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Abstract 

Cancer is generally considered a result of genetic mutations that cause epigenetic changes, leading to 
anomalous cellular behavior. Since 1970s, an increasing understanding of the plasma membrane and 
specifically the lipid alterations in tumor cells have provided novel insights for cancer therapy. Moreover, 
the advances in nanotechnology offer a potential opportunity to target the tumor plasma membrane 
while minimizing side effects on normal cells. To further develop membrane lipid perturbing tumor 
therapy, the first section of this review demonstrates the association between plasma membrane 
physicochemical properties and tumor signaling, metastasis, and drug resistance. The second section 
highlights existing nanotherapeutic strategies for membrane disruption, including lipid peroxide 
accumulation, cholesterol regulation, membrane structure disruption, lipid raft immobilization, and 
energy-mediated plasma membrane perturbation. Finally, the third section evaluates the prospects and 
challenges of plasma membrane lipid perturbing therapy as a therapeutic strategy for cancers. The 
reviewed membrane lipid perturbing tumor therapy strategies are expected to bring about necessary 
changes in tumor therapy in the coming decades. 
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Introduction 
Despite significant advancements in cancer 

diagnosis and treatment in the past few decades, 
achieving favorable outcomes with current cancer 
therapies remains highly challenging. Therapeutic 
selectivity and resistance are the key recurrent issues 
observed during treatment [1]. Novel treatment 
modalities for cancer have remained at the forefront 
of medical research in recent years.  

Lipids, which are one of the primary compo-
nents of cell membranes (also named plasma 
membrane), play an essential role in maintaining the 
normal lipid bilayer structure and biological 
membrane function. Lipids also play critical roles in 
organelle compartmentalization, cell signaling, 
protein storage, intercellular adhesion, and cell cycle 

regulation [2]. While traditional cancer therapies 
mostly target proteins and nucleic acids in tumor 
cells, the potential use of lipid membranes in cancer 
diagnosis and treatment has been significantly 
overlooked, despite their well-known physico-
chemical characteristics and basic physiological 
functions that have been understood for several years. 
However, with a better understanding of the 
mechanisms involved in tumor occurrence and 
development, lipid interference therapy has emerged 
as a promising option for cancer treatment, given that 
lipids are involved in tumor progression [3].  

The modulation of membrane lipid composition 
or interaction with lipid molecules can alter the 
lipidomic landscape, physical properties of 
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membranes (e.g., fluidity and stiffness), and cellular 
signaling. Such changes in the structure and 
physicochemical properties of tumor cell membranes 
can significantly affect tumor development [4, 5]. For 
example, targeting membrane fluidity can increase 
the susceptibility of ovarian cancer cells to auranofin 
(currently undergoing phase 2 clinical trials for 
epithelial ovarian cancer), which can stimulate DNA 
damage and enhance cellular oxidation [6]. In 
addition, acetyl-CoA carboxylase (ACC) inhibitors, 
including soraphen A and ND646, have been shown 
to exhibit superior antitumor effects by significantly 
reducing fatty acid (FA) synthesis in tumor xenograft 
models [7]. Table 1 provides a summary of the 
membrane lipid perturbing drugs currently being 
tested in clinical trials for the treatment of cancer. 
Compared to other therapeutic strategies, membrane 
targeting strategies have many advantages. Firstly, 
the cell membrane is involved in various signal 
transduction pathways [8], and membrane disrupting 
molecules can interrupt multiple signaling pathways. 
Secondly, the cell membrane is tightly connected to 
the cytoskeleton to support the cell [9]. Disrupting the 
cell membrane can lead to the leakage of cell contents, 
which cannot be repaired by metabolic compensation. 
Furthermore, changing the physicochemical 
properties of the membrane, such as altering the 
permeability of the membrane, can enhance the 
uptake of chemotherapeutic molecules [5].  

The development of nanoscience has played an 
indispensable role in the field of tumor therapy [10]. 
Currently, more than 50 types of nanodrugs have 
been approved for treating malignant tumors [11]. 
Unlike many small molecule drugs that can enter cells 
through diffusion, nanodrugs have an inherent 
advantage in membrane lipid perturbation therapy, 
since they first interact with the cell membrane before 
being engulfed by cells. Over the past few decades, 
tumor membrane lipid nanotherapeutics have 

emerged due to the following reasons: 1) nanocarriers 
enable the targeted delivery of lipid-disrupting drugs 
(such as melittin), which prevents drug degradation 
and reduces side effects on non-target tissues [12-14]; 
2) many nanoparticles (NPs) exhibit prominent mem-
brane cleavage effects. For example, nanomaterials 
with oxidative capacity (metal nanomaterials with 
Fenton catalysis ability), lipid-soluble nanodrugs, 
lipid-inserted materials, and nanomaterials with high 
cell membrane solubility can damage the structure of 
cell membranes and exert antitumor effects through 
oxidation, physical dissolution, and other deleterious 
effects (Table 2); 3) various nanostructures can affect 
the integrity of the cell membrane under the 
stimulation of external energy sources, such as light 
and ultrasound, and can even cause physical damage 
to the cell membrane, leading to the leakage of cellular 
contents (Table 2); 4) the ease of surface modification 
and the ability to adjust hardness allow nano-
platforms to selectively bind to different membrane 
domains. Rigid NPs tend to target the raft domain, 
while flexible NPs prefer the interface of the raft or 
non-raft domains [15]. Future researchers could 
design nanodrugs with different rigidity to target 
different segments of tumor cell membranes. 

The differential nature of cancer cell membranes 
has been reviewed in a few studies [5, 8, 16], but only 
a few studies have focused on the eminent role of 
nanotechnology in membrane lipid therapy [17]. This 
review provides a comprehensive introduction, 
written in a concise form, which covers both the basic 
knowledge of attractive molecular targets and 
effective therapeutic strategies for future explorations. 
Compared with other related reviews, we established 
a connection between nanotechnology and molecular 
medicine in plasma membrane lipid perturbing for 
cancer therapy, providing perspectives on transla-
tional research using pharmacology approaches [16, 
18, 19]. 

 

Table 1. Membrane lipid therapeutic drugs in clinical trials for cancer treatment. 

Condition or disease Drug name Phase NCT number Mechanism of action 
Colorectal Cancer Simvastatin Phase 2 NCT02026583 Alteration in lipid raft cholesterol content 
Breast Cancer Simvastatin Phase 2 NCT00334542 
Prostate Cancer Simvastatin Not applicable NCT00572468 
Breast Cancer Pitavastatin Phase 2 Phase 3 NCT04705909 
Breast Cancer Simvastatin Atorvastatin Phase 3 NCT03971019 
Breast Cancer Imipramine Early Phase 1 NCT03122444 K-Ras mislocalization by altering the 

sphingomyelin and PS content 
 

Children high-grade glioma 
solid tumor 

2-Hydroxyoleic Acid Phase 1 
Phase 2 

NCT04299191 

Glioma and other solid tumours 2-Hydroxyoleic Acid Phase 1/2A NCT01792310 
Non-squamous non-small cell lung 
cancer 

Bavituximab Phase 2 NCT01160601 Antitumor immunity by directly against 
PS; co-clustering of lipid rafts and death 
receptors Malignant Gliomas Perifosine Phase 2 NCT00590954 

Colorectal Cancer Resveratrol Phase 1 NCT00920803 
Pancreatic Cancer ABTL0812 Phase 1 Phase 2 NCT03417921 Increased rigidity of the endoplasmic 

reticulum membrane Endometrial Cancer Squamous 
Non-Small Cell Lung Cancer 

ABTL0812 Phase 1 Phase 2 NCT03366480 

Multiple Myeloma ABC294640 Phase 1 Phase 2 NCT02757326 Disturb lipid metabolism enzymes 



Theranostics 2023, Vol. 13, Issue 8 
 

 
https://www.thno.org 

2473 

Furthermore, this paper contains a discussion of 
the future clinical application of such a therapeutic 
strategy, which is important but rarely discussed in 
other related reviews. The goal of this review is to 
promulgate the effectiveness of plasma membrane 
lipid perturbing tumor nanotherapeutics and attract 
more attention to this field of research. The first 
section of this paper introduces the characteristics of 
the tumor plasma membrane (Figure 1), including the 
two special lipid domains, and then demonstrates the 
link between plasma membrane composition and 
tumor signaling, metastasis, and drug resistance. This 
paper is then devoted to discussing the existing 
nanotherapeutic strategies used to perturb cell 
membranes and spotlighting the innate advantages of 
nanotechnology in membrane lipid therapy (Figure 2 
and Table 2). We believe that this review could help 
researchers understand the multifaceted advantages 
of cell membrane disruption strategies and thus 
encourage the development of more efficient 
membrane lipid therapies. 

Characteristics of tumor plasma 
membranes  

Advances in the new field of lipidomics and 
membrane biophysics have revealed the specificity of 
cancer cell membranes. They are not just simple bar-
riers, but complex structures with amazing functions 
that even dictate the development and progression of 

cancer. The fundamental differences between cancer 
cell membranes and normal tissue cell membranes 
form the rationale for targeted membrane lipid 
perturbing therapy. 

Characteristics of tumor plasma membranes 
and their influence on tumor cells 

For rapid adaptation to proliferation, survival, 
migration, or resistance to drug treatment, cancer cells 
need to reconstitute the plasma membrane through 
upregulated lipid metabolism genes and altered lipid 
metabolism. Lipid profiles on cancer cell membranes 
are cancer-specific and vary depending on the stage or 
susceptibility status of cancer. For example, breast 
cancer cell membranes overexpress cholesterol and its 
derivatives [20]. Thus, cholesterol depletion drugs 
(such as statins) can be used to interfere with the 
function of the plasma membrane in breast tumors. 
Glioma can be treated by regulating the content of 
sphingomyelin and phosphatidylserines (PS) in the 
plasma membrane. Disturbance of lipid metabolism 
enzymes is a potential method for multiple myeloma 
therapy (as displayed in Table 1). In the future, 
membrane lipid perturbing therapy can be 
generalized to more tumors after analyzing the lipid 
profiles of different tumor cell membranes. 

Lipids are the cornerstone of cell membranes, 
consisting of a polar head group and a relatively long 
hydrophobic tail. They can primarily be divided into 

 

 
Figure 1. Differences between membrane lipid composition and organization in normal vs cancer cells. Cancer cells exhibit loss of trans bilayer asymmetry with increased PE 
and negatively charged PS lipids at the extracellular leaflet (left panel). Lower cholesterol and long-chain ceramide levels, higher polyunsaturated FAs exhibit membrane 
deformability and promote metastatic properties of cancer cells (upper right panel). Increased cholesterol levels and very long saturated FA chains contribute to high levels of 
ordered lipid raft domains and increased membrane rigidity of MDR cancer cells. A high glucosylceramide/ceramide ratio and overexpression of MDR-related proteins also lead 
to drug resistance (lower right panel). 
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three groups: glycerophospholipids, sphingolipids 
(SL), and sterols. The most common glycerophos-
pholipids are PS, phosphatidylcholines (PC), 
phosphatidyl ethanolamines (PE), phosphatidyl 
inositols (PI), phosphatidyl glycerol (PG), and 
1,2-diacylglycerol. Ceramides and glucosylceramides 
are important SL. Cancer cells show strong lipid 
avidity as evidenced by upregulated de novo fatty 
acids FA synthesis and enhanced extracellular lipid 
uptake, which is a prerequisite for membrane 
formation [8]. The lipid bilayer is considered the basic 
structure of the plasma membrane. It is worth noting 
that the types and distributions of lipids in the 
membrane are heterogeneous. PS and PE are 
prevalent in the inner leaflet of the cell membrane 
under physiological conditions. In tumor cells, the 
trans-bilayer asymmetry is lost, with the enrichment 
of PS and PE on the outer leaflets. This provides an 
opportunity for targeted cancer cell therapy without 
affecting normal cells (Figure 1). In addition to lipid 
alterations, there is also overexpression of special 
protein receptors on the tumor cell membrane. The 
association of different membrane lipids and 
differential preferences between lipids and proteins 
contribute to diverse biological processes [3], such as 
signal transduction, molecular recognition, immune 
response, and cell proliferation and differentiation 
[21].  

The plasma membrane comprises two main lipid 
domains: lipid rafts and caveolae [22]. Lipid rafts are 
planar nano-scale structures (10–200 nm) [23, 24] 
enriched with SL and cholesterol in the outer leaflet 
[25]. The binding of lipids to the plasma membrane is 
rapid, dynamic, and reversible, and it involves the 

interaction between the -OH groups of cholesterol 
and SL through hydrogen bonds and Van der Waals 
forces [26]. As hyper-proliferating cells, cancer cells 
require high levels of cholesterol for membrane 
biogenesis and function [27]. The increased presence 
of lipid rafts in tumor cells contributes to malignant 
transformation, uncontrolled growth, invasion/ 
metastasis, and drug resistance [28, 29]. Furthermore, 
the lipid rafts of tumor cell membrane allow the 
overexpression of growth factor receptors such as 
epidermal growth factor receptors, insulin-like 
receptors, and Sigma receptors [30, 31], as well as 
other factors or receptors associated with tumor 
progression and invasions such as integrin, adhesin, 
CD44, and CD24 [28]. An interesting study showed 
that when tyrosine kinase Src is located and activated 
within lipid rafts, cancer cells can escape from the 
protective mechanism of apical extrusion of normal 
cells and promote carcinogenesis [32].  

Caveolae are highly hydrophobic and make up 
20% of the plasma membrane. They contain a cystic 
cavity with a diameter of about 50–100 nm [33]. 
Caveolae and lipid rafts are similar in lipid 
composition, and lipid rafts are always surrounded by 
caveolins in membrane structures with morphological 
discontinuity [34]. Importantly, caveolin-1-mediated 
signal transduction affects numerous biological 
processes, including cell proliferation, invasion, and 
death during the cell cycle [8]. A study reported that 
the 5-year survival rate of triple-negative patients 
with high levels of stromal caveolin-1 was signifi-
cantly better than that of patients with moderate or 
absent levels of stromal caveolin-1 [35]. 

 

 
Figure 2. An overview of plasma membrane lipid perturbing tumor nanotherapeutics. The nanotechnology-involved plasma membrane lipid perturbing strategies described in 
this paper include lipid peroxide accumulation, cholesterol regulation, membrane structure disruption, lipid raft immobilization, and energy-mediated plasma membrane 
perturbation. 
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Table 2. The classification and mechanisms of plasma membrane lipid perturbing tumor nanotherapeutics. 

Classification Therapeutic mechanisms  Functional nanoplatforms Cargoes Cancer types  Ref. 
Plasma membrane 
lipid peroxide 
accumulation 

Lipid peroxide generation Folate-PEG modified manganese doped 
mesoporous silica NPs 

Dihydroartemisinin Hepatocellular cancer and 
ovarian cancer 

[87] 

Lipid peroxide generation Hybrid metal organic framework decorated with 
polydopamine and PEG 

Perfluoropentane Hepatocellular cancer [116] 

Lipid peroxide generation Fe3+/tea polyphenol epigallocatechin gallate 
metal-phenolic networks 

DOX Lung cancer [117] 

Lipid peroxide generation cRGD-modified polydopamine-based 
nanoplatform 

Fe2+ and 
β-lapachone 

Melanoma [118] 

Plasma membrane 
cholesterol regulation 

Cholesterol extraction from the cell 
membrane  

CD44-receptor targetable 
methyl-β-cyclodextrin-modified hyaluronic 
acid-ceramide nano-assembly  

 
Not available 

Breast cancer [90] 

Blocking ACAT-1-mediated 
cholesterol esterification 

Human serum albumin  Avasimibe Prostate and colon cancer [119] 

Cholesterol depletion Nanosphere and nanocapsules based on 
amphiphilic α- and β-cyclodextrin 

Erlotinib Lung and hepatocellular cancer [120] 

Lipid rafts (cholesterol-rich 
domains) disruption to reverse 
EMT and repolarize TAM 

TME-associated protease legumain sensitive 
peptide modified liposome  

Simvastatin and PTX Lung cancer [121] 

Cholesterol consumption in lipid 
rafts and P-gp down-regulation 

α-tocopherol PEG 2000 succinate modified PLGA 
NPs  

DOX and 
simvastatin 

Colon cancer [91] 

 
 
 

Cascade catalytic consumption of 
cholesterol 

Cholesterol oxidase immobilized on the metal 
organic framework  
NH2-MIL-88B and modified with chondroitin 
sulfate gel shell  

DOX, cholesterol 
oxidase 

Breast cancer [92] 

Inhibition of cholesterol 
esterification in CD8+ T cells to 
enhance chemo-immunotherapy 

Liposome modified with pH sensitive TH peptide  PTX and  
immunoadjuvant 
αGC 

Melanoma [94] 

Plasma membrane 
structure disruption 

Membrane disruption and 
mitochondria damage 

Alginate hydrogel polymer Gold NPs and 
cisplatin 

Human nasopharyngeal cancer [122] 

Enhanced apoptosis and necrosis 
in vitro by combined drug-loading  

Aragonite calcium carbonate NPs DOX and 
thymoquinone 

Breast cancer [123] 

Increased DOX cytotoxicity  γ-Fe2 O3 NPs stabilized with 
carboxymethylcellulose sodium 

DOX Breast Cancer [124] 

Disruption of mitochondrial Ca2+ 
homeostasis  

Calcium phosphate-doped hollow 
mesoporous copper sulfide 

Curcumin Breast cancer [125] 

Membrane lysis followed by 
necrosis 

Cationic diblock polycarbonates Not available Hepatocellular carcinoma [126] 

A non-apoptotic mechanism with 
significant vacuolization and 
membrane disruption  

Triblock copolymers of PEG, 
guanidinium-functionalized polycarbonate and 
polylactide  

Not available Breast cancer [127] 

 
 
 
 
 
 
 
 
 

Membranolytic effect  A PEG block and pH-responsive membranolytic 
block that contains ionizable tertiary amine 
segments (ethylpiperidine) and hydrophobic 
segments 

Not available Pancreatic cancer, colon tumor, 
melanoma and  
lung metastasis 

[97] 

Membranolytic effect Self-assembling melittin-lipid nanoparticle Not available B16F10 melanoma [12] 

Membranolytic effect D-melittin micelles Not available Breast cancer and colon cancer [14] 

Membranolytic effect PEG-PLGA NPs Membrane-Lytic 
Peptide 

Triple-negative breast cancer [13] 

Acid-activatable membrane 
disruption of both stromal and 
cancerous cells 

Random copolymers of hexylmethacrylate, 
dimethyl aminoethylmethacrylate, and 
methacrylic acid  

Not available Pancreatic cancer [98] 

Membrane disruption and 
enhanced cellular uptake of 
chemotherapeutics, 
antibiotics and the polymer 

Quaternary ammonium-functionalized cationic 
polycarbonate 

Not available Liver cancer and drug-resistant 
breast cancer 

[128] 

P-gp inhibition and increased 
plasma membrane fluidity 

pH-sensitive polymeric micelles based on 
poly(2-ethyl-2-oxazoline)-poly(D,L-lactide)  

PTX and HNK Pulmonary metastasis from 
breast cancer 

[129] 

Lipid raft 
immobilization effect 

Lipid rafts solidification and actin 
cytoskeleton reorganization 

Ruthenium-complex-peptide precursor molecule Not available Ovarian cancer [103] 

Energy-mediated 
plasma membrane 
perturbation 

PDT enhancement PpIX-anchored liposomes PpIX Cervical cancer [106] 

Electroporation Radiolabeled liposomal nanoparticle   DOX Prostate cancer [130] 

Electroporation Silica NPs  Ruthenium 
fluorescent 
complex/Cy7 

Colon cancer and B-lymphoma [131] 

Electroporation Polyethylenimine NPs BAS and tannic acid Glioblastoma [132] 

Electroporation Single-walled carbon nanotubes DOX Colon cancer [113] 

Electroporation Dye-stabilized sorafenib NPs Sorafenib Colon cancer [105] 

Ultrasound cavitation Contrast agents Sonazoid® Not available Colon cancer [133] 

Ultrasound enhancement Lipid/PLGA hybrid microbubbles DOX Breast cancer [134] 

Ultrasound enhancement Porphyrin/camptothecin-floxuridine 
microbubbles  

Camptothecin and 
floxuridine 

Colon cancer [110] 

Ultrasound enhancement Trastuzumab microbubbles  Trastuzumab HER2-Positive Gastric Cancer [135] 

Ultrasound enhancement Nanobubbles with a lipid shell  Indocyanine green 
and PTX 

Prostate cancer [136] 

 Ultrasound enhancement Dual-targeting cationic microbubbles conjugated 
with iRGD peptides and CCR2 antibodies  

iRGD peptides and 
CCR2 antibody 

Breast cancer [137] 
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Furthermore, the decrease of caveolin-1 in 
cancer-associated fibroblasts within gastric cancer 
patients predicted adverse clinical outcomes such as 
early recurrence and a low 5-year survival rate [36]. 
These studies indicate that caveolin-1 is strongly 
associated with tumor development and prognosis. 

In addition to the two specific lipid domains, the 
biophysical properties of the plasma membrane, 
including orderliness, fluidity, adhesion, and 
rigidity/elasticity, also play vital roles in controlling 
membrane diffusion [37], protein localization, lipid 
rafts interaction, and transmembrane protein 
signaling [38, 39]. For example, advanced tumor cells 
are highly mobile due to decreased cholesterol and 
long-chain ceramides and increased levels of 
polyunsaturated fatty acids, increasing the likelihood 
of metastasis (Figure 1) [5].  

Cancer cells have an unusual regulation of 
hydrogen ion dynamics driven by poor vascularity 
perfusion, regional hypoxia, and increased glycolysis. 
These forces synergize/orchestrate together to create 
extracellular acidity [40, 41]. The cell membrane 
contains many types of negatively charged lipids 
(such as PS). An increase in extracellular acidity 
enables more hydrogen ions to neutralize the negative 
charge of phosphate heads in lipids. This masks their 
negative charge, causing the arrangement of lipids in 
the cell membrane to become more compact, which 
drives drug resistance in cancer as the drug cannot 
penetrate the cell membrane [41, 42]. Moreover, 
drug-resistant tumor cells possess high levels of 
cholesterol and very long saturated fatty acid chains, 
which increases the hardness and rigidity of the 
plasma membrane, blocking drug entry into tumor 
cells [43]. A high glucosylceramide/ceramide ratio 
may also contribute to drug resistance (Figure 1) [44]. 

The cytotoxic T lymphocytes (CTLs), the main 
subset of lymphocytes, develop from activated naive 
CD8+ T cells and exert cytotoxic effects on cancer cells. 
CTLs carry out their activity through the immune 
synapse (IS), which is formed as a polarized structure 
between CTLs and targeted cancer cells. The polarity 
of CTLs allows for the directional release of their 
killing machinery onto the target cells, leading to their 
apoptotic demise. Current knowledge has demons-
trated that the assembly and function of IS is a 
complex event coordinated by the cytoskeleton and 
motor proteins [45]. However, it is reasonable to 
speculate that the cancer plasma membrane may also 
play an important role in antitumor immunity by 
affecting the formation and function of IS. This is 
because local interactions between IS and cancer 
plasma membrane have been discussed [46, 47]. This 
is an interesting topic for antitumor studies, which 
requires further and in-depth research.  

Membrane components affect 
transmembrane signal transduction 

The plasma membrane, which serves as the 
scaffold for most cellular signaling transduction 
molecules, can regulate various pathways governing 
cell proliferation, survival, and migration [48]. 
Alterations in specific membrane lipid metabolism 
significantly impact signaling events in carcino-
genesis. Lysophosphatidic acid (LPA), a low 
molecular weight bioactive phospholipid, acts as a 
potent modulator in tumor progression via binding to 
the endothelial differentiation gene family of G 
protein-coupled receptors (referred to as LPA1-3) on 
the plasma membrane [49]. In vitro experiments have 
shown that LPA promotes the proliferation of 
endometrial carcinoma HEC-1A cells at physiological 
concentrations (0.1 and 1.0 μM), which may be 
attributed to the specific activation of LPA2 receptor 
or the presence of the switch of reciprocal receptor 
activity of different regulators [49]. LPA2 receptors 
are also aberrantly upregulated in ovarian cancer cells 
compared to normal cells. The activation of AMP- 
activated protein kinase triggered by LPA via the 
LPA2 receptor contributes to dynamic cytoskeleton 
rearrangements and increased tumor metastasis [50]. 

Lipid rafts, abundant in cholesterol, are 
necessary for transforming growth factor (TGF)-β- 
mediated-epithelial–mesenchymal transition (EMT) 
[51]. Jin et al. found that simvastatin, a cholesterol- 
lowering drug, can damage cholesterol-dependent 
lipid rafts microdomains, suppress the integrin 
β3/FAK pathway, and subsequent local adhesion 
formation. In addition, simvastatin can repolarize 
tumor-associated macrophages (TAMs) and promote 
the M2–M1 phenotypic transformation via choles-
terol-related liver X receptors/adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter A1 regula-
tion, which upregulates tumor necrosis factor-α and 
downregulates TGF-β, thus remodeling the tumor 
microenvironment (TME) and synergistically 
reversing EMT-associated paclitaxel (PTX) resistance 
[52]. Another study revealed that cholesterol 
deficiency attenuated ATK signal transmission and 
re-sensitized ductal adenocarcinoma to gemcitabine 
[48]. In addition to drug resistance, the cholesterol 
present in lipid rafts also regulates metastasis. Yang et 
al. reported that squalene synthase, a cholesterol 
biosynthesis enzyme, stimulates the activation of Src 
and ERK1/2 through secreted phosphoprotein 1, 
resulting in increased expression of matrix 
metalloproteinase 1 and subsequent lung tumor 
metastasis [53]. Conversely, lipid domains rich in 
long-chain ceramide are embedded with Fas/CD95 
death receptors to promote apoptosis [5]. As 
mentioned above, growth factor receptors and other 
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functional proteins residing in lipid rafts participate 
in corresponding signal transduction to regulate the 
proliferation, differentiation, metastasis, or apoptosis 
of tumor cells. 

Membrane phospholipid composition affects 
metastasis of tumor cells 

The most fundamental property of the plasma 
membrane is its fluidity, which controls the dynamics 
of the membrane domain and regulates lipid–protein 
separation and downstream cellular signaling 
processes [54]. These processes include polarization, 
transport, cell growth, migration, and pathogen 
invasion [55]. Accumulating evidence confirms that 
alteration in membrane fluidity has the potential to 
intervene in tumor malignancy, metastasis, or drug 
resistance [8]. For instance, the antimetastatic ACC 
inhibitor soraphen A can interfere with FA synthesis 
and reduce highly aggressive cancer cell migratory 
capacity by increasing membrane rigidity [56]. 
Additionally, diclofenac was confirmed to be effective 
in the chemoprevention of early colon cancer by 
reversing the increased membrane fluidity and 
dynamics induced by 1,2-Dimethyl-hydrazine 
dihydrochloride [57]. Further, the lipophilic celecoxib 
also halted the metastatic potential of colon cancer 
cells by reducing plasma membrane fluidity [58]. 
Based on the above studies, researchers can change 
the fluidity of tumor cell membranes by regulating the 
synthesis of FAs or introducing certain drugs with 
considerable lipid affinity. 

Plasma membrane fluidity primarily depends on 
the levels of cholesterol, phospholipid species, and the 
content of unsaturated fatty acids. Cholesterol- 
deficient cells are more deformable plasma 
membranes that can freely enter the vasculature, thus 
conferring them with a higher metastatic potential 
[29]. Saturated lipids with their straight hydrophobic 
tails are conducive to the ordered piling up of 
membranes. In contrast, unsaturated lipids occupy a 
slightly wedge-shaped space and disturb the dense 
packing of lipids, thereby increasing fluidity [59-61]. 
A lipidomic study using a urothelial cell model 
compared the differences between non-metastatic 
(RT4) and metastatic (T24) plasma membranes. The 
study revealed that T24 cells have greater length and 
increased levels of ω-6 polyunsaturated FAs acyl 
chains, together with decreased levels of shorter, 
saturated, or mono-unsaturated lipid species [62]. It is 
worth emphasizing that the membrane fluidity of 
tumor cells does not always have a positive 
correlation with their metastatic capacity. In most 
cases, the forces that drive cell migration are 
generated by cytoskeletal actin coupling [63]. A 
definite rigidity of the cell membrane is required to 

maintain different cell shapes during this process. 
Therefore, our group hypothesized that tumor cells 
express appropriate levels of polyunsaturated fatty 
acids, which increase membrane fluidity, and 
cholesterol, which decreases membrane fluidity to 
allow the plasma membrane to exhibit the most 
suitable fluidity for metastasis. Researchers used 
high-performance liquid chromatography, to 
determine the qualitative and quantitative lipid 
composition in certain tumor membranes. For 
example, in colon cancer, the malignant transforma-
tion was accompanied by an increase in the amount of 
arachidonic and oleic acids related to lipid 
peroxidation [64]. However, few studies currently 
describe the changing processes of membrane 
compositions during the different developmental 
stages of tumors. Furthermore, the composition of 
membranes strongly depends on the cancer type, with 
high inter-tumor variability. To design more powerful 
antitumor strategies, future research could investigate 
the changes in polyunsaturated fatty acids and 
cholesterol during the developmental processes of 
different tumors.  

The adhesion of tumor cells to vascular 
endothelium and the basement membrane matrix is a 
key step in tumor invasion and metastasis. The 
membrane phospholipid composition of tumor cells is 
closely related to cell adhesion. The PS and PI within 
the plasma membrane contribute to surface charge. PS 
and PI constitute 15% and 10% of the lipids within the 
leaflets of the plasma membrane, respectively [65]. 
They are isolated into many tiny regions by polyca-
tionic proteins that increase their local accumulation. 
The anionic phospholipids accumulated on the 
plasma membrane can form a reticular electric field 
with an intensity of about 105 V/cm, attracting 
cationic substances such as proteins and ions [66]. 
Tumorigenesis can cause an elevation of PS and PI 
levels, thereby affecting surface potential [67]. These 
alterations could influence the localization of 
surface-charge-sensitive signaling proteins [65]. For 
instance, the spatiotemporal regulation of surface 
charge may have a significant impact on the signaling 
molecules K-ras which is important in cancer biology. 
Failure of signaling cascade localization could be an 
important contributor to the progression from a 
normal cell to a neoplasm [68]. Compared to normal 
cells, many tumor cell lines display a higher number 
of PS on the outer side of their membranes. The level 
of PS exposure is positively correlated with the degree 
of malignancy and the metastatic ability of malignant 
melanoma [3]. Interestingly, some drug-free nano-
carriers with PS targeting ability, such as zinc(II)- 
diphenylamine-modified liposomes or phospha-
tidylcholine-stearyl amine, exhibit potent anticancer 
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activity [69, 70]. Saponin C-modified liposomes have 
presented compelling clinical results and an 
impressive safety profile in Phase I clinical trials [70]. 
These therapeutic agents that target specific lipid 
components of cancer cell membranes indicate their 
value as an important addition to cancer therapy. 

The relationship between membrane 
phospholipid composition and drug resistance 
in tumors 

The increase in cholesterol levels in the plasma 
membrane is closely linked to drug resistance. 
Multi-drug resistant (MDR) cells tend to exhibit a 
more rigid plasma membrane, which results in 
decreased cell permeability [29, 71]. Compared to 
drug-sensitive cells, MDR cells show higher levels of 
cholesterol and special types of phospholipids (PC, PI, 
PE, etc.), and a 60% increase in protein/lipid ratio [17, 
29, 72]. The low permeability of MDR cells limits drug 
entry into tumor cells, which partially explains their 
resistance to therapy [29, 73, 74]. A recent study 
reduced the cholesterol content in the plasma 
membrane with statins, thereby re-sensitizing tumor 
cells to doxorubicin (DOX) [75].  

Other studies have shown that the phenotypes of 
drug resistance in tumors are associated with lipid 
upregulation in lipid rafts and caveolae [76]. On the 
one hand, the abundance of lipid raft domains has 
been found to correlate with the invasive potential 
and membrane fluidity of tumor cells [71]. On the 
other hand, the lipid rafts of tumor cells contain 
several MDR transporters, including P-glycoprotein 
(P-gp) and other MDR-related proteins that pump out 
chemotherapeutic drugs from the cytoplasm. Thus, 
the lipid raft domains play a vital role in the 
development of MDR in tumor cells. Furthermore, 
recent evidence highlights the important role of 
caveolin-1 and P-gp in intracellular cholesterol trans-
port to the plasma membrane [77]. As an epigenetic 
drug inhibiting DNA methylation, 5-aza-2'-deoxy-
cytidine can deplete cholesterol-sphingomyelin rafts, 
alter lipid profiles, and reverse drug resistance [78].  

Particularly, the expression of caveolin-1 on the 
plasma membrane strongly impacts chemothera-
peutic resistance [79]. It has been shown that 
caveolin-1 levels are significantly downregulated in 
A549 lung cancer cells after cisplatin exposure. 
Furthermore, the knockdown of cavelin-1 promotes 
cisplatin-induced cell death in A549 cells [79]. 
Mechanistically, the inhibition of caveolin-1 induces 
the release of mitochondrial reactive oxygen species 
(ROS), the destruction of cell metabolism, and the 
decrease in mitochondrial membrane potential, thus 
amplifying the mitochondrial stress signals induced 
by cisplatin. Caveolin-1 overexpression has also been 

documented in 5-fluorouracil-resistant colon cancer 
cells [80], cisplatin-resistant ovarian cancer cells [81], 
PTX-resistant breast and lung cancer cells [82], as well 
as in trastuzumab emtansine-resistant gastric cancer 
cells and human epidermal growth factor receptor 
2-positive breast cancer cells [83]. Hence, the thera-
peutic efficacy of small molecular chemotherapeutic 
drugs could be improved by decreasing caveolin-1 
expression. For example, the inhibition of caveolin-1 
by β-cyclodextrin can re-sensitize resistant colon 
cancer cells to 5-fluorouracil [80]. 

In general, MDR tumor cells show an altered 
composition of membrane phospholipids and 
glycosphingolipids and overexpress long saturated 
fatty acid chains and cholesterol. Such characteristics 
reduce membrane fluidity and alter the spatial 
structure and interaction with the transmembrane 
helices of the ABC transporters, thus facilitating drug 
binding and drug efflux [44]. Moreover, the higher 
proportion of monosaturated/polyunsaturated fatty 
acids in drug-resistant tumor cells reduces the 
production of reactive aldehydes with cytotoxic and 
pro-inflammatory activities, limiting lipid peroxi-
dation-induced damage in tumors [44]. 

The identification of new targets for antitumor 
drugs remains a pressing need. Lipids regulate the 
normal physiological activities of the plasma 
membrane and participate in signal transduction. 
Investigating the relationship between the membrane 
and tumorigenesis is becoming a new area of interest 
in cancer therapy. The discussion above highlights 
many antitumor targets and strategies based on the 
perturbation of the plasma membrane, which is also 
known as “membrane lipid therapy”. Besides 
regulating the content of special lipids (such as LPA, 
PS, and PI) and cholesterol, disrupting the synthesis, 
metabolism, localization, and transport of ordinary 
lipids can also achieve therapeutic goals [8]. Although 
the specific composition and function of tumor 
plasma membranes have received little attention in 
the past, tumor treatment strategies based on plasma 
membrane disruption will gradually gain interest in 
cancer treatment as our understanding of tumor 
plasma membranes and the characteristics of related 
lipids deepens. 

Plasma membrane lipid perturbing tumor 
nanotherapeutics 

As mentioned earlier, the alteration in the lipid 
composition of tumor cells and their effects on cell 
function have made membrane lipid therapy an 
exciting prospect for the specific targeting of cancers. 
In this section, we will present nanotechnology-based 
plasma membrane lipid perturbation strategies.  
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Plasma membrane lipid peroxide 
accumulation tumor nanotherapeutics 

Lipid peroxidation products significantly affect 
the structure and dynamic properties of the cell 
membrane. The increase in lipid peroxides disturbs 
the order of lipids within the phospholipid bilayer, 
leading to the formation of pores. The entry of 
reactive substances, such as ROS and reactive 
nitrogen species within tumor cells leads to oxidative 
damage to intracellular macromolecules, such as 
DNA and proteins [84]. Glutathione peroxidase 4 
(GPx4) is an enzyme that is highly expressed in tumor 
cells and is capable of reducing lipid peroxides to 
unsaturated fatty acids, thereby antagonizing the 
damage caused by lipid peroxides accumulation in 
the tumor plasma membrane [85]. The activation of 
GPx4 depends on intracellular glutathione (GSH). In 
2019, our group designed a sorafenib-loaded nano-
drug that specifically released sorafenib to inhibit the 
synthesis of GSH and upregulate the content of lipid 
peroxide in tumor cells [86]. Such nanoplatforms can 
significantly inhibit the proliferation of tumor cells. In 
2020, our group achieved the rapid aggregation of 
lipid peroxides in tumor cell membranes by 
deactivating GPx4 and enhancing ROS generation in 
tumor cells [87]. To accomplish this, we constructed 
folate-polyethylene glycol (PEG)-modified manga-
nese-doped mesoporous silica NPs loaded with 
dihydroartemisinin (DHA) (referred to as nano-
missiles) for MRI-guided ferroptosis tumor therapy 
(Figure 3A). Intracellular GSH triggers the degrada-
tion of nanomissiles, leading to intracellular GSH 
depletion and strong inhibition of GSH-dependent 
GPx4 activity (Figure 3B-C). Subsequently, the 
simultaneous release of DHA and Fenton catalysis 
Mn2+ contributes to hydroxyl radicals (·OH) 
production (Figure 3D). These multi-angle effects 
accelerate the oxidation of polyunsaturated fatty acids 
to toxic lipid peroxides (Figure 3E). Due to the 
deleterious effect of accumulated lipid peroxides, the 
cell membrane dissolved and disappeared (Figure 
3F). In the in vivo study, nanomissile-treated mice 
achieved the highest ROS level in tumor tissue 
(Figure 3G) and the longest survival time (Figure 3H). 
Our research also included a hemolysis study, 
H&E-stained images of major organs, serum 
biochemical parameters, and body weight curves, all 
of which demonstrated the biosafety of the designed 
nanoplatforms. In general, our study demonstrated 
the potential to disrupt cell membrane integrity via 
lipid peroxide accumulation to achieve anticancer 
effects.  

Plasma membrane cholesterol regulation 
tumor nanotherapeutics 

Cholesterol clearance tumor nanotherapeutics 
Cholesterol is the key molecule in lipid rafts, and 

its removal can rupture lipid rafts and caveolae, 
resulting in protein shedding, defuctionalization and 
deregulated cell signaling [88, 89]. Nanoplatforms can 
significantly improve drug delivery, increase tumoral 
selectivity, reduce adverse effects and target plasma 
membrane components in tumor therapy. In a 
previous study, the cholesterol-capturing moiety, 
methyl-β-cyclodextrin (MbCD), was covalently 
bonded to an amphiphilic hyaluronic acid-ceramide 
(HACE) structure, and self-assembled into a spherical 
nanoassembly (named HACE-MbCD NA) of 198 nm 
size with a unimodal distribution (Figure 4A) [90]. 
Due to CD44 receptor-HA interaction-mediated active 
tumor targeting effects, the HACE-MbCD NA 
efficiently extracted cholesterol from tumor cell 
membranes when compared to MbCD (Figure 4B). 
After treatment with HACE-MbCD NA, the 
MDA-MB-231 cells exhibited greater apoptosis and 
low proliferation rates when compared to noncancer 
cells (Figure 4C-E). This result demonstrated that the 
prepared nanoplatforms were less toxic to noncancer 
cells. The anticancer effects of HACE-MbCD were 
comparable to those of DOX, but showed less 
individual variations and were more consistent across 
tumor-xenografted mice models (Figure 4F). The 
HA-CD44 binding affinity and higher cholesterol 
extraction capacity of HACE-MbCD promoted the 
apoptosis events (Figure 4G). The H&E-stained slice 
images of major organs and serum biochemical 
parameters supported the biosafety of the designed 
nanoplatforms in cancer therapy. 

Cholesterol metabolism regulation tumor 
nanotherapeutics 

Drug delivery systems are specifically tailored to 
intervene cholesterol metabolism. A TME-activatable 
penetration peptide-modified multifunctional lipo-
some significantly enhanced the therapeutic efficacy 
of simvastatin by regulating cholesterol metabolism to 
reverse EMT and TAM repolarization and success-
fully reversed EMT-related drug resistance [52]. 
Alternatively, both DOX and simvastatin were 
encapsulated in α-tocopherol polyethylene glycol 
2000 succinate-modified poly (lactic-glycolic acid) 
(PLGA) NPs. The drug delivery system achieved 
synergistic simvastatin-mediated cholesterol con-
sumption and P-gp downregulation in lipid rafts, 
which disrupted the packing density of lipid rafts and 
suppressed drug efflux. The NPs also promoted 
mitochondrial apoptosis and re-sensitized 
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DOX-resistant SW620/AD300 cells. Such therapeutic 
strategy could serve as a prospective candidate for 
reversing drug resistance via simvastatin-loaded 
nanoplatforms and its cholesterol depletion capacity 
in lipid rafts [91]. 

Another nanosystem, consisting of chondroitin 
sulfate shell and metal organic framework (NH2- 
MIL-88B) core, consumes cholesterol through cascade 
catalysis. The NH2-MIL-88B — rich in amino groups 
— successfully immobilized cholesterol oxidase via an 
amide reaction, increasing enzyme tolerance to high 
temperatures and low pH. Cholesterol oxidase 
catalyzes cholesterol oxidation, and its metabolite 

(H2O2) is further catalyzed by metal organic 
frameworks with peroxidase activities to generate 
·OH. Effective cholesterol level reduction in drug- 
resistant cell membranes promoted DOX cellular 
uptake. The generation of ·OH after cholesterol 
oxidation was favorable for tumor inhibition, turning 
“trash” into “treasure” for maximum treatment 
efficiency. The chondroitin sulfate shell specifically 
targeted tumor cells via CD44 receptors and 
suppressed intracellular anti-apoptotic protein 
(Bcl-XL) levels, increasing tumor cell sensitivity to 
chemotherapeutics [92]. 

 
 

 
Figure 3. Nanomissile-mediated lipid peroxide accumulation in tumor cell membrane. (A) Schematic illustration of the construction of nanomissiles and the ferroptosis-inducing 
mechanism by GSH exhaustion and ·OH self-production. (B) GSH levels and (C) GPx4 activity of HepG2 cells after indicated treatment. (D) ROS and (E) lipid peroxide detection 
of HepG2 cells stained with DCFH-DA, C11-BODIPY581/591 after co-incubation with different formulations at same DHA concentration. (F) DIO-labeled cell membrane 
morphology changes after co-incubation with different formulations at same drug concentration. (G) Enhanced ROS generation in the tumor site. (H) The survival curve of mice 
after various treatments. (Adapted with permission from Ref. [87]. Copyright 2020 Royal Society of Chemistry) 
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Figure 4. Tumor-targeted nanoassemblies for cholesterol extraction by MbCD. (A) Schematic illustration regarding tumor targeting and cellular cholesterol-capturing strategy 
of HACE-MbCD NA. (B) Cholesterol capture capacity, detected by filipin III-stained free cholesterol (blue color), of HACE-MbCD NA in MDA-MB-231 cells. Antiproliferation 
assay of (C) MbCD and (D) HACE-MbCD in NIH3T3, HUVEC, and MDA-MB-231 cells. (E) Apoptotic efficacies of HACE-MbCD NA in MDA-MB-231 cells. Population 
percentages of upper right (UR) and lower right (LR) quadrants are presented. (F) MDA-MB-231 tumor volume profiles of different groups. (G) Microscopic images of dissected 
tumors after H&E and TUNEL stainings. (Adapted with permission from Ref. [90]. Copyright 2018 American Chemical Society) 

 

Other cholesterol regulation tumor nanotherapeutics 
Cholesterol is essential for forming T cell 

receptors on cytotoxic CD8+ T lymphocytes and 
activation of CD8+ T cells [93]. Activated T cells 
upregulate acyl-CoA cholesterol acyltransferase-1 
(ACAT-1) levels, leading to cholesterol esterification 
and attenuation of immune effects [94]. Thus, 
antitumor activities can be enhanced by a combi-
nation of ACAT-1 inhibition with chemotherapy or 
immunotherapy. Co-encapsulation of PTX and the 
immunoadjuvant (αGC) in liposomes was performed. 
Then, the liposomes were modified with a 

pH-sensitive TH peptide (PTX/αGC-TH-Lip) to 
realize chemo-immunotherapeutic effects. Combined 
with avasimibe (an ACAT-1 inhibitor), PTX/αGC- 
TH-Lip enhanced CTL responses with elevated levels 
of free cholesterol and ameliorated the inhibition of 
CD8+ T cells in melanoma xenografts and lung 
metastasis models. Cholesterol-associated metabolic 
regulation also acted as a key link in mediating 
antitumor immunity [94]. 

Cholesterol uptake in malignant lymphoma cells 
is dependent on lipoprotein-mediated transport. 
Selective blockade of cholesterol uptake by 
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cholesterol-addicted cells results in lipid peroxides 
accumulation, increasing their vulnerability to 
ferroptosis. Researchers treated lymphoma cell lines 
with cholesterol-poor high-density lipoprotein-like 
NPs to activate compensatory metabolic responses 
and de novo cholesterol synthesis, accompanied by 
suppressed GPx4 expressions that contribute to cell 
death via a mechanism consistent with ferroptosis 
[95]. Elevated serum cholesterol levels are positively 
associated with increased cancer risk in melanoma, 
prostate cancer, non-Hodgkin’s lymphoma, endo-
metrial and breast cancers [96]. The association 
between cholesterol uptake and ferroptosis provides a 
promising therapeutic target for these specific cancers 
[95]. Since cholesterol is important in lipid rafts, the 
nanoplatform focusing on cholesterol depletion or 
metabolism regulation will exert targeted anticancer 
effects and reverse drug resistance in cancers with 
high cholesterol levels, such as breast, non-small cell 
lung and prostate cancers. In summary, membrane 
cholesterol regulation-based therapies are among the 
most commonly used and effective anticancer 
strategies. 

Membrane structure disruption tumor 
nanotherapeutics 

Membranolytic molecules induce detergent-like 
plasma membrane rupture and result in release of 
cellular contents by interacting with phospholipids, 
which constitute the main cell membrane skeleton. 
Membrane rupture strategies are effective against 
MDR cells, however, given the importance of 
preventing membranolytic effects in normal cells, low 
tumor selectivity is a major challenge. Liu et al. 
designed a library of “proton transistors” consisting 
of a PEG block group and a pH-responsive 
membranolytic block group, which could switch 
slight pH perturbation signals to drastic changes for 
membranolytic activities, enabling selective mem-
brane rupture within the slightly acidic TME [97]. The 
best nanodetergent was P(C6-Bn20), which enhanced 
cytotoxicity by more than 32-fold when the pH 
changed by 0.1 (“on state”), while self-assembling into 
neutral NPs at physiological pH (“off state”). At pH 
6.8, the membranolytic block of P(C6-Bn20) was 
protonated and bound the negatively charged PS on 
lipid membranes. The cation-π interactions facilitated 
benzyl group insertion into the membrane generated 
many holes, resulting in rapid release of ATP and 
lactate dehydrogenase. At pH 6.8, ferrocene-labelled 
P(C6-Bn20) co-localized with the cell membrane, and 
cell morphology disruptions were observed, with 
blebbing. In vivo antitumor assays revealed that 
P(C6-Bn20) dose-dependently suppressed Panc02 
tumor growth. A much paler H&E staining implied 

the leakage of tumor cell contents. The H&E-stained 
slice images of major organs exhibited low toxicity of 
P(C6-Bn20) on normal tissues. 

In another study, acid-activated NPs composed 
of membrane-disruptive molecules were developed. 
These NPs consisted of cationic and amphipathic 
motifs and were capable of distinguishing between 
the acidic TME and normal physiological pH. They 
exhibited acid-induced dissociation, thereby indiscri-
minately damaging cell membrane integrity of both 
stromal and cancer cells (Figure 5A) [98]. 
Acid-sensitive nanomaterials (M-14K) exhibited 
dose-dependent cytotoxic effects against both BxPC-3 
pancreatic carcinoma cells and NIH-3T3 fibroblast 
cells (Figure 5B-C). As confirmed by the core-shell 
structured BxPC-3@NIH-3T3 spheroids model in vitro, 
M-14K significantly penetrated the stromal barrier 
and eradicated hiding carcinoma cells via 
acid-activatable effects (Figure 5D). Scanning electron 
microscopy showed that BxPC-3 cell surfaces had 
abundant cracks and pores at pH 6.8, while being 
smooth and intact at pH 7.4. M-14K treatment 
significantly delayed tumor growth in BxPC-3 
xenograft mouse models, while significantly remodel-
ing the stroma and reducing fibronectin as well as 
α-SMA levels (Figure 5E-F). A decrease in the number 
of tumor-associated fibroblasts turned the tight 
barrier into a loose porous medium that facilitated 
drug penetration and swept away the shielded cancer 
cells. In biosafety research, M-14K did not exert any 
effects on body weights of mice. The H&E-stained 
slice images of major organs confirmed the biosafety 
of M-14K. 

Membrane-lytic peptides are efficient 
membrane-disruptive molecules that are of significant 
interest in medical science [13]. Melittin, an 
antimicrobial peptide, was proposed for anticancer 
treatment in the 2000s. The cationic charge and 
amphipathic properties of melittin enable it to interact 
with and disrupt biological membranes [14]. To 
overcome the limitations of melittin in antitumor 
applications (such as rapid degradation/clearance, 
poor tumor accumulation, and nonspecific hemo-
lysis), Yu et al. designed melittin-lipid nanoparticles 
(α-melittin-NPs) for cancer therapy (Figure 6A) [12]. 
Confocal imaging data showed that after incubation 
for 3 h, FITC-α-melittin-NPs exhibited a good affinity 
with cell membranes (Figure 6B). The tumor growth 
curve showed that α-melittin-NPs significantly 
suppressed tumor growth on the left flank (injected 
tumor) and right flank (distant tumor). At 20 days 
post left tumor inoculation, compared with the 
phosphate buffer solution (PBS) group, mice treated 
with α-melittin-NPs showed a 95% decrease in 
injected tumor size and a 92% decrease in distant 
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tumor size (Figure 6C-F). Other melittin-containing 
nanodrugs also exhibited strong membranolytic 
effects and superior antitumor effects [13, 14].  

The cell membrane is an armor of tumor cells. 
Once it is breached, tumor cells collapse. Ruptured 
cell membranes are difficult to repair because — 
unlike proteins or nucleic acids — they are not 
encoded by the genome or plasmids [99]. Compared 
to conventional inert polymers that serve as drug 
delivery vehicles, membranolytic molecules com-
posed solely of active ingredients target and dissolve 
the membrane lipid bilayer skeleton. This is in stark 
contrast with traditional chemotherapeutics, which 

target specific intracellular substances or metabolic 
pathways that can be repaired by transcriptional or 
other types of compensation. Membranolytic actions 
are also effective against dormant cancer [100] and 
MDR cells. Non-selective membranolytic effects and 
stroma membrane lysis effects exert strong and 
irreparable outcomes on normal cells. Studies should 
investigate the influence of membrane lipid thera-
peutic strategies on nonmalignant cell membranes to 
facilitate clinical translation. Lytic effects on normal 
cells can be reduced by delicately tuning structural 
parameters or developing stimuli-responsive 
moieties. 

 

 
Figure 5. Membrane-disruptive nanotherapeutics for dissolving the dense extracellular matrix. (A) Schematic illustration on acid-activatable and membrane-disruptive 
nanomicelles (M-14K) for simultaneously eliminating cancerous and stromal cells. The viability assays of (B) BxPC-3 and (C) activated-fibroblasts NIH-3T3 cells. (D) The images 
of three-dimensional BxPC-3@NIH-3T3 spheroids with a shell of fibroblast cells (green) and a core of cancerous cells after M-14K treatment. Propidium iodide (red) was used 
to stain dead cells. (E) Tumor volume during therapy. (F) The immunohistochemistry-stained fibronectin and α-SMA of tumor tissues. (Adapted with permission from Ref. [98]. 
Copyright 2021 American Chemical Society) 
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Figure 6. Melittin-lipid NPs induced tumor cell membranolytic effect. (A) Schematic illustration of the antitumor mechanism of α-melittin-NPs. The membranolytic effect of 
α-melittin-NPs could kill tumor cells and promote the release of whole tumor-cell antigens. (B) Representative immunofluorescence imaging of cellular binding of 
FITC-α-melittin-NPs to B16F10 cells and antigen-presenting cells (BMDCs and BMDMs). BMDCs and BMDMs were isolated from mT/mG mice that express a strong red 
fluorescence protein (tdTomato) in the membrane systems (plasma membrane, lysosome) of all cell types. Blue: DAPI, green: FITC-α-melittin-NPs, red: membrane-targeted 
tdTomato. (C) Treatment scheme. (D) Representative pictures of mice treated with melittin, α-peptide-NPs, or α-melittin-NPs. Tumor growth of the injected tumor (E) and 
distant tumor (F). (Adapted with permission from Ref. [12]. Copyright 2020 Springer Nature) 

 

Lipid raft immobilization tumor 
nanotherapeutics 

The cytoskeleton is tightly tethered to its binding 
partners in lipid rafts. Lipid rafts and the underlying 
cytoskeleton are involved in transduction of many 
tumor signaling pathways [101]. Regulation of 
signaling pathways by P2Y2 nucleotide receptors in 
glioma cells depends on cytoskeleton dynamics, 
altering stress fiber assembly and thereby affecting 
tumor cell adhesion as well as migration [102]. 
F-actin/cytoskeleton reorganization can be induced 
by intervening plasma membrane lipid raft stiffness 
and rigidity, which promotes the phosphorylation of 

transcription coactivators and tumor cell apoptosis 
[103]. A ruthenium-complex-peptide precursor 
molecule was designed to generate molecular 
self-assembly (MSA) nanostructures under the 
guidance of alkaline phosphatase (ALPP), an ovarian 
cancer biomarker [103]. Extension of MSA into lipid 
rafts led to formation of stable and solid 
nanobiointerfaces, resulting in actin cytoskeleton 
recombination and inactivation of oncogenic 
Yes-associated proteins (Figure 7A). The dephos-
phorylation of precursor 3a induced MSA contributed 
to formation of irregular and denser aggregates 
(Figure 7B). Co-localization of ALPP, MSAs, and large 
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lipid raft clusters on SKOV3 cells indicated the 
lipid-raft-targeting abilities of these NPs (Figure 7C). 
Moreover, during movement, SKOV3 cells exhibited 
disrupted tail retraction, which was caused by 
interrupted actin dynamics and broken trailing tails. 
This was because the MSAs solidified the lipid rafts 
(Figure 7D). The MSAs exhibited the strongest 
cytotoxic effects against cancer cells with elevated 
ALPP expressions. Finally, after the 24-day treatment 
period, 3a treatment induced dose-dependent 
SKOV3-Luc tumor suppression and 60% tumor 
reduction (50 mg/kg dose) (Figure 7E-F). The 
H&E-stained slice images of major organs indicated 

the biosafety of the designed nanoplatforms, which 
were more effective against highly metastatic cancer 
cells. 

Energy-mediated plasma membrane 
perturbation tumor nanotherapeutics 

External energy sources can enhance tumor cell 
membrane permeability, improving targeted drug 
transport efficiency and local tumor tissue damage. 
The common energy-mediated plasma membrane 
perturbation approaches involve ultrasound stimu-
lation [104], electrical stimulation [105], and laser 
irradiation [106].  

 

 
Figure 7. Lipid raft immobilization and signaling pathway interference by the precursor molecules. (A) Schematic representation of ALPP-guided and lipid-raft-targeted MSA 
inactivates Yes-associated protein via actin cytoskeleton disruption for antitumor. (B) ALP dephosphorylation of 3a (three hydrolysable groups) triggers MSA at different time 
scales. (C) Immunofluorescence staining of ALPP and lipid raft on SKOV3 cells upon 3a incubation. (D) Time-lapse images of abnormal cell motion with broken trailing tails upon 
3a incubation and correlative light-electron microscopy analysis indicates interrupted actin dynamics by MSAs forming on the cell margin. (E) The SKOV3-Luc-tumor growth was 
monitored by bioluminescence detection before each injection. (F) Photographs of tumors at day 24. (Adapted with permission from Ref. [103]. Copyright 2020 American 
Chemical Society) 
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Ultrasound stimulation plasma membrane 
perturbation tumor nanotherapeutics 

Ultrasound-derived energy can destroy 
biological barriers in a safe and selective manner. 
Ultrasound induces sonoporation, creating temporary 
pores in cell membranes to enhance cell endocytosis 
[107]. Microbubbles, which are structurally similar to 
cell membranes, oscillate under ultrasound treatment 
[108]. Low-intensity ultrasound produces micro-
bubbles with stable cavitation, while high-intensity 
ultrasound produces microbubbles with inertial 
cavitation, which collapse to form sonophoresis. 
Membrane permeabilization can be achieved by 
stabilizing cavitation microbubbles, which enables 
small or macromolecular drugs to be transported 
across membranes [109]. To improve MDR colorectal 
cancer treatment, Chen et al. proposed a combination 
strategy involving stable triplex porphyrin/ 
camptothecin-floxuridine microbubbles (PCF-MBs) 
generated by cavitation of photosensitizer porphyrin- 
grafted lipids (PGLs), amphiphilic camptothecin- 
floxuridine (CF) conjugates, and solvents [110]. The 
ultrasound-induced sonoporation of membranes and 
in situ conversion of PCF-MBs to PCF-NPs resulted in 
elevated accumulation of chemotherapeutics and 
photosensitizers in tumors. Photodynamics induced 
the depletion of the drug efflux transporter (ABC 
subfamily G member 2) on cell membranes and 
prolonged drug retention (Figure 8A-B). After 
ultrasound exposure, uptake of PGL and CF drugs by 
HT-29 cells was increased, accompanied by elevated 
singlet oxygen generation under light irradiation 
(Figure 8C). Thus, significant concentration- 
dependent cytotoxic effects against MDR cells were 
achieved in vitro (Figure 8D), and the synergistic 
photodynamic therapy (PDT) and chemotherapy 
resulted in a 90% tumor suppression rate in vivo. 
These findings show that application of ultrasound to 
enhance transmembrane transport of nanodrugs is a 
promising translational strategy for treatment of 
drug-resistant tumors. In biosafety research, H&E 
staining images of major organs and body weight 
curves showed that combined chemo-PDT treatment 
had no unacceptable toxic effects. 

Electrical stimulation plasma membrane perturbation 
tumor nanotherapeutics 

Applications of a short and continuous pulsed 
electric field (with energy) induces cell membrane 
perturbation. It also produces transient pores in cell 
membranes, a process known as electroporation [111]. 
Under treatment with an electric field, the energy 
required for water molecules to penetrate the lipid 
bilayer is reduced. Water can rapidly enter the lipid 
layer of cell membranes, causing the adjacent lipids 

and their polar head groups to reorient. Such effects 
result in generation of pores within cell membranes 
[112]. The pores enhance cell membrane permeability. 
The NPs can reach tumor sites via enhanced 
permeability and retention (EPR) effects. However, 
blood vessels, cell membranes, and cell-matrix spaces 
block the delivery efficiency of nanosystems. 
Therefore, disruption of physiological barriers formed 
by membranes is a potential tumor treatment strategy. 
A study investigating the effects of electroporation on 
tumor vasculature and microenvironment showed 
that electroporation can modulate the above barriers 
that prevent NPs from penetrating the tumor [105]. 
That is, it can create voids in the vasculature, cell 
membrane, and cell-matrix spaces; form intercellular 
spaces between endothelial cells, which change with 
electric field magnitude, and allow the NPs to 
penetrate deeper into the tumor and accumulate. 
These effects result in strong antitumor outcomes. Lee 
et al reported that by combining single-walled carbon 
nanotubes (SWNT) with low-voltage (LV) electrical 
stimulation, biomolecule delivery could be effectively 
enhanced through reversible electroporation [113]. 
Clear pore formation in the cell membrane is observed 
due to LV pulse electrical stimulation amplified by 
SWNT. In cancer treatment, both SWNT+LV pulse 
treatment followed by the injection of liposomal DOX 
or SWNT/DOX+LV pulse treatment can increase 
tumor inhibition and delay tumor growth. These 
studies provided a theoretical basis for treatment of 
tumors via electrical stimulation-mediated cell 
membrane alteration.  

Laser irradiation plasma membrane perturbation 
tumor nanotherapeutics 

Phototherapy is a prospective cancer therapeutic 
modality with high selectivity, low invasiveness and 
ease of remote control. Under laser irradiation, 
photosensitizers generate ROS, which target the 
double bonds of lipids to generate lipid peroxides 
[114]. Massive oxidation of PC in cell membranes 
damages lipid bilayer stability, promoting the 
generation of membrane voids and improving 
membrane penetrance [115]. A study in 2018 reported 
that plasma membrane-anchored photosensitive NPs, 
consisting of protoporphyrin IX (PpIX, a photosensi-
tizer) conjugated to PEG-cholesterol polymer 
(Chol-PEG-PpIX), exhibited lipid raft-responsive and 
light-controllable cytoplasmic transport effects [106]. 
The cholesterol fraction acts as a hydrophobic anchor 
to the cell membrane that affords lipid raft-mediated 
endocytosis, bypassing endosomal/lysosomal entrap-
ment, which promotes PpIX binding to cell surfaces. 
Upon laser irradiation, PpIX can effectively result in 
lipid peroxidation in the plasma membrane, thereby 
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disrupting membrane permeability and allowing 
rapid influx of extracellular NPs. To weaken the 
non-specific binding ability in vivo, Chol-PEG-PpIX 
has been anchored on liposomes for systemic 
delivery. The PEG imparts stealth properties with a 
long circulation time, achieving superior tumor 
ablation by PDT. Therefore, light-driven cell 
membrane perturbation is a promising strategy for 
improving transmembrane efficiency of nanosystems. 

Summary and future perspectives  
Cancers are a result of genetic mutations that 

cause epigenetic changes, leading to abnormal cell 
behaviors. For instance, efforts to suppress ovarian 
cancer metastasis have focused on genetic and 

epigenetic targeting. Cancer cells exhibit significant 
differences from normal cells in terms of their lipid 
components, protein expressions, morphology, and 
biological properties of plasma membranes. These 
differences are essential for invasion, immune escape, 
and metastasis. Therefore, a novel therapeutic 
strategy called “membrane lipid perturbing tumor 
therapy”, which aims at interfering with membrane- 
related cell proliferation, motility, adhesion, signal 
transduction, and immunity, has attracted a great deal 
of attention. Various membrane components have 
emerged as treatment targets (Table 2). This has 
increased research on membrane lipid perturbation 
for tumor therapy, and on expression patterns of 
membrane phospholipids as well as their receptors in 

 

 
Figure 8. Ultrasound triggered sonoporation of membranes and conversion of microbubbles into NPs for reversing drug resistance. (A) Schematic illustration of 
ultrasound-triggered conversion of PCF-MBs into PCF-NPs mediated chemo-photodynamic therapy and PDT-induced ABCG2 depletion for overcoming MDR. (B) Intracellular 
CPT levels of PCF-MBs post-PDT. (C) Cell uptake (camptothecin (CPT), blue; PGL, red) and singlet oxygen generation (green) after different treatments (1: control, 2: PCF-MBs, 
3: PCF-MBs+light, 4: PCF-MBs+ultrasound, 5: PCF-MBs+ultrasound+light, and 6: PGL-MBs+ultrasound+light). (D) Concentration-dependent cytotoxicity in HT-29 cells after 
different treatments at 72 h. (Adapted with permission from Ref. [110]. Copyright 2018 American Chemical Society) 
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several cancers. To expand the impact of membrane 
lipid perturbation in tumor therapy, this review first 
delineated the association between plasma membrane 
characteristics and tumor signaling, metastasis, 
adhesion, and drug resistance. Existing therapeutic 
strategies for nanotechnology-based cell membrane 
disruption were highlighted, revealing the innate 
advantages of nanotechnology in membrane lipid 
perturbation for tumor therapy. Nanotechnologies 
can enable specific aggregation of plasma membrane- 
interfering molecules in tumor cells via EPR effects 
and incorporate multiple membrane-interfering 
molecules with different mechanisms into one single 
drug delivery system for synergistic treatment. In 
general, nanotechnology enhances the flexibility and 
versatility of membrane lipid perturbation during 
tumor therapy and is expected to improve the 
specificity and effectiveness of this treatment 
approach.  

Membrane lipid perturbing tumor therapy is an 
emerging field. More cell membrane-based tumor 
treatment strategies are yet to be developed. The 
novel lipid modulation strategies presented herein 
can inhibit tumorigenesis and progression. These 
strategies include altering plasma membrane fluidity 
via nanodrug-mediated regulation of cholesterol 
contents, unsaturated to saturated lipid ratio, and 
long- to short-chain ceramide ratio, thereby suppres-
sing tumor cell metastasis, drug resistance, and 
plasma membrane-mediated signaling. Additionally, 
reprogramming lipid metabolism can disturb lipid 
reservoirs in cancer cells and deregulate the most 
important lipid pathway, i.e., the FA synthesis 
pathway. Agarwala et al. reported the relevant targets 
for disrupting FA synthesis [8], which can inform on 
designing of nanodrugs that interfere with FA 
synthesis and retard membrane lipid synthesis in 
tumor cells. Identification of novel targets and 
prognostic biomarkers for tumors is also warranted. 
This review provides insights on cancer lipidome and 
related membrane properties. These factors can be 
attributed to various cellular functions, which are 
modulated by lipids and associated membrane 
parameters. Lipid mobility, lateral organization, and 
kinetics regulate physiological membrane functions. 
Therefore, lipid molecules are key regulators of cancer 
progression, and there is a growing trend for thera-
peutic strategies targeting lipid-associated processes 
(including lipid synthesis, metabolism, localization, 
and transport). Studies on correlations between 
lipidome changes and membrane biophysical 
properties are becoming increasingly popular in 
cancer diagnosis. Construction of nanoplatforms that 
modulate biophysical characteristics of the plasma 
membrane or interfere with lipid metabolism will 

achieve antitumor treatment.  
Despite the advances in plasma membrane lipid 

perturbing tumor nanotherapeutics, clinical transla-
tion is limited by various challenges. First, most of the 
membrane lipid perturbing tumor nanotherapeutics 
discussed in this review focus on curative efficacy 
rather than safety. Some membranolytic materials are 
extremely toxic to normal cells. There is a need to 
explore the effects of membranolytic nanoplatforms 
on normal cell membranes. Moreover, there is a need 
to improve the targeting abilities of these nanodrugs, 
and their organismal safety warrants greater scrutiny. 
Second, membrane lipid perturbation strategies can 
be customized for different types and stages of 
cancers to achieve optimal efficacy and minimal side 
effects. For instance, breast cancer cell plasma 
membranes exhibit high cholesterol expressions. 
Thus, cholesterol-modulating nanotherapeutics are 
more effective in breast cancer. Lipid profiles of 
specific tumor membranes should be investigated 
before selecting the appropriate treatment schemes. 
Third, effectiveness of these formulations has only 
been tested in small animals, validation should be 
conducted in bigger animals. Finally, membrane lipid 
perturbing nanoformulation designs should also 
account for industrial feasibility and economics, since 
a simple preparation process favors clinical transla-
tion. Some commonly used clinical nanocarriers, such 
as liposomes, PLGA, albumin nanoparticles, polymer 
micelles, can be preferentially selected for lipid- 
regulating drug delivery. Even though this paper 
highlights the potential of membrane lipid perturbing 
strategies in tumor therapy, cell membrane-based 
tumor therapies should not be restricted to this. In 
summary, with development and integration of 
multiple disciplines, tumor cell membranes will play 
more important roles in tumor treatment. 
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