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Tumors are among the leading causes of death worldwide. Cell-derived biomimetic functional materials have
shown great promise in the treatment of tumors. These materials are derived from cell membranes, extracellular
vesicles and bacterial outer membrane vesicles and may evade immune recognition, improve drug targeting and
activate antitumor immunity. However, their use is limited owing to their low drug-loading capacity and
complex preparation methods. Liposomes are artificial bionic membranes that have high drug-loading capacity
and can be prepared and modified easily. Although they can overcome the disadvantages of cell-derived bio-
mimetic functional materials, they lack natural active targeting ability. Lipids can be hybridized with cell
membranes, extracellular vesicles or bacterial outer membrane vesicles to form lipid-hybrid cell-derived bio-
mimetic functional materials. These materials negate the disadvantages of both liposomes and cell-derived
components and represent a promising delivery platform in the treatment of tumors. This review focuses on
the design strategies, applications and mechanisms of action of lipid-hybrid cell-derived biomimetic functional
materials and summarizes the prospects of their further development and the challenges associated with it.

1. Introduction targeted by integrins [6] and bacterial outer membrane vesicles (OMVs)

stimulate antigen-presenting cells (APCs) and T cells to enhance anti-

Tumor is one of the leading causes of death among humans [1]. The
most common treatment strategies for cancer include surgical resection
and local radiation therapy, which are usually accompanied by systemic
therapy for the eradication of unresectable and metastatic tumors [2].
Most anti-drugs have side effects when administered at high doses and
have poor specificity in targeting tumors [3]. Nanoparticles (NPs) can
alter the pharmacokinetic properties of drugs, and some NPs are already
in use in the clinic [4]. Cell-derived biomimetic functional materials are
novel agents that can be used as nanocarriers for active targeting of
tumors and can activate the immune system to exert antitumor effects.
For example, the CD47 protein on the surface of the erythrocyte mem-
brane facilitates evasion of immune surveillance and enhances nano-
carrier circulation [5], tumor-derived extracellular vesicles (EVs)
aggregate more readily in tumor tissues when they are homologously
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tumor immunity [7]. However, cell-derived biomimetic functional ma-
terials are difficult to prepare in large quantities and exhibit poor
physical stability owing to the low yield and loss of functional properties
[8]. Moreover, EVs have poor drug-loading capacity [9]. These limita-
tions hinder the development and application of cell-derived biomimetic
functional materials for the treatment of cancer.

In recent years, the combination of polymers, nanomaterials and li-
posomes with bacterial OMVs and tumor-derived EVs has emerged as a
novel design strategy [10-12]. In particular, liposomes have a bilayer
structure similar to biomembranes, and the formation of lipid-hybrid
cell-derived biomimetic functional materials through the hybridization
of liposomes with membrane vesicles has become a major focus of
research on bionanomaterials. Liposomes are artificial bionic mem-
branes with good biocompatibility and excellent drug-loading capacity.
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They can be used to encapsulate both hydrophilic and hydrophobic
drugs and help to improve the drug-loading capacity of membrane
vesicles [13]. In addition, the surface of liposomes can be easily modi-
fied to improve their drug-targeting ability [14,15]. Owing to their
inherent properties, liposomes can overcome the disadvantages of
cell-derived biomimetic functional materials in drug delivery and
enhance their efficacy as anticancer agents. In addition, nanostructures
derived from cells can induce active targeting ability in liposomes and
help them evade immune recognition.

Given the substantial potential of lipid-hybrid cell-derived bio-
mimetic functional materials in the treatment of tumors, biohybrid
nanomaterials have been intensively investigated in the past decade [10,
16]. Although some reviews have reported the research progress of one
or several nanocarriers (liposomes, EVs or cell membrane nanocarriers),
to the best of our knowledge, no review has comprehensively summa-
rized the types, modification strategies and mechanisms of action of
lipid-hybrid cell-derived biomimetic functional materials. This review
highlights the recent research progress of lipid-hybrid cell-based prim-
itive biomimetic functional materials used in cancer treatment. Fig. 1
illustrates the types and characteristics of different membrane-derived
vesicles hybridized with liposomes to form lipid-hybrid cell-derived
biomimetic functional materials. The preparation methods, loading
strategies, applications and antitumor mechanisms of these functional
materials are specifically described, indicating their prospective use for
the development of novel therapeutic strategies for cancer in the future.

2. Design strategy of lipid-hybrid cell-derived biomimetic
functional materials

2.1. Preparation of liposomes

Drug delivery systems based on liposomes have been established as
potent delivery systems. At present, liposomes are one of the most
widely used nanocarriers in anticancer drug development, with several
formulations being clinically approved and more undergoing clinical
trials [17-19].

Liposomes are synthetic membranes containing phospholipids and
cholesterol as their main constituents. Phospholipids are the basis of the
liposome membrane structure and can be folded into a bilayer to form a
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closed vesicular structure. The closed structure is stable owing to the
amphiphilic nature of liposomes, with the hydrophilic head on one side
and the hydrophobic tail on the other side [20]. A wide range of hy-
drophilic and lipophilic drugs can be encapsulated in liposomes [21,22].
Cholesterol plays a pivotal role in stabilizing the structure of liposomes
under changing environmental conditions. The structure of liposomes is
similar to that of the plasma membrane and has good physiological
compatibility, which helps liposomes evade immune surveillance when
they are used as a drug delivery system [20]. Furthermore, liposomes
can be modified with various functional groups and hence perform a
broader range of functions as synthetic membranes. For example, folic
acid modification enhances tumor-targeting ability [23], and poly-
ethylene glycol (PEG) modification prolongs the retention of liposomes
in circulation [24]. With the development of technology, researchers
have developed several techniques to prepare liposomes, mainly
including the thin-film hydration method [25,26], reverse evaporation
[27], double emulsion method [28,29], freeze drying [30] and ethanol
injection method [31,32]. Because passive wrapping is ineffective for
some amphiphilic drugs, active loading methods have been developed to
reduce leakage while improving efficiency [33]. These methods are used
to create transmembrane chemical gradients (e.g., pH) to stimulate drug
diffusion [33,34].

Overall, liposomes can be easily prepared using various strategies
and can be used to encapsulate different drugs. Some methods of pre-
paring liposomes are summarized in Table 1.

2.2. Preparation of cell-derived biomimetic functional materials

In recent years, nanostructures derived from cells, including cell
membranes, EVs and bacterial OMVs, have been widely used for the
delivery of various drugs owing to their specific bioactivity and flexi-
bility. Cell membranes are composed of membrane structures that are
obtained from different types of cells by special processes. They can be
modified to form NPs that can evade immune surveillance or have active
targeting ability [41,42] and can be functionalized with other ligands
[43]. These cell-derived nanostructures can be prepared using ultrasonic
fragmentation [44], repeated freeze—thaw cycles [45] and hypotonic
buffers [46].

In the extracellular space, cells secrete nano-to micrometer-sized

Turmor

.+ Impaired lymphatic drainage

Active Targeting Delivery

Cell Applicatjon
membranes

L id cell-derived
biomimetic functional materials

Immune Escape

Activate Immune

DC, Dendritic cell

Fig. 1. Characterization and antitumor mechanisms of lipid-hybrid biomimetic functional materials of different cellular origins. Created by BioRender. Com.
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Table 1
Conventional preparation methods of liposomes and their characteristics.
Methods Advantages Disadvantages References
Thin-film Simple and maneuverable, this method of production allows for quick 1. Limited drug-carrying capacity. [26,35]
hydration and easy production 2. Poor stability of prepared liposomes.
method
Reverse Because liposomes contain more aqueous phase, they are ideal for 1. In the production process, the stable W/O emulsion is only [27,36]
evaporation encapsulating proteins or large molecules like DNA, RNA, and other suitable for the loading of water-soluble drugs and macromolec-

drugs.

Double emulsion
method

and they have slow release characteristics.

Freeze drying

method
Ethanol injection Some unstable drugs can be loaded with this process because it is simple,
method fast, and reduces the exposure of lipid and encapsulants.

Active loading

methods water partition coefficient, this methods is ideal.

Multicapsule structures with a non-concentric structure are better suited
to encapsulating water-soluble drugs to increase their encapsulation rate,

Long-term storage is possible with the preparation as it is very stable.

In situations where pH and ionic strength are strongly influencing the oil-

ular substances.

2. The production process may be affected by ultrasonic treatment
that degrades lipids or drugs.

The particle size of non-concentric multivesicular liposomes is larger ~ [28]

than that of other types and their stability is lower than that of other

liposome types.

Higher production costs due to long freeze-drying processes. [30,37,

38]

1. Liposome suspension concentrations are relatively low since [31,39]
lipids are not easily soluble in ethanol, so lipid dispersion is
limited.

2. It is difficult to remove ethanol by distillation under vacuum
because ethanol and water form an azeotropic mixture.

3. Several bioactive macromolecules are destroyed by ethanol even
in small amounts.

Liposomes can only contain weakly basic or weakly acidic drugs, and

drugs must not have an electrical charge in order to be loaded into

them.

[33,40]

particles called EVs. They contain proteins and genetic material for
cellular communication at a local or systemic level [47,48]. EVs are
classified into three major categories based on their particle size: exo-
somes, micro-vesicles and apoptotic bodies [49]. Similar to the cell
membrane, EVs can target tumor-specific sites and remain in the body
for a long period without being recognized by the immune system, thus
resulting in effective delivery of drugs to the target site [50]. These
characteristics enable the use of EVs as drug delivery vehicles. Exo-
somes, which contain proteins (growth factors, enzymes and receptors)
and RNAs that mediate cell communication, have been intensively
investigated [51]. The most common preparation and purification
method for exosomes is density gradient centrifugation, which isolates
them primarily based on their sedimentation coefficient. However, this
method has a low yield [52,53]. In recent years, membrane vesicles with
a uniform particle size and similar composition to exosomes have been
developed using filter membranes with certain pore sizes [54-56]. This
approach results in a high yield while retaining the relevant proteins of
cellular origin.

Slightly different from EVs, OMVs are a class of spherical and bilayer
proteolipids produced by gram-negative bacteria. They contain immu-
nostimulatory proteins that induce an immune response [57]. At pre-
sent, OMVs are used as immune adjuvants to activate antitumor
immunity. They are usually extracted and purified from cultured cells
via ultracentrifugation [58].

2.3. Preparation and characterization of lipid-hybrid cell-derived
biomimetic functional materials

Lipid-hybrid cell-derived biomimetic functional materials are pre-
pared by fusing membrane vesicles with liposomes. This fusion should
be efficient and should not cause drug leakage or protein denaturation.
Membrane extrusion [10,16,59,60] and freeze-thaw cycles [61,62] are
common methods of fusion. Membrane extrusion involves the sequential
extrusion of samples (cell-derived biomimetic functional materials and
liposomes) through pores of different sizes. Although this technique is
effective, large-scale preparation is challenging. In the freeze-thaw
method, samples are repeatedly frozen and thawed to induce eventual
fusion. This method is simpler than extrusion and is suitable for
large-scale production; however, proteins present in membrane vesicles
may become denatured during repeated freezing and thawing.

After the successful fusion of liposomes with cell-derived biomimetic
functional materials, factors such as the protein content, chemical

structure, morphology and physicochemical properties of membrane
vesicles should be verified in vitro to evaluate the fusion efficiency. In
this section, we discuss some physicochemical and biological properties
of NPs that can be used to evaluate the performance of lipid-hybrid cell-
derived biomimetic functional materials.

Transmission electron microscopy (TEM) is considered the gold-
standard technique for the characterization of lipid-hybrid cell-derived
biomimetic functional materials because membrane vesicles composed
of lipids and proteins usually have different electron densities and are
currently one of the most important tools for the morphological char-
acterization of NPs. Fig. 2A [25] shows the morphology of liposomes
(LIPs), tumor-derived nanovesicles (TNVs) and hybrid nanovesicles after
fusion (LINVs) as analyzed via TEM, with image analysis demonstrating
that the lipid-hybrid cell-derived biomimetic functional materials are
more uniformly sized and spherical. Furthermore, NPs can be evaluated
based on their average particle size, zeta potential and polydispersity
index (PDI). Fig. 2B shows the particle size, zeta potential and PDI of
LIPs, TNVs and LINVs. LINVs based on the nanoscale can accumulate
massively within tumors owing to the enhanced permeation and reten-
tion (EPR) effect. Altogether, these characteristics demonstrate the
physicochemical properties of lipid-hybrid cell-derived biomimetic
functional materials and, more importantly, verify the biological activ-
ity of NPs. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and western blotting are widely used molecular biology
techniques for monitoring the protein expression profile of cells and are
therefore adopted as standard methods for characterizing membrane
proteins. The protein expression profiles of original cells, extracted
membrane vesicles and lipid-hybrid cell-derived biomimetic functional
materials were initially compared via SDS-PAGE. As shown in Fig. 2C,
TNVs and LINVs have protein bands similar to those of the original cells,
and the protein profiles of TNVs and LINVs closely match the total
protein profile of whole cells, indicating that cellular proteins are
adequately retained in the lipid-hybrid NPs [25]. As shown in Fig. 2D,
representative images of western blotting demonstrate similar results
[25].

3. Characteristics of lipid-hybrid cell-derived biomimetic
functional materials

As nanocarriers, liposomes are efficient drug delivery vehicles owing
to their ease of preparation and good drug-loading capacity, but its
inherent disadvantages prevent it from maximizing drug efficacy.
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Fig. 2. Morphological and biological characteriza-
tion of lipid-hybrid cell-derived biomimetic func-
tional materials. (A) Transmission electron
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microscopy images of LIPs, TNVs and LINVs (scale
bar = 0.2 pm). (B) Particle size distribution, poly-
dispersity coefficient and zeta potential of LIPs, TNVs
and LINVs (n = 3). (C) SDS-PAGE of cells, TNVs and
LINVs. (D) Western blotting of specific antigens on
TNVs and LINVs. Reproduced with permission from
Ref. [25], Copyright © 2021, American Chemical
Society. (LIPs: liposomes; TNVs: tumor-derived
nanovesicles; LINVs: lipid hybridization of cell-based
primitive biomimetic functional materials.)
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Liposomes are taken up through endocytosis and bind to introns to take
them into lysosomes [63-65]. Known as the “digestive organs” of the
cell, lysosomes are responsible for breaking down macromolecules in-
side the cell, which hinders or prevents liposomes from delivering drugs.
It was found that cell-derived biomimetic functional materials can be
fused directly to the membrane, which would facilitate the release of
drugs into cytoplasm rather than lysosomes [66]. As a result,
cell-derived biomimetic functional materials would be beneficial in
altering the uptake pathway of liposomes and improving the effective
utilization of drugs in liposomes. In addition, various cell-derived bio-
mimetic materials have specific biological activities, including active
targeting of tumor tissues [67], participation in cellular communication
[51,68], and regulation of immune cells [69]. The bioactive markers and
functional properties of nanostructures derived from different cells are
summarized in Table 2. However, cell-derived biomimetic functional
materials have limitations in terms of their application in tumor therapy
because of their complex purification process, low drug load, and poor
stability [70,71]. Liposomes and cell-derived biomimetic functional
materials can be fused by lipid exchange to form lipid-hybrid cell-der-
ived biomimetic functional materials due to the similar bilayer structure
[72,73]. The combination of these strengths will result in greater effi-
cacy, including increased drug loading, natural active targeting, and
immune system modulation, improving anti-tumor effects. In addition to
the above, many engineering strategies can enhance tumor cell killing
using such nanomaterials, including magnetic targeting [74],
ligand-receptor binding [75], and bioorthogonal click chemistry [74].

Cell

TNV LINV

3.1. Lipid-hybrid blood cell-derived biomimetic functional materials

Red blood cells (RBCs) and platelets are derived from hematopoietic
stem cells and are a unique component of the circulatory system. They
can circulate in the bloodstream for several days, which is beneficial for
drug delivery, especially for some drugs that tend to cause immune re-
actions. Erythrocyte and platelet membranes have been used for coating
nanomaterials encapsulating drugs.

3.1.1. Lipid-hybrid red blood cell-derived biomimetic functional materials
RBCs are the most abundant cells in the body, and their primary
function is to transport oxygen throughout the body. RBCs have been
extensively investigated for their potential use in drug delivery owing to
their capability to circulate in and easily separate from the blood [92,
93]. The RBC membrane can significantly improve some characteristics
of nanocarriers. First, it protects the activity of the encapsulated sub-
stance, enables its longer and more controlled life cycle and prevents its
immune clearance. The surface of the RBC membrane has high expres-
sion of the ‘do not eat me’ signal CD47, a receptor that interacts with
signal-regulatory protein alpha present on macrophages to ensure that
NPs escape the reticuloendothelial system, thus helping NPs evade
immunogenic clearance and prolong their blood circulation time [92].
Although PEGylation is equally beneficial for prolonging the circulation
time of nanocarriers, it hinders the penetration and internalization of
liposomes into tumors to some extent [94,95]. In addition, RBC
membrane-camouflaged nanostructures may have better blood reten-
tion than PEGylated preparations [96]. Second, RBCs are primarily
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Table 2

Representative biomarkers of biomimetic functional materials of different

cellular origins and their functions.

Cell type Representative Functions References
biomarkers
Red blood cells ~ CD47 Long-range looping [41]
Platelets P-selectin Binding to CD44 on [76,771
the tumor cell surface
for active targeting
Macrophages CDA47 and tumor Improve circulation [78,79]
necrosis factor-o time, target tumors
and engage antitumor
immunity
Neutrophils Adhesion molecules (e.g.  Bind to inflamed cells [80,81]
intercellular adhesion and migrate to the site
molecule-1) of inflammation
Dendritic cells Major Activation and [82,83]
histocompatibility maintenance of
complex antigen-specific T
cells by activating
antigen-presenting
cells and delivering
peptide antigens
T cells T-cell receptors Localize and target [84]
tumors
Natural killer Membrane proteins (e.g. Induction of [85,86]
cells RANKL or dNaM-1) polarization of tumor-
associated
macrophages
Tumor cells Plasma membrane Immune escape and [87,88]
proteins (including N- homologous targeting
cadherin, Galectin 3 and of tumor cells
adhesion molecules)
Mesenchymal CXC chemokine receptor ~ Tumor targeting and [89,90]
stem cells 4 and hypoxia-inducible  low immunogenicity
factor.
Bacteria Pathogen-associated Tumor targeting and [7,91]

activation of
immunity

molecular patterns

involved in oxygen transport owing to the presence of large amounts of
hemoglobin that bind to oxygen molecules and carry them to tissues
throughout the body [97]. Influenced by the ability of erythrocytes to
transport oxygen, researchers have designed erythrocyte membranes
wrapped with oxygen-generating devices to mimic RBC function and
inhibit tumor development by increasing the oxygen content in the
tumor microenvironment (TME) or combined with photodynamic
therapy to increase the efficiency of reactive oxygen species (ROS)
production [98]. Third, RBC membranes can be completely degraded in
vivo without resulting in toxic byproducts, demonstrating good
biocompatibility and biodegradability for in vivo applications. In addi-
tion, RBC membrane-encapsulated nanocarriers can reduce toxicity and
increase stability by reducing aggregation [99]. Therefore, nanocarriers
coated with RBC membranes have several advantages in nanodrug
delivery.

Liposomes are widely used as delivery vehicles for various drugs
because of their excellent drug-loading properties [100]. Researchers
have developed lipid NPs encapsulating 5-fluorouracil in RBC mem-
branes. In addition to the high drug-loading capacity, NPs exhibit
long-term drug release, which facilitates nanodrug penetration and
function within tumor tissues [5]. Therefore, lipid NPs encapsulating
drugs in RBC membranes can be used to deliver more effective drug
doses to tumors because liposomes and RBC membranes synergistically
increase the circulation time and drug-loading capacity of liposomes.
However, this method of drug delivery primarily depends on the passive
targeting ability of nanocarriers because cancer cells lack certain cell
adhesion molecules on the erythrocyte membrane. Researchers have
modified the RBC membrane to improve its ability to deliver drugs to
tumor tissues by improving its structural properties [101]. CD44 is a
class of proteins highly expressed on the surface of tumor cells, to which
platelets can bind for active targeting [102]. To increase the
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accumulation of RBC membrane-coated nanocarriers in tumor tissues,
hyaluronic acid, a CD44 ligand with good biocompatibility, biode-
gradability and non-immunogenicity, has been used to modify the RBC
membrane [75]. This modification increases the accumulation of
drug-encapsulated NPs at the tumor site, improving the effectiveness of
the treatment. Altogether, the surface of natural nanocarriers can be
modified to improve active targeting; however, direct modification of
cell-derived biomimetic functional materials is difficult, which limits
further modification of natural membrane vesicles. Liposomes are
similar to the vesicles of cell membranes and can be easily modified to
enhance the function of lipid-hybrid cell-derived biomimetic functional
materials.

In conclusion, RBC membrane coating can increase the circulation
time of nanocarriers, reduce the possibility of phagocytosis in circu-
lating blood, enrich tumor tissues through the EPR effect and improve
the stability of nanocarriers in the circulatory system. In addition, li-
posomes can be easily prepared and have high drug-loading capacity.
Therefore, lipid-hybrid cell-derived biomimetic functional materials
formed by hybridizing RBC membranes with liposomes can combine the
advantages of the two components to increase drug accumulation in
tumor tissues, achieve efficient targeting and improve the therapeutic
effects of chemotherapy or phototherapy.

3.1.2. Lipid-hybrid platelet -derived biomimetic functional materials

Platelets are nonnucleated blood cells derived from the bone marrow
[103]. Compared with RBCs, platelets have a more complex structure
with multiple surface receptors, which enable them to communicate
with the cellular microenvironment [104]. An in-depth understanding
of the interactions of platelets with the TME and immune system may
offer promising avenues for developing platelet-based drug delivery
systems and functional platelet-targeting strategies for the effective
treatment of cancer [105].

First, similar to RBC membranes, platelet membranes, which are also
derived from blood cells, can actively send ‘do not eat me’ signals to
macrophages, prolong the circulation time of nanocarriers and evade
immune detection and clearance [76]. Second, P-selectin (P-sel) on
platelet membranes can specifically bind to CD44 on the surface of
tumor cells, which in turn increases drug enrichment at the tumor site
[106]. Geng et al. [107] prepared NIR nanoprobes using platelet
membranes (Fig. 3A). IR1048 was encapsulated in liposomes, which
were modified with platelet membranes to form BLIPO-1048. The active
targeting ability of BLIPO-1048 was evaluated using fluorescence and
near-infrared  photoacoustic imaging techniques. Platelet
membrane-encapsulated liposomes had an enhanced ability to evade
immune clearance owing to the expression of CD47 on platelet mem-
branes (Fig. 3B and C). Furthermore, P-sel contributes to better tumor
targeting. They were combined with NIR-II photothermal therapy (PTT)
in an in situ glioma-bearing mouse model, resulting in good photo-
thermal conversion efficiency. However, studies have demonstrated that
platelets can protect circulating tumor cells (CTCs) and promote tumor
metastasis through recognition of CD44 [108,109]. Based on the specific
binding between platelets and CTCs, therapeutic strategies particularly
targeting CTCs can be designed for inhibiting metastasis [110]. A study
demonstrated that doxorubicin (DOX) loaded into platelets was specif-
ically delivered to tumor cells in both in vivo and in vitro models,
resulting in significant cytotoxicity [111]. Although platelet targeting of
distal CTCs shows great promise, the encapsulation of drugs into
platelets limits the application of this strategy. This treatment strategy
primarily relies on the interaction between P-sel on the platelet mem-
brane and CD44 on the surface of tumor cells; therefore, it is reasonable
to speculate that lipid-hybrid platelet-derived biomimetic functional
materials formed by hybridizing liposomes with platelet membranes
have similar functionality, higher drug-loading capacity and more
potent therapeutic efficacy.

With continuous development, various stimulus-responsive lipo-
somes that can achieve responsive drug release through changes in the
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Fig. 3. Lipid-hybrid platelet -derived biomimetic functional materials for evade immune and active targeting. (A) Schematic diagram of lipid-hybrid platelet-derived
biomimetic materials for active targeted delivery in different tumor models. (B) Schematic representation of differences in the uptake of liposomes and lipid-hybrid
platelet-derived biomimetic functional materials by RAWyg4 7 cells. (C) Flow cytometric detection of the fluorescence intensity of liposomes and lipid-hybrid platelet-
derived biomimetic functional materials after coincubation with RAWae4 7 cells for 4 h (n = 3) (**, p < 0.01). Reproduced with permission from Ref. [107] Copyright
© 2020, American Chemical Society. (BLIPO-1048: platelet membrane-embedded IR 1048 dye-loaded liposomes; LIPO-1048: IR 1048 dye-loaded liposomes.)

external environment have been developed [112]. pH-responsive lipo-
somes enable responsive drug release based on pH differences between
the TME and normal tissues or between intracellular lysosomes and the
cytoplasm [22,113]. These liposomes can be used to develop
lipid-hybrid platelet-derived biomimetic functional materials with
responsive drug release and active targeting ability to increase drug
delivery efficiency. Liu et al. [106] used platelet membranes and
pH-sensitive liposomes to prepare pH-responsive lipid-hybrid
platelet-derived biomimetic functional materials that delivered specific
drugs to tumors and released them when tumors were stimulated. These
materials exhibited a strong affinity for tumor cells and allowed selec-
tive drug release in the acidic microenvironment of lysosomes. In
addition, their antitumor effects were significantly better than those of
pH-unresponsive lipid-hybrid cell-derived biomimetic functional mate-
rials and conventional pH-sensitive liposomes. Altogether, the
pH-responsive lipid-hybrid platelet-derived biomimetic functional ma-
terials had improved active tumor-targeting ability and therapeutic
efficacy.

Owing to the natural physiological characteristics of platelets,
platelet membrane-coated drug delivery systems have high biocompat-
ibility and active targeting ability and can evade phagocytosis, thereby
representing more promising nanocarriers for cancer treatment. Lipid-

hybrid platelet-derived biomimetic functional materials developed by
hybridizing liposomes with platelet membranes have increased thera-
peutic efficacy and more diverse drug release forms. Although these
materials have significant advantages, their translation to clinical ap-
plications remains challenging. On the one hand, the current state of the
art is insufficient for large-scale production, supply and storage of
platelet membranes; on the other hand, the interaction between plate-
lets and tumor tissues remains unclear and warrants further
investigation.

3.2. Lipid-hybrid immune cell-derived biomimetic functional materials

Immune cells are the largest blood cells that develop from the dif-
ferentiation of hematopoietic stem cells in the bone marrow and pri-
marily include macrophages, neutrophils (NEs), dendritic cells (DCs),
natural killer (NK) cells and lymphocytes [114]. Inflammatory cells (e.
g., macrophages, DCs, NEs and lymphocytes) significantly contribute to
the development and progression of cancerous lesions. Given that tumor
tissue is naturally an inflammatory site, immune cells such as T cells,
macrophages and NEs can target and accumulate at tumor sites [115].
Immune cell-derived bionic functional materials are effective carriers
for targeted delivery of drugs to tumors owing to the secondary
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phenomenon of inflammatory chemotaxis [115]. The membrane struc-
ture of immune cells is more complex than that of RBCs and platelets and
contains specific proteins and glycans not found in other cell mem-
branes. Therefore, immune cells can initiate active immune responses to
eliminate inflammation and suppress tumorigenesis [92,115]. In this
regard, lipid-hybrid immune cell-derived bionic functional materials
hold great promise in the field of targeted therapeutics.

3.2.1. Lipid-hybrid macrophage-derived biomimetic functional materials
Macrophages can respond more actively to multiple mediators to
enhance immune defense while maintaining a balance between anti-
tumor and pro-tumor immune interactions. Therefore, macrophages are
important cells for the development of therapeutic strategies. Macro-
phage membranes are considered particularly suitable for camouflaging
NPs targeting tumors for two primary reasons [116]. On one hand,
macrophages can target tumor cells. In a study, bionic nanocarriers that
mimicked macrophages were developed by coating synthetic Fe304 NPs
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with macrophage membranes [117]. With robust tumor-targeting abil-
ity and acceptable biosafety, these nanocarriers were found to be suit-
able as a good photothermal conversion material for the treatment of
tumors. On the other hand, macrophage membrane coating can signif-
icantly increase the circulation time of nanocarriers. Xuan et al. [78]
coated macrophage membranes onto the surface of Au nanoshells
(AuNSs) and investigated whether the biomimetic NPs inherited the
long retention characteristics of macrophages through pharmacokinetic
experiments (Fig. 4A and B). The results revealed that macrophage
membrane-coated AuNSs exhibited a significantly longer blood reten-
tion time than pristine AuNSs at 48 h (Fig. 4C). In addition, macrophage
membrane-coated AuNSs were detected in >30% of blood vessels at 48
h, whereas unmodified AuNSs were almost cleared from the blood at 24
h. This result was validated via in vivo fluorescence imaging (Fig. 4D).
Altogether, macrophage membrane coating significantly enhanced the
accumulation of AuNSs in tumors, as the extended in vivo circulating
time promoted sustained systemic drug delivery through the passive

Au Nanoshell
(AuNS)

D

AuNS

MPCM-AuNS

0 10 20 30 40
Time (h)

Fig. 4. (A) Schematic diagram of the preparation of MPCM-AuNSs. (B) Schematic diagram of in vivo photothermal therapy. (C) Relative fluorescence intensity of
nanoparticles loaded with Cy7 in blood after intravenous injection. (D) Cell membrane-encapsulated or nonencapsulated gold nanoshells were intravenously injected
into nude mice within 48 h for in vivo fluorescence imaging. (n = 3). Reproduced with permission from Ref. [78] Copyright © 2016, American Chemical Society.
(AuNSs: Au Nanoshells; MPCM-AuNSs: macrophage cell membrane-camouflaged AuNSs). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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EPR effect.

Therefore, bionic hybrid nanoplatforms based on macrophage
membranes can actively target tumor cells and extend the circulation
time of NPs. This strategy is of great significance for the prevention and
treatment of tumors, especially tumor metastasis. Li et al. [118]
encapsulated the DOX nanodrug in liposomes and coated them with
macrophage membranes to form cell-like nanostructures loaded with
pH-sensitive precursors. These nanostructures were biocompatible,
enabled the release of DOX in a pH-responsive manner and inherited
relevant characteristics of macrophage membranes, such as prolonged
blood circulation time, active tumor-targeting ability and enhanced
cellular internalization. Consequently, the nanostructures significantly
inhibited lung metastasis of breast cancer and had fewer side effects.
This strategy combines the good drug-loading ability of liposomes with
the excellent active targeting ability and blood circulation time of
macrophage membranes and represents an effective approach to
inhibiting tumor metastasis.

The excellent drug-carrying properties of liposomes ensure adequate
drug loading, and the natural active targeting of macrophage mem-
branes to tumor cells ensures drug accumulation in tumor tissues and
increases the circulation time of nanocarriers to prevent clearance
during circulation. Therefore, lipid-hybrid macrophage-derived bio-
mimetic functional materials appear to be more beneficial than the
existing drug delivery platforms for targeted treatment of tumors. They
can be used to effectively deliver drugs at the maximum dosing con-
centrations while improving the therapeutic efficacy and reducing
adverse effects.

3.2.2. Lipid-hybrid neutrophil-derived biomimetic functional materials

NEs, the most abundant leukocytes in peripheral blood, are major
participants in proinflammatory immune responses and play a key role
in the immune response to pathogens [119]. Considering that carcino-
genesis is essentially an inflammatory process, NEs have been widely
used as targeting vectors in cancer treatment [120-122].

Glioblastoma is the most aggressive type of brain tumor and is
characterized by a high mortality rate, shorter survival, poor prognosis
and frequent recurrence [123-125]. In recent years, nanodrug delivery
systems based on liposomes have been developed to cross the blood-
brain barrier (BBB) and the blood-brain tumor barrier (BBTB) via pas-
sive diffusion or target-specific binding [60]. These delivery systems are
designed to weaken the BBB or BBTB through either active ligand de-
livery or passive diffusion [126]. Although they are effective, they
inevitably have some disadvantages, such as a short circulation period
and the inability to deliver high drug concentrations. NEs can target
tumors in a specific manner because of their intrinsic characteristics.
After the tumor is surgically removed, local brain inflammation de-
velops along with the release of inflammatory factors such as interleukin
8 [127,128] and tumor necrosis factor alpha [129], resulting in the
migration of NEs to the inflamed brain region. Because the amplification
of inflammatory signals of NEs enhances brain tumor targeting, NEs are
considered an effective vehicle for targeting inflammation. Xue et al.
[122] developed NE-based delivery vehicles targeting glioma by coin-
cubating paclitaxel-encapsulated liposomes with NEs. This drug delivery
system recognized postoperative inflammatory signals, unlike conven-
tional NPs that passively target tumor aggregates [130]. Tumor resec-
tion causes tissue damage, triggering an inflammatory response that
produces inflammatory cytokines. NE-based delivery vehicle complexes
are directed from the circulation to brain tissues invaded by cancer cells
through these cytokines. In a study, treatment with NE-based delivery
vehicles effectively inhibited tumor recurrence but did not significantly
inhibit tumor growth in mice with surgically treated glioma. This result
indicates that postoperative amplification of inflammatory signals en-
hances the tumor-targeting ability and therapeutic effectiveness of
NE-based delivery vehicles, highlighting the potential of NEs as a tar-
geting vehicle for postoperative drug delivery.

Similar to living cells, biomimetic functional materials with NE
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components can target NEs to metastatic cancer cells or inflammatory
sites [105]. NE membrane-encapsulated NPs have been developed for
targeting tumors. These nanocarriers can inhibit tumor growth and
metastasis in vitro and in vivo and induce apoptosis of premetastatic
tumor cells and CTCs [121]. In addition, NE membrane-bound lipo-
somes have been used for targeted drug delivery in pancreatic cancer
[131]. Liposomes coated with NE membranes camouflage NEs and
represent a more advantageous form of drug delivery than NPs prepared
using live cells. Live cell-based delivery systems require a secondary NEs
infusion step, which may damage NEs irreversibly, and the injection of
live cells of extracorporeal origin can result in immune rejection and a
lower survival rate. In addition, compared with live cells, liposomes can
load a larger number of drugs. Although only a few studies have re-
ported the use of lipid-hybrid NE-derived biomimetic functional mate-
rials in the treatment of tumors, we speculate that these nanocarriers can
effectively penetrate the BBB, improve tumor targeting, deliver more
drugs to tumor tissues and reduce adverse events associated with the use
of live cells.

3.2.3. Lipid-hybrid dendritic cell-derived biomimetic functional materials

DCs, the sentinels of the immune system, initiate and regulate
adaptive immune responses [132]. They are the most functional of all
APCs and recognize pathogenesis-associated molecular patterns and
danger-associated molecular patterns through pattern recognition re-
ceptors. To activate the immune system, DCs internalize and process
antigens and present antigen-specific information to T cells [133].
Briefly, when activated by pathogens, DCs phagocytose and process
antigens, forming antigenic determinant clusters, which migrate to
lymphoid tissues and metastasize. T cells differentiate into regulatory T
cells, helper T cells, cytotoxic T lymphocytes and activated cytotoxic T
lymphocytes when they receive stimulatory signals in the lymph [133,
134].

DC-based immunotherapy has great potential for the treatment of
cancer, as DCs are considered a key player in immunotherapy [135,
136]. DC membrane-based therapeutic approaches have shown some
success in the treatment of tumors. DC membrane-encapsulated NPs can
activate antigen-presenting cells, deliver peptide antigens and enable
memory T cells to respond to antigens. Ochyl et al. [137] derived DC
membrane vesicles (DC-MVs) from preactivated APCs. These DC-MVs
efficiently carried antigenic peptides and successfully activated and
amplified T cells in vitro by inducing DC maturation. They enhanced the
proliferation of cytotoxic T lymphocytes in vivo, leading to the prolif-
eration of more antigen-specific T cells. Several studies have demon-
strated that DC membranes carrying tumor antigens can target lymph
nodes to enhance immune activation. Liu et al. [138] used DC
membrane-coated NPs to target lymph nodes and found that the NPs
were highly effective in localizing lymph nodes and triggering acquired
immunity. The abovementioned studies suggest that the DC membrane
can target lymph nodes and maintain T-cell activation and retention
through antigen presentation, thus playing an important role in acti-
vating the immune response.

DC membrane-based immunotherapy can be combined with other
therapies to produce synergistic antitumor effects. Sun et al. [139]
developed intelligent nano-DCs (iDCs) by coating mature DC films with
polymer NPs encapsulated with the photosensitizer IR-797. Given that
the DC membrane maintains the antigen-presenting function and
T-cell-activating capability of native DCs, these iDCs entered lymph
nodes and activated T cells. T cells activated by iDCs decreased the
expression of heat shock proteins in tumor cells, increasing their heat
sensitivity. Tumors are more likely to be ablated thermally with the
photosensitizer IR-797 under activated irradiation. In addition, the
interaction between dying tumor cells and surviving immune cells can
induce immunogenic cell death (ICD), reactivate antitumor immunity
and contribute to synergistic antitumor effects. These therapeutic effects
can be achieved through drug delivery platforms based on the combi-
nation of liposomes and cell-derived biomimetic functional materials.
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Altogether, DC membrane-encapsulated NPs can effectively target
lymph nodes and activate T-cell responses, and liposomes can have good
loading capacity for various drugs (both hydrophilic and hydrophobic).
Novel nanocarriers developed using DC membrane-encapsulated lipo-
somes can realize the combined application of chemo-
therapy/phototherapy and immunotherapy or other therapeutic
strategies to achieve stronger antitumor effects.

Although lipid-hybrid DC-derived biomimetic functional materials
have not yet been reported, they can be considered potential nano-
carriers. DC-derived membrane vesicles can be directed to lymph nodes
for targeted drug delivery, which has greater potential in the treatment
of lymphatic metastasis of tumors. In addition, DC membranes can
activate antigen-presenting cells and deliver peptide antigens, enabling
the activation and maintenance of antigen-specific T cells, which in
combination with immune checkpoint inhibitors can achieve more
sensitive and durable antitumor immunity.

3.2.4. Lipid-hybrid T-cell-derived biomimetic functional materials
T cells directly kill tumor and virus-infected cells and coordinate the
entire process of elimination [140]. They originate in the bone marrow
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and differentiate into several types of effector cells as they proliferate
and differentiate. They also transform into memory cells, which
participate in a second immune response against foreign substances. The
T-cell receptor (TCR) is a specific receptor present on the surface of T
cells that initiates first transduction signals by specifically recognizing
and binding antigenic peptides presented by the major histocompati-
bility complex (MHC) on the surface of APCs, thereby inducing T-cell
activation and performing adaptive immune functions [84]. Given that
TCR complexes expressed on T cells can be actively targeted through
antigens of tumor origin, T-cell membranes can be used to modify
nanocarriers for targeted delivery of drugs in the treatment of cancer.
Yaman et al. [141] delivered trametinib to tumors using NPs encapsu-
lated within T-cell membranes. These biocompatible NPs reduced the
potential risks of conventional drug carriers. Compared with pristine
NPs, the membrane-coated NPs exhibited superior targeting ability, with
twice the uptake and concentration of tumor drugs in the in vivo and in
vitro models of melanoma, respectively. A major reason for this phe-
nomenon is that TCRs specifically target the gp100 protein.

Owing to the presence of TCRs on the cell surface, T-cell membrane-
encapsulated NPs are promising drug carriers for targeted treatment of
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Fig. 5. Schematic diagram of N3-TINPs with a dual targeting mechanism for efficient photothermal therapy. (A) Synthesis of N3-TINPs. (B) After pretreatment with
AcsManN-BCN, BCN-expressing T cells were labeled. N3-TINPs targeted tumors through immune recognition of T-cell membranes and bio-orthogonal reaction
between BCN and N3 moieties and effectively cleared tumors in mice through ICG-mediated photothermal effects. Reproduced with permission from Ref. [146] (N3:
azide; N3-TINPs: Nj-labeled T-cell membrane; BCN, 1 bicyclo [6.1.0] nonyne; AcsManN-BCN: BCN-modified unnatural sugars; ICG: indocyanine green.). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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tumors. The high heterogeneity of tumors, however, may reduce the
detection capability of the vector when natural and unmodified T-cell
membranes (i.e., single targeting strategy) are used. Researchers have
reported that fusing complementary molecules with T-cell membranes
(a dual-targeting strategy) is a more effective way of delivering nano-
drugs [142]. Metabolic glycoengineering techniques can be used to
introduce various chemical groups into the cellular glycoconjugate
chain through the treatment of nonnatural monosaccharides, which can
artificially generate bioorthologous groups on tumors as artificial ‘re-
ceptor’ targets for selective targeting in complex environments [143,
144]. Targeting strategies developed using the combination of bio-
orthogonal chemistry and metabolic glycoengineering have received
substantial attention in recent years [142]. Researchers have identified a
novel bicyclo [6.1.0]nonarginine (BCN)-modified unnatural sugar that
can efficiently and nondestructively integrate into the sugar chains on
the surface of tumor cells [145]. Through bioorthogonal click chemistry,
the BCN motif has been identified as a useful targeting label for azide
(N3)-modified T cells that enhance tumor recognition. Han et al. used
this technique in combination with T-cell membrane recognition to
enhance the tumor-targeting ability of nanocarriers [146] (Fig. 5A).
Specifically, activated T-cell membranes were labeled with N3 groups
via glycolysis and used to modify NPs loaded with the photosensitizer
indocyanine green (ICG). T-cell membrane-encapsulated NPs had
improved tumor-targeting ability. The bioorthogonal reaction between
N3 and BCN moieties enhanced the anchoring of NPs to tumor cells
(Fig. 5B). With dual targeting (immune recognition and bioorthogonal
chemical recognition), the accumulation of photosensitizers (PSs)
effectively cleared tumor cells through ICG-mediated photothermal
effects.

Overall, T-cell-derived bionic functional materials are biocompatible
and can be used to improve the targeting of tumors through TCRs, thus
enabling precise drug delivery. However, it is necessary to develop more
precise dosing regimens to improve the effectiveness of therapeutic
measures against immune evasion of tumors. Liposomes can be easily
modified in various ways to achieve active targeting [147] and have a
high drug-loading capacity. Therefore, lipid-hybrid T-cell-derived bio-
mimetic functional materials can precisely deliver drugs owing to their
increased accumulation in tumor tissues. Although these hybrid mate-
rials have not yet been reported, we speculate that the combination of
liposomes and T-cell-derived membrane vesicles can be used for precise
treatment of tumors.

3.2.5. Lipid-hybrid NK cell-derived biomimetic functional materials

NK cells are important cells involved in innate immunity [148]. With
receptors on the membrane, these cells can recognize abnormal cells,
including tumor cells [149]. They participate in immune regulation
mainly by killing target cells directly [86], secreting cytokines [150] and
contributing to the maturation of antigen-presenting cells [86,151].

NK cell-based immunotherapy holds great promise for clinical
application. The role of recruitment and infiltration of NK cells in tumors
is currently being investigated to improve treatment [152]. To enhance
the direct killing effect, targeted strategies that promote the accumula-
tion of NK cells at the tumor site have been proposed. In a study,
dopamine-coated magnetic Fe304 NPs were found to be internalized by
NK cells through phagocytosis. With the assistance of a magnetic field,
NK cells aggregated in the tumor tissue and significantly inhibited the
growth of tumor cells [153]. Given that NK cells have the natural ability
to target tumor cells, especially those with stem cell characteristics
[154], studies have investigated the potential of NK cell
membrane-encapsulated NPs for tumor targeting [155]. The natural
tumor-targeting ability of NK cells may be attributed to the action of
certain proteins on the cell membrane. In a study, DOX liposomes were
fused with NK cell membrane vesicles to form a membrane camouflage
delivery system called ‘NKsomes’, and the homing ability and antitumor
effects of NKsomes were examined in an MCF-7-induced solid tumor
model [156]. The results revealed that ‘NKsomes’ were
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nonimmunogenic and efficiently carried the chemotherapeutic drug
DOX for targeted therapy. In addition, the effectiveness of NKsomes in
targeting tumor cells relied entirely on the membrane properties of NK
cells. Altogether, NKsomes exerted good antitumor effects against
MCF-7 human breast cancer cells both in vitro and in vivo.

Proteins on NK cell membranes promote the polarization of M;-type
macrophages and facilitate tumor targeting [85,157,158]. Deng et al.
modified NPs to resemble NK cell membranes and used them for com-
bined phototherapy and immunotherapy, which significantly improved
the antitumor effects [86] (Fig. 6A). NK cells can effectively target tu-
mors and improve antitumor immune responses. On the one hand,
transformation of TAMs reverses the suppressive tumor immune
microenvironment and provides favorable conditions for antitumor
immunity (Fig. 6B and C). On the other hand, photodynamic therapy
directly kills tumor cells, induces ICD and enhances antigen presenta-
tion, thereby augmenting the immune response to tumors (Fig. 6D-G).
Consequently, phototherapy and immunotherapy produce synergistic
antitumor effects, significantly improving therapeutic efficacy.

NK cell-derived membrane vesicles have significant potential for
targeting tumors and reversing the phenotype of TAMs. The suppressive
tumor immune microenvironment results in a low antitumor immune
response, which can be addressed by regulating the polarization of
TAMs [159]. Biomimetic functional materials derived from NK cells can
induce the conversion of TAMs to the M; type, which may lead to the
transformation of ‘cold tumors’ to ‘hot tumors’. NK cell-derived mem-
brane vesicles can target tumors and reverse the suppressive immune
microenvironment. Although lipid-hybrid NK cell-derived biomimetic
functional materials have not been extensively investigated, they may
play an important role in the treatment of cancer. For example,
ICD-inducible chemotherapeutic agents can be loaded in liposomes, and
hybridization of liposomes with NK cell membrane vesicles can be used
to make lipid-hybrid NK cell-derived biomimetic functional materials.
These hybrid nanocarriers can target tumor tissues to induce ICD and
activate the antitumor immune response. In addition, NK cell-derived
membrane vesicles can reverse the polarization of TAMs, creating a
favorable environment for the aggregation, activation and proliferation
of immune cells in tumor tissues. Altogether, this combination delivery
strategy can target tumor tissues and exert more sensitive tumor-killing
effects.

3.3. Lipid-hybrid tumor cell-derived biomimetic functional materials

Cancer cells exhibit numerous characteristics that distinguish them
from normal cells, including unlimited proliferation, homotypic adhe-
sion and immune escape [160]. These characteristics have prompted the
development of tumor cell-based nanostructures for the treatment of
tumors. Lipid-hybrid tumor cell-derived biomimetic functional mate-
rials prepared by embedding the membrane of glioma cells in liposomes
can cross the BBB and are enriched in cancer cells after crossing the BBB
[161]. Tumor cell membranes enhance the active targeting ability of
NPs because of homotypic binding between cancer cells and NPs [11]. In
a nude mouse model of MCF-7 tumors, the accumulation of tumor cell
membrane-modified liposomes at the tumor site was found to be >
5-fold higher than that of unmodified liposomes [162]. Some functional
proteins (e.g., CD47) and polysaccharides on tumor cell membranes can
promote immune escape and prolong circulation time, which can
effectively assist NPs in evading immune recognition in the blood [59].
Xu et al. [59] used tumor cell membranes modified with liposomes
loaded with ICG and verified the uptake of NPs by RAWy¢4 7 cells. The
results revealed that the uptake rate of ICG liposomes encapsulated in
tumor cell membranes was lower than that of unmodified ICG lipo-
somes, suggesting that tumor cell membrane-modified liposomes have a
longer circulation time in the blood. Because cancer cell
membrane-encapsulated NPs can target homologous cancer cells and
have reduced potential for uptake in the circulating blood, they are ideal
vehicles for targeted delivery of antitumor drugs [163].
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Fig. 6. (A) Schematic diagram of NK cell membrane-encapsulated nanoparticles for PDT-enhanced cell membrane-based immunotherapy. (B) Proteins on the NK cell
membrane polarize M; macrophages. (C) Gene markers associated with macrophage polarization in vitro. (D) Dying tumor cells release immunogenic cell death-
related signaling molecules to promote the maturation of dendritic cells. (E-G) Effects of various drugs on the release of CRT, ATP and HMGB-1 (n = 3 per
group; single asterisks indicate p < 0.05, and double asterisks indicate p < 0.01). Reproduced with permission from Ref. [86] Copyright © 2018, American

Chemical Society.

Tumor vaccines stimulate antigen-presenting cells to activate and
promote specific killing of tumor cells by the immune system by
extracting or synthesizing tumor-associated antigens [132]. Cancer
vaccines have been developed using cancer cell membranes as
tumor-specific antigens because cytotoxic T lymphocytes typically
recognize cancer cells by binding to receptors on their membranes. Kroll
et al. [164] demonstrated that tumor cell membranes can function as
tumor vaccines, presenting antigens and activating the immune system
against tumors. Compared with tumor-specific peptides, proteins, DNA
and mRNA, tumor vaccines exploit differences in the expression of
different proteins between tumor and normal cells, resulting in higher
specificity and relatively fewer side effects [165]. Cell
membrane-encapsulated drug-loaded NPs have been developed to
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enhance antitumor immunity. A study reported that nano-vaccines
prepared using tumor cell membranes encapsulated with polymeric
NPs containing the immune adjuvant R837 exhibited stronger immune
stimulation upon uptake by antigen-presenting cells [166]. Although
some functional proteins on tumor cell membranes (e.g., CD47) promote
immune escape and prolong the circulation time of NPs, they are not
beneficial for the delivery of signaling molecules through
antigen-presenting cells to activate T-cell responses, and the inefficiency
of the vaccine delivery system hinders effective and long-lasting anti-
tumor immune responses. To address this issue, CRISPR-Cas9 gene
editing technology was used to knockdown tumor phagocytosis check-
points in an in vitro study [167]. In addition, this strategy was combined
with mitoxantrone to induce ICD of tumor cells in vitro, resulting in the
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activation of a large number of tumor-specific CD8" T cells to kill
tumors.

EVs derived from tumor cells contain tumor antigens and endoge-
nous danger signals. These signals stimulate DC maturation and produce
subsequent antitumor immune responses [168]. Tumor cell-derived EVs
can deliver antigens directly into the cytoplasm of DCs and effectively
activate cytotoxic T lymphocytes to generate antitumor immunity
through antigen cross-presentation [169]. However, non-individualized
tumor vaccines do not induce immune responses against autologous
tumors owing to the high heterogeneity of tumor cells. Zhao et al. [170]
developed polymer-modified liposomes containing PSs. These liposomes
had a bioactive surface and high structural stability and recruited
tumor-associated antigens (TAAs), allowing for the combined applica-
tion of phototherapy and immunotherapy. Photodynamic therapy (PDT)
induces ICD and produces TAAs, and cationic polymers confer the ability
to recruit TAAs and enhance antigen presentation through the
proton-sponge effect. In this strategy, autoantigens are used to activate
the immune system without the risk of a poor immune response owing to
the specificity of tumor cells.

Overall, nanostructures based on tumor cell sources hold great
promise as novel nanocarriers for drug delivery. They can evade im-
mune surveillance, aggregate in tumor tissues and activate antitumor
immunity as tumor antigens. Despite these beneficial characteristics,
tumor cell-based nanocarriers have some drawbacks, including low
drug-loading capacity, poor stability and loss of immunogenicity as a
result of tumor antigen degradation. Lipid-hybrid tumor cell-derived
bionic functional materials can significantly overcome the above-
mentioned challenges, and the combined use of liposomes and tumor
cell components can complement their strengths and result in synergistic
therapeutic effects [25,73,171]. Tumor cell-derived biomimetic func-
tional materials enhance the circulation time of liposomes in vivo and
target tumor sites, whereas liposomes enhance the drug-loading capa-
bility, stability and antitumor effects of tumor cell-derived bionic
functional materials by carrying drug/immune adjuvants.

3.4. Lipid-hybrid mesenchymal stem cell cell-derived biomimetic
functional materials

Mesenchymal stem cells (MSCs) are multipotent tissue stem cells that
can differentiate into various cell types, including osteoblasts, adipo-
cytes, chondrocytes and myofibroblasts [172], and are widely used for
wound healing [173], chondrogenesis [174] and nerve regeneration
[175]. During the past few years, studies have reported a close rela-
tionship between MSCs and tumorigenesis [176]. Moreover, tumors are
considered ‘unhealable wounds’ because of the similarities between
them and healing wounds [177]. Cancer growth and wound healing are
associated with processes such as angiogenesis, fibroblast activation and
remodeling of the extracellular matrix [178]. MSCs are capable of
homing to inflamed or injured tissues [179]. Although the specific un-
derlying mechanisms remain unclear, the tumor-homing ability of MSCs
is mainly mediated by the synergistic effects of cytokines, chemokines
and other functional molecules [180]. First, cytokines are involved in
the adhesion of circulating MSCs to the vascular endothelium. Tumor
necrosis factor alpha, IL-6, IL-1f and interferon gamma are involved in
this process [181-183]. Second, chemokines can stimulate chemotaxis
in cells, causing them to migrate to a target site or tissue [184]. For
example, stromal cell-derived factor-1 (SDF1) is highly expressed on the
surface of tumor cells [185]. MSCs express CXC chemokine receptor 4
(CXCR4), which is part of the SDF1 receptor family. The CXCR4-SDF1
axis is an important pathway for the migration of MSCs to tumors
[89]. Third, other functional molecules, such as growth factors and
hypoxia-inducible factor (HIF), contribute to the tumor-homing function
of MSCs. Growth factors such as platelet-derived growth factor (PDGF)
can affect the migratory ability of MSCs [186], and HIF induces the
expression of its cognate receptor CXC chemokine receptor 3 (CXCR3)
on MSCs and breast cancer cells [90]. Although the mechanisms
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underlying MSC migration remain unclear, tumor tropism has been used
to develop more specific and effective anticancer therapies [187].

MSCs can influence cancer development in several ways [188]. On
one hand, MSCs participate in the development and progression of
cancer. They produce high levels of angiogenesis-stimulating growth
factors and cytokines, such as VEGF, B-FGF, PDGF, IL-6, IL-8, TGFp and
angiopoietin, which promote tumor angiogenesis and metastasis [189].
On the other hand, MSCs inhibit tumor growth and progression. They
have been demonstrated to induce apoptosis and inhibit the prolifera-
tion of  glioma cells through inhibition of  the
phosphatidylinositol-3-kinase/protein kinase B (PISK/AKT) pathway
[190]. In addition, direct contact between MSCs and tumor cells may
inhibit tumor growth. A study reported that coculturing tumor stem cells
with MSCs significantly reduced the proliferation rate of tumor cells
[191].

Owing to their inherent tumor-targeting properties, MSCs can be
used to deliver therapeutic agents to tumor sites. However, the precise
role of MSCs in tumorigenesis should be intensively investigated to
assess whether they pose certain risks, such as the development of
metastasis [192]. Compared with MSCs, mesenchymal cell membranes
(MSCMs) are considered safer platforms for drug delivery. MSCMs retain
the natural targeting ability of MSCs and have low immunogenicity.
MSCM-encapsulated NPs have attracted substantial interest owing to
their inherent tumor-targeting ability [193]. Yang et al. [194] used
MSCMs to modify PLGA NPs. The uptake efficiency of membrane-coated
NPs was three times higher than that of pristine NPs. In addition,
membrane-coated NPs had stronger tumor-targeting ability, which
improved the elimination of tumor cells. Altogether, the study added to
the knowledge of MSC-derived nanostructures with significant
tumor-targeting ability.

Lipid-hybrid MSC-derived biomimetic functional materials have
been reported in previous studies. Sonodynamic therapy is a noninva-
sive antitumor approach that generates ROS through the simultaneous
interaction of acoustic sensitizers, molecular oxygen and low-intensity
ultrasound waves, leading to apoptosis and necrosis of cancer cells
while minimizing damage to adjacent normal tissues [195]. However,
most acoustic sensitizers have drawbacks, including poor solubility in
water, low bioavailability and non-tumor specificity. Liposomes can
improve the stability and bioavailability of acoustic sensitizers. How-
ever, the presence of biological barriers in tumors, such as low oxygen
concentration, high interstitial fluid pressure and poor tumor penetra-
tion, makes it difficult for liposomes to achieve precise targeted delivery
to tumor sites. Sun et al. [196] wrapped MSCMs with liposomes loaded
with acoustic sensitizers and oxygenators to form lipid-hybrid
MSCM-based biomimetic functional materials and used them for the
treatment of oral cancer. In vivo experiments demonstrated that these
functional materials selectively accumulated in and penetrated oral
tumor tissues in situ, alleviated hypoxia, effectively inhibited tumor
growth and prolonged survival time in mice under ultrasonic stimula-
tion. Altogether, the study verified that lipid-hybrid MSC-derived bio-
mimetic functional materials have great potential for targeted drug
delivery in the treatment of tumors.

MSC-derived nanostructures have emerged as promising drug de-
livery vehicles owing to their inherent properties, such as tumor affinity,
extended circulation time and low immunogenicity [197]. However,
they have low drug-loading efficiency and are more often used for
modifying other drug-encapsulated NPs to enhance their targeting
ability. The use of liposomes is considered optimal for enhancing the
tumor-targeting ability because they have a phospholipid layer similar
to biological membranes and are highly compatible with cell-derived
membrane vesicles. Therefore, MSC-derived nanostructures can be hy-
bridized with liposomes to form lipid-hybrid MSC-derived biomimetic
functional materials that synergistically target tumor tissues for drug
delivery, thus enabling precision treatment.
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3.5. Lipid-hybrid bacteria-derived biomimetic functional materials

The use of bacteria as therapeutic agents, either alone or in combi-
nation with traditional anticancer therapies, has shown promising re-
sults in reducing tumor recurrence and inhibiting metastasis [198,199].
Many bacteria, such as Salmonella typhimurium and [200,201] Escher-
ichia coli (E. coli) [202], not only exhibit inherent tumor-targeting ac-
tivity and antitumor effects but also have the potential to be genetically
engineered to target and deliver anticancer drugs [203]. As a noninva-
sive treatment strategy, high-intensity focused ultrasound (HIFU) ab-
lates tumors and promotes the controlled release of drugs in the
treatment of benign and malignant cancers [204]. However, the prop-
agation of ultrasound energy decreases with increasing distance, which
results in the poor efficacy of HIFU in the treatment of deep-seated tu-
mors. Researchers have used genetic engineering techniques to develop
transgenic E. coli that can carry bubbles. E. coli is a typical parthenogenic
anaerobic bacterium that can sufficiently colonize a hypoxic environ-
ment and achieve tumor targeting [205]. It can be coloaded with
cationic liposomes containing chemotherapeutic agents to achieve tar-
geted drug delivery. This approach has been demonstrated to enhance
the therapeutic effects of HIFU and promote the synergistic effects of
HIFU and chemotherapy to improve the killing of 4T1 cells and suppress
breast cancer progression.

Although bacteriotherapy-based treatment strategies have demon-
strated better results in mouse models, these strategies do not trigger
tumor regression and induce several adverse effects, especially at higher
doses [206,207]. Antitumor activity is not observed because bacteria are
effectively internalized by host cells and destroyed through cellular
autophagy. Inhibition of autophagy promotes apoptotic activity in
cancer cells through bacteria-mediated killing [208]. Hydroxy-
chloroquine (HCQ) is a widely used inhibitor of autophagy that disrupts
lysosomal function by increasing lysosomal pH, thereby reducing bac-
terial degradation [209]. However, the nonspecific distribution of HCQ
limits its therapeutic efficacy in cancer cells while potentially damaging
normal cells. The EPR effect of liposomes allows tumor-targeted delivery
of HCQ through enhanced liposome accumulation [210]. Wang et al.
[91] wused HCQ-encapsulated liposomes in combination with
tumor-targeting Salmonella VNP20009 for antitumor therapy.
HCQ-encapsulated liposomes accumulated in tumors through the EPR
effect and triggered apoptosis and necrosis of tumor cells, overcoming
the autophagic barrier to bacterial treatment. Therefore, modulation of
tumor cell autophagy through delivery of autophagy inhibitors may
represent a promising approach to enhancing the therapeutic effects of
bacteria-based therapies in various cancer types.

Bacterial therapy has received substantial attention owing to the
tumor-targeting ability of tumors. However, clearance of bacteria from
tumors after they have been targeted is challenging. In recent years, the
focus of bacterial research has shifted to OMVs secreted by gram-
negative bacteria. Owing to the presence of numerous pathogen-
associated molecular patterns, OMVs can be used as natural immune
adjuvants for activating immune responses and inherently have similar
tumor-targeting effects [211,212]. Although OMVs inhibit tumor
growth, they produce severe inflammatory responses in vivo [213,214].
Park et al. [58] synthesized bacterial vesicles to replace OMVs and
minimize their toxic effects. They obtained fragmented bacterial debris
through lysozyme-mediated degradation and sonication. In addition,
they used the ionic detergent sarkosyl to remove the bacterial inner
membrane and induced high-pH conditions to eliminate the cytoplasmic
component of the debris. This method resulted in a high yield, with the
minimal presence of cytoplasmic components and the absence of RNAs
or DNAs. Unlike naturally released OMVs, these bacterial vesicles did
not elicit a systemic proinflammatory cytokine response in mice, indi-
cating that they can be used as good drug carriers for the development of
novel nano-formulations [215]. However, their low drug-loading ca-
pacity, similar to that of EVs, limits their application in drug delivery.
The combined use of bacterial outer vesicles and liposomes to form
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lipid-hybrid cell-derived biomimetic functional materials can retain the
biological properties of bacterial vesicles while enhancing their
drug-loading capacity [216]. Owing to their tumor-targeting ability and
immunogenicity, bacterial vesicles are considered excellent drug de-
livery vehicles. In addition, when bacterial vesicles are hybridized with
liposomes to form lipid-hybrid bacteria-derived biomimetic functional
materials, the production of severe systemic immune responses is
reduced. Zhai et al. [216] used thermosensitive liposomes encapsulated
with the photosensitizer Cypate and CD38 siRNA to develop
bacterial-derived biomimetic functional materials (Fig. 7A). These
tumor-targeting nanocarriers migrated to the tumor site and destroyed
tumor cells through thermal ablation upon laser irradiation. PTT
enhanced antigen exposure of tumor cells by inducing ICD, promoted
antigen presentation and activated antitumor immunity [217]. In
addition, inhibition of CD38 enhanced the role of T cells in the tumor
environment (Fig. 7B-D). This therapeutic strategy used the combina-
tion of PTT and an improved immune microenvironment to enhance
antitumor effects, indicating the advantages of the combined application
of liposomes and bacterial vesicles.

Overall, OMVs are potential drug carriers because they have inherent
tumor-targeting ability and can activate pathogen-associated molecular
patterns. However, the severe inflammatory response triggered by
OMVs in vivo limits their application. Liposomes have a bilayer struc-
ture similar to that of biological membranes. The development of bio-
mimetic functional materials by hybridizing liposomes with bacterial
components is a major focus of research on biomimetic nano-vaccines.
The combination of liposomes and bacterial components has not been
reported to reduce the inflammatory response induced by OMVs.
However, given that the combined use of liposomes and tumor cell-
derived EVs can reduce the strong toxic response produced by whole
tumor lysate vaccines, we speculate that the combined use of liposomes
and bacterial EVs may have a better safety profile than individual bac-
terial OMVs [72]. In addition, binding confers active tumor-targeting
ability to liposomes to deliver a large amount of drugs to tumor tis-
sues and reduce their accumulation in non-tumor regions.

4. Applications of lipid-hybrid cell-derived biomimetic
functional materials

4.1. Chemotherapy

Chemotherapy is used as both a primary and adjuvant treatment
strategy for cancer in clinical practice. However, its efficacy is limited by
innate and acquired chemoresistance, which may result in more side
effects [218,219]. With the recent development of nanomedicines, tar-
geted therapy has been primarily used to improve the efficacy of
chemotherapy and reduce adverse effects [220,221]. Nanocarriers
cannot easily penetrate micro-vessel walls in normal tissues because
their endothelial gap is dense and structurally intact. In contrast, tumor
tissues have abundant blood vessels and wide gaps in the vessel wall,
which increases their permeability and extends the retention of nano-
carriers [222]. Nano-formulations have higher tumor-targeting proper-
ties than conventional drugs. However, their effects have not been
verified as satisfactory in some clinical studies [223]. Therefore,
developing nano-formulations with enhanced tumor-targeting proper-
ties is necessary.

Although the tumor mesenchyme accumulation of nanodrugs is high
owing to the EPR effect, they have a lower penetration capacity in tis-
sues compared with small-molecule drugs [224]. The higher fluid
pressure in tumor tissues severely hinders the diffusion of NPs in
vascular endothelial cells and deep tumor regions and results in ineffi-
cient drug delivery owing to the barrier formed by the overproduced
extracellular matrix [225]. Cell-derived biomimetic functional materials
exhibit biomimetic properties that improve the penetration of nano-
carriers into tumor tissues. Tumor cell-derived exosomes exhibit
enhanced penetration into the BBB, possibly owing to their ability to
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downregulate proteins involved in lysosomal biogenesis, thereby
increasing the transcytosis of endothelial cells [226]. A study demon-
strated that the intratumor delivery efficiency of T-cell
membrane-encapsulated NPs was significantly increased after low-dose
local irradiation pretreatment owing to the upregulation of ICAM-1
expression in the tumor vasculature [227].

Liposomes are highly efficient drug carriers. Lipid-hybrid cell-
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derived biomimetic functional materials confer active targeting ability
to NPs and reduce their immune clearance during circulation [228].
Liposomes and cell-derived membrane vesicles have been used to
develop stimulus-responsive strategies that allow membrane rupture or
disruption of covalent bonds triggered by signals from tumor-related
factors [229,230]. In a study, conventional polyethylene glycol phos-
pholipids were replaced with light-sensitive
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lipid-cholesterol-o-nitrobenzyl-polyethylene glycol in long-term circu-
lating liposomes to achieve light-responsive polyethylene glycol nano-
particles and selectively reveal targeting ligands in tumor tissues [231].
In addition, liposomes can be modified with or grafted onto some
compounds or peptides to improve their active targeting ability [232,
233]. The tumor-targeting peptide cyclic arginine-glycine-aspartate
(cRGD) specifically targets the cell attachment receptor integrin avp3
and is widely used as a target for the diagnosis and treatment of tumors
owing to its overexpression in various tumor cells [234]. Therefore, li-
posomes can be used to actively target tumor cells by modifying cRGD
[235].

Although liposomes and cell-derived biomimetic functional mate-
rials can be used for targeted delivery of drugs to tumors, some concerns
associated with the use of single drug carriers should be addressed.
Because cell-derived biomimetic functional materials have low drug-
loading capacity, they cannot deliver sufficient amounts of drugs to
tumor tissues and cells. Moreover, the easy clearance of liposomes by the
immune system limits their application in drug delivery. The hybridi-
zation of liposomes with cell-derived biomimetic functional materials
can combine the advantages of both and improve the penetration rate of
bionic hybrid NPs in tumor tissues, accelerating the development of
nanomedicine in tumor therapy [10]. For example, tumor-derived exo-
somes can highly express CD47, and the binding of this protein to
signal-regulated protein o (Sirpa) acts as a ‘do not eat me’ signal, thus
evading the phagocytic effects of the mononuclear phagocyte system
(MPS) [236]. Therefore, the fusion of tumor-derived exosomes with li-
posomes modified with the targeting peptide cRGD reduces the possi-
bility of nanocarrier phagocytosis in circulation and improves the active
targeting ability of nanocarriers, eventually allowing more drugs to
accumulate at tumor sites. Li et al. [237] prepared triptolide liposomes
and fused them with tumor cell-derived exosomes, followed by the
adsorption of microRNA-497 onto the surface of the nanocarriers.
Tumor cell-derived exosomes and modified ¢cRGD synergistically
enhanced the tumor-targeting ability of lipid-hybrid biomimetic func-
tional materials. Furthermore, CD47 on the exosome surface reduces
nanocarrier clearance, resulting in increased transport of nanocarriers to
tumor sites. Lipid-hybrid biomimetic functional materials loaded with
TP and miRNA-497 can synergistically overcome drug resistance by
inhibiting the PI3K/AKT/mTOR pathway and regulating the polariza-
tion of TAMs. Lai et al. [238] proposed a phototriggered efficient
sequential drug delivery method based on lipid-hybrid cell-derived
biomimetic functional materials for multimodal combination therapy.
First, DOX, a photosensitizer, and lipid components were used to
develop drug-encapsulated liposomes using the thin-film hydration
method, and lipid-hybrid cell-derived biomimetic functional materials
were obtained via coextrusion with erythrocyte membranes. Finally, the
antiangiogenic drug sunitinib was encapsulated in the nanocarrier using
an active drug delivery method. The nanocarriers could circulate effi-
ciently because the erythrocyte membrane was hybridized with lipo-
somes, which reduced immune clearance and allowed for effective drug
delivery. After the nanocarriers reached tumor tissues, the PS was
activated via laser irradiation, resulting in the penetration of the
nanocarriers into tissues. Consequently, sunitinib was rapidly released
and entered endothelial cells to exert antiangiogenic effects. Subse-
quently, NPs containing DOX entered tumor cells, exerting antitumor
effects and inducing immune cell death. DOX-induced immunogenic
stimulation  exerted  synergistic  antitumor  effects = with
sunitinib-mediated inhibition of myeloid-derived suppressor cells.
Altogether, these lipid-hybrid cell-derived biomimetic functional ma-
terials effectively targeted drugs to tumor tissues and stimulated
sequential drug release under specific conditions (e.g., laser irradiation)
to exert antitumor effects on different targets.

4.2. Radiotherapy

Radiotherapy involves the use of ionizing radiation from high-energy
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rays to kill cancer cells. It is one of the three major strategies for the
treatment of tumors, including surgery and chemotherapy [239,240]. In
radiotherapy, high-energy X-rays or gamma rays are used to induce DNA
damage or ROS production [241]. However, certain types of tissues or
organs can be irreversibly damaged based on the dose and area of
exposure [242]. Moreover, the high expression of glutathione (GSH) in
the TME limits the efficacy of radiotherapy [243]. Researchers have
developed various methods to reduce GSH levels to enhance the efficacy
of radiotherapy [244,245]. Among these methods, the conversion of
GSH to its oxidized form is commonly used to deplete GSH in the TME
[246]. Wu et al. developed MoS; nanomaterials that effectively oxidized
GSH without releasing metal ions that are harmful to humans [247]. Yin
et al. used palmitoyl ascorbate micelles to deplete GSH in tumors and
improve oxidation-based treatment strategies for cancer [246].

Delivering the maximum dose of GSH-depleting oxides to tumor
tissues and cells is difficult owing to the lack of tumor-targeting and
immune evasion capabilities. Studies have reported the use of cell-
derived biomimetic functional materials for depleting GSH and
enhancing the efficacy of radiotherapy. Huang et al. [248] used tumor
cell-derived exosomes to encapsulate pyrite (FeSy). The results showed
that the introduction of tumor cell-derived exosomes improved the
ability of FeS, to evade immune recognition and target tumors, reduced
ROS consumption by depleting GSH and improved the efficacy of
radiotherapy.

Although lipid-hybrid cell-derived biomimetic functional materials
have not yet been used in combination with radiotherapy, we speculate
that these materials have the potential to improve the effects of radio-
therapy, which may expand their future applications.

4.3. Phototherapy

At present, the primary treatment strategies for tumors include sur-
gery, chemotherapy and radiotherapy. However, each of these treat-
ment strategies has its drawbacks; for example, surgery cannot
completely remove tumor cells from the body, whereas chemotherapy
and radiotherapy have side effects [249]. Because phototherapy is
simple and highly effective and does not require the use of drugs, it is a
viable strategy for treating tumors [250]. The principle of phototherapy
is that light energy is converted into chemical or thermal energy by PSs,
resulting in a series of chemical reactions in the body that kill tumor
cells. With regard to safety, phototherapy is less damaging to normal
cells and tissues than chemotherapy and radiotherapy. In PDT, PSs are
irradiated with specific wavelengths of light to generate ROS. Currently,
PDT is being used to treat cohorts of patients with cancer [251-253].
PTT works by absorbing light energy and converting it into heat, thereby
increasing the temperature of the lesion site and killing cancer cells
[254]. However, conventional PSs do not exhibit tumor-targeting
capability, which limits their therapeutic efficacy. Although the
advent of nanotechnology has improved the ability to deliver PSs,
challenges such as immune recognition, blood clearance and poor tar-
geting remain unaddressed.

In recent years, researchers have developed various nanocarriers that
deliver PSs to tumor tissues and cells through biomimetic materials.
Modification of ICG liposomes with tumor cell membranes prevents the
immune escape of liposomes and prolongs their circulation time [59].
These lipid-hybrid cell-derived biomimetic functional materials
combine the high drug-carrying capacity of liposomes with the immune
evasion capability of tumor cell membranes expressing CD47. In addi-
tion, lipid-hybrid NE-derived biomimetic functional materials have been
reported to deliver PSs effectively to tumor tissues for improved thera-
peutic effects [255].

Overall, lipid-hybrid cell-derived biomimetic functional materials
play an important role in evading immune recognition and actively
targeting tumor tissues for more efficient delivery of PSs to tumor tissues
and cells, thereby improving the effectiveness of phototherapy and
resulting in more precise tumor cell killing. In addition, the combination
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of PTT and PDT has potential synergistic effects and is more beneficial to
tumor cell elimination than the individual use of PTT or PDT. On the one
hand, ROS generated by PDT can disrupt the activity of heat shock
proteins, thus inhibiting their protective effects on tumor cells during
PTT. On the other hand, PTT increases the transport of PSs to tumor
tissues and improves blood flow and oxygenation, thereby increasing the
therapeutic efficacy of PDT [256].

4.4. Immunotherapy

Immunotherapy has received significant attention in recent years. It
involves the use of the immune system of patients to identify and destroy
cancer cells. Therefore, it can effectively eradicate tumors and prevent
their recurrence with high specificity and minimal toxicity [257,258].
Tumor vaccines use TAAs to trigger the immune system, resulting in an
immune response to the tumor, with the eventual goal of activating the
autoimmune system to recognize and destroy tumor cells [259]. How-
ever, traditional cancer vaccines are not very effective with regard to
immunity and treatment outcomes. On the one hand, high tumor het-
erogeneity and mutation rates make cancer vaccines based on a single
TAAs vulnerable to a build-up of immune resistance [164]. On the other
hand, although vaccine preparations based on cancer cell lysates have a
complete antigenic profile, numerous nonimmunogenic proteins are
simultaneously retained, reducing the effectiveness of cancer vaccina-
tion [260]. Tumor cell membranes or tumor cell-derived vesicles contain
tumor antigens and endogenous danger signals that process DC
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maturation and trigger immune responses against tumors [25]. There-
fore, tumor-derived EVs are an ideal candidate for cell-free immuno-
therapeutic vaccines that can induce antitumor immunity and prevent
tumor growth [261,262]. Kimura et al. [169] demonstrated that tumor
cell-derived EVs delivered antigens directly to DCs and effectively
activated antitumor immunity through antigen cross-presentation.

The main challenge associated with the use of vaccines designed to
induce CD8" T-cell responses is that CD8" T-cell activation requires
MHC-I delivery of antigens; however, exogenous antigens are usually
delivered by MHC-II. The lack of antigen cross-presentation ability
makes it difficult for tumor vaccines to activate CD8" T cells through
DCs to promote antitumor immunity [263]. Autophagy promotes the
presentation of antigens on MHC-II class molecules while preventing
their presentation on MHC-I class molecules [264]. Zhou et al. [33] were
the first to report the efficacy of doxycycline in inhibiting autophagy.
They prepared lipid-hybrid tumor cell-derived biomimetic functional
materials containing doxycycline. These materials inhibited tumor cell
autophagy and increased the expression of MHC-1 on the cell surface,
which facilitated the recognition and killing of tumor cells by cytotoxic T
lymphocytes. Furthermore, lipid-hybrid cell-derived biomimetic func-
tional materials can enhance antitumor immune responses by inducing
ICD. Hu et al. [25] prepared lipid-hybrid cell-derived biomimetic
functional materials using tumor-derived EVs and liposomes and
encapsulated the ICD-inducible drug DOX into nanocarriers (Fig. 8A).
These nanocarriers had the following advantages: 1) nanocarriers con-

taining liposomes encapsulated with sufficient amounts of

Fig. 8. Schematic representation of DOX@LINV for
tumor suppression based on the synergistic effects of
immunogenic tumor nanoparticles (TNVs) and DOX-
induced ICD effects. (A) Cofusion of TNVs with arti-
ficial liposomes to prepare DOX@LINV. (B) Mecha-
nisms of tumor inhibition by DOX@LINVs.
Reproduced with permission from Ref. [25] Copy-
right © 2021, American Chemical Society. (LIPs, li-
posomes; TNVs, tumor-derived nanovesicles; LINV,
lipid hybridization of cell-based primitive biomimetic
functional materials.)
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chemotherapeutic agents directly killed tumor cells and induced ICD; 2)
tumor cell-derived EVs targeted tumor tissues for drug delivery and
stimulated the immune system to generate antitumor immune re-
sponses; and 3) the chemotherapeutic drug DOX effectively induced ICD
to regulate the immunosuppressed TME and improve the immunoge-
nicity of tumors (Fig. 8B). Altogether, the lipid-hybrid cell-derived
biomimetic functional materials effectively enhanced antigen presen-
tation and promoted antitumor immune responses. In addition, they
enabled the synergistic antitumor effects of anti-PD-1 antibodies.

Cell-derived biomimetic functional materials can activate immune
responses as tumor vaccines or immune adjuvants. Lipid-hybrid cell-
derived biomimetic functional materials can combine drug/immune
adjuvants and tumor antigens to enhance antitumor immune responses
to tumor-based vaccines. In addition, certain immune cell-derived bio-
mimetic functional materials have been found to improve the immune
microenvironment of tumors. For example, some proteins present on the
NK cell membrane can induce the polarization of M; macrophages and
target tumor cells [86]. Reversing the suppressive tumor immune
microenvironment enhances the ability of the immune system to
recognize and kill tumor cells. In most cases, this strategy is combined
with other therapeutic strategies to improve their efficacy and exert
synergistic antitumor effects. Lipid-hybrid cell-derived bionic functional
materials can reverse the suppressive tumor immune microenvironment
and enhance the sensitivity of tumor cells to antitumor drugs and im-
mune cells by combining multiple therapies, resulting in more efficient
killing of tumor cells.

5. Conclusion and outlook

This review summarizes lipid-hybrid cell-derived biomimetic func-
tional materials that have been developed for the treatment of cancer.
Cell-derived biomimetic functional materials have good biocompati-
bility and some specific bioactivities. These special bioactivities facili-
tate the delivery of drugs to tumor tissues for effective treatment. For
example, cell membranes/EVs can be used to develop nanocarriers with
prolonged circulation time in vivo and increased aggregation in tumor
tissues. OMVs can be functionalized to target tumor tissues and act as
immune adjuvants to activate antitumor immunity, but their develop-
ment is hampered by drawbacks such as the complexity of preparation,
low drug-loading capacity and inflexibility to modification. Liposomes
can be used for drug delivery owing to their high drug-loading capacity,
ease of modification and simple preparation. However, they lack active
targeting ability and cannot activate immune activity owing to the lack
of endogenous proteins on the surface. In recent years, the combined use
of liposomes and cell-derived biomimetic functional materials has
received substantial attention. The advantages of liposomal and cell-
derived biomimetic functional materials can be inherited by hybrid
materials, including their higher drug-loading capacity, flexibility for
modification and natural targeting capability. Liposomes have flexible
preparation methods. For example, 1-myristoyl-2-stearoyl-sn-glycero-3-
phosphocholine can be used as a membrane material for the preparation
of temperature-sensitive liposomes using the thin-film hydration
method [61]. Different compositions of PEG can improve the stability of
liposomes in circulation and their lymphatic drainage efficiency [263,
265,266]. Furthermore, the surface of liposomes can be modified with
folic acid or peptides such as cRGD to induce active targeting ability
[267-269]. Cationic polymers modified on liposome surfaces can
enhance liposome recruitment to cell membrane vesicles. Biomimetic
functional materials of different cellular origins have different charac-
teristics. For example, RBC membrane-coated NPs have a long circula-
tion time, tumor cell membrane-encapsulated NPs have good
homologous targeting ability and promote activation of antitumor im-
munity, NK cell-derived membrane vesicles can regulate the polariza-
tion of TAMs, and OMVs have natural tumor-targeting ability and can
activate antitumor immunity. The combination of different liposomes
and cell-derived biomimetic functional materials can achieve the
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superposition of multiple active functions, thereby promoting the tar-
geted delivery of drugs and regulating the TME to achieve antitumor
efficacy from multiple perspectives.

Lipid-hybrid cell-derived biomimetic functional materials have been
used to treat tumors owing to the following characteristics: 1) Tumor
targeting: Because most anticancer drugs have higher toxicity and drug
resistance is readily developed, traditional drug therapy cannot effec-
tively kill tumor cells and often leads to several toxic effects. Biomimetic
materials drive targeted drug delivery for the treatment of tumors.
Biomimetic functional materials derived from cellular components (e.g.,
tumor and immune cells) have natural tumor-targeting properties,
which can effectively improve tumor-targeting ability, enhance anti-
tumor effects and reduce adverse effects. 2) Immune escape: The im-
mune system can recognize and eliminate NPs carrying drugs. CD47 is
expressed on RBC membranes, platelet membranes and tumor cell
membranes and can bind to SIRPa on phagocytes, thereby inhibiting
phagocytosis and reducing the risk of NP clearance by MPS in circula-
tion. 3) Activation of antitumor immunity: Tumor vaccines can activate
antigen-presenting cells through specific antigens associated with tumor
cells, thus generating an immune response to specifically kill tumor
cells, which is characterized by high specificity and fewer side effects
[132]. Tumor cell-derived biomimetic functional materials can be used
as tumor vaccines to activate antitumor immune responses, resulting in
precise tumor cell killing [115,270]. OMVs can serve as immune adju-
vants that enhance antitumor effects [58]. 4) High drug-loading ca-
pacity: Although cell-derived biomimetic functional materials have
natural activities such as tumor targeting, evasion of immune recogni-
tion and activation of antitumor immunity, their inherently low
drug-loading capacity limits their application in drug delivery strategies.
Liposomes are artificial biomimetic membranes with good biocompati-
bility and flexible drug-loading capability. The combined liposomes
with cell-derived biomimetic functional materials can increase
drug-loading capacity, resulting in more efficient tumor targeting, im-
mune recognition and antitumor immune responses.

Moreover, combined liposomes with cell-derived biomimetic func-
tional materials can also be applied to other diseases based on the
characteristics of both materials. For example, the cargos in liposomes
are broken down in the lysosome as a result of endocytosis, which limits
the effectiveness of drugs. It was found that cell-derived biomimetic
functional materials can fuse directly with cell membranes to release
drugs in the cytoplasm while avoiding endocytosis pathways that may
affect drug stability [271]. The modification of cell membranes to li-
posomes attenuates the body’s response to liposomes, protecting the
body from drug-loaded lysosomes and enabling greater efficacy [66,271,
272]. Furthermore, some cell-derived biomimetic functional materials
have also been reported to reduce inflammation [273], stimulate cell
proliferation and migration [274,275], regulate immunity [276,277],
and initiate chondrogenesis [275]. As a result, the application areas for
lipid-hybrid cell-derived biomimetic functional materials will be
expanded further. Currently, lipid-hybrid cell-derived biomimetic
functional materials are also being used in the treatment of other dis-
eases, including inflammation [66], regenerative medicine [171,278,
279], pulmonary fibrosis [280], and osteogenesis [281,282].

Overall, the combination of liposomes and cell-derived biomimetic
functional materials can leverage their respective advantages to achieve
more efficient antitumor effects. With further research on bio-
nanomaterials, lipid-hybrid cell-derived biomimetic functional mate-
rials will play an important role in the treatment of tumors. However,
the following challenges should be overcome for further development of
lipid-hybrid cell-derived biomimetic functional materials: 1) The exist-
ing preparation methods for cell-derived biomimetic functional mate-
rials are relatively complex, which impedes large-scale preparation and
preservation of these materials; 2) In-depth safety assessment and
toxicity reduction: Biomimetic functional materials derived from allo-
geneic cells should be carefully characterized and modified to achieve
better safety; 3) Although the preparation methods of liposomes are well
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developed, the interaction between lipids and cell-derived biomimetic
functional materials and the development of bionic materials for
improved therapeutic efficacy warrant further investigation; 4) Lipid-
hybrid cell-derived biomimetic functional materials should have the
potential to be tailored to meet the requirements of different patients
and tumor types.
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