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The nanodelivery of biomolecules offers several benefits compared with use of the same 

compounds in their free form. First, payload entrapment and protection by a nanoparticle matrix 

minimizes the chance of interference caused by degradative agents and nonspecific cellular 

interactions. This helps to prolong circulation half-life and enhances the biological stability of the 

payload, both of which are crucial for maximizing its bioactivity. Second, owing to the relatively 

small size of nanocarriers, the encapsulated payloads can more tunably localize and accumulate at 

specific sites via common administration routes. For example, the intravenous administration of 
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nanocarriers enables efficient bloodstream distribution and sustained tissue accumulation, 

whereas intra-articular injection of nanocarriers results in fast local accumulation at joint. 

Furthermore, intrinsic capability of nanocarriers can greatly enhance the nanodelivery efficacy.  

For instance, self-dissociation property of some materials at certain pH condition can facilitate 

the fast release of the biomolecule at local sites. By leveraging proper materials design, 

nanoparticulate platforms can be synthesized with specific targeting functionality and 

controllable release to greatly improve biomolecule payload bioavailability and ensure bioactivity 

at minimal dosages of the active ingredient. 

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

effective biomimetic method for nanoparticle functionalization. The membrane-coated 

nanoparticles fabricated using such platform technology exhibit cell-mimicking properties that 

enable them to excel at in vivo applications. For example, red blood cell membrane coatings can 

greatly prolong circulation within the bloodstream, whereas platelet membrane coatings enable 

targeted delivery to bacteria, cancer, and damaged vasculature. 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. 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 biomolecule delivery. 

Herein, we discuss biomimetic nanodelivery of several biomolecules by novel cell-

membrane coated nanoparticles. The biomimetic delivery techniques developed from novel 

formulations encased of liquid perfluorocarbon for oxygen delivery, to new methods composed of 

metal-organic framework for small-interfering RNA and enzyme delivery. Specifically, red 

blood cell membrane-coated oxygen-loaded perfluorocarbon nanoemulsions can act as a 
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promising candidate of next-generation blood substitute with tremendous physiological 

stability, prolonged blood circulation and excellent biocompatibility, which may have the 

potential to address a critical need in the clinic. On the other hand, platelet membrane-coated 

small-interfering RNA-loaded metal-organic framework nanoparticles present high silencing 

efficiency against multiple target genes, which could be used to expand the applicability of 

gene therapy across a range of disease-relevant applications. Moreover, macrophage 

membrane-coated enzyme-loaded metal-organic framework nanoparticles show excellent local 

retention and cytokine neutralization, thus can synergize with the loaded enzyme for 

degradation of cognate substrate and alleviation of relevant disease. Taking together, these 

biomimetic approaches by novel cell membrane-coated nanoparticles will hopefully lead to better 

use of the biomolecules and treatment of the diseases, and a higher level of tailoring ability 

available to engineers designing future platforms. 
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Chapter 1 
 

Introduction 



2  

1.1 Introduction 

Particulate delivery systems have demonstrated the ability to enhance the bioavailability 

of immunostimulants and can promote increased immune activation; however, conventional 

platforms can still be limited by certain pitfalls. For instance, in spite of effective incorporation 

into delivery systems, some of these immunostimulatory agents still need to be delivered in large 

quantities to achieve the desired effects, which necessitates the delivery platforms with high 

loading yields.[1] Finding alternative solutions to achieve better immune stimulation at lower 

dosages would thus be highly beneficial. Another challenge with many conventional delivery 

platforms is that they are still regarded as exogenous species by the immune system, which can 

lead to rapid immune clearance or unwanted immune responses.[2] Furthermore, delivery of 

immunostimulant payloads to the appropriate immune cell populations is essential for proper 

immune activation. As such, targeted delivery approaches could ensure better immune 

recognition and augment overall immune responses.[3] 

An ideal immunostimulant delivery platform would interact minimally with irrelevant 

cells but elicit strong immune stimulation upon reaching target immune cells.[4] As a result, on-

demand immune activation could be achieved without compromised safety or tolerability 

parameters. Recently, biomimetic nanodelivery platforms have become increasingly employed 

for the delivery of immunostimulatory agents because of their ability to readily fulfill some of 

these design requirements.[5-8] Biomimetic modifications or delivery vehicles have the potential 

to significantly improve upon the overall delivery efficiency and subsequent immune responses 

associated with current delivery platforms. Three general approaches for achieving biomimetic 

delivery will be discussed in depth (Table 1.1). 
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Table 1.1 Biomimetic delivery nanoplatforms for delivery of immunostimulatory agents. 

Biomimetic Strategies Delivery Methods References 
Biomimetic 
Modifications 

Mannose [13, 14]  
Galactose [16]  
Glycans [18]  

Natural Carriers Virus Nanoparticles [23, 27, 28]  
Protein Nanoparticles [38, 40, 43, 47, 49]  
Lipoproteins [53, 54, 55]  
Cell Membrane Vesicles [60, 61, 62, 64, 68]  
Genetically Modified Membrane Vesicles [71, 73, 77, 78]  

Engineering Cell 
Membrane Hybrids 

White Blood Cell Membrane Hybrids [84, 86, 87]  
Red Blood Cell Membrane Hybrids [92, 93, 94]  
Cancer Cell Membrane Hybrids [100, 101, 103, 104, 105] 
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1.2 Biomimetic Modifications 

Biological targeting functionality can be achieved by employing naturally occurring 

moieties to modify the surface of nanoparticles, thus enhancing uptake efficiency by target 

immune cells. Through simple chemical modification processes, the surface-functionalized 

nanoparticles can be pronouncedly recognized by immune cells of interest.  One representative 

ligand is mannose, which has affinity to receptors that are abundant on APCs.[9] Mannose 

receptors on macrophages and DCs enhance affinity towards the cell surface of microorganisms, 

facilitating their uptake and subsequent presentation to T cells.[10] When mannose is attached as 

a targeting ligand to immunostimulant delivery platforms, these mannosylated vehicles can be 

readily recognized and internalized by APCs, resulting in enhanced immune stimulation. In one 

example, a vaccine delivery system based on mannosylated chitosan microspheres was 

formulated for intranasal mucosal vaccination.[11] Compared to unmodified particles, the 

mannosylated microspheres could tightly bind with mannose receptors on murine macrophages 

and stimulated immunoglobin production. Similarly, a PEG-sheddable, mannose-modified 

polymeric nanoparticle platform has been assembled and shown to efficiently target tumor-

associated macrophages after PEG shedding in the acidic tumor microenvironment.[12] In a case 

of DC targeting, mannose was used to modify lipid–calcium phosphate nanoparticles, which 

contained the Trp2 melanoma self-antigen and CpG ODN as an adjuvant for immunotherapy 

against melanoma. [13, 14] 

Mannosylation can help to enhance nanoparticle localization in the lymph nodes, 

facilitating antigen presentation by DCs. In an example, mannose was selected to decorate 

chitosan nanoparticles.[15] Due to the innate immunostimulatory effect of chitosan, the 

nanoparticles were able to elicit strong immune responses without the addition of any other 

immunostimulants. The formulated mannose-modified chitosan nanoparticles were then loaded 
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with whole tumor cell lysates prepared from B16 melanoma cells. Prompt uptake by endogenous 

DCs within the draining lymph node was observed, which correlated with an elevation in IFNγ 

and IL4 levels. The therapeutic effects of this formulation were remarkable and resulted in a 

significant delay of tumor growth in an animal model of melanoma. 

DC targeting can also be achieved by other sugar monomers, and galactose modification 

is another example of biomimetic targeting using simple sugar ligands. Galactosylation was 

performed on dextran-retinal nanogels for cancer vaccine delivery.[16] The formulation exhibited 

improved cell targeting, which translated to significantly improved DC maturation. With its 

inherent adjuvancy, this immunostimulatory nanogel platform represented a potent delivery 

system for anticancer vaccination. Additionally, more complex carbohydrates have been studied 

for their natural binding interactions with immune cells. Among these, glycans have been 

employed as biomimetic targeting moieties. Lewis-type (Le) glycan structures can be grafted to 

delivery vehicles for specific binding to DC-specific intercellular adhesion molecule-3-grabbing 

nonintegrin (DC-SIGN) expressed on DCs.[17] In one example, liposomes were modified with 

targeting glycans LeB or LeX, which result in increased binding and internalization by bone 

marrow-derived DCs expressing DC-SIGN.[18] This glycoliposome-based vaccine could boost 

CD4+ and CD8+ T cell responses when the melanoma antigen MART1 was co-delivered. 
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1.3 Natural Carriers 

Directly leveraging natural mechanisms for biomolecule transportation is another strategy 

for delivering immunostimulatory agents. By taking natural vehicles from biological systems as a 

whole and loading them with immunostimulants, these delivery platforms can induce potent 

immune responses by targeting and interacting with specific immune cell subtypes. With 

abundant resources of potential candidates in biology, more efforts need to be put on the adaption 

of such natural vehicles with high loading profiles, strong affinity to target immune cells, and 

minimal adverse effects. 

 

1.3.1 Virus nanoparticles 

Among the naturally occurring nanocarriers, virus-like particles (VLPs) have attracted 

significant attention, as they can be readily used to induce immune responses. VLPs are protein 

structures isolated from viruses that can inherit viral targeting capabilities and lack the presence 

of potentially dangerous genetic material.[19] Viruses can inherently activate immune responses 

through repetitive surface structures and pathogen-associated molecular patterns, which often 

carry over to VLPs.[20] Identified as exogenous, VLPs can trigger potent immunity on their own, 

which can greatly reduce the need for incorporating other immunostimulants. Thus, owing to 

their intrinsic targeting and immunogenicity, VLPs can promote better antigen delivery, boost 

immune responses, and enhance antigen presentation to the adaptive immune system.[21] 

A notable example of a VLP platform for immunomodulation is one based on the cowpea 

mosaic virus (CPMV), which has been shown to interact with APCs.[22] In one such work, VLPs 

made from CPMV (CPMV-VLPs) suppressed established metastatic B16F10 lung metastatic 

melanoma and generated potent systemic antitumor immunity against the poorly immunogenic 

cancer cells.[23] After intratracheal administration, CPMV-VLPs activated neutrophils in the 
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tumor microenvironment and coordinated downstream antitumor immune responses. In 

combination with an antigenic peptide derived from the human epidermal growth factor receptor 

2 (HER2) protein, CPMV-VLPs have also served as a cancer vaccine for the treatment of HER2+ 

tumors. [24] Upon in vivo administration, the CPMV-VLP platform showed significant lymph 

node accumulation and potently activates APCs.[25] 

Rod-shaped plant viruses such as the tobacco mosaic virus (TMV) have also been 

investigated. For example, vaccination using antigen-carrying TMV-VLPs has demonstrated 

efficacy against various tumor models.[26] TMV-VLPs have been found to have specific 

interactions with DCs and lymphocytes and can effectively stimulate APC activation. Moreover, 

the bacteriophage Qβ has the ability to promote DC maturation and CTL stimulation. CpG ODN 

was loaded into Qβ-VLPs for synergistic immune stimulation, and the resulting formulation was 

shown to potently prime CTL responses and maintain memory CTL levels.[27] Lastly, a 

lentivector has been engineered for specific targeting to DCs.[28] The lentivector was enveloped 

with a viral glycoprotein from Sindbis virus to avidly bind with the DC surface protein DC-SIGN 

and induce cell maturation. Using OVA as a model antigen, the engineered lentivector promoted 

production of a high frequency of OVA-specific CD8+ T cells after subcutaneous administration 

in a murine model. Additionally, VLPs derived from other virus sources, such as human 

papillomavirus (HPV),[29, 30], enterovirus 71 (EV71),[31, 32], and hepatitis B core (HBc),[133, 

34], have also been tested for immunostimulatory efficacies, which could be further leveraged for 

cancer immunotherapy. 

 

1.3.2 Protein nanoparticles 

Protein-based nanoparticles can be obtained by the self-assembly of protein structures 

from sources other than viruses.[35] These particles exhibit highly-ordered surface patterns and 
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geometries, which make them competitive delivery platforms for cancer immunotherapy 

applications.[36] Nanoparticles assembled from the E2 component of pyruvate dehydrogenase 

have become an emerging class of nanocarriers for biomimetic delivery.[37] Because of their 

small size, E2 nanoparticles are well-suited for lymphatic transport and DC uptake. Systematic 

work on the utilization of E2 nanoparticles as biomimetic carriers for cancer immunotherapy have 

been published. In one work, a virus-mimicking DC-targeted vaccine platform was engineered to 

deliver the DC-activating CpG ODN (Figure 1.1).[38] By co-delivering a peptide epitope from 

OVA along with the adjuvant using the E2 nanoparticle, DC maturation and antigen cross-

presentation were achieved after particle uptake by DCs. Impressively, CpG ODN in the E2 

formulation could activate DCs at a 25-fold lower concentration than free CpG ODN, which 

highlights the high delivery efficiency of this approach. Ultimately, the formulation was able to 

increase and prolong antigen-specific CD8+ T cell activation. In subsequent works, a variety of 

tumor-associated antigens (TAAs) have been successfully delivered together with CpG ODN 

using E2 nanoparticles for cancer vaccination.[39, 40] 
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Figure 1.1 Adjuvant and antigen delivery using protein-based nanoparticles. CpG ODN and a peptide antigen 
can be encapsulated into E2 protein nanoparticles for use as an anticancer vaccine formulation. Upon 
delivery into immature DCs (iDCs), they can promote transition into a mature phenotype (mDC) and enhance 
antigen cross-presentation to T cells. CpG-loaded E2 protein nanoparticles enhance BMDC activation. 
Adapted with permission from [38]. Copyright 2013 American Chemical Society. 
 

Heat-shock proteins (HSPs) have also been explored for use in nanoformulations for 

cancer immunotherapy.[41] Protein nanoparticles derived from HSPs can exhibit strong receptor-

specific interactions with APCs, which facilitates downstream antigen presentation and immune 

stimulation.[42] Several in vivo studies have been conducted on the use of HSP nanoparticles for 

immunization applications. For example, antigenic peptides bound to HSP96 have been used as 

cancer vaccines for patients with recurrent glioblastoma multiforme and colorectal liver 

metastases.[43, 44] Similarly, immunization with natural HSP110 complexed with the melanoma-

associated antigen gp100 protected mice against subsequent challenge with gp100-expressing 
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B16 melanoma by bolstering both CD4+ and CD8+ T cell populations.[45] 

Other protein nanoparticles that have been used as natural carriers for antigen delivery 

include ferritin and protein vault nanoparticles. Other than their applications in drug delivery and 

imaging, ferritin nanoparticles were recently studied for cancer immunotherapy.[46] Antigenic 

peptides derived from OVA were introduced to ferritin nanoparticles via attachment onto the 

exterior surface or encapsulation inside the interior cavity.[47] Immunization with the antigen-

loaded ferritin nanoparticles could efficiently induce antigen-specific CD4+ and CD8+ T cell 

proliferation in mice. Similarly, the inner cavity of vault nanoparticles can be used to encapsulate 

payloads, including immunostimulatory agents.[48] For example, they were used to efficiently 

deliver CCL21, a lymphoid chemokine predominantly expressed in lymph nodes, in order to 

promote antitumor activity and inhibit lung cancer growth in vivo.[49] Intratumoral 

administration of the CCL21-complexed formulation enhanced CCL21-associated leukocytic 

infiltrates and reduced the frequency of immunosuppressive cells. 

 

1.3.3 Lipoproteins 

Another popular type of biomimetic material that can be used for immunotherapeutic 

applications is lipoproteins, which are endogenous nanocarriers involved in the metabolic 

transport of fat molecules, as well as biomolecules such proteins, vitamins, hormones, and 

miRNA.[50] Due to their high biocompatibility and long lifespan, lipoprotein-based nanocarriers 

have become emerging delivery vehicles for exogenous payload transport.[51] Furthermore, the 

size of lipoproteins can be tuned for efficient lymph node draining and promotion of adaptive 

immune responses.[52] Synthetic high-density lipoprotein (sHDL)-mimicking nanodiscs for 

personalized neoantigen vaccination and cancer immunotherapy have recently been reported 

(Figure 1.2).[53] In the design, cholesterol-modified CpG ODN and identified neoantigen 
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peptides were added to the sHDL nanodiscs to prepare homogenous ultrasmall cancer 

nanovaccines. The sHDL nanodiscs improved delivery to lymphoid organs and stimulated 

antigen presentation to DCs. Remarkably, the nanodiscs elicited a more than 30-fold greater 

frequency of antigen-specific CTLs compared with a soluble CpG ODN formulation, validating 

the robustness of using sHDL as an immunostimulant delivery platform. When combined with 

other immunotherapies such as anti-PD-L1 or anti-CTLA-4 mAbs, the sHDL nanodiscs could 

eradicate established MC-38 and B16F10 tumors in vivo. 

 

Figure 1.2 Adjuvant and antigen delivery using lipoprotein nanoparticles. Synthetic high-density lipoprotein 
(sHDL) nanodiscs can be inserted with antigens (Ag) and adjuvants (CpG) using a cysteine-serine-serine 
(CSS) linker and cholesterol (Cho), respectively. Upon administration, the nanoparticles can drain into 
nearby lymph nodes, where they are uptaken by DCs that can subsequently activate tumor-specific T cell 
populations. The resulting nanodiscs elicit strong antigen-specific CTL responses and inhibit post-
vaccination tumor growth. Adapted with permission from [53]. Copyright 2017 Nature Publishing Group. 
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Furthermore, other TLR agonists such as MPLA have been successfully incorporated into 

nanolipoproteins via self-assembly.[54] Compared to administration of the agonist alone, the 

immunostimulatory profile of the adjuvant could be significantly enhanced in the 

nanoformulation, resulting in elevated cytokine levels and upregulation of immunoregulatory 

genes. In another work, MPLA and CpG ODN were readily loaded into Ni2+-chelating nanodiscs 

via insertion into loosely packed lipid bilayers.[55] His-tagged antigens were then loaded into the 

nanodiscs via binding to Ni2+. It is noteworthy that the adjuvant dosages in the nanodisc 

formulations were 10-fold lower than what was needed to elicit similar antibody levels and 

immune responses by independent administration of the components. Overall, lipoprotein-based 

nanocarriers represent an effective platform for antigen and adjuvant co-delivery. Additionally, 

by incorporating antitumor drug molecules into the biomimetic platform, the resulting lipoprotein 

nanocarriers could amplify antitumor efficacy by the simultaneous delivery of chemotherapeutic 

and immunotherapeutic payloads.[56, 57] 

 

1.3.4 Cell membrane vesicles 

The last major class of naturally occurring delivery vehicles isare cell membrane vesicles. 

Payload delivery using cell-derived membrane vesicles enables concurrent use of multiple 

membrane biomolecules and biomarkers for functions such as immune cell targeting, cytosolic 

localization, and elicitation of cytokine production, among others. Exosomes are fragmented 

vesicles secreted from cells and have essential roles in cellular signaling and metabolic 

transport.[58] Depending on their origin, they can exhibit natural affinities towards specific 

tissues within the body. In the presence of proper immune stimulation, tumor cell-derived 

exosomes containing TAAs can induce strong adaptive immunity when delivered to APCs.[59] 

For instance, CpG ODN was incorporated onto exosomes derived from modified B16BL6 
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cells.[60] The CpG ODN-carrying exosomes were effective at inducing maturation of DCs for 

enhanced TAA presentation and generation of B16BL6-specific CTLs. Immunization with the 

modified exosome vaccine resulted in stronger in vivo immunotherapeutic efficacy on B16BL6-

challenged mice compared with the co-administration of exosomes and CpG ODN. Tumor 

membrane has also been utilized for antigen inclusion and adjuvant delivery in a different type of 

approach.[61] In the example, OVA-expressing B16F10 melanoma cells were lysed and 

vesiculated into membrane vesicles by sonication. Lipid-conjugated PEG and cholesterol-linked 

CpG ODN were then loaded onto the nanoparticles via lipid insertion. The resulting tumor 

membrane vesicle-based formulation exhibited effective lymph node draining and induced the 

generation of OVA-specific CTLs. When combined with anti-PD-L1 immunotherapy, the 

treatment mediated complete tumor regression in more than half of the animals that were treated 

and protected all survivors against a subsequent tumor cell re-challenge. Alternatively, adjuvant 

loading can also be achieved by incorporation into tumor membrane particles before vesiculation. 

In an example, whole B16F10 melanoma cells were broken down into membrane-enclosed 

vesicular compartments by extrusion or sonication in the presence of CpG ODN, followed by 

incubation with MPLA.[62] The breadth and diversity of the TAA repertoire was maintained on 

these membrane particles. The formulation promoted the uptake of the loaded adjuvant payloads 

and potentiated DC activation. When administered in vivo, the adjuvant-loaded particles 

stimulated antigen-specific cellular and humoral immune responses against B16F10. 

Unlike membrane vesicles from tumor origins, those derived from innate immune cells 

can be directly leveraged for downstream immune stimulation. For instance, membrane vesicles 

derived from DCs primed with tumor vesicles have been shown to activate T cells and promote 

robust antitumor immunity.[63] In another example, immature DCs separated from C57BL/6 

mice were pretreated and stimulated by the TLR4-agonist MPLA, which led to the elevated 
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expression of costimulatory markers.[64] DC membrane vesicles were then obtained after 

multiple freeze-thaw cycles. A model antigenic peptide from OVA was loaded into the membrane 

vesicles, and the resulting formulation was shown to activate immature DCs in situ and augment 

the expansion of antigen-specific CD8+ T cells.  

Lastly, bacterial outer membrane vesicles (OMVs) have also been explored for cancer 

immunotherapy applications. OMVs are lipid vesicles released from the outer membrane of 

gram-negative bacteria and serve a variety of roles during infection.[65] They contain a number 

of natural adjuvants such as LPS, flagellin, and peptidoglycan that can be used to trigger strong 

immune reactions.[66] This intrinsic immunostimulatory property has been tested in different 

disease applications.[67] The potential of Escherichia coli OMVs as an effective anticancer agent 

has been explored, where they were tested against four different tumor models (CT26, MC38, 

B16BL6, and 4T1).[68] Intravenous administration of the OMVs led to accumulation in tumor 

tissue and induced cytokine production that enabled the growth of established tumors to be 

controlled. 

 

1.3.5 Genetically modified membrane vesicles 

In addition to their ability to encapsulate and deliver immunotherapeutic payloads, natural 

membrane vesicles can be genetically modified to introduce additional functionalities. IL12 plays 

an important role in the activation of NK cells and CTLs.[69] However, the direct administration 

of IL12 can cause severe adverse effects, which undermine its benefits in cancer immunotherapy 

applications.[70] In one work, cells were genetically modified to express functional IL12 using a 

glycolipid anchor.[71] The anchored IL12 could then be efficiently intercalated and transferred 

onto membrane vesicles isolated from various tumor cell lines. It was found that the incorporation 

of IL12 onto the tumor membrane vesicles could significantly induce T cell proliferation and the 
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release of IFNγ. In a subsequent work, together with IL12, glycolipid-anchored HER2 and CD80 

were also transferred to plasma membrane vesicles homogenized from tumor tissues.[72] The 

IL12 and CD80 served to enhance immune stimulation against the HER2 antigen. Immunization 

with these vesicles induced strong HER2-specific immune responses and resulted in complete 

protection against HER2+ tumor challenge. 

In another type of approach, the engineering of membrane vesicles to express 

immunoregulatory proteins can be used to achieve a checkpoint blockade effect for antitumor 

therapy. In one work, PD-1 was stably expressed on the membrane of HEK 293T cells, which 

were subsequently extruded to form nanovesicles.[73] The resulting PD-1-presenting membrane 

vesicles could effectively bind to and neutralize the PD-L1 ligand on tumor cells, leading to the 

reactivation of exhausted antigen-specific CD8+ T cells. Furthermore, using a similar editing 

process, PD-1 receptors were expressed on megakaryocytes before differentiation into platelets. 

[74] Taking advantage of the outstanding tumor targeting ability of platelets, the platelet-derived 

PD-1-containing membrane vesicles could be retained at the tumor site post-resection to enhance 

the activity of CD8+ T cells against residual disease. 

Protein ligands can be integrated into membrane vesicles using similar genetic 

modification approach. A new type of virus-mimetic nanovesicles has been produced from viral 

protein-expressed major cell membrane vesicles.[75] Recombinant viral protein antigen was 

anchored to the membrane by its hydrophobic transmembrane peptide with correct 

conformations. This technique provides an effective and tunable approach against a wide range of 

emerging viral envelope glycoproteins. Specifically, a hepatitis B virus (HBV) receptor was 

engineering into the nanovesicles that favor the HBV virion.[76] The resulting nanodecoys 

rapidly blocked HBV infection in vitro and effectively prevented viral infection in vivo. In 

addition to viral proteins, tumor-targeting protein moieties, such as human epidermal growth 
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factor (hEGF) and anti-HER2 Affibody, were able to integrate into the nanovesicles.[77] The 

obtained biofunctionalized liposome-like nanovesicles enhanced the delivery of phototheranostic 

agents or chemotherapeutics to tumor cells.  

In terms of bacterial vesicles, OMVs can also be easily modified to introduce additional 

functional components. As an example, E. coli OMVs were genetically decorated with two 

epitopes present in B16F10 melanoma cells expressing epidermal growth factor receptor variant 

III, and the resulting formulation was tested for its protective activity against tumor growth.[78] 

High levels of antigen-specific antibody titers were elicited, and significant amounts of tumor-

infiltrating lymphocytes were found at the tumor site. This ultimately led to effective protection 

of the immunized mice upon tumor challenge. 
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1.4 Engineered Cell Membrane Hybrids 

In terms of payload delivery, naturally occurring membrane can be integrated with other 

materials in a manner that takes advantage of the distinct functionalities of each component. 

Specifically, for the delivery of immunostimulants, the presence of cell membrane-derived 

functionality can facilitate targeting to immune cells and accumulation in immune-rich organs, 

while the other components can be included to augment immune stimulation performance. The 

membrane component can be further engineered to confer exogenous functional moieties, 

including cytokines, receptor-binding ligands, targeting antibodies, and immunogenic antigens, 

among others.[79] With the careful selection of the core materials by biocompatibility and 

biodegradability assessment, aA major advantage of these hybrid platforms is the ability of the 

natural component to camouflage artificial materials that would normally be cleared quickly by 

the immune system.[80] These approaches also enable sophisticated delivery strategies to be 

implemented, whereby complex payload combinations can be effectively employed.[81] Notably, 

immunostimulants or antigens can be loaded into the various compartments of these hybrid 

nanostructures. The intrinsic properties of synthetic core materials are useful for biomedical 

purposes other than immunotherapy, including photothermal therapy, photodynamic therapy, 

magnetic imaging, and photoacoustic imaging, and this can be leveraged to achieve multimodal 

functionality or combinatorial treatments. 

 

1.4.1 White blood cell membrane hybrids 

Mimicking the function of immune cells can be an effective means for achieving targeted 

delivery of immunostimulatory agents for cancer therapy. The transfer of bioactive cellular 

components to synthetic particles is one of the strategies that can bestow the biological functions 

of immune cells to synthetic hybrids.[82] A bottom-up approach has been proposed based on the 
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extraction of plasma membrane proteins from macrophages and subsequent incorporation of these 

proteins with synthetic choline-based phospholipids.[83]. The assembled hybrid vesicles retained 

the targeting capability of macrophages and were used for preferential targeting to inflamed 

vasculature. Similarly, porous silicon particles have been cloaked using membrane derived from 

leukocytes.[84] The resulting hybrid particles possessed similar immunological functionalities as 

the source cells, such as protection from opsonization, reduced phagocytic uptake, and binding to 

tumor endothelium. It has been shown that the source of membrane is critical for improving 

systemic tolerance and minimizing inflammatory responses.[85] Membrane hybrid particles 

derived from syngeneic membrane exhibited less uptake by the murine immune system compared 

with those fabricated from xenogeneic membrane, possibly due to the presence of critical 

biomarkers and self-recognition receptors preserved after cloaking.  

A recent work described the coating of leukocyte membrane onto magnetic nanoclusters 

for the construction of artificial APCs.[86] Specifically, a macrophage cell line was pre-modified 

with azide before membrane extraction and uniformly coated onto the nanocluster cores. The 

nanohybrids were then functionalized with an MHC complex and anti-CD28 for antigen 

presentation to CD8+ T cells. The resulting artificial APCs could not only stimulate the 

expansion of antigen-specific CTLs, but also help to effectively guide reinfused CTLs to tumor 

tissues through magnetic control. Immunotherapeutic nanoformulations cloaked by membrane 

from another leukocyte cell type, NK cells, have also been reported.[87] NK cells were selected 

because of their immunoregulatory roles. By coating polymeric nanoparticles with NK cell 

membrane, the resulting particles were able to induce M1 macrophage polarization and elicit 

tumor-specific immune responses. A photosensitizer was loaded into the polymeric cores for 

photodynamic therapy against the cancer cells, which helped to improve immunotherapeutic 

efficacy of the system by inducing expression of damage-associated molecular patterns on the 
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dying tumor cells. 

 

1.4.2 Red blood cell membrane hybrids 

Owing to their high blood abundancy, facile processing, and remarkable biocompatibility, 

red blood cells (RBCs) have used extensively as a source of membrane coating material to 

construct versatile platforms for nanodelivery applications.[88, 89]. The resulting membrane-

coated nanoparticles can protect encapsulated payloads from immune clearance and facilitate 

enhanced delivery. As recently discovered, RBCs can help to mediate certain immune 

processes.[90, 91], which may eventually be leveraged for immunotherapeutic applications. Their 

ability to interact with certain pathological immune cell subsets has also aided in the design of 

targeted membrane-coated nanoformulations.[92] In the work, a subpopulation of B cells was 

positively labelled by RBC membrane-coated nanoparticles based on cognate receptor binding. 

Additionally, an active particulate vaccine system based on RBC membrane-coated micromotors 

has recently been reported.[93] Antigen-inserted RBC membrane was integrated with core–shell 

micromotors that provided propulsion properties for enhanced oral vaccination. The RBC 

membrane-coated vaccine formulation demonstrated improved retention in the mucosal layer of 

the small intestine, which led to more robust antibody titer production.  

Specifically in terms of anticancer applications, an RBC membrane-based nanovaccine 

platform for the stimulation of antitumor immunity was recently reported.[94] The platform was 

constructed by enveloping RBC membrane around a polymeric PLGA core, which was used to 

load MPLA adjuvant and an antigenic peptide. Additionally, mannose was inserted into the RBC 

membrane for active APC targeting. Enhanced retention in the draining lymph nodes after 

intradermal injection was observed, along with elevated IFNγ secretion and CD8+ T cell 

responses. This nanovaccine effectively inhibited tumor growth and suppressed tumor metastasis 
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in a murine B16F10 melanoma model. 

 

1.4.3 Cancer cell membrane hybrids 

Cancer cell membrane represents a rich source of autologous TAAs, and this has been 

leveraged in the design of hybrid nanostructures for cancer immunotherapy, and this has been 

leveraged in the design of hybrid nanostructures for cancer imaging,[95] photothermal 

therapy,[96] photodynamic therapy,[97] virotherapy,[98] and immunotherapy.[99] In one of such 

work in cancer immunotherapy,  the immunogenic properties of HSP70 was leveraged to enhance 

immune responses against cancer cell membrane antigens.[100] The protein was incorporated 

into a membrane structure along with TAAs from B16-OVA cell membrane, which was 

subsequently coated around a phosphate calcium core encapsulating CpG ODN. The platform 

effectively delivered the antigen and adjuvant payloads to APCs and NK cells, which led to the 

expansion of IFNγ-expressing CD8+ T cells and NKG2D+ NK cells. In another approach, the 

membrane from MDA-MB-231 breast cancer cells was coated around thermally oxidized porous 

silica, which was used as a novel immunostimulatory agent.[101] The resulting hybrid 

nanoparticles greatly enhanced IFNγ secretion by peripheral blood monocytes and oriented the 

polarization of T cells towards a Th1 phenotype. 

Without the assistance of immunostimulatory agents, the immunogenicity of TAAs is 

generally insufficient to elicit potent antitumor responses.[102] In addition to the above 

examples, there are many other strategies by which adjuvants can be included in cancer cell 

membrane-based nanoformulations. In an example, cell membrane from B16F10 melanoma 

coated onto PLGA nanoparticles was incorporated with the adjuvant MPLA.[103] Besides their 

ability to homotypically target the source cancer cells, this cell membrane hybrid platform could 

efficiently induce the maturation of professional APCs and improve downstream T cell 
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stimulation. In a follow-up study, CpG ODN loaded into PLGA cores was used to generate 

another anticancer vaccine formulation (Figure 1.3).[104] The nanoparticulate delivery of the 

adjuvant significantly enhanced its biological activity compared with CpG ODN in free form. 

Upon uptake by DCs, the nanovaccine formulation promoted the generation of multiple CTL 

populations with antitumor specificities. When combined with other immunotherapies such as 

checkpoint blockades, the nanoformulation demonstrated the ability to significantly enhance 

control of tumor growth in a therapeutic setting. Over time, increasingly sophisticated 

nanovaccine formulations have been developed using the membrane coating concept. In a recent 

design, PLGA nanoparticles were loaded with the TLR7 agonist R837 and then coated with 

membrane from B16-OVA cancer cells (Figure 1.4).[105] To provide APC targeting 

functionality, the membrane shell was further modified with a mannose moiety using a lipid 

anchoring approach. The hybrid nanoformulation not only exhibited great efficacy in delaying 

tumor growth as a preventative vaccine, but also displayed activity against established tumors 

when co-administered with anti-PD-1 mAbs. 
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Figure 1.3 Anticancer vaccination using cancer cell membrane-coated nanoparticles (CCNPs). The membrane 
derived from cancer cells, along with its associated tumor antigens, is coated onto CpG ODN-loaded 
nanoparticle cores to yield a nanoparticulate anticancer vaccine (CpG-CCNPs). Upon delivery to APCs, the 
vaccine formulation enables activation of T cells with multiple antitumor specificities. The co-delivery of 
both tumor antigens and CpG ODNs together in CpG‐CCNPs elicits best prophylactic antitumor efficacy. 
Adapted with permission from [104]. Copyright 2017 Wiley-VCH. 
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Figure 1.4 Anticancer vaccination using targeted CCNPs. Tumor cell membrane-coated, R837-loaded, and 
mannose-modified PLGA nanoparticles (NP-R@M-M) can promote transition of DCs from an immature 
(iDC) to mature (mDC) phenotype. When combined with checkpoint blockade therapy, tumor growth can be 
effectively inhibited. Adapted with permission from [105]. Copyright 2018 American Chemical Society.  
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1.5 Conclusion and Perspectives 

Adjuvants, cytokines, and monoclonal antibodies all represent immunotherapeutic agents 

that can benefit from the enhanced transport afforded by nanodelivery. The formulation of these 

compounds into particulate nanocarriers protects their biological activity and elevates their 

bioavailability, both of which can contribute to stronger immune stimulation. To address the need for 

specific delivery to target immune cell subsets and immune-rich tissues, bioinspired platforms and 

modifications can provide certain advantages over current nanoparticle technologies. Biomimetic 

delivery approaches generally enable facile immune cell targeting, and the inherent immunogenicity 

or antigenicity associated with many of these platforms can be directly leveraged for more efficient 

vaccine design. Furthermore, by integrating immunostimulants with tumor antigens in the same 

particulate system, significant immunotherapeutic efficacy against established tumors can be 

achieved. 

Although the emerging biomimetic approaches discussed in this review have shown 

significant potential for cancer immunotherapy, there are still several areas in which improvements 

can be made. For one, further enhancement of immunostimulatory potency in a safe manner is 

highly desirable. This can be achieved by improving targeting efficacy or developing new materials 

with better immunostimulatory characteristics. As tumor immunosuppression occurs by a variety of 

different mechanisms, it is likely that a large percentage of patients will not respond to mono-

immunotherapies. Therefore, effort will need to be placed into the exploration of how to best 

combine different immunotherapeutic modalities to maximize antitumor responses. For example, 

agents that affect innate and adaptive immunity can be combined together to provide comprehensive 

immune activation. Otherwise, immunotherapies can also be combined with other therapeutic 

modalities, including surgery, radiation, chemotherapy, and targeted therapy, among many others. 

Finally, as these technologies mature, more effort will need to be placed on large-scale fabrication 
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under pharmaceutical industry conditions to facilitate clinical translation. Culturing and acquisition 

of raw biological materials (i.e. cells, bacteria, viruses, etc.) in sufficient quantities is the prerequisite 

for the production of biomimetic nanodelivery platforms in manufacturing scales. The improvement 

and optimization of current formulation methods to better adapt the fabrication process in industry 

facilities can substantiate a broad production pipeline. Creating appropriate storage conditions for the 

raw materials and the formulated products is also very critical that needs to be satisfied in preclinical 

development . As many of these developing platforms exist at the interface between natural and 

synthetic, this is a new frontier that will need to be explored in concert with regulatory agencies. 

 
Chapter 1, in full, is a reprint of the material as it appears in Theranostics, 2019, Jia Zhuang, 

Maya Holay, Joon Ho Park, Ronnie H. Fang, Jie Zhang, and Liangfang Zhang. The dissertation 

author was the primary author. 
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2.1 Introduction 

Ever since methods for the typing and storage blood were developed early in the 20th 

century, blood transfusions have become an essential part of modern medicine.[1] The ability of 

donated red blood cells (RBCs) to restore oxygen transport capacity is a life-saving measure for 

patients who have lost significant blood volume. The procedure is commonly employed in cases 

of acute trauma and during surgical procedures.[2, 3] Currently, donated RBCs, particularly those 

from universal donor types, are a precious resource that have a limited shelf-life under standard 

storage conditions, and cancellations of elective surgeries are common in times of short 

supply.[4] Although efforts to lessen blood utilization by doctors and supply chain management 

improvements can help to reduce shortages,[5, 6] these methods alone are not expected to fully 

address the issue. As such, significant efforts have also been placed on finding alternative 

strategies to help reduce the demand for timely human donations.[7-10] Promising candidates 

have included platforms based on hemoglobin and perfluorocarbons (PFCs), although both have 

been met with significant challenges in terms of clinical translation. Currently, Fluosol-DA 

represents the only synthetic oxygen carrier to have been approved by the United States Food and 

Drug Administration; however, it was taken off the market 5 years after approval in 1989 due to 

difficulties in its storage and use.[11] 

PFC emulsions are attractive for oxygen delivery applications due to their inertness, 

inherent ability to solubilize gases, and small size.[12-15] As a result of their chemical structure, 

PFCs are highly hydrophobic and lowly reactive, giving them the capability to dissolve large 

amounts of gases such as oxygen and carbon dioxide. Compared with water, many PFCs have 

nearly 20 times the capacity for oxygen dissolution. As this is a physical process, a larger 

proportion of the carried oxygen is generally available for release to the tissues when compared 

with hemoglobin, which follows a sigmoidal dissociation curve.[16] Further, PFC emulsions can 
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be fabricated at the nanoscale,[17, 18] and this small size enables them to deliver oxygen even to 

the smallest of capillaries. Despite their advantages, PFC-based platforms generally have not 

experienced much clinical success, which can largely be attributed to issues such as difficulty of 

storage and adverse immune reactions.[9] 

Here, we sought to evaluate the feasibility of generating a biomimetic PFC 

nanoformulation for use as an oxygen delivery vehicle (Figure 2.1a). The use of cell membrane 

coatings is an emerging nanotechnology that has been shown to widely enhance the ability of 

synthetic nanomaterials to interface with complex biological environments in vivo.[19-22] Cell 

membrane-coated nanoparticles have been successfully fabricated from a wide range of cell 

types, and each of them exhibits unique properties that can be leveraged for a variety of 

applications.[23-31] In particular, the use of RBC coatings has demonstrated exceptional utility 

for improving biocompatibility and reducing immunogenicity.[32-34] In the present work, RBC 

membrane is used to stabilize PFC nanoemulsions (denoted ‘RBC-PFCs’), and the oxygen 

carrying capacity of the resulting formulation is evaluated. The ability of the RBC-PFCs to 

reverse hypoxia-induced effects both in vitro and in an animal model of hemorrhagic shock are 

then demonstrated. 
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2.2 Results and Discussion 

2.2.1 Formulation of RBC‐PFC 
 

First, it was necessary to demonstrate that cell membrane material could be used to 

facilitate the formation of stable PFC nanoemulsions. For this purpose, the membrane derived 

from RBCs was chosen, given its previously demonstrated ability to enhance circulation, prevent 

cellular uptake, and improve immunocompatibility.[24, 32, 33, 35] Perfluorooctyl bromide, 

which readily forms nanoemulsions,[36-38] was chosen as the model PFC given its widespread 

study and use as an oxygen carrier.[16] Various amounts of the PFC were mixed with purified 

RBC membrane and emulsified by sonication (Figure 2.1b). It was found that, as the input of the 

PFC increased, the size of the emulsions also increased, with the final size growing dramatically 

to above 200 nm at PFC to membrane protein ratios greater than 12.5 µL/mg. At this threshold 

ratio, it was further shown that the size of the formulation decreased with increasing 

emulsification times, with the final size reaching below 200 nm after approximately 60 s (Figure 

2.1c). With further input of energy beyond 2 min, there was a much less pronounced reduction in 

the final size of the RBC-PFCs. Subsequent studies were conducted using RBC-PFCs fabricated 

at a PFC to protein ratio of 12.5 µL/mg and with 3 min of sonication. 

To confirm that the RBC membrane material was successfully associated with the PFC, 

the RBC membrane was labeled with a lipophilic far-red fluorescent dye that visually appears 

blue in color. When the RBC-PFCs were centrifuged at a low speed, significant blue color was 

observed in the pellet (Figure 2.1d). In contrast, RBC vesicles alone centrifuged at the same speed 

did not pellet, leaving all the blue color in the supernatant. Additionally, when PFC was 

emulsified, followed by mixing with RBC vesicles, significantly less blue color was observed in 

the pellet, indicating that the spontaneous association between the components was limited. 

Overall, this experiment provided a strong indication that, in the final RBC-PFC formulation, the 
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RBC and PFC components were successfully associated together. This was further confirmed by 

confocal fluorescence microscopy, where a green fluorescent dye was used to label the PFC core 

in addition to the far-red dye that was used to label the RBC membrane. In this case, significant 

colocalization of the two fluorescent channels was observed, providing another qualitative 

indication of a close association between the RBC and PFC components (Figure 2.1e). In total, 

the data indicated that biological membrane could be used to directly facilitate the emulsification 

of the PFC. 
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Figure 2.1 Formulation of RBC‐PFC. a) Schematic illustration of oxygen delivery and release to hypoxic tissues by 
RBC‐PFC. b) Diameter of RBC‐PFC at various PFC to RBC membrane ratios (n = 3, mean + s.d.). c) Diameter of 
RBC‐PFC after various emulsification times (n = 3, mean + s.d.). d) Images of RBC membrane vesicles, bare PFC 
emulsions mixed with RBC vesicles, and RBC‐PFC after centrifugation at 600 × g; the RBC membrane was labeled 
with DiD. e) Confocal fluorescence imaging of dual‐labeled RBC‐PFC; the RBC membrane was labeled with DiD 
(red), and the PFC core was labeled with BODIPY (green). Scale bar: 1 µm. 

 

2.2.2 RBC‐PFC characterization 

We next sought to characterize the physicochemical properties of the optimized RBC-PFC 

formulation. Dynamic light scattering measurements revealed that the final nanoemulsions were 
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approximately 170 nm in diameter (Figure 2.2a). This was significantly smaller than PFC 

emulsified alone in the absence of RBC membrane, which measured almost 400 nm after 

synthesis, and it was slightly larger than sonicated RBC membrane, which produced vesicles 

approximately 150 nm in diameter. The sizing data highlights to role of the RBC membrane as a 

stabilizer of the PFC during the emulsification process, enabling the formation of smaller sized 

droplets. Additionally, the surface zeta potential of RBC-PFCs was shown to be near identical to 

that of RBC vesicles alone, suggesting that the membrane had masked the highly negative zeta 

potential of the PFC cores (Figure 2.2b). These results were consistent with previous works 

where cell membrane was used to coat negatively charged nanoparticulate cores.[25, 39] 

Fluorine-19 nuclear magnetic resonance (19F NMR) was then used to determine the amount of 

PFC that was retained in the final nanoformulation. RBC-PFCs were spiked with a known 

concentration of perfluoro-15-crown-5-ether and subjected to 19F NMR spectroscopy (Figure 

2.2c). By comparing the integrated area for each characteristic peak and taking into consideration 

the number of fluorine groups contributing to each group, it was calculated that approximately 

62% of the inputted PFC was retained after fabrication of the RBC-PFCs. 

In order to test if the RBC-PFC formulation was suitable for long-term storage, its 

stability in solution was assessed over time (Figure 2.2d). The nanoemulsions exhibited little 

increase in size over the course of 96 days, staying at around 200 nm for the entire duration. In 

contrast, the non-stabilized PFC emulsions quickly grew after synthesis, reaching nearly 1 µm 

within 1 day. This data further confirmed that the RBC membrane could serve as a good stabilizer 

for the PFC and suggested that the two components remained strongly associated with each other 

over time. To evaluate oxygen delivery capacity, 20 mL of water was first deoxygenated by 

nitrogen purging. Subsequently, various samples were injected into the closed system and the 

dissolved oxygen (DO) levels were monitored over time (Figure 2.2e). The RBC-PFCs exhibited 
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an exceptional ability to introduce oxygen into the deoxygenated water, elevating DO levels to 

near 2.0 mg/L, whereas the addition of oxygenated water alone resulted in a level of 

approximately 0.6 mg/L. The formulation also outperformed PFC emulsions without membrane 

stabilization; the extra oxygen carrying capacity of the RBC-PFC formulation could likely be 

attributed to residual membrane-associated hemoglobin present on the RBC vesicles, which alone 

were slightly better than oxygenated water. Notably, the RBC-PFC formulation also 

outperformed whole RBCs when normalized to the same amount of membrane. To evaluate the 

translational potential of the platform, RBC-PFCs were fabricated using both in-dated and just-

expired human RBCs obtained from a local blood bank (Figure 2.2f). It was found that the 

dissolved oxygen kinetics between the two formulations were identical. Further, the RBC-PFC 

nanoemulsions were evaluated after 1 week of storage at either 4 ºC or room temperature, and the 

performance of both samples was near identical to freshly made RBC-PFC. 
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Figure 2.2 RBC‐PFC characterization. a) Diameter of RBC vesicles, bare PFC emulsions, and RBC‐PFC (n = 3, 
mean + s.d.). b) Zeta potential of RBC vesicles, bare PFC emulsions, and RBC‐PFC (n = 3, mean + s.d.). c) 
Quantification of perfluorooctyl bromide (left) loading by 19F NMR, where perfluoro‐15‐crown‐5‐ether (right) was 
used as an internal standard; the fluorine atoms corresponding to each respective peak are colored in blue. d) Stability 
of bare PFC emulsions and RBC‐PFC over the course of 96 days (n = 3, mean ± s.d.). e) Dissolved oxygen kinetics 
after the addition of oxygenated water, RBC vesicles, PFC emulsions, RBC‐PFC, or whole RBCs into deoxygenated 
water. f) Dissolved oxygen kinetics after the addition of RBC‐PFC fabricated from in‐dated or outdated human 
RBCs, as well as human RBC‐PFC after storage for 1 week at either room temperature (RT) or 4 °C. 
 

2.2.3 In vitro oxygen delivery using RBC‐PFC 

After characterization of the RBC-PFC formulation, we then sought to evaluate the ability 

of the nanoemulsions to mitigate the effects of hypoxia on cells in vitro. First, the safety of the 

formulation was evaluated on Neuro2a, a murine neuroblastoma cell line, which has previously 

been used to study the effects of hypoxia.[40] Across the concentrations tested, the RBC-PFC 

formulation had no harmful impact on cell viability (Figure 2.3a). As PFCs are known to exert 

immunological effects on macrophages,[41] the impact of RBC-PFC on murine J774 
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macrophages was evaluated (Figure 2.3b). Whereas culture with non-stabilized PFC emulsions 

significantly elevated the level of interleukin 1 beta (IL-1β), an indicator of macrophage 

activation,[42] culture with RBC-PFC resulted in cytokine levels consistent with baseline. Next, 

the ability of the RBC-PFC formulation to rescue cells from hypoxic conditions was evaluated. 

Neuro2a cells were cultured under hypoxia for varying amounts of time, followed by addition of 

RBC-PFCs. The cells were then cultured for another 24 h, again under hypoxic conditions, and 

the effects on cell viability were assessed (Figure 2.3c). With 6 h of hypoxia induction, the 

nanoformulation was highly effective in preserving cell viability, with near full efficacy across 

the concentrations tested. Even after 18 h of induction, full preservation of viability could be 

achieved when employing RBC-PFCs at high concentrations. After 24 h of hypoxia induction, 

full viability could no longer be reached, even at the highest amount of nanoemulsions tested, 

although it was observed that viability trended upwards with increasing concentration. 

To further study the impact of RBC-PFCs on cells in vitro, the expression of hypoxia-

inducible factor 1-alpha (HIF1α), a characteristic intracellular marker of hypoxia,[43] was 

evaluated by western blotting analysis (Figure 2.3d). When employing 18 h of hypoxia induction, 

expression of HIF1α could easily be detected in untreated cells, whereas addition of the RBC-

PFCs completely abrogated expression of the protein. The western blotting results of cells treated 

with the nanoformulation were consistent with those from cells cultured under normoxic 

conditions. The impact of the RBC-PFC formulation could also be readily visualized under 

brightfield microscopy, with the treated cells looking healthier and denser when compared with 

untreated cells (Figure 2.3e). This was also seen when staining cells with a commercial detection 

reagent, which could be used to fluorescently visualize hypoxic cells (Figure 2.3f). Significant 

fluorescent signal was observed in cells after being subjected to hypoxia, whereas treatment with 

RBC-PFCs resulted in the absence of signal. These effects were even more pronounced following 
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an 18 h hypoxia induction period, where the nanoemulsions were able to reverse the effects of 

exposure to low oxygen levels (Figure 2.3g,h). 

 

Figure 2.3 In vitro oxygen delivery using RBC‐PFC. a) Viability of Neuro2a cells after incubation with RBC‐PFC at 
various concentrations for 24 h (n = 6; mean ± s.d.). b) Cytokine levels produced by J774 macrophages after 
incubation with PFC emulsions or RBC‐PFC for 24 h (n = 3; mean + s.d.). ****p < 0.0001; one‐way ANOVA. c) 
Viability of Neuro2a cells after different hypoxia induction periods, followed by incubation with RBC‐PFC at 
various concentrations for 24 h under hypoxic conditions (n = 6; mean ± s.d.). *p < 0.05, ****p < 0.0001 (6 h vs 18 
h); ##p < 0.01, ###p < 0.001, ####p < 0.0001 (6 h vs 24 h); &p < 0.05, &&p < 0.01, &&&&p < 0.0001 (18 h vs 24 
h); one‐way ANOVA. d) Western blot for HIF1α expression in Neuro2a cells subject to hypoxia, hypoxia in the 
presence of RBC‐PFC following an 18 h induction period, or normoxia. MW, molecular weight in kDa. e,g) Bright‐
field microscopy of Neuro2a cells before and 24 h after being subject to hypoxia, hypoxia in the presence of RBC‐
PFC, or normoxia; cells were subject to either e) 0 h or g) 18 h of hypoxia induction. Scale bars: 200 µm. f,h) 
Fluorescence microscopy of Neuro2a cells before and 6 h after being subject to hypoxia, hypoxia in the presence of 
RBC‐PFC, or normoxia; cells were labeled with Image‐iT Green hypoxia reagent (green) and were subject to either f) 
0 h or h) 18 h of hypoxia induction. Scale bars: 200 µm. 
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2.2.4 In vivo oxygen delivery and safety of RBC‐PFC 

Upon successfully confirming the activity of the RBC-PFC formulation in vitro, an animal 

model of hemorrhagic shock was used to evaluate in vivo oxygen delivery efficacy.[44] To 

establish this model, mice were anesthetized, and a femoral artery was cannulated. Blood was 

then slowly withdrawn from the cannulated artery using a syringe pump such that the mean 

arterial pressure (MAP) reached a critical level of 35 mmHg. After allowing the mice to stabilize 

for a period of 10 min, various resuscitation fluids were administered via syringe pump, and MAP 

was monitored over time (Figure 2.4a,b). When reinfused with the as withdrawn whole blood, the 

MAP value quickly recovered back to baseline levels, which was the expected outcome. This was 

also the case for the RBC-PFC formulation; the kinetics were slightly delayed compared with 

whole blood, but the MAP settled at the same final value of approximately 75 mmHg. In contrast, 

both the PFC emulsion and RBC vesicle controls performed similarly to Ringer’s lactate solution, 

which served as a negative control. For these groups, the MAP values stabilized at just over 45 

mmHg, which was still near the critical induction value. The enhanced resuscitation ability of the 

RBC-PFC formulation may result from its increased oxygen carrying capacity, as well as from 

the improved stability characteristics bestowed by the cell membrane,[24] which should enhance 

RBC-PFC blood residence compared with the non-stabilized PFC emulsions. 

Finally, we sought to evaluate the in vivo biodistribution of the RBC-PFCs and assess 

their safety. To study the organ level distribution, the nanoemulsions were labeled with a 

fluorescent dye, followed by intravenous administration through the tail vein. At set time points, 

the mice were then euthanized, and the major organs were analyzed for their fluorescent signal 

(Figure 2.4c). From the results, it could be seen that a majority of the RBC-PFCs was found in the 

liver, with significant amounts also present in the spleen and the blood at all of the time points 

studied. This pattern of distribution is consistent with other cell membrane-derived 
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formulations.[24] To evaluate safety, a high bolus dose of RBC-PFCs was administered 

intravenously, followed by tracking of serum IL-1β levels (Figure 2.4d). Whereas non-stabilized 

PFC emulsions elicited a significant spike at 12 h post-administration, cytokine levels after 

injection of RBC-PFC nanoemulsions remained at baseline levels. We further performed a 

comprehensive analysis of blood chemistry and major blood cell populations 24 h after RBC-PFC 

administration (Figure 2.4e,f). Compared to mice administered with vehicle only, no statistical 

difference was observed in any of the parameters that were studied. Subsequently, the major 

organs were collected and subjected to histological sectioning (Figure 2.4g). Analysis after 

hematoxylin and eosin (H&E) staining revealed normal appearance in all the organs studied, 

including the liver, spleen, heart, lungs, and kidneys. 
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Figure 2.4 In vivo oxygen delivery and safety of RBC‐PFC. a) Mean arterial pressure (MAP) profiles of mice after 
blood withdrawal, followed by infusion with Ringer's lactate (RL), RBC vesicles, PFC emulsions, RBC‐PFC, or 
whole blood (n = 6; mean ± s.d.). b) MAP values for each group at the endpoint of (a) (n = 6; mean + s.d.). *p < 0.05, 
****p < 0.0001; one‐way ANOVA. c) Biodistribution of DiD‐labeled RBC‐PFC in major organs, including the liver, 
spleen, heart, lungs, kidneys, and blood, at various times after administration (n = 6; mean + s.d.). d) Serum cytokine 
levels over time after intravenous administration of isotonic sucrose (vehicle), PFC emulsions, or RBC‐PFC (n = 3; 
mean ± s.d.). ***p < 0.001; one‐way ANOVA. e) Comprehensive blood chemistry panel taken 24 h after intravenous 
administration of isotonic sucrose or RBC‐PFC (n = 3; mean + s.d.). 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). f) Counts of various blood cells 24 h after intravenous administration of isotonic sucrose or RBC‐PFC 
(n = 3; geometric mean + s.d.). WBC: white blood cells; RBC: red blood cells; PLT: platelets. g) Hematoxylin and 
eosin staining of histology sections from major organs 24 h after RBC‐PFC administration. Scale bar: 250 µm. 
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2.3 Materials and Methods 

Preparation and Characterization of RBC-PFCs. All animal experiments followed 

protocols that were reviewed, approved, and performed under the regulatory supervision of the 

University of California San Diego’s Institutional Animal Care and Use Committee (IACUC). 

Fresh RBCs were purified from whole blood collected from male CD-1 mice (Envigo), and 

membrane ghosts were obtained by hypotonic lysis.[24] The RBC membrane was suspended at a 

final protein concentration of 2 mg/mL for further use. To prepare RBC-PFCs, varying volumes 

of the PFC perfluorooctyl bromide (Sigma Aldrich) were mixed with 2 mL of RBC membrane 

solution, followed by emulsification on ice using a Fisher Scientific 150E Digital Sonic 

Dismembrator for increasing amounts of time with an on/off interval of 2 s/1 s. The resulting 

RBC-PFCs were centrifuged at 600g for 5 min to remove excess membrane vesicles, followed by 

resuspension in water or the appropriate media. Size and zeta potential measurements were 

conducted by dynamic light scattering using a Malvern Instruments Zetasizer Nano ZS. 

Following the optimization experiments, the final RBC-PFC formulation was fabricated at a ratio 

of 12.5 µL PFC per 1 mg of RBC membrane protein with 3 min of emulsification. All stated 

RBC-PFC concentrations are expressed in terms of the protein content of the formulation. RBC 

vesicle and PFC emulsion controls were fabricated by sonicating the individual components for 3 

min. For the stability study, samples were stored at room temperature, and size was measured 

periodically. 

Imaging of RBC-PFCs. To label the RBC membrane with 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindodicarbocyanine perchlorate (DiD, excitation/emission = 644/665 nm; Invitrogen), 

the dye was added to the membrane solution at a final concentration of 10 µg/mL. For dye 

staining of the PFC core, BODIPY FL iodoacetamide (excitation/emission = 503/512 nm; 

Invitrogen) was modified with 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanethiol 
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(Sigma Aldrich) using a previously reported approach.[45] The resulting conjugate was then 

dissolved at 0.2 mg/mL in the PFC. For fluorescent imaging of the RBC-PFCs, dual-labelled 

samples were immobilized on glass slides with Tissue-Tek OCT compound (Sakura Finetek) and 

visualized using an Olympus FV1000 confocal microscope. 

PFC Loading Quantification. In order to quantify the loading of PFC into the final RBC-

PFC formulation, Triton X-100 (Sigma Aldrich) was added at a final ratio of 0.5% to disrupt the 

RBC membrane. The PFC was then extracted by mixing the lysed RBC-PFC solution with an 

equal volume of deuterated chloroform (Sigma Aldrich). As an internal standard, 2 µL of 

perfluoro-15-crown-5-ether (Sigma Aldrich) was added to 1 mL of the chloroform fraction. The 

sample was then subject to 19F-NMR on a JEOL ECA 500 NMR spectrometer. Data analysis 

was performed using Mestrelab Research MestReNova software. 

Dissolved Oxygen Kinetics. A measurement apparatus was built by covering a 100 mL 

beaker with a foam cap, which was sealed in place using Parafilm M (Bemis). Three holes were 

cut into the foam cap in order to accommodate a temperature probe, an oxygen probe, and a glass 

pipette for nitrogen purging. Before the start of each experiment, 20 mL of water was added into 

the beaker, equilibrated to 37 ºC, and purged with nitrogen to remove dissolved oxygen. Then, 2 

mL of RBC-PFCs at 2 mg/mL was injected into the system 30 s after nitrogen flow shutdown, 

and the dissolved oxygen values were monitored using a Hanna Instruments edge dedicated 

dissolved oxygen meter. RBC vesicle and PFC emulsion controls were employed at 

concentrations equivalent to the RBC-PFC formulation. The whole RBC sample was used at an 

RBC content with equivalent membrane protein compared with the RBC-PFC samples. In-dated 

and outdated (2 days post-expiration) human O-positive RBCs were obtained from the San Diego 

Blood Bank. 

In Vitro Toxicity and Hypoxia Studies. Murine neuroblastoma Neuro2a cells (CCL-131; 
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American Type Culture Collection) and J774 macrophages (TIB-67; American Type Culture 

Collection) were maintained in Dulbecco's modified eagle medium (HyClone) supplemented with 

10% fetal bovine serum (HyClone) and 1% penicillin-streptomycin (Gibco). To assess the 

toxicity of RBC-PFCs, Neuro2a cells were seeded in 96-well plates at 1 × 104 cells per well. The 

cells were then incubated under normoxic conditions (20% O2/5% CO2/75% N2) in a Thermo 

Scientific Heracell 150i incubator with RBC-PFCs at various concentrations. After 24 h, cell 

viability was quantified using a CellTiter AQueous One Solution cell proliferation assay 

(Promega) following the manufacturer’s instructions. To evaluate the potential immunological 

impact of the nanoformulation, RBC-PFC was incubated with J774 cells at a concentration of 4 

mg/mL. A PFC emulsion control was employed at an equivalent concentration. At 24 h, the 

culture medium was collected, and cytokine concentrations were assessed using a mouse IL-1β 

ELISA kit (Biolegend) per the manufacturer’s instructions. 

For the hypoxia treatment study, Neuro2a cells were cultured under hypoxic conditions 

(1% O2/5% CO2/94% N2) in a Thermo Scientific Forma Series 3 WJ incubator for various 

induction periods. Afterwards, the media was replaced with fresh media containing various RBC-

PFC concentrations and the cells were kept under hypoxic conditions for another 24 h before 

assessing cell viability. For the imaging studies, Image-iT Green hypoxia reagent (Invitrogen) 

was added to the cells at a final concentration of 5 µM for 30 min before washing the cells with 

fresh media. The cells were then subject to various hypoxia induction periods before the media 

was replaced with fresh media containing RBC-PFCs at 4 mg/mL. Cells were incubated for 

another 6 h and 24 h under hypoxic conditions before imaging under fluorescence and brightfield 

microscopy, respectively, using a Thermo Fisher Scientific EVOS FL cell imaging system. The 

control normoxia group was cultured under normoxic conditions for the duration of the 

experiment. 
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To assess the levels of HIF1α, Neuro2a cells were seeded at 5 × 105 cells per well in 6-

well plates. Cells were incubated under hypoxic conditions for 18 h, after which the media was 

replaced with fresh media, either with or without 4 mg/mL of RBC-PFCs. The cells were then 

cultured for another 24 h under hypoxic conditions. The normoxia group stayed under normoxic 

conditions for the duration of the experiment. Afterwards, the cells were lysed on ice with RIPA 

buffer (Sigma Aldrich), supplemented with 1% 0.5 M ethylenediaminetetraacetic acid 

(Invitrogen) and 1% of a protease inhibitor cocktail (Sigma Aldrich). Lysed cells were then 

scraped off the wells and centrifuged at 14,000g, after which the supernatant was collected. 

Protein concentrations were normalized to 1 mg/mL. The samples were prepared using NuPAGE 

4× lithium dodecyl sulfate sample loading buffer (Invitrogen) and then run on 12-well Bolt 4-

12% bis-tris minigels (Invitrogen) in MOPS running buffer (Invitrogen). After transferring to 

0.45 µm nitrocellulose membrane (Pierce) in Bolt transfer buffer (Invitrogen) at 10 V for 60 min, 

the membranes were blocked with 5% bovine serum albumin (Sigma Aldrich) in phosphate 

buffered saline (PBS, Mediatech) with 0.05% Tween 20 (National Scientific). The blots were 

then incubated with anti-HIF1α (28b; Santa Cruz Biotechnology), followed by the appropriate 

horse radish peroxidase-conjugated secondary antibody (Biolegend). ECL western blotting 

substrate (Pierce) and a Mini-Medical/90 developer (ImageWorks) were used to develop and 

image the blots. 

In Vivo Hemorrhagic Shock Treatment. To evaluate efficacy in a hemorrhagic shock 

model, 6-week-old male CD-1 mice were intraperitoneally administered with a cocktail of 

ketamine (Pfizer) at 100 mg/kg and xylazine (Lloyd Laboratories) at 20 mg/kg. Anesthesia was 

maintained for the entire surgical procedure and the mice were kept on a 37 ºC heat pad. A 0.5 

cm incision parallel to where the right femoral artery runs in the groin area between the abdomen 

and thigh was made using a small surgical scissor. The femoral artery was carefully isolated, and 
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a small incision was then cut into the artery so that PE-10 tubing (Braintree Scientific) primed 

with 0.3% heparin (Sigma Aldrich) in PBS could be inserted as the cannula. The tubing was 

connected to a Digi-Med BPA-400 blood pressure analyzer for the continuous monitoring of 

MAP. The left femoral artery was cannulated in a similar fashion and connected to a Kent 

Scientific GenieTouch syringe pump to perform the hemorrhagic shock and resuscitation 

procedure. To induce hemorrhage, blood was steadily withdrawn from the left femoral artery at a 

constant rate of 0.1 mL/min until the MAP reached 35 mmHg, after which the mice were allowed 

to stabilize for 10 min. For resuscitation, 1 mL of RBC-PFCs at 2 mg/mL was infused into the 

left femoral artery at a constant speed of 0.1 mL/min. Ringer’s lactate (Fisher Scientific) was 

used as a negative control, and the withdrawn whole blood was reinfused as a positive control. 

RBC vesicles and PFC emulsions were used at concentrations equivalent to the RBC-PFC 

formulation. Solutions that were not isotonic were adjusted to the appropriate osmolarity using 

concentrated sucrose (Sigma Aldrich). The mice were monitored for another 20 min after 

completion of the infusion. MAP values were recorded for the duration of the study, and the mice 

were euthanized immediately afterwards. 

RBC-PFC In Vivo Biodistribution and Safety. To study the biodistribution, DiD-labeled 

RBC-PFCs with 1.6 mg of protein content was administered via the tail vein. At 1, 4, and 24 h, 

mice were euthanized and their major organs, including the liver, spleen, heart, lungs, kidneys, 

and blood were collected and weighed. The organs were then homogenized in 1 mL of PBS using 

a Biospec Mini-Beadbeater-16. Fluorescence was read using a Tecan Infinite M200 plate reader. 

Total weight of blood was estimated as 6% of mouse body weight. To assess serum cytokine 

levels, RBC-PFCs with 4 mg of protein content, or an equivalent amount of PFC emulsions, were 

intravenously administered. At 4, 12, and 24 h after administration, blood was sampled by 

submandibular puncture, and cytokine levels were assessed using a mouse IL-1β ELISA kit per 
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the manufacturer’s instructions. For the other safety studies, RBC-PFCs with 4 mg of protein 

content was administered intravenously, and after 24 h the blood and major organs were collected 

for analysis. For the comprehensive metabolic panel, aliquots of blood were allowed to coagulate, 

and the serum was collected by centrifugation. For the blood counts, blood was collected into 

potassium-EDTA collection tubes (Sarstedt). Lab tests were performed by the UC San Diego 

Animal Care Program Diagnostic Services Laboratory. For histological analysis, the major organs 

were sectioned and stained with hematoxylin and eosin (Leica Biosystems), followed by imaging 

using a Hamamatsu Nanozoomer 2.0-HT slide scanning system. 
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2.4 Conclusion 

In conclusion, we have demonstrated the successful fabrication of a natural–synthetic oxygen 

delivery vehicle consisting of PFC stabilized by cell-derived membrane. The resulting 

nanoformulation was shown to be highly stable over time and had improved oxygen carrying 

capacity compared with whole RBCs. Notably, the RBC-PFC formulation was able to attenuate the 

effects of hypoxia in vitro and was able to fully resuscitate mice in a model of hemorrhagic shock. 

The platform incorporates the advantages of both component parts, combining the high oxygen 

carrying capacity of the synthetic PFC with the biocompatibility of the natural cell membrane. It can 

be envisioned that RBC-PFC fabrication, a facile process that converts RBCs into stable semi-

synthetic nanoparticulates, can be employed in the future as a means of prolonging the usefulness of 

perishable human donations. RBC-PFCs can be synthesized from just-expired RBCs in times of 

surplus and banked in long-term storage for use during periods of high demand, which would greatly 

simplify the logistics of blood supply management. As a potent oxygen carrier, these biomimetic 

nanoemulsions could ultimately help to address an area of significant need in the clinic. 

 
Chapter 2, in full, is a reprint of the material as it appears in Advanced Materials, 2018, Jia 

Zhuang, Man Ying, Kevin Spiekermann, Maya Holay, Yue Zhang, Fang Chen, Hua Gong, Joo Hee 

Lee, Weiwei Gao, Ronnie H. Fang, and Liangfang Zhang. The dissertation author was the primary 

author. 
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Biomimetic Gene Delivery In Vivo by Platelet  

Membrane-Coated Metal-Organic  
Framework Nanoparticles 
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3.1 Introduction 

Ribonucleic acid (RNA) interference (RNAi) is a naturally occurring mechanism for gene 

downregulation that, since its first discovery in the late 1990s, has been widely leveraged as a tool 

for biological studies.[1] Through a robust process mediated by the RNA-induced silencing 

complex present within the cytosol, target genes can be post-transcriptionally silenced via 

degradation of the corresponding messenger RNA (mRNA).[2] Small interfering RNAs (siRNAs) 

are short and well-defined double-stranded RNA molecules that can be synthetically 

manufactured to take advantage of the RNAi pathway.[3] Over time, siRNAs have become an 

indispensable tool for validating gene function.[4] They have also been widely explored as 

therapeutics for human disease,[5] and an siRNA-based treatment for transthyretin-mediated 

amyloidosis was recently approved by the United States Food and Drug Administration.[6] 

Despite their great promise, there are several hurdles that have prevented the more widespread 

approval of siRNA therapies, and these include their inherent vulnerability in biological 

environments, suboptimal uptake and knockdown efficiency, rapid blood clearance, and possible 

immunogenicity.[7] 

The formulation of siRNA into nanoscale delivery vehicles represents an effective 

strategy for enhancing bioavailability and biocompatibility.[8] This general approach has helped 

to greatly improve therapeutic outcomes for RNAi therapies.[9] Overall, there are several key 

design considerations when it comes to the nanodelivery of siRNA. First, the payload needs to be 

incorporated in a manner that protects it from the surrounding environment after in vivo 

administration.[10] siRNA is subject to degradation by endogenous RNases, and strategies to 

prevent this from happening are thus required. Localization to a tissue of interest is also 

important, and this can be highly challenging for RNAi delivery platforms to achieve. To address 

this, a number of different of strategies can be employed to decrease nonspecific interactions 
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while improving targeting efficiency.[11] Lastly, endosomal escape of siRNA payloads is a major 

barrier for siRNA therapeutics.[12] In order to associate with the RNAi machinery, internalized 

siRNAs need to reach the cytosolic compartment upon internalization.[13] The development of 

formulations that are structurally stable outside of the target cell, but rapidly disassociate and 

disrupt endosomes upon uptake, are thus highly desirable. 

Herein, we report on a biomimetic approach for the targeted delivery of siRNA payloads 

in vivo (Figure 3.1). Specifically, synthetic siRNAs were loaded inside porous metal–organic 

framework (MOF) nanoparticles through a facile one-pot protocol with high loading efficiency. 

The zeolitic imidazolate framework-8 (ZIF-8) MOFs employed in this work have minimal 

toxicity and have previously been used for the delivery of biomolecules.[14] The structural 

integrity of the MOF scaffolds is pH-dependent,[15, 16] a property which we leveraged to traffic 

siRNA payloads to the cytosol. The siRNA-loaded MOFs were further coated by a layer of 

naturally derived platelet membrane, which has been shown to interact with a number of different 

disease-relevant substrates, including atherosclerotic plaque and bacteria.[17, 18] In particular, 

platelet membrane-based nanoparticles have excelled at anticancer therapy due to their tumor 

targeting capabilities.[19, 20] Using the final nanoformulation, siRNA delivery and gene 

silencing efficiency were evaluated in vitro. In the end, a murine breast cancer tumor model was 

employed to assess tumor targeting and therapeutic efficacy. Although the present work 

employed siRNAs to address tumor-relevant genes, it is envisioned that the reported hybrid 

nanodelivery platform could be used to achieve targeted silencing for a wide range of therapeutic 

applications. 
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Figure 3.1 Platelet membrane-coated siRNA-loaded MOFs (P-MOF-siRNA) for gene silencing. To fabricate the P-
MOF-siRNA formulation, siRNA-loaded MOF (MOF-siRNA) cores are generated by mixing the siRNA payload 
with Zn2+ and 2-methylimidazole (mim), followed by coating with natural cell membrane derived from platelets. 
When the P-MOF-siRNA nanoparticles are endocytosed by a target cell, the low pH of the endosomes causes escape 
of the siRNA into the cytosol. Upon incorporating with RNA-induced silencing complex (RISC), the target mRNA is 
then recognized and degraded, leading to gene silencing. 
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3.2 Results and Discussion 

3.2.1 Formulation and characterization of P-MOF-siRNA 
 

To encapsulate siRNA within the nanoscale MOFs, a modified in situ biomineralization 

method was employed.[21, 22] Specifically, siRNA was first premixed with 2-methylimidazole, 

followed by addition of a solution containing zinc ions, initiating the ZIF-8 self-assembly process 

and causing the solution to become turbid. The resulting siRNA-loaded MOF (MOF-siRNA) 

nanoparticles were then allowed to mature in solution for several hours. For the coating process, 

purified platelet membrane was mixed with the MOF-siRNA nanoparticles, and the two 

components were physically co-extruded through porous membranes of decreasing size.[23] 

Finally, the platelet membrane-coated MOF-siRNA nanoparticles (P-MOF-siRNA) were isolated 

by centrifugation. The MOF-siRNA nanoparticles were slightly larger than unloaded MOFs, and 

membrane coating further increased their size, with the final P-MOF-siRNA formulation 

exhibiting an average diameter of approximately 175 nm (Figure 3.2a). Moreover, while loading 

of the negatively charged siRNA payload slightly decreased the surface zeta potential compared 

with unloaded MOFs, the membrane coating had a profound impact on shielding the positively 

charged MOF core, resulting in P-MOF-siRNA nanoparticles that were considerably negative in 

charge (Figure 3.2b). Both the size and surface zeta potential data suggested successful coating of 

the membrane around the MOF-siRNA nanoparticles, and the core–shell morphology of the P-

MOF-siRNA formulation was confirmed by visualizing negatively stained samples under 

transmission electron microscopy (Figure 3.2c). In terms of siRNA loading, the encapsulation 

efficiency was quantified by incorporating a fluorescently labeled payload at increasing 

concentrations (Figure 3.2d). It was demonstrated that siRNA could be incorporated with high 

efficiency over a wide range of inputs, and P-MOF-siRNA nanoparticles were fabricated using 

500 nM siRNA, 20 mg/mL 2-methylimidazole, and 1 mg/mL zinc nitrate hexahydrate for 
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subsequent studies. The favorable loading exhibited by the MOFs was likely attributed to strong 

electrostatic interactions between the framework’s metal nodes and the siRNA’s backbone 

phosphates, as well as physical confinement within the nanoporous structure.[16, 24] 

To further characterize the final formulation, long-term stability was evaluated in 

phosphate buffered saline (PBS) and serum-containing medium over the course of 1 week (Figure 

3.2e). While P-MOF-siRNA nanoparticles exhibited minimal change in size over this period, 

uncoated MOF-siRNA particles grew significantly, highlighting the benefit of employing a cell 

membrane coating for stabilizing nanoparticles under physiological conditions.[25] Release of the 

siRNA payload from P-MOF-siRNA nanoparticles was measured over time in PBS at different 

pH values (Figure 3.2f). Whereas a minimal amount of release was observed at a near-neutral pH 

7.4, significant burst release in the first few hours was observed at a more acidic pH 5.0. This pH-

dependent property of the formulation suggested that the siRNA could be protected within the 

nanoparticulate structure until after cellular internalization, upon which the mildly acidic 

environment of the endosomes would trigger siRNA release.[15] To confirm the utility of 

nanoencapsulation for preserving the integrity of siRNA, P-MOF-siRNA nanoparticles were 

incubated with RNase or serum-containing medium for varying amounts of time (Figure 3.2g,h). 

Due to protection by the MOF scaffold,[26, 27] little degradation of the payload was observed for 

P-MOF-siRNA nanoparticles; this was in stark contrast to free siRNA, which was rapidly 

degraded by RNase either in purified form or within serum. Protein analysis was used to confirm 

the successful translocation of the platelet membrane onto the surface of the P-MOF-siRNA 

nanoparticles, which could be used to bestow tumor targeting properties.[28, 29] Using gel 

electrophoresis to first separate proteins based on molecular weight, important binding markers, 

including CD41, CD61, and P-selectin, were confirmed through western blotting analysis to be 

present on the P-MOF-siRNA nanoparticles (Figure 3.2i). The sidedness of the membrane 
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coating was characterized by performing dot blots for different CD47 domains, and it was 

determined that approximately 80% of the platelet membrane was presented in a right-side-out 

orientation (Figure 3.2j), which is essential for maintaining disease-targeting properties. 

 

Figure 3.2 Formulation and characterization. a) Diameter of pristine MOF, MOF-siRNA, P-MOF, P-MOF-
siRNA, and platelet (PLT) membrane vesicles after formulation (n=3, mean + s.d.). b) Zeta-potential of pristine 
MOF, MOF-siRNA, P-MOF, P-MOF-siRNA, and PLT membrane vesicles after formulation (n=3, mean + s.d.). c) 
Transmission electron microscopy image of P-MOF-siRNA negatively stained with uranyl acetate (scale bar: 200 
nm). d) Encapsulation efficiency of siRNA inside P-MOF-siRNA at various siRNA inputs (n=3, mean + s.d.). e) 
Stability of MOF-siRNA and P-MOF-siRNA over time in PBS or serum-containing media (n=3, mean ± s.d.). f) 
siRNA release from P-MOF-siRNA at pH 5.0 or pH 7.4 over time (n=3, mean ± s.d.). g, h) Degradation of siRNA, 
either in free form or in P-MOF-siRNA, when exposed to purified RNase (g) or serum-containing media (h) for 
increasing amounts of time. i) Western blots for three characteristic platelet surface markers (CD41, CD61, and P-
selectin) in MOF-siRNA, PLT membrane vesicles, and P-MOF-siRNA. j) Dot blot intensity of P-MOF-siRNA 
probed with antibodies against the intracellular or extracellular domains of CD47 (n=3, mean + s.d.). 
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3.2.2 In vitro cellular uptake and GFP knockdown 

Next, we sought to characterize the impact of membrane coating on nanoparticle 

interaction with macrophages. To conduct the study, either bare MOF-siRNA or membrane-

coated MOF-siRNA nanoparticles were incubated with murine J774 macrophages. Flow 

cytometric analysis revealed that the platelet membrane coating was able to significantly reduce 

interaction of the MOF-siRNA nanoparticles with the macrophages, and the level of uptake was 

consistent with nanoparticles coated with RBC membrane (R-MOF-siRNA) (Figure 3.3a). 

Further, the secretion of frontline proinflammatory cytokines by macrophages was measured to 

evaluate the potential short-term immunogenicity of the platform. Whereas incubation with bare 

MOF-siRNA led to significantly elevated levels of both interleukin-6 (IL-6) and tumor necrosis 

factor-α (TNFα), the membrane coating was able to abrogate this effect (Figure 3.3b,c). To 

confirm the cancer-targeting ability of P-MOF-siRNA, fluorescently labeled nanoparticles were 

incubated with SK-BR-3 cells. Fluorescence imaging clearly demonstrated that the platelet 

membrane coating greatly improved the affinity of the nanoparticles towards SK-BR-3 cells in 

comparison to RBC membrane-coated nanoparticles (Figure 3.3d). Since the SK-BR-3 cell line is 

known to express CD24,[30] which is a counter receptor to P-selectin found on platelets,[31] we 

also studied the effect of inhibiting this interaction. Antibody blocking significantly attenuated 

binding of P-MOF-siRNA to the tumor cells. The data confirmed that platelet membrane, which 

displays specificity towards a number of different surface markers commonly expressed by 

cancer cells,[32] has utility for tumor targeting. 

After confirming successful targeting of the tumor cells, we then assessed if the P-MOF-

siRNA formulation could be used to facilitate internalization of the siRNA payload. To this end, 

we employed fluorescently labeled siRNA, either in free form, P-MOF-siRNA, or R-MOF-

siRNA. After 24 h of incubation with SK-BR-3 breast cancer cells, the amount of uptake was 
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quantified by flow cytometry (Figure 3.3e). Free siRNA exhibited a negligible amount of uptake 

due to its inability to cross the cell membrane. On the other hand, cells incubated with the two 

nanoformulations, which are generally taken up via endocytosis,[33] displayed a significant 

amount of uptake. Because of the specific interactions of cancer cells with platelets, the P-MOF-

siRNA nanoparticles were better at delivering the siRNA compared with R-MOF-siRNA 

nanoparticles. Afterwards, we sought to demonstrate that the internalized payloads could be 

released from the endosomal compartment, which is essential for the silencing effect of siRNA 

given that RNAi machinery is located within the cytosol.[34] To accomplish this, fluorescently 

labeled siRNA was delivered via P-MOF-siRNA, and the intracellular localization was visualized 

by fluorescence microscopy over the course of 24 h (Figure 3.3f). At 1 h after the start of 

incubation, the majority of the payload could still be found on the periphery of the cells, but a 

significant portion had already been endocytosed after 4 h, as indicated by the significant 

colocalization of the dye-labeled siRNA with LysoTracker. At 8 h, the siRNA signal could be 

seen throughout the cell, and this effect was even more pronounced after one full day of 

incubation. Overall, this data indicated that the siRNA could successfully escape or release into 

the cytosol after dissociation of the MOF scaffold in the more acidic pH of the endosomes, which 

facilitates endosomal disruption .[15] 

After confirming the cytosolic delivery of the siRNA payload by P-MOF-siRNA, the gene 

silencing efficiency of the nanoformulation was evaluated. To accomplish this, we first chose 

green fluorescent protein (GFP) as a model target. Various samples, including free siRNA against 

GFP (siRNAGFP), empty platelet membrane-coated MOF (P-MOF), P-MOF-siRNA loaded with a 

negative control siRNA (P-MOF-siRNANC), P-MOF-siRNA loaded with siRNAGFP (P-MOF-

siRNAGFP), and R-MOF-siRNA loaded with siRNAGFP (R-MOF-siRNAGFP), were incubated with 

GFP-expressing SK-BR-3 cells. After 48 h, the GFP expression of the cells was assessed by flow 



69  

cytometry (Figure 3.3g). At this timepoint, there was little reduction in GFP expression observed 

for the siRNAGFP, P-MOF, and P-MOF-siRNANC groups. While both the P-MOF-siRNAGFP and 

R-MOF-siRNAGFP groups showed gene silencing effects, the effect of the former was 

significantly stronger than the latter. The P-MOF-siRNAGFP formulation reduced the level of 

expression to near the baseline established by wild-type SK-BR-3 cells. The same study was 

repeated using fluorescence imaging, and the results corroborated that P-MOF-siRNAGFP was 

better at knocking down gene expression compared with R-MOF-siRNAGFP (Figure 3.3h). The 

results from these studies validated the utility of MOF-based nanoparticulate delivery for 

improving siRNA activity, and the increased cancer cell-specific interactions afforded by the 

platelet membrane helped to further boost silencing efficiency. 
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Figure 3.3 In vitro cellular uptake and GFP knockdown. a) Uptake of MOF-siRNA, P-MOF-siRNA, or R-MOF-
siRNA by J774 macrophages after 24 h of incubation (n=3, mean + s.d.). b, c) Secretion of proinflammatory 
cytokines IL-6 (b) or TNFα (c) by J774 macrophages after 24 h of incubation with MOF-siRNA, P-MOF-siRNA, or 
R-MOF-siRNA (n=3, mean + s.d.). *p < 0.05, **p < 0.01, NS: not significant, one‐way ANOVA. d) Binding of 
fluorescently labeled P-MOF-siRNA, P-MOF-siRNA pre-blocked with anti-P-selectin, or R-MOF-siRNA to SK-BR-
3 cells after incubation for 30 min (scale bar: 50 µm; nuclei: blue, nanoparticles: red). e) Uptake of siRNA in SK-BR-
3 cells 24 h after incubation with free siRNA, P-MOF-siRNA, or R-MOF-siRNA. f) Fluorescent visualization of 
siRNA localization in SK-BR-3 cells 1, 4, 8, and 24 h after incubation with P-MOF-siRNA (scale bar: 20 µm; 
siRNA: green, nuclei: blue, endosomes: red). g) Fluorescence of GFP-transduced SK-BR-3 cells after incubation 
with siRNAGFP, P-MOF, P-MOF-siRNANC, P-MOF-siRNAGFP, or R-MOF-siRNAGFP for 48 h; wild-type (WT) cells 
were used to establish the baseline. h) Visualization of gene knockdown in GFP-transduced SK-BR-3 cells after 
incubation with siRNAGFP, P-MOF, P-MOF-siRNANC, P-MOF-siRNAGFP, or R-MOF-siRNAGFP for 48 h (scale bar: 
200 µm; GFP: green). 
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3.2.3 In vitro survivin knockdown 

Next, we sought to evaluate the potential of the platform for the targeted silencing of a 

therapeutically relevant target. For this purpose, we chose survivin, which can play an essential 

role in tumor progression and metastasis.[35] Survivin is overexpressed in a majority of breast 

carcinomas and is highly correlated with human epidermal growth factor receptor 2 (HER2) gene 

expression.[36] Knockdown of survivin mRNA in HER2-positive SK-BR-3 cells has previously 

been shown to induce cell apoptosis.[37] To test the effect of targeting survivin using our 

platform, we incubated SK-BR-3 cells with a number of different samples, including siRNA 

against survivin (siRNASur), P-MOF, P-MOF-siRNANC, P-MOF-siRNA loaded with siRNASur (P-

MOF-siRNASur), and R-MOF-siRNA loaded with siRNASur (R-MOF-siRNASur), and tracked cell 

viability over the course of 3 days (Figure 3.4a). Free siRNASur, P-MOF, and P-MOF-siRNANC 

had no impact on the health of the cancer cells, whereas both P-MOF-siRNASur and R-MOF-

siRNASur exhibited cytotoxic activity. Due to the increased interactions of platelets with the 

cancer cells, treatment with P-MOF-siRNASur had the most profound affect, and this was most 

evident at 48 h. It should be noted that the increase in viability at 72 h was likely due to the 

transient nature of siRNA knockdown. Western blot analysis confirmed that survivin protein 

expression was the lowest in the cells treated with P-MOF-siRNASur at 48 h (Figure 3.4b), and 

the same trend was observed when visualizing protein expression by fluorescence microscopy 

after immunofluorescence staining (Figure 3.4c). Notably, the cells treated with P-MOF-siRNASur 

had highly irregular nuclei in comparison with the other control groups. Finally, the levels of 

survivin mRNA, which is the most immediate target of siRNA, were quantified by polymerase 

chain reaction, and it was shown that P-MOF-siRNASur treatment resulted in an approximately 

80% reduction (Figure 3.4d). Of the other control groups, only the R-MOF-siRNASur group had 

any appreciable knockdown effect, causing an approximately 40% reduction in survivin gene 



72  

expression. 

 

Figure 3.4 In vitro survivin knockdown. a) Viability of SK-BR-3 cells after incubation with siRNASur, P-MOF, P-
MOF-siRNANC, P-MOF-siRNASur, or R-MOF-siRNASur for 0, 24, 48, and 72 h (n=6, mean ± s.d.). b) Western blot 
for survivin in SK-BR-3 cells after incubation with siRNASur, P-MOF, P-MOF-siRNANC, P-MOF-siRNASur, or R-
MOF-siRNASur for 48 h; GAPDH was used as loading control. c) Fluorescent visualization of survivin protein 
expression in SK-BR-3 cells after incubation with siRNASur, P-MOF, P-MOF-siRNANC, P-MOF-siRNASur, or R-
MOF-siRNASur for 48 h (scale bar: 20 µm; survivin: purple, nuclei: blue). d) Relative survivin mRNA expression in 
SK-BR-3 cells after incubation with siRNASur, P-MOF, P-MOF-siRNANC, P-MOF-siRNASur, or R-MOF-siRNASur 
for 48 h (n=3, mean + s.d.). 

 

3.2.4 In vivo delivery and antitumor efficacy 

Upon confirming in vitro siRNA delivery and activity, we next sought to evaluate the in 

vivo behavior of the nanoformulation. First, fluorescently labeled P-MOF-siRNASur and R-MOF-

siRNASur were administered into nude mice bearing subcutaneous SK-BR-3 tumors. After 1 h, 

the animals were euthanized and the distribution of the nanoparticles in all of the major organs 

was quantified after homogenization (Figure 3.5a, b). The majority of the particles for both 

groups was found in the liver and the spleen, which is characteristic of most 
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nanoformulations.[17, 23] Notably, the platelet membrane coating had a profound impact on 

tumor localization, as the P-MOF-siRNASur nanoparticles had a 6-fold higher accumulation 

compared with R-MOF-siRNASur. This trend was also visualized by ex vivo macroscopic 

fluorescence imaging of the excised tumors (Figure 3.5c). The quick distribution and targeting is 

a phenomenon that has previously been observed for similar platelet membrane-coated 

nanoparticle platforms.[17] Following the biodistribution study, we then assessed the therapeutic 

benefits of the nanoformulations using the same SK-BR-3 tumor model. After the tumors were 

allowed to grow to a palpable size, P-MOF-siRNASur was administered intravenously every 3 

days for a total of 4 administrations, and the relative change in tumor growth was monitored 

(Figure 3.5d). R-MOF-siRNASur was selected as a control to highlight the advantage of the 

platelet membrane coating, whereas other controls were omitted given their lack of potency in the 

in vitro studies. It was evident that both nanoformulations could deliver sufficient siRNA payload 

to significantly impact tumor growth kinetics, with the strongest effect observed for the P-MOF-

siRNASur group given its targeting properties. This was also reflected in the overall survival, 

where both treatments were able to significantly delay the time it took for the tumors to reach 

endpoint (Figure 3.5e). Whereas untreated mice exhibited a median survival of 50 days, R-MOF-

siRNASur and P-MOF-siRNASur treatment prolonged the value to 66 days and 92 days, 

respectively. 
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Figure 3.5 In vivo delivery and antitumor efficacy. a) Nanoparticle biodistribution in the heart, liver, spleen, 
lungs, kidneys, and tumor 1 h after intravenous administration with fluorescently labeled P-MOF-siRNASur or R-
MOF-siRNASur (n=3, mean + s.d.). b) Quantification of nanoparticle localization within the tumor 1 h after 
intravenous administration with fluorescently labeled P-MOF-siRNASur or R-MOF-siRNASur (n=3, mean + s.d.). c) 
Ex vivo fluorescent imaging of tumors 1 h after intravenous administration with fluorescently labeled P-MOF-
siRNASur or R-MOF-siRNASur (H: high signal, L: low signal). d) Growth kinetics of SK-BR-3 tumors implanted 
subcutaneously into nu/nu mice and treated intravenously with P-MOF-siRNASur or R-MOF-siRNASur every 3 d for a 
total of 4 administrations (n=5; mean ± s.e.m.). e) Survival of the mice in (d) over time (n=5). f) Body weight of the 
mice in (d) over time (n=5; mean ± s.d.). 

 

3.2.5 In vivo safety 

Regarding the safety of the nanoformulations, none of the treated mice exhibited any 

significant weight loss over the course of treatment (Figure 3.5f). The biosafety was also 

evaluated by histological analysis of major organs taken 24 h after intravenous administration of 

a high dose of P-MOF-siRNASur to healthy mice. From hematoxylin and eosin (H&E) staining, it 

could be seen that the overall structure, integrity, and immune infiltrate levels in heart, liver, 

spleen, lung, and kidney tissues were near identical to the same samples from healthy controls 

(Figure 3.6a). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
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confirmed that the levels of apoptosis in the nanoparticle-treated mice were similar to those of 

healthy mice (Figure 3.6b). 

 

Figure 3.6 In vivo safety. H&E (a) and TUNEL (b) staining of histological sections from major organs, including 
the heart, liver, spleen, lungs, and kidneys, 24 h after intravenous administration with a high dose of P-MOF-siRNASur 
(scale bars: 500 µm).  
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3.3 Materials and Methods 

Nanoparticle preparation. To prepare the MOF nanoparticles, solutions of zinc nitrate 

hexahydrate (Sigma-Aldrich) and 2-methylimidazole (Sigma-Aldrich) were mixed together at 

final concentrations of 1 mg/mL and 20 mg/mL, respectively. The resulting suspension was 

vortexed for 30 s and left undisturbed for 3 h. Loading of the payload was achieved by premixing 

an appropriate amount of siRNA with the 2-methylimidazole solution to achieve siRNA input 

concentrations ranging from 50 to 500 nM. Unless otherwise stated, studies were conducted with 

formulations made using siRNA at an input concentration of 500 nM. Silencer 5'-

carboxyfluorescein (FAM)-labeled negative control #1 siRNA (Invitrogen) was employed for 

characterization studies, and unlabeled Silencer negative control #1 siRNA (siRNANC; 

Invitrogen), Silencer siRNA against GFP (siRNAGFP; Invitrogen), and siRNA against survivin 

(siRNASur; Santa Cruz Biotechnology) were used in the functional studies. For membrane 

coating, human platelet membrane was derived from O+ platelet-rich plasma (San Diego Blood 

Bank) by a freeze-thaw process and suspended at 2 mg/mL in water.[17] The platelet membrane 

solution was then added to an equal volume of MOF or MOF-siRNA nanoparticles for 30 min, 

followed by sequential extrusion through 1000, 400, and 200 nm polycarbonate porous 

membranes (Whatman) using an Avanti mini extruder. Nanoparticles were isolated by 

centrifugation at 10,000 g for 5 min and then resuspended in water for further use. Platelet 

membrane vesicles were prepared by extruding purified platelet membrane through the same set 

of porous membranes. Red blood cell (RBC) membrane-coated samples were prepared by a 

similar approach using cell membrane that was derived from purified human RBCs 

(BioreclamationIVT).  

Nanoparticle characterization. Nanoparticle size and surface zeta potential were 

measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS. To visualize 
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nanoparticle morphology, samples were 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, samples were stored at room temperature in PBS or Dulbecco's modified Eagle 

medium (DMEM; HyClone) supplemented with 10% fetal bovine serum (FBS; HyClone), and 

size was measured periodically by DLS. To quantify siRNA release, nanoparticles were 

resuspended in PBS at pH 5.0 or pH 7.4. At predetermined timepoints, aliquots from each group 

were centrifuged to pellet the nanoparticles, and the fluorescence of the FAM dye 

(excitation/emission = 494/520 nm) in the supernatant was measured using a BioTek Synergy Mx 

microplate reader. For the siRNA degradation study in purified RNase, a working solution of an 

RNase cocktail enzyme mix (Invitrogen) was prepared by diluting 1:1000 with distilled water. 

Then, 10 µL of the diluted enzyme mix was added into 100 µL aliquots containing 50 pmol of 

siRNA in free form or in P-MOF-siRNA, and the mixtures were incubated at 37 ºC for increasing 

amounts of time. Each sample was then prepared with DNA loading buffer (Lamda Biotech) and 

loaded into a 1.5% agarose gel (Apex Bioresearch Products) containing GelRed nucleic acid stain 

(Biotium). The agarose gel was run in 1× TAE buffer (Invitrogen) at 120 V for 30 min and 

imaged using a Bio-Rad Gel Doc XR system. For the siRNA degradation study in serum-

containing medium, 100 µL of DMEM containing 10% FBS was added into 10 µL aliquots 

containing 50 pmol of siRNA in free form or in P-MOF-siRNA, and the mixtures were incubated 

at 37 ºC for increasing amounts of time. Samples were then prepared and run as described above. 

For the protein characterization, samples were normalized to 1 mg/mL of protein content or an 

equivalent amount of MOF-siRNA, and they were prepared in NuPAGE lithium dodecyl sulfate 

sample loading buffer (Novex). The samples were then run on 12-well Bolt 4-12% Bis-Tris 

minigels (Invitrogen) in MOPS running buffer (Novex). For western blot analysis, the protein 
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was 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 (BSA; 

Sigma-Aldrich) in PBS with 0.05% Tween 20 (National Scientific). The blots were incubated 

with primary antibodies specific for human P-selectin (AK4; Biolegend), CD41 (HIP8; 

Biolegend), or CD61 (VI-PL2; Biolegend), followed by the appropriate horse radish peroxidase 

(HRP)-conjugated secondary antibodies (Biolegend). Development was done using ECL western 

blotting substrate (Pierce) in an ImageWorks Mini-Medical/90 developer. For the membrane 

sidedness study, dot blot analysis was conducted on P-MOF-siRNA in nondenatured form to 

maintain its structure. Denatured platelet ghosts, on which the intracellular and extracellular 

portions of CD47 could both be accessed, were used as standards. The ghosts were serially 

diluted and prepared in a 4× detergent solution made with 37% glycerol (Fisher Chemical), 55% 

1 M Tris-HCl pH 8 (Mediatech), and 8% Triton X-100 (EMD Millipore). Standards were spotted 

twice and P-MOF-siRNA was spotted three times onto nitrocellulose membrane. After air-drying, 

the membrane was blocked with 5% BSA prepared in PBS with 0.05% Tween-20. Blots were 

then probed using antibodies against the extracellular domain of CD47 (ARP63284_P050; Aviva 

Systems Biology) or the intracellular domain of CD47 (GTX80538; GeneTex), followed by the 

corresponding HRP-conjugated secondary antibody. The membrane was then incubated with 

ECL western blotting substrate and developed. ImageJ software was used to quantify the signal 

from each individual spot. 

In vitro interaction with macrophages. To assess nanoparticle uptake by macrophages, 

murine J774 cells (TIB-67; American Type Culture Collection) were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin (Gibco) and seeded in 6-well plates 

at 2 × 105 cells per well. The cells were then incubated with FAM-labeled siRNA, encapsulated 

within MOF-siRNA, P-MOF-siRNA, or R-MOF-siRNA, at an siRNA concentration of 50 nM for 
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24 h, followed by fixation with 4% paraformaldehyde in PBS (Affymetrix). Flow cytometry data 

was collected using a Becton Dickinson FACSCanto-II flow cytometer and analyzed with FlowJo 

software. To evaluate cytokine secretion, MOF-siRNA, P-MOF-siRNA, or R-MOF-siRNA was 

incubated with J774 cells at a siRNA concentration of 50 nM. At 24 h, the culture medium was 

collected, and cytokine concentrations were assayed using mouse IL-6 and TNFα ELISA kits 

(Biolegend) per the manufacturer's instructions. 

In vitro targeting and intracellular localization. Human SK-BR-3 breast cancer cells 

(HTB-30; American Type Culture Collection) were maintained in DMEM supplemented with 

10% FBS and 1% penicillin-streptomycin. To characterize the targeting mechanism, SK-BR-3 

cells were seeded in Thermo Scientific Nunc Lab-Tek 4-well chambered coverglass at 5 × 104 

cells per well overnight before fixation with 4% paraformaldehyde in PBS. The fixed cells were 

then stained with Hoechst 33342 (Invitrogen) and blocked with 4% BSA in PBS. The cells were 

incubated with P-MOF-siRNA or R-MOF-siRNA, fluorescently labeled using 1,1'-dioctadecyl-

3,3,3',3'-tetramethylindodicarbocyanine (DiD; excitation/emission = 644/665 nm; Invitrogen), in 

1% BSA in PBS at an siRNA concentration of 50 nM for 30 min. P-MOF-siRNA pre-blocked by 

anti-P-selectin antibody was used as an additional control in the study. Imaging was conducted on 

a Thermo Fisher Scientific EVOS FL cell imaging system. For the payload targeting study, SK-

BR-3 cells were seeded in 6-well plates at 2 × 105 cells per well. The cells were then incubated 

with FAM-labeled siRNA in free form, P-MOF-siRNA, or R-MOF-siRNA at an siRNA 

concentration of 50 nM for 24 h, followed by fixation with 4% paraformaldehyde in PBS. Flow 

cytometry data was collected using a Becton Dickinson FACSCanto-II flow cytometer and 

analyzed with FlowJo software. To visualize endosomal escape, SK-BR-3 cells were seeded in 

Thermo Scientific Nunc Lab-Tek 4-well chambered coverglass at 5 × 104 cells per well and 

incubated with P-MOF-siRNA loaded with FAM-labeled siRNA at a concentration of 50 nM for 
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1, 4, 8, and 24 h. The cells were then washed with PBS before staining with Hoechst 33342 and 

LysoTracker Red DND-99 (Invitrogen), and imaging was conducted using a Keyence BZ-X710 

fluorescence microscope. 

In vitro GFP knockdown. GFP-transduced SK-BR-3 breast cancer cells were maintained 

in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.1% hygromycin B 

(Invivogen). For flow cytometry, the cells were seeded in 6-well plates at 2 × 105 cells per well. 

The cells were then incubated with siRNAGFP, P-MOF, P-MOF-siRNANC, P-MOF-siRNAGFP, or 

R-MOF-siRNAGFP at an siRNA concentration of 50 nM for 48 h, followed by fixation with 4% 

paraformaldehyde in PBS. Flow cytometry data was collected using a Becton Dickinson 

FACSCanto-II flow cytometer and analyzed with FlowJo software. Wild-type SK-BR-3 cells 

were used to establish the baseline signal. For fluorescence imaging, the cells were seeded in 4-

well chambered coverglass at 5 × 104 cells per well and incubated with the same samples for 48 

h. The cells were then washed with PBS, and imaging was conducted using a Keyence BZ-X710 

fluorescence microscope. 

In vitro survivin knockdown. To evaluate cytotoxicity, SK-BR-3 cells were seeded in 96-

well plates at 1 × 104 cells per well. The cells were then incubated with siRNASur, P-MOF, P-

MOF-siRNANC, P-MOF-siRNASur, or R-MOF-siRNASur at an siRNA concentration of 50 nM for 

24, 48, or 72 h. Cell viability was quantified using a CellTiter AQueous One Solution cell 

proliferation assay (Promega) following the manufacturer's instructions. For western blotting 

analysis, the cells were incubated with the above samples for 48 h, followed by detachment and 

lysis in a Fisher Scientific FS30D bath sonicator. The lysed cells were centrifuged at 14,000 g, 

after which the supernatant was collected. Protein concentrations were normalized to 1 mg/mL 

and each sample was prepared in NuPAGE lithium dodecyl sulfate sample loading buffer before 

running on 12-well Bolt 4-12% Bis-Tris minigels in MOPS running buffer. After transferring to 
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nitrocellulose membrane and blocking, the blots were probed with antibody against human 

survivin (D-8; Santa Cruz Biotechnology), followed by the appropriate HRP-conjugated 

secondary antibody. Development was done using ECL western blotting substrate in an 

ImageWorks Mini-Medical/90 developer. Anti-GAPDH (Poly6314; Biolegend) was used as the 

loading control. For immunofluorescence, the cells were seeded in 4-well chambered coverglass 

at 5 × 104 cells per well and incubated with the same samples for 48 h. After washing with PBS 

and fixation with 4% paraformaldehyde in PBS, the cells were permeabilized using 0.1% Triton 

X-100 in PBS. The cells were then blocked with 2% BSA in PBS. After labeling with anti-human 

survivin overnight, the cells were stained with the appropriate Alexa Fluor 647-conjugated 

secondary antibody (Biolegend) and Hoechst 33342. Imaging was conducted using a Keyence 

BZ-X710 fluorescence microscope. For quantitative PCR analysis, the cells were seeded in 6-

well plates at 2 × 105 per well and incubated with the same samples for 48 h. Total RNA was 

obtained using an RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. Samples 

were prepared with a Quant-X One-Step qRT-PCR SYBR Kit (Takara Bio) and human survivin 

PCR primer pairs (Sino Biological). The samples were analyzed with a Bio-Rad CFX96 real-time 

PCR detection system. 

In vivo tumor studies and biosafety. 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. For the targeting studies, 5 × 106 SK-BR-3 

cells were subcutaneously inoculated into the right flank of female nude (nu/nu) mice (Charles 

River Labs) and allowed to grow to an average size of 500 mm3. Mice were then intravenously 

administered with P-MOF-siRNASur or R-MOF-siRNASur labeled with 10 µg DiD at an siRNA 

dosage of 2 nmol per mouse. After 1 h, the mice were euthanized, and their tumors and major 

organs were excised for analysis. Ex vivo fluorescence images of the tumors were obtained using 
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a Xenogen IVIS 200 system. All organ samples were subsequently homogenized in PBS using a 

Biospec Mini-Beadbeater-16, and fluorescence values were quantified using a BioTek Synergy 

Mx microplate reader. For the efficacy study, 5 × 106 SK-BR-3 breast cancer cells were 

subcutaneously inoculated into the right flank of female nude mice and allowed to grow to a size 

of 50-100 mm3. The mice were then treated by intravenous injection with PBS, P-MOF-

siRNASur, or R-MOF-siRNASur at an siRNA dosage of 2 nmol per mouse every 3 days for a total 

of 4 administrations. Tumor volume, calculated as (length × width2)/2, and body weight were 

measured over time. Tumor sizes were individually normalized to the volume at the start of 

treatment, and the survival endpoint was predefined as tumor size > 1200 mm3. To study the 

biocompatibility of P-MOF-siRNASur, the nanoparticles were administered at an siRNA dose of 8 

nmol to healthy nude mice. After 24 h, the major organs were collected, histologically sectioned, 

and stained with H&E (Leica Biosystems) or an HRP-DAB TUNEL assay kit (Abcam). Images 

were obtained using a Hamamatsu Nanozoomer 2.0-HT slide scanning system. 
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3.4 Conclusion 

In conclusion, we have successfully fabricated a biomimetic nanoparticle platform for the 

effective delivery of siRNA payloads. The formulation was synthesized by first encapsulating 

siRNA within a nanoscale MOF structure, followed by coating with a natural layer of cell-derived 

membrane. The MOF component not only enabled high loading efficiency, but it also facilitated 

release of siRNA into the cytosol upon dissociation within the endosomal compartment. Using a 

platelet membrane coating, cancer cell-specific binding was achieved. The final nanoformulation 

was able to effectively silence gene expression and could be used to achieve strong control of tumor 

growth when designed against a therapeutically relevant target. The approach presented in this work 

is highly generalizable, as any kind of RNAi molecule can be facilely incorporated. Multiple 

payloads could also be encapsulated together within the same MOF to concurrently knockdown 

different targets for improved efficacy. Nucleic acid payloads for other applications, including gene 

delivery and immune modulation, could be explored. Additionally, the membrane component can be 

easily modulated, and coatings derived from different immune-compatible cell sources can be used 

to provide application-specific benefits.[38-40] Regarding eventual use in human patients, 

employing membrane sourced from universal donors would largely mitigate concerns about the 

long-term immunogenicity of the platform. Ultimately, the use of cell membrane-coated MOFs as 

nanodelivery vehicles could help to greatly expand the utility of nucleic-acid based therapies, 

facilitating their downstream clinical translation. 

 
Chapter 3, in full, is a reprint of the material as it appears in Science Advances, 2020, Jia 

Zhuang, Hua Gong, Jiarong Zhou, Qiangzhe Zhang, Weiwei Gao, Ronnie H. Fang, and Liangfang 

Zhang. The dissertation author was the primary author. 
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Chapter 4 
Biomimetic Enzyme Delivery In Vivo by Cell  

Membrane-Coated Metal-Organic  
Framework Nanoparticles 
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4.1 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 applications.[21, 22] MOFs can be fabricated with porous structures that facilitate high-
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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 4.1). 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 

of serum uric acid in hyperuricemic mice. MΦ membrane-coated MOF-uricase (MΦ-MOF-
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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 4.1 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. 
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4.2 Results and Discussion 

4.2.1 Synthesis and characterization of RBC-MOF-uricase 
 

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 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 

4.2a). 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 4.2b). 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 4.2c). 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 4.2d). The near identical surfaces charges between the RBC-

MOF-uricase and the purified RBC membrane suggested good coating coverage. To visualize the 
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physical structure of RBC-MOF-uricase, the nanoparticles were negatively stained with uranyl 

acetate and examined under transmission electron microscopy (Figure 4.2e). The imaging 

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

coated nanoparticle platforms.[36] 

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 (Figure 

4.2f). 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. The overall protein profile of the 

nanoformulation was near identical to that of purified RBC membrane, indicating successful 

translocation of the membrane proteins (Figure 4.2g). 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 4.2h), a 

key membrane protein found on RBCs that helps to reduce immune clearance by acting as a 

‘marker-of-self’.[39] 

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

over time in PBS (Figure 4.2i). 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 4.2j). From the results, it was observed that 

unloaded RBC-MOF nanoparticles had no catalytic activity, whereas the RBC-MOF-uricase 
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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 4.2k). From western blot analysis, it was 

observed that free uricase was 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. 
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Figure 4.2 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 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, either in free form or in RBC-
MOF-uricase, when exposed to trypsin for increasing amounts of time. 
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4.2.2 In vivo hyperuricemia management and safety 

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 

4.3a). 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 4.3b). 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 4.3c). 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 eosin (H&E) for analysis (Figure 4.3d). The overall structure, integrity, and 

immune infiltrate in all of these tissues were near identical to those from mice administered with 

PBS, further supporting the safety of RBC-MOF-uricase. 
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Figure 4.3 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. 
 

4.2.3 Synthesis and characterization of MΦ-MOF-uricase 

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 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 
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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 4.4a). The 

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

membrane (Figure 4.4b). 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 4.4c). 

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,[40] 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 4.4d). 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 4.4e-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 

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. 
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Figure 4.4 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, IL1R2, TNFR1, TNFR2, IL6Rα, and gp130, 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). 

 

4.2.4 In vivo gout management and safety 

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 4.5a). 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 
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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 4.5b). 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 levels back down to near baseline (Figure 

4.5c-e). This was significantly better than other treatments, including free uricase, unloaded MΦ-

MOF, and RBC-MOF-uricase, all of which 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 4.5f). 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. 
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Figure 4.5 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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4.3 Materials and Methods 

Nanoparticle preparation. To prepare the MOF nanoparticles, 0.2 mL solutions of zinc 

nitrate hexahydrate (Sigma-Aldrich) and 2-methylimidazole (Sigma-Aldrich) were mixed 

together at final concentrations of 1 and 20 mg/ml, respectively. The resulting suspension was 

vortexed for 30 s and left undisturbed for 3 hours. Loading of the payload was achieved by 

premixing an appropriate amount of uricase (Candida sp., 5.3 U/mg, Sigma-Aldrich) with the 2-

methylimidazole solution to achieve uricase inputs ranging from 0.05 to 0.25 U. For membrane 

coating, mouse RBC or macrophage membranes were derived from CD-1 mouse blood 

(BioreclamationIVT)37 or cultured murine J774 macrophages[34] by a freeze-thaw process 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. Nanoparticles were 

isolated by centrifugation at 10,000g for 5 min and then resuspended in water for further use. 

Unless otherwise stated, studies were conducted with formulations made using uricase at an input 

of 0.1 U for RBC-MOF-uricase and 0.25 U for M -MOF-uricase. RBC membrane vesicles were 

prepared by extruding purified platelet membrane through the same set of porous membranes. 

Nanoparticle characterization. For loading quantification, uricase was pre-labelled by 

NHS-Fluorescein (Thermo-Fisher), and the fluorescence of fluorescein (excitation/emission = 

494/518 nm) in final supernatant after extrusion was measured using a BioTek Synergy Mx 

microplate reader. Size and zeta potential were measured by dynamic light scattering (DLS) using 

a Malvern Zetasizer Nano ZS. To visualize nanoparticle morphology, samples were 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, samples were stored in PBS at room 
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temperature, and size was measured periodically by DLS. To quantify uricase release, at 

predetermined timepoints, aliquots of nanoparticles in PBS were centrifuged to pellet the 

nanoparticles, and the fluorescence of fluorescein (excitation/emission = 494/518 nm) in the 

supernatant was measured using a BioTek Synergy Mx microplate reader.  

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 at equivalent protein concentrations on 12-well Bolt 4%-12% Bis-Tris 

minigels (Invitrogen) in MOPS running buffer (Invitrogen). To visualize the overall protein 

profile, the gel was then incubated in InstantBlue Protein Stain (Expedeon) for 1 h and imaged 

under a Bio-Rad Gel Doc XR system. Uricase-specific murine polyclonal antibodies were 

generated by immunizing male CD-1 mouse (Envigo) with 0.1 mg uricase in Imject Alum 

adjuvant (Thermo Fisher). Two boosters were given before collecting blood to obtain antibody-

containing serum. For the uricase degradation study, 5 µL of 0.25% Trypsin-EDTA (Thermo 

Fisher) 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, whereas the samples after 

electrophoresis 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). The blots were 

incubated with antibody-containing serum, followed by the anti-mouse IgG horse radish 

peroxidase (HRP)-conjugated secondary antibody (Biolegend). To assess the presence of specific 

protein markers, samples was 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 
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(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). 

In vitro catalysis and neutralization. The in vitro activity of RBC-MOF-uricase was 

quantified by Ample Red uric acid/uricase assay kit (Thermo Fisher), with uric acid as the 

substrate and free uricase as standards. To study the in vitro activity of MΦ-MOF-uricase, 

monosodium urate (MSU) was synthesized from uric acid (Sigma Aldrich) according to 

literature38, and used as the substrate in Ample Red uric acid/uricase assay kit (Thermo Fisher). 

To study the in vitro neutralization of proinflammatory cytokines including IL1β, TNFα, IL6 by 

MΦ-MOF-uricase, Recombinant mouse IL1β (Biolegend), mouse TNF-α (Biolegend) or mouse 

IL6 (Biolegend) at final concentration of 8 ng/mL was mixed with MΦ-MOF-uricase at final 

concentrations ranging from 0 to 2 mg/mL. The mixtures were incubated for 2 h at 37 °C and then 

centrifuged at 16,100g for 10 min to remove the nanoparticles. Cytokine concentration in the 

supernatant was quantified by mouse IL1β, mouse TNF-α or mouse IL6 enzyme-linked 

immunosorbent assay (ELISA) kits (Biolegend). 

In vivo hyperuricemia management and biosafety. 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. Hyperuricemia in mice was induced 

according to literature reported procedure.[39] Food and water were withheld overnight prior to 

the study. Briefly, to increase the serum uric acid level, adult C57BL/6 mice (Charles River Labs) 

were injected intraperitoneally with 4 mg allantoxanamide (BOC Sciences) suspended in 0.2 mL 

0.5% carboxymethylcellulose sodium (Grainger). After 2 h, the mice were intravenously treated 

by 0.2 mL PBS, 0.2 mL RBC-MOF-uricase at 2 mg/mL, and 0.2 mL free uricase at same uricase 
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concentration. Blood samples were collected at each predetermined timepoint and allowed to clot 

for 0.5 h at room temperature. After centrifugation to obtain serum, the serum uric acid content 

was assayed immediately by Ample Red uric acid/uricase assay kit (Thermo Fisher). To study the 

blood retention, 0.2 mL DiD-labeled RBC-MOF-uricase at 2 mg/mL was administered via the tail 

vein. Blood samples were collected at each predetermined timepoint and fluorescence was read 

using a Tecan Infinite M200 plate reader. The retention was normalized by the fluorescence 

reading of blood sample at 1 min after administration as 100%.  For biodistribution and biosafety 

studies, 0.2 mL DiD-labeled RBC-MOF-uricase at 2 mg/mL was administered intravenously, and 

after 24 h the blood and major organs were collected for analysis. To study the biodistribution, 

mice were euthanized and their major organs, including the liver, spleen, heart, lungs, kidneys, 

and blood were collected and weighed. The organs were then homogenized in 1 mL of PBS using 

a Biospec Mini-Beadbeater-16. Fluorescence was read using a Tecan Infinite M200 plate reader. 

The total weight of blood was estimated as 6% of mouse body weight. To study the blood counts, 

blood was collected into potassium–EDTA collection tubes (Sarstedt). Lab tests were 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 hematoxylin and eosin 

(Leica Biosystems), followed by imaging using a Hamamatsu Nanozoomer 2.0-HT slide scanning 

system. 

In vivo gout management. Gout in mice was induced according to literature reported 

procedure40. Briefly, adult C57BL/6 mice (Charles River Labs) were placed under anesthesia 

with a cocktail of ketamine (Pfizer) at 100 mg/kg and xylazine (Lloyd Laboratories) at 20 mg/kg 

and were intraarticularly injected with 0.5 mg sterile MSU crystals in 25 µL PBS into ankle joint. 

24 h following MSU crystal injection, the ankle joints were intraarticularly treated with 25 µL 

PBS, 25 µL MΦ-MOF, RBC-MOF-uricase, MΦ-MOF-uricase at 2 mg/mL, or 25 µL at same 
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uricase content under anesthesia. The changes in the size of swelling ankle joints were measured 

with an electronic caliper at the indicated timepoints. To assess the remaining MSU amount and 

local proinflammatory cytokine (IL1β, TNFα, IL6) concentrations, 48 h after the treatment, mice 

were euthanized and the periarticular tissues were collected. The tissues were homogenized in 

PBS containing protease inhibitor cocktail (Sigma Aldrich). Samples were processed under 

centrifugation and the supernatants were evaluated for MSU content by Ample Red uric 

acid/uricase assay kit (Thermo Fisher) and for cytokine concentrations by enzyme-linked 

immunosorbent assay (ELISA) kits (Biolegend). To perform the histological analysis, 48 h after 

the treatment, mice were euthanized and the periarticular tissues were collected. The collected 

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

EDTA (Corning), and stained with hematoxylin and eosin (Leica Biosystems). Images were 

obtained using a Hamamatsu NanoZoomer 2.0-HT slide scanning system. 
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4.4 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.[41, 42] As  we demonstrated here, cell 

membrane-coated nanodelivery systems are biocompatible and can be used to effectively shield 

enzyme payloads from the surrounding environment. 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. Overall, further development 

along these lines could lead to novel formulations with the potential for transforming the clinical 

landscape of enzyme therapies. 

 
Chapter 4, in full, is a reprint of the material as it appears in Nano Letters, 2020, Jia Zhuang, 

Yaou Duan, Qiangzhe Zhang, Weiwei Gao, Shulin Li, Ronnie H. Fang, and Liangfang Zhang. The 

dissertation author was the primary author. 
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5.1 Biomimetic Oxygen Delivery In Vivo by Red Blood Cell-Membrane Coated 

Perfluorocarbon Nanoemulsions 

Blood transfusion is oftentimes required for patients suffering from acute trauma or 

undergoing surgical procedures in order to help maintain the body's oxygen levels. The continued 

demand worldwide for blood products is expected to put significant strain on available resources and 

infrastructure. Unfortunately, efforts to develop viable alternatives to human red blood cells for 

transfusion are generally unsuccessful. In this chapter, a hybrid natural–synthetic nanodelivery 

platform that combines the biocompatibility of the natural RBC membrane with the oxygen‐carrying 

ability of perfluorocarbons is reported. The resulting formulation can be stored long‐term and 

exhibits a high capacity for oxygen delivery, helping to mitigate the effects of hypoxia in vitro. In an 

animal model of hemorrhagic shock, mice are resuscitated at an efficacy comparable to whole blood 

infusion. By leveraging the advantageous properties of its constituent parts, this biomimetic oxygen 

delivery system may have the potential to address a critical need in the clinic. 
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5.2 Biomimetic Gene Delivery In Vivo by Platelet Membrane-Coated Metal-

Organic Framework Nanoparticles 

siRNA is a powerful tool for gene silencing that has been used for a wide range of 

biomedical applications, but there are many challenges facing its therapeutic use in vivo. In this 

chapter, a platelet cell membrane–coated MOF nanodelivery platform is reported for the targeted 

delivery of siRNA in vivo. The MOF core is capable of high loading yields, and its pH sensitivity 

enables endosomal disruption upon cellular uptake. The cell membrane coating provides a natural 

means of biointerfacing with disease substrates. It is shown that high silencing efficiency can be 

achieved in vitro against multiple target genes. Using a murine xenograft model, significant 

antitumor targeting and therapeutic efficacy are observed. Overall, the biomimetic nanodelivery 

system presented here provides an effective means of achieving gene silencing in vivo and could be 

used to expand the applicability of siRNA across a range of disease-relevant applications. 
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5.3 Biomimetic Enzyme Delivery In Vivo by Cell Membrane-Coated Metal-

Organic Framework Nanoparticles 

Therapeutic enzymes used for genetic disorders or metabolic diseases oftentimes suffer from 

suboptimal pharmacokinetics and stability. Nanodelivery systems have shown considerable promise 

for improving the performance of enzyme therapies. In this chapter, a cell membrane-camouflaged 

MOF system with enhanced biocompatibility and functionality is described. 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. The 

surface receptors on the membrane can also provide additional functionalities that synergize with the 

encapsulated enzyme to target disease pathology from multiple dimensions. Employing uricase as a 

model enzyme, the utility of this approach in multiple animal disease models has been demonstrated. 

The results support the use of cell membrane-coated MOFs for enzyme delivery, and this strategy 

could be leveraged to improve the usefulness of enzyme-based therapies for managing a wide range 

of important human health conditions. 




