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Cellular senescence is a significant risk factor for aging and age-related diseases (ARD). 

The canonical senolytics Dasatinib and Quercetin (DQ) have shown promise in clearing 

senescent cells (SnCs); however, the lack of selectivity poses a challenge in achieving 

optimal outcomes. Despite the recent occurrence of the nanomaterial-based approaches 

targeting SnCs, limited therapeutic effects and potential toxicity still remain a major concern. 

Herein, we developed a "double locks-like" nanoplatform that integrated Galactan coating 

and mesoporous polydopamine to encase the senolytic drug DQ. By this way, DQ was only 

released in SnCs that were featured with higher levels of β-galactosidase (β-gal) and low 

PH. Additionally, the nanoparticles were equipped with 2,2,6,6-Tetramethylpiperidine-1-oxyl 

(Tempo) to gain enhanced photothermal converting potential. Consequently, the synthesized 

nanosenolytics demonstrated remarkable specificity and efficacy in eradicating SnCs, and 

accordingly reversed pulmonary fibrosis in mice without affecting normal tissues. Upon 

exposure of near-infrared (NIR) light, the nanoparticles demonstrated to efficiently remove 

senescent tumor cells inducted by chemotherapy, thereby hindering the outgrowth and 

metastasis or breast cancer. Collectively, the present study develops an "On/Off" switchable 

nanoplatform in response to SnCs, and produces a more safe, efficient and feasible way to 

delay aging or alleviate age-associated diseases.  

Keywords 

Dasatinib and Quercetin; Pulmonary fibrosis; breast cancer; β-galactosidase; Targeting 

senescent cells; "On/Off" switchable nanoplatform. 

Graphical Abstract  

Schematic illustration of the synthesis and therapeutic process of Gal-TMPDA@DQ. 

1. Introduction 
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The rising in the aging population has become a common pheromone all over the world, and 

it is estimated to have at least 2.1 billion people over 60 years old by 2030 [1]. Since 

advanced age is considered as a major risk factor for various degenerative and chronic 

diseases, it is imperative to develop the anti-aging therapies or preventions on the basis of 

hallmarks of aging. Cell senescence has been recognized as a major signature, as well as a 

fundamental cause of the organismal aging [2]. Cellular senescence is a cell state 

characterized by replicative arrest, highly expression of cell cycle-related inhibitory proteins 

such as P53, P21 and P16, increased senescence-associated β-galactosidase (SA-β-gal) 

level, and production of a plethora of proinflammatory cytokines, chemokines and 

extracellular matrix-degrading proteases, which is known as senescence-associated 

secretory phenotype (SASP). Through the SASP, senescent cells (SnCs) induce sterile 

inflammation, tissue damage, fibrotic pathogenesis and senescence of bystander cells. 

Accordingly, pathologic accumulation of SnCs would lead to a range of age-associated 

disorders such as cancer, pulmonary fibrosis, cardiovascular disease, neurodegenerative 

disorders and exacerbated viral infection [3]. 

Due to the central place for SnCs in age-related pathologies, elimination of SnCs has 

emerged as a plausible therapeutic strategy to prevent, delay, or alleviate the immediate or 

long-term health impacts posed by the aging process [4]. Senolytics are a class of 

compounds that can eradicate SnCs by inducing cellular apoptosis and programmed cell 

death. Recently, an expanding list of senolytic agents, such as combination of Dasatinib and 

Quercetin (DQ) [5], BCL inhibitors ABT-263/737 [6], HSP90 inhibitors [7], Cardiac glycosides [8] 

and procyanidin C1 [9] have been discovered and show the SnC-clearing effects. Among 

them, DQ is the first identified, and also the most characterized senolytic drug. Dasatinib is 

an FDA-approved tyrosine kinase inhibitor able to induce apoptosis in SnCs by inhibiting the 

Src tyrosine kinase. Quercetin is a naturally occurring flavonoid with the ability to induce cell 
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apoptosis through repressing the anti-apoptotic molecules such as BCL-xL. Studies have 

shown that combination of dasatinib and quercetin exerted significant effects in the 

elimination of SnCs and the relief of SASP in various tissues [3a, 10]. Accordingly, DQ has 

been tested to treat the aging-related diseases such as atherosclerosis [11], senile 

osteoporosis [12], diabetic kidney disease [13] and type II diabetes [14]. Recently, two clinical 

trials were approved to apply the senolytic DQ to treat idiopathic pulmonary fibrosis (IPF), 

which showed the promising outcome in improving patients’ physiology, though the 

examination of entailing larger population of participants and the evaluation of long-term 

effects are needed [15]. Despite the progress made in the application of senolytic therapy 

(senotherapy), emerging evidences indicate that critical issues, such as low selectivity, 

limited therapeutic potency and potentially off-target effects, hamper its further 

implementation [16]. In particular, studies have reported that DQ exerted the non-specific 

cytotoxic effects, and displayed no selectivity toward senescent human fibroblasts [6, 17]. As 

proof-of-concept evidences, treatment with DQ demonstrated 55% cytotoxicity in non-

senescent cells (NSs) at higher doses [18]. Administration of Dasatinib was shown to cause 

thrombocytopenia [19], lung vascular toxicity and even pulmonary hypertension [20]. 

Furthermore, the data from clinical trials revealed that a series of adverse events including 

feeling unwell, cough, nausea, fatigue, weakness, and headache were observed in IPF 

patients with the senotherapy, which might ultimately impede compliance with the DQ 

therapy. Another concern is the limited efficacy of the senolytics to clear SnCs and improve 

the age-related pathologies [21]. It was reported that high dose of DQ was required for 

optimized therapeutic effect [22], which however would be harmful to normal cells. 

Additionally, the agents demonstrate incomplete absorption, high first-pass metabolism, and 

low bioavailability [23]. Thus, the challenges current senotherapy facing call for the innovative 

senolytic system with improved selectivity, efficacy and biosafety. 
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The nanomaterial-based drug delivery system provides one of the most effective and 

accessible platforms to overcome these problems. Polydopamine (PDA) is a natural 

melanin-like biopolymer with excellent biocompatibility, biodegradability, PH responsiveness 

and photothermal conversion properties, making it an ideal nano basis for controlled delivery 

of senolytics [24]. Moreover, the mesoporous framework with adjustable channel endows the 

mesoporous PDA (MPDA) with high drug loading capacity and sustainable drug release 

properties, allowing efficiently send and release the senolytics at targeted tissues avoiding 

drugs diffusion [25]. 

Cell-targeted drug delivery systems can significantly enhance the intracellular 

accumulation and controlled release of senolytics in aged tissues over health ones. The 

challenged work is to distinguish SnCs from normal cells. In recent years, a spectrum of 

biomarkers targeting SnCs have been identified to differentiate them from non-senescent 

cells. Among them, the molecules such as integrin αvβ3 and uPAR have been applied  to 

develop the SnC-specific nano therapies [26], which showed the potential in the treatment of a 

wide range of age-related diseases. By exploiting the ever-increasing SnC-specific targets,  

the senolytics drugs can be more efficiently and specifically delivered to the aged cells or 

tissues for inducing  cell apoptosis and mitigating SASP secretion, and thereby resuming 

tissue homeostasis and rejuvenating the organisms. In addition, the increased lysosomal 

SA-β-gal level has been appreciated as a hallmark of cellular senescence, and its activity 

can be detected in the organs of old individuals and animals. For these reasons, SA-β-gal 

has been widely used to identify SnCs and to specifically target SnCs for their elimination, 

essentially by taking advantage of a galactose-modified surface layer [27]. Currently, 

researchers have developed a series of prodrugs that can be cleaved by β-Gal [27a, 28].  By 

this, the responsive moieties act as the protective “locks” in normal cells to prevent the side-
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effects of the senolytic drugs, while β-Gal in senescent cells functions as a specific “key” to 

release the effector molecules and enable targeted drug delivery and treatment.  

Additionally, considering that multiple biological pathways are involved in age-

associated pathology, it is expected that monotherapy may not achieve the successful 

efficacy in elimination of SnCs. An innovative approach integrating canonical senolytics and 

the nano therapy such as photothermal therapy (PTT) might have additive benefits to clear 

SnCs and elevate the therapeutic potential, especially in treating the refractory cancers that 

undergo the senescent transition induced by chemotherapy [29]. 

To overcome the limitations associated with current senotherapy, we herein developed 

a multifunctional nanomaterial based on mesoporous polydopamine (MPDA), which provided 

a platform for efficient encapsulation and controlled release of the senolytic cocktail DQ. 

Unlike the traditional β-Gal-based “lock-and-release” method, we   implemented a “dual-lock” 

approach that consists of a Galactan-modified layer and TMPDA. Upon entry of the 

nanocarrier into SnCs and subsequent engulfment by lysosomes, the “first lock” of our 

nanosenolytics is triggered and deblocked. By exploiting the lower PH in SnCs, TMPDA is 

activated and unlock the “second lock” of the senolytics. Only when both “locks” are 

successfully opened, DQ can be released into the aged cells. As such, the synthesized 

nanosenolytics, termed Gal-TMPDA@DQ, demonstrated to specifically and efficiently 

eradicate SnCs with no evident effects on normal cells. Consequentially, treatment of the 

nanosenolytics greatly improved pulmonary fibrosis, and inhibited cancer progression post 

chemotherapy. We thus developed a novel senotherapy with improved selectivity, efficacy 

and biosafety, which shows a promising to treat age-related diseases.  

2. Results 

2.1. Preparation of Gal-TMPDA@DQ 
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To increase the selectivity and efficacy of the senolytic treatment, we established a 

polydopamine nanoparticles-based nanoplatform that enclosed a well-appreciated senolytic 

cocktail DQ. PDA has demonstrated the promise in early diagnosis and targeted drug 

delivery owing to its biocompatibility, biodegradability, and photothermal conversion, but its 

encapsulation efficiencies of hydrophobic drugs was unsatisfied. We thus developed the 

MPDA polymers by mixing the F127, P123, DA oligomers, and 1,3,5-trimethylbenzene 

(TMB) with ammonium hydroxide as the catalyst. Additionally, Tempo, a nitroxyl radical with 

enhanced photothermal conversion capability [30], was doped onto the PDA to fabricate the 

polymers, namely TMPDA.  

Afterwards, the senolytic agents D and Q were loaded onto the mesoporous particles to 

generate a stable and biocompatible drug carrier. A layer of Galactan (Gal), which was 

presumably catalyzed by SA-β-gal, was subsequently synthesized and encapsulated the 

nanospheres. As such, the synthesized nanoparticles, termed Gal-TMPDA@DQ, were 

expected to response to the enzymes in senescent cells and release the senolytics for 

specific killing. Moreover, the incorporation of Tempo endowed the polymers with enhanced 

light absorption, and photothermal activity to maximize the therapeutic effects.   

2.2. Characterization of Gal-TMPDA@DQ 

We then characterized the nanoparticle. Dynamic light scattering (DLS) examination 

revealed that the size of Gal-TMPDA@DQ was 147.20 ± 22.17 nm, with Gal-MPDA@DQ at 

155.13 ± 25.58 nm (Figure 1A, B). Compared with bare TMPDA (108.83±16.37 nm) and 

MPDA (126.57±19.07 nm), the particle size of DQ-incorporated nanoparticles was slightly 

increased, which may be due to the loading of DQ and the encapsulation of Galactan (Figure 

S1A and S1B, Supporting Information). The polymers maintained stable during the tested 

period of 96 h, as no significant alterations were observed in the particle’s sizes and 
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polydispersity (Figure 1C, D) (Figure S1C and S1D, Supporting Information). Transmission 

electron microscopy (TEM) revealed that the mesoporous particles were decorated with the 

spheroid-like nanochannels with the diameters of approximately 26.03±6.43 nm (Figure 1E). 

Zeta potential analysis demonstrated that the nanoparticles were measured as -19∼-16 mV 

(Figure 1F). 

Next, we set to assess the encapsulation efficiency (EE) and the drug loading (DL) of 

Gal-TMPDA@DQ. The results showed that the EE values for D and Q were 90.39 ± 0.91% 

and 87.91 ± 2.87%, respectively, and the DL values were at 18.08±0.18 μg/mg and 

45.71±1.50 μg/mg, respectively (Figure 1G). Since D and Q doped at the nanoparticles were 

expected to be released at acid lysosomes upon the catalyzing effect of β-Gal when the 

particles were internalized in SnC, we therefore established an acid (PH 5.5) culture system 

with the addition of β-Gal to test the in vitro release of drugs. Ultra-high-performance liquid 

chromatography (UHPLC) revealed that, in the absence of β-Gal, the release rates of D and 

Q were only 33.6% and 26.6% respectively within 48 h, whereas the addition of β-Gal 

caused cleavage of the Galactan layer at the nanospheres and release of D and Q at the 

increased rates 69.12% and 50.08%, respectively. Interestingly, we observed that near-

infrared irradiation (NIR 808 nm; 1.5 W/cm2) further boosted the drugs release, and induced 

the D and Q release at the rates of 77.98% and 63.96%, respectively (Figure 1H, I). This 

effect might be attributed to the photothermal properties of TMPDA, as it was able to 

generate the heat under NIR, which in turn caused the disruption of hydrogen bonds 

between DQ and TMPDA, and thereby promoted the drugs release. We additionally 

performed Molisch test, a straightforward method for detecting carbohydrates [31], to confirm 

the interaction of β-Gal with the Galactan at the nanoparticles. The results showed that Gal-

TMPDA@DQ induced a positive reaction in the presence but not the absence of β-Gal, 

further supporting the decomposition of the Galactan layers by β-Gal (Figure 1J). 
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Next, we assessed the photothermal conversion effect of TMPDA-integrated senolytics. 

To this end, the ability of Gal-TMPDA@DQ to absorber the light (808 nm, 1.5 W/cm2, 300 s) 

to convert the heat (temperature) was measured using a radiation thermometer system. The 

results showed that while ddH2O and Free DQ maintained the tested system at room 

temperature, Tempo-dotted MPDA caused a remarkable rise in temperatures (Figure 1K). 

Interestingly, we found that loading of DQ to TMPDA micelles caused a slight decrease the 

temperature, likely due to their structures or chemical properties. The data also 

demonstrated that TMPDA emitted the heat energy in time- and dose-dependent manner 

(Figure 1L). We also observed a good correlation between the NIR power densities and the 

elevated temperatures, indicating the thermoresponsive capability of the TMPDA moiety 

(Figure 1M). Additionally, Tempo-dotted MPDA maintained photostability following repeated 

NIR irradiation (Figure S1E, Supporting Information). According to the plot of time versus 

negative natural logarithm of the temperature driving force (ΔT/ΔTmax) in the natural cooling 

process, the value of τ (τ= 164.04) was obtained, and the photothermal conversion efficiency 

of TMPDA was calculated to be 37.55% (Figure 1N). Thus, the data indicated that Gal-

TMPDA@DQ could effectively convert NIR energy into heat to achieve PTT in targeted cells. 

 In addition, we conducted a hemolysis assay to test whether the synthesized 

nanomaterial would cause blood cell disruption at physiological PH (7.4). The results 

showed that the hemolysis rate of Gal-TMPDA@DQ was negligible, and no evident 

phagocytosis and aggregation of negatively charged blood cells were observed (Figure S1F 

and S1G, Supporting Information). Collectively, our data indicated that the MPDA-based 

polymers that integrated the senolytic agents DQ, SnC-targeting Galactan layers, and 

Tempo moiety were successfully synthesized. 

2.3. In-vitro elimination of senescent cells 
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Pulmonary fibrosis is an age-associated disease characterized by the accumulation of 

senescent cells. Studies have shown that progressively aging of alveolar type II (ATII) 

epithelial cells is an early and critical event that underpins lung aging and fibrosis [32]. We 

thus set out to explore whether Gal-TMPDA@DQ could selectively eliminate senescent lung 

cells to modulate pulmonary fibrosis. For this, an ATII epithelial cell line, A549 cells, were 

incubated with Bleomycin (Bleo), an agent proposed to cause pulmonary fibrosis 

and senescence of alveolar epithelial cells [33]. Expectedly, treatment of A549 cells with Bleo 

(0.01 U/ml) for 2 days elicited a series of senescent markers such as intensified SA-β-Gal 

staining (Figure S2A, Supporting Information). Moreover, elevated expression of TGF-β, 

SMAD2, and ITGAV (Figure S2B, Supporting Information), similar to ATII epithelial cells, 

was observed [34], which is highly reminiscent of the occurrence of IPF. Subsequently, we 

examined whether the nanoparticles could specifically target SnC by applying the Nile Red-

labeled polymers, which were then incubated with either senescent A549 or control cells. 

Co-localization of Nile Red (NR) and the cell nucleus (DAPI) was detected at different time 

points (0, 2, 4, 6, and 12 h post incubation) (Figure 2A). The results showed that the 

fluorescence intensity of Nile Red was significantly higher in senescent cells than that in 

normal cells (Figure 2C), and the flow cytometry analysis confirmed this trend. The data thus 

supported the preferential internalization of the nanoparticles by SnCs (Figure 2B). 

Next, we sought to define the intracellular localization of Galactan-modified TMPDA 

nanospheres in SnCs by exploiting the commercial staining dyes that specifically labeled 

lysosomes. Co-localization examination revealed a remarkable overlay of the NR 

fluorescence (Gal-TMPDA@NR) with Lyso-Tracker in senescent A549 cells (Figure 2D, E). 

Thus, the data indicated that the nanoparticles were preferentially taken up by SnCs and 

essentially accumulated in lysosomes, allowing subsequent β-gal-mediated enzymatic 

reaction. 
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We then proceed to test the senolytic activity of the prepared polymers in normal or 

aged A549 cells. We firstly demined a relatively safe dose of Gal-TMPDA@DQ (100 μg/ml) 

that exerted marginal effect on the viability of normal cells (Figure 2F). However, such dose 

of the nanosphere caused a significantly increased senolytic activity (62%), compared with 

that of Free DQ (38%) (Figure 2G). In line, the Annexin V-FITC/PI staining, a well-

established approach for measuring cellular apoptosis, revealed that Gal-TMPDA@DQ 

elicited a higher apoptosis rate (71.6%) than Free DQ (40.3%) in SnC. Among them, Free 

DQ also induced apoptosis in normal cells (23%), which was eliminated in Gal-

TMPDA@DQ. In parallel, Gal-TMPDA@DQ treatment caused a profound reduction in the 

levels of senescent markers including SA-β-gal, p53, p21 in senescent A549 cells, as 

compared with Free DQ administration (Figure 2H, I). Together, the results indicated that 

Gal-TMPDA@DQ were efficiently internalized by SnC and targeted lysosomes to exert the 

specific and potent senolytic effects via co-opting Galactan. 

2.4. Gal-TMPDA@DQ exhibits better effects than Free DQ in mitigating bleomycin-

induced lung injury 

The above findings promoted us to further assess the senolytic activity of Gal-TMPDA@DQ. 

For this, we established a Bleo-induced mice model of IPF, a well-recognized model related 

with lung aging and cellular senescence [35]. Firstly, we examined the tissue distribution of 

the nanoparticles in mice following Bleo administration. The results demonstrated that the 

NR-incorporated particles, upon injection via tail veins, efficiently migrated into the lung 

particularly at 12 h post inoculation (Figure 3A and figure S3A, Supporting Information). This 

was likely due to the SnC-targeting activity of the nanoparticles, and set a basis for 

subsequent therapeutic effects. We then assessed the impact of the nanoparticles on lung 

pathologies in fibrotic mice (Figure 3B). Remarkably, the data demonstrated that a profound 

loss in body mass induced by Bleo treatment was substantially mitigated by Gal-
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TMPDA@DQ relative to Free DQ treatment (Figure 3C, D). H&E staining of lung sections 

revealed severe lung pathologies upon Bleo administration, characterized by thickening of 

alveolar walls and disruption of alveolar structure, which was significantly improved by Gal-

TMPDA@DQ, to a greater extent than Free DQ treatment (Figure 3E). Next, we detected 

the content of hydroxyproline, a cardinal feature of pulmonary fibrosis, and found that its 

level was significantly decreased in the lung tissues of mice treated with Gal-TMPDA @ DQ, 

when compared with that of lungs in Free DQ-treated group (Figure 3F). Also, Masson 

staining and immunofluorescence staining demonstrated that the collagen deposition (Figure 

3G, H) and α-SMA level (Figure 3I, J) were reduced by DQ treatment in fibrotic mice, but 

was more profoundly lessened by Gal-TMPDA@DQ administration. Together, the results 

demonstrated a superior function of Gal-TMPDA@DQ, compared with Free DQ, in 

alleviating Bleo-induced lung fibrosis in mice.  

2.5. Gal-TMPDA@DQ specifically removes SnCs in IPF mice 

We next sought to address whether the protective effects of Gal-TMPDA@DQ were related 

with its senolytic activity. Notably, the data showed that the percentages of β-Gal+ SnC was 

greatly reduced by Gal-TMPDA@DQ relative to Free DQ treatment in lungs of fibrotic mice 

(Figure 4A, C). The staining of senescence-associated γH2AX foci, indicative of 

senescence, was also more significantly reduced by Gal-TMPDA@DQ treatment (Figure 

4B). Additionally, the levels of the senescence-related factors in lung tissue such as P53, 

P21, and P16 (Figure 4D) as well as inflammatory factors in bronchoalveolar lavage fluid 

(BALF) such as IL-1β, IL-6, IL-10 and TNF-α (Figure 4F) were substantially reduced by Gal-

TMPDA@DQ treatment compared with that upon Free DQ treatment. Heatmap analysis also 

indicated that Gal-TMPDA@DQ treatment markedly reduced the levels of SnC-associated 

genes in fibrotic lungs (Figure 4E). Collectively, our data indicated that compared Free DQ, 
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Gal-TMPDA@DQ exhibited more potent roles in clearing SnCs, reducing senescence-

associated features, and thereby mitigated lung pathologies and promoting tissue integrity. 

2.6. Gal-TMPDA@DQ exhibits no significant tissue toxicity 

Canonical senolytics have shown the promising in eradicating SnCs but they may also kill 

non-senescent cells and cause the off-target effects due to their inability to recognize SnCs 

[15a, 212, 36]. We thus further evaluated the potential toxic effects caused by the nanosenolytics. 

Indeed, H&E staining of tissue slices revealed that no significant tissue damages were 

induced by the nanoparticles in major organs in heart, liver, spleen, and kidney (Figure 

5A).  A complete blood count indicated that there were no marked alterations in the counts of 

white blood cell (WBC), red blood cells (RBC), and platelet (PLT), as well as the level of 

hemoglobin (HGB) in mice receiving the nanotherapeutics (Figure 5B-E). Also, the 

nanoparticles treatment caused no significant effects on the levels of alanine transaminase 

(ALT) and aspartate transaminase (AST), the typical biomarkers of liver function, and on the 

concentration of blood urea nitrogen (BUN), an indicator of kidney function (Figure 5F-

H).  Thus, our data indicated that Gal-TMPDA@DQ and the associated nanomaterials 

displayed good biocompatibility with no significant tissue toxicity.  

2.7. Gal-TMPDA@DQ effectively eliminates chemotherapy-induced senescent cancer 

cells 

Conventional anticancer treatments such as chemotherapy have been proved to induce 

senescence in cancer cells, which may potentially cause cancer dormancy, therapy evasion 

and a risk for tumor relapse [37]. Palbociclib (Pab) is a drug used for the treatment of 

advanced estrogen-receptor-positive breast cancer, and it is also a selective inhibitor of 

cyclin-dependent kinases 4 and 6 (CDK4/6) that induces cell cycle arrest and senescence. 

We thus extended our study to analyze whether the nanosenolytics could remove senescent 
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cancer cells that were induced by chemotherapies such as Pab. Initially, our data 

demonstrated that treatment of breast cancer cells, 4T1 cells, with 5 μM Pab for 14 days [38] 

elicited 70% β-Gal+ SnC, along with elevated expression of p53, indicative of SnCs induced 

by Pab treatment (Figure 6A, B). Next, using the NR-labeling approach, we demonstrated 

that the TMPDA nanoparticles were preferentially taken by Pab-induced senescent 4T1 cells 

(Figure 6C-E). Accordingly, Gal-TMPDA@DQ (100 μg/ml) caused 60% cell death in SnCs, 

while exerting not significantly effect on non-senescent cells. Moreover, combination of Gal-

TMPDA@DQ with near-infrared irradiation (NIR) led to about 83% cell death, whereas Free 

DQ treatment only elicited 41% cell apoptosis (Figure 6H, I). The results thus indicated that 

Gal-TMPDA@ DQ selectively targeted senescent cancer cells, and combined with the 

irradiation, to exert much more potent effects than Free DQ to remove SnCs. 

2.8. Gal-TMPDA@DQ is accumulated in senescent tumor tissues 

To further confirm SnC-targeting properties of the nanoparticles, we then established a 

breast cancer model by injecting 4T1 cells into the mammary fat pad of BALB/c mice, and 

Pab was administrated from day7 once every day for one week. As expected, Pab treatment 

caused a remarkable SA-β-Gal staining and reduced immunostaining of Ki67 in tumor 

tissues, indicative of cell cycle arrest and senescence (Figure 7A, B). Next, we examined 

whether the nanoparticles could be able to migrate to the senescent tumor tissues when 

injected intravenously. Remarkably, the results showed that NR-labeled Gal-TMPDA 

particles rapidly trafficked into the breast tumor sites in Pab-treated mice, peaked at 24 h 

post inoculation (Figure 7C-E). Nevertheless, no significant signals were detected in tumors 

without pretreatment of Pab, further supporting the SnC-targeting activity of the 

nanoparticles.  
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In addition, considering the thermoresponsive capability of Tempo, we measured the 

temperature at the tumor site of tumor-bearing mice by exploiting a photothermal imaging 

system. The results demonstrated that Gal-TMPDA@DQ treatment caused a rapid rise of 

the tumor temperatures, up to 61.5 °C after 3 min of laser irradiation, whereas Gal-

MPDA@DQ caused the temperature rising to 47.9 °C (Figure 7F). Combined with that above 

observation about the enhanced senolytic activity (Figure 6G), the data indicated that the 

incorporation with Tempo endowed the nanomaterials with additive effects to more efficiently 

kill cancer cells. 

2.9. Gal-TMPDA@DQ/R cooperating with Pab significantly inhibits tumor growth  

Encouraged by the above observations, we then explored the potential role of the 

nanoparticles, by co-acting with the chemotherapeutic agents, in treating refractory cancers. 

For this, the breast cancer 4T1 cells were injected into the mammary fat pads of BALB/c 

mice, followed by Pab administration 7 d later. Also, Free DQ or the synthesized 

nanparticles were applied from at day15, 18, 21. To maximize the effects of the 

thermosensitive Tempo, the mice also received the irradiation one day the nano therapy 

(Figure 8A). During the whole tested period, we observed no significant alterations in body 

weight among groups of mice (Figure 8B). Treatment of Pab retarded tumor growth, but with 

weaker effects compared with that induced by cooperation of Pab with Free DQ, or Gal-

modified TMPDA@DQ. More strikingly, Gal-TMPDA@DQ combined with irradiation 

displayed much more effects in impeding tumor growth, and even completely eradicated 

tumors (Figure 8C, D).  

In addition, we evaluated the in vivo senolytic effect of various treatments. TUNEL 

analysis of tumor tissue sections demonstrated that, compared with Free DQ treatment, 

Galactan-conjugated TMPDA@DQ exerted more profound effects in inducing cellular 
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apoptosis, particularly when collaborating with the irradiation (Figure 8E). Congruently, H&E 

staining revealed that Pab treatment only caused slight nuclear enlargement and dissolution 

in tumor cells, while combination of the senolytics, especially Gal-TMPDA@DQ/R, led to 

severe cellular apoptosis, characterized by nuclear pyknosis, karyorrhexis, and karyolysis 

(Figure 8F). Thus, the data consistently supported the enhanced tumoricidal activity of 

Galactan-modified senolytics, and Tempo-mediated thermal activity boosted the therapeutic 

effects.  

In addition, we evaluated the potential tissue toxicity of the nanomaterials, and found no 

significant damages were caused in major organs such as hearts, kidney, liver, spleen and 

blood cells (Figure S4, Supporting Information). In the investigation of tissue toxicity in 

various organs, we observed the aggregation of tumor cells in the lungs, indicating the 

occurrence of lung metastasis in breast cancer. Consistently, lung metastasis of breast 

cancer was inhibited by combinative treatment of Pab with DQ, but with more profound 

effects upon combination with Gal-TMPDA@DQ and NIR irradiation (Figure 8G). Together, 

the findings indicated the nanotherapeutics integrated multiple mechanisms involving SnC-

targeting, specific killing and PTT behaviors, to maximize anti-tumor therapeutic effects and 

limit unwanted tissue damage.   

 

Figure. 1. Characterization of Gal-TMPDA@DQ. Hydrodynamic size distribution of (A) Gal-

MPDA@DQ and (B) Gal-TMPDA@DQ at 0h by DLS. (C) Hydrodynamic size changes of 

Gal-MPDA@DQ and Gal-TMPDA@DQ at 0, 4, 8, 24, 48 and 96 h by DLS. (D) The 

polydispersity of Gal-MPDA@DQ and Gal-TMPDA@DQ at 0, 4, 8, 24, 48 and 96 h by DLS. 

(E) TEM images of MPDA, Gal-MPDA@DQ, TMPDA and Gal-TMPDA@DQ (scale bar = 200 

nm). (F) Zeta potential of MPDA, TMPDA, Gal-MPDA@DQ and Gal-TMPDA@DQ. (G) The 
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encapsulation efficiency (EE) and drug loading (DL) of D and Q in Gal-TMPDA@DQ. The 

release of (H) D and (I) Q from Gal-TMPDA@DQ at PH 5.5 or PH 5.5/β-Gal or PH 5.5/β-

Gal/NIR. (J) The Molisch reaction of Gal-TMPDA@DQ. (K) The temperature curves of the 

solution containing the indicated agents following exposure of NIR (808 nm; 1.5 W/cm2) for 

300 s. (L) The temperature curves of the solution containing TMPDA at the indicated 

concentrations following exposure of NIR (808 nm; 1.5 W/cm2) for 300 s. (M) The 

temperature curves of TMPDA solution (100 μg/ml) subjected to NIR at the indicated 

intensities for 300 s. (N) The temperature curves of TMPDA solution (100 μg/ml) under NIR 

(808 nm, 1.5 W/cm2) for the indicated time periods. Inset: plot of time versus negative 

natural logarithm of the temperature driving force (△T/△Tmax) in the natural cooling process. 

(O) Infrared thermal images of Gal-TMPDA@DQ solution at the indicated concentrations 

subjected to NIR irradiation (808 nm, 1.5 W/cm2) for the time periods as indicated. Data are 

from 3 experiments and presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, 

**** P < 0.0001. 

 

Figure. 2. Gal-TMPDA@DQ is preferentially taken by SnCs for specific killing. (A) Confocal 

images of normal and senescent A549 cells (Bleo-pretreated) incubated with Nile red (NR)-

loaded Gal-TMPDA (50 μg/ml) for the indicated time periods. Nuclei, DAPI (scale bar = 50 

μm). (B) Flow cytometric analysis of normal and senescent A549 cells (Bleo-pretreated) 

incubated with Gal-TMPDA@NR, and (C) the fluorescence intensities were shown of 

confocal images. (D-E) Confocal fluorescence images showing the subcellular localization of 

Gal-TMPDA@NR in Bleo-induced senescent A549 cells and cross-sectional analysis. 

Lysosome, Lyso tracker; Nuclei, DAPI. Scale bar = 10 μm. (F) The viability of normal A549 

cells incubated with Gal-TMPDA@DQ at the indicated concentrations for 24 or 48 h. (G-K) 

Normal or senescent A549 cells were incubated with the indicated agents for 24 h (Free DQ 
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(D: 2.87 μM, Q: 17.20 μM), MPDA (MPDA:100 μg/ml), TMPDA (TMPDA:100 μg/ml), Gal-

MPDA@DQ (MPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM) and Gal-TMPDA@DQ 

(TMPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM). The viability of senescent A549 cells (G), 

protein levels of p53 and p21 (H), SA-β-Gal staining (scale bar = 50 μm) (I), flow cytometry 

of cell apoptosis (J) and quantitative analysis (K). Data are from 3 experiments and 

presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.  

 

Figure. 3. Gal-TMPDA@DQ alleviates bleomycin-induced lung fibrosis. (A) Mice were 

intratracheally instilled with bleomycin (2 U/kg) or saline for two weeks, and Nile red (NR)-

loaded Gal-TMPDA (5 mg/ml, 200 μl) were instilled via tail veins and traced by IVIS system 

(Color Scale: Min =1.94e8, Max =2.41e9) at the major organs at the indicated time periods 

post nanoparticles injection (n= 3). (B-I) The simplified experimental scheme. C57BL/6J 

mice were intratracheally instilled with bleomycin for 6 days, and then divided randomly for 5 

groups for treating with free DQ (D: 0.7 mg/kg, Q: 2.6 mg/kg), MPDA (5 mg/ml, 200 μl), 

TMPDA (5 mg/ml, 200 μl), Gal-MPDA@DQ (MPDA: 5 mg/ml, D: 70 μg/ml, Q: 260 μg/ml, 200 

μl) or Gal-TMPDA@DQ (TMPDA: 5 mg/ml, D: 70 μg/ml, Q: 260 μg/ml, 200 μl). Mice were 

sacrificed 24 days after bleomycin injection, and blood, bronchoalveolar lavage fluid (BALF), 

and major organ sections were collected for analysis (B). The changes of body weights (n= 

8) (C); final weight level (n= 8) (D); H&E staining of lung tissues, Scale bars, 1 mm and 100 

μm (n= 3) (E); hydroxyproline content  in lung tissues (n= 5) (F); Masson staining of lung 

tissues. Scale bar, 100 µm (n= 3) (G), and quantification of Masson staining of collagens (n= 

3) (H). Immunofluorescence staining of α-SMA in lung tissues. Nuclei, DAPI. Scale bar = 50 

μm (n= 3) (I), and quantification of α-SMA levels in lung tissue sections (n= 3) (J). Data are 

presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Figure. 4. Gal-TMPDA@DQ reduces the senescent markers by removing SnCs in fibrotic 

mice. The fibrotic mice model was established and subjected to the naontherapies as 

described in Figure 3B. (A) Representative images showing SA-β-Gal staining of lung tissue 

sections (scale bar = 50 μm) (n= 3), and (C) quantification of SA-β-Gal staining (n= 3); (B) 

Representative images showing γ-H2AX staining of lung tissue sections (scale bar = 20 μm) 

(n= 3); (D) Levels of senescence-related proteins determined by Western blotting (n= 3); (E) 

Heatmap analysis of the expression of age-related genes in murine lungs (n= 3); (F) The 

BALF level of SASP cytokines including IL-1β, IL-6, IL-10 and TNF-α (n= 6). Data are 

presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

 Figure. 5. Gal-TMPDA@DQ exhibits excellent biocompatibility during treating mice. The 

fibrotic mice model was established and subjected to the naontherapies as described in 

Figure 3B. (A) H&E staining of major organs (heart, liver, spleen, kidney). Scale bar = 200 

μm) (n= 3); (B-H) Complete blood analysis for blood cell counts (HBG, PLETs, RBCs and 

WBCs), and factors related with liver (ALT, AST) and kidney (BUN) function (n= 6). Data are 

presented as means ± SD. Shown are representative images. 

Figure. 6. Gal-TMPDA@DQ is taken by senescent cancer cells to mediate senolytic activity. 

(A) The SA-β-Gal staining of 4T1 cells with or without Pab treatment. Scale bar = 50 μm. (B) 

The protein levels of p53 in 4T1 cells with or without Pab treatment. (C) Confocal images 

showing the internalization of Nile red-loaded Gal-TMPDA (50 μg/ml) by normal and 

senescent 4T1 cells at 2, 4, 6, and 12 h post incubation with the nanoparticles. Nuclei, DAPI. 

Scale bar = 50 μm. (D) Flow cytometric analysis of the internalization of Nile red-loaded Gal-

TMPDA by normal and senescent 4T1 cells that were incubated with the nanoparticles for 2, 

4, 6, and 12 h, and (E) quantitative analysis of the fluorescence intensities of confocal 

images. (F) The effects of Gal-TMPDA@DQ at the indicated doses on the viability of 4T1 

cells at 24 h and 48 h post treatment. (G) The effects of the indicated agents on the viability 
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of senescent 4T1 cells induced by Pab pretreatment (Free DQ (D: 2.87 μM, Q: 17.20 μM), 

MPDA (MPDA:100 μg/ml), TMPDA (TMPDA:100 μg/ml), Gal-MPDA@DQ (MPDA:100 μg/ml, 

D: 2.87 μM, Q: 17.20 μM), Gal-TMPDA@DQ (TMPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM), 

Gal-MPDA@DQ/R (MPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM), Gal-TMPDA@DQ/R 

(TMPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM)). (H) Flow cytometry of cell apoptosis in 

senescent and normal 4T1 cells that were co-culture with the indicated agent (Free DQ (D: 

2.87 μM, Q: 17.20 μM), MPDA (MPDA:100 μg/ml), TMPDA (TMPDA:100 μg/ml), Gal-

MPDA@DQ (MPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM), Gal-TMPDA@DQ (TMPDA:100 

μg/ml, D: 2.87 μM, Q: 17.20 μM) , Gal-MPDA@DQ/R (MPDA:100 μg/ml, D: 2.87 μM, Q: 

17.20 μM), Gal-TMPDA@DQ/R (TMPDA:100 μg/ml, D: 2.87 μM, Q: 17.20 μM)). for 24 h, 

and (I) quantification of the apoptosis rates. Data are from three independent experiments 

and presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

Figure. 7. Gal-TMPDA@DQ targets Pab-induced senescent breast cancer in mice for 

specific clearance. (A, B) Orthotopic 4T1 breast cancers were established and grew till day 

8. Mice were then treated with or without Pab daily for one week. The tumors were then 

collected for staining of SA-β-Gal (n= 3) (A), and immunohistochemistry staining with Ki67. 

Scale bar = 50 μm (n= 3) (B). (C-E) Breast cancer-bearing mice treated with or without Pab 

for one week as described in A, followed by the instillation of NR-loaded Gal-TMPDA (5 

mg/ml, 200 μl) via tail vein. The nanoparticles were traced by IVIS system (Color Scale: Min 

= 1.20e8, Max = 1.40e9) at the indicated time periods (n= 3) (D), and the quantitation of the 

fluorescence were shown (n= 3) (E); The nanoparticles were traced by IVIS system (Color 

Scale: Min = 6.45e6, Max = 5.12e7) in tumors and major organs at the indicated time 

periods post nanoparticles inoculation (n= 3) (C). (F) Breast cancer-bearing mice treated 

with or without Pab for one week as described in A, followed by the administrated of Gal-

MPDA@DQ or Gal-TMPDA@DQ for 24 h. The mice were then under the irradiation (808 
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nm, 1.0 W/cm2) for the indicated time periods, and the infrared thermal images showing the 

photothermal convention capability of mice (n= 3). Data are presented as means ± SD. * P < 

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.  

Figure. 8. Gal-TMPDA@DQ/R promotes the removal of senescent tumor cells and inhibits 

tumor progression. (A-G) The simplified experimental scheme. Orthotopic 4T1 breast 

cancers were established and grew for 8 days (tumor volume increased to about 50 mm3). 

The mice were then treated daily with Pab for 1 week to induce senescence, followed by the 

administration of PBS or the indicated therapeutic agents (Free DQ (D: 0.7mg/kg, Q: 

2.6mg/kg), MPDA (5 mg/ml, 200 μl), TMPDA (5 mg/ml, 200 μl), MPDA@DQ (MPDA: 5 

mg/ml, D: 70 μg/ml, Q: 260 μg/ml, 200 μl), TMPDA@DQ (TMPDA: 5 mg/ml, D: 70 μg/ml, Q: 

260 μg/ml, 200 μl), MPDA@DQ/R (MPDA: 5 mg/ml, D: 70 μg/ml, Q: 260 μg/ml, 200 μl) or 

TMPDA@DQ/R (TMPDA: 5 mg/ml, D: 70 μg/ml, Q: 260 μg/ml, 200 μl)) for three times a Day 

15, 18 and 21. Additionally, the mice receiving Gal-MPDA@DQ or Gal-TMPDA@DQ were 

also subjected to NIR exposure for three times on the next of the nanoparticle’s inoculation. 

Mice were sacrificed 24 days for functional analysis. The body weights (n= 6) (B); Tumor 

volumes (n= 6) (C); Representative tumor tissues (n= 5) (D); TUNEL staining of tumor tissue 

sections. Nuclei, DAPI. Scale bar = 50 μm (n= 3) (E); Representative images of H&E 

staining of tumor tissues (scale bar =100 μm) (n= 3) (F), and lung tissue sections (scale bar 

= 200 μm) (n= 3) (G). Data are presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 

0.001, **** P < 0.0001. 

3. Discussion 

Although the application of DQ has demonstrated the promising outcome in basic studies 

and clinical trials, the key issues such as non-optimized therapeutic efficacy, low 

biocompatibility, and off-target effects hinder its further utilization. In this study, we 
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developed an innovative nanoplatform to selectively and efficiently remove SnCs from 

diseased tissues while preserving healthy ones, thereby offering a potential treatment for 

age-related diseases. Specifically, we fabricated the PDA-based mesoporous 

nanostructures to encapsulate the senolytics DQ, by which the drug was delivered with high 

quantities, increased stability, and extend release otherwise it may be required several 

injections. To increase the selectivity of nanosenolytics, we further coated the nanoparticles 

with Galactan-modified shell to enable the drug release in a SA-β-gal-responsive manner 

(Pathway 2) (Graphical Abstract), preventing the drug diffusion to cause bilateral tissue 

injury. Furthermore, PTT was introduced into the nano system via TMPDA that combined 

with the canonical senolytics to exert the synergistic effects, thereby significantly improving 

the SnC-clearing effects. By exploiting the two mice models that are featured with SnCs 

deposition in the diseased tissues, we demonstrate that the newly developed nanosenolytics 

remarkably lessened SnC burdens and alleviated senescence-related pathologies, reversing 

lung fibrosis and halting cancer progression post therapy. Concurrently, no evident tissue 

damaging and blood toxicity were associated with the treatment. Thus, the present study 

develops a specific, efficient, and feasible nanosenolytics system, which show promise for 

treating age-related conditions with minimal toxicity concerns, paving the way for future trials 

for relevant diseases.  

Relatively low therapeutic efficacy is a key hindrance for clinical application of canonical 

senolytic treatment. One solution for that is to increase the drug dose and administration 

times, which however would induce cytotoxicity to normal cells and potentially tissue injury. 

To resolve this issue, we herein take the advantage of PDA to fabricate the mesoporous 

framework with adjustable channels for enhanced intracellular accumulation and controlled 

release of the drug [39]. As crafting of the senolytics rely sensitively on the microstructure of 

nanospheres, it is essential to optimize the nanoparticle size and morphology, the pore 
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diameter, and drug functionalization. Our current study developed a unique system to 

assembly dopamine with the dual-soft-template (P123 and F127) in in an aqueous solution. 

To enlarge the pore size, we adjusted the P123/F127 mass ratio to extend the chain length 

of the surfactant templates, and TMB served as a welling agent to enter the hydrophobic 

interior of the micelles for the core enlargement [252, 40]. By this, we obtained small and evenly 

shaped particles with the distribution of the mesopores of 26 nm, much larger than that of 

conventional pores (3-4 nm) [41]. As increased pore size opens the possibility to adsorb larger 

guest molecules and reduce the biodegradation of the particles [42], our system thus provides 

a nanoplatform for stable and effective anchoring of DQ for the in vivo delivery.   

An ideal therapeutic drug requires sustained drug release over an extended period to 

minimize the times of drug administration. While free DQ was reported to almost completely 

release within 8 h [43]. our data showed that release of D or Q from the nano spheroids lasted 

at least for 48 h. We observed that D and Q rapidly released from the micelle in the first 12 h 

and reached the release plateaus (about 40%) within 48 h (Figure 1H, I). Correlating with 

extended drug release, it was shown that the pulmonary physiology was greatly improved 

only on three treatments of the nanosenolytics. The dosage of DQ used in fibrotic mice (0.7 

mg/kg D, 2.6 mg/kg Q) was much lower than that of pure DQ administrated in similar 

conditions (5 mg/kg D, 50 mg/kg Q) [35]. Moreover, lung physiology was confirmed to be 

improved at least 6 days after treatment, indicating the sustained benefits of senotherapy 

beyond the treatment period. We thus propose that the unique structure of mesoporous PDA 

with tunable channels provides a platform for stable encapsulation and extended release of 

DQ, making it possible to maximize the therapeutic efficacy of the senolytics at a relatively 

lower quantity.  

Due to highly heterogeneity of SnCs in naturally aging organs or diseased tissues, it is 

hard to differentiate aging cells from normal cells. In this study, we exploit the MPDA 
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nanoparticles to conjugate the senolytics through π–π stacking and/or hydrogen bonding, 

the mechanism commonly utilized by PDA to bind drugs and chemical molecules [44]. 

Notably, the π–π interactions is sensitive to acid conditions owing to the protonation of 

amino groups on the PDA scaffolds [45]. Since SnCs are featured with low PH relative to 

normal cells, the PH responsiveness, along with SA-β-gal targeting strategy, greatly 

improves the SnC-specific effects of the nanosphere. As is known, lysosomal β-gal is 

increasingly expressed in SnCs and has been recognized as a hallmark of SnCs. In this 

study, we devised a galactose-modified bilayer to encapsulate the TMPDA nanosphere for 

the sequestration of DQ until the Galactan moiety is cleaved by lysosomal β-gal to release 

the drug. As proof-of-concept evidence, our data showed that the nanosenolytics were 

predominately located at lysosomes upon taken by SnCs (Figure 2D, E). Efficient release of 

D and Q was triggered by β-gal under acidic conditions, leading to the cytotoxic effect up to 

80% in SnCs while mildly affecting the viability of non-senescent cells. Thus, the β-gal-

responsive property endowed the nanosenolytics to precisely and efficiently kill the SnCs, 

which make it as a potential molecule for specific elimination of SnCs and treating age-

related disorders [27, 46]. However, it should be noted that a single biomarker like SA-β-gal 

cannot represent the highly heterogeneous SnCs. Currently, a network of age-associated 

molecules including P53, P21 and P16, and the newly discovered senescence-related 

proteins such as dipeptidyl peptidase-4 (DPP4) [47], integrin αvβ3 
[26a], glycoprotein 

nonmetastatic melanoma protein B (GPNMB) [48], and urokinase plasminogen activator 

receptor (uPAR) [49], are tested to be potential molecular targets for senotherapy. On the 

other hand, studies have shown that different cell subsets, as exemplified d by macrophages 

and lung epithelial cells in the pathogenesis of pulmonary fibrosis [50], have different roles in 

age-related pathologies and display distinct senescent biomarkers. Thus, association of 

multiple senescence markers and/or development of cell-specific signatures might be 
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required for designing more precise and smarter therapeutics that specifically targeting 

SnCs. 

PTT is a non-invasive treatment that utilizes the photothermal agents (PTAs) to convert 

the absorbed photon energy into heat for killing targeted cells. Due to its excellent tissue 

penetration activity and photothermal conversion capability, NIR-driven PTT has been widely 

used in treating cancers, but is rarely applied in alleviating age-related disorders by targeting 

SnC. In this study, we demonstrated that compared with free DQ, Tempo-doped 

nanoparticles, upon NIR exposure, exhibited a strikingly improved effect in impeding cancer 

growth and metastasis after chemotherapy. This effect is largely through the photothermal 

conversion activity of the TMPDA nanoparticles, which boosted the release of DQ due to 

heat-enhanced molecule motion, and more importantly, exerted the additive cytotoxicity 

toward senescent cancer cells in combination of the senolytics. In this study, we devised a 

PTT system based on PDA, an organic material with excellent photothermal conversion 

ability. The incorporation of Tempo further enhances the light absorption capability and heat 

generating effects, leading to the temperature up to 61.9 ℃ and hence enhanced 

cytotoxicity. Of interest, traditional PTT exert thermal ablation of cancer cells by elevating the 

temperature above 48 °C, which however cause damage normal tissues and other adverse 

effects [51]. For this, the photothermal therapy with mild-temperature (42-45°C) is recently 

proposed to reduce unwanted cytotoxic effects, but it may compromise therapeutic efficacy 

[52]. Our current system took the advantage of TMPDA system to maximize the photothermal 

effects, and simultaneously, conquer the problems of heat diffusion and off-targeting effects 

by equipping the nanosenolytics with the SnC-targeting shell. More importantly, the 

integration of senolytics and PDA yields the synergistic effects, and remarkably increases 

the therapeutic efficacy as compared with either of the agent alone. Thus, we develop an all-

 21922659, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401085 by Shanghai Jiaotong U
niversity, W

iley O
nline L

ibrary on [29/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

26 

 

in-one multifunctional nanoplatform that specifically and robustly targeting senescent cancer 

cells for elimination.  

On the other hand, therapy-induced senescence (TIS) occurs in both malignant and 

non-malignant cells following exposure to chemotherapy, which may serve as a holistic 

mechanism underpinning the age-related pathophysiology such as premature aging, fragile, 

cachexia and peripheral neuropathy [53]. TIS-targeting strategy is therefore expected to have 

additional health benefits by removing SnCs from normal tissues and counteracting the 

damaging effects associated with the treatments. As an example, a recently study revealed 

that a short anti-senescence intervention impeded the progression of radiation-induced frailty 

and disability in a pre-clinical setting [54]. In our current study, multiple tissues, including the 

brain, heart, liver and kidney, maintained functionality integrity after the senolytic treatment. 

Although a more thorough analysis is required, it is likely that administration of Gal-

TMPDA@DQ may also eliminate SnCs in normal tissues upon intravenously administrated. 

This may lead to the so called “one stone two birds” effects, specifically, the senotherapy 

systemically removes SnCs and ameliorates therapy-induced premature frailty and 

morbidities in cancer survivors [55]. Future studies might be merited to further specify the 

health-improving efficacy of the nanosenolytics, or tailor the therapeutics to reduce the 

harmful impacts associated with traditional cancer treatments. Also, this study still has some 

limitations, specifically, β-Gal-directed senolytic strategy is not highly specific. Studies have 

shown that increased activity of SA-β-gal can also be observed in some types of cancer cells 

such as ovarian cancer cells, and it has been used as a diagnostic and therapeutic marker in 

treating cancers [56].Thus, the selectivity of Gal-TMPDA@DQ may be limited in some 

experimental models, and its therapeutic potential and possible toxicity need further 

evaluation.  
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4. Conclusion 

In summary, our study develops a novel nanosenolytics that is characterized by  a 

mesoporous framework with adjustable channel and smart surface modifications via 

the “double lock” mechanism combining Galactan layer and TMPDA. This system 

enables specific and efficient delivery of senolytic drugs and promotes the elimination 

of SnCs to improve age-related pathologies without severe adverse effects. The 

finding opens a new platform for the development of SnC-targeting therapeutics to 

delay aging or alleviate age-associated disorders.    

5. Experimental Section 

 

 

Determination of Dasatinib and Quercetin dosages 

The dosage for oral administration of Dasatinib (D) in mice is 5 mg/kg[35], and the orally 

bioavailability of D is 14%[23]. Therefore, for intravenous injection of Dasatinib in mice, the 

dosage would be 0.7mg/kg. As for Quercetin (Q), the reference dosage for oral Q treatment 

in humans is 14.29mg/kg [13], and the oral bioavailability of Q in humans is 2% [57]. The 

human dosage of Q for intravenous injection would be 0.286 mg/kg. According to the 

pharmacological scaling formula, mouse dosage is equal to 9.1 times human dose. 

Therefore, the mice dosage of Q for intravenous injection would be 2.6 mg/kg. 

Preparation of Gal-TMPDA@DQ and Gal-TMPDA@NR 

TMPDA nanoparticles were synthesized as described previously [30, 58]. 30 mg of P123 

(Pluronic® P-123, Sigma-Aldrich, 435465),75 mg of F127 (Pluronic® F-127, Sigma-Aldrich, 
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P2443),75 mg of DA (Dopamine hydrochloride, Macklin, D806618), 75 mg of Tempo 

(Macklin, T819129) were dissolved in 10 ml of 40% ethanol. The solution was subjected to 

ultrasonic dissolution, followed by the addition of 400 μl TMB (1,3,5-trimethylbenzene, 

Macklin, T818958) and 375 μl ammonium hydroxide solution (Macklin, A834475) with stirring 

at room temperature for 4h. The solution was then collected, centrifuged, and the 

supernatant was removed. The synthesized nanoparticles, termed TMPDA, were washed 

with ddH2O and anhydrous ethanol and dried in a constant temperature oven at 60°C. 

Next, TMPDA (1 mg/ml) were mixed with PEG-2000 (NH2-PEG-NH2, Aladdin, 

N590849) in aqueous solution (1:2). Dasatinib (D, 10 mg/ml, Sigma-Aldrich, SML2589) and 

Quercetin (Q, 26 mg/ml, Sigma-Aldrich, Q4951) in 0.2% DMSO were then added with stirring 

at room temperature for 12h in the dark, Galactan (BIOSYNTH, YG71532) was subsequently 

added at a ratio of 1:2 compared with TMPDA, and stirred for another 12h. Finally, the 

reaction solution was centrifuged and the precipitates were cleaned to obtain Gal-

TMPDA@DQ. For tracing the nanoparticles, DQ were replaced by Nile red (NR, 10 mg/ml) 

to produce Gal-TMPDA@NR particles. 

Morphological and physicochemical characterization of Gal-TMPDA@DQ 

For examining the morphology of the nanoparticles, the nanoparticle solution (500 

μg/ml) was drop-cast onto the carbon-coated copper grids, which were left to air-dry at room 

temperature. The morphology of the nanoparticles was observed by transmission electron 

microscope (TEM) (JEOL, Japan, JEM-1230). The size, Zeta potential, and stability of the 

nanoparticles were measured using Dynamic Light Scattering (DLS, Zetasizer Ultra, 

Malvern, UK).  

For Molisch reaction, the solutions of Galactan (2 mg/ml) or Gal-TMPDA@DQ (5 mg/ml) 

were mixed with or without β-Gal (Shanghai Yanaye, S10066), in a pH 5.5 aqueous solution. 

 21922659, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202401085 by Shanghai Jiaotong U
niversity, W

iley O
nline L

ibrary on [29/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

 

This article is protected by copyright. All rights reserved. 

29 

 

Drops of 5% α-naphthol (Macklin, N814571) were then added to the solution by gentle 

mixing. Subsequently, concentrated sulfuric acid was added along the tube walls to facilitate 

the formation of a layer and avoid mixing. The development of a purple ring at the layer is a 

positive indicator for Molisch’s test.  

Photothermal effects analysis 

For testing the photothermal capability of Gal-TMPDA@DQ, a laser (Yuanming Laser, 

China, LSR808NL-2W-FC) with 808 nm near-infrared light was used for irradiation. The 

solution temperature was recorded by a digital thermometer. The photothermal conversion 

efficiency (η) is calculated according to the formula 1 and 2 [59]. 

  
                   

         
 (1) 

   
       

 
 (2) 

h represents the heat transfer coefficient, and S means the surface area of the 

container, is the Δ𝑇m𝑎𝑥 temperature change of the Gal-TMPDA@DQ solution at the 

maximum steady-state temperature, P is the laser power, A is the absorbance of Gal-

TMPDA@DQ at 808 nm. hS value is calculated directly by formula 2, in which m, m', c, and 

c' are designated respectively as mass of Gal-TMPDA@DQ solution (0.1 g), the average 

mass of a single well of the 96-well plate (0.47 g), the heat capacity of nanomaterial solution 

(4.2 J/g °C) and the heat capacity of the 96-well plate (1.3 J/g °C). τ is the characteristic 

thermal time constant of the reaction, which can be calculated according to the relationship 

between temperature change and temperature decline rate during cooling. The infrared 

thermal imaging camera (UNI-T, China, Uti120S) was used to visualize the temperature 

changes caused by Gal-TMPDA@DQ at different concentrations within 5 min. 
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Measurement of drug loading capacity and encapsulation efficiency 

In the preparation of Gal-TMPDA@DQ, the centrifuged supernatant was collected for 

UHPLC analysis. Simply put, after encapsulating Galactan onto the synthesized 

TMPDA@DQ nanoparticles, the unreacted solution was collected by centrifuging at 9500 

rpm for 15 minutes. Later, an equal volume of aqueous solution was added to resuspend the 

collected solution, followed by repeating the centrifugation step. The supernatant wash 

solution was combined with the aforementioned unreacted solution to form the test solution. 

The chromatographic conditions were as follows: Column: C18-RP (Reverse Phase) column; 

Column temperature: 30 °C; Mobile phase: Methanol: H2O = 7:3; Flow rate: 1 ml/min; 

Injection volume: 10 μl; Detection wavelengths: 321 nm for D, and 374 nm for Q. Drug 

loading (DL) and encapsulation efficiency (EE%) were calculated using the following 

formulas:   

   
                                                                 

                            
 (3) 

    
                                                                 

                         
      (4) 

Analysis of D and Q release 

To measure the drug release rate, an equal volume of Gal-TMPDA@DQ solution was 

enclosed in a dialysis membrane (MW: 2000, Biosharp, BS-QT-021). The encapsulated 

samples were subjected to dialysis under PBS solutions (0.5 % SDS) at pH 7.4, and pH 5.5 

respectively, with or without the addition of β-Gal. The release fluid (1 ml) from each group 

was collected at different time points and replenished with equivalent fresh buffer solution. 

The collected release fluid was analyzed for drug concentration using UPLC. Alternatively, 

the samples were under near-infrared irradiation (NIR, 808 nm, 1.0 W/cm2) for 3 min. 
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Induction of SnCs 

For induction of SnCs, A549 cells were stimulated with 0.01 U/ml bleomycin (Sigma-

Aldrich, 203401) for 2 days [60]. 4T1 cells were treated with 5 μM palbociclib (Sigma-Aldrich, 

PZ0383) for 2 weeks [38].  

Mice fibrosis and chemotherapy-induced senescence models 

Animal experiments were performed according to the NIH Guide for the Care and Use 

of Laboratory Animals, with the approval of the Scientific Investigation Board of Zhejiang 

Laboratory Animal Center (ZJCLA-IACUC-20010687). All mice in our experiments were 

gender and age matched. For IPF model, male C57BL/6 mice at the age of 8-10 weeks were 

intratracheally administered with bleomycin (2 U/kg) under isoflurane anesthesia [35]. 

Alternatively, the mice receiving Bleo were further administrated with the nanoparticles or 

vehicles intravenously at day 6, 12, 18. Mice were sacrificed at day 24. Lung fibrosis and 

age-associated pathologies were assessed. 

For establishing the breast cancer model, female Balb/c mice at the age of 6-8 weeks 

were injected with 0.5 × 106 4T1 cells at the mammary fat pads on day 0. Starting from day 

8, palbociclib (100 mg/kg) was orally administrated for 7 consecutive days [38]. to induce 

senescence. The mice were then injected intravenously with the nanoparticles at Day 15, 18 

and 21, and alternatively, the mice were also subjected to NIR (808 nm, 1.0 W/cm2, 300 s) 

exposure at the next day. Tumor weights were measured every three days and mice were 

sacrificed at day 24 for analysis.  

Examination of cellular internalization of nanoparticles 

Briefly, cells were co-incubated with the nanoparticles loaded with Nile red (NR), and 

collected at 2, 4, 6, and 12 h. Cells were then fixed with 4% paraformaldehyde, and 
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visualized by AXIO Observe Inverted Fluorescence Microscope (Zeiss, Germany). Cell 

nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI, Beyotime, C1002). For 

measuring the fluorescence intensities, cells were analyzed by a flow cytometer 

(FACSCanto II, BD, USA). 

For detecting the lysosome-targeting property of the nanoparticles, cells taking the NR-

loaded nanoparticles were incubated with Lyso-tracker Green (Beyotime, C1047S) for 30 

min, washed and fixed with 4% paraformaldehyde. Colocalization of NR-nanoparticles and 

Lyso-tracker Green was detected by a confocal microscope (Zeiss, LSM980, Germany). 

Cell viability assay 

A549 and 4T1 cells were seeded at a density of 8×103 cells per well in a 96-well plate 

overnight and incubated with different concentrations of the nanoparticles for 24 h. Cells with 

the vehicle were used as a control. Then, the medium was discarded and serum-Free 

medium containing 10μl of CCK8 solution (Cell Counting Kit-8, Beyotime, C0038) was added 

into each well, followed by incubation at 37°C for 2 h. The absorbance at 450 nm was 

measured using Multiskan SkyHigh full-wavelength microplate reader (Thermo Scientific™, 

A51119500C).  

Apoptosis assay 

A549 and 4T1 cells (1×105) were treated with the nanoparticles, and also NIR (808 nm, 

1.0 W/cm2, 300 s) exposure in some conditions. 24 h later, cells were collected and stained 

with Annexin V-FITC/propidium iodide (Beyotime, C1062L, China), followed by the analysis 

of flow cytometry. 

β-galactosidase detection 
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A549 or 4T1 cells, frozen lung tissue sections or tumor tissues were fixed with 4% 

paraformaldehyde for 15 min, and then stained for SA-β-gal using the Senescence Cells 

Histochemical Staining Kit (Beyotime, C0602) according to the manufacturer's instructions. 

In vivo imaging of the nanoparticles in IPF mice and tumor-bearing mice 

Firstly, for tumor-bearing mice were implanted with 4T1 cells as descried as above, and 

treated with or without Pab for 7 days, for IPF mice were treated with bleomycin for 7 days. 

IPF mice and tumor-bearing mice were then intravenously injected with 200 μl of 5 

mg/ml Gal-TMPDA@NR, and imaged by the IVIS system (IVIS Lumina, USA) at 3, 6, 12, 24, 

and 48 h. Alternatively, major organs (tumor, heart, liver, spleen, lung, and kidney) were 

collected for tracking the nanoparticles at different time points. 

Cytokines analysis in bronchoalveolar lavage fluid (BALF) 

Briefly, mice were anesthetized and their tracheae were exposed through the midline 

and cannulated with a sterile needle (1mL). Bronchoalveolar lavage fluid (BALF) was 

obtained by flushing the lungs three times with 1 mL EDTA/PBS (0.5 mM) [61]. After 

centrifugation, BALF supernatants were stored at -80°C for use. The levels of TNF-α (Mouse 

TNF Alpha ELISA Kit, Boster, EK0527), IL-1β (Mouse IL-1β ELISA Kit, Boster, EK0394), IL-6 

(Mouse IL-6 ELISA Kit, Boster, EK0411), and IL-10 (Mouse IL-10 ELISA Kit, Boster, 

EK0417) in the BALF were determined by ELISA. 

Hydroxyproline assay 

Total left lung was collected in each mouse and washed with cold PBS. Quantification of 

hydroxyproline was performed by Hydroxyproline Content Assay Kit (Solarbio, BC0250) 

according to manufacturer’s instructions. 
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Histological staining 

The tissue samples were fixed in 4% paraformaldehyde, paraffin-embedded, and 

sectioned into 4-μm-thin slices. The slides were then deparaffinized and rehydrated, 

followed by staining with hematoxylin and eosin (Beyotime, C0105M), or Masson's 

Trichrome (Solarbio, G1340). 

For immunohistochemical staining, the sections from formalin-fixed, paraffin-embedded 

tissue samples were routinely deparaffinized and rehydrated. Endogenous peroxidase was 

quenched by incubation with 3% hydrogen peroxide in 97% methanol, and the antigens were 

retrieved with a 0.01 M citrate buffer at pH 6. The slides were subsequently incubated with 

rabbit-anti Ki67 (1:200, abcam, ab16667), rabbit-anti α-SMA (1:200, Affinity Biosciences, 

AF1032), Rabbit-anti γ-H2A.X (1:200, CST, 9718T) for 2 h. After washing completely, the 

slides were incubated with HRP-conjugated goat anti-Rabbit IgG (1:1000, abcam, 

AB205718), and DAB (3, 3'-Diaminobenzidine) was used a chromogen. The sections were 

subsequently counterstained with Meyer's hematoxylin (Merck, Darmstadt, Germany), or the 

slides were incubated with Alexa Fluor® 488-conjugated goat anti-Rabbit IgG (1:1000, 

abcam, ab150077), and DAPI was used to stain the nucleus. Digital slide scanning was 

performed using a slide scanner (Ningbo Shunyu, China). 

TUNEL staining 

The deparaffinized sections were incubated in proteinase K for 10 min, and washed 

three times in PBS. TUNEL staining was performed according to the manufactures’ guidance 

(RecordBio, RCT-50G). Nuclei were counterstained with DAPI (1:500), and digital slide 

scanning was performed. 

Quantitative real-time PCR (qPCR) 
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Total RNA was extracted from either cell lysate or snap-frozen lungs with TRIzol 

reagent. The cDNA was obtained using a HiScript® II Q RT SuperMix (gDNA wiper, Vazyme, 

R222-01) according to the manufacturer’s instructions. The qRT-PCR gene expression 

analysis was performed using SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biology, 

AG11701). qRT-PCR data were normalized to β-actin as a housekeeping standard. Fold 

changes of target mRNAs were analyzed using the 2−ΔΔCT method. 

Western blot 

Cells or quick-frozen lungs were incubated in lysis buffer (1% Triton X-100, 1% 

deoxycholate, 0.1% NaN3) containing protease inhibitor cocktail tablets (Roche Diagnostics). 

Equal volumes of the samples were separated by 10 % SDS-polyacrylamide gel 

electrophoresis [62]. The separated proteins were then transferred to a polyvinylidene 

difluoride membrane and blocked with 5% skim milk. The membranes were then incubated 

overnight with the primary antibodies, followed by incubation with appropriate secondary 

antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Dallas, TX, 

USA). Electrochemiluminescence chromogenic substrate was added to visualize the target 

bands using a ChemiDoc imaging system (Bio-Rad, USA).  

The antibodies used in the immunoblotting include: mouse anti-P53 (1:500, Santa Cruz, 

sc-126), mouse anti-CDKN1A/P21 (1:500, Santa Cruz, sc-6246), mouse anti-CDKN2A/P16 

(1:500, Santa Cruz, sc-1661), mouse anti-GAPDH (1:1000, Santa Cruz, sc-365062), HRP-

conjugated horse anti-mouse IgG (1:1000, CST, 7076S). 

Hemolysis assay in vitro 

100 μl of Gal-TMPDA@DQ (5 mg/ml) was added to 900 μl of 2% red blood cell 

suspension. Distilled water and saline were used as positive and negative controls, 
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respectively. After incubation at 37°C for 5 min, the samples were centrifuged at 8000 rpm 

for 5 min, and the photographs of the hemolysis in each tube were taken. Also, the 

supernatants were collected, and the absorbance was measured at 541 nm. The hemolysis 

rate was calculated as follows: 

Hemolysis (%) = (A-C)/(B-C) × 100%  

Where A, B, and C represented the absorbance of the sample, the positive control, and 

the negative control, respectively [63]. 

Examination of tissue toxicity 

The major organs were collected, fixed, dehydrated, and paraffin-embedded routinely, 

and the prepared sections were then stained with H&E for histological examination. 

To detect the liver and kidney functions, murine blood was collected in the anti-

coagulant tubes containing sodium heparin and divided into two portions. One portion was 

analyzed for HGB/PLT/RBC/WBC indexes using an automated hematology analyzer 

(TECOM, TEK8500-VET). The other half of the blood was centrifuged at 3000g, 4°C to 

obtain the plasma, which was then to measure mouse ALT (MEIMIAN, MM-0260M1), AST 

(MEIMIAN, MM-44115M1), and BUN (MEIMIAN, MM-0692M1) levels. 

Statistical analysis 

All results are analyzed using GraphPad Prism software (version 8.2.1) and expressed 

as means ± SD. Statistical analyses were performed using a one- or two-tailed unpaired t-

test or a one-way analysis of variance (ANOVA) to evaluate differences between groups. 

Differences were considered statistically significant at P < 0.05. *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. Representative images from at least three independent 
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experiments or animals were shown, and the quantitative image analysis was conducted 

using ImageJ software. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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The data that support the findings of this study are available in the supplementary material of 

this article. 
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A "double lock and key" switchable nanoplatform that responds to senescent cells is 

developed. The release of dasatinib and quercetin within senescent cells is opened by the 

activation of β-galactosidase, low pH, and photothermal therapy, thereby selectively killing 

senescent cells. This approach has been shown to reverse pulmonary fibrosis and prevent 

the growth and metastasis of breast cancer. 
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