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A B S T R A C T   

Cytoskeleton plays a significant role in the shape change, migration, movement, adhesion, cytokinesis, and 
phagocytosis of tumor cells. In clinical practice, some anti-cancer drugs achieve cytoskeletal therapeutic effects 
by acting on different cytoskeletal protein components. However, in the absence of cell-specific targeting, un-
necessary cytoskeletal recombination in organisms would be disastrous, which would also bring about severe 
side effects during anticancer process. Nanomedicine have been proven to be superior to some small molecule 
drugs in cancer treatment due to better stability and targeting, and lower side effects. Therefore, this review 
summarized the recent developments of various nanomaterials disturbing cytoskeleton for enhanced cancer 
therapeutics, including carbon, noble metals, metal oxides, black phosphorus, calcium, silicon, polymers, pep-
tides, and metal-organic frameworks, etc. A comprehensive analysis of the characteristics of cytoskeleton therapy 
as well as the future prospects and challenges towards clinical application were also discussed. We aim to drive 
on this emerging topic through refreshing perspectives based on our own work and what we have also learnt 
from others. This review will help researchers quickly understand relevant cytoskeletal therapeutic information 
to further advance the development of cancer nanomedicine.   

1. Introduction 

1.1. The composition and function of the cytoskeleton 

Cytoskeleton mainly refers to the protein fiber network framework 
system in eukaryotic cells composed of proteins such as microfilaments, 
microtubules, and intermediate fibers. Microfilaments are fibers with a 
diameter of about 7 nm, composed of two strands of actin filaments in 
the same direction in the form of a helix. Microfilaments are critical in 
cellular motility, signaling, and interactions with the extracellular 
environment and neighboring cells [1]. Microtubule, a polar cytoskel-
eton around 25 nm, is a hollow long tubular organelle structure 

composed of tubulin dimer, which is comprised of the combination of α 
and β tubulin subunits. Microtubules participate in maintaining cell 
shape and assisting transportation of intracellular materials, and 
generating various structures such as spindles, centrioles, flagella, cilia, 
neural tubes and other structures [2]. As the most stable and complex 
cytoskeleton component, intermediate fibers (about 10 nm in diameter) 
play an important role in cell structure. Unlike microtubules and mi-
crofilaments, intermediate fibers are non-polar and cannot drive the 
directional movement of molecules. Most of cells have one type of in-
termediate fiber, and a few cells express more than two [3]. The inter-
mediate fibers in the cytoskeleton are related to cell differentiation, 
because the type and distribution of intermediate fibers are 
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tissue-specific, and are specifically expressed with the differentiation of 
cells. 

Cytoskeleton reorganization plays a significant role in the shape 
change, migration, movement, adhesion, cytokinesis, and phagocytosis 
of tumor cells. Cell shape determines cell behavior, so it is not surprising 
that cytoskeleton reorganization is related to extensive infiltration of 
cancer cells. The continuous movement of invasive and metastatic tumor 
cells is powered by tension fiber contraction and actin filament elon-
gation, and Rho GTPases can power cell migration by regulating cyto-
skeleton reorganization [4]. Among them, Rho A, Rac1 and Cdc42 have 
been certified to be momentous for the progression and metastasis of 
different human tumors, containing melanoma, testicular breast, liver 
and ovarian cancers [5]. All three factors promote actin cytoskeleton 
reorganization but have different effects on cell shape and motility. Rho 
and its downstream Rho kinase activate the phosphorylation of LIMK, 
which eventually causes the phosphorylation of Coflin, thus losing the 
ability to depolymerize actin [6]. This results in increased levels of 
phosphorylated myosin light chain, stimulating cross-linking of actin 
filaments through myosin II and producing contractile force, which 
promotes membrane blistering, movement of cell bodies, and cell sep-
aration. In addition, Rho can also activate another important down-
stream effector mDia protein to incorporate actin monomers into the 
ends of actin filaments, inducing actin filaments to elongate and pro-
mote cell migration by preventing binding of capping protein [7]. The 
periphery of cells relies on Rac to form actin-rich lamellipodia. Cdc42 is 
involved in the formation of filopodia, which sense tropism signals and 
determine the direction of movement [8]. Therefore, for normal cells, 
the cytoskeleton can maintain its normal life activities, but when the 
cytoskeleton of a tumor is reorganized, it may significantly promote the 
process of tumor invasion and metastasis. 

1.2. Mechanisms and challenges of anti-cancer agents in disturbing the 
cytoskeleton 

In clinical practice, some drugs achieve therapeutic effects by acting 
on the cytoskeleton, and these drugs act on different cytoskeletal protein 
components. Antitumor drugs that act on intracellular microtubules are 
considered as some of the drugs with the highest clinical benefits. In 
recent years, various types of tubulin inhibitor drugs are newly devel-
oped, taking advantages from the dynamic properties of microtubules to 
regulate the cytoskeleton. The first kind drugs including colchicine and 
vinblastine compounds can inhibit the polymerization of microtubules 
and hinder the formation of the spindle, inhibiting the proliferation of 
tumors [9,10]. The second kind, as observed under action of drugs such 
as paclitaxel, evodiamine [11] and (Z)-1-Aryl-3-ar-
ylamino-2-propen-1-one (10) compound series [12], can promote 
microtubule polymerization, inhibit cell division, stop cell division in 
the mitotic phase, and finally cause tumor cell apoptosis. Paclitaxel has 
attracted much attention since the 1990s due to its unique microtubule 
polymerization-promoting effect. It has become an important chemo-
therapeutic drug for breast cancer, cervical cancer, and non-small cell 
lung cancer, and is widely used in clinical practice [13]. A third 
example, eribulin, a non-taxane microtubule kinetics inhibitor, pro-
motes the suspension of microtubule growth and strongly inhibits the 
growth rate of microtubules, reducing microtubule dynamics overall 
[14]. As a promising compound, eribulin retains the unique properties of 
marine natural product halichondrin B and has excellent preclinical in 
vivo activity. In addition to preventing further tumor development by 
affecting microtubules, drugs can also achieve better antitumor effects 
by acting on microfilaments. Cytochalasin can prevent actin polymeri-
zation in tumor cells, resulting in inhibition of microfilament growth 
and destruction of microfilament mesh. As a result, the ability of tumor 
cells to migrate is greatly reduced [15]. Latrunculin is a macrolide 
compound isolated from the sponge of the Red Sea. The main mecha-
nism of action is to combine with actin monomer (G-actin), thereby 
inhibiting the addition of G-actin to one end of F-actin and prevent 

further polymerization of microfilaments [16]. The different kinds of 
drugs listed above have extensive and effective applications in tumor 
treatment and we also summarized the cytoskeletal interference mech-
anism of other different drugs (Table 1). It is worth noting that although 
cytoskeletal antitumor drugs have achieved good efficacy, currently 
clinically applied drugs generally have problems such as drug resistance, 
toxic side effects, etc. Therefore, while developing and studying cyto-
skeletal target drugs with unique mechanisms of action, the main 
research direction is still the structural modification and transformation 
of the discovered lead compounds, in order to effectively reduce drug 
toxicity and improve its selectivity. Under a lack of cell-specific target-
ing, unwanted cytoskeletal reorganization in organisms would be cata-
strophic, and they would also bring about severe side effects in 
anticancer therapy. 

1.3. Anti-cancer nanomedicine acting on various organelles 

Compared with conventional drugs, nanomedicines can increase the 
solubility and absorption of poorly soluble drugs with reduced adverse 
reactions, improved targeting, and more accurately controlled release. 
According to their own physical and chemical properties, nanomaterials 
can also treat tumors through photothermal, photodynamic, sonody-
namic, radiosensitization, chemotherapy sensitization, inhibition of 
chronic inflammation to prevent tumor progression, and immuno-
therapy [31]. In addition, after nanomaterials enter cells, they can also 
produce different biological effects by targeting organelles (Table 2). 
The Golgi apparatus is the main suborganelle responsible for drug 
resistance. The translatable peptide C6RVRRF4KY can disrupt the Golgi 
apparatus membrane, leading to inhibition of cytokine secretion and 
decline drug resistance, eventually leading to cancer cell death [32]. 
Anodic alumina nanotubes combined with thapsigargin and autophagy 
inhibitor 3-methyladenine significantly reduced autophagy in breast 
cancer cells and induced ER stress-related cell death which stops the 
tumor from progressing any further [33]. After entering tumor cells, 
gold nanorods destroy lysosome membrane, resulting in increased 
permeability of lysosome membrane, which will cause lysosome enzyme 
leakage and destroy tumor cells. Moreover, gold nanorods can also cause 
mitochondrial dysfunction, which rapidly activates caspase-3, followed 
by explosive activation of apoptotic reaction [34]. Therefore, the strat-
egy that nanomaterials disrupt the homeostasis of tumor cells by 
destroying organelles can significantly reduce the survival rate of tumor 
cells. Apart from cancer treatment, nanomaterials have shown prom-
ising results in treating other diseases by affecting organelles. Diabetic 
foot ulcer is a serious complication of diabetic patients. PBNPs@PLEL 
wound dressings reduce ROS production, protect mitochondria from 
oxidative stress-related damage, promote angiogenesis, and improve 
diabetic wound healing [35]. In conclusion, nanomaterials have been 
successfully applied to cancer by affecting a variety of organelles and 
have shown good therapeutic effects. It opens up new avenues for the 
treatment of many diseases that have failed conventional treatments. 

However, in the nanomedicine research domain, cytoskeleton as one 
of the organelles is rarely used in the research of disease treatment. 
Targeting the cytoskeleton has unique advantages over other thera-
peutic strategies. First, the destruction of the cytoskeleton is fatal to 
tumor growth and development. Therefore, targeting tumor cytoskel-
eton can inhibit proliferation by destroying tumor cell structure, 
regardless of tumor cell type and degree of differentiation. Secondly, the 
migration of tumor cells is a key step in the malignant invasion of tu-
mors. Targeting the tumor cytoskeleton can significantly inhibit the 
formation of pseudopodia, which can prevent its metastasis to distant 
places. Therefore, the targeted cytoskeleton strategy not only inhibits 
the proliferation of tumor cells, but also prevents the metastasis of tumor 
cells, which shows an excellent strategy that the damage mechanism 
produces a dual therapeutic effect. Therefore, targeting the cytoskeleton 
with nanomedicine may be a promising disease treatment strategy. 
However, until now, there has been no systematic and comprehensive 
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review. Thus, this review summarized the latest progress in the devel-
opment of various types of nanomaterials affecting the cytoskeleton in 
the treatment of tumors and other diseases, including carbon, noble 
metals, metal oxides, black phosphorus, calcium, silicon, polymers, 
peptides, and MOFs based nanomaterials (Fig. 1), as well as the 

mechanisms, advantages, and limitations of them affecting the 
cytoskeleton. 

Table 1 
Various anticancer drugs disturbing cytoskeleton for cancer therapy.  

Drugs Mechanism Effect Position Cell types Disease types Ref. 

PTX-S-PTX, PTX–SS–PTX 
and PTX–SSS–PTX 

Distinct redox- 
responsibility 

More efficient drug release in tumor 
cells, significantly improved the 
antitumor activity of PTX. 

Microtubule 4T1, KB, B16–F10, 
L02 

Melanoma, BRCA [17] 

LMD Occupy binding sites on a 
tubulin 

Blocking mitosis Microtubule A549、MCF-7 BRCA, NSCLC [18] 

MMAE Occupy binding sites on a 
tubulin, TNTs’ structural 
changes 

Induce mitotic arrest Microtubule A549、MCF-7 BRCA, NSCLC [18] 

Cucurbit [6] uril (CB 
[6]) 

Interrupt the 
polymerization of tubulin 

Microtubule depolymerization and 
significant tumor regression 

Microtubule A549, U87, MDA- 
MB231, B16F10 

Melanoma [19] 

Natural product 
thalicthuberine (TH) 

Reduce tubulin polymer 
mass 

Mitotic spindle defects Microtubule LNCaP, C4–2B, 
DuCaP, PC-3,BPH- 
1, WPMY-1, HeLa 

Prostate, cervical cancer [20] 

SMART、SMART-OH、 
P-SMART 

Cell cycle arrest Cell apoptosis, DNA damage Microtubule A375, B16–F10 Melanoma, BRCA, ovarian, 
colon, prostate cancer 

[21] 

6α-Acetoxyanopterine Reduce tubulin polymer 
mass 

Inhibit cell proliferation, induce 
apoptosis 

Microtubule LNCaP, PC-3, HeLa, 
CCRF-CEM, 

Metastatic castrate-resistant 
prostate cancer (mCRPC) 

[22] 

Cytochalasin Inhibit the polymerization 
of microfilaments 

Cell apoptosis, inhibit cell migration 
and angiogenesis 

Microfilament A549 NSCLC [23] 

latrunculin Bind to actin monomer, 
prevent actin from 
polymerizing 

Induce depolymerization of tumor 
cytoskeleton 

Microfilament RMS RMS [24] 

Staurosporine Activate the actin 
depolymerization factor 
Cofilin 

Cell accumulation in G2/M phase Microfilament A549 NSCLC [25] 

Sinularin Influence MAPK, EMT, and 
VEGF signaling pathways 

Cell accumulation in G2/M phase Microfilament SK-HEP-1 Liver cancer [26] 

VSM Upstream Activa-Tor↓, 
PAx3-FoxO1↓ 

Stabilize actin cytoskeleton Microfilament RAM, RH-30 Rhabdomyosarcoma [27] 

Phalloidin Stabilize F-actin, Prevents fiber depolymerization Microfilament Viable cell N/A [28] 
CCNY Phosphorylate and activate 

LRP6 
Regulate the proliferation Microfilament HHCC Lung cancer, liver cancer [29] 

PCA P-JNK and P38↓ Inhibit the adhesion, migration and 
invasion 

Microfilament HL60, U937 Liver cancer, acute myeloid 
leukemia 

[30]  

Table 2 
Nanomaterials acting on various cell organelles for enhanced cancer theranostics.  

Materials Targeted organelles Mechanism Detecting Methods Cell Ref. 

GFNCs Vascular endothelial 
gap junctions 

VE-cadherin↓ Laser Doppler imaging and MRI HepG-2 [36] 

Ce6–C18-PEG/Cur DNA damage Destabilization Confocal fluorescence micrographs 
of γ-H2AX-stained 

4T1 [37] 

SiNPs ER GRP78↑, CHOP↑, ERO1α↑ Western blot analysis RAW 264.7 [38] 
IONPs ER ER stress RNA-seq and bioinformatics RAW264.7 [39] 
AgNPs ER, mitochondrion GRP78↑, p-PERK↑, p-eIF2α↑, CHOP↑, XBP1↑, p-IRE↑ Western blot analysis SH-SY5Y [40] 
SiNPs Lysosome ROS/PARP/TRPM2 signaling-mediated lysosome 

impairment 
LysoTracker Green DND-26 
fluorescence 

BEAS-2B [41] 

ZnONP Lysosome Lysosomal membrane destabilization Acridine orange staining Bronchial 
epithelial cells/ 
THP1 cells 

[42] 

Ru-1@TPP-PEG-biotin 
SAN 

Lysosome, ER Lysosome degradation, GRP78↓, ER stress Colocalization assay MCF-7 and HepG2 [43] 

SeNPs Mitochondrion Target the mitochondria via TLR4/TRAF3/MFN1 pathway Mitochondrial membrane 
potential, ROS, ATP content, 

OVCAR-3 and EAC [44] 

Dual targeted MSN Mitochondrion TPP binds to mitochondria membrane JC-1 assay LNCaP [45] 
MSNAs-TPP Mitochondrion Effect TLR4/TRAF3/MFN1 JC-1 assay 4T1 [46] 
AuNCs/Cas9–gRNA Nucleus Release of Cas9–sgRNA plasmids into the cellular nucleus. Cas9–sgRNA plasmid transport 

and release to achieve efficient 
genome editing 

U2OS [47] 

Peroxisome-targeting 
peptide 
nanostructure 

Peroxysome SKL-COOH at the C-terminus of the PA, the nature of the 
secondary structure, and the morphology of the 
nanostructures 

Confirmed by CLSM and 3D TEMT HeLa [48] 

TiO2 VE-cadherin VE-cadherin is phosphorylated at intracellular residues 
(Y658 and Y731), and the interaction between VE-cadherin 
and p120 as well as b-catenin is lost. 

Western blot analysis. B16F10 [49]  
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2. Disturbing cytoskeleton by various nanomaterials for 
enhanced cancer therapeutics 

As mentioned earlier, many drugs that affect the cytoskeleton have 
been used in clinical tumor therapy. However, drug resistance, toxicity 
and side effects are common in the drugs used at present, which seri-
ously limit the process of tumor treatment. Compared with common 
drugs, nanomaterials have better biocompatibility and targeting, and 
have successfully treated cancer from the level of some organelles, 
which has great potential in cancer treatment. Therefore, it is a worthy 
research direction to explore the effect of nanomaterials on the cyto-
skeleton to treat cancer. At present, there are few reviews of nano-
materials for cancer treatment through affecting the cytoskeleton, and 
the discussions of these reviews are incomplete and systematic. In order 
to better understand the effect of nanomaterials on cytoskeleton and 
their influence on cancer and other diseases, this review summarizes the 
mechanism of the effect of nanomaterials such as carbon, precious 
metals, metal oxides, black phosphorus, calcium, silicon, polymers, 
peptides, MOFs on cytoskeleton treatment of cancer, and puts forward 
some thoughts on its application prospect and future development. We 
hope that the information from this review will lead to further devel-
opment of this subfield of cancer nanomedicine. 

2.1. Carbon based nanomaterials 

According to the structural dimensions, carbon nanomaterials 
(CNMs) are divided into three categories, which are zero dimensional 
(0D), one-dimensional (1D) or two-dimensional (2D) materials. Due to 
their inherent hydrophobicity, they showed better biocompatibility and 
biosafety in CNMs compared with metal-based nanomaterials [50]. 
What’s more, corresponding drugs can be carried by CNMs through 

hydrophobic interaction or π - π stacking, and then act as a highly effi-
cient drug delivery platform for disease diagnosis and treatment [51]. 
Recently, graphene, fullerenes, carbon nanotubes, and carbon quantum 
dots have become increasingly popular as CNMs for cancer therapy and 
intracellular labeling, which can obtain better biocompatibility through 
covalent or noncovalent modification [52]. CNMs have been widely 
used in optics, medical implants, medical electronics, tissue scaffolds, 
sensors and other biomedical devices. Undoubtedly, they are also a 
promising tumor drug delivery system from a forward-looking 
perspective (Fig. 2A) [50]. 

0D materials are defined as having size of 0.1–100 nm in each 
dimension (x, y, z), mainly including carbon quantum dots and fuller-
enes. Among many CNMs, owing to special 0D structure and excellent 
properties containing biocompatibility, low cytotoxicity, favorable 
water solubility and unique luminescent behaviors exist in carbon 
quantum dots (CQDs), having attracted much attention in the field of 
materials and biological applications [56]. It has been proved that CQDS 
and CQDS-based composites can be used in phototherapy and radio-
therapy to selectively target tumor cells by regulating the expression of 
major angiogenic cytokines, including VEGF, FGF and VEGFR2 [53]. In 
addition, matrix metalloproteinases (MMPs) are involved in basement 
membrane remodeling and contribute to angiogenesis. Therefore, 
decreased MMPs expression or enzyme activity is considered to be a key 
factor that potentially inhibits migration and angiogenesis [57]. In 
2017, Chen et al. synthesized CQDs/Cu2O with CuSO4 and C6H12O6, as 
the cytoskeleton filaments of SKOV3 cells treated with CQDs/Cu2O were 
broken, the expression level of F-actin decreased, and the destruction of 
cytoskeleton inhibited the migration of tumor cells [53]. In addition, 
tumor progression and metastasis depend on oxygen and nutrients from 
the abundant blood vessels within the tumor. Studies have shown that 
when CQDS/Cu2O significantly inhibits the expression of VEGFR2 and 

Fig. 1. Schematic illustration of various nanomedicine acting on cytoskeleton for cancer therapy.  
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MMP-2/9, tumor metastasis and angiogenesis are also significantly 
limited (Fig. 2B). Additionally, the small size (<10 nm), better water 
solubility and photoluminescence properties of carbon dots endow them 
attractive in biosensors, biological imaging and drug delivery, 
improving the disadvantages of poor water solubility, low absorption, 

rapid metabolism and clearance of curcumin [58]. According to current 
understanding, curcumin is a polyphenol phytochemical, playing an 
important part in the treatment of cancer, arthritis and other chronic 
diseases thanks to its antioxidant and anti-inflammatory properties [59]. 
As an antiproliferative agent, curcumin has been shown to induce 

Fig. 2. A) Carbon nanomaterials disturb F-actin, inhibit the expression of VEGFR2 and MMP-2/9 to cause tumor metastasis for enhanced cancer therapy. B) The 
CQDs/Cu2O complex inhibits angiogenesis [53]. Copyright 2021, Springer Nature. C) Actin staining of C6 cells after curcumin/CurCD treatment. The green channel 
is CurCD/curcumin attached to actin filaments, and the red channel is Phalloidin stained actin filaments [54]. Copyright 2021, Elsevier. D) Effect of fullerenol on 
filopodia formation and integrin distribution. Green = integrin β1, red = actin cytoskeleton, blue = nucleus. E) Effect of fullerenol nanoparticles on cell skeleton [55]. 
Copyright 2018, Springer Nature. 
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apoptosis in tumor cell lines, and following curcumin can inhibit the 
occurrence, development, invasion and metastasis of tumors [60]. For 
comparing with the property of curcumin, in 2021, Sharma et al. syn-
thesized curcumin derived carbon nanodots (CurCD) through a one-step 
synthesis method to study the effect on glioblastoma [54]. With the 
unique structure of curcumin promoting its direct combining to the vi-
cinity of cytochalasin sites in the cytoskeleton and leading to distur-
bance, CurCD showed the effect of promoting tumor cell apoptosis, as 
well as causing the destruction of microfilaments and microtubules of 
glioblastoma C6 cells by producing more ROS, which apparently 
inhibited the migration of tumor cells. Compared with curcumin, CurCD 
had better solubility, stability, and biocompatibility without affecting 
normal cells and has higher safety. Furthermore, the special capability of 
CurCD to selectively bind actin filaments enabled its application in 
assessing the state of the cytoskeleton and imaging (Fig. 2C). Both 
CQDS/Cu2O and CurCD were successful in destroying the cytoskeleton. 
These findings may open up a new pathway for CQDS/Cu2O and CurCD 
as potential therapies for cancer chemotherapy. 

Fullerenes have a foothold in the field of electronics, optics, cos-
metics, catalysts, environment, and nano medicine. However, fullerenes 
are poorly dissolved in water. To overcome this problem, molecular 
functionalization was used to produce water-soluble derivatives with 
different biocompatibility [61]. Presently, many studies of this materials 
are hydroxylated fullerenes, among which fullerenols have been proved 
with a broad range of biological activities [62]. From the point of view of 
chemical structure, hydroxylated fullerenol C60(OH)24 is a C60 cage with 
symmetrically arranged hydroxyl groups, about 1 nm in size. One of the 
characteristics of this structure is the formation of aggregates through 
agglomeration, which can range in size from a few nanometers to 
hundreds of nanometers, with an average size of 40~60 nm [63]. There 
are very promising properties of fullerenol, including its antioxidant 
activity and protective effect, as well as its potential applications in 
biomedical field, such as nano drug delivery [64]. Integrins are trans-
membrane heterodimers composed of α and β subunits that connect the 
cell membrane and intracellular actin reticulum to the extracellular 
matrix (ECM), to coordinate cells to adapt to their extracellular micro-
environment, but the disorder of integrin expression will damage the 
cell morphology, adhesion and migration functions [65]. Specifically, in 
2018, Qin et al. found that the migration of MDA-MB-231 cells could be 
inhibited by small size fullerenol [55]. The results showed that full-
erenol altered the distribution of integrins in cells and decreased the 
adhesion of cancer cells to ECM (Fig. 2D). In addition, the tumor cells 
treated with small fullerenol showed disturbance and reduction of actin, 
resulting in a significant decrease in the length and number of filopodia 
(Fig. 2E). However, this study is only preliminary and future studies 
should further evaluate the use of fullerenols in combating metastasis. 

1D nanomaterials refer to only one of the three dimensions whose 
size is not between 0.1 and 100 nm. For example, the most typical 
carbon nanotubes (CNTs) have naturally become a rather attractive 
nanomaterial with their unique one-dimensional structure, the charac-
teristics of external surface modification and special physical and 
chemical properties, including light weight, favorable flexibility, 
corrosion resistance, exceptional electrical properties and outstanding 
mechanical strength [66]. Purified and dispersed single-walled carbon 
nanotubes have been applied for drugs and proteins delivery without 
prominent cytotoxicity [67]. In 2020, the mechanism by which 
MWCNTs inhibit the migration and invasion of ovarian cancer cells was 
investigated by Zhang et al. [68]. These results clearly exhibited that 
MWCNTs caused a lower proportion of mitochondrial respiration by 
reducing the activity of mitochondrial electron transfer chain complex 
I–V, affected the assembly of actin cytoskeleton in a dose-dependent 
manner, thereby eventually inhibiting the migration and invasion of 
SKOV3 cells. In 2010, Holt et al. applied high-purity and dispersed 
SWCNTs to HeLa cells, showing that compared with untreated cells 
whose actin structure only existed in the cell cortex, in SWCNTs treated 
group, actin was distributed all over the inner part of the cells presenting 

spinous perinuclear projection with increased actin-related division 
defects, resulting in an obvious decrease in cell proliferation [69]. 
Although carbon nanotubes can inhibit tumors, carbon containing im-
purities (amorphous carbon, graphite materials, fullerenes) and metal 
catalyst particles in raw CNT samples remain toxic to other cells, such as 
adverse effects on local cell adhesion, cell shape, proliferation and dif-
ferentiation [70]. However, in the long term, the therapeutic power and 
efficiency of carbon nanotubes are still open to exploration. 

Lastly, 2D nanomaterials are defined as two of the three dimensions 
whose dimensions are not between 0.1 and 100 nm. Among them, the 
most common example of such materials is graphene (GO) and its de-
rivatives. GO has high specific surface area and dispersity, and has broad 
application prospects in the biomedical field [71], including biological 
imaging, antibacterial activity, drug delivery, photothermal, and pho-
toluminescence [72]. Further chemical modification and functionaliza-
tion can provide a better compatibility and altered physical and 
chemical properties. In 2016, Tian et al. studied how GO inhibited lung 
cancer metastasis via regulating cytoskeleton [73]. After treating cells 
with GO nanosheets for 6 h, GO aggregation was found in the region of 
contracted actin filaments, the fluorescence intensity of actin filament 
had weakened, and the structure of F-actin contracted and became 
non-isotropic assembly. These results indicated that actin filaments were 
disturbed after GO nanosheets treatment. Molecular dynamics simula-
tions found that GO caused tetramer separation by inserting the inter-
chain gap of the actin tetramer, which ultimately resulted in actin 
filament rupture and significant inhibition of cell migration. When the 
cells cultured in vitro spread on the surface of the matrix, tight adhesive 
spots were often formed between specific areas of the plasma membrane 
and the matrix. Stress fibers are bundles of microfilaments arranged on 
the inner side of the plasma membrane attached to these spots, which 
are related to cell morphology, differentiation, and tissue construction. 
For regulating cytoskeletal remodeling, and maintaining cell 
morphology, motility, proliferation, and survival, the FAK− Rho-Rock 
pathway is known as essential. Moreover, Zhu et al. found that GO had 
the effect of chemotherapy sensitization by affecting the cytoskeleton 
[74]. They synthesized monolayers of GO with a thickness of about 1 nm 
and a width of about 100–300 nm through the modified Hummers’ 
method. After GO treatment, the FAK− Rho− ROCK pathway in A549 
cells was disordered, actin fibers disintegrated and stress fiber formation 
was reduced, and then cell membrane collapsed. At the same time, the 
destruction and loss of cytoskeleton also weaken the resistance of tumor 
cells to chemotherapy drugs, which make cancer cells sensitive to 
chemotherapy drugs. Some studies have also proved that GO can enter 
cells and induce the generation of intracellular ROS, therefore leading to 
secondary damage, such as cytoskeleton damage [75]. GO’s ability to 
disrupt actin suggests that it can bind other target ligands and be used as 
a novel cytoskeletal binder in cancer therapy to overcome drug resis-
tance and reduce side effects [74]. These findings provide new mecha-
nisms by which GO nanotablets induce biophysical responses. Although 
GO has been proved to be a good candidate for disease diagnosis and 
treatment, the understanding of the biological effects and mechanisms 
of the interaction between graphene and biological systems is still 
limited. These uncertainties have greatly hindered the commercial 
application of graphene, especially in the biomedical field. 

CNMs are also known for their excellent performance in a wide range 
of biomedical applications. However, their unique properties may also 
adversely affect the organism. For example, CNMs cause DNA damage, 
which may contribute to and accelerate cancer, affect fertility, or pro-
mote ecological genotoxicity [76]. Therefore, it is equally important to 
evaluate the carcinogenic or mutagenic potential of new substances 
when using CNMs. In general, we can take advantage of our knowledge 
of the genotoxicity of CNMs to reduce the potential adverse effects 
associated with them to protect human health and the environment. 
Studies have shown that some members of the carbon nanomaterials 
family, in addition to genotoxicity, have also been shown to induce 
oxidative damage, and inflammation, and activate different cell 
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signaling pathways that lead to different cellular responses [77]. Addi-
tional in vitro studies, including biocompatibility analysis and the 
analysis of inflammation and genotoxicity of many healthy and trans-
formed cell lines, will promote the fundamental work on CNM toxicity. 
Similarly, in vivo testing is beneficial for designing CNMs with desirable 
properties and high efficiency. 

2.2. Noble metal based nanomaterials 

Noble metal nanoparticles are unique nanomaterials which possess 

simple synthesis and strong optical. The physical and chemical proper-
ties of nanoparticles (NPs) are related to their composition, shape and 
size [78]. Many noble metal based nanomaterials, including gold (Au), 
Pd, Pt and silver (Ag), have been widely used as photosensitizers in the 
biomedical field. In particular, Au and Ag have become major materials 
due to their high biocompatibility, simple synthesis and surface func-
tionalization, and adjustable optical and physical properties [79]. Some 
novel metal nanostructures show many unique features, for instance, 
strong light absorption and scattering as well as LSPR excited by local 
surface plasma, which enable them to be widely used in biomedical 

Fig. 3. A) Noble metal nanomaterials inhibit the assembly of actin, increase ROS expression and cause Ca2+ disorder to inhibit tumor migration for enhanced cancer 
therapy. B) AuNRs damage F-actin skeleton assembly in cancer cells. F-actin = green, anti-corticosteroid antibody = red, DAPI = blue [81]. Copyright 2014, 
Wiley-VCH. C) Chromosome aberration occurred in AgNP treated cells [82]. Copyright 2009, Springer Nature. D) FAM image of cytoskeleton and topography 
structures of colon cancer cells treated with AgNP [83]. Copyright 2019, Elsevier. 
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applications (Fig. 3A) [80]. 
Gold nanorods (AuNRs) have widespread applications in biological 

imaging, biosensing, drug delivery and photothermal therapy because of 
their unique physical, chemical and optical properties. [84] It has been 
reported that pseudopodia is a broad and flat lamellipodia assembled by 
actin at the front edge of migrating and moving cells and filopodia at the 
front end [85]. The extension of lamellipodia, the formation and stabi-
lization of adhesion, the dissociation of adhesive plaques in cell tail and 
the rearrangement of cytoskeleton lead to the process of cell migration. 
In 2014, Zhou et al. studied the mechanism of AuNRs inhibiting tumor 
metastasis [81], synthesized CTAB modified AuNRs by using seed 
mediated growth method [86], and formed protein coated AuNRs with 
an average length of 54.4 ± 5.2 nm and a width of 18.2 ± 1.5 nm. The 
cytoskeletal assembly process of F-actin is known to consume intracel-
lular ATP [87]. When AuNRs are internalized by cells and distributed in 
lysosomes and cytoplasm, the expression of energy production-related 
genes is down-regulated, leading to abnormal mitochondrial oxidative 
phosphorylation and glycolysis functions of MDA-MB-231 cells, 
decreased ATP synthesis, decreased ATP binding actin monomers, and 
decreased affinity. The decrease of ATP inhibits the assembly of actin, 
resulting in reduced lamellar and filamentous pseudopodia production 
AuNRs inhibit the formation of pseudopodia in tumor cells, thereby 
inhibiting tumor migration (Fig. 3B). In vivo, AuNRs injected mice 
showed significantly fewer metastatic nodules in lung slices compared 
with untreated cells. Thus, AuNRs disrupt the basis of cell migration in 
the first place by inhibiting ATP production and thus blocking the for-
mation of cytoskeleton. 

In different silver states, the elemental states of silver, especially 
silver nanoparticles (AgNPs), are widely used in life sciences, including 
medical imaging, drug carriers, antibacterial products and anti-tumor 
applications [88]. Glioblastoma multiforme (GBM) is the most malig-
nant human brain tumor with a median survival of one year [89]. The 
current treatments including surgical resection, radiotherapy and 
chemotherapy, or their combination, cannot effectively prevent the 
progress of GBM. In 2009, Asharani et al. showed that AgNPs can 
destroy the cytoskeleton of glioblastoma [82] by affecting calcium ho-
meostasis. Calcium ions can activate catabolic enzymes, damage mito-
chondrial membrane, release apoptotic factors, and cause cell damage 
[90]. AgNP binds to specific cell surface receptors on organelles, leading 
to direct Ca2+ transients or activation of other pathways. Cancer cells 
endocytose AgNP to form endosomes which gather around mitochon-
dria, causing the change of mitochondrial permeability and the rise of 
ROS, resulting in DNA oxidation and chromosome aberration, and 
indirectly leading to Ca2+ transients (Fig. 3C) [91]. AgNP can also 
release silver ions through surface oxidation [92], acting at the same 
position as calcium ions, regulating the release of calcium ions from 
sarcoplasmic reticulum [93]. After AgNP treatment, the cytoskeleton 
was damaged and cells became more spherical with less diffusion. This 
was due to the disassembly of the membrane cytoskeleton caused by 
calcium ion disorder, and the phenomenon of cell plasma membrane 
blistering which is a typical feature of cell apoptosis and necrosis. In 
2019, Xiao et al. examined the effect of AgNP on the cytoskeleton [83]. 
AgNP destroyed colon cancer HCT-116 cells in a dose-dependent 
manner, bringing about the damage of cell morphology, vagueness of 
cytoskeleton, contraction or disappearance of lamellar foot structure, 
disorder of nano structure of cell membrane, and significant reduction of 
cell adhesion and cell stiffness (Fig. 3D). Cell proliferation, migration, 
movement, and metastasis are closely related to the available AgNPs 
which can damage cytoskeleton integrity and alter morphology, thereby 
affecting the tumor cells’ migration and transfer, providing supple-
mentary scientific basis for further elucidation of AgNP treatment in 
cancer and experimental clues for clinical application. In conclusion, 
noble metal nanoparticles, such as AuNRs and AgNPs, can damage 
cytoskeleton by inhibiting ATP synthesis or disrupting calcium ion ho-
meostasis, thus inhibiting tumor development. These two nanoparticles 
offer new approaches to cancer from different angles. However, their 

effect on normal cells remains to be studied. 

2.3. Metallic oxide based nanomaterials 

Due to its high specific surface area, thermal stability and mechanical 
strength, metal oxide nanomaterials exhibit outstanding physical and 
chemical properties, which make them have excellent optical, magnetic, 
and catalytic properties. In addition, as a new type of contrast agent, 
magnetic metal nanomaterials have been used in tumor therapy. 
Superparamagnetic iron oxide nanoparticles (SMNPs) can be remotely 
driven in an external magnetic field to kill cancer cells [95]. Magnetic 
hyperthermia takes advantage of the response of iron oxide particles to a 
relatively high frequency AC magnetic field. When particles are exposed 
to such a magnetic field, they generate heat through Néel, or Brownian 
relaxation to rise temperature to kill surrounding cells [96]. However, 
magnetic hyperthermia suffers from limitations such as difficulty in 
synthesizing nontoxic SMNP with sufficiently high specific absorption 
rate, difficulty in achieving sufficient intracellular SMNP concentration, 
and heat dissipation from tumors to adjacent healthy tissues. The hy-
pothesis that magnetic nanoparticles cause cell damage through 
magneto-mechanical drive in AC magnetic field has also been put for-
ward. The exposure to AC electric field will lead to mechanical move-
ment of SMNP, resulting in stress and deformation of surrounding 
polymer coating and attached biomolecules [97]. In 2016, Master et al. 
synthesized superparamagnetic iron oxide SMNP complexed with 
PAA-b-P85-b-PAA pentablock copolymer, formed endosomes through 
endocytosis, vesicles fused, and nanoparticles accumulated in lysosomes 
(Fig. 4A), in which a single magnetite particle interacted with hydro-
philic poly (ethylene oxide) chain and hydrophobic poly (propylene 
oxide) chain through expansion, and connected with lysosomal mem-
brane to form aggregates [94]. Under the remote drive of AC magnetic 
field, PAA-P85-SMNPs can rotate inside the lysosome, thus generating 
torque and shear stress on the underlying cytoskeleton without lysosome 
leakage (Fig. 4B). The actin cytoskeleton in cancerous MDA-MB-231 
cells exposed to PAA-P85-SMNPs and pulsed AC magnetic fields was 
significantly damaged, selectively acting on cancer cells while main-
taining the integrity of normal cells (Fig. 4C). Notably, Cytochalasin 
(CD) damaged the normal cytoskeleton but had no effect on cancer cells. 
However, the pulsed AC magnetic field mechanism produced the same 
damage in cells in MCF10A after exposure to CD and SMNPs as was 
observed in cancer cells after exposure to SMNPs and pulsed AC mag-
netic fields. In conclusion, its high selectivity for cancer cells has great 
potential for cancer therapy and can be used as a technology platform 
for other biomedical applications. 

In addition, in 2020, Yu et al. synthesized biocompatible tumor 
cytoskeleton-targeted multivalent supramolecular components [98]. 
The component consists of β-cyclodextrin-grafted hyaluronic acid 
(HACD) and iron oxide magnetic nanoparticles (MNPs) grafted by an 
actin-binding peptide (ABP) and adamantane (Ada)-modified poly-
lysine. The experiment shows that MNP-ABP-Ada⊂HACD can realize the 
specific recognition and binding of tumor by targeting the HA receptor 
on the surface of tumor cells and actin cytoskeleton respectively with 
HACD and ABP. Under the effect of low frequency alternating magnetic 
field (200 Hz), MNP-ABP-Ada⊂HACD induces the serious actin 
destruction, leading to the obvious cell cycle arrest and cell death of 
tumor cells in vitro and in vivo, but has no obvious toxicity on normal 
cells. In addition, the component can form an extracellular network to 
prevent further metastasis of tumor cells. Therefore, the strategy that 
MNP-ABP-Ada treats tumor by targeting and damaging the cytoskeleton 
has a potential application prospect. 

The current research results and hypotheses provide a theoretical 
basis for exploring the potential toxicity of metal nano oxides. However, 
the effect of metal oxide nanomaterials in humans remain unclear, the 
exposure dose, different genetic factors affect the degree of the damage 
exerted, and more importantly transport mechanism of nanometer ma-
terials can also be different. The application of metal oxides in disease 
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treatment still needs more exploration. 

2.4. Black phosphorus based nanomaterials 

Black phosphorus (BP) is a naturally produced element in human 
body, 85% of which exists in bones and teeth, and has high biocom-
patibility and biodegradability [101]. A large amount of water or oxy-
gen in the human body can easily degrade BP, thereby producing 
phosphate and other PxOy species. Despite its excellent biocompatibility 
and biodegradability, the use of this material is still a challenge due to its 
instability under environmental conditions, because even before im-
plantation, lone pair electrons will cause partial degradation, which will 
greatly reduce its semiconductor properties and affect its performance 
[102]. However, the surface modification greatly improves the stability 
of BP, which makes it possible to be used in biomedical scaffolds and 
hydrogels. The whole cell cycle is known to be divided into four stages, 
in strict accordance with the sequence of G1, S, G2 and M. Obstruction of 
either stage does not allow mitosis to complete properly. Shao et al. 
found that the treatment of cells with low-concentration BP nano-
materials was found to cause cell division to specifically stop at the 
mitotic M stage of the cell cycle (Fig. 5A) [99]. Research shows that BP 
inhibits the transfer and activation of PLK1, a key kinase in cell division, 
to the centrosome, resulting in the inhibition of the normal separation of 
the centrosome and the fragmentation of the centrosome, leading to the 
formation of multipolar spindles, and ultimately inhibiting the 
completion of cell mitosis (Fig. 5B). Hence, the inhibition of cell cycle 
can be an effective anti-tumor strategy. In addition, as a new PLK1 in-
hibitor, BP nanomaterials were also seen to show excellent tumor inhi-
bition effect in experimental animal models. In future research, BP 
nanomaterials have good potential to develop into a clinically available 
anti-tumor nanodrug. Cancer metastasis is known to lead to the decline 
and death of most cancer patients, and epithelial mesenchymal trans-
formation (EMT) is the key mechanism for cancer cells with migration 
and invasion. Liu et al. used engineered black phosphorus nanosheets 
(BPNS) and mild photothermal therapy (PTT) in combination with the 

EMT inducer CD146 to reverse EMT in cancer cells [100]. CD146 targets 
BPNS and gentle PTT synergistically promotes EMT reversal by 
down-regulating membrane CD146 and disrupting its downstream 
EMT-associated signaling pathways, a method that converts highly 
metastatic mesenchymal breast cancer cells to an epithelial phenotype, 
thereby completely preventing cancer cell migration (Fig. 5C). Through 
the advanced nanomachinery and super-resolution imaging, the 
phenotypic transformation in cancer cells was verified, such as the 
change of actin tissue and cell morphology, the downregulation of 
mesenchymal protein markers and the up-regulation of epithelial pro-
tein markers. This method demonstrated the regulation of the pheno-
typic transformation in cancer cells can treat various cancer metastases. 
Therefore, BPNS successfully prevented the metastasis of cancer at the 
level of tumor cell differentiation. In conclusion, BP has successfully 
disrupted the further development of cancer by blocking mitosis or 
reversing the cancer cell phenotype, providing new insights into cancer 
treatment. 

2.5. Calcium based nanomaterials 

Calcium overload therapy is another treatment strategy that has 
received widespread attention in the field of oncology [104]. As a sec-
ond messenger, calcium overload can lead to the loss of mitochondrial 
membrane potential and further stimulate apoptotic pathways [105]. 
However, due to the likely lack of calcium ions in the tumor sites, the 
efficiency of calcium entering the tumor is low, and its curative effect is 
limited, resulting in an unsatisfactory therapeutic effect. 
Kahenol-3-O-rutinside (KAE) is a biosafe flavonoid that can effectively 
disrupt calcium homeostasis and promote calcium influx and has an 
excellent anti-cancer ability [106]. Calcium carbonate (CaCO3) can 
decompose and generate calcium ions in an acidic environment. Li et al. 
synthesized A549 cell membrane coated M@CaCO3@KAE NPs to study 
its inhibitory effect on lung cancer cells (Fig. 6A) [103]. After reaching 
the tumor site, M@CaCO3@KAE NP entered cells through endocytosis 
and tumor microenvironment response, then was degraded into KAE and 

Fig. 4. A) Intracellular distributions of PAA-P85-SMNPs in MDA-MB-231 and MCF10A cells after 24 h of incubation with 0.05 or 0.5 mg/mL PAA-P85-SMNPs. B) 
Schematic diagram of cytoskeleton destruction caused by mechanical movement of lysosomal uptake SMNP. C) The picture shows representative confocal images of 
actin (green) of the MDA-MB-231 and MCF10A cells before and after exposure to a pulsed AC magnetic field with or without treatment with CD and/or P AA-P85- 
SMNP (red) [94]. Copyright 2016, Springer Nature. 
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calcium ions. KAE regulated calcium signaling pathway in situ to break 
calcium homeostasis, increase calcium influx, and overload calcium. At 
the same time, the released calcium ions further exacerbated the KAE 
mediated calcium imbalance, triggered mitochondrial dysfunction, 
affected the energy supply during the formation of cytoskeleton, 
induced oxidative stress and cytoskeleton collapse [107], and F-actin 
degradation directly promoted the collapse of lamellar pseudopodia. At 
the same time, the filamentous pseudopodia became blurred, inhibited 
the ability of cell proliferation, migration, and invasion, eventually 
leading to cell apoptosis, achieving effective tumor treatment with 
reduced side effects (Fig. 6B). In addition, the animal experiment also 
obtained the same tumor inhibition effect as the cell experiment 
(Fig. 6C). M@CaCO3@KAE nanoparticles could be a candidate to 

successfully address the problem of low solubility and bioavailability of 
KAE, achieve the targeted delivery of KAE and calcium ions at tumor 
sites for highly synergistic and efficient calcium overload cancer ther-
apy. This study designed a nanosystem that can act as a bionic calcium 
bomb to ensure targeted, collaborative, efficient, and biosafe therapy 
through calcium overload. However, solid CaCO3 NPs have low drug 
loading capacity and slow decomposition speed, which are difficult to 
reach the threshold of calcium ion to limit the treatment efficiency 
[108]. 

2.6. Silicon based nanomaterials 

Mesoporous silica nanoparticles (MSNs) have high specific surface 

Fig. 5. A) A Model to illustrate the molecular anticancer activity of BP. B) Co-immunostaining images of α-tubulin with pericentrin and pH3, respectively [99]. 
Copyright 2016, Springer Nature. C) Mechanism of EMT reversal with mild PTT and BPNSs@CD146 A b and Wide-field and dSTORM images of ventral actin or-
ganization in MDA-MB-231 cells [100]. Copyright 2022, American Chemical Society. 
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area, stable dispersion in water, good biocompatibility and biodegrad-
ability in vivo, which shows great potential in limiting cancer cell 
metastasis and drug delivery [110]. In one study, Huang et al. synthe-
sized three kinds of MSNs with different aspect ratios (AR) to analyze the 
effect of particle shape on cell function in A375 cells (Fig. 7A) [111]. 
Because the plasma membrane is directly connected to the actin-based 
cytoskeleton and functionally integrated, endocytosis on the mem-
brane will require actin rearrangement. Thus, the endocytosis of MSN 
leads to the destruction of cell membrane and the disintegration of 
cytoskeleton. When melanoma A375 cells endocytosed three different 
shapes of MSN, it was found that larger AR particles were endocytosed 
more and faster.In addition, the more large AR MSN is endocytosed, the 
greater the destruction of F-actin is, and the more obvious the migration 
inhibition of A375 cells. The research may provide useful information 
for the development of effective drug delivery systems and provide in-
sights into nanotoxicology. In addition, Tay et al. explored the mecha-
nism of Silicon dioxide (SiO2) NPs inhibiting the migration of 
oesophagal cancer TR146 cells [109]. The contractility of the cell is 
produced by actomyosin motor proteins sliding along the actin fila-
ments, which are attached to the ECM by adhesion proteins. Microtu-
bules can counteract contractility. In cells, actomyosin microtubules are 
in a strictly regulated state of homeostasis, which prevents disruption of 
cellular architecture and enables intracellular tension homeostasis 
[112]. Tay et al. demonstrated that SiO2 NPs can induce cells to form 
stable adhesion to the underlying matrix and thus limit cell migration 
(Fig. 7B). The reason for the limited cell migration is that SiO2 NPs 

interfere with the polymerization of microtubules by destroying tubulin, 
thus disrupting the balance regulation of intracellular tension and 
resulting in enhanced adhesion(Fig. 7C) [113]. These findings 
contribute to a better understanding of NPS-induced cellular responses 
and are expected to play an important role in exploring these effects. 

2.7. Polymer based nanomaterials 

In the field of nanomedicine, polydopamine nanoparticles (PDA NPs) 
are considered a powerful substitute for gold nanoparticles because of 
their good biocompatibility and biodegradability, as well as their high 
photothermal conversion efficiency, and also an ideal light absorber for 
photothermal therapy [115]. MUC18 is a transmembrane glycoprotein 
whose expression promotes tumor progression and metastasis, leading 
to poor prognosis [116]. In 2021, Liu et al. investigated the effects of 
PDA NPs targeting transmembrane MUC18 combined with mild pho-
tothermal effect on actin cytoskeleton and migration of breast cancer 
cells [114]. Two unique actin cytoskeletal structures, plate-like pro-
cesses and stress fibers, are closely related to cell migration [117]. The 
authors prepared a novel method to prepare MUC18 antibody on the 
surface of PDA NPs and co-incubated with breast cancer cells. dSTORM 
and AFM images showed that the untreated cells were flaky with the 
actins network in front of the cells in the same direction of motion and 
the ventral stress fibers were parallel to the long axis of the cells 
(Fig. 8A). In contrast, through PDA@Str@Muc18 antibody targeting and 
laser treatment, there was downregulated transmembrane MUC18 and 

Fig. 6. A) Diagram of M@CaCO3@KAE NP-mediated cell apoptosis. B) Transmission electron microscopy (TEM) image of mitochondria, cytoskeletal protein levels 
and cell migration in A549 cells treated with M@CaCO3@KAE NPs. I: Control; II: CaCO3 NPs; III: KAE; IV: CaCO3@KAE NPs; V: M@CaCO3@KAE NPs. C) H&E 
staining, TUNEL and DAPI staining, IHC staining, proliferation and apoptosis protein expression levels in solid tumors. I: Control; II: CaCO3 NPs; III: KAE; IV: 
CaCO3@KAE NPs; V: M@CaCO3@KAE NPs [103]. Copyright 2021, Elsevier. 
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release of membrane anchored actin filaments. At the same time, the 
mild photothermal effect interrupted the phosphorylation of ERM 
complex in the cytoplasm and further destroyed the actin cytoskeleton 
structure. It showed that the formation of actins network around the 
periphery of the whole cell and the loss of ventral stress fibers inhibited 
the migration of cancer cells (Fig. 8B). PDA can serve as a potential agent 
to address the difficulty in achieving PTT of cells due to insufficient load 
of light absorbers and insufficient laser penetration (i.e. insufficient 
temperature), which is a safer and more effective method. This method 
is not only a supplement to traditional photothermal therapy, but also 
has great potential in the treatment of chemotherapy-resistant tumor 
metastasis. As MUC18 is highly expressed in several other cancers, such 
as ovarian cancer, lung cancer and prostate cancer, which may be a 
potential treatment for other cancers [118]. 

Immunotherapy controls and eliminates tumors by restarting or 
enhancing the anti-tumor immune response in tumor patients. T cells 
can be divided into αβT cells and γδT cells according to the type of TCR. 
αβ T cells are widely distributed, and tumor-associated antigens, MHC 
molecules and co-stimulatory signals are involved in the activation of αβ 

T cells. Once they are absent, the anti-tumor response ability of αβ T cells 
will be reduced [119], and even lead to the loss of cell viability. γδ T cells 
are a group of innate immune cells with unique properties that mainly 
exist in the skin and mucous membranes. Various immune responses and 
regulatory processes are closely related to it. For example, γδ T cells can 
promote the progress of immune inflammatory responses, identify and 
kill specific tumor at the site [120]. More importantly, γδ T cells (spe-
cifically Vγ9Vδ2 subset) can recognize stress-induced phosphoantigens 
presented by cancer cells without the involvement of MHC, which makes 
Vγ9Vδ2 T cells have a unique advantage over αβ T cells in antitumor 
therapy. Chitosan (CTS) is a cationic polymer formed by deacetylation of 
chitin extracted from animal crustaceans, which is widely used because 
of its good biocompatibility, antibacterial activity and immunomodu-
latory effect [121,122]. In 2019, Lin et al. synthesized nano CSNPs using 
chitosan and sodium tripolyphosphate solution and found that CSNPs 
induced Vγ9Vδ2 T cells α- Tubulin to polarize [123]. Since the dynamic 
polarization of T cell microtubules is a necessary condition for the for-
mation of immune synapses [124], the formation of immune synapses is 
a key step for T cells to recognize antigens, proliferate and activate, and 

Fig. 7. A) Silicon based nanomaterials destroy F-actin to inhibit tumor migration for enhanced cancer therapy. B) Cell adhesion was enhanced after nanoparticle 
treatment. C) A hypothesized model of nanoparticle mediated changes in intracellular contractility and migration [109]. Copyright 2013, American Chemi-
cal Society. 
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an important part of cellular immune response [125]. The results indi-
cated that CSNP could promote the formation of T cell immune synapse 
and may enhance its ability to kill cancer cells. CTS solves the problem of 
immunosuppression under the influence of tumor tissue by enhancing 
the effecting ability of T cells. Immunotherapy can make tumor removal 
more targeted, which makes it have great potential in the treatment of 
tumors. 

2.8. Polypeptide based nanomaterials 

The unique structural properties make peptides very rich, and endow 
them with good biocompatibility and biorecognition ability. In addition, 
small peptides can translocate cell membranes without eliciting an im-
mune response in the process. The unstable nature of free peptides lead 
to rapid degradation during in vivo circulation [127]. The Intermediate 
fibers vimentin was also identified to significantly enhance tumor cell 
invasion and metastasis. Vimentin overexpression and incorrect 
self-assembly lead to morphological changes and increased motility of 
tumor cells [128]. Fan et al. designed a binding-induced fibrillogenesis 
peptide, Bis-pyrene-KLVFF-VNTANST (BFV), which can form a fibrous 
network in situ, block the improper self-assembly of vimentin, and 
inhibit tumor metastasis (Fig. 9A) [129]. BFV NPs can bind to vimentin 
and subsequently undergo fibrillation, and the resulting polypeptide 
fiber network can prevent vimentin from participating in the formation 
of cytoskeleton, thereby inhibiting tumor cell migration and invasion. 
The experimental results showed that the tumor volume and the number 
of lung metastases in the mice were significantly reduced. In addition, 
the efficacy of BFV NPs is far superior to the small molecule 

anti-metastatic drug withaferin A. Sun et al. introduced tripeptide (FFY) 
into drug-resistant melanoma cells, and the tripeptide formed mFFY 
nanoparticles through enzymatic self-assembly in cells [126]. After 
“nondrug therapy” treatment, most tumor cells stagnate at the late stage 
of DNA synthesis or the interphase of division (i.e. G2/M) due to the 
inability of tubulin to polymerize into microtubules, thus inhibiting the 
proliferation of tumor cells (Fig. 9B). At the same time, mitochondrial 
dysfunction also induced the overexpression of apoptotic factors, such as 
cleaved caspase 3 and cleaved PARP to further promot the apoptosis of 
drug-resistant tumor cells and finally realized the reversal of drug 
resistance (Fig. 9C). In addition, Mohan et al. prepared peptide 5 (Pep5) 
encapsulated PLGA-PEI nanoparticles. These particles are further 
modified by TKD to target tumor cells, resulting in a 
dipeptide-functionalized multilayer nanodrug delivery system 
(Pep5-TPPN) [130]. Studies have reported that Pep5 is likely to promote 
the destruction of tumor cytoskeleton by binding to Plectin or CLIC1. 
The TKD targeting function is achieved by its specific binding to heat 
shock protein 70 on breast cancer cell membranes. The results showed 
that Pep5-TPPN displayed higher cell uptake than non-target groups. 
Moreover, after exposure to Pep5-TPPN, tumor cells showed significant 
morphological changes compared with control group. This result indi-
cated that Pep5-TPPN caused significant loss of integrity of actin fila-
ments in tumor cells. In addition, Pep5-TPPN can also induce lysosome 
rupture, activation of cleaved Caspase-3, and cleavage of PARP. These 
injuries can further lead to tumor cell death. In conclusion, in addition to 
inhibiting tumor development through cytoskeletal destruction, pep-
tides can also destroy tumor cells in a variety of ways. More importantly, 
polypeptide nanomaterials often have better biocompatibility than 

Fig. 8. A) dSTORM and AFM imaging of actin skeleton in a single cancer cell. B) Schematic of the mechanism by which PDA NPs targeting PsMUC18 and mild 
photothermal effects synergically disrupt the actin structure of cancer cells [114]. Copyright 2021, American Chemical Society. 
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other nanomaterials and have better application prospects. 

2.9. MOF based nanomaterials 

Metal-organic frameworks (MOFs) are composed of metal or cluster 
nodes linked by organic ligands [132]. MOFs have many excellent 
properties, such as controllable structure, tunable porosity, easy chem-
ical modification, high biocompatibility, and good biodegradability, 
making MOF widely used in biomedical related fields [133,134]. In 
addition to inducing apoptosis of cancer cells, mitotic mutations provide 
new directions for anticancer therapy, and some of these strategies have 
been studied in preclinical and clinical phases [135]. Mitotic mutation is 
a specialized form of cell death caused by the premature or inappro-
priate entry of cells into mitosis, and mitotic mutation can be triggered 
by various factors that disrupt the mitotic process or DNA [136]. Mitotic 
mutations have detectable unique nuclear changes (giant cells with 
abnormal nuclei) for them to be distinguished from normal cells. In 
2020, Chen et al. obtained 500–2500 nm Cu-MOF from copper nitrate 
and phenyltricarboxylic acid by hydrothermal method to treat SKOV3 
ovarian cancer cells (Fig. 10A) [131]. It was found that Cu-MOF 
downregulated Plk1 and TPX2 of mitotic spindle regulatory genes, 
promoted tubulin polymerization and disrupted microtubule dynamics, 
resulting in abnormal mitotic spindle and chromosome segregation in 

SKOV3 cells, forming multinucleated giant cells (Fig. 10B). Further-
more, Cu-MOF surpressed actin regulatory genes ACTA2, ACTN3, 
FSCN2 and SCIN. In the Cu-MOF treatment group, many fluorescent 
spots were scattered in the cytoplasm, resulting in the significant cyto-
plasm shrinkage and cell morphology changing, indicating that micro-
tubules and actin were damaged and destroyed by Cu-MOF (Fig. 10C). 
Albeit many methods have been developed for preparing nano MOF and 
its derivatives, manufacture MOF with controllable pore size, size and 
topology still faces many difficulties. These parameters determine the 
clinical antitumor efficiency of MOF-based antitumor drugs. Meanwhile, 
the biosafety of MOFs is another key factor limiting their application in 
cancer treatment. The metal ions and organic ligands released after MOF 
dissociation may potentially cause biosafety problems in organisms. 
Biodegradable and absorbable components might presumably be a so-
lution. Clinical applications require low or non-toxic MOF composed of 
biocompatible ligands and metal ions [137]. 

3. Nanomedicine acting on cytoskeleton for other diseases 
treatment 

3.1. Wound healing 

Hypertrophic scarring is the result of an abnormal wound healing 

Fig. 9. A) Polypeptide nanomaterials block the improper self-assembly of vimentin and inhibit microtubule polymerization to inhibit tumor metastasis and cause 
tumor apoptosis for enhanced cancer therapy. B) Intracellular localization of green (mFFY) and red (microtubule) fluorescence signals after treatment. C) Analysis of 
mitochondrial dysfunction levels, cleaved caspase 3 and cleaved PARP levels [126]. Copyright 2022, American Chemical Society. 
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process in which too much collagen is deposited in the wound area, 
causing the scar to rise above the surface of the skin. Second, when 
hypertrophic scarring appears above the joint, it often appears red and 
shiny, causing pain, itching, and sometimes even restricting movement, 
leading to severe morbidity. As a common complication after surgery, 
trauma, and burns, hypertrophic scarring is a notable challenge for 
surgeons [140]. Key factors to reduce scarring include adequate inhi-
bition of fibroblast over-proliferation, excessive collagen deposition, 
and formation of well-structured fibrous tissue at the wound site [141]. 
However, the treatments available to reduce hypertrophic scarring, 
including surgery and drugs, do not live up to expectations [142,143]. In 
recent years, aligned structural materials with appropriate fiber di-
ameters and spacing can induce cell directional growth, showing great 
potential in tissue engineering [144]. In 2018, Weng et al. synthesized 
ACNT arrays by chemical vapor deposition in a tubular furnace using 
iron as catalyst, alumina as a buffer layer, silicon (110) wafers as sub-
strate, argon and hydrogen as the carrier gas, and ethylene as carbon 
source [138]. When human dermal fibroblast cells (HDF) and mouse 
embryonic fibroblast NIH3T3 cells were cultured on ACNT, the expres-
sion of fibroblast proliferation-related genes NFIB, CYP7B1, collagenous 
deposition-related genes COLA1A1 and COL3A1 [145,146], as well as 
the regulation of cytoskeleton genes TNS4 and KCNAB2 were altered 

[147,148]. Resultantly, the proliferation rate of fibroblast decreased 
significantly, and the type I collagen deposition was lower. F-actin and 
α-tubulin are rearranged in parallel to CNT, and the cells are elongated 
into a spindle shape with fewer filamentous pseudopods (Fig. 11A). This 
linear bundle of long, parallel filamentous structures is thought to 
induce directional migration (Fig. 11B) [149]. Studies have found that 
ACNTs can influence cell behavior and ECM composition by inhibiting 
cell proliferation, guiding its growth direction, and inhibiting collagen 
deposition. As a block material, ACNTs can inhibit the formation of 
hypertrophic scars in vivo. These findings may provide ACNTs’ appli-
cations in the field of bioengineering with an alternative strategy. 

3.2. Stem cell differentiation 

Mesenchymal stem cells (MSCs) are pluripotent stromal cells that can 
differentiate into mesenchymal tissue lineages such as osteoblasts, 
chondrocytes. Lately, nanostructured matrices have been investigated 
more and it has been found that nanomaterials can also control the 
growth and differentiation of human mesenchymal stem cells (hMSCs) 
without chemical additives [150]. In 2011, Namgung et al. thermally 
deposited 5 nm thick Ti layer and 10 nm Au layer on the covered glass, 
and spun CNTs in the suspension onto a gold substrate at a speed of 

Fig. 10. A) MOF damage microtubules and F-actin to inhibit tumor proliferation for enhanced cancer therapy. B) Fluorescence image of abnormal mitosis of SKOV3 
cells treated by Cu-MOF. C) Cu-MOF causes the damage of F-actin [131]. Copyright 2020, American Chemical Society. 
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5000 rpm to prepare nanotubes assembled in a form of arrangement, 
and inoculated hMSCs on the substrate (Fig. 11C) [139]. The results 
showed that the actin filaments in hMSCs were also stretched along the 
alignment direction of individual CNTs (Fig. 11D). The alignment of 
actin filaments induced a stretched shape of hMSCs. Compared with 
randomly oriented CNT networks, hMSCs in aligned CNT networks have 
higher cytoskeletal tension and stronger proliferation and osteogenic 
differentiation ability. This study can provide a valuable example of 
employing designs of hybrid cell-nanostructure systems for regenerative 
tissue engineering and this research could be a boon for faster healing of 
broken bones. 

Chiral inorganic nanoparticles can intensely interact with circularly 
polarized light (CPL) owing to their high polarizability, which may 
greatly enhance the biological response of chiral photons [151]. In 
2021, Qu et al. synthesized the chiral assembly of DNA bridging gold 
nanoparticles and found that the chiral nanomaterial assembly could 
change its conformation after entering the cell [152]. The C30(D) 
S5–C20(L) nanomaterial was reconfigured to C30(D)-C20(L)S5 in the 
presence of Fox3 and then bound to the actins network. Subsequently, 
CPL applied a force required for polarization to the nanoassemblies as 
well as the nanofibers, and periodic mechanical deformation of the 
cytoskeleton under 50 Hz pulsed light stimulated neural stem cells 
(NSCs) to differentiate into a neuronal phenotype. When NSCs were 
implanted in the hippocampus of an AD bearing mouse l and irradiated 

according to a polarity optimization protocol, amyloid plaque formation 
was reduced by more than 70%. The results suggested that circularly 
polarized light have the potential in guiding cell development for 
biomedical applications. 

3.3. Osteogenesis 

In human body, a layer of connective tissue forms between the 
implant metal and the underlying bone surface due to an immune 
response, which is affected by the thickness of the interface layer be-
tween the implant and bone. However, osseointegration usually occurs 
in the absence of a common layer of connective tissue [153]. Therefore, 
it is necessary to develop an implant with a bioactive surface layer that is 
both strong in binding and thin enough to minimize delamination. 
Modification of Ti surface with nanostructured TiO2 nanotubes can 
significantly enhance mineral formation, adhesion of osteoblasts in vitro 
[154] and strong adherent bone growth in vivo [155]. TiO2 nanotube 
surface system is generated directly from the underlying natural Ti 
composition with 300 nm thickness which is much thinner than previous 
coatings. This nanoscale length eliminates the tendency of layering that 
is common in thicker micron layers and improves osteogenesis [153]. In 
2009, Brammer et al. prepared TiO2 nanotube surfaces on titanium 
plates by dual-electrode anodic oxidation process and inoculated 
MC3T3-E1 mouse osteoblasts on the surface of the materials [156]. 

Fig. 11. A) Nanomaterials acting on actin and tubulin to promote wound healing. B)ACNTs effectively reduced the formation of hypertrophic scars [138]. Copyright 
2018, American Chemical Society. C) Nanomaterials acting on actin to promote stem cell differentiation. D) Plausible model to explain the hMSC responses to the 
aligned and the randomly oriented CNT networks [139]. Copyright 2011, American Chemical Society. 
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Immunofluorescence images showed that compared with the cytoskel-
eton inoculated on the surface of titanium plates, actin images on the 
surface of TiO2 nanotubes elongated along with augmented nanotubes 
diameter, possibly because that osteoblast must further expand its fili-
form pseudopodia to a larger area, and forming a very slender shape to 
find the surface of a protein deposition. At the same time, the results also 
revealed that the bone formation marker ALP activity of osteoblasts in 
vitro increased proportional with the TiO2 nanotube diameter, indi-
cating TiO2 nanotubes, especially large-sized (100 nm) nanotubes, have 
good biocompatibility and great potential as bone implant materials to 
improve the functional control of bone formation in advanced ortho-
pedic implant technology. In 2019, Necula et al. studied the effect of 
transverse spacing of TiO2 nanotubes on osteoblasts and found that TiO2 
nanotubes with large transverse spacing caused osteoblasts to show 
grid-like actin filaments branching and more filamentous pseudopods, 
while ALP activity increased [157]. The results showed that larger 
lateral spacing can also enhance osteogenic induction of pre-osteoblasts, 
and providing a new variable worth studying for the design and opti-
mization of titania-based materials as bone regeneration and drug de-
livery platforms (Fig. 12A). 

3.4. T cell activation 

T cells are important members of adaptive immunity that enhance or 
suppress the immune response by secreting cytokines or killing heter-
ologous cells [158]. In T cells, microfilaments not only regulate cell 
morphology, but also participate in cell chemotactic migration, antigen 

recognition, immune synapse formation, activation, and proliferation 
[159]. It responds to T cell antigen receptor (TCR) mediated signal, 
promotes T cell polarization, and assists TCR to recruit and stabilize 
signal molecules. It also contributes to the movement and rearrange-
ment of membrane molecules during signal transduction. Oh et al. 
examined the mechanism of extracellular ligand nano geometry in the 
activation of isolated T cells to activate immunotherapy [160]. 
Compared with low-aspect-ratio nanoparticles, anisotropic activating 
ligands using large-aspect-ratio AuNRs significantly enhanced T-cell 
proliferative ability, promoted activation-related morphological 
changes in T cells, such as linear actin cytoskeleton growth. Nanoscale 
anisotropic ligands promote the production of key cytokines by CD8+

T-cells, including IL-2, IFN-γ and TNF-α. Large aspect ratio ligand pre-
sentation also promotes the differentiation of mouse CD8+ T cells into 
the central memory phenotype. The results indicated the importance of 
manipulating the nano geometry of extracellular ligands in optimizing T 
cell behavior to enhance therapeutic efficacy. The dynamic regulation of 
T-cell microfilament skeleton plays an important role in maintaining cell 
homeostasis, activation, migration, and function. The assembly of 
TCR/CD3 signaling complex and cytoskeletal recombination induced by 
T-cell activation involves a series of protein phosphorylation, and the 
interactions between these protein molecules well-regulate the signal 
transduction after T-cell activation (Fig. 12B). 

3.5. Alzheimer’s disease treatment 

One of the most characteristic pathological changes of AD is the 

Fig. 12. A) Nanomaterials acting on F-actin to promote osteogenesis. B) Nanomaterials acting on F-actin to activate T cells. C) Nanomaterials acting on tubulin to 
treat Alzheimer’s disease. 
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accumulation of extracellular amyloid plaques (Aβ) [161]. Specifically, 
metal ions accelerate the aggregation of Aβ, which is deposited by 
selectively binding Zn2+ or Cu2+, and producing ROS, leading to the 
pathogenesis of AD [162]. In addition, microtubule structural defects 
affect axonal transport and contribute to various neurodegenerative 
diseases. MSNs are excellent drug carriers owing to their excellent 
thermal and pH resistance. Yang et al. developed a gold 
nanoparticle-terminated mesoporous silica-based H2O2-responsive 
controlled-release system for delivery of the metal chelator clioquinol 
(CQ) to inhibit Aβ self-assembly and metal-induced aggregation in AD 
(Fig. 12C) [163]. MSN-CQ-AuNPs inhibited Cu2+-induced Aβ40 aggre-
gation and protected PC12 cells from Aβ40-Cu2+ complex-induced cell 
membrane disruption and ROS-mediated apoptosis. In the presence of 
MSN-CQ-AuNPs, PC12 cells had well-structured microtubules 
throughout the cell body and neurites. In addition, the AuNPs in the 
MSN-CQ-AuNPs system provided a method which could inhibit Aβ 
self-assembly. The high blood-brain barrier permeability, efficient 
cellular uptake, selective intracellular release of metal chelators, and 
good biocompatibility of MSN-CQ-AuNPs demonstrate their potential 
for future biomedical applications. In addition, Cheng et al. developed 
MSN as an advanced nanoplatform for simultaneous synergistic delivery 
of curcumin and RhoG to examine their therapeutic effects on neuro-
degenerative diseases (NDs) [164]. The researchers successfully encap-
sulated curcumin and adsorbed the plasmid RhoG-DsRed/TAT peptide 
complex, and constructed an MSN system (Cur@MSN-RhoG/TAT) 
co-loading drugs and genes. Plasmid RhoG-DsRed is involved in the 
formation of lamellipodia and filopodia to promote neurite outgrowth. 
The early release of curcumin plays a significant role in scavenging ROS 
to protect N2a cells and RhoG against ROS-mediated damage. This 
MSN-based platform combines actin cytoskeleton reorganization and 
pharmacology with anti-oxidative stress, providing a promising 
approach for NDs therapy. 

4. Conclusion, discussion, and future perspectives 

Nanotechnology provides many new research methods and ideas for 
tumor treatment, and has its unique advantages compared with other 
common treatment methods. Most nanomaterials focus on antitumor 
mechanisms is based on their own physicochemical properties or basic 
cell activity, ignoring how nano-drugs achieve the treatment process of 
tumors. Because the cytoskeleton plays a central role in cell structure, 
the influence of nanomaterials on cytoskeleton for the cancer therapy 
may be a promising strategy. Through continual research efforts, the 
development of nanomedicine has made great progress, but many 
nanotherapeutic strategies are still in their infancy, and some potential 
problems remain to be comprehensively assessed when designing 
nanomedicines to interfere with the cytoskeleton. The EPR effect of 
tumors is a preset window for nanomaterials to enter the tumor site, 
however the insufficiency of the EPR effect, as well as the numerous 
physicochemical barriers in the transport process, have been largely 
ignored. In particular, In particular, tumor in early stage have not 
obvious EPR effects, and the non-uniform TME around the tumor area 
also hinders the infiltration and intratumoral distribution of nano-
materials [165]. If nanodrugs cannot reach tumors in the first place, 
drug designs that targets cancer cell skeletal interference would be un-
able to perform their intended roles. In addition, some nanomaterials 
need to break cell junctions in order to enter tumor tissues, but may 
cause tumor cell metastasis when entering tumor sites due to the 
breakdown of cell junctions. In addition, the premise of biomedical 
applications of nanoparticles is biodegradability, which directly de-
termines their prospects for clinical transformation. If nanomaterials are 
difficult to degrade, they can accumulate in the body for a long time and 
cause more complex long-term toxic effects. In the process of targeted 
therapy, the targeting of nanomaterials is usually relative, and can only 
improve the accumulation of tumor sites and reduce the biological dis-
tribution of normal organs to a certain extent. Therefore, it is also urgent 

to use safer and more efficient nanomaterials to achieve effective 
treatment of tumors and reduce the off-target effects. 

At present, there are not many target ligands that effectively target 
tumor cytoskeleton, which limits the application of cytoskeletal therapy. 
Even if the nanomaterials successfully enter the tumor site, they have 
the potential to interact with other components of the tumor, such as 
immune cells, which can adversely affect immune response and reduce 
the body’s ability to control infection. This concern is not groundless, as 
the actin-interacting protein WD repeat-containing protein 1 (WDR1) is 
known to promote cofilin-dependent actin filament turnover. It is 
identified that biallelic WDR1 mutation is a rare genetic disorder of the 
immune system, which are characterized by a dysfunctional immune 
system caused by a malfunction of lymphocytes’ ability to rearrange 
actin. The ways to reduce the damage of nanomaterials to other bene-
ficial cells in the tumor site is a question worthy of consideration. 
Although nanomedicine has great advantages in interfering with the 
cytoskeleton, the risk of long-term retention cannot be ignored. In 
addition, the strategy of targeting cytoskeleton for tumor therapy may 
be relatively slow compared to other therapeutic modalities. Because 
many nanomaterials disrupt the cytoskeleton depend primarily on 
downregulation of cytoskeleton protein gene expression and it may take 
certain time for the depletion of intracellular skeleton proteins. 
Although much research has been done on the cytoskeleton at the 
cellular level, strategies for observing cytoskeleton destruction in vivo 
are relatively lacking. 

We provide a set of considerations on key issues for future innovation 
and potential shifts in nanomedicine strategies to maximize therapeutic 
outcomes. As a therapeutic concept which places great emphasis on 
grasping the optimal time window for administration, vascular 
normalization strategies appear to benefit greatly from the nano-
materials field’s expertise in improving kinetics and effective doses for 
more predictable and stable delivery of useful drugs [127]. In the future, 
when designing more efficient and comprehensive nanomaterials to 
penetrate tumors, the complexity of different organs and different types 
of tumors should be fully considered. Presently, the bulk of nano-
materials may have rare chance of contacting with intended tumor cells, 
because any nanoparticle with a targeting moiety may only have one 
passing interaction with the target before subsequent systemic clear-
ance. Therefore, one potential option is to increase the area of mutual 
contact between nanodrugs and tumor cells, thereby improving homo-
typic targeting between tumour cell types in vitro and in vivo. There 
could so be insufficient EPR effect of early-stage tumors, where inducing 
vascular leakage at early-stage tumor sites through nanomaterials, 
thereby increasing tumor penetration and cellular uptake of nano-
medicines, and raising the contact probability of nanomedicines with 
the cytoskeleton, can be a promising direction. 

Since tumor cells have the tendency to specifically metastasize and 
colonize specific organs, the encapsulation of metastatic cells could be 
achieved by combining some nanomaterials or nanomedicines on the 
cell surface, the colonization of specific organs by tumor cells could be 
reduced by decreasing competitive inhibition, therefore further 
reducing metastasis of tumors to specific organs. Hopefully, increasing 
strategies can emerge in the future to preferentially suppressfthe scaf-
fold and inhibit the tumor metastatic cascade. Inspired by the fact that F- 
actin antibody can specifically recognize the cytoskeleton to realize 
fluorescence monitoring [166], in terms of cytoskeleton targeting, some 
nanomedicines coupled with F-actin antibody can be designed to ach-
ieve active cytoskeleton targeting in the future. In past studies on cancer 
treatment, the actual doses used have always far exceeded the expected 
dose levels [167]. After improving the scaffold targeting ability of 
nanomedicines, more cytosleleton-interfernce drugs are expected to 
enter the tumor, which will reduce the doses required for conventional 
medicines, thereby reducing the incidence of side effects on off-target 
healthy tissue. 

Cells sense the external microenvironment and physical stimuli 
through their highly dynamic skeletal network, and at the same time 
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regulate cell behavior. The cytoskeleton maintains cell shape and po-
larity. In addition to the design aimed at realizing the interference with 
the cytoskeleton, some researchers are still designing nano-drugs, using 
the self-assembled polymer formed by MDM2/MDMX dual-effect 
degradation peptide PMIV and gold ions to simulate the skeleton of 
the cell, and the red blood cell membranes as shells to mimic nanocells, 
to inhibit macrophage uptake and prolongs blood circulation time, 
resulting in better tumor enrichment. This idea can expand the appli-
cation scope of cytoskeleton. In the future, when designing more effi-
cient and comprehensive nanomaterials to penetrate tumors, the 
complexity of different organs and different types of tumors should be 
fully considered. The integrated design concept of smart nanomaterials 
that efficiently interfere with the cytoskeleton may represent a devel-
opmental breakthrough in cancer therapy. So far, toxicity testing studies 
of nano-cytoskeleton disruptors have mainly focused on short-term 
biocompatibility, and long-term follow-up studies of them in vivo ef-
fects remain to be further explored. Therefore, before the clinical 
application of nanomaterials, these risks must be clearly addressed 
through adequate demonstration to ensure the biosafety of cytoskeletal 
disruptors in vivo. Nanoparticles need to overcome barriers such as RES 
system, vascular structure, tumor matrix microenvironment, and tumor 
intercellular space before they enter tumor cells. Due to the complexity 
of the nanoparticle delivery process, taking advantage of the easier 
transport properties of small-molecule drugs or nanomaterials with 
smaller sizes, and inducing their self-assembly within cells to interfere 
with the cytoskeleton could also be a potential approach to treat tumors. 
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