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Abstract

In recent years, nanoparticles derived from cellular membranes have been increasingly explored 

for the prevention and treatment of human disease. With their flexible design and ability 

to interface effectively with the surrounding environment, these biomimetic nanoparticles can 

outperform their traditional synthetic counterparts. As their popularity has increased, researchers 

have developed novel ways to modify the nanoparticle surface to introduce new or enhanced 

capabilities. Moving beyond naturally occurring materials derived from wild-type cells, genetic 

manipulation has proven to be a robust and flexible method by which nanoformulations with 

augmented functionalities can be generated. In this review, an overview of genetic engineering 

approaches to expressing novel surface proteins is provided, followed by a discussion on the 

various biomedical applications of genetically modified cellular nanoparticles.
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1. Introduction

Recent advances in nanotechnology have overcome many challenges associated with 

traditional medicine by improving drug localization, retention, and bioavailability [1-4]. 

With the wide range of nanomaterials that are available, it is possible to develop custom 

nanotherapeutics that can effectively accomplish specific tasks. Each individual component 

of a nanoparticle plays an important role in its overall functionality [5]. For example, the 

nanoparticle core can be used to carry and release various payloads, while the primary 

responsibility of the nanoparticle surface is to interact with the surrounding environment. 

Traditional approaches to functionalizing the nanoparticle surface include the introduction 

of polymers such as polyethylene glycol, poly(amino acids), and polysaccharides, as well as 

individual ligands such as peptides and aptamers [6, 7].

In recent years, researchers have begun to develop biomimetic nanoparticles with enhanced 

biointerfacing capabilities by taking inspiration from living cells [8-10]. As cells have 

evolved to interact effectively with their surroundings to accomplish certain tasks, they 

possess a unique array of surface markers that assist them in carrying out their specific roles. 

By leveraging cell-derived materials such as the plasma membrane, it is possible to fabricate 

cellular nanoparticle formulations that mimic the capabilities of the original source cell 

[11, 12]. For example, red blood cells (RBCs) are capable of prolonged circulation in the 

body, and accordingly RBC membrane-coated nanoparticles have demonstrated drastically 

extended blood residence times [13, 14]. Platelet membrane can be used for immune evasion 

while bestowing additional properties such as an enhanced affinity for damaged vasculature, 

cancer cells, and pathogens [15-18]; these abilities result from surface display of various 

markers, including selectins, integrins, and von Willebrand factor receptors, among others 

[19-21]. Platelet membrane-coated nanoparticles have been leveraged to deliver therapeutic 

payloads for the treatment of restenosis, atherosclerotic plaques, strokes, tumors, and drug-

resistant infections [22-25]. White blood cells are another attractive membrane source, and 

they offer properties such as the recognition of pathogen associated molecular patterns 

and localization to sites of inflammation [26-28]. As such, white blood cell membrane-

coated nanoparticles have been developed for the treatment of autoimmune disorders, 

primary and metastatic tumors, and bacterial infections [29-33]. Beyond membranes derived 

from blood cells, cellular nanoparticles constructed with cancer cell membrane are well-

equipped for tumor treatment applications due to their inherent capability for immune 

evasion and homotypic binding [34-36]. Additional membrane coating sources include stem 

cells, epithelial cells, bacteria, and many others [37-42]. Overall, cell membrane coating 

nanotechnology has given rise to a versatile class of biomimetic nanoparticles that are 

inherently multifunctional and can outperform their traditional synthetic counterparts.

The popularity of cellular nanoparticles has resulted in a demand for methods to fine-tune or 

further augment their functionalities. The modification of wild-type cells and their derivative 

materials has allowed researchers to create customized nanoformulations beyond what can 

be achieved using natural cell membrane. Methods for modification include click chemistry, 

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

[43]. Lipid insertion can be used to introduce active targeting properties onto cell membrane 

by physically anchoring ligands which are not natively expressed [44-46]. This physical 
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process does not expose the cell membrane to damaging chemicals or solvents, thus ensuring 

the preservation of surface markers [47]. Mechanical methods such as extrusion can be 

employed to create hybrid membranes, which merge the functionalities of two different cells 

in order to combine their advantages [48, 49]. Hybrid membranes can also be generated by 

first fusing live cells together using chemical methods, followed by membrane derivation 

[50, 51]. Metabolic engineering leverages various pathways within living cells to incorporate 

modified carbohydrate residues that subsequently allow for the straightforward attachment 

of external ligands [52, 53]. In this review, we will focus on the genetic engineering strategy 

for modifying cellular nanoparticles (Fig. 1). Through the use of well-established gene 

manipulation approaches, new capabilities can be effectively and facilely integrated onto 

biomimetic nanoformulations that can be leveraged to better address critical areas of need in 

biomedicine.

2. Synthesis of genetically modified cellular nanoparticles

The modification of source cells via genetic engineering provides a facile methodology 

by which cellular nanoparticles can be functionalized for biomedical applications (Table 

1). Many approaches have been developed over the years [54], and they can largely be 

categorized based on their use of viral vectors, nonviral vectors, or physical disruption (Fig. 

2). Following modification, cellular material such as the plasma membrane can be isolated 

and used to fabricate biomimetic nanoparticles with unique properties.

2.1 Plasmid design for protein expression on the cell surface

As the synthesis of cellular nanoparticles oftentimes leverages the outermost membrane 

layer of the source cell, the ability to achieve surface expression of transgenes is highly 

desirable [55]. When overexpressing naturally occurring surface proteins, the genetic 

sequence itself will consist of a transmembrane domain to anchor the protein onto the 

cell surface [56]. This straightforward approach has been used to express receptors for virus 

neutralization [57], direct interfacing with specific cell types [58-60], improved circulation 

[61], and macrophage repolarization [62].

In many cases, it is necessary to express a protein that is not naturally bound to the cell 

surface [63]. To address this challenge, the gene of interest can be genetically fused to a 

signal peptide along with a transmembrane domain from a different protein. After expression 

in the target cell, the signal peptide will direct the fusion protein to the cell membrane [64], 

where the transmembrane domain will anchor the construct [65]. Through this approach, 

precise control over the presentation of the desired construct, including orientation and 

distance from the cell membrane, can be achieved [63]. This construction technique 

has already been widely used for the development of augmented cellular nanoparticles, 

including to present heterologous antigens for vaccination [66], targeting ligands [67], and 

immunomodulatory proteins [68].

2.2 Genetic modification using viral vectors

Viruses have evolved to be adept at entering mammalian cells, and in some cases they 

can effectively integrate their genetic material into the host genome. Taking advantage of 
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this property, viruses can be used to carry and deliver transgenes directly to target cells 

[69]. With their ability to achieve consistently high protein expression, viral vectors are 

a well-established tool for genetic engineering [70]. To date, a vast repertoire of viral 

vectors exists, including those based on retroviruses, lentiviruses, adenoviruses, and adeno-

associated viruses (AAVs), and each has its own advantages [71]. Notably, transduction can 

be made safer through the use of self-inactivating viral particles, which allows for delivery 

of the target gene without the danger of viral replication in the host [70].

Retroviruses are RNA-based and contain essential genes that encode for structural proteins, 

transcription and integration enzymes, and outer envelope glycoproteins [72]. These vector 

systems leverage the natural mechanisms of retroviral replication in order to stably express 

transgenes in transduced cells [73]. After cellular entry, the viral RNA is transcribed to 

produce double-stranded DNA, which is subsequently incorporated into the host genome 

with the help of integrase enzymes [74]. While standard retroviral vectors can induce high 

expression of a transduced construct, they cannot be used to modify quiescent cells [75]. A 

subclass of retroviruses known as lentiviruses provide a powerful tool for gene transfer that 

can be used with both non-dividing and dividing cells [76]. Overall, retroviral vectors can be 

used to genetically alter a wide range of cells, including primary neuronal and immune cells, 

and they typically have a packaging capacity of approximately 8 kb [77]. With their ability 

to induce stable transgene expression, retroviral and lentiviral vectors have been commonly 

used to develop cellular nanoparticle-based platforms. Through the production of stable cell 

lines, it is possible to decrease batch-to-batch variability and improve scalability. Notably, 

retroviral and lentiviral techniques have also been used to successfully modify cells for 

therapies currently being investigated in the clinic [78].

Adenoviruses and AAVs comprise a useful class of viral vectors that can infect a broad 

range of cell types [79]. Adenoviruses contain double-stranded DNA and possess a genome 

approximately 40 kb in length. On the other hand, AAVs contain a significantly smaller 

single-stranded DNA genome of 5 kb [80]. Between these two systems, there are several 

key differences, including their packaging capabilities, expression level, and duration of 

gene expression. Adenoviruses typically have a carrying capacity of 8 kb and can induce 

high expression of the target protein; however, the gene expression is transient, with high 

production starting as early as 16 hours post-transfection [81]. While AAVs have a lower 

packaging capacity of approximately 5 kb and elicit comparatively lower protein expression 

levels, they have the ability to integrate into the host cell genome for stable expression 

[82]. Compared to retroviral vectors, adenoviruses and AAVs are less favorable for the 

development of cellular nanoparticles due to their transient expression and lower packaging 

capabilities, respectively. However, AAVs also have a lower mutagenesis rate compared 

to retroviruses, thus making them a potentially safer alternative in clinical settings, where 

various therapeutic platforms based on the technology are being investigated [83].

Other viral vector systems have been developed using the herpes simplex virus (HSV) [84]. 

HSV comprises of an enveloped viral capsid containing a double-stranded DNA genome 

of approximately 150 kb in length. As a neurotropic virus, HSV vectors have significant 

potential towards the genetic engineering of neuron cells [85]. In order to improve their 

safety, HSV vectors are designed with partial deletions in their base genome. While they 
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have a high packaging capacity of over 30 kb, HSV vectors can only be used for transient 

protein expression [86].

2.3 Genetic modification using nonviral vectors

Without assistance, it is difficult for free genetic material to pass through the negatively 

charged membrane of a cell due to electrostatic repulsion forces. However, cellular entry 

can be facilitated through a process known as transfection using nonviral vectors [87]. 

This strategy generally employs positively charged reagents that interact efficiently with 

the genetic material, and the resulting complexes are often used to induce temporary 

gene expression [88]. Transfection is scalable and can be used to elicit high protein 

expression across many cell types in vitro, although many traditional platforms are limited 

by unfavorable toxicity profiles [89]. In the development of cellular nanoparticles, nonviral 

vectors are oftentimes restricted by transient gene expression, which can significantly 

increase the workload required for large-scale synthesis and negatively affect batch-to-batch 

variability. While time-consuming, it is possible to employ transfection to establish stable 

expression using an appropriate selection strategy [90].

Calcium phosphate coprecipitation represents one of the earliest methods of transfection 

[91]. By mixing DNA with calcium chloride and adding this mixture to a buffered 

phosphate solution in a controlled manner, a precipitate of DNA and calcium phosphate 

is formed. When added to cultured cells, these DNA-containing complexes can gain entry 

via phagocytosis. While this approach is facile, broadly applicable amongst different cell 

types, and inexpensive, transfection using calcium phosphate coprecipitates has a relatively 

low efficiency compared to other approaches [92]. This approach is also sensitive to changes 

in pH, temperature, and salt concentrations [93].

In recent years, lipid-based and polymer-based reagents have become more popular due to 

their higher transfection efficiency and improved batch-to-batch consistency compared to 

methods like calcium phosphate coprecipitation [94]. In each case, the positively charged 

groups on the lipid or polymer complex with the negatively charged nucleic acids. With a 

net positive charge that enhances their cellular interactions, the resulting nanocomplexes 

can achieve high transfection efficiencies [95]. Entry into the cell may be facilitated 

by endocytosis or by direct fusion with the plasma membrane [96]. Once the nucleic 

acids reach the cytosol, they are translated into their encoded proteins. Positively charged 

transfection reagents can be used to deliver nucleic acids of all sizes. While this approach is 

applicable across a broad range of cells, the efficiency can vary significantly depending on 

the targeted cell type, cell health, and the specific reagent that is employed [97]. Lipid-based 

and polymer-based transfection approaches have been successfully employed to genetically 

modify various cellular nanoparticle platforms [58, 60, 98].

2.4 Genetic modification by physical disruption

Rather than using a viral or nonviral carrier, cellular entry of free nucleic acids can 

be mediated by physically disrupting the cell membrane [99]. While the transformation 

of bacteria with foreign genetic material by this type of methodology is facile and well-

established [100], the modification of eukaryotic cells by physical disruption is a more 
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specialized process. This general approach, which relies on transient pore formation on 

the cell surface, can achieve high transfection efficiencies regardless of cell type, but its 

scalability is limited. One example is microinjection, a physical method that relies on the use 

of a needle to efficiently transfer DNA into the nucleus of a target cell [101]. Once within 

the nucleus, the exogenous DNA can integrate into the host genome, thus generating a 

stably modified cell. This technique offers impressive control over nucleic acid delivery and 

promotes efficient integration into the host genome, but it is time-consuming and expensive 

with a very low throughput [102]. Due to its inherently low throughput, in addition to the 

availability and simplicity of alternative approaches, microinjection has not been used thus 

far in the fabrication of cellular nanoparticles.

Another genetic engineering approach based on the physical disruption of cell membrane 

is electroporation [103]. During this process, a mixture of cells and exogenous DNA is 

pulsed with a strong electric field. This destabilizes the plasma membrane, allowing for 

passage of DNA from the surrounding environment into the cells. After the pulsing is 

completed, the membrane stabilizes with the genetic material trapped inside, where it can 

be expressed by endogenous cellular machinery [104]. This method can be used to achieve 

high transfection efficiency and is not limited by cell type; however, the main drawbacks 

of electroporation are the high rate of cell death and potential degradation of the nucleic 

acid material [105]. Although electroporation has not been leveraged to synthesize cellular 

nanoparticles, it could eventually prove to be useful due to its high efficiency and potential 

for genomic integration. For cell-based therapies, electroporation has been used to introduce 

a CAR construct and programmed cell death protein 1 (PD-1) onto T cells in a preclinical 

setting [106].

2.5 Cellular nanoparticle synthesis

While biomimetic nanoparticles can be constructed solely from cell-derived components 

[107-110], cell membrane-coated nanoparticles have gained popularity over the past decade 

due to their ability to combine the advantages of both natural and synthetic nanomaterials 

into a single platform [11, 12]. Their synthesis typically comprises of three distinct steps: 

isolation of membrane from cells, nanoparticle core preparation, and the coating of the 

membrane onto the nanoparticle core. The process of membrane extraction requires cells to 

be lysed, followed by purification of the membrane material from intracellular components. 

For anucleate cells such as RBCs and platelets, lysis can be achieved using either hypotonic 

treatment or repeated freeze and thaw cycles [111]. From here, centrifugation is used 

to isolate the membrane and remove soluble proteins. Nucleated cells are more difficult 

to process due to the presence of intracellular organelles. Various forms of membrane 

disruption, including homogenization, mechanical shearing, or nitrogen cavitation, have 

been employed [112]. Traditional homogenization techniques use shear force to physically 

break cells apart. They can be optimized for a variety of cell types, are relatively scalable, 

and do not require the introduction of additives [113]. Nitrogen cavitation relies on the 

formation of gas bubbles for cellular disruption [114]. Without friction and the resulting 

heat, nitrogen cavitation is a gentler process that may help to better preserve cell membrane 

proteins. From here, differential or gradient centrifugation techniques can be applied to 

isolate the plasma membrane and remove unwanted cellular debris.
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Cell membrane coating nanotechnology has been applied to a wide range of nanomaterials, 

resulting in the development of cell-mimicking nanoformulations with unique functionalities 

for biomedical applications [11, 12, 115]. Biodegradable organic cores, including those 

based on polymers such as poly(lactic-co-glycolic acid) (PLGA), have been widely used 

for their biocompatibility and ability to enhance to bioavailability of various drug payloads 

[13, 116]. Inorganic and metallic cores have also been popular due to their cargo loading 

capabilities, inherent bioactivity, and unique functions that can be employed for various 

therapeutic and diagnostic purposes. Examples of such platforms include mesoporous 

silica nanoparticles, upconversion nanoparticles, gold and silver nanoparticles, iron oxide 

nanoparticles, and metal–organic frameworks, among many others [24, 117-122].

After successfully obtaining the purified cell membrane and prefabricated nanoparticulate 

cores, a membrane coating process is required to form the final nanostructure. Currently, the 

two most common approaches for coating are either by physical extrusion or the application 

of ultrasonic energy [123]. For extrusion, the two components are mixed together and 

passed repeatedly through a porous membrane [13]. This mechanical process facilitates 

the disruption of the membrane structure, enabling it to assemble around the nanoparticle 

substrate and form a core–shell structure. Sonication similarly provides energy to drive 

the cell membrane coating process and represents a facile alternative to extrusion with the 

additional benefit of reduced material loss [124]. However, its disruptive nature may render 

it less suitable in situations where maintaining integrity of the membrane constituents is 

critical.

3. Applications of genetically engineered cellular nanoparticles

3.1 Nanodelivery

Nanomedicine has provided important solutions to many of the issues associated 

with traditional drug formulations. By overcoming poor bioavailability and unfavorable 

biodistribution, nanocarriers have been utilized to significantly improve the therapeutic 

index of drug payloads [125-127]. Various strategies can be employed to reduce clearance 

by mononuclear phagocytes and organs of the reticuloendothelial system [128, 129], 

therefore lengthening blood circulation time and enabling nanoparticles to take advantage of 

passive targeting effects based on properties such as charge, size, shape, and hydrophobicity 

[130-133]. Through optimized pharmacokinetics, nanodrugs have a higher chance of being 

utilized at their intended site of action, thus leading to improved bioactivity. Nanomedicine 

also offers various tools for active targeting to further improve drug delivery specificity [134, 

135]. This is generally achieved by attaching ligands onto the nanoparticle surface to take 

advantage of their affinity to unique or overexpressed biomarkers, including those found on 

sites of inflammation, tumors, or pathogens [136-138]. In traditional nanoparticle platforms, 

various ligands based on small molecules, peptides, aptamers, and antibodies have been 

widely used [139-143].

Cellular nanoparticles have proven to be highly effective as drug carriers with their 

ability to simultaneously achieve long circulation times and targeted delivery through the 

display of different surface markers [46, 59, 115, 144]. Genetically engineered cellular 

nanoparticles can be designed with additional functionality to further improve their utility 

Krishnan et al. Page 7

Biomaterials. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for treating cancer, inflammation, and stroke, among others. One strategy has been to 

use engineered source cells that express ligands with a strong affinity to specific disease-

relevant markers. For example, hepatocellular carcinoma, which overexpresses glypican-3, 

can be targeted by lentivirus-transduced chimeric antigen receptor (CAR)-T cells specific 

for the protein [145, 146]. Such CAR-T cell membrane has been coated onto mesoporous 

silica nanoparticles containing IR780, a photothermal and imaging agent (Fig. 3) [67]. 

The engineered nanoparticles demonstrated significant advantages for both photothermal 

therapy and imaging purposes when compared to their noncoated counterparts. Notably, the 

genetically modified formulation demonstrably increased local temperatures when exposed 

to near-infrared radiation, and this effect was used to suppress tumor growth. Much like 

cancer, sites of inflammation upregulate numerous biomarkers which can be targeted by 

the appropriate ligands [136, 147]. Taking advantage of this, C1498 cells were engineered 

by retroviral transduction to overexpress very late antigen 4 (VLA-4) to create cellular 

nanoparticles capable of specifically accumulating at sites of inflammation with high levels 

of vascular cell adhesion molecule 1 (VCAM-1) (Fig. 4) [59]. The nanoformulation was 

used to deliver the anti-inflammatory drug dexamethasone to treat a murine model of acute 

lung inflammation induced by the instillation of lipopolysaccharide.

Genetically engineered stem cell membrane-coated nanoparticles have also been used to 

target ischemia of the brain and extremities [148, 149]. Stromal cell-derived factor-1 

(SDF-1) is significantly upregulated by ischemic cells, and the marker can be targeted 

using C-X-C chemokine receptor type 4 (CXCR4) [150]. To take advantage of this, 

cellular nanoparticles were made using membrane from human adipose-derived stem cells 

retrovirally transduced to overexpress CXCR4 (Fig. 5) [148]. The membrane was coated 

around PLGA nanocores loaded with vascular endothelial growth factor (VEGF) in order 

to counteract the effects of ischemia. The engineered nanoparticles retained characteristics 

of the source cells such as immune evasion and endothelial penetration, while drastically 

increasing VEGF accumulation the site of ischemia in a murine model. This improved 

retention resulted in superior blood reperfusion, muscle repair, and limb salvage. Another 

work harnessed the SDF-1 and CXCR4 interaction for the treatment and imaging of 

stroke within the ischemic brain [149]. This platform utilized membrane from CXCR4-

overexpressing neural stem cells, which naturally possess tropism for the ischemic brain 

and are capable of penetrating the blood–brain barrier. The membrane was used to coat 

PLGA nanoparticles loaded with either the fluorescent agent IR780 or glyburide for imaging 

or stroke treatment, respectively. Compared to their wild-type counterparts, the engineered 

cellular nanoparticles demonstrated more favorable accumulation at the target site, enabling 

better imaging while enhancing mouse survival, reducing infarct volumes, and improving 

neurological scores.

Upon reaching their target cells, some therapeutic agents may require localization within 

a specific intracellular compartment in order to exert activity [151]. Along these lines, 

cellular nanoparticles have been successfully engineered for the cytosolic delivery of mRNA 

by taking advantage of the influenza hemagglutinin (HA) protein (Fig. 6) [98]. Usually, 

endosomal entrapment of nanoparticles after the cellular uptake poses a significant challenge 

due to harsh conditions that can destroy the therapeutic payload before it reaches the 

appropriate intracellular target [152, 153]. However, influenza HA has evolved to enable 
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viral entry into the cytosol upon being activated by the low pH of the endosomes [154]. 

By engineering the protein onto the surface of mRNA-loaded cellular nanoparticles via 

lipid-based transfection, endosomal escape functionality was successfully introduced, thus 

enabling cytosolic delivery of the payload [98]. Compared with wild-type membrane-coated 

nanoparticle controls, the HA-expressing nanoformulation was able to enhance mRNA 

transfection efficiency when administered via intranasal and intravenous routes into mice.

Beyond cell membrane-coated nanoparticles with a core–shell structure, genetic engineering 

has also been applied to cell membrane vesicle-based targeted delivery platforms, illustrating 

the broad applicability of this functionalization approach [155]. Genetically engineered 

membrane vesicles can either be harvested directly from cellular secretions such as 

exosomes, or they can be fabricated using whole cells as the starting material [156-159]. 

Similar to cell membrane-coated nanoparticles, these engineered vesicles can be loaded with 

therapeutics and applied towards many of the same applications [160-162].

Inflammation is a natural response to injury and infection that serves as a means for the 

body to protect itself. Inflammatory processes are essential in healing and maintaining 

tissue homeostasis; however, chronic inflammation can oftentimes lead to deleterious 

effects [163]. Many anti-inflammatory drugs suffer from low bioavailability and toxicity 

issues [164], which has motivated the development alternative treatments using biomimetic 

nanoparticle platforms [136, 165, 166]. Leveraging the fact that genetic engineering can be 

used to introduce anti-inflammatory markers onto the cell surface, a cellular nanoparticle 

formulation was developed by using an adenovirus to introduce interleukin 4 (IL-4) onto 

dendritic cell (DC) exosomes [68]. IL-4 can modulate immunity along the T helper 

1 (Th1)/Th2 axis, inhibiting IL-2 and interferon γ (IFN-γ) to suppress macrophage 

activation and reduce inflammatory responses [167]. Previous studies demonstrated that 

DCs expressing IL-4 could reverse the disease phenotype in a murine autoimmune arthritis 

model [168]. In the present example, administration of the IL-4-expressing exosomes helped 

to suppress inflammation in delayed-type hypersensitivity and collagen-induced arthritis 

murine models [68].

3.2 Cancer immunotherapy

From its ability to evade and suppress the immune system to its heterogeneity, cancer 

poses a significant challenge for current medical research [169, 170]. Traditional cancer 

therapeutic strategies, including surgery, chemotherapy, and radiotherapy, work to eradicate 

tumor cells, but they are oftentimes unable to prevent tumor recurrence [171]. More 

recently, immunotherapies have been developed that utilize the body’s immune system 

to fight malignant growths while encouraging the development of durable antitumor 

immunity. The approach can vary greatly, from the use of monoclonal antibodies and small 

molecule immunomodulators to the adoptive transfer of engineered T cells and therapeutic 

vaccination [172-175]. To overcome some of the challenges associated with traditional 

immunotherapeutic payloads, including limited tumor penetration, off-target toxicities, 

and low immunogenicity, a wide range of nanomedicine platforms have been developed 

[176-178], including various cellular nanoparticle formulations [179-182].
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Utilizing a genetic engineering approach, it was demonstrated that bacterial outer membrane 

vesicles (OMVs) can be modified to facilely present different antigens on their surface 

(Fig. 7) [66]. Escherichia coli was genetically modified for the surface expression of 

cytolysin A fused with either SpyCatcher or SnoopCatcher. The engineered OMVs could 

then be easily conjugated with tumor antigens fused respectively to the SpyTag or SnoopTag 

peptides via the spontaneous formation of an isopeptide bond. In an MC38 colon cancer 

model, administration of OMVs labeled with a tagged Adpgk neoantigen peptide strongly 

suppressed tumor growth, with 60% of treated mice showing complete tumor regression. 

Overall, this versatile and modular design approach can enable the quick development of 

new vaccine formulations without the need to completely reengineer the source bacteria 

every time.

Instead of delivering antigenic materials that need to subsequently be processed by antigen-

presenting cells (APCs), it is also possible to engineer cellular nanoparticles to directly 

stimulate antigen-specific T cells. In a notable example, a nanoscale artificial APC platform 

was developed to activate tumor-targeting T cells (Fig. 8) [58]. In order to provide an 

immunostimulatory signal, the costimulatory marker CD80 was engineered onto the surface 

of cancer cells, and the membrane from these engineered cells was subsequently used to coat 

PLGA nanoparticle cores. By displaying CD80 along with native tumor epitopes presented 

via major histocompatibility complex I, the nanoformulation was able to significantly 

activate antigen-specific T cells. Mice treated with the artificial APC nanoparticles exhibited 

reduced tumor growth and extended survival rates.

Nanovesicles displaying checkpoint blockade molecules have also been developed using 

genetic engineering approaches in order to enhance antitumor immune responses. In an 

example, HEK293T cells were manipulated to constitutively express PD-1 (Fig. 9) [60]. 

Nanovesicles were then fabricated by extruding the PD-1-expressing membrane from the 

engineered cells. The formulation was also loaded with an indoleamine 2,3-dioxygenase-1 

inhibitor as a means to further overcome the immunosuppressive tumor microenvironment. 

Mice treated with the nanovesicles demonstrated significant tumor regression and improved 

survival. In another study, PD-1-expressing platelets were engineered from megakaryocyte 

progenitors [183]. This platform utilized the natural homing of platelets to post-surgical 

tumor sites in order to maximize the ability of the PD-1 to reverse T cell exhaustion. 

In vivo, the engineered cellular nanoparticles were able to delay tumor growth with no 

systemic toxicities. In conjunction with the chemotherapeutic agent cyclophosphamide, the 

nanoformulation was able to eradicate residual tumor cells and significantly reduce the 

incidence of relapse.

3.3 Vaccination against pathogens

Historically, vaccines have helped to control the severity and spread of many deadly and 

harmful pathogens [184]. Unfortunately, not all infectious diseases are preventable by 

vaccination [185], which has resulted in the development of novel vaccine nanoformulations 

with the potential to promote sterilizing immunity against various bacteria and viruses [186]. 

Along these lines, cellular nanoparticles have the ability to excel due to their inherently 

multiantigenic nature, unique biointerfacing properties, and design flexibility [187].
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The use of bacterial outer membrane vesicles (OMVs) represents a promising approach 

for delivering multiantigenic material to the immune system for eliciting antibacterial 

immune responses [40, 187, 188]. OMVs naturally possess many of the same biochemical, 

immunogenic, and antigenic properties as their source bacteria. When used as a 

vaccine, OMVs derived from Acinetobactor baumannii were able to generate strong 

cytokine and antibody responses in immunized mice that protected them against sepsis 

[189]. Highlighting the potential of OMV platforms, the United States Food and Drug 

Administration approved Bexsero, which contains meningococcal group B OMVs, as a 

vaccine to protect against Neisseria meningitidis [190]. While wild-type OMVs can mediate 

strong protective immune responses [188, 191], their potent immunostimulatory properties 

may present safety issues when administered into healthy recipients. Genetic engineering 

has thus been employed as a method to decrease the potential toxicities associate with the 

in vivo use of bacterial components [192]. In one example, a Staphylococcus aureus strain 

was genetically modified to delete the agr locus, which reduced virulence factor production 

and improved their safety profile [193]. Extracellular vesicles from the bacteria were also 

genetically engineered to carry heterologous antigens derived from the dengue virus, and 

the resulting vaccine formulation was shown to be safe and elicited broad protection against 

four dengue strains. Different studies explored deletion of the lpxL1 and lpxL2 genes, 

which encode for lipid enzymes, in N. meningitidis to reduce lipopolysaccharide expression 

and thus reduce the toxicity of the bacteria’s OMVs [194, 195]. This platform was still 

able to successfully induce proinflammatory cytokines such as IL-6 and IL-1β, as well as 

promote dendritic cell maturation. Building on this approach, another study functionalized 

OMVs derived from E. coli to display the influenza M2 matrix protein ectodomain [196]. 

These OMVs were also genetically remodeled to express a safe form of lipopolysaccharide 

unable to activate human Toll-like receptor pathways. Prophylactic studies using these 

modified OMVs showed higher antibody responses, which resulted in complete survival in 

an influenza challenge model. The platform was able to elicit protection against multiple 

strains of influenza, thereby demonstrating it broad protective capabilities.

Genetically modified OMVs expressing specific glycans or other bacterial antigens have 

also demonstrated potential for vaccine applications. Studies have shown that OMV glycan 

modifications can significantly enhance innate immune responses [197-199], thus reducing 

the need to work with larger amounts of bacterial material. Glycoengineered OMVs 

expressing capsular polysaccharides from Streptococcus pneumoniae or a heptasaccharide 

derived from Campylobacter jejuni both induced significant antigen-specific antibody 

responses [197]. The OMVs from one bacterial species can be used to boost the immune 

responses against antigens from different bacteria using engineering approaches. For 

example, OMVs derived from E. coli were engineered to express a glycan epitope associated 

with N. meningitidis infection, enabling strong IgG responses to be generated against 

the antigen [198]. In a serum bactericidal activity assay, the antibodies generated by this 

nanovaccine formulation potently killed N. meningitidis. This platform was also used to 

express the O-antigen polysaccharide from F. tularensis, resulting in complete protection 

against challenge with the bacteria [199]. In a similar type of concept, E. coli OMVs 

were genetically modified to express Omp22, an outer membrane protein of A. baumannii, 
conjugated with cytolysin A for membrane presentation (Fig. 10) [200]. When immunized 

Krishnan et al. Page 11

Biomaterials. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with these genetically modified OMVs, mice displayed high Omp22-specific titers and had 

greatly reduced bacterial burden in their major organs after challenge with A. baumannii.

3.4 Detoxification

Due to their ability to effectively interact with various biological moieties, cellular 

nanoparticles can be leveraged for biodetoxification applications. One example is for 

antivirulence therapy, where the neutralization of toxins secreted by pathogens can enhance 

the body’s ability to fight infection [201]. Along these lines, cell membrane-coated 

nanosponges have been developed as decoys to bind and neutralize pore-forming toxins 

(PFTs) [202]. The nanosponge concept is powerful because it can be generalized to many 

toxins, pathogens, and pathological antibodies or cytokines based on their mechanism of 

action [202-207], which is in stark contrast to antibodies that can only bind to a single 

structural epitope [208]. On top of various strategies to enhance toxin binding, including 

augmenting the membrane by physically inserting molecular attractants [209], the specificity 

of nanosponges can be improved by genetic engineering. A study leveraged this approach to 

formulate a decoy nanoparticle to protect against COVID-19 [57]. The cell membrane from 

HEK293T cells transfected to express angiotensin converting enzyme II (ACE2), a receptor 

for severe acute respiratory syndrome coronavirus 2, was fused with the membrane from 

THP-1 monocytes. By expressing ACE2, the resulting nanodecoys were able to compete for 

virus binding with source cells to help prevent infection. At the same time, the monocyte 

membrane component was able to neutralize inflammatory cytokines such as IL-6 and 

granulocyte-macrophage colony-stimulating factor to reduce lung injury.

4. Conclusions

As cellular nanoparticles have been increasingly explored for various biomedical 

applications, novel approaches for further enhancing their functionality have emerged. 

As we have discussed in this review, genetic engineering is a powerful method for 

generating cell-derived nanomaterials that can offer additional benefits beyond what can 

be provided by wild-type cells. Engineered cellular nanoparticles can outperform traditional 

nanomedicine platforms through properties such as improved targeting to disease sites, 

enhanced immune activity, and reduced toxicity. The strategies discussed in this review 

highlight the exceptional flexibility offered by genetic engineering in the design of novel 

nanotherapeutics and nanovaccines. Moving forward, there are some particular challenges 

that must be taken into consideration. First, since cellular nanoparticles are derived from 

living cultures, there is inherent batch-to-batch variability. Accordingly, the expression level 

of genetically engineered markers must be carefully monitored, and the use of low passage 

number cell stocks may be helpful in ensuring consistency. Additionally, the expression 

of exogenous proteins on cellular nanoparticles can provoke immune responses upon in 

vivo administration. While this is often beneficial for immune modulation applications 

such as vaccination, carrier-specific immunity can reduce the performance of nanodelivery 

vehicles over time. This may be mitigated by expressing ligands that naturally are lowly 

immunogenic or by applying more sophisticated techniques to remove any immunodominant 

epitopes on the proteins of interest [210]. As more research is conducted on genetically 

engineered platforms, these challenges will eventually be overcome. This is supported 
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by the fact that there has been a sharp rise in genetically engineered cellular platforms 

reaching the clinic in recent years [211-213]. Notably in 2017, the United States Food 

and Drug Administration approved a CAR-T cell therapy that targets B cell lymphoma 

[78]. Subsequently, CAR-T cells have been increasingly explored for the treatment of other 

cancers, including solid tumors expressing epidermal growth factor receptor, mesothelin, 

and epithelial cellular adhesion molecule [214-216]. Following these trends, with their 

great design flexibility, enhanced functionality, and biocompatibility, engineered cellular 

nanoparticles present an attractive option for addressing some of the most important 

challenges facing the biomedical field.
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Fig. 1. Evolution of genetically modified cellular nanoparticles.
With their flexible design and the ability to custom-tailor their functionality, genetically 

modified cellular nanoparticles offer improvements over conventional therapeutic 

approaches for biomedical applications. Created with BioRender.
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Fig. 2. Fabrication of genetically modified cellular nanoparticles.
Wild-type cells are genetically engineered using either a viral vector, nonviral vector, 

or physical disruption. Cellular components such as the plasma membrane can then be 

harvested to fabricate cellular nanoparticles with enhanced functionalities. Created with 

BioRender.
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Fig. 3. CAR-T cell membrane-coated nanoparticles for anticancer phototherapy.
(A) T lymphocytes are engineered to express a CAR construct specific for an overexpressed 

hepatocarcinoma antigen. Membrane derived from these cells is then used to coat IR780-

loaded mesoporous silica nanoparticles (IM), yielding the final CAR-T cell membrane-

coated nanoformulation (CIM). (B) After intravenous injection, the CIM nanoformulation 

significantly increases intratumoral temperatures when exposed to near-infrared irradiation 

(NIR). (C) Intravenous administration of CIM with subsequent exposure to NIR 

significantly suppresses tumor growth. Adapted with permission [67]. Copyright 2020, 

Ivyspring International Publisher.
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Fig. 4. Engineered cell membrane-coated nanoparticles for inflammation targeting.
(A) Membrane derived from wild-type cells engineered to express VLA-4 is coated onto 

polymeric nanoparticles carrying dexamethasone (DEX). The resulting nanoparticles target 

the inflammatory marker VCAM-1 on vascular endothelial cells, thereby reducing local 

inflammation. (B) When administered intravenously, the VLA-4 expressing-nanoparticles 

(VLA-NP) target the lungs more efficiently than wild-type nanoparticles (WT-NP). (C) 

The toxicity of DEX is reduced upon encapsulation into VLA-NP (VLA-DEX-NP). (D) 

VLA-DEX-NP reduces proinflammatory cytokine production in an animal model of acute 

lung inflammation. Adapted with permission [59]. Copyright 2021, American Association 

for the Advancement of Science.

Krishnan et al. Page 28

Biomaterials. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Engineered stem cell membrane-coated nanoparticles for ischemia treatment.
(A) The membrane from stem cells genetically engineered to express surface CXCR4 for 

ischemia targeting is used to coat VEGF-loaded nanoparticulate cores. (B) Intravenous 

administration of the engineered nanoparticles improves perfusion of ischemic limbs. (C) 

The improved perfusion due to the nanoparticles results in higher degrees of limb salvage. 

Adapted with permission [148]. Copyright 2018, Elsevier.
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Fig. 6. Engineered cell membrane-coated nanoparticles for cytosolic mRNA delivery.
(A) Cells are genetically modified for the surface expression of viral hemagglutinin (HA), 

which enables mRNA-loaded nanoparticles coated with the HA-expressing membrane 

(HA-mRNA-NP) to achieve endosomal escape after cellular uptake. (B,C) HA-mRNA-NP 

promote in vivo expression of a Cypridina luciferase-encoding payload after intranasal (B) 

or intravenous (C) administration. Adapted with permission [98]. Copyright 2021, Wiley-

VCH.
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Fig. 7. Engineered OMVs as a versatile antigen display platform.
(A) SpyCatcher (SpC) and SnoopCatcher (SnC) are genetically introduced onto the surface 

of OMVs via fusion with cytolysin A (ClyA). Antigens labeled with SpyTag (SpT) or 

SnoopTag (SnT) can then be readily conjugated onto the surface of the OMVs. (B) 

Engineered OMVs expressing the MC38-related antigen Adpgk are able to significantly 

suppress tumor growth and improve survival in an MC38 tumor model. Adapted with 

permission [66]. Copyright 2020, Springer Nature.
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Fig. 8. Engineered cell membrane-coated nanoparticles for direct antigen presentation.
(A) Wild-type cancer cells are engineered to express a costimulatory signal alongside 

their native MHC-I antigens. Nanoparticles coated with the membrane derived from these 

engineered cells can generate anticancer immunity by directly activating tumor-specific T 

cells. (B) Prophylactic immunization with the engineered nanoparticles significantly slows 

tumor growth and improves survival in a murine cancer model. Adapted with permission 

[58]. Copyright 2020, Wiley-VCH.
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Fig. 9. Engineered cell vesicles for cancer immunotherapy via PD-1 blockade.
(A) The membrane from HEK293T cells engineered to express PD-1 is used to form 

nanovesicles, which are then loaded with 1-methyl-tryptophan (1-MT), an indoleamine 

2,3-dioxygenase-1 inhibitor. (B) Therapeutic treatment of tumor-bearing mice with the 

genetically engineered nanovesicles carrying 1-MT (G7) suppresses tumor growth and 

improves survival compared to controls of saline (G1), wild-type nanovesicles (G2), free 

1-MT (G3), empty engineered nanovesicles (G4), free 1-MT inhibitor with wild-type 

nanovesicles (G5), and free 1-MT with anti-PD-L1 (G6). (C) Treatment with the engineered 

nanovesicles carrying 1-MT generates a high intratumoral percentage of CD8+ T cells. 

Adapted with permission [60]. Copyright 2018, Wiley-VCH.
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Fig. 10. Engineered E. coli OMVs expressing heterologous A. baumannii antigens for vaccination.
(A) A. baumannii Omp22 is introduced onto the surface of E. coli OMVs through genetic 

fusion with the cytolysin A (ClyA) protein. (B) Vaccination with the engineered OMVs 

protects against A. baumannii infection, leading to reduced bacterial burden. Adapted with 

permission [200]. Copyright 2016, Springer Nature.
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Table 1.
Examples of genetically engineered cellular nanoparticle platforms.

Wild-type cells can be genetically engineered to modulate their protein expression. Nanoparticles derived from 

these modified cells exhibit unique functionalities that can be leveraged for various biomedical applications.

Cell type Modification Engineering
method Application Ref.

Nanodelivery

Primary T cell Anti-glypican 3 CAR Lentiviral transduction Delivery of photothermal agent to hepatocellular 
carcinoma cells [67]

C1498 (acute myeloid 
leukemia) VLA-4 Retroviral transduction Targeting VCAM-1 in inflammation sites and 

delivery of dexamethasone [59]

Adipose-derived stem 
cell CXCR4 Retroviral transduction Targeting SDF-1 in inflammation sites and 

delivery of VEGF [148]

Neural stem cell CXCR4 Lentiviral transduction
Targeting SDF-1 in inflammation sites and 
delivery of VEGF through the blood–brain 

barrier
[149]

B16F10 (melanoma) Influenza HA Lipid-based transfection Improved endosomal escape for increased 
cytosolic delivery [98]

Dendritic cell IL-4 Adenovirus transduction Delivery of IL-4 to suppress inflammation in 
arthritis [68]

Cancer immunotherapy

E. coli (OMV)

Cytolysin A-SpyCatcher

Bacterial transformation Presentation of tumor antigens alongside 
immunostimulatory OMVs [66]Cytolysin A-

SnoopCatcher

B16F10 (melanoma) CD80 Lipid-based transfection Direct activation of tumor-targeting T cells [166]

HEK293T PD-1 Lipid-based transfection Targeting to PD-L1 on melanoma cells and 
delivery of anti-immunosuppressive molecules [60]

Platelet PD-1 Lentiviral transduction Reversal of T cell exhaustion in post-surgical 
cancer sites [183]

Vaccination against pathogens

S. aureus
Deletion of agr locus

Bacterial transformation Broad-spectrum protection against dengue virus [193]
Dengue virus antigens

E. coli (OMV)
Glycan epitope associated 

with N. meningitidis 
infection

Bacterial transformation Protection against N. meningitidis [198]

E. coli (OMV) F. tularensis O-antigen 
polysaccharide Bacterial transformation Protection against F. tularensis [199]

E. coli (OMV) Omp22-Cytolysin A Bacterial transformation Protection against A. baumannii [199]

Detoxification

HEK293T ACE2 Lipid-based transfection Detoxification of SARS-CoV-2 to prevent 
infection [57]
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