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Drug delivery field has benefitted greatly from the advancements in nanoparticle 

technology. Nanoparticles have been developed to protect the payload, improve targeted delivery, 

control the release profile, and enhance solubility and bioavailability of drugs. In recent years, 
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cell membrane-coated nanoparticle technology which is a biomimetic platform that utilizes cell 

membranes has revolutionized the drug delivery field by utilizing the natural characteristics and 

advantages cell membranes inherently possess. In order to further improve upon the cell 

membrane-coated nanoparticle technology, genetic engineering can be applied to the membranes 

thus granting the resulting nanoparticles with enhanced abilities depending on the type of 

proteins that are being engineered. In this dissertation, the ways in which genetic engineering can 

enhance the drug delivery capability of cell membrane-coated nanoparticle will be discussed.  

Herein, the first chapter will discuss the development and the current status of the 

biomimetic delivery strategies. The following two chapters will discuss the strategies using 

genetic engineering that can enhance two key aspects of drug delivery: cytosolic delivery and 

targeted delivery. The second chapter will focus on endosome escaping nanoparticles that 

enhance the cytosolic delivery of mRNA. The nanoparticle coated with membrane that was 

genetically engineered to mimic the influenza virus, once taken up by a host cell, is able to 

escape endosome and deliver mRNA to the cytosol which then can be translated into proteins.  

Model mRNA was successfully delivered to the cytosol using this platform when injected locally 

or systemically in a mouse model. The third chapter will focus on nanoparticles coated with 

membrane that was genetically engineered to target inflammation. The inflammation targeting 

nanoparticles, when loaded with an anti-inflammatory drug, was able to target and treat lung 

inflammation in a mouse model.  

This dissertation aims to demonstrate the versatility of the genetically engineered cell 

membrane-coated nanoparticle technology that can be applied to many facets of drug delivery. 

Customizability of its synthetic core, payload, membrane source and engineered membrane 

protein will allow this platform to suit the needs of vastly different application. 
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Chapter 1 
Introduction 
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1.1 Introduction 

 

Nanotechnology has been widely applied to the medical field, enabling researchers to 

design novel diagnostic and therapeutic platforms that can outperform traditional modalities [1-

4]. In particular, nanoparticle-based delivery systems have had a major impact on the clinical 

management of cancer, with a number of nanoformulations having been approved for use in 

human patients [5]. Their advantages include the ability to enhance bioavailability by prolonging 

blood residence, deliver a wide range of payloads, and sustain release of therapeutic agents over 

time. Significant efforts have also been placed on developing actively targeted formulations, 

which can more accurately localize to disease sites [6-8]. Many of these design principles are 

now being leveraged by researchers working in other fields where they also have the potential to 

bring about significant improvements [9, 10]. More recently, the application of biomimetic 

nanotechnology has become increasingly popular as a means of streamlining the creation of 

highly functional nanoparticle platforms [11, 12]. In particular, these nanoparticles excel at 

performing in complex biological environments [13]. 

 

1.2 Biomimetic Delivery Strategies 

 

1.2.1 Introduction to Biomimetic Delivery 

 

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

quantities to achieve the desired effects, which necessitate the use of delivery platforms with 

high loading yields [14]. 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 foreign by the immune system, which can lead 

to rapid immune clearance or unwanted immune responses [15]. 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 [16]. 

An ideal immunostimulant delivery platform would interact minimally with irrelevant 

cells but elicit strong immune stimulation upon reaching target immune cells [17]. As a result, 

on-demand immune activation could be achieved without compromised safety or tolerability 

parameters. Recently, biomimetic nanodelivery platforms have been increasingly employed for 

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

design requirements [11, 12, 18, 19]. 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. In this section, three general approaches for 

achieving biomimetic delivery will be discussed in depth. 

 

1.2.2 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 
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immune cells. These modifications are oftentimes achieved through chemical conjugation or 

physical incorporation processes that are easy to implement and highly controllable [20]. One 

representative ligand is mannose, which has affinity to receptors that are abundant on APCs [21]. 

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

microorganisms, facilitating their uptake and subsequent presentation to T cells [22]. 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 [23]. 

Compared to unmodified particles, the mannosylated microspheres could tightly bind with 

mannose receptors on murine macrophages and stimulated immunoglobulin 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 [24]. 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 [25, 26]. 

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 [27]. 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 mannose-modified chitosan nanoparticles were loaded with whole tumor 

cell lysate 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. 
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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 using 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 [28]. 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 [29]. In one example, liposomes were 

modified with targeting glycans Le
B
 or Le

X
, which result in increased binding and internalization 

by bone marrow-derived DCs expressing DC-SIGN [30]. This glycoliposome-based vaccine 

could boost CD4
+
 and CD8

+
 T cell responses when the melanoma antigen MART1 was co-

delivered. 

 

1.2.3 Natural Carriers 

 

Leveraging natural constructs for biomolecule transportation is another strategy for 

delivering immunostimulatory agents. By deriving nanovehicles from biological systems and 

loading them with immunostimulants, these delivery platforms can induce potent immune 

responses by targeting and interacting with specific immune cell subtypes. Additionally, because 
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many of these carriers are either naturally occurring or easily self-assembled, their production 

can be readily streamlined, which enhances their translational potential. 

 

1.2.3.1 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 [31]. Viruses can inherently activate immune responses 

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

carry over to VLPs [32]. 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 [33]. 

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 [34]. In one such work, 

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

and generated potent systemic antitumor immunity against the poorly immunogenic cancer cells 

[35]. After intratracheal administration, CPMV-VLPs activated neutrophils in the 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 
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[36]. Upon in vivo administration, the CPMV-VLP platform shows significant lymph node 

accumulation and potently activates APCs [37]. 

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 [38]. TMV-VLPs have been found to participate in 

specific interactions with DCs and lymphocytes and can effectively stimulate APC activation. 

VLP systems based on the bacteriophage Qβ have demonstrated the ability to promote DC 

maturation and CTL stimulation [39]. CpG ODN was loaded into Qβ-VLPs for synergistic 

immune activation, and the resulting formulation was shown to potently prime CTL responses 

and maintain memory CTL levels. Additionally, a lentivector has been engineered for specific 

targeting to DCs [40]. The platform employed a viral glycoprotein from the Sindbis virus, 

enabling it 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. 

VLPs derived from other virus sources, such as human papillomavirus [41, 42], enterovirus 71 

[43, 44], and hepatitis B [45, 46], have also been evaluated for cancer immunotherapy 

applications. 

 

1.2.3.2 Protein Nanoparticles 

 

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

from sources other than viruses [47]. These particles exhibit highly-ordered surface patterns and 

geometries, which make them competitive delivery platforms for cancer immunotherapy 
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applications [48]. Nanoparticles assembled from the E2 component of pyruvate dehydrogenase 

have become an emerging class of nanocarriers for biomimetic delivery [49]. 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) [50]. 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 TAAs have been successfully delivered together with CpG ODN using E2 

nanoparticles for cancer vaccination [51, 52]. 

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

cancer immunotherapy [53]. Protein nanoparticles derived from HSPs can exhibit strong 

receptor-specific interactions with APCs, which facilitates downstream antigen presentation and 

immune stimulation [54]. 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 [55, 56]. Similarly, immunization with natural HSP110 complexed 

with the melanoma-associated antigen gp100 protected mice against subsequent challenge with 

gp100-expressing B16 melanoma by bolstering both CD4
+
 and CD8

+
 T cell populations [57]. 
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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 [58]. Antigenic 

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

exterior surface or encapsulation inside the interior cavity [59]. 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 [60]. 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 [61]. Intratumoral 

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

infiltrates and reduced the frequency of immunosuppressive cells. 
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Figure 1.1: Adjuvant and antigen delivery using protein-based nanoparticles. (A) 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. (B) The CpG-loaded E2 protein 

nanoparticles enhance dendritic cell maturation. Adapted with permission from [50]. Copyright 2013 

American Chemical Society. 
 

1.2.3.3 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 [62]. Due to their high biocompatibility and long lifespan, lipoprotein-based 

nanocarriers have become emerging delivery vehicles for exogenous payload transport [63]. 

Furthermore, the size of lipoproteins can be tuned for efficient lymph node draining and 
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promotion of adaptive immune responses [64]. Synthetic high-density lipoprotein (sHDL)-

mimicking nanodiscs for personalized neoantigen vaccination and cancer immunotherapy have 

recently been reported (Figure 1.2) [65]. In the design, cholesterol-modified CpG ODN and 

identified neoantigen peptides were added to the sHDL nanodiscs to prepare homogeneous 

ultrasmall cancer nanovaccines. The sHDL nanodiscs improved delivery to lymphoid organs and 

stimulated antigen presentation by 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.  

Furthermore, other TLR agonists such as MPLA have been successfully incorporated into 

nanolipoproteins via self-assembly [66]. Compared to administration of the agonist alone, its 

immunostimulatory profile 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 Ni
2+

-chelating nanodiscs via insertion into loosely 

packed lipid bilayers [67]. His-tagged antigens were then loaded into the nanodiscs via binding 

to Ni
2+

. 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, it has been shown that 

co-delivery of chemotherapeutics along with immunostimulatory payloads via these platforms 

can help to further amplify antitumor efficacy [68, 69]. 
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Figure 1.2: Adjuvant and antigen delivery using lipoprotein nanoparticles. (A) 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. (B) The dual-loaded nanodisc formulation elicits strong antigen-specific T cell 

responses and greatly inhibits tumor growth. Adapted with permission from [65]. Copyright 2017 Nature 

Publishing Group. 
 

1.2.3.4 Oligonucleotides and Polypeptides 

 

Oligonucleotides can be designed to self-assemble into nanoparticles with well-defined 

structures and uniform sizes, and these particles have been leveraged for the delivery of 

immunostimulatory agents [70]. In particular, CpG ODNs have been attached to structural 

oligonucleotides and assembled into multivalent DNA nanostructures [71]. These particles were 

readily taken up by APCs and engaged TLR9 to activate proinflammatory immune processes. In 
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another approach, flower-like nanostructures were self-assembled from long nucleotides 

integrated with tandem CpG ODNs through rolling circle replication [72]. These DNA 

nanoparticles were able to efficiently deliver the CpG payload while preventing it from nuclease 

degradation. CpG-containing oligonucleotide nanostructures can also be used for the co-delivery 

of additional payloads. In one of such example, a programmable DNA nanocomplex was 

constructed through the self-assembly of a model antigen streptavidin and CpG ODN with 

precise control over valency and spatial arrangement [73]. The resulting antigen-adjuvant 

nanocomplex could be used to induce long-lasting antigen-specific immunity. In another work, 

anti-PD-1 mAbs were loaded into a CpG ODN nanostructure to achieve synergistic action while 

reducing potential side effects [74]. Similar to oligonucleotide nanoparticles, those based on 

polypeptides have also been tested for the delivery of immunostimulatory payloads. In one 

representative work, CpG ODN was conjugated onto polyglutamic acid, and microparticles were 

obtained through infiltration of the conjugates into porous silica templates, followed by 

crosslinking of the polypeptide chains and subsequent template removal [75]. The formulation 

was used to successfully deliver CpG ODN to primary human DCs. 

 

1.2.3.5 Cell Membrane Vesicles 

 

The last major class of naturally occurring delivery vehicles is 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 [18]. Exosomes are fragmented 

vesicles secreted from cells and have essential roles in cellular signaling and metabolic transport 
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[76]. Depending on their origin, they can exhibit natural affinity 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 [77]. For instance, CpG 

ODN was incorporated onto exosomes derived from modified B16BL6 cells [78]. 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 [79]. 

In the example, OVA-expressing B16F10 melanoma cells were lysed and vesiculated 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. Adjuvant loading can also be achieved by incorporation into 

tumor membrane particles both before and after 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 [80]. 

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. 
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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 [81]. In another example, immature DCs separated from C57BL/6 

mice were pretreated and stimulated by the TLR4 agonist MPLA, which led to the elevated 

expression of costimulatory markers [82]. 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. 

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 [83]. They contain a number 

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

immune reactions [84]. This intrinsic immunostimulatory property has been tested in different 

disease applications [85]. 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) [86]. 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. 

 

1.2.3.6 Genetically Modified Membrane Vesicles 
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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 [87]. However, the direct 

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

immunotherapy applications [88]. In one work, cells were genetically modified to express 

functional IL12 using a glycolipid anchor [89]. 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 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 [90]. 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 [91]. 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 

[92]. 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. 
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Other protein ligands can be integrated into membrane vesicles using similar genetic 

modification approaches. A virus-mimetic nanovesicle was produced by expressing viral 

proteins in mammalian cells, which were then sonicated in the presence of surfactants [93]. This 

approach enabled the display of functional polypeptides with correct conformations and could 

aid in future vaccine design. In a different type of example, a hepatitis B virus receptor was 

engineered into nanovesicles in order to generate nanoscale decoys that could block infection by 

the virus in vivo [94]. Besides viral proteins, tumor-targeting moieties, such as human epidermal 

growth factor or anti-HER2 affibodies, have been successfully integrated onto nanovesicles [95]. 

The engineered liposome-like nanovesicles could be used to enhance the delivery of 

phototheranostic or chemotherapeutic agents 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  [96]. 

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. 

 

1.2.4 Engineered Cell Membrane Hybrids 

 

For payload delivery, naturally occurring membrane can be integrated with other 

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

Specifically, for the delivery of immunostimulants, the presence of cell membrane-derived 
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functionality can facilitate targeting to immune cells and accumulation in immune-rich organs, 

while 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 [97]. Compared with traditional nanoformulations, a 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 [98]. These approaches also enable 

sophisticated delivery strategies where different payload combinations can be employed in 

unique ways [99]. Additionally, in these hybrid systems, the intrinsic properties of various 

synthetic nanomaterials can be readily leveraged to achieve multimodal functionality or to create 

combinatorial treatments [18]. 

 

1.2.4.1 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 [100]. A bottom-up approach has been proposed based on 

the extraction of plasma membrane proteins from macrophages and subsequent incorporation of 

these proteins with synthetic choline-based phospholipids [101]. 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 [102]. The resulting hybrid particles possessed immunological 
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functionalities similar to the source cells, including 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 

[103]. 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 [104]. 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 helped 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 [105]. 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, which helped to improve immunotherapeutic efficacy of the system 

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

 

1.2.4.2 Red Blood Cell Membrane Hybrids 
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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 [106, 107]. 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 

[108, 109], 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 [110]. 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 [111]. 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 production. 

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

platform for the stimulation of antitumor immunity was recently reported [112]. 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 

in a murine B16F10 melanoma model. 
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1.2.4.3 Cancer Cell Membrane Hybrids 

 

Cancer cell membrane represents a rich source of functional ligands as well as TAAs [18, 

19], and these properties have been leveraged in the design of hybrid nanostructures for cancer 

imaging [113], photothermal therapy [114], photodynamic therapy [115], virotherapy [116], and 

immunotherapy [117]. In one such work on cancer immunotherapy, the immunogenic properties 

of HSP70 was leveraged to enhance immune responses against cancer cell membrane antigens 

[118]. 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 [119]. 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 [120]. 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 [121]. Besides its 

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

efficiently induce the maturation of professional APCs and improved downstream T cell 

stimulation. In a follow-up study, CpG ODN loaded into PLGA cores was used to generate 
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another anticancer vaccine formulation (Figure 1.3) [122]. 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 tumor specificity. 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) [123]. 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 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). (A) 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. (B) The 

co-delivery of both tumor antigens and CpG together in CpG-CCNPs greatly protects against tumor 

growth and enhances survival. Adapted with permission from [122]. Copyright 2017 Wiley-VCH. 
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Figure 1.4: Anticancer vaccination using targeted CCNPs. (A) 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. (B) When combined with checkpoint blockade therapy, 

tumor growth can be effectively inhibited, and survival is enhanced. Adapted with permission from [123]. 

Copyright 2018 American Chemical Society. 
 

1.3 Conclusion and Perspectives 

 

In this review, we have discussed current progress in the development of nanoscale 

platforms for the delivery of immunostimulatory agents. Adjuvants, cytokines, and mAbs all 



 
 

 25 

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 on 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 biomimetic 

technologies mature, more work will need to be done in order to facilitate clinical translation. 
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Challenges along these lines include the cost-effective sourcing of biological nanomaterials, 

large-scale production of pharmaceutical grade products, and optimization of long-term storage 

conditions. As many of these promising new 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. 

The first portion of chapter 1, in part, contains the material in Nanoscale Horizons, 2020, 

Joon Ho Park*, Diana Dehaini*, Jiarong Zhou, Maya Holay, Ronnie H. Fang and Liangfang 

Zhang. The dissertation author was a primary author (equally contributing with Diana Dehaini) 

of this paper.  

The second portion of chapter 1, in part, contains the material in Theranostics, 2019, Jia 

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

dissertation author was a major contributor and co-author of this paper.  
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2.1 Introduction 

 

The chemical and physiological changes associated with inflammation are an important 

part of the innate immune system [1]. Proinflammatory processes can lead to the release of 

cytokines such as interleukin-6 (IL-6) and tumor necrosis factor, which are capable of effecting 

vascular changes to improve immune responses at a site of stress or injury [2]. These may 

include vasodilation and an increase in vascular permeability, which can promote more efficient 

immune cell recruitment [3, 4]. On the cellular level, proinflammatory cytokines cause the 

upregulation of specific surface markers, including vascular cell adhesion molecule-1 (VCAM-1) 

or intercellular adhesion molecule-1 (ICAM-1), which allow for immune cell adhesion at the site 

of inflammation [5, 6]. Although inflammation is an integral process that is required for survival, 

a dysregulated immune system is implicated in a wide range of disease states [7, 8]. The disease 

relevance of inflammation is further supported by the fact that inflammatory markers like 

cellular adhesion molecules are often implicated in pathogenesis [9, 10], and these have been 

explored as therapeutic and diagnostic targets. 

Nanoparticle-based platforms, especially those functionalized with active targeting 

ligands, have the potential to serve as powerful tools for managing a wide range of diseases 

associated with inflammation [11]. Along these lines, the targeted delivery of anti-inflammatory 

agents to the vasculature of affected sites via cell adhesion molecules represents a promising 

strategy [12-14]. Employing inflammation as the cue, a diverse range of nanodelivery systems 

have been designed to target upregulated markers such as VCAM-1 and ICAM-1 [15-20], and 

this approach has been leveraged to treat disease conditions such as cancer and cardiovascular 

diseases [21-23]. More recently, cell membrane coating technology has garnered significant 
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attention in the field of nanomedicine [24, 25]. From erythrocytes to cancer cells, virtually any 

type of cell membrane can be coated onto the surface of nanoparticles, resulting in 

nanoformulations with enhanced functionality that can be custom-tailored to specific 

applications [26, 27]. In particular, cell membrane-coated nanoparticles have proven to be 

effective drug delivery systems due to their extended circulation times and disease-homing 

capabilities [26-28]. The targeting ability of these biomimetic nanoparticles is often mediated by 

specific proteins that are expressed on the source cells, and this bestows the nanoparticles with 

specific interactions with various disease substrates. For example, nanoparticles coated with the 

membrane derived from platelets were shown to specifically target bacteria as well as the 

exposed subendothelium in damaged vasculature [29]. A similar platform was shown to target 

the lungs in a murine model of cancer metastasis [30]. On top of the natural biointerfacing 

capabilities of cell membrane-coated nanoparticles, their traits can be further enhanced by 

introducing exogenous moieties onto the membrane surface. One way to achieve this is to tether 

targeting ligands via a lipid anchor, which can then be inserted into the cell membrane [31, 32]. 

Red blood cell membrane-coated nanoparticles, which exhibit prolonged blood circulation, have 

been functionalized in this manner to enhance their cancer targeting ability.  

Instead of relying on post-fabrication methods to introduce additional functionality, cell 

membrane-coated nanoparticles can be developed using the membrane from genetically 

engineered source cells [33]. A wide range of tools are available to introduce or upregulate the 

expression of specific surface markers [34, 35], and this approach enables researchers to 

augment the functionality of cell membrane-based nanodelivery platforms based on application-

specific needs [36, 37]. In this study, we genetically engineered cell membrane-coated 

nanoparticles to specifically target sites of inflammation (Figure 2.1). Inflamed endothelial cells 
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are known to upregulate the expression of VCAM-1 in order to recruit immune cells such as 

leukocytes that express its cognate ligand, very late antigen-4 (VLA-4) [38]. In order to exploit 

this interaction, we genetically modified a source cell line to stably express VLA-4 and harvested 

the engineered membrane to coat polymeric nanoparticle cores. A potent anti-inflammatory drug 

dexamethasone (DEX) was used as a model drug to be loaded for the treatment of inflammation. 

The ability of the final nanoformulation to target inflamed cells without compromising the 

activity of DEX was first tested in vitro. Then, therapeutic efficacy was evaluated in vivo using a 

murine model of endotoxin-induced lung inflammation.  

 

Figure 2.1: Schematic illustration of genetically engineered cell membrane-coated nanoparticles for 

targeted drug delivery to inflamed lungs. Wild-type cells were genetically engineered to express VLA-4, 

which is comprised of integrins α4 and β1. Then, the plasma membrane from the genetically engineered 

cells was collected and coated onto dexamethasone-loaded nanoparticle cores (DEX-NP). The resulting 

VLA-4-expressing cell membrane-coated DEX-NP (VLA-DEX-NP) can target VCAM-1 on inflamed 

lung endothelial cells for enhanced drug delivery. 
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2.2 Experimental Methods 

 

2.2.1 Cell Culture 

 

Wild-type C1498 mouse leukemia cells (TIB-49, American Type Culture Collection) 

were cultured at 37 °C in 5% CO2 with Dulbecco’s modified Eagle medium (w/ L-glutamine, 4.5 

g/L glucose, and sodium pyruvate; DMEM; Corning) supplemented with 10% bovine growth 

serum (BGS; Hyclone) and 1% penicillin-streptomycin (Pen-Strep; Gibco). Engineered C1498-

VCAM cells were cultured with DMEM supplemented with 10% USDA fetal bovine serum 

(FBS; Omega Scientific), 1% Pen-Strep, and 400 μg/mL hygromycin B (Invivogen). Engineered 

C1498-VLA cells were cultured with DMEM supplemented with 10% USDA FBS, 1% Pen-

Strep, and 1 μg/mL puromycin (Invivogen). bEnd.3 mouse brain endothelial cells (CRL-2299, 

American Type Culture Collection) were cultured with DMEM supplemented with 10% BGS 

and 1% Pen-Strep. AmphoPhoenix cells (obtained from the National Gene Vector Biorepository) 

were cultured with DMEM supplemented with 10% BGS and 1% Pen-Strep. DC2.4 mouse 

dendritic cells (SCC142, Sigma-Aldrich) were cultured with DMEM supplemented with 10% 

BGS and 1% Pen-Strep. 

 

2.2.2 Genetic Engineering 

 

 Engineered C1498-VLA and C1498-VCAM cells were created by transducing C1498-

WT. Briefly, the genes for integrin α4 (MG50049-M, Sino Biological) and VCAM-1 (MG50163-
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UT, Sino Biological) gene were cloned into pQCXIP and pQCXIH plasmids (Clontech), 

respectively, using an In-Fusion HD cloning kit (Clontech) following the manufacturer’s 

protocol, yielding pQCXIP-α4 and pQCXIH-VCAM-1. AmphoPhoenix cells were plated onto 

100-mm tissue culture dishes containing 10 mL of medium at 3 × 10
5
 cells/mL and cultured 

overnight. The cells were transfected with pQCXIP-α4 or pQCXIH-VCAM-1 using 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. The supernatant of 

the transfected AmphoPhoenix was collected and used to resuspend C1498-WT cells, which 

were then centrifuged at 800 g for 90 min. After the spin, the transduced cells were incubated for 

4 h before the media was changed with fresh media. Fluorescently labeled antibodies, including 

FITC anti-mouse CD49d (R1-2, Biolegend), Alexa647 anti-mouse/rat CD29 (HMβ1-1, 

Biolegend), or PE anti-mouse CD106 (STA, Biolegend), were used in order to assess the 

expression levels of VLA-4 or VCAM-1. Data were collected using a Becton Dickinson 

FACSCanto-II flow cytometer and analyzed using Flowjo software. All of the engineered cells 

were sorted using a Becton Dickinson FACSAria-II flow cytometer to select for cells expressing 

high levels of VLA-4 or VCAM-1. 

 

2.2.3 Cell Membrane Derivation 

 

The membranes from C1498-WT and engineered C1498-VLA cells were derived using a 

previously described method with some modifications [39]. First, the cells were harvested and 

washed in a starting buffer containing 30 mM Tris-HCl pH 7.0 (Quality Biological) with 0.0759 

M sucrose (Sigma-Aldrich) and 0.225 M D-mannitol (Sigma-Aldrich). The washed cells were 

resuspended in an isolation buffer containing 0.5 mM ethylene glycol-bis(β-aminoethyl ether)-
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N,N,N′,N′-tetraacetic acid (Sigma-Aldrich), a phosphatase inhibitor cocktail (Sigma-Aldrich), 

and a protease inhibitor cocktail (Sigma-Aldrich). Then, the cells were homogenized using a 

Kinematica Polytron PT 10/35 probe homogenizer at 70% power for 15 passes. The homogenate 

was first centrifuged at 10,000 g in a Beckman Coulter Optima XPN-80 ultracentrifuge for 25 

min. The supernatant was then collected and centrifuged at 150,000 g for 35 min. The resulting 

pellet of cell membrane was washed and stored in a solution containing 0.2 mM 

ethylenediaminetetraacetic acid (USB Corporation) in UltraPure DNase free/RNase-free distilled 

water (Invitrogen). Total membrane protein content was quantified by a BCA protein assay kit 

(Pierce). 

 

2.2.4 Synthesis of Membrane-Coated Nanoparticles 

 

Polymeric cores were prepared by a single emulsion process using 0.66 dL/g carboxyl-

terminated 50:50 poly(lactic-co-glycolic) acid (PLGA; LACTEL Absorbable Polymers). For 

DEX-loaded PLGA cores, 500 μL of 50 mg/mL PLGA in dichloromethane (DCM; Sigma-

Aldrich) was mixed with 500 μL of 10 mg/mL DEX in acetone. This mixture was added to 5 mL 

of 10 mM Tris-HCl pH 8 and sonicated using a Fisher Scientific 150E Sonic Dismembrator at  

70% power for 2 min. The sonicated mixture was added to 10 mL of 10 mM Tris-HCl pH 8 and 

was magnetically stirred at 700 rpm overnight. For 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine (DiD, ex/em = 644/663 nm; Biotium) labeling, 500 μL of 50 

mg/mL PLGA in DCM was mixed with 500 μL of 20 μg/mL DiD in DCM. This mixture was 

added to 5 mL of 10 mM Tris-HCl pH 8 and sonicated using a Fisher Scientific 150E Sonic 

Dismembrator at 70% power for 2 min. The sonicated mixture was added to 10 mL of 10 mM 
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Tris-HCl pH 8 and was magnetically stirred at 700 g for 3 h. Empty PLGA core preparation 

followed the same procedure, except substituting the DiD solution for 500 μL of neat DCM. In 

order to coat the polymeric cores with cell membranes, the nanoparticle cores were first 

centrifuged at 21,100 g for 8 min. The pellets were resuspended in solution containing 

membranes derived from C1498-WT or C1498-VLA. The mixture was sonicated in a 1.5 mL 

disposable sizing cuvette (Brandtech) using a Fisher Scientific FS30D bath sonicator at a 

frequency of 42 kHz and a power of 100 W for 3 min. For the in vitro studies, UltraPure water 

and sucrose were added to adjust the polymer concentration to 1 mg/mL and the sucrose 

concentration to 10%. For the in vivo studies, UltraPure water and sucrose were added to adjust 

the polymer concentration to 10 mg/mL and the sucrose concentration to 10%. 

 

2.2.5 Nanoparticle Characterization 

 

The size and surface zeta potential of WT-NP and VLA-NP were measured by dynamic 

light scattering using a Malvern ZEN 3600 Zetasizer. For electron microscopy visualization, a 

VLA-NP sample was negatively stained with 1 wt % uranyl acetate (Electron Microscopy 

Sciences) on a carbon-coated 400-mesh copper grid (Electron Microscopy Sciences) and 

visualized using a JEOL 1200 EX II transmission electron microscope. The presence of VLA-4 

on WT-NP and VLA-NP was determined using western blotting. First, the samples were 

adjusted to 1 mg/mL protein content, followed by the addition of NuPAGE 4× lithium dodecyl 

sulfate sample loading buffer (Novex) and heating at 70 °C for 10 min. Then, 25 µL was loaded 

into the wells of 12-well Bolt 4–12% Bis-Tris gels (Invitrogen) and ran at 165 V for 45 min in 

MOPS running buffer (Novex). The proteins were transferred for 60 min at a voltage of 10 V 
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onto 0.45 µm nitrocellulose membranes (Pierce) in Bolt transfer buffer (Novex). Nonspecific 

interactions were blocked using 5% milk (Genesee Scientific) in phosphate buffered saline (PBS; 

Thermo Fisher Scientific) with 0.05% Tween 20 (National Scientific). The blots were probed 

using anti-integrin α4 antibody (B-2; Santa Cruz Biotechnology) or anti-integrin β1 antibody (E-

11; Santa Cruz Biotechnology). The secondary staining was done using the corresponding 

horseradish peroxidase-conjugated antibodies (Biolegend). Membranes with stained samples 

were developed in a dark room using ECL western blotting substrate (Pierce) and an 

ImageWorks Mini-Medical/90 Developer. Long-term stability of WT-NP and VLA-NP in 10% 

sucrose solution was tested by storing the particles at 4 °C for 2 months with weekly size 

measurements. 

 

2.2.6 Binding Studies 

 

The expression level of VCAM-1 on C1498-WT, C1498-VCAM, untreated bEnd.3 cells, 

and bEnd.3 cells treated overnight with 1 µg/mL of lipopolysaccharide from E. coli K12 (LPS; 

Invivogen) was evaluated as described above. For the first binding study, 5 × 10
4
 cells, either 

C1498-WT or C1498-VCAM, were collected and resuspended in 160 µL of DMEM containing 

0.5% USDA FBS, 1% bovine serum albumin (BSA; Sigma-Aldrich), and 1 mM MnCl2 (Sigma-

Aldrich). For blocking, anti-mouse CD106 antibody was added to the cells, followed by 

incubation at 4 °C for 30 min. Then, 40 µL of 1 mg/mL DiD-labeled WT-NP or VLA-NP was 

added, and the mixture was incubated at 4 °C for another 30 min. After washing the cells twice 

with PBS, the fluorescent signals from the cells were detected using flow cytometry. For the 

second study, 5 × 10
4
 bEnd.3 cells were plated and then either left untreated or pretreated with 
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LPS overnight. The media was then removed and replaced with 160 µL of DMEM containing 

0.5% USDA FBS, 0.8% BSA, and 1 mM MnCl2. For blocking, anti-mouse CD106 antibody was 

added to the cells, followed by incubation at 4 °C for 30 min. Then, 40 μL of 1 mg/mL DiD-

labeled WT-NP or VLA-NP was added, and the mixture was incubated at 4 °C for another 30 

min. After washing the cells twice with PBS, the cells were detached by scraping, and the 

fluorescent signals from the cells were detected using flow cytometry. All data were collected 

using a Becton Dickinson FACSCanto-II flow cytometer and analyzed using Flowjo software. 

 

2.2.7 Drug Loading and Release 

 

Drug loading and encapsulation efficiency were measured using by high performance 

liquid chromatography (HPLC) on an Agilent 1220 Infinity II gradient liquid chromatography 

system equipped with a C18 analytical column (Brownlee). VLA-DEX-NP samples were 

dissolved overnight in 80% acetonitrile (ACN; EMD Millipore) and then centrifuged at 21,100 g 

for 8 min to collect the supernatant for analysis. The solutions were run through the column at a 

flow rate of 0.3 mL/min and DEX was detected at a wavelength of 242 nm. The DEX release 

profile was obtained by loading 200 µL of 1 mg/mL VLA-DEX-NP into Slide-A-Lyzer MINI 

dialysis devices (10K MWCO; Thermo Fisher Scientific) and floating them on 1 L of PBS 

stirred at 150 rpm. At each time point, dialysis cups were retrieved, and the content was 

centrifuged at 21,100 g for 8 min. The pellet was dissolved in 80% ACN overnight and 

processed as described above for HPLC analysis. 

 

2.2.8 In Vitro Activity of DEX 
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The biological activity of DEX was evaluated in vitro using a test system involving the 

LPS treatment of DC2.4 dendritic cells. To validate the system, DC2.4 cells were first plated 

onto a 24-well tissue culture plate at 5 × 10
4
 cells per well and cultured overnight with or without 

LPS at a concentration of 1 µg/mL. Then, supernatant was collected and the concentration of IL-

6 was measured using a mouse IL-6 ELISA kit (Biolegend) according to manufacturer’s protocol. 

To compare free DEX and VLA-DEX-NP, the two formulations were first added to the culture 

medium at final drug concentrations of 0.01, 0.1, and 1 µM, followed by 2 h incubation. For free 

DEX, 1000× stock solutions were prepared at 0.01, 0.1, and 1 mM in dimethyl sulfoxide. Then, 

the cells were treated with LPS overnight before measuring the concentration of IL-6 in the 

supernatant. To test the effect of empty nanoparticles, either PLGA cores or VLA-NP at a final 

concentration of 1 µg/mL were first incubated with the cells for 2 h, followed by an overnight 

incubation either with or without LPS before measuring IL-6 levels. 

 

2.2.9 In Vivo Inflammation Targeting and Biodistribution 

 

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

by the Institutional Animal Care and Use Committee (IACUC) of the University of California 

San Diego. In order to induce lung inflammation in mice, 30 µL of 400 µg/mL LPS in PBS was 

injected intratracheally into male BALB/c mice (Charles River Laboratories). At 1 h after LPS 

injection, 100 µL of 10 mg/mL DiD-labeled WT-NP or VLA-NP was administered intravenously. 

After 6 h, the heart, lungs, liver, spleen, kidneys, and blood were collected. All solid tissues were 

washed with PBS and suspended in 1 mL of PBS before being homogenized with Biospec Mini-
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Beadbeater-16. The homogenates and blood were then diluted 4× with PBS, added to a 96-well 

plate, and fluorescence was measured using a BioTek Synergy Mx microplate reader. For each 

sample, the background signal measured from the corresponding organ or blood of control mice 

that did not receive any treatment was subtracted. 

 

2.2.10 In Vivo Safety 

 

Male BALB/c mice were intravenously injected with 100 µL of free DEX or VLA-DEX-

NP, each at a drug concentration of 200 µg/mL, daily for the first 7 days. Then, for the next 2 

days, the dosage was doubled by injecting 200 µL of each formulation at the same drug 

concentration. At 24 h after the last injection, blood was collected by submandibular puncture 

and collected into tubes containing sodium heparin (Sigma-Aldrich). Plasma samples were 

obtained by taking the supernatant of the blood after centrifuging at 800 g for 10 min. Creatinine 

levels were measured using a creatinine colorimetric assay kit (Cayman Chemical Company) 

according to manufacturer’s protocol. 

 

2.2.11 Inflammation Treatment Studies 

 

To treat lung inflammation, male BALB/c mice were first intratracheally challenged with 

30 µL of 400 µg/mL LPS in PBS. At 1 h after the challenge, 100 µL of free DEX, WT-DEX-NP, 

and VLA-DEX-NP, each at a drug concentration of 200 µg/mL, was injected intravenously. 

After 6 h, the lungs were collected and homogenized as described above. The homogenates were 

centrifuged at 10,000 g, and the supernatants were filtered through 0.22-µm PVDF syringe filters 
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(CellTreat). The concentration of IL-6 was measured using a mouse IL-6 ELISA kit according to 

manufacturer’s protocol. For histology analysis, the lungs were collected after 6 h and fixed in 

10% phosphate-buffered formalin (Fisher Chemical) for 24 h. The fixed lungs were sectioned, 

followed by staining with hematoxylin and eosin (Sakura Finetek) staining. Histology slides 

were prepared by the Moores Cancer Center Tissue Technology Shared Resource (Cancer Center 

Support Grant P30CA23100). Images were obtained using a Hamamatsu NanoZoomer 2.0-HT 

Slide Scanner and analyzed using the NanoZoomer Digital Pathology software. 

 

2.3 Results and Discussion 

 

VLA-4 is a heterodimer that is formed by the association of integrin α4 with integrin β1 

[40]. In order to generate a cell line constitutively displaying the full complex, we elected to 

modify wild-type C1498 cells (C1498-WT), which were confirmed to express high levels of 

integrin β1 but lack integrin α4 (Figure 2.2A). Following viral transduction of C1498-WT to 

introduce the integrin α4 gene, a significant subpopulation of the resulting engineered cells 

(referred to as C1498-VLA) were found to express both VLA-4 components (Figure 2.2B). After 

successfully establishing C1498-VLA, the cells were harvested and their membrane was derived 

by a process involving cell lysis and differential centrifugation. The cell membrane was then 

coated onto poly(lactic-co-glycolic acid) (PLGA) nanoparticle cores that were prepared by a 

single emulsion method. Membrane-coated nanoparticles prepared with the membrane from 

C1498-WT and C1498-VLA (referred to as WT-NP and VLA-NP, respectively) both had an 

average diameter of approximately 175 nm, which was slightly larger than the uncoated PLGA 

cores (Figure 2.2C). In terms of zeta potential, the membrane-coated nanoparticles exhibited a 
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surface charge of approximately -20 mV, which was less negative than the PLGA cores (Figure 

2.2D). Both the size and zeta potential data suggested proper membrane coating, which was 

further verified for VLA-NP by transmission electron microscopy, which clearly showed a 

membrane layer surrounding the core (Figure 2.2E). Western blotting analysis was used to probe 

for the two components of VLA-4 on the nanoformulations (Figure 2.2F). As expected, both 

integrins α4 and β1 were found on VLA-NP, whereas only integrin β1 was present on WT-NP. 

In order to evaluate long-term stability of the membrane-coated nanoparticles, they were 

suspended in 10% sucrose solution at 4 °C and their size was monitored over the course of 8 

weeks (Figure 2.2G). Neither nanoparticle sample exhibited a significant increase in size during 

this period. 
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Figure 2.2: Development and characterization of inflammation-targeting nanoparticles. (A and B) 

Expression of integrins α4 and β1 on C1498-WT (A) and C1498-VLA (B) cells was confirmed by flow 

cytometry. (C and D) The average diameter (C) and surface zeta potential (D) of PLGA cores, WT-NP, 

and VLA-NP were confirmed by dynamic light scattering (n = 3, mean + SD). (E) Representative 

transmission electron microscopy image of VLA-NP (scale bar = 100 nm). (F) Western blots for integrins 

α4 and β1 on WT-NP and VLA-NP. (G) Size of WT-NP and VLA-NP when stored in solution over a 

period of 8 weeks (n = 3, mean ± SD). 
 

The binding of VLA-NP was assessed in two different in vitro experiments. First, C1498-

WT transduced to constitutively express high amounts of VCAM-1 (referred to as C1498-

VCAM) was used as a model target cell. The expression of VCAM-1 on C1498-VCAM was 

confirmed via flow cytometry (Figure 2.3A). Whereas the C1498-WT cells did not show any 

expression, the C1498-VCAM cells yielded a signal that was over an order of magnitude higher 

than the isotype control. To evaluate binding, fluorescent dye-labeled WT-NP or VLA-NP were 

incubated with either C1498-WT or C1498-VCAM (Figure 2.3, B and C). For each pairing, the 

incubation was performed either with or without anti-VCAM-1 to block the specific interaction 
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between VLA-4 and VCAM-1. For the samples with blocking, cells were first incubated with the 

antibody for 30 min prior to nanoparticle treatment. After incubating the cells with the 

nanoparticles for 30 min, cells were washed twice and were analyzed by flow cytometry. The 

data revealed that there was significant nanoparticle binding only when VLA-NP were paired 

with C1498-VCAM. The level of binding was reduced back to baseline levels in the presence of 

anti-VCAM-1, thus confirming the specificity of the interaction. In contrast, there was no 

evidence of specific binding when VLA-NP were paired with C1498-WT, which does not 

express the cognate receptor for VLA-4. The same held true for the WT-NP paired with either 

cell type, where antibody blocking had no impact on the relative nanoparticle binding.  

Next, we elected to study the nanoparticle binding to endothelial cells, which represent a 

more biologically relevant target compared to the artificially engineered C1498-VCAM cells. 

For this purpose, we employed a murine brain endothelial cell line, bEnd.3, whose VCAM-1 

expression can be upregulated in the presence of proinflammatory signals [41]. To induce an 

inflamed state, bEnd.3 cells were treated with bacterial lipopolysaccharide (LPS), and the level 

of VCAM-1 expression was evaluated using flow cytometry (Figure 2.3D). Whereas expression 

of VCAM-1 was near baseline levels for the untreated bEnd.3 cells, those that were treated with 

LPS exhibited a distinct population with elevated VCAM-1. As we observed in the previous 

experiment with C1498-VCAM cells, enhanced nanoparticle binding was only observed when 

VLA-NP were paired with inflamed bEnd.3 cells, and antibody blocking reduced the levels back 

to baseline (Fig 3, E and F). When incubated with non-inflamed bEnd.3 cells, there was no 

evidence of specific binding interactions, and the same held true for the control WT-NP paired 

with bEnd.3 cells regardless of their inflammatory status. The data in these two studies 
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confirmed the successful engineering of membrane-coated nanoparticles with the ability to target 

inflammation based on the interactions between VLA-4 and VCAM-1.  

 

 

Figure 2.3: In vitro binding. (A) Expression of VCAM-1 on C1498-WT and C1498-VCAM cells (gray: 

isotype antibody, green: anti-VCAM-1). (B and C) Binding of WT-NP (B) or VLA-NP (C) to C1498-WT 

or C1498-VCAM cells; blocking was performed by preincubating cells with anti-VCAM-1 (n = 3, mean 

+ SD). ****p < 0.0001, Student’s t-test. (D) Expression of VCAM-1 on untreated or LPS-treated bEnd.3 

cells (gray: isotype antibody, green: anti-VCAM-1). (E and F) Binding of WT-NP (E) or VLA-NP (F) to 

untreated or LPS-treated bEnd.3 cells; blocking was performed by preincubating cells with anti-VCAM-1 

(n = 3, mean + SD). **p < 0.01, Student’s t-test. 
 

As a model anti-inflammatory payload, we selected DEX, which was loaded into the 

PLGA core by a single emulsion method prior to coating with either C1498-WT or C1498-VLA 

membrane to yield DEX-loaded WT-NP or VLA-NP (referred to as WT-DEX-NP or VLA-DEX-
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NP, respectively). When the drug content was measured by high-performance liquid 

chromatography, it was determined that the encapsulation efficiency and drug loading yield were 

approximately 11 wt% and 2 wt%, respectively (Figure 2.4A). To evaluate drug release, VLA-

DEX-NP was dialyzed against a large volume of phosphate-buffered saline, and the amount of 

drug retained within the nanoparticles was quantified over time (Figure 2.4B). The results 

revealed an initial burst of DEX, where approximately 80% of the drug payload was released in 

the first hour, followed by a sustained release. The release profile was in agreement with 

previous reports on DEX-loaded PLGA formulations [42, 43], and the data showed a good fit 

with the Peppas-Sahlin model with a regression coefficient of 0.978 [44]. In order to evaluate the 

biological activity of the DEX loaded within the nanoparticles, we employed an in vitro assay 

based on the LPS treatment of DC2.4 dendritic cells, which causes an elevation in the levels of 

proinflammatory cytokines such as IL-6 (Figure 2.4C). DC2.4 cells were first treated with either 

free DEX or VLA-DEX-NP for 2 h, followed by incubation with LPS overnight. The supernatant 

was then collected to measure the concentration of IL-6 by an enzyme-linked immunosorbent 

assay (ELISA). It was shown that both free DEX and VLA-DEX-NP were able to attenuate IL-6 

secretion in a drug concentration-dependent manner (Figure 2.4D). Although free DEX more 

efficiently lowered IL-6 levels at drug concentrations of 0.01 µM and 0.1 µM, the level of 

inflammation was reduced to levels near baseline for both free DEX and VLA-DEX-NP at 1 µM 

of DEX. The data indicated that the activity of the drug payload was retained after being loaded 

inside of VLA-NP. It was confirmed that neither PLGA cores nor VLA-NP without DEX 

loading had an impact on the level of IL-6 production by the DC2.4 cells (Figure 2.4E). 
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Figure 2.4: Drug loading and in vitro activity. (A) Drug loading (DL) and encapsulation efficiency (EE) 

of dexamethasone (DEX) into VLA-NP (n = 3, mean + SD). (B) Drug release profile of VLA-DEX-NP (n 

= 3, mean ± SD). The data was fitted using the Peppas-Sahlin equation. (C) Secretion of IL-6 by LPS-

treated DC2.4 cells (n = 3, mean ± SD). UD = undetectable. (D) Secretion of IL-6 by LPS-treated DC2.4 

cells preincubated with DEX in free form or loaded into VLA-NP (n = 3, mean ± SD). (E) Relative 

inflammatory response, as measured by IL-6 secretion, of DC2.4 cells treated with LPS only, LPS and 

PLGA nanoparticles, LPS and VLA-NP, PLGA nanoparticles only, or VLA-NP only; all of the 

nanoparticles were empty without DEX loading (n = 3, mean + SD). NS = not significant (compared to 

the LPS only group), one-way ANOVA. 
 

After confirming the biological activity of the VLA-DEX-NP formulation in vitro, we 

next sought to evaluate the formulation in vivo using a murine model of lung inflammation. The 

model was established by intratracheal injection of LPS directly into the lungs of BALB/c mice. 

In order to evaluate targeting ability, fluorescently labeled WT-NP or VLA-NP were injected 
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intravenously immediately after the induction of lung inflammation. After 6 h, major organs, 

including the heart, lungs, liver, spleen, kidneys, skin, and blood, were collected to assess 

nanoparticle biodistribution (Figure 2.5A). The majority of the nanoparticles accumulated in the 

liver and spleen. Notably, a significant increase in accumulation of VLA-NP was observed in the 

lungs compared to WT-NP. This in vivo targeting result was in agreement with the in vitro 

findings where VLA-NP were able to specifically bind to inflamed cells. The safety of the 

formulation was assessed by monitoring the plasma levels of creatinine, a marker of kidney 

toxicity that has previously been studied in the context of DEX nanodelivery [45]. After 9 days 

of repeated daily administrations of free DEX or VLA-DEX-NP into healthy mice, it was shown 

that the creatinine concentration in mice receiving VLA-DEX-NP remained consistent with 

baseline levels, whereas it was significantly elevated in mice administered with free DEX 

(Figure 2.5B). 

The therapeutic efficacy of VLA-DEX-NP was then evaluated following the same 

experimental design as the targeting study above. After 6 h, the lungs were collected and 

homogenized, and the homogenate was then clarified by centrifugation and filtered through a 

0.22-µm porous membrane before measuring the concentration of IL-6 by ELISA. As shown in 

Fig. 5C, the VLA-DEX-NP formulation was able to completely abrogate lung inflammation, 

while both free DEX and WT-DEX-NP did not have any discernable effect. The fact that WT-

DEX-NP was not able to significantly reduce lung IL-6 levels suggested that systemic exposure 

to DEX was not a major contributor to the efficacy observed with VLA-DEX-NP. The efficacy 

of the formulation against lung inflammation was further confirmed by analyzing lung sections 

stained with hematoxylin and eosin (Figure 2.5D). Leukocyte recruitment and peribronchial 

thickening, which are hallmarks of lung inflammation [46, 47], were prominent in the lungs of 
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mice receiving no treatment, free DEX, or WT-DEX-NP. In contrast, minimal leukocyte 

recruitment and no peribronchial thickening were observed for the group treated with VLA-

DEX-NP, and there were no other signs of toxicity present in these lung sections. Overall, the 

results from the in vivo studies confirmed the benefit of targeted delivery to inflamed lungs using 

VLA-NP as a drug nanocarrier.  

  

Figure 2.5: In vivo targeting, safety, and therapeutic efficacy. (A) Biodistribution of WT-NP or VLA-NP 

in a lung inflammation model 6 h after intravenous administration (n = 3, mean + SD). *p < 0.05, 

Student’s t-test. (B) Creatinine levels in the plasma of mice after repeated daily administrations for 9 days 

with free DEX or VLA-DEX-NP (n = 3, mean + SD). *p < 0.05, one-way ANOVA. (C) IL-6 levels in the 

lung tissue of mice intratracheally challenged with LPS and then treated intravenously with vehicle 

solution, free DEX, WT-DEX-NP, or VLA-DEX-NP (n = 3, mean ± SD). ***p < 0.001, ****p < 0.0001 

(compared to VLA-DEX-NP), one-way ANOVA. (D) Representative hematoxylin and eosin-stained lung 

histology sections of mice intratracheally challenged with LPS and then treated intravenously with 

vehicle solution, free DEX, WT-DEX-NP, or VLA-DEX-NP (scale bar = 100 μm). 
 

2.4 Conclusions 
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In conclusion, we have engineered cell membrane-coated nanoparticles that can be used 

to specifically target and treat localized lung inflammation via systemic administration. A host 

cell positive for integrin β1 was modified to express integrin α4. Together, the two protein 

markers formed VLA-4, which specifically interacts with VCAM-1, a common marker for 

inflammation found on vascular endothelia. Nanoparticles fabricated using the membrane from 

these genetically engineered cells were able to leverage this natural affinity to target inflamed 

sites, including in a murine model of LPS-induced lung inflammation. When the nanoparticles 

were loaded with DEX, an anti-inflammatory drug, significant therapeutic efficacy was achieved 

both in vitro and in vivo. Future studies will comprehensively evaluate the safety profile of the 

VLA-DEX-NP formulation, obtain additional lung-specific efficacy readouts, elucidate the 

optimal time window for treatment, and assess clinical relevance using additional animal models 

of severe inflammatory disease. As pathological inflammation is heavily implicated in a number 

of important disease conditions [7, 48], the reported biomimetic platform could be leveraged to 

improve the in vivo activity of various therapeutic payloads through enhanced targeting. Notably, 

VCAM-1 upregulation has been observed in renal pathologies as well as in inflamed cerebral 

vasculature [49, 50]. Additionally, DEX has been shown to be effective at managing the 

inflammation associated with COVID-19 [51], and a targeted formulation capable of localizing 

the drug to the lungs may help to further boost its therapeutic profile. In this work, we 

specifically engineered the nanoparticles to display VLA-4, which is a complex, multicomponent 

membrane-bound ligand that would otherwise be infeasible to incorporate using traditional 

synthetic strategies. This highlights the advantages of employing genetic engineering techniques 

to expand the wide-ranging utility of cell membrane coating technology. In particular, the 

generalized application of this approach would enable researchers to streamline the development 
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of new targeted nanoformulations by utilizing target–ligand interactions that occur in nature. 

Combined with the biocompatibility and biointerfacing characteristics that are inherent to cell 

membrane coatings, the work presented here could initiate a new wave of biomimetic 

nanomedicine with finely crafted functionalities. 

Chapter 2, in full, is a reprint of the material as it appears in Science Advances, 2021, 

Joon Ho Park, Yao Jiang, Jiarong Zhou, Hua Gong, Animesh Mohapatra, Jiyoung Heo, Weiwei 

Gao, Ronnie H. Fang and Liangfang Zhang. The dissertation author was a primary author of this 

paper. 
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Chapter 3 
Engineered Cell Membrane-Coated 

Nanoparticles for Cytosolic Delivery of 

mRNA  

  



65 

3.1 Introduction 

 

Achieving the proper subcellular localization of drug payloads is essential for 

maximizing their therapeutic potential. In the case of nanotherapeutics, delivery to the cytosol, 

which houses cellular machinery that is the target for a wide range of therapeutics [1-3]. has long 

presented a major challenge [4, 5]. Notably, nanodelivery vehicles must overcome the barrier 

posed by the endolysosomal pathway, which cells oftentimes use to sequester and degrade 

foreign objects [6, 7]. Endosomes transition from weakly acidic early endosomes to more acidic 

late endosomes, ultimately fusing with lysosomes, where nanoparticles can be destroyed by acids 

and enzymes [6, 8, 9]. One method to escape from this pathway is by the proton sponge approach, 

whereby nanoparticles are fabricated with buffering capabilities that enable them to rupture 

endosomes by osmotic swelling [10-12]. An alternate method is to destabilize the cell’s exterior 

plasma membrane during endocytosis and prior to endosome formation, thus creating leaky 

endosomes [13, 14]. The endosomal pathway can also be avoided altogether by using 

nanoparticles whose shape and charge allow them to transport directly across the plasma 

membrane and into the cytosol [15, 16]. Unfortunately, many of these conventional strategies for 

cytosolic delivery are known to cause cytotoxicity [17, 18], making them difficult for clinical 

translation.  

Most viruses require the delivery of their genetic material into the cytosol in order to 

replicate [19]. As such, many viruses have evolved methods that enable them to escape the 

endosomal compartment to avoid destruction [20]. In the case of the influenza virus, the 

hemagglutinin (HA) protein present on its surface helps to serve this purpose [21, 22]. After 

being expressed, HA is converted to its mature form through proteolytic cleavage, resulting in 
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the generation of two subunits [23]. The HA1 subunit allows the virus to attach to the plasma 

membrane of target cells in order to initiate endocytosis [24, 25]. After endocytic uptake, the 

HA2 subunit undergoes a conformational change triggered by lowered pH that facilitates the 

fusion of the viral envelope with endosomal membrane [26-28]. For the influenza A virus, 

different HA subtypes bind to different sialic acid receptors, which can significantly impact 

infectivity towards different host species [29, 30]. For example, the H1 subtype is found on 

strains such as H1N1, which is known to infect humans and was the cause of the 2009 flu 

pandemic [31]. Influenza A virus carrying the H5 or H7 subtype, commonly known as the bird 

flu, is known to mostly infect avian hosts, although some human infections have been reported 

[29]. 

Cell membrane coating is an emerging top-down approach for bestowing nanocarriers 

with enhanced biointerfacing capabilities [32, 33]. For example, erythrocyte membranes have 

been used to prolong nanoparticle circulation time [34], whereas cancer cell membranes [35] and 

platelet membranes [36] have been leveraged for targeted drug delivery. More recently, genetic 

engineering approaches have been employed to generate cell membrane enriched with a specific 

surface marker, thus enabling researchers to purposefully manipulate the functionality of cell 

membrane-coated nanoformulations [37, 38]. These engineered nanoparticles can be equipped 

with complex surface proteins that would otherwise be infeasible to incorporate using 

conventional synthetic approaches. In this work, we engineered a cell membrane-coated 

nanoparticle to display HA, thus enabling the resulting nanocarrier to exhibit virus-mimicking 

endosomal escape properties and enhanced cytosolic delivery (Figure 3.1). Given the recent 

interest in mRNA-based vaccines [39], we elected to evaluate the ability of our nanoformulation 

to deliver model mRNA payloads both in vitro and in vivo. Overall, the reported approach 
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represents a compelling strategy for further improving the utility of cell membrane-coated 

nanocarriers, particularly for the delivery drugs that require cytosolic localization. 

  

Figure 3.1: Schematic illustration of genetically engineered cell membrane-coated nanoparticles for the 

cytosolic delivery of mRNA. Cells are genetically engineered to express the influenza virus fusion protein 

hemagglutinin (HA). Then, the membrane from the engineered cells is isolated and coated onto 

poly(lactic-co-glycolic acid) (PLGA) nanoparticle cores that are loaded with mRNA with the help of the 

cationic lipid-like molecule G0-C14. After the final HA-mRNA-NP formulation is endocytosed by a 

target cell, the lowered pH in the late endosomes causes a conformation change in HA. The activated HA 

then triggers membrane fusion, enabling escape of the mRNA payload into the cytosol, where it can be 

translated into a protein product. 

 

3.2 Experimental Methods 
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3.2.1 Cell Culture 

 

B16-WT mouse melanoma cells (CRL-6475, American Type Culture Collection) were 

cultured using Dulbecco’s modified Eagle medium with L-glutamine, 4.5 g/L glucose, and 

sodium pyruvate (DMEM; Corning) supplemented with 10% bovine growth serum (Hyclone) 

and 1% penicillin-streptomycin (Pen-Strep; Gibco) at 37 °C in 5% CO2. Engineered B16-HA 

cells were cultured using DMEM supplemented with 10% USDA fetal bovine serum (Omega 

Scientific), 1% Pen-Strep, and 300 μg/mL hygromycin B (Invivogen) at 37 °C in 5% CO2. 

 

3.2.2 Genetic Engineering 

 

Engineered B16-HA cells were generated by transfecting B16-WT with pNAHA plasmid 

(a gift from John Olsen; 44169, Addgene) encoding influenza A virus HA subtype H7 protein 

using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. FITC-

conjugated polyclonal rabbit anti-influenza A virus H7 (LS-C490688, LS Bio) was used to assess 

the expression level of HA. A Becton Dickinson FACSCanto-II flow cytometer was used for 

data collection and Flowjo software was used for analysis. A Becton Dickinson FACSAria-II 

flow cytometer was used to sort the engineered B16-HA cells to select for those expressing high 

levels of HA. 

 

3.2.3 Cell-Cell Fusion Study 
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To assess the membrane fusion activity of HA expressed on the membrane of the 

engineered B16-HA cells, two separate cell–cell fusion studies were performed. In the first study, 

6 × 10
5
 cells, either B16-WT or B16-HA, were collected and divided into two equal groups each 

containing 3 × 10
5
 cells. Each group was stained using either CellTrace Violet (Invitrogen) or 

CellTrace Far Red (Invitrogen) following the manufacturer’s protocol. The stained cells were 

plated onto a 6-well tissue culture plate and incubated at 37 °C overnight. Then, the cells were 

detached, counted, and combined in a 12-well tissue culture plate such that each well contained a 

mixture of 1 × 10
5
 cells stained with CellTrace Violet and 1 × 10

5
 cells stained with CellTrace 

Far Red. The cell mixtures were incubated at 37 °C overnight, and the supernatant was removed 

from each well before incubating with 5 μg/mL TPCK-treated trypsin (Worthington Biochemical) 

in 500 μL of serum-free DMEM at 37 °C for 15 min. Then, the supernatant was removed from 

each well, 200 μL of phosphate buffered saline (PBS; Gibco) adjusted to pH 5.4 using citric acid 

(Sigma-Aldrich) was added, and the cells were incubated at 37 °C for another 15 min. The 

supernatant was removed from each well, 1 mL of DMEM containing 10% USDA FBS and 1% 

Pen-Strep was added, and the cells were incubated at 37 °C for 2 h. Finally, the cells were 

detached and analyzed using a Becton Dickinson FACSCanto-II flow cytometer. In the second 

study, B16-WT or B16-HA cells were plated onto a tissue culture-treated glass bottom dish 

(CellTreat) at 3 × 10
5
 cells and incubated at 37 °C overnight. The supernatant was removed from 

each well and the cells were incubated with 5 μg/mL TPCK-treated trypsin in 1 mL of serum-

free DMEM at 37 °C for 15 min. The supernatant was removed from each well, 1 mL of PBS 

adjusted to pH 5.4 using citric acid was added, and the cells were incubated at 37 °C for another 

15 min. The supernatant was removed from each well, 3 mL of DMEM containing 10% USDA 

FBS and 1% Pen-Strep was added, and the cells were incubated at 37 °C for 2 h. Finally, the 
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cells were washed with PBS before being stained with Hoechst 33342 (Invitrogen), and imaging 

was done using a Keyence BZ-X710 fluorescence microscope. 

 

3.2.4 Nanoparticle Synthesis 

 

Cationic lipid-like molecule G0-C14 was synthesized as previously described [40, 41]. 

Briefly, poly(amidoamine) dendrimer G0 (Sigma-Aldrich) was mixed with 1,2-epoxytetradecane 

(TCI America) at a molar ratio of 1:7. The mixture was stirred at 1,100 rpm at 90 °C for 2 days 

to form G0-C14. All mRNAs were synthesized by in vitro transcription (IVT) except for Cy5-

labeled EGFP mRNA (R1009, ApexBio). For IVT, pcDNA3-EGFP (a gift from Doug 

Golenbock; 13031, Addgene) and pCMV-CLuc2 (N0247, New England BioLabs) were used to 

generate the mRNA transcripts for EGFP and CLuc, respectively, using a HiScribe T7 ARCA 

mRNA kit (New England BioLabs) according to the manufacturer’s protocol. Polymeric cores 

loaded with mRNA were synthesized by a double emulsion method using 0.66 dL/g carboxyl-

terminated 50:50 PLGA (LACTEL Absorbable Polymers). A volume of 50 μL of 50 mg/mL 

PLGA in dichloromethane (DCM; Sigma-Aldrich) was initially mixed with 50 μg of G0-C14. 

Then, 5 μL of 1 mg/mL mRNA, 3 μL of UltraPure DNase/RNase-free distilled water 

(Invitrogen), and 2 μL of 1 M Tris-HCl pH 8 (Mediatech) were added to the solution. The 

resulting mixture was sonicated with a Fisher Scientific 150E Sonic Dismembrator at 70% power 

pulsed (2 s on/1 s off) for 1 min. After forming the first emulsion, a solution containing 500 μL 

of 10 mM Tris‐HCl pH 8 and 10 μL of DCM was added, followed by sonication at the same 

settings for 2 min. Finally, the emulsion was added to 1 mL of 10 mM Tris‐HCl pH 8 and 

magnetically stirred at 700 rpm for 2 h. Polymeric cores loaded with DiO dye (ex/em = 484/501 
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nm; Biotium) were synthesized by a single emulsion method. First, 500 μL of 50 mg/mL PLGA 

in DCM was mixed with 500 μL of 20 μg/mL DiO in DCM. This mixture was added to 5 mL of 

10 mM Tris-HCl pH 8 and sonicated using a Fisher Scientific 150E Sonic Dismembrator at 70% 

power for 2 min. The sonicated mixture was added to 10 mL of 10 mM Tris-HCl pH 8 and 

magnetically stirred at 700 rpm overnight. To make cell membrane-coated nanoparticles, the 

polymeric cores were first centrifuged at 21,100 g for 8 min. The pellets were resuspended in 

solution containing either B16-WT or B16-HA membrane derived according to a previously 

reported procedure [42]. Note that B16-HA cells were incubated with 5 μg/mL TPCK-treated 

trypsin at 37 °C for 15 min prior to membrane derivation. The mixture of nanoparticle cores and 

cell membrane was sonicated using a Fisher Scientific FS30D bath sonicator at a frequency of 42 

kHz and a power of 100 W for 2 min. Finally, the nanoparticles were suspended in 10% sucrose 

(Sigma-Aldrich) at a polymer concentration of 10 mg/mL. 

 

3.2.5 Nanoparticle Characterization 

 

Unless otherwise stated, all characterization was done using nanoparticles loaded with 

CLuc mRNA. Size and surface zeta potential were measured by dynamic light scattering using a 

Malvern ZEN 3600 Zetasizer. For electron microscopy visualization, an HA-mRNA-NP sample 

was negatively stained with 1 wt% uranyl acetate (Electron Microscopy Sciences) on a carbon-

coated 400-mesh copper grid (Electron Microscopy Sciences) and visualized using a JEOL 1200 

EX II transmission electron microscope. The presence of HA on B16-WT membrane, B16-HA 

membrane, WT-mRNA-NP, and HA-mRNA-NP was probed by western blotting. First, the 

samples were adjusted to 1 mg/mL protein content, followed by the addition of NuPAGE 4× 
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lithium dodecyl sulfate sample loading buffer (Novex) and heating at 70 °C for 10 min. Then, 25 

µL of each sample was loaded into a 12-well Bolt 4–12% Bis-Tris gel (Invitrogen) and run at 

165 V for 45 min in MOPS running buffer (Novex). The proteins were transferred for 60 min at 

a voltage of 10 V onto a 0.45-µm nitrocellulose membrane (Pierce) in Bolt transfer buffer 

(Novex). Nonspecific interactions were blocked using 5% milk (Genesee Scientific) in PBS with 

0.05% Tween 20 (National Scientific). The blots were probed using polyclonal rabbit anti-

influenza A virus H7 antibody, and secondary staining was done using the appropriate 

horseradish peroxidase-conjugated antibody (Biolegend). Membranes with stained samples were 

developed in a dark room using ECL western blotting substrate (Pierce) and an ImageWorks 

Mini-Medical/90 Developer. Long-term stability of WT-mRNA-NP and HA-mRNA-NP in 10% 

sucrose solution was tested by storing the particles at 4 °C for 2 months with weekly size 

measurements. To quantify loading and encapsulation efficiency, HA-mRNA-NP was loaded 

with Cy5-labeled EGFP mRNA. After synthesis, the nanoparticles were centrifuged at 21,100 g 

for 8 min, and the pellets were dissolved in dimethyl sulfoxide (Fisher Scientific). Fluorescence 

was measured using a BioTek Synergy Mx microplate reader. 

 

3.2.6 In Vitro Endosomal Escape Study 

 

In order to visualize the endosomal escape of the engineered membrane-coated 

nanoparticles, 2 × 10
4
 B16-WT cells were first plated onto a tissue culture-treated glass bottom 

dish and incubated at 37 °C overnight. Then, either WT-DiO-NP or HA-DiO-NP was added to 

the cultures at a final concentration of 50 μg/mL, followed by incubation at 37 °C for 1, 4, 8, or 

24 h. To prepare for visualization, the cells were washed with PBS and then stained with Hoechst 
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33342 and LysoTracker Red DND-99 (Invitrogen). Imaging was performed on a Keyence BZ-

X710 fluorescence microscope. 

 

3.2.7 In Vitro Transfection Studies 

 

In the first study, the ability of the engineered membrane-coated nanoparticles to deliver 

EGFP mRNA for protein translation was evaluated by transfecting B16-WT. In this case, CLuc 

mRNA was used as a control. First, B16-WT cells were plated onto a 12-well tissue culture plate 

at 5 × 10
4
 cells per well and incubated overnight. Then, naked control or EGFP mRNA, control 

or EGFP mRNA-loaded WT-mRNA-NP, and control or EGFP mRNA-loaded HA-mRNA-NP 

were added to the cells at an mRNA concentration of 1 μg/mL. The cells were allowed to 

incubate at 37 °C for 48 h before being washed with PBS, and analysis was performed using a 

Becton Dickinson FACSCanto-II flow cytometer. In the second study, the ability of the 

engineered membrane-coated nanoparticles to deliver CLuc mRNA for protein translation was 

evaluated using the same approach as above. In this case, EGFP mRNA was used as the control, 

and a Cypridina luciferase glow assay kit (Pierce) was used to analyze the supernatant according 

to the manufacturer’s instructions. 

 

3.2.8 In Vivo Transfection Studies 

 

All animal experiments were performed in accordance with National Institutes of Health 

guidelines and approved by the Institutional Animal Care and Use Committee of the University 

of California San Diego. For both in vivo studies, CLuc mRNA was used as the payload. In order 
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to evaluate the ability of the engineered membrane-coated nanoparticles to locally deliver mRNA 

in vivo, male CD-1 mice (Charles River Laboratories) were anesthetized using isoflurane and 

intranasally administered with 100 μL of either WT-mRNA-NP or HA-mRNA-NP given in 50 

μL doses with 5 min of rest in between. After 24 h, mice were intraperitoneally injected with 100 

μL of 2 mg/mL Cypridina luciferin (NanoLight Technology) in PBS. Then, the mice were 

anesthetized by isoflurane and imaged using a Xenogen IVIS 200 animal imaging system. In 

order to evaluate the ability of the engineered membrane-coated nanoparticles to systemically 

deliver mRNA in vivo, male CD-1 mice were intravenously administered with 150 μL of either 

WT-mRNA-NP or HA-mRNA-NP. At 12 and 24 h after the injection, blood was collected via 

submandibular bleeding and allowed to clot at room temperature. The serum was separated by 

centrifuging the blood at 3,000 g for 10 min. A 0 h baseline sample was collected in the same 

manner prior to nanoparticle administration. A Cypridina luciferase glow assay kit was used to 

analyze the serum according to the manufacturer’s instructions. 

 

3.2.9 In Vivo Anti-HA Antibody Titer Studies 

 

In order to evaluate the immune response against HA when administered with the HA-

engineered membrane-coated nanoparticles, male CD-1 mice were injected either intranasally or 

intravenously with the same dose as the in vivo transfection study at week 0, week 1, week 2. 

Blood and feces samples were collected every week for 4 weeks. Blood samples were collected 

via submandibular bleeding and allowed to clot at room temperature. The blood samples were 

centrifuged at 3,000 g for 10 min and the serum was collected to measure anti-HA IgG antibody 

titers by an enzyme-linked immunosorbent assay (ELISA). The collected feces samples were 
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suspended at 200 mg/mL in PBS containing a protease inhibitor cocktail (Sigma-Aldrich). After 

centrifugation at 10,000 g for 10 min, the supernatant was collected to measure anti-HA IgA 

antibody titers by ELISA. For ELISA, 96-well plates were coated overnight with 1 μg/mL HA 

protein (Sino Biological) using an ELISA coating buffer (Biolegend). The blocking was 

performed using 1% (w/v) bovine serum albumin (Sigma-Aldrich) in PBS containing 0.05% 

Tween 20 (National Scientific) for 1 h. Then, serially diluted samples were added as the primary 

antibody. HRP-conjugated goat anti-mouse IgG (BioLegend) or HRP-conjugated goat anti-

mouse IgA (SouthernBiotech) was then used as the secondary antibody for serum samples and 

feces samples respectively. TMB substrate (Biolegend) was used to develop the wells and 

absorbance was measured using Tecan Infinite M200 multiplate reader. 

 

3.3 Results and Discussion 

 

HA subtype H7 was chosen as a model viral protein for expression due to its strong 

ability to promote fusion [43-45]. Additionally, the fact that H7 targets α2,3-linked sialic acid 

enabled us to evaluate our platform in vivo using murine models [30]. Wild-type B16F10 cells 

(denoted ‘B16-WT’) were transfected with an expression plasmid encoding for H7, yielding 

engineered cells (denoted ‘B16-HA’) with high levels of the viral fusion protein on their surface 

(Figure 3.2a). As B16-WT is known to express α2,3-linked sialic acid [46], a cell–cell fusion 

study was used to evaluate the functionality of the HA transgene in vitro (Figure 3.2b,c). B16-

HA cells were divided into two aliquots, which were then stained with either CellTrace Violet or 

CellTrace Far Red. After combining the two dye-labeled aliquots together, the cell mixture was 

incubated with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin for 
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HA maturation before being subjected to endosomal pH to promote fusion activity. Following 2 

h of incubation, the cells were analyzed by flow cytometry, which revealed a significant 

population of cells positive for both CellTrace Violet and CellTrace Far Red. This indicated that 

the HA on the surface of the engineered cells was active and could promote cell–cell fusion. In 

contrast, flow cytometric analysis of B16-WT cells subjected to an identical experimental 

protocol showed a negligible population of double-positive cells. It should be noted that our 

analysis could not identify fusion events between cells labeled with the same dye or distinguish 

events between only two cells versus those involving three or more cells. This suggests that the 

rate of fusion could be significantly higher than the double-positive percentage reported in our 

data, especially given that daughter cells resulting from the mitotic division of the same parent 

cell are more likely to fuse with each other as a result of their close proximity. Next, in order to 

visualize the cell fusion, either B16-WT or B16-HA cells were incubated with TPCK-treated 

trypsin and incubated under endosomal pH values (Figure 3.2d,e). Upon inspection under a 

fluorescence microscope, syncytia with multiple nuclei were observed among the B16-HA cells, 

providing a clear indication of cell–cell fusion. No signs of fusion were observed for the B16-

WT cells.  
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Figure 3.2: Fusion activity of HA on engineered cells. a, Flow cytometric analysis of HA expression on 

B16-WT and B16-HA cells (gray: isotype, green: anti-HA). b,c, Flow cytometric analysis of B16-WT (b) 

and B16-HA (c) cells co-incubated with themselves after half of the cell population was labeled with 

CellTrace Violet and the other half with CellTrace Far Red. d,e, Visualization of syncytia formation 

among B16-WT (d) and B16-HA (e) cells by optical microscopy (blue: nuclei). Scale bar = 100 μm (left) 

and 20 μm (right). 

 

After confirming the successful expression of HA, the engineered B16-HA cells were 

harvested, and their membrane was derived as previously described [42]. The purified cell 

membrane was then coated onto preformed poly(lactic-co-glycolic acid) (PLGA) nanoparticle 

cores using a sonication process [47]. The PLGA nanoparticle cores were loaded with mRNA 

using a double emulsion method with the assistance of the cationic lipid-like molecule G0-C14 

[40, 41]. The resulting mRNA-loaded nanoparticles coated with B16-WT membrane (denoted 

‘WT-mRNA-NP’) and the engineered B16-HA membrane (denoted ‘HA-mRNA-NP’) both had 

an average diameter of approximately 185 nm and a zeta potential of approximately -20 mV 

(Figure 3.3a,b). Transmission electron microscopy of negatively stained HA-mRNA-NP verified 
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that the membrane was properly coated onto the polymeric cores (Figure 3.3c). In order to probe 

for the presence of HA on the purified cell membrane and on the nanoformulations, western 

blotting analysis was performed (Figure 3.3d). HA was clearly present on the membrane derived 

from B16-HA, as well as the final HA-mRNA-NP formulation. As expected, no signal was 

detected from the membrane of B16-WT or from WT-mRNA-NP. The long-term stability of 

WT-mRNA-NP and HA-mRNA-NP was evaluated by monitoring their size for 8 weeks when 

suspended in 10% sucrose solution at 4 °C (Figure 3.3e). No significant changes in size were 

detected during this period. Finally, mRNA loading was studied by measuring the fluorescent 

signal from a Cy5-labeled mRNA payload. It was determined that the encapsulation efficiency 

and drug loading yield were approximately 54% and 1 μg/mg of PLGA, respectively (Figure 

3.3f).  
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Figure 3.3: Nanoparticle characterization. a,b, Size (a) and surface zeta potential (b) of WT-mRNA-NP 

and HA-mRNA-NP as measured by dynamic light scattering (n = 3; mean + SD). c, Representative 

transmission electron microscopy image of HA-mRNA-NP negatively stained with uranyl acetate. Scale 

bar = 200 nm. d, Western blot probing for HA on B16-WT membrane (WT mem.), B16-HA membrane 

(HA mem.), WT-mRNA-NP, and HA-mRNA-NP. e, Size of WT-mRNA-NP and HA-mRNA-NP when 

stored in 10% sucrose over 8 weeks (n = 3; mean ± SD). f, Encapsulation efficiency (EE) and drug 

loading (DL) of mRNA into HA-mRNA-NP (n = 3; mean + SD). 

 

In order to visualize endosomal escape, PLGA cores were loaded with the fluorescent dye 

benzoxazolium, 3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, 

perchlorate (DiO) and coated with the membrane from either B16-WT or B16-HA (denoted 

‘WT-DiO-NP’ or ‘HA-DiO-NP’, respectively). After 1, 4, 8, and 24 h of incubation with WT-

DiO-NP or HA-DiO-NP, B16-WT cells were stained with Hoechst 33342 and LysoTracker Red 
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DND-99 prior to the imaging (Figure 3.4a). At the 1 h timepoint, nanoparticles could only be 

seen bound to the surface of the cells, while colocalization of the nanoparticles and the 

endosomes was observed at 4 h, indicating endocytosis for both formulations. After another 4 h, 

some nanoparticle signal was visualized outside of the endosomes for HA-DiO-NP, indicating 

endosomal escape, while intracellular WT-DiO-NP signal was still colocalized with the 

endosomes. At 24 h after starting the incubation, signal from HA-DiO-NP permeated the cytosol, 

and there was little to no evidence of cytosolic delivery for WT-DiO-NP. 

Next, we evaluated the ability of HA-mRNA-NP to successfully deliver functional 

mRNA cargoes for protein translation. First, HA-mRNA-NP was formulated with mRNA 

encoding for enhanced green fluorescent protein (EGFP) as a model payload. Transfecting B16-

WT cells with the resulting formulation led to a significant increase in detectable EGFP 

fluorescence compared to HA-mRNA-NP loaded with an irrelevant control mRNA (Figure 4b,c). 

The fluorescent signal increase was also significantly higher when compared to using EGFP 

mRNA either in free form or loaded within WT-mRNA-NP. As a secondary means of validating 

our platform in vitro, the experiment was repeated using Cypridina luciferase (CLuc) mRNA as 

the payload. Similar results were observed, where cells transfected with HA-mRNA-NP loaded 

with CLuc mRNA showed a significant increase in bioluminescent signal compared to cells 

treated with the same nanocarrier but loaded with irrelevant control mRNA (Figure 3.4d,e). As 

before, the CLuc signal increase for the HA-expressing formulation was higher than for its free 

CLuc mRNA and WT-mRNA-NP counterparts (Figure 3.4e).  
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Figure 3.4: Endosomal escape and mRNA transfection in vitro. a, Fluorescent visualization of B16-WT 

cells incubated with WT-DiO-NP and HA-DiO-NP for 1, 4, 8, and 24 h (blue: nuclei, green: nanoparticles, 

red: endosomes). Scale bar = 20 μm. b,c, Normalized fluorescence (b) and change in fluorescence (c) of 

B16-WT cells after incubation with EGFP mRNA in free form, loaded within WT-mRNA-NP, and 

loaded within HA-mRNA-NP (n = 3; mean + SD). d,e, Normalized luminescence (d) and change in 

luminescence (e) of B16-WT cells after incubation with CLuc mRNA in free form, loaded within WT-

mRNA-NP, and loaded within HA-mRNA-NP (n = 3; mean + SD). **p < 0.01, ***p < 0.001; Student’s t-

test. 

 

After confirming successful protein translation in vitro, we next assessed the ability of the 

engineered nanoformulation to achieve transfection in vivo. First, local delivery of CLuc mRNA 

was evaluated by administering WT-mRNA-NP or HA-mRNA-NP to mice via the intranasal 

route (Figure 3.5a,b). At 24 h after administration of the nanoparticles, the mice were injected 

with Cypridina luciferin, and bioluminescence activity was evaluated using a live animal 
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imaging system. Compared with the untreated controls, a small amount of signal was detected in 

mice treated with WT-mRNA-NP. Significantly stronger bioluminescence was detected for the 

mice treated with HA-mRNA-NP, demonstrating the ability of the engineered HA to promote 

efficient mRNA delivery in vivo. When the signals were quantified, it was determined that the 

total flux for the HA-mRNA-NP group was more than 2-fold higher than that of the WT-mRNA-

NP group. The same nanoformulations were then evaluated for their ability to elevate the serum 

levels of a secreted payload after systemic delivery (Figure 3.5c,d). Mice were intravenously 

administered with each formulation, and their blood was sampled at 12 and 24 h after injection to 

monitor for CLuc activity. As expected, the untreated control group showed no changes in CLuc 

signal throughout the study. While there was a slight increase in bioluminescence for the WT-

mRNA-NP group at 24 h, the signal for the HA-mRNA-NP group was significantly elevated at 

the same timepoint. Overall, the results demonstrated that the engineering of cell membrane-

coated nanocarriers to express HA can lead to more efficient mRNA delivery in vivo after both 

local and systemic administration.  
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Figure 3.5: mRNA transfection in vivo. a, Visualization of bioluminescent signal from mice intranasally 

administered with WT-mRNA-NP and HA-mRNA-NP loaded with CLuc mRNA (H: high signal, L: low 

signal). b, Quantification of the total flux from the images in (a) (n = 3; mean + SD). *p < 0.05, **p < 

0.01, ***p < 0.001; one-way ANOVA. c, Bioluminescence over time in the serum of mice intravenously 

administered with WT-mRNA-NP and HA-mRNA-NP loaded with CLuc mRNA (n = 5; mean ± SD). *p 

< 0.05, **p < 0.01 (compared to 0 h); Student’s t-test. d, Bioluminescence in the serum of mice 24 h after 

intravenous administration with WT-mRNA-NP and HA-mRNA-NP loaded with CLuc mRNA (n = 5; 

mean + SD). ****p < 0.0001; one-way ANOVA. 

 

3.4 Conclusions 

 

 In this work, cell membrane engineered to express a viral fusion protein was used to coat 

the surface of mRNA-loaded nanoparticle cores, enabling the resulting HA-mRNA-NP 

formulation to mimic the ability of some viruses to achieve endosomal escape. Influenza A virus 

HA subtype H7 bound to α2,3-linked sialic acid on the surface of murine cells, thus triggering 
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endocytic uptake. In the late endosomes, the lowered pH caused the HA to induce membrane 

fusion, thus allowing the nanoparticle contents to be unloaded into the cytosol. To prove our 

concept, we tested the ability of the engineered cell membrane-coated nanoparticles to escape the 

endosomal compartment and promote the expression of two model reporter genes in vitro. In 

both cases, the HA-expressing nanoparticles significantly outperformed a control formulation 

fabricated using the membrane of wild-type cells lacking the viral transgene. When tested in vivo, 

HA-mRNA-NP loaded with CLuc mRNA was able to significantly elevate levels of the encoded 

protein in both local and systemic administration scenarios.  

Effective methods for mRNA delivery are highly desirable, particularly given the recent 

interest in mRNA vaccines driven by the COVID-19 pandemic [39]. Endosomal escape 

represents one of the key obstacles in mRNA nanodelivery since the payload needs to be present 

within the cytosol in order to carry out its biological function. As we have demonstrated here, 

utilizing naturally occurring viral fusion proteins such as influenza virus HA could provide an 

elegant solution to this challenge. By leveraging cell membrane coating technology in 

conjunction with genetic engineering, we were able to present HA in its natural context on the 

surface of nanoparticles, a task that would otherwise be difficult to achieve using conventional 

functionalization methods. Ultimately, continued research along these lines may yield novel 

strategies for controlling the subcellular localization of drug payloads, helping to further expand 

the utility of biomimetic nanomedicine. 

Chapter 3, in full, is a reprint of the material being submitted. Joon Ho Park, Animesh 

Mohapatra, Jiarong Zhou, Maya Holay, Nishta Krishnan, Weiwei Gao, Ronnie H. Fang and 

Liangfang Zhang. The dissertation author was a primary author of this paper.  
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Chapter 4 
Conclusions  
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4.1 Engineered Cell Membrane-Coated Nanoparticles for Lung 

Inflammation Targeted Delivery 

 

This chapter reported on the genetically engineered cell membrane-coated nanoparticle 

that can target inflammation and specifically deliver anti-inflammatory drug to the inflamed 

lungs. This was made possible by engineering a host cell to constitutively express VLA-4 which 

can specifically bind to VCAM-1 that is being expressed on the surface of inflamed cells and 

using its membrane to coat the drug loaded nanoparticle. This nanoparticle platform enhanced 

the safety profile of the anti-inflammatory drug as well as preserving the efficacy of the drug. It 

is demonstrated that the engineered nanoparticle can specifically target inflamed cells and 

accumulate at the inflammation site both in vitro and in vivo. When lung inflammation was 

treated using this nanoparticle, the formulation was able to completely abrogate lung 

inflammation while free drug as well as non-engineered controls were not able to generate any 

efficacy. Overall, the work demonstrates that the engineering the membrane to express VLA-4 

and harnessing the inflammation targeting capability can enhance the drug delivery.  Although 

only lung inflammation targeting was demonstrated in this work, since the principle is the same 

throughout the inflamed tissue, we expect this platform to be able to be applied to other 

inflammations such as skin inflammation.  

 

4.2 Engineered Cell Membrane-Coated Nanoparticles for Cytosolic 

Delivery of mRNA  
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The recent rise of interest in mRNA vaccines due to COVID-19 pandemic has brought 

cytosolic delivery of the payloads into the spotlight since mRNA can only function properly in 

the cytosol. However, the endosomal pathway presents a challenge in achieving cytosolic 

delivery.  

This chapter demonstrated a biomimetic nanoparticle platform that harnesses the 

endosome escaping capability of an influenza virus. A host cell was engineered to constitutively 

express the fusogenic protein originated from the virus and its membrane was coated onto an 

mRNA loaded nanoparticle which grants the resulting nanoparticle to mimic the virus’ endosome 

escaping capability.  The cytosolic delivery of the payload was verified both in vitro and in vivo. 

Two different administration routes were explored in vivo: local and systemic. In both cases, the 

translated protein from the delivered mRNA was detected in significantly higher level than its 

non-engineered controls. This work presents a new and elegant way to escape endosome without 

disrupting it and deliver the payload to the cytosol which can be used with other drugs where 

cytosolic delivery is critical to their efficacy.  

 

4.3 Future Outlook 

 

In recent years, cell membrane-coated nanoparticle technology has revolutionized the 

field of drug delivery and using genetic engineering to further enhance its capability is still at its 

infancy. Considering the various ways the cells can be engineered, the possibility in application 

of the engineered cell membrane-coated nanoparticle technology is virtually endless. The 

versatility of this platform is demonstrated in the Chapter 2 and 3 of this dissertation which 

covered two of the key aspects of drug delivery: cytosolic delivery and targeted delivery. Further 
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development and optimization of the platform to be applied to other aspects of drug delivery 

such as prolonged circulation is expected.  

Safety and scalability is something that needs to be closely examined and optimized if 

this platform is to be clinically translated. Genetic engineering can potentially improve the safety 

profile of the conventional cell membrane-coated nanoparticle technology. Furthermore, stable 

expression of the engineered protein on the surface of the host cell is a critical factor in 

maintaining and harvesting the membranes. Therefore, in order to scale up the production in 

order to meet the demand, generating and culturing stable cell lines is important. Once these 

concerns are addressed, this platform will be able to be applied in multiple clinical settings such 

as cancer therapy or vaccination. 

 




