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Membrane-fusogenic biomimetic particles: a new
bioengineering tool learned from nature

Huimin Kong,a Ke Yi,a Chunxiong Zheng,a Yeh-Hsing Lao,b Huicong Zhou,c

Hon Fai Chan,d Haixia Wang, a Yu Tao *a and Mingqiang Li *ae

Membrane fusion, a fundamental biological process of the fusion of the membrane composition between cells,

is vital for cell–cell communication and cargo transport between living cells. This fusion interaction achieves

the transportation of the inner content to the cellular cytosol as well as the simultaneous blending of foreign

substances with the cell membrane. Inspired by this biological process, emerging membrane-fusogenic

particles have been developed, opening a new area for bioengineering and biomedical applications. Especially,

membrane-fusion-mediated transfer of inner cargoes can bypass endosomal entrapment to maximize the

transportation efficiency, emerging as a unique cytoplasmic delivery platform distinct from those depending on

conventional endocytosis-based pathways. In addition, the membrane fusion enables cell surface modification

through lipid diffusion and mixing, providing a tool for direct cell membrane engineering. In this review, we

focus on the development of membrane-fusogenic particles and their up-to-date progress. We briefly

introduce the concept of membrane fusion, elaborate inspiring strategies of membrane-fusogenic particles,

and highlight the recent advances and the promising applications of membrane-fusogenic particles as a next-

generation bioengineering tool. In the end, we conclude with the present challenges and opportunities,

providing insights in the future research of membrane-fusogenic particles.

1. Introduction

Membrane fusion is the fundamental biological process of the
fusion of membrane components between cells, which occurs
during the whole lifetime of the body.1–3 In this process, the
targeted cell is primely tethered by its membrane to contact
donor cells. Subsequently, a fusion reaction is facilitated to
initiate the membranous mixing to form a merged continuous
lipid bilayer. Lastly, a fusion pore is formed with the concomi-
tant transfer of inner contents. As a result, not only is the
composition of the membrane blended to promote the compo-
nent exchange between cells, but also the internal contents are
directly mixed to further enhance the message transmitting
into the cytoplasm. Hence, such a ‘‘two-into-one’’ process can
be considered as a both-side approach for extracellular and
intracellular information transfer and cargo sharing between
living cells. This kind of fusion between the plasma membranes
has an overarching impact on cellular events in natural organ-
isms, especially cell–cell communication and cargo transport.1

Inspired by this natural membrane-fusion mechanism,
material/chemical scientists have recently developed artificial
membrane-fusion systems, mainly particles, to manipulate cell
behaviors for broad bioengineering and biomedical applications.
With rational and elaborate designs, these emerging systems can
perform a biomimetic membrane-fusion process, rapidly fusing
with the targeted cellular plasma membrane to transport the
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inner content to the cellular cytosol as well as simultaneously
blending foreign substances with the cell membrane. In particu-
lar, membrane-fusion-mediated transfer of inner cargoes can
bypass endosomal entrapment to maximize the transportation
efficiency, emerging as a unique cytoplasmic delivery platform
distinct from those depending on traditional endocytosis-based
pathways.4 Furthermore, this could be a cell membrane engineer-
ing approach, as the membrane fusion would allow the lipid
diffusion and mixing between particles and cells. Based on these
features, membrane fusion-based particles have been advanced
into various applications, particularly efficient drug/gene delivery
and novel cell engineering.

In this review, we first commence with an overview of the
natural membrane fusion processes and their occurring mecha-
nism, which inspires the development of membrane-fusogenic
particles for available biomedical applications (Fig. 1). Next, we
highlight and give a detailed summary of the most recent
advancements in strategies to induce fusion-based reactions
as follows: (1) particle-cell surface modification to drive fusion;
(2) virus-mimetic membrane fusion; (3) receptor-mediated
membrane fusion; (4) natural cell membrane-fusion; (5) lipo-
some/lipid-based membrane fusion; and (6) polymer-based
membrane fusion. Furthermore, we share our prospects on
these emerging membrane-fusogenic particles for various bio-
medical applications, mainly consisting of cargo delivery and
membrane engineering. At the end, we highlight the opportu-
nities and challenges of these emerging membrane-fusogenic
particles, followed by summarizing current attempts and future

potentials to develop the next-generation tools of membrane
fusion.

2. The origin and mechanism of
membrane-fusion effect
2.1 Membrane fusion in natural organisms

As a universal biological reaction in most natural organisms,
the process of membrane fusion shares elementary processes,
such as membrane attachment, merging of the lipid bilayers,
and the formation of a fusion input pore for substance
exchange.1 Generally, these biological fusion reactions occur
variously in space and time within the body, tightly associated
with the transport of molecules between and inside the living
cells for communication.1 Based on this, natural membrane
fusion processes can be distinguished into three types: (1) extra-
and intracellular fusion, which are mainly mediated by invading
viruses; (2) extracellular fusion; and (3) intracellular fusion. The
first type is initiated by virus invasion that can induce the recogni-
tion and fusion between lipid-wrapped viral pathogens and the
host cell plasma membranes. Such virus-triggered extra- and
intracellular fusion are mainly dependent on the viral envelope
glycoprotein on surfaces.2 The second type, extracellular fusion is
existing between eukaryotic cells, such as the fusion of muscle cells
into syncytia, the fusion for synaptic transmission, sperm-egg
fusion to form fertilized eggs, etc. This extracellular recognition
and the later fusion are catalyzed by a series of fusogenic proteins
at the cell surface and are responsible for mediating biological
processes of exocytosis, fertilization, and so on.1,5 The third type,
intracellular fusion takes place in organelles, including the fusion
between Golgi membranes and vesicles transported from the
endoplasmic reticulum. With the distinct catalysts of regulatory
molecules, these intracellular fusion events facilitate molecular
trafficking inside the cells.2 Herein, the topic of ‘‘membrane
fusion’’ discussed in this review is mainly referring to the fusion
with the cell surface membrane with the concomitant inner content
release.

For the mechanism and process, there have been studies
identifying that the biological fusion proceeds by an ordered
sequence of steps, which can be embodied as a ‘‘kiss-and-run’’
strategy.1–3,5 The prime step is the aggregation between the
membranes that are likely to close together and fuse. In this
step, the highly specified fusogenic transmembrane proteins
play a direct role in executing the fusion command.1 Next, the
trigger of appropriate physical conditions and interactions
enables two membranes to perform proximity of their lipid
bilayers, accelerating further membrane attachment. Then,
the local disruption hits the contacted cell membranes with
transient destabilization to open the fusion pore.6 The last step
is the membrane merging of mixed components in lipid
layers, which can accompany the transfer of inner substances.
Importantly, this membrane-fusion effect greatly impacts the
biological conditions, deserving further studies from more
precise scrutiny for the related delivery route and concomitant
information exchange.

Fig. 1 The emerging membrane-fusogenic biomimetic particles inspired
by the membrane fusion biological process. With the rapid developments
of nanotechnology and recent attempts in the field of medicine, the
increasing membrane fusion-based delivery systems are promising to
achieve efficient cargo delivery to the cytoplasm and into the plasma
membrane, and all-sided (extracellular and intracellular) membrane
engineering.
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2.2 Inspired by this phenomenon: membrane-fusogenic
particles

Since membrane fusion is quite a characteristic biological
process, a series of membrane-fusogenic particles have been
developed with potential benefits for various biomedical appli-
cations. These emerging biomimetic particles, with advanced
designs of material components and decoration strategies, can
mimic the route of membrane fusion in the cells, which is
promising for fitting different biomedical needs to solve tough
problems in challenging diseases. Briefly, given that the ‘‘kiss-
and-run’’ membrane fusion process could directly transport the
inner content to the cellular cytosol as well as insert foreign
substances into the cell membrane synchronously, these bio-
mimetic particles are mainly designed as a novel bioengineer-
ing tool for cytoplasmic cargo delivery and membrane editing.

To date, there are generally two types of cellular uptake
routes, including endocytosis and non-endocytosis (membrane
fusion, direct translocation, intermembrane transfer, and so
on).7 Currently, most particle-mediated delivery systems are
internalized via endocytosis. However, their efficiency has been
greatly criticized by endosomal entrapment and adverse degra-
dation. It should be noticed that in the unique intracellular
mechanism of membrane fusion, the inner contents are
directly released into the cellular cytosol, which can entirely
bypass the endocytic pathway. Thus, the cytoplasmic delivery
using biomimetic membrane-fusogenic particles is expected to
achieve higher efficiency without being trapped in the endo-
lysosomes. This utilization is promising to be applied to a wide
range of bio-functional and bioactive molecules.

More importantly, membrane-fusogenic particles can be not
limited to just serving as carriers of inner cargos but can be
also applied for membrane engineering. When the membrane
fusion occurs, the merging of lipid bilayers provides access to
substance exchange inside the membranes. As a result, func-
tional cargos can be simply inserted into the cell membranes
from fusion-based delivery without other complicated steps.
Predominantly, this shining feature of the fusion-based strat-
egy can be utilized for membrane editing to attain some
specific therapeutic goals, such as intramembranous cargo
transfer, exterior and interior membrane engineering, etc.
Furthermore, the approach to induce membrane fusion is also
potential for membrane engineering, in which more and more
clear studies are needed to excavate this field.

3. Emerging strategies for membrane
fusion

The natural process of membrane fusion has gained the structural
and mechanistic insights from many studies. Learning from
nature, biologists and material scientists have taken great
efforts to develop more and more membrane-fusogenic systems
under the assistance of bioactive materials and biotechnologies
for various applications and potentials in biomedicines. Here,
we give a thorough description of the emerging membrane-
fusogenic strategies mediated by various biomaterials and

biomimetic particles (Fig. 2). With the summary of these
current strategies for artificial membrane fusion, we discuss
their strengths or shortcomings, giving an outlook on both the
development opportunities and the challenges (Table 1).

3.1 Dual surface modification for artificial membrane fusion

One of the earliest established systems for artificial membrane
fusion is down to the dual modification of fusion-regulatory
molecules on the particle and cell surfaces, allowing the
particles to reach attachment to the targeted cells and then
facilitate fusion.1,2 This strategy is primarily inspired by com-
plementary soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) complex-mediated fusion in
the process of neuronal exocytosis. The complementary SNARE
protein subunits expressed on the opposing membrane surfaces
can form a coiled-coil structure to drive the two membranes into
close proximity, bringing the final lipid mixing, pore formation,
and the concomitant content transfer.1 Learning from this SNARE
machinery, Kros and coworkers have identified a pair of comple-
mentary synthetic peptides, (KIAALKE)4 (K4) and (EIAALEK)4 (E4),
that can interact to form a SNARE-like coiled-coil structure to
mediate liposome–cell membrane fusion (Fig. 3(A)).8 By con-
jugation of these two peptides on cholesterol-polyethylene
glycol (PEG), these two lipidic peptides were able to insert onto
the lipid bilayer surfaces of liposomes and cells, respectively,
followed by the formation of a dimeric coiled-coil to pro-
mote liposomal and cellular membranes to contact and fuse.

Fig. 2 Current bioengineering strategies to develop membrane-
fusogenic particles: (1) particle-cell surface modification to drive fusion;
(2) virus-mimetic membrane fusion; (3) surface decoration to stimulate
receptor-mediated membrane fusion; (4) natural cell membrane-derived
fusion; (5) liposome/lipid particle designing for biomimetic membrane
fusion; (6) well-synthesized polymer particles to mediate artificial fusion.
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Similarly, Yoshihara et al. modified three repeated units of the
EIAALEK and KIAALKE peptides on the membranes of two
types of cells via lipid-PEG tails.9 The interaction of two pep-
tides could induce a firm attachment between cells, which
significantly improved homogeneous and heterogeneous cell–
cell fusion. However, this coiled-coil-derived membrane fusion
occurs spontaneously, distinct from the membrane fusion in
the natural process, which is highly regulated in both time and
space to ensure correct biological function. To further opti-
mize this membrane fusion system, Huang et al. proposed a
temporally-controllable membrane-fusion strategy via a light-
triggered formation of a coiled-coil-based structure.10 They
inserted a photolabile PEG, cholesterol-ortho-nitrobenzyl-PEG,
on the lipid layer of K4-modified liposomes, which can shield
the interaction of K4 with E4 decorated on cells to prevent the
membrane-fusion between liposomes with cells. After exposure
to the UV light irradiation, the nitrobenzyl groups were cleft to
remove PEG shielding blocks from liposomes, thereby recover-
ing the interactions between K4 and E4 peptides to mediate
temporally-controllable liposome–cell membrane fusion. These
coiled-coil-derived systems can achieve rapid fusion-based
delivery of encapsulated cargos in liposomes into cells bypass-
ing the endocytosis. Given this feature, Kros’s group also
explored the potential of dual modification of these comple-
mentary peptides as a membrane-fusion-mediated cytoplasmic
drug delivery platform for therapeutic purposes.11 Using cyto-
chrome-c-loaded mesoporous silica nanoparticles as the cores,
the peptide E4-modified liposomes could deliver encapsulated
cargoes into peptide-K4-decorated cancer cells via membrane
fusion.

This improved delivery system directly released therapeutic
cargos in the cytoplasm, resulting in nearly 50% tumor apoptosis
in vitro. In total, the hybridization of peptides anchored on dual
cell membranes can induce recognition and membrane attach-
ment, which promotes the fusion with specific cell membranes.

Besides these peptide-based molecules, another dual-
surface modification strategy based on DNA hybridization has
been applied to trigger artificial membrane integration. For
example, Sun et al. designed DNA–lipid hybrids for surface
modification to perform targeted and programmable fusion
with cellular plasma membranes.12 They found that the hybri-
dization of 30 cholesterol-functionalized single-stranded DNA
and the complementary 50 cholesterol-functionalized single-
stranded DNA modified on cell membranes and liposomes
respectively could form a zipper-like structure to achieve
membrane tethering and facilitate fusion. The cellular uptake
results also showed that the protein delivery using these DNA–
lipid hybrids was dependent on the fusion pathway, not the
endocytosis pathway. Recently, Kamat and coworkers reported
complementary DNA oligonucleotides to induce membrane
attachment and facilitate fusion between vesicles (Fig. 3(B)).13

They utilized diverse sets of DNA oligonucleotides to control
membrane fusion between specific vesicle populations for parallel
biological reactions. Such DNA-mediated orthogonal vesicle
fusion can mediate content mixing to induce cell-free protein
synthesis, expanding the potential of vesicle-based materials.T
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The strategy of dual-surface modification of fusion-regulatory
molecules on both particles and cell membranes is one of the
earliest inspiring ideas for membrane fusion from nature.
However, the dual modification on cell–cell or liposome–cell
surfaces for artificial membrane fusion is limited for in vivo
applications due to the difficulty of in vivo modification.
Additionally, with these dual-modification strategies it is still
hard to engineer the targeted cells with sufficient efficiency,
and requires further improvement.

3.2 Virus-mimetic membrane fusion

Membrane fusion of viruses with host cells is a typical patho-
physiological process.37 Naturally, this process is mediated by
glycoproteins expressed on the virus, such as spike vesicular
stomatitis virus G-protein (VSVG) and hemagglutinin (HA) that
has been proved to trigger membrane fusion at acidic pH.14–16

As for VSVG, when exposed to the acidic environment, they can
dramatically bind the targeted cell surfaces and facilitate
membrane fusion due to the electrostatic repulsion and solvation
energy gained from protonated histidine in protein sequences.

For HAs that are usually expressed in the influenza A virus, the
acid environment after endocytic uptake will trigger a conforma-
tional change of the HA subunit to facilitate the fusing process
between the viral envelope and the endosomal membrane.
Promisingly, these specific viral proteins have been fabricated
onto the surface of particles, usually genetically-engineered cell-
derived vesicles and exosomes, forming virus-like particles to
facilitate membrane fusion for plasma editing and cargo delivery.
For example, Yang and coworkers constructed VSVG-expressed
exosomes derived from 293T cells to modify membrane proteins
on the target cells (Fig. 4(A)).14 These engineered exosomes with
viral fusion components on the surfaces could achieve a pH-
mediated fusion reaction with the targeted cellular membrane,
directly delivering the co-expressed functional membrane proteins
(CD63 and GLUT4) into the targeted plasma membranes. This
fusogenic exosome could be applicable with further modifications
of targeting moieties for future membrane-protein therapy.
Besides, Kim et al. used VSVG-engineered exosomes to fuse with
tumor cells to achieve tumor xenogenization for enhanced anti-
tumor immunity (Fig. 4(B)).15 The VSVG proteins could facilitate

Fig. 3 Strategies of particle-cell dual modification to facilitate membrane attachment and induce fusion. (A) Developed lipopeptides for membrane
fusion. The coiled-coil structure formed by the complementary lipopeptides can induce fusion, which was verified by confocal analysis of PI delivery
mediated by this coiled-coil-triggered fusion. Scale bar, 25 mm. Reproduced with permission under an ACS AuthorChoice License (Creative Commons
License).8 Copyright 2016, American Chemical Society. (B) DNA hybridization with complementary oligonucleotides to induce fusion and thus achieve
parallel biological reactions. Scale bar, 10 mm. Reproduced with permission.13 Copyright 2019, Wiley-VCH.
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the fusion of exosomes with tumors to present themselves on the
tumor surfaces, subsequently serving as pathogen-associated
molecular pattern molecules to mediate the recognition and
engulfing by dendritic cells for immune activation. This tumor
xenogenization strategy mediated by VSVG-modified exosomes
performed effective reactions of immunogenicity to inhibit tumor
growth, which was identified in multiple tumor mouse models.
Furthermore, Ren et al. utilized vesicles anchored with both VSVG
and N3 groups to achieve selective tumor labeling via membrane
fusion for diagnosis.16 The low-pH activated property of VSVGs
enabled vesicles to selectively fuse with tumor cells under the
acidic environment, presenting N3 groups on tumor surfaces to
bind with dibenzocyclooctyne (DBCO)-modified molecules for
cancer-targeted diagnosis.

These VSVG/HA-engineered fusogenic exosomes and vesicles
have also been developed as platforms for intracellular delivery
of the inner therapeutic agents. For example, Montagna et al.
reported a VSVG-decorated vesicle carrying CRISPR/Cas9 ribo-
nucleoproteins (RNPs) with high gene editing efficiency via
fusion-based transport.17 With the VSVG modification on mem-
branes and encapsulation of RNP cargos inside, this vesicle-based
delivery system exhibited membrane fusion for direct cytosol
release of inner contents, achieving effective gene editing in
pluripotent stem cells and cardiomyocytes. Recently, Park et al.
designed an HA-displayed cell membrane-coated nanoparticle for
the membrane-fusion-mediated cytosolic delivery of mRNA.18

This nanoparticle was formulated by coating an HA-expressed
cell membrane on the poly(lactic-co-glycolic acid) (PLGA) cores
carrying mRNA. Through HA-mediated membrane fusion with

tumor cells in the acidic environment, these developed virus-
mimicking particles successfully transfected model mRNA pay-
loads (EGFP and Cypridina luciferase) both in vitro and in vivo.

It is an elegant strategy to utilize the existing transmembrane
viral fusion proteins in particle construction to induce the events
of viral fusion. However, two large challenges pertain to the in vivo
delivery efficiency and the absence of tissue or cellular specificity.
It is also worrying whether the introduction of foreign viral
fusogens would induce undesired immune responses.

3.3 Receptor-mediated membrane fusion

The receptor-mediated membrane fusion is another strategy to
exploit fusogenic particles. In the case where two cell mem-
branes are destined to be fused, there should be some driving
factors for the initial recognition, especially the interactions
with a specific receptor on the cell surface.5 Inspired by this
trait, the integration of particles with receptor-stimulating
factors (mainly antibodies) can mimic the specific tethering
factors to allow cell membranes for close apposition and down-
stream fusion. Recently, Liu et al. constructed nanovesicles
with the expression of full-length monoclonal antibodies
(hGC33/KM3934 antibodies) to selectively deliver cytotoxic
drugs via the antibody-mediated energy-dependent membrane
fusion for combining anti-tumor chemotherapy and immu-
notherapy (Fig. 5(A)).19 The antibodies on the surfaces could
mediate the binding to responding receptors on the cell mem-
branes and then facilitate the fusion (Fig. 5(B)). With receptor-
mediated membrane fusion, not only were the internalized
drugs from nanovesicles directly released into the cell for

Fig. 4 Strategies of virus-mimetic fusion. (A) VSVG-expressed fusogenic exosomes to deliver target membrane proteins into the plasma membrane.
Here is the schematic illustration of fusogenic exosomes mediated by viral fusogens and confocal images showing the localization of the exosomes
(CD63-GFP), the plasma membrane (PM-RFP), and early endosomes (EE-RFP). Scale bars, 10 mm. Reproduced with permission.14 Copyright 2017,
Wiley-VCH. (B) VSVG-expressed fusogenic exosomes to achieve tumor xenogenization. Here is the confocal analysis showing the fusion at pH 6.8 and a
schematic summary of the VSVG-mediated tumor xenogenization strategy. Scale bar, 50 mm. Reproduced with permission under a Creative Commons
CC BY-NC License.15 Copyright 2020, American Association for the Advancement of Science.
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chemotherapy, but the transferred antibodies also mediated
the activation of NK cells for antibody-dependent cellular
cytotoxicity (Fig. 5(C)). This multifunctional platform had
an excellent tumor-targeting ability and antitumor effect.
Furthermore, Guo et al. constructed a tumor-specific nano-
lipogel system with intercellular adhesion molecule 1 (ICAM1)
antibody-guided targeting and fusion for CRISPR/Cas9
delivery.20 By modification of ICAM1 antibodies on the sur-
faces, the system exhibited receptor-mediated membrane
fusion with triple-negative breast cancer cells to deliver plas-
mids loaded in the cores directly in the cytosol for specific and
anti-tumor gene editing. The in vivo results showed more than
80% CRISPR gene knockout of Lipocalin 2 (the oncogene of

breast cancer) in orthotopic tumor models, exerting significant
inhibition of tumor growth.

Fusogenic particles with receptor-mediated membrane
fusion have broadened the range of biomedical applications,
being safer than the virus-mimetic membrane fusion that is
derived from infectious viruses. Besides, the rational receptor
modifications of particles can not only possess the ability for
efficient membrane fusion but also enhance the targeting
ability, which is the key point for further in vivo applications.

3.4 Natural cell membrane-derived fusion

For the natural cell–cell fusion, the authentic fusogenic pro-
teins expressed on the natural cell membranes have a great

Fig. 5 The strategy of receptor-mediated fusion via tumor-specific antibody-expressed nanovesicles (VAs). (A) Schematic illustration of bioengineering
VAs for anti-tumor combination therapy. (B) Antibody-mediated fusion verified by confocal images. Scale bar, 10 mm. (C) ADCC-mediated
immunotherapy induced by KM3994-VAs with the measurements of cell toxicity, NK activation (granzyme B), and proinflammatory cytokine (perforin).
PBMC, human peripheral blood mononuclear cell. Reproduced with permission.19 Copyright 2019, Wiley-VCH.
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impact on tethering membranes for fusion.5 To date, a variety
of surface proteins have been identified with the ability to
promote cell–cell membrane fusion, including the Caenorhab-
ditis elegans anchor cell fusion failure-1 (AFF-1) and epithelial
fusion failure-1 (EFF-1) proteins on epithelial cells, syncytins on
the trophoblast cells in the placenta, proteins with immuno-
globulin (Ig)-like domains, such as CD9 and CD47, the highly
conserved family of SNARE proteins, multiple-C2-domain pro-
teins, etc.5 These fusogenic proteins expressed on cell mem-
branes generally involve the processes of inducing close
proximity and destabilization of membranes, bringing about
high membrane curvature for the subsequent lipid merging
and fusion. Therefore, the coating of natural cell membranes
for the particle surfaces can be used as a simple but direct
strategy to construct the biomimetic membrane-fusogenic systems
due to the intact preservation of these authentic fusogenic pro-
teins For example, Nie et al. synthesized a yolk-shell-structure
nanoparticle with the coating of cancer cell membranes to
induce fusion-based delivery of therapeutic agents for cancer
therapy (Fig. 6(A)).21 With natural membranous fusogens on
the particle surface, nanoparticles could target the homolo-
gous sites and exhibit a direct cellular fusion (Fig. 6(B)). As a
result, efficient internalization and a 23.3-fold increased tumor
penetration were observed in vivo (Fig. 6(C)). Besides, co-
encapsulation of doxorubicin (DOX) and the poly(ADPribose)
polymerase inhibitor in the nanoparticle yolks also had signifi-
cant anti-tumor activities, highlighting the promising future of
cancer-cell-membrane-coated particles for cancer therapy.

Similarly, the endogenous cell-secreted exosomes and vesi-
cles that are associated with intercellular communication and
manipulation of biological behaviors by shuttling genetic infor-
mation and proteins or other biomacromolecules to exchange
information and give certain orders,38–40 for which they have
the potential to be biocompatible delivery systems and regula-
tors for interesting biological behaviors. Interestingly, exo-
somes have been demonstrated with potential cellular uptake
via direct membrane fusion with the plasma membrane.23,41,42

Both exosomes and vesicles derived from natural cells have
been proven with abundant fusogenic proteins that can activate
binding and initiate fusion in the active site.2 For example,
Quinn et al. reported an extracellular vesicle derived from
human epidermal growth factor receptor 2 (HER2)-overexpressed
BT-474 cells that could fuse with triple-negative breast cancer
(TNBC) to transfer sufficient HER2 on their surfaces as anti-HER2
targeting domains.22 Combined with anti-HER2 antibody-
conjugated paclitaxel-loaded liposomes, this extracellular vesicle-
based anchoring strategy greatly improved their therapeutic effi-
cacy both in vitro and in vivo. Despite the promise of natural
exosomes and vesicles as membrane fusion-based delivery tools,
their cargo-loading rate and efficiency, especially for biomacro-
molecules, are really limited. This is because traditional loading
methods, such as electroporation, are dependent on the passive
loading of biomacromolecules into isolated exosomes or vesicles.
To optimize this, Yim et al. developed an active protein-loading
method in exosomes via optically-reversible protein–protein inter-
action for more effective delivery of proteins into the cytoplasm.23

They designed two fusion proteins including a cargo protein fused
with a photoreceptor cryptochrome 2 (CRY2) and a protein
conjugate of CRY-interacting basic-helix-loophelix 1 (CIB1) protein
with an exosome-associated tetraspanin protein CD9. After trans-
duction in the exosome-producing cells, these two proteins will
bind together under blue light illumination due to the binding of
CRY2 with CIB1, connecting the cargo proteins with CD9. With
the assistance of CD9 tetraspanin proteins, the cargoes were
actively introduced into the exosomes efficiently. Exosomes gene-
rated using these optically-regulated protein–protein interactions
could achieve a more efficient intracellular delivery of cargo
proteins, like mCherry, Bax, super-repressor IkB protein, and
Cre enzyme, into the target cells via membrane fusion in vitro,
and into brain parenchymal cells in vivo.

Despite the insufficient efficiency, natural cell membrane-
derived membrane fusion has the excellent advantage of good
biocompatibility for biosafety since this manner of membrane
fusion might be the most similar process to the biological one.
However, the preparation of these systems might have a consider-
able cost outlay and require a complex and laborious procedure,
which hinders further progress. An improved method of natural
cell membrane-derived fusion, such as combining with the viral-
mimetic or receptor-mediated membrane-fusion strategies, will
have great potential for in vivo medicine and clinical translation.

3.5 Fine-tuned liposomes: controlling formulation properties
to drive membrane fusion

To establish a membrane fusion-based platform depending on
artificial materials, liposomes and lipid-based particles are
suitable to mimic the membrane fusion process with the lipid
merging for a direct cytosolic influx of therapeutic biologics in
target cells or compartments. It is conceivable that lipid mate-
rials have a chemical structure, fluidity, and phase-transition
behavior similar to the cell membrane lipid layers, for which
appropriate lipid components are expected to mimic the reg-
ulators to induce non-physiological fusion.5,43 For example,
Shen’s group developed a fusogenic lipo-polyplex coating with
lipids to trigger membrane fusion-mediated DNA delivery.24

The fusogenic lipid envelope of 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine-N-polyethylene glycol (DSPE-PEG), and negatively charged
cholesteryl hemisuccinate (CHEMS) could be tuned to a fusion-
based internalization, thereby allowing DNA-loaded polyplex cores
to eject into the cytosol. With the further fabrication of RGDK
ligands for enhanced targeting, these fusogenic lipo-polyplexes
could be applied for anti-tumor TRAIL gene delivery in vivo,
resulting in both significant tumor accumulation and powerful
anticancer activities. Recently, such established membrane-
fusogenic vectors were switched to be decorated with galactose
to co-deliver sorafenib and ubiquitin-specific protease 22 (USP22)
short hairpin RNA (shRNA) for specific and synergetic treatment
of hepatocellular carcinoma (HCC).25 With HCC-targeting
membrane fusion-mediated transport, this therapeutic nanoplat-
form potently inhibited the tumor cell viability and exhibited
effective tumor inhibition in sorafenib-insensitive patient-derived
xenograft models.
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Besides, Kim’s group developed another lipid-based fusion
system: porous silicon particle shedding with fusogenic lipo-
somes to introduce an oligonucleotide payload into the cytosol
via membrane fusion.26 This fusogenic lipid layer was con-
structed by the composites of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), and DSPE-PEG with a specific ratio. The
large portion of DMPC components endows the lipid layer with
a moderately low phase transition point near room tempera-
ture, maintaining a fluidity similar to cell membranes. The
positive charged DOTAP allows the liposome to interact with
cell membranes via electrostatic absorption. Meanwhile, PEG
or an equivalent dehydrating agent presented in the lipid
formulation excludes the disturbance to lipid–membrane inter-
action by other molecules in the environment. By anchoring
appropriate target motifs on surfaces and loading cargoes in
the silicon cores, this established fusogenic liposome could
be utilized to deliver a variety of molecules to desirable sites.
For example, they established a fusogenic liposome with the
decoration of macrophage-homing peptides and the encap-
sulation of oligonucleotide payloads in the core of porous

silicon particles. Benefiting from the fusogenic and macrophage-
targeting coating, the system was proved to deliver siRNAs
through membrane fusion but not endocytosis, significantly
knock-downing the proinflammatory macrophage marker Irf5
to restart the clearance ability of macrophages. Such fuso-
genic liposome-based reprogramming of macrophages could
achieve an efficient elimination of Staphyloccocus aureus
pneumonia in mouse models. More recently, they also
improved the formula of this type of fusogenic lipid coating
(DMPC:DOTAP:DSPE-PEG) for siRNA delivery for cancer
therapy (Fig. 7(A)).27 To confirm the membrane fusion, the
fusogenic nanoparticles and non-fusogenic nanoparticles
were used to determine cellular uptake with endocytosis
inhibition (Fig. 7(B)) and intracellular trafficking (Fig. 7(C)).
Then, they applied the optimized fusogenic particles modified
with tumor cell-targeting iRGD and tumor-associated macro-
phage (TAM)-targeting Lyp-1 peptide to deliver REV3L siRNA
and PI3K-g siRNA, to the cancer cell and TAM, respectively
(Fig. 7(D)). The results indicated that this therapy showed
efficient REV3L silence and TAM reprogramming, achieving
significant anti-cancer effects (Fig. 7(E)).

Fig. 6 The strategy of natural cell membrane-derived fusion that is mediated by the coating of cancer cell membranes. (A) Schematic illustration of
CCM@LM to induce fusion-based delivery for enhanced cancer chemotherapy. (B) Confocal analysis of the cellular uptake of inhibition treatments and
rhodamine-B-loaded CCM (DiO). Scale bar, 10 mm. (C) Tumor targeting assay of different nanoparticles after 24 hour injection. Reproduced with
permission.21 Copyright 2019, American Chemical Society.
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Furthermore, this type of fusogenic liposome (DMPC/DOTAP/
DSPE-PEG) was also reported to be hybridized with natural cell
membranes or membrane proteins for enhanced targeting of
some specific lesions. Ge’s team modified these membrane-
fusogenic liposomes with additional hybridization of platelet
cell membranes to deliver the anti-inflammatory microRNA-21
for myocardial remodeling in cardiac healing.28 Owing to
the aggregation of circulating platelet-monocytes in post-
myocardial ischemia-reperfusion injury, these platelet cell
membrane-integrated fusogenic liposomes could specifically
accumulate in inflammatory monocytes in blood circulation,
efficiently delivering microRNA-21 speedily into their cytoplasm
for improved myocardial remodeling. Likewise, this group

hybridized neutrophil-derived membrane proteins on fusogenic
liposome surfaces to mimic the homing ability of neutrophils to
the injured heart after myocardial infarction.29 The neutrophil-
modified fusogenic liposomes could achieve specificity through
the interaction with chemokine ligands expressed on injured
endothelium and myocardium. With this specific targeting
ability, the fusogenic liposomes could precisely deliver a combi-
nation of microRNAs (microRNA1, 133, 208, and 499) to cardiac
fibroblasts via a membrane-fusion manner, resulting in effective
cardiac reprogramming with cardiac function recovery and
alleviative fibrosis in vivo.

Overall, the similar structure of lipid bilayers and appro-
priate preparations of selective lipid materials are significant

Fig. 7 The strategy of designing liposomes with optimized lipid components and ratios to induce membrane fusion. (A) Schematic illustration of
optimized fusogenic nanoparticles (FNPs) to achieve fusion with the cellular plasma membrane. (B) Cellular uptake of DiI-loaded FNPs and non-
fusogenic nanoparticles (NNPs) in CAOV-3 cells that were pre-treated with different endocytosis inhibitors. (C) Confocal analysis of CAOV-3 cells
incubated with FNPs and NNPs. FNPs and NNPs were labeled with DiO (green) in the lipid shell. Scale bar, 5 mm. (D) Schematic showing C-FNPs and
T-FNPs for gene silence in cancer chemotherapy. (E) The chemosensitivity analysis in CAOV-3 cancer cells. Reproduced with permission.27 Copyright
2019, Wiley-VCH.
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for these flexible fusion-based systems with profound func-
tional optimizations. Besides, lipid or liposomal particle also
possess the advantages of broad cargo-loading capacity and
feasible surface modification. Therefore, lipid/liposome membrane-
fusogenic particles can be designed and engineered to fuse with
the targeted cell membrane and applied to achieve quick and
efficient drug delivery and membrane engineering. Currently,
with the advantages of great loading capacity, the developing
fusogenic lipid particles have been applied to deliver therapeutic
nucleus acids, proteins, and chemical drugs, bypassing the
endocytosis-endosome pathway to directly release cargos into
the cytoplasm. Hence, these fusion-based delivery systems are
promising to improve drug efficiency to a higher extent for a more
effective efficacy. Furthermore, some studies have reported that
fusogenic liposomes could load hydrophobic agents in the lipid
bilayers, fusing with the plasma membrane to achieve cargo
transfer to cell membranes for labelling or therapeutic goals.
Therefore, fine-tuning liposomes and lipid-based particles to
induce membrane fusion are worth further exploration, in which
decent lipid formulation properties and specific additions are vital
for further improvements in the stability and delivery efficiency.

3.6 Rationally-designed polymers: pore-mediated fusion

Quite recently, an artificial polymer-based nanosystem has
exhibited its promising potential in fusion-based delivery to
facilitate the release of encapsulated cargos. With elaborate
designs, polymer materials can mimic the viral behaviors to

stick onto the cell membrane and induce a fusion pore to eject
inner cargos to the cytoplasm. Representatively, Shen and
coworkers innovatively developed virus-mimetic polyplexes for
gene delivery (Fig. 8(A)).36 This polyplex is composed of a
quaternized linear polyethyleneimine whose ammonium moi-
eties have N-(p-acyloxy benzyloxycarbonyl)ethyl groups (Fig. 8(B)).
Such polyplexes could condense DNA to form a nanoparticle due
to the electrostatic interaction and hydrophobic blocks. Upon
binding to cell membranes, the phenol ester bonds would be
hydrolyzed by esterase in the cytoplasm to turn the polymer from
cation to zwitterion, reducing its interaction with DNA to release
them into the inner sides of membranes. Meanwhile, the
residual polymer would still be retained on the cell membrane
due to the membrane-insertion of the long acyl chain and the
protein adsorption-resistance of zwitterion blocks. With this
process, these polyplexes could deliver DNA directly into the
cytoplasm in a pore-mediated fusion manner. Furthermore,
these DNA-injecting polyplex-based nanoparticles could be also
coated with a poly(g-glutamic acid) (gPGA) layer to prolong their
blood retention (Fig. 8(C)). This polymer-mediated membrane
fusion is hoped to open a new area for the design of fusogenic
particles, allowing more diverse utilizations.

Polymeric materials have been widely used in particle con-
structions with great adaptability,44–46 while there is currently a
gap in polymer-based fusogenic systems. The aforementioned
gPGA/L4/DNA system represents a milestone for promoting the
development of polymer-mediated fusion, expanding more

Fig. 8 The strategy of specially designed polymer nanocarriers with pore-mediated fusion transport. (A) Schematic illustration of gPGA/L4/DNA to
induce a fusion pore for cargo direct injection into the cells. (B) The structures of quaternized polymers with different acyl chain lengths. (C) Confocal
analysis of gPGA/L4/DNA with the co-localization of L4, gPGA, the plasma membrane, and lysosomes. Scale bar, 25 mm. Reproduced with permission.36

Copyright 2021, Elsevier.
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possibilities. Promisingly, well-designed polymers have the poten-
tial to exploit alternative strategies to accomplish a pore-mediated
fusion manner, providing a wider range of opportunities for their
use in different biomedical applications with convenient and
tunable synthetic processes.

4. Biomedical applications of
membrane-fusogenic particles

With the rapid development of membrane fusion-mediated
strategies, the emerging fusogenic particles have been devel-
oped, accomplishing efficient and controllable membrane
fusion for various applications in the field of medicine with
enhanced effects. Since the membrane-fusogenic particles have
been developed to mimic the fusion process, these undertaken
systems possess valuable merits, with which they can not only
directly deliver inner cargos to the targeted cellular cytoplasm,
but also achieve membrane editing via the synchronous plasma
membrane insertion. In the following section, we discuss
different developing directions of membrane-fusogenic parti-
cles, including delivery directly into the cytoplasm, delivery
into the plasma membrane, and engineering of extra- and intra-
cellular membranes (Fig. 9).

4.1 Delivery directly into the cytoplasm

In the field of rapidly-developing medicine, it is vital to gain
highly efficient delivery of biologic agents towards intracellular
targets for intended functions. However, current nanocarrier-
mediated delivery is still hindered by physiological barriers,

especially due to the clearance and degradation risks via
inefficient endocytosis.7,47,48 Traditional endosomal uptake is
prone to only reach less than 10% cytosolic release of payloads
that remain active.4,49 Although there have been materials
constructed for endosome escape, these methods have the
possibility to cause undesired toxicity. Therefore, direct pene-
tration and cytosol delivery strategies that avoid endosomal
elimination are attracting more attention.50–52 In particular,
increasing membrane fusion-based nanocarriers have been ener-
gized to provide a direct and fast route for inner cargo delivery
without endosomal entrapment. With appropriate and individual
designs, membrane-fusogenic particles can encapsulate inner
cargos of nucleic acids, proteins, small molecule drugs, and so
on, which is promising for a novel and efficient delivery.

Taking a recent study as an example, Ge’s group established
a fusogenic system to deliver miRNAs via membrane fusion-
based transport to treat fibroblast features (Fig. 10(A)).29 This
system showed efficient fusion-mediated gene delivery by
avoiding the obstacles of endosome-mediated degradation
(Fig. 10(B)). In the mouse models of myocardial damage, the
efficient miRNA delivery of this system promoted significant
cardiac regeneration (Fig. 10(C)). Besides, Qin’s team established a
tumor microenvironment-sensitive membrane-fusogenic liposome
to transfer both anti-S100A4 antibodies and DOX into the meta-
static tumors.30 This system performed fast delivery based on the
efficient fusion-like uptake, thereby achieving great synergistic
cancer therapy in both 4T1 cells and tumor xenograft mouse
models. Moreover, Pitchaimani et al. engineered a natural killer
cell membrane-infused fusogenic liposome (NKsome) for targeted
drug delivery directly into the cytoplasm to treat tumors.31

Fig. 9 Promising applications for membrane-fusogenic systems. With appropriate designs, they can achieve direct inner cargo delivery into the
cytoplasm as well as the extracellular and intracellular bioengineering for various requirements in the biomedical area.
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The results indicated that these engineered NKsomes retained
great biocompatibility, fusogenic characteristics, and NK cell
membrane-associated specific proteins for tumor targeting effi-
ciency. Thus, the DOX-loaded NKsomes achieved effective thera-
peutic activity for cooperative drug delivery both in vitro and in
MCF-7 tumor cell-bearing mice. These membrane-fusogenic
carriers have been successfully and widely used in the cytoplas-
mic delivery of various reagents.

The developing membrane-fusogenic particles acting as
nanocarriers can perform in an effective manner fusion with
the targeted cellular plasma membrane, smoothly and speedily
delivering the inner cargos into the cytosol while bypassing
endocytosis. More than that, membrane-fusogenic nanocarriers
are tolerant to a wide range of cargos. This delivery strategy has
the prominent advantage of low degradation risk but high
efficiency, for which these fusogenic nanocarriers have the
potential for diverse clinical translations.

4.2 Delivery into the plasma membrane

Besides intracellular delivery, delivering into the plasma mem-
brane is another direction for exploration. However, workable

approaches for cargo transfer into the targeted lipid layers of
cell membranes are limited. With agents packaged inside the
lipid bilayers, the fusion-dependent manner can be a novel
cargo transport tool for inserting cargos into membranous lipid
layers, allowing different ways for delivery and achieving special
applications.

For example, the exosome-based fusogenic delivery with
‘‘membrane editing’’ developed by Kim et al. achieved the
transfer of biomedical membrane proteins into the targeted cell
membranes.14

By honoring VSVG fusogen proteins and interested proteins
on the fusogenic exosomes, the cargoes could be successfully
transported into the plasma membrane via the fusion pathway
both in vitro and in vivo. This study offers a novel delivery
strategy to insert bioactive membrane proteins in cell membranes,
providing a reliable solution to membrane protein defects in
human disorders. Similarly, Park and coworkers developed
membrane-fusogenic liposomes for the delivery of photosensi-
tizers into plasma membrane.32 The photosensitizers, ZnPc,
were loaded inside the lipid layer of membrane-fusogenic
liposomes, which were demonstrated to be inserted into the

Fig. 10 The application of membrane fusion-based transport for inner cargo delivery directly into the cytoplasm, avoiding endosome-induced
degradation. (A) Schematic illustration of fusogenic nanoparticles to deliver miRNAs for cardiac regeneration. (B) Confocal analysis of the colocation of
MSNs, lipids, endosomes, and miRNAs. Scale bar, 50 mm.(C) Representative images of myocardium after different treatments. Reproduced with
permission.29 Copyright 2021, Elsevier.
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plasma membrane via the fusion reactions. The in vitro results
indicated that this selective membrane location of ZnPc with
irradiation could rapidly disrupt cellular membranes and effec-
tively perform photodynamic therapy. Additionally, they also
reported a liposome-mediated membrane vesicle engineering
strategy via the selective delivery of hydrophobic compounds to
the tumor cell plasma membranes (Fig. 11(A)).33 The developed
membrane-fusogenic liposomes loaded with hydrophobic cargos
could be incorporated into recipient cell membrane and subse-
quently transported to secreted vesicles for deep penetration
(Fig. 11(B) and (C)). This delivery strategy of photosensitizers
significantly enhanced the therapeutic effects in both spheroids
and in vivo tumors. More recently, Xue’s group reported worm-
like nanocell mimics constructed by coating erythrocyte mem-
branes on a worm-like nanoparticle for in situ tumor cell
engineering via membrane fusion.34 With targeted membrane
fusion, 1,10-dioctadecyl-3,3,30,30-tetramethyl indotricarbocyanine
iodide (DiR) inside the lipid bilayers of the nanocell mimics
could be inserted into the plasma membranes of primary and
circulating tumor cells (CTCs). Then the engineered cells could
secrete extracellular vesicles to enhance the tumor penetration
as well as capture and cluster homologous CTCs, inducing
NIR-mediated photothermal therapy in both primary tumors

and metastatic sites. The in vivo results illustrated that the
worm-like nanocell mimics performed excellent penetration,
achieving great anti-tumor and anti-metastasis efficacy.

Utilizing membrane-fusogenic nanocarriers for delivery
into plasma membrane is a potential direction for biomedical
applications. Researchers have exploited these nanocarriers for
the transport of membrane proteins and hydrophobic photo-
sensitizers to facilitate the therapeutic benefits. Yet, there is
room for further development in this membrane fusion-based
membrane engineering.

4.3 Cellular membrane engineering of the outer-membrane
and inner-membrane

Except for transferring cargos inside the cytoplasm or plasma
membrane, the manner of membrane fusion can be used for
cellular membrane engineering with expected decoration on
the outside or inside membranes. That is to say, the membrane-
fusogenic particles modified with molecules on the external
and internal surface of the lipid layers can provide the poten-
tial for spatially-controlled cell membrane engineering. For
example, Ren and coworkers developed VSVG-immobilized vesi-
cles to deliver azide motifs (–N3) onto the targeted tumor cell
membranes for cancer diagnosis.16 These mimovirus vesicles

Fig. 11 The application of membrane fusion-based delivery into the cellular plasma membranes. (A) Schematic illustration of MFL-delivered hydrophilic
and hydrophobic compounds into the membrane vesicles and adjacent cells. (B) Confocal analysis of cells incubated with fusogenic and non-fusogenic
liposomes carrying the ZnPc photosensitizer (red). Scale bar, 5 mm. (C) Confocal microscopic images of tumor spheroids treated with ZnPc-loaded liposomes and
the analysis of preservation and cell viability. Scale bar, 200 mm. Reproduced with permission.33 Copyright 2015, American Chemical Society.
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presented tumor microenvironment-responsive fusion to allow
the –N3 groups anchored onto the plasma membranes of targeted
tumor cells, allowing the subsequent conjugation of diagnostic
moieties for tumor visualization. These N3-modified vesicles
successfully transported –N3 to the tumor region with reduced
tumor heterogeneity for in vivo tumor diagnosis of the tumor
xenograft models with HepG2, MCF-7, and 4T1 cells. More
interestingly, Lin et al. reported a liposome fusion-based trans-
port approach to engineer both the external and internal cell
plasma membrane (Fig. 12(A) and (B)).35 They developed the
spherical fusogenic liposomes with DNA–cholesterol conjugates
loaded in the lipid layer, which could achieve two orthogonal
DNA functions on cell surfaces after membrane fusion: the outer
surface-anchored DNA was for regulating cell–cell communica-
tion, while the inner surface-anchored DNA was for intracellular
monitoring. This work unprecedentedly provided an initial
fundamental study to engineer both sides of the targeted cell
membrane and manipulate the biochemical functions of the
plasma membrane.

Taking advantage of membrane fusion for cell membrane
engineering is such a potential approach, which can be applied
in multiple significant fields. In this way, the engineering of
both outer-membrane and inner-membrane can be achieved,
which has great potential for theranostics.

5. Perspectives and future directions

With the rapid advancements in technology, membrane-fuso-
genic systems are promising for future advanced biomedicine.
However, challenges and opportunities always co-exist, for
which these particles meet their limitations, including unclear
mechanisms in the complex biological environment, safety
concerns, non-ideal efficiency, and defective scalability for clinic
translations. One of the most crucial obstacles of fusogenic

particles remains the indistinctness of the internalization
process when applied in the complex biological milieu of the
body. Recently, Liang and coworkers indicated that the protein
corona (formed by cloaking biological components) could
decide the transportation pathway of fusogenic particles to
induce membrane fusion or endocytosis.53 They utilized
aggregation-induced-emission-visualized fusogenic nanolipo-
somes to determine their intracellular access routes. Results
indicated that the formed corona onto nanoliposomes under
only a 0.3% serum concentration could switch the transporta-
tion mechanism from membrane fusion to endocytosis. From
this report, it is clarified that membrane-fusogenic particles
might have a reverse effect in vivo, losing their characteristic
fusion manner and changing into the traditional endocytosis-
mediated uptake impacted by the protein corona. Meanwhile,
the methods and techniques to characterize the membrane
fusion process are rare, limited in confocal or fluorescence
microscopy and some bioassays which are usually used for
in vitro studies. Direct observation or determination of the
membrane fusion process in vivo is still challenging. These
two obstacles of membrane-fusion particles, uncertain inter-
nalization pathway in complex biological milieu and difficulty
for in vivo determination, are the principal issues that urgently
need materialists to devote efforts.

Since membrane-fusogenic particles are promising tools
for advanced medicine, strategies for combating the current
challenges are on the way. Firstly, for the improvement of
membrane-fusogenic particles, the system should be carefully
designed with the control of the composition, size, surface
charge, shape, and other physicochemical properties to meet
the goal with membrane fusion-based interactions.47,54–56 The
insightful attempts of fusogenic liposomes and polymers
with exclusive constructions have encouraged the expansion
of the library of membrane-fusogenic particles from advanced
materials with easier tunability and variability. Secondly, the

Fig. 12 The application of membrane fusion-based transport for engineering external and internal sides of the plasma membrane. (A) Schematic
illustration of DNA-anchored fusogenic nanoparticles fusing with cells on both the outer face and inner face. (B) Confocal analysis of verifying external
and the internal membrane engineering mediated by the membrane fusion via Fuso-SNA. Reproduced with permission.35 Copyright 2022, Wiley-VCH.
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efficiency of fusion reactions is crucial to biomedical applications,
and there is considerable room to enhance the current efficiency.
On the premise of ensuring safety, particles to trigger a more
efficient membrane fusion are capable of dramatically increasing
the potential for therapeutics. Thirdly, the strategies, such as
ligand-mediated functionalization and tissue/cell-specific peptide
decoration, are mostly recommended to enhance the targeting
ability and specificity, especially for the in vivo application.57–61

To promote the improvement of membrane-fusogenic systems,
more precise and convincing approaches are expected to be
established to evaluate the fusion manner. Currently, methods
to verify the membrane fusion manner are limited to the use of
endocytosis/fusion inhibitors and endosome trackers to deter-
mine the in vitro cellular uptake.19,27,53 However, these inhibitors
are still difficult to apply for in vivo verification, while endosome
trackers lack convincing statistical results. The delivery process of
membrane fusion, especially the intracellular internalization and
subsequent route, requires more detailed data to be verified.
Using methods like dynamic monitoring may give a deeper
analysis of the fusion events.

Membrane fusion-based delivery technologies would hold
great prospects in a material/medical laboratory and clinical
applications for personalized cell behaviors. There might be the
greatest concern whether membrane-fusogenic particles can
be still practical in the complicated physical environment. Never-
theless, as developing technology evolves to meet the desires,
there is the potential that advanced membrane-fusogenic particles
can have enormous impacts in various fields.

6. Conclusions

Development of membrane-fusogenic particles is emerging as a
new and promising area in medicine. With rapid development,
more and more potential particles have been constructed to
induce membrane fusion, including the strategies as follows:
(1) particle-cell dual modification, (2) introducing virus fusogens
and receptors, (3) bio-mimicking nature cells, and (4) excavating
specifical-structured liposomes, polymers, and so on. In the past
10 years, studies on membrane-fusogenic particles have been
extraordinarily brought up and achieved remarkable progress.
These particles have been gradually developed to be not only
applied for inner payload delivery to dodge endosomes completely
for direct cytosolic access, but also used for inter-membrane
delivery, cell engineering, and other innovative applications.
However, this emerging field is in a great need of collaborative
efforts with researchers in multiple disciplines, especially materials,
chemistry, and biology, to enable membrane-fusogenic particles to
be improved with more effective effects. Overall, we are optimistic
and confident to foresee that this exciting field will keep moving
forward at a staggering rate, by overcoming the challenges effectively
and open a new avenue in biomedicine in the near future.
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