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Abstract: Given the unique capabilities of natural cell membranes, such as prolonged blood circulation and homotypic targeting,
extensive research has been devoted to developing cell membrane-inspired nanocarriers for cancer therapy, while most focused on
overcoming one or a few biological barriers. In fact, the journey of nanosystems from systemic circulation to tumor cells involves
intricate processes, encompassing blood circulation, tissue accumulation, cancer cell targeting, endocytosis, endosomal escape,
intracellular trafficking to target sites, and therapeutic action, all of which pose limitations to their clinical translation. This underscores
the necessity of meticulously considering these biological barriers in the design of cell membrane-mimetic nanocarriers. In this review,
we delineate the functions and applications of diverse types of cell membranes in nanocarrier systems. We elaborate on the biological
hurdles encountered at each stage of the biomimetic nanoparticle’s odyssey to the target, and comprehensively discuss the obstacles
imposed by the tumor microenvironment for precise delivery. Subsequently, we systematically review contemporary cell membrane-
based strategies aimed at overcoming these multi-level biological barriers, encompassing hybrid cell membrane (HCM) camouflage,
tumor microenvironment remodeling, endosomal/lysosomal escape, multidrug resistance (MDR) reversal, optimization of nanoparticle
physicochemical properties, and so on. Finally, we outline potential strategies to accelerate the development of cell membrane-inspired
precision nanocarriers and discuss the challenges that must be addressed to enhance their clinical applicability. This review serves as
a guide for refining the study of cell membrane-mimetic nanosystems in surmounting in vivo delivery barriers, thereby significantly
contributing to advancing the development and application of cell membrane-based nanoparticles in cancer delivery.
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Introduction

As one of the three leading causes of mortality worldwide, the incidence and mortality rates of cancer are increasing
globally. Recent studies have indicated that there were 20 million new cancer cases and 9.7 million cancer-related deaths
over the past two years.' The lifetime risk of developing cancer is approximately 20%, with one in nine males and one in
twelve females succumbing to the disease. Considering the limitations of surgical interventions and the adverse effects
associated with radiotherapy, chemotherapy continues to play an indispensable role in clinical oncology. Over the past
few decades, nanovectors have garnered significant attention due to the enhanced permeation and retention (EPR) effect
at tumor sites. However, relying solely on passive targeting, the delivery efficiency of conventional nanovectors is a mere
0.6%, with ligand-modified nanovectors achieving only 0.9% delivery to solid tumors via the bloodstream. Conventional
nanocarriers, often identified as exogenous substances, are sequestered by the mononuclear phagocyte system (MPS) and
subsequently cleared from the bloodstream, leading to suboptimal delivery efficiency. Although several PEGylated
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nanodelivery systems with enhanced long-term circulation have entered clinical trials, repeated administration of these
agents may induce the development of anti-PEG antibodies, thereby hindering their penetration into tumor tissue.’

To improve delivery efficiency, endogenous cell membrane-based nanocarriers have been investigated, demonstrating
advantages such as prolonged blood circulation, biocompatibility, biodegradability, and site-specific binding. Although
nanocarriers can be encapsulated or directly attached to cells, several limitations must be considered, such as the potential
for lysosomal degradation of internalized nanodrugs, immunomodulatory stimulation of surface-bound agents, and
uncontrolled release.® Natural cell membranes are not merely lipid bilayers; glycoproteins and glycolipids on the cell
surface play a pivotal role in responding to the intercellular environment, releasing signals, transporting proteins, and
stimulating immune reactions.*”” Otherwise, the biocompatibility and biodegradability of the cell membrane result in
minimal adverse reactions within the body. Given the intrinsic advantages of cell membranes, cell membrane-mimetic
nanodelivery systems, which consist of a nano-core coated by cell membrane, are being enthusiastically explored. This
cell membrane coated nanovectors retain the inherent biological functions of cell membrane and the physicochemical
properties of nanoparticles, thereby achieving high drug delivery efficiency.® The development of the advanced delivery
system is inspired by the understanding that living cell membranes engage in intricate cascade responses, and their
biological functions are challenging to fully replicate with artificial materials. By encapsulating artificially synthesized
nanoparticles within a red cell-membrane layer, these nanoparticles are recognized by the immune system as endogenous
components. This evasion of early immune clearance results in extended half-life compared to conventional PEGylated
nanomedicines.’ Furthermore, to augment protection against immune phagocytosis, the integration of nanoparticles with
immune cell membranes has been a focal point of ongoing research. Notably, the protective shell provided by the
immune cell membrane not only endows the nano-core with the capability to evade clearance by the MPS but also plays
a crucial role in inhibiting tumor metastasis.'®!" Significantly, the cell membrane derived from tumor development
processes exhibits homotypic targeting properties, presenting substantial potential for site-specific drug delivery in cancer
therapy.'> '

Despite extensive fundamental research on cell membrane-mimetic nanodelivery systems, the clinical application of
cell membrane-based nanovectors remains limited. For cell membrane-mimetic nanocarriers to exhibit high delivery
efficiency, they must evade immune detection, penetrate tumor interiors, endosomal/lysosomal escape and prevent pump
efflux to effectively eradicate tumor cells. However, achieving the desired therapeutic effects in clinical practice often
necessitates increasing the dosage, which consequently leads to heightened side effects and the emergence of MDR.
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Several obstacles determine the fate of cell membrane-mimetic nanovectors via intravenous administration. These
include opsonization and sequestration by the mononuclear phagocyte system, limitations imposed by hemorheology
and blood vessel fluid dynamics, intra-tumoral pressure and nanoparticle extravasation, traversal of cellular membranes
followed by endosomal compartmentalization, and MDR mediated by drug efflux pumps.'> Despite the potential for
overcoming a few obstacles, such as prolonging the half-life of drugs and enhancing their accumulation at tumor sites,
current platforms still encounter a complex array of biological barriers that significantly limit site-specific bioavailability,
thereby impeding the attainment of optimal delivery efficiency.'® An ideal drug delivery system must efficiently navigate
through multi-level biological barriers, including the blood barrier, tumor microenvironment, and cellular barriers, to
ensure the targeted release of encapsulated nano-cores at tumor sites.

In this review, we demonstrate that cell membrane-mimicking nanoparticles present a promising avenue for precise
anti-tumor drug delivery, attributed to their biocompatibility, extended half-life, and tumor-targeting capabilities. Next,
we delineate the framework of the biological challenges encountered at various stages during the systemic transit of
nanoparticles to tumor cells. Subsequently, we provided a systematic summary of the current cell membrane-mimetic
strategies developed to overcome these multi-level barriers. Importantly, we demonstrate that the failure to address the
majority, or even all, biological barriers in the design of cell membrane-mimetic nanocarriers will preclude the realization
of the proposed clinical outcomes. Additionally, we outline potential strategies to expedite the development of precision
delivery systems and discuss the challenges that must be overcome to enhance their clinical applicability. Despite
numerous studies having been conducted on cell membrane-mimetic nanovectors, the journey from the laboratory to the
clinical stage remains a formidable challenge, as only one or a few barriers have been merely solved. The review
summarizes the barriers faced by anti-tumor nanodrugs and corresponding strategies, providing guidance for the design

of novel cell membrane-mimetic nanocarriers in the future.

Functions and Applications of Cell Membranes in Nanodelivery Systems

The nanovectors coated with cell membranes not only retain the EPR property of nanoparticles, but also exhibit the
biological functions of cells, such as prolonged circulation time, immune evasion, and targeted delivery to tumors.
Furthermore, nanocarriers mimicking cell membranes demonstrate enhanced tissue barrier penetration compared with
bare nano-cores, enabling active ingredients to reach the interior of tumors. Hence, a variety of nanovectors camouflaged
by endogenous cell membranes have been recognized as an advanced approach for drug delivery in cancer therapy and
endogenous cells used to prepare cell membrane-based nanovectors are depicted in Figure 1. In this section, we present
the characteristics and fundamental applications ranging from circulating cells to tumor cells. The advantages of cell

membrane-based nanodelivery systems endowed by various cell membranes are summarized in Table 1.

Red Blood Cell Membrane

Red blood cells (RBCs) are the most abundant cells in the human body and produced in the bone marrow with a lifespan
of 100~120 days. They function as carriers, transporting nutrients and growth factors.*> The transmembrane protein of
CD47 expressed on the surface of RBC membrane releases a “don’t eat me” signal via selectively binding to SIRP
generated by macrophages, which weakens the phagocytosis of immune system and extends circulation time.'” Gao et al
demonstrated that the macrophage clearance rate of gold nanoparticles enclosed by RBC membrane was one-quarter of
that of unclosed nano-gold-core (3.2 vs 13.5 ng/1000 macrophage cells), thus indicating that the coating membrane
conferred immunosuppressive capacity to gold nanoparticles, enabling the encapsulated gold nanoparticles to evade
macrophage uptake.>® Furthermore, the encapsulation of RBC membrane prolongs the circulation time of nanocarriers in
the bloodstream leading to increased accumulation at the tumor site via EPR effect.'® Anticancer drug doxorubicin
(DOX) loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles coated by RBC membrane exhibited enhanced
inhibition of tumor growth and improved immune compatibility compared to unencapsulated cores, highlighting RBC

membrane strengthened the passive targeting of encapsulated therapeutic ingredients via extending circulation lifetime.**
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Figure | Various endogenous cells used to prepare cell membrane-based nanovectors.
Platelet Membrane
Platelets, as nuclear fragments derived from megakaryocytes, are recruited to areas of injury, inflammation, and wound

healing, where they play essential roles in hemostasis and immune defense.*> Similar to RBC membrane, immunomo-
dulatory proteins such as CD47, CD55 and CD59 were discovered on the surface of platelet membrane that prevent the

Table | The Advantages of Cell Membrane-Based Nanodelivery Systems Endowed by Various Cell Membrane

Cell Membrane Payloads Nano-Core Advantages Fuctional Proteins Ref.
Red cell membrane DOX PLGA High biocompatibility, long CD47 [17,18]
circulation

Platelet membrane TRAIL Silica High biocompatibility, long Immunomodulatory proteins, [11,19,20]
nanoparticles circulation, CTC-targeting P-selectin

Macrophage membrane DOX Silicon Long circulation, inflammatory Macrophage adhesion ligand-1, [21,22]
nanoparticles tumor-targeting Glycans

Neutrophil membrane Carfilzomib PLGA CTC-targeting, anti-metastasis LFA-1, VLA-4, L-Selectin; B1 [23,24]
nanoparticles integrin

Nature killer cell DOX Liposomal High biocompatibility, tumor- MHC | inhibitory receptors, [25-27]

membrane nanoparticles targeting TNF superfamily

Mesenchymal stem cell DOX PLGA Enhanced tumor-targeting Integrins, L-selectin [28,29]

membrane nanoparticles

Tumor cell membrane DOX PLGA Homologous targeting Galectin-1, Galectin-3, CD47 [30,31]
nanoparticles

Abbreviations: DOX, doxorubicin; PLGA, poly (lactic-co-glycolic acid); TRAIL, tumor necrosis factor-related apoptosis inducing ligand; CTC, circulating tumor cell; MHC |,

major histocompatibility complex class I; TNF, tumor necrosis factor.
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macrophage adsorption and prolong the lifetime in bloodstream.'® In addition to extending blood circulation time,
platelets actively target tumors based on the specific interactions between their surface proteins and tumor receptors, for
example, P-selectin specifically binds to CD44 receptors.”® Furthermore, the hemostatic properties of platelets contribute
to tumor metastasis by providing a protective shield of activated platelets and fibrin deposition that shields circulating
tumor cells (CTCs) from immune system eradication.*® Therefore, platelets not only exhibit an affinity for primary tumor
cells, but also demonstrate the capability to specifically capture CTCs.

Leveraging the adhesion of activated platelets to CTCs, the approach of utilizing platelet-mimetic nanoplatforms was
investigated for CTC-targeted drug delivery systems. Li et al encapsulated biocompatible silica (Si) particles with
activated platelet membrane to deliver the major tumor-killing cytokine, tumor necrosis factor-related apoptosis inducing
ligand (TRAIL)."" Since the overexpression of TRAIL on the surface of cytotoxic T cells, cancer-killing natural killer
cells and activated neutrophils, the platelet membrane-coating TRAIL combined with CTCs and activated the extrinsic
apoptosis signaling pathway.’’ Additionally, the platelet membrane-mimetic delivery system suppresses phagocytic
uptake in comparison to uncoated nanoparticles, relying on the protection provided by differential IgG opsonization
and CD47. The utilization of TRAIL coated with platelet membrane effectively circumvents adverse effects, eliminated
CTCs, and suppressed tumor metastasis by enhancing the immune response.

Leukocyte Membrane

Given that a significant portion of tumors stem from chronic inflammation, there has been considerable focus on
leukocytes. Leukocytes, such as macrophages, neutrophils, and natural killer (NK) cells, which are crucial in the
transition from chronic inflammation to malignancy.*® During the progression of inflammation-induced cancers, tumor
cells release a variety of chemokines and cytokines, which attract leukocytes to the affected areas and initiate a series of
immune responses.’® Hence, the development of synthetic nanoparticles camouflaged with leukocyte membranes, which
possess innate cell antigenic properties, presents significant potential in tumor-targeted delivery systems.

Macrophages, as the predominant among tumor-associated leukocytes, phagocytose and degrade ‘“foreign
substances”.** Tumor-associated macrophages release cytokines to modulate the cancer development and metastasis.*'
Moreover, MDR has been proven to be associated with the density of tumor-associated macrophages in mouse models.**
Considering the correlation between macrophages and cancers, the combination of nanoparticles and macrophage
membrane has been the focus of leukocyte membrane-mimetic nanodelivery systems. The nanoparticles coated with
macrophage membrane exhibit prolonged circulation time due to their resistance to phagocytosis. Furthermore, the
specific receptors and functional molecules on the macrophage membrane confer the enclosed nanoparticles on the ability
to traverse endothelial barriers, attributed to the interaction between ICAM-1 and macrophage adhesion ligand-1 (Mac-1;
ITGAM).?! Macrophage membrane was initially used to cloak silicon nanoparticles, which displayed prolong circulation
time and preferentially penetrated through inflammatory endothelium.>> The glycans (sialic acid and
N-acetylglucosamine) present on the macrophage membrane serve to shield the nanoparticles from serum protein
adhesion, thereby preventing subsequent clearance by the mononuclear phagocyte system. The protective layer endowed
the nano-core with the capability to reduce surface adsorption of IgG and albumin, resulting in decreased clearance in
human THP-1 phagocytic cells (~50% decrease) and murine J774 macrophages (~75% decrease). DOX loaded silicon
nanoparticles wrapped by macrophage membrane demonstrate enhanced penetration of tumor endothelium and accumu-
lation at tumor sites, leading to significantly improved therapeutic efficacies.

Neutrophils possess the ability to undergo deformable migration towards tumor-associated inflammatory sites, based
on the adhesive molecules such as LFA-1 and VLA-4.% Leveraging this tumor-homing characteristic, the neutrophil
membrane has been utilized as a camouflage layer in delivery systems for targeted therapy. Activated neutrophils not
only engulf tumor cells, but also facilitate tumor metastasis. Inflammatory neutrophils bind to CTCs and promote tumor
extravasation through the interaction of functional molecules and the formation of neutrophil extracellular traps.*?
Inspired by the CTC-targeting property of neutrophils, PLGA nanoparticles covered by neutrophil membrane were
developed.”* Chen utilized a non-invasive method to transfer membrane-associated protein cocktails onto the surface
nanoparticles in order to inherit the bio-binding capabilities of neutrophils. The encapsulation of the neutrophil
membrane significantly increased the efficiency of capturing CTCs and enhanced tropism towards the pre-metastatic
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niche in vivo, attributed to three key interactions: LFA-1 binding with ICAM-1, CD44 binding with L-selectin, and B1
integrin binding with VCAM-1. After being loaded with carfilzomib, the neutrophil membrane-mimicking nanodelivery
system has been demonstrated to effectively prevent early metastasis and potentially inhibit the growth of established
metastases with minimal immune-related adverse effects.

Natural killer cells, as a significant constituent of the innate immune system, have the ability to defend against tumors
through cytokine production. Unlike other lymphocytes, surface receptors guide NK cells aggregation to the tumor site in
the absence of antigen pre-sensitization.** NK cells tend to recognize cells with down-regulated major histocompatibility
complex (MHC) class I, then, the inhibitory receptors such as Natural Killer Group 2 A (NKG2A) and killer cell
immunoglobulin-like receptors (KIRs) would destroy MHC class negative tumor cells as foreign substances.” Besides,
tumor cells could be cytolyzed through the NK-mediated exocytosis pathway involving perforin (PFN) and granzyme
B (GrB). Tumor necrosis factor (TNF) superfamily such as FASL (Fas cell surface death receptor ligand) and TRAIL
induce tumor necrosis via binding FAS (or CD95) and TRAIL-R1/R2 (DR4/5) on tumor cells.”® The biocompatibility and
tumor-targeting properties of NK cell membrane make it a desirable coating layer for delivery systems in tumor
immunotherapy. Liposomal nanoparticles encapsulated by NK cell membrane have been developed for targeted tumor
treatment under the immune surveillance of diseased/stress cells.”” The combinational delivery system of “NKsome”
enhanced tumor-targeted retention relying on the NK surface proteins (CD56 bright receptors and the activated receptors
like NKG2-D, NKp30, and NKp44 on). It was demonstrated that NKsome conferred on the nanoparticles a higher
affinity towards tumors than normal cells in an in vitro flow-passage assay. Following doxorubicin loading, the NK
membrane-mimetic nanodelivery system exhibited promising anti-tumor efficacy against MCF-7-induced tumor models
in vivo.

Mesenchymal Stem Cell Membrane

Mesenchymal stem cells (MSCs) are a type of multipotent progenitor cells capable of self-renewal and differentiation
into multiple cell types.*> MSCs consist mainly of bone marrow mesenchymal stem cells (BMSCs), adipose mesench-
ymal stem cells (AMSCs), and umbilical cord mesenchymal stem cells (UMSCs), which are found in various tissues
including bone marrow, umbilical cord, adipose tissue, amniotic fluid, placenta, and others.*® MSCs not only possess the
capacity for relatively easy isolation and expansion in vivo, but also have the tropism of migrating towards and
engrafting into tumor sites, relying significantly on adhesion molecules such as bl- and b2-integrins and L-selectin.?®
The homing of MSCs follows the four steps: (i) mobilization and migration of MSCs, (ii) binding and rolling of MSCs on
vascular endothelium, (iii) adhesion of MSCs to vascular endothelium, (iv) passing through endothelial cells to target
damaged tissues.*’

Compared with the tumor-targeted delivery systems solely based on the ligand-receptor interaction, the tumor-homing
mechanism of MSCs involves more factors, such as chemokine receptors and endothelial adhesion molecules, hence,
MSC-mimetic nanoscale vectors exhibit higher tumor targeting efficiency.*® Inspired by the tumor-homing properties of
MSCs, PLGA nanoparticles functionalized with MSC membranes were synthesized for tumor-targeted chemotherapy.*’
Under the encapsulation of MSC membrane, PLGA nanoparticles efficiently migrated and passed through the tumor
stroma, and are eventually internalized by tumor cells. When loaded with doxorubicin, the MSC membrane-mimetic
nanodelivery system displayed remarkable tumor suppression and obvious cellular apoptosis with minimal side effects.

Cancer Cell Membrane

Taking advantage of unlimited proliferation, immune evasion and homologous targeting, cancer cell membrane (CCM)
was confirmed as the excellent coating layer to wrap nanoparticles in oncological applications.*” Unlike circulating or
immune cells isolated from patient autologous plasma, cancer cells are robust and easy to massively culture in vitro for
membrane collection on account of the unrestrictive proliferative capacity.’® The aggregation of homotypic cancer cells
has been reported to promote the development of distant organ lesions during metastasis, and this homotypic affinity is
mediated by the interaction between galectin-3 on the surface of cancer cells and carcinoembryonic antigen.*° Therefore,
CCM with the property of homotypic targeting confers the encapsulated nanoparticles on the capability to specifically
target both primary tumors and metastatic lesions.”’
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The CCM characteristics of homologous adhesion and immune escape have sparked extensive research on CCM
membrane-mimetic nanovectors. DOX has been extensively utilized in clinical settings for the treatment of numerous
cancers, including breast cancer, ovarian cancer, leukemias, and various lymphomas. It functions by intercalating into
DNA to induce topoisomerase II-mediated DNA damage, ultimately leading to cell death.’” Several studies have shown
that DOX functionalized by the shell of CCMs exhibits improved therapeutic efficacy and reduced side effects compared
to unmodified DOX. The nanocarrier of PLGA-DOX cloaked with HepG2 cell membrane (HepM) was developed for
targeted chemotherapy of hepatocellular carcinoma.>' The packing layer of carcinoma cell membrane enhanced the
immune compatibility of the nanocarrier by inhibiting uptake by murine macrophage cells. The results of Western blot
analysis revealed the enrichment of galectin-1, galectin-3, and CD47 on the surface of HepM-PLGA, which facilitate
homotypic targeting. The HepM coated delivery system effectively transported chemotherapy ingredients to tumor
lesions in nude mouse models and reduced tumor volume by approximately 90% due to its inheritance of homologous
aggregation of HepG2 cells. This HepM-mimicking delivery system demonstrated effective anticancer therapeutics with
minimal toxicities, attributed to its immune compatibility and homologous aggregation.

Coating Technology

Currently, the laboratory has mainly employed two methods to synthesize cell membrane-mimetic nanocarriers, physical
co-extrusion and ultrasonication. As the common nanotechnology, physical co-extrusion is conducted by repeatedly
extruding isolated cell membranes and synthetic nano-cores together back and forth. During the progress, cell membrane
is temporarily disrupted into nanofragments, which could surround the nanosubstrates in a stable core-shell structure,
generating cell membrane-mimetic nanovehicles that largely match with surface proteins found on the source cells.' It’s
reported that the coated membrane typically possess a right-side-out orientation, which might be facilitated through the
encapsulated nanocore and its interaction with the inherently asymmetric charge profile between the inner and outer
membrane leaflets, guaranteeing that the surface protein markers retain biological functions.”> However, issues related to
low yield and tedious processes limit the applicability of co-extrusion. Similar to co-extrusion, ultrasonication, as an
alternative approach, utilizes ultrasonic energy to disrupt the cell membrane, and the fragments randomly encapsulate
nanocores.> In comparison with co-extrusion, this method is simple to operate, demands less equipment, and consumes
fewer materials, while the force produced by ultrasonication is greater than that generated from co-extrusion, resulting in
structural damage to self-assembled nanoparticles or other nanovectors with lower mechanical strength. As a result,
ultrasonication is more suitable for nanoparticles characterized by high mechanical strength, such as PLGA nanoparticles
or metal nanoparticles. Conversely, the co-extrusion method is employed for the samples unable to tolerate excessive
disruption.

Biological Barriers Encountered by Nanodelivery Systems

Despite decades of development in cell membrane-based nanocarriers, current delivery systems fail to effectively cluster
active ingredients at tumor sites, and only a limited number of cell membrane-mimetic delivery systems have been
successfully applied in clinical settings. Nanovectors encapsulated by cell membranes exhibit prolonged half-time,
biocompatibility and partial tumor targetability, while it’s almost impossible to overcome the complicated series of
biological barriers from bloodstream to tumor cells based only on the biological functionalities of cell membrane-coated
layers. Unless cell membrane-based delivery systems address multi-level biological barriers, the transition from test
bench to clinical arena could not be achieved. Upon intravenous administration, nanoparticles are initially opsonized by
plasma proteins and taken up by MPS, leading to non-specific distribution to normal organs such as the liver.
Subsequently, high intratumoral fluid pressure significantly impedes the extravasation of nanoparticles into the tumor
interior, and nanoparticles internalized by clathrin-mediated endocytosis undergo lysosomal degradation. Finally, upon
entering the cell, drug efflux pumps that provide resistance to therapy actively remove chemotherapeutic agents from the
cell. In the following section, we elaborate on the biological barriers that need to be addressed in designing advanced
drug delivery systems. The framework of biological barriers encountered by nanovectors during intravenous delivery is
displayed in Figure 2.
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Figure 2 Biological barriers encountered by nanovectors during intravenous delivery.
Abbreviation: IFP, interstitial fluid pressure.

Blood Barriers

Blood serves as the first barrier for nanodelivery systems administered by intravenous injection. The development of
a protein corona around circulating nanoparticles occurs through the absorption of plasma proteins, including serum
albumin, apolipoproteins, complement components, and immunoglobulins.>* Besides, the formation of protein corona
depends on the physicochemical properties of nanoparticles, including surface charge, shape, size, and hydrophobicity.>
The protein corona on the surface of nanoparticles facilitates their recognition and binding to specific receptors on
phagocytic cells, followed by internalization, transportation to phagosomes, and fusion with lysosomes.>® Therefore, the
formation of protein corona reduces the circulation and time-dependent EPR effect of nanovectors. The protein corona
not only weakens passive targeting, but also diminishes the active-targeting characteristic of nanovectors by covering
targeting ligands with absorbed proteins, resulting in reduced targeting efficiency. The investigation revealed that the
protein corona effectively prevented transferrin-combined nanoparticles from binding to their targeted receptors on A549
cells, as well as soluble transferrin receptors, resulting in a loss of targeting specificity.”” Whether delivery systems are
based on passive or active targeting properties, the process of protein opsonization in the bloodstream significantly
impedes the accumulation of active ingredients at specific sites. This necessitates further investigation into methods for
suppressing protein aggregation on the nanovector surface.

Tumor Barriers

The widespread application of nanoparticles is impetus by EPR effect at tumor sites, which is ascribed to the presence of
endothelial dysfunction and blood vessel fenestration. According to published data, the nanodelivery efficiency only
retains 0.76% of the injected dose (%ID), as analyzed physiologically using pharmacokinetic (PBPK) models.’®
Nanosystems relying on passive targeting are unable to achieve satisfactory delivery efficiency, since the unique tumor
microenvironment impedes the site-specific accumulation of nanoparticles. The interstitial fluid pressure (IFP) in tumor is
a crucial obstacle to hinder the nanoparticle penetration into tumor interiors. The precise mechanism behind the increased
IFP has not been clearly demonstrated, but inadequate blood and lymphatic drainage, along with a dense extracellular

matrix (ECM), are crucial factors in the elevation of interstitial fluid pressure.59
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Disrupted Vasculature

Due to the infinite replicative property of cancer cells, tumor growth attracts blood vessels through PDGF, TGF-p and
angiogenic factors released by the infiltrated macrophages and other immune cells. The abnormal secretion of cytokines
breaks the balance of normal angiogenetic differentiations, resulting in disrupted vasculature characterized by irregular,
saccular and convoluted vessels unable to provide sufficient blood flow. Furthermore, the secretion of vascular
endothelial cell growth factor (VEGF) by tumor cells leads to an elevation in vascular permeability, contributing to
increased macromolecule leakage from tumor vessels and subsequently raising interstitial colloid osmotic pressure.® In
addition, the lymphatic vessels compressed by growing cancer cells are shown low drainage of fluid and proteins from
the tumor interstitium, resulting in a concomitant IFP rise.®’

Dense Extracellular Matrix

ECM as the major component in the tumor microenvironment comprises around 300 proteins, such as collagens and
glycoproteins, which is modulated by enzyme degradation to retain tumor homeostasis. Meanwhile, the dysregulated
ECM components undergo cross-linking to form a dense framework to support tumor proliferation and metastasis,
while the dense network plays a critical role in resistance to anti-cancer therapies via dysfunctioning the tumor
vascular.®? Various collagen fibrils with 20-42 nm or 75—130 nm interfibrillar space are composed of collagens, as the
basic structure of ECM, they hamper the extravasation of macromolecules to distant regions in tumors.®® Besides, the
ECM viscosity was increased by glycoproteins consisting of proteins cores linked with carbohydrate chains, resulting
in high interstitial pressure and the reduced transportation efficiency of nanovectors in ECM.%* Furthermore, the
elevated interstitial fluid pressure is linked to the contractile characteristics of tumor stroma resulting from fibroblast
differentiation into smooth muscle cells.®® In normal conditions, loose connective tissues alleviate the IFP increase via
expanding the volume of tissues, such as oedema. The volume of tumor is constrained by a denser tumour stroma
composed of connective-tissue molecules, resulting in the persistent IFP elevation. Therefore, the dense ECM severely
impedes the diffusion of therapeutic agents in solid tumors via increasing interstitial transport resistance and IFP
elevation.

Cell Barriers

Although nanodelivery systems can penetrate and disperse within tumors by overcoming tissue barriers, it is crucial for
them to be internalized by tumor cells and to release active ingredients to selectively target organelles. However, the
process of lysosomal degradation and efflux caused by MDR severely impedes the drugs from exerting their cytotoxic
effects on specific sites.

Lysosomal Degradation

It is commonly understood, small hydrophobic molecules can passively diffuse through cell membranes, whereas
nanoparticles require active uptake by cells. The classic uptake mechanism for nanoparticles is clathrin-mediated
endocytosis, which includes membrane invagination, intracellular vesicle formation, and fusion with lysosomes.®® The
uptaken nanoparticles would be degraded by various enzymes in lysosomes and eliminated through cellular efflux.®’
Internalization of nanoplatforms via the clathrin-pathway leads to a decrease in intracellular concentration of effective
drugs due to lysosomal degradation, posing a challenge for improving delivery efficiency.

MDR

In order to maintain cell homeostasis and prevent the damage from chemotherapeutic agents, carcinoma cells develop
resistance to intracellular drugs, leading to reduced therapeutic -efficiencies. After long-term exposure to
a chemotherapeutic drug, tumor cells not only resist the agent, but also exhibit cross-resistance toward other compounds
with different structures and functions, which is known as MDR. Despite the fact that the mechanism of MDR is
intricate, involving the activated system of detoxification and dysfunction of apoptosis, the elevated effluxion of
intracellular drugs mediated by ATP-binding cassette (ABC) transporters is the primary factor causing MDR.®®
Besides, MDR in cancers is associated with the overexpression of ABC transporters, such as P-glycoprotein (P-gp).*’
P-gp with the property of substrate promiscuity is capable of effluxing various anticancer compounds, such as taxanes,
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anthracyclines and vinca alkaloids, leading to reduced intracellular dosage and diminished therapeutic effects.”
Consequently, the need for continuously increasing administration dosages can result in severe patient morbidity,
ultimately leading to non-responsive recurrence and failure of chemotherapeutic regimens.

Strategies Aimed at Achieving Precise Delivery

Considerable research efforts have focused on integrating innovative functionalities and moieties into biomimetic
nanocarriers constructs to effectively overcome biological barriers, leading to the development of multifunctional
nanovectors. While these modifications displayed the remarkable versatility and preclinical potential of biomimetic
nanocarriers, few biomimetic nanocarriers that simply address one or a few biological barriers have progressed to clinical
trials. Therefore, in order to facilitate the transition from laboratory research to clinical application, cell membrane-
mimetic nanovectors must effectively overcome a majority, if not all, of the biological barriers. In the following section,
we systematically delineate various cell membrane-based strategies aimed at overcoming multi-level biological barriers,

as depicted in Figure 3. Furthermore, the cell membrane-mimetic nanocarriers discussed for enhancing delivery
efficiency are summarized in Table 2.
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Figure 3 Schematic depiction of four primary strategies employed by cell membrane-based nanovectors to overcome multi-level biological barriers and improve targeted
drug delivery for cancer treatment: (i) extension blood half-time and augment tumor targeting relying on the coating layer of hybrid cell membrane; (ii) overcoming tumor
barriers via remodeling tumor environment, and decorating with TPPs; (iii) overcoming cell barriers through avoiding lysosomal destruction, optimizing the endocytosis
pathway and reversing MDR; (iv) optimization the physicochemical properties of nanoparticles.

Abbreviations: RBC, red blood cell; ER, endoplasmic reticulum; VEGF, vascular endothelial growth factor; VDA, vascular disrupting agents; ECM, extracellular matrix;
TPPs, tumor-penetrating peptides; MDR, multidrug resistance; CS, chemotherapeutic sensitizer; FA, folic acid.
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Table 2 Cell Membrane-Mimetic Nanocarriers Discussed for Enhancing Delivery Efficiency

Classification Cell Membrane Nanoplatform Drug/Modified Tumor Types Outcomes Ref.
Molecules
Extension blood half- RBC-platelet HCM Nano-polypyrrole / Colon cancer Prolonged circulation (ID/g from 1.7% to 8.9% after 48h), [71]
time and augment inflammation targeting
tumor targeting RBC-melanoma cell (B16-FI10) CuS nanoparticles DOX Melanoma Prolonged circulation (t;, from 1.0 h to 9.9 h), enhanced [72]
HCM homogeneous targeting
RBC-4TI cancer cell HCM Nano-chitosan DOX Breast cancer Long blood half-time, increased homotypic targeting [73]
Leukocyte (murine J774A.1)- Liposomal nanoparticles PTX Head and neck cancer Prolonged circulation (t;/; from 4.0 h to 8.1 h), enhanced solid | [74]
head and neck tumor cell tumor homing
(HNI2) HCM
Overcoming tumor RBC membrane ZrO,@CuO/Cu-MOF nanoparticles Apatinib Breast cancer Long circulating time, enhanced tumor penetration by inhibiting | [75]
barriers angiogenesis
Platelet membrane Mesoporous silica nanoparticles Tirapazamine, Colorectal carcinoma Strong tumor-targeting, reinforced tumor inhibition via [76]
DMXAA intratumoral vascular disruption
PDAC tumor cell membrane Au nanocages DOX Pancreatic cancer Homologous targeting, deep penetration within the tumor by [77]
modified with collagenase degrading the dense ECM
RBC membrane linked with mPEG-b-PBBA nanoparticles Photosensitizer Breast cancer Prolonged circulation, excellent penetration into the tumor [78]
iRGD peptides chlorines, interior with the assistance of iRGD peptides
Tirapazamine
Tumor cell membrane modified Conversion agent polydopamine Glucose oxidase, Osteosarcoma Tumor targeting, deep intratumoral penetration relying on [79]
with cRGD peptides nanoreactor Tirapazamine cRGD peptides
Overcoming cell Platelet membrane Porous MOF nanoparticles siRNA Breast cancer Tumor targeting, improved cellular internalization via [80]
barriers endosomal disruption
HA engineered BI6F10 cell PLGA nanoparticles mRNA / Improved cellular internalization through virus-mimicking [81]
membrane endosomal escape
Macrophage cell membrane Mesoporous silica nanoparticles DOX, indocyanine Breast cancer Immune evasion, tissue-cell specific targeting, deep tumor [82]
green, L-menthol, penetration, precisely controlled drug release, optimized
folic acid, MPEG-PAE phagocytosis dependent on folic acid
ER membrane derived from Cationic vesicles siRNA Orthotopic MCF-7 breast | Improved cellular uptake through endosome-Golgi-ER pathway | [83]
cancer cells tumor
PEGylated TEIO cell membrane PLGA nanoparticles Curcumin, DOX DOX-resistant Prolonged circulation, homologous targeting, overcome MDR [84]
esophageal cancer with the combination of chemotherapeutics and sensitizers
PDAC cell membrane Au nanoparticles Gemcitabine, NO PDAC Tumor targeting, deep-tumor penetration and reduced [85]
donor (L-Arg) chemoresistance relying on NO generation
Optimization the RBC membrane Cationized gold@ hyaluronidase Pheophorbide A, Breast cancer and lung Long circulation (Mean residence time was increased 3.23-fold), | [86]
physicochemical nanoclusters PXTK, dPPA metastasis enhanced tumor targeting, deep penetration, on-demand drug
property of release, alleviated immunosuppression
nanoparticles HCM of A549 cancer cell and Lipoic acid-modified polypeptide PGAMI, siRNA Non-small cell lung Long half-time, homologous targeting, enhanced cellular [87]
MMP-9-switchable peptide-based nanoparticles (siPGAMI), cancer internalization, endosomal escape
charge-reversal liposome Decitabine
cRGD-RBC membrane Worm-like nanoparticles composed of / Melanoma Long blood circulation (ID/g from 19.47% to 3.75% after 48h), | [88]
siRNA and cationic bovine serum tumor targeting, enhanced tumor penetration, endosomal
albumin escape

Abbreviations: RBC, red blood cell; HCM, hybrid cell membrane; DOX, doxorubicin; PTX, Paclitaxel; PLGA, poly (lactic-co-glycolic acid); PDAC, pancreatic ductal adenocarcinoma; HA, hemagglutinin; ER, endoplasmic reticulum; MMP-

9, matrix metallopeptidase 9; MOF, metal-organic framework; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; MPEG-PAE, methoxy poly (ethylene glycol)-poly(B-amino ester); PXTK, paclitaxel dimer prodrug; dPPA, anti-PD-L| peptide;
PGAMI, phosphoglycerate mutase |.
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Extension Blood Half-Time and Augment Tumor Targeting

The initial approach to prevent protein adsorption and extend circulation time involved the use of PEG-functionalized
nanoparticles. Numerous studies have confirmed that PEG, as an amphiphilic polymer, interacts with water molecules on
the nanoparticle surface, forming a protective hydrated shell that effectively inhibits protein aggregation around the
nanoparticles.*” Representatively, PEGylated liposomes exhibited an 8-fold increase in circulation time than bare
liposomes, as the hydrating shell effectively shielded liposomes from protein destruction.’® Despite the widespread use
of PEGylation to improve drug delivery efficiency, the gradual revelation of drawbacks such as the “accelerated blood
clearance (ABC) phenomenon upon reuse of PEGylated nanoparticles is becoming apparent”.’' For the sake of avoiding
immune responses caused by foreign substances, protein CD47, serving as a “marker of self” was grafted to the surface
of nanoparticles to delay phagocytic recognition and clearance.”” Synthetic peptides of CD47 linked with nanobeads
exhibited longer circulation and more accumulation at the A549 tumor site, compared to conventional formulations, in
the model of immunodeficient IL2ry null mice in combination with non-obese diabetic (NOD) mice.

Inspired by the inhibition of macrophage clearance through the combination between protein CD47 and signal-
regulatory protein o, nanocarriers cloaked by cell membranes carrying protein CD47, such as erythrocyte membrane and
platelet membrane, have been widely applied in extension blood circulation.'” The top-down cloaking approach was first
employed by polymeric nanoparticles camouflaged with erythrocyte membrane, wherein the coating membrane bestowed
the nanodelivery system with the ability to bypass macrophage clearance and extended the circulation time for 72 h.” As
aforementioned, the coating layers of cell membranes endow the wrapped nano-core with biofunctions of long blood
circulation, immune escape, and tumor-homing. However, owing to RBC membranes lacking the capacity of tumor-
homing, tumor-targeting ligands were inserted on the surface of RBC membrane-mimetic nanoparticles to achieve
receptor-specific targeting, which provoked the exploration of hybrid cell membrane.”® HCM exhibits synergistic effects
in extension of circulation time and augmentation of tumor targeting. In the following part, we introduce the HCM
application in nanodelivery systems.

RBC-Platelet HCM

The RBC-Platelet fusing membrane not only combines the advantages of RBC and platelet, including escape immune
recognition and target inflammatory regions, but also exhibits the longer blood half-time than monotypic membrane of
RBC membrane or platelet membrane. Diana and coworkers synthesised PLGA nanoparticles coated by different
membranes and indicated that the blood half-time of nanocarriers encapsulated by the fusing membrane extended to
51.8 h; however, nanoparticles wrapped by RBC membrane circulated in the bloodstream for 42.4 h and platelet
membrane coating nanoparticles only lasted for 38.3 h.°* Driven by inflammatory factors and microthrombosis in the
tumor area, nano-polypyrrole wrapped by RBC-Platelet hybrid membrane possessed a better tumor-homing character-
istic, which significantly improved therapeutic outcomes compared with bare nano-polypyrrole or monotypic membrane
coating nanoparticles.”’ The strategy of RBC-Platelet membrane coating layer opened a promising avenue for the
development of multi-functional drug delivery systems in cancer treatment.

RBC-Cancer Cell HCM

Based on the tumor-homing characteristic, cancer cell membrane has been widely applied in the cell membrane-based
nanodelivery system.’> However, the limitations of CCM are becoming increasingly apparent, such as its relatively short
circulation time due to the inability to maintain membrane integrity during the preparation process and completely evade
immune surveillance.”® Therefore, the hybrid membrane composed of erythrocytes and cancer cells could achieve long-
term circulation via the protective protein of CD47 on RBC surface, which has been demonstrated as an excellent coating
layer in cell membrane-mimetic nanodelivery systems.”?

The fusing membrane strategy typically combines homogeneous cancer cell membrane to realize homotypic targeting
in personalized therapeutics. Dox-loaded CuS nanoparticles cloaked by the bio-fusing membrane of red blood cells and
melanoma cells (B16-F10 cells) were fabricated to treat melanoma.’? The DCuS@[RBC-B16] nanoplatform exhibited
a longer blood half-time compared to bare CuS nanovectors (20.0% ID/g versus 14.5% ID/g in the blood retention of
mouse models after 24-hour injection) and possessed stronger homotypic targeting capabilities in contrast to uncoated
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CuS nanoparticles or monotypic membrane coating formulations, achieving a 100% inhibitory effect on melanoma tumor
growth. Recently, Rezaei and coworkers decorated DOX-loaded reduction-sensitive nano-chitosan with the hybrid
membrane of red blood cell and 4T1 cancer cell to transport more DOX to tumor lesions via avoiding immune clearance
and depending on self-recognition among homogenous cells.””> Moreover, it was demonstrated that the homotypic
targeting property could be optimized by adjusting the ratio of RBC membrane and 4T1 cancer cell membrane.

Leukocyte-Cancer Cell HCM

The interaction with leukocyte membrane also helps to overcome the short blood circulation issue caused by the inability
to maintain the integrity of cancer cell membrane, which is attributed to the immune-escape property of leukocytes.
Furthermore, nanodelivery systems encapsulated by leukocyte-cancer cell HCM exhibit high inhibitory rate of tumor
growth based on the synergistic effect on tumor targeting. Yang and coworkers designed a novel cell membrane-mimetic
nanocarrier, leutusome, composed of PTX-loaded liposomal nanoparticles and leukocyte-cancer cell HCM inheriting the
leukocyte-specific immune escape and tumor-specific homotypic targeting properties, which significantly extended the
plasma half-time from 4.0 h to 8.1 h and enhanced the tumor-accumulating efficiency of encapsulated nano-cores to 80%
(Figure 4).”* The elevated tumor-targeting performance effectively suppresses tumor growth without producing systemic
adverse effects, suggesting leukocyte-cancer cell HCM could be used as a candidate packing biomaterial for personalized
cancer treatment. Leukocyte-cancer cell HCM has also been applied in cancer detection relying on the property of
homotypic tumor-targeting and the capability of capturing CTCs. The streptavidin-nanoplatform functionalized by
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Figure 4 Schematic diagram and advantageous study of leutusome integrating plasma membrane components of leukocytes and tumor cells in enhanced solid tumor homing.
(A) Schematic presentation of composite LTM-PTXL. (B) TEM images of PTX-loaded liposomal nanoparticles. (C) In vitro cytotoxicity of PTX-loaded liposomal
nanoparticles at various concentrations on HN 12 cells after 24 h incubation. **indicates p<0.0| (n=6). (D) Leukocyte membrane helps reduce the uptake of nanoparticles
by monocytes and neutrophils in the blood. * Indicates p<0.05 and **indicates p<0.01 (n=4). (E) Relative tumor volume growth was monitored over the treatments. (F)
Tumor tissue apoptosis was recorded after the various treatments. NS, not significant; **indicates p<0.01, and ***indicates p<0.001 (n=6). Adapted from He H, Guo C,
Wang | et al. Leutusome: a biomimetic nanoplatform integrating plasma membrane components of leukocytes and tumor cells for remarkably enhanced solid tumor homing.
Nano Lett. 2018;18(10):6164-6174. Copyright 2018 American Chemical Society.74

Abbreviations: PTX, paclitaxel; LM-PTXL, leukocyte membrane-camouflaged PTX-loaded liposome; TM-PTXL, tumor cell membrane-camouflaged PTX-loaded liposome;
LTM-PTXL, hybrid membrane of leukocyte and tumor cell-camouflaged PTX-loaded liposome.
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leukocyte-cancer cell HCM exhibited high sensitive identification and effective capture of CTCs, and the capture
efficiency reached 97.63% playing a critical role in monitoring tumor metastasis.”’

In summary, the HCM strategy is capable of alleviating the limitations of monotype camouflage, such as the weak
tumor-targeting of red cell membrane and the short blood circulation of tumor cell membrane, which facilitates explore
into integrating multifunctional cell membrane-mimetic coating layers. Furthermore, the procedure of fusing two cell
membranes is straightforward and does not necessitate any chemical modification in contrast to traditional engineered
technologies, enabling efficient large-scale production.”® Hybrid cell membranes are obtained by either fusing two cells
for membrane extraction or extracting the membrane from each cell and then fusing them.’® The initial method involves
the induction of a fused cell through stimulation with polyethylene glycol or electrofusion, followed by extraction of the
hybrid cytomembrane using conventional methods. Another approach of cell membrane fusion is to extract each kind of
cell membrane, and then to stir the mixture of two membranes at 37 °C or ice bath for 10 min. Moreover, hybrid
membrane can also be obtained by sonication of the membrane mixture. These preparation processes are highly
applicable, not only for the fusion between eukaryotic cell membranes but also for the hybridization of eukaryotic cell
membranes with prokaryotic cell membranes. In addition to the straightforward fabrication process of cell membrane-
mimetic nanoparticles, the biomimetic nanovectors offer numerous unique advantages compared to conventional artificial
materials, such as low immunogenicity, specific targeting and an abundant functional protein library. In general,
decorating nanoplatforms with HCM has been considered as an effective strategy to design multi-functional cell
membrane-mimetic nanocarriers for cancer treatment and diagnosis.

Overcoming Tumor Barriers

The disordered vasculature and dense extracellular matrix indeed prevent nanoparticles from penetrating to the interior of
solid tumors and reduce the delivery efficiency of chemotherapeutics, which prompts researchers to explore the valid
solutions of enhancing transvascular transport of therapeutics in tumors. In order to allow nanoparticles to penetrate to
the center of tumors rather than merely accumulate around the tumor periphery, the mitigation of disordered vasculature
and dense extracellular matrix is highly desired. In addition to normalizing the tumor microenvironment, modifying the
nanoparticles with penetrating peptides has been applied in enhancing the tumor permeability of nanodelivery systems.

Remodeling the Disordered Vasculature

The high IFP caused by the disordered vasculature as a pivotal factor hinders nanoparticles penetrating the solid tumors.
The most direct avenue to reduce IFP is to normalize the disordered vasculature.”” Moreover, vascular disruption is
capable of tumor lethality via dramatically reducing the blood flow to the center of tumors.'%

Vascular normalization has been attempted to alleviate the resistance of nanovectors to penetrating from vasculature
to the interior of tumors. The application of antiangiogenic agents can adjust the imbalanced phenomenon during the
formation of new vessels to normalize the architecture of the tumor-associated vascular network.'?""'%* Inhibiting the
VEGF secreted by tumor cells can effectively improve the drainage of blood vessels. Moreover, the treatment with
exogenous VEGF expanded the diameter of maximum pore and enhanced the transvascular delivery of larger molecules
(size range, from 100 nm~300 nm) to internal regions of tumors.'® Currently, dozens of VEGF inhibitors, such as
bevacizumab, cinnabar, and apatinib, have entered the clinical stage, which obviously suppress the tumor growth co-
administrated with anti-tumor agents via completely combining with VEGFR-2ATP binding sites. Recently, Chen et al
designed a cell membrane-mimetic multifunctional nanoplatform-ZrO,@CuO/Cu-MOF-Apatinib-PCM coated by RBC
membrane, based on the production of reactive oxygen species (ROS) by nano-Cu under external microwave
stimulations.”” The nanodelivery system leveraged RBC membrane to avoid immune clearance and achieved prolonged
circulation, resulting in preferentially accumulate at tumor sites. Besides, loaded apatinib as the inhibitor of VEGF can be
transported to the tumor microenvironment and significantly increased the drainage of tumor vasculature, which promote
Cu nanoparticles penetrate to the deep regions of solid tumors. Thus, the cell membrane-based strategy of codelivery
with antiangiogenic drugs encapsulated by cell membranes significantly suppressed the tumor growth and the tumor
inhibition rate reached 96.79%, exhibiting as an effective avenue to enhance the tumor permeability of nanovectors.
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The strategy of tumor necrosis based on vascular disruption and decreased blood supply has been confirmed by
several vascular disrupting agents (VDA) such as combretastatin A4 phosphate (CA4P) and 5.6-dimethylxanthenone-
4-acetic acid (DMXAA). Excitingly, it was demonstrated that CA4P and DMXAA possessed the character of tumor-
targeting and displayed minimal effects on the vasculature of normal tissues via Phase I and II clinical trials.'®* CA4
released from CA4P combined with tubulin, suppressed tubulin polymerization and destabilized the cytoskeleton
resulting in changing the endothelial cell morphology, which subsequently induced narrowing vessel lumen, increasing
convective resistance and dramatically reducing the blood supply for tumor growth.'®> Chen et al developed the matrix
metalloproteinase 9 (MMP9)-activated doxorubicin prodrug (MMP9-DOX-NPs), conjugated with CA4, to augment the
anti-tumor therapeutic effect and reduce systemic toxicity. The expression of MMP9 was increased by 5.6-fold under the
condition of CA4-mediated exacerbated hypoxia, which enhanced the tumor-targeting release of DOX.'%® After treatment
with VDA, platelets are recruited to the regions of vascular disruption to promote coagulation.'®” Inspired by the
biological functions of platelets, tirapazamine, as a typically hypoxia-activated prodrug and DMXAA co-loaded
mesoporous silica nanoparticles (MSNs) encapsulated by platelet membrane was designed to produce cascade amplifica-
tion of hypoxia-activated treatment.”® The platelet shell not only protected the nanodelivery system from immune
recognition, but also enhanced the tumor-targeting property. DMXAA can selectively destroy the tumor vasculature
through inducing apoptosis of vascular endothelial cells aggravating the hypoxia microenvironment, which facilitate the
transformation of tirapazamine into radical formation by the reduction of single electron. Considering platelet-mimicking
biotaxis and cascade hypoxia amplification, the cell membrane-mimetic hypoxia-sensitive nanovectors loaded with VDA
are deemed as the paradigm of effectively inhibiting tumor growth.

Remodeling the Dense Extracellular Matrix

Dense extracellular matrix increases IFP and solid stress, which indeed impede anti-tumor nanocarriers penetration into
solid tumors resulting in poor prognosis. Cancer-associated fibroblasts (CAFs), as critical mediators of extracellular
matrix, play a vital role in the restricting the infiltration of chemotherapeutics into tumors. Anti-fibrotic drugs, such as
losartan and quercetin, are capable of weakening the CAF activity and inducing CAFs damage responses.'%®'%” The
investigation by Ben et al found that losartan, as an angiotensin II receptor antagonist, prevented tumor-related fibroblasts
from producing collagen I and also reduced the stromal collagen density in tumors, thereby improving the delivery
efficiency and intratumor distribution of PEG-liposome-Doxil.''

In addition to inhibiting the activity of CAFs, the depletion of existing ECM by ECM-degrading enzymes is an
effective approach to improve the tumor-penetration efficiency. The major components of ECM, such as elastin and type
1 collagen, are the substrates of neutrophil elastase (NE).''' Li and coworkers firstly synthesized the biomimetic
liposomes linked with NE extracted from tumor cell membranes, which selectively degraded tumor ECM and displayed
favorable biocompatibility.''> The biomimetic liposomes with chimeric cell membrane proteins (LMP) combined with
chemotherapeutics dramatically improved the penetrated efficiency of anti-tumor drugs and suppressed the tumor growth.
Besides, employing NE-LMP with the treatment of PD-1 checkpoint blockade allowed massive cytotoxic T lymphocytes
(CTLs) accumulate in tumor centers and efficiently kill tumor cells. Therefore, the chemo-immunotherapy based on NE-
LMP possessed the potential to improve the survival of the suffering triple-negative breast tumor via depleting the ECM.
Besides, collagenase as an effective ECM-degrading enzyme, can destroy the dense extracellular matrix to promote the
infiltration of anti-tumor nanodelivery systems. To avoid damaging the normal tissues, Yang et al developed the cell
membrane-based DOX loaded Au nanoparticles encapsulated by PDAC tumor cell membrane conjugated with collage-
nases (Figure 5).”” The coating layer of tumor cell membrane bestowed the delivery system with homologous tumor-
targeting and immune escape. Moreover, collagenase was easily attached to the encapsulating membrane through lipid
insertion, which enhanced the permeation of DOX loaded Au nanoparticles to deep lesions of tumor tissues. Under the
near-infrared (NIR) irradiation at 808 nm, Au nanoparticles were excited and transferred the photon energy to molecular
oxygen to produce cytotoxic reactive oxygen species (ROS) for photodynamic therapy (PDT). The cell membrane-
mimetic combination treatment of chemo-PDT linked with collagenases exerted a significant role in addressing tumor

barriers, which provided a new perspective for enhancing anti-tumor efficacy.

International Journal of Nanomedicine 2025:20 hetps: 3127



Li et al

A HAuCI, ® o
a e e > Collagenase C AuNCs AuNCs/Dox M@AuNCs/Dox Col-M@AuNCs/Dox

—g— _PEGA g

AgNCs AuNCs AuNCs/Dox N\
@ Tumor cell NIR() >
@ Macrophages .

Extraction
~ Collagen fiber
NIR(+)
BxPC3 cell Cell Membrane M@AuNCs/Dox v
D E
Traut's o Inserting PBS+NIR
> >—SH "C’< & AUNCS/DOX+NIR

AuNCs
IDox

—+ M@AuNCs/Dox+NIR

B Col-M@AuNCs/Dox S Col-M@AUNCS/Dox+NIR
. g Y
3
: zc g
> e =2 | R
i.v. injection ) il E
X (&) < g
- ))) P 30
Immune evasion =9 I - g
\\\ . 3¢ 0 5 10
Degradation of ECM NIR Time(min)

1: Saline

3 _| & \

- = = Heat < 2: Saline+NIR i
- ; & E i

W = * = E - 3: AuNCs H

= & = % § 4: Dox E

& 7" o B 5: AUNCs+NIR !

Homologous ° ‘g 6: AUNCs/Dox+NIR i

3 ]

= !

7: M@AuNCs/Dox+NIR

targeting
CT imaging

0 3 6 9 12 15 18 2 O S ——
Time(day)

Limited penetration with stiff ECM Deep penetration with loose ECM

Figure 5 Schematic diagram and advantageous study of Col-M@AuNCs/Dox for enhancing tumor penetration and synergistic therapy in pancreatic cancer. (A) Preparation
process of Col-M@AuNCs/Dox. (B) Schematic representation of Col-M@AuNCs/Dox for improved intratumoral penetration, complete tumor destruction, and combined
treatment and monitoring through ECM degradation. (C) Live/dead staining images of BxPC3 cells after treatment with the different preparations. Live cells were stained
with calcein-AM (green), and dead cells were stained with propidium iodide (red.) (scale bar: 100 um.) (D) In vivo fluorescence images of BxPC3 tumor-bearing, mice after
intravenous injection of Cy5.5-labeled AuNCs/Dox, M@AuNCs/Dox and Col-M@AuNCs/Dox. (E) Temperature curves under NIR irradiation. (F) Tumor growth curves
during different treatments (n=6) in BxPC3 tumor-bearing mice. Adapted from Yang XY, Zhang ]G, Zhou QM et al. Extracellular matrix modulating enzyme functionalized
biomimetic Au nanoplatform-mediated enhanced tumor penetration and synergistic antitumor therapy for pancreatic cancer. | Nanobiotechnology. 2022;20(1):524. Creative
Commons. http://creativecommons.org/licenses/by/4.0/.””

Abbreviations: AgNCs, Ag nanocages; Dox, doxorubicin; PDAC, pancreatic ductal adenocarcinoma; Col-M@AuNCs/Dox, collagenase-functionalized PDAC tumor cell
membrane-coated Dox-loaded Au nanocages; ECM, excessive extracellular matrix; NIR, near-infrared; PTT, photothermal therapy; PDT, photodynamic therapy; ROS,

reactive oxygen species.

Decorating the Surface of Nanodelivery Systems With Tumor-Penetrating Peptides (TPPs)

Apart from remodeling the components and architecture of tumor microenvironment, nanocarriers decorated with TPPs
are capable of enhancing the tumor-penetrating efficiency of therapeutic agents. TPPs, such as iRGD, cyclic Lyp-1, and
linear Lin TT1, contain similar motifs that respond to R/KXXR/K stimuli proteases on the cell surface, bind with
neuropilin-1 receptors and activate the trans-tissue channel to promote the infiltration of nanovectors through the
interstitial matrix.''® Hypoxia-activated prodrug tirapazamine (TPZp) and photosensitizer chlorine6 (Ce6) co-loaded
nanocarriers camouflaged by RBC membrane and iRGD peptide were developed to facilitate TPZp and Ce6 across solid
tumors and overcome hypoxia-mediated metastasis and resistance.”® The protective shell of RBC membrane endowed the
cell membrane-mimetic nanoplatform escaped immune clearance and exhibited long circulation time. iRGD as a tumor-
penetrating peptide, selectively binds to aV integrins on tumor endothelium and neuropilin-1 receptors, leading to
enhanced infiltration into the center of tumors.''* Due to the production of Ce6-mediated ROS for PDT, the hypoxia
condition inside the tumor was exacerbated under light irradiation, which triggered the transformation of hypoxia-
activated prodrug-TPZp to cytotoxic TPZ, resulting in a synergistic anti-tumor effect of PDT and chemotherapy.
Similarly, H Guo et al constructed glucose oxidase (GOX) and TPZ co-loaded into photothermal conversion agent
polydopamine (PDA) nanoreactors encapsulated by tumor cell membrane modified with cRGD peptides to dramatically
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maximum the anti-tumor therapeutic outcoming relying on the combination of starvation therapy and hypoxia-activated
chemotherapy.”® Therefore, cell membranes linked with TPPs render the wrapped core of nanovectors with the ability of
avoiding immune elimination as well as improving the tumor-penetrating efficiency, which promote massive anti-tumor
active ingredients overcome the tissue barriers, and accumulate inside the solid tumors.

Overcoming Cell Barriers

Clathrin-mediated endocytosis, as the classic internalization pathway, is responsible for transportation of extracellular
substances, including antigens, receptors, pathogens, growth factors, nutrients as well as anti-tumor nanodelivery
systems.®® Once nanovectors are internalized by clathrin-mediated endocytosis, therapeutic agents are typically enzy-
matically decomposed via the fusion of late endosomes with lysosomes to lose the anti-tumor curative effects. Moreover,
chemotherapy, as one of the most effective approaches to treat cancers, could induce tumor cells to develop resistance
against chemotherapeutic drugs via the effluxion mediated by P-gp, ultimately resulting in suboptimal treatment out-
comes and undesirable side effects. Therefore, nanovehicles functionalized with the function of the ability to enable
endosomal escape and inhibit efflux are urgently needed to improve therapeutic outcomes.

Endosomal or Lysosomal Escape

Considering the outer negatively charged endosomal membrane, decoration nanocarriers with cationic polymers is
regarded as an effective and convenient strategy to achieve endosomal escape based on membrane flipping and
instability. Representatively, cationic polymers, such as poly(l-lysine) (PLL) and poly(ethylene imine) (PEI), are
capable of pairing with anionic groups on the surface of endosomes and destabilize the membrane, leading to effective
release of therapeutic ingredients from endosomes.''> Furthermore, the incorporation of secondary or tertiary amine
groups, such as PEI and histidine, in nanocarrier design possesses the ability to cause the swelling from the influx of
water into compartments and eventually rupture, relying on the protonatable property of amine groups.''® Zhu and
coworkers developed a 5-fluorouracil loaded nanogels decorated by PEI shell to achieve caspase-dependent apoptosis
via lysosomal/mitochondrial pathway.''” After internalization by lysosomes, the protonated PEI promoted release of
5-fluorouracil from nanogels to inhibit the synthesis of nucleic acid and destroyed the lysosomal membrane to
discharge Cat B, which could be translocated in mitochondria increasing the permeability of mitochondrial membrane.
Subsequently, Cyt C was released from mitochondria and activated caspase-9 inducing a series of apoptotic cascade
responses. Similarly, the mechanism of “proton sponge effect” has also been applied in cell membrane-mimetic
nanodelivery systems to avoid lysosomal degradation. Small interfering RNA (siRNA) loaded metal-organic frame-
work (MOF) nanocarriers coated by platelet membrane was designed to silence tumor-associated genes.*® The
protective layer of platelet membrane endowed the nanoplatforms with the capabilities of immune escape and tumor-
targeting. MOF nanoparticles prepared with zinc nitrate hexahydrate and 2-methylimidazole dissociated within the
acidic endosomal compartment, which promoted endosomal disruption and siRNA release into the cytosol resulting in
knocking down targeting genes. The experimental results demonstrated that the formulation of siRNA loaded MOF
nanoparticles encapsulated by cell membrane could greatly optimize the treatment of nucleic acid-induced diseases
paving a new avenue for gene therapy.

In addition, the application of membrane-destabilizing peptides in nanocarriers has been deemed as an effective
strategy to break endosomal membrane and protect anti-tumor components from enzymatic degradation. Endosomal or
lysosomal membrane disruption can be induced by membrane lytic peptides rich in histidine based on protonated His-
residues within late endosomes or lysosomes.''® Moreover, the appearance of hemagglutinin (HA) on influenza virus
surface assists the genetic materials to escape endosomes and avoid lysosomal degradation.''® Mature HA possesses two
subunits, the HA1 subunit facilitates virus adhere to the plasma membrane of target cells to promote endocytosis, while
the conformation of HA2 subunit changes, triggered by acidic conditions to facilitate the membrane fusion of virus and
endosomes.'?° Inspired by the principle of virus escape from endosomes, mRNA loaded nanoparticles encapsulated by
cell membrane engineered with HA were synthesized to achieve virus-mimetic endosomal escape and improve the
cytosolic delivery efficiency (Figure 6).81 The investigation demonstrated that the combination of mRNA-nanoparticles
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Abbreviations: HA, hemagglutinin; DiO, 3-octadecyl-2-[3-(3-octadecyl-2-(3H)-benzoxazolylidene)-|-propenyl]-, perchlorate; WT-DiO-NP, BI16-WT membrane-coated
DiO-loaded PLGA cores; HA-DiO-NP, Bl6-HA membrane-coated DiO-loaded PLGA cores.

coated by HA engineered-cell membrane not only represented a compelling paradigm for delivering nucleic acids to
cytosolic, but also improved the practicality of cell membrane encapsulated nanoparticles.

Optimizing the Endocytosis Pathway

Due to nanoparticles mediated by clathrin undergo enzymatic degradation, another valid strategy to avoid lysosomal
catabolism is to enable endocytosis independent of clathrin. Decorating nanoplatforms surface with ligands, such as
cholesterol, albumin and folic acid (FA), has been manifested to induce the internalization of nanoparticles by target cells
through caveolin-mediated pathway.'""'** For instance, paclitaxel loaded nanoparticles bound with albumin were
internalized mediated by caveolae, which was attributed to the combination of albumin and glycoprotein 60 (gp60) -
the albumin receptor present in caveolae of endothelial cells.'*> Li et al developed DOX, indocyanine green (ICG),
L-menthol (LM) co-loaded mesoporous silica nanoparticles (MSNs) linked with folic acid covered by methoxy poly
(ethylene glycol)-poly(B-amino ester) (MPEG-PAE) finally enclosed by macrophage membrane to achieve multi-level
targeting delivery.®? As macrophage membrane endowed the nano-core with characteristics of evading immune clearance
and tumor targeting, the accumulation of nanoplatforms in tumors was increased. MPEG-PAE, as a pH-sensitive cationic
polymer, sandwiched between the nano-core and macrophage membrane, was protonated and swelled in response to the
acidic tumor microenvironment to peel off the macrophage membrane, facilitating release the wrapped nanovectors.
Furthermore, the released MSN-FA can selectively bind to the over-expressed FA receptor on tumor cell surface to
improve phagocytosis. Under near-infrared light irradiation, ICG was heated and produced reactive oxygen species to kill
tumor cells combined with photothermal therapy (PTT) and PDT, which significantly enhanced the therapeutic effect and
reduced side effects.
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Besides, cell membrane coating layers optimize the cellular internalization pathway and bestow the wrapped
nanoplatforms with the ability of bypassing lysosomes and evading enzymatic degradation. Tasciotti et al developed
nanovectors camouflaged by leukocyte membrane and revealed few leukocyte membrane-mimetic nanoparticles were
trapped in endosomes through transmission electron microscopy, owing to the internalization mediated by cytoskeleton
rearrangement and channel formations around nanoparticles.”” As cell membrane possess the characteristic that facilitate
more efficient endosomal bypass, mRNA loaded methoxy-poly (ethylene glycol)-block-polylactic acid (mPEG-bPLA)
nanoparticles were fused with mammalian cell membranes to transport cargos directly to cytoplasm bypassing endosome/
lysosome significantly enhancing delivery efficiency.'** Qiu and coworkers designed siRNA loaded nanoparticles
encapsulated by endoplasmic reticulum (ER) membrane derived from cancer cells to effectively deliver siRNA via the
endosome-Golgi-ER pathway avoiding lysosomal damage and improving target-gene silencing efficiencies of siRNA.*?
Resident proteins on the wrapped layer of ER triggered the directional transport from Golgi apparatus to ER mediated by
COPI or COPII vesicles. Hence, the paradigm of nanocarriers encapsulated by cell membrane not only evade lysosomal
degradation but also possess the ability to target specific organelles via optimizing intracellular trafficking pathways,
providing broad potential for the application of subcell-derived membranes in directional delivery systems.

Alleviating MDR
To overcome the obstacle of MDR in cancer treatment, investigators have devoted massive efforts to combination
therapies. Combination therapies could be the co-delivery of chemotherapeutic drugs with MDR inhibitors or chemo-
sensitizers (CSs). Verapamil (VER), as the calcium channel antagonist, can competitively bind with P-glycoprotein,
suppress the drug efflux, increase the cell-internalization efficiency of therapeutic drugs to reverse MDR.'* Lee and
partners synthesized nanoliposomes co-loaded with DOX and VER, which effectively alleviated the drug resistance
mediated by P-glycoprotein and displayed stronger killing efficiency against leukemia, compared with free DOX.'*® In
addition, curcumin (Cur) derived from the traditional Chinese medicine-Turmeric, as a potential chemotherapeutic
sensitizer, exerts synergistic anti-tumor effects in co-administration with chemotherapeutic drugs. Gao et al developed
DOX and Cur co-loaded poly(lactic-co-glycolic acid) nanoparticles coated by PEGylated tumor cell membrane to
conquer MDR in treatment of DOX-resistant esophageal carcinoma.®® The combination of DOX and Cur was verified
to exert a much better anti-tumor effect than Cur or DOX alone through CCK-8 assay, transwell assay, and apoptosis
analysis. Besides, the DOX and Cur co-loaded PLGA nanoparticles coated by tumor cell membrane possessed enhanced
cytotoxicity towards TE10/DOX cells, while the bare core of PLGA@Cur + DOX displayed no obvious lethality, which
was due to the coating layer of cancer cell membrane bestowed the nanovehicles with the ability of homologous
recognition and prolonged circulation. The combination of chemo-drugs and chemosensitizers co-delivery system
encapsulated by cell membrane provides a new and efficient strategy to surmount MDR in the treatment of cancer.
Another prospective approach to reversing MDR is to inhibit gene expression of MDR transporters. Small interfering
RNA (siRNA) with the ability of silencing the drug-resistance gene can be co-delivered with chemotherapeutic drugs to
improve the anti-tumor effect against MDR cancers.'?” Wang and coworkers synthesized Paclitaxel (PTX) and MDR1-
siRNA co-delivered lipid/dextran hybrid nanocarriers to deal with PTX-resistant ovarian (OV) cancer.'”® The MDR1-
siRNA/PTX combination exhibited obvious inhibitory effect on PTX-resistant cancer cells through inhibiting the
expression of P-glycoprotein. In addition to suppressing the P-glycoprotein expression through gene interference, it
has been reported that NO also exerts an inhibitory effect during the process of P-glycoprotein expression.'*” Meanwhile,
NO as a valid vasolivator can increase vasodilation and normalize the disordered blood vessels to promote the drug
penetration into tumors.'*° Based on the advantages of NO in drug delivery systems, Zhang et al developed NO donor,
L-Arg loaded Au nanoparticles linked with Gemcitabine (GEM) via disulfide bonds, which was coated by pancreatic
ductal adenocarcinoma (PDAC) cell membrane in order to maximum the cytotoxicity toward PDAC cells.®® In the tumor
microenvironment, the high level of glutathione (GSH) triggered the release of GEM via cleavaging the disulfide bonds
and NO was produced from L-Arg in response to the elevated reactive oxygen species. Besides, the PDAC cell
membrane-mimetic nanodelivery system had the advantages of tumor-targeting and enhanced stability. Collectively,
the cell membrane-based delivery system combined with NO donors and chemotherapeutic drugs greatly promotes deep-
penetration of nanoparticles in tumors, reverses MDR, and achieves stimuli-response release of therapeutic ingredients
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based on tumor environment, representing the paradigm of treatment of tumors with MDR via inhibiting the expression
of MDR related transporters.

Optimization the Physicochemical Property of Nanoparticles

In addition to designing various cell membrane-mimetic strategies that target multi-level biological barriers, the
physicochemical properties of nanoparticles, including size, charge and shape, also contribute to the improvement of
delivery efficiency. In the subsequent section, we will introduce how to design efficient nanocarriers by optimizing their
physicochemical properties.

According to the physiological environment of blood vessels and tumors, the requirements for nanoparticle size vary
from the aspect of blood circulation to penetration through solid tumors. In the bloodstream, particles smaller than 5.5 nm
could be directly cleared by the filtration of the kidneys.'*' It has been reported that the accumulating efficiency at tumor
sites elevated with the increase of micelle size, and the tumor accumulation of 100 nm micelles was nearly 10 times that
of 35 nm particles after 24 h injection.'*” In addition, the size of nanoparticles also affects the penetrating capability in
solid tumors."** Small sized nanoparticles possess stronger tumor penetration, due to experience less resistance during
diffusion compared with large-sized nanoparticles.'**'*> A series of micellar nanoparticles with different sizes from 30
nm to 100 nm were synthesized to examine the effect of nanoparticle diameter on penetrating abilities in hyperpermeable
and hypopermeable tumors, which demonstrated that only 30 nm micellar nanoparticles were capable of penetrating
pancreatic tumors with poor permeability.'*® Collectively, nanoparticles with large size preferentially accumulate at
tumor sites, yet, the penetrating efficiency is poor. On the contrary, small-sized nanoparticles could easily penetrate
through solid tumors, but inclined to be directly eliminated by kidneys in blood circulation. Considering the inconsistent
requirement of particle size between blood circulation and tumor penetration, optimizing particle size to enhance tumor
accumulation and facilitate penetration is extremely significant to improve drug delivery efficiency. With the emergence
of stimuli-responsive size-tunable nanoparticles, tremendous efforts have been devoted to design size-reducible nano-
particles triggered by tumor microenvironment such as overexpressed proteases, to balance accumulation and penetration
in tumors."?”"'3® Inspired by the high expression of hyaluronidase (HAase) at tumor sites, Yu et al developed a series of
cationized gold nanoclusters (CAuNCs)-PTX@hyaluronic acid (HA) with diameter of 150 nm, 200 nm and 300 nm,
respectively, via changing the mass ratio of HA and CAuNCs, and then, cloaked by the RBC membrane to check the
effect of nanoparticle diameter on tumor targeting, which showed that 150 nm nanoclusters displayed the best tumor
targeting and accumulating efficiency.*® Subsequently, 150 nm CAuNCs-PTX@HA coated by RBC membrane were
picked to be loaded with the photosensitizer pheophorbide A (PheoA), ROS-responsive paclitaxel dimer prodrug (PXTK)
and anti-PD-L1 peptide (dPPA) to achieve synergistic treatments combined with chemotherapy, PDT and immunother-
apy. The outer coating layer of RBC membrane protected the nanocarriers from MPS clearance, extended the circulation
time (mean residence time of RBC membrane coated nanoplatforms was 3.23-fold longer comparing with the uncapsu-
lated ones) and facilitated the tumor accumulation. The size of nanovectors accumulating at tumor sites shrinked due to
the degradation of HA, which promoted the size-reduced nanoparticles penectrated deep into tumors. Thus, cell
membrane-based size-reducible nanocarriers triggered by tumor microenvironment ensure maximum accumulation and
penetration at tumor sites, cleverly solving the size conflict.

Besides particle size, surface charge also determines the particle fate in vivo. As well known, neutral or negatively
charged particles have been demonstrated to inhibit the formation of protein corona, thereby extending circulation
time.'* Nevertheless, nanoparticles with positively charged surface are conducive to improve tumor penetration and cell
internalization due to the electrostatic absorption with negatively charged cell membrane.'*® Moreover, particles with
strong positively-charged surface could break through the compartment membrane via “proton sponge effect” to achieve
endosomal escape avoiding the degradation of lysosomes.'*' To optimize the physicochemical property of drug carriers,
the charge-switching strategy in design of cell membrane-based nanodelivery system could resolve the charge conflict in
the process from blood circulation to cellular internalization.'**'** Considering the upregulated level of MMP-9 in
numerous malignancies, Zhang and coworkers fused A549 cancer cell membrane with MMP-9-switchable peptide-based
charge-reversal liposome membrane (Lipm) to encapsulate lipoic acid-modified polypeptide (LC) nanoparticles mainly
composed of cell-penetrating peptide (CPP) co-loaded with decitabine (DTX) and siPGAMI1 cloaked by citraconic
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anhydride-grafted poly-I-lysine (PC) to treat non-small cell lung cancer.®” In the blood circulation, the fused coating layer
exhibited negatively charged, resulting in long blood half-time, homogenous targeting and enhanced accumulation at
tumor sites. Since the cleavage of MMP-9-sensitive peptides (RRRRRRRRR-PVGLIG-EGGEGGEGG) by the over-
expressed MMP-9 at tumor sites, CPP with positive-charge surface was activated to mediate cellular internalization
bypassing endosomes. PC in the middle layer was hydrolyzed and transformed the charge from negative to positive in
response to acidic tumor microenvironment leading to disruption and collapse of delivery systems, which contributed to
efficient release of DTX and siPGAM1. The multistage charge-reversal fused membrane-coated nanocarriers triggered by
the tumor environment were proposed as a potential strategy of optimizing the nanovehicle physicochemical property to
improve the delivery efficiency.

Apart from size and charge, the nanocarrier shape has an unignorable effect on the accumulation of therapeutics at
tumor sites. Numerous reports have indicated that nanovectors with minimal regions of curvature and high aspect ratios
exhibit longer blood circulation and more effectively congregate in lesions compared with spherical nanoparticles.'**!4
Represently, worm-like nanoparticles composed of siRNA and cationic bovine serum albumin (cBSA) through electro-
static interactions coated with cRGD-RBC membrane was fabricated to silence melanoma-relating genes (Figure 7).%
The decoration of cRGD-RBC membrane bestowed the worm-like nanocarriers with the ability of long blood circulation,
deep penetration into tumors and enhanced cellular internalization due to the overexpression of avfp3 integrin on B16F10
cell surface. The siRNA-cBSA complex exhibited negative-charge surface at neutral pH in bloodstream, while the
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Figure 7 Schematic diagram and advantageous study of worm-Like biomimetic nanoerythrocyte carrying siRNA in melanoma gene therapy. Schematic illustration of (A)
preparation and charge-reversible profile, (B) BI6FI0 tumor gene therapy, and (C) cell uptake and siRNA release profile from late endosome/lysosome escape of worm-like
biomimetic nanoerythrocytes as targeting charge-reversible siRNA vectors. (D) Fluorescence images of two kinds of cells incubated with each gene vector (NP, RP, PP, and
RBC-RP) for 4 h. (E) Biodistribution of cBSA, BSA sphere, RP, RBC-RP, and RGD-RBC-RP in BI6FI0 tumor-bearing BALB/c mice at 48 h after the injection. Results are
expressed as mean + SD (N = 4). *P < 0.05, **P < 0.01. Scale bars: 100 pm. (F) Relative tumor volume from tumor-bearing BALB/c mice with different treatment. Used with
permission from Wang Y, Ji X, Ruan M, et al. Worm-like biomimetic nanoerythrocyte carrying siRNA for melanoma gene therapy. Small. 2018;14(47):e1803002. © 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.*®

Abbreviations: RBC, red blood cell; RP, RBC-reversible polyplex; PP, always-positive polyplex; NP, always-negative polyplex; BSA, bovine serum albumin; cBSA, cationic
bovine serum albumin; NC, negative control.
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cationic residues, diisopropylamino ethylamine (DIPEA), linked with bovine serum albumin mediated the disruption of
compartment membrane in response to acidic conditions in lysosomes relying on “proton sponge effect”, which promoted
the effective release of siRNA into cytoplasm. The worm-like nanoparticles of siRNA and BAS encapsulated by cRGD-
inserted RBC membrane performed significant inhibitory effects in orthotropic xenograft mouse models. Altogether, the
strategies of overcoming multi-level biological barriers combined with optimizing physiochemical characters should be
conducted in designing of an ideal cell membrane-mimetic nanocarrier to extend blood circulation, massively accumulate
at tumor sites, efficiently penetrate solid tumors, avoid lysosomal degradation, achieve site-specific release, and inhibit
efflux.

In summary, cell membrane modifications, such as the conjugation of tumor-penetrating peptides, genetic engi-
neering and membrane fusion, can be employed to improve the biocompatibility and targeting capabilities of bionic
nanovectors. Furthermore, the physical properties of nanocores, including charge, size, and shape, should be optimized
to meet the requirements of biological barriers at different levels. In addition to therapeutics, associated substances,
encompassing functional chemical molecules, enzymes, and genes, could be considered for co-encapsulation to
achieve synergistic actions on biological barriers, thereby facilitating site-specific delivery. Enhanced overcoming of
the biological barriers confronted by anti-tumor nanoparticles upon intravenous injection, coupled with diverse cell
membrane-based tactics (disguising with hybrid cell membranes, remodeling pathological milieus, evading lysosomal
degradation, reversing MDR, and refining nanoparticle physicochemical attributes), will further propel the develop-
ment of cell membrane-mimetic nanoparticles adept at sequentially overcoming these hurdles for precise and targeted
delivery.

Perspectives of Cell Membrane-Based Nanoplatforms

With the aid of cell membrane-based nanosystems, anti-tumor ingredients are able to evade clearance by RES, infiltrate
tumors, and eradicate tumor cells. In addition to the aforementioned biological barriers, cell membrane-mimetic
nanocarriers have also displayed unique advantaged in overcoming blood-brain barriers (BBB). Furthermore, by utilizing
the precise release characteristics of cell membrane-mimetic nanocarriers, it is feasible to incorporate contrast agents,
antibiotics, analgesic ingredients or surgically isolated cancer cell membrane onto these nanodelivery systems for early
diagnosis, anti-intratumor bacterial treatment, pain relief and personalized immunotherapy, thus accelerating the devel-
opment of precision delivery systems.

Application in Central Nervous System Disorders

The treatment of central nervous system (CNS) disorders, such as glioblastoma, Alzheimer’s disease, brain tumors,
Parkinson’s disease and ischemic stroke, continues to encounter significant challenges due to the poor penetration of
BBB.'*¢ BBB is composed of brain microvascular endothelial cells (BMECs), pericytes, basement membranes, and the
end-feet of astrocytes. BMECs serve as the fundamental component of the BBB and play a crucial role in establishing
and maintaining its structural integrity."*” BMECs are located within the inner microvasculature, making their recogni-
tion a crucial first step for targeted BBB delivery following systemic administration.'*® Distinguished from peripheral
microvascular endothelium, BMECs are closely attached and form tight junctions with limited fenestrations and
pinocytic vesicles, presenting obstacles for delivery vehicles.'*® Hence, brain as a vital part of CNS demonstrates
a high level of intricacy, necessitating precise delivery vectors for therapeutics targeting brain lesions.

Cell membrane camouflaged nano-vehicles, characterized by enhanced pharmacokinetic profiles, homotypic-targeting
capabilities and excellent biocompatibility, hold significant promise for addressing the challenges associated with treating
CNS diseases. Notably, nanoparticles camouflaged by glioblastoma (GBM) cancer cell membranes exhibit excellent
permeability across BBB, mediated by the downregulation of tight junction proteins, including Zonula occludens-1 (ZO-
1), Claudin-5 and Occludin, ultimately decreasing the tightness of endothelial cells.'>® To improve BBB penetration, zou
and coworkers developed gboxin loaded PEG-PHB nanoparticles encapsulated by GBM cancer cell-mitochondria hybrid
membrane aimed at GBM therapy.'>' Gboxin, as the inhibitor of oxidative phosphorylation, suppresses GBM growth
through reducing the reactive activity of FOF1ATPase complex V. Moreover, the hybrid membrane of GBM cancer cell
and mitochondria bestowed prolonged circulation (4.90 h versus 0.47 h of free Gboxin), biocompatibility, remarkable
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BBB penetration and dual-tumor cell and mitochondria targeting (5—10 folds lower IC50 than free Gboxin) upon the
encapsulated therapeutics, leading to negligible side effects and extended median survival time in U87MG and GBM
stem cell X01 orthotopic mouse models. Looking forward, nanocarriers wrapped with cell membrane have opened up
new avenues for overcoming the BBB and treating CNS-related diseases.

Tumor Imaging

It is important to choose appropriate diagnostic methods to detect tumors in the early stage, in order to prolong the patient
survival and improve recovery rate. However, the conventional diagnostic manners, such as X-ray diffraction, positron
emission tomography (PET), X-ray CT, magnetic resonance imaging (MRI) and optical fluorescent light imaging (FLI),
do not possess the ability to specially detect early tumors in cancer screening, leading to the misinterpretation and poor
prognosis.'**'>* Given the shortcomings of traditional imaging techniques under short-wavelength irradiation, including
high autofluorescence, poor tissue penetration, and invasive photo-damage to tissues, the application of NIR in optical
imaging systems has dramatically improved imaging resolution and minimized side effects.'>*'> In addition, rare earth-
doped nanoparticles (RENPs) with the advantages of long fluorescence lifetime, narrow emission spectra, low auto-
fluorescence and minimal toxicity have been widely applied in NIR-II (1000-1700 nm) imaging.'*® Zhang et al
developed RENPs coated by cancer cell membrane for NIR-II imaging to detect tumors and navigate surgery.'>’ The
coating layer of cancer cell membrane protected the RENPs from clearance by the host immune system, promoted
massive nanoparticles accumulated at tumor sites and exhibited favorable tumor imaging in the NIR-II window, which
holds the potential to achieve precise tumor resection in medical applications.

Apart from enabling early diagnosis and guiding tumor resections in clinical settings, cell membrane-based imaging
nanoplatforms have been developed for real-time monitoring and dynamic assessment during photothermal/photody-
namic therapy realizing the integration of diagnosis and treatment. Indocyanine green (ICG), as a photosensitizer has
been approved by the US Food and Drug Administration for clinical application owing to the merits of low toxicity and
favorable optical properties, such as optimum level of tissue penetration, reduced light scattering and minimum auto-
fluorescent interference from biological samples.'*®!*° Besides, ICG can also produce reactive oxygen species or induce
hyperthermia effects under NIR laser irradiation to eradicate tumors.'® ICG loaded PLGA nano-cores encapsulated by
cancer cell membrane (ICNPs) were applied in PTT combined with fluorescence/photoacoustic (FL/PA) imaging under
NIR laser irradiation.'®" Benefiting from the homologous-targeting property of coating layer, abundant ICNPs accumu-
lated at tumor sites resulting in FL/PA imaging with high resolution and enhanced cytotoxicity. Recently, hydrogen
phosphate ions and ICG co-loaded hollow mesoporous manganese dioxide (HMnO,) modified with poly (allylamine
hydrochloride) (PAH), and then, coated by Hella cell membrane (M-HMnO,@ICG) were fabricated for the treatment of
cervical cancer through magnetic resonance, photothermal and fluorescence imaging-guided combination treatment.'®*
The ICG-carrying efficiency and stability were improved through the addition of PAH and hydrogen phosphate ions.
Under laser irradiation, M-HMnO,@ICG, stimulated by tumor microenvironment, decomposed to release ICG, produce
O, relying on peroxidase- and catalase (CAT)-like activities to sensitize PDT and facilitate oxidative stress treatment
effects (chemodynamic therapy (CDT) and PDT) by consuming GSH. Additionally, PTT mediated by ICG exhibited
synergistic effects on PDT. The cell membrane-mimetic phototherapeutic nanosystem was shown to accumulate at tumor
sites and significantly suppressed tumor growth in Hela tumor-bearing mice models via fluorescence imaging.
Collectively, optical therapies with imaging guidance confer the advantages of minimal drug resistance, non-invasive
treatment, and real-time monitoring representing a prospective therapeutic avenue to expand therapeutic outcomes and
obviously decrease side effects.

Personalized Immunotherapy

Personalized immunotherapy, emerging as a prominent focus in medical research, has the potential to enhance treatment
efficacy while minimizing adverse effects on patients through accurate diagnosis and tailored therapeutic regimens.'®®
Considering solid tumors obtained from resections contain massive tumor-associated antigens (TAAs) as well as
neoantigens that can effectively activate anti-tumor immune responses, surgically derived cancer cell membrane

(SCM) has been extracted to prepare personalized cancer vaccines for carcinoma immunotherapy.'®*'%® Imiquimod
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(R837) was incorporated into thioglycolic-acid-grafted poly(2-methyl-2-oxazoline)-block-poly(2-butyl-2-oxazoline-co
-2-butenyl-2-oxazoline) (PMBEOx-COOH) nanoparticles coated with SCM (SCNPs/R837) to mitigate excipient-
induced side effects and provide autologous antigens for individualized immunotherapy.'®” The findings suggested that
SCNPs/R837 were transported to stimulate the resident plasmacytoid dendritic cells (pDCs) in draining lymph nodes
(LNs), where activated pDCs released pro-inflammatory cytokines and recruited activated NK cells and CTLs at tumor
sites, thereby overcoming the immunosuppressive microenvironment of tumor and inducing tumor cell death.

To enhance tumor-specific cellular immunogenicity, Ren et al developed “ABC” ternary membrane cloaked nano-
vaccines via a block-copolymer micelle-enabled method. The “ABC” ternary membrane system, consisting of antigen-
presenting mature dendritic cell membranes (“A”), bacterial E coli cytoplasmic membranes (“B”) and B16 cancer cell
membranes (“C”), accelerates the maturation of dendritic cells (DCs) and promotes cytotoxic T cell multiplication
in vivo, effectively inhibiting tumor growth.'®® The B16 tumor cell membrane presented a broad spectrum of tumor
antigens to avoid immune escape that target a single antigen, E. coli cytoplasmic membranes containing pathogen-
associated molecular patterns (PAMPs) triggered innate and adaptive immunity responses similar to infection signals,
thereby preventing cytokine storms from cell wall fractions, and dendritic cell membranes promoted cell-to-cell immune
communication and enhanced accumulation in lymph nodes. The results revealed that the immunogenicity of ABC was
14- and 304-fold higher, respectively, compared to binary (BC) and single (C) membrane vaccines. Additionally, the cure
rate of ABC immunization reached 80% in tumor-bearing mice as a result of the enhanced proliferation of tumor-specific
cytotoxic T lymphocytes mediated by the “ABC” ternary membrane system. Furthermore, “ABC” nanovaccines prepared
by autologous cancer membranes effectively prevented tumor recurrence and metastasis in a post-surgical recurrence
model, demonstrating the new multicellular communication platform of “ABC” ternary membrane nanovaccine. This

paves the approach for personalized cancer immunotherapy.

Anti-Intratumoral Bacteria
With the deep understanding of complicated tumor microenvironment, it has been reported that intratumoral bacteria not
only facilitate tumor growth and postoperative recurrence but also diminish therapeutic responses of tumor cells,
ultimately leading to treatment failure.'®'”° Clinically, intravenous antibiotics are commonly utilized in post-surgical
cancer treatment to combat bacterial infections.'”"'”? However, the systemic administration of antibiotics may have
several potential drawbacks, bacterial resistance induced by antibiotic overuse, limited effects on tumor-colonizing
bacteria and the compromised anti-cancer efficacy, including the elimination of non-pathogenic anticancer bacteria,
such as those in the gut microbiome.'”*'"* Therefore, an alternative strategy to selectively eliminate intratumoral bacteria
and enhance anti-tumor efficacy has been highly desirable.

It was found that abundant Fusobacterium nucleatum (F. nucleatum) accumulated within colorectal tumors and
adenomas around colon tissues through testing surgically obtained samples from colorectal cancer (CRC) patients,'”>'"®
which significantly exacerbated the immunosuppressive tumor microenvironment via elevating the infiltration of immune

178

suppressive cells,'”” reducing the cytotoxic effect of NK cells and T cells,'”® and reducing the infiltration of tumor-

infiltrating lymphocytes.'”” Based on the high affinity between Fap-2 presented on the F nucleatum membrane and
D-galactose-B(1-3)-N acetyl-D-galactosamine (Gal-GalNAc) overexpressed on the surface of colorectal tumor cells,'
colistin-loaded liposomes fused with F nucleatum cytoplasmic membrane (FM) was developed to selectively remove
tumor-colonized F nucleatum and restore the immunotherapy against colorectal tumors.'®! The Colistin-LipoFM, with its
tumor-targeting property and retention capacity, exhibited superior antibacterial efficacy compared to free colistin and
colistin-loaded liposomes. In addition, the immunosuppressive tumor microenvironment induced by F nucleatum was
effectively alleviated, resulting in the restored therapeutic effect of antibodies against cytotoxic T lymphocyte-associated
antigen 4 (anti-CTLA4) in F nucleatum infected colorectal cancer models. Consequently, the F nucleatum membrane-
mimetic nanoplatform, which targets intratumoral bacteria, exhibited outstanding anti-bacteria efficiency combined with
enhanced immunotherapy against F nucleatum-colonized colorectal cancer, thereby highlighting the promising potential

of cell membrane-mimetic delivery systems in addressing inflammation within tumors.
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Relieve Cancer-Related Pain

Pain, as a prevalent symptom among cancer patients, dramatically impacts their quality of life and accelerates the tumor
progression. Reports indicate that approximately 75-90% of cancer patients in metastatic or advanced stages will suffer
from cancer-related pain.'®*'® Cancer pain is a multifaceted pain condition involving neuropathic, compressive,

inflammatory and ischemic mechanisms.'®*

Within the cancer microenvironment, tumor cells could release algogenic
mediators to sensitize and activate nociceptors.'®® Pain in certain cancers, such as head and neck cancer, pancreatic
cancer, and osteosarcoma, originates from the primary tumor site.'**'®” However, in common cancers like breast, kidney,
lung cancer and prostate, tumors tend to metastasize to multiple bones throughout the body including the ribs, vertebrae,
femur, hip and tibia. The widespread metastasis leads to significant bone pain.'®®

For breast cancer with bone metastasis, nanoparticles co-loaded with decitabine and JTC801, coated by engineered
macrophage membrane (EMM) were constructed to suppress the progression of breast tumors and relieve cancer-related
pain.'®® The cell membrane-mimetic nanoplatforms, which inherit inflammation-targeting from EMM, effectively
addressed the challenge of poor blood supply in bone metastatic tumors and enabled simultaneous targeting of multiple
cancer lesions. Subsequently, the combination of JTC801 and decitabine enhanced lytic and inflammatory responses,
leading to a synergistic tumoricidal effect, and transformed the tumor into an ideal decoy for EMM, thereby amplifying
the tumor-targeting efficiency. Furthermore, JTC801, as p-opioid receptor (MOR) antagonists, was found to effectively
alleviate cancer-associated pain by when evaluated by assessing pain levels in left hindlimb tumor-bearing mice.
Comprehensively, the macrophage membrane-mimetic nanoplatform has shown significant inhibitory effects on tumor
growth, metastasis, and analgesic activity in mouse models of breast cancer with bone metastasis. Hence, integrating the
benefits of cell membrane-mimetic nanovectors into the combination of cancer therapy and pain management has the

potential to significantly enhance patient quality of life and caregiver functional status.

Challenges and Future Directions

Despite the considerable advantages of cell membrane-based delivery systems, such as biocompatibility, immune
evasion, prolonged blood circulation and tumor targeting properties, most studies regarding fabrication and in vivo or
in vitro evaluation still remain at the basic research stage. Hence, to accelerate clinical trails and achieve industrial

development, there are some theoretical challenges and technical barriers that need to be overcome (Table 3).

Cell Sources

In numerous researches, the tumor-targeting capability of cell membrane-mimetic nanovectors is enhanced by utilizing
tumor cell membranes derived from donor sources that match host cells. Due to uncontrollable elements and safety
concerns, personalized treatment involving extraction of tumor cell membranes from the patient may not be feasible in
practical applications. One potential avenue for addressing this concern is to establish several super-cell membranes by
pretreating cells to induce the overexpression of intrinsic functional proteins and eliminating unnecessary proteins in
accordance with acceptable standard. Otherwise, it is imperative to design a library of biologically derived membranes
with distinctive properties and conduct intensive research on the most suitable strategies of cell membrane-mimetic
nanocarriers tailored to different tumors, ensuring optimal tumor-targeting properties and improving patient satisfaction.

Table 3 The Advantages and Limitations of Cell Membrane-Mimetic Nanovectors

Advantages of Cell Membrane-Mimetic Nanovectors | Limitations of Cell Membrane-Mimetic Nanovectors

Biocompatibility Cell sources

Immune evasion Potential immunogenicity

Prolong circulation time Infancy technology and characterization tools
Tumor-targeting Storage conditions and standard protocols
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Potential Immunogenicity

At present, only a few defined proteins on the cell membrane are accountable for tumor-targeting and evading recognition
by MPS, while numerous unknown proteins might target other organs and trigger immune responses. Hence, the dynamic
mechanism of the cell membrane in traversing biological barriers requires clarification by recreating a 3D microenviron-
ment such as cell—cell and cell-extracellular matrix interactions to determine which are functional proteins and which are
the proteins that trigger immune responses. Moreover, most experiments in this review focused on the tumor-targeting
property of delivery systems in mouse models; however, the immune response and pharmacokinetics in human body are
unpredictable Researchers should put more attention on immune reactions and long-term behaviors, such as absorption,
distribution, metabolism and excretion in human systems. Only through repeated confirmation in theory and practice
could the potential immunogenicity risks be decreased.

Infancy Technology
The cell membrane-mimicking technology is still in its infancy and its high cost consumption should not be ignored
compared with traditional engineering techniques. To achieve industrial development, the following technological
barriers must be addressed.

Cell Expansion

To prevent batch-to-batch variations in cell membranes, it is essential to control the purity, quality and phenotype during
cell passage. Given this, the bioreactor is highly beneficial for ultra-large-scale cell expansion as it enables better control
over the culture environment.'”® Moreover, prior to its application, it is crucial to optimize and determine the culture
parameters, such as the frequency of medium change, oxygen concentration, and the rotation speed of the impeller, to
guarantee the expression level of functional proteins.

Cell Membrane Extraction

The current research usually employs differential centrifugation to extract membranes. However, the method might not
completely eliminate all cytoplasmic components and could lead to the loss of membrane fragments, causing nuclear/
mitochondrial/cytosol contamination and the reduction of delivery efficiency. Therefore, maintaining the integrity and
purity of the cell membrane is an important issue that needs to be taken into account during the extraction process. There
is an urgent demand for an established process for the isolation of cell membranes with high yield and purity.

Coating Techniques

There is a risk of immune response for nanoparticles that are not enveloped by cell membranes. Hence, during the
assembly process of cell membrane-mimetic nanovectors, it is crucial to control the coating layers encapsulating each
nano-core and achieve a homogeneous coating. Compared with conventional methods, such as co-extrusion and
ultrasonication, microfluidic electroporation could enable more precise control over the membrane coating process
through tunable parameters such as the geometry of the mixing channel, flow rate, voltage, and electric field pulse

rate, which significantly enhances the encapsulation efficiency.'®’

Characterization Tools

The cell membrane-based nanocarriers produced need to be characterized, particularly for the active motifs, to ensure the
purity of extracted cell membrane and the integrity of functional proteins. Transmission electron microscopy, stability
assays, Western blotting or mass spectrometry protein analysis and binding exclusion assays are all commonly employed
approaches for evaluating the uniformity and integrity of the membrane coating, all of which should be optimized to
ensure the intended delivery efficiency.

Storage Conditions

Storage conditions, including storage matrix, storage container, time, temperature, etc, exert a decisive influence on the
activity of functional proteins after long-term deposit, especially for engineered cell membrane. However, the factors
affecting the shelf life of cell membrane-mimetic nanocarriers have not been explored yet. Hence, it is critical to optimize
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long-term storage conditions to maintain the stability of the coating membrane and improve the shelf life of bionic
nanovectors.

Standard Protocols

Standard operating procedures, ranging from cell expansion, cell membrane extraction, to assembly of bionic nanocar-
riers, should be well-established. Overall, the final product should be manufactured in a sterile environment and in
accordance with standard protocols, ensuring cell membrane-mimetic nanomedicines from batch to batch are free of
biological contaminants. Only by surmounting the aforementioned challenges can we expedite the process of converting
cell membrane-mimetic nanocarriers from the laboratory to clinical practice.

Conclusions
With the development of biomimetic technology, cell membrane-camouflaged nanoplatforms have been widely
researched owing to their biocompatibility, long blood circulation, as well as partial tumor-targeting. Nevertheless, the
implementation of cell membrane-mimetic nanoparticles has not been satisfactory in clinical trials. After intravenous
injection, a series of complicated biological obstacles hinder adequate delivery of therapeutic ingredients to interest sites.
Herein, we outlined the biological barriers that determine the final fate of nanocarriers, ranging from blood circulation,
tumor microenvironment to cellular internalization, and reviewed cell membrane-based strategies that aim to overcome
these impediments and achieve precision delivery at different levels. Moreover, optimizing nanoparticle physicochemical
properties based on the requirements of physiological barriers existing in the process of nanoparticles to lesions through
systemic routes provides a multifunctional paradigm to improve the delivery efficiency. Additionally, cell membrane-
mimetic nanocarriers can be utilized to incorporate contrast agents, antibiotics, analgesic ingredients or patient-self
cancer cell membrane for early diagnosis, anti-intratumor bacterial treatment, pain relief and personalized immunother-
apy, thus accelerating the development of precision delivery systems.

Despite numerous studies having been conducted on cell membrane-mimetic nanovectors, merely focusing on one or
a few biological barriers evidently cannot yield satisfactory delivery outcomes. In the review, we offer a systematic
elaboration of biological barriers and corresponding countermeasures, providing guidance for the design of novel cell
membrane-mimetic nanocarriers in the future. This advancement not only harbors the potential to translate cell
membrane-based nanodelivery systems seamlessly from laboratory to anti-tumor clinical applications, but also under-
scores the pivotal role of cell membrane-mimetic nanocarriers as a promising therapeutic modality for diverse diseases.
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