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Abstract: The tumor microenvironment (TME) plays an important role in various stages of tumor generation, metastasis, and evasion
of immune monitoring and treatment. TME targeted therapy is based on TME components, related pathways or active molecules as
therapeutic targets. Therefore, TME targeted therapy based on environmental differences between TME and normal cells has been
widely studied. Biomimetic nanocarriers with low clearance, low immunogenicity, and high targeting have enormous potential in
tumor treatment. This review introduces the composition and characteristics of TME, including cancer-associated fibroblasts (CAFs),
extracellular matrix (ECM), tumor blood vessels, non-tumor cells, and the latest research progress of biomimetic nanoparticles (NPs)
based on TME. It also discusses the opportunities and challenges of clinical transformation of biomimetic nanoparticles.
Keywords: nanoparticles, biomimetic delivery system, tumor therapy, cell membrane-coating

Introduction

TME refers to tumor cells and their microenvironment and is mainly comprised of tumor cells and their surrounding
immune and inflammatory cells, tumor-associated fibroblasts and nearby interstitial tissues, tumor blood vessels, and
various cytokines and chemokines, as shown in Figure 1.

The biggest characteristic of TME is immunosuppression, and the ultimate goal of immunotherapy is to restore anti-
tumor activity and weaken the immunosuppressive effect of tumor cells. Only by being familiar with the differences in
the living environment between TME and normal cells can we use this as a starting point for safe and efficient treatment
of tumors. However, the difficulty in treatment lies in the fact that, firstly, TME undergoes significant dynamic changes as
the tumor develops. Secondly, there are normally expressed cells in TME, but due to its immunosuppressive properties, it
is difficult to accurately target the tumor site and avoid potential adverse reactions caused by the impact on normal
healthy cells in other tissues. Nanoparticles can deliver targeted anti-tumor drugs to anti-tumor sites through EPR effects
and targeted molecules. In addition, nanoparticles can effectively improve the solubility and bioavailability of drugs, and
reduce their toxic side effects. However, nanoparticles can be engulfed and cleared by the mononuclear phagocytic
system as foreign substances, resulting in reduced efficacy. Biomimetic nanoparticles, on the other hand, successfully
dress up as “in vivo components” by modifying cell membranes, exosomes, or other protein molecules to avoid clearance
by the mononuclear macrophage system. This article first introduces the composition, characteristics, and targeted
treatment methods of TME. Then, it introduces how biomimetic nanoparticles regulate the TME and their advantages

in tumor treatment. Finally, it states the problems and challenges in clinical translation of nanodelivery systems.

Tumor Therapy Targeting TME
As the microenvironment that tumors rely on for survival, TME includes CAFs, ECM, tumor vasculature, immune cells,
etc. Unlike the environment in which normal cells survive, TME exhibits some unique characteristics to meet the growth

and development of tumor cells, which can serve as research targets for tumor therapy, as shown in Figure 2 and Table 1.
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Figure | (A) shows composition of the TME: TME is a complex system, which is divided into cellular and non-cellular components. Cellular components include ECs, CAFs,
TAMs, DCs, T cells, Regulatory T cells, B-cells, NK cells, MDSCs etc. Non cellular components include ECM and extracellular cytokines etc. (B) shows the composition of
nano carriers modified by cell membrane. At present, cell membranes are mainly studied, including Erythrocyte, Tumor cell, Macrophage, NK cell, Neutrophils etc.

CAFs

CAFs are the most essential stromal cells in TME, accounting for 50% of the total tumor cells.”> The CAFs are
differentiated from normal fibroblasts recruited and activated by secreted growth factors such as transforming
growth factor B (TGF-P) and platelet-derived growth factor (PDGF) by tumor cells.** CAFs significantly change
morphology and functional protein expression compared to normal fibroblasts in the resting state.”
Morphologically, CAFs are spindle-shaped and relatively large, with various contractile and tension filaments in
the cytoplasm and an abundant rough endoplasmic reticulum. Regarding functional protein expression, a-smooth
muscle actin (a-SMA) and vimentin are highly expressed on the surface of CAFs.?® In recent years, many research
reports have clarified the relationship between CAFs and tumors, providing a theoretical basis for using CAFs as
new targets for tumor therapy (Table 1).

Compared to tumor cells, the CAFs are genetically stable, less likely to develop drug resistance and have a lower risk
of drug resistance and tumor recurrence. Secondly, disrupting the crosstalk between CAF and cancer cells can alter the
microenvironment that promotes tumors and improve the efficacy of combined therapy.’® Therefore, combinational
therapy targeting tumor cells and CAFs is envisaged as a novel strategy for improving treatment efficacy and overcoming
resistance.”’*® Many anticancer drugs targeting CAFs have been in the pre-clinical research or clinical trials phase.*’
These drugs mainly act by directly damaging the CAFs by targeting their specific surface molecules or inhibiting the
secretion of oncogenic factors and the signaling pathways involved by CAFs, thereby inhibiting the proliferation,
invasion, metastasis and drug resistance of cancer cells.”® However, due to different sources and phenotypes, CAFs
play different roles in different tumors and stages of the same tumor. Therefore, the function of CAFs in different types

and stages of cancer needs further exploration.*
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Figure 2 Mechanism of therapy for cancer. The composition of TME is complex, with tumor promoting and tumor inhibiting components. Reversing the tumor
immunosuppressive microenvironment requires enhancing anti-tumor cell activity (such as enhancing CTLs, DCs, NK cells, T cells, converting M2-TAMs to MI-TAMs)
and weakening the influence of immunosuppressive components (such as weakening Tregs and MDSCs activity).

ECM

The ECM is a macromolecular substance synthesized and secreted by cells and distributed on the cell surface or between
cells, acting as a vital tissue barrier to prevent tumor cell metastasis.>'2 It is a highly specific 3D polymer network,
providing physical support for cells and regulating cell functions.”® Like most ECMs, the core components of tumor
ECM comprise collagen, elastin, fibronectin, laminin, proteoglycans, and glycoproteins.** Structural proteins, such as

Table | TME-Related Durg or NPs Against Cancer

Component

Characteristic

Durg or NPs

Mechanism

CAFs

| .Secreting growth factors and
extracellular vesicles leading to
chemotherapy resistance
2.Forming a stubborn barrier,
restrict drug delivery
3.Expressing matrix
metalloproteinase (MMPs) and
collagenases degrade ECM

I.Anakinra (IL-IR
Antagonists)'

2.Galunisertib

(TGF-B receptor inhibitor)?

|.Blocking the activation of LIF/JAK/STAT pathway and
inhibiting the activation of inflammatory CAFs
2.Reduce the production of IL-6 and the activation of STAT3

ECM

Increasing in hardness, density and

interstitial tissue pressure

|.Losartan and its
analogues®

2.Matrix metalloproteinase,
(MMPs) inhibitor*
3.LOX/LOXL? inhibitor®
and Lipo-EPI-LOX®
4.Collagen fibrase”

I.Inhibiting TGF-B and decreasing secretion of type

| collagen, reducing connective tissue proliferation
2.Prevent ECM degradation and inhibit tumor invasion of
surrounding tissues

3.Collagen removal deposition reduces ECM hardness

4.Reduce the density of matrix fiber network and improve

the penetration of injected paclitaxel microcapsules

(Continued)
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Table | (Continued).

Component

Characteristic

Durg or NPs

Mechanism

Tumor

Vasculature

Abnormal endothelial cell
morphology; Promoting tumor
cells penetrate blood vessels and
the circulatory system

|.Bevacizumab®

2.Low relative molecular
weight heparin (LMWH)>'°
3.HA-Ch-NPs (siRNA)"'
4RGD-HCuS (TH302)'?

| Single-target antibodies against VEGF

2.Block the binding of heparin-binding growth factors such
as VEGF and FGF to endothelial cells and ECM surface
receptors, thereby reducing endothelial cell proliferation
and migration and stimulate the secretion of tissue factor
pathway inhibitors (TFPI) from vascular endothelium
3.Silence the angiogenic gene PLXDCI and reduce tumor
neovascularization

4.After NIR irradiation, the local temperature rise triggers
the rapid release of nitrogen bubbles from the VA, whose
rupturing can destroy neovascularization and induce

necrosis in the surrounding tumor cells

response

(recombinant human IL-2)22

TAM Dual effect: M2-TAMs promote 1.P(1V)/CQ/PFH |.Converting M2-TAMs into M|-TAMs, inhibited the
tumor progression; M1-TAMs NPs-PPPA-1'3 expression of PD-LI, increase the secretion of anti-tumor
inhibit tumor progression 2.Imiquimod coated cytokines, improve CTLs infiltration, reduce Treg activity

microspheres'* 2.Particle size less than 3 um. Avoiding tumor cell
3.PLX-NP-P-aPD-| @Gel phagocytosis and selective phagocytosis by TAM, converting
(Pexidartinib)'® M2-TAMs into MI-TAMs
4.Ibrutinib'® 3.CSFI/CSFIR plays a central role in the production,
differentiation, and function of macrophages
4.Blocking CSFI/CSFIR signal transduction and reducing
TAM infiltration
DCs Activity is limited I.PNPprx&MNP,c@Gel |.Target DCs to enhance CpG (TLR-9 agonist) uptake the
(paclitaxel and CpG)'” combination of paclitaxel induces immunogenic cell death,
2.F-PMs'® promotes DCs maturation, and enhances DCs antigen
3.Radiotherapy and antigen- | presenting activity
adsorbing cationic polymer | 2.ATP binds to P2Y2 receptors on the surface of DCs,
NPs'? promoting the recruitment and migration of DCs to lymph
nodes, and enhancing antigen presentation
3.Enhanced the crosstalk between the antigens and DCs,
activate tumor margin DCs activity

CTLs Activity is inhibited 1.CDDP-NPs (cisplatin)?° |.Overexpress MHC-|, increase the generation of MHC-I

Some tumors have less infiltration | 2.Immune checkpoint antigenic peptide complex (PMHC-I), and enhance the
inhibitors?' interaction between PMHC-I and T-cell receptors (TCR)
2.Blocking the inhibitory signal of tumor cells on T cell
activation

Tregs Inhibiting anti-tumor immune Degradable nanoball Continuously releasing RIL-2, maintaining a high

concentration of RIL-2 in TME

collagen, clastin, and proteoglycans, serve the basic skeleton, forming the ECM fibrous reticular complex on the cell

surface and directly or indirectly connecting to the cell surface receptors through fibronectin or laminin and other linker

molecules.*® These components together maintain the stability of ECM. Disruption of ECM balance by overexpression or

abnormal behavior of one or more components may translate into changes in tumor invasiveness. Collagen type I,

fibronectin, and other ECM proteins are up-regulated in breast cancer. Different pathological types of breast cancer have

their own characteristic ECM protein expression profile, which is related to the prognosis of breast cancer, suggesting

that the changes in ECM expression profile play a decisive role in determining the fate of tumor cells and tumor

development.*® The dynamic changes in ECM in tumors are not only reflected by changes in the expression level and

relative composition of ECM proteins but also in the physical properties such as the spatial topology and ECM rigidity.>’
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Tumor ECM can be targeted in several ways, including cellular activity in the ECM, ECM remodeling enzymes, and
structural or physical properties of the matrix (Table 1). ECM exerts a “soil” effect in the development of tumors, where
the ECM is complex and changeable; it can influence angiogenesis, remodeling, immune regulation mechanism, etc.
affecting the tumor development. Thus, ECM in tumors provides a new direction for anti-tumor treatment. Matrix
remodeling and degradation can promote tumor invasion to different degrees. How to find a balance point to inhibit
tumor invasion is worth exploring. At the same time, using the characteristics of tumor ECM and its different from
benign cells provide a new diagnostic idea for the clinical judgment of the nature of the lesion.

Tumor Vasculature

Angiogenesis refers to the generation of new blood vessels from existing ones, including the vascular membrane
degradation, the activation, proliferation and migration of vascular endothelial cells (ECs), new angiogenesis and other
complex processes.>® Like normal cells, tumor cells need blood vessels to transport oxygen and nutrients and excrete
metabolic waste products. Under normal physiological conditions, in a mature organism, the vascular system lies in
a long-term resting state and undergoes transient angiogenesis only in the event of an injury.*® During malignant tumor
progression, angiogenesis remains in a normal state.**** When the tumor grows, due to higher oxygen and nutrient
demand, continuous new angiogenesis progresses to fulfill the metabolic demand of tumorous cells, thus, making
angiogenesis a process of pivotal importance for tumor growth and metastasis.*!

Blood vessels in tumors are also structurally different from those in normal tissues.** ECs are neatly arranged in
normal tissues, where pericytes (PCs) are closely bonded to ECs.***

Vascular-targeted therapy strategies are mainly focused on inhibiting key signaling pathways that promote tumor
angiogenesis, down-regulate the expression of vasoactive factors, inhibit tumor angiogenesis, cut off tumor feeding, and
curb tumor growth, recurrence and metastasis*>*® (Table 1).

Based on the continuously revealed anti-angiogenesis mechanisms and related targets, researchers focused on ECs,
PCs, basement membrane and other vascular components, and employing chemical modification, supramolecular self-
assembly and other strategies to develop nanodelivery systems to improve delivery and anti-angiogenesis efficacy.*’” In
addition to long circulation and good permeability characteristics for improving payload delivery, it can integrate various
functional components to actively target tumor blood vessels, improve hypoxia in TME, and regulate immunity*®
(Table 1).

Non-Tumor Cell

Immune cells are the main components of non-tumor cells in TME, including tumor-associated macrophages (TAM),
dendritic cells (DCs), T-cells, B cells, natural killer cells (NK cells), neutrophils, and marrow-derived suppressor cells
(MDSCs).*” Normal immune cells have a powerful anti-tumor effect and can induce innate and adaptive immune
responses. However, due to the accumulation of immunosuppressive cells, cytokines or related components in the
TME,”® immune cells become ineffective. Even the unique conditions of TME may transform some of these immune
cells into tumor-promoting cells. Compared to directly targeting cancer cells, targeting TME has significant therapeutic
advantages, as cancer cells are prone to developing drug resistance due to their genomic instability, while non-tumor cells
in TME have more stable genetic properties.”'

TAM

TAM is one of the crucial members of the innate immune response in TME,'* with dual antitumor properties, M2-TAMs
that promote tumor development and M1-TAMs that inhibit tumor progression. In addition, Macrophages act as tumor
inhibitors in the early stages of tumor development. Still, following tumor formation, TAMs perform the function of
immunosuppression, promoting angiogenesis (secreting vascular endothelial growth factor (VEGF)> and interleukin
(IL)-8)> and assisting tumor metastasis.’*>> Such as: facilitating Treg development and express elevated levels of
immune checkpoint ligands, such as programmed death-ligand 1 (PD-L1), programmed death-ligand 2 (PD-L2) and
inhibiting Cytotoxic T lymphocytes (CTLs) and NK cells and significantly exacerbating the immunosuppression effect.>®
With the deepening of research, it has been found that TAM mainly plays a role in promoting tumors and
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immunosuppression. Therefore, targeted treatment plans for TAM mainly include: inhibiting the recruitment of tumor-
related macrophages, promoting their failure and promoting M2-TAMs transformation into M1-TAMs can enhance
macrophage antitumor activity (Table 1).

DGCs

Bone marrow-derived DCs are the most potent antigen-presenting cells (APCs),” which have the identification ability of
the intruded pathogens via highly expressed toll-like receptors (TLRs). Following pathogen capturing, the major
histocompatibility complexes are combined with T-cell surface molecules to activate them and initiate cellular immunity.
The DC1 is the mainstay of exhibiting cross-presenting antigen. Moreover, activated DCs secrete tumor necrosis factor
(TNF)-a, IL-1B, IL-12, and other pro-inflammatory factors to help the T-cells.>” However, these roles are limited to
mature DCs, while immature DCs would promote tumor development and growth. The shock protein, TNF, IL-1, IL-6,
inflammasome, TLRs, reactive oxygen species (ROS)'? and other factors have been found to promote DCs maturation®®
while inhibited by Tregs. The VEGF, IL-10, and TGF-$ in TME would affect DCs function, ie, hinder DCs maturation,
and ultimately inhibits T-cell function. Huang et al reported that WNT2 secreted by CAFs would inhibit DC-mediated
antitumor response.’’

DCs activity is limited by a large number of immunosuppressive factors in TME and may not function even in the
presence of a large number of antigens. Thus, the targeted treatment methods for DCs mainly include increasing DCs
activity and increasing DCs recruitment (Table 1). The advantage of NPs is that they can specifically deliver antigen and
adjuvant modified NPs to DCs, promoting DCs maturation and CTLs activation through antigen presentation or adjuvant
assistance.

T-Cells

CTLs

The CTLs, also known as CD8'T cells, are the center of the immune response. They recognize cancer cells by MHC-I
class-specific antigen peptides to produce cytosolic particles, which exert a cytotoxic effect on the cancerous cells.
Cheung et al found that macrophage-derived progranulin (PGRN) could inhibit MHC-I expression of cancer cells.®®°' In
addition, the Kallikrein-related peptidases (KLKs), INF-1 and heme oxygenase-1 (HO-1) can also regulate CTLs
activity.®> The CTLs exert an anti-tumor effect by secreting IFN-y, which can up-regulate the expression of PD-LI or

PD-L2 in multiple cells, which could inhibit the anti-tumor effect of CTLs.>?

Regulatory T Cells (Tregs)

The Treg refers to T cells expressing FoxP3.%%> Under normal circumstances, it helps the body to avoid the occurrence of
autoimmune diseases, but excessive Tregs in the TME can inhibit the body’s normal anti-tumor response. The large
amount of Tregs in tumors can affect the prognosis of various types of cancer patients.** Related studies have shown that
Tregs are affected by avp8 integrin, where in their absence, Tregs cannot exert their inhibitory effect on T-cells.®> And
IL-2 is an important growth factor regulating Tregs activity, Tregs need to capture exogenous IL-2 to survive, but
recombinant human interleukin-2 (RIL-2) can activate NK and specific T-cells, in addition to activating Treg. Therefore,
low-dose IL-2 ultimately leads to immune suppression, which can be achieved by targeting depleted Treg cells, injecting
a large amount of IL-2, or inhibiting Treg activity through mutations in the Foxp3 gene (Table 1). However, the results of
clinical trials were disappointing since large doses of RIL-2 were associated with severe systemic adverse effects, and
making nanoparticles for local direct injection administration can concentrate RIL-2 in tumors, spleen, and lymph nodes
and prevented RIL-2 from dispersing through systemic circulation to the thymus gland (the main site of Treg develop-
ment), avoid causing autoimmune diseases.?

B-Cells

The adaptive immune cells comprise T and B-cells. Though researchers have been mainly focusing on the anti-tumor
effects of T-cells in recent years, B-cells have been found to affect tumors significantly. After being stimulated by tumor-
associated antigens (TAAs), they produce antibodies and granzyme B® or activate T-cells as APC to exert tumor
inhibition effect. Compared with B cells in peripheral blood, there is a difference in the expression of surface markers of
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B cells in tumor TME, with co-stimulating proteins (such as CD86) upregulated and CD23 expression reduced.®> The
most important thing is that different B cell phenotypes directly or through interactions with other immune cells cause
immune stimulation or tumor promoting effects, so it is necessary to comprehensively understand the mechanism of
action of B cells.®®

NK Cells

NK cells as one of the critical members of the innate immune system, unlike T cells or B cells have an innate immune
response.®” Without antigenic stimulation, antitumor effects are performed through IFN-y,>? perforin, and granzyme B.%
However, tumor cells or tumor-related cells will produce interleukin-6 (IL-6), IL-10, and TGF- B, prostaglandin E2
(PGE2) and other cytokines directly or indirectly inhibit the activation of NK cells. The scavenging capacity of NK cells
is influenced by the signal transduction of NK cell surface activating receptors (CD16, member of NK-2 group
D (NKG2D)), and inhibitory receptors (CD94, NKG2A, and killer cell immunoglobulin-like receptors (KIRs)),”’
which is utilized by tumor cells in blocking the anti-tumor activity of NK cells. Injecting cytokines that activate NK
cells or blocking the inhibitory effect of tumor cells on NK cells is a potential tumor treatment method.®

MDSCs

The secretion of G-CSF and GM-CSF by tumor cells affects the differentiation process of granulocyte macrophage
progenitor cells, ultimately leading to the accumulation of MDCS in TME.”® MDSC effectively promotes tumor growth
and metastasis through various immunosuppressive mechanisms, including metabolite depletion, upregulation of ROS,
and secretion of various cytokines, as well as various non-immunosuppressive mechanisms, such as epithelial mesench-
ymal transition (EMT), promotion of tumor cell dryness, and tumor angiogenesis.”' And research has found that MDSC
prevents immune checkpoint inhibitors from entering or in small amounts into TME, interfering with the action of ICls.
Secondly, other cells in TME can affect the infiltration of MDSC in TME (Table 2). MDSC is influenced by multiple
factors, and the most crucial one is the differences in morphology and phenotype between human and mouse MDSC.
Currently, most research is based on mouse models, and further exploration is needed to determine whether treatment
methods can be successfully applied in clinical practice.

In the process of targeted TME treatment, TME is dynamically changing under the influence of multiple factors. Only
targeting tumor cells or other cells in TME alone is not sufficient to reverse or reshape TME, and multi target synergistic
effects are needed. For example, Hei designed a CD47 antibody, a PD-L1 antibody modified with ROS-responsive
chemical bond liposomes (CAR@aCD47/APDT1-SSL) loaded with carvedilol (CAR). The CD47 antibody was first
released in response to ROS to promote macrophage phagocytosis and trigger a series of quasi-immune responses. The
PD-L1 facilitated blockage of CTLs inhibition by cancer cells and resulted in a strengthened immune response. In
comparison, CAR was released to inhibit tumor angiogenesis. The results showed that CAR@aCD47/APDT1-SSL
improved TME by promoting macrophage phagocytosis, blockage of the PD-1/PD-L1 signaling pathway, and increasing
CTLs infiltration, reducing Treg and M2-TAMs infiltration.”*

Compared with traditional dosage forms, nanomedicines are known for their versatility and precision in cancer treatment,
and have been studied for many years. Nanoparticles passively target the tumor site due to the EPR effect, and the gap
between endothelial cells in TME increases vascular permeability, making it easier for nanoparticles to penetrate the tumor
site. In summary, NPs have inherent advantages of high drug loading, elastic physical and chemical properties, flexible

Table 2 Cross-Talk Between Other Cells and MDCS in TME

Cells Cross-Talk
TAM TAM and MDSCs can transform into each other; Reducing M2-TAM differentiation and infiltration
CAFs Promoting the accumulation and aggregation of MDSCs
Tregs Recruiting a large number of Tregs; MDCSs can transform into Tregs
NK cells and T cells Inhibiting T cells and NK cells activity
International Journal of Nanomedicine 2024:19 https: 115
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modification and an organic combination of multi-modal therapies, which make them suitable for loading with anti-tumor
drugs, improving drug solubility, stability, pharmacokinetics, etc. They are widely employed in the pharma-medical industry.

Although nanoparticles can improve the tumor immune suppression microenvironment, they are synthesized and can
be used as foreign substances, which are taken up in large quantities by the mononuclear phagocytic system (MPS) and
quickly cleared, resulting in a decrease in drug delivery efficiency. Most immune cells are members of the mononuclear
phagocytes system, including macrophages, monocytes, and conventional dendritic cells (cDCs). Therefore, controlling
the clearance of nanoparticles by the MPS can significantly increase the anti-tumor activity of nanoparticles. At present,
there are some strategies, such as particle size being an important factor affecting clearance pathways, and nanoparticles
with small particle sizes (<10nm) can be excreted from the urinary tract through renal glomerular filtration. Large particle
size nanoparticles are quickly cleared from the blood to the spleen and liver through the monocyte system. In contrast,
larger NPs have a higher accumulation rate due to their longer intermediate cycle time, making them the best delivery
carriers. In addition, surface modification of nanoparticles is a commonly used strategy for achieving immune escape,
prolonging blood circulation, and enhancing tumor targeting. Surface modification with polyethylene glycol (PEG) is the
most common strategy. Zhai et al prepared polymer micelles loaded with paclitaxel, consisting of PEG, 9-fluorenyl-
methoxycarbonyl (Fmoc), and IDO-1 selective inhibitor NLG919 (Dox/PEG Fmoc NLG). The pharmacokinetic para-
meters showed that compared with free DOX, the half-life (T,=14.4 hours) of Dox/PEG Fmoc NLG was significantly
longer than that of the free Dox group (T;,=0.85 hours), and the clearance rate (1.74 mL/h) was significantly lower than
that of free Dox (9.83 mL/h), indicating that Dox/PEG Fmoc NLG has a longer blood circulation time. Flow cytometry
results showed that compared with the Dox group, the infiltration of CD4 T cells, CD8'T cells, and M1-TAMs in tumors
treated with Dox/PEG Fmoc NLG was significantly increased (p<0.05), while the infiltration of G-MDCS, M-MMDCS,
M2-TAMs, and Treg was significantly reduced (p<0.05), which significantly inhibited tumor growth (p<0.05).”
However, research has shown that after the first injection of PEG modified nanoparticles, anti-PEG immunoglobulin
M antibodies are induced, leading to rapid clearance of the nanoparticles from the bloodstream after the second injection
of PEG modified nanoparticles. Secondly, modifying PEG chains increase steric hindrance, preventing the targeting
molecules from binding to cell surface receptors, thereby reducing the uptake of NP by target cells. Rattan et al compared
the clearance rate and cell-specific targeting of acetylated and polyethylene glycol modified dendritic polymers and found
that the ability of acetylated modified dendritic polymers to reduce clearance rate was equivalent to that of polyethylene
glycol, and polyethylene glycol reduced tumor specific targeting, while acetylation did not.”* Although different surface
modifications of nanoparticles are beneficial for improving their biological activity, complex synthesis pathways can
introduce risks. Better nanomedicine should not design nanoparticles from scratch but should obtain raw materials from
biological systems. Many of the functions performed by cells are largely related to the biological macromolecules
embedded in the cell membrane.”> Another strategy is to modify CD47 on nanoparticles and bind with signal regulatory
proteins (SIRP) on phagocytes to inhibit the phagocytic ability of macrophages, ultimately avoiding the nanoparticles
from being engulfed by macrophages.’®’” Biocoupling technology used to modify CD47 on nanoparticles may lead to
protein denaturation.”® Therefore, CD47 simulated peptides can be used instead, but these peptides are different from
SIRP «. The interaction between them is weak.”®’”® Therefore, nanoparticles modified with biofilms or biomacromole-
cules can avoid clearance of the MPS. Therefore, nanoparticles modified with biofilms or biomacromolecules can avoid
clearance of the MPS.

TME-Related Biomimetic NPs against Cancer Metastasis

An ideal nanomaterial shall have the characteristics of prolonged systemic circulation and active targeting ability for
improved cytotoxic drug efficacy in treating tumors. Since NPs are exogenous substances, they are easily recognizable by
the body’s immune system, activating a cascade of downstream immune rejection, quickly cleared by the liver and
kidney, which is the primary reason for poor drug delivery. In recent years, the biomimetic nanoparticulate drug delivery
system has become a research hotspot that uses different biomimetic nanomaterials, including cell membranes, exo-
somes, lipoproteins, proteins and peptides, pathogens, etc. (Table 3). The NPs are either PLGA microspheres or magnetic
nanocapsules, liposomes, silica, micelles, etc. Being biomimetic in nature, these nanomaterial delivery systems have the
characteristics of good biocompatibility, targeting, and low immunogenicity and can protect drugs from degradation.
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Table 3 Various Biomimetic NPs Against Cancer Metastasis

Biomimetic NPs Advantage Disadvantage Reference
Erythrocyte Prolong blood circulation time; Enhancing tumor Poor targeting specificity; Heterogeneous immune [80-82]
membrane-coated NPs | accumulation; Reducing clearance of the responses

reticuloendothelial system; Easy to obtain; low-

cost mass production
Immune cell Promoting immune evasion; Good Insufficient cellular uptake [83]
membrane-coated NPs | biocompatibility; Tumor targeting
Tumor cell Accurately targeting homotypic tumors; Avoiding | High manufacturing costs, large-scale logistics, and [84]
membrane-coated NPs immune system clearance; Simultaneous targeting | quality control methods remain challenges

of primary and metastatic cancer cells
Platelet Persistent in vivo circulation and targeting; Difficulty in maintaining the biological activity of [81,83]
membrane-coated NPs | Avoiding immune system clearance; Cancer PMNP; Lack of platelet membrane during large-

targeting scale production processes
Hybrid Increasing tumor targeting ability Not as effective as single cell membrane [81,85]
membrane-coated NPs modifications in terms of targeting ability or
and nanovesicles prolonging blood circulation time.
Proteins or Good biocompatibility, Non-toxic, Non antigenic; | May react with proteins in the blood; Reducing the [86]
peptides-based Improving tumor targeting ability uptake of nanoparticles by tumor cells
biomimetic NPs
Extracellular vesicles Low immunogenicity; Natural affinity for target Difficulty in mass production and quality control [87-90]

cells; Non-toxic; Easier accumulation in tumor natural; Poor targeting; Easily eliminated; Difficulty

tissue in clinical transformation; Difficult to choose

suitable exosomes; Engineered exosomes may lead
to immunogenic effects

Bacterial outer High biological safety; Easy to extract in large The formation process and immune response [91]
membrane vesicle quantities; Good immunogenicity mechanism are not fully understood

Therefore, recently, various natural or artificial cell membrane NPs or nanovesicles have been developed and investigated
for the treatment of cancer metastasis. Peptide-modified NPs actively targeting cancerous cells can improve drug delivery
and increase safety. The subsequent sections focus on TME-related biomimetic NPs treating metastatic cancers. Their
action for targeting and modulating the TME in local and distant metastatic regions was discussed.

Application of Membrane-Coated NPs

Membrane-coated NPs (M-NPs) comprise NPs coated with membrane components, including erythrocyte membrane,
white blood cell membrane, tumor cell membrane and stem cell membrane, etc., showing actual cellular biological
characteristics.

Erythrocyte Membrane-Coated NPs

Erythrocytes are the most abundant cellular component of blood and remain with a life span of 120 days. Due to the
absence of a nucleus and complex organelles in mature erythrocytes, cell membrane extraction and purification are
convenient. Moreover, the erythrocyte membranes surface harbors multiple immunoregulatory proteins, such as CD47,
C8-binding protein (C8bp), homologous restriction protein (HRP), CD59, etc., enabling them self-recognizable by the
tissues and organs; hence, erythrocyte membrane can act as biomimetic, which can be used for coating of nanocarriers to
prolong their circulation time and reduce rapid clearance. Rao et al used Fe;O4NPs as the core with nanocoating of
erythrocyte membranes as a replacement for PEG. The results indicated significantly improved in vivo circulation time
with reduced clearance of Fe;04@RBC NPs by the RES, devoid of immune response induction both at MDSCs or the
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humoral level (immunoglobulin M and G (IgM and IgG)). RBCM@NPs is the first reported cell membrane biomimetic
system and one of the most widely used natural carriers capable of resisting immune response and rapid clearance in
biomedicine. As an in vivo drug delivery system, erythrocyte has excellent characteristics of high biocompatibility, long
cycle half-life (~4 months), the membrane is flexible and stable, organelles lacking, enhanced carrying capacity and
tumorigenicity (due to lack of nuclear DNA), and large surface area is conducive to surface modification.’”

According to the characteristics of the disease and different drug delivery methods, drug platforms coated with
erythrocyte membrane-coated NPs (RBCM-NPs) can be used in delivering chemical drugs, gene drugs, protein drugs,
and other therapeutic agents to meet different needs. Studies have shown that RBCM-NPs can effectively deliver DOX to
solid tumors and inhibit lymphoma growth, with significant in vivo safety and immune-compatibility. Since NPs’
enhanced permeability and retention are limited to angiogenesis at the tumor site, RBCM-NPs have relatively low tumor-
targeting efficiency. Their specific applications can be further improved by modifying RBC-NPs with targeting ligands.
In this study, Xie et al developed a novel invisible acoustic-sensitive NPs targeting complex coated with erythrocyte
membrane (TXA+DOX/PFH/RBCM@cRGD), having a three-layer structure, where the inner layer comprised an
aqueous phase with a high concentration of tranexamic acid (TXA) and sufficient DOX quantity to inhibit the fibrinolytic
system and to eliminate tumor margin survival. The intermediate layer was composed of the perfluorinated hexane (PFH)
phase, which can respond to low-intensity focused ultrasound (LIFU) radiation to produce acoustic phase transition and
intense cavitation, resulting in a blasting effect, while the outer layer is comprised of erythrocyte membrane coating
(RBCM) that help isolate the inner phase, prolong life cycle, and provide an assembly site for the targeted ligand (DSPE-
PEG2000-cRGD). To verify its tumor-targeting activity and analyze its bioaccumulation characteristics, results were
collected when the average tumor volume reached 500 mm®. For this purpose, equal molar amounts of CrGD-modified
NPs (TXA+DOX/PFH/RBCM@cRGD) and unmodified NPs (TXA+DOX/PFH/RBCM) were respectively injected into
the caudal vein of melanoma C57BL6/J mice model using BI6F10 (ATCC®™ CCL-6475™). Following 6 hours of
administration, the accumulation difference between TXA+DOX/PFH/RBCM-DiR@cRGD and CrGd-unmodified
group was significant, with 20.55 folds higher average fluorescence intensity in tumor area compared to the CrGd-
unmodified group, which indicated that compared to TXA+DOX/PFH/RBCM-DiR, the TXA+DOX/PFH/RBCM-DiR
@cRGD had an efficient and long-lasting drug accumulation at the target site. The hematoxylin & eosin (H&E) and
Masson trichrome staining showed that TXA was released after rupturing of TXA+DOX/PFH/RBCM@cRGD success-
fully inhibited the fibrinolytic system. The TXA preferentially binds to the k domain of plasminogen, completely
blocking the binding of plasminogen or plasminogen heavy chain to fibrin, thereby inhibiting fibrin degradation,
maintaining and stabilizing the skeletal structure of the fibrin reticulum. The TXA+DOX/PFH/RBCM@cRGD can
effectively inhibit tumor intravascular fibrinolysis system, prolong thrombus state duration, and aggravate vascular
tumor necrosis, destroying main tumor nutrient supply channels, eventually leading to rapid and extensive tumor necrosis
and apoptosis.”’ Liu et al designed an intelligent and effective nanosystem for synchronous radio and anti-angiogenesis
therapy of cancer by combining ultrafine selenium NPs with bevacizumab (Avastin™, Av). The nanosystem was coated
with RBCM, which effectively extended the blood circulation time and reduced the elimination of the nanosystem by the
autoimmune reaction.”

Recently, RBC-NPs have been widely used in phototherapy (PTT) and PDT. Liang et al coated black quantum dots
(BPQDs) with RBCM to form a nano-vesicular (BPQD-RBCM-NV) bionic system. The BPQD-RBCM-NV mediated
PTT combined with immune checkpoint blocking antibody (aPD-1) significantly increased the infiltration and activity of
CDS8" T cells in tumors with extended circulation time, resulting in a significantly delayed growth of residual and
metastatic tumors in vivo. The anoxic microenvironment within the tumor limits PDT therapy’s efficacy because it
inherently requires oxygen conversion to ROS.”* To address it, Ren et al developed albumin NPs loaded with
indocyanine green (ICG) and perfluorotributylamine, followed by their coating with RBCM to impart bionic properties.
Due to the high oxygen capacity of PFCS, self-enriched NPs can enhance PDT by producing more singlet oxygen ('0,).
After a successful NPs coating with RBCM, the immune clearance of macrophages (RAW264.7) can be effectively
reduced, blood circulation time can be significantly prolonged, and high accumulation can be achieved in tumors.”
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Tumor Cell Membrane-Coated NPs

In addition to erythrocytes, tumor cells can be used as membrane sources for formulating biomimetic nano-drug delivery
systems. These cells have infinite proliferation capacity and can be effectively cultured in vitro, and a large quantity of
membranes can be isolated. Tumor cell membranes contain cell adhesion molecules on their surface, including cadherin,
selectin, integrin, immunoglobulins superfamily (IG-SF), and lymphocyte homing receptors (eg, CD44). These receptors
enable NPs coated with tumor cell membranes to escape immune clearance, exhibit homologous targeting behavior, and
significantly improve their cancer-specific accumulation and retention abilities. These make them suitable for delivering
tumor-targeted drugs and effective cancer treatment.

Chen et al studied the homologous targeting strategy of cancer cell membrane (CCM) NPs for targeted drug delivery
by coating PLGA NPs with mouse breast cancer cell (4T1) membranes. The NPs loaded photothermal transduction
agents (PTAs)-Prussian blue (PB), chemotherapeutic docetaxel (DTX) and immunoadjuvant imiquimod (R837). The
western blotting showed that the homologous binding adhesion molecules (EpCAM and galectin-3) on the developed
tumor cell membranes were further coated outsidle PLGA (M@P-PDR) nanospheres showed specific homologous
adhesion to 4T1 cells through the homologous binding mechanism, with 61.67% cellular uptake, which was significantly
higher than P-PDR nanospheres-treated group (12.54%). Under laser irradiation, combined with DTX, PTT induces
in situ tumor clearance and releases TAAs, further enhancing the tumor cell’s immunogenicity. Similar to the in vitro
results, the M@P-PDR showed a more vital ability to promote DC maturation with the aid of immune adjuvant R837,
accompanied by increased secretion of cytokines (TNF-a, IL-6 and IL-12) in vivo. Furthermore, the release of DTX
could also promote M2-TAMs into M1-TAMs conversion, which decreased from 68.57% to 32.80%, effectively
alleviating the immunosuppressed TME, accompanied by a decrease in IL-10 level. Additionally, the homologous
targeting of the nanospheres was improved through the coating of tumor cell membranes, and R837 and DTX were
integrated into PTT to enhance immune response and alleviate immunosuppressive TME.”® Another study used
poloxamer 407 (F127) coated with a human colorectal carcinoma cell line (HCT116) as a nanocarrier loaded with
immune adjuvant R837. The developed F127-R837@M NPs were found to inhibit cancer cell growth by inhibiting
angiogenesis.”’

Cancer vaccine has been one of the research hotspots in recent years. Introducing a tumor vaccine to a patient can
help overcome the immunosuppressive state caused by the tumor. Enhance immunogenicity activates the patient’s
immune system, induces cellular and humoral immune responses, and controls or eliminates tumors. Gan et al developed
CpG, a TLRY receptor agonist-loaded aluminum phosphate NPs by reversed-phase microemulsion method, followed by
their wrapping in B16F10 tumor cell membrane to obtain a cancer nano-vaccine. The developed nanocarrier had a size of
60 nm, which can be effectively drained into mouse lymph nodes by subcutaneous injection, significantly increasing the
co-uptake of tumor antigen and CpG by lymph node resident APCs, promoting maturation of APCs, and enhancing
lysosomal antigen escape. In cellular immunity, tumor cell membrane-coated aluminum phosphate NPs (APMC) were
found to increase the level of CD8" T and CD4" T cells, especially CTLs, and induce the secretion of cytokines (IL-6,
IFN-y, and TNF-a). However, the anticancer immune response induced by APMC in mice was limited. Therefore,
successful cancer immunotherapy must be combined with other sources to maintain the balance of the host immune
system, such as PD-1 or PD-L1 checkpoint inhibitors.”®

Li et al designed multifunctional biomimetic nanoplatforms (mEHGZ) in another study, combining starvation and
immunotherapy. The platform was loaded with ICD inducer epirubicin (EPI), glucose oxidase (Gox), and hemin’s
zeolitic imidazolate framework (ZIF-8). The NPs form the core, while 4T1 cell membranes comprise the shell. After
ingesting mEHGZ NPs, Gox and hemin released by mEHGZ NPs can induce the Fenton reaction, promoting ROS
generation and enhancing endoplasmic reticulum stress. Compared with EPI alone, the mEHGZ NPs enhanced the ICD
effect. The antigens and danger-associated molecular patterns (DAMPs) released after ICDs can be used as nanovaccines
to enhance tumor antigenicity and adjuvant, to promote DCs maturation and CTLs invasion, and activate tumor immune
microenvironment. The tumor cells became sensitive to anti-PD-L1 antibody treatment in TME, confirmed in the 4T1
tumor-bearing mouse model, showing 82.02% of tumor growth inhibition rate after combined application of anti-PD-L1

antibody and mEHGZ, inhibiting lung tumor metastasis. Therefore, the nanosystem can be used as a nanovaccine to
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enhance the antigenicity and adjuvant properties of anti-PD-L1 antibodies and improve their therapeutic efficacy in
cancers, including Triple-Negative Breast Cancer (TNBC).”

Stromal cells such as CAFs mediate many aggressive features of cancer and play a key role in cancer proliferation,
invasion, metastasis, and angiogenesis. Two tumor cell membrane components (CCMFS) of U87 glioma cells and human
breast cancer were selected to coat PLGA NPs forming CCMF-PLGA NPs. The results demonstrated that CCMF-PLGA
NPs could actively reduce the ability of fibroblasts to attract cancer cells and reduce the ability of fibroblast-mediated
tumor invasion and metastasis. At the same time, CCMF-PLGA NPs induced cancer-specific immune responses by
observing the proportion of CD8" and CD4" T cells in the spleen and lymph nodes of immunized mice and the number of

spleen cells producing INF-y.'%

Immune Cell Membrane-Coated NPs

Immune cells, also known as white blood cells, are colorless, nucleated blood cells, divided into granulocytes, monocytes
and lymphocytes. They specifically include macrophages, neutrophils, CTLs, NKs, etc. The Immune cells can migrate
freely in and out of the blood vessel, such as to the inflamed outer part of the blood vessel, to eradicate pathogens. They
are widely distributed in the blood, lymph, and various tissues. They can recognize inflammation and accumulate in
diseased areas, thereby affecting the progression of various diseases. Chronic inflammation is regarded as one of the main
clinicopathologic features of tumors. Inflammation, which happens during tumor progression, allows immune cells to
migrate to the tumor site. Studies have shown that macrophages or fibroblasts recruited by tumors may contribute to
tumor growth and promote the development of metastasis and angiogenesis. Thus, selective blocking of the lymphocyte
function-related antigen-1 or chemokine receptors (CXCR1 and CXCR2) on the white blood cell membrane significantly
inhibited recruitment of leukocytes. A large number of chemokines are overexpressed in tumor tissues, and there are
a large number of ligand-receptor interactions on the leukocyte membrane. Such as lymphocyte function-associated
antigen 1 (LFA-1), macrophage-1 antigen (Mac-1), and P-selectin glycoprotein ligand-1 (PSGL-1).'°" The NPs camou-
flaged with leukocyte membrane help NPs’ immune escape and active targeting ability and are widely used as drug
delivery carriers.

Macrophage Membrane-Coated NPs
Macrophages are derived from monocytes and are the most plastic and versatile innate immune cells in the hematopoietic
system. They render strong plasticity and heterogeneity and can be polarized into classically activated M1 and alternately
activated M2 to maintain cell homeostasis after corresponding stimulation. The M1 macrophages participate in pro-
inflammatory responses and release various pro-inflammatory cytokines such as INF-y, IL-1p, and TNF-a to help the host
defense against pathogens, which often occurs in the early stages of inflammation and tumor. In contrast, the M2
macrophages participate in anti-inflammatory response and secrete IL-4, IL-10, IL-13, and other anti-inflammatory
cytokines to promote inflammation regression, tissue repair, and wound healing, and often appear in the early stage of
wound healing and the advanced stage of the tumor. M1-type macrophages are mainly used as drug carriers to enhance
inflammatory response. Chen et al developed NPs coated with tumor-related macrophage cell membranes
(NPR@TAMs), which can bind to CSF1, an immunomodulator targeting endogenous TAMs, and selectively accumulate
in TME, which can eliminate the growth of primary tumors and inhibit effects in distant tumor growth. This TAMs
membrane-based PDT— immunotherapy approach offers a novel strategy for personalized tumor therapy.'®
Macrophages also contain a powerful lysosomal system, which can deal with foreign bodies in a fixed or free state,
eg, phagocytosis and digestion of cell debris, pathogens, and cancer cells. When conventional NPs enter the body, they
are ingested as foreign substances by the RES or MPS, being part of the immune system and consisting of monocytes,
macrophages in the lymph nodes and spleen, and phagocytic cells such as Kupffer cells in the liver, resulting in their
destruction or clearing from the systemic circulation. Currently, the most common strategy for reducing RES absorption
is to shield NPs with PEG or other polymers, which is effective but only partially avoids ingestion. However, when NPs
are coated with immune cell membranes, especially macrophage cell membranes, the RES system can be bypassed
entirely since the immune system will recognize NPs camouflaging by macrophage cell membranes as “own” rather than
“foreign”. Cao et al developed paclitaxel albumin NPs wrapped in macrophage cell membranes and found that
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macrophage cell membranes could significantly enhance the uptake of NPs by melanoma cells (B16F10) while reducing
the uptake of biomimetic nanopreparations by macrophages, indicating that the bionic nanopreparations had good
targeting and immune escape ability in melanoma cells.'® Similarly, Huang et al developed CrGd-modified macrophage
membrane-coated nanovesicles to co-deliver METTL14 and TLR4 exciters to achieve the dual purposes of tumor
inhibition and TME remodeling.'®*

A large number of macrophages exist around glioma, and PD-L1 lymphocytes, which are overexpressed on the cell
membrane of TAMs, are combined with PD-1 lymphocytes expressed by tumor-infiltrating T lymphocytes (TILs) to
induce T cells apoptosis and depletion further, inhibiting the activation of CTLs and trigger the immune escape of tumor
cells. Yin et al reported macrophage membrane-coated nanoplatforms with enhanced PD-1 expression (PD-
I-MM@PLGA/RAPA). The in vitro and in vivo GBM models demonstrated that PD-1-MM@PLGA/RAPA effectively

crosses the blood-brain barrier in response to TME recruitment, while NPs accumulated at the tumor sites.'®’

NK Cell Membrane-Coated NPs

NK cells are CD56" lymphocyte subsets different from T and B lymphocytes, belonging to non-specific immune cells,
which can recognize and kill tumor cells without a complicated immune response. In antitumor immunotherapy, NK cells
can induce the polarization of proinflammatory M1-macrophages and target tumor cells through activated receptors (such
as NKp30, NKp44, NKp46, DNAM-1 (CD226), NKG2D, RANKL, etc.) present in NK cell membranes.

Pitchaimani et al isolated an activated NK cell membrane with receptor protein (CD56) from NK-92 cells and fused it
with cationic liposome to form NKsome. The engineered NKsome successfully retained the targeting proteins associated
with the NK cell membrane on its surface, showing good biocompatibility, higher affinity to tumors than normal cells,
improved in vivo tumor homing efficiency, and was able to target tumor cells more effectively under in vitro and in vivo
conditions. The DOX-loaded NKsome also showed good antitumor activity against human breast cancer cells MCF-7
in vitro and in vivo.'%

NK cells can target tumor cells and regulate immune response through receptors present on NK cell membranes.
Based on this, Deng et al used NK cell membrane-coated mPEG-PLGA NPs and photosensitizer (TCPP) to achieve
combined immune and photodynamic therapy. The NK-NPs can induce pro-inflammatory M1-macrophage polarization
through interacting NK cell membrane proteins such as RANKL or CB1 with macrophage surface receptors such as TNF
receptors or TLRs-4, resulting in cell membrane immunotherapy. Meanwhile, NK-NPs loaded with TCPP can directly
eradicate primary tumor cells through PDT and activate APCs through PDT-induced ICD. These dying cancer cells
secrete damage-related molecular patterns (DAMPs), promoting DCs activation and initiating an adaptive immune
response, thereby improving the anti-tumor immune efficiency of the NK cell membrane. Therefore, this approach offers
a promising strategy for tumor immunotherapy.

Neutrophils Membrane-Coated NPs

Neutrophils are the most abundant (accounting for 50%~70% of all white blood cells) and the most important immune
white blood cells in the human body, housing a large number of bactericidal molecules, proteases, proteins, with the role
of clearing pathogens and resisting exogenous infections. Tumor-associated neutrophils (TANs) are neutrophils recruited
into tumor tissues by chemokines in the TME. They play a role in various ways in tumor occurrence, development, and
metastasis. Neutrophils are different from other white blood cells in that they are not restricted to specific circulation
areas and are free to travel through blood vessel walls and body tissues to attack invaded antigens.

The adhesion molecules on the surface of inflammatory neutrophils have been shown to target circulating tumor cells
(CTCs). Thus, NPs camouflaged by neutrophil-cell membranes can retain their biological binding properties. Targeted
CTCs, where NPs were coated with neutrophil membranes, can effectively treat cancer metastasis. When loaded
with second-generation proteasome inhibitors (carfilzomib), the biomimetic NPs selectively consume circulating
CTCs, preventing early metastasis and inhibiting already occurred metastasis.

In another study, Cao et al was able to overcome the blood-pancreatic barrier and achieve pancreatic-specific drug
delivery in vivo by coating celastrol-loaded PEG-PLGA NPs with neutrophilic cell membranes (NNPs), which
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demonstrated significant tumor inhibition in both in situ and ectopic tumor models, which significantly extended survival
and minimized liver metastasis in tumor-bearing mice.'"’

Zhao et al developed gemcitabine-loaded neutrophil cell-wrapped liposome NPs (NE/Lip-GEM) and studied their
use as complementary drugs for nanosecond pulsed electric field (nsPEF) therapy. The results showed that NE/Lip-
GEM accumulated in ablated tumors and significantly improved the efficacy of nsPEF therapy due to nsPEF ablation
activating the release of inflammatory cytokines at the tumor site, promoting the migration of neutrophils to the
ablation site.'®® In addition, Zhang et al developed PLGA NPs coated with neutrophil cell membranes (NM-HB NPs),
which were found to promote ROS production and mitochondrial dysfunction by inhibiting the expression of the pro-
apoptotic protein JUNB. They elaborated on the binding mechanism of NM-HB NPs and PDT. These results
suggested that NM-HB NPs can be used not only as a new therapeutic agent for HCC but also for efficient near-

infrared imaging.

Platelet Membrane-Coated NPs

Platelets have no nuclear structure, and their cytoplasm contains a variety of organelles and platelet particles, including
mitochondria, lysosomes, endoplasmic reticulum, a-particles and dense particles. They are important in vivo circulating
cells and have been widely used in developing bionic drug delivery systems. The abundant membrane proteins
distributed on the surface of platelets can play specific physiological functions under the mediation of related proteins,
eg, integrin protein allb is expressed on the membrane surface of platelets and tumor cells, mediating their mutual
adhesion with plasma fibrinogen and hemophilia factor. The P- selectors on the platelet surface can be mutually
recognized with CD44 receptors on the tumor cell surface, thus enabling platelets to target multiple tumor cell lines,
promote intravascular migration and adhesion of tumor cells, colonizing and growing at secondary sites, thus affecting
the occurrence and development of tumors. Using this property, Wang et al coated bufalin-coated chitosan-polylactic
acid-glycolic acid NPs with platelet membrane, indicating that more PLTM-CS-pPLGA/Bu NPs were significantly bound
to H22 liver cancer cells compared to uncoated CS-pPLGA/Bu NPs, due to the P-selectin targeting on the surface of
platelets binding to the CD44 receptor of H22 liver cancer cells. It also inhibited tumor growth more effectively than
other bufalin preparations.'®”

Platelets target tumor cells and modulate immune responses through the self-recognition properties of the platelet
membrane. Jiang et al developed biomimetic magnetic nanoplatforms coated with platelet membranes (Fe;O04-SAS
@PLT) and indicated that Fe;O4-SAS@PLT not only effectively initiates iron-induced death of tumor cells but also
can facilitate the conversion of immunosuppressive type M2 to anti-tumor type M1 macrophages, inducing an
effective immune response, and enhancing the therapeutic effect of PD-1 blockers in vivo.''” By binding anti-
PDLI antibodies (anti-PDL1) to the platelet membrane surface, Wang et al reported that it could promote the delivery

of anti-PDL1 antibodies to tumor sites and targeted CTCs, thus inhibiting tumor recurrence and metastasis after

surgery.'!

In addition, platelet-coated NPs can also target vascular injury sites through receptor-ligand interactions between
platelet membranes and tumor vascular endothelial cells, while tumorous vessels provide nutrients and oxygen to tumor
tissues and remove metabolic waste, which is vital to tumor proliferation and metastasis. Li et al coated platelet
membranes on mesoporous silica (MSN) NPs loaded with vascular disruption agents and antiangiogenic drugs, which
showed avoidance of early systemic clearance and target precisely to ruptured blood vessels, along with good antitumor
effects in xenograft liver tumor mouse models.''* By taking advantage of the acidic microenvironment at the tumor site,
some researchers designed acid-sensitive nanocarriers coated with platelet membranes to enhance the tumor-targeting
ability, improve biocompatibility, and effectively consume lactic acid and relieve hypoxia, thus improving the therapeutic

effect of the tumor under the combined action.''

Hybrid Membrane-Coated NPs and Nanovesicles

In recent years, with the continuous development of membrane biomimetic technology, more and more research
has focused on synthesizing hybrid membrane biomimetic NPs by fusing two different cell membranes from
different sources to achieve the organic combination of different biofilm functions. The selection criteria of cell
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membranes mainly depend on the unique characteristics of different cells and the disease treatment needs. Zhang’s
group reported NPs coated with an erythrocyte-platelet mixed membrane, having surface membrane protein
markers from both types of cells; the resulting double-membrane coated NPs exhibited good long circulation
and distribution in mouse models. Compared to single RBCM-coated NPs and platelet-coated NPs, the hybrid
membrane-coated NPs showed the crossover characteristics of the two single-membrane-coated NPs. Therefore,
hybrid membranes, including erythrocyte-tumor cell hybrid membranes coated, platelet-leukocyte hybrid mem-
branes coated, and tumor stem cell-platelet hybrid membranes coated NPs, are advocated in targeted tumor
therapy.''*

Gong et al designed pH-sensitive PLGA NPs based on the fusion of macrophage (RAW264.7) and breast cancer cell
(4T1) membranes. The NPs were developed from the immunometabolic regulator metformin (Met) and targeted fibrin
protein-1 mRNA (siFGL1). Under transmission electron microscopy (TEM), the MC-PLGA@Met-CO2/siFGL1 NPs
showed a core-shell bimolecular membrane structure with a particle size of about 142 nm. The in vitro cell experiment
results showed that the uptake level of MC-PLGA@Met-CO2/siFGL1 NPs in 4T1 tumor cells was significantly higher
than that in the uncoated NPs group and not captured by lysozyme after 4 hours of administration, showing immune
camouflage and tumor targeting abilities. In addition, the in vivo results indicated that the Met-loaded hybrid bionic
membrane-camouflage PLGA NPs could effectively alleviate tumor hypoxia and induce M1 type differentiation of
TAMs, thereby improving tumor immunosuppressive microenvironment.''> In another study, Gong et al coated this
hybrid membrane on DOX-loaded PLGA NPs (DPLGA@[RAW-4T1] NPs) for treating lung metastases from breast
cancer. The surface of DPLGA@[RAW-4T1] NPs was modified with RAW?264.7 and 4T1 cell membrane proteins. Due
to the high expression of 04 and B1 integrin, the addition of macrophage cell membrane significantly improved the
targeting ability of DPLGA@[RAW-4T1] NPs to metastatic tumors, while 4T1 membrane can target homologous cancer
cells, actively reaching metastatic lung site of the breast cancer. The in vivo lung metastasis model experiments in mice
showed that DPLGA@[RAW-4T1] NPs tend to accumulate at the site of inflammation and are explicitly targeted at the
breast cancer lung metastasis site. Meanwhile, DPLGA@[RAW-4T1] NPs showed excellent chemotherapy potential,
with about 88.9% anti-metastasis efficacy. This study provided a promising approach for treating breast cancer
metastases."''°

Similarly, Wang et al designed pH-sensitive micelles based on the envelope of erythrocyte-tumor cell hybrid
membranes (DH@ECm). In the acidic TME, micelles exhibited membrane escape effects to promote the recognition
and interaction of TAMs. The in vivo testing showed that DH@ECm can reverse the tumor immune system and increase
the number of CD8'T cells, with a 64.8% tumor suppression rate, immune camouflage and tumor targeting
capabilities.'!”

The biggest advantage of nanoparticles coated with cell membranes is to reduce or avoid the clearance effect of RES.
In addition, various types of cell membranes have their own advantages and disadvantages, such as poor targeting of red
blood cell membranes to tumor cells, requiring additional modification of targeted molecules. Tumor cells, immune cells,
and platelet membranes themselves have tumor targeting properties, so fusing different cell membranes can complement
each other’s strengths, expand the targeting sites for tumor cells, and achieve multi-target and multi-directional
collaborative treatment of tumors.

Proteins or Peptides-Based Biomimetic NPs

Proteins are one of the basic human body components and are multifunctional and biocompatible. Tumor cells have
specific receptors on the surface. Natural protein-modified NPs can bind to them to achieve active tumor targeting and
deliver drugs to tumors to exert anti-tumor activity.

Serum Albumin

Serum albumin is the most abundant protein in the blood. It has the advantages of a long half-life and preventing the
degradation of NPs by cells, and it is widely employed as a nanocarrier for delivering drugs. However, the FDA-
approved albumin-bound paclitaxel (Abraxane) has yet to achieve the desired effect in clinical treatment. Studies have
shown that it was related to non-tumor cell components of TME.

International Journal of Nanomedicine 2024:19 https: 123
Dove:


https://www.dovepress.com
https://www.dovepress.com

Peng et al Dove

Feng prepared palmitate-modified human serum albumin (THP) NPs loaded with pirarubicin (THP-PSA NPs), which
targets the TAMs in TME to improve TME. The flow cytometry results showed that compared to the normal saline
group, the proportion of TAMs in the TME was reduced by 60.9%, the number of MDSCs was reduced to 55.6%, and the
expression levels of immunosuppressant cytokines (TGF-f1 and IL-10) were reduced by 77.6% and 66.5%, respectively.
It has been demonstrated that NPs can effectively target and consume TAMs, reduce the recruitment of MDSCs, and

inhibit the secretion of immunosuppressive cytokines.''®

Ferritin Protein

Ferritin (Fn) plays a vital role in iron storage and binds explicitly to transferrin receptor 1 during iron uptake. In normal
cells, transferrin receptor-1 (TfR1) is expressed at a low level, but in tumor cells, the expression of transferrin receptor is
significantly increased to meet the iron requirement of tumor cells.

Wang prepared Mn?* and Lap mannose (Man) modified albumin/ferritin (Ft@Lap) cross-linked NPs, where ferritin
can encapsulate Lap in the cavity through hydrophobic interaction and then bind to TfR1 to achieve targeted delivery of
Lap. By binding to the TfR1 receptor, Ft@Lap was selectively endocytosed by tumor cells, inducing the immunogenic
death of cancer cells and releasing a large number of DAMPs. In addition, the cGAS-STING pathway is important to
initiate an antitumor innate immune response, and studies have shown that Mn?" is a STING agonist. Therefore, BSA-
Man@Mn?" can be ingested by DCs through mannose, activate the cGAS-STING pathway, and jointly promote DC

maturation, enhance T cell infiltration, and improve immune efficacy.'"”

MMP-2

Cancer cells in TME are different from normal cells in that they have unique metabolic patterns governed by enzymes.
For example, MMPs can mediate proteolysis, continuously degrade ECM, promote epithelial-mesenchymal transition
(EMT), and ultimately lead to tumor invasion and metastasis.'*® The peptide sequences targeting MMPs can be modified
onto NPs to improve the specific recognition of cancer cells, which is of great significance in improving the TME and
efficiency of tumor treatment. Chen designed self-assembled NPs (TGMF) that can target and induce apoptosis of cancer
cells. Selective cleavage of TGMF by a high concentration of MMP-2 in TME resulted in the release of GO-203,
inducing death to cancer cells, which can block intracellular mucin 1 (MUC1) and disrupt the REDOX balance in cells.
The results showed that TGMF could significantly reduce tumor volume and had a high survival rate (60-day survival
rate, up to 40% (p<0.001))."*" In addition, TME-related enzymes and biomimetic peptides that mimic the effects of
proteins or peptides in TME have also been developed to regulate TME. The PSAP is a proteolytic glycoprotein in late
lysosomes, which can inhibit the expression and production of tumor protein thrombospondin-1 (TSP1), thereby
inhibiting tumor metastasis.'?> On this basis, Wang et al designed a cyclo-pentapeptide derivative-DWLPK (named
PSAP peptide) for treating metastatic ovarian cancer. Results showed that PSAP peptide could recede metastatic tumors
to the extent that the lesions were undetectable.'>® Xiang et al designed a biomimetic peptide (SVS-1) to modify DOX-
loaded N-(2-hydroxypropyl) methyl acrylamide (HPMA) polymer (SVS-1-P-DOX). Natural antimicrobial peptides
(AMPs) can interact with cancer cell membranes and enter the cytoplasm but have a low affinity for normal cells,
a potential carrier for targeting cancer cells. SVS-1 is a peptide mimicking AMPs, results showed that compared to free
DOX, the blood circulation time and targeting ability of SVS-1-P-DOX were significantly improved, with a 78.7% tumor

inhibition rate and with insignificant toxic and side effects.'**

Leukocyte Membrane Protein

White blood cells can avoid the uptake of MPS and increase the circulating time in the body. On this basis, Roberto
Molinaro et al prepared liposomes loaded with doxorubicin modified white blood cell membrane proteins, called
leukocytes.'®! The experimental results showed that at 24 hours, the accumulation of liposomes in the main MPS organs
increased, with an increase of 1.6 times in the spleen and 4.4 times in the liver. Moreover, white blood cell bodies have
good targeting ability for 4T1 breast tumors, and significant accumulation can be observed on the tumor-related blood
vessel walls. When leukocytes act on B16 tumors, the accumulation of leukocytes in the tumor increases 9-fold compared
to liposomes (p<0.0001). Secondly, this phenomenon has also been observed in breast tumors and melanoma tumors,
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indicating that leukocytes have targeting properties towards various solid tumors. Therefore, compared with free
doxorubicin, delivering doxorubicin with leukocytes can significantly inhibit tumor growth.

Protein or peptide modified nanoparticles recognize and lock in tumor cells through a “ligand receptor” reaction,
promoting the entry of nanoparticles into TME, improving the accuracy of nanoparticles delivery to tumor cells,
enhancing tumor cell penetration, and reducing drug toxicity. In addition, peptides can serve as both targeted ligands
and therapeutic bioactive agents.

Other Biomimetic NPs

Folic Acid

Folate receptor (FR) is a glycoprotein on the cell surface that could combine with folic acid (FA) with high affinity. Folic
acid receptor is highly expressed in breast, lung and kidney tumors and acts as an efficient tumor biomarker and is the
most common target molecule with non immunogenicity, high stability, and good tissue penetration. Qing used FA-
modified OMV@CaPs to treat refractory tumors, and results showed that the tumor enrichment rate of FA-modified NPs
was increased by 1.6 folds, significantly increased levels of pro-immune cytokines (IFN-y, IL-12 and TNF-a, P<0.01),
reduced the tumor volume, with insignificant lung and bone metastasis. It shows that FA modification can increase the
accumulation of NPs in tumor tissues and activate a more robust immune response.'?* Nie et al prepared FA-modified
DOTAP, MPEG-PCL-MPEG, and FA-PEG-PCL-PEG-FA self-assembled CKbl1 plasmid-loaded nanodelivery system
(F-PPPD). Experimental results showed that compared to non-targeted PPPD NPs, the F-PPPD significantly promoted
CKbl1 release (P<0.01), promoted M1 and inhibited M2 polarization, activated CD4'T and CD8'T (P<0.01), and
reduced the MDSCs infiltration. More importantly, there was no significant difference in the expression of CKbl1 in the
heart, liver, lung and other organs after F-PPPD treatment, which avoided the adverse reactions caused by systemic
administration of CKb11. In conclusion, after targeting tumor cells, F-PPPD promotes CKb11 secretion, activates T cells,
inhibits M2-TAMs polarization, reduces immunosuppressive cell infiltration, improves tumor immunosuppressive micro-

environment, and avoids excessive “immune enhancement” adverse reactions.'%¢

Monoclonal Antibodies (mAbs)

Monoclonal antibodies (mAbs) are highly homogeneous antibodies produced by a single B-cell clone that target only
a specific epitope. After the fusion of infinitely proliferating myeloma cells and B lymphocytes, a large number of
monoclonal cell lines were obtained by screening and cloning. The highly homogeneous antibody against a specific
antigen produced by the cell lines has the advantages of high sensitivity, high specificity and less cross-reaction. Lu et al
prepared MnOx with multivalent Mn (Mn>" and Mn*") NPs that were modified with 3-aminopropyl-triethoxysilane
(APTES) to bear amino groups for conjugation with T-cell antibodies (anti-CD3 and anti-CD28 mAbs, CD). The results
showed that compared to unmodified mAbs, the CD-MnOx@CM NPs caused significantly higher pro-immune cytokines
and increased CD8'T cell infiltration. The in vivo experiments showed that the number of metastatic nodules was
significantly reduced (P<0.01) after the modified mAbs application, making tumor detection difficult. In addition, the
MnOx@ CM NPs affected serum IFN-y, but CD-MnOx@CMNPs exerted no effect on CD8'T cells in the spleen and

cytokines in the serum, indicating that NPs increased the antitumor effect by activating local immunity.'?’

Tumor-Penetrating Peptides

Tumor-penetrating peptides have both tumor-targeting and cell transmembrane functions. Sugahara found a cyclic
peptide with CRGDKGPDC sequence (iRGD), which can actively target tumor cells with high expression of integrin
avf3 receptor, and had a membrane penetrating effect. The mechanistic investigations revealed that the intact iRGD
binds first to the surface of cells expressing integrin avP3 receptor and is proteolyzed to produce CRGDK fragment.
CRGDK fragment had a low affinity for integrin avp3 receptor and a high affinity for neuropilin-1, which promoted the
transfer of CRGDK from integrin avf3 receptor to neuropilin-1, resulting in the transmembrane activity. Song et al used
modified staphylococcal enterotoxin C2 (ST-4) linked to iRGD cyclic peptide to improve the poor tumor targeting and
penetration of ST-4. The experimental results showed that compared to the free ST-4 group, the inhibitory effect of ST-
4-IRGD on B16F10 and 4T1IMC was significantly improved (P<0.05), with a significantly increased (P<0.01) relative
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infiltration intensity of CD8'T cells and CD4'T cells. The in vivo imaging of the ST-4-iRGD group showed higher
fluorescence signals with a wide fluorescence distribution range, which proved that ST4-iRGD had good in vivo
targeting, penetration, and tumor tissue distribution ability.'*®

Aptamers

Aptamers are a class of single-stranded oligonucleotides with high specificity, strong affinity, and accurate target
recognition, which are screened from random DNA or RNA libraries by ligand-enriched phylogenetic technology
(SELEX). Aptamer has the advantages of simple synthesis, low molecular weight, high stability, low toxicity, con-
trollable program, tumor penetration and high retention. Kim et al designed DNA aptamer-modified liposomes containing
DOX and IDO1 siRNA (Aptm[DOX/IDO1]) in the same kit. The Aptm[DOX/IDO1] used aptamer-receptor binding to
deliver drugs to cancer cells, released DOX, triggered ICD, induced aggregation of effector T cells in TME, inhibited
IDO1 expression in combination with IDO1siRNA, inhibited Tregs activity, and ultimately reversed immunosuppressive
TME, activated immune response, and killed the tumor cells. The results showed that compared with the liposome alone
group, the number of effector T cells and mature DC cells in TME after Apt modification was significantly increased
(P<0.01), with a significantly decreased (P<0.05) number of Tregs cells, and the expression of IDO1 was significantly
decreased (P<0.01). Additionally, no metastatic tumors were observed in mice treated with Aptm[DOX/IDO1], which
proved that Apt modification could achieve specific delivery and accumulation of drugs at tumor sites.'’
Extracellular Vesicles

Exosomes are bilayer liposomal vesicles secreted by living cells, which affect cell-to-cell communication, signal
transduction and tumor metastasis, and can be secreted by mammalian and plant cells. Chen et al extracted exosome-
like nanovesicles (TFEN) from edible tea flowers to treat breast cancer. The results showed that it could be absorbed by
human breast cancer cells up to 94.4% and had good biocompatibility. Oxidative stress can induce mitochondrial damage
and cell cycle arrest and then promote the death of tumor cells. The total concentration of ROS in MCF-7 and 4T1 cells
treated with TFEN was 14.2 and 9.3 folds higher, while NO levels were 5.2 and 3.5 times higher compared to control
cells, respectively. TFEN can activate oxidative stress in cancer cells but not normal cells, inhibiting tumor growth and
metastasis in vivo. In conclusion, TFENs can activate oxidative stress in cancer cells, cause mitochondrial damage, and
eventually cause the death of cancer cells. Compared with artificial NPs, natural exosome-like NPs have high biocom-
patibility, low cost, and are easy to mass production and clinical transformation.'*

Tumor-derived nanovesicles (TNVs) have achieved good results as tumor vaccines in clinical trials, but their
therapeutic efficacy is poor due to the immunosuppressive microenvironment. Hu designed DOX-loaded mixed liposome
nanovesicles (DOX@LINV), which can promote APC maturation. The tumor-derived vesicles retain the ability to target
cancer cell antigens or proteins, antigens in LINVs are recognized and phagocytosed by DCs, activating DCs and
immune response. The uptake rate of mixed liposome nanovesicles by LLC cells and B16F10 cells were higher than
DOX@LIP, which could induce a more substantial ICD effect. The in situ 4T1 tumor model showed a tumor inhibition
rate of 80% for the DOX@LINV4T1 group, indicating a good tumor treatment effect.'!

Artificial ECM (aECM)

ECM is an important component of TME, providing transport routes and nutrients for tumor growth. The construction of
artificial ECM has become one of the strategies for cancer treatment. Hu et al developed an NP that could transform
laminin (LN) to mimic peptide-1 (BP-KLVFFK-GGDGR-YIGSR). After injection into the body, the NPs were targeted
to the tumor by the EPR effect or RGD-YIGSR. After binding to the receptor on the surface of tumor cells, it was
transformed into nanofibers and finally into aECM. They bind competitively to ECM, inhibiting tumor growth and
metastasis.'>? The changes in ECM structure can affect the metabolic response of tumors and interfere with tumor
growth. Zheng et al used fibrinogen and prothrombin to accumulate in the blood vessels with minimally invasive oral
tumors after other treatments, resulting in a coagulation reaction, blocking the nutrient source of aECM and tumor cell
migration, and limiting tumor growth, with high effectiveness and safety in rodents.'*® Theoretically, as long as the tumor
blood vessel coagulation is triggered, the antitumor effect can be exerted, which provides a new way for targeted therapy,
radiotherapy, chemotherapy, etc.
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Bacteriotherapy
In the 19th century, Dr Willhem Busch discovered bacterial therapy, and since then, bacteria have attracted immense
attention for their use in cancer treatment because of their autonomic drive, anaerobic, and ability to secrete cytokines to
activate an anti-tumor immune response. Bacteria have natural advantages but also have the risk of suppressing the
body’s immune response and damaging healthy human tissues. Based on this, researchers used gene modification and
nano-drug delivery to increase bacteria potency and reduce toxicity. Combining bacteria and nanotechnology can
preserve environmental sensitivity, tropism, motility, and low-oxygen growth conditions. It also realizes precise,
controlled, and sustained drug delivery. The combination of bacteria and nanotechnology mainly includes bacterial cell-
surface nanoengineering, bacterial intracellular nanoengineering, and NP-based bionic bacteria. Xing et al connected ICG
to magnetospirillum magneticum (AMB-1) under an externally applied magnetic field that can be positioned and
manipulated, providing a new way to target tumor therapy precisely. Vairavel et al reported that the intracellular
synthesis of gold NPs utilizing Enterococcus could induce tumorous cell mitochondrial death, subsequently inducing
the death of cancer cells. Bionic bacteria refers to extracting active components such as bacterial membranes and vesicles
from natural bacteria as drug transport carriers.'** Selvanesan et al used Listeria to deliver antigens to tumor cells to
activate memory T cells, and gemcitabine (GEM) was used to reduce the amount of MDSC and TAMs in the TME.'3’
Except for peptides or proteins as targeting molecules, monoclonal antibodies, aptamers, etc. can all be used as
targeting molecules for tumor cells. Tumor derived exosomes have the natural advantage of targeting cancer cells and
being able to fuse with tumor cell membranes. Bacteria have the characteristics of targeting tumor hypoxic sites, strong
tumor permeability, and stimulating immune responses. Combining nanomaterials with bacteria can compensate for the
shortcomings of low targeting efficiency and poor tumor penetration of nanomaterials. In summary, extracellular vesicles,
bacterial therapy, and aECM can all serve as biomimetic strategies for targeting TME, in addition to nanoparticles
modified with cell membranes or molecules.

Clinical Translation of Nano-Delivery Systems

Nanomedicine has potential advantages in overcoming biological barriers, effectively delivering hydrophobic drugs and
biological products, and prioritizing targeting disease sites. However, due to many challenges and obstacles at different
development stages, only a relatively small number of nanoparticles-based drugs have been approved for clinical use.
FDA approved nanomedicines for cancer treatment include metal NPs (Aurimune), AuNPs, polymer drug conjugates
(Eligard), SMANCS, (Lipid based Nanoformulations (Marqibo, Doxil), Recombinant virus (Gendicine), Drug Targeted
Antibodies (Kadcyla) or herbal NPs (Nano formula curcumin), etc. obtain clinical trials of nanoparticle therapy for
tumors in the past 10 years through https:///clinicaltrials.gov/ (Table 4). Transforming nanomedicine from a theoretical

concept to clinical therapeutic value is challenging. The distribution and detection of nanomedicine in vivo are difficult to

Table 4 Clinical Trials of Nanoparticles for Treatment of Tumors in the Past 10 Years

Test Name NCT Cancer Type
Number

Diagnostic and Prognostic Accuracy of Gold Nanoparticles in | NCT04907422 Carcinoma Ex Pleomorphic Adenoma of Salivary Glands,

Salivary Gland Tumors Pleomorphic Adenoma of Salivary Glands
A Sunscreen Based on Bioadhesive Nanoparticles NCT02668536 Melanoma, UV Ray Skin Damage
Determination of Blood Tumor Cells NCTO04682847 | Liver Neoplasms, Hepatic Cirrhosis, Hepatic Carcinoma, Liver

Cancer, Liver Metastases, Liver Carcinoma, Hepatocellular

Carcinoma, Hepatocellular Cancer, Hepatic Atrophy

Radiotherapy With Iron Oxide Nanoparticles (SPION) on MR- | NCT02820454 Brain Metastases
Linac for Primary & Metastatic Hepatic Cancers

(Continued)
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Table 4 (Continued).

Gadolinium Based Nanoparticles

Test Name NCT Cancer Type
Number
Radiosensitization of Multiple Brain Metastases Using AGulX NCT02033447 Prostate Cancer

Magnetic Nanoparticle Thermoablation-Retention and
Maintenance in the Prostate: A Phase 0 Study in Men

NCT03304210

Peritoneal Carcinomatosis, Ovarian Cancer Stage IlIB, Ovarian
Cancer Stage IIC, Ovarian Cancer Stage IV, Breast Cancer Stage
llIB, Breast Cancer Stage lllc, Breast Cancer Stage IV, Stomach
Cancer Stage lll, Stomach Cancer Stage IV With Metastases,
Pancreas Cancer, Stage lll, Pancreas Cancer, Stage IV

Irinotecan Hydrochloride in Treating Pediatric Patients with

Recurrent or Refractory Solid Tumors

PIPAC Nab-pac for Stomach, Pancreas, Breast and Ovarian NCTO02680535 Neoplasms of the Prostate

Cancer

MRI/US Fusion Imaging and Biopsy in Combination with NCT04482803 Location and Biopsy of Axillary Lymph Nodes

Nanoparticle Directed Focal Therapy for Ablation of Prostate

Tissue

Targeted Biopsy of Carbon Nanoparticles Labelled Axillary NCT04240639 Neoplasms of the Prostate

Node for cN+ Breast Cancer

An Extension Study MRI/US Fusion Imaging and Biopsy in NCT02975882 Childhood Solid Neoplasm, Recurrent Malignant Solid

Combination with Nanoparticle Directed Focal Therapy for Neoplasm, Recurrent Primary Central Nervous System

Ablation of Prostate Tissue Neoplasm, Refractory Malignant Solid Neoplasm, Refractory
Primary Central Nervous System Neoplasm

Nanoparticle Albumin-Bound Rapamycin, Temozolomide, and | NCT02240238 Solid Tumors

Combination Therapy With NC-6004 and Gemcitabine in
Advanced Solid Tumors or Non-Small Cell Lung, Biliary and
Bladder Cancer

NCT02646319

Advanced Malignant Neoplasm, Cervical Squamous Cell
Carcinoma, Endometrial Carcinoma, Malignant Uterine
Neoplasm, Recurrent Bladder Carcinoma, Recurrent Breast
Carcinoma, Recurrent Cervical Carcinoma, Recurrent Head and
Neck Carcinoma, Recurrent Malignant Neoplasm, Recurrent
Ovarian Carcinoma, Recurrent Prostate Carcinoma, Recurrent
Renal Cell Carcinoma, Solid Neoplasm, Stage Ill Bladder Cancer,
Stage Ill Prostate Cancer, Stage Ill Renal Cell Cancer, Stage IlIA
Breast Cancer, Stage IlIA Cervical Cancer, Stage IlIA Ovarian
Cancer, Stage |lIB Breast Cancer, Stage lIB Cervical Cancer, Stage
1lIB Ovarian Cancer, Stage IlIC Breast Cancer, Stage [lIC Ovarian
Cancer, Stage |V Breast Cancer, Stage IV Ovarian Cancer, Stage IV
Prostate Cancer, Stage IV Renal Cell Cancer, Stage IVA Bladder
Cancer, Stage IVA Cervical Cancer, Stage VB Bladder Cancer,
Stage IVB Cervical Cancer

Nanoparticle Albumin-Bound Rapamycin in Treating Patients
with Advanced Cancer With mTOR Mutations

NCT03410030

Pancreatic Cancer, Pancreas Cancer, Pancreatic
Adenocarcinoma Resectable, Pancreatic Ductal
Adenocarcinoma, Pancreas Metastases

Primary Systemic Treatment

Trial of Ascorbic Acid (AA) + Nanoparticle Paclitaxel Protein | NCT05985551 Breast Cancer, Chemotherapy Effect, Sentinel Lymph Node
Bound + Cisplatin + Gemcitabine (AA NABPLAGEM)
Delayed SLND for Patients with Breast Cancer Undergoing NCT02283320 KRAS Positive Patient with Non-small Cell Lung Cancer,

Squamous Cell Non-small Cell Lung Cancer

(Continued)
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Table 4 (Continued).

Test Name

NCT
Number

Cancer Type

A Study of BIND-014 (Docetaxel Nanoparticles for Injectable
Suspension) as Second-line Therapy for Patients with KRAS
Positive or Squamous Cell Non-Small Cell Lung Cancer

NCTO04951245

Breast Cancer

Cancer

Ultrasound-assisted CNSs Mapping Versus Dual-tracer-guided | NCT02009332 Non-muscle Invasive Bladder Cancer (NMIBC)
Sentinel Lymph Node Biopsy
Phase 1/2 Study of ABI-009 in Nonmuscle Invasive Bladder NCT0278898I Breast Cancer

Abraxane With or Without Mifepristone for Advanced,
Glucocorticoid Receptor-Positive, Triple-Negative Breast
Cancer

NCT02707159

Metastatic Pancreatic Cancer

Circulating Tumor Cells as Tools for Therapy Response in

Nab-paclitaxel Treated Metastatic Pancreatic Cancer Patients

NCT02379845

Adult Soft Tissue Sarcoma

NBTXR3 Crystalline Nanoparticles and Radiation Therapy in
Treating Randomized Patients in Two Arms with Soft Tissue

Sarcoma of the Extremity and Trunk Wall

NCT03020017

Gliosarcoma, Recurrent Glioblastoma

Treating Patients with Relapsed or Refractory B-Cell Non-
Hodgkin Lymphoma, LS1681 Trial

NU-0129 in Treating Patients with Recurrent Glioblastoma or | NCT02336087 Pancreatic Adenocarcinoma, Unresectable Pancreatic
Gliosarcoma Undergoing Surgery Carcinoma, Stage Ill Pancreatic Cancer AJCC vé and v7, Stage
IV Pancreatic Cancer AJCC vé and v7
Gemcitabine Hydrochloride, Paclitaxel Albumin-Stabilized NCT03003546 | Recurrent Aggressive Non-Hodgkin Lymphoma, Recurrent B-Cell
Nanoparticle Formulation, Metformin Hydrochloride, and Non-Hodgkin Lymphoma, Recurrent Small Lymphocytic
a Standardized Dietary Supplement in Treating Patients with Lymphoma, Refractory Aggressive Non-Hodgkin Lymphoma,
Pancreatic Cancer That Cannot be Removed by Surgery Refractory B-Cell Non-Hodgkin Lymphoma, Refractory Small
Lymphocytic Lymphoma
Nab-paclitaxel/Rituximab-coated Nanoparticle ARI60 in NCT04033354 Squamous Non Small Cell Lung Cancer

A Randomized, Double-blind, Placebo Controlled Phase IlI
Study to Investigate Efficacy and Safety of First-Line Treatment
with HLX10 + Chemotherapy (Carboplatin-Nanoparticle
Albumin Bound (Nab) Paclitaxel) in Patients with Stage IlIB/IIIC
or IV NSCLC

NCT02194829

Metastatic Pancreatic Adenocarcinoma, Stage Ill Pancreatic
Cancer AJCC v6 and v7, Stage IV Pancreatic Cancer AJCC vé6

and v7, Unresectable Pancreatic Carcinoma

Paclitaxel Albumin-Stabilized Nanoparticle Formulation and
Gemcitabine Hydrochloride with or Without WEEI Inhibitor
AZDI1775 in Treating Patients with Previously Untreated
Pancreatic Cancer That Is Metastatic or Cannot Be Removed

by Surgery

NCT02562716

Pancreatic Adenocarcinoma, Resectable Pancreatic Carcinoma

S1505: Combination Chemotherapy or Gemcitabine
Hydrochloride and Paclitaxel Albumin-Stabilized Nanoparticle
Formulation Before Surgery in Treating Patients with

Pancreatic Cancer That Can Be Removed by Surgery

NCT03464734

Metastatic Urothelial Carcinoma

quantify. Although fluorescence or radioactive labeling methods can be used to obtain the distribution image of

nanoparticles in vivo, labeled nanoparticles are prone to degradation, which may result in fluorescence or radioactive

molecules not being able to label all nanoparticles, leading to incorrect results. Furthermore, it is unknown whether
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fluorescence or radioactive molecular labeling will alter the distribution of nanoparticles. The preparation method of
nanoparticles is complex, and laboratory research has small-scale production with good reproducibility. However, after
expanding production and manufacturing, the controllability of physical and chemical properties is crucial. The first nano
drug approved by the US Food and Drug Administration, Doxil is an example that the production of this drug had to be
suspended in November 2011 due to production and sterility issues. The problem was not resolved until 2014. The high
cost of raw materials for preparing nanoparticles can affect the large-scale production of nanocarriers. In order to
compensate for high costs, the clinical therapeutic effect of nanomedicines must be significantly superior to traditional
anticancer drugs. The most important thing is to ensure the safety of nanomedicines. Assessing the in vivo and long-term
toxicity of nanomaterials is difficult, and there are currently no evaluation standards. Nanomedical therapies can only be
judged based on individual evaluations of benefits and risks, so the regulatory process is time-consuming. In the future,
detailed characterization and quality control guidelines for nanomedicine products are needed.

Conclusion

In this review, we summarized the differences between TME and normal cell microenvironment, as well as the
therapeutic targets targeting TME. So far, CAFs, ECM, tumor blood vessels, immune cells, etc. are all effective targets
for treating tumors. The method of tumor treatment is to improve or reshape the TME, but during the treatment process,
TME is a dynamic process with close relationships between components. For example, CAFs can change the structure
and hardness of ECM in various ways, and TGF- B Affects multiple immune cells. A deep understanding of the
composition of TME and the connections between its components can contribute to the discovery of new targets and
the development of methods for tumor treatment.

NPs have unique advantages in tumor treatment. NPs can passively target the tumor site through the EPR effect, and
a certain range of particle sizes is conducive to infiltration into the tumor interior and cell capture. Improve the solubility
and bioavailability of drugs while reducing drug toxicity. However, it has been found that NPs are easily engulfed by
RES as foreign substances after entering the human body, greatly reducing their anticancer efficacy. Therefore, simulat-
ing NPs as biomimetic nanoparticles with endogenous components has become a research direction for tumor treatment
nanocarriers. Experiments have found that biomimetic nanocarriers can avoid the phagocytosis of RES, significantly
improving drug delivery efficiency and efficacy. Therefore, this article focuses on introducing TME related biomimetic
nanocarriers, including different biomimetic carriers derived from proteins, cell membranes, and natural ligands.
Research has shown that biomimetic nanocarriers have significant advantages in targeting and avoiding immune system
phagocytosis. In addition to delivering targeted drugs, biomimetic NPs can also be applied to optical imaging and tumor
vaccines during cancer diagnosis.

Although biomimetic nanoparticles have made significant progress in preclinical research; however, bionic NPs still
have some problems like complicated cell membrane extraction routes, poor reproducibility, easy protein degeneration in
preparation and preservation, resulting in adverse reactions, unable to prove the integrity of the wrapped cell membrane
through experiments, clinical transformation difficulties, such as: the anti-cancer efficacy and long-term safety of
biomimetic nanoparticles have not yet been fully established in the human body, the extrusion method for preparing
biomimetic nanoparticles is time-consuming, inefficient, and difficult to scale up in industrial production, etc. In addition,
in order to develop multifunctional intelligent cell membrane encapsulated nanoparticles, it is essential to modify the cell
membrane, but this increases the risk of causing side effects. More importantly, excessive use of immune cell membrane
coated nanoparticles may induce or exacerbate inflammation. Although there are many problems to be solved, biomi-
metic NPs offer a novel idea for nano-delivery systems for tumor therapy and have a good prospect.
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