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and Cellular Life
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with simple primitive life. However,
whether life emerges from scratch from
nonliving matter remains a mystery.
Accordingly, understanding the fundamental principles of life processes is still
a major scientific challenge.[1] Engineers
can create a biological environment absent
in nature by employing synthetic biology
tools, thus allowing the discovery and
elucidation of fundamentally complex
biological cells in ways that remain currently impossible.[2] As a result, its
essential goal is to regulate the required
components to enhance their complexity
as the need for comprehension grows.[3]
To address fundamental questions
regarding the transition from chemistry to
biology, the chemical techniques applied to
non-living matter to produce life are divided
into top-down or bottom-up synthesis.[2]
The majority of the top-down approaches
have focused on genetic engineering and
molecular biology techniques applied to
prokaryotes such as Escherichia coli (E. coli),
Klebsiella pneumonia (K. pneumonia), and
others to isolate and generate enzymes,
drug precursors, and biofuels for their
application in health, bioremediation, environmental, and other
therapeutic strategies.[4,5] A bottom-up approach is typically
used to create new life-like features, known as artificial cells,
from cellular components or non-living matter, to better understand specific cellular characteristics and the origin of life.
The generation of an artificial cell factory provides a foundation for critical cell biology research. However, the concept
of an artificial cell can be controversial, as factors such as
cell size, genetic composition, and morphological similarity
need to be considered.[6] Vesicles such as giant unilamellar
vesicles (GUVs), polysaccharidosomes, membrane-less coacervate microdroplets, and hydrogel particles are being explored
to mimic the cell organelles and provide a functional unit to
address their issues.[7–10] Though synthetic micro or nanoreactors have been used to mimic life-like functions and to learn
about the fundamental biology of natural cells, constructing
a life-like structure out of non-living building blocks remains
a considerable challenge. In this review, we focus on hybrid
approaches that use both natural and synthetic materials to
mimic and interface with biological systems (Figure 1). Using
hybrid vesicle micro or nanoreactors, bioinspired life-like
functions such as chemical compartments, cascade signaling,
energy generation, growth, replication, and environmental

A cell, the fundamental unit of life, contains the requisite blueprint information necessary to survive and to build tissues, organs, and systems, eventually forming a fully functional living creature. A slight structural alteration
can result in data misprinting, throwing the entire life process off balance.
Advances in synthetic biology and cell engineering enable the predictable
redesign of biological systems to perform novel functions. Individual functions and fundamental processes at the core of the biology of cells can be
investigated by employing a synthetically constrained micro or nanoreactor.
However, constructing a life-like structure from nonliving building blocks
remains a considerable challenge. Chemical compartments, cascade signaling, energy generation, growth, replication, and adaptation within micro
or nanoreactors must be comparable with their biological counterparts.
Although these reactors currently lack the power and behavioral sophistication of their biological equivalents, their interface with biological systems
enables the development of hybrid solutions for real-world applications, such
as therapeutic agents, biosensors, innovative materials, and biochemical
microreactors. This review discusses the latest advances in cell membraneengineered micro or nanoreactors, as well as the limitations associated with
high-throughput preparation methods and biological applications for the realtime modulation of complex pathological states.

1. Introduction
Abiogenesis, or the origin of life, is the concept that nonliving
matter or specific organic chemicals can generate life. Current
complex multicellular organisms have evolved via a series of
steps, beginning with the nonliving matter, and culminating
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adaptation are demonstrated. Here, we discuss the strategies for constructing cell membrane-engineered hybrid synthetic vesicles and their biomedical applications, as well as the
remaining challenges and future research opportunities.

2. Life-Like Functions of Artificial Cells
and Organelles
The precise synchronization of the chemical reactions inside
the cells renders them into perfectly compartmentalized microreactors, where numerous chemical reactions are known to
occur simultaneously.[11] Conversely, the interactions among
the various chemical pathways complicate the elucidation of
the role of the individual elements. Accordingly, the cell-sized
environment using the artificial cell platform is critical for
comprehending these complex biochemical reactions involving
multiple enzymes. Based on the composition and configuration of the materials, the size of an artificial cell varies from
molecular- to macro-sized, exceeding 2 mm in diameter.[12] Various building components, such as phospholipids, amphiphilic
polymers, hybrid composites, and cell membrane-derived materials, are utilized to generate cell-sized microreactors that must
meet a minimum of fundamental criteria, including dynamic
statuses, such as replication, motility, energy transformation,
sensing, and signaling, at the molecular and macroscopic
levels.[6,13] The presence of specific systems and structures
within the compartment helps it to perform all of these functions. A promising avenue of investigation in this area would
be the application of artificial cell models to try to comprehensively clarify the natural processes of an individual cell by
replacing living cells with functional micro or nanoreactors.

2.1. Metabolism and Energy Conversion
Living systems require energy to perform a variety of life functions, including growth, motility, and reproduction. This energy
is obtained through metabolism, a dynamic assortment of
chemical reactions during which a catalyst interacts with substrates to form building blocks and adenosine triphosphate
(ATP).[11,14] Few studies have attempted to convert chemical
energy into ATP in an artificial cell, mimicking cellular respiration or photosynthetic systems.[15] A very interesting system
modifies the artificial cell to create energy in the presence of
light in a process involving an ATP synthase combined with
bacterial rhodopsin or a proton gradient system.[16–18] Another
approach for obtaining a continuous flow of energy would be
to embed a natural membrane protein or chemical catalyst on
an artificial cell to create a proton gradient and generate ATP
in the presence of nicotinamide cofactors. Therefore, reconstructing a complex natural system within the artificial cell can
aid the investigation of the generation of energy with life-like
behavior.[19] These experimental successes combining membrane engineering techniques have opened a new era in the
utilization of micro and nanoreactors as artificial cells and organelles for enzyme-driven biocatalytic reactions.
2.2. Growth and Division
An artificial cell needs to replicate all its vital components
during the growth or the division phases.[20] The number of
fatty acids, phospholipids, or polymers incorporated in the
presence of external stimuli or driving force, electrostatic interaction, or a combination of both, determines the growth of the

Figure 1. Schematic depicting top-down and bottom-up approaches for designing multifunctional synthetic vesicle micro or nanoreactors. Higherorder functions could be replicated for biomedical applications by starting with a real cellular system, extracting the cell membrane, and incorporating
it into a biomimetic system composed of nonliving matter.
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artificial cell.[21,22] The presence of a catalyst on the membrane
hydrolyzes the cationic precursor, leading to cell growth.[23]
Membrane fusion can increase compartment size, induced by
various stimuli such as osmotic and electrostatic action.[24] The
expansion of the membrane affects the surface-to-volume ratio,
diluting the incorporated molecule after growth. To sustain
homeostasis during growth, the metabolic machinery should
replicate in tandem with membrane growth.[25]
Cell division is an essential step to produce new progeny
but can be challenging to maintain in artificial cells. Processes
such as budding and fission are associated with external forces
such as shearing, volume reduction, and phase separation in
artificial cell generation.[23,26] Cell division distributes the compartment responsible for genome replication in the living cell,
which is extremely difficult to replicate in an artificial cell.[27]
However, Osawa et al. demonstrated that proteins such as FtsZ
and Min from E. coli were incorporated into the liposome-controlled reconstituted cell division.[28] Notably, RNA within fatty
acid vesicles is utilized for cell division and proliferation. However, a lack of stability, leakage, and uniform distribution of the
genetic material following cell division can compromise the
functional module of the vesicles, an issue that remains unaddressed. Researchers continue to provide insights into subsequent techniques required to create a fully functional artificial
cell capable of growth and division.

3. Cell Membrane-Engineered Vesicles
as Biocatalytic Reactors

2.3. Signaling and Motility
Individual molecular components, tightly packed in natural
cell membranes, are known to be deformed as the cytoskeleton
grows and the signaling processes occur. In addition, these
membranes rely on cytosolic components such as GTPase.[29,30]
Natural cells can modify their composition in response to
changing external or internal triggering factors and maintain a
dynamic balance without altering the signaling process.[31]
Artificial cells can follow trajectories influenced by various
propelling stimuli, including chemotaxis, electric fields, light,
magnetic field, sounds, or chemical fuel.[32] Fuel-driven motility
was achieved by enclosing the vesicles in hydrogen peroxide
and propelling them through controlled deformation. This
chemotactic activity helped translocate the vesicle to a specific
location depending on fuel concentration and travel time.[32]
GUVs containing α2bβ3 integrins are reportedly activated in the
presence of Mn2+ ions and respond to the fibrinogen matrix,[7]
making them the first example of a compartment exhibiting
an active response to an external signal. Other protein components, such as actin and myosin, show movement in response
to external stimuli. Incorporating cilia into the compartment helps its mobility rather than compartmental molecular
mobility.[33] Overall, these systems contribute to the development of signaling-based mobility, enabling artificial cells to
move and behave like natural cells.
2.4. Environmental Adaptation
Environmental factors reportedly prompt cell reactions and
adaptation, altering the composition and shape of the natural
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cell membrane. Different vesicles have been examined in
response to temperature changes, pH variations, and internal
oscillatory processes to better understand the environmental
adaptation of artificial cells.[34–36] A His-tagged protein and
ligand triggered by pH-modifying enzyme alcohol dehydrogenase were integrated into the GUV membrane. Changes in the
pH within the GUV can affect protein association and dissociation in the membrane, allowing the investigation of structural
changes in proteins.[36] Brea et al. demonstrated that in the
presence of a reactive precursor, a GUV continues to exchange
its hydrophilic head and acyl chain groups.[21] Colloidosomes
and polymersomes adapt to environmental changes by altering
their shape in response to temperature and internal oscillatory reactions.[34,35] One of the primary objectives of artificial
cells was to control the membrane permeability in response to
external or internal stimuli as a means of adaptation to changes
in environmental conditions.[37]
Overall, the design of artificial cells should prioritize resembling life-like behavior to allow a better understanding of the
behavior and functions of natural cells. The requirements
outlined above were used to replicate life characteristics in a
synthetic compartment, where various molecules were enclosed
to demonstrate a sophisticated adaptive activity.

Recently, cell membrane vesicle microreactors generated from
living cells such as red blood cells (RBCs), platelets, cancer
cells, bacteria, and their components, have emerged as promising therapeutic options. The cell membrane is composed of
lipids, proteins, and carbohydrates that serve as a barrier and
mediate the exchange of biological and chemical information
between the cell’s exterior and interior environments.[38] Moreover, it protects cell organelles, regulates cellular metabolism,
and conducts cell-to-cell signaling. The cell membrane also
contains a variety of membrane proteins that act as adhesion
and binding molecules, facilitating the selective transport and
exchange of products within and outside the compartment.[39]
Compartmentalization is the primary cell membrane characteristic that must be maintained in an analogous artificial
cell. The bilayer structure could be synthesized by assembling
amphiphiles. Different components like phospholipids, amphiphilic polymers, and cell membrane derivatives are employed
to mimic the cellular membrane. It should be noted that the
membrane compartment varies depending on the molecular
weight, surface charge, chemical structure, and amphiphilicity of its components. Accordingly, the hypothetical system
containing primary cell properties without being a living
system is known as a protocell. Engineering this protocell with
bioinspired materials initiates energy conversion with simple
metabolic reactions, with the whole system functioning as a
microreactor.
Specific biocatalytic reactions like protein expression and
prodrug and enzyme activation occur in the microreactor to
mediate particular functions at the targeted site providing bioactive features. This artificial cell microreactor is required to fulfill five major requisites: 1) Compartmentalization, 2) molecule
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exchange, 3) target and click chemistry, 4) confinement capacity,
and 5) autolysis mediated by external stimuli.[40] The cell membrane is considered a superior option to create a microreactor
that meets all five features. Depending on the membrane type,
other building blocks such as enzymes, lipids, and genetic
materials are utilized to synthesize the microreactor based on
the stability, permeability, and lateral fluidity of the component
to induce the required function. Liposomes, polymersomes,
and other synthetic vesicles imitate the natural membrane
without possessing any native functions, and the surface
functionalization of these vesicles with proteins can be challenging.[41,42] Compared to synthetic vesicles such as liposomes
and polymersomes, the natural membrane overcomes issues
including immune evasion and limited stability, facilitating biocompatibility in cell-to-cell interactions thanks to the proteins
on its surface.[43,44] The newly acquired properties of membrane
vesicles can be employed in biological interactions in the body,
providing natural solutions to diverse biomedical issues.
3.1. Generation of Cell Membranes
The production of cell membrane vesicles involves three steps:
lysis, differentiation, and engineering.[45,46] Depending on the
cell type, parent cells are lysed with lysis buffer, hypotonic
solution, or mechanical and nonmechanical lysis techniques,
followed by centrifugation to separate the cellular components
from the cell membrane.[47] Also depending on the cell type,
various technologies such as sonication, extrusion, nitrogen

cavitation, and homogenization[48] can be employed to further
fragment the separated cell membrane to form nano- to microsized membrane vesicles (Figure 2).
Cell lysis, performed via mechanical and nonmechanical
methods according to the cell type, is the first step in the generation of membrane vesicles. The mechanical technique,
which employs a bead mill and a high-pressure homogenizer,
is a highly efficient, well-known technology. A bead mill is a
laboratory-based cell disruption approach that consists of
placing different types of beads, including glass, ceramic,
or steel, in a cell solution and applying shear stress, which
causes the beads to collide and release the intracellular material. The efficacy of cell lysis is assessed using beads with
a diameter of 0.25−0.5 mm, with other parameters such as
bead density, cell concentration, and agitator speed playing
a vital role in the lysis process.[49,50] Ho et al. found that
bead milling recycling is a cost-effective and time-saving
method for extracting recombinant hepatitis B core antigen
from E. coli.[51] The cell lysis is caused by the collision of the
cell mass with the beads. The interrelationship between the
various parameters influences the efficacy and efficiency
of the bead mill and fails to replicate these results on excessive energy consumption. Time optimization is critical in this
procedure to avoid the loss of cell activity following lysis, and
a protracted run might result in the loss of the entire product.
High-pressure homogenizers are used to disrupt large-scale cell
volumes based on high shear force and pressure turbulence
at the vent. Approximately 20−120 MPa pressure is exerted
through a tiny gap that generates fluid velocities. Due to the

Figure 2. a) A three-step procedure consisting of cell lysis, membrane separation, and membrane disruption is used in a multistep process to prepare cell membrane-derived vesicles. b) Conventional in vivo protein synthesis system versus a cell-free protein synthesis (CFPS) system. The in vivo
method, like the CFPS system, can produce recombinant proteins or medicinal chemicals; however, it requires additional experimental steps and time
to accomplish the same goal. Reproduced with permission.[5] Copyright 2019, Frontiers Media S.A. c) Separation and purification procedures involved
in the isolation of the membrane vesicle reactors. Reproduced with permission.[46] Copyright 2021, MDPI.
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higher temperature generated while applying high pressure, it
requires an external cooling system for maximum effectivity and
yield. This mechanical approach to cell disruption is the most
accessible and effective method. As it follows a first-order kinetic
on the number of passes and considering the concentration and
type of the cells to be disrupted, high-pressure homogenization
requires an effective heat exchange arrangement and time optimization to minimize protein denaturation and preserve cell activity.
Nonmechanical lysis techniques can be categorized into
physical, chemical, and biological methods. Physical disruption
employs external energy such as heat, sound, and pressure to
lyse the cell without physical contact, and it is further divided
into three categories based on the type of energy applied:
thermal lysis, osmotic shock, and cavitation.[47]
Thermal lysis is a temperature-based approach that uses
a repeated cycle of freezing and thawing to generate ice
formation and melting on the cell membrane, resulting in
rupture. The cell is submerged in either dry ice or ethanol,
followed by thawing in a water bath.[52] High temperature can
also promote cell lysis; however, it denatures the membrane
proteins. Johnson and Hecht used thermal lysis to generate a
recombinant protein from E. coli, and the authors found that
this method could be more effective than other strategies like
French press, enzymatic lysis, and sonication.[53] Given its effectiveness, Tsougeni et al. devised a thermal lysis process using a
microfluidic design to capture the cell and performed bacterial
lysis at 95 °C for 10 min.[54]
Osmolarity is a basic characteristic controlling the physiological balance between hydration and solute concentration. In an
active environment, osmotic shock maintains the normal cellular
function by altering the water flow in or out of the cell based on
the salt concentration surrounding it.[55] This technique is used in
cell lysis, as a significant hydration shift occurs within a fraction
of a second. Depending on the conditions, hypo-osmotic or
hyper-osmotic stress is applied to the cell. Hypo-osmotic stress
increases water flow intracellularly, causing the burst of the
cell membrane and the release of the cellular components and
proteins. Conversely, hyper-osmotic stress dehydrates the cytoplasm, resulting in the extracellular accumulation of solutes as
the turgor pressure decreases intracellularly.[56] Compared to
sonication, Chen et al. discovered that osmotic shock offers a
higher protein recovery.[57] Similarly, Byreddy et al. reported that
this procedure yields more lipids than other methods such as
bead vortexing, sonication, and grinding.[58]
Nitrogen cavitation has been used to homogenize cells since
1960, when Hunter and Commerfold developed a method that
decompresses nitrogen in a pressurized vessel where large
amounts of oxygen-free nitrogen are mixed with the cells under
high pressure (5500 kPa), with the nitrogen bubbles bursting
the cell upon the release of the pressure.[59] This method has
a wide range of applications associated with preparing different organelles and membranes in the plant, microbial, and
mammalian cells, where the same disruptive force can be
used to generate cell-free homogenates.[60] In this technique,
the adiabatic expansion attributed to nitrogen protects the cellular components without altering the pH of the medium and
minimizing physical and chemical stress. This method was
employed by Zhou and Philips to rupture several types of mammalian cells, including HEK-293, NIH-3T3, and Jurkat cells; the
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authors further reported the achievement of the highest protein
concentration when compared with other methods.[61]
Although the physical method is gentle, its application
is limited to some cell subtypes and can also result in low
efficiency. Consequently, chemical lysis has emerged as an
alternative that can fill the void left by the previous procedure.
Detergent or alkaline lysis is a technique that involves the
use of various lysis buffers to achieve cell rupture, with the
membrane proteins being solubilized by adding a detergent
to the buffer, thus facilitating the release of the cell content.
Charge-based detergents such as anionic, cationic, and nonionic surfactants are frequently used to lyse mammalian
and bacterial cells as they interfere with the hydrophobic–
hydrophilic interactions in cell membranes.[47]
Additionally, a combination of lysozymes and detergents can
be used to lyse the bacterial cell. Sulfate or carboxylic groups
are typically present in the hydrophilic portion of an anionic
detergent, whereas an ammonium group can be found in the
hydrophilic part of a cationic detergent. Sodium dodecyl sulfate (SDS) is a widely used ionic detergent that lyses proteins
by inducing membrane denaturation. Among the charge-based
detergents, zwitterionic and non-ionic detergents such as Triton
X and Tween are the most effective, given their negligible effect
on proteins and enzymes.[62]
Due to the presence of SDS and sodium hydroxide, alkaline
lysis relies on OH− ions to rupture the cell membrane. SDS
dissolves the membrane proteins at a pH of 11.5−12.5, and
OH− ions disrupt the fatty acid-glycerol bond.[63] This method
is typically used to isolate plasmid DNA from bacteria.[49,64]
Biological cell lysis enzymes include lysozymes, lysostaphines,
zymolyases, glycanases, proteases, and celluloses. Chitinases,
lysozymes, and pectinases are used to lyse yeast, bacteria, and
plant cells, respectively. In gram-negative bacteria, the outer
lipopolysaccharide layer requires a mixture of lysozymes and
detergent to dissolve the cell wall and membrane.[49,65]
The use of chemicals with solvents and detergents helps to
penetrate the microbial cell wall, increasing the cell lysis efficiency compared to the physical method. However, the type of
chemical compound used leads toward a selectivity and may
cause contamination due to the presence of an active compound that might affect downstream analysis.
Following cell disruption, purification is performed by centrifugation at 500 × g for 10 min at 4 °C to remove unwanted
cellular debris, repeating this step until a clear supernatant is
obtained. Centrifugation techniques vary according to the cell
type. Ultracentrifugation can be performed to separate cytosolic
and membrane proteins.[61] Discontinuous sucrose gradient
centrifugation is employed for eukaryotic cell membranes,
whereas gradient centrifugation is used for nuclei-free cells
such as RBCs and platelets.[45]
3.2. Engineering of Cell Membrane Vesicles
Vesicles derived from the cell membrane are engineered with
various functional molecules such as lipids, nucleic acids,
and proteins to increase their stability and endow them with
diverse functions. This engineering process can be classified as
pre- and postmodification.
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The term “pre-modification engineering” refers to the process of directly modifying the parental cell membrane. Genetic
modification of the cell membrane is undertaken via the addition or deletion of specific genes, as well as the introduction
of fats. The protein-to-lipid ratio in the cell membrane can be
altered by incorporating various biofunctional components.[45]
This modification alters the protein expression level, and the
parent cell utilizes the sorting and trafficking machinery to synthesize customized proteins in the cell membrane. As a result,
nanovesicles formed from modified cells retain their parental
cell properties.[66,67]
Various studies have examined the process of preengineering in T cells, RBCs, tumor cells, and other cell types.
T cells modified with an unnatural azido sugar group produced
vesicles containing an azide group that facilitated the delivery
of drugs to tumor cells via a click reaction.[68] Similarly, RBCs
isolated from transgenic mice and expressing an Asn-Gly-Arg
peptide were used to generate RBC vesicles for tumor targeting.[69] Expression of the CXCR4 gene, originally present on
the vesicular surface of the adipose-derived stem cells conferred
the vesicles with improved endothelial penetration.[66] The
premodification technique produces homogeneous and stable
vesicles; however, it fails to completely control the presence of
membrane proteins on the vesicle surface.
A postmodification approach is typically employed after the
formation of the membrane vesicles. This technique expanded
the field of vesicle engineering by allowing the use of various
components and ligands, as membrane vesicles are directly
engineered to contain diverse fundamental components,
including proteins, lipids, and nucleic acids.[70–72] Fluidity can be
maintained by including 5% cholesterol in an RBC membrane
vesicle while stiffness is increased, rendering it an efficient
drug delivery vehicle.[73] Zhou and co-workers used a linker to
graft the hyaluronidase protein onto RBC membrane vesicles,
allowing control of its enzymatic activity.[70] Numerous nucleic
acids can be modified in cancer cell vesicles to specifically
direct them against tumor cells. Peng and co-workers used the
AS1411 aptamer to target a vesicle on a cancer cell membrane,
binding it to the overexpressed nucleolin and releasing anticancer drugs.[72] Recently, many emerging synthetic strategy for
synthesizing confinement of materials within small volumes
received attention for its variety of application.[74] Naturally
derived membrane vesicles nanoreactor called exosomes are
post-modified through genetic engineering and used for modulating immune system.[75]
Depending on the desired application to perform, pre- and
postmodification strategies are applied to the cell membrane,
widening the membrane vesicle engineering field. Both modification processes offer benefits. The former uses the parent cell
membrane directly, thus allowing higher vesicle stability compared to postmodification strategies. On the contrary, postmodification engineering offers significant potential for immersing
numerous components, therefore increasing objective specificity.
3.3. Cell Membrane Vesicles as Biocatalytic Reactors
The cell functions as a single vessel, tightly regulating cascade reactions via a well-coordinated network of enzyme complexes.[76,77]
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The membrane vesicle, a one-pot system in which enzymes are
confined with high stability and activity, resembling the complex hierarchical structure of their natural analog, has demonstrated its potential as a micro and nanoreactor.[78] Nanoreactors
are tiny nanosized pots, with volumes ranging from yoctoliter
to femtoliter, used to conduct chemical reactions in a confined,
isolated space.[74] For single or multiple catalytic reactions
within a single pot to complete all of the reaction stages, this
approach decreased the required separation and purification
times and increased yield.[77] These membrane vesicles were
examined under ambient circumstances in a novel synthetic
strategy, exhibiting enantio- and stereo-selectivity with good
yield.[78] Cell membrane vesicles could overcome hurdles such
as negative stimuli attack (proteases and poisonous chemicals)
and quickly advance the reaction due to the presence of native
functions.[79] Enzymes are encapsulated in two strategies: compartmentalization with randomly distributed multienzymes,
and compartmentalization with sequentially positioned multienzymes. In a natural living system, both strategies are equally
prevalent.[76]
Different vesicle nanoreactors, like viral capsid, bacterial
membrane, dendrimersome, plant-based chloroplast, and
platelet membrane nanoreactors, have been investigated in
relation to a variety of biomedical applications. Compared
with synthetic vesicles like liposomes and polymersomes,
this notion of nano- and microreactors using cell membrane vesicles offers an exciting potential, given their unique
qualities in terms of accelerating catalytic reactions, surface conjugation of multienzymes, and preventing enzyme
degradation.

4. Types of Cell Membrane Vesicles
as Nano- and Microreactors
Biologists have been trying to clarify how fundamental chemical principles are altered when systems are confined to the
sub-microliter volumes of cell membrane vesicle reactors,
providing a strategy to generate distinct biochemical environments partitioned from the surrounding bulk space. Considerable progress has been achieved recently in the membrane
vesicle design path towards self-organizing biosystems, and
therapeutical biology toolboxes have been stocked with an
increasing number of functional building components from
cells. One key criterion for the systematic synthesis of these
nano- and microreactors is the establishment of libraries of
molecules, parts, and modules of different origins. In this
section, we review various membrane vesicles derived from
distinct cell types, as summarized in Table 1. The combination of all these cell membrane vesicle reactors with other
synergistic materials has made them the finest alternative to
achieve a range of biological and environmental applications.
The increasing number of parent cells, like RBCs, platelets,
stem and cancer cells, and other types, provide the space for
nonliving components to perform the required functions and
control a variety of biological interactions such as immune
evasion, homologous targeting, and antibioadhesion, and to
extend their blood circulation time. One of the best examples is a photosynthetic vesicle, in combination with other

2202962 (6 of 31)

© 2022 Wiley-VCH GmbH

16136829, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/smll.202202962 by Ulsan National Institute Of, Wiley Online Library on [08/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

www.small-journal.com

www.advancedsciencenews.com

Table 1. Main components of cell membrane vesicles and their applications.
Main components of cell membrane vesicles
Blood cell membrane

RBC

Platelet

Cancer cell membrane

NO generation using hemoglobin and GO

[83]

Drug delivery and tissue penetration

[85]

Targeted bacterial therapy

[90]

Drug loading to improve therapeutic efficacy

[91–93]

Anticancer therapy

[92–96]
[97,98]
[99]

MDA-MB 231, MDA-MB 831, HeLa, UM-SCC,
B16F10 melanoma

Coating the nanoparticles to target cancer cells

[103–108]

Mesenchymal stem cell membrane

Tumor treatment

[111]

Cardiac stem cell membrane

Tissue repair to treat myocardial infarction

[112]

Macrophage membrane vesicle reactors

Tumor phototherapy

[115]

Rheumatoid arthritis therapy

[116]

Dendritic cell membrane vesicles

Coated nanophotosensitizer inducing phototherapy against tumor

[117]

Increase the T cell responses and CD25 expression

[118]

Generation of hypochlorous acid to kill malignant tumor cells
and pathogens

[119]

Nanoparticle coating to reduce joint inflammation

[122]

Encapsulation of the celastrol drug to inhibit pancreatic cancer

[123]

Bioorthogonal chemistry to synthesize chiral drugs

[124]

T cell membrane vesicles

Targeting natural antigens in tumor targeting strategies

[68]

Targeting cancer cells without antigen presentation

[125]

Escape the immune clearance and counteract PD-L1a)
and TGF-β1b), inducing apoptosis

[126]

Thylakoid membrane

Generation of ATP and NADPHc) to initiate enzymatic
cascade reactions

[129,130]

Photosystem II

Synthesis of ATP, carbon fixation, and actin polymerization

[131]

Encapsulin
Brevibacterium linens, Thermotoga maritima

Enzyme catalysis

[149]

Encapsulin
Myxococcus xanthus

Bioluminescence property of enzymes LgBit and SmBit

[150]

Chromatophores
Rhodobacter sphaeroides

Photophosphorylation of ADP to ATP

[151]

Photosynthetic membrane

Escherichia coli

Generation of NADPH and ATP

[152]

Capsid
Cowpea chlorotic mottle virus

Conversion of dihydrorhodamine 6G into rhodamine 6G
in the presence of HRPd)

[156]

Various enzymes with assembly and disassembly properties

[157]

Capsid
Salmonella typhimurium bacteriophage P22D

Structure-based study of enzyme catalysis based on temperature

[142]

Virus

Extracellular vesicles

programmed death-ligand 1;
peroxidase.

b)TGF-β1,

transforming growth factor-β1;

c)NADPH,

biomolecules, that kept its activity intact, thus generating the
targeted product in the presence of light. However, single-cell
membranes or the derived components limit the functional
range. The use of a hybrid or integrated system provides
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[82]

Atherosclerosis treatment

Immunological cell membrane

a)PD-L1,

Refs.

Thrombocytopenia purpura treatment

Stem cell membrane

Bacteria

Application
Enzyme encapsulation and in situ reaction

Anticancer prodrug delivery

[164]

Nanoreactor for ATP generation

[165]

Enzyme carrier in hydrogel

[166]

reduced nicotinamide adenine dinucleotide phosphate;

d)HRP,

horseradish

a wider range of functionalities while also improving its
performance. All these investigations showed that these
reactors can bridge the gap between synthetic and biological
components.
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4.1. RBC Vesicle Reactors
RBCs are circulating vehicles that deliver oxygen to the body,
with a lifespan of 120 d.[80,81] In addition to their potential as a
drug delivery system, different studies have revealed the role of
RBCs as nanoreactors capable of performing different catalytic
reactions. Santos and co-workers developed nanoerythrosomes
(NERs) with a 100 nm diameter from ghost erythrocyte membranes, capable of escaping reticuloendothelial clearance and
exhibiting the complete properties of native RBCs.[82] Given
their membrane thickness (≈11 nm), NERs could be good candidates for circulating nanoreactors. The authors entrapped
HRP within a NER, mimicking their innate compartmentalization strategy, accompanied by the double benefit of protecting the enzyme and allowing in situ reactions. In addition,
an HRP encapsulation efficiency of 58.2 ± 2.91% was documented. The catalytic efficiency was measured by calculating
the product (resorufin) obtained from the H2O2 oxidation of
Amplex red. In addition, Km and Vmax values were measured
inside and outside the system, revealing a twofold higher Vmax
(9141.66 ± 189.35 × 10−6 m min−1) inside than that of the outside

reaction (5740.81 ± 37.67 × 10−6 m min−1). Similarly, the Km value
in the nanoreactor was lower (9.50 ± 0.22 × 10−6 m) than that of
the free reaction (11.85 ± 0.04 × 10−6 m). These findings demonstrated that confinement provides the requisite environment
for complete enzyme purification without any disturbance from
free enzymes. The electrostatic interaction between the enzymes
was minimized in confinement compared to the outside
system, which accelerated the catalytic activity. Liu et al. developed an erythrocyte membrane-enclosed coacervate protocell
containing glucose oxidase and hemoglobin in its interior and
periphery, generating a nitric oxide cascade using glucose and
hydroxyurea as enzyme substrates during in vitro and in vivo
experiments. Michaelis–Menten kinetics revealed that the Km
and Kcat values for the protocell were 4.45 × 10−3 m and 7.05 s−1,
respectively (Figure 3a).[83] The CD47 self-marker on the RBC
surface can determine the adhesion and signaling characteristics during cellular recognition.[84] This feature led to the use of
RBCs as a source of membrane material for nanoreactors, whose
surface was further modified with various ligands to improve
their drug delivery efficacy and tissue penetration properties
(Figure 3b).[85] Accordingly, the RBC membrane is considered

Figure 3. a) Schematic diagram presenting an enzymatically active erythrocyte membrane-encapsulated coacervate protocell bioreactor. As a step towards
protocell-mediated blood vessel vasodilation, nitric oxide (NO) is generated in a cascade reaction in the presence of coacervate-sequestered enzyme
substrates glucose and hydroxyurea. Reproduced with permission.[83] Copyright 2020, Springer Nature. b) Schematic representation of the synthesis
of a hybrid between a HER2-targeted DNA-aptamer-modified DNA tetrahedron with maytansine (HTD) and a liposome (PEOz-erythrosome@HTD)
and their hypothesized anticancer mechanism. PEOz-erythrosome@HTD can be generated by coextrusion of PEOz-liposome@HTD and erythrosomes.
Reproduced with permission.[85] Copyright 2022, Wiley.
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a good nanoreactor candidate for biological processes with long
circulation times due to the presence of a compatible surface
marker. These characteristics make the RBC vesicle a potential
and valuable tool in the biomedical field to cure different diseases through drug delivery and enzyme catalysis strategies.
4.2. Platelet Membrane Vesicle Reactors
Platelet membrane vesicles have emerged as diverse effectors
of the inflammatory and immunological responses, exhibiting
specialized functions in the host and adaptive defense mechanisms against injury (contributing to injury repair and

resolution by recruiting inflammatory cells), tumor metastasis, hemostasis, and thrombosis.[86–89] Docetaxel and vancomycin administered as platelet-mimetic nanoparticles exhibited
improved therapeutic efficacy in an experimental cardiac
restenosis rat model and a systemic bacterial infection mouse
model, respectively (Figure 4a).[88,89] A platelet membrane-functionalized nanorobot was designed for multipurpose removal
of biological hazard agents, including simultaneous targeting
and neutralization of harmful bacteria and toxins.[90] Due to
the presence of CD47 receptors and P-selectin on their surface,
platelet membrane vesicles could help in a pharmacokinetics
program that enables targeted therapy.[91–93] More recently,
hybrid cell membrane nanovesicles (hNVs) were developed

Figure 4. a) Platelet nanoparticles are completely encapsulated in a plasma membrane generated from human platelets. The resultant particles exhibit
platelet-like immunocompatiblity, subendothelium binding, and pathogen adhesion capabilities. Reproduced with permission.[89] Copyright 2015,
Springer Nature. b) Schematic diagram showing hNVs, consisting of engineered cancer cell-derived nanovesicles overexpressing high-affinity
SIRPα variants (SαV-C-NVs), M1 macrophage-derived NVs (M1-NVs), and platelet-derived nanovesicles (P-NVs). The hNVs efficiently connect with
circulating tumor cells (CTCs) in the blood, accumulate in the post-surgical tumor bed, repolarize tumor-associated macrophages (TAMs) to the
M1 phenotype, and inhibit the CD47-signal regulatory protein-α (CD47-SIRPα) “don’t eat me” pathway, increasing cancer cell phagocytosis and
boosting antitumor T cell immunity. Reproduced with permission.[94] Copyright 2020, Springer Nature. c) To reduce inflammation, chiral catalyst
neutrophil-membrane-directed asymmetric transfer hydrogenation (ATH) is prepared in living organisms for in situ synthesis of chiral ibuprofen (IBU).
Reproduced with permission.[124] Copyright 2020, Elsevier.
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bearing M2-to-M1 repolarization signals and signal regulatory
protein alpha (SIRPα) mutants, with a considerably higher
affinity for CD47 (Figure 4b).[94] In a malignant melanoma
model, the hNVs disrupted the CD47-SIRPα signaling axis
while encouraging M2-to-M1 repolarization within the tumor
microenvironment, markedly reducing both local recurrence
and distant metastasis.
Combining this characteristic of platelet membranes with
encapsulation of photoresponsive nanoparticles and pharmaceuticals was shown to improve their anticancer activity,
compared to individual drugs. Wu et al. encapsulated doxorubicin with polypyrrole nanoparticles into platelet membranes,
which improved their anticancer activity when exposed to
near-infrared (NIR) light.[95] Wang et al. employed a platelet
membrane with bufalin within the vesicle to demonstrate the
high absorption of H22 hepatoma cells in vitro and the high
drug distribution throughout the tumor in vivo.[92] Jiang et al.
incorporated sulfasalazine into mesoporous magnetic nanoparticles, camouflaged with a platelet membrane, blocking cysteine
and suppressing the tumor.[96] Another study examined the
potential of platelet membrane vesicles to treat atherosclerosis,
a condition in which fibrofatty lesions are developed in the
arterial wall, by infusing immunosuppressive rapamycin into
platelet membrane vesicles; the authors reported that the lesion
was reduced in an in vivo animal model.[97,98] Thrombocytopenia purpura is another immunological illness that decreases
the platelet count. In an in vitro investigation, platelet membrane vesicles coming in contact with anti-platelet antibodies
restored platelet numbers and hemostasis.[99]
As the front-line of the host defense mechanism, platelets
fight against different kinds of infections by recruiting several
immune cells. With this inherited property, these studies show
successful results. However, it is necessary to understand the
platelet-induced angiogenesis process so that their role can be
enhanced by suppressing this negative side.

as a nanoreactor. Nanotechnology-based drug delivery systems
represent a promising tool for targeted therapy. While the
homologous targeting capability of the cancer cell membrane is
an advantageous feature, more in-depth, large-scale studies are
required to make it a viable option for tumor-targeted therapy.
4.4. Stem Cell Membrane Vesicle Reactors
The introduction of stem cell membrane methods has ushered
in a new generation of stem cell-based therapeutics to increase
their utility in clinical settings. A stem cell has the ability to
undergo regeneration and differentiation while also presenting
therapeutic potential.[109] Multipotent somatic stem cells, such
as those produced from fetal tissue, hematopoietic, and mesenchymal stem cells are employed as first-generation cells
to develop into particular cell and tissue types in clinics.[110]
These properties allow their high applicability in regenerative
medicine, and especially in tumor-targeting therapy, by loading
various drugs into them. Mesenchymal stem cell membranes
have been engineered with nanoparticles such as poly-lacticco-glycolic acid (PLGA) and have been utilized to treat tumors.[111]
The cardiac stem cell membrane was recently employed to
promote tissue repair in a rat exhibiting myocardial infarction; furthermore, it was also employed as a bioreactor, as the
membrane was functionalized to stimulate blood cell reprogramming and bi-directional communication with cells.[112,113]
As stem cell therapy becomes a viable treatment option for
a wide range of diseases, the future of stem cell membrane
vesicles appears bright. However, the safety concerns associated with stem cell type, harvesting methods, and immunogenicity imply that its application in humans must be further
developed.
4.5. Immunological Cell Membrane Vesicle Reactors

4.3. Cancer Cell Membrane Vesicle Reactors
Cancer cells exhibit abnormal growth and have the potential
to spread, thereby evading immune clearance.[100] Cancer cell
membrane homologous targeting features are beneficial for
cancer immunotherapy, as they present numerous tumor-associated antigens that trigger antigen-specific T cells to ingest the
antigen-presenting cells.[101,102] Based on this concept, several
cancer cell membranes, including MDA-MB-831, MDA-MB-231,
HeLa, UM-SCC, B16F10 melanoma, and other types, have been
used to coat nanoparticles to target cancer.[103–107] The same
principles were applied for their development as nanoreactors,
encapsulating enzymes to mediate catalytic reactions. Santos
and co-workers developed nanosized membrane vesicles of
85 ± 79 nm from MDA-MB-231 cells, modified as undecylenic
acid-modified thermally hydrocarbonized Psi (UnPsi) nanoparticles.[108] UnPsi nanoparticles encapsulated Amplex red
and H2O2, which was confined by the cancer cell membrane,
and accelerated their enzymatic reaction by decreasing the Km
value by 13-fold and increasing the Vmax by threefold. The permeable cell membrane allowed the continuous flow of selective
molecules (H2O2) without any leaching, thereby functioning
Small 2022, 2202962

Immunological cell membrane vesicles have been proposed
as a tool to elucidate disease mechanisms and explore drug
administration and other catalytic reactions, as they include
immune receptors and proteins in their membranes and are
present on macrophages, natural killer cells, dendritic cells
(DCs), neutrophils, and T cells. The phagocytosis process,
which expresses a multitude of protein markers for recognition, tissue penetration, and signaling to recruit other immune
cells, is known to govern disease development and inflammation.[114] These properties have allowed the use of macrophage
vesicles for drug administration and phototherapy. Liu et al.
extracted a membrane from mouse RAW 264.7 macrophage
cells and used it as a phototherapy tool to treat a 4T1 tumor,
resulting in increased blood circulation time and accumulation
around the tumor site. This study reported that the macrophage
membrane demonstrated a greater efficacy against tumors than
the RBC membrane.[115] Fontana et al. showed that macrophage
membrane vesicles could boost biocompatibility and prevent
immune activation, reducing the number of antigen-presenting
cells in rheumatoid arthritis therapy.[116]
DCs, also known as antigen-presenting cells, serve as a
link between the innate and adaptive immune systems. A DC
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membrane vaccination approach was developed to accommodate various functionalities and create vaccines against multiple
kinds of tumors.[115] DC-generated biologically reprogrammed
cytomembranes could be employed as tumor vaccines without
the need for exogenous antigens or adoptive cells. This could
efficiently produce entire cancer antigens and immunological
costimulatory molecules to be used in a powerful immunotherapy strategy due to the immunoactivation attributed to
cellular fusion, sharing the tumor’s self-targeting character
with the parent cancer cells.[115] A DC membrane-coated nano
photosensitizer could generate a sustained immune response in
bilateral tumor-bearing animal models, inhibiting the rebound
of primary tumors after nanophotosensitizer-induced photodynamic therapy. As an innate immune system, it can engulf
external bodies and activate the adaptive immune system by
presenting antigens to T cells.[117] The use of DC membrane
vesicles prepared with monophosphoryl lipid A as a platform to
increase T-cell responses is being investigated. These “mature”
DC membrane vesicles can boost costimulatory marker
expression and stimulate DCs and facilitate cross-priming of
antigen-specific T lymphocytes in vitro, thereby enhancing
their survival and CD25 expression.[118]
Neutrophils are potent effector leukocytes that play a key
role in the innate immune system’s fight against tumor development and infectious diseases. Artificial “super neutrophils”
with exceptional inflammatory targeting and hypochlorous
acid-generating properties to target and kill malignant tumor
cells and pathogens have been proposed.[119] These neutrophil
vesicles express different binding molecules, like selectin and
integrin,[120,121] which could allow the use of neutrophil cell
membrane vesicles as a drug delivery vehicle against inflammatory diseases and tumors. Neutrophil cell membrane vesicles
derived from HL-60 human promyelocytic leukemia cells were
loaded with the NF-κB inhibitor and used in this way, reducing
lung inflammation. Similarly, Zhang et al. used neutrophil
membrane vesicles to coat nanoparticles that were employed to
reduce joint inflammation in arthritis.[122]
Cao et al. encapsulated celastrol within neutrophil membrane vesicles and administered them intravenously to inhibit
pancreatic tumor growth, prolonging the survival of mice by
approximately threefold.[123] Du et al. synthesized chiral drugs
using bioorthogonal chemistry and encapsulated them in a
neutrophil membrane. The authors enclosed a palladium catalyst that was employed at a neutrophil-targeted inflammation
site, catalyzing ATH and activating pre-ibuprofen to ibuprofen
(Figure 4c).[124]
T cells, an important component of the adaptive immune
system, are activated into effector or regulatory T cells when
antigens trigger their respective receptors via the major histocompatibility (MHC) antigen complex. T cell membranes
are promising mimic nanocarriers for drug delivery to tumor
lesions, as they present specific immune recognition receptors on their surface. Unnatural sugars modified with an azole
(N3) or bicyclo [6.1.0] nonyne (BCN) groups can be successfully
integrated into the surface glycans of numerous tumor cells
as synthetic receptors, overcoming the disadvantages of single
targeting.[68] Indocyanine green nanoparticles (INPs) coated
with an N3-labeled T cell membrane (N3-TINPs) were generated
based on this strategy, directly targeting the natural antigens
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and BCN artificial receptors on tumors via immune recognition and bioorthogonal chemistry, respectively. Effector
T cells are key elements acting against cancer and virus-infected
cells; similarly, memory T cells act against antibody-generating
pathogens.[45] Ma et al. developed a chimeric antigen receptor
engineered T cell (CAR-T cell) targeting cancer cells without
antigen presentation. CAR-Ts present genetically modified
T cell receptors capable of binding to the antigen of interest
in the absence of its complement. The U.S. Food and Drug
Administration has approved the use of CAR-T cells as a therapeutic strategy against acute lymphoblastic leukemia. To treat
hepatocarcinoma, they were modified with a light antibody
chain targeting glypican, and IR780 was loaded into them to be
used as a photothermal agent for NIR irradiation.[125] Kang et al.
coated dacarbazine-loaded PLGA nanoparticles with a T cell
membrane from EL4 lymphoma cells. Following membrane
coating, the developed nanoparticles easily escaped immune
clearance and adapted to the tumor environment. Moreover,
the generated vesicles could counteract the PD-L1 and TGF-β1
expression by inducing apoptosis after dacarbazine delivery.[126]
Several of these immunomodulatory cell membrane vesicles
have been utilized against various diseases. However, as the
activation of the innate and adaptive immune systems plays a
primary role in combating disease, we must first understand
the extent of this activation prior to their application in vivo.
4.6. Photosynthetic Membrane Vesicle Reactors
Photosynthesis is a key process to generate energy by converting
CO2 into beneficial compounds in the presence of light.[127] The
goal of photosynthetic membrane vesicle reactor systems is to
overcome the constraints of natural and artificial photosynthesis
while also allowing researchers to investigate their underlying
mechanisms.[128] During this process, the thylakoid membrane
is involved in CO2 fixation and generating energy. The thylakoid membrane contains a two-pore potassium channel (TPK3)
that balances the ion exchange using proton motive force and
supports ATP synthesis.[129] Li et al. employed the thylakoid
membrane as a powerful biological green engine to generate
ATP and NADPH and initiate the enzymatic cascade reaction
using five enzymes, i.e., acetyl- coenzyme A (CoA) synthase,
β-ketothiolase, acetoacetyl-CoA reductase, polyhydroxybutyrate
synthase, and polyphosphatase, converting 50 × 10−3 m sodium
acetate into 20 × 10−3 m poly(3-hydroxybutyrate).[130] Lee et al.
engineered an ATP synthase and photosynthetic organelles
derived from plants (photosystem II) and bacteria (rhodopsin)
into giant vesicles that enabled ATP synthesis. The organelles
were optically controlled using blue and red light for the photosystem II and green light for the rhodopsin. Activation of these
systems contributed to ATP synthesis, carbon fixation, and actin
polymerization (Figure 5a).[131] Similarly, large unilamellar vesicles displayed a CFPS system and miniature proteoliposomes
containing pure ATP synthase and bacteriorhodopsin to synthesize proteins and generate ATP in the presence of light.[132] The
photosynthesized ATP was used in the transcription and translation processes, eventually driving the production of the bacteriorhodopsin or ATP synthase constituent proteins, the original
components of the proteoliposome (Figure 5b).[16]
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Figure 5. Light-driven molecular synthesis in an artificial organelle. a) The artificial organelle synthesizes ATP by coordinating the activation of two
complimentary photoconverters and an ATP synthase reconstituted into its membrane. Activation with red light promotes ATP synthesis by producing
protons within the organelle, whereas bacteria-derived proteorhodopsin (PR) activation with green light inhibits ATP synthesis by depleting protons.
ATP-dependent actin polymerization and morphological changes in the vesicle when organelle energy is modulated are enclosed in a large vesicle.
Reproduced with permission.[131] Copyright 2018, Springer Nature. b) Schematic representation of an artificial photosynthetic cell enclosing the artificial organelle, which contains bacteriorhodopsin (bR) and a FoF1-ATP synthase. The produced ATP is utilized by DNA in the transcription process,
by messenger RNA (mRNA) and guanosine diphosphate (GDP) in the translation process, and as energy for aminoacylation of transfer RNA (tRNA).
Reproduced with permission.[16] Copyright 2019, Springer Nature. c) S. ovata grows on light-harvesting nanowire arrays and converts CO2 to acetate,
which will be further transformed into value-added compounds by a genetically engineered E. coli strain. Reproduced with permission.[132]
Copyright 2020, Springer Nature. d) Representation of a natural-artificial hybrid structure and the relevant nanozyme-catalyzed cascade reactions in
the mitochondria-like oxidative phosphorylation process. Reproduced with permission. Copyright 2019, Wiley.[137]

Bacterial species are utilized in the large-scale commercial
production of fine commodity chemicals. Guo et al. demonstrated that electrons from the photosynthetic chain, coupled
with yeast, could be utilized in reductive biosynthetic pathways.
This approach should be compatible with several existing engineered yeast strains and can reduce carbon levels by diverting
them to NADPH regeneration.[133] In addition, this method
affords the decoupling of biosynthesis and cofactor renewal,
leading to a more carbon- and energy-efficient production
of shikimic acid, a common precursor for various medicinal
agents and specialty compounds. Recently, Zhang et al. developed a photosynthetic vesicle reactor that could integrate
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preassembled biosynthetic pathways with inorganic light
absorbers, inheriting both the high light-harvesting efficiency
of solid-state semiconductors and the excellent catalytic performance of whole-cell microorganisms.[134] This new generation
of photosynthetic vesicle reactors could efficiently harvest sunlight and transport photogenerated electrons for cellular metabolism, allowing long-term CO2 fixation. Researchers have demonstrated that utilizing exclusively solar energy and at neutral
pH, a hybrid semiconductor nanowire-bacteria system was able
to reduce CO2 into a wide range of chemical products, such as
fuels, polymers, and complex medicinal precursors.[135] Using
a genetically altered E. coli strain, the resultant acetate can be
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converted to acetyl-CoA and used as a building block for several
value-added compounds, including n-butanol, polyhydroxybutyrate polymers, and three different isoprenoid natural products
(Figure 5c).[132]
Miller et al. isolated thylakoid membranes from Spinacia
oleracea and encapsulated them into cell-size droplets mimicking chloroplasts to manipulate the photosynthesis process.
The authors integrated the crotonyl-CoA/ethylmalonyl-CoA/
hydroxybutyryl-CoA cycle in the membrane and analyzed their
catalytic properties associated with NADPH and ATP production in the presence or absence of light energy, measured
using fluorescence.[136] Likewise, nanozyme-catalyzed cascade
reactions have been conducted in an organized hybrid structure for mitochondria-mimicking oxidative phosphorylation.
Hollow silica microspheres containing trapped gold nanoparticles were generated in the presence of oxygen to stimulate two
enzyme-like catalytic processes that convert glucose to gluconic
acid (Figure 5d).[137] The ensuing transmembrane proton gradient activated a reconstituted natural ATP synthase located on
the surface, converting ADP and inorganic phosphate to ATP.
The constructed structure displayed oxidative phosphorylation
activity comparable to that of natural mitochondria.
Direct use of these photosynthetic membrane vesicles
derived from either plants or bacteria offered the opportunity
to synthesize additional energy and helped to compensate for
the gap. These photosynthesis-mimicking reactors show the
potential to be applied as ecofriendly strategies to solve existing
environmental problems like nitrogen pollution of the soil and
water, carbon fixation, and oxygen generation.
4.7. Bacterial Membrane Vesicle Reactors
Eukaryotes are defined by the presence of membrane compartments enveloping most of their organelles; however, prokaryotes
lack this property.[138] A few notable exceptions are present
in some bacteria that contain protein-based carboxysomes,
ethanolamine-utilizing microcompartments, magnetosomes,
and encapsuling nanocompartments. These microcompartments are engineered to be loaded with different fluorescent
proteins and enzymes at specific reaction conditions,[139–144]
rendering the prokaryote system analogous to that of eukaryotes, and sometimes containing enzyme packages that enable
the progression of an entire metabolic pathway. Among the
various nanocompartments present in bacterial cells, encapsulins demonstrate analogous features to eukaryotes in terms
of expression (Figure 6a).[145] Their features, including the selfassembling capacity without using a proteolytic enzyme, resistance to pH, the temperature stability of the encapsulated native
enzyme with a short terminal peptide sequence, and the presence of a small pore (≈5 Å) that allows molecular transfer, establish them as a powerful alternative and the best nanoreactor
candidate.[146–148] Heck and co-workers investigated a virus-like
nanocompartment present in Brevibacterium linens and Thermotoga maritima.[149] The authors compared the cargo-free and
cargo-loaded encapsulin and revealed that this nanoreactor is
mechanically rigid and robust, capable of single-enzyme catalysis, and can determine the compatibility with the enzyme
based on its structure and shape. They loaded the encapsuling
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with ≈400 kDa corresponding to 12 copies of the monomeric
green fluorescent protein (GFP), which was uniformly bound
in the compartment and heavier than their native protein,
demonstrating the high rigidity of the compartment, which resisted
a threshold of ≈1 Mcal mol−1. This work introduced a novel
candidate in the field of nanoreactors
Similarly, Sigmund et al. engineered the encapsulin of
Myxococcus xanthus to achieve the orthogonal genetic engineering of the mammalian cell compartment (Figure 6b).[150]
Heterologously expressed encapsulins auto-assembled at a high
density and without toxicity, efficiently targeting and encapsulating cargo molecules (part of the luciferase enzymes LgBit
and SmBit, complemented with a mammalian enzyme) in the
mammalian cells. The enzymatic reaction was performed by
producing the bioluminescence for the optoacoustic and optical
imaging. Mavelli and co-workers utilized the photosynthetic
anoxygenic bacteria Rhodobacter sphaeroides to generate chromatophores that were encapsulated within giant phospholipid
vesicles, thus acting as a photosynthetic organelle via ADP
photophosphorylation to ATP, up to 100 ATP s−1 per ATP synthase (Figure 6c).[151] Similarly, Mengele et al. used inverted E.
coli vesicles combined with a ruthenium polypyridine-based
photocatalyst to generate NADPH and ATP. The ruthenium
complex can reduce the NAD+ cofactor to NADH to be used by
the NADH dehydrogenase present in the E. coli vesicle, thereby
generating a proton motive force, followed by ATP generation
(Figure 6d).[152]
Bacteria, in whole or in part, serve as good catalytic reactors,
providing a protective space for enzyme encapsulation. Furthermore, engineering with pre- or post-modification steps provides
a durable structure that functions efficiently, which further
helps to synthesize the value-added product. Despite being an
infective agent, the neutralization of their toxicity allowed them
to be used as disease-targeting agents. For all these reasons,
bacterial membrane vesicles are good microreactor candidates.
4.8. Virus Particles as Nanoreactors
The viral capsid comprises a highly ordered protein coat, or
capsid, containing the viral genetic code (DNA or RNA).[153,154]
Virus-like particles (VLPs), which are symmetric protein assemblies forming a cage-like structure borrowed from the virus
capsid, are employed as a compartment to pack various guest
components. A rigid, stable, and permeable structure, VLPs
provide an excellent platform for nanoreactors, encapsulating
active enzymes participating in a catalytic process and overcoming the lack of other vesicles.[155,156] Comellas-Aragonès
et al. purified the cowpea chlorotic mottle virus (CCMV) capsid
and loaded it with HRP to observe its enzymatic activity at the
single-molecule level. It catalyzed the fluorogenic substrate
dihydrorhodamine 6G into rhodamine 6G, and quenching
was delayed when encapsulated. This study assumed that a
single reaction occurred inside the capsid.[156] In addition, Cornelissen and co-workers employed the CCMV capsid to investigate the behavior of various enzymes with disassembly and
reassembly properties when the pH was lowered from 7.5 to
5.[157] The authors used a noncovalent anchoring technique to
encapsulate an enhanced GFP (EGFP) into a capsid that had
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Figure 6. a) Encapsulin and the targeted cargo are loaded into 26 nm diameter-nanocompartments that self-assemble inside the yeast. Within the
encapsulin compartments, cargo proteins are stabilized and co-localized, resulting in catalysis. Reproduced with permission.[145] Copyright 2018,
Springer Nature. b) Melanin-generating tyrosinase is targeted to the encapsulin compartment to bioengineer a melanosome. This diagram illustrates the detoxifying effects of compartmentalized melanin synthesis by an encapsulated Bacillus megaterium tyrosinase fused to the native cargo
(D). Reproduced with permission.[150] Copyright 2018, Springer Nature. c) Closed vesicles generated from the lysis of a chromophore-containing
R. sphaeroides carotenoid-deficient mutant strain missing the LH2 complexes. The ATP synthesis cyclic process catalyzes the thermodynamically uphill
conversion of ADP and Pi into ATP by utilizing a proton electrochemical gradient (positive inside) generated via light-induced oxidation. Reproduced
with permission.[151] Copyright 2021, PNAS. d) Using inverted E. coli vesicle reactors as the primary cofactor conversion machinery, the photobiocatalytic process connects the photocatalytic NADH generation of the catalyst with enzymatic ATP and G6P production. Reproduced with permission.[152]
Copyright 2022, Wiley.

been heterodimerized utilizing a coiled-coil motif. The modified capsid was then dialyzed to exclusively elute the capsid
and EGFP combination. Similarly, they also encapsulated the
EGFP-capsid protein complex into wild-type capsids in various
ratios and observed that up to 15 EGFP molecules could be
enclosed without overcrowding the capsid. This work supports
the possibility of encapsulating a catalytic multienzyme system
in a capsid that can behave as a nanoreactor.
Likewise, Douglas and co-workers created VLPs using the
Salmonella typhimurium bacteriophage P22 capsid assembled
into a T = 7 icosahedral form with 420 copies of a 46.6 kDa coat
protein and 100–330 copies of a 33.6 kDa scaffolding protein.[142]
This work illustrated the number of distinct volume sizes and
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accessibility based on capsid porosity, as well as the number
of conformational changes as temperature changes. The initial self-assembled structure, the procapsid, was expanded for
10 min at 65 °C before being transformed into a Wiffle ball
shape after another 20 min incubation at 75 °C. The authors
encapsulated 250 alcohol dehydrogenase D molecules, with a
confinement molarity (Mconf ) of 7.16 × 10−3 m and occupying
27% of the available volume. Comparing the Km value of the
encapsulated enzymes to that of free enzymes using acetoin
as a substrate, the Km of the encapsulated enzymes was lower
in every confinement with a different structure based on a different temperature range. Accordingly, VLPs were deemed an
efficient one-pot reactor system, given their ability to undergo

2202962 (14 of 31)

© 2022 Wiley-VCH GmbH

16136829, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/smll.202202962 by Ulsan National Institute Of, Wiley Online Library on [08/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

www.small-journal.com

www.advancedsciencenews.com

conformational and volume changes while maintaining substrate access.
As an infectious agent, its components can be advantageous
to the enzyme catalysis process. Because of its bacteriophage
properties, this VLP-nanoreactor could be used to combat
bacterial infections; furthermore, the presence of both living
and nonliving characteristics makes it suitable to be utilized
in a variety of fields. However, extensive research and further
studies are needed to assess their in vivo applications.
4.9. Extracellular Vesicles as Nanoreactors
Extracellular vesicles (EVs) include lipid, nucleic acid, and
protein compartments separated by a phospholipid bilayer.[158]
EVs can be obtained from various sources, including bacterial
and mammalian cell cultures, plants, bovine milk, and other
bodily fluids, such as urine, blood plasma, saliva, and bile.[159]
They can be divided into three distinct categories (exosomes,
microvesicles, and apoptotic bodies) based on their size, biogenesis, release pathway, composition, and function.[160] Exosomes
and microvesicles are formed during the routine cellular membrane turnover in healthy cells and exocytosis. Exosomes have
a 30−100 nm diameter due to the reverse budding of the peripheral membrane of multicellular structures, whereas microvesicles display a 100−1000 nm diameter, attributed to cytoplasmic
membrane budding.[161] Apoptotic bodies are larger than both,
reaching a 500−2000 nm diameter during the apoptosis process due to outer membrane blebbing.[162] The biocompatibility,
physicochemical stability, signaling ability, fusion, and distribution of these vesicles have extended their research into the
fields of cell-to-cell communication, cancer metastasis, and
drug delivery systems.[75] Several synthetic techniques, such
as covalent, noncovalent, and genetic modifications have been
employed to improve the EVs intrinsic functions.
Exosomes have been used to deliver various small biomolecules, drugs, and nanoparticles to a specific cell, given their
small size, low immunogenicity, and long-circulating halflife; however, loading large molecules through processes
such as electroporation and sonication can be challenging
due to the fragility of their membrane.[163] Sancho-Albero and
co-workers devised a gentle chemical technique for delivering
a metallic catalytic payload, which necessitated a strong vector
(Figure 7a).[164] The authors generated a highly catalytic bioartificial vesicle that overcame the complicated intracellular
environment by encapsulating palladium nanosheets and anticancer prodrugs in exosomes (Pd-Exo). This nanoreactor was
able to enter the A549 lung cancer cells, where a bioorthogonal
uncaging reaction occurs to activate the anticancer prodrug in
a spatio-temporal selective manner. Minimal cell proliferation
was observed at a maximum dose of 0.6 µg per 100 µL. The
Michaelis–Menten growth curve revealed that the reaction takes
24 h to reach completion, with a half-life of 5.64 h at concentrations of 25, 50, and 100 m. In addition, the generated exosome
could be recycled three times with only a minor potency loss.
Kumar and co-workers devised a novel technique to create
fused exosome nanoreactors (FEx) using supramolecular
chemistry, enabling multienzyme cascade reactions to produce
ATP within a living cell, functioning as artificial organelles
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(Figure 7b).[165] The authors encapsulated multiple enzymes
(glucose oxidase, hydrogen peroxidase) and developed an
electron transport chain reaction in the plasma membrane
using an ATP synthase and a cytochrome bo3 oxidase, which
were applied to the tissue spheroid to generate energy in the
hypoxic region. This FEx mimicking the cell organelles showed
a high catalytic capacity, increasing the Vmax by threefold and
decreasing the Km by 16-fold.
EVs have recently been incorporated into implantable
biomaterials designed to achieve the local distribution of
medicinal agents via enzyme prodrug therapy to fully leverage
their therapeutic potential.[166] EVs were used as smart carriers for stabilizing enzymes in a hydrogel for locally regulated
conversion of benign prodrugs into active anti-inflammatory
compounds (Figure 7c). Accordingly, EV encapsulation into a
poly(vinyl alcohol) hydrogel could be a potential approach for
enzyme prodrug therapy, as well as for other therapeutic avenues. Another study reported a complementary and quantitative engineering approach based on the sequential synthetic
bottom-up assembly of fully functional EVs with a precisely
controlled lipid, protein, and RNA composition for their programmable therapeutic administration in wound healing and
neovascularization therapy.[167]
The exchange of information between cells is enabled by the
release of extracellular vesicles. The stability and strong signaling properties of EVs, combined with their lack of inherent
toxicity and unwanted organ accumulation, make them a strong
candidate among all other membrane vesicles. However, some
key issues need to be addressed, including their heterogeneity
and storage stability, as well as the lack of an efficient isolation
method and quality control.

5. Role of Microfluidics in the Generation
of Cell Membrane Vesicle Reactors
The robust production of cell membrane-derived vesicle reactors
on a bulk scale remains a challenge due to their polydisperse
size variation, limited reproducibility, and low yield, resulting
in uneven batches.[168,169] To address this issue, droplet-based
approaches have been developed, which are appealing given
the continuous generation of discrete monodisperse droplets
using a fraction of fluid.[170] The ability to fine-tune the droplet
size by modifying the channel geometry and the flow velocity
is a significant advantage.[171,172] T-junction, flow-focusing, and
coflowing chips made of various kinds of materials, such as
polydimethylsiloxane, polymethylmethacrylate, polycarbonate,
printed circuit board, glass, and silicon, have been employed to
fabricate different types of droplet microfluidic devices.[173–175]
Droplets are formed at the interface between the oil and the
aqueous phases, with a surfactant reducing the interfacial
tension between oil and water, resulting in stable droplets.[176]
A tiny electrode that enhances the electric field is inserted
inside the microfluidic device, generating electroporation in the
surfactant and allowing injection into an aqueous phase, which
is used to load functional components into the droplets.[177]
Accordingly, a microfluidic device can be used to create a wellcontrolled, cell-sized compartment by incorporating additional
functional molecules.
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Figure 7. a) Schematic overview of the step-wise synthesis of Pd-Exo, palladium nanosheets, and anticancer prodrug encapsulated in exosomes.[164]
b) The metal ion forms a supramolecular combination with the catechol-modified plasma membrane, bringing exosomes in close proximity and
allowing fusion. This schematic depicts the fusion of ATPsyn-CEx-GOx and bo3oxi-CEx-HRP to create energy generation modules. Reproduced with
permission.[165] Copyright 2021, Springer Nature. c) Schematic diagram showing EV-encapsulated enzyme (β-glucuronidase) integrated into poly(vinyl
alcohol) hydrogels. Incubation of enzyme-functionalized hydrogels with a glucuronide prodrug allows the selective and regulated release of an active
drug. Reproduced with permission.[166] Copyright 2018, Wiley.

Miller et al. used natural components participating in a lightdependent reaction, such as spinach thylakoid membranes, to
demonstrate that they could be linked to a synthetic enzyme cycle
that fixes carbon dioxide within a water-in-oil droplet system.[136]
The droplet composition could be adjusted, and NADPH fluorescence could be employed to track metabolic activities in
real time (Figure 8a). These chloroplast-like droplets combined
natural and synthetic components in a tiny space and could be
further functionalized to undertake sophisticated biosynthetic
functions. Similarly, a microfluidic platform was developed for
miniaturization and analysis of metabolic pathways in artificial
microcompartments composed of water-in-oil droplets.[178] A
NAD-dependent enzymatic reaction and a NAD-regeneration
module mimicking a minimal metabolism were integrated into
microcompartments using a modular method (Figure 8b). These
microcompartments remained metabolically active until the substrate was completely consumed, and the external addition of the
substrate reversibly reactivated their metabolic activity.
In biological organisms, cells possess membrane-bound
and membrane-free subcompartments, in addition to their
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protein-rich lipid membrane. Although the precise mechanism
underlying the formation of biological, multimolecular compartments in vivo remains unknown, the in vitro self-assembly
of one or two molecules to mimic biological compartments is
well documented. Cell membrane vesicles can be generated
using a high-throughput microfluidic technique,[179] utilizing
the natural cell membrane and other synthetic membrane
vesicles to construct compartmental vesicles for diverse applications, including pharmaceutical manufacture, diagnostics, and
catalytic reactors.[180,181]
Several research groups have used a microfluidic system
to create realistic cell models with natural biological components in their membrane vesicles. Chang and co-workers
used a microfluidic flow-focusing polydimethylsiloxane device
to formulate a water-in-oil emulsion droplet-based artificial
cell to observe bacterial communication. N-acyl-L-homoserine
lactones or isopropyl-D-thiogalactopyranoside were diffused
into bacteria-containing droplets, helping to create a signal
between the two compartments, one as a sender and the other
as a receiver.[182] Upon activation of the E. coli reaction, Lentini
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Figure 8. Strategy for the fabrication of a hybrid vesicle reactor using microfluidics. a) Light drives the generation of NADPH and ATP in a thylakoid
membrane-based energy module system encapsulated within microdroplets, along with a controlled metabolic activity encapsulated in droplets. The
droplets are filled into an observation chamber, with each population filling approximately half of the chamber. Using the same color-coding, the schematic depicts the relative NADPH fluorescence over time under varying light conditions for both droplet populations. Reproduced with permission.[136]
Copyright 2020, AAAS. b) Biochemical components are contained in droplets stabilized by a block-copolymer surfactant in this microfluidic technology
for the monitoring of compartmentalized metabolic reactions. Picoinjecting a metabolic substrate or cofactor into these compartmentalized processes
can activate them. The microcompartments are cultured on-chip with fluorescence readouts to monitor their metabolic condition. Reproduced with
permission.[178] Copyright 2018, Springer Nature. c) Schematic diagram presenting the microfluidic system used to encapsulate a modified E. coli
strain and pyranine into cell-sized compartments. Water-in-oil droplets can be generated at the flow-focusing T-junction of a polydimethylsiloxane
(PDMS)-based device. To the right, two confocal fluorescence and brightfield microscopy pictures of the pyranine within the droplet-based compartments at pH 5.8 and 8.0. are shown. Reproduced with permission.[186] Copyright 2021, Springer Nature.

et al. produced a phospholipid-based artificial cell that released
isopropyl-D-1-thiogalactopyranoside.[183] Dittrich and co-workers
generated a cell model based on lipid multivesicular droplets
enclosing numerous enzymes to examine the subsequent cascade of biological events.[184] Raghavan and co-workers created
microscale capsules in an artificial cell that used a water-gas
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microfluidic technology to produce two separate E. coli strains
in individual subcompartments, with one strain performing
the role of the producer while the other acted as the reporter.
The producer generated an autoinducer to aid quorum sensing,
while the reporter generated fluorescence in response to the
autoinducer.[185]
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Elani et al. used a microfluidic approach to combine living
and synthetic materials within the same vesicle, resulting in a
living/synthetic hybrid cell. Living cells and artificial materials
worked in conjunction as organelles to perform cellular and
enzymatic activities.[2] Cho and co-workers employed a microfluidic device to fuse a catechol-designed exosome with catalytic
cascade activity to generate ATP within tissue spheroids.[165] A
strategic fusion of both bottom-up and top-down techniques
was recently carried out to transform light into a proton gradient in acting synthetic biological systems.[186] Overexpressing
the light-driven, inward-directed xenorhodopsin proton pump
in E. coli and encapsulating it within artificial cell-sized compartments for light-dark cycles could reversibly switch the
pH by almost a whole unit, and these pH gradients were
further used to trigger the attachment of DNA structures to the
periphery of the compartment (Figure 8c). A DNA triplex motif
functions as a nanomechanical switch that responds to the
E. coli pH trigger. Modifying DNA origami plates with this
pH-sensitive triplex motif can activate the attachment of protonpumping E. coli to GUVs.
These microfluidic devices can be utilized to construct
responsive artificial bioreactors in the synthetic processes
that generate single or multiple compartments to encapsulate
enzymes. These systems can perform cascade reactions associated with drug delivery, energy generation, cell communication,
and quorum sensing to function as a cell in a controllable
manner, depending on their tailored functions.

6. Life-Like Functions and Biological Interactions
of Cell Membrane Vesicle Reactors
Vesicle reactors were created to examine life processes occurring
in natural cells. Growth and division, membrane transport,
gene and protein connection, enzymatic cascade reactions,
intercellular communication, and energy generation are major
cellular functions demonstrated in vesicle reactors.

N-ethylmaleimide, bringing synaptic vesicles and the neuronal
plasma membrane in close proximity.[194–196] Hybridization
was achieved with DNA–lipid conjugates rather than SNARE
proteins. The DNA oligonucleotide functionalized the lipid
head groups, bringing the vesicles closer together and eventually resulting in membrane fusion. The complementary DNA
sequence was anchored in two distinct lipid vesicles by Chan
et al., facilitating the serial fusing (docking, hemifusion, and
full fusion) of the lipid membrane with its internal composition, as demonstrated in a Tb+3-DPA FRET reaction.[197]
In the presence of the FeCl3.6H2O metallic salt, Kumar et al.
created separate exosomes with catechol-modified antibodies
that induced bridging between them.[165] This membrane fusion
event can help to clarify a number of biological interactions
within cells, such as endo- and exocytosis.
Recently, a single-particle combinatorial multiplexed
liposome fusion mediated by DNA enabling the parallelized
multistep and nondeterministic fusion of individual subattolitre
nanocontainers has been discovered (Figure 9a).[198] In addition, highly efficient (>93%) and leakage-free stochastic fusion
sequences were developed between arrays of surface-tethered
target liposomes and six free diffusing populations of cargo
liposomes, each functionalized with individual lipidated singlestranded DNA and fluorescently-barcoded with a different ratio
of chromophores. This stochastic fusion provided a unique
fusion sequence permutation for individual nanocontainers.
The elucidation of the membrane fusion process can help
researchers to better understand basic biological processes in
biomimetic vesicles and solve numerous fundamental problems for the development of new therapeutic applications.
It also allows the testing of biological fusions not expected in
living cells. In contrast to natural fusion, biomimetic fusion
could be designed to be selective. However, the understanding
of the roles of the multiple factors participating in natural
fusion and their associations remains a challenge.
6.2. Cell Growth

6.1. Membrane Fusion
Vesicle reactors have been utilized in numerous platforms to
mimic the processes taking place in the natural membrane,
exhibiting high throughput and efficiency and imitating two
cell membrane roles: membrane fusion and encapsulation of
biological components. Membrane fusion is a critical step in
several biological processes, including endo- and exocytosis,
protein and lipid exchange, and viral infections.[187–191]
Various artificial vesicle reactors have been employed to
investigate the membrane fusion mechanisms. Essential elements that determine the creation of pores and receptor
recruitment include membrane fluidity with excellent mobility
and permeability.[191] DNA–lipid conjugates and SNARE proteins were used to trigger the membrane fusion process.[192]
Robson Marsden et al. designed vesicles with lapidated oligopeptide hybrids (LPE and LPK) that acted in a similar way to
the SNARE proteins in the fusion of two lipid membranes.[193]
The four-helix coiled-coil bundle was generated via the interaction of the membrane-bound SNARE proteins with soluble
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Natural cells can produce new offspring either via membrane
or genome replication.[199] Artificial membrane vesicles are generated by a variety of enzymes and chemicals simulating the
self-replication process, mostly based on osmotic pressure differences. Furthermore, protein translation within the vesicle
can promote self-sustained life.[200] Using a constant supply
of fatty acid molecules, Hentrich and Szostak observed the
growth of filamentous structures into vesicles present within a
microfluidic chamber that was utilized to capture the propelled
fatty acid to form buffer-induced filaments, as well as vesicle
growth.[201] Similarly, Schmidli et al. four different enzymes
uploaded into vesicles; these enzymes converted precursors
like acyl-CoA and glycerol-3-phosphate into diacyl-glycerolphosphatidylcholine, facilitating the addition of a new lipid
component to build membranes. An Sn-glycerol-3-phosphateacyltransferase was encapsulated to stimulate the 1-palmitoylsn-glycerol-3-phosphate precursor to add and distribute new
lipid components within the membrane, thus transforming
small vesicles into giant vesicles.[202] Burrier et al. findings
implied that acid lipase activity was regulated by the charge or
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Figure 9. Life-like features of synthetic vesicle reactors. a) Targeted liposome fusion after modification of targeted liposomes fixed to the surface, each of
them loaded with six lipidated DNA (LiNA) sequences with freely diffusing liposomes for combinatorial multiplexing. Reproduced with permission.[198]
Copyright 2022, Springer Nature. b) Setup diagram for the controlled construction of user-defined architectural vesicle networks. The inclusion of NaCl
in the external solution resulted in sticky vesicles that could be controlled in three dimensions by employing an optical tweezer and a motorized stage.
Reproduced with permission.[211] Copyright 2018, Springer Nature. c) Schematic for the signaling between artificial cells and neuronal differentiation.
Reproduced with permission.[214] Copyright 2020, AAAS.
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physical state of the surface phase of model substrates and may
affect the degradation of core components of naturally occurring substrates like lipoprotein.[203]
Artificial cells grow via budding and fission processes, influenced by several mechanical efforts like shearing, volume
reduction, and phase separation. All the important components and hereditary information must be reproduced from the
parent to the daughter compartment, which is an arduous and
crucial task to accomplish, as even the smallest modification
in the hereditary code will have an impact on the identity and
evolutionary path of the artificial cell. Consequently, the spatiotemporal control of the growth activity is an essential aspect
of this process.
6.3. Protein Expression
Protein expression is a vital function performed by natural cells.
Artificial membrane vesicles can replicate the entire transcription process via a cascade of chemical reactions that connect
the external and internal environments through the exchange
of material, thanks to the permeability of the membrane. Nourian et al. synthesized a vesicle incorporating translation and
transcription factors templates using E. coli ribosomes and a
bacteriophage T7 RNA polymerase. The whole gene expression
system was developed in one vesicle, where protein expression was performed in the presence of nucleotides and amino
acids.[204] Niederholtmeyer et al. used a microfluidic system to
incorporate an artificial nucleus with preloaded DNA templates
to carry out the transcription and translation processes.[205]
Noireaux et al. developed a GFP expression system in giant
lipid vesicles loaded with a cell-free extract from E. coli. The
authors increased the protein expression by incorporating
an α-hemolysin in the vesicle membrane. The incorporation
of the cell-free expression system into the membrane vesicle
could turn the vesicle into a bioreactor that should continuously express proteins.[206] Due to its artificial composition, this
activity can be carried out without any optimization or control mechanisms, and its combination with pneumatic valves
improved its efficacy in terms of protein yield. Protein expression is a measure of the longevity and maturity of the cell, and
it can help to understand the aging of natural cells in terms of
how long they can accelerate a response. These bioreactors provide a novel option for gene delivery and are strong contenders
in the biosensor field.[207]
6.4. Intracellular Communication
Cascade reactions within the cell result in the synthesis of
diverse products that convey information from one organelle to
the next to complete the process. Zare and co-workers created
for the first time, a reagent-encapsulated vesicle that continued
to propagate the cascade reaction following the external addition
of a reagent.[208] Van Nies et al. implemented all the DNA
replication elements required to achieve the synthesis of the
Φ 29 virus genome within giant vesicles in a confined environment. These vesicles allowed the independent compartments to
act as organelles with reagent storage capacity. These reagents
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catalyzed the synthesis of the product in an individual compartment and sequentially carried on the complex reaction.[209] Cho
and co-workers encapsulated the ATP synthase and cytochrome
bo3 oxidase enzymes within individual exosomes that continued
to function after their fusion, creating a proton gradient force
that allowed the synthesis of ATP.[165] Polymer vesicles loaded
with a lipase substrate, functionalized nanoparticles, and the
lipase enzyme in different subcompartments could initiate a
series of reactions following the addition of the triggering molecule dithiothreitol, releasing the enzymatic substrate from the
nanomaterial and interacting with the lipase, thus generating
fluorescent methyl-resorufin as a result.[210] Nuti et al. used a
microfluidic device to generate a multiple-compartment system
within a single vesicle, showing a cascade of biochemical interactions between compartments and allowing the simultaneous
release of chemicals.[184]
Interactions between subcompartments are specific to each
other. Inside the vesicle, sequential reactions are carried out in
a confined environment with the correct substrate and enzyme.
As a result, the appearance of a final or intermediate product,
as well as changes in the chemical reaction, indicate that an
intracellular reaction is taking place in the artificial cell. This
intracellular response is linked to intercellular communication
in a roundabout way, as its products initiate intercellular communication, activating the other cell. Furthermore, failure of
the intracellular communication process may be indicated by
alterations or interruptions in intercellular communication.
As a result, the performance of one sub-compartment may be
critical for the other connected vesicles.
6.5. Intercellular Communication
One of the most crucial aspects of message transduction is
cell-to-cell communication. Multi-vesicles are arranged to
resemble the intercellular communication network. Bolognesi
et al. used the pore protein α-hemolysin to examine the interactions between tunable membrane vesicles. A fluorescence assay
confirmed the interaction between vesicles, as materials were
transferred from one to another. Contactless communication
between vesicles was also investigated (Figure 9b).[211]
Tang et al. used liposomes and proteinosomes as transmitters and receivers, respectively. The authors encapsulated a DNA
template into a liposome that expressed α-hemolysin and subsequently triggered a proteinosome to initiate an enzymatic cascade
of reactions leading to the release of glucose from the liposome.
The production of resorufin confirmed the contactless interaction
between the vesicles.[212] Artificial signal transduction was performed between two large vesicles, with one vesicle containing
a membrane protein-like effector that stimulated the other. Tan
and co-workers used the DNA triangular prism B as an effector
to stimulate DNA triangular prism A, contained in another
vesicle.[213] After stimulation, the messenger DNA was released,
activating synthetic transmembrane channels for ion influx.
Before stimulation, the transmembrane channel was blocked by
the DNA strand, which was released upon reception of the complementary sequence from the messenger DNA. These signals
between artificial cells mimic natural signal transduction and can
be utilized to analyze the real biological system.[213]
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Artificial cells that communicate chemically with mammalian cells under physiological conditions have recently been
developed.[214] These cells respond to the presence of a tiny
molecule in the environment by generating and releasing a
powerful protein signal called brain-derived neurotrophic factor
(Figure 9c). Engineered human embryonic kidney cells and
murine neural stem cells were able to communicate with genetically controlled artificial cells, indicating that artificial cells
are a versatile chassis for the in situ synthesis and on-demand
release of chemical signals, eliciting the desired phenotypic
changes in eukaryotic cells, including neuronal differentiation.
Life would not be possible without intercellular communication, as the function of one organ is entirely dependent on
the function of another, and small modifications in one have
an impact on the other’s function. For example, the pituitary
is a master gland that controls the entire body; thus, the action
in the pituitary gland cells affects all cells and prevents the sensory organ from working. Consequently, intercommunication
is crucial in everyday activities, and it is furthermore one of the
most important requirements for an artificial cell to be called
a cell.
Artificial cells exhibit life-like behavior that is linked to one
another. The efficient performance of one property prompts
the execution of another function. There will be no expression without cell growth, and there will be no communication
without expression. However, performing all functions within a
single artificial reactor remains a challenge. Therefore, we need
a technique that will allow us to combine all these behaviors
into one and create an optimal artificial cell that will help us to
understand natural behavior.

7. Biocatalytic Nano- and Microreactors
for Biomedical Applications
Several diagnostic procedures currently require invasive biopsies and subsequent pathological analysis. Despite recent
advances in the targeting of specific diseases, organs, or cell
types, numerous biologically based therapeutics still work
systemically, potentially increasing the risk of off-target consequences and lowering the response rates. Modern biocatalytic
vesicle reactors, considered an innovative approach for the
engineering of biological systems to execute user-defined functions, are well-positioned to meet the demand for new diagnostic tools and therapies. Artificial cells provide a platform
for inserting hydrophilic molecules within compartments and
hydrophobic molecules into the membrane, in combination
with pharmaceuticals, offering an appealing option in therapeutic clinical applications. These innovations have laid the
groundwork for establishing a “theranostic vesicle reactor” that
may be utilized in both real-time diagnostic and therapeutic
applications, as well as in monitoring a patient’s overall outcome and prognosis.[215] These systems are designed to exhibit
sensors that detect disease marker levels (for example, a cell
membrane receptor that recognizes a ligand), along with signaling machinery that precisely regulates a cellular response
(for example, therapeutic protein expression or cell death).
Our growing understanding of cellular membranes and the
technological advances over the last decade has accelerated the
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development of biological membrane vesicle reactors for diagnostic and therapeutic purposes. Cell membrane vesicle reactors present different compositions, permeability, and shapes,
allowing them to operate within a wide range of dimensions,
from nano to macro, resulting in a huge surface-to-volume
ratio.[216] These properties, combined with the ultrathin structure of the membrane, offer more precise control over molecules, as they should only activate under specific conditions,
making it a good candidate to reduce patient compliance.[217]
Building on this success, the aim is to design safer, more effective therapies applicable to a wide range of diseases, while
avoiding nonspecific, systemic, or off-target toxicity.[218] The
shape of the membrane vesicle reactors utilized in theranostic
applications is essential for developing safe blocks with biocompatibility, immunogenicity, and water solubility that ensure
cell response and internalization.[215]
7.1. Therapeutic Biocatalytic Vesicles
Different biocatalytic vesicles, including liposomes, polymersomes, hybrid vesicles, and cell membrane vesicles, have been
employed to try to advance in the field of therapeutic applications in different diseases. The loading of the therapeutic elements into membrane vesicle reactors is governed by their
morphology, size, polydispersity, and adhesion.[219] Similarly,
key points for effective drug delivery include the concentration,
molecular weight, and charge of the artificial cell, which impact
the release profile.[220] Traditional drug delivery systems have
some limitations in controlling the drug release, with a high
possibility of delivery at an off-target site and a lack of control
in polymer degradation,[221] but recent advances in theranostic
research have demonstrated that artificial cells provide a platform
to effectively resolve these issues.
7.1.1. Cancer Therapy
A better alternative to the traditional methods and systems of
medication delivery in cancer must be found, given their offtarget effects, limited effectiveness, and severe side effects.
Vesicle nanoreactors address this issue by increasing their therapeutic efficacy while minimizing their adverse effects.[40]
Kamerkar et al. showed that exosomes are more likely to be
retained in the circulation of mice compared to liposomes, due
to the CD47-mediated protection of exosomes against monocyte
and macrophage phagocytosis.[222] Exosomes were designed
to deliver short interfering or hairpin RNAs specific to oncogenic KrasG12D, a frequent mutation in pancreatic cancer, in
normal fibroblast-like mesenchymal cells (Figure 10a). Compared with liposomes, engineered exosomes (iExosomes)
displayed a higher efficacy against oncogenic KRAS, which
was dependent on CD47 and aided by macropinocytosis. In
various animal models of pancreatic cancer, treatment with
iExosomes decreased the tumors and dramatically improved
the overall survival.
In a recent study by Hoshino et al., tumor-derived exosomes
from organ-specific cells were used to establish an organspecific pre-metastatic environment.[223] Proteomic analysis
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Figure 10. Therapeutic potential of synthetic vesicle reactors. a) Exosomes promote therapeutic targeting of oncogenic KRAS in pancreatic cancer.
Reproduced with permission.[222] Copyright 2017, Springer Nature. b) Schematic illustration representing the mechanism underlying exosome-mediated
organotrophic tumor propagation. Based on integrin expression, tumor-derived exosomes are taken up by organ-specific resident cells in future metastatic organs. Reproduced with permission.[223] Copyright 2015, Springer Nature. c) Diagram depicting platelet nanovesicles (PNVs) ornamentation and
therapy. Angiograms depicting coronary flow and balloon implantation before, during, and after ischemia used in the pig study design. Reproduced
with permission.[236] Copyright 2018, Springer Nature. d) Schematic illustration presenting the role of Gevokizumab-armed platelet microparticles as
cardiac detoxification and repair agents. Reproduced with permission.[230] Copyright 2020, AAAS.
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revealed different integrin expression patterns, with exosomal
integrins α6β4 and α6β1 linked to lung metastasis and exosomal
integrin αvβ5 associated with liver metastasis (Figure 10b).
Lin and co-workers targeted HER2-positive cancer cells using
a DNA-based drug embedded in erythrosomes (a combination
of erythrocytes and liposomes), which helped in immune clearance and pH changes at the targeted site, triggering the release
of the nanomedicine from the liposome.[85] In the field of nanomedicine, imaging and phototherapy play an important role
in expanding the functions of nanomaterials.[224] Considering
their therapeutic application in drug delivery, potential cancer
treatment was investigated by modifying and encapsulating
nanomaterials within different types of membrane vesicles,
including RBC, macrophage, platelet, and other membrane
vesicles,[103,225,226] as encapsulation within membrane vesicles
could reduce immune clearance.[227]
Piao et al. used an RBC membrane vesicle encapsulating a
gold nanocage against a murine 4T1 tumor model and elevating
the temperature from 35 to 41 °C using NIR irradiation for
10 min. Following nanoparticle irradiation, energy was transferred from the nanoparticle to a photosensitizer, generating
reactive oxygen molecules and inhibiting tumor growth via the
hyperthermic process.[228]
Rao et al. encapsulated magnetic nanoparticles within
platelet membrane vesicles that exhibited imaging and photothermal therapy properties. The uptake of this bioreactor was
enhanced in the MCF-7 cancer cells, as determined using magnetic resonance imaging, while cytotoxicity was increased on
NIR laser irradiation.[225]
The cellular uptake of macrophage membrane vesicles
encapsulating nanoparticles increased after laser irradiation,
significantly killing 4T1 breast cancer cells to the point that
tumor growth was halted almost completely upon irradiation.[226]
This system presented fewer effects on blood circulation,
without affecting biochemical interactions within the body.
Employing several of these biocatalytic vesicles allows homogeneous targeting and easy passage through the blood-brain
barrier. The use of imaging technologies in combination with
homogeneous targeting offers a more accurate analysis of the
tumor features and its treatment. Increasing the temperature
during the treatment affects the bioactivity of the membrane;
as a result, a correct temperature optimization is required to
maintain its activity. However, this illustrates their substantial
benefit when using them as drug carriers to target a specific
region.
7.1.2. Immune Modulation
Cell membrane vesicles can easily activate the immune system,
as the natural membrane is known to possess a diverse number
of surface antigens. Fang et al. used the B16-F10 mouse melanoma cell membrane as a vesicle reactor containing common
melanoma antigens that upregulated the CD40, CD80, and
CD86 markers.[224] Likewise, a cancer cell membrane was
used as a nanovaccine to stimulate the levels of CD80 and
CD86 in human peripheral blood monocytes and inhibit the
MDA-MB-231 cancer cells.[105] In another study, PLGA nanoparticles with CpG oligodeoxynucleotides were coated with
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a B16-F10 membrane and could induce DC maturation and
upregulation of CD40, CD80, CD86, and MHC-II. CpG stimulated the endosomal receptor TLR-9 more efficiently, helping to
remove the tumor by controlling its growth.[229]
In a recent study, platelet microparticles (PMs) were armed
with anti-interleukin (IL)-1 antibodies after acute myocardial
infarction to neutralize IL-1 and prevent adverse cardiac remodeling.[230] The findings suggested that infarct-targeting PMs
may attach to the damaged heart cells, causing an increase in
anti-IL-1 antibodies (Figure 10d). Anti-IL-1 platelet PMs could
protect cardiomyocytes against apoptosis by neutralizing IL-1
and lowering the IL-1-driven caspase-3 activity.
Biocatalytic vesicles contain intact surface protein markers,
which increases the number of immune markers available to
fight the disease. Unlike synthetic vesicles, it does not require
any further surface-marker engineering. This feature demonstrates the superiority of natural membrane vesicles over synthetic membrane vesicles.
7.1.3. Other Diseases
Neural tissue damage induced by reactive oxygen species
(ROS) and injuries such as disc herniation, spondylosis, or
spinal traumas to the spinal nerve root can lead to neuropathic
pain.[231,232] ROS act against the neural tissue due to its high
lipid content and increased oxidative metabolism, producing
reactive oxygen metabolites.[233] One solution to eliminate the
pain is ROS removal, which can be achieved by utilizing antioxidant enzymes like superoxide dismutase (SOD). SOD converts
the superoxide radical O2− into hydrogen peroxide as a defensive system.[234] Kartha et al. developed porous polymer vesicles based on PEG-b-poly (butadiene) and PEG-poly (propylene
glycol)-PEG loaded with SOD. ROS could interact with SOD
inside the vesicle thanks to its permeability, thus being eliminated. These formulated vesicles were locally administered in
the ipsilateral injured forepaw in a rat model, demonstrating
that SOD-encapsulated porous polymersomes could alleviate
neuropathic pain after nerve root compression more effectively
than therapy with the free antioxidant enzyme alone.[235]
Tang et al. showed that platelet nanovesicles fused to the surface membrane of cardiac stem cells (CSCs) increased platelet
adherence to injury sites.[236] In addition, modified CSCs could
selectively bind collagen-coated surfaces and endotheliumdenuded rat aortas, boosting cardiac retention and reducing
the infarct size in rat and porcine models of acute myocardial
infarction (Figure 10c). Accordingly, platelet nanovesicle-fused
CSCs exhibited innate targeting and healing abilities mediated
by their parent cell types.
Vesicle nanoreactors can be used to treat alcohol intoxication. Liu et al. encapsulated the enzymes alcohol oxidase and
catalase into DNA-oriented nanocapsules to remove hydrogen
peroxide. The enzymes were polymerized on the surface of the
nanocapsules. The alcohol concentration in the blood of
alcohol-intoxicated mice was markedly reduced upon administration of these capsules compared with a control treated
with single enzyme insertion or liposomes loaded with both
enzymes. The close packing of the enzymes inside the nanocapsules increased their efficacy.[231]
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Intraocular pressure is a major risk factor for glaucoma,
and NO-mediated reduction of this pressure remains the current treatment strategy.[40] Chandrawati et al. developed a twostep system for loading layer-by-layer assembled capsules with
β-galactosidase, followed by β-galactosidase-NONO liposomes,
functioning as a NO prodrug to the trabecular meshwork via
intracranial injection. The prodrug was released along with
layer-by-layer capsule diffusion, generating NO, which effectively lowered the intraocular pressure.[237]
The use of biocatalytic vesicles to treat different diseases has
shown that they can be effective with their native properties.
Due to their natural character, they can easily penetrate the
blood-brain barrier, with long circulation times and escape the
immune invagination. These properties allow them to target a
specific site and act against the disease. Furthermore, loading
several drugs and nanoparticles inside them can enhance the
drug delivery, with reduced toxicity to the natural cell, which
would allow a less invasive administration of chemotherapy
and photothermal therapy. However, the specific membrane
must be chosen accordingly to the type of disease. All these
characteristics make biocatalytic vesicles a viable candidate as
a novel tool to treat disease. Further studies will provide the
opportunity to use them against many more diseases.
7.2. Diagnostic Applications
Membrane vesicles have been employed in combination with
various active compounds such as fluorescent dyes, metal
complexes, and inorganic compounds for disease detection.
These agents must be highly sensitive and specific to detect
pathological changes, and should also be biocompatible and
biodegradable.[215,238] Encapsulation of quantum dots like Pbs
or TiO2 within vesicles can be used for noninvasive biosensing
applications.[239] Membrane vesicles have been applied to trap
magnetic iron oxide nanoparticles in imaging-based disease
diagnostics, allowing the performing of ultrasound and magnetic resonance imaging without inducing toxic effects.[240]
The importance of platelets in cancer diagnosis has led to
the development of a microfluidic device capable of identifying
cancer-derived EVs in ultrasmall quantities (1 µL) in human
plasma samples. Furthermore, this chip could monitor the
growth of the tumor spheroids (100 µm–2.5 mm) and clearly
distinguish the plasma from patients with cancer from that of
healthy controls.[241]
The membrane coating of white blood cells (WBCs) could
accommodate nanoparticles with “homologous” surface properties to those of the source WBCs. Nonspecific binding of WBCs
on the nanoparticles was reduced due to these homologous
features, improving the quality of isolated CTCs. Accordingly,
numerous WBC-nanoparticles for CTC detection and isolation
have been reported.[242,243]
A cell-membrane-modified field-effect transistor was used as
a function-based nanosensor to detect and quantitatively assess
different toxins and biological materials. The sensor’s built-in
calibration mechanism, which overcame batch-to-batch fabrication fluctuations, enabled accurate quantitative measurements,
as demonstrated with three different toxins and a variety of
complex bacterial supernatants.[244]
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Biocatalytic vesicles have been used to treat a variety of diseases, demonstrating that they can work as natural medicine.
It can easily penetrate the blood-brain barrier, with a long circulation duration and avoid immune invagination due to its
natural characteristics. These properties enable it to target a
specific site and combat the disease. Additionally, increasing
the number of medicines and nanoparticles inside it improves
medication delivery while lowering toxicity to normal cells.
As a result, less invasion is required for chemotherapy and
photothermal therapy. However, depending on the type of sickness, it is recommended to select a particular membrane. These
features make the biocatalytic vesicle an excellent candidate for
disease treatment.
7.3. Antibacterial Applications
Bacterial membrane vesicles engineered with gold nanoparticles were administered to immunocompetent CD-1 mice and
resulted in the activation and response of T, B, and dendritic
cells, which facilitated bacterial clearance and minimized infection.[245] A modified Staphylococcus aureus membrane vesicle
containing antibiotic-loaded PLGA nanoparticles accumulated
at infection sites, markedly reducing the bacterial count in the
kidneys and lungs of mice.[246] Protoplast-derived nanovesicles
from bacteria containing high levels of the outer membrane
protein OmpA and lipid A and loaded with extra antigens
were used to treat severely infected mice, resulting in a reduced
cytotoxic effect.[247]
In addition to bacterial membrane vesicles, other cellular
vesicles are also utilized for antibacterial applications. A gastric epithelial cell membrane was stimulated by host-pathogen
interactions, targeted by Helicobacter pylori. This membrane
contained a bacteria-recognized receptor, and clarithromycinloaded vesicles were effective against bacterial infection.[248]
Platelet membrane vesicles modified with nanoparticles
could prevent the macrophage damage caused by Staphylococcus aureus toxins and mediate the activation of macrophage
oxidative burst and NO production against the bacteria.[249]
A combination of platelet and RBC membrane cloaked with
gold nanowires was developed as a nanorobot that adhered to
pathogens and neutralized their toxins.[90] A similar study using
RBC membrane-coated anisotropic nanoparticles functioned as
a nanodevice that facilitated the absorption of different kinds
of bacterial pore-forming toxins and alpha-toxin from the
blood, exhibiting efficacy as a potential sepsis detoxification
therapy.[250]
The use of bacterial membrane vesicles in combination with
the appropriate medication helps to selectively target the location of the infection and recruit more immunomodulating cells
to fight the bacteria, as they destroy the microorganisms at the
targeted location and prevent the infection from spreading by
releasing the medication. Due to the presence of a multitude
of receptors on its surface, the immunologically modified cell
membrane interacts with bacteria, capturing the pathogen and
recruiting more immune cells to fight it. As a result, employing
a natural vesicle against bacteria aids in regulating both the
innate and adaptive immune systems to combat the pathogen.
Consequently, lower antibiotic doses are needed and the impact
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on other systems is minimized, hence reducing the problem of
antibiotic resistance. This method may allow for the treatment
of a variety of bacterial infections while also preventing sepsis,
a life-threatening condition. This approach could expedite the
progress in combating antibiotic resistance.

8. Opportunities and Challenges
of Cell Membrane-Based Vesicles
The present review summarizes the importance of membranebased vesicles as an emerging technology that can replicate
cellular biological functions. The natural features of these
membrane vesicles can provide a foundation for engineering
biocompatible functionalities that can help to treat difficult
diagnoses. Their biointerfacing function could allow the encapsulation of a wide range of biomolecules, medicinal agents,
and nanoparticles, offering information on diagnostics and
treatment with reduced side effects via photodynamic action.
The main advantage of encapsulating nanomaterials resides in
combining the properties of cell membrane vesicles with different sizes, shapes, and compositions of the nanomaterial,
depending on the type of biomedical application.[218,251] Therapeutic nanoparticles, including inorganic, lipid, and polymeric
nanoparticles functionalized with cell membrane vesicles, have
provided convincing antimicrobial strategies to address a recent
problem.[252] Nanoparticles can increase drug solubility, prolong
the circulation half-life through immune evasion, target, and
release drugs in a regulated manner, and synergically deliver
drug combinations.[253] Nanoparticle surfaces can be easily
modified with particular biological membranes for signal augmentation and readout for disease diagnosis. Furthermore,
because of their huge surface-to-volume ratio, they have unique
electrochemical reactivity, catalytic aptitude, and optical properties for biosensor designing.[254] They are the best candidates
in the medical field to be used as nanovaccines to increase
antigen-specific immunity. But, there are many difficulties that
the formulation researcher must overcome in regard to their
employment such as scale-up viability, regulatory issues, and
commercialization.[255–257] Cell membrane-modified nanoparticle-based vaccines can either encapsulate antigens or carry
them on their surface for disease prevention, stopping antigens
from premature degradation.[224]
However, significant challenges including cell sources, manufacturing and purification methods, quality control, mixing
ratio optimization, and stability need to be addressed prior to
their clinical application. Cell source is critical in autology to
minimize mismatches. The host immune response is defined
by optimal materials that determine the autologous cell source
to treat patients without distinction in major histocompatibility complex class types. The production of membrane vesicles from an autologous source is a time-consuming process,
limiting the availability of membrane vesicles, which, in turn,
delays the treatment process. One possible solution to this
challenge is to establish a cell bank that would allow the identification of the appropriate MHC class-type cell source.[45]
Premodification by genetic engineering is difficult to achieve
in anucleated cells such as RBCs and platelets. Accordingly,
modifications must be made in the pre-embryo stage in
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animals. However, one considerable challenge remains for
their clinical application. As the formation of cell membranes
at different times of the cell cycle or growth phase impacts the
outcome, time-dependent quality control assessments of the
cell source and its related membrane vesicles are required.[69]
Membrane vesicles with numerous pathogenic surface proteins
can be generated using a variety of malignant cells and bacteria.
As a result, prior to utilization, these pathogenic qualities must
be neutralized. A comprehensive proteomic, lipidomic, or glycomic investigation should be included in the screening process.
Importantly, it should not contain any components that, if
administrated, could aggravate cancer or sickness in the treated
individuals.[258,259]
The number of vesicles produced and their stability can be
markedly influenced by the extraction procedure rather than
the cell type. The formation of membrane vesicles is determined by the extrusion and sonication methods, which rely on
cell density. The efficiency of hybridization, coating, and encapsulation are also determined by cell density, membrane fluidity,
and the processing technique. The purification and processing
methods should be optimized and managed to achieve a high
output of membrane vesicles. Stability is another issue that
must be addressed. Vesicle shelf life and stability are impacted
by the temperature, oxygen levels, pH, and light. Prior to functioning, the generated vesicle must comprehend the properties
of its surroundings and the cell membrane. A cryoprotectant
must also be utilized to freeze the vesicles to avoid membrane
damage due to its high lipid content, preventing oxidation.[45]
Quality control of the biomolecules and nanomaterials
enclosed in the membrane vesicles is critical to determining
the shelf life of the vesicle reactor. Chemical alterations must
be precise to retain the stability, integrity, and original function
of the membrane, given its delicate and fragile nature. Chemical modification should be performed in a regulated manner,
accompanied by the incorporation of certain functional groups.
In addition, it is critical to adjust the ratio of membranes from
different cell sources, as this can directly impact the therapeutic
cargo activity.

9. Conclusions
The cell membrane presents the basic life feature of compartmentalization, and this natural environment has become a
critical aspect of synthetic biology to generate artificial compartments. The main aspect allowing artificial cells to possess
a life-like structure is compartmentalization, allowing many
artificial components to be used to replicate biochemical activities. Protocells developed using amphiphilic phospholipid polymers need to match the properties of natural compartments
in terms of molecular weight, surface charge, chemical structure, and amphiphilicity. However, this structural mimicking
lacks the native functions present in the biological membrane.
To overcome these limitations, this review focused on natural
cell membrane compartments. Several natural cell membranes
have been explored based on their native functions, including
membranes from EVs, blood, immune, and cancer cells, bacteria, viral capsids, and thylakoids. By mimicking the function
of natural cells, several enzymes could be encapsulated in
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the artificial cells, demonstrating that biocatalytic reactions
occur sequentially. The current development trends are highly
influenced by the droplet microfluidic system, due to the uniformity of its compartment and subcompartment sizes in
which numerous biomolecules or enzymes can be integrated
at the same rate. This approach demonstrated the cooperation
between the membranes for fusion and functional integrity.
By simulating this constructed vesicle reactor as a cell in
terms of communication and energy generation within the cellular environment, the ultimate objective is to acquire a deeper
knowledge of the biological interactions. These can be used
for a wide range of diagnostic, therapeutic, and antimicrobial
purposes. With marked sensitivity and specificity, constructed
vesicle reactors can outperform the efficacy of the individual
medication. Although in the present review we focused on the
advantages of vesicle reactors, further control experiments are
needed to assess their therapeutic applications in various other
diseases. Considering the difficulty in their generation, stability,
and targeted distribution, several challenges in terms of accurately managing this approach need to be addressed. Future
research will be critical for developing vesicle reactors that will
satisfy essential requirements.
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