nanoparticles (denoted as “WT-MΦ-NPs”). In mice, the anti-opsonization property of PAS-

MΦ-NPs resulted in a notable increase in systemic circulation half-life and a decrease of alveolar 

MΦ uptake upon intratracheal administration. This prolonged residence time contributed to 

enhanced therapeutic efficacy of the nanoparticles. Notably, in mouse models of LPS-induced lung 
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inflammation and sublethal endotoxemia, PAS-MΦ-NPs exhibited the highest inhibition of LPS-

induced inflammation. Overall, this study demonstrates the practicality of genetic modification of 

cell membranes as an approach to prolonging the in vivo residence time of MΦ-NP, leading to 

improved therapeutic outcomes. 

 

Figure 4.1 Schematic illustration of genetically modified macrophage membrane-coated 
nanoparticles. Wild-type macrophages (WT-MΦs) are genetically modified to express proline-alanine-
serine (PAS) peptide chains on the cell membrane. The membrane of the PAS-expressed MΦs (PAS-MΦs) 
is then derived and coated onto polymeric nanoparticle cores, forming PAS-MΦ membrane-coated 
nanoparticles (PAS-MΦ-NPs). These nanoparticles show prolonged residence times when injected 
intravenously or administered intratracheally into mice.  
 

4.2 Results and Discussion 

In the study, we first constructed a fusion protein plasmid containing three components: N-

terminal cell surface secretion signal Igk leader, PAS-mCherry, and a C-terminal transmembrane 

anchor domain from platelet-derived growth factor receptor protein (PDGFR) [19, 20]. Genetically 

expressing mCherry is widely used to label various cells, including macrophages, without 
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alternating their intrinsic properties [21-23]. We then used lentivirus to transduce THP-1 cells to 

express the PAS-mCherry fusion proteins on the cell surface [24, 25]. After the transduction and 

then puromycin selection, MΦ cells exhibited a prominent mCherry signal (Figure 4.2A). When 

observed under a fluorescence microscope, the mCherry signal was primarily on the cell peripheral, 

confirming a successful PAS expression on the cell surface. Flow cytometry analysis showed that 

mCherry expression on the transduced MΦ cells (PAS-MΦs) was 25-fold higher than that of the 

wild-type MΦs (WT-MΦs, Figure 4.2B). We also found that the PAS mRNA expression level in 

PAS-MΦs elevated significantly (Figure 4.2C). However, the PAS-MΦs showed similar levels of 

key MΦ surface biomarkers as the WT-MΦs, including CD14, CD284, CD126, CD130, CD120, 

and CD119. This clearly implies that the genetic modification had negligible impact on the native 

cell surface antigen profile. Notably, transfecting and expressing foreign proteins on macrophage 

membrane is generally a challenging task. Herein, we used the platelet-derived growth factor 

receptor (PDGFR) transmembrane anchoring domain to anchor PAS, which showed minimum 

interference with cellular functions and adequate expression efficiency.  

After having established PAS-MΦs, we formulated PAS-MΦ-NPs through a three-step 

process, including (i) membrane derivation via cell lysis and differential centrifugation, (ii) 

poly(lactic-co-glycolic acid) (PLGA) nanoparticle fabrication by nanoprecipitation, and (iii) 

membrane coating by sonication [11]. Both PAS-MΦ-NPs and WT-MΦ-NPs showed an increase 

in hydrodynamic diameter as compared to the uncoated PLGA cores, and the sizes of the two 

nanoparticles were comparable (Figure 4.2D). Their surface zeta potential values were less 

negative than that of PLGA cores and were also comparable. A similar core-shell morphology was 

visualized when both nanoparticles were negatively stained with uranyl acetate and examined 

under transmission electron microscopy (TEM, Figure 4.2E). We also suspended PAS-MΦ-NPs 

and WT-MΦ-NPs in 10% sucrose or 1X PBS solution at 4°C and examined their colloidal stability. 
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Both nanoparticle formulations maintained their sizes during a 72-h period, indicating good 

stability when stored in the buffers (Figure 4.2F). Together, these characterizations showed that 

PAS-MΦ-NPs and WT-MΦ-NPs had comparable physicochemical properties. 

 

 

 
Figure 4.2 Fabrication and characterization of PAS-MΦ-NPs. a) Confocal images of MΦs before and 
after the transfection with lentivirus expressing PAS-mCherry fusion protein sequences. Nuclei: blue; PAS: 
red. b) Flow cytometry anaylsis of MΦs before and after the transfection. c) The mRNA expression of PAS-
mCherry and other key MΦ markers. d) The average diameter and surface zeta potential of PLGA cores, 
WT-MΦ-NPs, and PAS-MΦ-NPs measured with dynamic light scattering (DLS). e) Transmission electron 
microscopy (TEM) images of WT-MΦ-NPs and PAS-MΦ-NPs negatively stained with uranyl acetate. Scale 
bar = 100 nm. f) The stability of WT-MΦ-NPs and PAS-MΦ-NPs examined over 72 h in 10% sucrose and 
1X PBS, respectively. In c, d, and f, n = 3; data are presented as mean ± standard deviation; n.s. = not 
significant, ***p<0.001, and ****p<0.0001; statistical analysis was performed with unpaired two-tailed t-
tests. 
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Next, we evaluated the effects of PAS modification on nanoparticle opsonization and 

immune cell uptake in vitro. To study protein adsorption, we incubated uncoated PLGA cores, WT-

MΦ-NPs, or PAS-MΦ-NPs in a fluorescence-labeled bovine serum albumin (BSA) solution. After 

1 h of incubation, we observed a high fluorescence intensity from uncoated PLGA cores, indicating 

rapid BSA adsorption (Figure 4.3A). In contrast, the fluorescence from WT-MΦ-NPs was 

significantly lower, demonstrating that the cell membrane coating effectively shielded the core and 

reduced protein adsorption. The fluorescence from PAS-MΦ-NPs was the lowest among the three 

samples, suggesting that PAS modification further inhibited BSA binding to the nanoparticle 

surface. To evaluate the effect of PAS modification on MΦ uptake of the nanoparticles, we labeled 

both PAS-MΦ-NPs and WT-MΦ-NPs with a fluorescent dye and incubated them with J774 cells, 

a mouse MΦ cell line. After 1 h of incubation, we observed that the signal from cells incubated 

with PAS-MΦ-NPs was significantly lower than that from the WT-MΦ-NP group (Figure 4.3B). 

We also examined the nanoparticle uptake kinetics by measuring cell fluorescence signals at 

various timepoints. As shown in Figure 4.3C, the fluorescence signal from cells incubated with 

PAS-MΦ-NPs was much lower than from those incubated with WT-MΦ-NPs at all tested 

timepoints. These results confirmed the effectiveness of PAS modification in reducing nanoparticle 

uptake by MΦ cells in vitro. 
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Figure 4.3 In vitro suppression of opsonization and MΦ uptake. a) Fluorescence intensity from adsorbed 
BSA-Alexa 647 on PLGA cores, WT-MΦ-NPs, and PAS-MΦ-NPs. b) Confocal fluorescence microscopic 
images of MΦs incubated with PBS, WT-MΦ-NPs, and PAS-MΦ-NPs, respectively. Scale bar = 40 µm. c) 
Mouse J774 uptake of DiO-labeled WT-MΦ-NPs and PAS-MΦ-NPs at various time points. In (a) and (c), 
n = 3; data are presented as mean ± standard deviation; n.s. = not significant; *p<0.05, **p<0.01, and 
***p<0.001; statistical analysis was performed with one-way ANOVA in (a) and two-way ANOVA in (c). 
 

The effect of PAS modification on nanoparticle uptake in vivo was also investigated in two 

settings. First, we administered the nanoparticles into the lungs and examined their uptake by 

alveolar MΦ cells. Specifically, we administered fluorescent dye-labeled PAS-MΦ-NPs or WT-

MΦ-NPs to mice intratracheally. After 24 h, we extracted alveolar MΦ cells from mouse 

bronchoalveolar lavage fluid and quantified nanoparticle uptakes by measuring cell fluorescence. 

Under a fluorescence microscope, we observed a much lower fluorescence signal in alveolar MΦ 

cells of mice treated with PAS-MΦ-NPs than those treated with WT-MΦ-NPs (Figure 4.4A). We 

also quantified fluorescence intensity of alveolar MΦ cells at various timepoints within 24 h after 

the nanoparticle administration. As shown in Figure 4.4B, at 1 h timepoint approximately 35% of 

alveolar MΦ cells showed a detectable WT-MΦ-NP signal, while only 12% of alveolar MΦ cells 

showed a detectable PAS-MΦ-NP signal. As time progressed to 24 h, alveolar MΦ cells with a 

detectable WT-MΦ-NP signal increased to over 83%, while about 61% of the cells showed a 

detectable PAS-MΦ-NP signal.  
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Second, we injected fluorescent dye-labeled nanoparticles into the mice through tail veins 

and examined nanoparticle circulation lifetime in the blood. We collected blood samples at 

predetermined time points and measured their fluorescence intensity. Figure 4c shows that mice 

retained a higher level of PAS-MΦ-NPs than WT-MΦ-NPs in blood during the entire test period. 

At 24 and 48 h time points, we observed 22.3% and 11.2% of PAS-MΦ-NPs remained in the blood, 

respectively, in contrast to 7.5% and 2.2% of WT-MΦ-NPs. To further illustrate the difference in 

circulation time between PAS-MΦ-NPs and WT-MΦ-NPs, we fitted the pharmacokinetic data into 

a two-compartment model and calculated the elimination half-life through the slope of the semilog 

plot (Figure 4.4C, inset) [26, 27]. Consistent with the blood retention results, PAS-MΦ-NPs showed 

an elimination half-time of approximately 20.8 h, while the half-life of WT-MΦ-NP was about 12.3 

h, which translated to 1.7-fold increase in elimination half-life after PAS modification. Notably, the 

in vivo circulation time of cell membrane-coated nanoparticles is much shorter than that of the parent 

source cells. This significant contrast in circulation duration is likely attributed to the pronounced 

physicochemical and biological differences between the passively diffusing inert nanoparticles and 

the actively swimming live cells. They differ greatly in their size, morphology, mechanical modulus, 

and biological activity. Besides the pharmacokinetic study, we further evaluated the tissue 

distribution of the nanoparticles at different timepoints post intravenous administration. In the study, 

the blood and major organs including heart, liver, spleen, lungs, and kidneys from the tested mice 

were collected at 30 min, 1 h, and 24 h post nanoparticle injection for fluorescence measurements. 

As shown in Figure 4.4D, when analyzing normalized nanoparticle content per gram of tissue, we 

observed that most nanoparticles were in the liver and spleen, two primary organs for the 

reticuloendothelial system. A strong fluorescence signal was also detected in the blood. At 24 h, the 

fluorescence signal in the blood significantly decreased, while the signal in the liver increased 

accordingly, confirming nanoparticle clearance by the reticuloendothelial system. Notably, the PAS-
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MΦ-NP group showed higher blood retention and lower liver uptake throughout the study as 

compared to the WT-MΦ-NP group. Note that in these in vivo studies, we selected PAS-MΦ-NP 

and un-MΦ-NP as the two study groups due to the prominent distinction of PAS expression between 

them, enabling a fair and direct comparison to evaluate the contribution and superiority of PAS 

expression. 

 

Figure 4.4 In vivo reduction of lung alveolar MΦ clearance, pharmacokinetics and biodistribution. a) 
Confocal fluorescence microscopic images of in vivo collected alveolar MΦ cells 24 h after intratracheal 
administration of the DiO-labeled WT-MΦ-NPs and PAS-MΦ-NPs. b) Flow cytometry quantification of 
the uptake of WT-MΦ-NPs and PAS-MΦ-NPs in CD11c+Siglec-F+ alveolar MΦs at various time points 
after intratracheal administration in vivo (n = 3; mean ± s.d.). c) In vivo circulation kinetics of WT-MΦ-NPs 
and PAS-MΦ-NPs. Nanoparticles were labeled with DiR and injected intravenously through the tail vein of 
mice. (n = 3; mean ± s.d.). (Inset) The semilog plot of fluorescence signals at various time points. d) 
Biodistribution of WT-MΦ-NPs and PAS-MΦ-NPs collected after injecting DiR-labeled nanoparticles 
intravenously into the mice. At 0.5, 1, and 24 h post-injection, the major organs were collected, weighed, 
and homogenized for fluorescence quantification (n = 3; mean ± s.d.). Data are presented as mean ± standard 
deviation; n.s. = not significant; *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001; statistical analysis 
was performed with two-way ANOVA in (b) and one-way ANOVA in (d). 
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 After having demonstrated that PAS modification was able to effectively increase 

nanoparticle residence time in vivo, we further examined whether this property could help improve 

the therapeutic efficacy of PAS-MΦ-NPs. To this end, we first tested nanoparticle efficacy of 

neutralizing LPS in a mouse model of LPS-induced lung inflammation [6, 28]. In this model, LPS 

is identified as a pathogen-associated molecular pattern (PAMP) by sentinel immune cells such as 

monocytes and macrophages [29, 30]. Once inside the lung, MΦ-NPs mimic host cells and use toll-

like receptor-4 (TLR-4) and pattern recognition receptor CD14 on the membrane to capture LPS. 

Such binding interactions prevent host defense reactions and adaptive immune activation [31, 32]. 

MΦ-NPs can also scavenge inflammatory cytokines through the corresponding cytokine receptors 

present on macrophage membrane, thereby, inhibiting the cytokine-induced inflammation cascades 

[6]. In the study, healthy BALB/c mice were administrated with PAS-MΦ-NPs, WT-MΦ-NPs, or 

PBS (30 µL, 10 mg/kg) intratracheally. One hour later, the mice were intratracheally administered 

with LPS (30 µL, 400 µg/kg) to induce lung inflammation (Figure 4.5A) [33]. After 5 h following 

LPS administration, we sacrificed the mice and quantified the levels of proinflammatory cytokines 

in the lung tissue. Figure 4.5B shows that comparing to LPS alone group, animals treated with 

either PAS-MΦ-NPs or WT-MΦ-NPs had significantly lower IL-6 levels, while PAS-MΦ-NP 

treatment was more effective than WT-MΦ-NP treatment. Similar results were observed for the 

levels of TNF-a (Figure 4.5C) and IL-12p40 (Figure 4.5D). Since we have already verified that 

PAS modification did not affect native membrane antigen profile, the enhanced efficacy of PAS-

MΦ-NPs through intratracheal administration was likely attributable to their prolonged retention 

time in the lungs. 
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Figure 4.5 PAS-MΦ-NP enhancing local LPS neutralization efficacy in the lungs of an LPS-induced 
lung inflammation mouse model. a) The study protocol. (b-d) Quantification of inflammatory cytokines, 
including IL-6 (b), TNF-a (c), and IL-12p40 (d), in the lung tissue of mice intratracheally challenged with 
LPS alone or LPS with pretreatment of WT-MΦ-NPs or PAS-MΦ-NPs (n = 6; mean ± s.d.). Mice treated 
with 1X PBS were included as a control group. Data are presented as mean ± standard deviation; n.s. = not 
significant; *p<0.05, and **p<0.01; statistical analysis was performed with one-way ANOVA. 
 

In another in vivo efficacy study, we used a mouse model of LPS-induced sublethal 

endotoxemia [34]. In the study, we first injected PBS, PAS-MΦ-NPs, or WT-MΦ-NPs (80 mg/kg) 

into BALB/c mice through tail veins (Figure 4.6A). After 0.5 h, the mice were challenged with 

LPS (5 µg/kg) through tail vein injection to induce sublethal endotoxemia [6]. Serum samples were 

collected from the mice at predetermined time points, and treatment efficacy was evaluated by 

quantifying serum levels of proinflammatory cytokines. As shown in Figure 4.6B, the LPS 

challenge in PBS-treated mice led to a rapid increase of serum IL-6 concentration, reaching a 

maximum at 3 h and then gradually decreasing. When treated with WT-MΦ-NPs, serum IL-6 levels 

decreased due to the nanoparticle’s ability to absorb and neutralize LPS and inflammatory 
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cytokines. Compared to these two groups, IL-6 levels in mice treated with PAS-MΦ-NPs remained 

significantly lower throughout the study, indicating a better therapeutic efficacy. LPS challenge 

also elevated serum levels of TNF-a (Figure 4.6C) and IFN-g (Figure 4.6D), reaching a peak at 1 

h and 6 h, respectively. Effective treatment efficacy was observed in mice treated with PAS-MΦ-

NPs or WT-MΦ-NPs, and PAS-MΦ-NP treatment was much more effective than WT-MΦ-NP 

treatment. In fact, the TNF-a and IFN-g levels were near the baseline levels in mice treated with 

PAS-MΦ-NPs, highlighting the contribution of PAS modification to improving the treatment 

efficacy. In terms of the in vivo fate of LPS-bound and/or cytokine-bound MΦ-NPs, it’s likely that 

they accumulated in the liver and were digested there following the biodistribution pattern observed 

in Figure 4d. These nanoparticles could also be opsonized during the circulation and thus were 

taken up and cleared by circulating immune cells.   

 

Figure 4.6 PAS-MΦ-NP enhancing systemic LPS neutralization efficacy in the blood of an LPS-
induced endotoxemia mouse model. a) The study protocol. b-d) Quantification of serum inflammatory 
cytokines, including IL-6 (b), TNF-a (c), and IFN-g (d), after intravenously injecting mice with LPS alone 
or LPS pretreated with WT-MΦ-NPs or PAS-MΦ-NPs (n = 6; mean ± s.d.). Mice injected with 1x PBS 
were included as a control group. Statistical analysis was between WT-MΦ-NP and PAS-MΦ-NP, and at 3, 
1, and 6 h for IL-6, TNF-a, and IFN-g, respectively, with unpaired two-tailed t-tests. 
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Finally, we evaluated the acute toxicity of PAS-MΦ-NPs following intravenous 

administration into mice. After 24 h, we collected blood and major organs from the mice and 

performed a comprehensive panel of assays. Blood count analysis showed no significant changes 

in the number of white blood cells, red blood cells, and platelets in mice injected with PAS-MΦ-

NPs or WT-MΦ-NPs compared to mice treated with PBS only (Figure 4.7A). Moreover, when 

evaluating the serum metabolic panel, we observed no significant elevation in markers associated 

with liver or kidney functions in mice injected with either nanoparticle formulations (Figure 4.7B). 

We also collected the major organs of the mice, including the heart, liver, spleen, lungs, and 

kidneys, sectioned the tissues, and stained the sections with hematoxylin and eosin (H&E) for 

histopathological analysis (Figure 4.7C). We found that the overall structure, integrity, and 

immune infiltration of tissues in both PAS-MΦ-NP and WT-MΦ-NP treated groups were similar 

to those of the control mice, suggesting the absence of acute toxicity from these nanoparticles.  
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Figure 4.7 In vivo safety of PAS-MΦ-NPs. a) Blood cell counts 24 h after intravenous administration of 
WT-MΦ-NPs or PAS-MΦ-NPs (n = 3; mean + standard deviation). b) A comprehensive serum chemistry 
panel performed 24 h after intravenous administration of WT-MΦ-NPs or PAS-MΦ-NPs (n = 3; mean ± 
standard deviation). ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, 
amylase; TBIL, bilirubin; BUN, urea nitrogen; CA, calcium; PHOS, phosphorus; CRE, creatinine; GLU, 
glucose; NA+, sodium; K+, potassium; GLOB, globulin (calculated); TP, total protein. c) H&E-stained 
histological sections from major organs 24 h after intravenous administration of WT-MΦ-NPs or PAS-MΦ-
NPs. Scale bar = 250 µm. 

 

4.3 Conclusions  

In summary, we conducted genetic modifications on MΦ cells to express PAS sequences 

and utilized the modified cell membrane to create PAS-MΦ-NPs. The genetic modifications had 

minimal impact on the native cell membrane antigen profile and the physicochemical properties of 

the nanoparticles. The inclusion of PAS sequences provided additional protection to the 
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nanoparticles against uptake by MΦ cells in vitro. Upon intratracheal administration or intravenous 

injection to mice, PAS-MΦ-NPs exhibited significantly prolonged residence times compared to 

WT-MΦ-NPs. This increase in residence time further enhanced the therapeutic efficacy of the 

nanosparticles in animal models of LPS-induced lung inflammation and LPS-induced systemic 

endotoxemia. Overall, our study demonstrates that genetic modification of cell membranes 

represents an effective strategy to enhance in vivo residence times of nanoparticles, leading to 

improved therapeutic efficacy. 

For future research, the residence time of PAS-MΦ-NPs can be further improved by 

controlling the density and length of PAS sequences.[19] The PAS-modified membrane may be 

hybridized with other types of membranes to enrich the nanoparticle functionality [35]. 

Additionally, apart from PAS, other emerging peptide amphiphiles can be incorporated into MΦ 

membranes using the same methodology, expanding the range of functionalities of MΦ-NPs [36, 

37]. The genetic modification of MΦ-NPs opens new possibilities for broad applications associated 

with macrophage membrane coating. The success of genetic modification in MΦ-NPs suggests that 

a similar approach can be applied to other primary cells currently under active investigation for the 

development of cell membrane-coated nanoparticles. Moreover, the genetically modified cell 

membrane can also be used to coat onto other substrates, such as non-spherical cores [38] and cores 

with low mechanical modulus [39], to further improve the in vivo circulation time and 

biodistribution. With continued efforts, the full potential of cell membrane-coated nanoparticles 

will be released for broader biomedical applications. 

 

4.4 Experimental Methods 

4.4.1 Plasmid construction 
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To construct the pDisplay-PAS-mCherry plasmid, the complementary DNA (cDNA) 

sequences encoding the PAS-mCherry fusion protein were first synthesized by the Invitrogen 

GeneArt Gene Synthesis service (Thermo Fisher Scientific) based on a previously established 

method [19]. These cDNAs were then subcloned into the pDisplay plasmid (Thermo Fisher 

Scientific) using restriction enzymes (BamHI and XbaI, New England BioLabs). The resulting 

sequences encoding the pDispay-PAS-mCherry fusion protein were further subcloned into pLenti-

CMV-Puro, a lentiviral transfer plasmid (Addgene), using restriction enzymes (Nhe I and BamH I, 

New England BioLabs). This construction process yielded the final plasmid of pLenti-Display-

PAS-mCherry. 

 

4.4.2 Lentivirus production 

The lentivirus was produced according to a previously established protocol [25]. In brief, 

HEK293T cells (ATCC, CRL-3216) were seeded in a T75 cell culture flask at 50% confluency 12 

h before the transfection. The transfer plasmid pLenti-Display-PAS-mCherry was mixed with the 

packaging plasmids (pMDL:pRev:pMD2.G = 1:1:1 weight ratio) at 1.5:1 weight ratio (transfer 

plasmid concentration = 4 µg/mL) in 5 mL of Minimum Essential Medium (MEM, Gibco). The 

plasmids were co-transferred using Lipofectamine 2000 (Thermo Fisher Scientific) into the 

HEK293T cells according to the manufacturer’s protocol. Cells were cultured at 37°C and 5% CO2 

in Dulbecco’s Modified Eagle Medium (DMEM, Gibco). After 6 h, the medium was replaced with 

DMEM containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin streptomycin (Pen-

strep). Culture supernatants containing viral particles were collected 48 and 72 h after the 

transfection. The cell debris in the supernatants was removed by centrifugation at 800 ´g for 15 

min, followed by filtration through 0.45-µm filters (Millipore Sigma). Following the filtration, the 

viral particles were pelleted with a Lenti-X concentrator (Takara) according to the manufacturer’s 
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protocol and then resuspended in 100 µL 1X PBS. The concentrated virus suspension was stored 

at -80°C for subsequent uses. 

 

4.4.3 Generation of MΦ cells expressing PAS 

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% Pen-strep (all from Thermo Fisher Scientific). The cells were 

maintained at 37°C with 5% CO2 in a humidity-controlled incubator. To generate MΦ cells 

expressing PAS, polybrene infection/transfection reagent (Millipore-Sigma) was added to the 

concentrated lentivirus containing genome encoding pDisplay-PAS-mCherry to a final 

concentration of 4 µg/mL. Then 100 µL of the mixture was added into each well of a 12-well plate 

containing 3 × 105 cells/well of THP-1 cells in RPMI 1640 medium supplemented with 10% FBS 

and 1% Pen-strep. The final volume of each well was 1 mL. Centrifuging the culture plate at 1200 

×g for 30 min facilitated viral transduction. After 48 h of the transduction, the culture media was 

replaced with RPMI 1640 medium supplemented with 10% FBS, 1% penicillin-streptomycin, and 

puromycin (10µg/mL, Invivogen). After 1 week of culture, monoclonal selection was conducted 

by plating the puromycin-selected cells in 96-well plates at an average density of 0.5 cell/well. The 

plate was cultured for 2 weeks in RPMI 1640 medium supplemented with 10% FBS and 1% Pen-

strep. Then cells in each well were measured with flow cytometry (BD FACS Aria II Cell Sorter) 

to quantify PAS-mCherry expression levels. The clone with the highest expression was selected 

and expanded. 

 

4.4.4 Quantitative reverse transcription PCR (qRT-PCR) measurement 
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RNA was extracted from 1×106 THP-1 or PAS-expressing THP-1 cells using a Direct-zol 

RNA Miniprep kit (Zymo Research) according to the manufacturer’s protocol. The RNA was 

reverse transcribed into cDNA using the ProtoScript First Strand cDNA Synthesis kit (New 

England BioLabs). Quantitative PCR (qPCR) was performed with LUNA Universal qPCR Master 

Mix (New England BioLabs). The cycling condition was 95°C for 1 min and then 40 cycles of 

95°C for 15 s followed by 60°C for 45 s. The relative expression of target genes was calculated 

using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene. 

 

4.4.5 Cell membrane derivation 

Membranes of THP-1 cells and PAS-expressing THP-1 cells were derived based on a 

previously reported protocol [12]. Briefly, frozen cell stocks were thawed and washed with 1X 

PBS (three times, each time 800 ×g for 5 mins). Cells were then suspended in hypotonic lysing 

buffer containing 30 mM Tris-HCl (pH 7.5), 225 mM D-mannitol, 75 mM sucrose, 0.2 mM EGTA 

(all from Millipore-Sigma), and a protease and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific). Next, cells were disrupted by using a Dounce homogenizer with a tight-fitting pestle 

(20 passes). The homogenized solution was centrifuged at 10,000 ×g for 25 min at 4°C. The pellet 

was discarded, and the supernatant was centrifuged again at 150,000 ×g for 35 min at 4°C. 

Following the centrifugation, membranes were washed once by resuspending in a 37 mL solution 

of 0.2mM ethylenediaminetetraacetic acid (EDTA, Millipore-Sigma) and centrifuging at 150,000 

×g for 35 min at 4°C.  The final membrane stocks were resuspended in 1 mL of 0.2 mM EDTA. 

The membrane protein concentration was measured using a BCA kit (Pierce Thermo Scientific). 

The membrane suspension was stored at -80°C for subsequent uses. 

 

4.4.6 Preparation of cell membrane-coated nanoparticles 
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Nanoparticles coated with THP-1 and PAS-expressing THP-1 membranes (denoted “WT-

MΦ-NPs” and “PAS-MΦ-NPs”, respectively) were prepared following a previously reported 

procedure.[12] In brief, 1 mL of poly(dl-lactic-co-glycolic acid) (PLGA, 50:50, 0.67 dl/g, Lactel 

Absorbable Polymers) in acetone (20 mg/mL) was added dropwise into 4 mL water. The mixture 

was vacuumed under an aspirator for 2 h to evaporate the acetone completely. For fluorescence 

imaging or flow cytometry experiments, 3,3-Dioctadecyloxacarbocyanine perchlorate (DiO, 

excitation/emission = 484/501 nm, Thermo Fisher Scientific) or 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindotricarbocyanine Iodide (DiR, excitation/emission = 748/780 nm, Thermo Fisher 

Scientific) was added to the PLGA solution before the mixture was added into the water. 

Encapsulated DiO or DiR showed negligible release within 48 h. Both dyes have been widely used 

to trace PLGA-based nanoparticles including cell membrane-coated PLGA nanoparticles for in 

vivo applications [3, 40, 41]. The dye concentration was 0.1 wt% of PLGA polymer. For cell 

membrane coating, WT-MΦ membrane or PAS-MΦ membrane was mixed with PLGA cores at a 

polymer-to-membrane protein weight ratio of 1:1. The mixture was then sonicated with a bath 

sonicator (Fisher Scientific FS30D) for 3 min. 

 

4.4.7 Nanoparticle physicochemical characterization 

The size and surface zeta potential of WT-MΦ-NPs and PAS-MΦ-NPs were measured with 

dynamic light scattering (DLS, Malvern Zetasizer Nano ZS). For nanoparticle morphology, the 

nanoparticle samples were adsorbed onto carbon-coated copper grids (400-mesh, Electron 

Microscopy Sciences) and stained with 0.2 wt% uranyl acetate (Electron Microscopy Sciences). 

The grids were imaged on a JEOL 1200 EX II transmission electron microscope. For stability study, 

the nanoparticle samples were stored in both 1X PBS and 10% sucrose at 4°C, and the sizes of the 

nanoparticles were measured daily with DLS for 72 h. 
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4.4.8 In vitro protein adsorption study 

For in vitro protein adsorption assay, bovine serum albumin (BSA, Pierce Thermo 

Scientific) was first conjugated with Alexa Fluor 647 NHS (Thermo Fisher Scientific). Briefly, 

Alexa Fluor 647 NHS (excitation/emission = 650/671 nm, 1 mg/mL in dimethyl sulfoxide) was 

mixed with BSA (1 mg/mL in 1X PBS) at a molar ratio of 1:5 and incubated at 4°C overnight. The 

BSA with Alexa Fluor 647 conjugation was purified using Amicon Ultra-4 Centrifugal Filter Units 

(Millipore Sigma, molecular weight cut-off 100 kDa). The obtained BSA-Alexa 647 (50 µg, 1 

mg/mL) was added to 0.5 mL and 2 mg/mL of WT-MΦ-NPs, PAS-MΦ-NPs, or uncoated PLGA 

cores. The mixture was incubated at 37°C for 1 h. After incubation, the nanoparticles were spun 

down by centrifugation (25,000 ×g for 15 min). The supernatant with the remaining BSA-Alexa 

647 was removed. The nanoparticles were resuspended in 100 µL of ultra-pure water. The 

fluorescent signal from the nanoparticle samples was quantified with a Tecan Infinite M200 plate 

reader. All studies were carried out in triplicate.  

 

4.4.9 In vitro MΦ uptake study 

Mouse J774 MΦ cell line was purchased from ATCC and maintained in DMEM 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 the nanoparticle uptake study, J774 MΦ cells were seeded at a density of 

2 × 105 cells/well in 4-well Millicell EZ Slides (Millipore Sigma) and incubated for 24 h before the 

experiment. After the incubation, DiO-labeled WT-MΦ-NPs or PAS-MΦ-NPs were added to each 

well with a final nanoparticle concentration of 100 µg/mL, and the plate was incubated for 1 h. The 

cells were then washed with 1X PBS twice and imaged using a confocal microscope (Leica SP8). 



 

 
 

192 

For quantitative MΦ uptake evaluation, J774 MΦ cells were seeded at a density of 3 ́  106 cells/well 

in a 6-well plate. DiR-labeled WT-MΦ-NPs or PAS-MΦ-NPs were added to the J774 MΦ cells 

with a final concentration of 150 µg/mL, and the cells were incubated for 5, 15, 30, and 60 min. At 

each time point, the cells were washed with 1X PBS twice and detached by scraping. The cells 

were resuspended in 100 µL 1X PBS and measured with flow cytometry (BD FACS Aria II Cell 

Sorter) for fluorescence intensity.  

 

4.4.10 Animal care 

Mice were housed in an animal facility at the University of California San Diego (UCSD), 

under federal, state, local, and National Institutes of Health (NIH) guidelines. Six-week-old ICR 

male mice were purchased from Envigo. Mice were maintained under standard housings with 12 h 

light/12 h dark cycle, ambient temperature, and normal humidity. All animal experiments were 

performed in accordance with NIH guidelines and were approved by the Institutional Animal Care 

and Use Committee (IACUC) of UCSD. 

 

4.4.11 In vivo alveolar MΦ uptake study 

For the in vivo alveolar MΦ uptake study, 50 µL of DiO-labeled WT-MΦ-NPs or PAS-

MΦ-NPs at the concentration of 4 mg/mL were administrated intratracheally into 6-weeks-old ICR 

mice (n = 15, Envigo). Mice administered intratracheally with 50 µL 1X PBS were used as controls. 

At 0, 1, 2, 4, and 24 h, three mice from each group were euthanized, and bronchoalveolar lavage 

(BAL) was performed using 4 mL of 1X PBS containing 2mM EDTA and 0.5 wt% FBS. The cells 

were collected by centrifugation of the BAL fluid at 300 ×g for 10 mins. The resuspended cells 

were blocked with 1% BSA in 1X PBS for 15 min and then stained with DAPI, Pacific Blue-

labeled anti-CD11c, and phycoerythrin (PE)-labeled anti-Siglec F (Biolegend) for 30 mins. Cells 
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were washed with 1X PBS containing 1% BSA. Alveolar MΦ cells were evaluated with a confocal 

microscope and flow cytometry for DiO-positive cells. 

 

4.4.12 In vivo pharmacokinetic and biodistribution studies 

To characterize the systemic pharmacokinetic profiles of WT-MΦ-NPs and PAS-MΦ-NPs, we 

administered DiR-labeled nanoparticles (40 mg/kg) to 6-weeks-old ICR mice (n = 3, Envigo) through 

intravenous injection. Mice injected with 100 µL 1X PBS were served as controls. At 1, 15, 30 min, 

and 1, 2, 4, 8, 24, and 48 h post-injection, whole blood was collected from each mouse via 

submandibular puncture. Serum was separated from the whole blood by centrifugation at 800 ×g for 

15 min, followed by fluorescence measurements. For the biodistribution study, DiR-labeled WT-MΦ-

NPs and PAS-MΦ-NPs were injected into 6-weeks-old ICR mice intravenously at a concentration of 

40 mg/kg. At 0.5, 1, and 24 h post-injection, organs including the heart (tissue), liver, spleen, lung, 

kidney, and blood were collected from 3 randomly selected mice from each group. The collected 

organs were weighed and homogenized in PBS for fluorescence measurements. All fluorescent signals 

were quantified using a Tecan Infinite M200 plate reader. 

 

4.4.13 In vivo LPS neutralization in the lungs 

The therapeutic efficacy of WT-MΦ-NPs and PAS-MΦ-NPs were evaluated in an LPS-

induced lung inflammation mouse model. In this study, mice were divided into 3 groups (n=6) and 

were anesthetized with a ketamine/xylazine cocktail containing 100 mg/kg ketamine (MWI 

Veterinary Supply) and 10 mg/kg xylazine (MWI Veterinary Supply). The mice were then 

intratracheally administrated with 30 µl of PBS, WT-MΦ-NPs, or PAS-MΦ-NPs at a dosage of 10 

mg/kg. One hour after the pre-treatment, all mice were challenged with 30 µl of LPS at 400 µg/kg 

intratracheally. Mice treated with PBS only were used as healthy controls. Mice were sacrificed 6 
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h after the LPS challenge, and their lungs were extracted and homogenized. The inflammatory 

cytokine levels, including IL-6, TNF-a, and IL-12p40 were measured using ELISA assays 

according to the manufacturer’s protocol (Biolegend). 

 

4.4.14 Systemic LPS neutralization in a sublethal endotoxemia model 

The systemic neutralziation capabilities of WT-MΦ-NPs and PAS-MΦ-NPs against LPS 

were evaluated in a sublethal endotoxemia mouse model by measuring the production of 

proinflammatory cytokines. In brief, 6-week-old BALB/c mice (Charles River) were divided into 

3 groups (n=6), and were injected with PBS, WT-MΦ-NPs, or PAS-MΦ-NPs at a dosage of 80 

mg/kg intravenously through the tail vein. Thirty minutes after the pre-treatment, the mice were 

challenged with 5 µg/kg LPS through intravenous injection. Mice injected with PBS were used as 

controls. After injection, blood samples were collected from the mice at predetermined time points 

through the submandibular puncture. The blood samples were allowed to clot at room temperature 

for 30 min, and the serum was collected through centrifugation. Serum IL-6, TNF-a, and IFN-g 

levels were quantified using ELISA assays according to the manufacturer’s protocol (Biolegend).  

 

4.4.15 In vivo biosafety studies 

For in vivo biosafety studies, 6-week-old ICR mice (n = 3, Envigo) were administered 

intravenously with WT-MΦ-NPs or PAS-MΦ-NPs at a dosage of 80 mg/kg. Mice injected with 

100 µl of 1X PBS were served as controls. Mice were euthanized at 24 h after nanoparticle 

administration for sample collection. For blood chemistry analysis and blood cell counts, the mouse 

whole blood was collected into potassium–EDTA collection tubes (Sarstedt). The analysis was 

performed by the UCSD Animal Care Program Diagnostic Services Laboratory. For the 
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histological analysis, the major organs were sectioned and stained with H&E (Leica Biosystems), 

followed by imaging with a Nanozoomer 2.0-HT slide scanning system (Hamamatsu).  
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Chapter 5 
Conclusion 
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5.1 Multimodal enzyme delivery and therapy enabled by cell membrane-coated 

metal organic framework nanoparticles. 

 This chapter covered the design, synthesis, and characterization of a cell membrane-

camouflaged metal organic framework (MOF) system with enhanced biocompatibility and 

functionality for potential gout treatment. The MOF core can efficiently encapsulate enzymes 

while maintaining their bioactivity. After the introduction of natural cell membrane coatings, the 

resulting nanoformulations can be safely administered in vivo. With the additional inflammatory 

cytokine neutralization ability provided by the macrophage membrane, this nanoformulation 

synergizes with the encapsulated enzyme to target disease pathology from multiple dimensions. 

Employing uricase as a model enzyme, we demonstrate the therapeutic efficacy of this approach 

in both murine hyperuricemia and gout models, showing significant reduction of serum uric level 

and amelioration of local joint inflammation. The results support the use of cell membrane-coated 

MOFs for enzyme delivery, and this treatment strategy could be easily applied across a wide range 

of enzyme payloads and different membrane coatings to improve the therapeutic efficacy of 

enzyme-based therapies in other areas of unmet clinical needs. Overall further development along 

these lines holds great promise for transforming the clinical landscape of current enzyme therapies. 
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5.2 Macrophage membrane coated nanosponges for the treatment of 

gastrointestinal diseases. 

This chapter presented a unique oral formulation of macrophage cell membrane-coated 

nanoparticles for the treatment of inflammatory bowel diseases (IBD). IBD is a chronic 

gastrointestinal tract disorder characterized by uncontrolled inflammatory responses to the 

disrupted intestinal epithelial barrier and gut microbiome dysbiosis. Currently available small-

molecule immunosuppressive agents and anti-cytokine biologics show limited potency, mainly 

due to the complexity of the inflammatory network involved in IBD. Here, we reported an oral 

formulation of macrophage membrane-coated nanoparticles encapsulated in enteric polymer-

coated gelatin capsules (denoted ‘cp-MΦ-NPs’) for IBD treatment. The capsules protect the 

nanoparticles from gastric degradation and allow targeted delivery to the colon. At the inflamed 

colon, cp-MΦ-NPs act as macrophage decoys that bind and neutralize pro-inflammatory cytokines. 

The in vivo treatment efficacy of cp-MΦ-NPs is tested in a mouse model of dextran sulfate sodium-

induced colitis. In both prophylactic and delayed treatment regimens, oral delivery of cp-MΦ-NPs 

significantly alleviates IBD severity, reflected by reduced intestinal inflammation and intestinal 

barrier restoration. Overall, cp-MΦ-NPs provide a biomimetic nanomedicine strategy for the 

treatment of IBD. 

Encouraged by the promising results of cp-MΦ-NPs in treating IBD, we further 

investigated the combination of cell membrane-coating technology with micromotors to improve 

its pharmacokinetic profile. Here, we reported on two efficient algae-based motor platforms, pH-

sensitive encapsulated algae and acidophilic algae, which take advantage of the fast and long-

lasting swimming behavior of natural microalgae in intestinal fluid to prolong local retention 

within the GI tract. The cell membrane-coated nanoparticles are functionalized on either 
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acidophilic algae or algae motors that are embedded inside a pH-sensitive capsule, without 

compromising the algae motors’ self-propelling ability for enhanced gastrointestinal delivery. In 

vitro, the algae motors displayed a constant motion behavior in simulated intestinal fluid after 12 

hours of continuous operation. When orally administered in vivo into mice, the algae substantially 

improved distribution and retention of cell membrane-coated nanoparticles in the GI tract 

compared to traditional magnesium-based micromotors, which are limited by short propulsion 

lifetimes. Overall, adapting efficient motion and extended lifetime of natural algae-based motors 

results in a promising micromotor platform capable of achieving greatly improved nanoparticle 

delivery in gastrointestinal tissue for practical biomedical applications. 
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5.3 Extending the in vivo residence time of macrophage membrane-coated 

nanoparticles through genetic modification. 

This chapter reported the development and engineering of macrophage cell membrane-

coated nanoparticles for enhancement of bacterial toxins neutralization. As exhibited in numerous 

studies before, nanoparticles coated with natural cell membranes have emerged as a promising 

class of biomimetic nanomedicine with significant clinical potential. Particularly, macrophage 

membrane-coated nanoparticles hold promising clinical values due to their versatility in drug 

delivery and biological neutralization applications. In this chapter, we showed a genetic 

engineering approach to enhance their in vivo residence times, aiming to further improve their 

performance. Specifically, we engineered macrophages to PAS peptide chains, which provide 

additional protection against opsonization and phagocytosis. The resulting modified nanoparticles 

demonstrated prolonged residence times when administered intravenously or introduced 

intratracheally, surpassing those coated with the wild-type membrane. The longer residence times 

also contributed to enhanced nanoparticle efficacy in inhibiting inflammatory cytokines in mouse 

models of lipopolysaccharide-induced lung injury and sublethal endotoxemia, respectively. Our 

study underscores the effectiveness of genetic modification in extending the in vivo residence 

times of macrophage membrane-coated nanoparticles. This approach can be readily extended to 

modify other cell membrane-coated nanoparticles towards more favorable biomedical applications. 
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