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Resumen 

Esta tesis doctoral titulada "Evaluación preclínica de estrategias basadas en la 

senescencia para mejorar la terapia contra el cáncer" se centra en explotar la senescencia 

como opción terapéutica en los tratamientos contra el cáncer mediante el diseño, la 

síntesis y la evaluación in vitro e in vivo de varios nanodispositivos y profármacos, así como 

la identificación de un nuevo fármaco senolítico. 

En la introducción se incluye una descripción general de los diferentes conceptos 

relacionados con la senescencia celular, así como del papel que juegan las células 

senescentes a nivel fisiológico y patológico. También se abordan la posibilidad de 

desarrollar nuevas terapias para el tratamiento del cáncer utilizando la senescencia 

celular y su papel en la metástasis. Además, se incluyen conceptos básicos de 

nanotecnología, nanomedicina, nanopartículas de sílice mesoporosa (MSNs) y puertas 

moleculares. Finalmente, se detallan las interacciones de las nanopartículas con los 

sistemas biológicos, los nanosistemas descritos en la literatura en relación con la 

senescencia celular, así como las posibilidades de translación a la práctica clínica de estos 

nanosistemas. 

A continuación, se presentan los objetivos generales de esta tesis doctoral y los 

objetivos específicos que se abordan en los diferentes capítulos experimentales. 

 En el primer capítulo experimental evaluamos el efecto negativo de la senescencia 

endotelial en el contexto tumoral y la consecuencia de su eliminación mediante el uso del 

senolítico navitoclax. Comprobamos que el tratamiento sistémico con palbociclib en un 

modelo ortotópico de cáncer de mama en ratones induce senescencia en las células 

endoteliales vasculares, generando un endotelio alterado funcionalmente que favorece 

la migración de células cancerosas. La recuperación de la funcionalidad endotelial se 

consiguió con una estrategia terapéutica que, tras la inducción de senescencia con 

palbociclib, consigue la eliminación de las células senescentes (senólisis) con una 

nanopartícula (NP(nav)-Gal). Este nanodispositivo senolítico se basa en MSNs cargadas 
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con navitoclax y funcionalizadas con un hexa-galacto-oligosacárido (galactán) que se 

hidroliza en presencia de la enzima lisosomal β-galactosidasa, la cual presenta mayor 

actividad en las células senescentes.  En el modelo preclínico, el tratamiento combinado 

de palbociclib con NP(nav)-Gal disminuyó la senescencia endotelial en venas, así como los 

nódulos metastásicos en los pulmones. 

Teniendo en cuenta los resultados obtenidos en el primer capítulo, el capítulo dos 

describe una estrategia terapéutica en dos pasos similar a la anterior para cáncer de 

mama triple negativo (TNBC). En este caso se emplea un modelo de ratón implantado con 

xenoinjertos humanos de este tipo de cáncer para evaluar el efecto de la terapia 

combinada de palbociclib y navitoclax. Para superar los efectos secundarios del 

tratamiento con navitoclax (principalmente trombocitopenia), evaluamos el efecto del 

profármaco nav-Gal, sintetizado mediante la conjugación de galactosa con navitoclax. La 

senescencia inducida por la terapia (TIS) con palbociclib, seguida de una terapia 

adyuvante con navitoclax o nav-Gal, provoca la eliminación sinérgica de las células 

senescentes tumorales y la reducción del crecimiento tumoral y de la metástasis 

pulmonar en el modelo utilizado de ratones con xenoinjertos de cáncer de mama humano 

agresivo (hTNBC). 

El capítulo tres se centra en el diseño y el desarrollo de un nuevo sistema de 

comunicación de nanopartículas por estigmergía para mejorar la terapia tumoral en el 

cáncer de mama. La comunicación de nanopartículas por estigmergía consiste en un 

sistema secuencial de dos nanopartículas en la que la primera modifica el entorno 

permitiendo que la segunda nanopartícula pueda actuar.  Para ello, nos basamos de 

nuevo en una terapia en dos pasos, siendo el primer paso la inducción de senescencia con 

palbociclib en las células tumores y el segundo su posterior eliminación con navitoclax. 

Con este objetivo, se prepararon dos nanodispositivos basados en MSNs con puertas 

moleculares. El primer nanodispositivo (NP(palbo)PEG-MUC1) se cargó con palbociclib y 

se funcionalizó, mediante enlaces disulfuro, con un poli(etilenglicol) unido a un aptámero 
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dirigido a la proteína de superficie MUC1, frecuentemente sobreexpresada en las células 

tumorales de mama. El segundo nanodispositivo fue la nanopartícula senolítica NP(nav)-

Gal ya descrita en el tercer capítulo. Cuando ambos conjuntos de nanopartículas se 

administraron secuencialmente se consiguió un efecto aumentado, retrasando el 

crecimiento tumoral y reduciendo las metástasis en pulmón en el modelo descrito 

previamente de ratones con xenoinjerto hTNBC. 

En el cuarto capítulo identificamos un nuevo agente senolítico (H14) que puede 

eliminar a las células tumorales senescentes de melanoma con una eficacia y seguridad 

óptima in vivo. Para ello, se realizó un cribado de una biblioteca combinatoria de 

hexapéptidos de D-aminoácidos en células senescentes de melanoma SK-Mel-103, en las 

que la inducción de la senescencia se había producido mediante el tratamiento con 

palbociclib. El tratamiento combinado de palbociclib y el hexapéptido H14 logró una 

mejora en la eliminación de células tumorales senescentes in vivo, así como en la 

reducción del crecimiento tumoral, alcanzando efectos similares al tratamiento 

combinado de palbociclib con navitoclax. 

Finalmente, se presentan las principales conclusiones derivadas del trabajo 

experimental presentado, así como las conclusiones generales derivadas de esta tesis 

doctoral. Esperamos que los resultados obtenidos en esta tesis doctoral abran nuevas 

oportunidades de investigación, e inspiren el desarrollo de estrategias avanzadas con 

nanodispositivos inteligentes y profármacos, para su aplicación en el campo de la 

senescencia celular, en otras áreas biomédicas o en tecnologías de detección y 

comunicación, para resolver las necesidades del paciente. 
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Resum 

Aquesta tesi doctoral titulada "Avaluació preclínica d'estratègies basades en la 

senescencia per millorar la teràpia contra el càncer" se centra a explotar la senescència 

com a opció terapèutica en els tractaments contra el càncer mitjançant el disseny, la 

síntesi i l'avaluació in vitro i in vivo de diferents nanodispositius i profàrmacs, així com la 

identificació d'un fàrmac senolític nou per millorar la teràpia contra el càncer. 

A la introducció s'inclou una descripció general dels diferents conceptes relacionats 

amb la senescència cel·lular, així com el paper que juguen les cèl·lules senescents a nivell 

fisiològic i patològic. També s'aborda la possibilitat de desenvolupar noves teràpies per al 

tractament del càncer utilitzant la senescència cel·lular i el paper que té la senescència 

cel·lular en la metàstasi. Més endavant, s'hi inclouen conceptes bàsics de nanotecnologia, 

nanomedicina, nanopartícules de sílice mesoporosa (MSNs) i portes moleculars. 

Finalment, s'aborden les interaccions de les nanopartícules amb els sistemes biològics, els 

nanosistemes descrits a la literatura en relació amb la senescència cel·lular, així com les 

possibilitats de translació a la pràctica clínica d'aquests nanosistemes. 

A continuació, se presenta els objectius generals d'aquesta tesi doctoral i els 

objectius específics que s'aborden als diferents capítols experimentals. 

Al primer capítol experimental se avaluem l'efecte de la senescència endotelial en el 

context tumoral. Més senolítics Comprovem que el tractament sistèmic amb palbociclib 

en un model ortotòpic de càncer de mama en ratolins indueix la senescència a les cèl·lules 

endotelials vasculars generant un endoteli alterat funcionalment que afavoreix la 

migració de cèl·lules de canceroses. La recuperació de la funcionalitat endotelial es va 

aconseguir amb una estratègia terapèutica en dos etapes que va combinar la inducció de 

senescència amb palbociclib seguida de l'eliminació de les cèl·lules senescents (senòlisi) 

amb una nanopartícula carregada amb navitoclax (NP(nav)-Gal). Aquest nanodispositiu 

senolític es basa en MSNs carregades amb navitoclax i funcionalitzades amb un hexa-

galactooligosacàrid (galactan) que s'hidrolitza en presència de l'enzim lisosomal β-
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galactosidasa, que presenta més activitat en les cèl·lules senescents. En el model preclínic, 

el tractament combinat de palbociclib amb NP(nav)-Gal va disminuir la senescència 

endotelial en venes així com els nòduls metastàsics als pulmons. 

Segons els resultats obtinguts al primer capítol, el capítol dos descriu una estratègia 

terapèutica similar de dos etapes per a pacients amb càncer de mama triple negatiu 

(TNBC). En aquest cas s´utilitza un model de ratolí implantat amb xenoempelts humans 

per avaluar l'efecte de la teràpia combinada de palbociclib més navitoclax. Per superar els 

efectes secundaris del tractament amb navitoclax (principalment trombocitopènia), 

avaluem l'efecte del profàrmac nav-Gal, sintetitzat mitjançant la conjugació de galacotsa 

i navitoclax. La senescència induïda per la teràpia (TIS) amb palbociclib seguida d'una 

teràpia adjuvant amb navitoclax o nav-Gal provoca l'eliminació sinèrgica de les cèl·lules 

senescents tumorals i la reducció del creixement tumoral i de la metàstasi pulmonar en 

un model de ratolins amb xenoempelts de càncer de mama humà agressiu (hTNBC). 

El tercer capítol se centra en el disseny i desenvolupament d'un nou sistema de 

comunicació de nanopartícules mitjançant estigmèrgia per millorar la teràpia tumoral en 

càncer de mama. La comunicació de nanopartícules per estigmergia consisteix en un 

sistema seqüencial de dues nanopartícules on la primera modifica l'entorn permetent que 

la segona nanopartícula pugui actuar. Per això, ens basem de nou en una teràpia en dos 

passos, sent el primer pas la inducció de senescència amb palbociclib i el segon la 

posterior eliminació de les cèl·lules senescents tumorals amb navitoclax. Amb aquest 

objectiu, es van preparar dos nanodispositius basats en MSNs amb portes moleculars. El 

primer nanodispositiu (NP(palbo)PEG-MUC1) es va carregar amb palbociclib i es va 

funcionalitzar, mitjançant un enllaç disulfur,  amb un poli(etilenglicol) unit a un aptàmer 

dirigit a la proteïna de superfície MUC1, sobreexpressada a les cèl·lules tumorals de 

mama. El segon nanodispositiu va ser el senolític NP(nav)-Gal ja descrit al tercer capítol. 

Quan els dos conjunts de nanopartícules es van administrar seqüencialment es va 



Resum 

xxi 

aconseguir un efecte sinèrgic, endarrerint el creixement tumoral i reduint les metàstasis 

de pulmó en el model descrit prèviament de ratolins amb xenoempelt hTNBC. 

Al quart capítol, identifiquem un nou agent senilític (H14) que pot eliminar les 

cèl·lules tumorals senescents de melanoma amb una eficàcia i seguretat òptima in vivo. 

Per fer-ho, es va realitzar un garbellat d'una biblioteca combinatòria d'hexapèptids de D-

aminoàcids en cèl·lules senescents de melanoma SK-Mel-103 on la inducció de la 

senescència s'havia produït mitjançant el tractament amb palbociclib. El tractament 

combinat de palbociclib i l'hexapeptid H14 va aconseguir una millora en l'eliminació de 

cèl·lules tumorals senescents, així com en la reducció del creixement tumoral, assolint 

efectes similars al tractament combinat de palbociclib amb navitoclax. 

Finalment, es presenten les conclusions principals derivades del treball experimental 

presentat, així com les conclusions generals derivades d'aquesta tesi doctoral. Esperem 

que els resultats obtinguts en aquesta tesi doctoral obrin noves oportunitats de recerca i 

inspirin el desenvolupament d'estratègies avançades amb nanodispositius intel·ligents i 

profàrmacs per a la seva aplicació al camp de la senescència cel·lular o en altres àrees 

biomèdiques diferents com la nanomedicina o les tecnologies de detecció i comunicació 

per resoldre les necessitats del pacient. 
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Abstract  

This PhD thesis entitled "Preclinical evaluation of senescence-based strategies to 

improve cancer therapy" focuses on exploiting senescence as a therapeutic option in 

cancer treatments through the design, synthesis, in vitro and in vivo evaluation of several 

nanodevices and prodrugs as well as the identification of a novel senolytic drug. 

The introduction includes an overview of the different concepts related to cellular 

senescence and the role that senescent cells play at physiological and pathological levels. 

The possibility of developing new therapies for cancer treatment using cellular 

senescence and its role in metastasis is also addressed. Later, basic concepts on 

nanotechnology, nanomedicine, mesoporous silica nanoparticles (MSNs), and molecular 

gates are included. Finally, challenges related to the interactions of nanoparticles with 

biological systems, nanosystems described in literature related to cellular senescence, as 

well as the possibilities of translation of these nanosystems to the clinical practice are 

described. 

Next, the general objectives of this PhD thesis and the specific objectives that are 

addressed in the different experimental chapters.  

In the first experimental chapter, we evaluate the negative effect of endothelial 

senescence in the tumor context and the consequence of its elimination through the use 

of the senolytic navitoclax. We found that systemic treatment with palbociclib in an 

orthotopic mice model of breast cancer induces senescence in vascular endothelial cells, 

generating an altered endothelium that favors cancer cells migration. Recovery of 

endothelial functionality was achieved, after palbociclib-senescence induction, by 

removal of senescent cells (senolysis) with navitoclax-loaded nanoparticles (NP(nav)-Gal). 

This senolytic nanodevice is based on MSNs loaded with navitoclax and functionalized 

with a hexa-galacto-oligosaccharide (galactan) that is hydrolyzed in the presence of the 

lysosomal enzyme β-galactosidase, which is overexpressed in senescent cells. In a 
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preclinical model, the combined treatment of palbociclib with NP(nav)-Gal decreased 

endothelial senescence in veins as well as in metastatic nodules in the lungs. 

Based on the results obtained in the first chapter, chapter two describes a similar 

one-two punch therapeutic strategy for triple-negative breast cancer patients. In this 

case, a human xenograft mice model was employed to evaluate the effect of combined 

therapy of palbociclib plus navitoclax. In order to overcome the side effects of navitoclax 

treatment (mainly thrombocytopenia), we evaluated the effect of the prodrug nav-Gal, 

synthetized by the galactose-conjugation of navitoclax. Palbociclib therapy-induced 

senescence (TIS) followed by adjuvant therapy with navitoclax or nav-Gal caused a 

synergistic elimination of senescent tumor cells and reduction of tumor growth and lung 

metastasis in a xenograft mice model of aggressive human TNBC (hTNBC). 

Chapter three focuses on the design and development of a new stigmergy 

nanoparticle communication system to improve tumor therapy in breast cancer. The 

communication of nanoparticles by stigmergy consists of a sequential system of two 

nanoparticles in which the first modifies the environment allowing the second 

nanoparticle to act. To do this, we again rely on a two-step therapy. The first step is the 

induction of senescence with palbociclib, and the second is the subsequent elimination of 

senescent tumor cells with navitoclax. For this purpose, two nanodevices based on gated 

MSNs were prepared. The first nanodevice (NP(palbo)PEG-MUC1) was loaded with 

palbociclib and functionalized, through disulfide bonds, with a poly(ethylene glycol) that 

binds to an aptamer cap that targets the MUC1 surface protein, which is overexpressed 

in breast tumor cells. The second nanodevice was the senolytic NP(nav)-Gal already 

described in the third chapter. A synergistic effect was achieved when both nanoparticles 

were sequentially administered, delaying tumor growth and reducing metastases in a 

xenograft hTNBC mice model. 

In the fourth chapter, we identify a novel senolytic agent (H14) that can target 

malignant tumoral melanoma senescent cells with optimal in vivo efficacy and safety. To 
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do so, a combinatorial library of D-amino acid hexapeptides was screened in senescent 

SK-Mel-103 melanoma cells in which the induction of senescence was achieved by 

treatment with palbociclib. The combined therapy of palbociclib and H14-hexapeptide 

improved the elimination of senescent tumor cells and reduced tumor growth, reaching 

effects similar to the combined treatment of palbociclib with navitoclax. 

Finally, the main conclusions derived from the presented experimental work, as well 

as the general conclusions of this Ph.D. thesis, are addressed. Future breakthroughs in the 

field of cellular senescence treatment are expected. We hope that the results achieved in 

this PhD thesis will open new research opportunities and inspire the development of 

advanced strategies with smart nanodevices and prodrugs for their application in the field 

of cellular senescence and other different biomedical areas and in sensing and 

communication technologies to solve patient needs. 
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 Cellular senescence 

 Senescence is a cellular state characterized by a highly stable cell cycle arrest 

associated with specific phenotypic changes.(López-Otín et al., 2013) The senescence 

concept emerged in 1961 when Hayflick and Moorhead found that serial cell cultures of 

human fetal fibroblasts lose their proliferative potential after a limited number of 

passages.(Hayflick and Moorhead, 1961) This type of senescence is known today as 

“replicative senescence” and is triggered by telomeres shortening or damage, which 

promotes the activation of DNA-damage checkpoint responses (DDR). (Harley, Futcher 

and Greider, 1990; Yu et al., 1990; Olovnikov, 1996; Bodnar et al., 1998; Takai, 

Smogorzewska and De Lange, 2003) 

 

Figure 1 | Types of cellular senescence. Senescence occurs naturally and, depending on how it is 

triggered, can be classified as replicative senescence, physiological senescence, stress-induced 

premature senescence (SIPS), or therapy-induced senescence (TIS). CDK, cyclin-dependent kinases; 

HAT, histone acetyltransferase; HDAC, histone deacetylase; PKC, protein kinase C; ROS, reactive 

oxygen species. Adapted from Lozano-Torres et al., 2019. 
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 Nowadays, many factors (Figure 1) have been found to trigger “stress-induced 

premature senescence" (also called “premature senescence” or “oncogene-induced 

senescence” (OIS)), such as high-fat diet, oncogene activation, radiotherapy, and 

chemotherapy (known as “therapy-induced senescence”(TIS)), reactive oxygen species 

(ROS), metabolic and epigenetic changes and mitochondrial dysfunction.(Han, Williams 

and Cadenas, 2001; Collado, Blasco and Serrano, 2007; Jun and Lau, 2010; Barnes, 2015; 

Bielak-Zmijewska, Mosieniak and Sikora, 2018) In all these cases, senescence induction is 

considered a way to protect the body from damaged or stressed cells that are unable to 

engage apoptosis. 

 

Figure 2 | Molecular pathways involved in senescence. Several senescence triggers can affect 

signaling pathways converging in the overexpression of cell cycle inhibitors, such as p21CIP1 and 

p16Ink4a. These proteins stop cyclin-dependent kinases (CDK)–cyclin complexes from 

phosphorylating the retinoblastoma protein (Rb). Consequently, the transcription factor E2F, 

which is usually responsible for the expression of the genes needed for cell cycle progression, is 

sequestered by Rb, and the cell cycle is arrested. DDR, DNA-damage response; FOXO, forkhead box 

protein O; PI3K, phosphatidylinositol-3-kinase; ROS, reactive oxygen species; SASP, senescence-

associated secretory phenotype; SMAD (Suppressor of Mothers against Decapentaplegic), MAD 
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(mother against decapentaplegic); TGFβ, transforming growth factor β. Adapted from Lozano-

Torres et al., 2019 

  The induction of cellular senescence is controlled by different signaling pathways 

that stably block cell proliferation and are conserved across vertebrates.(Alimonti et al., 

2010; Collado and Serrano, 2010; Muñoz-Espín and Serrano, 2014) Depending on the 

senescence-inducing stimuli, different molecular pathways which converge in the 

activation of cyclin-dependent kinase (CDKs) inhibitors (e.g., p16INK4A, p15INK4B, p21CIP1, and 

p27KIP1) (Figure 2).(Campisi and d’Adda di Fagagna, 2007; Muñoz-Espín and Serrano, 2014) 

When CDKs are inhibited, the phosphorylation of retinoblastoma protein (Rb) does not 

occur.(Chicas et al., 2010) Consequently, the transcription factor E2F (that controls the 

expression of the genes needed for cell cycle progression) remains sequestered by Rb 

protein, inhibiting the expression of cell cycle progression genes, therefore, inducing cell 

cycle arrest in the G1 phase.(Peeper et al., 1993; Bloom and Cross, 2007; Vicencio et al., 

2008; Malumbres and Barbacid, 2009; Goel et al., 2018) 

 Hallmarks of senescent cells 

Senescence is considered a dynamic, multi-step process during which the properties 

of senescent cells constantly evolve and diversify depending on the context.(Van Deursen, 

2014) In addition to proliferation arrest, one of the most obvious phenotypic 

characteristics of senescent cells in vitro is the morphological change.(Hernandez-Segura, 

Nehme and Demaria, 2018) Senescent cells in vitro have an irregular shape with a 

flattened appearance and enlarged nuclei.(Campisi and d’Adda di Fagagna, 2007) 

Typically, senescent cells also have enlarged lysosomes and increased Golgi apparatus, 

nucleolar size, and cytoplasmic granularities with many lipids droplets.(Kuilman et al., 

2010; Salama et al., 2014; Frescas et al., 2017; Hernandez-Segura, Nehme and Demaria, 

2018) It is important to note that in vivo senescent cells tend to maintain the morphology 

established by tissue architecture.(Muñoz-Espín and Serrano, 2014) 
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One of the most widely used markers to detect senescent cells is the enzyme β-

galactosidase (SA-β-Gal), which is overexpressed in the lysosomes of senescent 

cells.(Dimri et al., 1995; Biran et al., 2017) The major drawback of using SA-β-Gal for the 

detection of senescence cells in vitro is that SA-β-Gal activity increases not only in 

senescent cells but also in confluent quiescent cultured cells or under serum starvation, 

leading to the detection of false positives.(Yang and Hu, 2005) Apart from SA-β-Gal, the 

overexpression of other lysosomal hydrolases, such as α-L-fucosidase (α-Fuc), has also 

been used to detect senescent cells.(Knaś et al., 2012; Hildebrand et al., 2013) 

As senescent cells are growth-arrested, genes responsible for cell proliferation (e.g. 

p53, p16INK4A or p21CIP1) are suitable markers to identify senescent cells.(Takahashi, Ohtani 

and Hara, 2007; Burd et al., 2013; Baker et al., 2016; Hernandez-Segura et al., 2017) The 

absence of the Ki67 proliferative marker and the hypophosphorylation of Rb protein in 

the tumors are also an indicative of senescence.(Gerdes et al., 1984; Chicas et al., 2010; 

Muñoz‐Espín et al., 2018; Alessio et al., 2021) 

Another well-known characteristic of senescent cells is their resistance to 

apoptosis.(Wang, 1995; Hampel et al., 2004; Marcotte, Lacelle and Wang, 2004; Ryu, Oh 

and Park, 2007; Sanders et al., 2013; Childs et al., 2014; Zhu et al., 2015)  The survival of 

senescent cells depends on the expression of anti-apoptotic B-cell lymphoma proteins 

(Bcls), such as Bcl-xL, Bcl-2 or Bcl-W. The overexpression of antiapoptotic Bcls preserves 

outer mitochondrial membrane integrity and prevents cell death by apoptosis.(Childs et 

al., 2014) 

Although senescent cells remain viable, they present alterations in their metabolic 

activity.(Wiley and Campisi, 2021) Mitochondria from senescent cells have an impaired 

electron transport chain, resulting in altered membrane potential, elevated intracellular 

levels of ROS, decreased cytosolic NAD+/NADH ratios and increased AMP/ATP ratios.(Lee 

et al., 1999; Passos et al., 2007, 2010; Wiley et al., 2016) In addition, lysosomes of 

senescent cells can become permeable, acidifying the cytosol and disrupting some forms 
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of autophagy.(Young et al., 2009; Kwon et al., 2017) This can lead to the accumulation of 

transition metals inside senescent cells.(Killilea et al., 2003; Masaldan et al., 2018) 

Senescent cells are also characterized by the presence of lipofuscin granules and non-

degradable aggregates of oxidized proteins, lipids, and oligosaccharides that accumulate 

progressively in the lysosomes.(Katz et al., 1984; Georgakopoulou et al., 2012; Evangelou 

et al., 2017) Considering that senescence is a complex and variable phenomenon, it is 

possible that those metabolic alterations may be present in some, but not all, forms of 

senescence.  

 

Figure 3 | Features of cellular senescence. (A) Increased lysosomal mass leads to an increased SA-

β-gal and α-fucosidase activity and lipofuscin accumulation. (B) The senescence-associated 

secretory phenotype, SASP, is a dynamic and complex secretome that can comprise extracellular 

matrix-remodeling proteins (MMP), cytokines (Cyt) (e.g., IL-6), growth factors (GF), among others. 

(C) Senescence induction stimuli (e.g., telomere shortening or DNA damage) lead to cell cycle arrest 

regulated through the p53/p21 and p16/Rb pathways. Also, senescence-associated 

heterochromatic foci (SAHF) can limit proliferation-promoting genes. (D) Apoptosis resistance and 

mitochondrial dysfunction are common hallmarks of cellular senescence. ROS production is 



Introduction 

8 

increased along with reduced mitochondrial membrane potential (MtMP). Also, antiapoptotic Bcls 

(Bcl-xL, Bcl-2, and Bcl-W) are overexpressed in senescent cells. Adapted from Morsli et al., 2022. 

Moreover, senescent cells undergo dramatic gene expression changes along with 

chromatin remodeling. A peculiar foci of condensed nuclear chromatin enriched for 

histone modifications, including lysine9-trimethylated histone H3, called senescence-

associated heterochromatic foci (SAHF), can be observed in some senescent cell 

types.(Narita et al., 2003; Chandra et al., 2015) Other genetic and epigenetic alterations 

present in senescent cells are changes or shortening of telomere length, phosphorylation 

of the histone H2AX, and loss of lamin B1.(Freund et al., 2012; Chandra et al., 2015) 

Finally, all senescent cells develop a complex, multi-component senescent-

associated secretory phenotype (SASP). The SASP acts as a non-autonomous cell 

mechanism changing the surrounding tissue microenvironment and altering the behavior 

of neighboring cells.(Birch and Gil, 2020) The SASP is highly dynamic, variable, and plastic; 

its characteristics depend on the cell type and senescence inducer and can change over 

time.(Coppé et al., 2008; Basisty et al., 2020) It is formed by a complex mixture of 

extracellular factors such as inflammatory mediators (IL-6, MMP3), growth factors, 

bioactive lipids, detached cell surface molecules, or extracellular matrix 

components.(Krizhanovsky et al., 2008; Coppé et al., 2010; Acosta et al., 2013; Demaria 

et al., 2014; Yun, Davaapil and Brockes, 2015; Ritschka et al., 2017; Saleh et al., 2018) 

It is important to consider that some of the aforementioned senescence-associated 

features can be present in other cellular states and conditions (Hernandez-Segura, Nehme 

and Demaria, 2018). Likewise, these widely used senescence markers are neither 

invariable nor universal. Thus, multiple markers are required to assess the presence of 

senescent cells in vitro or in tissues in vivo (Figure 3).(Gorgoulis et al., 2019; González-

Gualda et al., 2021)  
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 Senescence in physiology and pathology 

Initially, senescence was considered a tissue culture artifact. However, several 

studies have shown that senescence plays complex biological roles in the organism 

contributing to different physiological and pathological processes.(Hanahan and 

Weinberg, 2011; Burton and Krizhanovsky, 2014) The main biological role of cellular 

senescence is to prevent the proliferation of potentially dysfunctional, damaged, or 

stressed cells.(Collado, Blasco and Serrano, 2007; Muñoz-Espín and Serrano, 2014; Kang 

et al., 2015; Childs et al., 2017; Maciejowski and De Lange, 2017; Faget, Ren and Stewart, 

2019) Possibly, senescence evolved as a protective mechanism to maintain tissue 

homeostasis and complement programmed cell death.(Hanahan, 2022)  

Regarding its beneficial effects, senescence plays key physiological roles during 

embryonic development.(Muñoz-Espín et al., 2013; Storer et al., 2013), wound healing 

(Ramakrishna et al., 2012; Demaria et al., 2014), tissue remodeling (Yun, Davaapil and 

Brockes, 2015) or tumorigenesis.(Collado, Blasco and Serrano, 2007; Hanahan and 

Weinberg, 2011; Kang et al., 2015; Childs et al., 2017; Maciejowski and De Lange, 2017; 

Faget, Ren and Stewart, 2019; Hanahan, 2022) To point out some examples, programmed 

cellular senescence contributes to the formation of the mesonephros, the closing of the 

neural tube, and the proper development of the endolymphatic sac of the inner 

ear.(Muñoz-Espín et al., 2013; Storer et al., 2013) In adult organisms, physiological 

senescence also occurs in the maturation process of placental syncytiotrophoblasts or 

megakaryocytes.(Besancenot et al., 2010; Chuprin et al., 2013) During wound healing, 

senescent fibroblasts and endothelial cells secrete the SASP component platelet derived 

growth factor AA (PDGF-AA), which promotes myofibroblast differentiation and facilitates 

optimal wound closure.(Demaria et al., 2014) The role of senescence in tumorigenesis will 

be discussed in more detail below. 
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Senescent cells can modify the tissue environment and affect tissue regenerative 

capacities in either a positive or negative way through the SASP. The secretome of 

senescent cells alerts the immune system by inducing the recruitment of inflammatory 

cells (e.g., natural killer cells, macrophages, neutrophils, lymphocytes) to the damaged 

area, which eventually eliminate senescent cells.(Kang et al., 2011; Di Mitri and Alimonti, 

2016; Sagiv et al., 2016) However, excessive secretion of SASP factors leads to chronic 

inflammation (also called inflammaging), tissue aging, and dysfunction.(Freund et al., 

2010; Salminen, Kauppinen and Kaarniranta, 2012; Tchkonia et al., 2013)  An example of 

the double-face of senescence occurs in the placenta. As mentioned before, senescence 

in the placenta is a physiological process (Sultana et al., 2018), whereas aberrant 

senescence could lead to adverse pregnancy events like preeclampsia or spontaneous 

preterm birth.(Cox and Redman, 2017; Cindrova-Davies et al., 2018) 

There is also a close relationship between senescence and aging. In fact, senescence 

considered one of the key aging hallmarks. The accumulation of senescent cells in multiple 

tissues increases with aging (Muñoz-Espín and Serrano, 2014; Hudgins et al., 2018), 

supporting the hypothesis that senescence itself can drive aging.(Hayflick and Moorhead, 

1961; Hayflick, 1965; Campisi et al., 2011; López-Otín et al., 2013) In the aging process 

senescent cells tend to accumulate in the tissue, a result of a defective elimination by the 

also aged immune system. Indeed, senescent cells have been detected in several age-

related diseases like atherosclerosis, osteoporosis, pulmonary and liver fibrosis, cardiac 

and brain disorders, and kidney disease.(Jimenez et al., 2005; Yang and Fogo, 2010; 

Muñoz-Espín and Serrano, 2014; Chandrasekaran, Idelchik and Melendez, 2017; Farr et 

al., 2017; Schafer et al., 2017; Sun et al., 2017; Baker and Petersen, 2018; Wandrer et al., 

2018; Hernandez-Segura, Nehme and Demaria, 2018; Khosla, Farr and Kirkland, 2018; 

McHugh and Gil, 2018) Additionally, some authors have highlighted the role of senescent 

cells in the severity of COVID-19 infection.(De Biasi et al., 2020; Nehme et al., 2020; Lee 

et al., 2021) 
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 Role of senescence in tumorigenesis 

Senescence is considered one of the hallmarks of cancer.(Hanahan and Weinberg, 

2011; Hanahan, 2022) However, the role of senescence in tumorigenesis is complex. 

Traditionally, cellular senescence has been seen as a strong barrier against tumorigenesis 

due to the activation of an irreversible proliferation arrest that limits tumor 

growth.(Sager, 1991; Campisi, 2001; Collado and Serrano, 2010) Additionally, the 

induction of senescence in tumors can be considered an opportunity to alert the immune 

system (due to the SASP) of the presence of premalignant or malignant cells and promote 

their elimination.(Braig et al., 2005; Chen et al., 2005; Collado et al., 2005; Michaloglou et 

al., 2005)  

Some chemotherapeutic drugs as well as the radiation treatments induce senescence 

in cancer cells. This type of senescence is called therapy-induced senescence (TIS). Based 

on these observations, during the last years several pro-senescence therapies have 

evolved, such as telomerase inhibitors (Zhou et al., 2006; Marconett et al., 2011; Huang 

et al., 2012; Müller et al., 2012; Zhao and Wink, 2013), DNA-damaging agents (Robles and 

Adami, 1998; Wang et al., 1998; B D Chang et al., 1999; Hirose, Berger and Pieper, 2001; 

Han et al., 2002; te Poele et al., 2002; Mansilla, Piña and Portugal, 2003; Coppé et al., 

2008), tumor suppressor gene activators (Efeyan et al., 2007; Ling et al., 2014) or CDK4/6 

inhibitors.(Finn et al., 2009; Sutherland and Musgrove, 2009; Leontieva and Blagosklonny, 

2013) The importance of pro-senescence therapies will be further discussed below. 

However, the induction of senescent cells in tumors is a double-edged sword in the 

fight against tumorigenesis.(Ohtani et al., 2012) Despite its beneficial role in limiting 

tumor cell proliferation, accumulation of senescent tumor cells can promote 

inflammation, angiogenesis, or even cause cancer recurrence by facilitating senescence 

escape or invasiveness.(Demaria et al., 2017; Saleh et al., 2018) SASP factors are the main 

responsibles for the dual impact of senescent cells in the surrounding tissue and 

microenvironment, acting in a non-autonomous way. As mentioned before, this secretory 
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phenotype can either attract cells from the immune system to the tumor, promoting 

tissue regeneration, or promote chronic inflammation that will trigger tissue dysfunction 

and unfavorable outcomes.(Rao and Jackson, 2016) In this regard, the combination of pro-

senescent therapies with senolytics (drugs that specifically eliminate senescent cells) is an 

effective approach to reduce the pro-tumorigenic effects induced by senescent cells 

(Figure 4). The promising therapeutic benefits of senolytic approaches will be further 

discussed below. 

 

Figure 4 | Senotherapy on cancer. Therapy-induced senescence (TIS) can positively and negatively 

impact cancer therapy. The use of senolytic drugs to specifically kill senescent cells and 

senomorphics to modulate the SASP can contribute to the success of the therapy while reducing 

the secondary effects. SASP: Senescence-Associated Secretory Phenotype. Adapted from 

Senolytics in Disease, Ageing, and Longevity, 2019. 

1.3.1. Role of senescence in promoting metastasis  

In recent years, several studies have highlighted the negative role of TIS tumor cells 

Despite this role, senescence has always been considered a permanent and irreversible 

cell cycle arrest. Recent studies have suggested that, under certain conditions, senescent 
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tumor cells induced by TIS can escape from this condition and re-enter the cell cycle, thus 

acquiring an aggressive character.(Roberson et al., 2005; Saleh et al., 2019; Saleh, 

Tyutyunyk-Massey and Gewirtz, 2019; Triana-Martínez, Loza and Domínguez, 2020; Yu et 

al., 2020) As aforementioned, key signaling drive of the senescence program are p16INK4a, 

p21CIP1, and p53, as well as trimethylation of lysine 9 at histone H3 (H3K9me3). These 

components are also critical regulators of stem-cell functions (which are collectively 

termed ‘stemness’).(Elmore et al., 2005) Milanovic and coworkers, using p53-regulable 

models of acute lymphoblastic leukemia and acute myeloid leukemia, found that tumor 

cells that scape from senescence re-entered the cell cycle with strongly enhanced tumor 

initiation potential.(Milanovic et al., 2018) This data, along with other recent works, 

indicate that senescent cancer cells may be one form of dormant tumor cells that survive 

therapy because they become apoptosis-resistant and contribute to tumor 

recurrence.(Guan et al., 2017; Milanovic, Yu and Schmitt, 2018; Saleh et al., 2019; Saleh, 

Tyutyunyk-Massey and Gewirtz, 2019) 

Therapy can induce senescence not only in tumor cells but also in their neighbor 

stroma cells and even in distant tissues.(Schosserer, Grillari and Breitenbach, 2017) 

The tumor microenvironment (TME) includes various cell types (endothelial cells, 

fibroblasts, immune cells, etc.) and extra-cellular components (cytokines, growth factors, 

hormones, extracellular matrix, etc.) that surround tumor cells and are maintained by 

a vascular network.(Wu and Dai, 2017) Cells in the tumor microenvironment can become 

senescent due to pro-senescence therapies and additionally, in a paracrine way as a 

consequence of the SASP from neighboring senescent tumor cells.Thus, tumor senescent 

cells can induce a so-called 'bystander' senescence effect through SASP factors.(Di et al., 

2008; Nelson et al., 2012; Sapega et al., 2018) SASP of senescent stromal cells enhances 

inflammatory responses, stimulates the growth of nearby malignant cells, and promotes 

metastasis.(Krtolica et al., 2001; Collado et al., 2005; Y. H. Kim et al., 2017) Moreover, the 

SASP has been shown to contribute to the epithelial-mesenchymal transition (EMT), a 

phenomenon by which tumor cells gain migratory and invasive properties.(Parrinello et 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-microenvironment
https://www.sciencedirect.com/topics/medicine-and-dentistry/extracellular-matrix
https://www.sciencedirect.com/topics/medicine-and-dentistry/vascular-network
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al., 2005) Guan and coworkers (Guan et al., 2017) demonstrated that prolonged CDK4/6 

inhibitor treatment induces senescence in stromal fibroblasts, which adopt a robust SASP, 

suppressing the antitumor immune response and promoting tumor growth in a melanoma 

mice model. Furthermore, systemic administration of common chemotherapeutic drugs 

like doxorubicin, paclitaxel, cisplatin, or temozolomide induces cellular senescence in 

mice in different organs such as skin, lung, and liver.(Demaria et al., 2017) 

The induction of senescence in endothelial cells after therapy has also been studied. 

The endothelium is a thin mono-cellular layer that covers the inner surface of blood 

vessels.(Lüscher and Barton, 1997) It is involved in nutrient transport, in inflammatory and 

immune processes by regulating proliferation and cell migration, as well as in adherence 

and leukocytes activation.(Butler, Kobayashi and Rafii, 2010; El Assar et al., 2012; Al-Soudi, 

Kaaij and Tas, 2017)  Likewise, it is a barrier against cancer relapse and metastasis.(Kumar 

et al., 2009; Reymond, D’Água and Ridley, 2013) A compromised endothelium facilitates 

the pass of circulating cancer cells to the tissues favoring metastases in other 

organs.(Shenoy and Lu, 2016) Endothelium senescence alters its cytoskeleton and 

increases endothelium permeability, facilitating transendothelial migration, promoting 

neutrophil infiltration, tumor cell adhesion, and metastasis.(Wieland et al., 2017) The 

SASP from endothelial cells that experience TIS promotes the aggressive behavior of 

cancer cells.(Hwang et al., 2020) Moreover, palbociclib-induced senescent cancer cells 

can alter and remodel the surrounding vasculature through the induction of a pro-

angiogenic SASP, which might also impact cancer cells migration.(Ruscetti et al., 2020) The 

role of endothelial senescence in the tumor context will be discussed in Chapter 1. 

Besides, the presence of long-term TIS cells in the tumors can intensify many side 

effects of cancer therapy, such as fatigue, bone marrow suppression, bone loss, cardiac 

dysfunction, a physical decline in treated patients, and tumor relapse. (Shao et al., 2014; 

Demaria et al., 2017; Yao et al., 2020) In summary, SASP from TIS cells can remodel the 

surrounding microenvironment leading to a tumor-permissive inflammatory 
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environment, cancer relapse, and therapeutic resistance.(Coppé et al., 2008; Burton and 

Stolzing, 2018; Faget, Ren and Stewart, 2019).  

 Pro-senescence therapies 

Many commonly used cancer treatments induce cellular senescence in either 

malignant or nonmalignant cells or tissues. Pro-senescence therapies that are actually 

used in the clinical context can be categorized into four families: chemotherapy, 

radiotherapy, immunotherapy, and CDK4/6 inhibitors.(Wang, Kohli and Demaria, 2020; 

Wyld et al., 2020) 

1.4.1. Chemotherapy 

Chemotherapy can cause cell death resulting in tumor regression, or induce cellular 

senescence leading to tumor growth arrest. Moderate chemotherapy doses are more 

likely to cause senescence, and higher doses more likely to cause cell death by 

apoptosis.(Roninson, 2003) Chemotherapeutic drugs generate DNA damage which can 

eventually activate a non-lethal DDR response, triggering senescence.(Van Deursen, 2014) 

Some of the DNA-damaging agents are commonly used in clinics and induce senescence 

in vivo are doxorubicin (Chang et al., 1999), etoposide (te Poele et al., 2002), cisplatin 

(Wang et al., 1998), bleomycin o temozolomide. (Hirose, Berger and Pieper, 2001). 

1.4.2. Radiotherapy 

The mechanism of action of radiotherapy relays on the generation of direct DNA 

damage, activating DDR response and increasing ROS in the treated area. Due to its lack 

of specificity, radiotherapy can be used to treat several tumors, including lymphoma, soft 

tissue sarcomas, central nervous system tumors, and a wide range of carcinomas (lung, 

prostate, skin, breast, head and neck, bladder).(Baskar et al., 2012) Numerous studies 

have demonstrated that ionizing radiation induces SA-β-gal and other senescence 
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markers in breast, colon carcinoma, neuroblastoma, and fibrosarcoma cell lines. (Bey Dih 

Chang et al., 1999; Jones et al., 2005; Zhang et al., 2020) 

Because radiation therapy is locally derived to the tumor site, damage to non-

cancerous areas of tissues is less likely to occur. Besides, it is important to highlight that 

the therapeutic effect of radiotherapy does not only result in a local effect due to the 

proliferation inhibition of irradiated cancer cells, but also to a distant effect due to the 

potentiation of an adaptive immune response mediated by CD86+ cytotoxic T 

lymphocytes.(Rodriguez-Ruiz et al., 2019) This effect is commonly known as abscopal 

response (Mole, 1953) and can cause the regression of distant metastatic 

lesions.(Reynders et al., 2015; Abuodeh, Venkat and Kim, 2016; Poleszczuk et al., 2016; 

Siva et al., 2016; Cong et al., 2017) Recently, senescence has been involved in abscopal 

response. Tesei et al. (Tesei et al., 2021) demonstrated that irradiated A549 lung cancer 

cells became senescent and secreted extracellular vesicles as part of their SASP, which can 

induce senescence on distant not irradiated metastatic cells, stopping its proliferation. 

1.4.3. Immunotherapy 

The appearance of senescence after immunotherapy has not been explored as 

deeply as in chemotherapy or radiotherapy. However, we already know that some 

immunotherapeutic drugs induce senescence, such as rituximab, a CD20 targeting 

antibody used to treat leukemia and lymphoma.(Däbritz et al., 2016) Along the same line 

of evidence, IFNγ and TNFα, two cytokines highly secreted by CD4+ T-helper cells after 

cell immunotherapy (Shimabukuro-Vornhagen et al., 2018), induce senescence in 

different murine and human cancers.(Braumüller et al., 2013) 
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1.4.4. CDK4/6 Inhibitors 

Cyclin-dependent kinases (CDK) have a critical role in regulating the cell cycle. 

Specifically, the CDK4/6 complex acts as a checkpoint during the cell cycle transition from 

cell growth (G1) to the DNA synthesis (S) phase. Its deregulation or overexpression 

induces abnormal cell proliferation and cancer development.(Malumbres and Barbacid, 

2009) The catalytic subunit CDK4/6 interacts with the regulatory subunit cyclin D.(Asghar 

et al., 2015) The Ser/Thr-kinase component of the complex CDK4/6-cyclin D 

phosphorylates and inhibits retinoblastoma (Rb) protein. Phosphorylation of Rb protein 

allows dissociation of the transcription factor E2F from the Rb/E2F complex and the 

subsequent transcription of the E2F gene, which is in charge of the progression through 

the G1 phase.(Yu, Geng and Sicinski, 2001; Toogood et al., 2005; Yu et al., 2006; 

Rivadeneira et al., 2010; Goel et al., 2018)  Targeted inhibition of CDKs to avoid cell cycle 

progression is a critical therapeutic target to limit tumor proliferation.  

 

Figure 5 | Mechanism of action of palbociclib. In the cell cycle phase G1, cells must pass a 

checkpoint to complete the cycle and divide. The complex of kinases CDK4/CDK6, together with 

cyclin D, carries out the phosphorylation of retinoblastoma protein (Rb), which allows the cell to 

pass this checkpoint and start dividing. Palbociclib inhibits the action of CDK4/6 so that the CDK4/6 

– cyclin D complex cannot perform its phosphorylation function, and the cell cannot continue the 

cycle. 
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 CDK4/6 inhibitors imitate the mechanism of action of its natural inhibitor, p16, 

(Coppé et al., 2011) and cause cellular senescence.(Leontieva and Blagosklonny, 2013) 

Recently, three pharmacological CDK4/6 inhibitors (palbociclib, ribociclib, and 

abemaciclib) have been developed and approved by the FDA based on PALOMA, 

MONARCH, and MONALEESA randomized clinical trials.(Beaver et al., 2015; Finn et al., 

2015; Turner et al., 2015, 2018; Cristofanilli et al., 2016; Hortobagyi et al., 2016; Walker 

et al., 2016; Sledge et al., 2017; Cardoso et al., 2020) Palbociclib induces cellular 

senescence (its mechanism of action is described in Figure 5) in breast and gastric cancer, 

melanoma, liposarcoma, and hepatocellular carcinoma. On the other hand, other CDK4/6 

inhibitors such as ribociclib and abemaciclib also induce cellular senescence in several 

tumors. For example ribociclib induces senescence in neuroblastoma cells (Rader et al., 

2013) and Ewing sarcoma cells (Coppé et al., 2011), and abemaciclib in numerous breast 

cancer cells.(Goel et al., 2016, 2017; Gong et al., 2017; Torres-Guzmán et al., 2017)  

Palbociclib is currently approved by the FDA in combination with letrozole for 

hormone receptor-positive (HR+)/human epidermal growth factor receptor 2 negative 

(HER2−) postmenopausal women with metastatic breast cancer or fulvestrant in women 

with breast cancer that have progressed after endocrine therapy.(Fry et al., 2004; Finn et 

al., 2009, 2015, 2016; Beaver et al., 2015; Walker et al., 2016; Pernas et al., 2018) In 2017, 

ribociclib also received approval in combination with an aromatase inhibitor to treat 

HR+HER2− metastatic breast cancer patients. The same year, abemaciclib was approved 

in combination with fulvestrant to treat HR+HER2− advanced breast cancer patients who 

failed to respond to endocrine therapy.(Fry et al., 2004; Rader et al., 2013)  

The use of CDK4/6 inhibitors in the treatment of advanced breast cancer benefits for 

the progression-free survival (PFS), objective response rate (ORR), overall survival (OS), 

and quality of life of patients.(Gao et al., 2020) Following this success, a robust program 

of clinical research was developed to incorporate CDK4/6 inhibitors for the treatment of 
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HER2+ and triple-negative breast cancer and other cancer types.(Sobhani et al., 2019; Gil-

Gil et al., 2021) 

The three CDK4/6 inhibitors have different toxicity profiles, dosing schedules, 

pharmacokinetics, and potencies. In this thesis, we will focus on palbociclib. Palbociclib 

(IBRANCE; PD0332991; Pfizer; C24H29N7O2) is an orally available drug with a low enzymatic 

IC50 of 11 nM for CDK4 and 15 nM for CDK6. In monotherapy, the main dose-limiting 

toxicities were neutropenia and leukopenia.(Sobhani et al., 2019; McCartney et al., 2020) 

In Chapter 3, a nanoparticle-based strategy to overcome palbociclib-induced senescence 

side effects will be described. 

 Senotherapies 

Senotherapies are drugs aimed to limit the deleterious effects of senescent cells by 

eliminating senescent cells (senolytics), inhibiting the SASP (senomorphics), or inhibiting 

senescence before it happens (senoblockers). In this thesis, we will focus on senolytics. 

1.5.1. Senolytics 

Senolytics are pharmacological agents that selectively induce apoptosis in senescent 

cells. Senolysis is an efficient strategy to protect from the negative side effects of 

senescent cell accumulation in the body.(Zhu et al., 2015; Soto-Gamez and Demaria, 

2017) In fact, senolysis treatment improves the symptoms of aging-related disorders in 

mice models of arteriosclerosis, osteoarthritis, cataracts, cardiac hypertrophy, renal 

dysfunction, lipodystrophy, and sarcopenia.(Baker et al., 2011, 2016; Xu et al., 2015; 

Hashimoto et al., 2016; Y. Zhao et al., 2018) Besides, senolytic drugs have demonstrated 

to extend both health and life span in naturally aged and progeroid syndrome mice.(Xu et 

al., 2018; Yousefzadeh et al., 2018) 

Over the last few years, several senolytic drugs have been identified including small 

molecules, peptides, or antibodies. Senolytic discovery was initially driven by the 
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hypothesis that if senescent cells were resistant to apoptosis, they might rely on pro-

survival pathways to resist against pro-apoptotic factors.(Zhu et al., 2015) Using 

bioinformatics and siRNA technology, different senescent-cell anti-apoptotic pathways 

(SCAPs), upregulated in senescent cells, were identified as putative senolytic targets. They 

include interrelated B-cell lymphoma family proteins, p53/p21 transcription factors, 

hipoxia-inducible factor 1 (HIF-1α), heat-shock protein HSP-90 and phosphatidylinositol-

4,5-bisphosphate 3-kinase/protein Kinase B (PI3K/AKT).(Zhu et al., 2015; Fuhrmann-

Stroissnigg et al., 2017) Based on this knowledge, different senolytic drugs have been 

identified evaluating drugs already known to target these SCAPS, such as dasatinib and 

quercetin, Bcl-2 family inhibitors, fisetin, or HSP90 inhibitors.(Zhu et al., 2015, 2017; 

Chang et al., 2016; Fuhrmann-Stroissnigg, Niedernhofer and Robbins, 2018) Moreover, 

screening of drug libraries have led to the identification of novel senolytics as in the case 

of cardiac glycosides.(Triana-Martínez et al., 2019; Guerrero, Herranz, et al., 2020) 

Despite all current knowledge, the FDA has not yet approved any senolytic drug for 

a senolytic application (dasatinib and quercetin are approved for other uses). This is 

probably due to the novelty, as well as to some toxicity issues derived from their use. 

However, some of these drugs, such as dasatinib plus quercetin, fisetin, and navitoclax, 

are already in early phase clinical trials for diabetic and chronic kidney disease 

(NCT02848131; NCT03325322), Alzheimer’s disease (NCT04785300), osteoporosis 

(NCT04313634; NCT04313634), osteoarthritis (NCT04210986) and COVID-19 

(NCT04771611; NCT04476953; NCT04537299).(Hickson et al., 2019; Justice et al., 2019; 

Kirkland and Tchkonia, 2020; Verdoorn et al., 2021; Morsli, Doherty and Muñoz-Espín, 

2022) 

To date, there is no universal senolytic drug capable of effectively eliminating all 

types of senescent cells nor a specific one able to selectively kill one senescent cell type 

over another. Finding a selective method to remove a specific senescent cell type could 
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be a therapy of great potential for precision cancer treatment. In the Chapter 4 of this 

thesis, the discovery of a novel senolytic for malignant melanoma is described. 

1.5.1.1 Navitoclax 

Among all the different senolytic drugs, our studies are mainly focused in the use of 

navitoclax (ABT-263; nav). Navitoclax is a specific inhibitor of the anti-apoptotic proteins 

Bcl-2, Bcl-xL, and Bcl-W, and also known to be a BH3 mimetic drug that binds to BH3 biding 

domain of Bcl-2, Bcl-xL and Bcl-W anti-apoptotic members, causing the displacement of 

the pro-apoptotic proteins Bak and Bax and their oligomerization in the outer 

mitochondria membrane.(Zhu et al., 2016) This results in the permeabilization of the 

outer membrane, and the cytochrome C release to the cytosol, ultimately leading to 

caspase activation and cell death (Figure 6).  

Navitoclax reduces cancer relapses (Syahidah et al., 2021) and delays the onset of 

several aging associated-diseased such as atherosclerosis, neurodegenerative diseases, or 

hematopoietic system aging.(Chang et al., 2016; Demaria et al., 2017; Kim et al., 2017; 

Bussian et al., 2018) In aged mice, navitoclax treatment rejuvenated senescent bone 

marrow hematopoietic stem cells, senescent muscle stem cells and attenuated the 

osteoclastogenic support capacity of bone marrow stromal cells.(Kim et al., 2017) In a 

senescent mice model, caused by whole body sub-lethal irradiation, oral administration 

of navitoclax reduced the senescent cells burden, suppressed the expression of SASP 

factors in lungs (such as p16, Il1a or TNFα), and also decreased the premature aging of the 

hematopoietic system caused by irradiation.(Chang et al., 2016; Kim et al., 2017) In a mice 

model of atherosclerosis, navitoclax treatment reduced atherosclerosis onset showing a 

diminished plaque burden, number, and size.(Childs et al., 2016) Also, in osteoarthritic 

mice, navitoclax reduces the symptoms in later-stage disease by creating a 

prochondrogenic environment.(Jeon et al., 2017) 
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Figure 6 | Navitoclax induces apoptosis. The antiapoptotic members (i.e., Bcl-2, Bcl-W, and Bcl-xL) 

recruit and inactivate the proapoptotic proteins (i.e., Bax and Bak). Navitoclax, a BH3 mimetic, 

binds to the BH3 biding domain of Bcl-2, Bcl-xL and Bcl-W, causing the release of the pro-apoptotic 

proteins Bak and Bax and their oligomerization in the outer mitochondria membrane. This results 

in the permeabilization of the outer membrane, and the cytochrome C release to the cytosol, 

ultimately leading to cell death.  

Despite its good efficacy in preclinical trials, navitoclax secondary effects have limited 

its translation to clinical practice. The most relevant negative side-effect is 

thrombocytopenia as a consequence of the dependence that platelets have on Bcl-xL for 

their survival.(Kaefer et al., 2014; Kile, 2014; Cang et al., 2015; Chang et al., 2016) To 

overcome navitoclax toxicity, a second generation of senolytics has been recently 

reported. A nanotechnological-based strategy (NP(nav)-Gal) to specifically deliver 

navitoclax in senescent cells with high specificity decreases platelet toxicity.(Muñoz‐Espín 

et al., 2018; Galiana et al., 2020; Estepa-Fernández et al., 2021) The Bcl-xL proteolysis-

targeting chimera (PROTAC) PZ15227 (PZ), has shown limited platelet toxicity because it 

recruits a specific E3 ubiquitin ligase, cereblon, that is poorly expressed in platelets.(He et 

al., 2020) Additionally, several prodrugs that release the active component in response to 

lysosomal β-galactosidase activity in senescent cells have been reported, such as the 

galactose-modified navitoclax (nav-Gal) (González-Gualda et al., 2020), galactose-

modified duocarmycin (Guerrero, Guiho, et al., 2020) or gemcitabine-derivative SSK1.(Cai 
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et al., 2020) In this thesis, we will focus on the NP(nav)-Gal nanoparticles and on the nav-

Gal prodrug. 

1.5.1.2 The prodrug nav-Gal 

Nav-Gal is a prodrug that results from the conjugation of navitoclax with acetylated 

galactose. Nav-Gal can preferentially be activated by the high activity of lysosomal β-

galactosidase in senescent cells. The nav-Gal pro-drug has been effective in reducing 

tumor size in in vivo models of lung adenocarcinoma and in non-small-cell lung cancer in 

combination with senescence-inducing therapies. Moreover, it has been demonstrated a 

clear reduction of the hematological toxicity.(González-Gualda et al., 2020) In this work, 

we address the study of the nav-Gal anti-tumoral activity in triple-negative breast cancer 

(Chapter 2). 

 A one-two punch therapy strategy for cancer treatment 

A novel approach for cancer therapy based on the combination of senescence-

inducing therapies and senotherapies is illustrated in Figure 4. This one-two punch 

strategy for cancer therapy has already shown potential as an antitumor strategy in 

vivo.(Muñoz‐Espín et al., 2018; Fleury et al., 2019; Triana-Martínez et al., 2019; Galiana et 

al., 2020; Saleh et al., 2020; Shahbandi et al., 2020; Estepa-Fernández et al., 2021) The 

first punch is the treatment of the tumor with cancer therapies at a clinical dose that will 

eliminate tumor cells and at the same time induces senescence in both normal and tumor 

cells. The second punch will be the selective clearance of senescent cells using a 

senotherapeutic.  Not only does the strategy cause a synergistic effect by limiting tumor 

growth and simultaneously preventing tumor relapse, metastasis, and development of 

resistance to treatment, but it also mitigates TIS side effects in normal tissue and helps to 

restore tissue homeostasis.  
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Dorr et al (Dörr et al., 2013) reported for the first time the one-two punch approach 

to selectively eliminate chemotherapy-induced senescent lymphoma cells in mice by 

using a metabolic senolytic (bafilomycin A) to block glucose utilization or autophagy. 

Later, other authors have reported that genetic and pharmacological clearance of TIS cells 

are effective in the treatment of many cancer types in mouse models. For example, the 

combination of the CDC7 inhibitor and AZD8055 (mTOR inhibitor) results in the growth 

inhibition of liver cancer.(Wang et al., 2019) The combination of olaparib, a poly(ADP-

ribose) polymerase 1 inhibitor (PARPi), and navitoclax reduces tumor growth in ovarian 

and breast cancer mice xenografts.(Fleury et al., 2019) Combination of TIS plus cardiac 

glycosides also reduces tumor size in vivo.(Triana-Martínez et al., 2019) Our group has 

demonstrated that the combination of palbociclib plus navitoclax-based therapies is 

effective in reducing tumor growth in vivo and the associated side effects in melanoma 

and in breast cancer tumors.(Muñoz‐Espín et al., 2018; Galiana et al., 2020; González-

Gualda et al., 2020; Estepa-Fernández et al., 2021) A more detailed explanation about the 

effect of this combination will be provided during the development of this thesis.  

Additionally, it is important to highlight that several phase 1 and phase 2 clinical trials 

combining senescence-inducing chemotherapy with navitoclax are ongoing or completed 

(Table 1), including combination with cisplatin (NCT00878449), etoposide 

(NCT00878449), or osimertinib (NCT02520778) in lung cancer patients, and dabrafenib or 

trametinib for patients with metastatic melanoma (NCT01989585). Navitoclax is also 

combined with gemcitabine (NCT00887757), paclitaxel (NCT00891605), docetaxel 

(NCT00888108), irinotecan (NCT01009073), erlotinib (NCT01009073), sorafenib 

(NCT02143401) or trametinib (NCT02079740) in advanced solid tumors.(Paez‐Ribes et al., 

2019) The fact that there are so many clinical trials currently in development 

demonstrates the interest of this new strategy for the treatment of cancer. 
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Table 1 | Clinical trials that are ongoing or have been conducted combining navitoclax with 

chemotherapy 

 

 Nanotechnology and nanomedicine 

Nanotechnology is a multidisciplinary area of research that deals with the 

understanding and manipulation of matter at the nanoscale, with dimensions ranging 

from one to a few hundred nanometers. Nanomaterials exploit the specific properties 

that arise from their small-size and are not observed in their bulk counterparts.(Khan et 

al., 2016) For example, some nanomaterials are stronger or have different magnetic 

properties than other forms or sizes of the same material. Others are better at conducting 

heat or electricity, becoming more chemically reactive, reflecting light better, or changing 

color as their size or structure is altered. The development of these new properties has 

resulted in applications in fields as diverse as electronics, energy, food science, 

environmental science, chemistry, biotechnology, and medicine, among others. 

TREATMENT CONDITION PHASE  IDENTIFIER STATUS 

Navitoclax 

 Cisplatin  Small Cell Lung Cancer  Phase 1 NCT00878449 Completed 

Etoposide  Small Cell Lung Cancer  Phase 1 NCT00878449 Completed 

Osimertinib  Advanced or Metastatic 
Non-small Cell Lung Cancer 

Phase 1 NCT02520778 Active, not 
recruiting 

Dabrafenib  BRAF Mutant Melanoma Phase 1/2 NCT01989585 Active, not 
recruiting 

Trametinib  BRAF Mutant Melanoma Phase 1/2 NCT01989585 Active, not 
recruiting 

Gemcitabine  Advanced Solid Tumours Phase 1 NCT00887757 Completed 

Paclitaxel  Advanced Solid Tumours Phase 1 NCT00891605 Completed 

Docetaxel  Advanced Solid Tumours Phase 1 NCT00888108 Completed 

Irinotecan  Advanced Solid Tumours Phase 1 NCT01009073 Completed 

Erlotinib  Advanced Solid Tumours Phase 1 NCT01009073 Completed 

Sorafenib  Relapsed or Refractory Solid 
Tumors 

Phase 1 NCT02143401 Active, not 
recruiting 

Trametinib  Advanced or Metastatic 
Solid Tumors 

Phase 1/2 NCT02079740 Recruiting 
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Regarding nanomedicine, its major focus of research is the development of drug 

delivery systems that deliver drugs precisely where they are needed while reducing side 

effects from therapy.(Farokhzad and Langer, 2009) Another key point of nanomedicine 

applications is to develop diagnostic tools for the early diagnosis of the disease, in which 

synthesized nanoparticles are sensitive and specific sensors that allow the recognition of 

particular biomolecules.(Navya, Kaphle and Daima, 2018) Nanomedicine also has an 

important role in regenerative medicine, in designing grafts and scaffolds that have 

resulted in new systems with significantly enhanced cellular and tissue regenerative 

properties.(Chaudhury et al., 2014)  

An example to highlight the current use of nanomedicines is their use as vaccines. 

Nanomedicine has had a huge impact in managing the COVID-19 pandemic for these last 

two years. Due to their properties, nanoparticles are ideal for the delivery of antigen, 

adjuvants, and mimics of viral structures. Thus, it is not surprising that the first developed 

COVID-19 vaccines were made by mRNA delivered via lipid nanoparticles.(Chung et al., 

2020; Kulkarni et al., 2020; Shin et al., 2020; Anselmo et al., 2021) 

The continuous advances in the nanomedicine field have meant that more than 30 

nanomedicines have been approved by the FDA, and over 100 are currently in clinical 

trials (Saha et al., 2020; Anselmo et al., 2021), although many clinical problems remain 

unsolved and more research is needed before they can be used more widely in patient 

care.    

Several nanoparticles have been described to date as drug delivery systems, 

including organic ones such as liposomes, dendrimers, polymers, and micelles, and 

inorganic ones such as gold nanoparticles and silica-based nanoparticles.(Peer et al., 

2007; Choi and Han, 2018) In this thesis, we will focus on mesoporous silica nanoparticles.  
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 Mesoporous silica nanoparticles 

Mesoporous silica nanoparticles (MSNs) (Figure 7) have been receiving growing 

attention since the first report of their synthesis back in the early 1990s (Yanagisawa et 

al., 1990) and their first application in drug delivery in 2001.(Vallet-Regi et al., 2001) 

Among the advantages of mesoporous silica materials are their large surface areas (ca. 

500-1000 m2/g), and adjustable pore size (from 2-30 nm) with high pore volume (ca. 1 

cm3/g) that allows high loading capacity, their tunable morphology, and how easy it is to 

modify their surface.(Aznar et al., 2016; Manzano and Vallet-Regí, 2020; Yang et al., 2020) 

In addition to their chemical properties, their biocompatibility makes it a very suitable 

material for many biomedical applications.(Li, Zhang and Feng, 2019; Gisbert-Garzarán, 

Lozano and Vallet-Regí, 2020; Yang et al., 2020; Yuan, Ellis and Davis, 2020) 

 

Figure 7 | Transmission electronic microscope (TEM) image of a mesoporous silica nanoparticle. 

 Synthesis of mesoporous silica nanoparticles 

Although many reaction pathways might be used, the synthesis of mesoporous silica 

materials is generally based on sol-gel reactions. This involves the conversion of 

monomers in solution (sol) into an integrated solid network (gel).(Stöber, Fink and Bohn, 

1968) To synthesize MSNs (Figure 8), the condensation of a silica precursor (tetraethyl 

orthosilicate, sodium silicate, or tetramethylammonium silicate) in the presence of 

cationic surfactants (such as cetyl trimethyl ammonium bromide) under basic conditions 

is necessary.(Croissant et al., 2018) The surfactant molecules form supermicelles 
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(supramolecular self-assemblies of individual micelles) act as a template directing the 

condensation of the silica precursors. Then, silica precursors hydrolyze, forming silanol 

groups that are polymerized by condensation, yielding the final network of siloxane bonds 

(Si-O-Si) with a characteristic porous structure.(Frickenstein et al., 2021) The nature and 

concentration of the surfactant and the silica precursor, as well as the temperature, pH, 

ionic force, and time, determine the porous structure and the morphology of the final 

mesoporous silica material.(Raman, Anderson and Brinker, 1996)  

In this thesis, we employed mesoporous silica nanoparticles with a hexagonal 

arrangement of the mesopores (MCM-41). These nanoparticles have a size of ca. 100 nm 

and present cylindrical unidirectional channels with a diameter of ca. 2.5 nm. For this 

material, a typical synthetic procedure involves the addition of tetraethyl orthosilicate 

(TEOS) (silica precursor) over a cetyl trimethyl ammonium bromide (CTAB) micellar 

solution at 80 °C and at basic pH (adjusted with NaOH). The mixture is stirred for 2 hours, 

and then the solid is collected through filtration.  

 

 

Figure 8 | Schematic representation of the synthesis of the mesoporous silica nanoparticles. First, 

a super-micellar template is formed in basic water solution. Next, the inorganic siliceous precursor 

tetraethylorthosilicate hydrolyses and condensates around the template. The final mesoporous 

inorganic MCM-41 scaffold, which presents cylindrical unidirectional empty channels arranged in 

a hexagonal distribution, is obtained by removing the surfactant template by calcination. CTAB: 

cetyl trimethyl ammonium bromide. Adapted from Hoffmann et al. Angew. Chem. Int. Ed. 2006, 

45, 3216. 
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 Functionalization of mesoporous silica nanoparticles 

One of the most outstanding characteristics of MSNs is that they can be 

functionalized on their surface with functional groups, which introduces additional 

versatility to the nanoparticles. In the process of functionalizing mesoporous silica 

supports, organic groups are incorporated onto the surface or the interior of the support, 

yielding hybrid organic-inorganic materials. These hybrid materials made by inorganic 

scaffolds combined with functional organic moieties anchored to their surface are very 

attractive in a wide range of applications. Incorporating these organic molecules modifies 

specific surface properties such reactivity, hydrophilicity, hydrophobicity, bonding with 

other molecules, and stabilization of final materials against hydrolysis or chemical attack. 

For example, MSNs that are functionalized with polyethylene glycol (PEG) increased their 

circulation time in vivo and decreased their immunogenicity without compromising their 

activity.(Savoca et al., 1979; Suk et al., 2016) In Chapter 3, a novel MSNs system 

functionalized with PEG will be described. 

 

Figure 9 | Scheme of the grafting procedure for functionalizing mesoporous silica materials with 

organotryalkoxysilanes of the type (R’O)3-Si-R. R= organic functional group. Reprinted from 

Hoffmann et al. Angew. Chem. Int. Ed. 2006, 45, 3216. Copyright © 2006 Wiley-VCH 

In general, two main protocols are used to functionalize: (i) grafting, which is the 

post-synthetic modification of the surface of the inorganic silica material; and (ii) co-

condensation, which is the simultaneous condensation of silica and organosilica 
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precursors.(Hoffmann et al., 2006) In this thesis, we used the grafting protocol to 

functionalize the surface of MSNs. Briefly, in the grafting procedure, the surface of silica 

nanoparticles is modified due to the high presence of silanol groups (Si-OH) that act as 

reactive points to covalently anchor organosilanes containing the desired organic groups 

on the external surface of the inorganic scaffold. The most used organosilanes are 

trialkosyxilanes derivatives with (R’O)3-Si-R structure (where R is an organic group) (Figure 

9).(Stein, Melde and Schroden, 2000; Hoffmann et al., 2006) 

 Stimuli-response gate materials 

The functionalization of inorganic materials with organic molecules enhances the 

properties of the hybrid materials, thus enabling the development of novel advanced 

systems.(Stein, Melde and Schroden, 2000; Hoffmann et al., 2006) In this scenario, the 

design of stimuli-responsive gated materials offers an appealing approach with potential 

applications in various scientific fields, such as the controlled release of chemical species 

and the design of (bio)chemical sensors.  

Gated materials release the cargo loaded in their porous support in response to a 

selected stimulus.(Lu and Willner, 2015; Y. Zhang et al., 2016; T. Zhao et al., 2018; 

Manzano and Vallet-Regí, 2019) These materials are composed of two subunits: (i) the 

inorganic porous scaffold loaded with a cargo (e.g. drugs, dyes, fluorophores, etc.) and (ii) 

(bio)molecules or supramolecular ensembles attached to the external surface acting as 

gatekeepers (also known as molecular gates or nanovalves).(Aznar et al., 2016; García-

Fernández et al., 2020) These gatekeepers are responsible for keeping the cargo enclosed 

in the porous support that, in response to external stimuli, will change their dimensions, 

shapes, or configuration in order to allow cargo release in a controlled manner (Figure 

10). A large variety of supramolecular structures, organic molecules, polymers, peptides, 

aptamers, or enzymes have been used as gatekeepers.(Aznar et al., 2009; Coll et al., 2011; 

Llopis-Lorente et al., 2017; Wen et al., 2017) Several stimuli have been used to trigger the 

release of guest molecules from gated materials (Aznar et al., 2016; García-Fernández et 
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al., 2020), including pH (Bernardos et al., 2008; Cauda, Argyo and Bein, 2010), redox 

potential (Liu et al., 2008; Giménez et al., 2015), target molecules (Zhao et al., 2009; Choi 

et al., 2011), light (Lin et al., 2010), temperature (Chen et al., 2011), and magnetic fields. 

(Bringas et al., 2012) 

Gated MSNs have been used satisfactorily in in vivo models, improving the solubility 

of encapsulated drugs and reducing undesired side effects.(L. Zhang et al., 2016; Hu et al., 

2017; Muñoz‐Espín et al., 2018; Yin et al., 2018; Castillo and Vallet-Regí, 2019; Pu et al., 

2019) 

An example of an endogenous stimulus employed in this thesis to open gated-MSNs 

is redox potential. The presence of reducing agents inside the cell allows the controlled 

release of molecules at the intracellular level and this has been used in cancer and other 

diseases. In the case of cancer, the differences in concentration in glutathione (GSH) 

between extracellular (approx. 2-10 μM) and intracellular (approx. 2-10 mM) cell 

compartments or between tumor tissues and healthy tissues allow the reduction and 

consequent breaking of disulfide bonds in gated materials, releasing the entrapped cargo. 

A mesoporous material containing a redox-active PEG gate able to open in tumor cells is 

described in Chapter 3.  

 

Figure 10 | Scheme of mesoporous nanoparticle functionalized with a molecular gate that opens 

in response to an external stimulus releasing its cargo. 
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In another example of a gated material with a controlled cargo release used in this 

thesis, a hexa-galactooligosaccharide (galactan polymer) is attached to the surface of 

MSNs. As described above, senescent cells overexpressed the SA-β-Gal enzyme that broke 

the gatekeeper, achieving the release and accumulation of the cargo in the desired 

senescent target. This system will be described in more detail in Chapter 1 and Chapter 3. 

 Targeting and cellular uptake of mesoporous silica nanoparticles 

Nanoparticles administered to the body are internalized by many cell types, including 

tumor and non-tumor cells (endothelial, fibroblast, and immune system cells).(Radu et al., 

2004; Slowing, Trewyn and Lin, 2006, 2007) Several factors contribute to the cellular 

uptake process, including the cell membrane properties and the unique characteristics of 

the designed nanoparticles. In addition, the interaction with the cell membrane 

determines the cellular distribution of nanoparticles, their accumulation in intracellular 

compartments, their retention in the target area, and, therefore, their efficacy.(Adjei, 

Sharma and Labhasetwar, 2014; Krpetić et al., 2014) By passive and/or active targeting, 

nanoparticles can reach damaged cells or tissues specifically.(Danhier, Feron and Préat, 

2010; Grandhi and Rege, 2014) 

2.5.1. Passive targeting: EPR effect in tumors 

When nanoparticles are administered to tumor-bearing mice, they passively 

accumulate in the tumor due to the enhanced permeability and retention (EPR) effect 

(Figure 11). The EPR effect was described firstly by Matsumura and Maeda in 1986 

(Matsumura and Maeda, 1986) and it is a consequence of the aberrant lymphatic system 

and tumor vasculature that allow the release of macromolecules and nanoparticles from 

the blood circulation to tumor tissues.(Croissant et al., 2016; Li et al., 2018; Zhou et al., 

2018) Although there is some heterogeneity in different tumors, the EPR effect generally 

occurs more in large tumors than in smaller ones (Fang, Islam and Maeda, 2020), probably 

because small tumors do not need vascularization. 
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2.5.2. Active targeting 

In active targeting, functionalizing the surface of nanodevices with specific targeting 

molecules allows them to target specific cell types without affecting normal tissues. To 

achieve this, nanoparticles are coated with targeting ligands that bind the appropriate 

receptors that are overexpressed in the target cells. The most commonly used targeting 

molecules to functionalize the surface of the nanoparticles are antibodies, microRNA, 

aptamers, peptides, and proteins.(Grandhi and Rege, 2014) In this thesis, a mesoporous 

material functionalized with a MUC1-biding aptamer able to specifically target triple-

negative breast cancer tumor cells is described in Chapter 3.  

 

Figure 11 | Scheme of enhanced permeability and retention (EPR) effect of nanoparticles in 

tumors. The new tumor vessels usually have abnormal architecture and lack effective lymphatic 

drainage, thereby allowing macromolecules or nanoparticles to be retained in the tumor. The tight 

vascular endothelial cells in the normal vasculatures form a barrier to prevent macromolecules 

from extravasation. Nanoparticles designed with a suitable size can penetrate tumor tissue 

preferably without compromising normal tissue (passive tumor targeting). 
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 Biodistribution, degradation, and excretion of MSNs 

Depending on the routes of administration, absorption and distribution of MSNs in 

the body vary widely, being the main target organs the liver, lungs, kidneys, and 

spleen.(Chen et al., 2013; Wu and Tang, 2018) Elimination of the MSNs takes place 

through urine and feces.(Rojas et al., 2015)  

In general, when nanoparticles are administered into the body, a systemic 

distribution is observed through the bloodstream (Figure 12). Proteins from plasma and 

intracellular fluid are adsorbed onto the surface of the nanoparticles forming a protein 

corona.(Lazarovits et al., 2015) The presence of the protein corona is responsible for the 

quick opsonization of the nanoparticles by immune cells that form part of the 

reticuloendothelial system (RES), such as monocytes, platelets, leukocytes, and dendritic 

cells. This is the reason why nanoparticles accumulate mainly in tissues with resident 

phagocytes: Kupffer cells in the liver, alveolar macrophages in the lung, macrophages and 

B cells in the spleen, or dendritic cells in the lymph nodes.(Dobrovolskaia et al., 2008) 

It is important to note that size, shape, and surface modification of MSNs change the 

in vivo biodistribution of the nanoparticles.(He et al., 2011; Huang et al., 2011; Westmeier, 

Stauber and Docter, 2016; Dogra et al., 2018) In general, nanoparticles of smaller sizes 

have a longer blood-circulation lifetime, possibly resulting from the slower capture by 

various organs such as the liver and the spleen.(He et al., 2011) When nanoparticles are 

coated with PEG groups, they can escape from phagocytosis, having a longer blood-

circulation lifetime, avoiding being captured to a large extent by the spleen, liver, and 

lungs.(He et al., 2011; Yu et al., 2016; Rascol et al., 2017) This also causes a smaller amount 

of degradation products to be excreted in the urine.  
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Figure 12 | Scheme of the most common ways of nanoparticle administration in mice models: 

intravenous administration, intraperitoneal administration, and oral gavage. Reticuloendothelial 

system (RES) organs such as lung, liver, spleen, and lymph nodes are also indicated in the scheme. 

When nanoparticles are administered to the body enter the bloodstream (1), opsonins and other 

plasma proteins present in the blood are adsorbed to the surface of the nanoparticles forming 

protein corona (2). The RES phagocyte cells circulating in the bloodstream, such as macrophages, 

have cellular receptors with high affinity for opsonins (3). This causes internalization and digestion 

of the nanoparticles by phagocytic lysozymes present in the macrophage (4). 

As an example of biodistribution, Laprise-Pelletier et al. (Laprise-Pelletier et al., 2015) 

demonstrated that MSNs administrated intravenously reached the liver and spleen a few 

minutes after injection, followed by progressive elimination over time with a half-live of 

14.8 h and 12.9 h for liver and spleen, respectively.  

Regarding degradation and excretion, it has been widely described that nanoparticles 

smaller than 6 nm are directly removed through the kidneys by renal clearance.(Longmire, 

Choyke and Kobayashi, 2008) In contrast, nanoparticles higher than 6 nm in size circulate 
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in the blood, reach the target tissue, and are captured by the reticuloendothelial system 

followed by renal and hepatobiliary excretion.(Ehlerding, Chen and Cai, 2015; Yu and 

Zheng, 2015) Nanoparticles that can be degraded into small fragments or constitutes, 

such as MSNs, are processed by the RES or in the diseased target (like tumors) and then 

return to blood circulation to finally be removed by the renal excretion or hepatobiliary 

system. In the case of MSNs, the renal clearance is accepted as the main excretion system, 

followed in a lower proportion by the hepatobiliary system.(Ehlerding, Chen and Cai, 

2015; Croissant, Fatieiev and Khashab, 2017) This process, again, is highly dependent on 

the physicochemical properties of the nanoparticles, such as particle size, porosity, 

surface functionalization, and nanoparticle charge.  

 Nanodevices targeting senescent cells  

Several nanotechnological-based strategies to specifically deliver senolytic drugs into 

senescent cells have been developed in the last years (Figure 13).(Morsli, Doherty and 

Muñoz-Espín, 2022) These nanodevices are based on MSNs, porous CaCO3 nanoparticles, 

molecularly imprinted polymer nanoparticles (nanoMIPs), gold nanoparticles, and core–

shell spiky nanorods (CSNRs) chiral nanoparticles. 

In 2012, our group developed the first described nanodevice to release its cargo in 

senescent cells selectively.(Agostini et al., 2012) MSNs (ca. 100nm) were loaded with 

rhodamine B (RhB) and capped with galactooligosaccharides. The enzymatic hydrolysis of 

the capping galacto-oligosaccharide by SA-β-Gal allowed the selective release of the 

cargo. A similar system but capped with lactose was previously reported in 

2009.(Bernardos et al., 2009) Based on the same strategy, in 2018, our group developed 

MSNs capped with a hexa-galacto-oligosaccharide (galactan)(NP-Gal).(Muñoz‐Espín et al., 

2018). These nanoparticles were loaded not only with the dyes RhB or Indocyanine Green 

(ICG) but also with cytotoxic (doxorubicin) and senolytic drugs (navitoclax). NP-Gal has 

been tested in a model of pulmonary fibrosis (Muñoz‐Espín et al., 2018) and for the 

treatment of several cancer mice models upon chemotherapy-induced 
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senescence.(Muñoz‐Espín et al., 2018; Galiana et al., 2020; Estepa-Fernández et al., 2021) 

Moreover, we have found that the encapsulation of doxorubicin and navitoclax reduced 

their toxicity: cardiotoxicity in the case of doxorubicin and thrombocytopenia in the case 

of navitoclax.(Muñoz‐Espín et al., 2018; Galiana et al., 2020) 

Detection and elimination of senescent cells has also been achieved with porous 

calcium carbonate nanoparticles (CaCO3, ca. 130 nm size) loaded with the senomorphic 

drug rapamycin (an mTOR inhibitor that prevents senescence by affecting the p53/p21 

pathway).(Thapa et al., 2017) Taking advantage of the overexpression of the CD-9 

receptor (a cell surface glycoprotein) in senescent cells, porous calcium carbonate 

nanoparticles were functionalized onto the external surface with a lactose-PEG derivative 

and an anti-CD-9 antibody.(Nguyen et al., 2017) CD9-mAb-coated nanoparticles targeted 

senescent cells and displayed a senomorphic effect due to the rapamycin release, 

inducing a marked reduction of SA-β-Gal levels, p53/p21, CD-9 expression, and decreased 

SASP factors. More recently, CD9 antibodies have been conjugated to hyaluronic acid-

coated MSNs to target senescent cells and deliver rosuvastatin in response to the 

hyaluronidase present in atherosclerotic plaques (termed CD9-HMSN@RSV).(Pham et al., 

2021) CD9-HMSN@RSV shows senolytic efficacy in vivo, clearing senescent cells and 

reducing atherosclerotic pathology.  

Another nanodevice for targeting senescent cells, based on the overexpression in 

senescent cells of the membrane protein β2 microglobulin (B2MG), has been developed 

using molecularly imprinted nanoparticles (nanoMIPs).(Ekpenyong-Akiba et al., 2019) It 

has been reported that B2MG is overexpressed in senescent bladder cancer cells, 

fibrosarcoma cells (HT1080), and human diploid fibroblasts (HDF).(Althubiti et al., 2014) 

NanoMIPs preferentially accumulate in the external membrane of senescent bladder 

cells. Also, nanoMIPs had a senolytic effect when loaded with dasatinib. In vivo studies 

revealed that nanoMIPs tagged with a fluorescent dye could detect senescent cells in the 

abdominal cavity of naturally aged mice.  
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Figure 13 | Scheme of some of the novel nanodevices targeting senescent cells. A) Porous calcium 

carbonate nanoparticles (CaCO3) loaded with the senomorphic drug rapamycin and functionalized 

with a lactose-PEG derivative and an anti-CD-9 antibody, a cell surface glycoprotein present in 

senescent cells. B) Mesoporous silica nanoparticles (MSNs) can be loaded with either dyes such as 

rhodamine B (RhB), indocyanine green (ICG) or nile blue (NB) or drugs as doxorubicin or navitoclax. 

GalNP are MSNs functionalized with galactan, a galactose-derived molecule. The SA-β-Gal enzyme 

cleaves galactose conjugated residues to endocytosed nanoparticles, allowing the release of their 

cargo within the lysosomal compartment. C) Molecularly imprinted nanoparticles (nanoMIPs) 

target senescent cells taking advantage of the overexpression in senescent cells of the membrane 

protein β2 microglobulin (B2MG). NanoMIPs can be loaded with dasatinib or a fluorescent dye. D) 

Gold tetrahedron nanoparticles (UAuTe) functionalized with the anti-B2M antibody to release 

granzyme-B in response to near-infrared (NIR) light have also been used to target senescent cells. 

E) Chiral CuxCoyS nanoparticles functionalized with a B2M antibody have shown to be senolytic 

using both an alternating magnetic field (AMF) and near-infrared (NIR) light. F) Plasmonic core-

shell spiky nanorods (CSNRs) functionalized with anti-B2MG antibody and triphenylphosphonium 

(TPP) moieties (aB2MG-TPP@CSNRs) were able to target mitochondria in senescent cells. 
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Anti-B2M antibody has also been used to target senescent cells by using gold 

tetrahedron nanoparticles (UAuTe) that release granzyme-B in response to near-infrared 

(NIR) light. Granzyme-B released from UAuTe nanoparticles due to NIR irradiation in a 

senescence-accelerated (SAMP8) mouse model restores liver function, tissue 

homeostasis, fur density, and athletic ability.(Qu et al., 2020) 

In another approximation, chiral CuxCoyS nanoparticles functionalized with a B2M 

antibody have shown to be senolytic using both an alternating magnetic field (AMF) and 

NIR irradiation. In a doxorubicin-treated mouse, CuxCoyS nanoparticles were able to 

reduce signs of senescence in the liver and kidneys as well as improve fur coverage, 

mobility, and weight.(Li et al., 2020) 

Plasmonic core-shell spiky nanorods (CSNRs) functionalized with anti-B2MG 

antibody, and triphenylphosphonium (TPP) moieties (aB2MG-TPP@CSNRs) were able to 

target mitochondria in senescent cells. These photo-induced nanorods (with NIR light) 

induce apoptosis in senescent cells by increasing mitochondrial ROS. Moreover, they also 

act as an immune adjuvant having a synergistic effect in restoring the fur density, liver 

function, and renal function in doxorubicin-induced aging mice.(Lu et al., 2020) 

 Clinical translation of silica nanoparticles  

Currently, there is no clinical trial evaluating MSNs, albeit their versatility. MSNs are 

considered safe materials for biomedical applications because of their compatibility and 

low toxicity (as described above). Therefore, MSNs are expected to serve as versatile drug 

carriers for clinical purposes. In fact, the FDA has already approved some silica derivatives, 

such as bulk silica. Bulk silica is cataloged as “Generally Recognized as Safe” by the FDA 

(US Food and Drug administration, ID Code: 14808-60-7) for its use in cosmetics and food 

additives. As an example, the food additive E551 is composed of 100 nm silica 

nanoparticles. 
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The safety profile of silica nanoparticles in humans is evident from 13 clinical trials 

(Figure 14) (it has been extensively reviewed in Janjua et al., 2021). In 2007 the first clinical 

trial using silica-based nanoparticles (NANO-FIM; NCT01270139) started. Core/shell silica-

gold NPs in a bioengineered on-artery patch were used for coronary atherosclerosis 

plasmonic photothermic therapy for angioplasty and artery remodeling. The 

bioengineered artery patch was grown with allogenous stem cells pre-cultivated in the 

medium with nanoparticles.(Kharlamov & Gabinsky, 2012) Nanointervention produced 

significant regression of coronary atherosclerosis by removing the atherosclerosis plaque 

and remodeling blood vessels.(Kharlamov et al., 2015) Long-term outcomes of the NANO-

FIM trial were published in 2017.(Kharlamov et al., 2017) No evidence of cytotoxicity or 

clinical complications was found in patients who underwent the treatment with the 

delivery of silica-gold NP in mini surgery implanted bioengineered on-artery patch.   

 

Figure 14 | The timeline shows different types of silica nanoparticles in clinical trials. cRGDY, cyclic 

arginyl-glycyl-aspartic acid-tyrosine; PEG, polyethylene glycol. Adapted from Jaunja et. al. Nature 

Reviews Materials. 2021 

In addition, these researchers also developed CD68-targeted microbubbles based on 

gold nanoparticles with silica-iron oxide shells to target macrophages in atherosclerosis 

plaque and combined with stem cells (NANOM PCI; NCT01436123). In this case, 

ultrasounds were used to destroy the microbubbles patch and release the nanoparticles, 
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guided to the target using a magnetic field. However, nanotoxicity was found in the group 

of patients treated with iron NPs.(Kharlamov et al., 2017) 

In 2011, “Cornell dots” (C-dots) entered clinical trials. C-dots are ultrasmall inorganic 

silica nanoparticles designed as a fluorescent imaging tool for detecting sentinel lymph 

nodes before cancer surgery.(Phillips et al., 2014) These NPs have an internal silica core 

labeled with the Cy5 fluorescence dye coated with a PEG polymer and a targeting peptide 

for tumor and tumor endothelial cells (cyclic arginine–glycine–aspartic acid peptide; 

cRGDY). C-dots are undergoing clinical trials as an imaging tool for head and neck 

melanoma (phase I) and also for breast and colorectal malignancies (phase II) 

(NCT03465618, NCT01266096, NCT02106598, NCT04167969, and NCT02106598). To 

date, no toxic or adverse events attributable to the particles have been reported, which 

suggests the safety of these NPs for human cancer diagnostics.(Chen et al., 2017) 

Besides, Aurolase (2008) and Auroshell (2016 and 2020) nanoparticles are in clinical 

trials to identify tumor cells before and during surgery for prostate cancer (NCT04167969) 

and photothermal ablation of head, neck (NCT00848042) and prostate cancer 

(NCT04240639, NCT02680535, and NCT04656678). These nanoparticles are based on 

gold-silica nanoshells. For the prostate cancer pilot clinical trial (NCT04167969), the 

AuroShells nanoparticles are labeled with the Cy5.5 fluorophore and coated with PEG 

chains attached to a human prostate-specific membrane antigen (PSMA) inhibitor and 

labeled, via the macrocyclic chelating agent 1,4,7-triazacyclononane-N, N’, N''-triacetic 

acid (NOTA), with the radioisotope 64Cu (64Cu-NOTA-PSMA-PEG-Cy5.5-C' dot). Preliminary 

results (n=16) have proved that laser excitation of AuroShell NPs is a safe and technically 

feasible procedure for the targeted ablation of prostate tumors without causing severe 

complications or deleterious changes in genitourinary function.(Rastinehad et al., 2019) 
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In several clinical trials, silica has been used as a formulation to improve drug 

bioavailability; this is the case of a silica–lipid hybrid formulation to deliver ibuprofen with 

an increase in bioavailability of 1.95 times compared with the commercially available 

ibuprofen.(Tan et al., 2014) Also, lipoceramic hybrid silica nanoparticles improved 

simvastatin pharmacokinetics, showing a 3.5-fold increase in bioavailability compared 

with the commercial one (ACTRN12618001929291).(Meola et al., 2021) 

These clinical trials with silica nanoparticles have shown that silica is not toxic. MSNs 

can have great potential in the clinic due to their unique characteristics (biocompatibility, 

designable pore and particle size, high loading capacity, tunable surface through easy 

chemistry reactions). With these encouraging results, MSNs may open up new horizons 

for the commercialization of nanomedicine. In order to achieve this goal, future studies 

should consider key factors when designing MSNs, such as targeting ability, 

biocompatibility, and clearance pathways. 
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Given the complex role of senescence in tumorigenesis, this doctoral thesis aims to 

develop effective senescence-inducing and senolytic therapies for cancer treatment. We 

achieve this general objective through the design, synthesis, in vitro characterization and 

in vivo evaluation of several nanodevices and prodrugs in different cancer models as well 

as through the identification of new senolytic molecules, in order to improve anticancer 

therapy. 

The specific objectives referred to each chapter are: 

• To evaluate the negative role of endothelial senescence in promoting metastasis 

after senescence-inducing chemotherapy in breast cancer. 

• To explore the beneficial effects of combined pro-senescence and senolytic 

therapies to improve the antitumoral activity and to reduce metastatic burden in 

breast cancer. 

• To design and evaluate a targeted-tumor delivery system based on two 

mesoporous silica nanoparticles that communicate by stigmergy, combining 

targeted pro-senescence and senolytic therapies. 

• To identify and evaluate new senolytic compounds targeting melanoma. 
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 Abstract 

Senescence is a persistent state of cell cycle arrest. Induction of senescence has been 

explored as a barrier against tumor progression and is used as a therapeutic option. 

Despite the advantages of the introduction of senescence-inducing compounds in the 

clinic, recent studies show that their side-effects could be partially masking their 

antitumor potential. This is due to the deleterious effects that accumulation of senescent 

cells in tissues and organs causes on tissue microenvironment that confer tumor-

promoting properties. In this study, we demonstrate that the presence of senescent 

endothelium favors cancer cell migration in vitro and show that palbociclib systemic 

treatment induces senescence in veins in an orthotopic triple-negative breast cancer 

mouse model. Moreover, we found that following palbociclib-induced senogenesis, the 

elimination of senescent cells using the nanoencapsulated senolytic navitoclax (NP(nav)-

Gal) produces the selective elimination of endothelial senescent cells and induces a 

marked recovery of endothelial tissue functionality. Finally, the treatment with NP(nav)-

Gal produces a significant decrease of senescence in veins in vivo which is consistent with 

the decrease in metastasic burden observed. These results evidence the potential of 

reducing vascular senescence using senolytic therapies as strategy to limit the metastatic 

dissemination of tumors cells in breast cancer patients subjected to chemotherapeutic 

treatments. 

 Introduction 

Cellular senescence is a stable and long-term cell cycle arrest that can be triggered in 

proliferating cells as part of development, tissue repair and ageing processes as well as a 

consequence of a stress response or drug treatment.(Hayflick and Moorhead, 1961; 

Hernandez-Segura, Nehme and Demaria, 2018) Senescence induction avoids the 

proliferation of damaged or stressed cells and initiates tissue remodeling processes 

through the secretion of multiple factors that constitute what is known as the senescence-
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associated secretory phenotype (SASP). SASP components are a complex mixture of 

extracellular factors (such as cytokines, interleukins, metalloproteinases or matrix-

degrading proteins) involved in reparation, propagation of senescence, immune 

clearance, embryogenesis, and tumorigenesis.(Krizhanovsky et al., 2008; Demaria et al., 

2014; Yun, Davaapil and Brockes, 2015; Ritschka et al., 2017)  

As senescent cells are cell cycle-arrested, the therapeutic induction of senescence 

has been extensively explored as a mechanism to limit tumor progression.(Acosta and Gil, 

2012) Therapeutic induction of senescence in tumor cells is an opportunity to alert and 

activate the immune system to detect and eliminate them.(Braig et al., 2005; Chen et al., 

2005; Collado et al., 2005; Michaloglou et al., 2005) To this end, senescence-inducing 

compounds have been developed, including cyclin-dependent kinase (CDKs) inhibitors 4 

and 6 such as palbociclib. In vitro, the inhibition of CDK4/6 results in the restriction of 

retinoblastoma protein phosphorylation (pRb) causing cell cycle arrest in the G1/S 

transition phase.(Goel et al., 2018) In this scenario, the induction of senescence in tumor 

in clinical trials by palbociclib has shown effectiveness in the treatment of advanced breast 

cancer in combination with letrozole or fulvestrant.(Fry et al., 2004; Finn et al., 2009, 

2015, 2016; Pernas et al., 2018) In particular, palbociclib is currently approved by the Food 

and Drug Administration (FDA) for use in combination with letrozole in HR+, HER2- 

postmenopausal women with metastatic breast cancer or fulvestrant in women with 

breast cancer that have progressed after endocrine therapy.(Beaver et al., 2015; Walker 

et al., 2016) Regardless senescence inductors in clinics are effective,(Kwapisz, 2017; 

Pernas et al., 2018) the role of senescence in tumorigenesis is complex. The accumulation 

of senescent cells in tissues and organs has proved to cause deleterious effects on the 

tissue microenvironment producing chronic inflammation and tumor-promoting 

properties that may drive the formation of secondary tumors or cancer relapse.(Coppé et 

al., 2010; Kang et al., 2011; Iannello et al., 2013; Eggert et al., 2016; Ruhland, Coussens 

and Stewart, 2016)  
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Previous studies have described the crucial role of the endothelium as a barrier 

against cancer relapse and metastasis.(Kumar et al., 2009; Reymond, D’Água and Ridley, 

2013) The endothelium is a thin mono-cellular layer that covers the inner surface of blood 

vessels.(Lüscher and Barton, 1997) It is involved in nutrient transport to almost all cells in 

the human body, but it also has a prominent role in inflammatory and immune processes 

by regulating proliferation and cell migration, as well as adherence and leukocytes 

activation.(Butler, Kobayashi and Rafii, 2010; El Assar et al., 2012; Al-Soudi, Kaaij and Tas, 

2017) A compromised endothelium favors the pass of circulating cancer cells to the tissues 

favoring metastases in other organs.(Shenoy and Lu, 2016) Senescence is involved in the 

functional imbalance of the endothelium, through the alteration of the endothelial 

cytoskeleton and the increase of endothelium permeability, facilitating transendothelial 

migration, promoting neutrophil infiltration, tumor cell adhesion, and 

metastasis.(Wieland et al., 2017) Therefore, the reduction of senescent endothelial cells 

might arise as a feasible strategy to limit cancer cell migration and thus metastasis.  

An effective strategy to overcome the negative side effects of senescent cell 

accumulation is to enhance senolysis; i.e. the selective induction of apoptosis in senescent 

cells.(Zhu et al., 2015) Thus, the efficacy and safety of two-hit strategies that combine 

senogenesis and senolysis treatments for the selective elimination of senescent cells are 

being explored in the context of tumor treatments. Senolytic drugs have proved to 

alleviate several aging-related diseases that are associated with the accumulation of 

senescent cells.(Soto-Gamez and Demaria, 2017; Lozano-Torres et al., 2019) However, 

considering its novelty as well as some toxicity issues derived from its use, only few 

senolytic drugs have been approved by the FDA yet (Kirkland and Tchkonia, 2020) and the 

development of new senolytic strategies with higher selectivity and reduced toxicity is an 

active research field. Among senolytic drugs, navitoclax has shown effectiveness in vivo 

in reducing cancer relapse and delaying the onset of diseases such as atherosclerosis, 

neurodegenerative diseases or hematopoietic system aging.(Chang et al., 2016; Demaria 

et al., 2017; Kim et al., 2017; Bussian et al., 2018) However, its clinical use is still limited 
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by associated hematological toxicity.(Cang et al., 2015) We have recently demonstrated 

that this effect can be reduced by the design of pro-drugs (González-Gualda et al., 2020) 

and a nanotechnological-based strategy to specifically deliver navitoclax in senescent cells 

with high specificity and lack of toxicity.(Agostini et al., 2012; Muñoz‐Espín et al., 2018; 

Galiana et al., 2020; González-Gualda et al., 2020)  

Herein, we show that palbociclib induces senescence in endothelial cells and 

generates an unpaired endothelium that increases breast cancer cell migration. The 

nanotherapy-targeted senolytic agent (NP(nav)-Gal), based on mesoporous silica 

nanoparticles loaded with navitoclax, and capped with a hexa-galacto-oligosaccharide, 

efficiently eliminates endothelial HUVEC senescent cells in vitro, improving the 

endothelial functionality by recovering the ability to form capillary-like structures. We 

demonstrate that in vivo systemic administration of palbociclib induces the accumulation 

of endothelial senescent cells in a triple-negative breast cancer (TNBC) mice model. 

Subsequent treatment with the senolytic agent NP(nav)-Gal reduces senescence in veins, 

and this correlates with a decrease in lung metastasis. Moreover, we demonstrate that 

palbociclib treatment increases lung metastasis after tail vein injection of TNBC cells in 

healthy mice. Overall, we provide evidence of the effects derived from chemotherapy-

induced senescence in veins and the potential of reducing vascular senescence with 

senotherapies for limiting cancer cell spreading and thus metastasis.  

 Results  

  Endothelial senescence increases the migration of breast cancer MDA-MB-

231 cells  

The CDK4/6 inhibitor palbociclib induces cell cycle arrest and senescence in different 

tumors cells.(Wang, Kohli and Demaria, 2020) However, the ability of this drug to induce 

senescence is not necessarily restricted to tumor cells. This off-target effects could have 

negative consequences for antitumoral treatments.  
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We have investigated the effect of palbociclib in endothelial cells and found that 

treatment with 2 µM palbociclib induces senescence in human umbilical vein endothelial 

(HUVEC) cells after 7 days of treatment. Induction of cellular senescence was 

corroborated by the increase in SA β Gal activity assay using the X-Gal test (Figure 1A). 

Treatment with palbociclib was also accompanied by a change in cell morphology with an 

increase in cell size and in the number of intracellular vesicles, in agreement to described 

features for senescent phenotypes.(Hernandez-Segura, Nehme and Demaria, 2018) 

Senescence induction in the culture was quantified by flow cytometry using the β-

galactosidase substrate 5-dodecanoylaminofluorescein di-β-D-galactopyranoside 

(C12FDG) (Figure 1B). Senescent cells were able to hydrolyze C12FDG yielding a fluorescein 

derivative which is easily detected in the cells. Results in Figure 1B show that 90.01% of 

the HUVEC cells in cultures treated with palbociclib were senescent whereas in non-

treated cultures only 3.24% presented a senescent phenotype. To confirm cell cycle arrest 

in palbociclib-treated HUVEC cells, the expression of Ki67 proliferation marker was 

analyzed by immunofluorescence (Figure 1C). Whereas proliferating HUVEC cells showed 

a marked Ki67 expression (red emission) this expression was nearly absent in senescent 

cells. The clonogenic assays also confirmed the proliferation arrest of palbociclib-treated 

HUVEC cells (Figure 1D). Besides, a marked reduction of phosphorylation of pRb protein 

together with an up-regulation of the tumor suppressor gene p53 in senescent HUVEC 

cells was observed when compared with proliferating cells (Figure 1G and S1), thus 

confirming the palbociclib-induced senescence of endothelial HUVEC cells. Moreover, to 

determine whether palbociclib-induced senescence in HUVECs can be expanded in a 

paracrine manner, conditioned media (CM) of senescent endothelial HUVEC cells and 

triple negative breast cancer MDA-MB-231 and 4T1 cells were added to the recipient 

proliferating HUVEC cells. Our results suggest that conditioned medium from palbociclib-

treated cells change cell morphology and increases X-gal staining in the recipient 

endothelial cells (Figure S2), thus confirming paracrine-senescence induction.   
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Figure 1 | Endothelial senescence induction upon palbociclib treatment (A) β-Galactosidase 

staining of proliferating and 2 µM palbociclib-treated HUVEC cells. Senescence induction was 

confirmed by high β-galactosidase activity (blue color) in palbociclib-treated cells at pH 6. (B) 

C12FDG staining indicated that β-galactosidase activity increases in palbociclib-treated HUVEC cells 

when compared with proliferating cells. Values are expressed as mean ± SEM and statistical 

significance was assessed by the two-tailed Student’s T-test: ***p<0.0005. (C) Confocal microscopy 

images of immunofluorescence of Ki67 (red) in proliferating and senescent HUVEC cells. The 

proliferation marker Ki67 decreases its expression in senescent HUVEC cells. The nucleus is stained 

with Hoechst (blue). Scale bar, 20 μm (D) Crystal violet staining of proliferating and senescent 
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HUVEC cells. Proliferating and one-week palbociclib-treated HUVEC cells were seeded in increasing 

concentrations in 24-plate wells (1000, 5000 and 20000 cells/wells) and were let to proliferate for 

one week. (E) Schematic representation of MDA-MB-231 breast cancer cells migration assay. 

HUVEC or fibroblasts, proliferating or senescent, were seeded in a drop on the bottom of the insert. 

After 16 h, the drop was aspirated, and new media was added to the insert to let cells grow for 72 

h. After 72 h MDA-MB-231 breast cancer cells were stained with 5 µM Cell Tracker Deep Red for 1 

h at 37 °C, seeded on the top of the insert and let them migrate for 2 h. HUVEC and fibroblasts 

were stained with Hoechst. MDA-MB-231 migration was analyzed by confocal microscopy. (F) The 

presence of senescent endothelial HUVEC cells increases the migration of breast cancer MDA-MB-

231 cells (***, p-value <0.0005). The number of migrated tumor cells do not increase when 

comparing proliferating and senescent fibroblast.  Quantification was made with Image J software. 

(G) Western Blot characterization of proliferating and senescent HUVEC cells. pRb expression 

decreased after palbociclib treatment (expected band at 110 kDa), both p53 (expected band at 53 

kDa) and VCAM1 (expected band at 110 kDa) expression increase after palbociclib treatment. Data 

represent the means ± SEM of at least three independent experiments. 

Once assessed that palbociclib administration induced senescence in endothelial 

cells we explored the role of endothelial senescence plays in cancer cells migration. In a 

first step, the expression of the leukocyte receptor of vascular cell adhesion molecule 1 

(VCAM1) was analyzed in senescent HUVEC cells. The results showed a remarkable 

increase of the VCAM1 in HUVEC senescent cells upon palbociclib treatment (Figure 1G 

and S1). The presentation of the VCAM1 receptor is a signal of endothelial 

dysfunction(Liao, 2013) and has been described to have a role in increasing tumorigenicity 

and metastasis.(Schlesinger and Bendas, 2015)    

Then, we settled an in vitro model to study MDA-MB-231 breast cancer cell migration 

in the presence of proliferating or senescent HUVEC (Figure 1E). To this end, proliferating 

or senescent HUVEC cells were seeded in a drop on the bottom of a permeable insert. In 

the same way, proliferating or senescent fibroblast cells (Figure S3) were used as a 

control. After cellular adhesion and growth, MDA-MB-231 breast cancer cells were seeded 

on the top of the insert and let them migrate for 2 h. Migration of MDA-MB-231 breast 

cancer cells increased when the insert contained endothelial senescent HUVEC cells 

whereas this effect was not observed when HUVEC cells were not senescent (Figure 1F). 

Besides, as control, there were no significant differences in migration when proliferating 
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or senescent fibroblasts were located on the permeable insert. These results 

demonstrated that endothelial senescence favors cancer cell migration.  

  Selection and characterization of drugs to selectively eliminate HUVEC 

senescent cells  

Considering that our objective was the selective elimination of endothelial senescent 

cells, first we performed a Bcl-2-expression profiling of HUVEC senescent cells. This 

profiling showed a marked increase of Bcl-2 expression in HUVEC cells upon palbociclib 

treatment and a marked expression of Bcl-xL in both normal and senescent cells (Figure 

S3). As senescent cells have been demonstrated to be dependent on Bcl-2 proteins for 

survival (Childs et al., 2014) we selected navitoclax (ABT-263; nav), the inhibitor of the 

anti-apoptotic proteins BCL-2, BCL-xL, and BCL-W, as senolytic drug.(Zhu et al., 2016) 

To improve navitoclax therapy, by avoiding off-target effects and associated toxicity, 

we used mesoporous silica nanoparticles (MSNs) coated with a hexa-

galactooligosaccharide (galactan) to encapsulate navitoclax (NP(nav)-Gal) (Figure 2A). 

MSNs are excellent nanocarriers due to their remarkable characteristics such as high 

loading capacity, homogeneous porosity, easy functionalization and 

biocompatibility.(Yang, Gai and Lin, 2012; Wu, Mou and Lin, 2013; Aznar et al., 2016; 

Llopis-Lorente, Lozano-Torres, et al., 2017; Pu et al., 2019; García-Fernández et al., 2020) 

Gated MSNs have been used satisfactorily in in vivo models, improving the solubility of 

encapsulated drugs and reducing undesired side effects (Zhang et al., 2016; Hu et al., 

2017; Muñoz‐Espín et al., 2018; Yin et al., 2018; Castillo and Vallet-Regí, 2019; Pu et al., 

2019) and also employed in cell sensing and communication protocols.(Llopis-Lorente, 

DÍez, et al., 2017; de Luis et al., 2019) We have previously reported that galactan-capped 

MSNs are able to release an entrapped cargo in senescent cells in models of dyskeratosis 

congenita, chemotherapy-treated xenografts and pulmonary fibrosis.(Agostini et al., 

2012; Muñoz‐Espín et al., 2018; Galiana et al., 2020) This preferential cargo release is due 

to the high lysosomal β-galactosidase activity presented in senescent cells which induced 
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the hydrolysis of the capping ensemble with subsequent pore opening and cargo delivery. 

A galactan-capped MSN loaded with indocyanine green (ICG,) for tracking purposes and 

control unloaded nanoparticles capped with galactan (NP(ICG)-Gal and NP-Gal, 

respectively) were also synthetized and characterized for the study. 

Transmission electron microscopy (TEM) images and X-ray diffraction confirmed the 

preparation of final uniform MSNs of ca. 100 nm, with the typical mesoporous channels 

visualized as alternate black and white strips (Figure 2B, S4 and S5). Besides, N2 

adsorption-desorption isotherms confirmed the presence of uniform cylindrical 

mesoporous in the starting MSNs with a pore size of 2.62 nm and a total specific surface 

area of 1087 m2 g−1 (Figure S6 and Table S1). Starting calcined MSNs presented a zeta 

potential value of -21.06 mV which changed to -14.6 and -2.57 mV for NP(ICG)-Gal and 

NP(nav)-Gal (Figure 2C). Moreover, the hydrodynamic diameter increased from 162.6 nm 

for the calcined MSNs to 211.6 and 285.6 nm for NP(ICG)-Gal and NP(nav)-Gal (Table S2). 

Besides, a single population distribution was observed for all solids suggesting that 

nanoparticles were not aggregated, even after the loading and functionalization process. 

Thermogravimetric analysis and delivery studies allowed us to determine amounts of 

navitoclax, ICG and hexa-galacto-oligosaccharide in NP(nav)-Gal and NP(ICG)-Gal (Table 

S3). Figure 2D and S8 demonstrated that payload delivery from the nanoparticles was 

negligible in the absence of β-galactosidase, whereas navitoclax and ICG from NP(nav)-

Gal and NP(ICG)-Gal were clearly delivered in the presence of the enzyme. Controlled 

cargo delivery in the presence of β-galactosidase agreed with previous reports.(Muñoz‐

Espín et al., 2018; Galiana et al., 2020) Cell viability studies in the presence of NP-Gal 

(without cargo) at different concentrations were performed in HUVEC endothelial cells 

(Figure S9). After 72 h of treatment cell viability was kept in all cases up to 95% even at 

the highest NP-Gal concentration (2 mg/mL).  
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Figure 2 | Physicochemical characterization of NP(nav)-Gal and selective cargo release in HUVEC-

senescent cells. (A) Scheme of mesoporous silica nanoparticles (MSNs) loaded with navitoclax or 

ICG and, functionalized and capped with an oligosaccharide galactan that bounds covalently to 

APTES.  (B) TEM images of NP(nav)-Gal. Scale bar, 20 nm (C) Zeta potential of the steps of the 

synthesis of the nanodevices: as made MSNs, calcined MSNs, NP-Gal, NP(ICG)-Gal and NP(nav)-

Gal. (D) Release profiles of navitoclax from NP(nav)-Gal in the absence  or in the presence of β-

galactosidase from Aspergillus oryzae in water at pH 4.5.  (E) Confocal analysis of NP(ICG)-Gal 

internalization by HUVEC cells after 6 h of treatment. ICG (red) and nucleus (blue). (F) Mean 

fluorescence intensity of proliferating and senescent HUVEC cells reflecting the overall particle 

uptake by the endothelial cells in flow cytometry after NP(ICG)-Gal treatment for 6 h. Statistical 

significance was assessed by two-tailed Student’s T-test (*, p-value <0.05; ***, p-value <0.0005.)  

Data represent mean ± SEM (n=3). 

The preferential ICG delivery from NP(ICG)-Gal in senescent HUVEC cells was studied 

using confocal microscopy. Figure 2E shows a negligible emission from ICG (far-red 

fluorescence) in proliferating HUVEC cells, whereas a marked red emission was found in 

HUVEC senescent cells when treated with NP(ICG)-Gal nanoparticles. This red emission is 
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consistent with the NP(ICG)-Gal internalization, hydrolysis of the oligosaccharide cap by 

the overexpressed β-galactosidase enzyme in senescent cells and release of ICG 

fluorophore. Moreover, flow cytometry studies also indicated preferential cargo delivery 

from NP(ICG)-Gal in senescent HUVEC endothelial cells (3-fold) versus non-senescent cells 

(Figure 2F and S10).  

Once assessed the preferential internalization and cargo release of NP(ICG)-Gal 

nanoparticles by HUVEC senescent cells, the senolytic activity of the nanoparticles loaded 

with navitoclax and free navitoclax was evaluated. Then, proliferating and senescent 

HUVEC cells were treated with different concentrations of free navitoclax or NP(nav)-Gal 

and cell viability after 72 h was determined. Free navitoclax and NP(nav)-Gal nanoparticles 

were non-toxic for proliferating HUVEC cells nearly in all the concentration range tested 

(Figure 3A). Free navitoclax eliminated senescent HUVEC cells with an estimated IC50 

value of 1.4 µM, whereas NP(nav)-Gal nanoparticles preferentially eliminate senescent 

HUVEC endothelial cells with an IC50 of 0.6 µM. These results confirmed the senolytic 

properties of navitoclax and NP(nav)-Gal in senescent endothelial cells and show that 

NP(nav)-Gal improves the senolytic index over navitoclax  (7-fold increase when 

compared to the free drug) indicating that there is an effect of protection of proliferating 

cells from navitoclax cytotoxicity.  

  Navitoclax and NP(nav)-Gal treatment improves the functionality of 

endothelial tissue in co-cultures of senescent and proliferating HUVEC cells 

After assessing the ability of NP(nav)-Gal to eliminate senescent endothelial cells we 

explored the impact of senescent endothelial cell on angiogenesis. For this purpose, and 

in a first step, we confirmed the ability of proliferating HUVEC cells to form capillary-like 

structures (tubes) in an appropriate extracellular matrix support. Proliferating HUVEC cells 

formed many short tubes with multiple branches, the overall picture resembling that of a 

honeycomb (Figure 3B). In contrast, senescent HUVEC cells did not form tubular 

structures and the cells appeared to form clusters reducing the number of branches. In 
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co-cultures with a 1:3 ratio of proliferating vs senescent HUVEC cells, cells were able to 

form tubes although the number of branches was reduced when compared with 

proliferating endothelial cells alone. 

 

Figure 3 | Elimination of senescent cells improves endothelial morphology. (A) Cytotoxicity profile 

of free navitoclax or NP(nav)-Gal in proliferating and senescent HUVEC cells. Cell viability after 72 

h of cell treatment with different concentrations of free navitoclax (dark red for proliferating 

HUVEC and light red for senescent HUVEC) and NP(nav)-Gal (black for proliferating HUVEC and grey 

for senescent HUVEC. (B) Tube assay formation images of proliferating, senescent and co-culture 

with the same number of proliferating and senescent HUVEC cells before and after treatment with 

NP(nav)-Gal for 48 h. (C) Quantification of the total number of branches (Angiotool software). (D) 

Quantification of C12FDG positive cells by flow cytometry. Pretreatment with NP(nav)-Gal reduced 

de number of senescent cells. One-way ANOVA followed by Tukey's post-tests were performed to 
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calculate the statistical significance of the results (*, p-value <0.05; **, p-value <0.05; ***, p-value 

<0.0005). Data represent the means ± SEM of at least three independent experiments. 

To study the efectiveness of senolytic therapies, the effect of senescent cells 

elimination in co-cultured proliferating and senescent HUVEC cells was assessed. For this 

purpose, cell co-culture was pretreated with free navitoclax or NP(nav)-Gal nanoparticles 

(at equivalent navitoclax concentration) for 48 h, and tube formation ability of HUVEC 

cells and number of branches was evaluated (Figure 3C). As could be seen, proliferating 

cells presented a higher number of branches than senescent cells. Besides, the number of 

branches in the co-cultured senescent plus proliferating cells was higher than for 

senescent cells alone while lower than for proliferating HUVEC cells. Interestingly, the 

administration of navitoclax to the co-cultures, either in free formulation or encapsulated 

in NP(nav)-Gal, improved branches formation (reaching values similar to proliferating 

HUVEC cells) with a final structure resembling that of a honeycomb.  

Results above agree with the elimination of senescent cells by navitoclax or NP(nav)-

Gal, being the remaining proliferating cells able to form tubular structures with an 

increased number of branches. This was confirmed by quantifying the number of 

senescent cells in the co-cultures by C12FDG staining and flow cytometry (Figure 3D). A 

significant reduction of senescent cells was achieved by free navitoclax and NP(nav)-Gal 

treatment (ca. 2-fold for NP(nav)-Gal) obtaining levels of senescence similar to those 

presented in proliferating endothelial cells when co-cultures were treated with NP(nav)-

Gal. This reduction of senescent levels with the nanoparticles was ascribed to selective 

NP(nav)-Gal internalization and subsequent navitoclax delivery in senescent cells. These 

results support that treatment with navitoclax or NP(nav)-Gal is an effective strategy to 

recover the functionality of endothelial senescent tissues. 
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Figure 4 | Balb/cByJ female mice were orthotopically injected with 4T1 breast cancer cells and 

treated daily with vehicle or palbociclib. Mice were implanted with 0.5×106 4T1 cells 

subcutaneously on mammary pads and palbociclib treatment were given daily (o.g.) for 15 days. 

One day after palbociclib initiation, daily navitoclax treatment started and was maintained for 17 

days (free navitoclax: oral gavage, 25 mg/kg; NP(Nav)-Gal: intraperitoneal injection, 40 mg 

NP(Nav)-Gal/kg (equivalent to 2.5 mg/kg = free Navitoclax) (n=3-5). (A) Photograph of 

representative tumor samples stained with X-gal. (B) Tumor volume of the different treatment 

approaches during all the treatment. (C) H&E staining of representative lung sections taken from 

xenograft 4T1 tumor-bearing mice for metastatic clusters evaluation. Scale bar, 500 μm (D) 

Quantification of metastatic lung clusters as representative in the insert were microscopically 

counted per tissues and plotted in the graph. Statistical analysis was carried out using GraphPad 

Prism and results were compared by one-way ANOVA followed by Tukey's post-tests (*, p-value 

<0.05; **, p-value <0.05; ***, p-value <0.0005). Data represent the means ± SEM.  
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 Evaluation of endothelial senescence in triple-negative breast cancer model 

by palbociclib-induced senogenesis and NP(nav)-Gal senolysis 

Finally, we selected the 4T1 orthotopic triple-negative breast cancer (TNBC) mouse 

model to study the effect of palbociclib-inducing senescence therapy (senogenesis) 

followed by navitoclax or NP(nav)-Gal treatment (senolysis) on the vascular endothelium. 

In this in vivo breast cancer models the antitumoral effectiveness of the double 

senogenesis plus senolysis treatment has been already demonstrated,(Galiana et al., 

2020) however the relevance of the endothelium on this process has not been addressed.  

The 4T1 mice model is highly tumorigenic and invasive model with close similarities 

with the human triple negative breast cancer.(Pulaski, Ostrand-Rosenberg and Ostrand‐

Rosenberg, 2000; DuPré et al., 2007) Balb/cByJ female mice (4-6 weeks) were injected in 

the mammary pads with 4T1 cells to generate the tumor. After one week of free tumor 

growth, palbociclib or sodium lactate (vehicle) was administered by daily oral gavage for 

17 days (100 mg/kg). One day after palbociclib treatment, free navitoclax (oral gavage, 25 

mg/kg) or NP(nav)-Gal (intraperitoneal injection, in a dose equivalent to 2.5 mg/kg of free 

navitoclax) treatment was given daily for 16 days aiming to eliminate senescence cells. 

Tumor formation was evaluated every 3 days measuring tumor volume (Figure 4B).  After 

palbociclib treatment, senescence was efficiently induced in tumors as increased X-gal 

staining revealed (Figure 4A). We also confirmed the effectiveness of combinatorial 

palbociclib-senogenesis and senolysis treatment for cancer therapy by the reduction of 

tumor size (Figure 4B and S11) 

Lung metastases were evaluated in the 4T1 mice model.  Metastatic cell clusters 

were found in lung sections of 4T1 tumor-bearing mice (Figure 4C) while we detected a 

decrease tendency, in those animals co-treated with navitoclax either as a free drug or 

encapsulated (NP(nav)-Gal) (Figure 4D).  
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Figure 5 | Elimination of endothelial senescent cells by treatment with free or encapsulated 

navitoclax. Inferior cava veins were obtained from Balb/cByJ female mice orthotopically injected 

with 4T1 breast cancer cells and treated daily with vehicle or palbociclib. (A) Representative images 

of β-galactosidase staining of mice veins (first line images). Hematoxylin/eosin staining of the mice 

veins (second line images). Scale bar, 300 μm. Confocal images (third to fifth line) of p53 (green) 

stained tumor sections. DAPI (blue). Scale bar, 20 μm. (B) Quantification of the β-galactosidase 

staining was performed using Image J software by measuring integrated density from three 

random fields per section. (C) Quantification of the p53 fluorescence signal was performed using 

Image J software by measuring fluorescence integrated density from three random fields per 

section. Data represent the means ± SEM and statistical significance was assessed by one-way 

ANOVA followed by Tukey's post-tests (*, p-value <0.05; **, p-value <0.05; ***, p-value <0.0005). 

Following our findings above, i.e. (i) palbociclib induces senescence in the 

endothelium, (ii) senescence favors cancer cell migration and (iii) treatment with free 

navitoclax or NP(nav)-Gal reduces endothelial senescent cells, we focused our study on 

the analysis of endothelial cells and found that, at the experimental endpoint, those mice 

treated systemically with palbociclib developed vascular senescence. In contrast, vascular 

senescence was not observed in those navitoclax or NP(nav)-Gal treated animals (Figure 

5A). Cava veins obtained from mice treated with palbociclib have an increased X-gal 

staining, p53 and VCAM1 expression (Figure 5 B, 5C and S12).  These results demonstrate 

that oral administration of palbociclib induces senescence in veins in 4T1 orthotopic mice 

model, while senolytic treatment reduces the senescence burden in the endothelium.  

 Palbociclib treatment increases lung metastasis after the tail vein injection 

of TNBC cells  

To corroborate the side effects of palbociclib in development of metastases and to 

discard the contribution of the primary tumor, healthy Balb/cByJ female mice (4-6 weeks) 

were treated with palbociclib daily (o.g.) for 15 days. Then, 0.5×106 4T1-Luc breast cancer 

cells were intravenously injected via the tail vein. Metastatic spread of cancer cells was 

monitored every 2-3 days by IVIS measuring luminescence. As we expected, after tail vein 

injection of the 4T1-Luc (stable luciferase expression) breast cancer cells, lung metastases 

were developed in all the animals (Figure 6). (Gomez-Cuadrado et al., 2017) However, 
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animals treated with palbociclib showed an increased lung metastasic burden (Figure 6A 

and B). As figure 6C shows, palbociclib treatment induced a more rapid progression of 

metastasis in the lungs, thus suggesting the implication of palbociclib-associated vascular 

senescence in favoring the spread of cancer cells. Animals were maintained for 10 days 

until they started to lose weight (Figure S13C). Besides, lungs were obtained for further 

ex vivo analysis by IVIS imaging, thus corroborating the in vivo findings (Figure S13A and 

S13B). Furthermore, histological hematoxylin and eosin analysis of lungs demonstrated 

that the metastatic area formed by palbociclib treated mice was bigger as well showed 

more pulmonary metastatic nodules when compared to the vehicle (Figure 6D y 6E).  

 

Figure 6 | Lung metastatic burden increases in palbociclib-treated animals. Healthy Balb/cByJ 

female mice (n=6) were treated with palbociclib daily (o.g.) for 15 days and then, 0.5×106 4T1-Luc 

breast cancer cells were intravenously injected to evaluate metastasic cell spread. (A) 

Representative IVIS images. (B) Quantification of tumor burden in lungs from IVIS images (day 10). 
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Each data point represents one mouse. (C) Quantification of lung photon flux (photons per second) 

after intravenous tail vein inoculation of cancer cells. (D) Representative H&E–stained lung sections 

with metastatic lesions: vehicle (left images) and palbociclib-treated mice (right images). Scale bar: 

2 mm (top image), 200 µm (bottom image). (E) Quantification of lung metastasic area at day 10. 

Values are expressed as mean ± SEM and statistical significance was assessed by the two-tailed 

Student’s T-test: *p<0.05.  

Overall, these findings are consistent with the role of endothelial senescent cells as 

metastatic inductors in the tumor microenvironment and support senolysis induction as 

a method to eliminate them and reduce cancer cell migration limiting metastasis.  

 Discussion and conclusion 

In recent years, the cellular senescence field has gained increased interest due to the 

possibility to use senescence inductors as an antitumor treatments in clinical 

settings.(Acosta and Gil, 2012) The senescence inductor palbociclib, a CDK 4/6 inhibitor, 

is currently approved by the FDA for use in combination with letrozole or fulvestrant in 

some breast cancer therapies(Beaver et al., 2015; Walker et al., 2016) and its efficacy for 

the treatment of other tumor types is being studied both in preclinical settings and clinical 

trials.(Grande et al., 2020; Karasic et al., 2020; Qin et al., 2020; Sepúlveda-Sánchez et al., 

2020)  

However, the incorporation of therapy-induced senescence in clinics is still recent 

and in a continuous effort to improve patient outcomes. These studies include the fact 

that persistent senescent cells in tumors can bypass growth arrest and favor tumor 

relapse.(Wang, Kohli and Demaria, 2020) Besides, senescent cells are also characterized 

by their associated secretory phenotype (SASP) which involves the secretion of cytokines, 

chemokines, growth factors, and metalloproteinases.(Rao and Jackson, 2016) SASP can 

play a detrimental role by creating a chronic sterile inflammation that alters the tissue 

microenvironment promoting inflammation, tissue damage, and invasion and 

proliferation of cancer cells which could lead to a potential threat of developing a 

secondary tumor with increased aggressiveness.(Demaria et al., 2017; Gonzalez-Meljem 
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et al., 2018) While mechanisms by which CDK4/6 inhibitors block tumor cell proliferation 

are well-established, knowledge about the impact of these drugs on non-tumor cells is 

very limited. Senescent nontumor cells in tumor microenvironment also can play a dual 

role for cancer relapse and tumor cell dissemination.(Zhang, Lam and Sun, 2019) 

Considering the functional relevance of endothelium in cancer relapse and 

metastasis, we evaluated the effect of palbociclib therapy in the endothelial cells. We 

confirmed that palbociclib induces senescence in human umbilical vein endothelial 

(HUVEC) cells after 7 days of treatment. Under these conditions, the majority of the 

HUVEC cells treated with palbociclib were senescent whereas in proliferating cultures only 

a minority of the population presented a senescence phenotype. HUVEC senescent cells 

showed a marked decrease in Ki67 expression, an increase in Saβ Gal activity and were 

cell cycle arrested. Besides, a marked reduction of phosphorylation of pRb protein in 

senescent HUVEC cells, when compared with proliferating cells, was observed. 

Interestingly, we found an increase of the expression of the leukocyte receptor VCAM1 in 

HUVEC senescent cells, which is a signal of endothelial dysfunction.(Liao, 2013) In fact, it 

has been reported that inflammatory cytokines, such as those secreted by senescence 

cells, induce the expression of VCAM1 on the endothelial cell surface.(Elices et al., 1990) 

Endothelial VCAM1 expression enhances not only leukocyte extravasation but also has a 

role in facilitating tumor cell metastasis by inducing actin stress fiber formation and 

intercellular gaps.(Schlesinger and Bendas, 2015) The upregulation in VCAM1 expression 

led to the weakening of cell-to-cell junctions, and thereby to a higher rate of tumor cell 

transmigration.(Van Wetering et al., 2003; Ferjančič et al., 2013)    

Regarding that a critical step in tumor metastasis is transendothelial migration of 

tumor cells at sites of intravasation and extravasation,(Reymond, D’Água and Ridley, 

2013) we expected that the induction of senescence in endothelium might have a role in 

the metastatic dissemination of tumor cells.  We found that migration of MDA-MB-231 

breast cancer cells was increased in the presence of endothelial senescent HUVEC cells. 
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Interestingly, the presence of a monolayer of senescent fibroblasts does not change 

tumor cells transmigration rate. These results confirmed that endothelial senescence 

favors cancer cell migration in a specific manner and are align with Hwang et al.(Hwang 

et al., 2020),  who have recently proved that SASP from therapy-induced senescence 

endothelial cells promotes an aggressive behavior of cancer cells. The presence of 

senescent endothelial cells in a non-senescent monolayer disrupts tight junction 

morphology of surrounding young cells and increases the permeability of the monolayer 

indicating that the barrier function is compromised.(Vincent J D Krouwer, 2012) These 

results also are in agreement to those reported by Wieland et al.(Wieland et al., 2017) in 

which the role of endothelial senescence-like phenotype to promote tumor cell migration 

to the circulation is demonstrated.  Also, it has been recently published that, in models of 

pancreatic cancer, palbociclib-induced senescent cancer cells can alter and remodel the 

surrounding vasculature through the induction of a pro-angiogenic SASP (Ruscetti et al., 

2020), which might also have an impact in cancer cells migration. The disruption of the 

endothelial barrier in veins might facilitate the entry of tumor cells from the circulation 

and thereby plays an important role in cancer cell extravasation and metastasis.   

Moreover, we also observed that proliferating non-senescent HUVEC cells formed 

many short tubes with multiple branches while senescent HUVEC cells appeared to form 

clusters reducing the number of branches. In co-cultures of proliferating and senescent 

HUVEC cells, tubes are also formed although the number of branches was reduced when 

compared with proliferating endothelial cells alone. These findings pointed the negative 

side effects of senescence accumulation for endothelium functionality and therefore 

tumor progression and metastasis. The blockage of VCAM1 and some inflammatory 

cytokines has recently been proposed for preventing cancer cell dissemination into other 

organs.(Swierczak et al., 2015; Wculek and Malanchi, 2015) We postulated the use of the 

nanoencapsulated senolytic agent navitoclax NP(nav)-Gal as an effective strategy to 

selectively reduce endothelial senescence, with the aim to overcome the progression of 

tumor metastasis while avoiding associated toxicities of current navitoclax 
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therapy.(Galiana et al., 2020) Senescent and non-senescent co-cultured HUVEC cells 

treated with free navitoclax or with NP(nav)-Gal show a noticeably recovery of the 

endothelium tube formation ability, recovering the barrier functionality disrupted by 

palbociclib senescent induction in endothelial cells. Moreover, we show, in a therapy-

induced senescence triple negative breast cancer mouse in vivo model that treatment 

with Navitoclax or NP(nav)-Gal produced a reduction of endothelial senescent cells. In 

accordance with in vitro results this reduction correlates with a decrease of lung 

metastasis. Moreover, to discard the potential contribution of the primary tumor size in 

this observation, we treat healthy mice with vehicle or palbociclib for 15 days and injected 

4T1 breast cancer cells intravenously by the tail vein to evaluate cancer cell spread. The 

results showed that palbociclib treated mice developed more aggressive lung metastasis 

than vehicle.  

Overall, our findings exhibited that despite the unquestionable benefit that 

palbociclib has for cancer patients, the accumulation of senescent endothelial cells 

derived from the palbociclib treatment might be a risk for long term metastasis 

progression. The derived side effects of systemic palbociclib treatment have not been fully 

characterized. Considering its use in clinics, a long-term evaluation of possible side effects 

and the development of more specific delivery strategies might be of importance. Besides, 

further studies are needed to determine the role of senescence in tumor-promoting 

properties. In this way, our results strongly suggest that the elimination of endothelial 

senescent cells can be a suitable strategy to further improve patient outcome reducing 

cancer cell migration and thus limiting metastasis. These findings open promising 

complementary doors to improve cancer treatments. Moreover, the elimination of 

endothelial senescent cells can also serve as a basis for further investigation and 

involvement in other diseases, opening the possibility of generating new therapies aimed 

to selectively remove senescent cells. 
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 Experimental section 

 Cell culture and senescence induction  

Human umbilical cord endothelial cells (HUVEC), human breast triple-negative 

adenocarcinoma MDA-MB-231 cells, 4T1 mouse breast triple-negative adenocarcinoma 

and human dermal fibroblasts were obtained from ATCC. HUVEC were cultured in F-12K 

Medium (ATCC 30-2004) supplemented with 10% fetal bovine serum (FBS; Sigma), 0.1 

mg/mL heparin (Sigma) and 0.03 mg/mLl endothelial cell growth supplement from bovine 

neural tissue (ECGS; Sigma). MDA-MB-231, 4T1 and fibroblast cells were maintained in 

DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS; Sigma). All cell lines were 

incubated at 37 °C in 5% CO2. For senescence induction, cells were supplemented with 

medium containing 2 µM palbociclib for a week (#S1116, Selleckchem) for HUVEC cells 

and 5 µM palbociclib for MDA-MB-231, 4T1 and fibroblast cells. Cells were routinely 

tested for mycoplasma contamination.  

 β-galactosidase activity assay 

 β-galactosidase staining was performed using the senescence β-galactosidase 

staining kit (Cell Signaling, #9860S) following the manufacturer’s instructions. Briefly, cells 

were fixed with the fixative solution at room temperature for 15 min, whereas whole-

tissue was fixed with 4% paraformaldehyde overnight. After fixation, cells or tissue were 

washed two times with PBS and incubated overnight at 37oC without CO2 with the staining 

solution containing X-gal in N, N-dimethylformamide. Senescence-associated β-

galactosidase enzymatic activity was determined at pH 6. Pictures were taken with a 

bright-field microscope. 
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 Flow cytometric determination of β-galactosidase activity 

 To measure β-galactosidase activity by flow cytometry, we used the fluorogenic 

substrate C12FDG as described. HUVEC cultures were pretreated with chloroquine (300 

mM; Sigma-Aldrich, #C6628) to induce lysosomal alkalization. After 2 h, C12FDG (33 mM; 

ThermoFisher, #D2893) was added in fresh media and incubated for 4 h at 37 °C under 

5% CO2. At the end of the incubation time, cells were collected using 0.5% Trypsin-EDTA 

(GIBCO) and resuspended in PBS. Flow cytometry was assessed on a CytoFlex S instrument 

(Beckman Coulter) followed by data analysis using CytoExpert software.  

 Western Blot 

 Whole-cell extracts were obtained by lysing cells in a buffer containing 25 mM Tris-

HCl pH 7.4, 1 mM EDTA, 1% SDS, plus protease and phosphatase inhibitors. The protein 

concentration was determined by the BCA protein assay. Cell lysates were resolved by 

SDS-PAGE, transferred to nitrocellulose membranes, blocked with 5% nonfat milk, 

washed with 0.1% Tween/PBS and incubated overnight with a specific primary antibody. 

Membranes were washed and probed with the appropriate secondary antibody 

conjugated to horseradish peroxidase for enhanced chemiluminescence detection 

(Amersham Pharmacia Biotech).  

The antibody against pRb (#9308) was from Cell Signaling, p53 antibody (#ab26) was 

from Abcam, VCAM1 (#13160) antibody was from Santa Cruz Biotechnology and GADPH 

antibody (#14C10) was from Cell Signaling. The secondary antibodies used were anti-

Rabbit IgG peroxidase antibody (#A6154, Sigma) and peroxidase conjugate-goat anti-

Mouse IgG antibody (#A4416, Sigma). 

 Ki67 Immunofluorescence 

 Cells were seeded on coverslips when cells were confluent they were fixed with 4% 

PFA permeabilized with 0.3% Triton X-100 and blocked with 5% BSA for 1 h. Then cells 
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were labeled with the primary antibody solution (1% BSA, 0.3% Triton X-100) containing 

Ki-67 (D3B5) Rabbit (#9129, Cell Signaling), overnight at 4 °C. The following incubation 

with anti-rabbit IgG Fluor Goat 633 (#A21071, Fisher) was performed for 2 h at room 

temperature. The coverslips were mounted on glass slides with Mowiol/DAPI (Sigma). 

Confocal microscopy images were obtained by using a Leica TCS SP8 HyVolution 2 

microscope. 

 Conditioned media assay 

 HUVEC (6 · 104) cells were seeded in 6-well plates and let then attached overnight. 

Media from proliferating and senescent HUVEC, MDA-MB-231 and 4T1 were obtained, 

centrifuged to eliminate dead cells (1200 rpm 5 min) and added to HUVEC cells dilute with 

fresh medium in a relation of 1:1. After 5 days, HUVEC cells were fixed with 4% PFA and 

X-gal staining was performed. 

 Tumor cells migration assay 

Proliferating or senescent, HUVEC (7.5·104 cells/insert) or fibroblasts cells (2.5·104 

cells/insert) were seeded in a drop on the bottom of a PET permeable (0.8 µM pore size) 

insert. After 16 h, the drop was aspirated, and new media was added to the insert to let 

the endothelial cells grow for 72 h. After 72 h MDA-MB-231 breast cancer cells (3·105 

cells/insert) were stained with cell tracker deep red (Fisher; #C34565) 5 µM for 1 h at 37 

°C, seeded on the top of the insert and let them migrate for 2 h. HUVEC were stained with 

Hoechst. MDA-MB-231 migration was analyzed by confocal microscopy. IMAGE J was 

used to quantify the number of migrated MDA-MB-231 cells. 

 Synthesis of nanoparticles 

Synthesis of the mesoporous silica nanoparticles (MSNs) were performed as 

described.  Briefly, 1 g of N-cetyltrimethylammonium bromide (CTAB, Sigma, #H6269) was 

dissolved in 480 mL of deionized water and 3.5 mL of NaOH 2 M (Sigma, #1310732) was 
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added to the solution heated at 80 °C. Then, 5 mL of the polymeric precursor 

tetraethylorthosilicate (TEOS, Sigma, #131903) were added dropwise to the surfactant 

solution and the reaction was stirred and heated for further 2 h. The resulting white solid 

was isolated by centrifugation (10,000 rpm, 20 min) and washed with deionized water 

until pH 7 was reached. Finally, “as made” MSNs were dried at 70 oC and then calcined at 

550 °C for 5 h using an oxidant atmosphere in order to remove the CTAB template, thus 

eliminating any residual surfactant that might affect cell viability. 

Synthesis of gated MSNs coated with hexa-galactooligosaccharides and loaded with 

navitoclax (Active BioChem, #A1001) or indocyanine green (Sigma, #I2633) was 

performed as described in Figure 2 in Supporting Information. For NP(ICG)-Gal, 200 mg of 

calcined MSNs were suspended in 45 mL of water and 9.5 mg of indocyanine green were 

added (Sigma, #I2633). The mixture was stirred for 24 h at room temperature, and the 

nanoparticles were filtered and dried under vacuum (NP(ICG)). Then, the functionalization 

of the external surface was performed by the addition of 0.28 mL of (3-

aminopropyl)triethoxysilane to a suspension of 200 mg of NP(ICG) in 6 mL of anhydrous 

acetonitrile. After stirring for 5.5 h at room temperature, the solid (NP(ICG)-NH2) was 

isolated by filtrations and dried under vacuum.  

For the synthesis of NP(nav)-Gal, the nanoparticles were loaded with navitoclax by 

the addition of 155 mg of this drug to a suspension of 200 mg of calcined MSNs in 6 mL of 

anhydrous dichloromethane. After 24 h of stirring, 0.28 mL of (3-

aminopropyl)triethoxysilane were added to the suspension and the stirring was kept for 

further 5.5 h. Then, the solid was isolated by filtration under vacuum (NP(nav)-NH2).  

On the other hand, NP-NH2 was synthesized by adding 0.28 mL of (3-

aminopropyl)triethoxysilane to a suspension of 200 mg of empty calcined MSNs in 6 mL 

of anhydrous acetonitrile. After 5.5 h, the functionalized solid was isolated by filtration 

under vacuum.  
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For coating with the hexa-galacto-oligosaccharide, the obtained solids functionalized 

with amino moieties were added to a solution of 500 mg of galactan (Carbosynth, 

#OG71532, consisting of six repeating galactose monosaccharides linked through β-1,4 

glycosidic bonds) in 27 mL of water and stirring was continued at room temperature for 

21 h. The final products (NP(ICG)-Gal, NP(nav)-Gal and NP-Gal) were filtered, washed with 

plenty of water and dried under vacuum. All the final nanoparticles were stored in a 

desiccator at room temperature.  

 Nanodevices characterization 

 Powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), transmission 

electron microscopy (TEM) and N2 adsorption-desorption isotherms were used for 

nanoparticles’ characterization. PXRD measurements were performed on a Seifert 3000TT 

diffractometer using Cu-Kα radiation. The thermogravimetric analyses were performed in 

TGA/SDTA 851e Mettler Toledo equipment in an oxidant atmosphere (air, 80 mL/min) 

with a heating program that consisted in a heating ramp of 10 oC/min from 393K to 1273K, 

and an isothermal heating step at this temperature for 30 min.   

TEM images were acquired with a Philips CM10 microscope working at 100 kV. N2 

adsorption-desorption isotherms were recorded on a Micromeritics TriStar II Plus 

automated analyzer. The samples were degassed at 120 °C under vacuum overnight. The 

specific surface areas were calculated from the adsorption data in the low pressures range 

using the Brunauer–Emmett–Teller model.  UV-visible spectroscopy was carried out with 

a Lambda 35 UV-Vis spectrometer (Perkin-Elmer Instruments), and fluorescence 

spectroscopy with a JASCO spectrofluorometer FP-8300. All the measurements were 

taken in triplicate. 
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 Cargo release study of NP(nav)-Gal 

 For cargo release studies, 4 mg of NP(nav)-Gal nanoparticles were suspended in 10 

mL of water at pH 4.5, stirred and the volume was separated in two suspensions of 5 mL. 

Then, 5 mg of β‐galactosidase from Aspergillus oryzae was added to one of the 

suspensions. After a certain time, aliquots of 200 µL of each suspension were taken and 

300 µL of ethyl acetate was added to each one. The mixture was stirred for 1 min, the 

ethyl acetate was taken, centrifuged and cargo release in the organic phases was 

measured by UV-vis spectroscopy (absorption band of navitoclax at 275 nm). The same 

procedure was performed without adding the enzyme to one of the suspensions, as a 

“blank” control. 

 Cargo release study of NP(ICG)-Gal 

 4 mg of NP(ICG)-Gal nanoparticles were suspended in 10 mL of water at pH 4.5, 

stirred and this volume was separated into two suspensions of 5 mL. Then, 5 mg of β‐

galactosidase from Aspergillus oryzae was added to one of the suspensions, and, after a 

certain time, an aliquot of 300 µL of each suspension was taken. Then, 2 µL of NaOH (0.15 

M) was added to the aliquots, vigorously stirred for 3 min, centrifuged for removing the 

solid and cargo released was measured by fluorescence (λexc (ICG) = 775 nm, λem (ICG) = 

805 nm). The same procedure was performed without adding the enzyme to one of the 

suspensions, as a “blank” control. 

 Confocal microscopy with NP(ICG)-Gal 

 Proliferating and senescent HUVEC cells were seeded on 6-multiwell plates at a 

concentration of 150.000 cells/well. After 24 h, cells were treated for 6 h with a 

suspension of NP(ICG)-Gal (1 mg/mL) previously filtered. After the incubation time, cells 

were washed with medium to eliminate non-internalized nanoparticles. For confocal 
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microscopy, coverslips were mounted and Hoechst 33342 was added for nuclei staining 

before cell visualization in Leica TCS SP8 HyVolution 2 microscope. 

 Flow cytometry with NP(ICG)-Gal  

HUVEC cells (2·105 cells/well) were seeded in 6-well plates. After 24 h, cells were 

treated with NP(ICG)-Gal (1 mg/mL). NP(ICG)-Gal nanoparticles were suspended in cell 

culture medium, sonicated and agitated for 1 h. After 6 h nanoparticle treatment, cells 

were collected using 0.5% Trypsin-EDTA (GIBCO) and resuspended in PBS. Flow cytometry 

was assessed on a CytoFlex S instrument (Beckman Coulter) followed by data analysis 

using CytoExpert software. As senescent cells are bigger in size than control cells a 

correction factor was applied by dividing mean intensity by mean FSC-width. We have also 

considered senescence autofluorescence (by subtracting it). 

 Drug toxicity assay 

 For drug screening assays, cells were trypsinized and replated in flat-bottom-clear 

96-well plates (Greiner Bio-One, #655087). Proliferating and senescent HUVEC cells were 

plated at a density of 104 cells per well. After 24 h, free navitoclax or NP(nav)-Gal 

nanoparticles were added individually to the cells. Free navitoclax was added at a 20 µM 

final concentration. NP(nav)-Gal were added at a maximum of 2 mg/mL filtered (0.45 µm) 

which corresponds to 2.66 µM final concentration. After 72 h, viability was measured 

using CellTiter-Glo® luminescent cell viability assay (Promega, #G7571) kit following the 

manufacturer’s instructions in a PerkinElmer life sciences wallac Victor2TM 

spectrophotometer. The number of viable cells was normalized to the internal control of 

untreated cells (DMSO only) of each plate. Non-lineal fit log(inhibitor) vs. response with a 

variable slope (four parameters) model was used for IC50 estimation in Graphad software. 

For colony formation assays cells were seeded at different densities in 24-well plates and 

incubated in a CO2 incubator at 37 °C for 1 week. Colonies were fixed with 4% PFA and 

stained with 0.05% crystal violet solution. 
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 Tube formation assay  

Briefly, 65 µL of growth factor reduced matrigel (Corning) was added per well in a 96 

well plate, and HUVEC cells (1×104 cells) were added and incubated in media with 

different treatments. 25.000 proliferating cells and 75.000 senescent cells (1:3 ratio) were 

plated for cocultured. Cells were pretreated with 0.5 mg/mL NP(nav)-Gal filtered (0.66 

µM navitoclax) or with 1 µM free navitoclax for 48 h. For quantitative measurements of 

capillary tube formation, matrigel wells were digitized under a 5x objective (Leica TCS SP8 

HyVolution 2) for measurement of the total number of branches at 3 h.  AngioTool was 

used to analyzed tube formation assay.  

 4T1 orthotopic mice model 

 Female BALB/cByJ wild type mice (28-34 days old) were purchased from Charles 

River Laboratories, and maintained in ventilated racks under pathogen-free conditions at 

Principe Felipe Research Centre (Valencia, Spain), with food and water ad libitum and 

alternate dark and light cycles. All animals were treated humanely and experiments were 

approved by the Ethical Committee for Research and Animal Welfare. For each group, 4 

mice were used for statistical significance. Mice were injected subcutaneously in the 

second lower right breast with a cellular concentration of 5·105 early passage 4T1 cells as 

described in Galiana et al., 2020 Palbociclib for senescence induction was administrated 

for 17 days by daily oral gavage (100 mg/kg) dissolved in sodium lactate 50 mM at 16.5 

mg/mL. One day after the start of palbociclib treatment, free navitoclax (oral gavage, 25 

mg/kg) or NP(nav)-Gal (intraperitoneal injection, 40 mg NP(nav)-Gal/kg (equivalent to 2.5 

mg/kg of free Navitoclax)) treatment was given daily for 16 days. At the end of the 

treatment, animals were euthanized in a CO2 atmosphere and tumors, lungs and cava 

veins were extracted for posterior evaluation. 
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 4T1-Luc metastatic model  

Female BALB/cByJ wild type mice (28-34 days old) (Charles River Laboratories) were 

treated for 15 days with palbociclib by daily oral gavage (50 mg/kg) dissolved in sodium 

lactate 50 mM at 16.5 mg/mL. At the end of the treatment, 5·105 early passage 4T1-Luc 

(4T1 cell line that express constitutively the luciferase gene) cells were injected 

intravenously in the tail in a volume of 100 μL. Mice were monitored on an IVIS spectrum 

imaging system. D-luciferin were administered via subcutaneous injection, 10 minutes 

prior to image acquisition. and bioluminescence signal was analyzed by using the Living 

Imaging software from Caliper Life Sciences. In vivo lung metastasis was quantified as 

photons/second. 

 Organs X-gal and hematoxylin-eosin staining  

Organs were fixed in 4% PFA.  After tumor and veins were staining with X-gal. Veins 

and lungs were embedded in paraffin for tissue sections and hematoxylin-eosin staining. 

Stained sections were scanned in Leica Aperio Versa at 20x magnification. X-gal positive 

cells were quantified automatically with Image J software by measuring the mean 

intensity. Metastatic 4T1 cell clusters were microscopically counted in different lung 

sections from a minimum of three animals per group.  

 Fluorescent Immunohistochemistry  

Cava veins were removed, washed 1x PBS and fixed with 4% PFA overnight at 4 °C. 

The fixative was aspirated, and samples were washed 1x PBS and incubated with 30% 

sucrose overnight at 4 °C. Fixed tissues were embedded in optimal cutting temperature 

compound in cryomolds and frozen completely at −20 °C. 10 µm thick tumor sections were 

then incubated in blocking solution (5% horse serum, 0.3% triton X-100 in 1× PBS) for 1 h 

and immunostained following incubation with primary antibodies overnight at 4 °C. p53 

antibody was used at 1:100 (pAb240) Mouse (ab26, Abcam), VCAM1 antibody was used 
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at 1:12.5 Mouse (MA5-11447, Invitrogen). Secondary antibodies against rabbit or mouse 

conjugated to Alexa Fluor 488 (Invitrogen) were used at 1:200 dilution. Sections were 

mounted on microscope slides using the Mowiol/DAPI (Sigma) and covered with a glass 

coverslip. Confocal microscopy images were obtained by using a Leica TCS SP8 HyVolution 

2 microscope. 

 Statistical Analysis  

All of the values represent the mean ± SEM of at least three independent 

experiments. Significance was determined by one-way or two-way ANOVA followed by a 

Tukey posttest or by Student’s T-test using GraphPad Prism software 8. P < 0.05 was 

considered statistically significant. 
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 Supporting information 

 

 

Figure S1 | Characterization of endothelial senescence induced by palbociclib. (A) Quantification 

of confocal microscopy images of immunofluorescence of Ki67 (red) in proliferating and senescent 

HUVEC cells. Values are expressed as mean ± SEM and statistical significance was assessed by the 

two-tailed Student’s T-test: ** p<0.005. (B) Quantification of the Western Blot pRb bands in 

proliferating and senescent HUVEC cells using GADPH as a loading control. (C) Quantification of the 

Western Blot p53 bands in proliferating and senescent HUVEC cells using GADPH as a loading 

control. (D) Quantification of the Western Blot VCAM1 bands in proliferating and senescent HUVEC 

cells using GADPH as a loading control. Values are expressed as mean ± SEM and statistical 

significance was assessed by the two-tailed Student’s T-test: *p<0.05; **p<0.005; ***p < 0.0005. 
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Figure S2 | Characterization of induction of fibroblast senescence. (A) β-Galactosidase staining of 

proliferating and 5 µM palbociclib-treated fibroblast cells. Senescence induction was confirmed by 

high β-Galactosidase activity (blue color) in palbociclib-treated cells at pH 6. (B) Western Blot 

characterization of proliferating and senescent fibroblast. Phosphorylation of retinoblastoma 

protein (pRb) decreases after palbociclib treatment (expected band at 110 kDa). Quantification of 

the bands using GADPH as a loading control (n=3) (right panel). Values are expressed as mean ± SD 

and statistical significance was assessed by the two-tailed Student’s T-test: *p<0.05 
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Figure S3 | Conditioned media of senescent HUVEC, MDA-MB-231 or 4T1 breast cancer cells induce 

senescence. (A) Schematic representation of conditioned media assay. Endothelial HUVEC cells or 

breast cancer MDA-MB-231 or 4T1 cells were treated with palbociclib for 7 days. After 7 days, 

palbociclib was removed and fresh media was added to the cell culture. 48 h later, conditioned 

media (CM) was collected and centrifugated to eliminate death cells. CM were added to 

proliferating HUVEC cells and incubate for 5 days. X-gal staining was performed afterwards to 

evaluate induction of senescence. (B) Xgal staining of endothelial HUVEC cells after conditioned 

media treatment. 
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Figure S4 | Western Blot characterization of BCL2 family proteins in proliferating and senescent 

HUVEC. Quantification of the bands using GADPH as a loading control (n=3) (right panel). Values 

are expressed as mean ± SD and statistical significance was assessed by the two-tailed Student’s T-

test: *p<0.05. 
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 Materials characterization 

The PXRD patterns of the “as made” MSNs showed four main peaks at low angles 

that can be indexed as the (100), (110), (200) and (210) Bragg reflections, that are 

characteristic of hexagonal ordered mesoporous materials (Figure S6). A slight shift in 2 

values of these reflections in the calcined MSNs was observed, ascribed to the removal of 

the surfactant and the condensation of silanol groups during the calcination process. In 

the final nanodevices NP(ICG)-Gal and NP(nav)-Gal the (200) and (210) peaks are lost, 

most likely due to a reduction of contrast due to pore filling and surface functionalization. 

However, the preservation of the (100) reflection in their PXRD patterns indicated that 

the 3D mesoporous structure was preserved during the pore loading process and 

additional functionalization with the corresponding oligosaccharide. On the other hand, 

TEM analysis of the prepared nanodevices (Figure S5) showed that nanoparticles 

exhibited a spherical geometry with a diameter of ca. 100 nm. Besides, TEM images 

showed the typical channels of the MCM-41 matrix visualized as alternate black and white 

strips. 

N2 adsorption-desorption isotherms of the calcined MSNs showed a type IV isotherm, 

typical of the mesoporous silica materials, in which two sharp adsorption steps can be 

observed (Figure S7A). The first adsorption step at P/P0 below 0.3 is ascribed to nitrogen 

condensation inside the empty pores. Moreover, the narrow pore size distribution (inset, 

Figure S7) and the absence of the hysteresis loop in this range suggested the presence of 

uniform cylindrical mesopores. In the N2 adsorption-desorption isotherms of NP-Gal and 

NP(ICG)-Gal, a significant decrease in the adsorbed N2 volume and surface area can be 

observed, as a consequence of the cargo loading inside the mesopores and 

functionalization of the outer surface with the oligosaccharide (Figures S7B and S7C). 

Total surface-specific areas were calculated by applying the BET model. Additionally, in 

order to calculate pore size and volume, the BJH model was applied to the adsorption 

band of the isotherm for P/P0 < 0.6. All data are summarized in Table S1.  
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Figure S5 | TEM analysis of (a) calcined MSNs, (b) NP-Gal, (c) NP(nav)-Gal and (d) NP(ICG)-Gal. 
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Figure S6 | Powder X-Ray diffraction patterns at low (left) and high (right) angles of (a) starting 

MSNs, (b) calcined MSNs, (c) NP(ICG)-Gal and (d) NP-Gal. 
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Figure S7| N2 adsorption-desorption isotherms for (a) calcined MSNs, (b) NP(ICG)-Gal and (c) NP-

Gal. 
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Table S1 | BET specific surface area, pore volumes and pore sizes calculated from N2 adsorption-

desorption isotherms for indicated materials.  

Sample 
SBET 
[m2g-1] 

Pore Volume 
[cm3g-1] 

Pore size 
[nm] 

calcined MSNs 1087.29 0.92 2.62 

NP-Gal 28.31 0.01 -- 

NP(ICG)-Gal 131.12 0.10 -- 

 

Table S2 | Hydrodynamic diameter and Zeta potential of selected materials. 

Solid 
Hydrodynamic 

particle diameter (nm) 
Zeta potential (mV) 

calcined MSNs 162.6 ± 1.8 -21.6 ± 0.7 

NP-Gal 218.4 ± 1.4 -17.6 ± 0.6 

NP(ICG)-Gal 211.6 ± 2.0 -14.6 ± 0.2 

NP(nav)-Gal 285.6 ± 3.2 -2.57 ± 0.4 

 

Table S3 |  Organic contents of oligosaccharide and cargo for nanodevices NP(ICG)-Gal and 

NP(nav)-Gal in mg per g of solids. 

Solid 
αoligosaccharide 
(mg/g solid) 

αcargo 
(mg/g solid) 

NP(ICG)-Gal 181.6 56.4 

NP(nav)-Gal 169.0 53.0 
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Figure S8 | Release profiles of ICG from NP(ICG)-Gal in the absence or in the presence of β-

galactosidase from Aspergillus oryzae in water at pH 4.5.  

 

Figure S9 | Cytotoxicity profile of empty NP-Gal in HUVEC cells.  Cell viability at different 

concentrations of nanoparticles at 72h for proliferating HUVEC (black bars) and senescent HUVEC 

(dark grey bars). Data represent the means ± SEM of at least three independent experiments. 
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Figure S10 |  Mean fluorescence intensity divided by mean FSC-width of proliferating and 

senescent HUVEC cells reflecting the overall particle uptake by the endothelial cells in flow 

cytometry after NP(ICG)-Gal treatment for 6 h. Statistical significance was assessed by two-tailed 

Student’s T-test (*, p-value <0.1). Data represent mean ± SEM (n=3).   

 

Figure S11 |  Tumor volume of the different treatment at the endpoint of the treatment. Values 

are expressed as mean ± SEM and statistical significance was assessed by one-way ANOVA followed 

by Tukey's post-tests (*, p-value <0.05; **, p-value <0.05; ***, p-value <0.0005). 

 

Proliferating Senescent
0

20

40

60

F
lu

o
re

s
c

e
n

c
e

in
te

n
s
it

y
 (

a
.u

.)

✱

0

100

200

300

400

500

T
u

m
o

u
r 

v
o

lu
m

e
 (

m
m

3
)

Palbociclib

Vehicle

Palbociclib + Free nav

Palbociclib + NP(nav)-Gal

✱

✱✱

✱✱✱



A Estepa-Fernández et al., Adv.Ther. 2021 

101 

 

Figure S12 | Inferior cava veins were obtained from Balb/cByJ female mice orthotopically injected 

with 4T1 breast cancer cells and treated daily with vehicle or palbociclib. (A) Representative images 

of confocal microscopy of VCAM1 (grey) stained tumor sections. DAPI (blue). Scale bar, 20 μm. (B) 

Quantification of the VCAM1 fluorescence signal was performed using Image J software by 

measuring fluorescence integrated density from three random fields per section. Data represent 

the means ± SEM and statistical significance was assessed by one-way ANOVA followed by Tukey's 

post-tests (*, p-value <0.05; **, p-value <0.05; ***, p-value <0.0005). 
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Figure S13 | Healthy Balb/cByJ female mice (n=6) were treated with palbociclib daily (o.g.) for 15 

days and then 0.5×106 4T1-Luc breast cancer cells were intravenously injected to evaluate cancer 

cell spread. (A) Representative IVIS images of ex vivo lungs. (B) Quantification of tumor burden in 

lungs from IVIS images (day 10). Each data point represents one lung. (C) Mice weight during the 

whole experiment. Values are expressed as mean ± SEM and statistical significance was assessed 

by the two-tailed Student’s T-test: *p<0.05. 
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 Abstract  

Triple-negative breast cancer (TNBC) is a very aggressive subtype of breast cancer 

with a poor prognosis and limited effective therapeutic options. The induction of 

senescence, arrest of cell proliferation, has been explored as a method to limit tumor 

progression in metastatic breast cancer. However, relapses occur in some patients, 

possibly as a result of senescent cancer cells that accumulate in the body after the 

treatment, thereby promoting tumor recurrence. In this study, we explored the 

combination of senescence induction and the subsequent elimination of senescent cells 

(senolysis) as an alternative approach to improve outcomes in TNBC patients. Overall, we 

demonstrate that a combined treatment using the senescence-inducer palbociclib and 

the senolytic navitoclax delays tumor growth and reduces metastases in a xenograft mice 

model of aggressive human TNBC (hTNBC). Besides, considering the off-target effects and 

toxicity derived from the use of navitoclax, we propose a targeted strategy to minimize 

associated side effects. We use a galacto-conjugated navitoclax (nav-Gal) as a senolytic 

pro-drug that can preferentially be activated by β-galactosidase overexpressed in 

senescent cells. Concomitant treatment with palbociclib and nav-Gal in vivo results in the 

eradication of senescent hTNBC cells with the subsequent reduction of tumor growth 

while decreasing the cytotoxicity of navitoclax. Collectively, our results support the 

effectiveness of combined senescence-inducing with senolytic therapy for hTNBC, as well 

as the development of a targeted approach as an effective and safer therapeutic 

opportunity. 

 Introduction 

Breast cancer is one of the most common cancers in females and the leading cause 

of cancer-related death in women. Among all breast cancer subtypes, approximately 15–

20% of them are triple-negative breast cancer (TNBC).(Morris et al., 2007; Boix-

Montesinos et al., 2021) TNBC is characterized by the lack of estrogen (ER) and 
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progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) 

amplification/overexpression.(Wolff et al., 2013) It has worse prognosis than other breast 

cancer subtypes. The lack of hormone receptor expression and the aggressive 

proliferative behavior have limited by now the availability of effective therapies, 

restricting in most cases the standard of care to chemotherapy.(Garrido-Castro, Lin and 

Polyak, 2019; Cardoso et al., 2020) Consequently, there is an urgent need for developing 

non-cytotoxic, targeted therapies to improve the poor prognosis of this aggressive 

subtype of breast cancer.  

From another point of view, senescence is a tumor-suppressing mechanism that has 

been explored as a therapy for several tumors.(Muñoz‐Espín et al., 2018; Galiana et al., 

2020; Saleh et al., 2020; Estepa-Fernández et al., 2021) This therapy is already a reality in 

the clinical practice, for instance, by the use of cell cycle inhibiting drugs such as 

palbociclib, a highly selective inhibitor of cyclin-dependent kinases 4 and 6 (CDK 4/6). 

Palbociclib induces cellular senescence in the tumor, thus limiting tumor progression, and 

has been approved by the US Food and Drug Administration (FDA) to provide a first-line 

endocrine-based therapy for postmenopausal women with hormone receptor-positive 

(HR+)/human epidermal growth factor receptor 2 negative (HER2−) advanced or 

metastatic breast cancer in combination with letrozole or fulvestrant.(Beaver et al., 2015; 

Walker et al., 2016; Wedam et al., 2019) The good results obtained with this drug has 

encouraged the study of palbociclib treatment in TNBC patients (NCT03756090, 

NCT04360941, NCT04494958).(Huang, Wu and Li, 2020) However, despite the benefits of 

growth suppression after senescence induction in tumors, it has also been demonstrated 

that the accumulation of senescent cells promotes inflammation, angiogenesis, and can 

cause cancer recurrence by facilitating senescence escape or invasiveness.(Demaria et al., 

2017; Saleh et al., 2018; Galiana et al., 2020; Estepa-Fernández et al., 2021) 
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In this scenario, the use of senolytics, drugs that specifically kill senescent cells, has 

been proven to be an effective remedy for alleviating such unwanted senescent cell 

accumulation.(Estepa-Fernández et al., 2021) Among senolytic drugs, navitoclax has been 

validated in a variety of preclinical models showing high potency to kill senescent cells, 

reducing cancer relapses and delaying ageing-related diseases.(Chang et al., 2016; 

Demaria et al., 2017; Kim et al., 2017; Bussian et al., 2018) Navitoclax inhibits the anti-

apoptotic proteins Bcl-2, Bcl-xL and Bcl-w.(Zhu et al., 2016) Senescent cells, in many cases, 

depend on Bcl-xL for their survival (Yosef et al., 2016), and other cells in the body, such as 

platelets, do as well.(Schoenwaelder et al., 2011) Therefore, inhibition of Bcl-xL causes 

thrombocytopenia, the major dose-limiting toxicity effect which has restricted navitoclax 

use in the clinic.(Kile, 2014; Chang et al., 2016) In this context, it has been recently 

demonstrated that navitoclax harmful effects can be reduced by the design of pro-drugs 

(González-Gualda et al., 2020) and nanodevices that selectively deliver navitoclax in 

senescent cells.(Muñoz‐Espín et al., 2018; Galiana et al., 2020; Estepa-Fernández et al., 

2021) Galacto-conjugation of navitoclax with acetylated galactose results in the senolytic 

pro-drug called nav-Gal that can be preferentially activated by β-galactosidase 

overexpressed in senescent cells. Previous studies from our group based on a similar 

strategy result in the selective detection of senescent cells.(Lozano-Torres et al., 2017, 

2021) The nav-Gal pro-drug has been effective in reducing tumor size in orthotopically 

transplanted murine lung adenocarcinoma cells and in a tumor xenograft model of human 

non-small-cell lung cancer by combining senescence-inducing chemotherapies with the 

senolytic treatment, where it shows reduced hematological toxicity.(González-Gualda et 

al., 2020) 

Based on the above, in this work we explore the combination of senescence induction 

and the subsequent elimination of senescent cells (senolysis) as an alternative approach 

to improve outcomes in TNBC patients. Here, we demonstrate that palbociclib therapy-

induced senescence (TIS) followed by adjuvant therapy with navitoclax causes a 

synergistic elimination of senescent cells and reduction of tumor growth and lung 
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metastasis while decreasing the cytotoxicity of navitoclax in a xenograft mice model of 

aggressive human TNBC (hTNBC). Our findings support that senescence-inducing 

therapies combined with senolysis can be a promising strategy for the effective treatment 

of hTNBC. Moreover, targeted navitoclax-based therapies could facilitate its clinical use 

as an effective and safer strategy.  

 Results  

 Palbociclib induces senescence in MDA-MB-231 

Firstly, we studied the capability of palbociclib to induce senescence in hTNBC. For 

that purpose, MDA-MB-231 cells were treated with palbociclib 5 µM for 7 days, and the 

senescence-associated β-galactosidase (SA-β-Gal) activity was evaluated. We observed 

increased positivity for SA-β-Gal staining in cells treated with palbociclib (Figure 1A). 

Inhibition of CDK4/6 by palbociclib treatment produces the hipophosphorylation of 

retinoblastoma protein (pRb), causing cell cycle arrest in the G1/S transition phase.(Goel 

et al., 2018) In palbociclib-treated MDA-MB-231 cells, a decrease in the phosphorylation 

of the pRb protein is observed when compared to non-treated cells (Figure 1B), indicative 

of senescence induction. To corroborate cell cycle arrest in palbociclib-treated cells, the 

expression of the Ki67 proliferation marker was analyzed by immunofluorescence (Figure 

1C). Control proliferating MDA-MB-231 cells show a high expression of Ki67 (red 

emission), whereas palbociclib-treated cells lose the expression of the proliferation 

marker. Cell cycle analyses by flow cytometry demonstrated accumulation of cells in G1-

phase, thus corroborating the cell cycle arrest (Figure 1D). Altogether these results 

confirm that palbociclib induces senescence in MDA-MB-231 hTNBC cells.  
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Figure 1 | Palbociclib induces senescence in MDA-MB-231. (A) β-Galactosidase staining (blue color) 

of control and 5 μm palbociclib-treated MDA-MB-231 cells. (B) Western blot characterization of 

control (C) and palbociclib-treated (P) MDA-MB-231 cells. pRb expression decreases after 

palbociclib treatment (expected band at 110 kDa). Bcl-xL expression increases after palbociclib 

treatment (expected band at 30 kDa). Quantification of western blot using Image J software. Data 

represent the mean ± SEM of at least three independent experiments and statistical significance 

was assessed by unpaired T-test (**p<0.01; ***p<0.001). (C) Ki67 immunofluorescence images 

show staining of Ki67 (red) and nuclei stained with Hoechst (blue) in control and palbociclib treated 

cells. Scale bars, 20 µm. (D) Propidium iodide (PI) staining of proliferating and palbociclib treated 

MDA-MB-231 cells. Senescent cells accumulate in cell cycle G1-phase after 7 days of palbociclib 

treatment.  

 Navitoclax and nav-Gal are effective senolytics in TNBC 

Once demonstrated the capability of palbociclib to induce senescence in hTNBC cells, 

we wondered if navitoclax or galacto-conjugated navitoclax, nav-Gal, could be effective 

for the selective elimination of senescent-hTNBC cells. Navitoclax is preferentially 

released from the nav-Gal pro-drug due to the hydrolysis of the galactose unit in 

senescent cells (Figure 2A) as they have increased activity of senescence-associated β-

galactosidase.(González-Gualda et al., 2020) Navitoclax will trigger apoptosis by inhibiting 

Bcl-2, Bcl-w and Bcl-xL proteins causing Bax/Bak oligomerization in the mitochondria 

membrane.(Zhu et al., 2016) In a first step, we demonstrated that palbociclib-treated 

hTNBC MDA-MB-231 cells overexpress the anti-apoptotic protein Bcl-xL (Figure 1B), 

indicating that the inhibition of Bcl-xL by navitoclax could be a potential strategy to 

eliminate senescent hTNBC cells.(Vivo-Llorca et al., 2020) Nav-gal synthesis was 

confirmed by HPLC-MS (Figure S1). 

To test the senolytic effect of both navitoclax and the pro-drug nav-Gal against 

senescent cells, we performed cell viability studies in palbociclib-induced MDA-MB-231 

senescent cells treated with increasing concentrations of either navitoclax (Figure 2B) or 

nav-Gal (up to 10 µM) for 72 h (Figure 2C). Navitoclax eliminates senescent MDA-MB-231 

cells with an estimated half-maximal inhibitory concentration (IC50) value of 0.5 µM, 

whereas IC50 for nav-Gal is 0.7 µM (Figure 2D). In addition, IC50 values of 1.3 µM and 2.7 
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µM were found for navitoclax and nav-Gal, respectively, in control cells. From these data, 

a senolytic index of 2.6x and 3.9x was found for navitoclax and nav-Gal. The senolytic 

index was calculated by measuring the ratio of the IC50 values between control and 

senescent cells. Nav-Gal treatment improved specificity (higher senolytic index) 

compared to free navitoclax for hTNBC cells, mainly due to nav-Gal reduced toxicity in 

control cells compared to navitoclax. These results confirmed the senolytic properties of 

navitoclax and nav-Gal in senescent hTNBC cells and indicate that nav-Gal has lower 

cytotoxic activity in non-senescent cells.  
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Figure 2 | The use of Nav-Gal, a senolytic pro-drug based on galacto-conjugation of navitoclax, is 

an efficient strategy for senolysis in TNBC MDA-MB-231 cells. (A) Scheme of the mechanism of 

action of the nav-Gal pro-drug. Nav-Gal crosses the cell membrane through passive internalization. 

As senescent cells have increased senescence-associated β-galactosidase activity, navitoclax is 

released by the hydrolysis of the galactose reaching its target proteins in the mitochondria (Bcl-2, 

Bcl-w and Bcl-xL). The inhibition of BCL-2 anti-apoptotic proteins by navitoclax causes Bax/Bak 

oligomerization in the mitochondria membrane triggering apoptosis. (B) Cell viability after 72 h of 

cell treatment with different concentrations of navitoclax (B) or nav-Gal (C) in control and 

senescent MDA-MB-231 cells. All values are represented as a percentage of (n≥3) ± SEM, and 

statistical significance was assessed by two-way ANOVA followed by Sidak’s post-tests (*p<0.05, 

**p<0.01, ***p<0.001). (D) IC50 and senolytic index of navitoclax or nav-Gal treatment in control 

and senescent MDA-MB-231 cells. (E) Cell death percentage (%) of early apoptotic, late apoptotic, 

and necrosis cells after navitoclax or nav-Gal (1 µM) treatment for 48 hours. Percentages were 

measured by Annexin V-FITC and PI expression in flow cytometry. All values are represented as a 

percentage of (n=3) ± SEM and statistical significance was assessed by two-way ANOVA followed 

by Sidak’s post-tests (**p<0.01, ***p<0.001). 

Additionally, we found that treatment with either navitoclax or nav-Gal (1 µM) 

induced apoptosis (assessed by increased Annexin V staining) preferentially in palbociclib-

induced MDA-MB-231 senescent cells, in accordance with previously described results 

(Figure 2E).(González-Gualda et al., 2020) A strong signal for Annexin V (early and late 

apoptosis) was observed for both navitoclax (~40% of cells) and nav-Gal (~32% of cells) at 

equivalent doses after 48h of treatment. The results demonstrate that both navitoclax 

and nav-Gal senolytics induce apoptosis in senescent cells. 

 Combinational treatment of palbociclib and navitoclax or palbociclib and 

nav-Gal reduces tumor volume in MDA-MB-231 xenografts  

The in vivo effectivity of the dual treatment, i.e. palbociclib-inducing senescence 

therapy followed by either navitoclax or nav-Gal treatment (senolysis), was evaluated in 

an MDA-MB-231 orthotopic hTNBC mouse model. To establish xenografts, MDA-MB-231 

breast cancer cells were injected into the second lower right fat-pad of 6–7 weeks old 

nude BALB/C mice. When tumor volume reached an average of 60 mm3, daily therapy was 

initiated with either vehicle (sodium lactate) or 50 mg/kg palbociclib (via oral gavage). 

One day after starting palbociclib treatment, navitoclax administration was initiated 
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either as a free drug (navitoclax, via oral gavage) or as a pro-drug (nav-Gal, via i.p. 

injection) at the same molar dose.   

 

Figure 3 | Concomitant treatment of palbociclib and navitoclax-based therapies reduce tumor size 

and metastatic burden. BALB/c nude female mice were orthotopically injected with MDA-MB-231 
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breast cancer cells and treated daily with either vehicle or palbociclib. 2 × 106 MDA-MB-231 cells 

were subcutaneously implanted on mammary pads. When tumors volume reached 60 mm3, 

palbociclib treatment started and was maintained daily (o.g.) for 19 days. Navitoclax and nav-Gal 

daily treatments started one day after palbociclib treatment (navitoclax: oral gavage, navi-Gal: 

intraperitoneal injection, molar equivalents). (A) Tumor volume (mm3) of the different treatment 

approaches during all the treatment. Statistical analysis was carried out using GraphPad Prism 8 

and results were compared by one-way ANOVA followed by Tukey’s post-tests (***Vehicle vs 

palbociclib + navitoclax; ###vehicle vs palbociclib + nav-Gal) (*p<0.05; **p<0.01; ***p<0.001; 

###p<0.001). Data represent the mean ± SEM (n = 5). (B) Pictures of representative tumor samples 

for each treatment. Scale bar, 1 cm. (C) Pictures of representative tumor samples stained with X-

gal. Scale bar, 1 cm. (D) H&E staining of representative lung sections taken from xenograft MDA-

MB-231 tumor-bearing mice for metastatic clusters evaluation. Scale bar, 500 μm. (E) 

Quantification of metastatic lung clusters. Representative tissues images were microscopically 

counted. Statistical analysis was carried out using GraphPad Prism, and results were compared by 

one-way ANOVA followed by Tukey’s post-tests (*p<0.05). Data represent the mean ± SEM (n=5). 

As a result of palbociclib treatment, a significant decrease in tumor growth is 

observed (Figure 3A and 3B) due to the proper induction of senescence in the tumors, 

confirmed by an increased in X-gal staining (Figure 3C). Treatment with navitoclax alone 

produces a slight non-significant reduction in tumor volume compared to control mice. In 

contrast, dual treatment with palbociclib and navitoclax or nav-Gal significantly reduced 

tumor growth. Concomitant treatment with either palbociclib and navitoclax or 

palbociclib and nav-Gal reduces animal weight (Figure S2); however, no noteworthy 

toxicity was found after the treatment (Figure S3).  

Interestingly, evaluation of lung metastases in MDA-MB-231 xenograft mice reveals 

the appearance of initial metastatic cell clusters in lung sections after palbociclib 

treatment (Figure 3D), while a significant decrease is detected in the number of metastatic 

nodes in animals co-treated with palbociclib and navitoclax either as a drug or as pro-drug 

(nav-Gal) (Figure 3E).  
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Figure 4 | Palbociclib and navitoclax co-treatment produces effective induction of senescence and 

cell death in tumors. (A) Representative confocal images of p53 immunostaining and TUNEL assay 

of tumor sections from animals treated with vehicle, palbociclib, navitoclax, or palbociclib and 

navitoclax or nav-Gal concomitantly (n ≥ 5 tumors per group). TUNEL assay was used to confirm 

the induction of apoptosis in treated and untreated tumor tissues. Scale bar, 20 µm. (B) Percentage 

of p53- and (C) TUNEL-positive cells in tumors. Quantification was performed in a total of 3 fields 

per tumor, covering most of the whole tumor section. Data represent the mean ± SEM (n=5), and 

statistical significance was assessed by one-way ANOVA followed by Tukey’s post-tests (*p<0.05; 

**p<0.01; ***p<0.001). 

Furthermore, histological analyses of the tumors revealed that palbociclib treatment 

results in increased levels of p53 immunostaining (Figure 4A and 4B), which is a 

characteristic of cancerous cells in the senescent state. Concomitant treatment with 

palbociclib and navitoclax or nav-Gal reduced p53 expression, alongside a strong cell 

death induction, as illustrated by the increase in TUNEL signal (Figure 4A and 4C). These 

results strongly suggest that apoptosis of senescent cells facilitates the antitumoral effect 

of co-treatments. Together, the results confirm the benefits of the use of pro-senescent 

and senolytic therapy in hTNBC xenografts in reducing tumor growth and cancer 

dissemination to distant organs. 

 Discussion and conclusion  

Triple-negative breast cancer (TNBC) is defined as the type of breast cancer that lacks 

estrogen, progesterone, and HER2 receptors.(Wolff et al., 2013) Due to the loss of such 

receptors, TNBC is not sensitive to endocrine therapy or molecular targeted therapy. 

Therefore, treatment options for advanced TNBC patients are limited and ineffective (Yin 

et al., 2020; O’Reilly, Sendi and Kelly, 2021), with a mortality rate of TNBC patients of 40% 

within the first 5 years after diagnosis.(Dent et al., 2007) Thus, therapeutic advancements 

are critical to improve mortality associated with TNBC. 
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The induction of senescence is a well-established tumor suppressive mechanism due 

to the characteristic proliferation arrest of senescent cells.(Short et al., 2019; Mongiardi 

et al., 2021; Park et al., 2021; Prasanna et al., 2021; Wang, Lankhorst and Bernards, 2022) 

Different classical anticancer therapeutic strategies have been demonstrated to induce 

senescence in the tumor, such as chemotherapeutic agents, the use of radiotherapy or 

treatments with CDK4/6 inhibitors.(Wang, Kohli and Demaria, 2020; Wyld et al., 2020) 

Chemotherapeutic drugs that are widely used clinically and have shown to induce 

senescence in vivo include doxorubicin (Chang et al., 1999), etoposide, (te Poele et al., 

2002), cisplatin (Wang et al., 1998) bleomycin, or temozolomide.(Hirose, Berger and 

Pieper, 2001) The clinically used CDK4/6 inhibitorspalbociclib, abemaciclib, and ribociclib 

also show senescence induction in vivo.(Yoshida, Lee and Diehl, 2016; Torres-Guzmán et 

al., 2017; Valenzuela et al., 2017; Bortolozzi et al., 2018) 

Despite the benefits of stopping cancer proliferation, it has been demonstrated that 

an excessive accumulation of senescent cells and their secretory phenotype can promote 

chronic inflammation, angiogenesis, or increase tumor promoting properties that may 

cause cancer recurrence.(Coppé et al., 2010; Kang et al., 2011; Eggert et al., 2016; 

Ruhland, Coussens and Stewart, 2016; Estepa-Fernández et al., 2021) Although 

senescence has always been considered as a permanent and irreversible cell cycle arrest, 

recent studies have suggested that, under certain conditions, therapy-induced senescent 

(TIS) tumor cells can escape from this condition and re-enter the cell cycle, thus acquiring 

an aggressive character.(Roberson et al., 2005; Saleh et al., 2019; Saleh, Tyutyunyk-

Massey and Gewirtz, 2019; Triana-Martínez, Loza and Domínguez, 2020; Yu et al., 2020) 

On this basis, interventions aimed to limit the deleterious roles of senescent cells are 

under development via the design of senoblockers (drugs that inhibit senescence before 

it happens), senomorphics (drugs that inhibit senescence-associated secretory 

phenotype) and senolytics (drugs that eliminate senescent cells).(Lozano-Torres et al., 

2019) Senolytics have been intensively investigated and are already being studied in 
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clinical trials, with very positive preliminary results using dasatinib plus quercetin in 

patients with idiopathic pulmonary fibrosis and diabetic kidney disease.(Hickson et al., 

2019; Justice et al., 2019) Among senolytics, inhibitors of Bcl-2 anti-apoptotic proteins 

such as navitoclax have proved to be effective in reducing relapse in some cancer models 

and the onset of several aging associated-diseases.(Chang et al., 2016; Zhu et al., 2016; 

Demaria et al., 2017; Kim et al., 2017; Bussian et al., 2018) Monotherapy with navitoclax 

has shown a good antitumoral activity in in vivo studies of small cell lung cancer, 

leukaemia, and lymphoma.(Shoemaker et al., 2008; Tse et al., 2008) In the case of breast 

cancer, navitoclax is not sufficient to induce tumor death in some breast cancer cell lines 

(Chen et al., 2011), as we have also observed in MDA-MB-231 xenografts (vide ante). 

However, to enhance the efficacy of navitoclax, combined therapy with TIS agents, such 

as palbociclib or doxorubicin, has been recently proposed.(Fleury et al., 2019; Galiana et 

al., 2020; Saleh et al., 2020; Shahbandi et al., 2020) Besides, several phase 1 and phase 

1/2 clinical trials combining senescence-inducing chemotherapy and navitoclax are 

ongoing or completed, including the combination of navitoclax with cisplatin 

(NCT00878449), etoposide (NCT00878449) or osimertinib (NCT02520778) in lung cancer 

patients and with dabrafenib or trametinib for patients with metastatic melanoma 

(NCT01989585). Navitoclax has also been combined with gemcitabine (NCT00887757), 

paclitaxel (NCT00891605), docetaxel (NCT00888108), irinotecan (NCT01009073), 

erlotinib (NCT01009073), sorafenib (NCT02143401), or trametinib (NCT02079740) in 

advanced solid tumors.(Paez‐Ribes et al., 2019) 

Palbociclib induces senescence by inhibiting CDK4 and CDK6 kinases which decreases 

the phosphorylation of Rb protein and subsequently induces G1 cell cycle arrest.(Toogood 

et al., 2005; Rivadeneira et al., 2010) Furthermore, palbociclib has become the standard 

first-line therapy for advanced metastatic ER+, HER2- negative breast cancer, used in 

combination with letrozole or fulvestrant.(Beaver et al., 2015; Zeng et al., 2016; Wedam 

et al., 2019; Llombart-Cussac et al., 2021) Palbociclib in combination with letrozole 

significantly prolonged median progression-free survival (PFS) compared with placebo 
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plus letrozole (27.6 vs 14.5 months).(Rugo et al., 2019) Although the effects of palbociclib 

in TNBC are not well-documented, cell cycle inhibition by palbociclib in MDA-MB-231 

suggests its potential use to treat TNBC tumors.(Liu et al., 2017; Huang, Wu and Li, 2020; 

Bryson et al., 2021; Jost et al., 2021) In addition, beneficial effects have already been 

found in TNBC by combining palbociclib plus other apoptotic drugs in vitro and in vivo. For 

instance, concomitant treatment of palbociclib plus enzalutamide enhanced the 

palbociclib-induced cytostatic effect in hTNBC MDA-MB-231 cells.(Liu et al., 2017) 

Besides, the combination of palbociclib plus cisplatin delayed tumor growth in MDA-MB-

231 xenografts.(Huang, Wu and Li, 2020) 

In this work, we demonstrate that palbociclib treatment induces senescence in 

xenograft mice bearing hTNBC MDA-MB-231. In addition, treatment with palbociclib 

followed by navitoclax-based therapies (navitoclax or nav-Gal) results in the reduction of 

tumor size and the number of metastatic lung clusters. This two-step pro-

senescence/senolytic combinatorial treatment regimen selectively induces apoptosis in 

hTNBC MDA-MB-231 senescent cancer cells causing synergistic reduced tumor growth. In 

addition, evaluation of lung metastases in the xenograft mice hTNBC model revealed the 

appearance of initial metastatic cell clusters in lung sections, while a significant decrease 

in the number of metastatic nodes in animals co-treated with palbociclib and navitoclax 

or nav-Gal were observed. Previous work from our group already demonstrated that 

palbociclib-induced senescence increases metastatic clusters in lungs of 4T1 breast cancer 

mice xenografts by altering the endothelium and that subsequent senolysis with 

navitoclax decreased the metastatic burden.(Estepa-Fernández et al., 2021) This is 

relevant as metastasis has a significant role in the clinical management of TNBC. Currently, 

approximately 25% of TNBC patients relapse with distant metastases. (O’Reilly, Sendi and 

Kelly, 2021) The reduction of the tumor size and metastatic lung clusters found in this 

work provides strong support for the potential translation involving palbociclib 

treatments together with navitoclax in TNBC tumors.  
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As far as we know, this work is the first time that the combination of palbociclib-

induced senescence followed by navitoclax-senolysis in hTNBC has been tested and 

shown to be effective.(Nor Hisam et al., 2021) In a previous work, we described the 

effective combination of palbociclib plus navitoclax in a 4T1 mouse model, which is usually 

considered a TNBC model.(Galiana et al., 2020) Our work here translates the use of the 

combination of palbociclib plus navitoclax to an hTNBC model. When comparing both 

models, we have found that monotherapy with palbociclib has more activity arresting the 

tumor in human MDA-MB-231 xenografts than in 4T1 orthotopic mice models, meaning 

that senolytic therapy have a better effect in human xenografts. These differences 

highlight the importance of validating the combination of palbociclib plus navitoclax in 

both preclinical orthotopic mice and human xenografts models with the objective to make 

the potential transfer of the treatment to clinical practice more reliable. 

Despite its efficacy in preclinical trials, the secondary effects of navitoclax have 

limited its translation to clinical practice. Among side effects of navitoclax, 

thrombocytopenia is the most relevant due to platelets dependence on Bcl-xL protein for 

their survival.(Kaefer et al., 2014) To overcome navitoclax toxicity, recently, a second 

generation of senolytics have been reported, such as the PZ15227, a Bcl-xL proteolysis-

targeting chimera (PROTAC) of navitoclax with limited platelet toxicity.(He et al., 2020) 

Additionally, several pro-drugs and nanodevices based on β-galactosidase overexpression 

in senescent cells have been reported (Agostini et al., 2012; Muñoz‐Espín et al., 2018; 

Galiana et al., 2020; Lozano-Torres et al., 2020; Estepa-Fernández et al., 2021), such as 

the pro-drug nav-Gal,(González-Gualda et al., 2020) ,the galactose-modified duocarmycin 

(Guerrero et al., 2020), or the gemcitabine-derivative SSK1.(Cai et al., 2020) In the 

scenario shown here, we proposed the use of the senolytic pro-drug nav-Gal as a targeted 

strategy to reduce navitoclax toxicity. This galacto-conjugated navitoclax is preferentially 

activated in senescent cells by the elevated levels of SA-β-gal activity in these cells. Nav-

Gal pro-drug has proved to be effective after concomitant treatment with cisplatin in 

xenografts mice bearing human A549 lung cancer cells and in an orthotopic mice model 



Palbociclib and navitoclax based-therapies in TNBC 

125 

using murine lung adenocarcinoma cells.(González-Gualda et al., 2020) Our study 

demonstrated that a combination of palbociclib and nav-Gal treatment results in more 

selectivey MDA-MB-231 senescent cells elimination over non-senescence cells. Besides, 

the concomitant treatment in vivo results in the effective removal of senescent hTNBC 

cells with the subsequent reduction of tumor growth. Our previous results corroborated 

the proper reduction of platelet toxicity after galacto-conjugation of navitoclax in ex vivo 

experiments with both human and murine blood samples.(González-Gualda et al., 2020) 

Additionally, platelet count of wild-type C57BL/6J mice treated daily with senotherapy for 

a total of 10 days exhibited severe thrombocytopenia after navitoclax treatment at day 

5.(González-Gualda et al., 2020) This effect was also observed in the human lung cancer 

xenograft mice model treated with the combined cisplatin-induced senescence and 

navitoclax senolysis, whereas nav-Gal treatment did not cause this hematological 

toxicity.(González-Gualda et al., 2020) 

Together, our results demonstrate the combination efficacy of palbociclib plus 

navitoclax-based therapies, providing a strong support for a translational paradigm 

involving cell cycle arrest treatments together with anti-apoptotic inhibitors in TNBC 

tumors. Also, we have demonstrated that galacto-conjugation of navitoclax can be used 

as an effective approach to target senescent cells and limit the toxicity associated with 

free navitoclax. Overall, we show a safer and more effective therapeutic possibility for the 

treatment of hTNBC. 

 Experimental section 

 Cell culture and senescence induction  

Human breast triple-negative adenocarcinoma MDA-MB-231 cells (ATCC) were 

cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS; Sigma) and 

maintained at 37 °C in 5% CO2. For chemotherapy-induced senescence, we used 5 µM 

palbociclib (#S1116, Selleckchem) for 7 days. 
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 Senescence-associated β-galactosidase staining 

Senescence-associated β-galactosidase detection was performed using the Senescence β-

galactosidase Staining Kit (Cell Signaling, #9860S). Briefly, cells were fixed at room 

temperature with 1x Fixative Solution, washed, and incubated overnight at 37 °C without 

CO2 with fresh 1x Staining Solution containing X-gal in N-N-dimethylformamide. Cells were 

washed, visualized, and photographed under bright field microscope. For SA-β-

Galactosidase staining in tumors, whole-mount tumors were fixed with 4% 

paraformaldehyde overnight. Then, tumors were washed with PBS and incubated with X-

Gal staining solution for 6 h at 37°C.  

 Western Blot 

Cells were lysed in a buffer containing 25 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% SDS, 

supplemented with protease and phosphatase inhibitors. Protein concentration was 

determined by the BCA protein assay. Electrophoresis was performed in SDS-PAGE gels, 

and proteins were transferred to nitrocellulose membranes. The membranes were 

blocked for 1 hour with 5% non-fat milk, washed with 0.1% Tween/PBS and incubated 

with a specific primary antibody at 4°C overnight: pRb (#9308, Cell Signalling), Bcl-xL 

(#2764, Cell Signalling) and GADPH (#14C10, Cell Signalling). Membranes were washed 

and incubated with the corresponding secondary antibody conjugated with horseradish 

peroxidase: anti-Rabbit IgG peroxidase antibody (#A6154, Sigma) or peroxidase 

conjugated-goat anti-Mouse IgG antibody (#A4416, Sigma). Membranes were visualized 

using ECL system (GE Healthcare) for chemiluminescent detection of the protein bands. 

 Ki67 immunostaining 

Cells were seeded on coverslips; when cells were confluent, they were fixed with 4% 

PFA, permeabilized and blocked for 1h with a solution containing 5% BSA and 0.3% Triton 

X-100. Then, cells were stained with the primary antibody Ki-67 (D3B5) Rabbit (#9129, Cell 
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Signaling) overnight at 4 °C. The following incubation with secondary antibody anti-rabbit 

IgG Fluor Goat 633 (#A21071, Fisher) was performed for 2 h at room temperature. The 

coverslips were mounted with Mowiol/DAPI (Sigma), and confocal microscopy images 

were taken using a Leica TCS SP8 HyVolution 2 microscope. 

 Cell cycle assay  

 For apoptosis evaluation assays, proliferating MDA-MB-231 and palbociclib-

treated (7 days at 5µM) MDA-MB-231 cells  were fixed and permeabilized with ethanol 

overnight. Then, 0.5 mL of PI/RNAse buffer solution from Immunostep were added to 

each proliferating or senescent cells (1 x 106 cells) and incubated for 15 minutes at room 

temperature before analysis. Samples were analyzed by flow cytometry using the 

CytoFLEX S Beckman Coulter.  

 Synthesis of nav-Gal pro-drug 

Synthesis of nav-Gal was performed as described previously by Gonzalez-Gualda et 

al.(González-Gualda et al., 2020) Briefly, in a round two neck bottom flask, 40 mg of 

navitoclax from Eurodiagnostico (0.04 mmol), 25 mg of 2,3,4,6-tetra-O-acetyl-α-D-

galactopyranosyl-bromide from Sigma (0.06 mmol) and 10.5 mg of K2CO3 from Sigma (0.07 

mmol) was added. The reaction mixture was purged with an argon atmosphere. 

Anhydrous acetonitrile (10 mL) was added, and the mixture was stirred at 70 °C for 3 h 

under an argon atmosphere. The solvent was removed under vacuum pressure. For large 

stocks used in mouse experiments, the reactions were performed in different batches. 

Once the desired amount was obtained, all batches were pooled and purified by column 

chromatography using silica gel (eluent, hexane-ethyl acetate (3:7 v/v; Scharlab) to 

hexane-ethyl acetate (7:3 v/v)). Purified nav-Gal was obtained as a yellow powder in 35% 

yield. 
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 Cytotoxicity assay 

 Control and senescent MDA-MB-231 cells were plated in white flat-bottom-clear 96-

well (Greiner Bio-One) at a density of 104 cells per well. After 24 h, navitoclax or nav-Gal 

were added to the cells at a 10 µM final concentration. After 72 h, viability was measured 

using CellTiter-Glo® luminescent cell viability assay (Promega, #G7571) kit following the 

manufacturer’s instructions, in a PerkinElmer life sciences wallac Victor2TM 

spectrophotometer. The number of viable cells was normalized to the internal control of 

untreated cells (DMSO only) of each plate. The senolytic index of the compounds was 

calculated by measuring the ratio of the half-maximal inhibitory concentration (IC50) 

values between control and senescent cells. 

 Cell death assay 

For the apoptosis evaluation assay, senescent MDA-MB-231 cells were treated with 

DMSO, navitoclax or nav-Gal 1 μM. After 48 hours of incubation, cells were labelled with 

Alexa fluorescein isothiocyanate-conjugated Annexin V (BD Bioscience) plus propidium 

iodide according to the manufacturer’s recommendations. Samples were analyzed in the 

cytometer CytoFLEX S Beckman Coulter. 

 Mouse experiments 

All mice were treated in strict accordance with the local ethical committee (Ethical 

Committee for Research and Animal Welfare Generalitat Valenciana, Conselleria 

d’Agricultura, Medi ambient, Canvi climàtic i Desenvolupament Rural 

(2020/VSC/PEA/0177)). All mice were maintained in ventilated cages within a specific 

pathogen-free animal facility. To establish subcutaneous tumor xenografts, 2 x 106 MDA-

MB-231 breast cancer cells were injected subcutaneously in the second lower right breast 

of 6–7 weeks old BALB/c nude mice. Tumors were measured with calipers every 2 days, 

and the tumor volume (mm3) was calculated with the formula length × width2/2. When 
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tumor volume reached an average of 60 mm3, daily therapy was initiated with either 

vehicle (sodium lactate) or 50 mg/kg palbociclib (via oral gavage). The day after the 

initiation of palbociclib treatment, navitoclax treatments were initiated at a molar 

equivalent dose: either 25 mg/kg navitoclax (via oral gavage) or 33.5 mg/kg nav-Gal (via 

i.p. injection). Navitoclax was prepared in 15% DMSO/ 85% PEG-400 while nav-Gal was 

prepared in 10% DMSO/ 90% saline. Mice were culled by CO2 after 3 weeks of treatment, 

and tumors and lungs were collected for subsequent histological analyses. 

 Histology  

Tumors were removed, washed with 1× PBS, and fixed with 4% PFA overnight at 4 °C. 

The fixative was aspirated and the tumor was washed in 1× PBS and incubated with 30% 

sucrose overnight at 4 °C. Fixed tissues were embedded in cryomolds with OCT and frozen 

completely at −20 °C. 10 μm thick tumor sections were then incubated in blocking solution 

(5% horse serum, 0.3% Triton X-100 in 1× PBS) for 1 h and immunostained following 

incubation with primary antibodies overnight at 4 °C. p53 antibody was used at 1:100 

(ab26, Abcam). Secondary antibody against mouse conjugated to Alexa Fluor 488 

(Invitrogen) 1:200 dilution. For TUNEL staining, In Situ Cell Death Detection Kit (Merck) 

was used as per manufacturer's instructions. Sections were mounted on microscope slides 

using the Mowiol/DAPI (Sigma) and covered with a glass coverslip. Confocal microscopy 

images were obtained by using a Leica TCS SP8 HyVolution 2 microscope. Positive signal 

for p53 and TUNEL was quantified with ImageJ or Aperio Versa software. 

 Metastasis quantification 

 Lungs were collected after euthanasia and fixed overnight in 4% PFA. Paraffin-

embedded tissue sections (5 µm) on glass slides were processed for hematoxylin-eosin 

staining, and stained lung sections were scanned in a Leica Aperio Versa 200 equipment 

at 10x magnification. Metastatic MDA-MB-231 cell clusters were microscopically counted 

in different lung sections from five animals per group. 
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 Statistical Analysis 

 For in vivo studies, mice were randomly assigned to treatment groups. All of the 

values represent the mean ± SEM of at least three independent experiments except the 

in vivo experiment with mice, where a single representative experiment is shown. 

Significance was determined by one-way ANOVA followed by either Tukey’s post-tests or 

Sidak’s post-tests or by Student’s T-test using GraphPad Prism 8 software. A p-value below 

0.05 was considered statistically significant (*p<0.05; **p<0.01; ***p<0.001). 
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 Supporting Information 

Figure S1 | (A) UV chromatogram of Navitoclax at 365 nm. (B). Mass spectrum for navitoclax 

obtained from the peak at 14.65 min. (C) Magnification of B showing the 974 m/z value 

corresponding to M+H. (D) UV chromatogram of nav-Gal at 365 nm. (E). Mass spectrum for 

Navitoclax obtained from the peak at 22.96 min. (F) Magnification of E showing the 1034 m/z value 

corresponding to M+H. 

 

Figure S2 | Mice weight during the whole experiment. Values are expressed as mean ± SEM (n≥5) 

and statistical significance was assessed by the two-way ANOVA followed by Tukey’s post-test: 

*p<0.05(*Vehicle vs palbociclib + navitoclax); #p<0.05 (#vehicle vs palbociclib + nav-Gal). 
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Figure S3 | Hematological and biochemical evaluation of the treatments in nude mice bearing 

MDA-MB-231 triple-negative breast cancer xenograft. Values are expressed as mean ± SEM (n=5) 

and statistical significance was assessed by the two-way ANOVA followed by Tukey’s post-test 

(*p<0.05; ** p<0.01; ***p<0.001). 
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 Abstract 

The engineering of nanoparticle communication has gained growing attention in the 

last years, however, efforts to communicate nanoparticles with living systems is still a 

barely studied emerging topic. Here, we explore a nanoparticle cooperation strategy that 

involves nanoparticle-cell-nanoparticle communication in vivo through stigmergy. Our 

approach is based on nanodevices that communicate by modifying the environment 

(stigmergy). First, mesoporous silica nanoparticles loaded with the senescence inductor 

palbociclib and coated with a heterobifunctional poly(ethylene glycol) that binds 

covalently to a MUC1-binding aptamer (NP(palbo)PEG-MUC1), were designed to 

specifically deliver the pro-senescent drug palbociclib in MDA-MB-231 breast cancer cells. 

Once the first nanoparticle modifies the environment due to the induction of senescence, 

a second community of nanoparticles, loaded with the senolytic navitoclax and coated 

with an hexa-oligo-saccharide (NP(nav)-Gal), will release its cargo to selectively eliminate 

senescent tumor cells. The targeted therapy through stigmergy communication was 

effective in in vitro and in vivo delaying tumor growth and reducing metastases in a mouse 

model of human triple-negative breast cancer while minimizing undesired drugs side 

effects. 

 Introduction 

Since the introduction of nanotechnology concept several years ago, a number of 

nanoparticles for different applications in areas such as medicine, biotechnology, 

environmental science, sensing, etc., have been reported. It is possible to design complex 

nanoparticles for selected purposes.(Zhang et al., 2019) However, nanodevices are usually 

studied as single non-interactive systems, since communication involving nanoparticles is 

a scarcely studied topic. Nevertheless, establishing the foundations for communication 

between nanoparticles and nanoparticles with cells may expand their potential use in 
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advanced applications allowing them to share information and cooperate.(De Luis et al., 

2021)  

 The concept of communication is essential in living systems and has been crucial 

for the development of information and communication technologies at the macroscale. 

In contrast, communication between nanoparticles or nanoparticles with cells is not an 

easy task and traditional communication technologies are not trivial to apply. A potential 

approach to establish communication can be achieved by mimicking communications in 

nature through the use of chemical messengers.(Akyildiz, Brunetti and Blázquez, 2008; de 

Luis et al., 2021) The use of molecular messengers is the main mechanism of 

communication in nature and it is ubiquitously used by biological systems. However, very 

few examples have been reported where micro/nanosystems communicate via the 

interchange of chemical messengers using different enabling technologies. This 

technologies can be classified by the micro/nanoparticles types (giant liposomes, 

proteinosomes, coacervates, mesoporous silica, etc.) and by the information processing 

tools (cell-free transcription-translation machinery (TXTL), DNA displacement reactions, 

enzymes and responsive molecular ensembles) used.(Giménez et al., 2014; Qiao et al., 

2017; Wen et al., 2017; Llopis-Lorente et al., 2018; de Luis et al., 2019, 2021, 2022; Dubuc 

et al., 2019; Buddingh’, Elzinga and van Hest, 2020) 

In contrast to the interchange of chemical messengers, many swarm systems in 

nature communicate through the modification of the environment, a concept that is 

termed stigmergy.(Bonabeau, Dorigo and Theraulaz, 1999) In this communication 

protocol, the trace left by an action in a medium stimulates subsequent actions. The 

concept of stigmergy has been used to analyze self-organizing activities in a wide range of 

domains including robotics, web communities, human society and social 

insects.(Theraulaz and Bonabeau, 1999) Stigmergy communication examples in nature 

involve ants that deposit and sense chemical signals to find food or termites that can build 

complex structures by modifying their physical environment.(Werfel, Petersen and 
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Nagpal, 2014) Despite its great potential, the stigmergy paradigm has still been poorly 

studied in nanotechnology. However, it embraces a completely different mode of 

communication that can result in several applications and advances in the way we use 

and design nanoparticles. In this communication protocol one can picture different 

communities of nanoparticles one of which performs an action and the trace of this action 

on the medium stimulates the performance of the second community of particles. 

However, its full power remains underappreciated and examples using nanoparticles and 

living systems remains almost unexplored.(Ultimo et al., 2020; Maltzahn et al., 2019; Park 

et al., 2010; Bagley et al., 2013) 

Based on the high potential of the stigmergy concept and considering our interest in 

the design of communication protocols involving nanoparticles, we report herein a 

stigmergic nanoparticle-cell/tumor-nanoparticle communication applied to enhance 

tumor therapy in triple-negative breast cancer in vivo (Figure 1), taking advantage of the 

transformation of tumor cells to senescent cells. Briefly, senescence is a cellular state of 

cell cycle arrest that has traditionally been thought to function as a physiological barrier 

against tumorigenesis.(Sager, 1991; Campisi, 2001; Collado and Serrano, 2010) However, 

the accumulation of senescent cells in tumors has been reported to have deleterious 

effects.(Demaria et al., 2017; Milanovic, Yu and Schmitt, 2018; Saleh et al., 2019, 2020; 

Estepa-Fernández et al., 2021) Therefore, we envisioned the use of a first population of 

nanoparticles able to transform tumor cells into senescent cells (transformation of the 

environment) combined by a second community of nanoparticles able to eliminate 

senescent cells, with the aim to reduce tumor size by stigmergy. Among senescence-

inducing compounds, we used palbociclib, a cyclin-dependent kinase (CDKs) inhibitor 

already in clinical use.(Finn et al., 2009; Beaver et al., 2015; Walker et al., 2016; Wedam 

et al., 2019) In relation to senolytic drugs, we used navitoclax, which has shown 

effectiveness in vivo in eliminating senescent cells.(Chang et al., 2016; Zhu et al., 2016; 

Kim et al., 2017; Bussian et al., 2018) As a consequence of the cooperation by stigmergy 
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of both nanoparticles, tumor growth reduction, drop of metastases and diminution of 

drug side effects is observed in a triple-negative breast cancer mice model. 

 Results 

 Design, synthesis, and characterization of the final nanodevices 

Considering our objective, i.e. to use stigmergy communication concepts to enhance 

treatment in a mouse model of human triple-negative breast cancer (TNBC) (Figure 1), we 

prepared two sets of nanodevices using MSNs as an inorganic scaffold (Table S1 and Figure 

S1). The first nanoparticle is a pro-senescent nanodevice (NP(palbo)PEG-MUC1) and is 

designed for the targeted induction of senescence in TNBC. To prepare this first 

nanoparticle, the pores of MSNs were loaded with palbociclib (NP(palbo)) and 

functionalized with (3-mercaptopropyl)trimethoxysilane. Then, the thiol groups on the 

surface were reacted first with 2,2’-dipyridyldisulfide and then with a heterobifunctional 

poly(ethylene glycol) (NHS-PEG-SH) that was finally anchored to the nanoparticles 

through the formation of disulfide bonds (NP(palbo)PEG). Finally, the 5' amino-modified 

MUC1-binding aptamer (5′ NH2-GCAGTTGATCCTTTGGATACCCTGG-3') was covalently 

bonded onto the PEG derivate on the external surface through the formation of amide 

bonds, yielding the final nanodevice NP(palbo)PEG-MUC1 (Figure 2A). Mucin 1 (MUC1) is 

a transmembrane glycoprotein considered as an oncomarker due to its overexpression in 

breast cancer and other carcinomas.(Apostolopoulos, Pietersz and McKenzie, 1999; Vivo-

Llorca et al., 2020) Following a similar procedure, nanoparticles NP(saf)PEG, NP(saf)PEG-

MUC1 (loaded with safranine O),NP(ICG)PEG, and NP(ICG)PEG-MUC1 (loaded with 

indocyanine green for in vivo tracking purposes) were also prepared. It is hypothesized 

that these nanoparticles will be internalized selectively by breast cancer cells through 

MUC1-mediated endocytosis with the subsequent cargo delivery (i.e. palbociclib, 

safranine O, or ICG) due to the high intracellular concentration of glutathione (GSH), that 

would reduce the disulfide bonds of the capping PEG in the endocytic 
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compartment.(Giménez et al., 2015) In order to evaluate the targeting ability of the 

aptamer functionalized nanoparticles, a similar nanodevice loaded with safranine O but 

functionalized with a random DNA sequence unable to bind with MUC1 receptor (i.e. 5' 

NH2-AAGCACTTTCAGTGGGGAGGAGGGTTGATAGGTTAAGAG-3') was also prepared 

(NP(saf)PEG-Random). Besides, another set of nanoparticles without any cargo was 

synthesized to check the biocompatibility of the inorganic support and the gating 

ensemble (NP-PEG). 
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Figure 1 | Nanoparticle communication by stigmergy for enhanced tumor reduction using targeted 

induction of senescence and senolysis. (A) Schematic representation of stigmergy communication 

concept. A first community of nanoparticles induces a modification in the environment in such a 

way that enhances the action of a subsequent community of nanoparticles. (B) NP(palbo)PEG-

MUC1 (first community of nanoparticles) releases its cargo in cancer cells due to both (1) the 

presence of a MUC1-binding aptamer and (2) a high intracellular concentration of glutathione 

(GSH) that reduces the disulfide bonds of the capping PEG. The release of palbociclib by the first 

community of nanoparticles modifies the environment by senescence induction in tumor cells. This 

allows a second community of nanoparticles (NP(nav)-Gal) release their content in senescent cells 

due to the high lysosomal β-galactosidase activity in these cells. β-Galactosidase induces the 

hydrolysis of the capping ensemble (galactan) with subsequent delivery of a senolytic cargo 

(navitoclax) that eliminates senescent cells by apoptosis reducing tumor size.  

The second nanoparticle (NP(nav)-Gal) was recently reported by us and we have also 

described its use in the selective release of entrapped cargos in senescent cells.(Bernardos 

et al., 2010; Agostini et al., 2012; Muñoz‐Espín et al., 2018; Galiana et al., 2020; Lozano-

Torres et al., 2020; Estepa-Fernández et al., 2021) To prepare NP(nav)-Gal, MSNs were 

loaded with navitoclax and externally functionalized with (3-aminopropyl) 

trimethoxysilane. Finally, the amino moieties reacted with a hexa-galacto-oligosaccharide 

(galactan), yielding the final system (Figure 2B). Galactan was introduced into the 

nanoparticle system in order to release the cargo since it can be hydrolyzed due to the 

elevated lysosomal -galactosidase activity in senescent cells. Nanoparticles without 

cargo (NP-Gal) or loaded with the dye nile blue and coated with galactan were also 

prepared (NP(NB)-Gal) following the same procedure.  

Both sets of nanoparticles were characterized using standard procedures (see 

Supporting Information for more details). The mesoporous structure of the final 

nanoparticles was clearly observed by powder X-ray diffraction (PXRD) (Figure S2). In all 

cases the (100) reflection in the PXRD patterns is observed indicating that the 2D 

mesoporous structure was preserved during the pore loading process and its additional 

functionalization. N2 adsorption-desorption isotherms (Figure S3) of the calcined MSNs 

showed a type IV isotherm typical of the mesoporous silica materials and a BET specific 

surface area of 1,158.8 m²/g.  In contrast, the N2 adsorption-desorption isotherm of the 
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final nanodevices was typical of mesoporous systems with partially filled mesopores with 

reduced specific surfaces (Table S2). TEM images (Figure S4) show for all nanoparticles a 

similar reticular spherical geometry with a diameter of ca. 100 nm.  Furthermore, TEM-

EDX mapping studies for NP(palbo)PEG-MUC1 (Figure 2C) demonstrated the presence of 

Si (from the silica scaffold), N (from palbociclib and MUC1-targeting aptamer), S (from 

disulfide bond in the PEG chain), and P (from MUC1 targeting-aptamer). TEM-EDX map 

for NP(nav)-Gal (Figure 2C) shows the presence of Si (from the silica scaffold), S, F, Cl (from 

the loaded navitoclax,) and N (from navitoclax and the capping galactan oligosaccharide). 

Besides, zeta potential (Figure S5, Table S3) and hydrodynamic diameter (Table S3) 

measurements were also conducted. Calcined MSNs presented a zeta potential value of -

30.9 ± 0.6 mV that changed to 24.0 ± 0.3 mV after pore loading with palbociclib, 

functionalization of the external surface with mercaptopropyl moieties and subsequent 

activation with 2,2’-dipyridyldisulfide. After the addition of NHS-PEG-SH, the zeta 

potential turns to negative values (-32.0 ± 0.3), becoming more negative (-40.3 ± 1.5 mV) 

when the MUC1-binding aptamer is anchored to give the final NP(palbo)PEG-MUC1 

nanoparticle. Moreover, the hydrodynamic diameter increased after the loading and 

functionalization process from 161.7 ± 2.7 nm for the calcined MSNs to 199.4 ± 6.3 nm for 

NP(palbo)PEG-MUC1. For NP(nav)-Gal, zeta potential changed from the initial -30.9 ± 0.6 

value to 4.03 ± 0.3 mV after loading the pores with navitoclax and grafting of galactan. 

Besides, the hydrodynamic diameter increased from 161.7 ± 2.7 for MSNs to 253.4 ± 2.2 

nm for NP(nav)-Gal. A single population distribution was observed for all the systems 

suggesting that nanoparticles were not aggregated. Finally, the amount of palbociclib (59 

mg/g SiO2) and PEG (124 mg/g SiO2) in NP(palbo)PEG were determined by 

thermogravimetric analysis and by delivery studies in the presence of glutathione. 

Thermogravimetric analysis and delivery studies were also used to determine the amount 

of navitoclax (54 mg/g SiO2) and galactan (167 mg/g SiO2) in NP(nav)-Gal (Table S4).  
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Figure 2 | Nanoparticle design and characterization. (A) Scheme of mesoporous silica nanoparticles 

(MSNs) loaded with palbociclib and capped with a PEG chain attached to the MUC1-targeting 

aptamer. (B) Scheme of MSNs loaded with navitoclax and capped with a hexa-galacto-

oligosaccharide (galactan). (C) TEM-EDX map for NP(palbo)PEG-MUC1 showing the presence of Si 

(from the silica scaffold), N (from palbociclib and MUC1-targeting aptamer), S (from the disulfide 

bond), and P (from MUC1 targeting-aptamer). TEM-EDX map for NP(nav)-Gal shows the presence 

of Si (from the silica scaffold), S, F,Cl (from the cargo navitoclax), and N (from navitoclax and 
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galactan). (D) Release profile of palbociclib from NP(palbo)PEG in the absence (black) or presence 

of GSH (blue) in PBS. Data represent mean ± SEM (n=3). (E) Release profile of navitoclax from 

NP(nav)-Gal, in the absence (black) or presence of β-galactosidase (red) in water at pH 4.5. Data 

represent mean ± SD (n=3). 

To study the gating ability of the capping PEG, cargo delivery from NP(palbo)PEG was 

studied in PBS in the presence or the absence of GSH (Figure 2D). GSH is a tripeptide 

capable of reducing disulfide bonds and its presence has been used for the controlled 

release of cargos inside cells, as GSH concentration in cells (10 mM) is significantly higher 

than in blood plasma (2 µM).(Jones et al., 1998) As shown in Figure 2D, a negligible 

palbociclib release was observed (ca. 10% after 120 h) for NP(palbo)PEG in the absence 

of GSH. However, a remarkable delivery was found in the presence of GSH. Similar GSH-

triggered cargo delivery was observed for NP(saf)PEG and NP(ICG)PEG (Figure S6). 

Besides, NP(nav)-Gal displayed a negligible drug delivery in solution, while navitoclax was 

clearly delivered in the presence of the -galactosidase enzyme (Figure 2E).(Muñoz‐Espín 

et al., 2018; Galiana et al., 2020; Lozano-Torres et al., 2020; Estepa-Fernández et al., 2021) 

Finally, the biocompatibility of the newly prepared nanodevices was assessed. For this 

purpose, cell viability studies in the presence of NP-PEG (without cargo) at different 

concentrations were performed in MDA-MB-231 breast cancer cells (Figure S7A). After 7 

days of treatment, cell viability was kept up to 80% even at the highest NP-PEG 

concentrations (200 µg/mL). We also found that NP-Gal was well-tolerated for MDA-MB-

231 cell line (Figure S7B).(Muñoz‐Espín et al., 2018; Galiana et al., 2020; Estepa-Fernández 

et al., 2021) 

3.2. Targeted internalization of MUC1-functionalised nanoparticles and 

induction of senescence in vitro  

As described above, the pro-senescent nanodevice (first community of 

nanoparticles) was functionalized with an aptamer designed to target the MUC1 receptor 

in TNBC MDA-MB-231 cells. MUC1 is a glycoprotein (Gendler, 2001; Pascual et al., 2017) 

that is overexpressed in MDA-MB-231 cells.(Vivo-Llorca et al., 2020)  
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Figure 3 | NP(saf)PEG-MUC1 is preferentially internalized in MDA-MB-231 cells, and  

NP(palbo)PEG-MUC1 efficiently induces senescence. (A) Representative confocal images of 

NP(saf)PEG-MUC1 internalization vs NP(saf)PEG-Random internalization by MDA-MB-231 cells 

after 2 h of treatment (50 µg/mL). Safranine O (red), WGA Alexa 488 (green), and nucleus (blue). 
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(B) Fluorescence intensity quantification of confocal images of NP(saf)PEG-MUC1 internalization 

(white bars) vs NP(saf)PEG-Random internalization (red bars) by MDA-MB-231 cells after 2 h of 

treatment. Data represent mean ± SEM (n=3), and statistical significance was assessed by two-

tailed Student's T-test (***p-value<0.001.) (C) Percentage of safranine O positive MDA-MB-231 

cells in flow cytometry after 2, 4 and 6 h of NP(saf)PEG-MUC1 (white bars) or NP(saf)PEG-Random 

(red bars) treatment. Data represent the means ± SEM of at least three independent experiments 

and statistical significance was assessed by two-way ANOVA followed by Sidak's post-test (*p<0.05; 

**p<0.01; ***p<0.001) (D) β-Galactosidase staining of control (C), 2.5 µM free palbociclib-treated 

(P) MDA-MB-231 cells, and 80 µg/mL NP(palbo)PEG-MUC1 (NP) treated MDA-MB-231 cells. 

Senescence induction was confirmed by high β-galactosidase activity (blue color) in free palbociclib 

or nanoparticle-treated cells at pH 6. (E) Western Blot characterization of proliferating and 

senescent MDA-MB-231 cells. After palbociclib treatment pRb (110 kDa) expression decreases 

whereas p21 (21 kDa) expression increases. Quantification of the bands using GADPH as a loading 

control (n≥3) (right panels). Values are expressed as mean ± SEM, and statistical significance was 

assessed by one-way ANOVA followed by a Tukey post-test: *p<0.05; **p<0.01; ***p<0.001.  

The preferential internalization of the nanodevice loaded with safranine O 

(NP(saf)PEG-MUC1) in MDA-MB-231 cells was studied using confocal microscopy and flow 

cytometry (Figure 3). Confocal images revealed a red emission, ascribed to safranin O, in 

MDA-MB-231 cells (Figure 3A, left image) after 2 h of treatment with NP(saf)PEG-MUC1. 

To demonstrate the targeting ability of the capping MUC1-binding aptamer, similar cell 

internalization studies were performed with nanoparticles functionalized with a random 

DNA sequence (NP(saf)PEG-Random). When cells were treated with NP(saf)PEG-Random, 

a much lower safranine O red emission in cells was found (Figure 3A, right image). 

Quantification of confocal images demonstrated a 3-fold higher safranine O emission in 

MDA-MB-231 cells treated with NP(saf)PEG-MUC1, when compared to those treated with 

NP(saf)PEG-Random (Figure 3B). Besides, the safranin O release from NP(saf)PEG-MUC1 

and NP(saf)PEG-Random nanoparticles was monitored using flow cytometry (Figure 3C). 

The results corroborated the preferential uptake of NP(saf)PEG-MUC1 by ca. 80% of the 

cells after 2 h of treatment, compared to ca. 40% of cells treated with NP(saf)PEG-

Random. These results demonstrate the targeting ability of NP(saf)PEG-MUC1 to MDA-

MB-231 breast cancer cells. 
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After demonstrating the ability of NP(saf)PEG-MUC1 to target TNBC cells, we tested 

if NP(palbo)PEG-MUC1 was able to induce senescence. For that purpose, MDA-MD-231 

cells were treated with 80 µg/mL of NP(palbo)PEG-MUC1 for 7 days (corresponds to 2.5 

µM of free palbociclib). Free palbociclib at 2.5 µM treatment was used as a control of the 

senescence induction. Cells treated with free palbociclib or with NP(palbo)PEG-MUC1 

have a different morphological appearance when compared with non-treated cells (Figure 

3D). Palbociclib-treated cells became larger, flattened, and with higher granularity due to 

the presence of an expanded lysosomal compartment and the stain in blue when treated 

with X-Gal due to high activity of β-galactosidase enzyme in senescent cells.(Lozano-

Torres et al., 2019) The induction of senescence using encapsulated palbociclib in 

NP(palbo)PEG-MUC1 was similar to that observed for free palbociclib administration. 

Besides, western blot assays demonstrated a reduction in the expression of pRb after the 

treatment with free palbociclib or NP(palbo)PEG-MUC1 (Figure 3E). The hypo-

phosphorylation of pRB protein is a recognized mark of senescence induction as a direct 

consequence of the inhibition of CDK4/6 proteins after palbociclib treatment, which 

causes cell cycle arrest in the G1/S transition phase.(Goel et al., 2018)  Besides, there was 

an up-regulation of p21 protein when the cells were treated with palbociclib or 

NP(palbo)PEG-MUC1. These results demonstrated that NP(palbo)PEG-MUC1 induces 

senescence in MDA-MB-231 cells. 

3.3. Cooperative behavior by stigmergy: targeted induction of senescence and 

senolysis in vitro 

Once the targeting ability and the pro-senescent capacity of NP(palbo)PEG-MUC1 in 

MDA-MB-231 cells was assessed, we studied whether the proposed stigmergy 

communication using nanoparticles could be suitable to enhance cancer therapy. In this 

respect, MDA-MB-231 cells were treated, in a first step, with free palbociclib or 

NP(palbo)PEG-MUC1 and, in a second step, with free navitoclax or NP(nav)-Gal. Then, 

cells were incubated for 72 h and cell viability was measured (Figure 4A).  Addition of free 
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navitoclax to free palbociclib-treated MDA-MB-231 cells resulted in a half-maximal 

inhibitory concentration (IC50) of 2.71 µM (Figure S8). Remarkably, a higher senolytic 

activity was obtained when free palbociclib-treated MDA-MB-231 cells were treated with 

NP(nav)-Gal nanoparticles (Figure 4B) (IC50 value of 1.41  µM). On the other hand, when 

senescence is first induced by the treatment of MDA-MB-231 cells with NP(palbo)PEG-

MUC1, followed with free navitoclax treatment also results in senescent cells death (IC50 

of 6.05 µM) (Figure S8). Besides, when MDA-MB-231 cells are treated with the two 

nanodevices (NP(palbo)-PEG-MUC1 and NP(nav)-Gal), a remarkable IC50 of 1.56 µM is 

obtained (Figure 4B). These results suggest a beneficial effect due to the combination of 

NP(palbo)-PEG-MUC1 and NP(nav)-Gal. The stigmergy strategy using the two 

nanoparticles effectively results in the specific cell death of senescent cells with an 

increased therapeutic effect compared to the administration of the free drugs.  
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Figure 4 | Cytotoxicity profile of the combination of free palbociclib or NP(palbo)PEG-MUC1 with 

free navitoclax or NP(nav)-Gal in MDA-MB-231 cells. (A) Scheme of cell viability assays to evaluate 

the communication system. (B) Cell viability after 72 h of treatment at 0.16 µM and the IC50 values 

determined for each combined treatment. Control states for non-treated proliferating MDA-MB-

231 cells (C) Mitochondrial polarization status in the above-described conditions. Data represent 

the means ± SEM of at least three independent experiments. Statistical significance was 

determined by two-way ANOVA followed by Tukey post-test (*p <0.05; **p <0.01 ***p <0.005). 

We next investigated the death mechanism of both combinations of the free drugs 

and the nanodevices in MDA-MB-231 cells. To do so, we studied the mitochondria 

potential (Figure 4C) using the tetramethylrhodamine ethyl ester (TMRE) dye.(Zamzami 

et al., 1995; Overbeeke et al., 1999) The results revealed that, following free palbociclib 

or NP(palbo)PEG-MUC1 treatment, the navitoclax treatment, as a free drug or 

encapsulated in NP(nav)-Gal, decreased the mitochondrial membrane potential to ca. 

60%, indicating apoptosis triggering. These results corroborate the potential of the 

stigmergy paradigm by using a first community of NP(palbo)PEG-MUC1 nanoparticles to 

transform tumor cells in senescent cells in combination with a second community of 

NP(nav)-Gal nanoparticles to eliminate senescent cancer cells.  

 Stigmergic communication by targeted induction of senescence and 

senolysis using nanoparticles in vivo in TNBC MDA-MB-231 xenografts 

As stated above, stigmergy is a communication method in which individuals (in our 

case, nanoparticles) communicate with each other by changing the surrounding. The 

above results demonstrate in vitro that a first community of nanoparticles is able to 

transform tumor cells in senescent cells in combination with a second community of 

nanoparticles that eliminates senescent cells selectively. However, a most appealing issue 

of stigmergic communication is its high potential to be applied in highly complex systems 

such as an in vivo environment.    
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Figure 5 | NP(ICG)PEG-MUC1 nanoparticles selectively release their cargo in the tumors of TNBC 

model mice, and NP(NB)-Gal nanoparticles selectively release their cargo in the senescent tumors. 

(A) Balb/c nude female mice were injected on mammary pads with TNBC MDA-MB-231 cells. When 

tumors volume reached 220 mm3, NP(ICG)PEG-MUC1 nanoparticles (i.p.) were administered and 
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IVIS imaging was performed.  (B) Ex vivo IVIS spectrum imaging of tumors 24 h post-injection of 

NP(ICG)PEG-MUC1 and (C) fluorescence quantification by Living Image® 4.3.1 software. Data 

represent mean ± SEM (n=4), and statistical significance was assessed by two-tailed Student's T-

test (***p-value<0.001) (D) Balb/c nude female mice were injected on mammary pads with TNBC 

MDA-MB-231 cells. When tumors volume reached 60 mm3, palbociclib treatment started 

(encapsulated in NP(palbo)PEG-MUC1 nanoparticles (i.p)) and was maintained daily for 24 days. 

On day 24, NP(NB)-Gal nanoparticles (i.p.) were administered and IVIS imaging was performed. (E) 

Ex vivo IVIS spectrum imaging of senescent tumors 24 h post-injection of NP(NB)-Gal and (F) 

fluorescence quantification by Living Image® 4.3.1 software. Data represent mean ± SEM (n=3), 

and statistical significance was assessed by two-tailed Student's T-test (*p-value<0.05) (G) In vivo 

imaging studies by IVIS of NP(NB)-Gal distribution after 24 h post-injection in MDA-MB-231 bearing 

mice previously treated with vehicle (as a control) or NP(palbo)PEG-MUC1 to induce senescence 

in tumors.  

To this aim we first evaluated nanoparticles' ability to target breast cancer tumors in 

vivo. For this purpose, we tracked the activity of the two sets of nanoparticles loaded with 

fluorescent reporters (i.e. NP(ICG)PEG-MUC1 and NP(NB)-Gal). For that, Balb/c nude 

female mice were injected on mammary pads with TNBC MDA-MB-231 cells. When 

tumors volume reached 220 mm3, NP(ICG)PEG-MUC1 nanoparticles were 

intraperitoneally administrated (Figure 5A). Ex vivo imaging studies of ICG distribution at 

24 h post-injection demonstrated the accumulation of the NP(ICG)PEG-MUC1 in MDA-

MB-231 tumors with the subsequent release of ICG (Figures 5B and 5C). In an additional 

experiment, we evaluated if NP(NB)-Gal are able to target senescent tumors induced by 

the action of the first community of NP(palbo)PEG-MUC1 nanoparticles (Figure 5D). Thus, 

after two weeks of treatments with NP(palbo)PEG-MUC1, NP(NB)-Gal were 

intraperitoneally administered. IVIS imaging studies at 24 h post-injection shows the 

preferential release of the loaded nile blue fluorophore in MDA-MB-231 senescent 

tumors ex vivo (Figure 5E and 5F) and in vivo (Figure 5G). These experiments 

demonstrated that (i) NP(ICG)PEG-MUC1 targets MDA-MB-231 tumors and (ii) previous 

treatment with the palbociclib-loaded nanoparticles NP(palbo)PEG-MUC1 allows tumor 

targeting by the second NP(NB)-Gal nanoparticles.  
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Finally, to validate the proposed therapeutic stigmergic communication, senescence-

inducing chemotherapy with NP(palbo)PEG-MUC1 in combination with the senolytic 

NP(nav)-Gal was tested in vivo. MDA-MB-231 cells were injected subcutaneously in the 

second lower right breast of nude BALB/C mice. When tumor volume reached an average 

of 60 mm3, daily therapy was initiated with either vehicle (sodium lactate), 5 mg/kg 

palbociclib (via oral gavage), or NP(palbo)PEG-MUC1 (via i.p. injection at equivalent 

palbociclib dose) (Figure 6A). As a result of palbociclib treatment, a significant decrease in 

tumor growth was observed in mice treated with monotherapy of either free palbociclib 

or NP(palbo)PEG-MUC1 (Figure 6B). Besides, X-Gal staining showed the overexpression of 

-galactosidase in tumor slides of mice treated with either free palbociclib or 

NP(palbo)PEG-MUC1 (Figure 6C), indicative of the transformation of the environment, 

from tumors to senescent tumors. Cell senescence induction in tumors was also assessed 

by immuno-histochemical staining of the proliferation biomarker Ki67 in tumor autopsy 

samples and by the increase in p53 positive cells (Figure 6C and Figure S9). All these results 

confirmed the suitability of NP(palbo)PEG-MUC1 nanoparticles for senescence induction 

in animal models.  

In a second step, the effect of the second swarm of nanoparticles NP(nav)-Gal was 

evaluated. Thus, one day after NP(palbo)PEG-MUC1 administration, senolytic treatment 

was initiated with NP(nav)-Gal. Remarkably, concomitant treatment with NP(palbo)PEG-

MUC1 plus NP(nav)-Gal resulted in a significant reduction of tumor growth (Figure 6B and 

Figure S10). The results confirmed the proper achievement of therapeutic communication 

using two sets of nanoparticles that act cooperatively. The modification of cancer cells 

into senescent cells induced by NP(palbo)PEG-MUC1 (modifying the environment) allows 

the second community of nanoparticles (NP(nav)-Gal) to deliver the senolytic cargo in 

senescent cells, resulting in a significant reduction in tumor size. Besides, a similar tumor 

reduction in mice treated with an equivalent concentration of free palbociclib and free 

navitoclax was found. However, a remarkable reduction of drug side effects was observed 

when animals were treated with the encapsulated drugs (vide infra). 
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Figure 6 | In vivo evaluation of stigmergy communication of NP(palbo)PEG-MUC1 and NP(nav)-Gal 

in TNBC. (A) Balb/c nude female mice were orthotopically injected with TNBC MDA-MB-231 cells 

and treated daily with vehicle, free palbociclib, or NP(palbo)PEG-MUC1. 2 × 106 MDA-MB-231 cells 

were subcutaneously implanted on mammary pads. When tumors volume reached 60 mm3, 

palbociclib treatment started (encapsulated in nanoparticles or as a free drug) and was maintained 

daily for 19 days.  NP(nav)-Gal daily treatment started one day after free palbociclib or 

NP(palbo)PEG-MUC1 treatment. (B) Tumor volume (mm3) of the different treatment approaches 

during all the treatments. Statistical analysis was carried out using GraphPad Prism 8, and results 
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were compared by one-way ANOVA followed by Tukey's post-test (*Vehicle vs free palbociclib; 

#vehicle vs NP(palbo)PEG-MUC1; **' vehicle vs NP(palbo)PEG-MUC1 + NP(nav)-Gal) (*p<0.05; 

**p<0.01; ***p<0.001). Data represent the mean ± SEM (n≥5). (C) Photograph of representative 

tumor sections stained with X-gal, immunostained with Ki67 and p53. Scale bar, 200 µm. (D) 

Quantification of metastatic lung clusters found in lung sections taken from xenograft MDA-MB-

231 tumor-bearing mice. (E) Representative tissue images were microscopically counted. Statistical 

analysis was carried out using GraphPad Prism 8, and results were compared by one-way ANOVA 

followed by Tukey's post-test (*p<0.05; **p<0.01; ***p<0.001). Data represent the mean ± SEM 

(n≥5). E) H&E staining of representative metastatic lung clusters. Scale bar, 500 μm.  

Attending to the metastatic profile of TNBC tumors, we also evaluated lung 

metastasis in the mice bearing MDA-MB-231 tumors model. Metastatic cell clusters were 

found in lung sections of MDA-MB-231 xenograft mice (Figures 6D and 6E). After free 

palbociclib treatment, a significant increase in the number of metastatic clusters in lungs 

is detected. In contrast, a significant decrease was found in those animals co-treated with 

NP(palbo)PEG-MUC1 and NP(nav)-Gal (Figures 6D and 6E). Histological examination of 

apoptosis through TUNEL assay in tumor slides evidenced that senescent cells undergo 

apoptosis after treatment with either free palbociclib plus free navitoclax or 

NP(palbo)PEG-MUC1 plus NP(nav)-Gal. Moreover, the combinational treatment with the 

nanoparticles revealed the highest TUNEL signal (Figure 7A and 7B). 

To study the safety of the stigmergy strategy using NP(palbo)PEG-MUC1 plus 

NP(nav)-Gal nanoparticles for two weeks of sustained treatment, blood samples were 

collected for biochemistry and hematological analyses. In addition, biochemistry analyses 

were performed to evaluate hepatic and liver function (Figure S11). Besides, to discard a 

potential pro-inflammatory effect of the nanoparticles, the levels of neutrophils, 

lymphocytes, and monocytes were analyzed in blood samples (Figure S12). No significant 

differences between animals untreated or treated with nanoparticles were observed. In 

conclusion, NP(palbo)PEG-MUC1 plus NP(nav)-Gal treatment does not induce any toxicity 

or side effects derived from two weeks of sustained nanoparticles administration. 
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Figure 7 |  Histological analysis of apoptosis in tumor slides after treatment. (A) Representative 

confocal images of TUNEL assay of tumor sections from animals treated with vehicle, free 

palbociclib, NP(palbo)PEG-MUC1, palbociclib + navitoclax, or NP(palbo)PEG-MUC1 + NP(nav)-Gal 

(n ≥ 5 tumors per group). TUNEL assay was used to confirm the induction of apoptosis in treated 

and untreated tumor tissues. Scale bar, 20 µm. (B) Percentage of TUNEL-positive cells in tumors. 

Quantification was performed in a total of 3 fields per tumor, covering most of the whole tumor 

section. Data represent the mean ± SEM (n≥5) and statistical significance was assessed by one-way 

ANOVA followed by Tukey's post-test (*p<0.05; **p<0.01; ***p<0.001) 

Moreover, biodistribution studies were carried out by determining Si levels in various 

organs (lung, liver, spleen, kidneys) and tumors by inductively coupled plasma mass 

spectroscopy (ICP-MS) (Figure S13). The levels of Si detected indicated that the 

nanoparticles reached the tumors. Besides, Si was also detected in organs associated with 

nanoparticle elimination. Thus, in the case of NP(palbo)PEG-MUC1, Si was observed in the 

spleen and kidneys, suggesting renal clearance-(Park et al., 2009) In contrast, when 

NP(nav)-Gal was added to the treatment, Si content was also observed in the liver, thus 

suggesting a combined hepatobiliary clearance with renal excretion.(Yu and Zheng, 2015; 

Zhang et al., 2016)  

Regarding the use of palbociclib and navitoclax, we also noticed that encapsulation 

minimized undesired side effects. Treatment with free palbociclib in monotherapy or 

concomitant treatment of free palbociclib plus free navitoclax reduces animal weight 

(Figure S14). Besides, the systemic administration of free palbociclib induces senescence 

not only in tumors, but it has also been reported that it can induce senescence in veins 

and thus favor metastasis.(Estepa-Fernández et al., 2021) In contrast, palbociclib 

encapsulated in the nanoparticle (NP(palbo)PEG-MUC1) significantly reduces mice weight 

loss, in agreement with a targeted delivery of palbociclib in TNBC tumors compared to the 

systemic administration. Moreover, encapsulation of palbociclib also resulted in a 

decrease in metastasis in lungs. In addition, the combined treatment NP(palbo)PEG-

MUC1 plus NP(nav)-Gal resulted in a significant decrease in metastasis compared to free 

drugs. It is also noteworthy that the targeted delivery of navitoclax specifically in 
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senescent cells has been reported to significantly reduce off-target effects and platelet 

toxicity.(Galiana et al., 2020; González-Gualda et al., 2020) 

Collectively, these results proved the effectiveness of the stigmergy strategy of 

communication, confirming that this principle could be applied to in vivo enhancing 

therapy in tumors. Targeted pro-senescent and senolytic therapies with both 

nanosystems have shown their benefits in treating TNBC by effectively reducing tumor 

growth and metastasis and minimizing undesired side effects. 

 Discussion and conclusion 

Senescence is a process of cell-cycle arrest that has a crucial role in aging, 

development, and antitumor response.(Campisi, 2001; Muñoz-Espín and Serrano, 2014) 

The induction of senescence is a therapeutic approach used in clinical practice to stop 

tumor progression. Palbociclib (palbo), a CDK4/6 cell-cycle inhibitor, has shown efficacy 

in treating advanced breast cancer.(Fry et al., 2004; Finn et al., 2009, 2015, 2016; Pernas 

et al., 2018) However, an unmet medical need appears with the development of drugs 

that selectively induce senescence, as the presence of senescent cells in tissues is a 

double-edged sword (Ohtani et al., 2012) due to their secretory phenotype, that has a 

negative impact in the tissue microenvironment, triggering tissue dysfunction and/or 

unfavorable outcomes.(Rao and Jackson, 2016) In this scenario, senolysis (the selective 

induction of apoptosis in senescent cells) has been demonstrated to eliminate the adverse 

side effects of senescent cell accumulation.(Zhu et al., 2015; Soto-Gamez and Demaria, 

2017)   

To enhance the therapeutic effect of nanoparticles targeting tumors and to reduce 

secondary effects, we envisioned the design of a nanoparticle-cell-nanoparticle system 

that communicates by stigmergy for cancer treatment. The first set of nanoparticles is 

loaded with palbociclib and capped with a poly (ethylene glycol) covalently linked to a 

MUC1-binding aptamer (NP(palbo)PEG-MUC1). The uptake of NP(palbo)PEG-MUC1 by 
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triple-negative breast cancer MDA-MB-231 cells is enhanced by the overexpression of 

MUC1, that facilitates the internalization of the nanoparticles. Treatment with 

NP(palbo)PEG-MUC1 induces senescence in the tumor, demonstrated by the stain of 

tumor slides with X-Gal and by the increase of the expression levels of Ki67 and p53 

makers. NP(palbo)PEG-MUC1 is able to transform the environment in the tumor by 

inducing senescence, making possible the action of a second community of nanoparticles 

(NP(nav)-Gal) which are loaded with navitoclax and capped with a 

hexagalactooligosaccharide (galactan). As a consequence of the cooperation by 

stigmergy, tumor growth reduction, drop of metastases and diminution of drug side 

effects is observed in the TNBC mice model. 

In this work, we demonstrate the high potential of stigmergy communication 

strategies involving two communities of nanoparticles. The stigmergy protocol enhances 

the performance of the nanoparticles, allowing them to be applied in targeted transport 

and drug delivery, opening up new possibilities for cooperative behaviors. Following this 

stigmergy communication concept, which involves changes in the environment resulting 

in cooperation between nanoparticles without any need for planning, simultaneous 

presence, or mutual awareness between the involved systems, a number of plausible 

networks aimed at increasing drug efficacy and reducing dosages, side effects, and 

resistance can be envisioned. Communication at the nanoscale by stigmergy can be useful 

to develop swarm micro/nanoparticles capable of interacting with their neighbors and 

local environment, leading to functionalities able to cause a deep impact in the way we 

treat diseases. 
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 Experimental section 

 Cell culture and senescence induction  

Human breast triple-negative adenocarcinoma MDA-MB-231 cells (ATCC) were 

maintained in DMEM (Sigma) supplemented with 10 % fetal bovine serum (FBS; Sigma) 

and incubated at 37°C in 5% CO2. For senescence induction, cells were treated with 2.5 

µM free palbociclib (#S1116, Selleckchem) or with 80 µg/mL NP(palbo)PEG-MUC1 (molar 

dose of palbociclib equivalent to that of the free drug). Cells were senescent after 7 days 

of treatment. 

 β-galactosidase activity assay 

 β-galactosidase activity was measured by staining using the Senescence β-

galactosidase Staining Kit (Cell Signaling, #9860S). Briefly, cells were fixed with 1x Fixative 

Solution at room temperature for 15 min. After fixation, cells were washed with PBS, and 

incubated overnight at 37 oC without CO2 with 1x Staining Solution containing X-gal in N,N-

dimethylformamide. Senescence-associated β-galactosidase enzymatic activity was 

determined at pH 6. Pictures were taken with a bright-field microscope. 

 Western Blot 

 Cells were lysed in a buffer containing 25 mM Tris-HCl pH 7.4, 1 mM EDTA, 1% SDS, 

plus protease and phosphatase inhibitors to obtain whole-cell extracts. Protein 

concentration was determined by the BCA protein assay. Electrophoresis was performed 

in SDS-PAGE gels. Proteins were transferred to nitrocellulose membranes, blocked with 

5% nonfat milk, washed with 0.1% Tween/PBS and incubated overnight with a specific 

primary antibody: pRb (#9308, Cell Signalling), p21 (#sc-6246, Santa Cruz), and GADPH 

(#14C10, Cell Signalling). Membranes were washed and incubated with the appropriate 
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secondary antibody: anti-Rabbit IgG peroxidase antibody (#A6154, Sigma) or peroxidase 

conjugate-goat anti-Mouse IgG antibody (#A4416, Sigma). 

 Synthesis of MSNs 

1 g of N-cetyltrimethylammonium bromide (CTAB, Sigma, #H6269) was dissolved in 

480 mL of deionized water before adding 3.5 mL of 2 M NaOH (Sigma, #1310732) to the 

solution. Then, the mixture was heated at 80 °C, 5 mL of the polymeric precursor 

tetraethylortosilicate (TEOS, Sigma, #131903) were added dropwise, and the reaction was 

stirred and heated for 2 h.  Centrifugation (10,000 rpm, 20 min) was performed to isolate 

MSNs (white solid) that were washed with deionized water until neutral pH was reached. 

Finally, the solid was dried at 60 oC and then calcined at 550 °C (Mufla Furnace) for 5 h 

using an oxidant atmosphere to remove the surfactant template, that might affect cell 

viability. 

 Synthesis of NP(palbo)PEG-MUC1, NP(saf)PEG-MUC1 and NP(ICG)PEG-

MUC1 

 Gated MSNs loaded with either palbociclib (palbo), safranine O (saf), or indocyanine 

green (ICG) and coated with polyethylene glycol (PEG, average molecular weight 800 Da) 

derivative were synthesized. PEG containing thiol and N-hydroxysuccinimide (SH-PEG-

NHS, Gentaur) was used.  

In order to load the pores of calcined MSNs with palbociclib, 100 mg of MSNs were 

suspended in 3 mL of deionized water containing 40 mg of palbociclib (Selleckchem). To 

load MSNs with safranine O, 100 mg of calcined MSNs were suspended in 3 mL of 

acetonitrile containing 28 mg of safranine O (Sigma). To load ICG, 200mg of calcined 

MSNs were added to a stirred solution of 10 mg indocyanine green (ICG) in 50 mL of 

water. After the loading, the solids were stirred overnight, filtered off and dried under 

vacuum. 
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Afterwards, the loaded solids and 100 mg of empty calcined MSNs were suspended 

in acetonitrile (3 mL) and (3-mercaptopropyl) trimethoxysilane (MPTMS) (185,6 µL, 10 

mmoles/g solid) were added to the mixture and stirred for 5.5 h at room temperature. 

Then, aldrithiol (220 mg, 10 mmoles/g solid) was added and stirred overnight at room 

temperature. The solids were isolated by filtration, washed twice with acetonitrile and 

dried under vacuum. Finally, these prepared solids (100 mg) and the heterobifunctional 

SH-PEG-NHS (200 mg, 3 mmoles/g solid) were suspended in acetonitrile (10 mL) and 

stirred overnight. The final products (NP(palbo)PEG, NP(saf)PEG, NP(ICG)PEG, and NP-

PEG) were filtered, washed with plenty of water and dried under vacuum. 

The 5' amine-modified MUC1-binding aptamer (MUC1) (5′ NH2-GCA GTT GAT CCT 

TTG GAT ACC CTG G-3'; ThermoFisher) was covalently bonded onto the external surface 

of NP(palbo)PEG, NP(saf)PEG, and NP(ICG)PEG. In this respect, the solids (20 mg) were 

resuspended in PBS and mixed with MUC1 (0,6 µmoles). The mixture was stirred for 3 

hours and, then, nanoparticles were centrifuged and washed with PBS to get the final 

solids: NP(palbo)PEG-MUC1, NP(saf)PEG-MUC,1 and NP(ICG)PEG-MUC1. NP(saf)PEG 

were also coated with a 5' amine-modified non-targeting aptamer (Random) (5' NH2-AAG 

CAC TTT CAG TGG GGA GGA GGG TTG ATA GGT TAA GAG-3'; ThermoFisher), that was 

employed as a negative control in the targeting study, obtaining the nanoparticles 

referred as NP(saf)PEG-Random. All the final nanoparticles were stored at -20 °C. 

 Synthesis of NP(nav)-Gal  

Synthesis of gated MSNs loaded with navitoclax (nav) or nile blue (NB) and coated 

with hexa-galactooligosaccharides (Active BioChem, #A1001) was performed as described 

previously by our group (NP(nav)-Gal).(Agostini et al., 2012; Muñoz‐Espín et al., 2018; 

Galiana et al., 2020; Estepa-Fernández et al., 2021) The synthesis of NP(NB)-Gal was also 

previously described.(Lozano-Torres et al., 2020) Briefly, for navitoclax loading, 200 mg of 

calcined MSNs and 156 mg navitoclax were suspended in 6 mL of anhydrous 

dichloromethane for 24 h. For nile blue loading, 250 mg of calcined MSNs and 7 mg nile 
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blue were suspended in 31 mL of anhydrous dichloromethane for 20 h. After the loading, 

0.28 mL of (3-aminopropyl) triethoxysilane were added onto the solution and stirring was 

kept for 5.5 h. The solid was isolated by filtration under vacuum. To obtain the final gated 

nanoparticles, a solution of 383 mg of galactan (Carbosynth, #OG71532, consisting of six 

repeating galactose monosaccharides linked through -1,4 glycosidic bonds) in 25 mL of 

water was added to the obtained functionalized solids, and stirred at room temperature 

for 21 h. The final product (NP(nav)-Gal) were centrifuged, washed with plenty of water 

and ethanol in order to remove the excess of reagents and dried under vacuum. All the 

final nanoparticles were stored at room temperature in a desiccator.   

 Nanoparticles characterization 

 Powder X-ray diffraction (PXRD), N2 adsorption-desorption isotherms, 

thermogravimetric analysis (TGA), transmission electron microscopy (TEM), ζ potential 

and dynamic light scattering (DLS) were employed for nanoparticle characterization. 

PXRD measurements were performed on a Seifert 3000TT diffractometer using Cu-Kα 

radiation. N2 adsorption-desorption isotherms were recorded on a Micromeritics TriStar 

II Plus automated analyzer. The samples were degassed at 120 °C under vacuum 

overnight. The specific surface areas were calculated from the adsorption data in the low 

pressures range using the Brunauer–Emmett–Teller model.  The thermogravimetric 

analyses were performed in TGA/SDTA 851e Mettler Toledo equipment in an oxidant 

atmosphere (air, 80 mL/min) with a heating program that consisted of a heating ramp of 

10 oC/min from 393K to 1273K and an isothermal heating step at this temperature for 30 

min.  ζ potential and dynamic light scattering (DLS) measurements were carried out in 

a Malvern Zetasizer Nano ZS instrument. TEM images were acquired with a Philips CM10 

microscope working at 100 kV. TEM-EDX analysis was performed using a JEOL-JEM-2100 

LaB6 electron microscopeat 200 kV accelerating voltage and equipped with an Oxford 

Instruments INCA x-sight (Si(Li)detector) and a Zeiss SESAM microscope(200kV) equipped 

with an energy dispersive X-ray(EDX) spectroscopy system from ThermoFisher. UV-visible 
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spectroscopy was carried out with a Lambda 35 UV/vis spectrometer (Perkin-Elmer 

Instruments), and cargo delivery assays were performed in fluorescence spectroscopy 

(JASCO spectrofluorometer FP-8300). All the measurements were taken in triplicate. 

 Cargo release studies of NP(palbo)PEG, NP(saf)PEG, and NP(ICG)PEG 

 1 mg of either NP(palbo)PEG, NP(saf)PEG, or NP(ICG)PEG nanoparticles were 

suspended in 2 mL of PBS, stirred and the volume was separated in two suspensions of 1 

mL. Then, 10 mM glutathione was added to one of the suspensions; the other suspension, 

without GSH, acts as control. After a certain time, aliquots of 150 µL of each suspension 

were taken and centrifuged to remove the solid. For NP(palbo)PEG, cargo released was 

measured by UV-visible spectroscopy (absorption band of palbociclib at 352 nm). For 

NP(saf)PEG and NP(ICG)PEG cargo, release was measured by fluorescence (exc (saf) = 495 

nm, em (saf) = 587 nm; exc (ICG) = 750 nm, em (ICG) = 830 nm).  

 Cargo release study of NP(nav)-Gal and NP(NB)-Gal 

For cargo release studies of NP(nav)-Gal, 4 mg of NP(nav)-Gal nanoparticles were 

suspended in 10 mL of water at pH 4.5, stirred and the volume was separated in two 

suspensions of 5 mL. Then, 5 mg of β‐galactosidase from Aspergillus oryzae were added to 

one of the suspensions. After a certain time, aliquots of 200 L of each suspension were 

taken, and 300 L of ethyl acetate (to dissolve navitoclax) were added to each one. The 

mixture was stirred for 1 min, the ethyl acetate was taken, centrifuged, and cargo release 

in the organic phases was measured by UV-visible spectroscopy (absorption band of 

navitoclax at 275 nm in ethyl acetate). The same procedure was performed without 

adding the enzyme to one of the suspensions as a control.  

For NP(NB)-Gal cargo release studies, 2 mg of NP(NB)-Gal were suspended in 5 mL of 

water-DMSO 99:1 v/v mixture at pH 4.5, in the presence or absence of 5 mg of enzyme β‐

galactosidase from Aspergillus oryzae. The suspension was stirred using a magnetic bar. 



Nanoparticle communication through stigmergy in TNBC 

173 

Sample aliquots of 300 L mL were taken at scheduled times and were centrifuged to 

remove the solid. Cargo release was monitored in the absorption band of NB (608 nm). 

 Confocal microscopy targeted cellular uptake studies 

 MDA-MB-231 cells were seeded on coverslips in 6-multiwell plates at a 

concentration of 4·105 cells/well. Two days later, cells were treated with 50 µg/mL 

suspension of either NP(saf)PEG-MUC1 or NP(saf)PEG-Random. After 30 min, cells were 

washed with medium in order to eliminate non-internalized nanoparticles and were 

incubated for a total time of 2 h. For confocal microscopy, coverslips were mounted, and 

Hoechst and wheat germ agglutinin (WGA) Alexa Fluor 488 were added before cells 

visualization for nuclei and membrane staining, respectively. Fluorescence intensity was 

monitored through a Leica TCS SP8 confocal microscope and quantified using Image J 

software. 

 Flow cytometry targeted cellular uptake studies 

MDA-MB-231 cells were seeded in 6-multiwell plates at a concentration of 4·105 

cells/well. After 24 h, cells were treated with a suspension of 50 µg/mL of either 

NP(saf)PEG-MUC1 or NP(saf)PEG-Random. After 30 min, cells were washed with medium 

in order to eliminate non-internalized nanoparticles and were incubated for different 

times, 2, 4 or 6 h. Cells were collected using 0.5% Trypsin-EDTA (GIBCO) and resuspended 

in PBS. Flow cytometry was assessed on a CytoFlex S instrument (Beckman Coulter) 

followed by data analysis using CytoExpert software. 

 Cytotoxicity assay 

Proliferating and senescent MDA-MB-231 cells were plated in flat-bottom-clear 96-

well (Greiner Bio-One, #655087) at a density of 104 cells per well. After 24 h, free 

navitoclax or NP(nav)-Gal nanoparticles were added to the cells. Free navitoclax was 
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added at a 2.5 µM final concentration. NP(nav)-Gal were added, filtered (0.45 µm),at a 

maximum of 2 mg/mL, which corresponds to 2.66 µM final concentration. After 72 h, 

viability was measured using the CellTiter-Glo® luminescent cell viability assay (Promega, 

#G7571) kit, following the manufacturer's instructions in a PerkinElmer life sciences wallac 

Victor2TM spectrophotometer. The number of viable cells was normalized to the internal 

control of untreated cells (DMSO only) of each plate.  

 TMRE Staining 

 To address mitochondrial polarization status, proliferating and senescent MDA-MB-

231 cells were treated with DMSO, navitoclax (1µM), or NP(nav)-Gal (equivalent dose to 

1µM). After 48 hours of incubation, cells were incubated for 30 min at 37 °C/5% CO2 with 

50 nM TMRE dye (Invitrogen, T669). Then, samples were analyzed in a CytoFLEX S flow 

cytometer.  

 Animal experiments 

All mice were treated in strict accordance with the local ethical committee (Ethical 

Committee for Research and Animal Welfare Generalitat Valenciana, Conselleria 

d’Agricultura, Medi ambient, Canvi climàtic i Desenvolupament Rural 

(2020/VSC/PEA/0177). In order to evaluate senolytic activity of stigmergy combination on 

xenografted MDA-MB-231 cells, female 6–7 weeks old BALB/C nude mice were 

subcutaneously injected with 2 x 106 MDA-MB-231 cells. Tumors were measured with 

calipers every 2 days, and the tumor volume (mm3) was calculated with the formula length 

× width2/2. When tumor volume reached an average of 60 mm3, daily therapy was 

initiated with either vehicle, 5 mg/kg free palbociclib (via oral gavage; dissolved in 50 mM 

sodium lactate pH 4.5), 87.5 mg/kg NP(palbo)PEG-MUC1 (via i.p. injection; equivalent 

dose of palbociclib of 5 mg/kg), or the combination of free palbociclib plus free navitoclax 

or NP(palbo)PEG-MUC1 plus NP(nav)-Gal. Navitoclax treatments (either as a free drug or 

encapsulated in the nanoparticles) were initiated the day after the initiation of palbociclib 



Nanoparticle communication through stigmergy in TNBC 

175 

treatment. Doses: 2.5 mg/kg free navitoclax (via oral gavage; dissolved in 15% DMSO/ 85% 

PEG-400) or 40 mg/kg NP(nav)-Gal (via i.v. and i.p. injection in alternating days; equivalent 

navitoclax dose of 2.5 mg/kg). Mice were culled by CO2 after treatment, and organs were 

collected for subsequent histological analyses. 

 IVIS Imaging 

For in vivo and ex vivo animals or organs fluorescence imaging after nanoparticles 

treatments, an IVIS Spectrum Imaging System (Caliper LifeSciences) was used. For in vivo 

visualization, animals were anesthetized with 4-4.5% isoflurane in the induction period 

and maintained at 2-2.5% during the scanning time. For ex vivo tumors imaging, animals 

were euthanized 24 h after nanoparticles injection and tumors were harvested and 

immediately analyzed.  For NP(ICG)PEG-MUC1 IVIS imaging, Balb/c nude female mice 

were injected with TNBC MDA-MB-231 cells on mammary pads. When tumors volume 

reached ca. 220 mm3, NP(ICG)PEG-MUC1 nanoparticles were administered (i.p.), and IVIS 

imaging was performed.  For NP(ICG)-Gal imaging, Balb/c nude female mice were injected 

with TNBC MDA-MB-231 cells on mammary pads. When tumors volume reached 60 mm3, 

palbociclib treatment started (encapsulated in NP(palbo)PEG-MUC1 nanoparticles (i.p.)) 

and was maintained daily for 24 days. On day 24, NP(NB)-Gal nanoparticles were 

administered (i.p.), and IVIS imaging was performed. Signal from NP(ICG)PEG-MUC1 

nanoparticles loaded with indocyanine green was detected using excitation and emission 

wavelengths of 745nm and 840nm, respectively. Signal from NP(NB)-Gal nanoparticles 

loaded with nile blue was detected using excitation and emission wavelengths of 640nm 

and 680nm, respectively.  Fluorescence quantification was performed by Living Image® 

4.3.1 software and was measured in photons per second per square centimeter per 

steradian (p/s/cm2/sr). Fluorophore release was quantified by manually drawing regions 

of interest (ROIs) over the detected fluorescence signals in organs or tumors. 
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 Histology 

Tumors were removed, washed with 1× PBS and fixed with 4% PFA overnight at 4 °C. 

The fixative was aspirated, the tumor was washed in 1× PBS and cut in half. Half-tumors 

were incubated with 30% sucrose overnight at 4 °C. Fixed tissues were embedded in 

cryomolds with OCT and frozen completely at −20 °C. 10 μm thick tumor sections were 

then incubated in blocking solution (5% horse serum, 0.3% Triton X-100 in 1× PBS) for 1 h 

and immunostained by a following incubation with 1:100 p53 primary antibody (ab26, 

Abcam) overnight at 4 °C. Subsequently, tissue was incubated with secondary antibody 

(1:200 dilution) against mouse conjugated to Alexa Fluor 488 (Invitrogen) at room 

temperature for 2 hours. For TUNEL staining, In Situ Cell Death Detection Kit (Merck) was 

used according to  the manufacturer's instructions. Sections were mounted on 

microscope slides using Mowiol/DAPI (Sigma) and covered with a glass coverslip. Images 

were obtained using a confocal microscopy Leica TCS SP8 HyVolution 2 microscope. 

Positive signal for TUNEL was quantified with ImageJ software. 

The other half-tumors were included in paraffin for immunohistological Ki67 staining.  

5 mm paraffin sections were deparaffinized and re-hydrated. Antigen retrieval was carried 

out using 10mM Sodium Citrate and 0.05% Tween 20 buffer at pH 6.0 for 30 minutes. 

Tumor sections were incubated in blocking solution (5% horse serum, 0.3% Triton X-100 

in 1× PBS) for 1 h and incubated with Ki67 (Abcam) antibody at 4 °C overnight. Ki67 

immunostaining was developed using 3,3-diaminobenzidine tetrahydrochloride (DAB) 

and nuclei counterstained with hematoxylin. Sections were scanned in Leica Aperio Versa 

200 equipment at 10x magnification.  

 Metastasis quantification 

 Lungs were collected and fixed overnight in 4% PFA. Paraffin-embedded tissue 

sections (5 µm) were stained with hematoxylin-eosin and scanned in a Leica Aperio Versa 
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200 equipment at 10x magnification. Metastatic 4T1 cell clusters were microscopically 

counted from at least five animals per group in different lung sections. 

 Silica biodistribution 

 Selected organs (lungs, liver, spleen, kidneys, and tumor) were extracted and 

conserved for silicon (Si) detection. Organs were first weighted and then individually 

introduced in polytetrafluoroethylene (PTFE) bottles. 1mL of tetramethylammonium 

hydroxide solution (TMAH, #331635, Sigma) was added to each recipient, bottles were 

firmly closed, and digestion was carried out for 2h at 80 °C using a digestion unit Bloc 

digest 20 (Selecta). After cooling, digested samples were diluted with distilled water to 10 

mL in polypropylene tubes, filtered in 0.45μm filters (#17463443, Scharlab) and kept in 

polystyrene tubes until determination. For the analysis, 0.5 mL of the sample was diluted 

to 10 mL with a solution of 2% nitric acid and 1% hydrochloric acid. Silicon determination 

was performed in an Inductively Coupled Plasma Mass Spectrometer System (ICP-MS) 

Agilent 7900 in H2 mode, using germanium as internal standard. A calibration curve was 

also prepared from silicon standard for ICP (#08729, Sigma), and standard solutions were 

digested and treated the same way as the mice samples. Data are expressed as μg Si/g 

sample. 

 Statistical Analysis 

All the values represent the mean ± SEM of at least three independent experiments 

except the in vivo experiment with mice, where a single representative experiment is 

shown. Significance was determined by one-way ANOVA or two-way ANOVA followed by 

Tukey's post-test, Sidak's post-test, or Student's T-test using GraphPad Prism 8 software. 

A p-value below 0.05 was considered statistically significant (*p<0.05; **p<0.01; 

***p<0.001) or (#p<0.05; ##p<0.01; ###p<0.001). For in vivo studies, mice were randomly 

assigned to treatment groups; the sample size was not pre-determined 
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 Supporting information 

Table S1 | Nanoparticles nomenclature and composition. 

 

 

Nanoparticle 
nomenclature 

Gate Cargo Support Used for 

as made MSNs   MSNs 
Nanoparticle synthesis and 

characterization 

calcined MSNs   MSNs 
Nanoparticle synthesis and 

characterization 

NP(palbo)  Palbociclib MSNs 
Nanoparticle synthesis and 

characterization 

NP(palbo)PEG PEG Palbociclib MSNs 
Nanoparticle synthesis and 

characterization 

NP(palbo)PEG-MUC1 PEG-MUC1 Palbociclib MSNs 

Nanoparticle characterization, 
induction of senescence, cell 

viability assays, cell death 
mechanism, stigmergy 

communication 

NP(saf)PEG PEG Safranine O MSNs 
Nanoparticle synthesis and 

characterization 

NP(saf)PEG-MUC1 PEG-MUC1 Safranine O MSNs 
Nanoparticle characterization, 

in vitro targeting assays 

NP(saf)PEG-Radom PEG-Random ICG MSNs 
Nanoparticle characterization, 

in vitro targeting assays 

NP-PEG PEG  MSNs 
Nanoparticle synthesis, 

nanoparticle characterization 
and biocompatibility 

NP(ICG)PEG PEG-MUC1 ICG MSNs 
Nanoparticle synthesis and 

characterization 

NP(ICG)PEG-MUC1 PEG-MUC1 ICG MSNs 
Nanoparticle synthesis, 

nanoparticle characterization 
and IVIS targeting assays 

NP-Gal Galactan  MSNs 
Nanoparticle synthesis, 

nanoparticle characterization 
and biocompatibility 

NP(nav)-Gal Galactan Navitoclax MSNs 

Nanoparticle characterization, 
cell viability assays, cell death 

mechanism, stigmergy 
communication 

NP(NB)-Gal Galactan Nile-Blue MSNs 
Nanoparticle characterization, 

IVIS targeting assays 
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Figure S1 | Schematic representation of the synthetic procedure for NP(palbo)PEG-MUC1 (A) and 

NP(nav)-Gal (B). 
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Figure S2 | Powder X-ray diffraction pattern at low (left) and high (right) angles of (A) as made 

MSNs, calcined MSNs, NP-PEG, NP(saf)PEG and NP(ICG)PEG; (B) as made MSNs, calcined MSNs, 

NP-Gal and NP(NB)-Gal. 
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Figure S3 | N2 adsorption-desorption isotherms for (A) calcined MSNs, (B) NP(saf)PEG, (C) NP-PEG, 

(D) NP(ICG)-PEG, (E) NP-Gal, and (F) NP(NB)-Gal   
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Figure S4 | TEM analysis of the synthetized nanoparticles.  
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Table S2 | BET specific surface area, pore volumes, and pore sizes calculated from N2 adsorption-

desorption isotherms for the indicated materials.  

Sample 

SBET 

(m2g-1) 

Pore volume 

(cm3g-1) 

Pore size 

(nm) 

calcined MSNs 1158.80 0.95 2.57 

NP-PEG 95.13 0.05 - 

NP(saf)PEG 183.13 0.11 - 

NP(ICG)PEG 57.69 0.05 - 

NP-Gal 86.36 0.04 - 

NP(NB)-Gal 62.12 0.04 - 

 

Figure S5 | Zeta potential of (A) all the steps of the synthesis of NP(palbo)PEG-MUC1: calcined 

MSNs, NP-PEG, NP(palbo), NP(palbo)PEG, and NP(palbo)PEG-MUC1; (B) calcined MSNs, NP-Gal and 

NP(nav)-Gal. Data represent mean ± SEM (n=3).   
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Table S3 | Hydrodynamic diameter and Zeta potential of selected materials. 

Solid 
Hydrodynamic particle 

diameter (nm) 
Zeta potential (mV) 

as made MSNs 180.9 ± 5.4 48.5 ± 1.2 

calcined MSNs 161.7 ± 2.7 -30.9 ± 0.6 

NP-PEG 171.9 ± 3.2 -40.5 ± 0.8 

NP(saf)PEG-MUC1 191.6 ± 3.0 -37.8 ± 5.3 

NP(ICG)PEG-MUC1 205.4 ± 3.0 -25.9 ± 0.2 

NP(palbo) 288.4 ± 2.0 5.7 ± 0.2 

NP(palbo)PEG 187.2 ± 5.9 -32.0 ± 0.3 

NP(palbo)PEG-MUC1 199.4 ± 6.3 -40.3 ± 1.5 

NP-Gal 186.6 ± 4.0 6.94 ± 0.4 

NP(nav)-Gal 253.4 ± 2.2 4.03 ± 0.3 

NP(NB)-Gal 262.1 ± 5.6 -34.7± 1.7 
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Table S4 | Organic contents of the molecular gate (poly(ethylene glycol) (PEG) or galactan and 

cargo for the synthetized nanodevices in mg per g of solids. 

Solid 

αgate 

(mg/g solid) 

αcargo 

(mg/g solid) 

NP(saf)PEG 106 46 

NP(ICG)PEG 171 68 

NP(palbo)PEG 124 59 

NP(NB)-Gal 218 143 

NP(nav)-Gal 281 31 

 

Figure S6 | Release profile of Safranine O (A) from NP(saf)PEG-MUC1 and ICG (B) from NP(ICG)PEG-

MUC1 in the absence (black) or presence of glutathione (GSH) (red or green) in PBS. (C) Release 

profile of nile blue from NP(NB)-Gal in the absence (black) or presence of β-galactosidase (β-Gal) 

(blue) in water with 1%DMSO. Data represent mean ± SEM. 
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Figure S7 | Cytotoxicity profile of empty NP-PEG (A) and NP-Gal (B) in MDA-MB-231 cells.  Cell 

viability at different concentrations of NP-PEG at 7 days and NP-Gal at 72h. Data represent the 

means ± SEM of at least three independent experiments. 
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Figure S8 | Cell viability after 72 h of treatment with different concentrations of free navitoclax 

(dark red for control (C) proliferating MDA-MB-231 cells, bright red for free palbociclib treated 

cells, and light red for NP(palbo)PEG-MUC1 treated cells) or NP(nav)-Gal (black for control (C) 

proliferating cells, dark grey for free palbociclib treated cells and light grey for NP(palbo)PEG-MUC1 

treated cells). 

 

Figure S9 | Percentage of p53 mean intensity in tumors slides. Quantification was performed in a 

total of 3 fields per tumor, covering most of the total tumor section. Data represent the mean ± 

SEM (n≥5) and statistical significance was assessed by one-way ANOVA followed by Sidak’s post-

test (*p<0.05). 
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Figure S10 | Photograph of representative tumor samples for each treatment. Scale bar, 1 cm. 

 

Figure S11 | Biochemistry blood analyses of MDA-MB-231 xenografts after the different 

treatments. Data represent means ± SEM and statistical significance was assessed by the two-way 

ANOVA followed by Tukey’s post-test (*p<0.05; **p<0.01; ***p<0.001) 
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Figure S12 | Hemogram blood analyses of MDA-MB-231 xenografts after the different treatments. 

Data represent means ± SEM (n≥5) and statistical significance was assessed by the two-way ANOVA 

followed by Tukey’s post-test (*p<0.05; **p<0.01; ***p<0.001) 
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Figure S13 | Biodistribution of the nanoparticles in mice organs. Si levels were analyzed by 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). Data are expressed as mean ± SEM (n=5) 

and represented as μg Si per g of sample. 

 

Figure S14 | Fold-change of weight changes of MDA-MB-231 xenografts during the whole 

experiment. Values are expressed as mean ± SEM (n≥5) and statistical significance was assessed by 

the two-way ANOVA followed by Tukey’s post-test (*p<0.05; **p<0.01).
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  Abstract 

Senescence is a cellular state of proliferative growth arrest whose main role in cancer 

is to prevent damaged cells from proliferating. Therapy-induced senescence is effective 

in clinical practice as a tumor-suppressive mechanism. However, the accumulation of 

senescent cells can also exacerbate tumorigenesis due to their pro-inflammatory and 

tumor-promoting secretory phenotype. Senolytics, drugs that selectively eliminate 

senescent cells, can ameliorate senescence-associated pathologies in many preclinical 

mouse models, including cancer and age-related diseases. Here, we report the 

identification of a novel senolytic peptide, H14, for the treatment of malignant melanoma, 

which selectively induces apoptosis in senescent cells. We show that combination 

treatment of the pro-senescent inductor palbociclib and the senolytic peptide H14 

eradicates tumors in SK-MEL-103 mice xenografts. Our findings evidence the potential of 

the hexapeptide H14 for malignant melanoma treatment.  

 Introduction 

Senescence is a cellular state of proliferative growth arrest that plays a role in aging, 

development, wound healing, and preventing carcinogenesis. (Muñoz-Espín and Serrano, 

2014) Senescent cells are mainly characterized by morphological and epigenetic changes, 

increased activity of lysosomal β-galactosidase, and an associated secretory phenotype 

(SASP).(Lozano-Torres et al., 2019) SASP factors provide signals for immune clearance of 

senescence cells and promote repair in adult damaged tissue.(Acosta et al., 2013; 

Hernandez-Segura, Nehme and Demaria, 2018) However, in the aging process, senescent 

cells tend to accumulate in human tissues as a result of a defective elimination by an aged 

immune system.(Aiello et al., 2019) Senescent cells  in aged tissues contribute to the 

development of several age-related diseases including diabetes, tumorigenesis, 

atherosclerosis, osteoporosis, pulmonary and liver fibrosis, cardiac and brain disorders, 

and kidney disease.(Jimenez et al., 2005; Yang and Fogo, 2010; Muñoz-Espín and Serrano, 
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2014; Chandrasekaran, Idelchik and Melendez, 2017; Farr et al., 2017; Schafer et al., 2017; 

Sun et al., 2017; Baker and Petersen, 2018; Wandrer et al., 2018; Hernandez-Segura, 

Nehme and Demaria, 2018; Khosla, Farr and Kirkland, 2018; McHugh and Gil, 2018) 

Consequently, the early detection of senescent cells represents a key issue in the 

development and monitoring of senolytic therapies.(Lozano-Torres et al., 2017; Lozano-

Torres, Blandez, Galiana, et al., 2021; Lozano-Torres, Blandez, Sancenón, et al., 2021; 

Lozano‐Torres et al., 2022) 

Due to its tumor-suppressive function, drug-induced senescence is currently 

approved to treat locally advanced metastatic breast cancer patients and under clinical 

trials for its use in many other cancer types.(Levitin et al., 2005; Webster et al., 2006; 

Jugdaohsingh, 2007; Guenther et al., 2019; Wang, Lankhorst and Bernards, 2022) To this 

end, senescence-inducing compounds, such as the CDK4/6 inhibitor, palbociclib,  have 

been developed.(Finn et al., 2015; Kwapisz, 2017; Whittaker et al., 2017) Despite the 

effectiveness of senescence inducers for antitumor treatment in clinics, patients still 

suffer from cancer relapses. In fact,  the accumulation of senescent cells in tissues and 

organs has harmful effects on the tissue, generating a pro-inflammatory 

microenvironment prone to becoming a metastatic niche .(Demaria et al., 2017; Saleh et 

al., 2018; Liao, Xiao and Liu, 2020; Estepa-Fernández et al., 2021)  

In recent years, there has been an intensive effort to identify pharmacological 

compounds with the ability to specifically target and eliminate senescent cells 

(senolytics).(Dou et al., 2015; Fuhrmann-Stroissnigg et al., 2017; Jeon et al., 2017; Kirkland 

et al., 2017; Zhu et al., 2017; Fuhrmann-Stroissnigg, Niedernhofer and Robbins, 2018; 

Zhang et al., 2018; Triana-Martínez et al., 2019; Galiana et al., 2020) Senolytic drugs, such 

as navitoclax, have demonstrated effectivity in reducing cancer relapse and delaying the 

onset of several aging associated-diseased such as atherosclerosis, neurodegenerative 

diseases, or hematopoietic system aging.(Chang et al., 2016; Demaria et al., 2017; Kim et 

al., 2017; Bussian et al., 2018). Besides, senolytic treatments,  extend both health and life 
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span in naturally aged and progeroid syndrome mice.(Xu et al., 2018; Yousefzadeh et al., 

2018a). Several pharmacological senolytics like navitoclax, fisetin, and the combination of 

dasatinib plus quercetin, are already being evaluated in clinical trials.(Hickson et al., 2019; 

Justice et al., 2019; Kirkland and Tchkonia, 2020; Verdoorn et al., 2021; Morsli, Doherty 

and Muñoz-Espín, 2022) A major drawback of these senolytics is that they frequently have 

prevalent inherent toxicity which limits their therapeutic window and availability. For 

instance, navitoclax treatment causes thrombocytopenia, impaired osteoprogenitor 

function, and trabecular bone loss. (Kaefer et al., 2014; Sharma et al., 2020). Up to day, 

there is no universal senolytic drug capable of effectively removing all types of senescent 

cells, nor a specific senolytic drug capable of selectively eliminating one senescent cell 

type over another. Therefore, finding senolytic selective therapies for removing specific 

senescent cells could be a therapy of great potential for precision treatments.  

In this context, combinatorial chemistry offers a powerful tool to provide new 

senolytic candidates. Combinatorial libraries are formed by compound mixtures 

organized to permit the screening of a large number of compounds in a simple 

process.(Aina et al., 2007) In particular, synthetic peptide libraries have the potential to 

incorporate D-amino acids and other unnatural amino acids, as well as specific secondary 

structures to enhance biological activity by avoiding degradation.(Liu et al., 2017; 

Bozovičar and Bratkovič, 2020)   

From another point of view, one of the cancer subtypes where senescence induction 

has shown therapeutic potential is melanoma,(Ohanna et al., 2011; Mao et al., 2021; 

Tubita et al., 2022) an aggressive skin cancer that metastasizes rapidly and is resistant to 

many commonly used anticancer drugs.(Gray-Schopfer, Wellbrock and Marais, 2007) 

Clinical management of melanoma involves treatment with drugs that are highly toxic 

resulting in damage to healthy cells and a decrease in immunity, consequently inducing 

patient suffering.(Mattia et al., 2018; Kozar et al., 2019) These tumor types, as previously 

demonstrated for breast cancer. (Fry et al., 2004; Finn et al., 2009, 2015, 2016; Beaver et 
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al., 2015; Walker et al., 2016; Pernas et al., 2018), could benefit from specific “one-two 

punch” therapies capable of first inducing senescence and then specifically eliminate 

senescent tumoral cells. 

Based on the above, in this work, we have identified two promising senolytic 

hexapeptides for the treatment of malignant melanoma from the screening of a 

combinatorial library of D-amino acid hexapeptides. The screening has been performed 

in a melanoma cell model upon a “first shot- treatment” with the senescence-inducer 

palbociclib. The two new hexapeptides (i.e. H8 and H14) display specific senolytic activity 

for SK-Mel-103 melanoma cells. Concomitant treatment with palbociclib and H14 in a 

xenograft melanoma mice model results in the apoptosis of senescent tumor cells and the 

subsequent reduction of tumor growth. 

 Results  

 Identification of melanoma senolytic hexapeptides from the screening of a 

positional hexapeptide combinatorial library   

To identify new senolytic compounds, we selected a combinatorial library of D-amino 

acid hexapeptides with a positional scanning format.(Blondelle et al., 1995) We focused 

on this type of library for several reasons. First, peptides have important advantages as 

drugs such as low toxicity and great efficacy in mimicking protein-protein interactions 

relevant to biological activity. Since the use of insulin as a drug, several other peptides 

have reached the clinics successfully.(Muttenthaler et al., 2021) Secondly, the use of D-

amino acids avoids problems of peptide degradation. And finally, the positional scanning 

format of the library provides the opportunity to easily screen millions of 

hexapeptides organized in only 120 mixtures where the position of one amino acid is 

known, and the rest of the positions are occupied by equimolar mixtures of all the 20 

amino acids (Figure S1).(Canela et al., 2006) Following this approach, we performed the 

screening in the human melanoma cell line SK-Mel-103. These cells efficiently underwent 
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senescence upon treatment with 5 µM palbociclib, as revealed by their increased cellular 

size and augmented SA-βgal activity (Figure 1A). Besides, this was accompanied by 

hipophosphorylation of pRB and increased expression of p53 and p21 (Figure 1B and 1C) 

as expected for a senescent phenotype. 

 

Figure 1 | Identification of senolytic hexapeptides on melanoma cultures from the screening of a 

positional hexapeptide combinatorial library. (A) Control and senescent SK-Mel-103 cells (treated 
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with 5 µM palbociclib, 7 days) after staining of β-galactosidase activity. (B) Western Blot analysis 

of pRB, p53, and p21 expression of control (C) and palbociclib-treated (P) SK-Mel-103 cells. α-

tubulin (α-tub) was used as a loading control. (C) Quantification of western blot using Image J 

software. Data represent the mean ± SEM of at least three independent experiments, and 

statistical significance was assessed by unpaired T-test (*p<0.05). (D) Schematic representation of 

the 6 sub-chemical libraries of hexapeptides with a defined amino acid position. (E) Amino acids 

selected for each position in the hexapeptide. (F) Cytotoxicity evaluation of hexapeptide 

candidates (50 µM) in proliferating (grey bars) and senescent SK-Mel-103 (blue bars) based on the 

senolytic activity of the synthesized defined sequence hexapeptides (H2-H18). The negative (C-) 

and positive (C+) internal controls are included. C- is 1% DMSO, and C+ is 0.5 µM doxorubicin for 

control cells and 10 µM navitoclax for senescent cells. Data represent means ± SEM (n=3).  

To identify hit candidates, we first evaluated the senolytic activity of the hexapeptide 

library with a total number of 206 peptides, distributed in 120 mixtures. (Figure 1D and 

S2) Based on the senolytic activity of each mixture in the SK-Mel-103 melanoma cell line, 

amino acids were selected for each of the six possible hexapeptide positions (Table S1). 

The combination of best amino acids chosen for each position led us to synthesize 18 

hexapeptides with defined composition (3·1·1·2·1·3 = 18) (Figure 1E). Once the 18 

candidate hexapeptides were synthesized, we evaluated the newly defined peptides for 

identifying the best senolytic activity (detailed explanation can be found in Supporting 

Information). Evaluation of defined peptides rendered two hexapeptides, H8 (MQMCYM) 

and H14 (VQMCYM), with senolytic activity, as could be inferred for the different cell 

viability observed between control cells and senescent SK-Mel-103 cells, upon peptide 

treatment (Figure 1F).  

The senolytic activity of H8 and H14, was confirmed in viability assays where control 

cells and senescent melanoma SK-Mel-103 cells were treated for 48h with concentrations 

from 0 to 25 µM of each peptide, and then fixed and stained with crystal violet (Figure 

2A). Treated control melanoma cells presented a monolayer of cells in all the 

concentrations evaluated for both hexapeptides, whose density could be practically 

compared to the density of non-treated cells. However, senescent cells began to visibly 
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decrease their viability at concentrations of 5 µM and 10 µM for H14 and H8 treatment, 

respectively. Practically no cells remained alive at 25 µM concentration for both peptides. 

Figure 2 | Analysis of the senolytic activity of hexapeptide H8 and H14. (A) Crystal violet staining of 

control cells versus senescent cells at different H8 (upper panel) and H14 (lower panel) 

hexapeptide concentrations. (B)  H8 cytotoxicity evaluation in proliferating (grey bars) and 

senescent SK-Mel-103 (black bars). Navitoclax (Nav, 10 µM) was used as positive senolytic control. 

Data represent means ± SEM (n=4). (C) H14 cytotoxicity evaluation in proliferating (grey bars) and 

senescent SK-Mel-103 (black bars). Navitoclax (10 µM) was used as positive senolytic control. Data 

represent means ± SEM (n=4). Statistical analysis was carried out using GraphPad Prism 8, and 

results were compared by multiple T-tests followed by Holm-Sidak post-tests (**p<0.01; 

***p<0.001).  

To further confirm the senolytic activity of both hexapeptides, cell viability assays 

were also evaluated after 72h of treatment by ATP measurement. Both hexapeptides 

were non-toxic for non-senescent SK-Mel-103 cells nearly in all the concentration range 

tested as cell viability was maintained up to 80% (Figure 2B and 2C). Hexapeptide H8 

eliminated senescent melanoma cells with an estimated IC50 value of 4.6 µM, whereas 
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hexapeptide H14 eliminated them with an IC50 of 1 µM. The senolytic index was 

calculated by measuring the ratio of the IC50 values between control and senescent cells. 

An estimated senolytic index of 36.2x and 1.5x was found from these data for H14 and 

H8. These results confirmed the senolytic properties of both hexapeptides in vitro in 

senescent malignant melanoma cells. Due to the higher senolytic activity of H14, we 

decide to focus on this hexapeptide for further assays.  

 H14 induces cell death by apoptosis in melanoma senescent cells. 

To address the cell death mechanism triggered by H14 in senescent cells, we investigated 

the possible induction of apoptosis. First, we analyzed the exposure of phosphatidylserine 

to the outer plasma membrane leaflet, a typical characteristic of cells undergoing cell 

death by apoptosis. For this purpose, we analyzed by flow cytometry cells double-stained 

with Annexin V/FITC, a phosphatidylserine affinity dye, and propidium iodide to identify 

dead cells. Treatment with the hexapeptide H14 (3.5 µM) mainly triggered apoptosis of 

palbociclib-induced SK-Mel-103 senescent cells (~18.22% early apoptosis (Annexin +/PI-), 

~21.64% late apoptosis (Annexin +/PI+) ~6.66% necrosis (Annexin - /PI +)) (Figure 3A). 

Similarly, after the treatment with H14, we also observed the induction of active Caspase-

3, the main executor of cell death by apoptosis (~3-fold increase when compared with 

non-treated senescent cells) (Figure 3B). Moreover, pre-treatment with the irreversible 

pan-caspase inhibitor Z-VAD-FMK (Zvad) protected senescent cells from cell death 

induced by H14 (Figure 3B), thus confirming that apoptosis is the preferential mechanism 

of cell death triggered by this compound. 

There are two main pathways of apoptosis induction, intrinsic or mitochondrial and 

extrinsic (receptor-mediated) pathways (D’Arcy, 2019). To discern which of these two 

pathways was activated by H14, we studied the mitochondria functionality to identify a 

potential decrease in mitochondrial potential (Zamzami et al., 1995; Overbeeke et al., 

1999). Analysis by flow cytometry of cells stained with tetramethylrhodamine ethyl ester 
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(TMRE) dye that accumulates in active polarized mitochondria revealed that hexapeptide 

H14 causes the loss of mitochondrial polarization in ~53% of cells (Figure 3C), confirming 

the activation of the intrinsic pathway. In summary, these results confirmed that the 

senolytic activity of H14 mainly relays on its capacity to induce cell death by activating the 

mitochondrial apoptosis pathway. 

Figure 3 | Analysis of senescent cell death after H14 treatment. (A) Cell death percentage (%) of 

live, early apoptotic, late apoptotic, and necrosis cells after DMSO (vehicle, V) or H14 (3.5 µM) 

treatment for 48 hours. Percentages were measured by Annexin V-FITC and PI expression in flow 

cytometry. All values are represented as means (n ≥ 3) ± SEM. (B) Caspase 3 activity was measured 

in cytosolic extracts of proliferating and senescent SK-Mel-103 cells after treatment with H14 (3.5 

µM). Navitoclax (Nav, 5 µM) was used as a positive control. Zvad is a pan-caspase inhibitor that 

blocks apoptosis. (C) Mitochondrial polarization status was measured with TMRE. Data represent 

means ± SEM (n=3). Statistical significance was determined by two-way ANOVA and Sidak's post-

test (*p <0.05; **p <0.01 ***p <0.005). 
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 H14 induces cell death in in vivo models of senescent melanoma tumors   

Given the proper capacity of H14 to selectively eliminate senescent cells in vitro, we 

move one step forward to evaluate both the security and the antitumor activity of H14 in 

malignant melanoma in vivo. To address this issue, we first evaluated the acute toxicity of 

hexapeptide H14 in healthy mice. For this purpose, mice were treated with a single dose 

of H14 at 13 mg/kg, the maximum dose possible given peptide solubility, and were 

observed periodically during the first 24 hours and daily for 14 days. All animals survived 

the H14 treatment without any apparent affectation on their wellness or behavior (Figure 

S3A). Next, we evaluated the sustained toxicity in mice daily treated with H14 for a week 

(accumulated dose of 91 mg/kg; 13 mg/kg daily). After 8 days, all the animals did not show 

any toxic effects (Figure S3B). In hemograms and biochemistry blood analytics, all the 

measured parameters were maintained in normal ranges, corroborating normal renal and 

liver function and the absence of alterations in the red and white blood cell lineages. 

(Figure S4). Histological analysis of the major organs (lungs, heart, liver, spleen, and 

kidney) did not reveal any evident pathological alteration, in terms of morphology and 

structure, in H14 treated animals (Figure S3C). 

Once we evaluated the security, we analyzed the in vivo senolytic activity of H14 on 

xenografted SK-Mel-103 athymic nude mice. Navitoclax treatment was included as a 

control of senolytic activity for further comparison with the hexapeptide treatment. 

(Chang et al., 2016; Zhu et al., 2016; Galiana et al., 2020). Mice were subcutaneously 

injected with 5·105 SK-Mel-103 cells in the two flanks, and tumor formation was evaluated 

every 2 days, measuring tumor volume until it reached an average of 50 mm3. Then, a 

daily therapy was initiated with either vehicle, 50 mg/kg palbociclib (via oral gavage) to 

induce senescence, 13 mg/kg H14 (via i.p. injection), 25 mg/kg navitoclax (via oral gavage), 

or a combination of palbociclib with either H14 or navitoclax (Figure 4A). Senolytic 

treatment (H14 or navitoclax) started one day after palbociclib treatment and was given 

daily for 15 days.  
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Figure 4 | H14 induces senolysis in melanoma tumors. (A) Athymic nude female mice were 

subcutaneously injected with SK-Mel-103 melanoma cancer cells and treated daily with either 

vehicle or palbociclib. When tumors volume reached 50 mm3, palbociclib treatment started and 

was maintained daily (o.g.) for 15 days. H14 and navitoclax daily therapy started one day after 

palbociclib treatment (H14, 13 mg kg-1 intraperitoneal injection, navitoclax: oral gavage, 25 mg 

kg−1) (n = 12). (B) Tumor volume (mm3) of SK-Mel-103 xenografts after the different treatments. 

Data represents means ± SEM. (C) Photograph of representative tumor samples for each 

treatment. Scale bar, 1 cm. (D) Tumor volume (mm3) of SK-Mel-103 xenografts at endpoint after 

either palbociclib (P), palbociclib plus H14 (P + H14) or palbociclib plus navitoclax (P + N) treatment. 

Data represents means ± SEM (n≥10). Statistical significance was determined by one-way ANOVA 

and Sidak's post-test (*p <0.05). (E) Kaplan-Meier curve during the experimental period in response 

to the treatments. All the treatments enhance the survival of melanoma model mice. (F) 

Photograph of representative tumor stained with X-gal. Scale bar, 1 cm. (G) SA-β-gal staining of 

representative tumor sections. Scale bar, 250 μm.  
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After palbociclib treatment, a significant reduction in tumor size was observed 

compared with non-palbociclib treated groups (Figure 4B). Besides, the treatment of 

animals with H14 hexapeptide did not exhibit any sign of tumor reduction. Of note, 

vehicle-treated mice and H14-treated mice had to be sacrificed on day 12 due to the 

exponential growth of the tumor that affected their well-being (Figure 4E). In contrast, a 

significant tumor size decrease was achieved when animals were treated with the 

combination of palbociclib with H14 hexapeptide. The induction of senescence is required 

to obtain a robust therapeutic effect with the hexapeptide H14, thus confirming its 

senolytic activity. Combinatorial palbociclib plus H14, achieved a similar reduction of 

tumor size (Figure 4C and 4D) to that observed for palbociclib plus navitoclax treatment, 

thus reinforcing H14 senolytic effectiveness for malignant melanoma therapy. Indeed, 

concomitant palbociclib plus H14 treatment slightly improved tumor size compared to 

treatment with palbociclib plus navitoclax (Figure 4C and 4D). Mice did not have any 

significant body weight loss (Figure S5) or biochemistry and hematological alterations 

(Figure S6 and S7), indicating the lower systemic toxicity of the hexapeptide.  

Besides, the induction of senescence was confirmed in tumors. Increased X-gal 

staining was observed in whole tumors (Figure 4F) and in tumor sections (Figure 4G). 

Besides, Ki67 expression decreased after palbociclib treatment (Figure 5A). Moreover, 

histological evaluation of tumors showed an increase in p53 and p21 expression after 

palbociclib treatment (Figure 5A and 5B). A reduction of p53 and p21 expression was 

observed after concomitant treatment with palbociclib plus H14 or palbociclib plus 

navitoclax. TUNEL signal was also evaluated in tumor sections (Figure 5A and 5B), with an 

increased signal after palbociclib plus either H14 or navitoclax treatment, strongly 

suggesting apoptosis of senescent cells facilitates the antitumor effect. These results 

demonstrate that oral administration of palbociclib induces senescence in tumors in SK-

Mel-103 xenografts mice model, while H14 senolytic treatment reduces the senescence 

burden in the tumors. 
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Figure 5 | Simultaneous treatment with palbociclib and H14 significantly inhibits tumor growth in 

a human melanoma xenograft mouse model. (A) Representative histological images of SK-Mel-103 

xenografts tumors at the end of the treatments stained for Ki67, p53, and p21 expression and 

labelled using TUNEL staining. Scale bar = 100 μm. (B) Percentage of p53- (top), p21- (middle), and 

TUNEL-positive (bottom) cells in tumors from animals treated with vehicle (V), palbociclib (P), 

hexapeptide H14, or palbociclib (P), and H14 or navitoclax (N) concomitantly (n ≥ 12 tumors per 

group). For quantification, at least 3 tumors were analyzed. Data represent the mean ± SEM, and 

statistical significance was assessed by one-way ANOVA followed by Tukey post-test (*p <0.05; **p 

<0.01 ***p <0.005). 

 Discussion and conclusion 

Cellular senescence is a state of permanent growth arrest that can be triggered by 

several stresses.(Hernandez-Segura, Nehme and Demaria, 2018) In this work, we focus on 

the therapy-induced senescence (TIS) in cancer cells in response to treatment with the 

chemotherapeutic agent palbociclib. Traditionally, TIS presents a desirable strategy for 

cancer treatment since it can stop cancer cell proliferation.(Sager, 1991; Campisi, 2001; 

Collado and Serrano, 2010) However, once cancer cells become senescent, they can be 

either cleared by the immune system or escape from it and accumulated in the 

tissues.(Liao, Xiao and Liu, 2020) Senescence-associated secretory phenotype (SASP) of 

senescent cells also has an important role in immunosuppression and creating a pro-

tumoral microenvironment.(Rao and Jackson, 2016; Gonzalez-Meljem et al., 2018; Faget, 

Ren and Stewart, 2019; Ruscetti et al., 2020) Furthermore, senescence cells can escape 

from the senescence state, entering a stem-like state with high aggressiveness that 

eventually facilitates cancer recurrence.(Demaria et al., 2017; Milanovic et al., 2018; Saleh 

et al., 2018) To avoid these negative effects, one-two punch strategies have been 

developed using a combined therapy of senescence-inducing chemotherapy followed by 

senotherapy.(Sieben et al., 2018; Short et al., 2019; Galiana et al., 2020; Estepa-Fernández 

et al., 2021; Park et al., 2021; Wang, Lankhorst and Bernards, 2022) Senotherapies are 

drugs aimed to limit the deleterious effects of senescent cells either by eliminating 

senescent cells (senolytics), inhibiting the SASP (senomorphics), or inhibiting senescence 

before it happens (senoblockers). Over the last few years, several senolytics have been 
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reported,  including dasatinib and quercetin, Bcl-2 family inhibitors, piperlongumine, 

fisetin, HSP90 inhibitors, and cardiac glycosides, among many others.(Zhu et al., 2015, 

2017; Chang et al., 2016; Yosef et al., 2016; Baar et al., 2017; Fuhrmann-Stroissnigg et al., 

2017; Kang et al., 2017; Yousefzadeh et al., 2018b; Zhang et al., 2018). Up to date, there 

is no universal senolytic drug capable of effectively eliminating all types of senescent cells 

nor a specific senolytic able to eliminate selectively one senescent cell type over another. 

Therefore, finding a selective method for removing a specific senescent cell type could be 

a therapy of importance for precision cancer treatment. 

Melanoma prognosis has advanced significantly in recent years with the use of 

BRAF/MEK inhibitors and anti-PD1 antibodies that have improved the clinical 

management of this disease (Davis, Shalin and Tackett, 2019). However, not all patients 

benefit from these therapies or maintain their benefits over the long term; thus, new and 

effective drugs are urgently needed. In particular, palbociclib and other CDK4/6 inhibitors 

have already had a huge impact on the clinical management of different cancer types, 

such as breast cancer. Melanoma patients may promptly benefit from their clinical utility 

as palbociclib therapy is already in clinical trials for melanoma treatment (NCT03454919, 

NCT04720768, NCT01037790, NCT02202200, NCT02065063A, NCT02465060).(Garutti et 

al., 2021; Mao et al., 2021). In this scenario, and due to the induction of senescence by 

palbociclib, senolytic compounds can provide an excellent therapeutic opportunity to 

explore a combination strategy to improve patient outcomes. 

Taking everything into account, in this study, we aim to identify novel senolytics 

agents that can target malignant melanoma senescent cells with optimal in vivo efficacy 

and safety. To identify new senolytic compounds, we selected a combinatorial library of 

D-amino acid hexapeptides with a positional scanning format and identified two six-

amino acid peptides, H8 and H14, with senolytic activity in vitro in the human melanoma 

cell line SK-Mel-103 but with limited cytotoxicity to proliferating cells. The hexapeptide 

H14 causes cell death in senescent cells by apoptosis induction. In addition, we moved 
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one step forward and evaluated both the safety and the antitumor activity of H14 in 

malignant melanoma in vivo. No acute toxicity or sustained toxicity in mice was found 

upon treatment with H14 and hemograms and biochemistry blood analysis maintained 

normal levels. Besides, histological analysis of major organs did not reveal pathological 

alterations. Moreover, efficacy analysis of the use of H14 was tested on xenografted SK-

Mel-103 athymic nude mice. A significant decrease in tumor size was achieved when 

animals were treated with the combination of palbociclib plus H14 hexapeptide. Besides, 

the induction of senescence was confirmed in tumors. TUNEL signal evaluated in tumor 

sections upon treatment with palbociclib plus H14 evidenced apoptosis of senescent cells 

which facilitates the antitumor effect. Our results demonstrate that palbociclib induces 

senescence in tumors in SK-Mel-103 xenografts mice model, while H14 senolytic 

treatment reduces the senescence burden in the tumors. 

Combination of palbociclib and H14, achieved a similar reduction of tumor size to 

that observed for palbociclib plus navitoclax treatment, thus reinforcing the H14 senolytic 

activity in malignant melanoma. Moreover, navitoclax, an inhibitor of BCL-2 anti-

apoptotic proteins, is effective in vivo in reducing relapse in some cancer models and the 

onset of several aging associated-diseased.(Chang et al., 2016; Zhu et al., 2016; Demaria 

et al., 2017; Kim et al., 2017; Bussian et al., 2018). Also, early-phase clinical data indicate 

the potential role of navitoclax in cancer treatments, even though it is not yet routinely 

used in clinical practice (NCT00445198; NCT02591095; NCT02520778; NCT02079740) and 

we have probed the efficacy of the combinational treatment of palbociclib plus navitoclax 

in SK-Mel-103 xenografts mice.(Muñoz‐Espín et al., 2018) However, navitoclax frequently 

causes thrombocytopenia, (Wilson et al., 2010; Cang et al., 2015; Muñoz‐Espín et al., 

2018) however that was not observed upon H14 treatment (Fig S7). Besides, mice treated 

with H14 alone or in combination with palbociclib did not show any significant body 

weight loss or biochemistry and hematological alterations indicating no systemic toxicity 

of the hexapeptide and providing evidence for in vivo safety of this senolytic.  



Identification of H14 as a senolytic for melanoma 

219 

In summary, we have identified two new hexapeptides with promising senolytic 

activities that could eventually eliminate senescent cells in melanoma patients 

undergoing chemotherapy treatments that induce senescence, overcoming the long-term 

negative effects caused by the accumulation of senescent cancer cells.  

 Experimental section 

 Cell lines 

 Human melanoma SK-Mel-103 cell line was obtained from ATCC and maintained in 

DMEM medium supplemented with 10% fetal bovine serum (FBS) (Sigma). The cells were 

kept in incubation at 37°C under conditions of O2 20% and CO2 5%. For senescence 

induction, the culture medium was supplemented with palbociclib at 5 µM and held for 7 

days.  

 Peptide libraries 

 The library was a combinatorial library of hexapeptides of D-amino acids (they do 

not degrade in cells) that consisted of a total of 206 compounds (stock 3.9 mM in water 

5% DMSO) (#DD05273, DiverDrugs). All individual peptides were prepared using 

simultaneous multiple peptide synthesis.(Canela et al., 2006) H14 for in vivo experiment 

was synthesized by Nzytech and purified by HPLC by 96,45% (Figure S8). 

 HPLC and MS characterization 

Conditions of HPLC chromatograms: 4.6 x 250 mm, GS-120-5-C18 column, 1 mL/min, 

(solvent A: 0.1% trifluoroacetic acid in 100% acetonitrile, solvent B: 0,1% trifluoroacetic 

acid in 100% water): gradient elution: 26:74 0 min, 51:49 25 min, 100:0 25.1 min. ESI-MS 

chromatograms were acquired with the mass spectrometer Single Quadrupole LC/MS 

Agilent. Conditions: 0.2 mL/min, (50% H2O: 50% acetonitrile). 
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 Positional tracking of the entire library 

To carry out the first screening tests of the whole library, the activity of the 

hexapeptides was tested at three different and considerably high concentrations: 500, 

600, and 700 µM. Proliferating and senescent cells were seeded in parallel in 96 well 

plates, at densities of 3500 and 5000 cells per well (respectively). After 24 hours, 

hexapeptide treatment (final concentration in well: 500-600-700 µM) was added, or the 

respective treatments with 0.5 µM doxorubicin (Carbosynth) or 5 µM navitoclax (Active 

Biochem) in the case of the wells corresponding to the positive controls. Both positive and 

negative controls were included on each plate to validate the viability readings. The 

treatments were allowed to incubate with the cells for 48 hours, after which time the 

viability readings were done directly on each plate with the CellTiter-Glo® Luminescent 

Cell Viability Assay kit (Promega). 

 Staining of senescence-associated β-galactosidase 

 Senescence-associated β-galactosidase was performed using the Senescence β-

galactosidase Staining Kit (Cell Signaling). The assay was carried out following the 

manufacturer's instructions; the cells were incubated overnight at 37°C with the staining 

solution (X-gal dissolved in N-N-dimethylformamide, pH 6) 

 Viability test with deconvolved hexapeptides 

The 18 hexapeptides with a defined sequence (synthesized from the deconvolution 

of the results obtained from the initial screening of the library) were again tested in 

feasibility tests to continue studying their senolytic activity. Control and senescent cells 

were plated in parallel in 96-well plates: 3500 and 5000 proliferating and senescent cells 

(respectively) per well. The following day, the different synthesized hexapeptides were 

added and tested at two different final concentrations: 50 µM and 100 µM. Positive 

controls (doxorubicin for control cells, navitoclax for senescent cells) and negative 
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controls were included in each plate. In addition, an extra plate was included to which 

hexapeptide treatment was added in the absence of cells to rule out a possible baseline 

luminescence signal. After 48 hours of incubation of the cells with the corresponding 

treatments, the viability reading of each plate was carried out using the CellTiter-Glo® 

Luminescent Cell Viability Assay kit (Promega). The senolytic index of the compounds was 

calculated by measuring the ratio of the half-maximal inhibitory concentration (IC50) 

values between control and senescent cells. 

 Viability validation test 

 The final validation of the senolytic activity of the two selected defined sequence 

hexapeptides (H8 and H14) was performed using a viability test based on crystal violet. 

For this, control cells and senescent cells were seeded in 24-well dishes, at densities of 4 

x 105 cells/mL and 2.15 x 105 cells/mL, respectively. The two hexapeptides were tested 

the following day at 5, 10, and 25 µM for 48 h. After the incubation time, cells were 

washed several times with PBS and fixed with 4% paraformaldehyde (15 minutes, room 

temperature). Then cells were washed, and crystal violet solution (0.05%) was added (45 

min) for staining the cells that had remained attached to the plate. Finally, dishes were 

washed with water to remove the excess of dye not retained in the cells and dried at room 

temperature before visualization. 

 Cell death assay 

For the apoptosis evaluation assay, proliferating and senescent SK-Mel-103 cells 

were treated with H14 (3.5 µM). According to the manufacturer's recommendations, after 

48 hours of incubation, cells were labeled with Alexa fluorescein isothiocyanate-

conjugated Annexin V (BD Bioscience) plus propidium iodide. Samples were analyzed in 

the cytometer CytoFLEX S. 
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 Caspase 3 Activity 

Proliferating and senescent SK-Mel-103 cells were treated with H14 (3.5 µM). After 

48 hours of incubation, cells were harvested, and the pellets were resuspended in lysis 

buffer (10.2 mM HEPES pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 

1 mM DTT, supplemented with a protease inhibitor cocktail). The pellets were frozen and 

thawed three times using liquid nitrogen and cell lysates, then centrifuged at 13,200 rpm 

for 10 min. The supernatants were collected, and total protein concentration was 

quantified using the BCA method. For caspase 3 kinetics, 50 μg protein was mixed with 

200 µL caspase assay buffer (PBS, 10% glycerol, and 2 mM DTT) containing 20 μM Ac-

DEVD-AFC. Caspase activity was monitored using a Wallac 1420 Victor2 Workstation (λexc 

400 and λem 508 nm). To block apoptosis induction, pan-caspase inhibitor Z-VAD-FMK 

(Enzo Life Sciences) 5 µM for 24 h was used.  

 TMRE Staining 

For addressing mitochondrial polarization status, proliferating and senescent SK-

Mel-103 cells were treated with H14 (3.5 µM). After 48 hours of incubation, cells were 

incubated with 50 nM TMRE dye (Invitrogen, T669) at 37oC/5% CO2 for 30 min. Then, 

samples were analyzed in a CytoFLEX S flow cytometer. As a positive control of 

mitochondrial depolarization, cells pre-treated with 20 μM FCCP for 10 min were used 

(data not shown). To block apoptosis induction, the pan-caspase inhibitor Z-VAD-FMK 

(Enzo Life Sciences) 5 µM for 24 h was used. 

 Mice experiments 

Animal procedures were approved by Ethical Committee for Research and Animal 

Welfare Generalitat Valenciana, Conselleria dÀgricultura, Medi ambient, Canvi climàtic i 

Desenvolupament Rural (license number 2020/VSC/PEA/0176). Female 8-10 weeks old 

athymic nude mice (Hsd: Athymic Nude-Foxn1nu, Envigo) were used. 
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To evaluate the toxicity of the hexapeptide H14, single health mice were treated with 

H14 (13 mg/kg) at 48 h intervals. Mice were observed individually at least once during the 

first 30 minutes after dosing, periodically during the first 24 hours, and then daily for 14 

days. After 14 days, 3 consecutive animals survived the H14 treatment without any visual 

affectation of their wellness or behavior. Also, 5 mice were daily treated (13 mg/kg) with 

H14 for a week to evaluate sustained toxicity. After 14 days, animals did not show any 

toxic effects.  

In order to evaluate senolytic activity of the H14 hexapeptide on xenografted SK-Mel-

103 cells, female 8-10 weeks old athymic nude mice (Hsd: Athymic Nude-Foxn1nu, Envigo) 

were subcutaneously injected in two flanks with 5 x 105 SK-Mel-103 cells. Tumors were 

measured with calipers every 2 days, and the tumor volume (mm3) was calculated with 

the formula length × width2/2. When tumor volume reached an average of 50 mm3, daily 

therapy was initiated with either vehicle, 50 mg/kg palbociclib (via oral gavage), 13 mg/kg 

H14 (via i.p. injection), 25 mg/kg navitoclax (via oral gavage), or a combination of the 

mentioned drugs.  

 Histology 

 Tumors were fixed (4% PFA, overnight, 4 °C), washed in 1×PBS, incubated with 30% 

sucrose (overnight, 4 °C) and embedded in cryomolds with OCT. 10 μm thick tumor 

sections were then incubated in blocking solution (5% horse serum, 0.3% Triton X-100 in 

1× PBS) for 1 h and immunostained following incubation with primary antibodies 

overnight at 4 °C. p53 antibody was used at 1:100 (ab26, Abcam), and p21 antibody was 

used at 1:100  (ab107099, Abcam). Secondary antibodies against rat or mouse conjugated 

to Alexa Fluor 488 (Invitrogen) or Alexa Fluor 587 (Invitrogen) were used at 1:200 

dilutions. For TUNEL staining, In Situ Cell Death Detection Kit (Merck) was used following 

the manufacturer's instructions. Sections were mounted using the Mowiol/DAPI (Sigma) 

and covered with a glass coverslip. Confocal microscopy images were obtained using a 
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Leica TCS SP8 HyVolution 2 microscope. Positive signal for p21, p53, and TUNEL was 

quantified with ImageJ. 

Tumors were also included in paraffin for Ki67 staining. 5 µm paraffin sections were 

deparaffinized and re-hydrated. Antigen retrieval was carried out using 10mM Sodium 

Citrate and 0.05% Tween 20 buffer at pH 6.0 for 30 minutes. Tumor sections were 

incubated in blocking solution (5% horse serum, 0.3% Triton X-100 in 1× PBS) for 1 h and 

incubated with Ki67 (Abcam) antibody at 4°C overnight. Ki67 immunostaining was 

developed using 3,3-diaminobenzidine tetrahydrochloride (DAB) and nuclei 

counterstained with hematoxylin. Sections were scanned in Leica Aperio Versa 200 

equipment at 10x magnification.  

 Statistical Analysis 

For in vivo studies, mice were randomly assigned to treatment groups; sample size 

was not pre-determined. All of the values represent the mean ± SEM of at least three 

independent experiments except the in vivo experiment with mice, and a single 

representative experiment is shown. Significance was determined by one-way ANOVA 

followed by Tukey post-tests or two-way ANOVA followed by Sidak's post-tests as 

indicated in the figures using GraphPad 8 software. A p-value below 0.05 was considered 

statistically significant and indicated with asterisk: *p < 0.05, **p <0.01 and ***p < 0.005.  
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 Supporting Information 

 Hexapeptide screening 

For deconvolute the library, positional tracking format was used (Pinilla C, Appel JR, 

Blanc P 1992). After evaluation of the biological activity for each sub- library, the active 

mixtures were selected from the deconvolution process, and the synthesis of the defined 

compounds was carried out. These defined hexapeptides were studied to confirm the 

results of the library deconvolution and thus the most active peptides were identified.  

As explained graphically in Figure S1, this library consists of a series of mixtures 

composed of hexapeptides with a defined position (Pn) for a selected aminoacid and in 

the rest of positions equimolar mixtures of all amino acids (X). The library is therefore 

composed of 6 sub-libraries, each of them composed of 20 mixtures with only one defined 

position (Pn). The total number of peptides in the library is 206 compounds, distributed in 

120 mixtures. Thus, for example, the sub-library corresponding to "position 1" 

(represented in blue in Figure S1) is made up of twenty mixtures of different 

hexapeptides, in each of which the amino acid that occupies the first place is known - 20 

possible amino acids.  

To perform the screening, control and senescent melanoma SK-Mel-103 cells were 

treated with the different peptide mixtures at three different concentrations (500, 600, 

and 700 µM) to maximize the detection of differences in viability between control cells 

and senescent cells (Figure S2, Supporting Information). Each graph represents the set of 
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the 20 hexapeptide mixtures in each of the 6 positions defined in the library. Thus, 

combining the three viability results for each hexapeptide mix, we can select the best 

senolytic activity depending on the position of the amino acid. Before proceeding with the 

selection, all the viability data obtained for each mixture were normalized, by calculating, 

the difference between the viability percentages obtained for control and senescent cells. 

The amino acid selection criteria for each position were based on: (1) defined position of 

the amino acids that caused higher senescent death compared to control cells, (2) the 

reproducibility of inter-assay results, and (3) that the sum of the viability differences 

between control cells and senescent cells at the different concentrations was greater than 

or equal to 0.5. An example of this analysis performed for the Pn position defined by a 

cysteine (Cys) is shown in Table S1. 
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Figure S1 | Scheme of the deconvolution process of a D-amino acid hexapeptide library using 

positional screening methodology. The hexapeptide library was formed by 6 sub-libraries with 

hexapeptides with a defined amino acid position (Pn) being an any of the 20 possible amino acids.  
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Figure S2 | Cell viability graphs obtained for control cells (black bar) and senescent cells (yellow 

bar) treated with three different concentrations of the hexapeptide library (500, 600, 700 µM). 

Each graph corresponds to the 20 peptide mixtures available for each position, the X axis 

representing the amino acid defined in each of these mixtures. 
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Table S1 | Example of the selection criteria applied in the choice of candidate amino acids for each 

position of the hexapeptide.  

  

  

 

Figure S3 | Weight changes (g) in H14 toxicity assays of point treatments (A) and daily treatments 

for a week (B). Data represents means ± SEM. (C) H/E staining of main organs after being treated 

daily with H14 for a week. Scale Bar, 100 µm. 
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Figure S4 | Hemogram and biochemistry blood analyses of healthy mice treated daily with H14 for 

a week. Data represents means ± SEM. 
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Figure S5 | Weight changes (g) of SK-Mel-103 xenografts after the different treatments. Data 

represents means ± SEM. 

 

Figure S6 | Hemogram of SK-Mel-103 xenografts after the different treatments. Data represents 

means ± SEM.  
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Figure S7 | Biochemistry blood analysis of SK-Mel-103 xenografts after the different treatments. 

Data represents means ± SEM. 
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Figure S8 | (A) HPLC chromatogram of H14. (B) Mass spectrum for H14 showing the 813.3 m/z 

value. 
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This PhD thesis has explored senescence-induction as a therapeutic option in 

cancer treatment through the design, synthesis, and preclinical evaluation of several 

nanodevices and prodrugs and the identification of a novel senolytic. 

Regarding the first objective of this thesis, in the third chapter, we have 

demonstrated that systemic treatment with palbociclib in an orthotopic triple-negative 

breast cancer (TNBC) mouse model induces senescence in vascular endothelial cells, 

generating an unpaired endothelium that favors breast cancer cell migration. A one-two 

punch strategy that combines palbociclib pro-senescence therapy followed by 

nanotherapy-targeted navitoclax senolysis selectively eliminates vascular endothelial 

senescent cells and induces a marked recovery of endothelial tissue functionality, 

recovering the ability to form capillary-like structures. Nanotherapy-targeted senolysis 

was performed using a nanodevice based on MSNs loaded with navitoclax and 

functionalized with a hexa-galacto-oligosaccharide (galactan). Cargo release from 

NP(nav)-Gal was achieved through the high lysosomal β-galactosidase activity enzyme 

presented in senescent cells, which induced the hydrolysis of the capping linker with 

subsequent pore opening and navitoclax delivery. Importantly, subsequent treatment 

with palbociclib and the targeted senolytic agent NP(nav)-Gal reduces senescence in veins 

in vivo, which is consistent with the decrease in metastatic lung burden observed. 

Moreover, we have demonstrated that palbociclib treatment increases lung metastasis 

after tail vein injection of triple-negative breast cancer cells in healthy mice. Overall, in 

this chapter, we provided evidence of the effects that chemotherapy-induced senescence 

has on vascular endothelial cells and the potential to reduce vascular senescence using 

senolytic therapies as a strategy to limit metastatic dissemination of tumor cells in breast 

cancer patients subjected to chemotherapeutic treatments. 

In the fourth chapter, a one-two punch strategy combining senescence induction 

and the subsequent elimination of senescent cells (senolysis) was developed as an 

alternative approach to improve outcomes in triple-negative breast cancer patients. We 
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demonstrate that palbociclib therapy-induced senescence (TIS) followed by adjuvant 

therapy with navitoclax causes a synergistic elimination of senescent cells and reduction 

of tumor growth and lung metastasis in a xenograft mice model of aggressive human TNBC 

(hTNBC). Considering the off-target effects and toxicity derived from navitoclax, we 

proposed a targeted strategy to minimize thrombocytopenia-associated navitoclax side 

effects. We used a galactose-conjugated navitoclax (nav-Gal) as a senolytic prodrug that 

can be preferentially activated by lysosomal β-galactosidase overexpressed in senescent 

cells. Concomitant treatment with palbociclib and nav-Gal in vivo results in the eradication 

of senescent hTNBC cells with the subsequent reduction of tumor growth while 

decreasing the cytotoxicity of navitoclax. Collectively, our findings support the 

effectiveness of this two-step approach. Combined senescence-inducing with senolytic 

therapy can be a promising strategy for the effective treatment of hTNBC. In light of the 

encouraging results, we conclude that targeted navitoclax therapies could facilitate its 

clinical use as an effective and safer therapeutic opportunity. 

Attending to the third objective of this work, engineering a novel nanoparticle 

communication system by stigmergy to enhance tumor therapy using targeted pro-

senescent and senolytic therapies, two nanocarriers consisting of gated MSNs were 

prepared in the fifth chapter. The first nanodevice (NP(palbo)PEG-MUC1) was loaded with 

palbociclib and functionalized, though disulfide bonds, with a poly (ethylene glycol) that 

binds an aptamer cap that targets the MUC1 surface protein, overexpressed in breast 

tumor cells. The second nanodevice was the senolytic NP(nav)-Gal already described in 

chapter 1. For the pro-senescence NP(palbo)PEG-MUC1 nanodevice, the cargo was only 

released in the presence of glutathione, which can reduce the disulfide bond that linked 

the poly(ethylene glycol) to the nanoparticle surface. Our studies demonstrate the 

preferential accumulation of the nanodevices in the targeted cells in vitro and in vivo. 

NP(palbo)PEG-MUC1 showed a great therapeutic effect in the induction of senescence in 

the triple-negative breast cancer xenografts. A synergistic effect was achieved when both 

sets of nanoparticles were sequentially administered, delaying tumor growth and 



Future perspective and conclusions 

247 

reducing metastases in the TNBC mice model. As far as we know, this is the first work that 

presents a sustained administration of two nanoparticles in vivo, combining the novel pro-

senescent and senolytic strategy for cancer treatment. Collectively, these results 

supported the effectiveness of the proposed communication strategy, confirming the 

principle that communication could amplify drug delivery in tumors and thus enhance 

therapy. The conceptual idea of nanoparticle communication opens the opportunity to 

develop multifunctional systems loaded with different drug combinations, aimed to 

provide more therapeutic options to solve the needs of the patients. 

The last objective of this thesis was accomplished in the sixth chapter. We aimed 

to identify novel senolytic agents with optimal in vivo efficacy and safety to target 

malignant melanoma senescent cells. We report the identification of two hexapeptides 

(H8 and H14) with specific senolytic activity for senescent SK-Mel-103 melanoma cells but 

with limited cytotoxicity to proliferating cells. A one-two punch strategy of palbociclib-

senescence induction plus H14-senolysis achieves a better reduction of tumor growth 

than monotherapy. We compare the senolytic activity of H14 with the well-known 

senolytic navitoclax. Our study has identified new hexapeptides with promising senolytic 

activities that could eventually allow the elimination of senescent cells in melanoma 

patients who have undergone senescence inducing chemotherapy treatments, thus 

overcoming the long-term adverse effects caused by the accumulation of senescent 

cancer cells. Next steps in this project will include the identification of the molecular 

target of H14 in senescent cells. 

Developing nanomaterials and prodrugs to eliminate senescent cells in vivo could 

be a promising approach in cancer treatment and helpful in the treatment of cancer and 

other age-related diseases. Since these systems are still in the early stages of their 

biomedicine application, some challenges need to be addressed.  

One main challenge that senescence research still needs to overcome is 

understanding the role of systemic induction of senescence when treating tumors. The 
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heterogeneity of tumors may limit the effectiveness of senescence induction, which may 

even cause tumor relapses due to the variable tumor responses to drug treatment. It will 

be crucial to better understand the synergy between pro-senescence therapy and 

senotherapies. It may be possible that not all pro-senescence therapies and not all cancer 

types will benefit from a one-two punch combination with senotherapies. Also, it will be 

important to understand how the SASP produced by senescent cancer cells impacts the 

interaction between senescent cancer cells and the immune system. 

Another challenge is the search for gold standard biomarkers for the senescent 

state. No single marker can clearly discriminate between senescence and other growth-

arrested states. Clinical translation will be facilitated by a deeper understanding of human 

senescence, including identifying novel biomarkers on the surfaceome, secretome, 

metabolome, and intracellular signaling pathways. Recent advances have already allowed 

the development of dyes and fluorescent nanodevices as well as multi-gene signatures or 

cytokine panels to detect senescent cells in vivo. Non-invasive imaging methods would be 

optimal to measure tumor senescence induction in patients during treatment.   

A further issue that needs to be solved is the lack of either a specific or universal 

senolytic drug. The most commonly used senolytic has highly variable activity as senolytic. 

Thus, on the one hand, the field needs a broad spectrum senolytic. But there is also a need 

for specific senolytics to exploit the vulnerabilities of senescent cancer cells without 

affecting the tissue microenvironment. Besides, the field demands a better understanding 

of the clinical contexts in which senotherapeutic tools may be useful. 

It is also worth highlighting that the commonly used senolytics have well-known 

side-effects (e.g., thrombocytopenia in the case of navitoclax). In this scenario, 

nanotechnology presents a powerful strategy to overcome many of the limitations of such 

therapies, due to their capability to specifically release the drugs in the targeted site, 

increasing the therapeutic effect while diminishing side effects.  
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Nanoparticles and prodrugs have shown efficacy as senotherapy in preclinical 

models. However, it is important to fully evaluate their potential effects on the organisms 

and their benefit-to-risk ratio. We still have a long way before nanoparticles are fully 

incorporated into clinical routines. Future efforts should be directed towards a better 

understanding of their biodistribution, pharmacokinetics, persistence, and clearance in 

living organisms for a successful clinic translation. 

Future breakthroughs in the field of cellular senescence treatment are 

expected. We hope that the results achieved in this PhD thesis will open new research 

opportunities and inspire the development of advanced strategies with smart 

nanodevices and prodrugs for their application in the field of cellular senescence or in 

other biomedical areas such as sensing, and communication technologies to solve patient 

needs. 
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