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Abstract: Glioblastoma (GBM), a highly aggressive form of brain cancer, is considered one of the deadliest cancers, and even with
the most advanced medical treatments, most affected patients have a poor prognosis. However, recent advances in nanotechnology
offer promising avenues for the development of versatile therapeutic and diagnostic nanoplatforms that can deliver drugs to brain
tumor sites through the blood-brain barrier (BBB). Despite these breakthroughs, the use of nanoplatforms in GBM therapy has been
a subject of great controversy due to concerns over the biosafety of these nanoplatforms. In recent years, biomimetic nanoplatforms
have gained unprecedented attention in the biomedical field. With advantages such as extended circulation times, and improved
immune evasion and active targeting compared to conventional nanosystems, bionanoparticles have shown great potential for use in
biomedical applications. In this prospective article, we endeavor to comprehensively review the application of bionanomaterials in the
treatment of glioma, focusing on the rational design of multifunctional nanoplatforms to facilitate BBB infiltration, promote efficient
accumulation in the tumor, enable precise tumor imaging, and achieve remarkable tumor suppression. Furthermore, we discuss the
challenges and future trends in this field. Through careful design and optimization of nanoplatforms, researchers are paving the way
toward safer and more effective therapies for GBM patients. The development of biomimetic nanoplatform applications for glioma
therapy is a promising avenue for precision medicine, which could ultimately improve patient outcomes and quality of life.
Keywords: nanomedicine, bionanotechnology, glioma therapy, drug delivery system

Introduction

Gliomas are the predominant primary malignant brain tumors, accounting for approximately 80% of primary brain
malignancies. Gliomas are considered the most prevalent tumors affecting the central nervous system (CNS). Among
them, glioblastomas (GBMs) are a highly aggressive and fatal tumors that are often associated with various clinical
complications, and are characterized by a tendency to recur and an extremely poor prognosis.' > The conventional
therapeutic approach for gliomas includes surgical resection, postoperative radiotherapy, and chemotherapy. Surgery can
reduce tumor load, prolong survival and relieve symptoms caused by intracranial hypertension and tumor compression,
but due to the infiltrative nature of gliomas, it is difficult to completely remove these tumors without damaging key
structures near the tumor bed.* In addition, moderately advanced gliomas and gliomas in some special sites cannot be
treated surgically. The early postoperative application of radiotherapy has demonstrated efficacy in extending patient
survival. However, postoperative radiotherapy is associated with a risk of inducing secondary malignancy in the
irradiated area and causing radiation damage. Chemotherapy is an indispensable therapeutic approach for glioma that
can increase progression-free and overall survival in affected patients. However, this treatment modality is associated
with several systemic side effects, including liver dysfunction, cardiotoxicity, and bone marrow suppression.” In recent
years, photodynamic therapy (PDT),° photothermal therapy (PTT),” sonodynamic therapy (SDT),® chemodynamic
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therapy (CDT),” gene therapy'® and immunotherapy'' have been used to treat glioma in place of or in combination with
conventional therapies, and have received widespread attention because they have shown unparalleled advantages.

Nonetheless, a noteworthy challenge in the effective treatment of glioma is posed by the blood-brain barrier (BBB),
which is a multifaceted composition of brain microvascular endothelial cells (ECs), pericytes, astrocytes, tight junctions
(TJs), neurons, and basement membranes (Figure 1).'> The BBB is a protective physical barrier that provides a defense
mechanism for the brain to maintain CNS homeostasis, but the BBB also prevents large molecules such as drugs from
entering the brain."* In addition, factors such as the complexity of the tumor microenvironment, the heterogeneity of
tumor tissues and drug tolerance often lead to unsatisfactory efficacy.'®

Nanoparticles (NPs) have been skillfully designed to extend the systemic circulation of drugs. The selective targeting
of the surface fraction of NPs and the enhanced permeability and retention (EPR) effect render them highly effective as
delivery vehicles for transporting drugs across the BBB to the tumor site and improving drug therapeutic efficacy.
Multiple drugs can be linked into individual NPs through encapsulation, adsorption or covalent linkage to build
a versatile therapeutic system, which is of exceptional significance in the treatment of intricate and multifaceted diseases
such as cancer.'>"'® Moreover, NPs can reduce immunogenicity and side effects, and biocompatible nanoparticle matrices
can prevent drug enzymatic or environmental degradation, while reducing exposure to drug toxic effects and increasing
the maximum tolerated dose of a drug.>'>"”

Traditional NPs are primarily synthesized from polymers, lipids, and metals, and are capable of accommodating an
assortment of active ingredients such as drugs, contrast agents, proteins, and nucleic acids, among others, for various
biomedical applications. However, when NPs are injected into the circulation, the liver and spleen remove most of the
nanomaterials and thus prevent nanomaterial delivery to tumor tissue.'®'? Safety remains a major concern in the
development/utilization of NP-based therapeutics.”’ For example, metals and metal oxides can cause neurotoxicity by
inducing apoptosis and elevating oxidative stress.”' Specific antibodies are produced after PEGylation administration,
leading to rapid clearance after repeated dosing.?* In addition, most NP preparations accumulate significantly in the
spleen, liver, and kidneys, leading to systemic toxicity.”> Another legitimate concern is the potential neurotoxicity of
untargeted NPs to healthy brain tissue.* Therefore, scientists have been trying to optimize nanomaterials to minimize
side effects.
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Figure | Composition of neurovascular structural units and the different mechanisms by which molecules cross the BBB. Created with Biorender.com.

In recent years, biomimetic NPs have become a crucial carrier of drugs to enhance their bioavailability, achieve targeted
delivery of anticancer drugs in solid tumors, and mitigate drug side effects. Biomimetic NPs can be broadly categorized into
two types: cell membrane (CM)-based biomimetic NPs and protein/peptide template-based biomimetic NPs.?* Biomimetic
NPs, which consist of a synthetic core with multiple functionalities and are encapsulated with different types of CMs, such as
those of cancer cells, red blood cells (RBCs), leukocytes, and platelets, have been developed to enhance drug bioavailability
and achieve selective delivery, penetration and accumulation of anticancer drugs in solid tumors.?” These NPs utilize the
complex biological functions of CMs and the versatility of NPs, allowing them to achieve immune escape, prolonged
circulation in the bloodstream, and targeting capability toward tumors.?*?’* Peptides or proteins as endogenous carriers
are another branch of bionanomaterials that are equally nonimmunogenic and biocompatible.”” Commonly used carriers are
albumin, transferrin (TF) and lipoproteins.>® Cancer cell surface proteins can also be used to enhance the targeting of NPs.*!

A number of reviews have summarized the notable achievements in the development of glioma-targeting
materials. Recent advances in magnetic resonance contrast agents and multimodal imaging of GBM were summar-
ized by Zhuang et al.’>? Tang et al reviewed important recent advances in targeting nanotechnology via the BBB,
focusing on the design of multifunctional nanoplatforms.*® In recent years, biomimetic NPs have rapidly evolved
and shown great advantages over conventional nanoplatforms, and a few summaries and in-depth discussions
addressing the application of biomimetic NPs in glioma have been reported. In this paper, we aim to explore the
structure and advantages of the latest bionano platforms. We classify and discuss various biological nanoplatforms
for glioma diagnosis and treatment based on different materials. Finally, we conclude the article by discussing the
challenges and prospects for future applications of glioma-targeted nanotherapies.
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What are Membrane-Modified Biomimetic Nanoparticles?

NPs modified by CMs have gradually become the focus of research since 2011, when the team of Hu et al first
synthesized RBC membrane-camouflaged NPs through a top-down method.*> Commonly used biological membranes
include RBC membranes, tumor CMs, immune CMs, vesicles, etc. Different types of CMs exhibit varying properties.
CM-encapsulated NPs retain membrane lipids, surface proteins, and glycans, thereby inheriting the inherent biological
properties of the source cells. Compared with synthetic NPs, these biomimetic NPs showed better biosafety, significantly
improved the ability of NPs to cross the BBB, increased drug delivery efficiency, and revealed superior efficacy for
cancer treatment. Table 1 lists the applications of biofilm-modified biomimetic nanoplatforms in the management of
glioma in recent years.

Tumour Membranes

Despite their infamy, cancer cells possess some distinctive and wondrous characteristics. For example, during the
development of cancer, tumor cells develop complex mechanisms to counteract and avoid immune surveillance. Tumor-
targeting agents mainly recognize overexpressed cancer cell surface antigens, such as CD133 and CD44,”® while cancer
CM (CCM)-encapsulated NPs (CCM-NPs) can achieve homologous targeting.”’ Nanoparticle surface functionalization
using natural CMs is a novel approach. NPs encapsulated by CMs derived from cancer cells can exhibit excellent

immune escape and homologous targeting of genetically autologous cancer cells.”®””

Red Blood Cell Membranes

The concept of employing RBCs as a vehicle for drug delivery was initially investigated by Dale et al during the 1970s.%
As the most common cells in blood, the specific properties of RBCs make them inherently suitable for intravascular
transport. First, because RBCs lack a nucleus and organelles, most of their volume can be used for drug encapsulation.
Then, as RBCs possess a lengthy lifespan, the duration of drug circulation can be extended, thereby sustaining the drug
concentration at a secure and efficient level for an extended period.®' In addition, RBCs are plastic and deformable and
can pass through capillaries 2-3 pm in diameter without damaging cells. In addition, RBCs are safe and nontoxic and
show a high degree of biocompatibility. In short, the unique shape, size, structure and mechanical flexibility of RBCs can
provide NPs with extraordinary biological properties. Combined with suitable targeting substances on the surface of
RBCs, engineered bionanodrugs with BBB crossing ability can be constructed to effectively target glioma tissues and

release drugs efficiently.®' ™3

Leukocyte Membranes

Leukocytes are immune cells that act as a defense system and include macrophages, neutrophils (NE), and natural killer
(NK) cells, etc.** There are approximately 4.5-12 billion leukocytes per liter of blood. By expressing cell adhesion
molecules (CAMs) that bind to inflamed ECs, leukocytes can achieve targeted migration.®> Virchow first noted the
presence of leukocytes in tumors in 1863, and suggested that there may be some connection between cancer and
inflammation. The findings of subsequent studies confirmed that inflammation is present throughout tumor growth,
including tumorigenesis, growth, invasion, and metastasis. During the development of cancer, a large number of immune
cells are recruited into the tumor microenvironment (TME).*® The encapsulation of NPs with CMs retains the properties
of the original biofilm. NPs encapsulated by immune CMs have specific immune functions that enable active immune
responses, targeted migration to tumor sites, and the inhibition of tumor growth and metastasis, and thus hold great
promise for targeted drug delivery.*°

Macrophages

The cells of the mononuclear phagocyte system have intrinsic homing properties, responding to cytokine/chemokine
excretion from diseased tissues, migrating across the endothelium to tumor sites, and protecting NPs from hepatic
metabolism.”>*”*% Macrophages are considered as potential carriers of anticancer drugs because of their long in vivo
circulation time and their ability to mediate immune evasion.”” Pang et al demonstrated that macrophages, in the
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Table | Application of Biomimetic Biofilm Nanoplatform in Glioma

Biofilm Advantages Disadvantages Nanoparticle Cores Function Preparation Methods | Ref.
Tumour membrane Immune escape Shorter circulation Semiconducting polymer dots NIR-II fluorescence Extrusion [34]
and homologous time than red imaging
targeting ability blood cells Er-based lanthanide-doped Nps NIR-II fluorescence Extrusion [35]
imaging
TMZ, Cisplatin loaded into a pH degradable acetal grated Chemotherapy [36]
dextran inner core
The 10-hydroxycamptothecin nanosuspension Chemotherapy us [37]
Graphene quantum dots and DOX PTT Extrusion [38]
The sonosensitizer chlorin e, oleic acid-coated Fe;O4 and SDT and ferroptosis Extrusion [39]
DSPE-PEG 2000
The polyethylenimine and the herpes-simplex virus thymidine Gene therapy us [40]
kinase plasmid
DOX conjugated manganese dioxide CDT Extrusion [41]
Hemoglobin, lactate oxidase, and bis[2,4,5-trichloro- Metabolic therapy Extrusion [42]
6-(pentyloxycarbonyl)phenyl] oxalate-chlorin e6.

Superparamagnetic iron oxide MPI US and Extrusion [43]
Carbonated calcium carbonate nanoparticles Immunotherapy Extrusion [44]
Red blood cell Long blood Low active DOX and ZnGa,04:Cr3+, Sn4+ loaded mesoporous silica NPs | NIR fluorescence imaging us [45]
membrane circulation time targeting capability DTX nanocrystals Chemotherapy us [46]
Vinca alkaloid vincristine Chemotherapy Extrusion [47]
DOX and Lexiscan Chemotherapy Extrusion [48]
DOX Chemotherapy Extrusion [49]
Nanogel containing TMZ and ICG was synthesized by PTT Extrusion [50]

crosslinked amylopectin and poly(deca-4, 6-diacetylenic acid)
SiRNA Gene therapy us [51]
The Cu chelator di-2-pyridylketone-4,4-dimethyl- CDT us [52]

3-thiosemicarbazone
The pH-sensitive acetal-grafted dextran co-loaded anti- Immunotherapy us [53]
apoptotic protein inhibitor
Glucose oxidase and DOX camouflaged zeolitic imidazolate Starvation therapy us [54]
framework-8 NPs

(Continued)
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Table | (Continued).

Biofilm Advantages Disadvantages Nanoparticle Cores Function Preparation Methods | Ref.
Macrophage Long circulation Macrophage Coumarin-6 (A fluorescent dye,) DiR (a near infrared dye) and Chemotherapy uUs [55]
time; surface receptors DOX hydrochloride
Mediates immune are also present DOX-loaded incubating poly(lactide-co-glycolide) Chemotherapy us [56]
evasion on other cells and Fe304-Cys s Imaging and Postoperative [57]
there may be an Photothermal Therapy
accumulation of Poly(N-vinylcaprolactam) nanogels loaded with MnO3 and Imaging/CDT/ Extrusion [58]
non-target organs encapsulated with cisplatin Chemotherapy
Poly(lactic-co-glycolic acid) nanoparticles loaded with Rapamycin Immunotherapy Extrusion [59]
(RAPA)
Microglia Macrophages in siPD-L| and Fe30,4 Iron Death/ US and Extrusion [60]
the central Immunotherapy
nervous system Zoledronate loaded poly (propylene glycol dithiodipropionate) Chemotherapy Extrusion [61]
NPs
Neutrophil Targeting areas of Accumulation of PTX-laden liposomes Chemotherapy Incubating [62]
inflammation non-target organs
may be present
Natural killer cells Spontaneous anti- Accumulation of The aggregation-induced emission active polymeric NIR-II fluorescence Biomimicking the virus- [63]
tumour non-target organs nanoendoskeleton imaging budding process
cytotoxicity may be present
Dendritic cell Antigen-presenting | Accumulation of Rapamycin (RAPA)-loaded poly(lactic-co-glycolic acid) (PLGA) Immunotherapy US and Extrusion [64]
cells non-target organs
may be present
Platelets Long blood May lead to IR 1048 dye-loaded liposomes PTT Extrusion [65]
circulation time adverse activation
Immune evasion; Targets limited
Specific adhesion types of tumours
to injured vascular
endothelium
Platelet-Tumor Cell Fusing the More complex to Poly(lactic-co-glycolic acid), and B-mangostin Chemotherapy Extrusion [66]
Hybrid Membrane properties of prepare
Dendritic-Tumor Cell different cells DTX nanosuspensions Chemotherapy us [67]
Hybrid Membrane
Erythrocyte-Tumor Antitumor agent Gboxin supported mesoporous silica NPs Chemotherapy [68]

Cell Hybrid
Membrane
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Extracellular vesicles

Avoid
phagocytosis or
degradation by

macrophages;
Long blood
circulation time;

Small size

Accumulation of
non-target organs
may be present;
Certain exosomes
are involved in
tumour
progression or aid
in membrane
antigen release and
may contribute to

tumour growth

ICG and PTX
DOX
DTX

TMZ and SiRNA

DOX-Loaded Heparin-Based NPs
EVs labeled by radioactive and fluorescent

Signal transducers and activators of transcription 3 siRNA

Chemotherapy and PTT
Chemotherapy
Chemotherapy

Chemotherapy and Gene

therapy
Chemotherapy

Imaging
Gene therapy

Electroporation
us
Extrusion
us

Ultracentrifugation
uUs

[69]
[70]
71
721

[73]
[74]
[73]

Abbreviations: NIR, Near-infrared; NPs, Nanoparticles; TMZ, Temozolomide; US, Ultrasound; DOX, Doxorubicin; PTT, photothermal therapy; SDT, sonodynamic therapy; CDT, Chemodynamic therapy; DTX, docetaxel; ICG,

Indocyanine green; SiRNA, Small interfering RNA; PTX, paclitaxel.
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presence of CAMs, can carry NPs across the BBB, overcome high interstitial fluid pressure to enter deeper parts of
gliomas and better kill tumor cells. In addition, because M1 macrophages are in a proinflammatory state, they are better

able to internalize particles than normal macrophages.’>°

Microglia

Microglia originate from primitive yolk sac myeloid precursors that enter the CNS during embryonic development and
become the key immune effector cells of the CNS®*°'. Gliomas can attract microglia by secreting a variety of cytokines
that cause them to migrate toward the tumor site in a targeted manner.®> Therefore, the establishment of a microglial CM-
based GBM-targeted drug delivery system has become a possibility.

Neutrophils

Inflammation is an important process in tumorigenesis.*® NEs adhere to brain ECs activated by inflammation and enter
brain tissue via the BBB. Superoxide production during the NE response to inflammatory factors can also cause an
increase in BBB permeability.”> Thus, coating the surface of NPs with NE CMs helps to target inflammatory brain ECs,
thereby allowing NPs to enter the damaged brain.”*

Natural Killer Cells

NK cells are important immune cells in vivo that play a key role in cancer immune surveillance, transplant rejection and
early viral immunity.”® Since their discovery in the 1970s, numerous studies have illustrated that NK cells can elicit
cytotoxicity against tumor cells and kill them spontaneously. Moreover, NK cells secrete a variety of cytokines and
chemokines that initiate and modulate a multifaceted immune response, culminating in durable and protective immunity
against tumors.”® Integrins on lymphocytes binding to CAMs on ECs can trigger intracellular signaling cascades that lead
to TJ disruption and actin backbone recombination, creating a gap in the BBB that allows the penetration of NK cells. In
addition, NK cells have potential tumor targeting ability. NPs wrapped by NK CMs can mimic the properties of NK cells.

Platelets

Platelets are one of the three main components of blood. Platelets have the advantages of wide sourcing, easy separation
and fast renewal.®® Platelets reduce the uptake of drugs by macrophages and prolong the circulation of drugs while
avoiding their undesirable accumulation in the body.”” NPs wrapped by platelet membranes can bind specifically to
cancer cells through their surface proteins.”® In addition, platelets, as circulating sentinels of vascular injury, have an
inherent adhesive effect on the injured vascular system, and thus the exposed collagen fibers of damaged vessels in
tumors can attract platelets for targeted adhesion.”” Thus, the use of platelet bionanotechnology strategies will confer
tumor-targeting properties to nanoprobes.

Hybrid Membranes

CM coating technology is a method to enable NPs to acquire the inherent properties of the source CM. NPs coated with
CMs have better biocompatibility, enhanced pharmacokinetic characteristics and specific targeting ability.'*® Different
types of CMs have different characteristics. As mentioned above, CCM-NPs have antigens and receptors for cancer cells
and have specific tumor targeting capabilities.'”’ RBCm-encapsulated NPs can achieve immune escape and prolong
circulation time in vivo.'® Leukocyte membrane-encapsulated NPs have high affinity for inflammatory regions in vivo
and easily cross the biological barrier.** Platelet membrane-encapsulated NPs have strong immunocompatibility and high
affinity for pathogens and injured vascular systems.'® The fusion of membranes from different cell types allows the
acquisition of properties from both membranes, and the use of hybrid membranes to camouflage NPs can effectively
address the functional limitations of individual CMs. This approach has been shown to enhance the properties of

nanomaterials, as the resulting hybrid membrane can incorporate the desirable features of multiple CMs.'**
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Extracellular Vesicles
Extracellular vesicles (EVs), which are small vesicles consisting of CMs and associated membrane proteins, offer great

promise as drug delivery vehicles for the treatment of gliomas. EVs possess a relatively stable structure that protects their
contents from degradation, and they have the ability to target specific cells, including the ability to pass the BBB.'>'%®
Exosomes (Exos) are EVs that have shown potential for the treatment of GBM.

The Fabrication of Biomimetic Nanoparticles

The CM camouflage technique is a straightforward and practical top-down method to enhance the safety and efficiency of
nanoparticle delivery without specific restrictions on the core nanomaterial. The production of CM-derived NPs generally
involves three stages: the extraction of membranes, the preparation of nanoparticle cores, and the encapsulation of the
cores with CMs (as shown in Figure 2). In addition, biofilms can be modified to obtain additional functions. The method

of NP core preparation often depends on the core material and personalization and has been reported in several

papers' %10, therefore, it is not reviewed here.
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Figure 2 Different methods of CM nanoparticle camouflaging. (a) Single CM (b) Hybrid CMs and (c) Electroporation to collect NPs.
Note: Reprinted from International Journal of Pharmaceutics, 621, Imran M, Jha L A, Hasan N, et al “Nanodecoys”-Future of drug delivery by encapsulating nanoparticles in
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The Methods of Biofilm Extraction
CMs are phospholipid-rich bilayers, and the proteins, peptides and sugars on their surface determine their function.
Therefore, it is essential to maintain the surface properties of CMs during the isolation and extraction process. The cell
structure of nonnucleated cells (RBCs, platelets, etc.) is simple and the extraction of membranes is also simple. Repeated
freeze—thaw cycles or hypotonic incubation can be used to perform cell lysis, followed by the isolation of the cytoplasmic
membrane by centrifugation.**-*>!'? The isolation and extraction of CMs from nucleated cells is a more complex process.
First, cells need to be screened based on markers on the CM surface. Then the cells are induced to rupture and the cell
structure is further disrupted using ultrasound (US). Finally, the CMs are separated using differential centrifugation.””*''*
116 CM hybridization involves fusing CMs from different cells together by US and extrusion, and then coating the fused
membranes on individual NPs to give the NPs the functionality of membranes from both cells.''”-'"®
Ultracentrifugation, including differential centrifugation, is the most commonly used method to isolate Exos because
it is simple and inexpensive.''® Immunoaffinity capture is the most efficient method for isolating Exos with desirable
structures.'?° In addition, microfluidic techniques have recently been developed for Exo isolation.'?!*'?* Passive micro-
fluidic techniques utilize elastic lifting forces on particles in a viscoelastic medium to achieve separation.'”® Active
microfluidics can separate Exos using inhomogeneous electric fields or acoustic radiation forces depending on the size
and dielectric properties of the Exos.'** Compared to Exos generated by ultracentrifugation, Exos generated by
microfluidic methods have higher purity and recovery rates,'*> making them potentially suitable for scaled-up produc-
tion. In addition, Silva et al cultured human umbilical vascular ECs with gold NPs, iron oxide NPs or graphene quantum

dots (GQDs) and observed that the cells released vesicles containing these exogenous NPs.'2¢

The Methods of Biofilm Encapsulation

Currently, there are three main techniques for fusing biofilm-derived NPs: extrusion, ultrasonic fusion, and electropora-
tion. Among these methods, physical extrusion uses mechanical forces to disrupt the membrane structure. CMs and NPs
are first mixed well, and then fused by repeated extrusion using polycarbonate membranes with different pore sizes.
Although this technology is convenient, the purity and integrity of the produced bionanoparticles are limited and
challenges are encountered in large-scale preparation.'?”-'*® The US method uses high-intensity US to assemble CMs
and NPs into core-shell structures via electrostatic interactions. This method is associated with less material loss than
extrusion, but may disrupt the nanoparticle core.'*>'*° In addition, microfluidic electroporation is a new method to
facilitate the coating of nanocores with biofilm vesicles. Microfluidic electroporation uses electrical pulses between two
electrodes to induce electroporation, resulting in the formation of many short-lived micropores in the CM, and these tiny
pores allow the entry and exit of NPs into and out of the cell, allowing the efficient encapsulation of NPs within the
CM."" Microfluidic-based techniques for the preparation of biofilm-derived NPs offer better colloidal stability and

higher encapsulation efficiency than conventional extrusion-based methods.'*°

The Methods of Biofilm Modification

The activity of NPs depends to a large extent on the surface functional proteins of the CM. Therefore, CM modification
and functionalization can alter the characteristics of CM-encapsulated NPs.'*""'>? There are three main approaches for
CM modification: physical, chemical and genetic engineering approaches. The spontaneous functionalization of specific
ligands onto the CMs through the interaction of lipid membranes and their mobility is referred to as physical engineering
of CMs. For example, lipid vesicles holding the target molecule are fused to the CMs.'** Physical engineering is the
simplest method for modifying proteins and customizing delivery as a carrier. Chemical engineering techniques focus on
membrane-associated proteins, peptides and polysaccharides.'** Chemical techniques can endow cells with the ability to
perform new activities while maintaining their biological function. However, the lack of selectivity of chemical
techniques may reduce the biological activity of natural proteins and disrupt their original function. Genetic engineering
techniques involving viral and nonviral vectors allow the highly selective embedding of desired peptides or proteins on
the cell surface. This approach is frequently utilized to incorporate protein into CMs, resulting in targeted delivery and
enhanced therapeutic responses.'*>'*® Further exploration of genetically engineered CMs is needed, because although
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they are highly specific and improve the precision of CM engineering, they are associated with potential toxicity or

immunogenicity when used in combination with chemical or physical modification strategies.'"!

The Applications of Membrane Modified NPs in Glioma

Imaging

Nanoparticle-based contrast agents have been widely used for optical image-guided procedures and disease monitoring,
and their performance depends heavily on their molecular structure and physical, chemical, and optical properties.
However, the intrinsic properties of NPs make them poorly biocompatible.'*” To address this problem, Santos-Coquillat
et al have developed a dual-labeled nanoprobe by radiolabeling and fluorescently tagging small EVs. This nanoprobe
exhibits strong in vivo uptake in tumor tissue, making it a valuable tool for diagnostic assessment in animal models of
GBM.” Kong et al synthesized NIR-PLNPs with dual imaging and therapeutic functions based on mesoporous silica
loaded with doxorubicin (DOX), ZnGa’0*:Cr**, and Sn**, wrapping RBC membranes (RBCm) for prolonged drug
circulation time and further coupling T7 peptide on the RBC surface for blood-brain tumor barrier (BBTB) penetration
and glioma targeting. The NPs showed good tissue penetration and exhibited in vivo NIR luminescence for more than 30
hours, allowing long-term autofluorescence imaging. This long-lived rechargeable nanoprobe has high imaging sensi-
tivity for enhanced antitumor efficacy.*

Magnetic Particle Imaging (MPI) is an emerging non-invasive imaging technique based on tracer agents, which offers
unique advantages such as background-free tissue signals and excellent imaging contrast. The MPI signal is generated by
superparamagnetic particles, such as superparamagnetic iron oxide (SPIO) NPs. To enhance the performance of MPI for
precise diagnosis of brain tumors, Huang et al developed a nanosensor called CM-Coated SPIO (CCM-SPIO) by coating
the membrane of GBM cells onto the surface of SPIO. This nanosensor can penetrate the BBB and subsequently target
brain GBMs, demonstrating excellent magnetic and photothermal effects. It can be used for early and accurate detection
and intervention of GBM.*

Although the gliomas of some patients are inoperable, surgical treatment is still a key measure to reduce or delay the
recurrence of most glioma. Developing diagnostic techniques to localize GBM tumors, visualize their borders during
surgery, and remove as much of the tumor as possible while preserving normal brain tissue can improve patient prognosis
and reduce tumor recurrence.'*®'*® Near-infrared (NIR) optical imaging is a new imaging method. Combined with
sensitive detection devices and versatile fluorescent probes, this technique can be used for real-time imaging of a wide
range of molecules in vivo, clearly defining and characterizing the physical edges of tumor tissue.'*”"*° Intraoperatively
use of NIR imaging allows more precise identification of the boundaries of GBM tumors during surgery, enabling
neurosurgeons to remove tumors with high sensitivity and precision."*' Men et al designed a CCM-encapsulated
conjugated polymer dot nanoplatform for glioma-targeted detection. This biomimetic nanoprobe retains the complex
biological functions of CCM-NPs while having the ability to be used for NIR-II fluorescence imaging.** Wang et al
designed lanthanum-doped elemental NPs encapsulated in brain tumor CMs for brain tumor imaging and surgical
navigation with high stability, high spatiotemporal resolution and a low background signal, making brain tumor
boundaries clearly visible.>

Chemotherapy
In addition to surgery, which is a crucial initial therapeutic intervention for malignant gliomas, chemotherapy serves as an
additional treatment option to improve prognosis. However, the majority of cytotoxic agents have the limitation of not
being able to effectively penetrate the BBB, which hampers their efficacy. The appropriate approach for penetrating the
CNS tissue and cerebrospinal fluid (CSF) plays a crucial role in the delivery and effectiveness of chemotherapy for
malignant gliomas. Nanomaterials that are coated with tumor CMs have high targeting ability, are capable of penetrating
the BBB, and have demonstrated good antitumor effects both in vitro and in vivo.'*?

The GBM-CM camouflaged mimetic NPs (MNPs) developed by Zou et al could effectively be co-loaded with
temozolomide (TMZ) and cisplatin Cisplatin (CDDP) (Figure 3), target GBMs through the BBB, and control drug
release, achieving a strong anti-GBM effect and greatly prolonging survival. Histological analysis and routine blood tests

showed no significant side effects.>® Fan et al successfully employed CCMs from C6 cells to camouflage a 10-
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Figure 3 TMZ and CDDP codelivery of bionanodrugs (a) Construction of NPs. (b) Size distribution of NPs. (c) Submicrostructure of NPs. (d) Flow cytometric analysis. (e)
DNA damage induction description. (f and g) Cell proliferation of different MNPs after 48 h incubation. (h) Mechanistic description of the synergistic effect of TMZ and
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hydroxycamptothecin nanosuspension (NS), achieving effective antitumor outcomes. NS is a method to stabilize the
particle size of a drug at the nanoscale while increasing the surface area of the drug by using a small amount of surfactant
or polymeric material as a stabilizer. This method is simple to perform; improves the dissolution rate, solubility and
bioavailability of the drug and mitigates the drug side effects. In addition, CCC-encapsulated NSs are immune to
clearance and can cross the BBB for selective targeting of tumor tissues.’’

The safe and effective transport of chemotherapeutic drugs remains the key to improving the effectiveness of cancer
treatment. RCBm-modified nanodrugs bound to targeting ligands show highly prolonged drug circulation times and high
BBB penetration. Chai et al introduced tumor-targeting ligand ¢ (RGDyK) to the RBCm surface via multivalent affinity-
biotin interactions and encapsulated drug NCs (RBC-NCs) with it.*® Fu et al designed a T7 and NGR peptide dual-
modified RBCm-encapsulated lipid nanoparticle that could be used for crossing the BBB and BBTB and targeting
gliomas to improve the therapeutic efficacy of gliomas (Figure 4).*” Zou et al used vascular endothelin-2 to functionalize
the RBCm surface and loaded PH-sensitive NPs (polymer, DOX) and lexiscan (Lex) to generate Ang-RBCm@NM-
(DOX/Lex).* Chai et al incorporated neurotoxin-derived targeting ligands bound to RBCCM-encapsulated NPs that
could target nicotinic acetylcholine receptors (nAChRs) expressed by brain ECs.** RBCms with attached targeting
ligands conferred nanocarrier targeting ability along with prolonged blood circulation time, thus improving drug delivery
efficiency and enhancing therapeutic efficacy.

Xue et al constructed paclitaxel containing (PTX) liposomes with NE coatings. Inflammatory factors released after
tumor removal, such as TNF-a and CXCL1/KC, guided NPs into the brain and triggered the release of liposomal PTX to
kill residual tumor cells, effectively slowing tumor recurrence in rodents and improving survival rates.®®

Niu et al have devised a novel drug delivery system whereby natural grapefruit EVs were layered onto the surface of
heparin-loaded NPs (DNs) containing DOX. This biomimetic EV-DN hybrid construct exhibited the remarkable ability to
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traverse the BBB/BBTB through transcytosis and membrane fusion, thereby penetrating the glioma tissues. This not only
considerably enhanced the cellular internalization and antiproliferative potency of the therapeutic agent but also extended
its circulation time, culminating in an improved therapeutic outcome for glioma.”

Wu et al developed NPs with excellent targeting and immune escape capabilities by hybridizing platelet and glioma
CCMs.% Hao et al developed a chemotherapeutic delivery vehicle based on docetaxel (DTX) NS with mixed glioma
CCMs and a dendritic cell (DC) membrane envelope. The homologous targeting ability of CCMs provided a driver for
precise drug delivery. At the same time, the platform achieved efficient synergistic effects of chemotherapy and
immunotherapy due to the specialized antigen presentation properties of the DC membrane.®” Jiao et al used RBCms
and CCMs to generate a hybrid membrane, and used this membrane to coat Gboxin-loaded mesoporous silica NPs for
GBM chemotherapy. The coating of the RBCm/CCM composite membrane extended the cycle time of the NPs, allowing
them to target gliomas.®® Targeting the TME is an important area of research in tumor targeting. Ma et al developed
a novel approach to target the TME by fusing glioma-associated stromal cells (GASC) with GBM CMs and encapsulat-
ing them with polylactic-co-glycolic acid (PLGA) NPs. The resulting NPs inherit membrane proteins from both the GBM
membrane and GASC membrane, significantly enhancing tumor targeting efficiency compared to NPs solely coated with
CCMs.'#

Photothermal Therapy

PTT is an approach that utilizes phototherapeutic agents distributed within diseased tissues to absorb electromagnetic
radiation and convert it into heat. This process is aimed at killing cells through local heating. Under NIR light irradiation,
the photothermal agents generate heat, which leads to the destruction of CMs and protein denaturation. PTT has the
advantage of avoiding the nonselective destruction of cells that can occur with chemotherapy and radiotherapy, while
also avoiding damage to nontargeted tissues as much as possible.**'*> Therefore, PTT may be the ideal method to
remove residual tumor cells after surgery. Ren et al encapsulated GQDs and DOX in a homotypic CCM to construct
a multifunctional bionanoplasmic nanoplatform for synergistic chemotherapeutic PTT targeting gliomas. Graphene GQD
nanomaterials have unique physicochemical properties, and CCMs can actively target tumor cells, leading to significantly
enhanced cellular uptake. Under external laser stimulation, the membranes may be disrupted, leading to rapid DOX
release. This study provided an effective combination strategy for precision tumor therapy.*®

Maintaining effective drug concentrations deep in the tumor remains one of the challenges of the photothermal
treatment of gliomas. Zhang et al established a nanogel system by cross-linking prululam with a degradable conjugated
polymer and loaded indocyanine green (ICG) and TMZ. The modification of the RBCm with an Apoe peptide further
extended the circulation time of the nanosystem, enhancing its ability to cross the BBB and reach gliomas. Upon tumor
irradiation with NIR, ICG generated ROS to deform the nanogel, resulting in the localized release of the drug and
consequent eradication of tumor cells, leading to a substantial increase in survival rates.””

Wang et al successfully designed a macrophage membrane-encapsulated photothermal nanoprobe, Fe;0,4-Cys s, that
exhibited optimal detection depth and a high signal-to-noise ratio in fluorescence, photoacoustic and magnetic resonance
imaging. This nanoprobe could distinguish gliomas from adjacent normal tissue and effectively guide surgery. In
addition, Fe;0,4-Cys.s induced PTT and effectively prevented glioma recurrence after surgical intervention.”’

NPs wrapped by NK CMs can mimic the properties of NK cells. Chai et al developed NK cell-mimicking nanorobots
(NK@AIEdots) with aggregation-induced emission (AIE) characteristics by mimicking the viral budding process and
covering an AlE-active polymer endoskeleton with an NK CM. The prepared NK@AIEdots showed excellent NIR-II
fluorescence. The NK@AIEdots could cross the BBB by pulling apart the TJs and accumulated specifically in brain
tumors for in situ penetrating fluorescence imaging and PTT.*?

Geng et al demonstrated an IR-II light therapy nanoprobe with platelet membrane camouflaging NPs that could target
multiple cancer cells, such as pancreatic cancer, breast cancer, and glioma cells. The nanoprobe showed good biocom-
patibility, avoided macrophage clearance, and improved the treatment of glioma.®®

Wang et al demonstrated that targeted EVs loaded with ICG and PTX could induce glioma cell apoptosis and inhibit
tumor growth through combined chemotherapy-thermal therapy.®® However, the low yield of natural Exos limits their
application in nanomedicine. To overcome this limitation, Wu et al compared the delivery of Exos with bioinspired
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nanovesicles (BNVs) in brain tumor drug delivery. They found that BNVs derived from brain-derived ECs had similar
pharmacokinetic profiles and prolonged DOX cycle times, suggesting that autologous BNVs are an effective alternative
to natural Exos for brain tumor nanodrug delivery.”” The formation of a protein corona (PC) on nanocarriers may also
affect their behavior. Wu et al developed a multifunctional Exo mimic (EM) modified with Ang to enhance GBM drug
delivery by manipulating the PC. The EM could evade macrophage phagocytosis, and the targeting ligand Ang retained
its BBB penetration capability, providing a promising platform for targeted brain drug delivery and GBM therapy.”"

Sonodynamic Therapy

SDT is a noninvasive treatment modality that kills cancer cells by generating reactive oxygen species (ROS) through US
excitation of acoustic sensitizers. As a mechanical wave with a frequency greater than 20 kHz, US has the unique
advantage of low tissue scattering and can penetrate deep soft tissues and activate acoustic sensitizers. In addition, by
controlling the frequency, US can be accurately targeted to the tumor site, avoiding damage to the surrounding normal
tissues. Nanoparticle-based acoustic sensitizers exhibit obvious advantages due to their properties, such as improved SDT
efficacy, binding affinity, target specificity and synergistic treatment.'**'*® For example, Zhu et al constructed multi-
functional tumor homology-targeting MNPs (PIOC@CM NPs) encapsulating Fe;O4 and Ce6 as glioma acoustic
sensitizers. US combined with circulating microbubbles for safe and instantaneous BBB opening and simulated
nanosensitizer-mediated SDT combined with iron therapy for targeted synergistic treatment of gliomas.*”

Chemodynamic Therapy

CDT is a rising anticancer strategy that involves inducing apoptosis by converting endogenous hydrogen peroxide (H,O,)
into toxic hydroxyl radicals through Fenton and Fenton-like reactions. To improve the efficacy of CDT, NPs are used due
to their good biocompatibility and stability. CM coating can further improve the stability of NPs and enable them to cross
the BBB and traverse and target glioma.*™'* This approach was demonstrated in the experiments of Du et al, where
a DOX-coupled manganese dioxide bionanomedical system (MnO,-DOX-C6) encapsulated by C6 CMs was prepared.
MnO, can promote the decomposition of H,O, to alleviate the hypoxic TME; in addition, MnO, can generate ROS
through Fenton-like reactions to further induce oxidative stress to kill cancer cells. The hydrazone bond linking DOX and
MnO, allows DOX to be released exclusively in the acidic environment of the tumor, thereby reducing its toxicity and
side effects. MnO,-DOX-C6, which wraps around the membrane of glioma C6 cancer cells, has homologous targeting
ability and can regulate the rate of drug release.*'

Selective targeting of copper (Cu) in tumor cells using chelating agents to induce elevated ROS may be an effective
strategy for the treatment of GBM. The Cu chelator di-2-pyridone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) can
form Cu-Dp44mT complexes with high redox activity, resulting in potent antitumor activity. Nevertheless, the high
toxicity of this approach has hindered its practical application. To address this limitation, Muhammad Ismail et al utilized
vasopeptide-2 functionalized RBCm (Ang-M) camouflaged f Cu-loaded NPs. These NPs can penetrate the BBB, target
delivery of Dp44mTb to GBM cells and increase tumor Cu loading, resulting in Cu-dependent antitumor activity.>?

The polymeric nanogels developed by Xiao et al have multifunctional properties and contain both manganese dioxide
(MnO,) and cisplatin, which are camouflaged with macrophage membranes. These nanogels are intended for use in MRI-
guided in situ glioma chemotherapy/CDT. The Mn ions present in the nanogels are capable of enhancing CDT through
Fenton-like reactions. Furthermore, cisplatin loaded into nanogels not only has chemotherapeutic effects but also
enhances CDT efficacy by promoting the production of ROS (Figure 5).®

Immunotherapy

The immune system plays a critical role in immune surveillance, identifying cancerous cells and triggering cellular
immune responses.'>® However, cancer cells have developed multiple mechanisms to evade immune surveillance,
including heightened expression of negative regulatory pathways, antigen delivery mechanism impairment, and immu-
nosuppressive cell recruitment.'' Immunotherapy, which aims to augment autoimmunity to eradicate tumor cells,
represents a significant breakthrough in cancer treatment and has emerged as an effective clinical tool.'>
Nevertheless, the downside of immunotherapy is that it can cause excessive activation of the patient’s autoimmunity,
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resulting in an attack on healthy tissues.'>® Nanoparticle delivery strategies can target tumor and/or immune cells more
effectively and reduce the adverse effects triggered by off-targeting.'>

He et al found that the synergistic action of an Mcl —1 specific inhibitor (A12) with Bcl-2 and Bcl-xI inhibitors (ABT)
induced strong apoptosis of GBM cancer stem cells. They designed apolipoprotein E (ApoE) peptide-modified RBCm-
encapsulated pH-sensitive dextran NPs for targeted delivery of ABT and Al12. After nanodrug encapsulation, their
antiglioma synergistic effects were preserved and they were biocompatible, effectively penetrating the BBB and
inhibiting tumor growth with no significant side effects.’®

Zhao et al have utilized carbonated calcium carbonate NPs coated with CCM modified with cRGD to deliver
interleukin-12 messenger RNA (IL-12 mRNA@cRGD-CM-CaCO3;NPs). The calcium carbonate NPs (CaCO;NPs)
generate bubbles under the acidic conditions of tumor lysosomes and induce immunogenic cell death under US exposure,
resulting in a synergistic immune response when combined with IL-12 mRNA. These biomimetic NPs exhibit excellent
targeting capabilities and immune therapeutic effects.**

In addition, GBM is an immuno-cooled tumor type, and the use of immune CM modified NPs has the additional
effect of improving the TME and helps to improve the efficacy of immunotherapy. Ma et al utilized activated mature DC
membrane-coated rapamycin (RAPA)-loaded PLGA to construct a nanoplatform. DCs, serving as antigen-presenting
cells, can stimulate and regulate innate and adaptive immune responses, promoting the activation and proliferation of
T cells and NK cells, and significantly inhibiting GBM growth. PD-L1 is overexpressed in tumor cells and tumor-
associated macrophages, and it binds to PD-1 expressed on tumor-infiltrating lymphocytes, thereby inducing T-cell
apoptosis and exhaustion, inhibiting the activation of CD8 cytotoxic T lymphocytes, and triggering immune escape of

tumor cells. Local chemotherapy combined with anti-PD-1 helps enhance the anti-tumor immune response in GBM and
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exhibits significant synergistic effects.®* Yin et al utilized macrophage membrane-coated poly(lactic-co-glycolic acid)
NPs loaded with RAPA, which overexpress PD-1, to construct NPs that enhance PD-1 expression (PD-1-MM@PLGA/
RAPAs). These NPs can penetrate the BBB, respond to the TME, and demonstrate remarkable anti-tumor efficacy.>

Liu et al connected siPD-L1 with Fe304 NPs using disulfide bonds, and further packaged Microglia them in
a microglia membrane (M-BV2) to form the biomimetic brain-targeting NPs Fe;04-siPD-L1@M-BV2. The microglial
membrane interacts with GBM cells to actively deliver NPs to GBM cells. Thus, ferroptosis and immunotherapy exert
synergistic effects.®® Qiao et al prepared Zoledronate (ZOL) loaded NPs with REDOX properties and encapsulated them
in a microglial membrane to form NPs ZOL@CNPs. ZOL@CNPs can induce the apoptosis and inhibit the migration and
invasion of GBM cells, significantly inhibiting the growth of GBMs.®!

Gene Therapy

The utilization of gene therapy for treating gliomas has gained significant attention in recent years. Gene therapy involves
the targeted delivery of genetic material into tumor cells with the aim of triggering apoptosis or programmed cell death.
Although RNA interference therapy may specifically inhibit the proliferation of GBMs via the gene expression silencing
of candidate GBM oncogenes with relatively low-dose requirements and negligible toxicity, its practical application has
been severely hindered by the extremely short half-life of small molecule interfering RNA (siRNA) in the blood and the
presence of the BBB. However, with the advancement of nanotechnology, innovative solutions have emerged for siRNA
treatment of glioma. Researchers have explored various strategies for bypassing the BBB and delivering nucleic acids to
gliomas through the use of NPs.">* Tumor CM-encapsulated nanomaterials are a good choice. Han et al used NPs
encapsulated in CCMs for gene delivery. Under CCM coverage, polyethyleneimine/plasmid DNA complexes form stable
NPs with negatively charged surfaces that can deliver genes to the brain, improving delivery efficiency and reducing side
effects.'>

Liu et al developed a charge transfer bio-nano platform with a three-layer core-shell structure that overcomes the
barrier to siRNA delivery to GBM. This platform uses RBCm as the surface structure to shield siRNA from non-specific
clearance and immune response, while the low-density lipoprotein receptor-related protein receptor Angiopep-2 (Ang)
modification enhances the penetration of the BBB and targeting of GBMs. The charge conversion strategy combined with
a biomimetic membrane in an “all-in-one” platform facilitates efficient siRNA release triggered by negative to positive
charge conversion in cancer cell lysosomes (pH 5.0-6.5), leading to successful target gene silencing. This nanoplatform
improves the efficiency of siRNA delivery and enhances therapeutic efficacy.’!

Liang et al have designed an Exo-based delivery system loaded with signal transducers and activators of transcription 3
siRNA, functionalized with Ang, for the treatment of GBM. This system demonstrates high blood stability and cellular uptake
capability, as well as excellent BBB penetration and remarkable in vitro anti-GBM efficacy’”. To achieve signal transducer
and activator of transcription 3 inhibition and the delivery of TMZ to GBM, Fawad et al modified bone marrow mesenchymal
stem cell (BMSC) isolated Exos (BMSCExos) with heme oxygenase 1-specific peptide as a targeted and multifunctional
nanocarrier for TMZ-resistant GBM treatment (Figure 6). Mesenchymal stem cells can migrate to damaged tissues and have
the ability to differentiate to multiple cell lines, which can promote tissue regeneration. In addition, they are able to regulate the
TME through a complex secretion mechanism. This BMSCExo has great TMZ and siRNA loading capacity and can cross the
BBB and accumulate specifically in brain tumors (Figure 6).”

Metabolic Therapy

Altered metabolism is a hallmark of cellular carcinogenesis, and glycolysis is a vital pathway for metabolism in cancer
cells. Through glycolysis, cancer cells consume glucose, convert it to lactate (LA), and produce ATP, which supports
their rapid proliferation in the hypoxic TME. While LA was previously viewed as a waste product in the TME, recent
evidence indicates that it can promote invasive metastasis of cancer.'*® Consequently, targeting LA metabolism has
become an emerging strategy for cancer treatment. Lu et al developed CCM-encapsulated self-assembled NPs that
provide drugs for photothermal synergistic metabolic therapy These NPs can cross the BBB and target GBM through
isotype recognition. The lactate oxidase in the NPs converts LA to pyruvate (PA) and H,O,. PA blocks histone
expression and induces cell cycle arrest, thus inhibiting cancer cell growth. The photosensitizer chlorin e6 is codelivered
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and generates cytotoxic singlet oxygen using the energy released from the reaction of H,O, with bisoxalate to kill glioma
cells.*” Such NPs with self-aggregation and self-encapsulation properties offer a simple and effective approach for
creating multifunctional nanocarrier platforms.

Altering the availability and metabolism of glucose may be an interesting strategy for tumor treatment. To this end,
Ke et al created a multifunctional bioreactor for synergistic chemotherapy and starvation therapy. The bioreactor was
created by encapsulating glucose oxidase (GOX) and DOX in a metal-organic framework (MOF) that was camouflaged
by tumor-targeting ligand (RGD)-modified RBCm (called RGD-mgzd). The long blood circulation time and RGD
peptide modification inherited from RBCs allow the bioreactor to preferentially target the tumor. Upon reaching the
target area, GOX immediately consumes intratumoral glucose and oxygen. In addition, the acidic microenvironment in
the tumor region induces the release of DOX from MOF catabolism, enhancing chemotherapy. The development of this
bioreactor has paved the way for a synergistic model that promotes cancer therapy in a spatiotemporally controlled
manner.>*

What are Protein/Peptide-Modified Biomimetic Nanoparticles?
Peptide and protein based methods are another approach to developing bionanoplasmic nanoplatforms. The approach is
mainly based on two strategies: nanoplatforms modified by targeting ligands and nanoplatforms based on protein
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modifications. For the first strategy, ligands are modified on NPs, giving the NPs cell-like long circulation times and
specific targeting capabilities for glioma diagnosis, therapy and therapeutic diagnostic applications. The second strategy
involves the design of biologically active proteins as carriers for nanoplatforms with good biocompatibility for drug
delivery.

Nanoparticles Modified with Targeting Ligands

Bioactive ligands with different physiological functions can be covalently linked to nanoplatforms and specifically direct
their behavior according to actual clinical needs. Nanoplatforms modified with ligands can exhibit the properties of these
peptides or proteins while increasing local drug concentrations and minimizing drug toxicity. In addition, functional
nanoplatforms can be developed by designing and modulating peptide modal sequences that can achieve good respon-
siveness and target recognition to external stimuli (pH, temperature, pressure, etc.).

Liposomal Nanoparticles Modified with Individual Ligands
Liposomes, which consist of phospholipids that can form closed lipid bilayers in aqueous solvents, can readily form
nanoscale particles. As a result, liposomal NPs have been extensively employed for drug delivery to encapsulate drugs

159.160 and can cross

and improve their water solubility.">”'*® Liposomes are also biocompatible and nonimmunogenic,
biological barriers such as CMs and the BBB. However, unmodified liposomes have significant limitations, such as a lack
of target selectivity, short circulation time and poor in vivo stability.'®’ To overcome these limitations, liposomes are
modified with ligands to have the ability to recognize specific receptors on the cell to form targeted liposomes. Ligand
modification of liposomes can be achieved through three main strategies. The first approach is the membrane anchoring
method, also known as the pre-conjugation strategy, where the ligand-lipid conjugate is prepared beforehand and then
added to the lipid mixture during liposome preparation. This method is relatively straightforward but may result in ligand
modification primarily on the inner layer of the liposome. Furthermore, certain ligands may be unstable in the presence of
organic solvents. In the second approach, known as the post-suffix or post-insertion method, the targeting ligand is
attached to functional groups on the liposome surface after liposome formulation. Compared to the first method, this
approach avoids drug-ligand contact during encapsulation, preventing drug degradation or conformational changes of
proteins and peptides, and ensures that the targeting ligand is located on the liposome surface.'®?

For example, liposome nanoplatforms can be constructed using proteins derived from CCMs. These bionanosomes
are highly stable, exhibit excellent homologous targeting capabilities and immune escape characteristics, and can cross
the BBB and target gliomas. These bionanosomes can enhance chemotherapeutic efficacy by carrying chemotherapeutic

31163 "and can carry ICG for infrared imaging to guide surgery as well as for PTT, efficiently suppressing glioma

drugs
cell proliferation.'® In addition, Lin et al developed a targeted siRNA delivery system by assembling protamine/
chondroitin sulfate/siRNA/cationic liposomes and modifying them with Seven-peptide (T7). T7 is a ligand that binds
to the TF receptor (TfR), which is highly expressed in brain ECs. T7-mediated nucleoshell NPs can cross the BBB and
serve as a ligand for a drug delivery system targeting gliomas.'®

Furthermore, liposomes have been modified with peptides derived from the transmembrane protein transduction
structural domain of HIV-1 virus (PTDHIV-1 peptide)'®® and L1 papillomavirus type 16 capsid-derived lipopeptide (L1
motif sequence)'®’ to facilitate transmembrane transport. The PTDHIV-1 peptide can mediate the inward transport of
various macromolecules and nanocarriers through the CM, and it has a high affinity for brain ECs at the BBB due to
electrostatic attraction.'®® The L1 motif sequence from the type 16 papillomavirus capsid protein can trigger heparan
sulfate recognition and effective gene transfer to target cells via endocytosis.'®” These liposomes can cross the BBB in
the circulating blood system and accumulate in the glioma region.

Ismail et al proposed a unique ApoE-functionalized liposomal nanoplatform based on artesunate (ART)-
phosphatidylcholine (ARTPC) encapsulated with temozolomide (ApoE-ARTPC@TMZ). ART can inhibit DNA repair
through the Wnt/B-catenin signaling cascade, thereby enhancing the sensitivity of GBM to TMZ and synergistically
inducing DNA damage and cell apoptosis.'®®
Wang et al have developed a biomimetic nanoplatform by co-modifying liposomes with apolipoprotein apoA-I

biomimetic peptide (D4F) and a-Melittin (the main component of bee venom with immunomodulatory effects that can
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reshape the immune microenvironment and activate DCs. This nanoplatform is capable of carrying arsenic trioxide and
manganese chloride (MnCl,) for achieving multimodal therapeutic and diagnostic capabilities with real-time guidance.
The NPs effectively remodel the immune microenvironment, inhibit the recurrence and invasion of GBM. When used in

combination with TMZ, the survival rate of GBM mice significantly improves.'®

Liposomal Nanoparticles Modified with Multiple Ligands

To further improve transport efficiency, the construction of dual-targeted ligand-modified liposomes has been explored.
The most common modifications thus far have been the binding of TF or TF-binding peptides to another ligand. TF is
a plasma protein used for iron ion delivery. When the TfR is encountered, the iron-containing TF protein binds to the TfR
and is endocytosed into cells. TfR is overexpressed on glioma cells. Therefore, coupling TF to drug-loaded liposomes
can give them the ability to target gliomas. For instance, Tian et al created an epirubicin liposomes modified with
tamoxifen (TAM) and TF for crossing the BBB and targeting gliomas. TAM, an antagonist of estrogen receptors, inhibits
drug efflux from brain tumor cells and improves therapeutic efficacy.'”®

Li et al used TF and CCM proteins to modify liposomes coated with elemene and carbamazel, and excellent tumor
targeting and immune escape ability was shown.'”! Xue et al created a dual-targeting liposome, erythromycin liposomes
modified with p-aminophenyl-alpha-D-mano-pyranoside and TF, for crossing the BBB and targeting gliomas.'”* Mu et al
obtained the TfR binding peptide TfR-T12 by phage display. This peptide was able to bind different sites of TfR. TfR-
T12 and octa-arginine conjugated stearoyl-R8 were loaded onto liposomes. Stearoyl- R8 is a conjugate of octa-arginine
and stearyl groups. Due to its multicationic center, stearoyl- 18 is also used as a functional material to allow lipid vesicles
to cross the BBB and to mediate the endocytosis of vesicles. These liposomes can pass through the BBB and kill cancer
cells by inducing necrosis, apoptosis and autophagy.'”

In addition to using TF, Yang et al utilized Ang and neuropilin-1 receptor (tLyP-1) for brain tumor targeting and
tumor infiltration. The core of the delivery system consisted of vascular endothelial growth factor (VEGF), siRNA and
the chemotherapeutic agent DTX. The bipeptide-modified liposomes exhibited an ability to target glioma cells and
augmented drug internalization via endocytosis and enhanced tissue penetration. The dipeptide-modified liposomes
demonstrated superior gene silencing and antiproliferative activity, with minimal toxicity and no activation of the innate

immune response.'”*

Other Nanoparticles Modified with Ligands

Besides the most common liposomes, there are also other NPs endowed with different functions by peptides. Wu et al
have devised small-sized Zeolitic imidazolate framework 8 (ZIF-8) NPs modified with rabies virus glycoprotein 15
(RVGL15) peptide (RVG15-PEG@DTX@ZIF-8) for targeted delivery of DTX to mouse GBM. These NPs have demon-
strated exceptional BBB penetration rate and safety, effectively suppressing the growth and metastasis of GBM, thereby

enhancing the survival rate of the mice'”

. Dube et al have developed a novel nanoparticle by combining anisotropic gold
nanoroses (AuNs) with the chemotherapy drug DOX and the NIR responsive dye ICG. This nanoparticle is designed to
facilitate combination chemotherapy and optical cell imaging, enabling enhanced therapeutic effects. Additionally, the
nanoparticle incorporates a naive peptide drug with dual functionality, targeting the BBB and GBM specifically. This
synergistic approach offers improved treatment outcomes for GBM and helps mitigate chemotherapy-related adverse
events.'”®

The use of micellar polymers for drug targeting was first proposed by Yokoyama et al in 1992.'”7 The micelles
have a multifunctional drug-carrying hydrophobic core and a biocompatible hydrophilic shell with dimensions of tens
to a hundred nanometer. This size allows micelles to bypass the renal clearance and reticuloendothelial system and thus
makes them good vehicles for drug transport through EPR within the tumor tissue. Moreover, the modification of
peptides on polymer micelles can improve their biological properties.'’®!”® For example, Ran et al developed a variety
of peptide modification micelles such as the quorum-sensing, d-peptide RI-VAP and d-vap (Figure 7), GRP78 protein
and “y-type” quorum-sensing receptor “well-designed ligands”. After these well-designed peptide modifications, the
accumulation of micelles in gliomas was significantly enhanced and showed no immunogenicity or cytotoxicity,

ensuring safety for use in vivo.'8%182 Ruan et al reduced receptor-associated protein (RAP) to a short RAP12 helper
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Figure 7 Targeting ability of different conformations of tumor homing peptide (I-VAP) to gliomas and their antitumor mechanisms.

Note: Reprinted from Journal of Controlled Release, 255, Ran D, Mao ], Shen Q, et al. GRP78 enabled micelle-based glioma targeted drug delivery. 120-131, Copyright

2017, with permission from Elsevier.'®°

peptide modified on the surface of PEG-PLA micelles. RAP is a chaperone protein that binds tightly to low-density
lipoprotein receptor-associated protein-1, which is overexpressed in gliomas, the BBB/BBTB; participates in tumor
neovascularization; serves as an angiogenesis mimic; and can effectively facilitate micelle penetration into BBB/
BBTB.'"

Nanoparticles Based on Proteins

Proteins have gained significant attention as highly effective biological carriers in the synthesis of NPs due to their
distinctive three-dimensional structures, unique sequences, and self-assembly properties. In addition, the abundance of
chemical groups and binding sites present in proteins facilitates further modifications, thus enhancing their versatility in
drug delivery applications to glioma sites. Furthermore, proteins possess superior biocompatibility, biodegradability, low
antigenicity, and high stability, all of which are crucial characteristics that make them exceptional carriers for drug
delivery to glioma sites. Consequently, the use of proteins as carriers for drug delivery has become increasingly popular

in recent years.

Albumin

One of the most common proteins in plasma is albumin, which has multiple ligand binding sites and can bind ligands
through covalent, noncovalent or fusion expression, making it an ideal carrier for hydrophobic substance delivery. Yang
et al created a biomimetic peroxidase-albumin phototherapeutic nanoprobe that enables precision imaging to guide
surgery. Through albumin-binding protein-mediated transport, this nanoprobe can penetrate the BBB and accumulate to
deep gliomas. In addition, the nanoprobe can induce hyperthermia and decompose H,O, into oxygen, further amplifying
the effect of phototherapy (Figure 8).'**

Furthermore, the tumor-targeting ability of albumin can be further enhanced by ligand modification. Lin et al
employed a cell-penetrating peptide, LMWP, to modify albumin NPs to improve BBB permeability and tumor targeting,
and promote the uptake of NPs by tumor cells.'® Zhu et al designed an albumin nanosystem modified with brain-
targeting peptides for the delivery of TGF-f receptor I inhibitors and mTOR inhibitors. These NPs can cross the BBB and
target nAChRs overexpressed on tumor cells, thus facilitating drug delivery to gliomas.'®® In addition, Zhao et al
demonstrated that albumin NPs modified with dual ligands (TfR-binding peptide T12 and mannose) can efficiently pass
through the BBB and target nutrient transporters overexpressed in glioma cells, thus enabling biomimetic delivery to

gliomas.'®’
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Ferritin

In addition to albumin, ferritin is also commonly used as a nanoplatform carrier. Mo et al developed cell-penetrating
peptide lactoferrin NPs. They coencapsulated simvastatin and fenpropidin in D-a-tocopherol polyethylene glycol
succinate to form an amphiphilic structure. Targeted biodelivery is achieved through low-density lipoprotein receptor-
related protein 1. This lactoferrin nanoparticle enhances glioma treatment through tumour associated macrophages

repolarization and ROS modulation mechanisms.'™®

Wang et al constructed a fusion protein loaded with interferon
gene stimulating factor by genetically engineering different glioma-targeting molecules to fuse to a self-assembled
ferritin. These NPs were able to penetrate deep tissues and target gliomas after crossing the BBB. These bioengineered
ferritin NPs, as a drug delivery carrier, can enable the targeted delivery of immunomodulators into glioma and improve
the efficacy of immunotherapy.'®’

Jia et al'” have developed a biomimetic nanoplatform, termed HFn-Cu-REGO NPs, by utilizing human heavy chain
ferritin (HFn) loaded with Cu ions and the chemotherapeutic drug regorafenib. Within this nanoplatform, HFn imparts

the ability for BBB penetration, tumor targeting, and pH responsiveness. Regorafenib effectively inhibits
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autophagosome-lysosome fusion and induces autophagy arrest, while Cu2+ disrupts Cu homeostasis in GBM cells,
leading to Cu-induced cell death and achieving significant GBM suppression.

Lipoprotein

Lipoproteins are also commonly used as nanoplatform carriers. For example, Geng et al modified low-density lipopro-
teins (LDL) with Ang to deliver targeted drugs to the brain. Synergistic targeting of Ang peptide and lipoprotein
B increases the ability to cross the BBB, further enhancing the permeability of the nanocarrier to tumor tissue and
improving the GBM therapeutic efficacy.'”! The E3-reconfigured high-density lipoprotein (HDL) created by Huang et al
was used to wrap calcium phosphate loaded with siRNA, facilitating its penetration into the BBB and targeting GBM
cells. The nanostructures exerted significant RNA interference efficiency, increased apoptosis and inhibited tumor cell
growth in GBM cells.'”? Taking inspiration from the natural structure and properties of HDL, Wang et al developed
a lipoprotein with tumor-penetrating abilities by fusing tLyP-1 with apolipoprotein A-I-mimicking peptides, incorporat-
ing ICG, and anchoring a surface of lipophilic siRNA targeted hypoxia-inducible factor-1 for photogene therapy at
specific sites. The tLyP-1 peptide was incorporated onto the surface of HDL to facilitate BBB permeability, tumor-

homing capacity, and the accumulation of photosensitizers and siRNA at the tumor site.'’

Protein Hybrid Nanoparticles

Wau et al designed a novel multifunctional protein hybrid nanoplatform consisting of TF and oxygen-carrying hemoglobin
(ODP-TH). TRF is an iron carrier protein that can recognize TfR on the surface of tumor cells, enabling tumor targeting.
Hemoglobin (Hb) has the ability to carry oxygen and autonomously release it in hypoxic regions deep within tumors,
significantly alleviating TME hypoxia and helping overcome tumor drug resistance for better anti-tumor effects. This
protein hybrid framework is further engineered to encapsulate the photosensitizer protoporphyrin IX (PpIX) and DOX,
allowing penetration through the BBB and selective accumulation in hypoxic tumors through protein homology
recognition. It downregulates the expression of multidrug resistance gene 1 (MDR1) and hypoxia-inducible factor-1a

(HIF-1a), resulting in improved therapeutic outcomes.'**

Hydrogel

Hydrogels, which are water-soluble, three-dimensional polymer networks, have garnered significant interest in recent
years due to their tunable physicochemical properties.'®® The hydrophilic functional groups attached to the polymer
backbone facilitate water absorption and retention, while cross-linking between the polymer chains ensures their stability
in an aqueous environment. In addition, hydrogels are responsive to various external stimuli, such as changes in pH or
temperature.'”® Biodegradable hydrogels that can be injected have emerged as a promising option for intratumoral drug
delivery, as they allow continuous and controlled drug release at the tumor site while minimizing systemic drug exposure
and associated adverse effects.'”” Moreover, they can promote tissue repair in the surrounding area postinjury.'® As an
illustration, PTT may cause harm to adjacent tissue by means of photoabsorber leakage. To overcome this challenge, Yao
et al created a green hydrogel that utilizes a protein-based biomaterial, silk fibroin, to incorporate biliverdin. The
enhanced biliverdin concentration accelerates the heating process and raises the final temperature. This biomimetic
hydrogel not only enables photothermal-mediated ablation of glioma cells but also facilitates tissue reconstruction and

wound healing.'”’

Challenges and Solutions

The treatment of glioma has always been a pressing clinical problem, and the BBB poses a challenge for glioma
treatment. The application of NPs has led to a new possibilities in drug delivery for glioma treatment, and the therapeutic
effect is significantly enhanced. However, conventional nanomaterials have certain limitations. Biological NPs have
garnered significant attention in recent years. Biological nanomaterials have good biocompatibility and can precisely
target tumors and control drug release, greatly improving biosafety and reducing side effects. Despite significant progress
being made with bionanoparticle platforms, there is still a considerable distance to cover before their clinical application
can be realized.
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First, the safety of bionanomaterials needs to be further explored. There are thousands of proteins present on the
surface of CMs, but only a limited number of them have been identified as tumor-specific antigens that can be targeted.
Moreover, immune-related biofilm and protein-like modifications can induce an in vivo immune response and induce or
exacerbate inflammation. Therefore, further studies on immunogenicity and potential cytotoxicity are required before
clinical use. Topical intratumoural administration via hydrogels may allow intratumoural drug aggregation and to some
extent ameliorate the systemic tissue and organ toxicity that results from systemic administration.””” The hydrogel also
has a slow-release feature that allows timed and dosed drug release, reducing the overactivation of the immune system
triggered by uncontrolled drug release.

Another important aspect to take into consideration is the formation of PC, as this can potentially impact the release
profile, targeting ability, and therapeutic efficacy of the encapsulated drugs, while also decreasing the half-life of
NPs.2°12%2 The modification of nanomaterials (eg polyethylene glycol) can effectively reduce the adsorption of proteins
on their surface, thus maintaining their targeting properties. The presence of protein crowns also has several benefits,
such as effectively mediating the phagocytosis of nanomaterials by cells and alleviating the acute cytotoxicity of
positively charged nanomaterials. Studying PCs can provide valuable insights into the mechanisms and processes by
which nanomaterials function in biological applications. By regulating PCs, it is possible to mitigate the negative effects
of nanomaterials and enhance their efficacy in biomedical applications. Advanced techniques such as synchrotron
radiation, cryo-electron microscopy, and 4D ultrafast electron diffraction can be employed to analyze the structure of
protein/peptide-related NPs, leading to a better understanding of their interactions with the biological environment and
potential for targeted drug delivery.>*®

Furthermore, the biological applications of NPs can be extended by building modular peptides or novel multi-
functional proteins. This process involves designing nanoplatforms with multiple structural domains, one of which is
explicitly designed for a particular function, while the others remain available for other purposes, such as drug delivery,
and targeting. Such advanced functional integration can enhance the efficiency of nanomaterial development and
facilitate nanomaterial management.?%?

In addition, although some bionanostructural modifications have enabled nanomaterials to have active targeting
capabilities, most of these drug carriers currently lack propulsion and navigation capabilities and suffer from low drug
delivery efficiency, short cycle times and poor permeability.?** Nanomotors are nanosystems capable of converting
chemical or other forms of energy from the surrounding environment into their own mechanical motion.’®> With the
outstanding advantages of small size, autonomous motion and strong drug loading capacity, nanomotors can achieve
intelligent propulsion and spatiotemporal control,?*® 2% and have excellent application prospects in improving drug
delivery efficiency in the treatment of gliomas.

Finally, the clinical translation of NPs is challenging. First, the complex and inefficient process of preparing
membrane-encapsulated NPs, coupled with the difficulty of generating bionanoparticles with high purity and integrity
for large-scale production, restricts their further application. The advent of microfluidics in recent years has enabled the

collection of Exos with higher purity and recovery rates,'*

offering the possibility of large-scale production.
Furthermore, in vitro models may not fully simulate the complex physiological effects in vivo, including interactions
between nanomedicines and the immune system or other cells in the TME. Therefore, it is crucial to use in vivo models
and clinical trials to evaluate the biosafety and efficacy of cancer nanodrugs. The nanoplatform in question is now in
clinical trials for application in glioma. Kumthekar et al used brain-permeable RNA interference-based spherical nucleic
acid (NU-0129) to treat patients with postoperative recurrent GBM or gliosarcoma. siRNA-based SNA can be safely
administered by microdose intravenous administration, crosses the BBB/BBTB, and accumulates in GBM tumor cells
with reduced target protein levels without acute or long-term toxicity.>”” In addition, there are selected clinical trials
underway, including a Phase I trial of the nanoliposome CPT-11 in patients with recurrent high-grade glioma.
Polysiloxane Gd-Chelates based NPs (AGulX) in combination with radiotherapy plus temozolomide for newly diagnosed
GBM. Panobinostat Nanoparticle Formulation MTX110 for the treatment of newly diagnosed diffuse endogenous
pontine glioma by convection-enhanced delivery. Convection-enhanced, image-assisted delivery of liposomal irinotecan
in recurrent high-grade glioma. Water-soluble Panobinostat nanoparticle formulation MTX110 and gadolinium is safe for
use in children with newly diagnosed diffuse midline glioma. Phase II study of temozolomide in combination with the
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cationic liposome complex SGT-53 for recurrent GBM. However, there are fewer clinical trials related to bionanomater-
ials, and further studies are needed in the future. Additionally, biomarkers and imaging tools can provide valuable
information about the distribution, metabolism, and elimination of nanodrugs in vivo, which can aid in optimizing the
design and dosing of nanodrugs for clinical translation.

Conclusion and Perspectives

In conclusion, as research in the medical field continues to evolve, bio-NPs are a promising multifunctional method due
to their natural advantages. The unique properties of natural CMs and their derivatives make them an ideal choice for
promoting prolonged cycle times, immune escape and homologous targeting. Ligand modifications can also provide
appropriate biological functions to nanoplatforms, while proteins have a high degree of specificity and modification
flexibility, making them excellent carriers. Moreover, bio-NPs are highly customizable and can be personalized by
adjusting their size, shape, surface charge, hydrophilic/hydrophobic properties, chemical composition and structure, as
well as their surface reactivity and chemistry. These properties of bio-NPs indicate their great potential for use in
precision medicine. Notably, bionanoparticles show promise in the treatment of glioma, a type of brain tumor that poses
significant challenges due to its location and invasiveness. The ability to target glioma cells specifically with bionano-
particles can significantly improve treatment outcomes, while the biocompatible, biodegradable, and bio-eliminable
nature of these materials provides an added layer of safety for patients. With their unique properties and potential for
personalized medicine, bionanoparticles offer hope for more effective, targeted, and less invasive treatments for patients
with glioma and other diseases. In short, the potential of bio-nanoparticles in the field of medicine is immense and
constantly evolving. Although there are still limitations, we believe that the ongoing development and optimization of
bionanoplasmic nanoplatforms will lead to more groundbreaking advancements and provide better treatment options for

patients with glioma in the years ahead.
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