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Abstract: Aging is an inevitable process in the human body, and cellular senescence refers to irreversible cell cycle arrest caused by 
external aging-promoting mechanisms. Moreover, as age increases, the accumulation of senescent cells limits both the health of the 
body and lifespan and even accelerates the occurrence and progression of age-related diseases. Therefore, it is crucial to delay the 
periodic irreversible arrest and continuous accumulation of senescent cells to address the issue of aging. The fundamental solution is 
targeted therapy focused on eliminating senescent cells or reducing the senescence-associated secretory phenotype. Over the past few 
decades, the remarkable development of nanomaterials has revolutionized clinical drug delivery pathways. Their unique optical, 
magnetic, and electrical properties effectively compensate for the shortcomings of traditional drugs, such as low stability and short 
half-life, thereby maximizing the bioavailability and minimizing the toxicity of drug delivery. This article provides an overview of how 
nanomedicine systems control drug release and achieve effective diagnosis. By presenting and analyzing recent advances in 
nanotherapy for targeting senescent cells, the underlying mechanisms of nanomedicine for senolytic and senomorphic therapy are 
clarified, providing great potential for targeting senescent cells. 
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Introduction
With the trend of population aging becoming increasingly obvious, the burden on social, economic, and healthcare 
systems continues to increase, necessitating sustainable and long-lasting solutions. Cellular senescence is a biological 
process in which cells undergo a stable cell cycle arrest state,1,2 which has been implicated in the promotion of aging 
through a diverse array of mechanisms (Figure 1). The phenomenon of cellular senescence is multifaceted, with both 
beneficial and detrimental implications for various physiological processes.

On the one hand, senescent cells play a crucial role in guiding tissue regeneration and embryonic development by 
secreting fibroblast growth factors (FGF4 and FGF8) and matrix metalloproteinases 2 and 9 (MMP2 and MMP9), which 
contribute to shaping placental structure and function. Additionally, senescent cells serve to limit tissue damage by 
suppressing excessive cell proliferation and facilitating wound healing through the secretion of platelet-derived growth 
factor-AA (PDGF-AA). Moreover, one of the key functions of senescence is its ability to suppress tumorigenesis. 
Senescent cells impede tumor development by inducing cell cycle arrest in a cell-autonomous manner via the upregula-
tion of key regulatory proteins such as p53, p16, and p21, as well as by promoting senescence in neighboring cells 
through the secretion of interleukin-6 (IL-6) and interleukin-8 (IL-8).3

Conversely, senescent cells can contribute to the establishment of a proinflammatory microenvironment and facilitate 
tumor progression in adjacent tissues through the release of various components of the senescence-associated secretory 
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phenotype (SASP).4 This proinflammatory state induced by senescent cells has been implicated in the pathogenesis of 
age-related diseases, with SASP factors such as IL-6, IL-1 receptor antagonist (IL-1RA), growth-related oncogene-α 
(GROα), and interferon-γ (IFNγ) playing key roles in promoting chronic inflammation.5 Furthermore, the dysregulation 
of tissue architecture and the promotion of inflammation and tumorigenesis can be exacerbated by the action of SASP 
factors such as MMPs. Moreover, the upregulation of cell cycle inhibitory proteins such as p16 and p21 in senescent cells 
can lead to functional impairment of stem or progenitor cells, thereby compromising the regenerative potential of tissues. 
This disruption in the supply of new cells from the tissue may further contribute to the limitations in tissue regeneration 
associated with cellular senescence.6

Notably, the immune response induced by the SASP has a protective effect and helps recruit immune cells capable of 
clearing senescent cells and promoting tissue repair.7 However, with increasing age, the clearance rate of senescent cells 
by immune cells decreases, leading to the continuous accumulation of senescent cells.8,9 The accumulation of senescent 
cells can easily lead to aging and age-related diseases such as neurodegenerative diseases,10,11 cardiovascular 
diseases,12,13 arthritis, and even tumor formation. The incidence of these pathological conditions increases exponentially 
with age. Some studies have shown that the selective elimination of senescent cells can alleviate aging and age-related 
diseases, which has greatly inspired the development of senolytic drugs.14–17 Therefore, senescent cells serve as potential 
therapeutic targets and are key to current research.
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Studies have shown that blocking essential pathways involved in the survival of cancer cells may be a valuable research 
direction for senotherapy.18 For example, resistance to apoptosis is a common feature of both tumor cells and stem cells. By 
analyzing the proteomic and transcriptomic data of senescent cells and no senescent cells, senescence-associated anti-
apoptotic pathways (SAAPs) can be identified, and siRNAs targeting the corresponding antiapoptotic molecules can be 
utilized to block these pathways. The corresponding molecular targets include B-cell lymphoma-2 (Bcl-2), B-cell 
lymphoma-xL (Bcl-xL), phosphatidylinositol 3-kinase (PI3K), p53, p21, plasminogen activator inhibitor-1/2 (PAI-1/2), 
estrogen receptor (ER), tyrosine kinase (TK), hypoxia-inducible factor-1α (HIF-1α), and HSP90.19 Furthermore, studies 
have shown that the use of senolytics to target SAAPs can induce apoptosis in certain senescent cells,20 paving the way for 
the development of small molecule inhibitors targeting fundamental survival pathways in senescent cells.

Figure 1 Biological consequences of cellular senescence.
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Senotherapy includes both senolytic and senomorphic agents. Senolytic drugs can mainly be classified into 
tyrosine kinase inhibitors (such as dasatinib), natural compounds (such as quercetin), fisetin, Bcl-2 family inhibitors 
(such as navitoclax, ABT-737, A1331852, and A1155463), panobinostat, FOXO modulators, and HSP90 inhibitors 
(such as 17-DMAG). Senomorphic therapy interferes with the proinflammatory nature of senescent cells and 
normalizes SASP processes in the senescent microenvironment by modulating various biochemical pathways 
involving mTOR, p38MAPK, NF-κB, JAK/STAT, ROCK, glucocorticoid receptors, and neutralizing antibodies. 
The famous anti-aging drugs rapamycin and metformin belong to this class of drugs.

Traditional Senotherapy
Senolytic
Recently, various anti-aging strategies have been developed using a combination of in vitro aging models and in vivo 
animal models. In senescent cells, negative regulators of apoptosis, including BCL-2 family members (including BCL-2, 
BCL-W, and BCL-X), which confer resistance to apoptosis-inducing signals, are frequently upregulated.21–23 The anti- 
senescent agents ABT-737 and ABT-263 (also known as navitoclax) inhibit the activity of members of the BCL-2 family, 
thereby allowing senescent cells to initiate apoptosis. Recently, the cardiac glycoside ouabain has been shown, at least in 
part, to exhibit senescence-resolving activity by inducing the proapoptotic BCL-2 family protein NOXA. Various natural 
flavonoids, including quercetin and fisetin, which are used alone or in combination with the pantyrosine kinase inhibitor 
dasatinib, can stimulate senescence under a variety of conditions in vitro and in vivo,24 and fisetin selectively induces 
apoptosis in senescent human umbilical vein endothelial cells (HUVECs).25 Importantly, the administration of dasatinib 
and quercetin (D + Q) has been shown to be effective in reducing p16 and SA-β-gal expression in Phase 1 trials in 
patients with diabetic nephropathy and idiopathic lung disease.26–28 Other aging-resolving drugs, including HSP90 
inhibitors and piperamine, have also been shown to be selective for senescent cells.29–32 Recently, clinically approved 
antibiotics have been reported to have anti-aging effects on DNA damage-induced senescent cells through metabolic 
changes.33–35 Collectively, these strategies target a wide range of cellular pathways, suggesting that senescent cells can be 
removed by multiple pathways.

Senomorphic
The principle of senomorphics is to inhibit SASP production and secretion while keeping cells alive. Reducing the SASP 
is essential for preventing the spread of senescence to proximal cells or tissues. Senomorphic therapy interferes with the 
proinflammatory nature of senescent cells and normalizes SASP processes in the senescent microenvironment by 
modulating various biochemical pathways involving mTOR, p38MAPK, NF-κB, JAK/STAT, ROCK, glucocorticoid 
receptors, and neutralizing antibodies.36 Such therapies include metformin and rapamycin. Metformin mainly prevents 
the nuclear translocation of NF-κB pathway components and their subsequent transactivation at the promoters of target 
genes. Rapamycin is an mTOR inhibitor. Interference with the mTOR pathway can reduce NF-κB and inhibit proin-
flammatory SASP factors at the translational level. Roxastat also interferes with the expression of various SASP factors 
by attenuating mTOR activation and has been shown to reduce aging-mediated adverse events in a mouse model of 
doxorubicin-induced aging.37

However, the clinical utility of these drugs is hindered by numerous challenges, including systemic administration- 
related toxic side effects and low specificity.38–40 Clinical trials have revealed that administering the senolytic drug 
ABT263 systemically to patients can result in adverse effects such as thrombocytopenia, characterized by a rapid 
decrease in platelet count.41–43 D+Q drug therapy for aging has been associated with the development of pulmonary 
edema. Although navitoclax currently stands out as the most promising anti-aging drug in clinical cancer models, its 
efficacy in combating aging may vary. For instance, senescent LNCaP aging prostate cancer cells treated with anti- 
androgen therapy do not respond to ABT-263 but exhibit sensitivity to anti-aging effects when exposed to PARP 
inhibitors or radiotherapy.44 However, certain limitations are associated with the use of senolytic drugs. For example, 
piperlongumine, while demonstrating moderate anti-aging activity in ovarian cancer patients treated with olaparib, was 
ineffective at eliminating senescent prostate cells. Similarly, fisetin did not induce cell death in senescent ovarian cancer 
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cells.45 Moreover, senolytics lack specificity and are unable to differentiate between pathological and physiological 
senescent cells, posing an additional limitation to their potential use as anti-aging therapeutic agents.

Therefore, there is an urgent need to develop precise senotherapies to eliminate senescent cells or reduce SASP- 
related cytokine production.

Nanotherapies Targeting Senescent Cells
Nanotechnology applications in the biomedical field are revolutionizing the fight against aging by enabling scientists to 
manipulate materials at the molecular and atomic levels. This precision allows for the creation of miniature tools capable 
of penetrating human cells and directly addressing the root causes of aging.46

One significant application of nanotechnology is targeted drug delivery using nanoparticles. These nanoparticles can 
be engineered to transport drugs, genes, or other therapeutic molecules directly on senescent cells or damaged tissues, 
thereby enhancing treatment efficacy and minimizing side effects.47

Nanomethods
Exosomes
As natural nanoparticles of signaling molecules, exosomes have potential applications in drug delivery and disease 
therapy. Exosomes have a vesicular structure that can carry various molecules both on the membrane and inside and 
deliver payloads to target cells by fusion, phagocytosis, or recognition of binding receptors. Studies have shown that 
natural exosomes can load nucleic acids (such as mRNAs, miRNAs, siRNAs, long noncoding RNAs (lncRNAs) and 
DNA), proteins, and metabolites.48 Therefore, efforts have been made to explore the potential of exosomes in the 
treatment of aging-related diseases. Aging impairs the function of tendon stem/progenitor cells (AT-SCs) and tendon 
homeostasis, and there is no effective treatment for tendon diseases caused by aging. However, as naturally derived 
nanoparticles containing bioactive molecules, exosomes have attracted much attention in the fields of tissue engineering 
and regenerative medicine. Liu et al reported that young exosomes (SHED-Exos) secreted by human deciduous tooth 
stem cells have abundant anti-aging effects. These young bionanoparticles alleviate the aging phenotype of aged AT-SCs 
and maintain their tenogenic capacity. Mechanistically, SHED-Exos reversed AT-SC aging by regulating histone 
methylation and repressing nuclear factor (NF)-κB. Systemic administration of SHED-Exos bionanoparticles delayed 
tendon degeneration, and locally delivered SHED-Exos reduced ectopic bone formation by senescent cells in a naturally 
aging mouse model, thereby functionally and structurally restoring endogenous tendon regeneration and repair capacity 
in aging rats. Taken together, these findings indicate that SHED-Exos have great potential as natural bioactive 
nanoparticles for the treatment of aging-related diseases.

Microneedle
Microneedle-mediated transdermal administration of nanoparticles further increases the efficiency of drug delivery and 
prevents loss after oral or intravenous administration because this method of administration can directly pierce the 
stratum corneum of the skin and inject therapeutic molecules into the viable epidermis and dermis in a painless, efficient 
and minimally invasive manner, thus significantly improving the bioavailability of drugs while avoiding the pain 
associated with injection. The development of microfabrication technology and nanotechnology will improve drug 
stability during the preparation of nanoparticles and microneedles, increase the amount of drug per nanoparticle patch, 
and promote the sustained release of drugs under the skin. This will effectively reduce the frequency of drug adminis-
tration and improve patient compliance, breaking through the bottleneck of the treatment of aging diseases. There is 
a risk of various health complications in wound healing in the elderly population, which results in substantial economic 
and psychological burdens on patients. The low activity of aged dermal fibroblasts (A-FBs) and a disturbed local immune 
response in the deep dermis result in delayed wound healing. Therefore, the complex deep local microenvironment 
requires further treatment. Jiang et al presented a novel bilayer hyaluronic acid methacrylate (HAMA)/polyvinyl alcohol 
(PVA) MN patch (MNP) encapsulated with young fibroblast-derived exosomes (Y-EXOs) (Y-EXOs @ HAMA/PVA 
MNPs) for deep drug delivery, aging, wound healing, and immunomodulation. In this study, we aimed to design portable 
MNs with anti-aging and immunomodulatory properties for aged unhealed wounds.49 Fibroblast-derived young 
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exosomes (YEXOs) (Y-EXOs @ Zn-HAMA/PVA MNPs) were coated with the addition of zinc to the MN tips of 
hyaluronic acid methacrylate (HAMA)/polyvinyl alcohol (PVA) MNPs. HAMA MNPs were initially frozen in liquid 
nitrogen to create ultralow temperature conditions. When the exosomal solution was sprayed onto the MN tip surface, the 
water was turned into ice to protect the HAMA from swelling. The MNPs were then placed in a freeze dryer to remove 
excess water, and the above steps were repeated. The mechanical strength after freeze-drying increased, and the 
characteristics of the MN tips before and after cycling also differed. When the coated MN tip penetrates the wound 
area, the MN tip is separated from the substrate, and the MN tip remains in the wound. The outer layer of exosomes is 
rapidly released into actively aging dermal fibroblasts (A-FBs) and regulates T-cell IL-17A production. In vitro, Y-EXOs 
promoted the proliferation and migration of A-FBs and affected the differentiation of Th17 cells and the production of 
IL-17A. In vivo, exosomes promote wound healing in aging skin by regulating collagen deposition and IL-17A 
production. In addition, this study sequenced the microRNA content of Y-EXOs and A-EXOs. This study initially 
demonstrated that Y-EXOs have effective antiaging and anti-inflammatory effects, and Y-EXOs@HAMA/PVA MNPs are 
expected to constitute a new therapeutic strategy.

Nanobased Drug Delivery Systems
Nanosystems, also known as nanomedicines, have provided many benefits for disease prevention, diagnosis, and 
treatment. One important aspect of nanomedicine development is the delivery and controlled release of drugs to disease 
sites. By combining nanobased drug delivery systems, the effectiveness of treatment can be improved. Traditional drug 
delivery systems commonly have deficiencies such as low stability, poor solubility, low bioavailability, short half-life, 
nontargeted delivery, and challenges posed by their large size materials. Therefore, the use of new drug delivery systems 
that can target specific body sites may be a viable option to address these key issues. Compared to traditional systems, 
nanosystems have been found to be more suitable for therapeutic purposes, as nanodrugs can improve drug delivery 
routes by altering drug solubility, release curves, diffusion rates, bioavailability, and immunogenicity, thereby reducing 
toxicity, minimizing side effects, improving biodistribution, and extending drug lifespan. It has been reported that 
nanostructures help prevent drugs from being damaged in the gastrointestinal tract and deliver small amounts of water- 
soluble drugs to their target locations. Nanodrugs exhibit typical absorption and endocytosis mechanisms in the body, 
indicating increased oral bioavailability. Nanostructures remain in the circulatory system for longer periods and can 
release drugs at specified doses. Therefore, they cause minimal plasma fluctuations and have fewer adverse reactions.50 

Additionally, nanoformulations used for cancer treatment and diagnostics have been used to deliver drugs to solid tumors 
at relatively high concentrations, with minimal toxicity to surrounding normal cells or tissues.51 Different nanomaterials 
with varying structures can improve the bioavailability of insoluble or unstable drugs. The development of nanotechnol-
ogy has led to the exploration of different nanomaterials with structural sizes ranging from 1 to 100 nm, which are 
lighter, stronger, faster, and more durable and can move more freely in the human body, exhibiting their unique structural, 
chemical, mechanical, magnetic, and biological properties. Common nanocarrier materials include polymer nanoparticles 
(PNPs), liposomes (LNPs), micelles, dendrimers, quantum dots (QDs), fullerenes, carbon nanotubes, etc. Given the 
aforementioned circumstances, the high drug-loading capacity and preferential delivery of drugs to targets provided by 
nanomaterials greatly modulate the characteristics of candidate drugs, offering new hope for targeting, detecting, and 
eliminating senescent cells.

Senolytics are a new class of drugs with significant potential for improving aging-related diseases.52 However, some 
of the discovered senolytic drugs lack specificity and may even have strong side effects. According to the mid-term 
results of a clinical trial on knee osteoarthritis patients, the first clinical trial using candidate drugs failed to surpass the 
placebo in relieving joint pain and stiffness. Therefore, developing precise senotherapies based on targeted drug delivery 
strategies to eliminate senescent cells and improve safety is crucial. Multifunctional nanosystem treatment approaches 
can be considered second-generation senolytic nanotherapies, which not only have high drug-loading capacity but also 
preferentially deliver drugs to targets without adverse effects, providing new hope for targeting, detecting, and eliminat-
ing senescent cells.53,54 One strategy for second-generation senolytics is to differentiate senescent cells from normal 
cells. In this regard, senescence-associated β-galactosidase activity (SA-β-gal) is one of the characteristics of senescent 
cells. Senescent cells display elevated levels of lysosomal enzymes, such as β-galactosidase or α-fucosidase.55 Low 
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oligosaccharide-encapsulated nanoparticles (GalNPs) preferentially release their cargo on senescent cells.56 Senolytics 
are encapsulated in nanoparticles with a galactose coating, and the high level of SA-β-gal in senescent cells enhances 
drug release, making drug release more pronounced. In theory, encapsulated senolytics reduce the systemic toxicity of 
drugs.57 Additionally, the expression of senescent cell markers such as CD9, B2M, CD36, and CD47 can be used to 
enhance delivery accuracy.58–61 Therefore, nanoparticles can also be used in combination with different cargoes for 
imaging or killing senescent cells.62

Currently, progress has been made in the development of nanoparticles for diagnosis and treatment, including 
mesoporous calcium carbonate nanoparticles, mesoporous silica nanoparticles, carbon quantum dots, iron oxide, and 
molecularly imprinted polymer nanoparticles, which can encapsulate senolytics/senomorphic/fluorescent agents in 
nanomaterials to achieve targeted detection or elimination of senescent cells. All the nanosystems targeting senescent 
cells are summarized in Table 1.

Table 1 Nanodrug Delivery System Targeting Senescent Cells

Nanomaterials Loaded 
drugs

Concentration Aging model In vivo/in vitro 
model

Treatment effect Ref.

Mesoporous 
silica 
nanoparticles 
(MSN S1)

Rhodamine 
B

0.14 
g Rhodamine/1  
g SiO2

Premature fibroblast (congenital 
dyskeratosis)

In vitro Drugs are preferentially released in fibroblasts of 
patients with congenital keratosis.

[57]

Mesoporous 
silica 
nanoparticles

Doxorubicin 1 mg/kg Male C75BL/1 wild-type mice 
(bleomycin-induced pulmonary 
fibrosis)

In vivo Inducing anti-aging activity, eliminating senescent 
cells, improving pulmonary fibrosis and inducing 
tumor xenograft regression.

[62]

Navitoclax 0.06 mg/mL SK-MEL-103Melanoma cells, NCI- 
H226 lung squamous cell carcinoma 
cells (aging induced by palbociclib)

In vitro

Doxorubicin 1 mg/kg Naked female mice without thymus 
gland (SK-MEL-103 established 
tumor xenograft, palbociclib induced 
tumor aging)

In vivo

Navitoclax

Calcium 
carbonate 
nanoparticles

Rapamycin 
(Rapa)

0.2 mg Rapa/ 
1 mg CaCO3

Human dermal fibroblasts  
(cell senescence induced by 250 nM 
adriamycin)

In vitro Anti-aging, reducing the expression of β - 
galactosidase and p53/p21/CD9/cyclin D1, 
reducing population doubling time, enhancing cell 
proliferation and migration, and preventing cell 
cycle arrest.

[63]

Fe3O4 

nanoparticles
Quercetin 5μg/mL Human foreskin fibroblasts BJ 

(premature aging induced by 
oxidative stress)

In vitro Activating AMPK can reduce the pro- 
inflammatory reaction related to aging and 
effectively inhibit the aging of human fibroblasts.

[64]

Molecularly 
imprinted 
nanoparticles

Dasatinib 
tablets

10 μM dasatinib- 
coupled B2M 
nanodrug MIP

Tetracycline (Tet)-regulated 
senescent bladder cancer cells

In vitro Reduce senescent cancer cells [65]

Mesoporous 
silica 
nanoparticles

Anti-aging 
drugs RSV

ApoE−/−mice In vivo Inhibit ROS production, reduce LDL oxidation, 
and reduce the secretion of pro-inflammatory 
cytokines (TNF-α and IL-6).

[66]

Pegylated 
liposomes

Rapamycin 25 nm Human dermal fibroblasts (HDF) 
(aging induced by adriamycin)

In vivo Anti-aging effect. Enhance cell proliferation 
potential and migration ability, and inhibit cell 
expression of SA-β-gal and p53/p21.

[67]

Mesoporous 
silica 
nanoparticles

Navitoclax 2.5 mg/kg Mouse model of triple negative 
breast cancer (aging induced by 
palbociclib)

In vivo Inhibit tumor growth, reduce metastasis and 
induce apoptosis of senescent cancer cells.

[55]

Zinc oxide 
nanoparticles

100μg/mL Tumor cell lines A549 (non-small cell 
lung cancer) and HuH-7 
(hepatocellular carcinoma) (aging 
induced by 16 Gy gamma irradiation)

In vitro Eliminate senescent tumor cells. [68]

(Continued)
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Mesoporous Silica Nanoparticles
Mesoporous silica nanoparticles (MSNs), as novel inorganic nanomaterials, are excellent candidates for various biome-
dical applications due to their good biocompatibility, large pore size, and small size. They can interact with drugs through 
ionic bonds, hydrogen bonds, and electrostatic interactions, making it easy to regulate pore volume and pore size.73 

Functional polymers or targeting coatings can be used to further protect and encapsulate cargoes until they reach the 
target area for therapeutic effects.74 In particular, they can minimize the systemic side effects of anticancer drugs.66,75 

The first reported chemical therapeutic nanoparticles designed by Agostini et al achieved selective and controlled release 
of molecules within senescent cells by using mesoporous silica nanoparticles (MSNs) coated with low oligosaccharides 
(GOS) and containing the cargo molecule rhodamine B. GOS, as a substrate for senescence-associated β-galactosidase 
(SA-β-gal), degrades only the low oligosaccharide shell and releases the drug in senescent cells while protecting the 
cargo in other cells. Experiments have demonstrated that the nanocarrier preferentially releases the drug molecule in 
patients with congenital keratinization disorder and human senescent fibroblasts, indicating the effectiveness of this drug 
delivery system in vivo.74,76 Muñoz-Espín et al further demonstrated the efficacy of this drug carrier system in vitro cell 
and mouse models of pulmonary fibrosis and cancer. These models showed that the carrier was more effectively absorbed 
by senescent cells in diseased tissues, preventing drug exposure to nonlesioned tissues and minimizing associated adverse 
reactions. Galiana et al encapsulated navitoclax in MSNs terminated with low oligosaccharides, selectively releasing it in 
senescent cells54 (Figure 2). This approach inhibited tumor development and reduced metastasis while also reducing the 
systemic toxicity of navitoclax.77 Experimental evidence suggests that CD9 antibody-modified mesoporous silica 
nanoparticles exhibit high cellular uptake in senescent foam macrophages and senescent endothelial cells in vitro models, 
reducing reactive oxygen species levels,78 high-density lipoprotein oxidation, and the production of TNF-α and IL-6 
while attenuating the aging process.63

Calcium Carbonate Nanoparticles
Calcium carbonate (CaCO3) nanoparticles have been widely used in biomedical applications, particularly in drug 
delivery, due to their availability, low cost, safety, biocompatibility, pH sensitivity, and slow biodegradability.79 

CaCO3 nanoparticles (CaCO3NPs) have shown great potential as drug carriers for targeting tumor tissues and cells. 
Their pH-dependent properties and potential for functionalization with targeted drugs make them unique in targeted 
delivery systems for anticancer drugs. Moreover, the slow degradation of the CaCO3 matrix can be utilized for sustained 
release systems, allowing drugs to remain in cancer tissues for a longer period of time. Previous studies have 
demonstrated that functionalized porous calcium carbonate nanoparticles loaded with the mTOR inhibitor rapamycin 
(CD9-Lac/CaCO3/Rapa) can selectively target senescent cells and exhibit anti-aging effects by blocking the SASP (IL-6 

Table 1 (Continued). 

Nanomaterials Loaded 
drugs

Concentration Aging model In vivo/in vitro 
model

Treatment effect Ref.

Sphingosine 
nanoemulsion

4N1Ks 
peptide

0.25–1μM MCF-7 breast cancer cells 
(adriamycin-induced aging)

In vitro Improve the activity of senolytic drugs and reduce 
the accumulation of senescent cells.

[69]

Maleimide 
Modified 
Labrafac 
Nanoemulsion

VCAM-1 
antibody

4.56μg/mL Ang II induced premature aging and 
replication induced aging in 
endothelial cells.

In vitro The expression levels of VCAM-1 and p53 in aged 
EC were decreased.

[70]

Poly (lactic acid- 
glycolic acid) 
nanoparticles 
(PLGA-ABT)

ABT263 13 µg/4 µL IVDD Rats (intervertebral disc 
degeneration induced by 
acupuncture injury)

In vivo Destroying the interaction between Bcl-2/Bcl-xL 
and pro-death protein selectively induces 
apoptosis of senescent cells, inhibits the 
expression of p16INK4a, IL-6 and SASP.

[71]

Poly (lactic acid- 
glycolic acid) 
nanoparticles 
(PLGA-ABT)

ABT263 7.5 μM Cell senescence induced by 
myocardial IR injury

In vitro Reduce the number of p16INK4a and the 
expression of SASP.

[91]
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Figure 2 β-Galactosidase-dependent Capped Nanoparticles Selectively Release Their Payload. (A) A schematic illustration of the process used to create capped, 
mesoporous silica nanoparticles loaded with either navitoclax or ICG. After the nanoparticles are loaded, 3-aminopropyl triethoxysilane is used to functionalize their 
exterior surface. The galactooligosaccharide is then covalently grafted onto the outside surface of the nanoparticles by creating a hemiaminal link. (B) Exemplary high- 
resolution TEM images showing the release of Gal·NPs. Black and white longitudinal stripes are observed on spherical particles, approximately 100 nm in size, with 
a honeycomb structure of the porous scaffold or channels. The lower values indicate 50 nm, whereas the upper figures indicate 100 nm. (C) Absorption emission 
spectrometry measurements of Gal·NP(ICG) nanoparticle cargo release experiments. The graph shows the cargo release patterns at the specified time points when 
Aspergillus oryzae β-galactosidase is present in water at pH 4.5 at room temperature and when it is absent (blank). (D) Senescent 4 T1 cells preferentially take up Gal·NPs 
(ICG). Confocal imaging of senescent and control cells after they were exposed to fluorophore-loaded nanoparticles for six or twenty-four hours. Blue: WGA; Green: 
Hoechst Red: ICG; Alexa Fluor 488 Conjugate. The graph on the left displays the mean ± standard error of the mean values obtained from confocal imaging. The statistical 
significance was determined using a two-tailed Student’s t test: *p <0.05, **p <0.01. E–F) The application of Gal·NPs (Nav) to senescent 4 T1 cells induced by palbociclib 
causes cell death. (E) Luminous ATP detection in response to increasing doses or (F) crystal violet assay at the free navitoclax IC50 concentration (0.3 μM) for cell viability 
investigations of free or encapsulated navitoclax. Reprinted from J Controlled Release, volume 323, Galiana I, Lozano-Torres B, Sancho M et al. Preclinical antitumor efficacy of 
senescence-inducing chemotherapy combined with a nanoSenolytic. 624–634, copyright 2020, with permission from Elsevier.55
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and IL-1β), reducing β-galactosidase and p53/p21/CD9/cyclin D1 expression, decreasing population doubling time, 
enhancing the proliferation and migration of aged dermal fibroblasts, and preventing cell cycle arrest.80 These results 
support the efficacy of this novel nanoparticle system for targeted therapy of senescent cells.

Liposomes
Liposomes are self-assembled hollow spheres composed of phospholipid molecules. The concept of using liposomes as 
drug delivery systems was initially established by Gregory Gregoriadis.81–83 Liposomes have similar compositions and 
structures to cell membranes, making them biocompatible and effective at protecting and releasing loaded drugs. With 
particle sizes ranging from 20 nm to 200 nm, liposomes can be easily metabolized by enzymes in the human body, 
allowing efficient drug absorption. They have been proven to be the optimal drug delivery system for hydrophobic drugs 
such as rapamycin. The unique structure of liposomes reduces the side effects of encapsulated drugs compared with free 
drugs, making them promising for the development of anticancer nanomedicines.67,84 Nguyen et al conducted a study on 
the association of a CD9 monoclonal antibody (CD9 mAb) with liposomal nanoparticles.70 CD9 monoclonal antibodies 
can specifically recognize the CD9 protein on cell membranes. The therapeutic effect of liposomes can be enhanced by 
PEGylation to reduce the uptake of liposomes by the reticuloendothelial system (RES) and prolong blood circulation 
time. They conjugated CD9 mAb to the surface of PEGylated liposomes for targeted delivery of rapamycin to overcome 
cellular senescence in cells overexpressing CD9 receptors. The results showed that senescent human dermal fibroblasts 
(HDFs) exhibited greater uptake of CD9-targeted liposomes than young HDFs. Furthermore, the LR-CD9 mAb 
significantly enhanced the antiproliferative, cell cycle-regulating, and wound healing effects of rapamycin on migration. 
These results suggest that CD9-targeted PEGylated liposomes may serve as a promising drug delivery platform for 
targeting senescent cells. Ashiba et al developed lipid nanoparticle (LNP) formulations with dual drug encapsulation to 
inhibit cellular senescence in human adipose tissue-derived mesenchymal stem cells (hAT-MSenescent cells) and natural 
killer (NK) cells by removing dysfunctional mitochondria from senescent cells.69 After LNP treatment, SA-β-Gal activity 
in hAT-MSenescent cells decreased by 20%, and the upregulation of p21 was inhibited. LNP treatment also significantly 
downregulated the expression of senescence markers in expanded NK cells. These results suggest the potential of LNP 
therapy for inhibiting or reversing cell senescence.

Nanoemulsions
In addition to liposomes, lipid-based organic nanoparticles include nanoemulsions. Belcastro et al developed 
a maleimide-modified Labrafac nanoemulsion for the transplantation of anti-VCAM-1 antibodies, aiming to target 
senescent endothelial cells.85 In addition to being developed as therapeutic approaches, these nanosystems can also be 
considered for diagnostic purposes when loaded with lipophilic fluorescent dyes. The 4N1K peptide derived from the 
TSP10 protein exhibits senolytic activity by targeting the CD47 receptor present on the surface of senescent cells. Jatal 
et al chemically conjugated 4N1K peptides to PEGylated hydrophobic chains, allowing them to bind to sphingomyelin 
nanoemulsion systems (SNs) and expose them on their surface.86 The nanoemulsion serves as a delivery system for the 
peptide to effectively target senescent cells. The results showed enhanced senolytic activity of SNs-4N1Ks (SNs-Ks) in 
a chemotherapy-induced breast cancer cell senescence model, demonstrating for the first time the potential of combining 
SNs with the 4N1K peptide in the development of innovative senolytic therapies for cancer (Figure 3).

Dendritic Polymers
Dendritic polymers are the smallest nanocarriers, with a tree-like structure, and are a class of highly branched and 
radially symmetric polymers that are easily functionalized. Due to their amphiphilic copolymers containing hydrophilic 
and hydrophobic monomer units, they can be used to carry drugs with poor solubility. Drugs can be covalently bound, 
electrostatically interact, or encapsulated into dendritic polymers. The branching structure gives dendritic polymers 
a very high surface area-to-volume ratio, allowing them to improve drug delivery efficiency.87,88 Dendritic polymers can 
be classified based on their functional groups, such as peptides (PPIs), polylysine (l-lysine), polyamidoamine (PAMAM), 
and PAMAM-organic silicon (PAMAMOS). PAMAM is the most commonly used dendritic polymer in nanomedicine 
and has been applied in many drug or gene delivery systems. Modification of dendritic polymers is usually carried out to 
reduce the toxicity caused by amino groups or eliminate them.72,89 Lewińska et al designed a nanodelivery system based 
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on PAMAM dendritic polymers for lapatinib (L) and fulvestrant (F) and evaluated their effectiveness in improving the 
anticancer effects of L and F on three different receptor states of breast cancer cell models (ie, ER-positive, triple- 
negative, and HER2-positive cells).90 The experiments showed that the use of L-PAMAM and F-PAMAM nanodelivery 
systems not only enhanced the anticancer effects of free drugs mediated by apoptotic cell death and cytotoxic autophagy 
but also eliminated senescent breast cancer cells induced by doxorubicin, ie, senolytic therapy. Therefore, novel 
nanosenolytics may become part of a sequential treatment for breast cancer, promoting senescence and subsequently 
combating aging, but this hypothesis still needs to be confirmed through in vivo systems in further research.

Polymer Nanoparticles
Polymer nanoparticles have shown promise in drug delivery systems due to their controlled release properties, subcellular 
size, and biocompatibility with tissues and cells. They have been widely used for nanoencapsulation of various biologically 
active molecules and drugs.71 Common polymer nanoparticles include poly-d, l-lactic-co-glycolic acid (PLGA), polylactic 
acid (PLA), poly-ε-caprolactone (PCL), chitosan, and gelatin-polyacryloyl chloride (PAC).91 Among them, PLGA is one of 
the most successful biodegradable nanosystems for developing nanomedicines because it hydrolyzes in the body to produce 
the biodegradable monomers lactic acid and glycolic acid. Since the human body effectively processes these two monomers, 
the systemic toxicity of PLGA used for drug delivery or biomaterial applications is relatively low. Lim et al loaded the 
senolytic drug ABT263 into poly(lactic-co-glycolic acid) nanoparticles (PLGA-ABTs) and administered them to a rat model 
of needle puncture-induced intervertebral disc degeneration (IVDD) through disc delivery.64 This strategy selectively cleared 
senescent cells from degenerated IVDs, reduced the expression of proinflammatory cytokines and matrix metalloproteinases 
in IVDs, inhibited the progression of IVDD, and even restored IVD structure. This study demonstrated for the first time that 
local injection of a senolytic drug can effectively treat age-related IVDD. Similarly, Lee et al successfully eliminated stress- 
induced senescent cells in rat hearts using PLGA nanoparticles to deliver ABT263 locally, demonstrating for the first time 
that local delivery of senolytic drugs can effectively treat myocardial ischemia‒reperfusion (IR) injury and prevent systemic 
toxicity associated with the removal of senescent cells.92 Senescent cells are key driving factors in the formation and 
maturation of atherosclerotic plaques, and resveratrol (RSV) is an effective anti-aging drug that helps attenuate senescent 
cells and reduce aortic plaques. Pham et al loaded RSV into CD9-modified mesoporous silica nanoparticles coated with 
hyaluronic acid (HA), poly(l-lysine hydrochloride) (PLL), and methoxy poly(ethylene glycol)-block-poly(l-glutamic acid 
sodium salt) (PGA) (CD9-HMSN@RSV) and released them through the HAase reaction, which could precisely target aging 
plaques and senescent cells associated with atherosclerosis in ApoE-/- mice.

Figure 3 Diagrammatic representation of the production of the nanosystems (SNs-blank, SNs-Ks, and V-Ks) by the ethanol injection method. Reprinted from Int J Pharm, 
volume 617, Jatal R, Mendes Saraiva S, Vázquez-Vázquez C et al. Sphingomyelin nanosystems decorated with TSP-1 derived peptide targeting senescent cells. 121618, 
copyright 2022, with permission from Elsevier.69
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Fe3O4 Nanoparticles
Senolytic drugs specifically mediate the elimination of senescent cells. Lewińska et al used quercetin-functionalized 
Fe3O4 nanoparticles (MNPQs) and evaluated their senolytic and senostatic activities during hydrogen peroxide-induced 
human fibroblast aging in vitro.65 This study demonstrated that MNPQ promoted AMP-activated protein kinase (AMPK) 
activity, reduced senescence-related proinflammatory responses (decreased IL-8 and IFN-β levels), and effectively 
inhibited human fibroblast senescence, indicating the potential of MNPQ as a promising candidate for senolytic and 
senostatic-based antiaging therapy.

Molecularly Imprinted Nanoparticles
Molecularly imprinted polymers (MIPs), also known as plastic antibodies or artificial antibodies, are chemically 
synthesized affinity materials with custom-designed binding cavities that are complementary in shape, size, and 
functionality to template molecules. Due to the presence of imprinting cavities, MIPs can selectively recognize and 
bind template molecules. Compared to traditional biological ligands such as antibodies, aptamers, and lectins, MIPs have 
advantages such as ease of preparation, good stability, and low cost.68 In recent years, MIPs have gained prominence in 
mediating cell recognition, prompting researchers to expand their traditional application areas to more challenging 
biomedical applications.93 Regarding senolytic drugs, a new technique involving the loading of dasatinib into molecu-
larly imprinted nanoparticles (nanoMIPs) and the validation of a set of novel senescence membrane markers, B2Ms, for 
detecting senescent cells in vitro and in vivo has been reported.94 The final results showed that nanoMIPs selectively 
killed senescent cells by delivering cytotoxic drugs to them. Furthermore, fluorescently labeled nanoMIPs could be used 
to detect senescent cells in vivo and were nontoxic when administered as a single dose.

Zinc Oxide Nanoparticles
Zinc oxide nanoparticles (ZnO NPs) are attractive due to their good biocompatibility, as zinc is an essential trace metal in 
the human body and is easily excreted. Wiesmann et al demonstrated that ZnO NPs can eliminate residual senescent 
tumor cells.95 This reveals the potential of ZnO NPs as an innovative adjunctive tumor therapy that can overcome 
radiation-induced senescence-associated radioresistance.

Summary
During the process of aging, the accumulation of senescent cells continuously drives the occurrence of chronic diseases. 
While senotherapy shows promise in addressing age-related illnesses, recent studies have highlighted its lack of 
specificity and potential side effects. In contrast, nanomedicine, as a drug delivery system, overcomes these limitations 
and has been validated experimentally. By optimizing the delivery route and overcoming physical and biological barriers, 
nanomedicine enables targeted drug delivery with specific characteristics such as altered drug solubility, release profiles, 
diffusion rates, bioavailability and immunogenicity, thereby improving drug distribution and extending drug lifespan.93 

Comparisons between traditional anti-aging therapy and nanotherapy are listed below (Table 2).
However, the application of nanosystems for targeting cellular senescence is limited by certain limitations. 1) There 

is significant heterogeneity in organs and aging states within patient populations.94 Current nanosystems for senother-
apy have been developed using cellular senescence biomarkers as a basis. However, the markers of aging can differ 
depending on the specific condition and organ. While numerous inflammatory factors have been identified as 
components of the SASP, their expression levels lack specificity in pinpointing cellular senescence. Thus, there is 
a pressing need to identify more accurate biomarkers with heightened sensitivity and specificity to establish more 
precise nanosystems for senotherapy. 2) The different therapeutic responses of the developed nanosystems in animal 
models and humans. The immune system and skin exhibit varying responses across different animal species and 
human individuals. Therefore, while numerous anti-aging treatments have shown efficacy in animal models and 
in vitro studies, clinical trials evaluating targeted therapeutic approaches are essential to determine their safety and 
effectiveness in human patients.

Consequently, the guiding principles for the development of nanodrug delivery systems tailored for senotherapy in the 
future can be summarized as follows.
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1. Ultrasensitive biomarker-switchable nanosystems. Studies have shown that metabolic abnormalities in organelles such as 
lysosomes and mitochondria can be used as clear markers of cell senescence. β-galactosidase (SA-β-Gal) can catalyze the 
hydrolysis of β-galactoside in cells, but its activity is abnormally increased in senescent cells. Lipofuscin is a metabolite of 
lysosomal output that gradually deposits with cell senescence and eventually forms senile plaques on the body surface at 
advanced ages. Energy metabolism in senescent cells, including carbohydrates and lipids, is disordered, and the oxygen 
consumption rate of mitochondria, as the “energy factory” of cells, increases, which produces more free radicals while 
producing a large amount of ATP for the operation of protein machinery, resulting in further damage to various organelles.95

2. Targeting upstream regulators in aging disease. Recent studies have shown that immunosenescence mediates changes in 
the inflammatory state of the body by releasing cytokines and changing immune capacity and subsequently participates in 
organ aging and disease. As the most powerful type of phagocytic cell, macrophages can phagocytose and eliminate 
senescent or dead cells, thus alleviating the aging phenomenon. At the same time, macrophages also undergo polarization, 
cytokine release and antigen presentation, which are closely related to inflammatory activation. Therefore, the aging of 
macrophages themselves may regulate their own inflammatory activation by inhibiting the cell cycle and may also reduce 
their phagocytic function and aggravate the accumulation of aging signals, which play a multifaceted role in organ aging 
and aging-related diseases. Yang et al discussed the specific molecular markers, cell function changes and regulatory 
network of macrophage senescence and described the critical role of macrophage senescence in organ aging and aging- 
related diseases. On this basis, nanosystems hijacking senescent macrophages show promise in reversing cellular 
senescence at an earlier stage.100

Overall, nanoscale drug delivery systems have great potential as nanotherapies for targeting senescent cells.101,102

Table 2 Comparison Between Traditional Anti-Aging Therapy and Nanotherapy

Category Stability Administration route Advantages Disadvantages

Traditional 
senotherapy

Traditional drugs, such 
as quercetin,96 have 
problems with 
photoinstability and 
thermal instability.

Mainly oral administration and multiple 
administration times.

They had been approved by the FDA and 
widely used in clinical practice. Therefore, 
their therapeutic outcomes and side effects 
were well known compared to nanosystems.

1. The oral absorption efficiency was poor, 
leading to low bioavailability.

2. The retention time at lesion is short.
3. Most drugs exhibited a lack of specific 

recognition of senescent cells, resulting 
in systemic toxicity.

4. The anti-aging pathway was limited 
when one drug was given.

Nanobased 
drug delivery 
systems

The stability of drug 
response to light and 
heat can be enhanced 
through material 
modifications.97

Mainly intravenous injection. As 
nanosystems exhibit sustained release 
behavior, administration times can be 
significantly reduced compared to 
traditional drugs. This may lead to 
improved patient compliance and 
adherence.

1. Through the encapsulation, conjugation, 
and electrostatic adsorption of nano-
materials, the saturation solubility of 
drugs can be significantly enhanced, 
thereby improving oral bioavailability.

2. By modifying the surface of nanomaterials 
with ligands, antibodies, oligonucleotides, 
and other targeting agents for senescent 
cells, nanosystems can acquire the cap-
ability to precisely identify senescent 
cells, resulting in significantly enhanced 
efficacy and reduced toxicity.

3. Nanomaterials typically possess specific 
diameters, and the size effect can facil-
itate prolonged retention of drugs at 
lesion sites.

4. Nanocarriers within nanodelivery sys-
tems can collaborate with drugs to 
exert multipathway anti-aging effects.

While significant progress has been achieved 
in experimental research on nanosystems 
during the preclinical stage, achieving 
effective clinical treatment remains a distant 
goal. The complete assessment of biosafety, 
exploration of scale-up processes, and 
understanding of targeting efficiency in 
humans are yet to be fully investigated.

Nanomethods 1. Proteins in exo-
somes are easily 
degraded.

2. The microneedle 
has the property of 
long-term stability.98

1. Exosomal therapy can be administered 
both intravenously and transdermally.

2. Microneedles can be administered 
transdermally.

1. Most components were derived natu-
rally without introducing polymer 
materials, thereby reducing potential 
toxicity and side effects.

2. Multiple components can realize multi-
target therapy.

3. Transdermal clinical application is com-
paratively effective and safe.99

1. The preparation process of exosomes is 
complex.

2. The treatable type of aging mainly 
focuses on skin aging.
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