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a b s t r a c t

With the increasing demand for personalized and precise treatment, the rapid advancement of synthetic

biology technology has inevitably led to the development of nanobiology-based drug delivery systems.

Synthetic biology-based drug delivery systems are being increasingly used in the treatment of various

diseases. On one hand, synthetic biology technology enables the clever combination of chassis cells, bac-

teria, and their derivatives with nanomaterials, forming nano-artificial hybrid systems. These systems ef-

fectively integrate the functions of both materials, leading to further breakthroughs and optimization of

biological functions. On the other hand, synthetic biology strategies guide the self-assembly of modular

nanocomponents with biocatalytic or intelligent response functions, resulting in the mimicry of living cell

features such as compartmentalization of enzymatic reactions and responsiveness to external stimuli. This

provides novel design ideas for the construction of artificial cells. This paper aims to explore the construc-

tion and application of biogenic drug delivery systems based on whole cells, cell membrane-encapsulated

nanoparticles, exosomes, bacteria, bacterial outer membrane vesicles and artificial cells, taking into ac-

count recent advances in this field. The advantages and limitations of current synthetic biology-based

nanodrug delivery systems for clinical translation are discussed, and the future prospects of nanotechnol-

ogy for intelligent drug diagnostic and therapeutic systems are envisioned.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

A century ago, Paul Ehrlich, known as the pioneer of

chemotherapy, revolutionized the medical field by introducing the

concept of “magic bullets” to combat human ailments. This vi-

sionary idea of precise drug delivery, with its emphasis on high

efficacy, continues to shape modern drug discovery and serves

as a driving force for generations of scientists in their quest to

develop innovative strategies for drug administration [1,2]. There

is no doubt that this idea is very forward-looking and innova-

tive. In recent years, the rapid development of cutting-edge tech-

nologies in chemistry, biology, materials, and medicine has led to

widespread use of various engineered targeted delivery systems

based on nanobiology in disease diagnosis and personalized pre-

cision therapy.

For traditional engineered targeted delivery systems, re-

searchers have utilized the unique mechanical, chemical, and bio-

∗ Corresponding author.

E-mail address: lixiao@cicams.ac.cn (X. Li).

logical properties of nanomaterials to encapsulate biological agents

or drugs. The main purpose is to enhance drug stability and solu-

bility, facilitate drug penetration through tissue barriers, and pro-

long drug circulation time in the body to improve safety and ef-

ficacy [3–8]. The development and application of these drug de-

livery systems have partially addressed issues such as rapid blood

clearance, systemic toxicity, side effects, and poor stability of drugs

when administered in isolation [9–11]. However, traditional nano-

materials are primarily synthesized using physical and chemical

methods, which often involve raw materials, solvents, and modify-

ing molecules with potential biosafety and biocompatibility issues.

Additionally, the incomplete understanding of the underlying biol-

ogy of diseases and the yet unexplored heterogeneity among pa-

tients limits the ability of nanomedicine delivery systems to pre-

cisely respond to physiological and pathological differences. Con-

sequently, these systems fail to achieve the anticipated therapeutic

benefits [12].

With the introduction of the Precision Medicine Initiative in

2015 and the increasing popularity of precision medicine, there is

a need for custom-designed drug delivery systems in the next gen-

eration. These systems should be able to address multiple, distinct
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key targets, which will lead to greater demands on various disci-

plines such as genomics, molecular biology, chemical biology, and

materials science [13,14]. Therefore, realizing breakthroughs in the

synthesis theory and biological applications of nanomaterials has

become a key scientific issue for the transformative development

of this field, and the emergence of synthetic biology provides a

new innovative space for this purpose.

Synthetic biology primarily involves the targeted design, modi-

fication, and even complete resynthesis of existing living organisms

using engineering technology. The goal is to mimic the traits and

life processes of the target organisms, and when needed, to create

entirely new functions not found in nature [15,16]. There are two

main guiding concepts in synthetic biology research: the top-down

strategy and the bottom-up strategy. The top-down strategy en-

ables existing biological systems to acquire completely new func-

tions by constructing synthetic components with predictable and

controllable genetic, metabolic, or bio signaling networks based on

the current properties and functions of natural organisms [17,18].

On the other hand, the bottom-up strategy involves designing in-

dependent modules composed of non-natural components from

scratch, independent of existing biological systems and their func-

tions. These modules are then assembled and synthesized to cre-

ate synthetic artificial biological systems that do not exist in nature

[19–21]. In light of the distinct characteristics and requirements of

synthetic biology and nanobiology, the integration of nanomateri-

als and synthetic biology will be a pivotal trend in the advance-

ment of next-generation drug delivery systems. On one hand, syn-

thetic biology technology enables the intelligent fusion of chas-

sis cells, bacteria, and their modified derivatives with nanomate-

rials, resulting in the development of nano-artificial heterotrimeric

systems. These systems organically combine the functionalities of

both materials and facilitate significant breakthroughs and opti-

mization of biological functions [22–24]. On the other hand, guided

by synthetic biology, the self-assembly of modular nano-assemblies

with biocatalytic or responsive functions mimics essential fea-

tures of living cells, such as compartmentalization of enzymatic

reactions and susceptibility to external stimuli. This approach of-

fers novel design concepts for the construction of artificial cells

[25–27].

In summary, this paper focuses on the intersection of nano-

materials science and synthetic biology. We review the application

and research progress of the new generation of synthetic biology-

based nanomedicine delivery systems in precision and personal-

ized treatment of diseases (Table S1 in Supporting information).

Furthermore, we analyze the potential of these systems for clinical

applications such as vaccine development, early diagnosis, and pre-

cision treatment of diseases. We discuss the advantages and limi-

tations of the current synthetic biology-based nano drug delivery

systems for clinical translation, and we also envision the future

development of nanotechnology for intelligent drug diagnostic and

therapeutic systems.

2. Living cell-based drug delivery system

2.1. Whole cell-based drug delivery system

Cells have the inherent ability to sense the physiological envi-

ronment within the body and integrate physiological signals to re-

spond to its dynamics. As a result, cells have emerged as a promis-

ing natural vehicle for delivering therapeutic drugs [28–30]. In

comparison to synthetic nanoparticles, natural cell-based drug de-

livery systems exhibit excellent biocompatibility, biodegradability,

and low immunogenicity, all while retaining the intrinsic biolog-

ical properties and functions of the cells [31–33]. Firstly, specific

types of cells can leverage their unique biological properties to tra-

verse physiological tissue barriers, enhancing drug enrichment and

distribution in challenging-to-reach lesion sites. For instance, mes-

enchymal stem cells, neural stem cells, and macrophages, which

are natural cell carriers, cross the blood-brain barrier (BBB) for ef-

fective treatment of neurodegenerative diseases like Alzheimer’s

and Parkinson’s [34–36]. Moreover, the cell membrane structure,

as well as the proteins and carbohydrates present on its sur-

face, enable cells to effectively carry out their specific functions

in complex physiological environments [37]. For example, erythro-

cytes have a lifespan of up to 120 days in the circulatory sys-

tem, while stem cells from various sources possess different de-

grees of reparative and regenerative-promoting effects on neural,

cardiac, and bone tissues, among others [38–40]. Furthermore, im-

mune cells such as macrophages, neutrophils, T cells, and natural

killer (NK) cells exhibit inflammatory homing abilities and the abil-

ity to specifically recognize and eliminate tumor cells through sur-

face markers [41–43]. At the same time, cell-based drug carriers

also have great drug-carrying potential and can be adapted to dif-

ferent drug loading strategies. For instance, the phospholipid bi-

layer of the cell membrane is well-suited for loading hydrophobic

drugs, while the cytoplasmic compartments provide ample space

for loading hydrophilic drugs. Specifically, the membrane lipids and

proteins, which possess charged or reactive groups (e.g., amino

and sulfhydryl groups), can enable drug loading onto the cell sur-

face through physical adsorption (e.g., electrostatic interactions) or

chemical bonding [44]. Simultaneously, the separation of intracel-

lular space provides protection for drugs against degradation and

clearance by enzymes, acids, and other harsh factors in the phys-

iological environment, resulting in more efficient drug delivery to

the target lesion [45,46].

Notably, an increasing number of clinical studies have demon-

strated the positive and highly promising effects and progress of

chimeric antigen receptor T-cell (CAR-T) therapies in antitumor

therapy [47,48]. As a type of immune cell therapy, CAR-T therapy

utilizes the CAR gene to genetically engineer T cells. The mod-

ified T cells are capable of recognizing and killing tumor cells

without relying on major histocompatibility complex class I (MHC-

Ⅰ) [49]. Compared to traditional anti-tumor methods, CAR-T cell

therapy offers advantages such as high specificity, strong lethality,

and long-lasting efficacy. However, while CAR-T cells have demon-

strated good results in the treatment of hematological malignan-

cies, there are still challenges to overcome in the treatment of

solid tumors. These include immune escape due to tumor antigen

heterogeneity, physiological or cytokine barriers, and the tumor

microenvironment which contains immunosuppressive molecules

and cells that impede the entry and persistence of CAR-T cells

[50–52]. To address the limitations of conventional CAR-T thera-

pies, researchers have explored the modification of nanomaterials

with various functions, such as targeting, controlling, responding,

and tracing, on T cells [53–55]. Nonetheless, single CAR-T therapy

still retains some limited efficacy in solid tumors, and greater ther-

apeutic effects can be achieved by combining chemotherapy, pho-

tothermal therapy, metabolic modulation, or other immunothera-

pies. For example, Gu’s team combined photothermal therapy with

CAR-T therapy by locally injecting PLGA nanoparticles loaded with

the photosensitizer indocyanine green (ICG) at the tumor site. This

approach promoted the enrichment and activation of CAR-T cells in

solid tumors through photothermal therapy, enhancing the thera-

peutic effect on tumor treatment [54].

Limitations of current CAR-T therapies include decreased effec-

tiveness for epithelial malignancies with higher mortality rates.

As a result, Shivani et al. utilized cyclophosphamide (Cy) and ox-

aliplatin (Ox) to deplete lymphocytes in mice while simultane-

ously activating tumor macrophages to express T-cell-recruiting

chemokines (Fig. 1). This approach uses CAR-T cells to target

the tumor-associated antigen receptor tyrosine kinase-like orphan

receptor 1 for treatment. Experimental results showed that the
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Fig. 1. Srivastava et al. demonstrate that adding oxaliplatin to the lymphodepletion regimen given before CAR-T cell infusion activates lung tumor macrophages to produce T

cell-recruiting chemokines. This result improved CAR-T cell infiltration, tumor remodeling, and response to checkpoint blockade, providing a strategy to improve CAR-T cell

efficacy in the clinic. Copied with permission [56]. Copyright 2020, Elsevier.

combination of Ox/Cy and anti-programmed cell death-ligand 1

(anti-PD-L1) therapy improved CAR-T cell infiltration, remodeled

the tumor microenvironment, and increased tumor sensitivity to

anti-PD-L1 [56]. In vivo cell tracking techniques can provide bet-

ter understanding of the distribution, local infiltration, persis-

tence, and therapeutic efficacy of CAR-T cells. The Aras team de-

veloped a dual-mode positron emission tomography/near-infrared

fluorescence-based artificial heterogeneous CAR-T imaging plat-

form. This platform employs 89Zr and near-infrared fluorescence-

containing silica nanoparticles to label CAR-T cells. Dual-mode

positron emission tomography/near-infrared fluorescence imaging

enables in vivo biodistribution monitoring of CAR-T cells, providing

guidance for evaluating the treatment modalities of CAR-T thera-

pies in solid tumors [57].

In summary, natural cells from different kinds of sources are

ideal for drug delivery carriers due to their different ingenious and

efficient innate biological functions. More excitingly, the addition

of genetic engineering technology has provided an indispensable

driving force for the in-depth development of cell carrier technol-

ogy. Cellular carriers are endowed with the ability to autonomously

sense and respond to different physiological environments, and re-

alize intelligent spatio-temporal controlled release of drugs accord-

ing to the microenvironmental dynamics or the degree of disease

progression, thus accomplishing highly effective targeted therapy

of diseases.

2.2. Cell membrane-based drug delivery systems

Cell membrane-based drug delivery systems refer to the nano-

sizing of extracted cell membranes using nanotechnology to ob-

tain either nanoparticles encapsulated by cell membranes or

cell membrane nanoparticles alone. These systems are nature-

inspired biomimetic nano-delivery systems that combine synthetic

nanoparticles with natural biologically-derived materials, allowing

for the integration of the highly tunable physicochemical proper-

ties of synthetic nanomaterials and the complex biological func-

tions of host cell membranes [58–61]. During the early stages

of cell membrane encapsulation technology development, erythro-

cyte membranes were utilized to encapsulate synthetic nanoparti-

cles in order to extend their circulation cycle in vivo. Zhang et al.

first developed erythrocyte-encapsulated polymeric nanoparticles

in 2011, which exhibited a significantly longer cycling half-life

Fig. 2. Cell membrane-coated nanoparticles. A variety of cell types have been used

as sources of membranes to coat over nanoparticles. Each cell membrane type can

utilize unique properties to provide functionalities to nanoparticulate cores, the ma-

terial of which can be varied depending on the desired application. Copied with

permission [62]. Copyright 2022, Wiley.

(39.6 h) compared to polyethylene glycol (PEG)-modified nanopar-

ticles (15.8 h) (Fig. 2) [62,63]. Furthermore, mature erythrocytes

lack nuclei and various organelles, making them more conve-

nient for membrane separation and purification [39]. In addition,

cell membrane-encapsulated nanoparticles demonstrated satisfac-

tory stability in 100% fetal bovine serum medium compared to un-

encapsulated nanoparticles. This stability can be attributed to the

natural characteristics of cell membranes, particularly the presence

of membrane biomarkers that play a crucial role in maintaining

serum stability and resisting nonspecific protein adsorption.

With the rapid development of cell membrane camouflage

nanotechnology, an increasing number of cell membrane nanocar-

riers have been developed. These include platelet membrane

nanoparticles that can target inflammatory sites, tumor cell mem-

brane nanoparticles with a homing effect, neutrophil membrane

nanoparticles with a nano-sponge effect, and dendritic cell mem-

brane nanoparticles that are capable of stimulating the maturation

of T cells. For example, Liu et al. successfully constructed the AS-
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Fig. 3. Schematic diagram of targeted delivery of NPs to the ischemic brain through surface coating of membrane of CXCR4-overexpressing NSCs. NSCs are engineered

through lentiviral transduction to overexpress CXCR4. Cell membrane is extracted and coated onto the surface of PLGA NPs via extrusion. After intravenous administration,

the resulting CMNPs selectively accumulate in the ischemic microenvironment through interaction with SDF-1, a ligand of CXCR4 that is preferentially accumulated. CMNPs

locally release cargo therapeutics, such as glyburide, and promote stroke repair and recovery. Copied with permission [67]. Copyright 2019, Wiley.

PIRE nanovaccine by transfecting dendritic cells with recombinant

adenovirus to co-express specific peptide major histocompatibility

complex type 1 (MHC-I), anti-programmed cell death protein 1

(PD1) antibody, and B7 co-stimulatory molecules on the surface of

dendritic cells. The ASPIRE nanovaccine significantly improves the

delivery of antigens to the lymphoid organs and directly activates

both natural and depleted T cells, thereby clearing generated

tumors [64]. Zhang et al. used genetic engineering to express the

co-stimulatory marker CD80 on the surface of melanoma cells,

which were then encapsulated on the surface of nanoparticles.

This allowed the nanoparticles to present antigens in an immunos-

timulatory environment and activated T cells to control tumor

growth, enabling the development of multiantigenic, personalized

cancer immunotherapies [65]. Gu et al. used genetic engineering

to modify megakaryocyte progenitor cells to generate platelets

that overexpress programmed cell death protein ligand 1 (PD-L1).

These platelets accumulated in the inflamed pancreas of NOD

mice, inhibited the activity of pancreatic autoreactive T cells,

and protected insulin-secreting β-cells from destruction. At the

same time, this approach increased the percentage of regulatory

T cells to maintain immune tolerance in the pancreas, effectively

maintaining normoglycemia and reversing diabetes in NOD mice

[66]. The Zhou Jiang Corps team at Yale University encapsulated

membranes of C-X-C motif chemokine receptor 4 (CXCR4) overex-

pressing neural stem cells on the surface of poly(lactic-ethanolic

acid) acid nanoparticles (NPs). This utilization of the interac-

tion between CXCR4 and stromal cell-derived factor-1 (SDF-1)

significantly enhanced the efficacy of glibenclamide for stroke

treatment, providing a new idea to improve drug delivery to the

ischemic brain (Fig. 3) [67]. Chen et al. constructed a nanovaccine

by integrating CD47KO/CRT dual bioengineered B16F10 cancer cell

membranes and unmethylated cytosine-phosphoguanine (CpG)

adjuvant. This nanovaccine promotes endocytosis of antigens

and adjuvants in murine bone marrow-derived dendritic cells

and induces their maturation and antigen cross-presentation. To

avoid immune checkpoint molecule-induced T-cell dysfunction, an

immune checkpoint inhibitor, anti-PD-L1 antibody, was introduced

to promote tumor immunotherapy by combining with DBE@CCNPs

nanovaccine. This combination therapy strategy significantly alle-

viated tumor growth and provided potential strategies and ideas

for future clinical tumor immunotherapy [68].

In summary, the combination of modifying cells using syn-

thetic biology technology and reducing the size of their cell mem-

branes through nanotechnology can lead to the construction of cell

membrane nanocarriers with special functions. This advancement

greatly advances the development of this field.

2.3. Exosome-based drug delivery system

Exosomes are extracellular vesicles with a diameter of approx-

imately 80–180 nanometers and a classical “tear-drop-like” mor-

phology. They contain complex RNAs and proteins and are secreted

by cells. Exosomes play a crucial role in intercellular commu-

nication, affecting both physiological and pathological conditions

[69–75]. These vesicles contain lipids, proteins, and various types

of nucleic acids derived from cells and act as important carriers

of cellular communication. Due to their unique attributes, such as

low toxicity, low immunogenicity, biodegradability, and the abil-

ity to encapsulate endogenous bioactive molecules across physi-

ological barriers, exosomes hold significant therapeutic potential

[69,76–83].

However, the targeting ability of natural exosomes is poor

and cannot achieve real-time response to physiological signals or

controlled release of drugs. Therefore, synthetic biology techniques

have been used to modify targeting molecules on the surface of

exosomes or load nanoparticles into their lumen to enhance their

functions of active targeting, drug delivery, and therapy [84–89].

For example, Wood et al. developed an efficient, tissue-specific,

and non-immunogenic delivery technique. The investigators modi-

fied dendritic cells to overexpress Lamp2b, an exosomal membrane

protein fused to a neuron-specific rabies virus glycoprotein (RVG)

peptide. They then isolated and purified exosomes secreted by the

cells and loaded exogenous siRNA into them using electroporation.

By intravenously injecting these RVG-targeted exosomes, they

successfully delivered glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) siRNA specifically to neurons in the brain, microglia,

effectively reducing the expression of the BACE gene mRNA (60%)

and protein (62%) [90]. In addition, Yin et al. used the phage-
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screening peptide CP05 to capture, target-modify, and load “cargo”

into exosomes of different origins for diagnostic and therapeutic

tumor research. The phage peptide CP05 can capture exosomes

from different sources, including patient-derived exosomes, by

binding to the exosome surface protein CD63. Using CP05 as a

bridge, they coupled CP05 to target molecules (M12, RVG, SP94)

and then modified exosomes to target transport drug molecules

to specific organ tissues. In a mouse model of Duchenne muscular

dystrophy (DMD), CP05 coupled to phosphoramidodiamidomor-

pholine oligomers was modified on the surface of exosomes

and infused back to treat the mice. This approach significantly

increased the jumping efficiency of exon 23 and allowed for an

18-fold increase in the expression of the dystrophin anti-atrophic

protein in the quadriceps muscle. Studies have shown that

exosome-anchored peptides can directly and efficiently function-

alize and capture exosomes, providing tools for exosome engineer-

ing, in vivo gene function detection, and targeted therapeutic drug

delivery [91]. Furthermore, Zhang et al. designed and synthesized

a synthetic multi-antibody-targeted exosome expressing antibodies

to CD3, a membrane surface protein specifically expressed by T

cells, and epidermal growth factor receptor (EGFR), a membrane

protein specifically expressed by triple-negative breast cancer cells.

This system is capable of specifically directing T cells to the pe-

riphery of triple-negative breast cancer cells, thereby inducing an

immune response. The exosome was injected into a transplanted

tumor mouse model and demonstrated a significant anti-cancer

effect [92]. In summary, whether as a carrier for drug delivery or

acting as a display platform for biomolecules, exosomes modified

using synthetic biology are highly maneuverable and practical.

3. Drug delivery systems based on bacteria and their

derivatives

3.1. Bacteria-based drug delivery system

The human body serves as a natural habitat for a diverse range

of microbial communities, and the intricate interactions between

the host and the microorganisms within its body play a critical role

in human health and the development of diseases, among other

factors. Bacteria constitute an important component of these mi-

croorganisms. Various bacterial species, including both commen-

sal and pathogenic bacteria, employ biochemical signals to engage

in complex interactions with their hosts and exert influence over

host bodily functions by regulating the structure and functional-

ity of the microbiota [93]. Researchers have capitalized on these

characteristics by utilizing biomodule modification techniques in

synthetic biology, along with chemical component modifications

of nanomaterials, to achieve intricate modifications to live bacteria

and construct intelligent “nanohybrid bacteria”. This has enabled

the precise regulation of bacterial motility, metabolism, synthesis

of active molecules, controlled release, and other related behav-

iors [94–97]. Due to the unique immunosuppressive and hypoxic

environment present in tumor sites, bacteria can selectively colo-

nize tumor tissues, serving as targeted anticancer drugs or drug

carriers. Compared to passive therapies such as chemotherapy and

radiotherapy, which have low selectivity and permeability to tu-

mor tissues, “nanohybrid bacteria” can effectively target tumors,

produce cytotoxic molecules, sense the local environment through

physiological signals, and generate externally detectable signals.

Consequently, they can be employed as intelligent “robots” for pre-

cise and efficient cancer therapy [98–101].

For instance, Danino et al. designed a non-pathogenic E. coli

strain containing a synchronous lysis loop to specifically lyse and

release a nano-antibody antagonist of CD47, which is an anti-

phagocytic receptor commonly overexpressed in several human

cancer types, in the tumor microenvironment. The experimental

results demonstrated that the colonization of this strain at the

tumor site increased the activation of tumor-infiltrating T cells,

stimulated rapid tumor regression, prevented tumor metastasis,

and stimulated systemic tumor antigen-specific immune re-

sponses. This provides a proof-of-concept for engineered bacterial

immunotherapy-induced distant effects. Thus, this system enables

the targeted delivery of immunotherapeutic drugs in combination

with immunostimulatory bacterial lysis adjuvants to stimulate

antitumor immunity and promote tumor regression [102]. Ad-

ditionally, the team designed a probiotic system for controlling

the production and intra-tumor release of nanobodies targeting

PD-L1 and cytotoxic T-lymphocyte-associated protein-4 using a

stable lysate release mechanism. Experimental results in model

mice showed tumor regression with a single injection of the engi-

neered E. coli strain, as well as enhanced systemic tumor immune

responses compared to similar clinically relevant antibodies. These

findings suggest that the engineered probiotic system effectively

combines synthetic biology and immunology for improved delivery

of immune checkpoint blockers [103]. In another design, Wang’s

team genetically engineered bacteria using promoter plasmids re-

sponsive to blue light to achieve light-controlled protein expression

of transforming growth factor-β1 (TGF-β1) and interferon-γ (IFN-

γ ). The engineered bacteria were then wrapped with rare-earth

upconverting nanomaterials through chitosan-sodium alginate

crosslinking gel and orally delivered to the intestine. The rare-

earth upconverting nanomaterials converted near-infrared light

into locally effective blue light, avoiding damage to blue light-

sensitive tissues. This “bacteria-nanomaterials” hybrid system can

control the behavior of bacteria in the intestinal tract in vitro and

effectively inhibit ulcerative colitis and tumor growth in mice [99].

In summary, these preliminary studies demonstrate the safety

and efficacy of bacterial-based drug delivery systems in the treat-

ment of diseases. The studies have also shown good biosafety, a

convenient route of administration, high potential for customiza-

tion, and excellent efficacy. These qualities make bacterial-based

drug delivery systems a valuable option for future translational

medicine applications.

3.2. Drug delivery system based on bacterial outer membrane vesicles

Bacterial outer membrane vesicles (OMVs) are natural vesicles

primarily produced by the outer membrane outgrowth of Gram-

negative bacteria. OMVs are spherical lipid bilayer vesicles with

dimensions ranging from approximately 20–250nm. They are en-

riched with various pathogen-associated molecules derived from

bacteria, such as lipopolysaccharides, peptidoglycans, proteins, and

nucleic acids. These molecules have the ability to efficiently ac-

tivate the immune system and are commonly used as bacterial

vaccines, adjuvants, cancer immunotherapeutic agents, and drug

delivery vectors [104–109]. Genetic engineering modification of a

Gram-negative bacteria like E. coli allows for the expression of

antigenic fusions of influenza virus, human papillomavirus, pneu-

mococcus, Staphylococcus aureus, and Acinetobacter baumannii in

OMVs. This modification stimulates the production of specific anti-

bodies against these pathogenic microorganisms in the body, lead-

ing to effective preventative effects [110–117].

In addition to their role in the field of pathogenic microor-

ganisms, OMVs are also frequently used in tumor immunother-

apy. For instance, Ning’s team developed OMVs derived from trans-

genic E. coli that had been modified with αvβ3 integrin peptide-

targeting ligand and the photosensitizer ICG. These bacterial OMVs

displayed excellent penetration of the stratum corneum and spe-

cific targeting of melanoma. Under near-infrared (NIR) stimulation,

the photosensitizer ICG dissociates from the vesicles, leading to a

strong photothermal effect that rapidly eliminates the primary tu-

mor. Additionally, the NIR stimulation causes the release of tumor
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Fig. 4. OMV-PD1 accumulation at the tumor site increases the infiltration of im-

mune cells, such as dendritic cells (DCs) and NK cells, and activates an immune

response in vivo. At the same time, the PD1 ectodomain on the OMV-PD1 surface

blocks the PD1/PD-L1 interaction and protects CD8 T cells, which can then attack

tumor cells. Copied with permission [119]. Copyright 2020, American Chemical So-

ciety.

necrosis factor related apoptosis-inducing ligand from the OMVs,

which activates apoptosis in the tumor, providing the possibility

of completely eradicating melanoma with delayed recurrence and

metastasis [118]. Furthermore, Peng et al. demonstrated the sig-

nificant anti-tumor activity of OMVs. Upon intravenous injection,

OMVs specifically accumulated in tumor tissues and induced an

anti-tumor immune response that ultimately eliminated the tumor.

OMVs derived from different bacterial strains displayed excellent

inhibition of tumor growth in various tumor models, confirming

the overall effectiveness of OMVs in antitumor therapy. Notably,

the anti-tumor immune responses induced by OMVs were durable

and exhibited immune memory, as mice that were cured did not

experience relapse after receiving second and third inoculations of

tumor cells [118]. Building on these findings, Nie’s team fused and

expressed the extracellular region of the PD-1 molecule on the sur-

face of OMVs. This modification allowed the OMVs to not only ef-

fectively stimulate the immune system, but also inhibit the deple-

tion of immune cells by tumor cells, leading to a stronger anti-

tumor immune effect (Fig. 4) [119].

In summary, due to their exceptional performance, bacterial

outer membrane vesicles have garnered considerable attention and

have been applied in various areas such as drug delivery and vac-

cine carriers. However, our current understanding of their struc-

tures and compositions is still not sufficiently in-depth, and further

research and exploration are required before engineered bacteria

and their derivatives can be utilized on the clinical frontline.

4. Artificial cell-based drug delivery system

With the rapid development of synthetic biology technology,

based on the “bottom-up” guidance strategy, researchers have iso-

lated the smallest components of living systems and their bio-

chemical components for in vitro synthesis and reconstruction and

assembly to mimic biological processes in vivo or to give them un-

precedented new functions [120–123]. In contrast to the top-down

engineering approach, bottom-up assembled synthetic systems in-

volve only essential components, resulting in reduced susceptibility

to unwanted crosstalk, metabolic burdens, and toxic products.

The cell is both the basic structural and functional unit of an

organism and the smallest unit that carries out life activities and

has the ability to replicate independently. However, in exploring

the complex biological processes and the mechanisms and origins

of life, the cell’s complexity, fragility and susceptibility to inac-

tivation or death in vitro pose many challenges to this process

[124–128]. To gain a more comprehensive and profound under-

standing of these complex biological processes or to bestow un-

precedented functions to natural cells, researchers have endeav-

ored to isolate modular components from complex cellular sys-

Fig. 5. Artificial apoptotic cells loaded with itaconic acid (AI-Cells) are constructed,

wherein the compositions of the synthetic plasma membrane and surface topology

are rationally engineered. AI-Cells are predominantly localized to the liver and fur-

ther transport to hepatic macrophages. Intravenous administration of AI-Cells mod-

ulates macrophage inflammation to protect the liver from acetaminophen-induced

acute liver failure. Copied with permission [143]. Copyright 2023, Elsevier.

tems. Using bottom-up synthetic biology techniques, these mod-

ules are then functionally assembled to construct artificial cells

that emulate the basic functions from scratch.

The concept of artificial cells was first proposed in 1957 by

Chang, who successfully constructed vesicles using the lipids found

in cell membranes [129,130]. An artificial cell, as a closed vesicle,

has the ability to encapsulate biologically active substances such as

enzymes and gene sequences, allowing for the realization of bionic

functions or the development of previously impossible functions.

To achieve full autonomy and sustainability, the ideal artificial cell

should possess the following qualities [131–142]: (i) compartmen-

talization, (ii) energy supply, (iii) protein production to perform

fundamental functions, (iv) transport mechanisms across compart-

ment boundaries, (v) minimal metabolism, (vi) ability to replicate

genetic information, (vii) a machinery capable of cell division.

Brinker’s team also constructed artificial apoptotic cells (AI-

Cells) encapsulated with unmodified Chlamydia. Due to their simi-

larity in morphology and membrane composition to apoptotic cells,

AI-Cells were primarily localized to the liver and taken up by hep-

atic macrophages in a mouse model of acetaminophen (APAP)-

induced acute liver failure. Moreover, AI-Cells effectively miti-

gated APAP-induced liver injury by regulating macrophage func-

tion. Notably, AI-Cells trained hepatic macrophages to exhibit an

anti-inflammatory memory-like phenotype, significantly protecting

mice from liver re-injury. Mechanistically, AI-Cells inhibited the ac-

tivation of macrophage cysteinyl asparagin-1 and cleavage of pro-

interleukin-1β (IL-1β) into its active form via the NOD-like re-

ceptor thermal protein domain associated protein 3 (NLRP3) in-

flammasome. Therefore, this potential AI-Cells therapy, which fine-

tunes hepatic macrophages to orchestrate liver homeostasis, holds

promise for the treatment of liver failure (Fig. 5) [143].

Using synthetic materials, Gu’s team constructed a multicom-

partmental artificial β-cell with a glucose metabolism system and

a membrane fusion mechanism. This bionic artificial cell can accu-

rately distinguish between high and normal glucose levels through
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a sequential cascade of glucose uptake, enzyme oxidation, and pro-

ton exocytosis, thereby mimicking the glucose-responsive insulin

secretion of natural pancreatic β-cells. This responsive insulin se-

cretion provides new ideas and strategies for clinically improving

diabetic patients [144]. In a different study, Schroeder et al. devel-

oped artificial lipid vesicles containing the molecular mechanisms

required for transcription and translation. These vesicles obtain nu-

trients from their biological microenvironment to trigger the syn-

thesis of anti-cancer proteins within tumors. Experimental studies

demonstrated that co-incubating the artificial lipid vesicles capa-

ble of secreting the exotoxin Pseudomonas aeruginosa A (PE) with

4T1 breast cancer cells resulted in the majority of tumor cells

being killed. In mice bearing 4T1 tumors, local injection of PE-

secreting artificial lipid vesicles reliably induced apoptosis [145].

Gan et al. constructed smart glucose-responsive polymer vesicles

(PEP-PMs) using glucose-responsive polymers with modified pep-

tides that readily bind to the intestinal epithelial ganglioside-

monosialic acid receptor. This allowed for efficient intestinal ep-

ithelial cell transport and bulk aggregation in the liver, which in

turn regulated insulin release in response to glucose levels. The ef-

ficiency of in vivo liver-targeted delivery of insulin-releasing poly-

mer vesicles was demonstrated in diabetic rats, and the system

was shown to normalize hepatic glucose utilization. This system

acts as a therapeutic biomolecular system capable of triggering

cargo release through the combination of engineered modules sen-

sitive to a stimulus (hydrogen peroxide), which are generated in re-

sponse to an external signal (rising glucose concentration) by spe-

cialized metabolic modules. Importantly, the polymer vesicle com-

bines core concepts from biosensing and targeted drug delivery,

connecting them through a central compartmentalized response

and providing broader ideas for the further development of oral

insulin therapy [146].

In summary, the emergence of “artificial cells” provides a more

accurate and programmable platform for intelligent drug delivery,

vaccine design, and biosensing. It also offers greater possibilities

for clinical diagnosis and treatment of diseases. However, the tech-

nology is not fully developed and mature, and its design principles

and assembly laws still need improvement. Furthermore, support-

ing technologies such as in vivo trajectory detection, monitoring

of drug release behavior, and dynamic feedback of diagnostic and

therapeutic data need further establishment.

5. Summary and outlook

In recent years, with the vigorous development of synthetic bi-

ology research and technology, the new generation of drug delivery

systems has also accomplished epoch-making innovations. By un-

derstanding the mechanisms and laws of natural life systems, we

are able to integrate nanomaterials technology, develop technolo-

gies and tools to modify natural biological systems, and construct

artificial biological systems through the closed loop of “design-

construct-test”. This enables the intersection and empowerment of

nanomaterials and synthetic biology, and leads to the development

of a new generation of drug delivery systems. This intersection

and mutual empowerment allow for advancements in both build-

ing knowledge and building application in life science research and

biotechnology. These advancements involve both gradual evolution

and mutational leap. In terms of drug delivery systems, this pa-

per primarily focuses on the research progress of using whole cell-

based systems, cell membranes, exosomes, bacteria, and bacterial

outer membrane vesicles. It also discusses how synthetic biology

technology enhances natural biomaterials in terms of biocompati-

bility and biological breakthroughs.

Although significant advancements have been made in drug de-

livery systems engineered by synthetic biology, there are still ur-

gent problems and challenges that need to be addressed in terms

of clinical translation. For cell-based drug delivery systems, the

safety of nanomaterials used cannot be overlooked. Although the

biocompatibility of these nanomaterials has been well verified in

laboratory animals such as mice, rats, and rabbits, the feasibility

of applying them to clinical patients still presents a major chal-

lenge. Additionally, the precise control of chemical modifications,

especially in sensitive biomolecules or complex biological systems,

remains a direction of future research. Furthermore, the identifica-

tion and establishment of mass-production methods and standard-

ized routes for obtaining natural materials from different biological

origins, and the assembly of materials of natural origin and artifi-

cial nanomaterials to achieve simpler handling, higher throughput,

and lower-cost preparations, will greatly contribute to the clinical

application of such drug delivery systems.

This paper focuses on the latest research progress on artifi-

cial cell-based drug delivery systems in relation to “mutational

leapfrogging”. It summarizes the necessary components and mod-

ules for building such systems, as well as the new breakthroughs

in drug delivery and disease therapeutics achieved through cus-

tomized function editing and recombination. However, artificial

cell-based drug delivery systems still need to address many chal-

lenges. For example, in order to realize continuous monitoring,

diagnosis and treatment in vivo without external supervisory in-

tervention, more mature and perfect “artificial cells” should have

the following functions: (i) Ensuring a continuous and renewable

energy supply as the self-sustaining power module of the sys-

tem; (ii) Improving the sensitivity of regulatory mechanisms to ef-

fectively respond to conditions and resource allocation; (iii) Cor-

recting functional scaffolding modules, metabolic networks, and

replicative processes; (iv) Developing the ability to control and reg-

ulate the cellular system’s function.

The essence and core of artificial cells lies in design, specifi-

cally designing the components and structures at the bottom to

obtain purposeful functions at the top. Nevertheless, the intrin-

sic complexity of natural biomolecules, frequently integral compo-

nents of synthetic biology, significantly challenges engineering pre-

cision and quantitative control. Therefore, it is imperative to intro-

duce and apply computational biology and artificial intelligence-

related technologies more widely in the construction of artificial

biological systems. This includes creating or screening new biolog-

ical components, characterizing and improving the properties of

biomolecules, guiding the mining and design of catalytic compo-

nents, regulatory components, and biosensors, and predicting and

optimizing the design of screened gene circuits to achieve quanti-

tative and data-driven theories of synthetic biology.
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